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General Introduction

GENERAL INTRODUCTION
Bordetella pertussis
Whooping cough, also known as pertussis, is a re-emerging highly
contagious respiratory disease that is caused by the Gram-negative
bacterium Bordetella pertussis. Symptomatic disease starts with a runny
nose and low fever and after several days patients develop characteristic
fits of coughs (or paroxysms) followed by a typical high-pitched whoop,
which is sometimes accompanied by vomiting [1]. Serious complications of
whooping cough include pneumonia and pulmonary hypertension. This
can lead to shock as well as cardiac and respiratory arrest which can be
fatal especially in unvaccinated or not fully protected infants [2]. Globally,
pertussis is still ranked among the 10 leading causes of childhood mortality
[3]. It is however no longer only a pediatric disease as in recent decades
older individuals including adolescents and adults are increasingly affected
by pertussis [1, 4].
Re-emergence of pertussis and pathogen adaptation
In the late 1950s, the number of B. pertussis cases decreased drastically
following the introduction of a whole-cell pertussis vaccine (WCV) [5].
Serious adverse effects of this vaccine led to its replacement in many
industrialized countries with the safer acellular vaccines (ACV) in the
1990s-2000s [6, 7]. The current ACV in The Netherlands consists of
three antigens namely pertussis toxin (Ptx), filamentous hemagglutinin
(FHA) and pertactin (Prn) and provides protection from disease for 3 to 7
years however; it does not prevent bacterial transmission and induces a
suboptimal adaptive immune response [8]. The lack of herd immunity and
the suboptimal vaccine responses are some of the proposed reasons for
the observed re-emergence of pertussis in highly vaccinated populations
in the past decades (Figure 1) [9, 10]. Other reasons for this re-emergence
include increased awareness, better diagnostics and adaptations of the
bacteria [11]°¤=¾. Pathogen adaptations either at the gene or protein
level can affect the structure and regulation of B. pertussis. This could
consequently change the antigenic profile and virulence of the pathogen
[11]9. One of these pathogen adaptation is the rise of the so called Ptx
Promotor (ptxP) 3 strains. Worldwide, over 90% of the circulating strains
11
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carry this allele as opposed to the ptxP2 or ptxP1 allele present in the
strains that were circulating around the time the WCV were introduced
[12]. The ptxP3 strains have been reported to be more virulent, possibly
due to an increased production of several virulence factors including Ptx
and the complement evasion molecule virulence associated gene 8 (Vag8)
[13-15]. A second type of pathogen adaptation is the loss of expression of
vaccine antigens. Currently, up to 85% of B. pertussis strains isolated from
pertussis patients, in countries using the ACV since the 90’s, no longer
express Prn [16, 17]. These strains are more fit following a challenge of
vaccinated mice [18] and are more prone to infect ACV-vaccinated people
[19]. Moreover, B. pertussis strains have been isolated which have lost the
expression of the other vaccine antigens FHA or Ptx as well as strains
which lack multiple vaccine antigens [20, 21]. The above mentioned
adaptations suggest that B. pertussis is continuously evolving towards
increased fitness in the vaccinated host.

Figure 1 | Pertussis notifications in The Netherlands.
The pertussis notifications in the Netherlands from 1976 until October 2017 as reported by
the National Institute for Public Health and the Environment, Bilthoven, The Netherlands.
(Curtesy of Nicoline van de Maas)
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Virulence factors of B. pertussis
B. pertussis initiates infection by adhering to the cilia of epithelial cells
in the upper respiratory tract. This process requires the production of
multiple virulence factors by this bacterium [22]. These virulence factors
are under the regulation of the BvgAS two-component system (reviewed
in [23]). Recent findings highlight the complexity of this regulation
system, as BvgAS has been shown to be under the control of the PIrSR
(for persistence in the lower respiratory tract sensor) regulatory system
[24]. When the BvgAS relay system is inactive, B. pertussis is in the Bvg
negative (Bvg-) phase. Induction of the Bvg- phase can be achieved by
culturing the bacteria at 25ᴼC or in the presence of magnesium sulfate or
nicotinic acid [25]. B. pertussis does not seem to survive outside the host
and thus this Bvg- phase is thought to be an evolutionary remnant as it
is important for the survival outside of the host for the closely related B.
bronchiseptica [26]. Upon infection of the human host, the relay system has
been proposed to switch on and the pathogen enters the Bvg positive (Bvg+)
phase characterized by the expression of adhesins, toxins and immune
evasion molecules [23]. Recent findings indicate that ≥140 proteins are
specifically secreted by B. pertussis in the Bvg+ phase during planktonic
growth [27]. Nonetheless, most research has been focused on a hand full
of virulence factors including the vaccine antigens Ptx, FHA, Prn and
fimbriae (Fim) as well as lipooligosaccharide (LOS) and adenylate cyclase
toxin (ACT) (Figure 2). The known innate immunomodulatory properties
of these virulence factors and less well studied virulence factors will be
described in more detail below. As discussed in this thesis, the knowledge
especially on the vaccine antigen Prn is lacking with respect to its role in
immunity and infection.
Third generation pertussis vaccines
The need for a novel vaccine has become evident and third generation
vaccines should induce long lasting protective immune responses
against the pathogen and prevent bacterial transmission [28]. Moreover,
pathogen adaptation should be taken into account when designing these
third generation vaccines. Currently, several different pertussis vaccine
platforms are being explored such as the live-attenuated BPZE1 vaccine
currently in a phase 1b clinical trial [29], outer membrane vesicle (OMV)13
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Figure 2 | Virulence factors of B. pertussis.
The most studied virulence factors of B. pertussis (Ptx [116-118], FHA [82, 119-121], Prn [119, 120,
122-125], Fim [126-128], LOS [102, 129-131] and ACT [47, 98, 99, 101, 132, 133]) are depicted along
with the known interaction targets and immunomodulatory functions. * indicates inclusion
in the acellular pertussis vaccine. # indicates function in the closely related pathogen B.
bronchiseptica.

based vaccines [30, 31], as well as the optimization of the ACV either by
adding novel antigens or adjuvants [25, 32]. The evaluation of protection
obtained by the pertussis vaccine poses a problem as no correlates of
protection (CoPs) have been defined. A CoP can be defined as a marker
that statistically correlates with vaccine efficacy but is not necessarily
mechanistically responsible for protection [33]. Although a natural
infection with B. pertussis does not induce lifelong protection, it does
induce a strong immune response across all age groups [34] and provides
a longer period of protection than the WCV and ACV, with estimates to up
to 20 years [35]. A better understanding of the immune response following
an infection with B. pertussis could thus yield valuable information
towards the identification of a CoP against pertussis.
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The development of a third generation pertussis vaccine requires indepth knowledge on the interaction between B. pertussis and the immune
system as well as the identification of CoPs. In the scope of this thesis, an
overview is presented of the innate immune components known to aid
bacterial clearance from the respiratory tract as well as immune evasion
strategies of B. pertussis used by this bacterium to escape from the host
innate defenses.
Innate immune defense mechanisms and immune evasion by B.
pertussis
Ciliated epithelial cells, the complement system, the contact pathway,
antimicrobial peptides (AMPs) and immune cells such as macrophages,
neutrophils and dendritic cells (DCs) are all part of the innate immune
defense against respiratory pathogens (Fig 3) [36-38]. Innate immune cells
express pattern recognition receptors (PRRs) such as Toll-like receptors
(TLRs),

nucleotide-binding

oligomerization

domain

(NOD)

receptors,

NOD-like receptors (NLRs) and C-type lectin receptors that can sense
the presence of invading microorganisms by interacting with specific
pathogen associated molecular patterns (PAMPs) which are derived from
microorganisms [39]. It is known that B. pertussis induces a strong TLR2
response and a milder TLR4 response [40]. TLR2 forms a heterodimer with
either TLR1 or TLR6 and recognizes lipoproteins and peptidoglycans. The
well-known lipopolysaccharide is the ligand for TLR4 [41]. In the case of B.
pertussis, the LPS molecule is made up of the oligosaccharide chain attached
to the lipid A moiety but lacks the O-antigen units and is referred to as
lipooligosaccharide (LOS) [42]. Moreover, B. pertussis tracheal cytotoxin was
shown to be able to activate the cytosolic NOD1 of mice but not humans [43].
NOD1 recognizes γ-d-glutamyl-meso-diaminopimelic acid motifs. A second
NOD, NOD2, is activated upon recognition of peptidoglycans containing
the muramyl dipeptide moiety (N-acetylmuramyl-l-alanyl-d-isoglutamine).
Both motifs are present on Gram-positive and negative bacteria [44].
Whether B. pertussis is able to activate NOD2 is not known. Other cytosolic
PRRs include the NLRs of which for example NLRP3 can form a complex
with pro-caspase-1 and adaptor protein apoptosis-associated speck-like
protein containing a CARD which forms the NLRP3 inflammasome [45].
B. pertussis has been shown to activate this inflammasome [46, 47]. The
15
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precise mechanism by which inflammasome activation leads to B. pertussis
killing or clearance remains to be further characterized. Another large
superfamily of recognition proteins are the C-type lectin receptors that
recognize carbohydrate structures [48]. B. pertussis LOS has previously
been shown to activate C-type lectin receptors on mast cells [49]. Alterations
in structures of PAMPs may modulate the induced immune responses as
will be described in more detail below. Engagement of the above mentioned
innate receptors leads to the activation of transcription factors that drive
the innate immune response, including reactive oxygen species (ROS) and
cytokine and chemokine production, and are essential for the mounting of
an adequate adaptive immune response [50, 51].
Mucus secretion and ciliary movement
The respiratory epithelium is an important barrier against airborne
pathogens [52]. The mucus layer that lines the respiratory epithelium
acts as the first chemo-physical barrier [53, 54]. Mucus traps particles
and microorganisms and is removed from the respiratory system by
ciliary movement. This mechanism is also referred to as the mucociliary
escalator [55]. Next to its importance in the transport of bacteria out of
the lungs, mucus is also important for bacterial killing since it contains
nonspecific protective enzymes such as lysozyme, as well as defense
molecules like lactoferrin and secretory leukocyte protease inhibitor.
These proteins lyse bacterial membranes, scavenge iron to remove this
essential bacterial nutrient from the respiratory environment and prevent
cleavage of extracellular proteins [37, 53, 56]. The effects of these proteins
in protective immunity against B. pertussis are unknown although B.
pertussis has been shown to be susceptible to lysozyme [57].
B. pertussis strongly adheres to epithelial cells via, among others FHA
and fimbriae (Fim) [58, 59] and by doing so it inhibits the mucociliary
escalator process. Moreover, B. pertussis actively damages the cilia on
the mucosal cells. Tracheal cytotoxin (TCT) induces reactive nitrogen
species (RNS) production which damages the epithelia by destroying
tight junctions, cilia and whole ciliated cells [59-62]. These pathological
changes have been described to occur in vitro as well as in vivo and are
described for multiple B. pertussis strains [58, 59, 63].
16
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Figure 3 | Innate immunity to B. pertussis in the lungs.
The different components of the respiratory innate immune system known to be important
during B. pertussis infection are depicted. The respiratory epithelium forms a physical
barrier protecting the host from infection via entrapment of microorganisms in the secreted
mucus which is subsequently removed from the body via the mucociliary escalator. AMPs and
complement present at the lining of the respiratory tract kill invading pathogens by membrane
disruption and MAC formation respectively. Complement can additionally opsonize bacteria
as well as induce recruitment of immune cells by the release of chemotaxins. Activation of
the contact pathway will result in the formation of the pro-inflammatory molecule bradykinin
which will recruit the innate immune cells. These include macrophages, neutrophils and
natural killer cells. Dendritic cells play an important role in bridging the innate and adaptive
immune system. Live B. pertussis is depicted in blue and bacteria killed by the innate effector
mechanism in red. All cells express various PRRs which are depicted in pink. Mucus produced
by the goblet cells, located in between the ciliated cells, is depicted in yellow/brown.
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The complement system
The complement system is an innate immune surveillance system
responsible for the defense against invading microbes, inflammation
and homeostasis of the host [64]. During an infection, the complement
system is of great importance to label bacteria for phagocytosis and kill
Gram-negative bacteria directly via pore formation. Activation of the
complement system during bacterial infection occurs via three different
pathways namely, the classical pathway (CP), the lectin pathway (LP) and
the alternative pathway (AP). The CP is activated when immunoglobulin
(Ig) G or IgM bound to the bacterial surface is recognized by C1q. C1q
binding to antibodies results in activation of the two associated serine
proteases C1r and C1s [65]. Activated C1s cleaves C4 into the anaphylatoxin
C4a and C4b, of which the latter will covalently attach to the bacterial
surface [66]. Subsequently, C2 binds to C4b and is cleaved by C1s into C2a
and C2b resulting in the formation of the CP C3 convertase C4b2a [64].
Activation of the LP results in the formation of the same C3 convertase
(C4b2a) as the CP, however the LP is activated when Mannan-binding lectin
(MBL), ficolins and/or collectin 11 recognize specific sugar patterns on the
microbial surface [67, 68]. Upon binding of lectins, the MBL-associated
serine proteases (MASPs) are activated. MASP-2 is solely responsible
for cleavage of C4 while C2 is cleaved by MASP-2 and MASP-1 [69]. The
C3 convertase of the CP/LP (C4b2a) cleaves C3 into the anaphylatoxin
C3a and C3b which will covalently deposit on the bacterial membrane
[66]. The AP is predominantly activated upon binding of deposited C3b
therefore the AP mainly functions as an amplification loop of the CP and
the LP [64]. Factor B binds to the covalently bound C3b on the microbial
surface and is cleaved by factor D into Bb and Ba, resulting in formation
of the AP C3 convertase C3bBb [70]. All C3 convertases cleave C3 into C3a
and C3b. Opsonization of the bacterial surface with C3b is important for
phagocytosis of the pathogen [64]. In addition, C3b incorporation into C3
convertases results in the formation of C5 convertases (C4b2aC3b: CP/LP
and C3bBbC3b: AP) [64]. C5 convertases cleave C5 into the anaphylatoxin
C5a and C5b. C5b together with C6, C7, C8 and multiple copies of C9
forms a tubular pore, called the membrane attack complex (MAC), that
can lyse Gram-negative bacteria [71].
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It is important to confine complement activation to pathogenic surfaces
due to the destructive potential of complement activation to the host.
Therefore, effectors of complement activation need to be tightly regulated
[72]. Two complement regulators important in the scope of this thesis are
C1 inhibitor (C1-inh) and C4b binding protein (C4BP). C1-inh is a serine
protease inhibitor (serpin) which is involved in protease inhibition. The
C-terminal domain of C1-inh is the serine protease inhibitor domain, which
is similar to other serpin proteins. This domain contains the protease
recognition centre. The N-terminal domain is heavily glycosylated, does
not share homology with other serpins and plays no role in the protease
inhibitory function of C1-inh [73]. C1-inh inhibits C1r, C1s, MASP1 and
MASP-2 thereby preventing activation via the CP (Figure 4A) and the
LP. Protease inhibition by C1-inh involves two steps. First, the protease
binds to the protease recognition centre of the serpin which mimics the
substrate. Upon this binding, the protease cleaves the Arg444-Thr445
peptide bond in the protease recognition centre. Second, this cleavage
triggers a conformational change after which a covalent bond between
the serpin and the protease is formed [74]. C4BP also inhibits the CP
and LP. This spider-like C4BP complex binds C4b [75] which results in
proteolytic cleavage of C4b by Factor I and also inhibits the assembly of
the C3 and C5 convertases of the CP and the LP (Figure 4B) [76].
Although complement is mainly present in the blood, it is also active in
the lungs which is relevant during a B. pertussis infection [38]. Bacteria,
including B. pertussis, have evolved several ways to evade complement
activation on their surface in order to be able to colonize and infect
the human host [77]. B. pertussis expresses a number of complement
evasion molecules including the autotransporters Bordetella resistance
to killing A (BrkA), Bordetella autotransporter protein C (BapC), the
autotransporters Vag8, Bordetella polysaccharide (Bps) and FHA [78-82].
The precise mechanisms of action for these complement evasion molecule
remains to be elucidated. BrkA decreases C4 and C3 deposition on the
bacterial surface resulting in inhibition of MAC formation [78]. It has been
suggested that B. pertussis can inhibit the complement system by binding
C4BP via FHA. C4BP bound to B. pertussis retained its biological activity
after binding [82]. Nonetheless, FHA mutants are not more sensitive to
19
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Figure 4 | Host fluid phase complement regulatory proteins.
(A) Fluid regulatory protein C1-inh prevents complement activation by binding to C1s and
C1r (and MASP-1 and MASP-2, not depicted here) preventing the cleavage of C4 and C2 and
hence the formation of the CP and LP C3 convertase. (B) C4BP binding to C4b mediates
dissociation of the CP and LP C3 and C5 convertases. Furthermore, C4BP binding to C4b
increases proteolytic cleavage of C4b by FI. Figure was produced using Servier Medical Art.

serum killing [77], so the role of FHA in complement resistance remains
debatable. Lastly, complement resistance via Vag8 is mediated by Vag8
binding to C1-inh [80, 83]. Binding of C1-inh by Vag8 has been suggested
to inhibit complement activation on the bacterial surface although the
mechanism has not been elucidated [80].
The contact system
One of the important complement regulators C1-inh, not only inhibits the
complement system but is also involved in the inhibition of the plasma
contact system [84]. This system is part of the coagulation system
and consists of two proenzymes namely factor XII (FXII) and plasma
prekallikrein. The third component of this system is high-molecularweight-kininogen (HK). The contact system is activated when FXII binds
to a surface and is autocleaved to FXIIa which is further processed
to β-FXIIa. The latter in turn cleaves plasma prekallikrein forming
20
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plasma kallikrein (PK). Activation of this protease subsequently results
in the cleavage of HK and formation of the pro-inflammatory molecule
bradykinin. Bradykinin release results in vasodilation and the infiltration
of leukocytes. C1-inh inhibits the activity of β-FXIIa and PK [85]. Bacteria,
including the Gram-negative Escherichia coli and Salmonella enterica,
have been shown to activate the contact system [86].
It is currently unclear if and how B. pertussis interferes with the contact
system and whether it is beneficial for its survival in the human host.

1

Neutrophils
Around 50-70% of the leukocyte population present in blood is composed of
neutrophils. These cells are involved in protecting the host from bacterial
infections. Upon infection with a microbe, neutrophils are the first cells of
the innate immune system to be recruited towards the site of infection[87]
where they can phagocytose and kill invading bacteria. Bacteria will
be opsonized with complement C3b molecules as described before and/
or with IgG antibodies directed against the bacteria. Engagement of C3b
and IgG on the bacterial surface with Complement Receptor (CR) 3 and Fcγ
receptors (FcγR), which are the receptors for the IgGs, on the neutrophil
will results in uptake or phagocytosis of the opsonized pathogen which
will be enclosed in a phagocytic vacuole [87]. These interactions are very
important as their absence renders neutrophils ineffective against many
types of pathogens including B. pertussis [88, 89]. Subsequently, the
phagocytic vacuole will fuse with pre-formed neutrophil granules to form
the phagosome. Neutrophils contain three different types of granules,
which contain different kinds of antimicrobial agents [90].
Phagocytosis is paired with a dramatic increase in oxygen consumption
also known as the respiratory burst. This is associated with increased
levels of ROS and RNS that damage and kill bacterial pathogens [91, 92].
The role of ROS and RNS has been shown to be important for clearance
of multiple bacteria in humans [93]. In murine models for B. pertussis
infection, ROS production has been shown to play a role in bacterial killing
following phagocytosis [94, 95]. ROS and RNS can additionally indirectly
activate inflammatory processes such as autophagy, apoptosis and the
21
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release of neutrophil extracellular traps (NETs) also referred to as NETosis.
NETs are extracellular networks of fibers and antimicrobials. NETs
contain similar types of antimicrobial agents as present in neutrophilic
granules. In addition, NETs contain DNA and histone molecules that have
antimicrobial properties. The net-like structure of NETs effectively traps
the bacteria and concentrates the antimicrobial activity while limiting
collateral damage to surrounding host tissue [96].
Adenylate cyclase toxin (ACT) of B. pertussis is the best characterized
virulence factor involved in B. pertussis evasion of neutrophil killing.
Upon binding of the toxin repeats domain of ACT to CR3, the active
adenylate cyclase domain is transferred to the cytosol of the target cell
[97]. Subsequently, ACT binds calmodulin, a Ca2+ sensor, which activates
the toxin. The resulting rise in intracellular Ca2+ reduces phagocytosis
and superoxide generation in neutrophils [98-100]. This leads to the
reduction of bacterial killing and NETosis by neutrophils [101].
Dendritic cells
Another type of innate immune cell which is important in the immune
response against B. pertussis is the dendritic cell (DC). These antigenpresenting cells express different PRRs that can sense the different
PAMPs of B. pertussis. As previously mentioned, B. pertussis can activate
TLR2 and TLR4 [40-42]. B. pertussis strains with structural alteration
in the lipid A moieties of the LOS molecule have been identified that are
incapable of activating TLR4 and in fact act as TLR4 antagonists [102,
103]. Normally, engagement of ligands with the respective TLRs will result
in downstream signaling that will activate the DC. Activation of DCs
will result in upregulation of costimulatory molecules including CD40,
CD80, CD83 and CD86 as well as the secretion of specific cytokines [104].
Cytokines are classically either pro- or anti-inflammatory and depending
on the composition and concentration of the cytokine environment will
subsequently either promote or suppress a certain immune response. IL10 and TGF-β are the classical anti-inflammatory cytokines which will
tip the balance more towards immune regulation [105]. While IL-6, IL12, IFN-γ, IL-23, IL-17 are the conventional pro-inflammatory cytokines
[105]. The secretion of specific cytokines by DCs promotes T cell
22
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Figure 5 | Dendritic cell activation and T cell differentiation by B. pertussis.
Pathogen-associated molecular patterns (PAMPs) of B. pertussis (here depicted as the blue
bacteria) are sensed by different pattern-recognition receptors (PRRs) on the dendritic cells
(DCs), which are subsequently activated. B. pertussis antigens are digested and specific
epitopes presented on HLA molecules for recognition by T cell receptors on naïve T cells. DCs
will produce cytokines and express co-stimulatory molecules which depend on the triggered
PRRs and will create a local inflammatory milieu. This cytokine environment together with
the strength of co-stimulation will determine the Th subset faith of the naïve CD4+ T cell.
T-cell subsets can be characterized by the secretion of specific cytokines and expression of
distinct transcription factors.

differentiation into different sub-types including T helper (Th) 1, Th2,
Th17 and T regulatory cells of which each subset can be characterized
by the expression of distinct transcription factors and secretion of T cell
cytokines [106]. Following the encounter with and uptake of B. pertussis,
B. pertussis specific antigens are processed to peptide epitopes and
23
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loaded on HLA molecules on the DCs. T cell receptors (TCRs) on naïve T
cells will recognize these epitopes and together with accessory molecules
and soluble factors (cytokines) for co-stimulation and differentiation this
will result in CD4+ T cell differentiation towards a specific Th subset [107].
A protective adaptive immune response directed against B. pertussis
consists of Th1 and Th17 cells (Figure 5) [108]. The secretion of IFN-γ by
Th1 cells further activates macrophages whereas Th17 cells can recruit
neutrophils which are needed to clear the infection [109, 110]. In contrast
to natural infection, vaccination with the ACVs gives rise to a Th2/Th1
mixed response. The induction of Th2 cells implies a poorly protective
T cell profile and is therefore suggested as one of the causes of the reemergence of pertussis [8].
Several B. pertussis virulence factors have been shown to affect DC
maturation. Improper activation of DCs will result in DCs with immature
characteristics and these have been described to exhibit tolerogenic
properties. Tolerogenic DCs are among others characterized by high IL10 production and consequently may induce Treg expansion [111]. ACT
and the vaccine antigens FHA and Ptx have all been shown to promote
IL-10 secretion, resulting in the induction of a regulatory type of immune
response [112-115]. This would lead to the dampening of an adequate
adaptive immune response against B. pertussis allowing this pathogen to
escape the host’s defenses.
Thesis scope and outline
The need for a novel improved pertussis vaccine has become evident. To this
end, it is crucial to characterize the interactions between the host immune
response and B. pertussis. In this thesis, we aim to gain insight into the
interplay between the components of the innate immune system introduced
in Chapter 1 and the respiratory pathogen B. pertussis. Engagement
of PRRs expressed on innate immune cells, including DCs, is important
for the activation of these cells to carry out their respective functions.
DC maturation following an infection with B. pertussis determines the
adaptive immune response induced. Since the introduction of pertussis
vaccines, pathogen adaptations have been observed for B. pertussis. In
Chapter 2, we aimed at determining whether these adaptions in the B.
24
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pertussis population had an effect on DC activation which could partially
explain the re-emergence of pertussis. Dutch B. pertussis clinical isolates
were grouped according to their isolation period: 1) around the time of
the introduction of the WCV (1949-1960) 2) after the introduction of the
WCV (1970-2000) and 3) after the introduction of the ACV (2005-2014).
Using this collection of B. pertussis strains PRR and DC activation was
assessed. Findings indicate an increased activation of TLR2 and NOD2
by B. pertussis strains isolated after the introduction of both the WCV
and ACV compared to strains isolated at the time of WCV introduction.
Moreover, emerging B. pertussis strains isolated after the introduction of
the ACV induced a more anti-inflammatory DC phenotype, characterized
by increased IL-10 production and PD-L1 surface expression, suggesting
that B. pertussis strains have evolved to dampen the vaccine-induced
inflammatory response, most likely to escape the host immune response.
In The Netherlands, the ACV consists of three pertussis antigens namely
Ptx, FHA and Prn. Of these three antigens, Prn is the least well studied in
the context of infection and immunity. In the recent decade, the number
of circulating B. pertussis strains that no longer produce this protein has
dramatically increased. Chapter 3 describes the effect of the lack of Prn
expression on DC maturation and murine infection. Here, we make use
of isogenic strains either lacking (Prn knock-out strains) or expressing
Prn (isogenic parental strain) and show that the lack of Prn results in an
increased pro-inflammatory human and murine DC phenotype. Infection
of mice with a Prn knock-out strain resulted in increased expression
of genes associated with cell death. These results show that the lack of
Prn results in the induction of a pro-inflammatory immune response
suggesting an anti-inflammatory role for the vaccine antigen Prn.
In the search for third generation vaccines that induce a favorable immune
response to clear and prevent transmission of B. pertussis, the inclusion
of novel antigens either as an improved acellular vaccine or as part of
an OMV-based vaccine or live attenuated vaccine is being explored. One
of the immunogenic antigens that has been shown to induce protective
immune responses in mice and is present on OMVs is the complement
evasion molecule Vag8 [25, 31]. In addition to the induction of antibodies, it
is crucial to understand the effect of potential vaccine candidates may have
25
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on the immune response to prevent the inclusion of immunomodulatory
molecules which may interfere with the protective type and duration of
vaccine-induced immune responses. Chapter 4 describes a mechanistic
study unravelling the role of the B. pertussis virulence factor, Vag8 in
complement evasion. We demonstrated that Vag8 specifically targets
the CP and LP, while leaving the AP unaffected. Both the recombinant
and endogenously-secreted Vag8 inhibit complement deposition on the
bacterial membrane and subsequently prevent bacterial complementmediated killing. We identified a novel complement evasion strategy in
which Vag8 interferes with the interaction of C1-inh with the C1 and MBLMASP complex proteases. This leads to the release of active proteases in
the bacterial surroundings that subsequently cleave C4 and C2 away from
the bacterial surface resulting in decreased complement deposition on
the bacterial membrane. C1-inh is not only the main fluid phase inhibitor
of the CP and LP but is also involved in inhibiting the contact system.
Considering Vag8 binds C1-inh, we hypothesized that the presence of
Vag8 would lead to increased contact system activation. In Chapter 5,
we demonstrate that B. pertussis effectively activates the contact system
and that this is dependent on the production of Vag8 which sequesters C1inh. The effect of Vag8 on the complement system and contact system are
important to consider in light of vaccine design.
Another challenge in the pertussis vaccine field is the evaluation of
the effectiveness of vaccine-induced immune response as CoPs against
pertussis remain elusive. In Chapter 6, we set up a functional antibody
opsonophagocytosis assay towards the identification of a CoP against
pertussis. For this analysis we used plasma from symptomatic as well
as recovered pertussis patients, who are expected to have protective
immunity conferred by natural infection and controls. We show a decrease
in opsonophagocytosis after infection, which remained significantly
higher than the controls. Moreover, we measured quantity and quality
of B. pertussis-specific-antibodies directed against nine different B.
pertussis antigens (FHA, Ptx, Prn, LOS, Fim2, Fim2, Vag8, BrkA and
OMVs). We show that although the antibody levels wane years after
infection the avidity to most of the studied B. pertussis antigens increased.
In order to identify a predictive measure for opsonophagocytosis, we
26
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integrating all the generated data in a random forest model and revealed
that anti- FHA followed by anti-Ptx antibodies, were most predictive for
opsonophagocytosis. Finally, in Chapter 7 the results generated in the
scope of this thesis are discussed with respect to pertussis vaccination
and future perspectives are described.
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ABSTRACT
Vaccines against pertussis have been available for more than 60 years.
Nonetheless, this highly contagious disease is re-emerging even in
countries with high vaccination coverage. Genetic changes of Bordetella
pertussis over time have been suggested to contribute to the resurgence
of pertussis, as these changes may favor escape from vaccine-induced
immunity. Nonetheless, studies on the effects of these bacterial changes
on the immune response are limited. Here, we characterize innate
immune recognition and activation by a collection of genetically diverse
B. pertussis strains isolated from Dutch pertussis patients before and after
the introduction of the pertussis vaccines. For this purpose, we used HEKBlue cells transfected with human pattern recognition receptors TLR2,
TLR4, NOD2 and NOD1 as a high throughput system for screening innate
immune recognition of more than 90 bacterial strains. Physiologically
relevant human monocyte derived dendritic cells (moDC), purified from
peripheral blood of healthy donors were also used. Findings indicate
that, in addition to inducing TLR2 and TLR4 signaling, all B. pertussis
strains activate the NOD-like receptor NOD2 but not NOD1. Furthermore,
we observed a significant increase in TLR2 and NOD2, but not TLR4,
activation by strains circulating after the introduction of pertussis
vaccines. When using moDC, we observed that the recently circulating
strains induced increased activation of these cells with a dominant IL10 production. In addition, we observed an increased expression of
surface markers including the regulatory molecule PD-L1. Expression
of PD-L1 was decreased upon blocking TLR2. These in vitro findings
suggest that emerging B. pertussis strains have evolved to dampen the
vaccine-induced inflammatory response, which would benefit survival
and transmission of this pathogen. Understanding how this disease has
resurged in a highly vaccinated population is crucial for the design of
improved vaccines against pertussis.
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INTRODUCTION
Bordetella pertussis is a human-specific Gram-negative bacterium and
the causative agent of whooping cough, also known as pertussis. This
highly contagious disease of the upper respiratory tract can be fatal in
unvaccinated infants and is the cause of persistent cough among older
children and adults [1]. Whole cell pertussis vaccines (WCVs) were introduced
worldwide in the 1950’s after which the number of notifications decreased
dramatically [2]. WCVs were relatively reactogenic and therefore replaced
by acellular pertussis vaccines (ACVs) in the 1990’s in most Western
countries [3-5]. In the Netherlands, WCVs were introduced as part of the
national immunization program in 1957 and replaced by ACVs in 2005 [6].
Despite high vaccination coverage, cases of pertussis have increased in the
past three decades [7]. Possible explanations for this resurgence include
improved diagnosis, increased awareness, waning of vaccine-induced
immunity and genetic changes of B. pertussis (reviewed in [8]). Observed
bacterial changes include the emergence of strains that carry novel alleles
for prn, fim2, fim3, ptxA and ptxP as well as the non-expression of the
vaccine antigen pertactin (Prn) [9-11]. A mix of ptxP1 (P1) and ptxP2 (P2)
strains were prevalent before the introduction of the WCVs and were used
to produce the pertussis vaccines. After the introduction of the WCVs
mainly P1 strains circulated [12, 13]. The ptxP3 (P3) strains emerged in the
1980’s and represent more than 90% of the current B. pertussis populations
in many countries worldwide [9, 14]. These P3 strains have been associated
with the resurgence and severity of pertussis [11, 15, 16].
Dendritic cells (DCs) are innate immune cells that sense pathogens
by means of pattern recognition receptors (PRRs) including the Tolllike receptors (TLRs) and the NOD-like receptors [17-19]. Each receptor
recognizes a unique pathogenic molecular structure resulting in a
cascade of events leading to NF-κB activation and subsequent cytokine
production [20]. Activation of different PRRs by pathogens is essential
for triggering innate immunity and for the induction and steering of the
subsequent adaptive immune response [21, 22].
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Although B. pertussis strain adaptation has been extensively studied [23],
little is known about the effect that these bacterial changes may have
on innate immune responses to this pathogen. Here, we characterize
PRR and monocyte derived DC (moDC) activation induced by genetically
diverse B. pertussis clinical isolates circulating before and after the
introduction of the pertussis vaccines. We observed that all B. pertussis
clinical isolates induce TLR2, TLR4 and NOD2 but not NOD1 signaling
in HEK-Blue cells. In addition, we observed an increased activation of
TLR2 and NOD2 by strains circulating after, compared to before, the
introduction of the pertussis vaccines. Furthermore, when using moDCs,
we observed that recently circulating strains, particularly the ones that
emerged after the introduction of ACVs, induced stronger DC activation
resulting in a dominant increased production of the anti-inflammatory
cytokine IL-10 and increased expression of surface markers including the
regulatory molecule PD-L1.
These in vitro studies suggest that emerging B. pertussis strains have
evolved to induce a more regulatory response, which could be an immune
evasion strategy used by this pathogen to increase its survival and
transmission in a highly vaccinated population.

RESULTS
Bordetella pertussis strains isolated from patients after the
introduction of pertussis vaccination induce increased activation
of human TLR2 and NOD2
For this study, 92 B. pertussis strains isolated from pertussis patients
were divided into three groups according to the year of isolation: 1) from
1949 to 1960; just before and during the time WCVs were first introduced,
2) from 1970 to 2000; after the introduction of WCVs and 3) from 2005 to
2014; after the introduction of ACVs in The Netherlands (Figure 1). Strains
from these three periods were designated Introd-Vac-strains, WCVstrains and ACV-strains, respectively. In order to determine whether
these strains induced TLR2, TLR4, NOD2 and NOD1 activation, HEKBlue cells expressing either one of these PRRs were stimulated with the
42
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Figure 1 | Schematic representation of the time periods in which the strains used in
this study were grouped, based on their year of isolation.
The periods included strains isolated before or around the time the WCVs were introduced
(Introd-Vac-strains, 1949-1960) and after the introduction of the WCVs (WCV-strains, 19702000) or ACVs (ACV-strains, 2005-2014). The three groups are indicated in green, blue and
pink respectively. The WCV was introduced in the Dutch National Immunisation programme
(NIP) in 1957. In 2001, the ACVs were included in the NIP as a four year old (4yo) booster. The
WCVs were fully replaced by the ACVs in 2005 (black arrows).

different B. pertussis clinical isolates. All of the tested strains activated
TLR2, TLR4 and NOD2, but not NOD1 as indicated by the induced SEAP
activity (Figure 2A-D). Figureure 2 shows that activation of TLR2 (Figure
2A) and NOD2 (Figure 2C) was significantly higher when stimulated
with the WCV- as well as the ACV-strains compared to the Introd-Vacstrains. There was no significant difference in the activation of these
PRRs between the WCV- and ACV-strains. No significant differences in
TLR4 activation by the different group of strains were observed (Figure
2B). To control for non-specific activation all strains were incubated with
the parental untransfected HEK-Null cells, which showed no induction
of SEAP activity (Figure S1). Upon grouping the strains according to the
ptxP allele, into the groups P1, P2 and P3, we found significant increased
TLR2 activation by P1 and P3 compared to the older P2 strains (Figure
2E). The P3 strains also showed a small but significant increase in TLR4
activation by P3 compared to the P2 strains (Figure 2F) and an increased
activation of NOD2 compared to P2 strains (Figure 2G) and. No difference
between TLR2, TLR4 and NOD2 activation by P1 compared to P3 strains
was detected. In order to determine whether mutations in B. pertussis
gene sequences could explain the observed TLR2 activation differences,
we compared the sequence of genes encoding the B. pertussis lipoproteins
BP1569 and BP2992, which were recently shown to be TLR2 agonists
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Figure 2 | Activation of human TLR2, TLR4, NOD2 and NOD1 by B. pertussis strains
isolated from patients from 1949 to 2014.
HEK-Blue cell lines expressing TLR2, TLR4, NOD2 or NOD1 were stimulated with 92 different
B. pertussis strains (MOI 40) isolated from pertussis patients either around the time the WCVs
were introduced (Introd-Vac-strains) or when the WCVs (WCV-strains) or ACVs (ACV-strains)
were used. PRR activation measured by SEAP activity of (A) HEK-Blue-TLR2 cells, (B) HEKBlue-TLR4 cells, (C) HEK-Blue-NOD2 cells or (D) HEK-Blue-NOD1 cells by Introd-Vac-strains
(1949-1960), WCV-strains (1970-2000) and ACV-strains (2005-2014). SEAP activity induced by
these same strains grouped according to their ptxP alleles, ptxP1 (P1), ptxP2 (P2) or ptxP3
(P3), upon stimulation of (E) HEK-Blue-TLR2, (F) HEK-Blue-TLR4 cells or (G) HEK-Blue-NOD2
cells. SEAP activity of cells in medium only or with the respective ligands, Pam3CSK4 (100ng/
ml), LPS-EK (10ng/ml), MDP (200ng/ml) or iE-DAP (100ng/ml) are included for each HEK-Blue
cell line. * p ≤ 0.05, ** p ≤ 0.01, **** p ≤ 0.0001.

[24]. From the strains used in this study, whole genome sequence data
was only available for B1917, B0296, B0558 and B1281. Therefore, a Blast
search of 340 B. pertussis whole genome sequences available in the NCBI
database, which contains 60 Dutch strains, was performed [25]. Sequence
data analysis did not reveal any polymorphism for the above mentioned
B. pertussis lipoproteins genes in strains carrying the ptxP1, ptxP2 or
ptxP3 alleles (data not shown).
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expression by moDCs upon stimulation with B. pertussis strains
isolated after the introduction of pertussis vaccines
In addition to using the HEK-Blue reporter cells expressing individual
PRRs to screen for innate immune activation by emerging B. pertussis
strains, moDCs isolated from peripheral blood of healthy donors were
used. These cells were stimulated with a selection of 29 B. pertussis
strains representing the three different periods, based on the average PRR
activation levels of the selected 29 strains compared to all strains. Results
show increased moDC activation upon stimulation with the ACV- compared
to Introd-Vac-strains, with a dominant production of IL-10 and to a lesser
extent of G-CSF by these cells (Figure 3A and B). Moreover, ACV-strains
induced a significantly increased production of IL-10 compared to WCVstrains (Figure 3A). A small but significant increased production of TNF-α
and IL-8 was also observed when comparing WCV-strains to Introd-Vacstrains and ACV-strains to WCV-strains respectively (Figure 3C and D). In
addition to cytokine production, expression of the surface markers CD80,
CD86, CD101, CD172a/b, CD274 (PD-L1) and CD97 on moDC stimulated with
Introd-Vac-strains or ACV-strains was analyzed using flow cytometry.
Figure 4 A-D shows a significant increase in CD80, CD86, PD-L1 and CD101
surface expression on moDC stimulated with ACV-strains compared to
Introd-Vac-strains (Figure 4 A-D). As shown in Figure 4E, the expression
of PD-L1 was decreased on moDCs stimulated with ACV-strains in the
presence compared to the absence of the TLR2 blocker. No difference in
the levels of the other surface markers or cytokines was observed in the
presence of the blocking TLR2 antibody (data not shown). The levels of other
cytokines namely, IL-6, MCP-1, MIP-1α and MIP-1β, as well as the surface
markers CD97 and CD172 showed no significance difference when moDCs
were stimulated with the strains isolated from the different periods (Figure
S2). The levels of IL-1β and IL-12 were either very low or undetectable upon
stimulation with the different B. pertussis strains (data not shown).
Recently circulating P3 strains induce increased IL-10 production
compared to older P3 strains
Characterization of genetically diverse groups of B. pertussis strains that
have emerged over time have been previously reported [26]. Based on the
45

2

Chapter 2

Figure 3 | Cytokine production by moDCs stimulated with B. pertussis strains
isolated from patients from 1949 to 2014.
MoDCs were stimulated with 29 different strains either isolated around the time the WCVs
were introduced (Introd-Vac-strains) or when the WCVs (WCV-strains) or ACVs (ACV-strains)
were used at an MOI of 10. MoDC production of (A) IL-10, (B) G-CSF, (C) TNF-α and (D) IL-8
production by Introd-Vac-strains (1949-1960), WCV-strains (1970-2000) and ACV-strains
(2005-2014). Medium stimulation values for IL-8, TNF-α, G-CSF and IL-10 are depicted in the
appropriate graphs * p ≤ 0.05, ** p ≤ 0.01, **** p ≤ 0.0001.

sequence of the carried ptxP allele several groups of B. pertussis strains
can be distinguished [27]. Older strains generally carry the P2 allele,
whereas 90% of the currently circulating strains carry the P3 allele [9]. To
determine whether ptxP allele carriage is associated with the observed
moDC cytokine production induced by emerging B. pertussis strains,
we grouped the strains according to their ptxP allele in the groups P2,
P1 and P3. Results indicate that there were no significant differences in
IL-10 (Figure 5A), TNF-α (Figure 5C) or IL-8 (Figure 5D) production by
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Figure 4 | Surface marker expression of moDCs stimulated with Introd-Vac and ACVB. pertussis strains isolated from pertussis patients
MoDCs were stimulated with 12 different B. pertussis strains (MOI 10) isolated from patients
at around the time the WCVs were introduced (Introd-Vac-strains) or when the ACVs (ACVstrains) were used, either in the presence or absence of 1 µg/ml anti-TLR2 blocking antibody.
MoDC surface expression of (A) CD80, (B) CD86, (C) PD-L1/CD274 and (D) CD101 by IntrodVac-strains (1949-1960) and ACV-strains (2005-2014) alone. (E) MoDC surface expression of
PD-L1/CD247 by Introd-Vac-strains (1949-1960) and ACV-strains (2005-2014) in the presence or
absence of 1 µg/ml anti-TLR2 blocking antibody. Medium stimulation values for CD80, CD86,
PD-L1/CD274 and CD101 are depicted in the corresponding graphs * p ≤ 0.05, ** p ≤ 0.01, ***
p ≤ 0.001, **** p ≤ 0.0001.

moDC when comparing the strains carrying different ptxP alleles. A
significant increase in G-CSF production induced by P3 strains compared
to P2 strains was observed (Figure 5B). Notably, when comparing the P3
strains isolated before (n=5) and after the introduction of the ACV (n=7), we
observed that the more recently isolated P3 strains induced a significantly
increased production of IL-10 by moDCs (Figure 5E) and an increased
trend, although not significant, in activation of TLR2 and NOD2 (Figure
S3). No difference in the levels of G-CSF, TNF-α or IL-8 production was
detected upon stimulating moDCs with the older vs recently circulating
P3 strains (Figure 5F-H).
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Figure 5 | Cytokine production by moDCs stimulated with B. pertussis strains isolated
from patients from 1949 to 2014 grouped according to ptxP allele.
MoDCs were stimulated with 29 different strains either expressing the ptxP2 (P2), ptxP1 (P1)
or ptxP3 (P3) allele, isolated around the time the WCVs were introduced (Introd-Vac-strains)
or when the WCVs (WCV-strains) or ACVs (ACV-strains) were used at an MOI of 10. MoDC
production of (A) IL-10, (B) G-CSF, (C) TNF-α and (D) IL-8 production by P2, P1 and P3 strains.
The production of (E) IL-10, (F) G-CSF, (G) TNF-α and (H) IL-8 upon stimulation of moDC by P3
strains isolated from 1995-2000 or P3 strains isolated from 2005-2014 was also investigated.
Medium stimulation values for IL-8, TNF-α, G-CSF and IL-10 are depicted in the appropriate
graphs * p ≤0.05, ns= non-significant.

Prn-deficient B. pertussis strains induce a comparable moDC
cytokine profile as Prn-expressing strains
In recent years, B. pertussis P3 strains that do not express the vaccine
antigen Prn have been emerging in countries that use the ACVs [28-32]. In
some countries, more than 80% of the strains isolated no longer express
this virulence factor [30, 31]. In order to determine whether this lack of
Prn expression has an effect on moDC activation, six Prn deficient clinical
isolates were included for moDC stimulation. No difference in the levels
of all tested cytokines, including IL-10, G-CSF, TNF-α and IL-8 (Figure 6
A-D) were observed when comparing stimulation with strains that either
express Prn or are deficient for Prn.

48

Emerging B. pertussis strains induce an altered DC phenotype

2

Figure 6 | Cytokine production by moDCs stimulated with recently circulating Prn
deficient or Prn expressing B. pertussis strains isolated from patients.
MoDC production of (A) IL-10, (B) G-CSF, (C) TNF-α and (D) IL-8 production upon stimulation
with P3 strains either expressing (Prn+) or not expressing Prn (Prn-). Medium stimulation
values for IL-8, TNFαG-CSF and IL-10 are depicted in the corresponding graphs. ns= nonsignificant.

DISCUSSION
Despite high vaccination coverage, pertussis has reemerged affecting
not only infants but also older individuals [33, 34]. Knowledge on how
this bacterium persists in a vaccinated population is fundamental. Here,
we aimed at determining the effect of emerging B. pertussis strains on
innate immune responses. To this purpose, we investigated the activation
of different human PRRs as well as moDCs by B. pertussis strains isolated
from pertussis patients during the past 65 years in The Netherlands. HEKBlue cells transfected with different PRRs were used as a high-throughput
screening system to detect activation of individual receptors by the B.
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pertussis strains. Findings indicate an increase in TLR2 activation by
B. pertussis post-vaccination compared to pre-vaccination strains. TLR2
forms a heterodimer with either TLR1 or TLR6 and recognizes lipoproteins
[35]. Recently, BP1569 and BP2992 from B. pertussis were identified as
TLR2 activating lipoproteins [24]. A Blast search of 340 B. pertussis whole
genome sequences [25] revealed no polymorphism for these genes in
strains carrying the ptxP1, ptxP2 or ptxP3 alleles.These findings suggest
that differential gene expression or post-translational modifications may
explain the observed differences or that other TLR2 ligands are involved.
For example, FHA has been proposed as a TLR2 ligand although this
remains debatable [36, 37].
Modifications of the lipooligosaccharide (LOS) structure from B. pertussis
strains has previously been reported to alter TLR4 signaling and DC
activation [38, 39]. We observed no differences in TLR4 activation by strains
from the three periods indicating no structural modifications of the LOS
molecule from these B. pertussis strains. Other PRRs investigated in this
study were NOD1 and NOD2. Murine NOD1 was previously shown to interact
with tracheal cytotoxin (TCT), a B. pertussis toxin specifically destroying
ciliated cells [40]. The authors reported that this virulence factor did not
induce signaling of human NOD1, which is in line with our findings using
live B. pertussis. Interestingly, we found that all the B. pertussis strains
used in this study induced NOD2 signaling and that the post-vaccination
strains induced significantly higher NOD2 activation compared to the prevaccination strains. To our knowledge, we are the first to show that live B
pertussis can activate this PRR. NOD2 recognizes peptidoglycans containing
the muramyl dipeptide moiety (N-acetylmuramyl-L-alanyl-D-isoglutamine)
that are present in Gram-positive and negative bacteria [41]. Further
studies are required to identify B. pertussis derived peptidoglycan moieties
responsible for NOD2 activation. In addition, genomic, transcriptomic
and/or proteomic studies may aid in determining whether the observed
increased NOD2 activation is due to changes of gene expression or in the
structure of the B. pertussis ligand(s) for NOD2.
Using the physiologically relevant moDCs, we observed differences in
cytokine production as well as surface marker expression after stimulation
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with the different groups of B. pertussis strains. Findings indicate that postvaccination strains induce increased DC activation. Interestingly, the most
striking difference was an increase in the levels of the anti-inflammatory
cytokine IL-10 produced by moDCs when stimulated with ACV-strains
compared to Introd-Vac-strains. Besides its direct anti-inflammatory effect,
this cytokine has been shown to be involved in the induction of regulatory T
cells (Tregs) that play a role in controlling inflammation [42]. An increased
anti-inflammatory response can benefit pathogen survival. For example,
increased IL-10 production has been shown to be beneficial for Bordetella
parapertussis (a Bordetella species also infecting humans) infection in
mice by limiting a protective IFN-γ response [43]. In addition to IL-10, we
also observed an increase in G-CSF production by moDC upon stimulation
with ACV-strains compared to Introd-Vac strains. G-CSF has also been
implicated in the development of tolerogenic DCs and the induction of
Tregs [44, 45]. Furthermore, upon comparison of several surface markers
on moDC either stimulated with Introd-Vac- or ACV-strains, we detected an
increased surface expression of the regulatory markers PD-L1 and CD101.
The PD-L1 molecule on DCs can interact with PD-1 on T cells. PD-1 is an
inhibitory receptor, which is expressed on activated T cells and activation
of this receptor results in regulation of T cell activation [46]. CD101 is known
to inhibit T cell proliferation via the production of IL-10 by DCs [47]. The
increased expression of these surface markers further strengthens our
hypothesis that B. pertussis is evolving towards a phenotype that induces
a stronger regulatory response.
In addition to the increased expression of regulatory markers, we
observed increased expression of the activation markers CD80 and
CD86 which is in accordance with the observed small but significant,
increased production of IL-8 and TNF-α upon stimulation of moDC with
the ACV-strains. The PRRs TLR2 and NOD2 have been reported to cross
talk and play a role in immune regulation as well as to influence the
expression of one another [48]. TNF-α production has been shown to be
enhanced upon simultaneous activation of NOD2 and TLR2, which could
in part explain the increased TNF-α production by moDCs observed for
ACV-strains compared to Introd-Vac strains [49]. Furthermore, crosstalk between TLR2 and NOD2 can induce anti-inflammatory signals in
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which IL-10 plays an important role [50, 51]. In order to address the role of
TLR2 in the observed effect on moDCs by ACV-strains, we made use of a
TLR2 blocking antibody. When blocking TLR2, although the levels of the
cytokines were not altered, we observed that the expression of PD-L1 on
these cells was reduced. This observation hints towards a role for TLR2
activation by B. pertussis in the expression of PD-L1 on these antigenpresenting cells. This has previously been described for Streptococcus
pneumoniae, that was shown to regulate PD-L1 expression on DCs in a
TLR2 dependent manner [52]. Co-culture experiments using moDCs and
T cells are required to determine whether these emerging strains indeed
steer T cells towards a regulatory phenotype.
Over time P3 strains have emerged and make up over 90% of the
currently circulating B pertussis population in Western countries [12]. To
determine whether the observed DC phenotype induced by ACV-strains
was associated with the emergence of the P3 allele, the strains used in
this study were additionally divided into three groups namely, P1, P2 and
P3. Although we observed an increased activation of TLR2 and NOD2 by
P3 strains compared to P2 strains, no difference in cytokine production
by moDCs, including IL-10, was detected. However, P3 strains isolated
after the introduction of ACVs induced higher levels of IL-10 compared
to P3 strains isolated before this time. This suggests that the increased
anti-inflammatory cytokine induction by emerging B. pertussis strains
cannot be attributed to carriage of the ptxP3 allele. The presence of
other polymorphic genetic loci, not necessarily linked to ptxP3, could be
involved in the induction of IL-10. Whole genome sequencing of these
strains may resolve this issue in future studies. Besides changes in ptxP
alleles, changes in alleles encoding for Prn and fimbriae have also been
reported [12]. Unfortunately, due to the low numbers of strains carrying
similar sets of alleles, we were not able to determine whether combinations
of alleles, or specific sequence types, were associated with the observed
increased in anti-inflammatory cytokine production.
A most recent and striking adaptation of B. pertussis is the lack of
expression of the vaccine antigen Prn. In countries were ACVs have been
used for more than three decades, up to 85% of the circulating B. pertussis
52

Emerging B. pertussis strains induce an altered DC phenotype

strains have been reported to no longer express Prn [28-32]. In 2015, the
percentage of circulating Prn deficient strains was 14% in The Netherlands
(Personal communication). This mutation has been suggested to be caused
by (ACV) vaccine pressure, as Prn deficient strains show increased survival
in mice vaccinated with ACVs compared to Prn-expressing strains [53,
54]. Furthermore, Prn-deficient strains are predominantly isolated from
pertussis patients vaccinated with ACVs compared to unvaccinated
patients [55, 56]. When we compared the cytokine profile of moDCs upon
stimulation with strains either expressing or deficient in Prn, we found no
differences. This finding indicates that the presence or absence of Prn in
this pathogen has no effect on cytokine production by moDC.
The reemergence of pertussis has been attributed to several factors
including bacterial strain adaptation [8]. Nonetheless, no studies have
explored the effect of B pertussis strains emerging after the introduction
of the pertussis vaccines on the host innate immune responses. This
work pioneers in revealing a difference in innate immune activation by
recently emerging strains compared to older strains on which our current
vaccines are based. It also illustrates that the reporter HEK-blue cell lines
expressing different PRRs can be used as screening platform to identify
innate immune recognition and activation by B. pertussis strains.
Before the introduction of pertussis vaccination, B. pertussis mainly
infected naïve individuals. Since nowadays most individuals have received
a pertussis vaccination and thus have pre-existing vaccine-induced
immunity to B. pertussis, this pathogen is in general no longer infecting
a naïve host. Based on the findings here described, we propose that B.
pertussis is evolving towards a phenotype that steer the host immune
response towards a regulatory type, which could benefit bacterial survival
and transmission in vaccinated hosts. This and further knowledge on
innate immune activation by emerging strains is important to consider in
the light of designing improved pertussis vaccines.
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MATERIALS AND METHODS
Ethics approval
This study was conducted using blood donations for primary cell isolation,
a research goal not requiring review by an accredited Medical Research
Ethics Committee (MREC), as determined by the Dutch Central Committee
on Research Involving Human Subjects (CCMO) (http://www.ccmo.nl/en/
help-me-on-my-way-static) and warranted by a solicited accredited MREC.
The study was conducted according to the principles expressed in the
Declaration of Helsinki and written informed consent was obtained from
all blood donors before collection and anonymous use of their samples.
Bordetella pertussis clinical isolates
In this study, ninety-two B. pertussis strains isolated from pertussis
patients were randomly selected from the B. pertussis strain collection
at the National Institute for Public Health and the Environment, The
Netherlands. As shown in Figure 1, the strains were divided into three
groups according to year of isolation: 1) from 1949 to 1960; a period just
before and during the time WCVs were introduced (Introd-Vac-strains), 2)
from 1970 to 2000; a period after the introduction of WCVs (WCV-strains)
and 3) from 2005 to 2014; after the introduction of ACVs (ACV-strains).
Table 1 gives an overview of all the strains used in this study, their year
of isolation and the ptxP, prn, fim2, fim3 and ptxA allele type, which
was previously determined [57]. These strains were incubated with the
different HEK-Blue cell lines expressing eitherTLR2, TLR4, NOD1 or NOD2.
In addition to grouping the strains according to their year of isolation, the
strains were also grouped based on the ptxP allele they carried (P1, P2
and P3). For the experiments using the moDCs, 29 strains were selected
from the 92 strains, as representative for each of the periods mentioned
above. The selection was made based on the PRR activation levels that
the selected strains induced, compared to the PRR activation levels of all
92 strains. As shown in S1 Table, the average SEAP-OD value from the
selected strains did not deviate more than 15% from the average OD value
of all tested strains per group and PRR. From these 29 strains, six IntrodVac-strains and six ACV-strains were used to determine their effect on
DC maturation as indicated by expression of activations markers on the
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moDC cell surface. Six additional Prn-deficient strains were included
in the moDC experiments. The B. pertussis laboratory strain Tohama
I (B0213; streptomycin and naladixic acid resistant) was also included
in this study to normalize for possible plate differences. All B. pertussis
isolates were grown at 35°C on Bordet Gengou (BG) plates containing
glycerol and 15% defibrinated sheep blood (BD Biosciences). After three
days of culture, the bacteria were collected in phosphate-buffered saline
(PBS, Gibco), and the optical density (OD) was measured at 600 nm.

Table 1 | B. pertussis strains used in this study isolated from Dutch patients between
1949 and 2014.
Strain

Year of

ptxP

Isolation

Prn_

Prn_

region1

region2

fim2

fim3

ptxA

Group

B0558

1949

1

1

1

1

2

1950-60

B1195

1949

1

1

1

1

2

1950-60

B0304

1950

1

1

1

1950-60

B0339

1950

1

1

2

1950-60

B0560

1950

2

1

1

4

1950-60

B0562

1950

1

2

1

1

1950-60

B0565

1950

1

1

1

2

1950-60

B1197

1950

1

1

1

2

1950-60

B1198

1950

2

7

1

4

1950-60

B1200

1950

1

1

1

2

1950-60

B0335

1951

2

1

1

4

1950-60

B0338

1951

2

3

4

1950-60

B0566

1951

2

1

3

4

1950-60

B0567

1951

2

7

4

1950-60

B0569

1951

2

1

4

1950-60

B0296

1952

1

2

1950-60

B0336

1952

1

1

1

1

2

1950-60

B0441

1952

2

7

2

1

4

1950-60

3

2
3

2

2

1

3

1

B0571

1952

1

1

1

2

1950-60

B1203

1952

1

1

1

2

1950-60

B0443

1953

1

1

1

2

1950-60

B1363

1955

2

7

1

4

1950-60

B1377

1955

2

1

3

1

4

1950-60

B1378

1955

2

1

3

1

4

1950-60

B1381

1956

1

1

1

2

1950-60

B1382

1957

2

1

1

4

1950-60

B1383

1957

1

1

1

2

1950-60

B1384

1957

2

1

1

4

1950-60

2
2

3
1
3
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Table 1, continued.
Strain

Year of

ptxP

Isolation

Prn_

Prn_

region1

region2

fim2

fim3

ptxA

Group

1

1970-2000

B0870

1990

1

2

1

B0556

1993

1

2

1

1970-2000

B0346

1994

1

3

1

1970-2000

B0354

1994

1

3

1

B0520

1994

1

3

1

B0538

1994

1

3

B0541

1994

3

2

B0597

1995

1

3

B0599

1995

1

B0604

1995

B0606

1970-2000
1

1970-2000
1970-2000

1

1970-2000

1

1

1970-2000

3

1

1

1970-2000

1

3

1

1

1970-2000

1995

3

2

1

1

1970-2000

B0611

1995

1

3

1

1970-2000

B0661

1996

1

3

B1722

1997

1

1

1

1

1970-2000

1

1

1970-2000

1

1970-2000

1

1

1970-2000

1

1

1

2

1

1

1

1

2005-14

1

1

2005-14

1

1

1

2005-14

1970-2000

B1781

1997

3

2

B1707

1998

3

2

B1805

1998

3

2

B1960

1998

3

2

B1826

1999

1

2

B1895

2000

3

2

B1917

2000

3

2

B1927

2000

3

2

B2911

2005

3

2

B2914

2005

3

2

B3104

2007

3

2

B3107

2007

3

2

1

1

1

1

2005-14

B3115

2007

3

2

S

1

1

1

2005-14

B3130

2007

3

2

1

1

1

1

2005-14

B3134

2007

3

2

1

2

1

2005-14

B3135

2007

3

2

1

1

1

1

2005-14

B3173

2007

3

2

1

1

1

1

2005-14

B3180

2008

3

2

1

1

1

2005-14

B3203

2008

3

2

1

2

1

2005-14

B3212

2008

1

2

1

1

1

2005-14

B3235

2008

13

2

1

1

1

1

2005-14

B3269

2008

3

2

1

1

1

1

2005-14

B3274

2008

3

2

1

1

1

1

2005-14

B3339

2009

3

2

1

1

1

2005-14

B3392

2009

B3400

2009

B3446

2010

3

2

1

1

1

1

2005-14

B3894

2011

3

2

1

1

1

1

2005-14

B3896

2011

3

1

1

B3903

2011

3
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Table 1, continued.
Strain

Year of

ptxP

Isolation

Prn_

Prn_

region1

region2

fim2

fim3

ptxA

Group

B3909

2011

3

2

1

1

1

B3912

2012

3

2

1

1

1

2005-14

B3915

2012

3

2

1

1

1

1

2005-14

B3916

2012

3

2

1

1

1

1

2005-14

B3924

2012

1

1

1

1

B3940

2012

B3951

2012

3

2

1

1

1

1

2005-14

B3962

2012

3

2

1

1

1

1

2005-14

B3967

2012

B4011

2012

3

2

1

B4171

2014

3

2

1

1

1

1

2005-14

B3640

2010

3

2

1

1

1

1

Prn-

B3645

2007

3

2

1

1

1

1

Prn-

B3865

2011

3

2

1

1

1

Prn-

B3876

2011

3

2

1

1

1

1

Prn-

B3977

2012

3

2

1

1

1

1

Prn-

B4172

2014

3

2

1

1

1

1

Prn-

2005-14

2005-14
2005-14

2005-14
2005-14

2

Strains were divided into three groups according to year of isolation: strains isolated before
and around the time of the WCVs were introduced in the Netherlands (1950-1960, Introd-Vacstrains), strains isolated during the time the WCVs were used (1970-2000, WCV-strains) and
strains isolated during the time the ACVs were used (2005-2014, ACV-strains). Alleles for the
ptxP, prn region one and two, fim2, fim3 and ptxA determined by sequencing are indicated
in the table, when known.

HEK-Blue cell lines and stimulation
To determine which human PRRs are activated by the different B.
pertussis clinical isolates, live bacteria were incubated at a multiplicity of
infection (MOI) of 40 with the NF-κB/SEAP reporter HEK293-Blue (HEKBlue) cell lines expressing either TLR2 (HEK-Blue-TLR2), TLR4/MD-2/
CD14 (HEK-Blue-TLR4), NOD-1 (HEK-Blue-NOD-1) or NOD-2 (HEK-BlueNOD2) (InvivoGen, San Diego, California,USA). To control for endogenous
PRR activation, un-transfected parental HEK-Blue-Null1 cells were also
used. All cell lines contained an NF-kB-inducible secreted embryonic
alkaline phosphatase (SEAP) reporter gene. PRR signaling leads to the
expression of SEAP, which can be detected in culture supernatants upon
addition of the substrate Quanti-Blue (InvivoGen). The HEK-Blue cells
57

Chapter 2

were cultured as previously described [38]. In short, HEK-Blue cells were
stimulated in a volume of 200 µl in 96-wells plates for 24 hours according
to the manufacturer’s instructions. An MOI of 40 was used as the optimal
bacterial concentration based on previous titration experiments using 10fold bacterial dilutions. With a MOI of 40 all HEK-PRR cells responded with
SEAP activity values that fell within the linear range response obtained
using the respective positive controls. The experiment was performed on
three separate days and to correct for possible plate and day differences,
the laboratory strain Tohama I was taken along on each plate. PRR
activation by the different B. pertussis clinical isolates was expressed as
the SEAP activity induced normalized to the activity induced by the B.
pertussis laboratory strain Tohama I.
Purification, culture and stimulation of moDCs
MoDcs were purified from peripheral blood derived from healthy donors
and cultured as described previously [38]. Briefly, after peripheral blood
mononuclear cell isolation using a Lymphoprep (Nycomed, Zurich,
Switzerland) gradient, monocytes were collected by using MACS in
combination with anti-CD14 microbeads (Miltenyi Biotech, Bergisch
Gladbach, Germany). Purity of the CD14-positive cells was determined
by staining the monocytes with anti-CD14-PE (BD biosciences,) followed
by data acquisition on the FACS Canto II (BD Biosciences) and analysis
using FlowJo software (Tree Star). CD14 positive purity was more than
90% for each donor (data not shown). Monocytes were cultured in 24-well
culture plates at 0.4 x 106 cells/well for 6 days in IMDM culture medium
supplemented with 1% FCS, 100 units penicillin, 100 units streptomycin,
and 2.92 mg/ml L-glutamine (Gibco; DC culture medium), and in the
presence of 500 U/mL GM-CSF (PreproTech) and 800 U/mL IL-4 (Active
biosciences). On day 6, the immature moDCs were either left unstimulated
in DC culture medium supplemented with 500 U/ml GM-CSF or stimulated
with live B. pertussis at an MOI of 10 (suboptimal bacterial concentration
based on previous titration experiments) in the presence or absence of 1
µg/ml polyclonal anti-TLR2 (Invivogen) that was added two hours before
adding the B. pertussis strains. The experiment was performed using
moDCs from three separate donors and the laboratory strain Tohama I
was taken along to correct for possible donor differences. After 48 hours
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of incubation, supernatants were collected and filtered using UltrafreeMC GV centrifugal filers with a pore size of 0.22 µm (Millipore), and
stored at -80°C for cytokine analysis.
FACS analysis
MoDCs stimulated with six Introd-Vac-strains or six ACV-strains were
used to analyze surface marker expression. These moDC were stained
with PE-conjugated anti-CD101 (BD Biosciences), APC-conjugated antiCD97 (R&D systems), FITC-conjugated anti-CD80 (BD Biosciences), Pacific
Blue-conjugated anti-CD86 (BioLegend), PerCP-eFluor710- conjugated antiCD274, PE/Cy7-conjugated anti-CD172a/b and with LIVE/DEAD Fixable
Aqua Dead Cell Stain Kit (Invitrogen) for 30 minutes at 4°C. The moDC
were washed twice with FACS buffer (PBS pH 7.2; 0,5% BSA; 0,5 mM
EDTA) and fixed with 1.5% PFA. Data was acquired on FACS Canto II (BD
Biosciences) and analyzed using FlowJo software (Tree Star). More than
90% of the stimulated cells remained viable after the 48-hour stimulation
(data not shown).
Cytokine analysis
The concentration of the cytokines IL-1β, IL-6, IL-10, MCP-1, MIP-1α, MIP1β and TNF-α was measured in supernatants from moDC that were
stimulated for 48 hours, by using a Bio-rad human 8-plex luminex kit (BioRad, Hercules, CA, USA) according to the manufacturer’s instructions.
Measurements and data analysis were performed with Bio-Plex 200,
using Bio-Plex Manager software (version 5.0; Bio-Rad Laboratories). IL-8
concentration was measured using an IL-8 ELISA kit (R&D, Minneapolis,
MN, USA) which was performed according to the manufacturer’s
instructions. Results are expressed as pg/ml of cytokine production
induced by the different B. pertussis isolates normalized to the cytokine
levels induced by the B. pertussis laboratory strain Tohama I, to correct
for possible plate/donor differences.
Statistical analysis
All statistical analyses were performed using GraphPad Prism 6.04.
Statistical significance was determined by using ANOVA followed by
unpaired t-tests. False discovery rate was controlled at the level of 10%
59

2

Chapter 2

by applying the Benjamini-Hochberg method to the results of all the tests
performed. Results presented as statistically significant have passed the
selection based on the False discovery rate. p values ≤0.05 were considered
statistically significant.
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Figure S1 | Control HEK-Blue Null (untransfected HEK-Blue cells) activation by B.
pertussis strains and TLR ligands.
HEK-Blue Null cells were stimulated with medium or live B. pertussis strains at a MOI
of 40. The B. pertussis strains used were isolated either around the time the WCVs were
introduced (Introd-vac-strains) or when the WCVs (WCV-strains) or ACVs (ACV-strains)
were used. Furthermore, HEK-Blue Null cells were stimulated with one of the TLR ligands
namely Pam3CSK4 (100ng/ml, TLR2), LPS-EK (100ng/ml, TLR4), iE-DAP (200ng/ml, NOD1) or
MDP (200ng/ml, NOD2). HEK-Blue Null TLR activation was determined by measuring SEAP
activity at an OD 650nm
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Figure S2 | MoDC activation by B. pertussis strains isolated from patients from 1949
to 2014.
MoDCs were stimulated with 29 different strains either isolated around the time the WCVs
were introduced (Introd-Vac-strains) or when the WCVs (WCV-strains) or ACVs (ACV-strains)
were used. MoDC activation measured by (A) IL-6, (B) MCP-1, (C) MIP-1-α and (D) MIP-1-β
production by Introd-Vac-strains (1950-1960), WCV-strains (1970-2000) and ACV-strains (20052014). No IL-1β or IL-12 production could be detected. Medium stimulation values for IL-6, MCP1, MIP-1-α, MIP-1-β and IL-1β are depicted in the corresponding graphs. To determine surface
marker expression, moDCs were stimulated with 12 different B. pertussis strains isolated
either around the time the WCVs were introduced (Introd-Vac-strains) or when the ACVs
(ACV-strains) were used at a MOI of 10. MoDC surface expression of (E) CD97 and (F) CD172
by Introd-Vac-strains (1949-1960) and ACV-strains (2005-2014). Medium stimulation values for
CD97 and CD172 are depicted in the corresponding graphs.
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Figure S3 | Activation of human TLR2, NOD2 and TLR4 by P3 WCV- and ACV- B.
pertussis strains.
HEK-Blue cell lines expressing TLR2, TLR4, NOD2 or NOD1 were stimulated with P3 B.
pertussis strains (MOI 40) isolated either when the WCVs (WCV-strains) or ACVs (ACVstrains) were used. TLR activation measured by SEAP activity of (A) HEK-Blue-TLR2 cells, (B)
HEK-Blue-NOD2 cells or (C) HEK-Blue-TLR4 cells by P3-WCV-strains (1970-2000) and P3-ACVstrains (2005-2014). SEAP activity of cells in medium only or with the respective ligands,
Pam3CSK4 (100ng/ml), LPS-EK (10ng/ml), MDP (200ng/ml) or iE-DAP (100ng/ml) are included
for each HEK-Blue cell line
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Table S1 | B. pertussis strain selection for moDC stimulation.
Strain

Group

Isolation period (years)

SEAP activity (OD)
TLR2

TLR4

NOD2

B0558

1950-60

1.55

0.47

0,57

B0304

1950-60

1.75

0.36

0,52

B0571

1950-60

1.57

0.50

0,41

B1203

1950-60

1.85

0.62

0,55

1950-60

1.50

0.43

0,54

1950-60

1.34

0.49

0,56

B0569

1950-60

1.12

0.48

0,40

B1378

1950-60

1.37

0.43

0,54

B1384

1950-60

1.45

0.42

0,55

Avg (Avg ODallstrains)

1.50 (1.51)

0.47 (0.51)

0.51 (0.51)
0,44

B1381
B1198

Introd-Vac

B0440

1970-2000

1.70

0.56

B2939

1970-2000

1.58

0.47

0,51

B2965

1970-2000

1.54

0.59

0,46

B0354

1970-2000

1.94

0.54

0,53

B0599

1970-2000

1.68

0.47

0,63

1970-2000

1.63

0.52

0,60

B0541

WCV

B0606

1970-2000

1.76

0.56

0,42

B1960

1970-2000

1.89

0.74

0,38

B1895

1970-2000

1.58

0.53

0,55

B1917

1970-2000

1.46

0.56

0,51

Avg (Avg ODallstrains)

1.67 (1.71)

0.55 (0.54)

0.50 (0.57)

B3212

2005-nu

1.73

0.39

0,36

B2914

2005-nu

1.84

0.64

0,72

B3115

2005-nu

1.78

0.61

0,74

B3135

2005-nu

1.83

0.55

0,56

2005-nu

1.65

0.69

0,37

2005-nu

1.79

0.57

0,55

B3962

2005-nu

1.96

0.48

0,53

B4171

2005-nu

1.72

0.48

0,54

B3235

2005-nu

1.56

0.54

0,54

B3400

2005-nu

1.55

0.59

0,50

Avg (Avg ODallstrains)

1.74 (1.71)

0.55(0.54)

0.54 (0.57)

B3446
B3896

ACV

Twenty-nine strains were selected as representative for each group based on their secreted
embryonic alkaline phosphatase (SEAP) levels of PRR (TLR2, TLR4 and NOD2) activation
represented as OD values. The average OD of the selected strains (Avg OD) did not deviate
more than 15% from the average SEAP OD of all the strains in the respective group (Avg
ODallstrains) (Introd-Vac, WCV or ACV-strains). Strains indicated in bold were used for the
analysis of surface marker expression.
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Chapter 3

ABSTRACT
Whooping cough, caused by Bordetella pertussis, has resurged and
presents a global health burden worldwide. B. pertussis strains unable
to produce the acellular pertussis vaccine component pertactin (Prn) have
been emerging and in some countries represent up to 95% of recent clinical
isolates. Knowledge on the effect that Prn deficiency has on infection and
immunity to B. pertussis is crucial for the development of new strategies
to control this disease. Here, we characterized the effect of Prn production
by B. pertussis on human and murine dendritic cell (DC) maturation as
well as in a murine model for pertussis infection. We incubated human
monocyte-derived DCs (moDCs) with multiple isogenic Prn knockout
(Prn-KO) and corresponding parental B. pertussis strains constructed
either in laboratory reference strains with a Tohama I background or in
a recently circulating clinical isolate. Results indicate that, compared to
the parental strains, Prn-KO strains induced an increased production of
pro-inflammatory cytokines by moDCs. This pro-inflammatory phenotype
was also observed upon stimulation of murine bone marrow-derived DCs.
Moreover, RNA sequencing analysis of lungs from mice infected with B.
pertussis Prn-KO revealed increased expression of genes involved in cell
death. These in vitro and in vivo findings indicate that B. pertussis strains
which do not produce Prn induce a stronger pro-inflammatory response
and increased cell death upon infection, suggesting immunomodulatory
properties for Prn.
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INTRODUCTION
Bordetella pertussis is a Gram-negative respiratory pathogen that causes
pertussis, also known as whooping cough, a vaccine-preventable disease.
Despite high vaccination coverage, pertussis has been re-emerging in
many countries in recent decades and remains a public health problem
[1]. This highly contagious respiratory disease can be life threatening
in unvaccinated infants and causes significant morbidity across all
age groups [2]. Towards controlling this disease, two different types
of pertussis vaccines are licensed; namely whole cell vaccines (WCV)
consisting of inactivated bacteria and acellular vaccines (ACV) consisting
of one to five bacterial antigens [3, 4]. In the national immunization
programs of most Western countries, including The Netherlands, ACVs
have replaced WCVs to minimize adverse effects [5]. These ACVs contain
the highly immunogenic virulence factor pertactin (Prn).
In recent years, the emergence of B. pertussis strains lacking Prn
has been observed, especially in countries using the ACVs, with the
percentage of Prn-deficient strains rising over time [6, 7]. Prn is a 93
kDa autotransporter protein of B. pertussis commonly referred to as a
minor adhesion, this however, remains controversial [8-10]. As for other
autotransporter proteins, Prn is synthesized as a precursor and further
processed to a 30 kDa channel and 69 kDa passenger domain [11]. The
passenger domain is transported through the channel across the outer
membrane, where it can be displayed at the bacterial surface or cleaved
off. The role of Prn during infection is not fully understood, nor is the
effect that Prn deficiency in this bacterium has on the host immune
response. In a previous study we compared the effect of Prn-producing
and Prn-deficient clinical isolates on human monocyte-derived dendritic
cell (moDC) maturation and found no differences [12]. Since we cannot
rule out that other mutations in the bacterial genome compensate for the
loss of Prn, comparing the effect of these naturally circulating B. pertussis
strains does not necessarily provide information on the effect of Prn only.
Here, we used both human monocyte-derived dendritic cells (moDCs) and
murine bone marrow-derived DCs (BMDC) incubated with various isogenic
parental or Prn knockout (Prn-KO) B. pertussis strains to characterize
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the specific effect of Prn production by this pathogen on DC maturation.
DC cytokine production, surface marker expression and transcriptional
profiles were analyzed following bacterial stimulation. In addition to in
vitro studies, we used a murine infection model to investigate the effect
of Prn-deficient B. pertussis strains in vivo. Gene expression profiles in
murine lungs and cytokine profiles in sera were determined at two time
points post-infection. Together, these studies show that compared to the
isogenic parental strains, Prn-KO B. pertussis strains induced increased
production of pro-inflammatory cytokines by DCs and expression of genes
involved in cell death upon murine infection. These findings indicate that
B. pertussis strains not producing Prn can alter the immune response to
this pathogen.

RESULTS
Characterization of Prn-deficient B. pertussis mutant strains
A whole-cell ELISA was used to determine the production of Prn and
other virulence factors, namely FHA, Ptx, LOS, Fim2, Fim3 and Vag8,
by B0213, B0213Δprn, B0213REprn, in which the expression of the prn
gene was restored, BPSM, BPSMΔprn, B4171 and B4171Δprn. As expected,
Prn was absent in the three Prn-KO strains (B0213Δprn, BPSMΔprn and
B4171Δprn). The levels of all other virulence factors were comparable
between parental and mutant strains (Table 1). The presence/absence of
Fim2 or Fim3 corresponds to the strain genotype (Table 2). Additionally,
PCR confirmed the prn deficiency (Figure S1). Moreover, mutant and
parental strains induced similar levels of TLR2 and TLR4 activation
in HEK-Blue reporter cells, suggesting comparable levels of LOS and
lipoproteins/lipopeptides on parental and Prn-KO strains (Figure 1A and
B). Control experiments indicate no activation of the parental HEK-Null
cell line upon stimulation with the different B. pertussis strains and the
activation of HEK-TLR2 and HEK-TLR4 cells by the corresponding ligands
(Figure S2). Altogether, the B. pertussis Prn-KOs used in this study do
not differ from the isogenic wild type strains in the production of well
characterized bacterial virulence factors besides the production of Prn.
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Figure 1 | Characterization of strains used in this study.
The different strains used in this study, B0213, B0213Δprn, B0213REprn, BPSM, BPSMΔprn,
B4171 and B4171Δprn (MOI of 40), were used to stimulate HEK-Blue cells either expressing
(A) TLR2 or (B) TLR4. Activation of these receptors is indicated as SEAP activity. Medium
stimulation is indicated by the dotted line. Ns =non-significant.

3

Table 1 | Whole-cell ELISA of B. pertussis virulence factors (Arbitrary Units)
Virulence factors
FHA

Prn

PTX

LOS

Fim2

Fim3

Vag8

B0213

3.6

0.4

0.5

1.8

1.5

0.1

1.0

B0213Δprn

3.8

0.0

0.5

1.8

1.5

0.1

0.8

B0213REprn

3.4

0.3

0.4

2.0

1.3

0.1

0.8

B4171

2.3

0.3

0.7

1.9

0.1

0.8

1.2

B4171Δprn

1.8

0.0

0.5

2.3

0.1

0.9

1.2

BPSM

1.6

0.3

0.4

2.1

0.7

0.1

1.1

BPSMΔprn

1.6

0.0

0.5

2.1

0.8

0.1

1.4

Strains

B. pertussis Prn-KO B0213Δprn strain induces enhanced production
of pro-inflammatory cytokines by moDC
DCs are important innate immune cells which are instrumental for the
induction of a protective adaptive immune response [13]. Human moDCs
were used to investigate the effect of Prn production by B. pertussis on
DC maturation by stimulating them for 48 hours with the Tohama I strain
B0213, B0213Δprn and B0213REprn, in which the expression of the prn
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Figure 2 | moDC stimulation with B0213Δprn induced increased pro-inflammatory
cytokine production compared to B0213 or B0213REprn stimulation.
MoDCs were stimulated with B0213, B0213Δprn or B0213REprn at an MOI of 10 or left
unstimulated for 48 hours. Using luminex, moDC production of (A) IL-6, (B) TNF-α, (C) IL-8 and
(D) G-CSF in the supernatant and surface expression, using flow cytometry, of (E) CD80, (F)
CD83 and (G) CD86 was determined. Experiments were performed using at least 3 donors * p
≤ 0. 05, ** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001.

gene was restored. Compared to moDCs stimulated with the isogenic
parental strain, results indicated that B0213Δprn induced a strong
increase in TNF-α production, as well as a significant increase in IL-6,
IL-8 and G-CSF production by moDCs (Figure 2A-D). Upon stimulation
with the restored mutant B0213REprn, the production of TNF-α, IL-6, IL-8
and G-CSF were either fully or partially restored to the levels induced by
the parental strain. Using these three B. pertussis strains, we observed no
significant differences in the levels of IL-12p70, IL-1β, Eotaxin, IP-10, MIP1α, MIP-1β, MCP-1 produced by moDCs (data not shown). Moreover, flow
cytometric analyses indicated only minor changes in the expression of
surface maturation markers CD80, CD83 and CD86 on moDCs stimulated
with the three different strains (Figure 2E-G).
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B. pertussis B0213Δprn induces distinct gene expression profile in
human DCs
To further characterize the phenotype of the moDCs induced upon
stimulation with B0213, B0213Δprn or B0213REprn, gene expression
levels 6 hours post stimulation were analysed for 84 genes involved in the
TLR-pathway using a qPCR array. A list of all the differently expressed
genes can be found in Table S2 where 2-fold and higher upregulation
and downregulation are marked in red and blue respectively. A principal
component analysis (PCA) (Figure 3A) on all 84 genes showed differences
in gene expression profiles between medium and B0213 or B0213Δprn
stimulated moDCs. Moreover, the gene expression induced by the B0213
and B0213REprn strains is comparable. This suggests that Prn production
affects moDC gene expression. Genes involved in NF-kB signalling
were significantly upregulated upon stimulation with the B0213 strain
compared to medium stimulation. These include IRAK2, MAPK4K,
NFKB1/2, NFKBIA and REL as well as PTGS2 and TICAM1 (3.4, 7.2, 4.1, 3.5,
19.2, 232.9 and 2.5 fold respectively), which are known to be upregulated
in response to bacterial stimulation [14, 15]. The CD80 gene expression
levels were found to be increased compared to medium (32.1 fold) and
similar among moDCs stimulated with the three strains, confirming the
obtained flow cytometric data. Moreover, upon stimulation with B0213,
moDCs show significantly decreased expression of TLR1, TLR4, TLR5
and TLR6 compared to medium stimulated moDCs (-12.1, -4.7, -15.7 and -5
fold respectively).
We next focussed on the 36 genes that were significantly differently
expressed between B0213 and B0213Δprn stimulated moDCs. The
expression of these genes for all experimental conditions are depicted
in a heat map (Figure 3B) where, minimum (blue) and maximal (red)
expression values are shown for each gene. Upon comparison of the gene
expression following B0213 or B0213Δprn stimulation, results corroborate
the findings on cytokine production (Figure S3); the gene expression levels
of TNF, IL8 and CSF3, encoding for G-CSF, were significantly increased
( 39.9, 4 and 15.5 fold respectively) upon moDC stimulation with the
B0213Δprn compared to B0213. Although not significant, the expression
of the IL6 also increased (5.7 fold) when moDCs were incubated with the
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B0213Δprn compared to B0213. Additionally, IL1B and IL1A expression
(8.3 and 16.2 fold) was significantly increased upon stimulation with the
B0213Δprn compared to B0213, as was the expression of IRAK1/2, JUN
and MAP2K3 (2.1/3.2, 5 and 3.2 fold respectively) coding for downstream
signalling molecules. Moreover, B0213Δprn induces significantly more
expression of TLR1, TLR5 and TLR6 (9.5, 4.7 and 2.4 fold respectively)
and an increasing trend for TLR2 (3.1 fold) compared to B0213.
Together, these data indicate that the lack of Prn accounts for the increased
expression of genes involved in the production of pro-inflammatory
cytokines by moDCs.
We also determined the microRNA (miRNA) expression of moDCs 24 hours
post stimulation for all three strains. For this purpose, we used a custom
panel of 39 different microRNAs that we selected from literature based
on their involvement in DC maturation and/or survival (Table S1). We
found that compared to medium, moDCs stimulated with B0213 showed
significantly increased expression of hsa-miR-132-3p, hsa-miR-144-3p,
hsa-miR-147a, hsa-miR-155-5p, hsa-miR-503-3p and hsa-miR-99b-5p and a
decreased expression hsa-miR-222-3p (Figure 3C). Notably, the expression
of hsa-miR-146a-5p was significantly increased by moDCs stimulated with
B0213Δprn (Figure 3D) but not with B0213 or B0213REprn (data not shown).
Collectively, these data show a differential gene expression profile both
on mRNA and miRNA level upon moDC stimulation with B0213Δprn
compared to B0213 stimulation. In line with the observed findings on
cytokine production, we observed a comparable gene expression profile
between DCs stimulated with B0213 and the restored mutant B0213REprn.
Immunomodulatory effect of Prn deficiency is independent of the
B. pertussis strain background
To determine whether a complete deletion of the prn gene renders
comparable results as observed with B0213Δprn in which the prn gene
is interrupted, we examined the Tohama I derivative BPSM and its Prndeficient derivative BPSMΔprn, which has a complete deletion of the prn
gene. We also examined the effect of another B. pertussis strain, namely
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Figure 3 | moDC stimulation with B0213Δprn induces a differential gene expression
profile compared to B0213 or B0213REprn stimulation.
RNA was isolated 6 hours post infection and gene expression of 84 different TLR-pathway
associated genes was analysed by means of a (A) PCA. Moreover, (B) the heatmap shows the
hierarchical clustering (Pearson’s correlation) of relative expression levels for differentially
expressed genes between medium, B0213 and B0213Δprn stimulated moDC. Relative expression
levels for each individual gene are presented as minimum (blue) and maximum (red). Rows
represent gene expression profiles of individual samples, 6 hours after stimulation. For all
samples and all genes included in the TLR-qPCR array. The expression of various microRNAs
by moDCs was determined comparing (C) parental strain B0213- with medium-stimulated
moDCs as well as (D) B0213Δprn- with B0213-stimulated moDCs. Experiments were performed
using at least 3 donors. * p ≤ 0. 05, ** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001.
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Figure 4 | Prn deficiency in different bacterial backgrounds also induce an increased
pro-inflammatory cytokine profile upon moDC stimulation.
MoDCs were stimulated with BPSM, BPSMΔprn, B4171 or B4171Δprn at an MOI of 10 or left
unstimulated for 48 hours. MoDC production of (A) IL-6 and (B) TNF-α was determined in the
supernatant. Experiments were performed using at least 3 donors * p ≤ 0. 05

B4171 which is a clinical strain carrying the pertussis toxin promotor
allele (ptxP) 3 isolated in 2014 and its Prn-deficient derivative B4171Δprn.
As shown in Figure 4, moDCs stimulated with either BPSMΔprn or
B4171Δprn also induced increased production of TNFα and IL-6 compared
to moDC stimulated with the isogenic parental strains (Figure 4A and B),
further supporting the role of Prn in immune modulation.
Infection with BPSMΔprn induces altered expression profiles in
murine lungs
To assess the in vivo relevance of Prn production by B. pertussis, we first
determined whether the effect that Prn-KO strains have on human moDC
could also be observed when using murine BMDCs. To this end, BMDCs
were stimulated for 48 hours with either BPSM or BPSMΔprn. As was
observed for human moDCs, results indicated that compared to BPSM
stimulation, BPSMΔprn induces a strong increase in TNF-α production,
as well as a significant increase in IL-6, KC/IL-8 and G-CSF production
(Figure 5A-D).
Next, mice were infected with BPSM or BPSMΔprn or left uninfected as
control (Figure 6A). Using qPCR with vag8 as a Bordetella-specific target
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Figure 5 | BPSMΔprn-stimulated murine BMDC show an increased production of proinflammatory cytokines.
Murine BMDCs were stimulated with BPSM or BPSMΔprn at an MOI of 100 or left unstimulated
for 48 hours. BMDC production of (A) TNF-α , (B) IL-6, (C) KC/IL-8 and (D) G-CSF in the
supernatant was determined. Experiments were performed using murine BMDCs from 4 mice
per experimental condition * p ≤ 0. 05, ** P ≤ 0.01, *** p ≤ 0.001.

3
gene, we confirm the presence of BPSM or BPSMΔprn in the murine lungs
on day 3 and 7 after infection (Figure 6B). Sera and lungs were collected
on days 3 and 7 post infection and used for cytokine determination and
gene expression profiling, respectively (Figure 6A). Although not reaching
statistical significance, average serum levels of TNF-α, KC/IL-8, G-CSF
and IL-1β on day 3 post-infection where higher in BPSMΔprn- compared to
BPSM-infected mice (Figure 6C-F). No differences in IL-6, IL-17, IFN-y and
IL-5 were observed (Figure 6G-J). On day 7, we observed a similar trend
as on day 3 between BPSMΔprn- compared to BPSM-infected mice for KC/
IL-8 (Figure 6D) and for IFN-y (Figure 6I). For all the other cytokines no
differences were observed between these groups.
The lung gene expression of control mice and those infected with either
BPSM or BPSMΔprn was additionally monitored on day 3 and day 7 using
RNAseq. Compared to control mice, lungs of mice infected with BPSM had
6860 genes differentially expressed on day 3 and 7831 genes on day 7. A
list of all differentially expressed genes on both time points can be found
in Table S3. As gene expression profiles following B. pertussis infection
have already been extensively described by others [16], we focused on
the genes that were differentially expressed in BPSM versus BPSMΔprn
infected mice. On day 3, differential expression between the groups was
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identified for 46 genes. On day 7, 166 differentially expressed genes were
found (Table S4, Figure 6K). Of these genes, 9 were detected on both
days (Figure 6K). To determine the biological processes involved, the
differentially expressed genes were analyzed using Ingenuity Pathway
Analysis. By making use of the ‘Diseases and Functions’ tool we show
compared to BPSM, a significant increase in genes (indicated by a z-score
of above 2) annotating to the release of lipids, necrosis and cell death after
infection with BPSMΔprn on day 7 (Figure 6L). Additionally, we detected
a decrease in genes annotated to the migration of cells, almost reaching
the z-score cut off of 2 (Figure 6L).
Altogether, findings indicate that murine infection with BPSMΔprn
compared to BPSM shows an increasing trend in pro-inflammatory
cytokine detection in serum. Moreover, on day 7, genes related to the
release of lipids, necrosis and cell death are increasingly expressed in
the lungs of mice infected with BPSMΔprn compared to BPSM, indicating
that the absence of Prn in B. pertussis alters the lung gene expression
profile of these animals.

DISCUSSION
Whooping cough, caused by the Gram-negative respiratory pathogen B.
pertussis, is a re-emerging disease. This re-emergence has been attributed
to a variety of factors, including pathogen adaptations that occur most
likely due to vaccination pressure [17]. For example, the vaccine strains
carry the ptxP2 and ptxP1 alleles as opposed to the ptxP3 allele which
is currently carried by over 90% of the circulating strains worldwide
[17]. Another striking and most recent feature is the loss of production
of antigens that are present in the acellular vaccine. This is especially
evident for the autotransporter protein Prn. In ACV-using countries, such
as Australia and the United States of America, over 80% of B. pertussis
strains isolated from patients no longer produce Prn [6, 18]. In The
Netherlands, where the ACV was introduced around 10 years later than
in the United States of America, 15% of the recently isolated strains were
reported to be Prn-deficient [12]. Due to the association with ACV-usage,
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Figure 6 | Murine infection with BPSMΔprn results in a different immune response
compared to BPSM.
Legend on the next page
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Figure 6 | Murine infection with BPSMΔprn results in a different immune response
compared to BPSM.
(A) Balb/c mice were infected with 106 CFU of the parental BPSM, BPSMΔprn or left uninfected
as control. Serum for cytokine analysis and lungs for RNA sequencing were collected on day
3 and day 7 post infection. Bacterial DNA load in the lungs was determined using a (B) qPCR
on the Bordetella-specific target gene vag8 relative to the murine household gene ptger2. In
serum of BPSM-, BPSMΔprn- infected and control mice, the presence of (C) TNF-α, (D) IL-6, (E)
G-CSF, (F) IL-17, (G) KC/IL-8, (H) IL-1β, (I) IFN-γ and (J) IL-5 was determined on both time points
post-infection. (K) Venn diagram showing the amount of differentially expressed genes on day
3 and 7 in the lungs of mice infected with BPSMΔprn, as compared to BPSM infected mice,
based on averaged normalized gene expression levels of groups. (L) RNA sequence data on
day 7 was analysed using the diseases or function annotation tool of the software programme
Ingenuity from Qiagen. BMDCs were isolated from 4 mice. The animal experiment was
performed using 6 mice per infection group per time point and 6 control uninfected mice. * p
≤ 0. 05, ** p ≤ 0.01, *** p ≤ 0.001.

Prn deficiency may be the result of the inclusion of the highly immunogenic
Prn antigen in the vaccine [19]. B. pertussis strains not expressing one
or more of the other vaccine antigens have also been reported [20, 21].
Nonetheless, these isolates are less commonly circulating than the Prndeficient strains. This raises questions regarding the function of Prn in
B. pertussis infection and the effect of Prn-deficient B. pertussis strains
on the immune response.
Studies characterizing immune responses to Prn-deficient B. pertussis
strains are limited and have not used isogenic strains. This is a major
drawback, making it difficult to uncover the specific effects of Prn. Most
studies are dedicated to evaluating the fitness of Prn-producing and Prndeficient B. pertussis strains during infection of vaccinated mice. This has
indicated enhanced colonization of Prn-deficient strains in ACV-immunized
mice, suggesting that the rise of Prn-deficient strains is most probably
due to vaccine pressure [19, 22]. In addition to our recent observations
[12], only one more study compared the effect of one Prn-deficient and a
Prn-expressing strain on moDC maturation [23]. The authors found no
difference in the DC maturation profile upon stimulation with these B.
pertussis strains and an increased invasiveness of moDCs by the Prn84
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deficient clinical isolate compared to the non-related reference strain
ATCC 97-97 [23]. The latter is a reference strain known to have an altered
LOS structure which has been associated with decreased TLR4 activation
[24]. Therefore, the exclusive effect of Prn production by B. pertussis
on moDC activation remains unclear. DCs will, depending on the mode
of activation, produce different cytokines and other immune mediators
which will promote the differentiation of specific T helper (Th) responses
necessary for protection against pathogens. For example, the production
of IL-12p70 and IL-23 is essential for differentiation of Th1 and cytotoxic
T cells or Th17 cells respectively and these subsets have been reported to
be important for a protective immune response against B. pertussis [25,
26].Therefore, it is important to study the effect that different B. pertussis
strains have on DC maturation. To our knowledge, the present study is
the first to directly assess the effect that the absence or presence of Prn
production by B. pertussis has on the DC phenotype using multiple Prndeficient strains and their respective isogenic strains.
Our findings indicate that stimulation of moDCs with B. pertussis strains
deficient in Prn results in an increased production of pro-inflammatory
cytokines by these cells. This DC phenotype was observed when
stimulating these cells with three different Prn-KO strains, either in a
Tohama I as well as in the recent (2014) B. pertussis clinical isolate B4171
background. These findings suggest that Prn has an immunomodulatory
function, dampening the production of pro-inflammatory cytokines. Prn
produced by the closely related Bordetella bronchiseptica has previously
been suggested to have an immunomodulatory role during infection [27].
Prn of B. pertussis and B. bronchiseptica have a sequence identity of over
90% suggesting that a comparable protein function is highly probable [28].
Expression of 84 genes involved in the TLR signaling pathway was
assessed in moDCs stimulated with B0213, B0213Δprn or B0213REprn. As
expected, the expression of genes encoding pro-inflammatory cytokines
was upregulated in B0213Δprn-stimulated moDCs corroborating our
cytokine production data. Moreover, a difference was found in the
expression of TLRs which were downregulated upon stimulation with
B0213 compared to the medium control. This is not surprising as TLR
expression in innate cells has been shown to decrease over time upon
microbial stimulation [29]. This could result in diminished responsiveness
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of DCs to microorganisms, a strategy described for bacteria of the gut
microbiota [30]. Low levels of TLR2, which can form a heterodimer
either with TLR1 or TLR6, and low levels of TLR5 have been associated
with reduced responsiveness of Langerhans cells, the DCs of the skin, to
bacteria [31]. Of notice is that the TLR1, TLR5, TLR6 and TLR2 genes were
expressed at higher levels in B0213Δprn compared to B0213 stimulated
moDCs. Future studies including the characterization of downstream
signalling upon stimulation of DC with these strains may clarify the
observed differences.
In addition to the expression of genes involved in the TLR pathway, we
found that compared to B0213, B0213Δprn-stimulated moDCs increased
their expression of the microRNA mir-146a-5p. Expression of this
microRNA has been shown to be upregulated by DCs following stimulation
with Helicobacter pylori [32] and has, in line with our findings, been
associated with increased pro-inflammatory cytokine secretion [33].
This microRNA has also been reported to induce apoptosis in DCs [34].
Interestingly, our in vivo experiments do not only show a minor increase
of pro-inflammatory cytokines in serum of BPSMΔprn– vs BPSM-infected
mice but more importantly, the analysis of the RNA sequence data of
the murine lungs revealed a significant increase in genes belonging to
functional groups related to cell death. Whether apoptosis and/or necrosis
contribute to the induced cell death remains to be investigated. As it is
difficult to pinpoint which cells are responsible for these observed effects,
one must be cautious to interpret data from a complete organ. We speculate
that the increased induction of pro-inflammatory cytokines by DCs, such
as high levels of TNF-α, which can mediate cell death [35], and microRNA
146a-5p, could be in large part responsible for the increased expression of
genes involved in cell death in the murine lungs.
Many pathogens, including B. pertussis, have been shown to modulate DC
responses to enhance bacterial survival [36, 37]. Different strategies have
been described, including our recent findings indicating that unlike older
strains, recently circulating Prn producing strains induced a dominant
IL-10 production by moDC [12]. Here, we made use of B. pertussis Prn
knock-out and respective isogenic strains, which allowed us to investigate
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the exclusive effect of the absence of Prn production by B. pertussis on the
immune response. The data generated suggests an immunomodulatory
role for Prn. Unlike the Prn-KO strains used in this study, Prn-deficient,
compared to Prn-producing, clinical isolates do not appear to differ in
their effect on DC maturation [12]. It is likely that during the evolutionary
process towards Prn deficiency, other mutations in the bacterial genome
compensate for the loss of Prn. This work sets the basis for further
research directed towards elucidating the mechanism of action of Prn and
identifying these potential compensating mechanisms of the currently
circulating Prn-deficient B. pertussis strains.

MATERIALS AND METHODS

3

Ethics statement
This study was conducted according to the principles described in the
Declaration of Helsinki. For the collection of samples and subsequent
analyses; all blood donors provided written informed consent. Blood
samples were processed anonymously and the research goal, primary
cell isolation, required no review by an accredited Medical Research
Ethics Committee (MREC), as determined by the Dutch Central Committee
on Research involving human subjects (CCMO). Regarding animal
procedures, all experiments were carried out in accordance with the
guidelines of the French Ministry of Research, and the protocols were
approved by the Ethical Committee of the Region Nord-Pas-de-Calais in
France.
Bacterial strains and growth conditions
Selected B. pertussis strains were inoculated onto Bordet Gengou (BG)
agar plates, supplemented with glycerol and 15% defibrinated sheep blood
(BD Biosciences, Franklin Lakes, New Jersey, USA), and grown at 35°C and
5% CO2 for 4 days. The strains used in this study are listed in table 2. All
mutants, with the exception of BPSMΔprn, were constructed as previously
described [38]. Briefly, the plasmid pSR2-1.1 was used to introduce the
1 kB kanamycin resistance (kan) gene by allelic exchange into prn1 of
B0213 [39] (B0213Δprn also known as B1686) and B4171 (B4171Δprn).
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Table 2 | Characteristics of strains used in this study
Strain

Genotype

Remarks

Reference:

B0213

ptxP1, ptxA2, prn1,Fim2

Strep resistant Tohama I

[39]

derivative
B0213Δprn

ptxP1,ptxA2, prn::kan, Fim2

Prn knock out derived from

[38]

B0213
B0213REprn

ptxP1, ptxA2, prn1, Fim2

Restored expression mutant

[38]

derived from B0213Δprn
BPSM

ptxP1, ptxA2, prn1, Fim2

Strep resistant Tohama I

[40]

derivative
BPSMΔprn

ptxP1,ptxA2,prn::deletion, Fim2

Prn knock out derived from

This study

BPSM
B4171

ptxP3, ptxA1, prn2 Fim3

Strep resistant 2014 clinical

This study

isolate
B4171Δprn

ptxP3, ptxA1, prn2::kan, Fim3

Prn knock out derived from

This study

B4171

Also by allelic exchange, pSR2.1 was used to restore expression of prn
(B0213REprn, also known as B2576) in the B0213Δprn background. The
BPSMΔprn strain was constructed using the suicide vector pSS4940 (a
pSS4245 derivative kindly provided by professor Stibitz) carrying flanking
regions upstream and downstream of the prn gene, which resulted in a
clean deletion of the entire prn gene (2733 bp) in BPSMB [40]. Successful
deletion of prn and insertion of the kan gene were confirmed by PCR
(Figure S1). Bacteria used in these experiments were suspended using
a cotton swab in phosphate-buffered saline (PBS) (Gibco, New York, NY,
USA) to collect bacteria from the BG agar plates. Bacterial concentration
was determined by measuring the optical density (OD) at 600nm.
Determination of virulence factors produced by the B. pertussis
strains using whole-cell ELISA
To measure the production of various virulence factors by the different
B. pertussis strains, bacterial suspensions were prepared as described
above, and heat inactivated at 56°C for one hour. A 96 wells Nunc plate
(Thermo Fischer Scientific, Waltham, MA, USA) was coated with 0.1 OD600
of the indicated bacterial preparations at room temperature. Control
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coatings were B. pertussis antigens: filamentous hemagglutinin (FHA),
Prn, pertussis toxin (Ptx), lipooligosaccharide (LOS) and fimbria3 serotype 2 and 3 (Fim2/3) or outer membrane vesicles (OMVs). After overnight
incubation at 37°C, the enzyme-linked immunosorbent assay (ELISA)
was performed using monoclonal antibodies directed against Prn [41],
Ptx, FHA, Vag8, LOS or Fim2/3 derived from a hybridoma bank [42].
HRP-conjugated goat anti-mouse IgG (Southern Biotech, Brimingham,
AL, USA) was added and the reaction was visualized by the addition of
chromogenic TMB substrate (Thermo Fischer Scientific). The reaction
was stopped by the addition of H2SO4 and absorbance was measured at
450nm. The presence of B. pertussis antigens from the different strains
are indicated as a ratio that was obtained by dividing the OD of the strains
by the OD of the respective control antigen. The concentration of the
control antigens used was 0.25 µg/ml for FHA, Prn, Ptx, LOS and Fim2/3,
giving an OD value of 0.94, 3.04, 1.07, 0.65, 1.42 and 2.84. For Vag8, 1.2 µg/
ml OMV was used as control antigen giving an OD value of 1.16.

Cell lines, culture and stimulation
Human NF-κB/SEAP reporter HEK293 cells (HEK-Blue) transfected either
with human TLR2 (HEK-Blue-hTLR2) or human TLR4 (HEK-Blue-hTRL4) in
combination with MD-2 and CD14, as well as untransfected (HEK-Blue-Null1)
cells (InvivoGen, San Diego, CA, USA), were grown in complete Dulbecco’s
modified Eagle’s medium (DMEM, Gibco) supplemented with 10% heatinactivated fetal calf serum (FCS, Thermo Scientific), 50 U/ml penicillin
(Gibco) and 50 μg/ml streptomycin (Gibco) (HEK-Blue culture medium) as
previously described with selection antibiotics[12]. Live bacteria (multiplicity
of infection (MOI) of 40) were used to stimulate 2.5 × 104 HEK-Blue-hTLR2,
HEK-Blue-hTLR4, or HEK-Blue-Null1 cells for 22 hours. Supernatant was
collected and secreted embryonic alkaline phosphatase (SEAP) activity was
determined using the QUANTI-Blue assay.
Purification, culture and stimulation of human moDCs
Monocytes were purified from peripheral blood derived from healthy
donors as described previously [24]. Briefly, peripheral blood mononuclear
cells were isolated by Lymphoprep (Nycomed, Zurich, Switzerland)
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gradient centrifugation at 1000 g for 30 minutes. Subsequently, monocytes
were collected by using MACS in combination with anti-CD14 microbeads
(Miltenyi Biotech, Bergisch Gladbach, Germany). The isolated cells were
95% to 99% CD14+ as determined by flow cytometry. Monocytes were
cultured in 24-well culture plates at 400.000 cells/well for 6 days at 37 °C in
a humidified atmosphere containing 5% CO2 in Iscove’s Modified Dulbecco’s
Medium (IMDM) supplemented with 1% FCS, 100 units penicillin, 100 units
streptomycin, and 2.92 mg/ml L-glutamine (Gibco; DC culture medium),
500 U/mL human GM-CSF (PreproTech, Rocky Hill, NJ, USA) and 800 U/
mL human IL-4 (Active Bioscience, Hamburg, Germany). On day 6, the
immature moDCs were stimulated with the indicated live B. pertussis (MOI
of 10) or left unstimulated in DC culture medium supplemented with 500
U/ml GM-CSF or 48 hours for cytokine determination or 6/24 hours for
RNA isolation. Supernatants were filtered over a 0.22 μm filter to remove
bacteria before cytokine determination (Millipore, Darmstadt, Germany).
Purification, culture and stimulation of murine BMDCs
BMDCs were isolated as described previously [43] with minor modifications.
In brief, bone marrow was flushed from the femur and tibia of Balb/c
mice (Envigo, Horst, The Netherlands). Subsequently, cells were passed
through a 70 µm nylon cell strainer, washed and resuspended in RPMI
1640 containing 10% FCS, 2mM–L-glutamine,100 U/ml streptomycin, 100
mg/ml penicillin (Gibco) and 50 μM β-mercaptoethanol. Cells were seeded
in 6 wells plate at a density of 1x106 cells per well in the presence of 20 ng/
ml of murine GM-CSF (Biolegend, San Diego, CA, USA) and incubated at
37°C, 5% CO2 for 7 days with fresh mGM-CSF added on day 2 and day 5.
On day 7, cells were stimulated with live B. pertussis bacteria (MOI of 100)
or remained unstimulated for 48 hours.
Flow cytometry analysis
Purity of the CD14-positive cells was determined by staining the monocytes
with anti-CD14-PE (BD Biosciences). After 48 hours of stimulation, moDCs
cells were washed and resuspended in FACS-buffer (PBS pH 7.2; 0.5%
BSA; 0.5 mM EDTA). Subsequently, the cells were stained with a panel
of fluorochrome-conjugated monoclonal antibodies specified for moDC
maturation (CD80, CD83, CD86 (BD Biosciences)) and with LIVE/DEAD
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Fixable Aqua Dead Cell Stain Kit (Invitrogen, Waltham, MA, USA) for 30
minutes at 4°C. Following washing of the cells and fixation using 1.5%
paraformaldehyde (PFA), cells were acquired on the FACS Canto II (BD
Biosciences) and analyzed using FlowJo software (Tree Star, Ashland,
OR, USA).
Animal Experiment
Six-week old female Balb/c mice were intranasally infected with 106
viable BPSM or BPSMΔprn as described previously [44] or received PBS
as control (n=6 per group). Mice were euthanized either at 3 or 7 days
post-infection and blood was collected prior to harvesting the lungs. Total
blood was left to coagulate and centrifuged at 1000 g for 5 minutes to
collect sera, which was stored at -80ºC until further analysis. The left
lung lobe was preserved in RNAlater (Thermo Scientific) and frozen at
-80ºC for subsequent RNA isolation.
Cytokine measurement by ELISA and Luminex
The concentration of various cytokines and chemokines (IL-1β, IL-6, IL8, IL-10, IL-12 (p70), G-CSF, TNF-α, Eotaxin, IP-10, MCP-1 (MCAF), MIP-1α
and MIP-1β) in supernatants of moDC was determined using Bio-plex Pro
cytokine kits (Bio-Rad, Hercules, CA, USA) according to the manufacturer’s
instructions. The presence of TNF-α, G-CSF, IFN-γ, IL-1β, IL-4, IL-5, IL6, IL-17 and KC (IL-8) in supernatants collected from murine BMDCs
and sera was determined using a mouse milliplex MAP kit (Millipore).
Measurements and data analysis were performed with the Bio-Plex 200,
using Bio-Plex Manager software (version 6.1, Bio-Rad Laboratories).
RNA isolation, qPCR and sequencing
Total RNA was extracted from the moDCs, cultured in the presence of
the indicated stimuli 6 hours or 24 hours post stimulation, for messenger
RNA (mRNA) or microRNA (miRNA) analysis respectively. The Phenol
extraction column-based miRNeasy RNA isolation kit (Qiagen, Venlo,The
Netherlands) was used. Murine lung tissue collected on day 3 and day 7 after
infection was homogenized by using the FastPrep®-24 bead homogenizer
(MP Biomedicals, Santa Ana, CA, USA) in 700µl Qiazol (Qiagen). RNA
was isolated according to the manufacturer’s instructions with minor
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modifications, namely an extra column-washing step was added using
80% ethanol before extracting the RNA using RNase-free water. RNA
quality and integrity was determined using Lab-on-Chip analysis on an
Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, U.S.A).
The RNA integrity numbers (RIN) of all RNA samples were >8.
To measure gene (mRNA) expression of moDCs, cDNA was synthesized
from 200 ng of RNA using the First strand RT2 kit (Qiagen). The obtained
cDNA was used in combination with the RT2 SYBR Green PCR kit (Qiagen)
for the Toll-Like Receptor signaling pathway RT2 profiler PCR array
(#PAHS-018Z, Qiagen) which contains 84 genes involved in TLR-mediated
signal transduction and innate immunity, as well as all necessary controls,
using a StepOnePlus™ Real-Time PCR System (Applied Biosystems, Foster
City, CA, USA). For microRNA determination, cDNA was synthesized
from 200ng of RNA by means of the miScript II RT kit (Qiagen). The
obtained cDNA was used in combination with the miScript SYBR Green
PCR kit (Qiagen) and the two-step plus qPCR (Applied Biosystems) to
run custom panels of microRNAs (#CMIHS02331C, Qiagen) containing
39 microRNAs selected from the literature for microRNAs known to be
involved in DC maturation or survival and all necessary controls. An
overview of the selected microRNAs can be found in Table S1. Data were
analyzed by an online PCR data analysis platform provided by Qiagen
(http://pcrdataanalysis.saviosciences.com/rna).
In order to confirm the presence of B. pertussis in the lungs of mice,
the gene encoding for the Bordetella specific virulence associated gene
8 vag8 was quantified from genomic DNA extracted from the lungs of
infected and control mice employing a 7500 Fast thermal cycler using
SYBR Green PCR Master Mix (Applied Biosystems). The reason why
we chose vag8 to detect the presence of B. pertussis in the lungs of the
infected mice is because the gene for this virulence factor is present in
B. pertussis. Recently, we have unraveled the underlying mechanisms
of complement evasion by Vag8 of B. pertussis [45]. Thermal cycling
parameters consisted of 1 min at 50°C and 10 min at 95°C, followed by
40 cycles of 15 s at 95°C and 1 min at 60°C using the following primers:
Vag8-sense (GGT TCA CTG GTA GAG AGC AC), Vag8-anti-sense (GTT
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GAG CAG GGA CAC ATT AC), murine GAPDH-sense (TGC ACC ACC AAC
TGC TTA G) and murine GAPDH-anti-sense (GGA TGC AGG GAT GAT
GTT C). Gene levels were quantified according to the following formula:
2-(Cti-Cta) where Cti the threshold cycle of the gene of interest and Cta is the
threshold cycle of murine GAPDH.
Gene expression profiles in the murine lungs were measured by RNAseq.
Libraries for the Illumina platform were generated using the TruSeq
Stranded mRNA Library Prep Kit using 1 µg of total RNA as input.
Briefly, the mRNA fraction was purified from total RNA by polyA capture,
fragmented and subjected to first-strand cDNA synthesis with random
hexamers in the presence of Actinomycin D. Second-strand synthesis was
performed incorporating dUTP instead of dTTP. Barcoded DNA adapters
were ligated to both ends of the double-stranded cDNA and subjected to
PCR amplification. Libraries were subsequently checked on a Bioanalyzer
(Agilent) and quantified using qPCR with Kapa-kit (Roche, Basel,
Switzerland). The libraries were pooled at equimolar concentrations
and sequenced on an Illumina HiSeq 3000 (single end, 50bp reads). The
sequencing run was analyzed with the Illumina CASAVA pipeline (v1.8),
and demultiplexed FASTQ files were generated based on sample-specific
barcodes (>15 million reads/sample). RNAseq reads were aligned to the
mouse reference genome (UCSC mm10) and the most recent transcript
annotations using STAR (v.2.5.0b). Expression levels of all transcripts
were quantified and normalized using Cufflinks (2.1.0) and expressed as
Fragments Per Kilobase of transcript per Million mapped reads (FPKM).
Differentially expressed genes (DEG) were determined by Cuffdiff and
considered significantly different with false discovery rate (FDR) <0.1.
The data have been deposited in the National Center for Biotechnical
Information Gene Expression Omnibus (GEO) [46] and are accessible
through GEO series with the preliminary accession code GSE35610.
GEO Processes were identified using Ingenuity Pathway Analysis (Build
version: 441680M).
Statistical Analysis
Statistical significance was determined by using ANOVA followed by
unpaired t-tests for the moDC and BMDC experiments. FDR was controlled
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at the level of 10% by applying the Benjamini-Hochberg method to the
results of all the tests performed. Results that passed a selection based
on the FDR of 0.1. P-values ≤0.05 were considered statistically significant.
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Figure S1 | Determination of the presence or absence of the prn gene in all strains
used in this study
Using PCR, the insertion of the kan cassette to interrupt the prn gene or total deletion of
the prn gene was determined. The Agarose gel shows the Prn-PCR product and confirms
the presence of prn in B213, BPSM and B4171, kan insertion or lack of prn for B0213Δprn,
B4171Δprn and BPSMΔprn respectively and restoration of prn for B0213REprn.
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Figure S2: Controls for the HEK cell experiment The parental HEK-Null cells were
stimulated with the strains used in this study to control for aspecific activation (left panel
represented as dots). Activation of HEK-TRL4 (middle panel, squares) and HEK-TLR2 (right
panel, triangles) cells with the respective ligands LPS and PAM2CSK3. The dotted lines
indicate medium values.

Figure S3 | Correlation between mRNA expression and protein concentration
The correlation between mRNA expression at 6 hours post stimulation and protein concentration
48 hours of TNF-α, IL-6 and IL-8 after stimulation was assessed by linear regression. R2 values
are indicated in the graphs.

Supplementary tables available online:
Supplemental Table 1 | Selected microRNAs for the qPCR array.
Supplemental Table 2 | Differentially expressed genes of moDC using the TLR-pathway
associated genes qPCR array comparing B213, B0213Δprn and B0213REprn.
Supplemental Table 3 | Differentially expressed genes in murine lungs comparing BPSM
infected mice to uninfected control mice infected mice at 3 and 7 days post infection.
Supplemental Table 4 | Differentially expressed genes in murine lungs comparing BPSM
infected mice to BPSMΔprn infected mice at 3 and 7 days post infection.
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ABSTRACT
Whooping cough, or pertussis, is a contagious disease of the respiratory
tract that is reemerging worldwide despite high vaccination coverage. The
causative agent of this disease is the Gram-negative Bordetella pertussis.
Knowledge on complement evasion strategies of this pathogen is limited.
However, this is of great importance for future vaccine development as it
has become apparent that a novel pertussis vaccine is needed. Here, we
unravel the effect of Virulence associated gene 8 (Vag8) of B. pertussis
on the human complement system at the molecular level. We show that
both recombinant and endogenously secreted Vag8 inhibit complement
deposition on the bacterial surface at the level of C4b. We reveal that Vag8
binding to human C1-inhibitor (C1-inh) interferes with the binding of C1inh to C1s, C1r and MASP-2, resulting in the release of active proteases
that subsequently cleave C2 and C4 away from the bacterial surface.
We demonstrate that the depletion of these complement components in
the bacterial surrounding and subsequent decreased deposition on B.
pertussis leads to less complement-mediated bacterial killing. Vag8 is
the first protein described that specifically prevents C1s, C1r and MASP-2
binding to C1-inh and thereby mediates complement consumption away
from the bacterial surface. Unravelling the mechanism of this unique
complement evasion strategy of B. pertussis is one of the first steps
towards understanding the interactions between the first line of defense
complement and B. pertussis.
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INTRODUCTION
The Gram-negative Bordetella pertussis is the causative agent of whooping
cough, or pertussis, which despite high vaccine coverage has been reemerging in the past decades posing a continuous global health problem.
One of the possible reasons for this re-emergence is pathogen adaptation
[1]. At present, over 90% of the circulating strains carry the pertussis toxin
promotor (ptxP) 3 allele which has replaced the previously circulating
ptxP2 strains on which our current vaccines are based [1, 2]. These ptxP3
strains express more pertussis toxin (Ptx) and have been shown to be
associated with increased severity of disease [3, 4]. Virulence associated
gene 8 (Vag8) is an autotransporter of B. pertussis that is synthesized
as a 95 kDa precursor protein and is further processed to a channel and
a passenger domain [5]. The passenger domain of autotransporters can
subsequently be cleaved and thus secreted by the bacteria. Alternatively,
the passenger domain can be retained on the bacterial membrane as well
as be present on outer membrane vesicles (OMVs). It was previously shown,
that 34% of the protein content of OMVs is Vag8 [6]. The approximately
60 kDa passenger domain of Vag8 has been shown to bind C1-inhibitor
(C1-inh) and has been suggested to be involved in complement evasion [7].
It was shown that a vag8 mutant was more susceptible to complementmediated killing compared to the isogenic wild type strain; however,
the molecular mechanism of Vag8 mediated complement evasion of B.
pertussis was not studied [7]. Interestingly, Vag8 is expressed 1.7 to 3.8
fold more by the newly emerging ptxP3 strains compared to older strains
[8, 9]. The need for a novel or improved pertussis vaccine has become
evident due to reemergence of this vaccine preventable disease in the past
decades [10]. To this end, complement evasion molecules, such as Vag8,
have been proposed as potential vaccine components [11, 12]. However,
to evaluate the potential of Vag8 to serve as a vaccine candidate, it is
important to understand its molecular mechanism.
The complement system, active mainly in plasma but also on respiratory
mucosal surfaces, is the first line of defense against invading pathogens
[13]. Complement can be activated via three different pathways: the
classical pathway (CP), the lectin pathway (LP) and the alternative
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pathway (AP) [14]. The CP is initiated by the recognition of antigenantibody complexes by the C1 complex [15, 16]. The proteases of the
active C1 complex cleave C4 and C2 resulting in the formation of the C3
convertase (C4b2a) [17]. Activation of the LP is initiated by the recognition
of sugar patterns by mannose-binding lectin (MBL), ficollins and collectins,
which are associated with MBL-associated serine proteases (MASPs) [18].
The proteases of the MBL/ MASP complex, which has an architecture
similar to the C1 complex, can also cleave C4 and C2 giving rise to the
C3 convertase (C4b2a) [18-21]. The AP can be activated spontaneously
and additionally functions as an amplification loop for the former two
pathways [14]. Upon its activation, the specific AP C3 convertase (C3bBb)
is formed [14]. Cleavage of C3 by either one of the C3 convertases results
in the generation of C3b, which deposits on the bacterial mem-brane and
is important for bacterial phagocytosis as well as the formation of the
C5 convertase of the CP/LP (C4b2aC3b) and the C5 convertase of the AP
(C3bBbC3b) [22, 23]. The C5 convertases can cleave C5 resulting in the
generation of the chemoattractant C5a and C5b which is the first building
block of the membrane attack complex (MAC) [22]. The MAC forms a pore
in the bacterial membrane of Gram-negative bacteria and subsequently
results in bacterial killing [24].
Evasion of the complement system is a wide spread survival strategy
used by many bacterial pathogens [25]. Bacteria are known to implement
different mechanisms to circumvent complement-mediated killing such
as the secretion of small evasion molecules, as well as proteases that
can cleave complement proteins. Bacteria can also stimulate regulatory
cross-talk between Toll like and complement receptors or recruit host
complement fluid phase regulatory proteins to the bacterial surface [2629]. One of these fluid phase regulatory proteins is the 105 kDa C1-inh,
which is the major negative regulator of the CP and LP inactivating the
proteases [30]. Various pathogens have been shown to express proteins
that can bind C1-inh as a complement evasion strategy including Vag8
of Bordetella pertussis [28, 31]. Here, we characterized the underlying
mechanism of complement evasion by B. pertussis Vag8. We show that
Vag8 specifically targets the CP and the LP while the AP is unaffected.
Both recombinant and endogenously secreted Vag8 inhibit complement
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deposition on the bacterial membrane, subsequently preventing bacterial
complement-mediated killing. We identified a novel complement evasion
strategy in which Vag8 interferes with the interaction of C1-inh with the
C1 and MBL/ MASP complex proteases, leading to the release of active
proteases, which cleave C4 and C2 away from the bacterial surface.

RESULTS
The Vag8 passenger domain is secreted during liquid growth,
binds C1-inh and mediates resistance to complement-mediated
killing of B. pertussis
It was previously shown that C1-inh binding to Vag8 of B. pertussis is
linked to serum resistance. However, the molecular mechanism for this
serum resistance was not investigated [7]. To study the complement
evasion mechanism of Vag8, recombinant Vag8 was produced and
circular dichromism spectroscopy was used to confirm correct folding
of the protein in β-sheets (Figure S1). We confirmed that Vag8 can
bind to C1-inh using an ELISA based system (Figure 1A). In addition
to this previously described observation, we show that Vag8 binding
to C1-inh is specific since no binding was detected to either the serpins
alpha-1-antichymotrypsin and alpha-2-antiplasmin or the complement
components C1, C2, C3 and C4 (Figure 1A). Furthermore, using gel
filtration, we show that Vag8 can form a stable complex with C1-inh in
fluid phase (Figure 1B) which has not been shown before. The presence
of C1-inh and or Vag8 in the appropriate single or complex peaks was
confirmed using immunoblotting (Figure S2). As described previously,
Vag8 is an autotransporter present on the outer membrane of B. pertussis
as well as on OMVs. A previous study was unable to detect the secreted
passenger domain of Vag8 indicating that the passenger domain of Vag8
would be retained on the bacterial surface [5]. To study the production
of the passenger domain of Vag8 during liquid growth and to verify the
involvement of Vag8 in serum resistance of B. pertussis, we constructed a
vag8 mutant in a B1917 background (further referred to as B1917ΔVag8).
B1917 is a recently circulating B. pertussis strain carrying the ptxP3
allele [32]. Analysis of the bacterial pellets, bacterial OMVs and bacterial
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Figure 1 | Vag8 binds C1-inh and is involved in serum resistance
(A) Vag8 binds to C1-inh in a dose dependent manner. No binding was observed to the serpins
alpha-1-antichymotrypsin and alpha-2-antiplasmin or the complement components C1, C2, C3
and C4 by ELISA. (B) Vag8 forms a stable complex with C1-inh in fluid phase as shown by
making use of the gel filtration chromatography method. (C) The successful construction of
the B. pertussis B1917ΔVag8 mutant strain was confirmed by immunoblot. No Vag8 could be
detected in the pellet or the bacterial supernatant or OMV’s of B1917ΔVag8. In addition, the B.
pertussis wild type strain B1917 expressed both the full length Vag8 as well as the passenger
domain in the supernatant. (D) Using ImageJ, the intensity of the Vag8 bands were semi quantified relative to known concentrations of recombinant Vag8. We show that 107 bacteria of the
B1917 parental strain contain 10 μg/ml Vag8 and 109 bacteria secrete 5-10 μg/ml of full length
and 1 μg/ml of passenger Vag8. Moreover, 10 μg/ml OMV contains 5 μg/ml of Vag8. (E) The
B1917ΔVag8 mutant strain shows increased sensitivity to serum-mediated killing compared
to the B1917 parent strain. Data shown in Figure 1A, 1D and 1E represent the mean ± SEM
of three separate experiments while Figure 1B and 1C are representative of three separate
experiments.
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supernatant by immunoblotting shows detection of full length Vag8 in
the bacterial pellets of B1917 parent strain while there is no detectable
Vag8 in the pellets of B1917ΔVag8 confirming the successful deletion
of vag8 (Figure 1C). In addition, the supernatant of B1917 shows the
presence of full length Vag8, which is most likely present on OMVs, as
well as the passenger domain of Vag8 (Figure 1C) which is in contrast to
previously published data [5, 6]. ImageJ was used to estimate the amounts
of Vag8 present in the different B1917 parent strain fractions relative to
known concentrations of recombinant Vag8. We show that 107 bacteria
express around 10 μg/ml Vag8, 109 bacteria secrete around 5 μg/ml full
length Vag8 and around 1 μg/ml passenger Vag8. Furthermore, 10 μg/
ml of OMVs contain 5 μg/ml Vag8 (Figure 1D). Next, the involvement
of endogenously secreted Vag8 in serum resistance of B. pertussis was
analyzed. As expected, decreased survival of B1917ΔVag8 was observed
compared to the parent strain B1917 upon addition of increasing serum
concentrations (Figure 1E). In conclusion, we verify that Vag8 binds
to C1-inh and we show that this binding is specific and stable in fluidphase. Next, we verify that bacterial Vag8 expression is involved in
serum resistance of B. pertussis. Furthermore, we show that the Vag8
passenger domain is expressed and secreted by B. pertussis strain B1917
during liquid growth conditions.
Vag8 inhibits the CP and LP at the level of C4b and subsequent
bacterial killing
To investigate the mechanism of action of Vag8 complement inhibition,
the influence of recombinant Vag8 on the three different complement
pathways was studied. We investigated the effect of Vag8 on C5b-9
deposition. Figure 2A and B show that Vag8 inhibits C5b-9 deposition via
the CP and LP in a dose dependent manner, while the AP C5b-9 deposition
was unaffected (Figure 2C).
To assess the effect of Vag8 in a more physiological setting, complement
deposition was determined on B. pertussis strain B1917. Pertactin (Prn),
known as a minor adhesin, is another autotransporter protein of B.
pertussis with a structure and size similar to Vag8 [33] and was therefore
taken along as a negative control. Bacteria were incubated with 1.25%
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normal human serum (NHS), where the CP and LP are mainly active, in
the presence or absence of Vag8 or Prn. We determined the deposition
of C4b, C3b and MAC (C5b-9). C4b is part of the CP and LP C4b2a C3
convertase which is formed upon cleavage of C4 by the C1 and MBL complex
proteases C1s and MASP-2 following the recognition of antigen-antibody
complexes by the C1 complex or of sugar patterns by the MBL/MASP
complex respectively [14]. C3b is subsequently formed upon C3 cleavage by
the C3 convertase (C4b2a) and gives rise to the AP C3 convertase (C3bBb)
and subsequently to the CP and LP C5 convertase (C4b2aC3b) or AP C5
convertase (C3bBbC3b) eventually resulting in MAC (C5b-9) formation
[14]. Flow cytometric data demonstrate that Vag8 inhibits C4b deposition
(Figure 3A) on the bacterial membrane as well as subsequent C3b and C5b9 deposition (Figure 3B and C). No complement inhibitory effects of the
negative control Prn were observed. To determine whether endogenous
Vag8 secreted by B. pertussis can also mediate the observed decrease in
complement deposition, supernatant was collected from the B1917 parent
strain and B1917ΔVag8. As shown in Figure 1C, both full length Vag8 and
the passenger domain of Vag8 were detected in the supernatant of the
B1917 parent strain. We show, that the addition of supernatant of B1917
during opsonisation of B. pertussis results in significantly decreased C4b

Figure 2 | Vag8 inhibits the CP and LP but not the AP
Using complement ELISAs, we show that Vag8 dose dependently inhibits C5b-9 deposition of
the (A) CP and (B) LP but not of the (C) AP. The dashed line indicates complement activation
in buffer only. Data shown in A-C represent the mean ± SEM of three separate experiments.
Significant differences compared to Buffer are indicated with a * : * p ≤ 0. 05, ** p ≤ 0.01, ***
p ≤ 0.001.
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deposition compared to addition of supernatant of B1917ΔVag8 (Figure
3D). This suggests that B. pertussis can make sufficient amounts of Vag8
to inhibit the complement system under physiological growth conditions.
Moreover, C4b deposition was significantly decreased in the presence of
OMVs derived from the B1917 parent strain compared to incubation with
B1917ΔVag8-derived OMVs (Figure 3E).
Since Vag8 has proven to efficiently inhibit complement deposition on
a bacterial membrane, we subsequently studied the effect of Vag8 on
bacterial killing using a luminescent Gram-negative Escherichia coli
[34], as well as traditional plating. Survival of the luminescent E. coli
in 1.25% NHS with or without Vag8 and the negative control Prn was
determined by monitoring the luminescent signal over time. A decreased
luminescent signal, indicating bacterial killing, is observed over time in
the presence of buffer or Prn, while upon addition of Vag8 this killing
is strongly inhibited (Figure 4A). The inhibitory effect of Vag8 was lost
in the presence of higher serum concentrations (5% NHS) (Figure 4B),
probably due to the involvement of the AP which Vag8 is not able to
inhibit (Figure 2C). In line with this hypothesis, the inhibitory effect of
Vag8 is indeed clearly visible in the presence of 5% factor D deficient (fDd)
serum in which the AP can no longer function (Figure 4C) again showing
that Vag8 inhibits the CP and the LP of the complement system. Using
traditional serum killing, we also show clear inhibition of complementmediated killing by recombinant Vag8 using fDd serum (Figure 4D).
Subsequently, we assessed the effect of endogenous Vag8 on bacterial
killing by incubating E. coli with OMVs either derived from the B1917
parent or B1917ΔVag8 strain and human serum. We show that OMVs
containing Vag8 significantly decrease complement-mediated killing of E.
coli using both colony forming units (CFUs) (Figure 4D) and luminescence
(Figure 4E) as a readout. To determine the minimum amount of Vag8
needed to inhibit complement-mediated killing via the CP and LP, the
serum killing experiment using luminescent E. coli was repeated using a
concentration range of Vag8 and 1.25% fDd serum. We show that 7.5 μg/ml
of Vag8 is sufficient to inhibit complement-mediated killing (Figure 4F).
Collectively, these data demonstrate that recombinant and endogenously
secreted Vag8 inhibits the deposition of complement effector molecules on
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the bacterial surface and thereby prevents subsequent bacterial killing
via the CP and LP.
Vag8 prevents binding of C1s, C1r and MASP-2 to C1-inh
As previously described, Vag8 binds to C1-inh (Figure 1A and [7]) and
prevents complement deposition on the bacterial surface (Figure 3A-E). C1inh belongs to the serine protease inhibitor superfamily and can inactivate
and dissociate the proteases of the C1 and MBL/MASP complex [35]. The C1
complex consists of C1q and a dimer of the proteases C1s and a dimer of the
protease C1r, whereas the MBL/MASP complex contains one MASP-1 and

Figure 3 | Vag8 inhibits complement deposition on B. pertussis.
The addition of Vag8 to B. pertussis B1917 opsonized with 1.25% NHS shows decreased deposition of (A) C4b, (B) C3b and © C5b-9 compared to buffer or addition of the negative control
Prn. Additionally, (D) C4b deposition on B1917 was decreased in the presence of 1.25% NHS and
bacterial supernatant of wild type B. pertussis strain B1917 but not of the B1917ΔVag8 mutant.
Moreover, (E) C4b deposition on B1917 was decreased in the presence of 1.25% NHS and OMVs
derived from the wild type B. pertussis strain B1917 but not OMVs of the B1917ΔVag8 mutant.
Data shown in A-E represent the mean ± SEM of three separate experiments. * p ≤ 0. 05, **
p ≤ 0.01.
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one MASP-2 homodimer [15, 16, 18, 20, 21]. Inactivation of C1s, C1r, MASP-1
and MASP-2 from their respective complexes occurs in a two-step manner.
First, the reactive center loop mimics the protease’s substrate. This loop is
exposed at the surface of C1-inh and is recognized by the target protease.
Subsequently, the target proteases cleave the center loop and trigger
a molecular rearrangement. This results in the formation of a covalent
bond between C1-inh and the active site serine of the protease, inactivating
the latter [36]. To investigate the effect of Vag8 binding to C1-inh during
bacterial opsonisation, we determined the levels of C1-inh in supernatants
taken from B. pertussis incubated with NHS in the presence or absence of
Vag8 or Prn using immunoblotting. We detected C1-inh (approximately 110
kDa) and C1-inh probably bound to C1s and/or C1r (approximately 150 kDa)
(Figure 5A) [37]. Notably, upon the addition of Vag8 this 150 kDa band was
strongly reduced indicating that Vag8 binding to C1-inh interferes with
this interaction. We next used a purified system to investigate whether the
observed 150 kDa band indeed corresponded to C1-inh binding to active C1s
or C1r and whether Vag8 was responsible for the loss of protease binding
to C1-inh. C1-inh was either incubated with molecular ratios of C1q, C1s or
C1r in the presence or absence of Vag8 or Prn. As expected, both C1s and
C1r bound to C1-inh while C1q did not (Figure 5B). Moreover, we observed a
clear inhibition of C1s binding to C1-inh and a full inhibition of C1r binding
to C1-inh by addition of Vag8 (Figure 5B). The negative control Prn did not
show inhibitory properties. To assess the ability of Vag8 to prevent C1r and
C1s binding to C1-inh in a more physiological setting, we analyzed C1r and
C1s binding to C1-inh and C1 in the supernatant of bacteria opsonized with
NHS in the presence or absence of Vag8 or Prn. We confirm the loss of C1r
binding to C1-inh and show the loss of C1r binding to C1 in the presence
of Vag8 (Figure 5C). Moreover, the active form of C1r can be detected in
the presence of Vag8 as can be expected in the absence of bound C1-inh.
Detection of C1s yielded similar results (Figure S3). Vag8 inhibits both the
CP and the LP; hence, the effect of Vag8 on the binding of MASP-2 to C1-inh
was additionally analyzed in a purified system. Similar to the results of C1s
and C1r binding to C1-inh, we show that the binding of MASP-2 to C1-inh
is lost in the presence of Vag8 but not in the presence of Prn (Figure 5D).
In summary, we show that Vag8 effectively prevents C1s, C1r and MASP-2
binding to C1-inh.
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of three separate experiments. ** p ≤ 0.01, *** p ≤ 0.001.

Vag8. Data shown in A-C and E-F is a representative Figureure of three separate experiments. Data shown in D represent the mean ± SEM

counting, as well as of (E) luminescent E. coli. (F) Complement-mediated killing of luminescent E. coli is inhibited using 7.5 μg/ml or more

fDd serum. (D) B1917 wild type OMVs containing Vag8 inhibit complement-mediated killing of E. coli using traditional serum killing and CFU

on complement-mediated killing was shown for Vag8 in 5% NHS. © Vag8 inhibits complement-mediated killing of luminescent E. coli in 5%

(A) Complement-mediated killing of luminescent E. coli in 1.25% NHS is inhibited in the presence of Vag8 but not Prn. (B) No inhibitory effect

Figure 4 | Vag8 inhibits complement-mediated killing of bacteria.

Chapter 4

Vag8 binding to C1-inh results in C2 and C4 consumption

Vag8 mediates consumption of the complement components C4 and
C2
During complement activation, C2 is cleaved by C1s, MASP-1 and MASP-2,
whereas C4 is cleaved by C1s and MASP-2 only. This cleavage is inhibited by
C1-inh [14]. We investigated the effect of Vag8 binding to C1-inh on C2 and
C4 cleavage in a purified system or in the presence of B. pertussis strain
B1917. Addition of Vag8 to a purified system consisting of C1-inh, C1s and
C2, results in increased cleavage of C2 (Figure 6A). This increased cleavage
was not observed by the addition of Prn. Vag8 alone was unable to cleave
C2 (Figure S4). To determine whether this phenomenon also occurs in the
presence of bacteria, we incubated B. pertussis strain B1917 with NHS in
the presence or absence of Vag8 or Prn. Supernatants were collected and
C2, C4 and C3 cleavage was assessed. Increased cleavage of C4 (Figure 6B)
and C2 (Figure 6C) in the supernatant of bacteria incubated with NHS and
Vag8 was observed compared to the control situations. C3 cleavage in the
presence of Vag8 remained comparable to bacteria alone or in the presence
of Prn (Figure 6D). Furthermore, to assess whether addition of Vag8 to NHS
alone leads to increased C4 and C2 cleavage, we analyzed the cleavage of
C4 and C2 in NHS upon the addition of Vag8 or Prn compared to NHS
with buffer. Figure 6E and 6F show that addition of Vag8 to NHS induced
complete C4 and C2 consumption. To determine the minimum amount of
Vag8 needed to fully cleave C4 and C2, the experiments mentioned above
were repeated using a concentration range of Vag8. We show that 3.75 μg/
ml of Vag8 is sufficient to lead to the complete degradation of C4 (Figure
7A) and C2 (Figure 7B) in the presence of bacteria. Moreover, incubation
of NHS alone with 3.75 μg/ml or 7.5 μg/ml Vag8 results in full cleavage of
C4 or C2 respectively (Figure S5). In conclusion, these results indicate that
low amounts of Vag8 binding to C1-inh, results in the consumption of C4
and C2 away from the bacterial sur-face and in NHS alone, whereas C3
cleavage remained constant.

DISCUSSION
Whooping cough, the highly infectious respiratory disease caused by the
human-specific B. pertussis, has been re-emerging in the past decades
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Figure 5 | Vag8 interferes with the binding of C1s, C1r and MASP-2 with C1-inh.
(A) B. pertussis strain B1917 was opsonized with 1.25% NHS with or without Vag8 or Prn.
Supernatant was analysed using anti C1-inh. The presence of Vag8 results in a decreased
signal of the ~150 kDa band. (B) In a purified system consisting of C1q, C1s or C1r with C1-inh
in the presence or absence of Vag8 or Prn, we show, using anti-C1-inh, that C1s and C1r, but
not C1q, bind to C1-inh and that this binding is inhibited by the addition of Vag8 but not Prn.
© C1r was detected using anti-C1r. The presence of C1r bound to C1 and C1-inh is inhibited
in the presence of Vag8 but not Prn. Additionally, we show the presence of active C1r in the
presence of Vag8. (D) Purified MASP-2 was incubated with C1-inh in the presence of Vag8 or
Prn and analyzed using anti-C1-inh. We show inhibition of MASP-2 binding to C1-inh in the
presence of Vag8, but not Prn. Immunoblots are representative of three separate experiments.

despite high vaccine coverage [38]. The necessity of a novel improved
vaccine has become evident and complement evasion molecules have
been proposed as potential vaccine candidates [12]. The autotransporter
Vag8 is one of these complement evasion molecules. Interestingly, it is also
expressed more by emerging strains compared to older strains [8, 9]. Due
to the presence of Vag8 on OMVs, which have been proposed as novel
pertussis vaccines [6], as well as its presence on the live attenuated pertussis
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vaccine BPZE1 [39] it is of great importance to unravel the complement
inhibitory functions of Vag8 since this might have negative effects upon
vaccination. The C-terminus of Vag8 has high sequence identity to other
B. pertussis autotransporter proteins including Prn [40]. Previous data
indicated that unlike most autotransporters [41, 42], the passenger domain
of Vag8 would not be cleaved [5]. Recently, Vag8 was described to be part
of the B. pertussis secretome, with secreted levels being comparable to Prn
and even higher than Ptx [43]. However, this recent paper does not specify
whether the full length Vag8 was secreted or the passenger alone. Here,
we show the presence of the passenger domain of Vag8 in the supernatant
of B. pertussis strain B1917 with the correct predicted molecular weight. In
addition, we also detect the full length Vag8 in the supernatant. This full
length Vag8 is most probably present on OMVs. OMVs have previously been
shown to be present in the supernatant of B. pertussis grown in Stainer
and Scholte (SS) medium as well as to contain Vag8 [6, 44].
Our results show that Vag8 of B. pertussis inhibits complement activation
via the CP and LP, but not the AP. Multiple bacteria can inhibit the initiation
of the CP by directly targeting the C1 complex. Staphylococcus aureus,
for example, expresses microbial surface components that bind to the
stalk region of C1q disrupting proper C1 complex formation [45], whereas
Borrelia burgdorferi expresses BBK32 which prevents the autoactivation
of C1r and subsequent C4 and C2 cleavage [46]. Alternatively, the CP, but
also the LP, can be inhibited by hijacking the host regulatory proteins C1inh and C4b binding protein (C4bp) [28]. C1-inh prevents the activation of
the CP and LP by inhibiting C1r and C1s as well as MASP-1 and MASP2 activity respectively [16]. C1-inh is, for example, targeted by the outer
membrane lipoprotein CihC of Borrelia recurrentis [47]. Data suggests that
the interaction between C1-inh and this protein results in the recruitment
of C1-inh to the bacterial surface leading to the local inactivation of C1s
and C1r and thus complement inactivation [47]. Similar to other bacteria,
B. pertussis is able to evade the complement system. Vag8, as well as
Bordetella resistance to killing (BrkA), B. pertussis autotransporter protein
C (BapC) and filamentous hemagglutinin (FHA), have been implicated to be
involved in complement evasion by B. pertussis [7, 48-50]. FHA has been
shown to bind C4bp, however, a physiological role for this binding remains
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Figure 6 | Vag8 mediates degradation of C4 and C2.
(A) Purified C1s and C2 were incubated alone, or with C1-inh, in the presence of Vag8 or Prn
and visualized using Instant Blue. Increased C2 cleavage is shown in the presence of Vag8. B.
pertussis B1917 was opsonized with 1.25% NHS with or without Vag8 or Prn. Supernatant was
analysed by immunoblot and shows cleavage of (B) C4, (C) C2, but not (D) C3 in the presence
of Vag8 compared to control situation. Incubation of 1.25% NHS alone with or without Vag8
or Prn shows increased cleavage of (E) C4 and (F) C2 in the presence of Vag8. All Figureures
are representative for three separate experiments.

to be investigated since a mutant strain lacking FHA was equally resistant
to complement killing compared to the wild type strain [51]. Furthermore,
the complement evasion mechanism of BrkA [48] and BapC [50] remain not
fully understood. Vag8 of B. pertussis has previously been shown to bind
C1-inh [7] and it was speculated that Vag8 would bind C1-inh to the surface
of B. pertussis, thereby mediating serum resistance.
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Figure 7 | Degradation of C4 and C2 by Vag8.
Incubation of NHS with different concentrations of Vag8 shows complete cleavage of (A) C4
and (B) C2 in the presence of B. pertussis B1917 using 3.75 μg/ml or more Vag8. All Figureures
are representative for three separate experiments.

4
Here, we have unraveled the molecular mechanism by which Vag8 inhibits
complement-mediated lysis of B. pertussis. We show that Vag8 mediates
complement evasion of the CP and LP via a previously undescribed
mechanism. This novel complement evasion strategy involves the binding
of Vag8 to C1-inh away from the bacterial surface. Binding of Vag8 to
C1-inh interferes with the interaction of C1s, C1r and MASP-2 with C1inh resulting in the fluid phase cleavage and consumption of C4 as well
as C2. C4 and C2 are the two most important proteins for activation of
the CP and the LP. We show that only 3.75 μg/ml of Vag8 is needed to
result in complete degradation of C4 and C2 in the presence of bacteria
(Figure 6F and 6G) and that at least this amount of Vag8 is secreted by
the bacteria and is present on OMVs (Figure 1D). Next, we have shown
that only 7.5 μg/ml of Vag8 is needed to prevent complement-mediated
bacterial killing. In addition, several studies have shown that Vag8 is
highly expressed by B. pertussis in vitro either under physiological
conditions in several liquid media including Thalen-IJssel (THIJS) and
SS media or during biofilm formation [5, 43, 52, 53]. Upon analyzing the
proteome of B. pertussis, the levels of Vag8 expression as well as secretion
were comparable to Prn and even higher than Ptx [11, 43]. Furthermore,
119

Chapter 4

transcriptional analysis of B. pertussis shows that Vag8 is expressed in
vivo upon infection [11, 54]. Pulmonary and systemic antibodies directed
against Vag8 could be detected following a pertussis challenge [55]. Also
human pertussis infection gives rise to antibodies directed against Vag8
indicating expression during infection [56]. Taken together, Vag8 is
highly expressed in vitro and in vivo and a low amount of Vag8 is needed
to prevent complement-mediated bacterial killing.
In line with our observations, it has been shown that in order for Vag8 to
bind C1-inh the active serpin-domain conformation of C1-inh is required
[31] which may explain the loss of C1s, C1r and MASP-2 binding to C1-inh
that we observe in this study. Moreover, C1-inh deficiency in humans result
in a disease called hereditary angioedema which is in part characterized
by low serum levels of C4, similar to what we observe in the presence of
Vag8 [57]. Taken together, we show that secreted Vag8, either present on
OMVs or as passenger only, leads to C4 and C2 consumption away from
the bacterial surface. This results in inhibition of complement deposition
on the bacterial membrane and complement-mediated lysis (Figure 8).
While we cannot exclude a function for C1-inh binding to the surface of
B. pertussis, we hypothesize that Vag8 binding to C1-inh away from the
bacterial surface is very important for complement evasion. Complement
consumption by a bacterial pathogen is not a new phenomenon since
S.
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staphylococcal

metalloprotease

aureolysin

immunoglobulin-binding
mediate
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inhibiting not only the CP and LP but also the AP [58, 59]. Vag8 induced
complement consumption is solely detected at the level of C4 and C2, as C3
levels and cleavage were comparable in the presence or absence of Vag8,
and hence is limited to the CP and LP, the most important pathways for
eradication of B. pertussis [60].
In the light of pertussis resurgence, novel vaccine components and
strategies are being explored including the use of Vag8 [6, 12]. In a murine
experimental model, vaccination with recombinant Vag8, giving rise to
antibodies directed against Vag8, resulted in a nearly 10-fold reduction of
bacterial load following a challenge [11]. In line with these findings, it was
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shown that the humoral response upon whole cell pertussis vaccination,
but also natural infection, was mainly characterized by antibodies raised
against Vag8 [6, 55]. As previously mentioned, 34% of the B. pertussis
OMV protein content is Vag8 which might be even more according to
Figure 1D. Therefore, it is not surprising that vaccination with OMVs also
resulted in the production of antibodies directed against Vag8 [6]. The
importance of these antibodies in a protective immune response might lie
in the inhibition of the observed complement consumption here described.
Nonetheless, it is important to keep in mind that vaccination with the
passenger domain of Vag8, pertussis OMV’s and the life attenuated
pertussis vaccine BPZE1 that contain Vag8 could induce side effects as a
result of local complement depletion and a potential vaccine antigen might
have to be modified to avoid this. Blocking antibodies directed against
Vag8 would render the bacteria vulnerable for complement-mediated
killing hence resulting in a quicker clearance of the bacteria from the
respiratory tract preventing successful infection.

4

In conclusion, we have unraveled the molecular mechanism of Vag8, a
potent complement inhibitor secreted by B. pertussis. With this molecular
mechanism more insight is gained into the host-pathogen interaction,
which could be used to improve the current pertussis vaccines.

MATERIALS AND METHODS
Bacterial strains and growth conditions
All bacterial strains used in this study are shown in Table 1. B. pertussis
strains were grown at 35°C, 5% CO2 on Bordet Gengou (BG) plates
containing glycerol and 15% defibrinated sheep blood (BD Biosciences).
After three to five days of culture, the bacteria were collected in PBS
(Gibco), and the optical density (OD) was measured at 600 nm. For liquid
growth, B. pertussis was first grown on plate as described above;
subsequently the bacteria were suspended in chemically defined THIJS
medium [61] with a start OD of 0.05 and grown ON at 35°C shaking at 130
rpm. E. coli was grown on LB agar plates or in LB broth with appropriate
antibiotics over night at 37°C.
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Figure 8 | Proposed mechanism for Vag8 mediated complement evasion.
(A) In the absence of Vag8, C1 and MBL/MASP complexes are formed on the bacterial surface
which results in the activation of the CP and LP proteases. These proteases cleave C4 and C2
and give rise to the C3 convertase (C4bC2a). Any C1s, C1r, MASP-1 or MASP-2 not part of a
bacterial surface bound complex remains inactive by association with C1-inh and hence free
intact C4 and C2 is available for recruitment upon complement activation on bacteria. (B) In
the presence of Vag8, either the secreted passenger or as part of an OMV, the interaction
between C1s, C1r, MASP-1 or MASP-2 and C1-inh is interrupted as Vag8 hijacks this inhibitor.
This results in the presence of active proteases in the bacterial environment which cleave
and hence deplete the free C4 and C2. The lack of C4 and C2 to be cleaved and deposited on
the bacterial membrane upon recognition of B pertussis by C1 and MBL complexes will lead
to decreased complement deposition on the surface of B. pertussis and subsequent bacterial
killing. Epithelial cells were adapted from Servier Medical Art, provided by Servier under a
CC-BY 3.0 license (available at: http://www. servier.com/powerpoint-image-bank).

Recombinant production of histidine-tagged Vag8 passenger
domain and MASP-2
The passenger domain of Vag8 (Val40- Leu610) was cloned from B.
pertussis strain B1917 (accession number: CP009751) using primers listed
in Table 2 (Vag8P-Forward and Vag8-P-Reverse). The PCR fragment
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containing a BamHI and NotI restriction site was cloned in pRSETb N-his
as described previously [65] with minor modifications. In short, proteins
were expressed using a slightly modified pRSET-B vector, adding a noncleavable 6 residue HIS-tag (MHHHHHHGS) to the N-terminus of the
protein. The sequenced plasmid, pRSETB:Vag8 was transformed into E.
coli C41 (DE3) (Lucigen). A single colony was picked and grown in LB
broth to an OD660 of 0.6. Expression was induced by addition of 1 mM
Isopropyl β-d-1-iogalactopyranoside (IPTG). The histidine-tagged Vag8
passenger was purified under denaturing condition using a HiTrap
chelating HP column (GE healthcare life sciences) and eluted using an
imidazole gradient. Vag8 passenger was refolded as described previously
[7]. Briefly, urea was removed by dialysis to PBS. The correct folding
of the passenger was assessed using circular dichroism spectroscopy
[66]. MASP-2 was cloned using primers listed in Table 2 (MASP2-forward
and MASP2-reverse). The PCR fragment containing an XbaI and EcoRI
restriction site was cloned in pRSETb N-his as described above. The
sequenced plasmid, pRSETB:MASP-2 was transformed into E. coli BL21
and expression and purification of MASP-2 was performed as described
above.
Generation of B. pertussis Vag8 knock-out strain
The construction of a Vag8 knock-out strain was performed as previously
described [67]. Briefly, a fragment of 1000 base pairs downstream vag8
was amplified using primers Vag8_1_F and Vag8_1_R and a fragment of
887 base pairs upstream of vag8 was amplified using primers Vag8_2_F
and Vag8_2_R (primers are listed in Table 2). The DNA was cloned into
plasmid pGEM-T (according to the manufacturer’s instructions) (Promega)
resulting in the plasmid pGEM-T::Vag8. Subsequently, a kanamycin
resistance gene cassette was cloned into the SalI restriction site resulting
in pGEM-T::Vag8::KAN. Then, the Vag8::KAN construct was cloned
into pSS1299 [62] resulting in pSS1299::Vag8::KAN and subsequently
transformed in E. coli strain SM10. The latter plasmid was used to replace
vag8 by the kan gene into B1917 by allelic exchange [62]. Correct insertion
was analysed by PCR and loss of Vag8 expression was confirmed by
immunoblotting as described below using 1μg/ml of polyclonal rabbit
anti-Vag8 antibody. The Vag8 antibody was produced by Genscript
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via their New PolyExpress basic package using the following peptide:
CGNMGGRVDAGARQY (GenScript).
Collection of bacterial supernatant and OMVs
B. pertussis wild type B1917 or the isogenic B1917ΔVag8mutant were
grown over night in THIJS medium and the supernatant was obtained
by centrifugation of the bacterial suspension at 2000g for 10 minutes at
room temperature. The supernatant was subsequently filtered over a 0.22
μm filter (Millipore). Bacterial supernatant was concentrated 50x for the
complement deposition assays or 100x for immunoblot analysis using
an Amicon Ultra-15 centrifulgal filter units with Ultracel-50 membrane
(Millipore). OMVs were prepared as previously described [68, 69]. The
presence or absence of Vag8 in the supernatants and OMVs was visualized
by immunoblotting using 1 μg/ml polyclonal rabbit anti-Vag8 antibody as
described below.
Ethics
The study was conducted using blood donation from healthy adults for
serum collection. The study was conducted according to the principles
expressed in the Declaration of Helsinki and written informed consent
was obtained from all blood donors before collection and anonymous
use of their samples. Approval was obtained from the medical ethics
committee of the UMC Utrecht.
Serum
NHS was prepared by drawing blood from 20 healthy volunteers. Blood
was collected in glass vacutainers (BD biosciences) and allowed to clot for
15 min at room temperature. Serum was collected after centrifugation for
10 min at 1000g at 4°C, pooled and subsequently stored at −80°C. The fDd
serum was obtained from Complement Technology.
Complement-mediated killing of B. pertussis and E. coli
To assess complement-mediated killing of B. pertussis strain B1917 and
B1917ΔVag8, 105 live bacteria taken from BG agar plates were incubated
with different concentrations of NHS (10- 0%, 3-fold) for 60 minutes at
37°C, 5% CO2 in 96-well round bottom plates in DMEM medium (Gibco).
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Bacteria were subsequently plated in duplicate on BG agar plates and
CFUs were counted on day four and the log of the counted CFUs was
graphically displayed. To determine bacterial killing, E. coli strain
MG1655 lux genes was used (as described by [34]) which is luminescent
when metabolically active. The bacteria were grown over night in liquid
medium and subsequently diluted to reach mid-exponential phase (OD660
0.5). Bacteria were washed in RPMI supplemented with 0.3% HSA (RPMIHSA) and diluted to an OD660 of 0.1 after which 1.25 or 5% NHS or fDd
serum and 60 μg/ml Vag8, 60 μg/ml Prn, 30 μg/ml OMVs derived from
B1917 or B1917ΔVag8 or buffer were added. Luminescence was monitored
over time using the Clariostar (BMGlabtech). To determine bacterial
killing of E. coli strain MG1655, the bacteria were grown over night in
liquid medium and subsequently diluted to reach mid-exponential phase
(OD660 0.5). Subsequently bacteria were diluted to 2x104 bacteria per ml
and incubated with 1% of fDd serum and 60 μg/ml Vag8, 30 μg/ml of
B1917 or B1917ΔVag8 derived OMVs. Bacteria were subsequently plated in
duplicate on LB agar plates overnight and (CFU) were counted, the log of
the counted CFUs was graphically displayed.
ELISAs
To determine Vag8 binding to C1-inh, C1, C2, C3, C4 (all obtained from
Complement Technology, Tyler, Texas, USA), alpha-1-antichymotrypsin
(Biocentrum) and alpha-2-antiplasmin (Calbiochem), these proteins were
coated on Immunolon plates over night at 4°C (all 3 μg/ml in PBS). All
further steps were performed at 37°C, plates were washed 3 times with
PBS with 0.05% T (PBS-T) between different steps. Plates were blocked by
addition of PBS-T and 4% BSA (Serva) for 1 hour, followed by the addition
of a three-fold concentration range of Vag8 starting at 30 μg/ml for 1
hour. Binding of Vag8 was detected by 1 μg/ml mouse-anti-6xhis (Hytest)
followed by 0.2 μg/ml HRP-conjugated goat-anti-mouse secondary
antibody (Southern Biotechnology Associates Inc). Complement ELISAs
were performed as previously described [70] with minor modifications.
For the CP and LP ELISA 1.25% NHS was used, whereas 40% NHS was
used for the AP ELISA. The deposition of C5b-9 was detected using
1 μg/ml anti-C5b-9 (Abcam). Subsequently,0.2 μg/ml goat-anti-mouse-IgGperoxidase(PO)-conjugated (Southern Biotechnology Associates Inc) was
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used for detection of anti-C4d and anti-C5b-9 while 0.125 μg/ml anti-DIG
PO (Roche) was used for detection of anti-C3c. For both ELISA assays after
final washes, HRP activity was detected by addition of TMB containing
substrate solution, H2SO4 and subsequently read by an ELISA microplate
reader (Bio-rad).
Gel filtration chromatography
Gel filtration chromatography was performed to assess binding of Vag8
and C1-inh in fluid phase. 1 μM Vag8 and 1 μM C1-inh in PBS were run alone
and together on the Superdex 200 increase 10/300 GL (GE Healthcare)
connected to the AKTA-explorer (GE Healthcare).
Complement activation on a bacterial surface
To determine the levels of complement deposition on a bacterial surface,
heat inactivated B. pertussis B1917 (B1917) was used. Either Vag8 (60
μg/ml unless otherwise indicated) or Prn (60 μg/ml) (Sanofi), bacterial
supernatant (50x concentrated) or OMVs (20 μg/ml) derived either from
B1917 or B1917ΔVag8 was pre-incubated with 1.5% NHS in RPMI-HSA for
10 minutes after which 2x107 bacteria were added and opsonisation was
allowed to take place for 10 minutes (C2 detection) or 30 minutes (C4, C3
and C5b-9 detection) at 37°C 600 rpm. Subsequently, bacteria were spun
down and supernatant was collected and mixed with equal volumes of
2X sample buffer (SB) containing 50 mM Dithiothreitol (SB-DTT) (Sigma)
for complement protein detection by immunoblot as described below or
bacteria were used for FACS analysis. For FACS analysis, the bacteria
were washed with FACS buffer (PBS + 0.05% HSA) and complement
deposition was determined using mouse-anti-human-C3b-FITC (3 μg/
ml, Protos Immunoresearc), mouse-anti-human-C5b-9 (1 μg/ml, aE110,
Santa Cruz) labelled with Alexa647 (AlexaFluor 647 Antibody Labeling
Kit, Molecular Probes by Life Technologies) or with mouse-anti-humanC4d (3 μg/ml, Quidel) followed by goat-anti-mouse-IgG-FITC (10 μg/ml,
Dako, Santa Clara, CA, USA) at 4ᴼC. Bacteria were fixed using 1.5% PFA,
visualized using the FACSVerse (BD Biosciences) and analysed using
FlowJo (Tree Star).
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Complement assay with purified components
C2 cleavage by C1s in the presence of C1-inh was analyzed by incubating
C2 (50 μg/ml, Complement Technology), Vag8 (60 μg/ml), C1-inh (15 μg/ml
Complement Technology) and C1s (0.15 μg/ml Complement Technology)
for 30 minutes at 37°C. The reaction was stopped by addition of equal
amounts of 2x SB and samples were boiled for 10 minutes. Samples were
subjected to SDS-PAGE and visualized by Instant Blue (Gentaur) staining.
To investigate the effect of Vag8 (20 μg/ml) on C1q (32 μg/ml, Complement
Technology), C1s (6 μg/ml, Complement Technology), C1r (6,25 μg/ml,
Complement Technology) and MASP-2 (6 μg/ml) binding to C1-inh (8 μg/
ml, Complement Technology) in fluid phase, C1-inh was pre-incubated
with or without Vag8 or Prn for 10 minutes at RT after which the protein
of interest was added for 30 minutes at 37ᴼC. The reaction was stopped
by addition of 2x SB DTT and the effect was assessed by immunoblotting
as described below by using anti-C1-inh (Sino Biologicals).
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Complement assay with purified components
C2 cleavage by C1s in the presence of C1-inh was analysed by incubating
of C2 (50 μg/ml, Complement Technology), Vag8 (60 μg/ml), C1-inh (15 μg/
ml Complement Technology) and C1s (0.15 μg/ml Complement Technology)
for 30 minutes at 37°C. The reaction was stopped by addition of equal
amounts of 2x SB and samples were boiled for 10 minutes. Samples were
subjected to SDS-PAGE and visualized by Instant Blue (Gentaur) staining.
To investigate the effect of Vag8 (20 μg/ml) on C1q (32 μg/ml, Complement
Technology), C1s (6 μg/ml, Complement Technology), C1r (6,25 μg/ml,
Complement Technology) and MASP-2 (6 μg/ml) bind-ing to C1-inh (8 μg/
ml, Complement Technology) in fluid phase, C1-inh was pre-incubated
with or without Vag8 or Prn for 10 minutes at RT after which the protein
of interest was added for 30 minutes at 37°C. The reaction was stopped by
addition of 2x SB DTT and the effect was assessed by immunoblotting as
described below by using anti-C1-inh (Sino Biologicals).
Immunoblotting
All samples mixed with 2x SB or SB-DTT were boiled for 10 minutes,
run on SDS-PAGE gels and transferred to PVDF membranes. Membranes
were blocked with 4% skimmed milk in PBS-T and then incubated with
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a primary antibody either directed against C1-inh (0.3 μg/ml, rabbit-antihuman, Sino Biologicals, Beijing, China), C1r (1 μg/ml, goat-anti-human,
R&D systems), C1s (2 μg/ml, goat-anti-human, Nordic Immunology), C1q
(1 μg/ml, rabbit-anti-human, Dako), C4 (0.5 μg/ml, goat-anti-human,
Complement Technology), C2 (3.3 μg/ml, Complement Technology) or
C3 (2 μg/ml, goat-anti-human, Complement Technology). Subsequently
the blots were incubated with the appropriate secondary antibody, goatanti-rabbit-IgG-PO (0.5 μg/ml, Southern Biotechnology Associates Inc) or
donkey-anti-goat-IgG-PO (0.5 μg/ml, Southern Biotechnology Associates
Inc). All Antibodies were diluted in PBS-T-1% skimmed milk. For detection,
the Pierce ECL Western Blotting Substrate (Thermofisher Scientific) was
used and visualized using the ImageQuant (GE Life Sciences).
Statistical analysis
Statistical analyses were performed using GraphPad Prism 6.02 and the
differences between groups were analyzed for significance using the
two-tailed Student’s t-test. A p value of 0.05 was considered statistically
significant.
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Figure S1 | Correct refolding of recombinant Vag8.
Correct refolding of recombinant Vag8. Circular dichroism spectrum of Vag8 showing a
valley at 220 nm corresponding to a β-sheet which is as expected for correctly folded Vag8.
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Figure S2 | Gel filtration chromatography of Vag8 binding to C1-inh in fluid phase.
(A) Chromatogram of Vag8 (light blue) and C1-inh (purple) separately and together (blue-purple)on a Superdex 200 Increase 10/300 GL column. The run of C1-inh and Vag8 together
shows a higher molecular mass peak, suggesting complex formation of C1-inh and Vag8.
Immunoblots of fractions B11, B12, C4 and C5 of A were analyzed with (B) anti-Vag8 or © antiC1-inh. Fraction B11 contains both C1-inh and Vag8, showing complex formation. Fraction B12
contains predominantly C1-inh, corresponding to the C1-inh peak in panel A.C5 contains only
Vag8, corresponding to the Vag8 peak in panel A.
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Figure S3 | C1s binding to C1 is inhibited by Vag8.
C1r was detected using anti-C1r. The presence of C1r bound to C1 and C1-inh is inhibited in
the presence of Vag8 but not Prn. Additionally, we show the presence of active C1r in the
presence of Vag8. Figureure is representative for three separate experiments.

Figure S4 | Vag8 does not cleave C2.
Purified C2 was incubated 887 with Vag8 and visualized using Instant Blue. No cleavage is
detected of C2 by Vag8.
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Figure S5 | C4 and C2 are degraded in the presence of Vag8.
Incubation of 1.25% NHS alone with different concentrations of Vag8 shows cleavage of (A)
C4 starting at 3.75 μg/ml Vag8 and (E) C2 starting at 7.5 μg/ml Vag8. Both Figureures are
representative for three separate experiments.
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ABSTRACT
Bordetella pertussis is a Gram-negative bacterium and the causative
agent of whooping cough. Whooping cough is currently re-emerging
worldwide and therefore still poses a continuous global health threat. B.
pertussis expresses several virulence factors that play a role in evading
the human immune response. One of these virulence factors is Virulence
associated gene 8 (Vag8). Vag8 is a complement evasion molecule that
mediates its effects by binding to the complement regulator C1 esterase
inhibitor (C1-inh). This regulatory protein is a fluid phase serine protease
that not only inhibits the complement system but is also involved in
contact system regulation. Activation of the contact system results in
the generation of bradykinin, a pro-inflammatory peptide. Here, the
activation of the contact system by B. pertussis was explored in detail.
We demonstrate that recombinant as well as endogenous Vag8 enhanced
contact system activity by binding and inactivating C1-inh. Moreover, we
show that B. pertussis itself is able to activate the contact system. This
activation was dependent on Vag8 production as a Vag8 knock-out B.
pertussis strain was unable to activate the contact system. These findings
show a previously overlooked interaction between the contact system and
the respiratory pathogen B. pertussis. Activation of the contact system by
B. pertussis may contribute to its pathogenicity and virulence.
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INTRODUCTION
Bordetella pertussis is the causative agent of whooping cough, also
known as pertussis, a contagious disease of the respiratory tract that
is re-emerging worldwide despite high vaccination coverage. To date,
pertussis is still ranked in the top 10 most deadly childhood diseases
posing a serious health problem [1]. The acellular pertussis vaccine (ACV),
used in many industrialized countries, protects against disease for up to
7 years while natural infection confers protection for up to 20 years [2, 3].
Alarmingly, the ACV does not prevent transmission of the pathogen [4].
For this reason, it is widely accepted that an improved pertussis vaccine
is needed [5]. In order to improve the pertussis vaccine, it is of great
importance to better understand the interactions between the respiratory
pathogen B. pertussis and the immune system.
The contact system is a key player in innate immunity and is part of
the coagulation system [6, 7]. The contact system consists of the two
proenzymes factor XII (FXII) and plasma prekallikrein and the cofactor
high-molecular-weight-kininogen (HK). In vitro, the contact system
is activated when FXII binds to a negatively charged surface and is
autocleaved forming FXIIa that is further processed to βFXIIa [8]. Lessons
from human pathology imply that analogous processes may take place on
the surface of vascular endothelial cells [9] or platelets [10]. FXIIa cleaves
plasma prekallikrein forming active plasma kallikrein (PK). Activation
of this protease subsequently mediates the cleavage of HK and formation
of the pro-inflammatory peptide bradykinin [11]. Bradykinin release
triggers vasodilation and infiltration of leukocytes [7]. Activity of the
contact system is regulated by the 105 kDa C1 esterase inhibitor (C1-inh)
[12], which inhibits the activity of β-FXIIa and PK [13]. C1-inh consists of a
C-terminal protease inhibiting serpin domain and an N-terminal domain
that is predicted to be heavily O-linked glycosylated.
Besides being involved in contact system regulation, C1-inh is also the main
inhibitor of the classical and lectin pathways of the complement system
where it inactivates the respective proteases necessary for activation of the
complement cascade [14]. Interestingly, the interplay between B. pertussis
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and the contact system remains unexplored even though several other
bacteria have been shown to activate this system [15, 16].
B. pertussis produces multiple virulence factors involved in immune
evasion [17]. It was recently shown that Virulence associated gene 8 (Vag8)
of B. pertussis binds to C1-inh [18, 19]. Vag8 is an autotransporter with a
size of 95 kD. Autotransporters are typically processed into a channel
and a passenger domain [20]. The passenger domain will pass through
the channel and can either remain attached to the bacterial membrane or
be secreted into the bacterial surrounding [21]. Autotransporter proteins,
including Vag8, are also present on the surface of outer membrane
vesicles (OMVs) that are secreted by Gram-negative bacteria [18, 22, 23].
We have recently shown that the binding of Vag8 to C1-inh leads to the
cleavage of the essential complement components C2 and C4 away from
the bacterial surface, a unique strategy to evade complement-mediated
killing [18].
Since C1-inh controls both the complement and the contact system, we
here investigated whether Vag8 influences contact system activity. We
demonstrate that both recombinant and endogenously secreted Vag8
enhanced contact system activity. Moreover, we are the first to show that
B. pertussis effectively activated the contact system and that this mainly
involves Vag8 production.

RESULTS
Vag8 attenuates the role of C1-inh as inhibitor of βFXIIa and PK
It was shown recently that Vag8 binds to C1-inh [18, 19]. In order to further
characterize this interaction, we performed SEC-MALS on the individual
proteins and the complex (Figure 1A). Both Vag8 and C1-INH behaved
as monomers on the column, despite the extensive glycosylation on the
N-terminus of C1-INH making it run on the column as if it were a trimer.
Addition of Vag8 to C1-INH shifted the elution position and calculation of
the mass across the peak revealed that a 1:1 complex had been formed.
We next performed SPR analysis to attempt to assess the affinity of the
144

Bordetella pertussis activates the contact system

5

Figure 1 | Vag8 and C1-INH interact to form a tight 1:1 complex. (A) SEC-MALS analyses
of Vag8 (green), C1-INH (purple) and Vag8_C1-INH complex (blue). The masses calculated from
the scattering are shown as lines across the peaks. Protein conjugate analysis demonstrates
that the mass of complex (146 kDa) corresponds to 118 kDa of protein and 28 kDa of sugar. This
is consistent with a 1:1 complex of Vag8 (60 kDa) and glycosylated C1-INH (58 kDa protein/28
kDa sugar). (B and C) SPR analyses of the binding between Vag8 on the chip surface and
increasing concentrations of C1-INHFL (B) and C1-INHNT98 © in solution.

145

Chapter 5

interaction (Figure 1B and C). Flowing increasing concentrations of C1INHFL over Vag8 on the surface demonstrated clear binding. The almost
non-existent off-rate of the interaction, combined with a slow enough onrate that precluded reaching equilibrium, meant that we were unable to
robustly calculate the KD of the interaction. However, attempts to fit the
kinetics using a variety of binding models always produced KD values of
1 nM or lower, consistent with a tight interaction. In order to confirm that
the interaction between Vag8 and C1-INH involved the serpin domain,
we repeated the SPR with C1-INH lacking the N-terminal O-linked
glycosylation domain. This construct interacted with Vag8 with very
similar kinetics to the full length protein (Figure 1C).
We have demonstrated that this binding results in overactivation of the
complement system away from the bacterial surface [18]. Since C1-inh is
also one of the main inhibitors of the contact system, we hypothesized
that the interaction between C1-inh and Vag8 would have a similar effect
on the activation of the contact system. To investigate the effect of Vag8
on the contact system, we first studied this in a purified system. Addition
of Vag8 to purified βFXIIa and C1-inh resulted in a dose-dependent
enhanced conversion of the chromogenic substrate. Addition of 10 μg/
mL Vag8 is sufficient to completely neutralize C1-inh activity as activation
levels comparable to that of βFXIIa alone were reached (Figure 2A).
This dose-dependent enhancement activity was also observed upon the
addition of Vag8 to a purified system containing PK and C1-inh (Figure
2B). A concentration of only 12.5 μg/mL Vag8 was sufficient to completely
remove the inhibitory capacity of C1-inh on PK activation. BrkA, another
autotransporter protein of B. pertussis involved in complement evasion with
similar structure and size to Vag8 was used as a negative control [24, 25].
The inhibitory properties of C1-inh on βFXIIa and PK where not disturbed
by the addition of BrkA at equimolar concentrations (Supplementary Figure
1). Taken together, Vag8 dose-dependently hampers the inhibitory effect of
C1-inh on βFXIIa and PK in a purified system.
Vag8 enhances contact system activity in plasma
Since we have shown that Vag8 can interfere with the regulatory activity
of C1-inh on βFXIIa and PK in a purified system, we next assessed the effect
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Figure 2 | Vag8 interferes with the inhibition of βFXIIa and PK by C1-inh. (A) Vag8
(2.5, 5, 7.5, 10, 12.5, 15 and 30 μg/mL) dose-dependently enhances the activity of 1 μg/mL
βFXIIa in the presence of 10 μg/mL C1-inh reaching similar activity as βFXIIa alone upon
using 10 μg/mL of Vag8 . (B) Vag8 (2.5, 5, 7.5, 10, 12.5, 15 and 30 μg/mL) dose-dependently
enhances the activity of 0.5 μg/mL PK in the presence of 10 μg/mL C1-inh reaching similar
activity as PK alone upon using 12.5 μg/mL of Vag8. Data represent the mean ± SEM of three
separate experiments. *** p ≤ 0.001, **** p ≤ 0.0001, ns= non-significant.

5

of Vag8 in a more physiological setting. To this end, we incubated plasma
either with buffer (pre-incubated plasma) or increasing concentrations of
Vag8 in the presence of the contact system activator βFXIIa for 10 minutes
before addition of the chromogenic substrate. This pre-incubation step is
needed to give C1-inh the chance to inhibit the contact proteases βFXIIa
and PK. Moreover, the chromogenic substrate was added immediately
following βFXIIa addition (control plasma) indicating the maximum
kallikrein-like activity. Figure 3A shows that Vag8 dose-dependently
attenuates the inhibitory function of C1-inh thus enhancing the activation
of the contact system, referred to as kallikrein-like activity, and reaching
comparable levels as control plasma already upon using 7.5 µg/mL of
Vag8. The negative control, BrkA, did not show any effect on contact
system activity (data not shown). To determine whether endogenously
secreted Vag8 is also capable of mediating this effect, OMVs derived from
B. pertussis wild type strain B1917 or the knock-out strain B1917ΔVag8 [18]
were incubated with plasma and βFXIIa. We show that the OMVs derived
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from B. pertussis wild type strain B1917 were capable of enhancing
contact system activity to levels observed in control plasma conditions by
hampering the inhibitory function of C1-inh, whereas the OMVs obtained
from the knock-out strain B1917ΔVag8 were not (Figure 3B).
As previously mentioned, activation of the contact system ultimately
results in the cleavage of HK and the subsequent release of bradykinin.
Also clinically, cleavage of HK is related to bradykinin production [26].
To investigate the effect of recombinant Vag8 binding to C1-inh on HK
cleavage in plasma, βFXIIa was incubated with plasma in the presence
or absence of Vag8 and was assessed by immunoblotting to visualize
HK cleavage. Figure 3C shows increased HK cleavage as indicated by
the decreased intensity of the ~120 kDa full length HK band [26] in the

Figure 3 | Vag8 induces enhanced activation of the contact system in plasma. (A)
60% plasma was incubated with Vag8 (2.5, 5, 7.5, 15 and 30 μg/mL) following 10 minutes preincubation with 0.5 μg/mL βFXIIa. Vag8 dose-dependently enhances the induced kallikreinlike activity reaching similar levels upon using 7.5 μg/mL of Vag8 as the maximum kallikreinlike activity observed by βFXIIa alone without pre-incubation (B) Moreover, the kallikrein-like
activity in 60% plasma was also enhanced in the presence of endogenous Vag8 on OMVs (60 μg/
mL) derived from the wild type B. pertussis strain B1917 but not when using OMVs of the knockout strain B1917ΔVag8. (C) Enhanced contact system activation was also shown by immunoblot.
90% plasma was incubated with 0.5 μg/mL βFXIIa either in the presence of 60 μg/mL Vag8 or
buffer for 10 minutes and analyzed using anti-HK. The presence of Vag8 results in increased
cleavage of the ~120 kDa full length HK compared to βFXIIa alone (note the second and third
lane). Plasma alone at t=0 (control) and without βFXIIa at t=10 (Buffer) showed no cleavage of
HK. Data shown in Figure 2A represents the mean ± SEM of three separate experiments while
Figures 2B and C are representative of three separate experiments.
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presence of Vag8 compared to incubation with βFXIIa alone. In conclusion,
we show enhanced contact system activity in the presence of recombinant
and endogenous Vag8, which is most likely due to Vag8 binding to C1-inh
and hence hampering the inhibitory properties of C1-inh on βFXIIa and PK.
B. pertussis activates the contact system predominantly through
Vag8 production
Although several bacteria are known to activate the contact system [15,
27-33], the interaction between B. pertussis and the contact system has
not been topic of investigation. As shown above, Vag8 of B. pertussis
hampers the inhibition of the contact proteases by binding C1-inh and
hence enhances contact system activity (Figure 2 and Figure 3). Next, we
investigated whether B. pertussis itself can effectively activate the contact
system. We show that B. pertussis wild type strain B1917 successfully
activates the contact system in plasma as an increase in kallikrein-like
activity was observed over time (Figure 4A). This activation was further
examined by assessment of HK cleavage using immunoblot. Figure 4B
shows a representative immunoblot in which degradation of the ~120
kDa full length HK and appearance of a ~50 kDa cleavage product [26]
was observed when B. pertussis was added to the plasma. To verify that
the observed HK cleavage was the result of contact system activation,
Aprotinin [34] and PPACK [35] were added to the samples to prevent FXIIa
and PK activity. Figure 4B shows a lack of HK cleavage upon addition
of both these inhibitors to plasma incubated with B. pertussis wild type
strain B1917 indicating that the HK cleavage observed in the presence
of this bacterium can be attributed to the activation of the contact
system. Next, we assessed whether Vag8 production was responsible for
the activation of the contact system by B. pertussis. Figure 4C shows
the lack of HK cleavage in the presence of the B. pertussis knock-out
strain B1917ΔVag8 by immunoblot. Even after 180 minutes of incubation,
no activation of the contact system by the B. pertussis knock-out strain
B1917ΔVag8 was observed (data not shown). This is further supported
by the decreased kallikrein-like activity shown upon incubating plasma
with the B. pertussis knock-out strain B1917ΔVag8 when compared to
incubation with wild type strain B1917 (Figure 4D).
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Figure 4 | B. pertussis activates the contact system mainly by Vag8 production. (A)
B. pertussis wild type strain B1917 (3x107 CFU) induces similar kallikrein-like activity in 60%
plasma compared to addition of 0.5 μg/mL βFXIIa. (B) Contact system activation by B. pertussis
wild type strain B1917 was also shown by immunoblot. 50% plasma was incubated for 60
minutes with B. pertussis wild type strain B1917 (2x109 CFU) alone or in combination with the
contact system inhibitors PPACK or Aprotinin and analyzed using anti-HK. Incubation with
B. pertussis wild type strain B1917 resulted in almost complete cleavage of the ~120 kDa full
length HK as indicated by the appearance of the ~50 kDa cleavage product band. This feature
was not observed in the presence of the inhibitors. (C) To determine whether Vag8 production
was involved in contact system activation by this pathogen, 50% plasma was incubated either
with B. pertussis wild type strain B1917 or the knock-out strain B1917ΔVag8 (2x109 CFU) and
analyzed using anti-HK. The B. pertussis knock-out strain B1917ΔVag8 was unable to activate
the contact system as no cleavage of the ~120 kDa full length HK was detected. (D) This was
also shown by the decreased kallikrein-like activity in 60% plasma upon incubation with the
knock-out strain B1917ΔVag8 (3x107 CFU) compared to the B. pertussis wild type strain B1917,
Figures 3 A-D are representative of three separate experiments.
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Figure 5 | Various B. pertussis strains activate the contact system. Contact system
activation by B. pertussis strains B0442, B4418, B4430, B4393 and B4374 was shown by
immunoblot. 50% plasma was incubated for 60 minutes with the B. pertussis strains (2x109
CFU) and analyzed using anti-HK. Incubation with all the B. pertussis strains resulted in
cleavage of the ~120 kDa full length HK as indicated by the appearance of the ~50 kDa
cleavage product band.

5
Moreover, we show that contact system activation is not restricted to B.
pertussis strain B1917. The LOS-mutant B0442 as well as clinical strains
either producing (B4430 and B4393) or not producing pertactin (B4418
and B4374) are also capable of activating the contact system as indicated
by cleaved HK (Figure 5).
In summary, B. pertussis is capable of activating the contact system
as demonstrated by the observed kallikrein-like activity as well as by
the cleavage of HK detected by immunoblot. Moreover, we show that
this is dependent on the production of the autotransporter Vag8 as the
B. pertussis knock-out strain B1917ΔVag8 showed no HK cleavage and
decreased kallikrein-like activity compared to its isogenic wild type
strain B1917.
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DISCUSSION
In a recent study, we unraveled the mechanism responsible for Vag8
mediated complement evasion [18]. We showed that binding of Vag8 to
C1-inh resulted in the release of the active proteases C1s, C1r and Masp2 since C1-inh could no longer bind and thus inhibit their proteolytic
activity. The presence of active C1s, C1r and Masp-2 proteases in the
serum resulted in the degradation of the complement proteins C4 and
C2 away from the bacterial surface [18]. B. pertussis uses this unique
complement evasion strategy to prevent opsonisation and complementmediated lysis. The contact system is another innate immune component
consisting of proteases. This system results in the formation of bradykinin
which is a potent chemoattractant [11]. Here, we show that in addition
to interacting with the complement system [18], Vag8 of B. pertussis
induced enhanced activation of the contact system as demonstrated by
increased contact system activity and HK cleavage. We propose that Vag8
mediates activation of the contact pathway by binding to C1-inh as we
have previously shown for its effect on the complement system [18]. C1-inh
is the predominant fluid phase inactivator of FXIIa and PK. This SERPIN
inactivates these proteases by irreversibly binding to them resulting in
conformational changes that disrupt the active site of the target proteases
[13]. This process is hampered in the presence of Vag8 which we expect
to bind to C1-inh and consequently interfere with the protease inhibition
allowing for enhanced activation of the contact system (illustrated in
Figure 6). Our results indicate that blockage of protease inhibition is
essential for B. pertussis wild type strain B1917 induced activation of the
contact system as in the absence of Vag8, C1-inh is free to inhibit the
contact system proteases and therefore activation of the contact system is
not induced (Figure 3). Whether B. pertussis can also interact with the PK
inhibitor alpha-2-Macroglobulin [36] remains to be investigated.
Here we show for the first time that B. pertussis can activate the contact
system, which as a bacterium this is not unique [15, 27-33]. Other bacteria
have been shown to activate this system via polyphosphates, which
are present on Escherichia coli, Vibrio cholerae, Corynebacterium
diphtheria and Haemophilus influenzae but also on B. pertussis [37, 38].
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Figure 6 | Proposed mechanism for Vag8 mediated activation of the contact system.
Vag8, either on the bacterial surface as part of an OMV or as the secreted passenger, binds
to C1-inh (left panel). This results in the lack of inhibition of the contact system proteases
FXIIa and PK by C1-inh. The LOS and polyphosphates present on the outer membrane of B.
pertussis are most likely responsible for FXII activation on the bacterial membrane as has
been shown for other bacteria [15, 27-33]. This activation, which cannot be inhibited by C1-inh
as it is bound to Vag8, will result in the release of bradykinin (BK). In the absence of Vag8,
C1-inh will inhibit FXIIa and PK when formed and HK will remain intact away from the
bacterial surface (right panel).

Moreover, LPS present on Gram-negative bacteria have been implicated
in the activation of the contact system in vitro [39, 40]. Contact system
proteins were furthermore shown to assemble on the bacterial surfaces
of Salmonella typhimurium and E. coli resulting in the release of
bradykinin [15]. An increase in bradykinin at the site of infection may
cause leakage of plasma and be beneficial for the bacteria as this will
provide bacteria with nutrients [16]. Contact system protein assembly on
E. coli occurs on curli pili [33]. As we do not observe HK cleavage and
thus no activation of the contact system by the B. pertussis knock-out
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strain B1917ΔVag8, we expect that although the B. pertussis membrane
associated proteins such as polyphosphates or lipooligosaccharide may
trigger the contact system, attenuation of C1-inh via sequestration by
Vag8 is essential for full activation of this system. Alternatively, bacteria
can express proteases that actively cleave contact system proteins such as
staphopains of Staphylococcus aureus or Streptokinase of Streptococcus
pyogenes, which both cleave HK releasing bradykinin [29, 41]. B. pertussis
is unique in enhancing the activation of the contact system by producing a
protein, Vag8, which inhibits the inhibitory function of the contact system
regulator C1-inh.
Infection with B. pertussis results in the disease whooping cough, which is
typically associated with fits of coughs (or paroxysms) followed by a typical
high-pitched whoop. These coughing fits generally persist weeks after the
bacterium has been cleared and contribute greatly to the morbidity caused
by this disease [42]. To date, it is not completely understood what causes
this type of cough. The persistence of a chronic cough in the absence of a
stimulus is not unique to pertussis but has also been observed in patients
on angiotensin converting enzyme inhibitors (ACEi) that are being treated
for hypertension [35]. ACE, which is highly produced by lung endothelial
cells, breaks down bradykinin [43]. The cough associated with ACEi often
remains for several days or weeks after the patients have withdrawn
from taking the drug. Although the mechanism of ACEi-induced cough
remains unresolved, there are indications that bradykinin, of which the
levels are increased during ACEi treatment, might be involved [44]. The
contact system is not only present in plasma but also in the lungs [45]
and administration of bradykinin to guinea pigs but also humans evokes
a paroxysmal cough much like the cough associated with pertussis
[46]. In guinea pigs, this cough was shown to be induced by bradykinin
activating the B2 receptors on the bronchopulmonary C-fibers [47]. These
receptors are also expressed in humans on epithelial cells, fibroblasts and
endothelial cells of the bronchial lamina propria [48]. It is likely that B.
pertussis infection results in increased levels of bradykinin in the lungs
as we have shown HK cleavage in the presence of B. pertussis wild type
strain B1917 and bradykinin is a cleavage product of HK. Consequently,
we speculate that B. pertussis-induced activation of the contact system
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may be involved in the induction of pertussis-specific cough and thus
transmission. Moreover, the activation of the contact system may also
play a role in lung pathology. Lung lesions caused by an infection with S.
typhimurium were shown to be prevented upon inhibition of the contact
system in a rat model [31]. Fatal B. pertussis infection is also characterized
by lung lesions [49] and hence the increased bradykinin levels in the lungs
following an infection with B. pertussis may contribute to lung pathology.
Further research needs to be conducted to really understand the role of
the activation of the contact system on pertussis pathology.
In light of the re-emergence of pertussis, it has become evident that
the development of a novel pertussis vaccine is necessary [5]. One
of the potential proteins that could be included in such a vaccine is
Vag8. Vaccination with Vag8, which was previously only known as a
complement evasion molecule of B. pertussis, has been shown to give rise
to antibodies which protect mice from infection following a B. pertussis
challenge [50]. Moreover, Vag8-specific antibodies have been detected in
pertussis patients indicating that Vag8 is produced by B. pertussis during
human infection [51]. Next to the proposed possibility of including Vag8
in a novel acellular pertussis vaccine, this protein is also a component of
the OMV-based pertussis vaccine and the live attenuated BPZE1 vaccine
that are currently being investigated [52, 53]. Vag8 is highly present on
OMVs of B. pertussis making up 34-50% of the total OMV proteins and can
also be found on the bacterial membrane [18, 20, 23]. Due to Vag8’s high
abundance on OMVs, presence on the outer membrane of B. pertussis
and the protective effect of this protein as a potential vaccine antigen,
the overactivation of the contact system described here, together with
the overactivation of the complement system [18] may have implications
for the inclusion of Vag8 in novel pertussis vaccines. It may be advisable
to modify Vag8 before the potential inclusion of this antigen in novel
pertussis vaccines in order to avoid side effects that could be induced by
binding of Vag8 to C1-inh.
In conclusion, we show that Vag8 enhances contact system activity and
is mainly responsible for the observed activation of the contact system
induced by B. pertussis. We propose that this is the result of C1-inh
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binding by Vag8. This potent C1-inh inhibitor secreted by B. pertussis
not only mediates complement evasion but also an overlooked interaction
between the contact system and the respiratory pathogen B. pertussis
that may contribute to its pathogenicity and virulence.

MATERIALS AND METHODS
Bacterial strains and growth conditions
B. pertussis wild type B1917 strain and the isogenic Vag8 knock-out strain
B1917ΔVag8 [18] were grown at 35°C, 5% CO2 on Bordet Gengou (BG) plates
containing glycerol and 15% defibrinated sheep blood (BD Biosciences).
After three to five days of culture, the bacteria were collected in buffer
containing 50 mM HEPES, 2 mM CaCl2, 50 µM ZnCl2, 0.02% NaN3 and
0.05% Tween-20 (pH 7.35) further referred to as buffer A, and the optical
density (OD) was measured at 600 nm and bacteria were washed in
buffer A. OMVs of both strains were prepared by ultracentrifugation as
described previously [18, 54, 55].
Recombinant production of histidine-tagged Vag8 and the negative
control Bordetella resistance to killing A (BrkA) passenger domain
Recombinant

histidine-tagged

(his-tag)

passenger

domain

of

Vag8 was produced as previously described [18]. BrkA was cloned
using

primers

5’-ATATGGATCCCAGGAAGGAGAGTTCGAC-3’

and

5’-ATATGCGGCCGCCTACTGCAAGCTCCAGACATG-3’ (restriction sites
underlined) and ligated into a modified pRSET-B vector containing a
non-cleavable 6 residue his-tag (MHHHHHHGS) at the N-terminus of the
protein as described previously [18, 56].
Surface Plasmon Resonance
SPR was performed using a Biacore T200 (GE Healthcare). Recombinant
passenger domain of Vag8 was dissolved in 50 mM sodium acetate pH
5.0 and immobilized using primary amine coupling onto a CM5 sensor
chip (GE Healthcare). All binding experiment were performed at 25 ºC in
10 mM HEPES pH7.4, 150 mM NaCl, 3mM EDTA, 0.005 % (v/v) surfactant
P20. Increasing concentrations (2.5 nM-160 nM) of either full length C1156

Bordetella pertussis activates the contact system

INH (C1-INHFL, Complement Technology) or C1-INH containing only the
serpin domain (C1-INHNT98) [57] were injected over the flow channels at
30 µl min-1. Dissociation was allowed for 300 seconds followed by surface
regeneration with 10 mM glycine pH 2.5. BIAevaluation software (GE
Healthcare) was used to analyze the data.
SEC-MALS analysis
100 μl of protein samples were injected onto an S200increase 10/300
column (GE Healthcare) equilibrated in 50 mM Tris pH7.5, 150 mM NaCl
and eluted with a flowrate of 0.4 ml/min. Light scattering and refractive
index changes were measured using a Dawn Heleos-II light scattering
detector and an Optilab-TrEX refractive index monitor respectively.
Analysis was carried out using ASTRA 6.1.1.175.3.4.14 software assuming
a dn/dc value of 0.186 ml/g.
Ethics
The study was conducted using blood donation from healthy adults
for plasma collection and according to the principles expressed in the
Declaration of Helsinki. Written informed consent was obtained from
all blood donors before collection and samples were used anonymously.
Approval was obtained from the medical ethics committee of the University
Medical Centre Utrecht.
Plasma
Blood was collected in blood tubes containing sodium citrate (Vacuette
tube,

Greiner

Bio-one,

Kremsmünster,

Austria)

from

±50

healthy

volunteers after written informed consent. Following collection, samples
were centrifuged twice at 2000g for 10 minutes and plasma of all donors
was pooled. The pooled plasma was stored in aliquots at −80°C until use.
Activation of the contact system: chromogenic substrate assay
To determine whether Vag8 could interfere with the inhibitory function
of C1-inh on βFXIIa and PK we made use of the chromogenic substrate
H-D-Pro-Phe-Arg-pNA (L-2120, Sigma (Merck), Darmstadt, Germany) that
can be cleaved by both proteases [58]. All experiments were performed
in 96 well PVC flat-bottom microplates (Corning GmbH, Wiesbaden,
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Germany). Activation of the contact system in the presence of Vag8 and
BrkA was first analyzed in a purified system. βFXIIa (1 μg/mL, Enzyme
Research Laboratories, South Bend, Ind, USA) or PK (0.5 μg/mL, Enzyme
Research Laboratories) was pre-incubated with or without C1-inh (10 μg/
mL, Complement Technologies, Tyler, TX, USA) that was pre-incubated
for 10 minutes at 37°C with, Vag8, BrkA, buffer A (for βFXIIa) or
Phosphate buffered saline (PBS) (for PK). Activity was measured following
the addition of 0.5 mM L-2120 (Bachem, Bubendorf, Switzerland) [58].
Activation of the contact system in a more complex system was studied in
citrated human plasma. For these experiments, 60% plasma was activated
with βFXIIa (0.5 μg/mL, Enzyme Research Laboratories) in the presence
of PBS (buffer control), Vag8, BrkA (concentrations indicated in the
figures) or OMVs obtained from the B. pertussis wild type strain B1917
or knock-out strain B1917ΔVag8 (60 μg/mL) with 10 min pre-incubation at
37°C before addition of the chromogenic substrate L-2120. For maximum
contact system activity, referred to as control, βFXIIa was added to the
plasma at the same time as the addition of L-2120 ensuring that C1-inh did
not have the chance to inhibit the contact proteases. Substrate conversion,
referred to as kalikrein-like activity, was measured after 10 minutes with
a microplate reader at 405 nm at 37°C over time (VersaMax microplate
reader, Molecular Devices, Sunnyvale, CA, USA).
Activation of the contact system by B. pertussis was assessed by incubating
B. pertussis wild type strain B1917 or knock-out strain B1917ΔVag8 (3x107
CFU each) with 60% plasma or buffer A. Plasma incubated with βFXIIa
(0.5 μg/mL, Enzyme Research Laboratories) or only buffer A was taken
along as positive and negative controls respectively. These experiments
were performed with 5 minutes pre-incubation at 37°C before addition of
the substrate L-2120. Substrate conversion was measured at 37°C every
30 seconds with a microplate reader at 405 nm over time (PowerWave XS
Microplate Spectrophotometer, BioTek, Winooski, VT, USA).
Cleavage of high molecular weight kininogen (HK): immunoblotting
To determine cleavage of HK in plasma in the presence of Vag8, βFXIIa
(0.5 μg/mL, Enzyme Research Laboratories) was added to 90% plasma
and incubated with either PBS or Vag8 (60 μg/mL) for 10 minutes at
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37°C. Samples were diluted 40 times in reducing sample buffer (15.5%
glycerol, 96.8 mM Tris-HCl, 3.1% SDS, 0.003% bromophenol blue, and 25
mM DTT), incubated for 10 minutes at 100°C and separated on a 10% SDSPAGE gel. Proteins were blotted onto PVDF membranes. Membranes were
blocked with 4% skimmed milk in PBS containing 0.05% Tween (PBS-T)
and washed with PBS-T three times for 10 minutes at 37ºC between
each incubation step. The immunoblot was subsequently incubated with
a primary goat anti-human-HK antibody (3 µg/mL final concentration,
Affinity Biologicals, Ancaster, Ontario, Canada) overnight at 4°C and a
secondary donkey-anti-goat-HRP antibody (0.5 µg/mL, Southern Biotech,
Birmingham, AL, USA) for 2 hours at 37°C. All antibodies were diluted in
1% skimmed milk in PBS-T. For detection, the Pierce ECL Western Blotting
Substrate (Thermofisher Scientific. Waltham, MA, USA) was used and
visualized using the ImageQuant (GE Life Sciences, Chicago, IL, USA).
For assessment of HK cleavage upon incubation of plasma with B. pertussis,
wild type strain B1917 or knock-out strain B1917ΔVag8 (2x109 CFU) was
incubated with 50% plasma either alone or in the presence of the contact
protease inhibitors Aprotinin [34] (100 units/mL, Sigma), which inhibits PK
and D-Phenylalanyl-prolyl-arginyl Chloromethyl Ketone [35] (PPACK; 200
µM, Haematologic Technologies), a multi-target serine protease inhibitor
which restricts auto activation and self-digestion of FXIIa, and sampled
after 30 min at 37°C shaking at 300 rpm. Plasma samples incubated with
βFXIIa (0.5 μg/mL, Enzyme Research Laboratories) or only buffer A were
taken along as positive and negative controls respectively. Samples were
analysed as described above.
Statistical analyses
Statistical analyses were performed using GraphPad Prism 6.02 and the
differences between groups were analyzed for significance using the
two-tailed Student’s t-test. A p value of ≤0.05 was considered statistically
significant.
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Figure S1 | The negative control BrkA does not interfere with the inhibition of βFXIIa
and PK by C1-INH.
(A) BrkA (30 μg/mL) has no effect on the kallikrein-like activity of 1 μg/mL βFXIIa in the
presence of 10 μg/mL C1-INH when compared to 1 μg/mL βFXIIa in the presence of 10 μg/mL
C1-INH alone(B) BrkA (30 μg/mL) has no effect on the kallikrein-like activity of 0.5 μg/mL PK
in the presence of 10 μg/mL C1-INH when compared to 0.5 μg/mL PK in the presence of 10 μg/
mL C1-INH alone. Data represent the mean ± SEM of three separate experiments.
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ABSTRACT
Pertussis, caused by Bordetella pertussis, remains a public health threat
despite vaccination. Characterizing the antibody response to this pathogen
is essential towards identifying the elusive correlates of protection (CoPs).
Here, we evaluate levels, avidity and functionality of B. pertussis-specificantibodies from paired symptomatic as well as recovered pertussis patients
expected to have protective immunity conferred by infection and controls.
IgG levels and avidity to nine B. pertussis antigens were determined
using a novel multiplex panel. Opsonophagocytosis of a recent B. pertussis
strain, isolated around the time the (ex) pertussis patients were infected,
by neutrophils was measured by flow cytometry. Following infection,
B. pertussis antibody levels of (ex-)pertussis patients waned while the
avidity of antibodies directed against the majority of studied antigens
increased. Opsonophagocytosis indices were lower upon recovery, but
remained higher than controls. Random forest analysis of all the data
revealed that 28% of the opsonophagocytosis index variances could be
explained by filamentous hemagglutinin- followed by pertussis toxinspecific antibodies. Considering the importance of opsonophagocytosis
in protection against B. pertussis, we propose to further explore which
specific antibodies can better predict this antibody function. Moreover,
other B. pertussis-specific antibody functions should be evaluated towards
the identification of CoPs for this contagious disease.
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INTRODUCTION
Whooping cough, a highly contagious respiratory disease caused by
the Gram-negative bacterium Bordetella pertussis, has resurged despite
a high vaccine coverage [1, 2]. The current acellular pertussis vaccine
(ACV) which replaced the whole cell pertussis vaccine (WCV) in many
industrialized countries effectively prevents disease. However, protective
immunity is lost 4-7 years post-vaccination and this type of vaccine
does not protect against transmission [3-5] urging the development of
an improved vaccine. Evaluating vaccine-induced protection poses a
problem as correlates of protection (CoPs) [6] against pertussis have not
been defined. While high levels of anti-pertussis toxin (Ptx) have been
shown to be indicative for protection, no reliable threshold has been
established [7-9]. It is widely accepted that a well-defined CoP will not
be unveiled merely by monitoring the antibody levels induced by the
ACV [10, 11]. In addition to the quantity, the quality and functionality of
antibodies should be evaluated [12]. This has not been extensively studied
in pertussis as typically IgG levels and isotypes are measured [13]. One
of the functions of antibodies is to facilitate the uptake of bacteria via
Fc-γ-receptor-mediated opsonophagocytosis by neutrophils which play
an important role in clearing B. pertussis during infection (reviewed
in: [14]). The relevance of avidity, indicating the strength by which the
antibody binds the antigen, in relation to opsonophagocytosis has not
been documented for B. pertussis but has been shown to be important for
other bacteria including Streptococcus pneumoniae [15].
Natural infection with B. pertussis, which induces a strong immune
response across all age groups [13], provides the longest protection from
disease with estimates of up to 20 years [3]. In an attempt to identify CoPs,
we evaluated the levels and quality of antibodies directed against nine
different virulence factors as well as the functionality of B. pertussisspecific antibodies in paired samples of symptomatic and recovered
pertussis patients as well as controls (Figure 1). These antigens included
the well-studied ACV components, Ptx, pertactin (Prn), filamentous
hemagglutinin (FHA) and fimbriae (Fim) 2 and 3 and the virulence factors
lipooligosaccharide (LOS), Bordetella resistance to killing A (BrkA),
169
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virulence associated gene 8 (Vag8) as well as whole outer membrane
vesicles (OMVs). The antibody functionality was assessed by means of
an antibody-mediated opsonophagocytosis assay (OPA) using a recently
circulating B. pertussis strain. Moreover, integrated analysis of the
generated data on levels and avidity was performed in an attempt to
identify B. pertussis-specific antibodies predictive for opsonophagocytosis
of this pathogen as potential CoPs against pertussis.

RESULTS
Waning of antigen-specific antibodies years after B. pertussis
infection
To characterize the natural antibody response to B. pertussis, we
determined levels of IgG not only against the well-studied vaccine
antigens Ptx, FHA, Prn, Fim2 and Fim3 [13, 16], but also against Vag8,
BrkA, LOS and OMVs using paired plasma samples of symptomatic and
recovered pertussis patients and controls.
The levels of antibodies against Ptx, FHA, Prn, OMVs, LOS, BrkA and
Vag8 were significantly higher in plasma of patients in the symptomatic
stage compared to the controls (Figure 2A-G). The levels of antibodies
against Fim2 and Fim3 did not significantly differ from controls (Figure

Figure 1 | Schematic representation of SKI plasma samples used in this study.
100 plasma samples were selected from the SKI study which included 40 paired longitudinal
samples from symptomatic or recovered (ex) pertussis patients and 20 samples from controls.
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2H and I). For the recovered patients, the levels of the specific antibodies for
all tested antigens were significantly lower compared to that of patients
in the symptomatic stage. The Ptx-, FHA- and Prn-specific antibody levels
for the recovered patients remained significantly higher than the controls
(Figure 2A) whereas those of OMVs-, LOS-, BrkA-, Vag8-, Fim2- and Fim3specific antibodies did not (Figure 2B and C).
Avidity maturation of B. pertussis-specific antibodies depends on
antigen specificity
In addition to levels, we determined the avidity (AI) of antigen-specific IgG
antibodies in plasma of symptomatic and recovered pertussis patients. The
AI of the OMV-, LOS-, BrkA-, Vag8-, Fim2- and Fim3-specific antibodies
were significantly higher for the recovered compared to the symptomatic
patients (Figure 3A-F). The significant difference for BrkA-IgG should be
interpreted with caution as the AI is low. The AI of FHA-specific antibodies
was significantly but modestly decreased for the recovered compared to
the symptomatic patients (Figure 3G). No significant difference in AI of
Ptx- and Prn-specific antibodies was observed (Figure 3H and I).
Opsonophagocytosis wanes years after infection but remains
higher compared to controls
Since antibody-mediated opsonophagocytosis is essential in the clearance
of B. pertussis during infection [14], we analyzed the functionality of
the B. pertussis- specific antibodies using the OPA. Opsonohagocytosis
by primary neutrophils using the recent isolate B1917 [17], modified to
express GFP. We observed significantly lower opsonophagocytosis indices
in plasma samples from recovered compared to symptomatic patients.
Notably, the opsonophagocytosis indices from the recovered patients
remained significantly higher than those of the controls (Figure 4).
Lower IgG levels and higher avidities of B. pertussis-antibodies are
generally observed for recovered compared symptomatic to patients
In order to analyze all the obtained data, a PCA was performed based
on the IgG levels, avidity and phagocytic capacity of antibodies. As
shown in Figure 5, the three groups of the cohort form clusters, with the
symptomatic patients positioned furthest away from the controls and the
171
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Figure 2 | Levels of IgG antibodies directed against nine different pertussis antigens.
Antibodies directed against (A) Ptx, (B) FHA, (C) Prn, (D) OMV, (E) LOS, (F) BrkA, (G) Vag8,
(H) Fim3 and (I) Fim2 were determined using a 9-valent MIA platform using plasma samples
collected from symptomatic (circles) and recovered (squares) pertussis patients as well as
from controls (triangles). paired t-test). * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001 **** p ≤ 0.0001 ns=
non-significant. Data shown in A-I represent the geometric mean ± geometric SD.
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Figure 3 | Avidity of IgG antibodies directed against nine different pertussis
antigens.
Avidity Index (AI) of antibodies directed against (A) OMV, (B) LOS, (C) BrkA, (D) Vag8, (E)
Fim2, (F) Fim3, (G) FHA, (H) Ptx and (I) Prn were determined in collected from symptomatic
(circles) and recovered (squares) pertussis patients. * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001 **** p
≤ 0.0001 ns= non-significant. Data shown in A-I represent the mean ± SD
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Figure 4 | Opsonophagocytosis indices wane years after after pertussis infection.
Antibody-mediated opsonophagocytsosis indices were determined using plasma samples
collected from symptomatic (circles) and recovered (squares) pertussis patients. Plasma
samples from controls (control) were also included. **** p ≤ 0.0001. Data shown represent
the mean ± SD

recovered patients being positioned in between. The lines depict the intercorrelations of the various parameters measured in all samples. Firstly,
the lines indicate that the axes of differentiation of the majority of the
antibody levels had similar alignments and were mainly directed towards
the higher scores of the two principal components, mostly populated
by the symptomatic group. Secondly, the axes of differentiation of the
avidities pointed mainly in the direction of the recovered group. This
analysis reflects the findings represented in Figures 2 and 3 which show
lower antibody levels and higher AI in the recovered versus symptomatic
patients for most of the studied antigens.
Random forest analysis reveals predictive value of FHA and Ptx
antibodies for opsonophagocytosis indices
A RF analysis was performed to determine which of our measured
variables were most predictive for the observed opsonophagocytosis
174
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Figure 5 | PCA of all obtained data.
PCA was performed based on the antibody levels, AI and opsonophagocytosis indices for all
plasma samples used in this study. The axes of differentiation of the antibody levels and IA
are shown by the lines. Plasma samples collected during the symptomatic stage are depicted
as red dots, upon recovery as blue squares and controls as green triangles. The red, blue and
green ellipses indicate clustering of the samples collected during the symptomatic stage, at
recovery and controls, respectively. Lines indicate the axes of differentiation of the different
parameters measured in this study.

and may serve as potential CoPs. The analysis showed that 28% of the
variance of the opsonophagocytosis indices is explained by our model
which includes age, sex and effective-IgG levels. Results indicate that FHAfollowed by Ptx-specific antibodies are most predictive for the accounted
variances in the opsonophagocytosis indices (Figure 6). Multiple linear
regression analysis with the same variables considered in the RF analysis
revealed significant p-values for FHA and Ptx effective-IgGs supporting
their predictive role (Table 1).
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Figure 6 | Random Forest analysis integrating all available data. R
andom Forest analysis was performed using a model that includes the log transformed values
of the effective-IgG levels directed against the nine different antigens, as well as the age and
sex of the participants. R2 represents the fraction of the total opsonophagocytosis indices
variance which can be explained by variations in the effective-IgG levels, where a value
of 1 would mean that the variance in the measured opsonophagocytosis indices is solely
explained by the considered predictive variables.

DISCUSSION
In an attempt to identify serological CoPs against pertussis, our study
pioneers by integrating the dynamics of different antibody properties
including their specificity to nine different B. pertussis antigens and their
functional capacity to opsonize live B. pertussis for phagocytosis in samples
from symptomatic and recovered pertussis patients who are expected to
have protective immunity conferred by natural infection. As previously
shown, the levels of antibodies to Ptx, FHA, Prn, Fim2 and Fim3 wane
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Table 1 | Multi-linear regression analysis with the same parameters considered in
the random forest analysis using the effective-IgG levels (IgG levels and avidity).
(log10 (IgG x Avidity)

Estimate

Std. Error

Prn

0.002

0.064

0.977

FHA

0.350

0.110

0.002

Fim2

-0.183

0.079

0.023

Fim3

0.172

0.085

0.045

Ptx

0.225

0.092

0.017

LOS

-0.055

0.168

0.743

Vag8

0.073

0.125

0.562

OMV

0.062

0.196

0.753

BrkA

0.117

0.088

0.187

Age

0.003

0.002

0.247

Sex

0.009

0.011

0.433

p-value

years after infection [13]. Antibodies against the other studied antigens,
BrkA, Vag8, LOS and OMVs also decreased when patients had recovered
from clinical disease. BrkA, Vag8 and LOS were included in this study
because they are outer membrane antigens. Furthermore, studies in mice
have shown that monoclonal antibodies directed against LOS are important
in preventing B. pertussis infection [18] and BrkA-specific antibodies have
been implicated in bactericidal killing of B. pertussis [19].
We also show avidity maturation for the majority of specific antibodies
years after B. pertussis infection with the exception of Prn, FHA and Ptx.
High avidity antibodies are classically secreted by specific B cells that are
positively selected during repeated exposures in germinal centre reactions
[20]. In contrast to our findings, avidity maturation of Ptx antibodies was
shown in paired samples of pertussis patients [21]. This difference may be
due to the time between collections of the paired samples, which in our
case was on average 3 years instead of 4 weeks after diagnosis. Avidity of
antibodies has also been measured following acellular booster vaccination.
The authors showed that Ptx and Prn antibody avidity increased one
year post-vaccination [22]. In the search for CoPs against pertussis it is
important to consider the antibody kinetics, not only of the levels but also
of the avidity which may differ following infection or vaccination [23].
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During an infection with B. pertussis, neutrophils infiltrate the lung and
have been shown to be important in the clearance of this respiratory
pathogen [14]. We show that three years after infection opsonophagocytosis
indices decrease but remain significantly higher than the controls. This
is the first reported B. pertussis opsonophagocytosis functional assay
using a recently isolated B. pertussis strain namely B1917. This strain
was selected over the lab strain Tohama I because according to typing
studies of B. pertussis strains over time, it is of a genotype more likely
to represent the strains that infected the pertussis patients [17]. The OPA
described here can discriminate between controls, symptomatic and
recovered (ex) pertussis patients. Based on these findings, we propose
opsonophagocytosis of B. pertussis as a possible CoP against pertussis.
Assays which measure opsonophagocytosis of pathogens are currently
used as a CoP for the pneumococcal vaccine and have also been shown to
correlate with protection against malaria [11, 24]. In light of B. pertussis
pathogen adaptation this assay could be adapted over time to include the
most relevant circulating B. pertussis strain.
Analysis of our data with the RF model using effective-IgGs levels of B.
pertussis-specific antibodies, uncovered FHA- followed by Ptx-antibodies
as being the two variables that best predict the opsonophagocytosis
indices. Nonetheless, our model can only explain 28% of the observed
opsonophagocytosis

indices

variances.

Further

studies

should

be

performed in order to identify antibodies directed against other B.
pertussis targets that could better predict opsonophagocytosis. These
findings corroborate earlier studies in which the authors also found a
correlation between FHA- and to a lesser extend Ptx-specific antibodies
and opsonophagocytosis [25]. In contrast, others have shown either that
high anti-FHA levels inhibit opsonophagocytosis [26] or that anti-Prn is
important [27]. These differences may be explained by the various readouts (bacterial uptake by flow cytometry, respiratory burst or microscopy)
used to determine opsonophagocytosis as well as the timing of serum/
plasma sample collection.
Effective-IgG levels to FHA, a vaccine antigen and major adhesion of
B. pertussis [28], best predicted the phagocytosis indices. FHA-antibodies
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are expected to bind to the bacterial membrane and mediate bacterial
uptake by engaging Fc-γ receptors on neutrophils [29]. It remains
unknown whether FHA-specific antibodies generated upon infection
and vaccination are similar in functionality. According to RF analysis,
the additionally included outer membrane antigens LOS [30], Vag8 and
BrkA [31, 32], important for resistance against antimicrobial peptides
and complement, were not predictive for the opsonophagocytosis indices
according to the RF analysis. It is possible that these antibodies are of
an IgG subclass that does not mediate opsonophagocytosis or that the
antigen is masked on the bacterial membrane. Further studies should
be performed to address this question. The second best predictor for
opsonophagocytosis was antibodies directed to Ptx. Because this toxin is
generally secreted by B. pertussis and induces high levels of antibodies
following infection [16, 33, 34], we speculate that the association found in
the RF model is not mechanistically related. Interestingly, FHA- and Ptxspecific antibodies did not show an increased avidity in the recovered
pertussis patients suggesting that perhaps high antibody avidity for
these antigens is not necessary for phagocytosis of B. pertussis. Whether
the FHA, and possibly Ptx, antibodies are mechanistically related to
neutrophil opsonophagocytosis will have to be verified by depleting and/
or isolating these antibodies from plasma as well as by performing the
OPA with a B. pertussis strain that does not express FHA or Ptx.
This work represents a first step towards identifying CoPs by the
combined analysis of different parameters of B. pertussis-specific
antibodies from (ex) pertussis patients. Although FHA- and Ptx- specific
antibodies were the best predictors for opsonophagocytosis in our model,
it only explains 28% of the opsonophagocytosis indices variances. This
highlights the necessity to further explore which other B. pertussisspecific antibodies better predict opsonophagocytosis. We furthermore
suggest exploring other antibody effector functions such as complementmediated and neutrophil killing. Integration of different specific antibody
parameters may bring the field closer to the identification of the required
CoPs against pertussis.
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MATERIALS AND METHODS
Ethics
Participants donating blood for plasma isolation were Dutch symptomatic
(ex) pertussis patients selected from a cross-sectional observational study
previously described (Specifieke Kinkhoest Immuniteit; SKI) [13]. The
study was approved by the accredited Medical Research Ethics Committee
(MREC) STEG followed by management of the METC UMC Utrecht (Dutch
Central Committee on Research Involving Human Subjects (CCMO) nr:
NL16334.040.07). Collection of all samples used was conducted according
to the principles of the Declaration of Helsinki and all participants,
parents/guardians of minor participants and blood donors for primary
cell isolation provided written informed consent. Samples were treated
anonymously.
Study population
Forty individuals (age 7-73 years, median 49.4 years at inclusion; male/
female ratio: 0.35/0.65) who presented with clinical pertussis symptoms
and were physician-diagnosed with pertussis were selected from the
SKI cohort, a Dutch natural infection cohort established between 2008
and 2012 [13]. Selection was based on whether two longitudinal samples
were available namely, early after diagnosis (1.7 to 9.0 weeks, median 3.15
weeks, i.e. symptomatic stage) when the patients still presented pertussis
symptoms and years later (2.7 to 4.7 years, median 3.2 years, i.e. recovered)
when the patients had recovered from clinical disease. An additional
20 household contacts from the SKI cohort (age 7.9-48.2 years, median
21.4 years; male/female ratio 0.5/0.5, i.e. controls) who were seronegative
(negative anti-Ptx titres) for pertussis and vaccinated according to the
Dutch national immunisation program were also selected (Figure 1).
Plasma collection and neutrophil isolation
Blood samples in the SKI study were collected using vacutainer CPT
cell preparation tubes (BD Biosciences, San Jose, CA, USA). Plasma was
isolated using standard procedures and stored at -80°C. Plasma was heat
inactivated (HI) for 20 minutes at 56°C. Human neutrophils were isolated
from blood as described previously [35].
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Bacteria
B. pertussis B1917 [17] was transformed with plasmid pCW505 resulting in
cytoplasmic expression of GFP (B1917-GFP) [27]. Bacteria were grown on
Bordet-Gengou agar plates containing 15% sheep blood (BD Biosciences)
supplemented with 30 µg/ml gentamycin (Merck, Darmstadt, Germany)
at 35°C, 5% CO2 for four days. Subsequently, bacteria were recultured in
Thalen-IJssel medium [36] overnight (start OD 0.05, 35°C, 130 rpm) until
mid-log phase (OD 0.7) was reached before use.
Pertussis antigens
Ptx and FHA were obtained from Kaketsuken (Obuko, Japan). Fim2
was a kind gift from Dr. A Gorringe, Fim3 and Prn were purified inhouse. LOS was extracted from strain B1917 by means of hot phenol-water
as previously described [37]. OMVs of B1917, containing various outer
membrane antigens, were generated as previously described [38] with
some modifications. Recombinant passenger domains of Vag8 and BrkA
were expressed in Escherichia. coli as described elsewhere [39].
Multiplex immunoassay
Levels of total IgG directed against B. pertussis antigens Ptx, FHA, Prn,
Fim2, Fim3, Vag8, BrkA, LOS and OMV were measured in HI-plasma
samples by an in-house multiplex immunoassay (MIA) described earlier
[13]. The International WHO pertussis standard (NIBSC 06/140) served as
reference for IgG levels against Ptx, FHA and Prn (International units,
IU/ml). Human Normal Immunoglobulin solution for infusion (KIOVIG,
Baxalta, Belgium) was used as an in-house reference to measure levels
of IgG against the remaining six antigens, expressed as arbitrary units
per ml (AU/ml) based on observed relative magnitudes of fluorescence
intensity where KIOVIG was set at 500 AU/ml. For detection, goat-antihuman IgG-PE (Jackson ImmunoResearch, USA) was used. Analysis was
performed with a Bio-Plex 200 using Bio-Plex Manager software version
5.5 (Bio-Rad Laboratories, West Grove, PA, USA). The various antigen
coupled bead regions were not found to interfere with one another.
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Avidity assay
The avidity of pertussis-specific IgG antibodies was measured in the MIA
using HI-plasma as described previously [40] with modifications. Briefly,
plasma samples were allowed to bind for 45 minutes with the respective
pertussis antigen coupled to fluorescently labelled microspheres. After
washing, samples were incubated for 15 minutes in PBS either in the
absence or presence of 9M urea, to elute lower-avidity antibodies.
Subsequently, samples were washed, goat-anti-human IgG-PE (Jackson
ImmunoResearch, USA) was used as detection antibody and analysis was
performed with a Bio-Plex 200 using Bio-Plex Manager software version
5.5 (Bio-Rad) The avidity index (AI) was expressed as a percentage of the
remaining IgG levels in the presence of urea relative to the IgG levels
measured in PBS only.
Opsonophagocytosis assay
B1917-GFP (multiplicity of infection of 70) were opsonized with 5% HIplasma in RPMI supplemented with 0.3% human serum albumin (HSA,
Sanquin) for 20 minutes at 37°C. Subsequently, neutrophils (7.5x104 cells)
were added in a total volume of 50 µl and incubated for 25 minutes at 4°C.
After a wash step with cold RPMI-HSA, neutrophils were resuspended in
RPMI-HSA and incubated for 30 minutes at 37°C. Cells were fixed with 1.5%
paraformaldehyde and visualized using the FACSCanto II (BD Bioscience).
The assay was performed in duplicate on three different days. To correct for
plate and day differences, a standalone-control plasma sample was taken
along on each plate for each day and a plate factor was calculated. The
arbitrary opsonophagocytosis indices were calculated by dividing the MFI
obtained in the presence of plasma by the MFI obtained upon incubating
cells with bacteria without plasma, corrected for the plate factor.
Data analysis
Differences in antibody levels and opsonophagocytosis indices between the
groups were tested with one-way analysis of variance (ANOVA) followed
by post-hoc tests (Welch Two Sample t-test or paired t-test). For differences
in the AI, a paired t-test was performed. P values ≤0.05 were considered
statistically significant. The false discovery rate was controlled at the level
of 10% by applying the Benjamini-Hochberg method to the results of all tests.
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Principal component analysis (PCA) was used to explore (dis)similarities
among the antibody levels, AI and opsonophagocytosis indices of the
three groups.
To determine which of the measured antibodies were most predictive
for the observed opsonophagocytosis, a random forest (RF) analysis was
performed[41]. The model considered in this analysis uses for each antigen
the effective-IgG level, which we define as the logarithm of the product
of IgG levels and AI (IgG*AI). A multiple linear regression analysis using
the same effective-IgG levels was also performed. Descriptive statistics of
the data can be found in Supplementary Table 1.
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SUMMARIZING DISCUSSION AND FUTURE PERSPECTIVES
The introduction of the whole cell pertussis vaccine (WCV), consisting of
killed Bordetella pertussis bacteria, in the 1950’s resulted in a dramatic
decrease of pertussis notifications and pertussis-related deaths worldwide
[1]. However, vaccination with the WCV was paired with adverse events
and was therefore replaced by a safer acellular pertussis vaccine (ACV)
containing either pertussis toxin (Ptx) alone or in combination with
filamentous hemagglutinin (FHA), pertactin (Prn) and/or fimbriae (Fim)
2 and 3 starting in the 1990’s in many industrialized countries. In The
Netherlands, the ACV fully replaced the WCV in 2005 [2]. Globally,
pertussis vaccines, either WCV or ACV, are included in the national
immunization programs (NIPs) and generally vaccine coverage is high
(above 90%) in industrialized countries [3]. In The Netherlands, this
vaccination coverage is higher than 93%. Nonetheless, pertussis has been
remerging in the past decades causing disease not only in unvaccinated
infants but also in (young) adults. Recent population studies and
mathematical modeling show that infections with B. pertussis are highly
underreported. A Dutch serological surveillance population study from
2006-2007 (PIENTER-2) reported a B. pertussis infection frequency of 9%
above the age of 9 (corresponding to 1 million infections), a 2-fold increase
compared to 11 years earlier using the same serological tools (PIENTER-1)
[4]. The pertussis notifications reported the year in which the PIENTER-2
study was performed, was 100-fold less than the serological frequency
of 9% [4]. This difference between reported notifications and serological
indication of infection has also been reported in the United States of
America (USA) [5]. At the end of 2017, sample collection of the PIENTER-3
study was completed (unpublished) and will allow for evaluation of recent
B. pertussis infection frequency in the Dutch population according
to serological findings. Based on the above mentioned data, it is likely
that subclinical nasopharyngeal infections with B. pertussis occur
creating a bacterial reservoir in the human population which drives the
epidemiology of pertussis [6, 7]. Alarmingly, the ACV solely protects from
disease and not colonization and hence transmission of the pathogen can
still take place as shown in the baboon model, which is currently the most
representative animal model for pertussis [8]. If these findings translate
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to the human situation it is possible that there was an increase in the
human bacterial reservoir following the introduction of the ACV. In the
USA, the largest proportion of reported pertussis cases in 2015 was in
the adolescent group that was exclusively vaccinated with the ACV [9].
Furthermore, the return of the cyclic pattern of pertussis notifications
observed before the introduction of the WCV has coincided with the
introduction of the ACV in the United Kingdom (UK) [10]. This suggests
that pertussis may be reemerging at least partly because ACV-vaccinated
individuals are still capable of transmitting B. pertussis.
Natural

infection

with

B.

pertussis

induces

protective

immunity

characterized by the induction of a T helper (Th) 1/Th17 response. The
ACV induces a divergent immune response, consisting of a dominant
Th1/Th2 profile, which has been shown to be suboptimal for protection
[11]. Moreover, the introduction of vaccination has been associated with
adaptations of the B. pertussis population. Since the introduction of the
ACV, B pertussis strains have been isolated that no longer produce ACV
vaccine antigens [12-17], particularly Prn (elaborated on below). Together,
this has raised serious concerns on the efficacy of the ACV [18] and the
Strategic Group of Experts on Immunization at the WHO (WHO/SAGE)
has advised countries aspiring to switch from the WCV to the ACV, based
on safety, to await further guidance [19]. Although there is a strong link
between the reemergence of pertussis and the ACV, also in countries
using the WCV this reemergence has been observed [20-23]. In the
baboon model, WCV vaccination did not overcome colonization although
the bacteria were cleared faster than in the ACV-infected animals [8],
suggesting that also in a WCV-vaccinated population asymptomatic
carriage most probably occurs. It has become clear that we urgently need
novel strategies to combat this highly infectious disease. B. pertussis, like
many other pathogens, has different strategies to evade the host immune
response [24]. Understanding how B. pertussis interacts with the host
immune system will provide crucial information to develop protective
third generation pertussis vaccines. An important finding from this thesis
is that pathogen adaptation has an effect on the interaction between B.
pertussis and its human host.
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Pathogen adaptation of B. pertussis following the introduction of
pertussis vaccination
B. pertussis is relatively monomorphic compared to many other respiratory
pathogens and displays little genomic variation as was demonstrated by
a worldwide comparative genomic study of 243 B. pertussis strains that
were whole genome sequenced [25]. However, pathogen adaptation has
been observed in the B. pertussis population and B. pertussis clinical
strains isolated today are genetically different from strains that were
circulating in the 1950’s when the WCV was introduced [25]. Pathogen
adaptation over time has been mainly driven by gene loss as recently
isolated strains contain more deletions than older strains [26]. Pertussis
vaccination may have accelerated the natural process of pathogen
adaptation as following the introduction of the WCV, B. pertussis strains
carrying the pertussis toxin promotor (ptxP) 1 allele expanded that were
of a different allele type than the vaccine strains [27-32]. These strains
were later replaced by ptxP3 allele carrying B. pertussis strains [25,
27]. It is striking that although there are extensive reports on pathogen
adaptation, there is very little knowledge available on the consequences
of these pathogen changes on the immune response. To address this
knowledge gap we investigated the effect of pathogen adaptation on the
innate immune response (chapter 2).
In chapter 2, we show that B. pertussis clinical isolates activate not
only the human pattern recognition receptors (PRRs) Toll like receptor
(TLR) 2 and TLR4 as previously reported [33, 34], but also activate human
NOD2. Our findings indicate that both the activation of TLR2 and NOD2
was increased by strains that were isolated after the introduction of
pertussis vaccination. Moreover, when examining the effect of these
strains on monocyte derived dendritic cell (moDC) activation, strains
isolated after the introduction of the ACV induced a dominant increased
production of IL-10 when compared to strains isolated around the time
of the introduction of WCV vaccination or after the introduction of the
WCV. This in combination with an increased surface expression of the
immunoregulatory PDL-1 on moDCs stimulated with strains isolated
after the introduction of the ACV compared to strains isolated around
the introduction of the WCV revealed that currently circulating strains
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induce a dominant anti-inflammatory immune response. These findings
suggest that genetic bacterial changes have consequences on the innate
immune response. Not much literature is available on the consequences
of pathogen adaptation on virulence during infection. The emerging B.
pertussis strains carrying the ptxP3 allele have been associated with more
severe clinical disease [35-37]. Compared to ptxP1 strains, ptxP3 strains
were shown to produce increased protein levels of several virulence
factors including Ptx [35] and virulence associated gene 8 (Vag8) in vitro
[38]. Moreover, in a mixed infection model with an Australian ptxP1 and
ptxP3 B. pertussis strains, circulating before and after the replacement
of the WCV with the ACV, the ptxP3 strain was better able to colonize
the respiratory tract of ACV-vaccinated mice [39]. The induction of a
dominant anti-inflammatory immune response by recently circulating
strains, as reported in chapter 2, suggest that these strains have evolved
to dampen and thus evade the vaccine-induced immune response [40].
This could contribute to better colonization, survival and subsequently
reemergence of pertussis.
Following the introduction of the ACV, genetic changes in B. pertussis
different to those described above have also been observed. The density
of single nucleotide polymorphisms (SNPs) was shown to be higher in
ACV antigen encoded genes [41]. Shifts have been observed in the allelic
isoforms of genes present within the B. pertussis population making
them genetically different from the allelic isoforms of the genes encoding
for the antigens included in the ACV. Current B. pertussis strains mainly
carry fim 3-2 or fim 3-3-, prn2 and ptxA1 as opposed to the fim 3-1, prn1
and ptxA2 in the strains used for the ACV [42]. In line with these findings
on different genetic changes, B. pertussis strains which no longer
produce one or multiple ACV antigens are being increasingly isolated
in ACV-using countries [12-17]. Especially the loss of Prn production is
striking [12, 14, 16]. Besides loss of Prn, strains have been isolated which
no longer produce FHA or Ptx or a combination of these vaccine antigens
[15, 17]. The percentage of clinical B. pertussis Prn-deficient strains varies
from 15% in The Netherlands [40] to over 85% in the United States of
America where the ACV was introduced ~10 years earlier [16]. It is highly
likely that the loss of Prn production by B. pertussis is a mechanism to
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escape vaccine induced immunity. It is known that the high percentage
of Prn-deficient clinical isolates is not the result of clonal expansion as
multiple mutations giving rise to the loss of Prn have been identified [12,
14, 43]. In Denmark the ACV does not include Prn and no Prn-deficient B.
pertussis strains have been isolated [12]. Moreover, the replacement of a
Prn-containing ACV with one lacking Prn in Japan lead to a decrease in
Prn-deficient strains from 25% in 2011-2013 to 8% in 2014-2016 [44]. In 2015,
an ACV containing Prn was reintroduced in Japan hence it will be very
interesting to monitor what this will do to the percentage of Prn-deficient
strains. Prn-deficient B. pertussis strains were demonstrated to be more
likely to infect ACV vaccinated individuals and were more fit in a mixed
infection mouse experimental model compared to a Prn producing B.
pertussis strain [45, 46]. Because of the scarce knowledge on the effect of
the lack of Prn production by B. pertussis on the host immune response,
this was studied in chapter 3 and will be elaborated on below.
Identifying all the virulence factors and the underlying mechanisms that
drive the immune responses will improve our understanding on the B.
pertussis host pathogen interactions. Classically, a very limited amount
of genes is considered when comparing different B. pertussis strains
focusing especially on differences in the ptxP, ptxA, prn and fim alleles
[26]. As we have entered the age of next generation sequencing and it
has recently become possible to assemble closed genomes of B. pertussis
[47] the door has been opened to investigate potential genetic changes
over time in the full 3,459 protein-coding sequences that B. pertussis has
[48]. This may reveal increased diversity in the B. pertussis population.
Alternatively, variation may not be found solely at the genomic level but
also protein expression, including post- translational modifications may
further drive differences of this bacterium over time [26]. In addition to
identifying and characterizing all the virulence factors of B. pertussis,
it is also important to assess the effect of B. pertussis pathogen changes
during an infection. We were the first to study gene expression levels in
murine lung tissue of mice infected with a wild type strain or Prn-deficient
isogenic strain (chapter 3). This revealed differences in expression of
genes involved in cell death which were expressed more in the lungs
of mice infected with the Prn-deficient isogenic compared to the wild
195

7

Chapter 7

type strain. These findings, along with the increased production of proinflammatory cytokines by moDCs upon stimulation with a Prn-deficient
isogenic B. pertussis mutant, suggest that Prn has an immunomodulatory
role during infection which will be elaborated further in the next section.
Recently, a RNA sequence method to profile the in vivo transcriptome of
B. pertussis during murine lung infection has been described [49]. This
could also be applied in the pertussis baboon model, which resembles a
human infection with B. pertussis the most. This technique will allow for
monitoring of the expression of virulence factors during different stages
of infection, and in the different compartments of the respiratory tract
upon infection with different B. pertussis strains in order to characterize
the effect of pathogen adaptation or specific virulence factors in a relevant
infection model. Dual RNAseq has yielded valuable information on hostpathogen interactions for other bacteria [50]. Human lung organoids [51]
could also be used to fill the gap between human infection and classical
in vitro or animal models.
Immunomodulation by B. pertussis virulence factors: implications
for vaccine responsiveness
Several virulence factors including those included in the ACV have
been shown to have immunomodulatory properties. The current ACV
vaccine used in The Netherlands consist of three B. pertussis antigens
Ptx, FHA and Prn and is part of a combination vaccine together with
the polio, diphtheria and tetanus vaccines. The ACV antigens are very
immunogenic hence following vaccination specific antibodies are raised
[52]. Nonetheless, besides the induction of antibodies the inclusion of these
antigens in the ACV was decided without evaluating their potentially
immunomodulatory functions. Ptx is the main and specific toxin of B.
pertussis [53, 54] hence (neutralizing) antibodies raised against this
toxin [55] would be highly beneficial towards preventing toxic damage.
Recently, it has been shown that Ptx can activate NF-κB via TLR2 and
TLR4 resulting in the production of anti-inflammatory IL-10 [56]. Of
note, the Ptx included in the ACV is detoxified hence the effect of this
detoxification on the immunomodulatory properties of Ptx remain to be
determined.
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Another ACV component is FHA, known as the main adhesin of B. pertussis
[57]. It is to be expected that neutralization of this antigen by antibodies
would have an effect on colonization of the pathogen. Nonetheless as
previously mentioned, vaccination with the ACV, which induces the
production of FHA-specific antibodies, does not prevent transmission [8].
This raises the question as to why these antibodies do not protect against
colonization. It could be that the density of these antibodies is not sufficient
in the respiratory tract following systemic vaccination and that mucosal
immunity is necessary. It may also be that the antibody subclass induced
following vaccination is not optimal for removal of B. pertussis from the
respiratory tract. Indeed, FHA- specific antibodies have been reported to
have limited protective efficacy in mice [24].
FHA, like Ptx, has also been implicated in the induction of IL-10 [58].
The production of IL-10, a hallmark anti-inflammatory cytokine, by
vaccine antigens may not be beneficial in the induction of a protective
immune response. IL-10 has in fact also been suggested as an interesting
candidate towards driving a Th2 response [59, 60]. For a protective
adaptive immune response against B. pertussis Th1/Th17 cells, which
are induced following natural infection, are necessary [24]. In contrast
to natural infection, vaccination with the ACVs induces a less favorable
dominant Th2/Th1 mixed response [61]. Although it is well known that
the aluminum hydroxide used as adjuvant in the ACV is a strong inducer
of a Th2 response [62, 63], the induction of IL-10 by ACV antigens may be
partially responsible for the suboptimal vaccine response raised following
ACV vaccination.
Lastly, Prn is included in the ACV. The exact function of this protein
remains elusive. It is often referred to as an adhesin although convincing
evidence is lacking [64-69]. In addition, there has been an emergence
of Prn-deficient B. pertussis strains [12, 14, 16]. All this raises questions
on the role of Prn in pathogenesis of this disease and on its effect on
the immune response. A previous study comparing the effect of a Prndeficient and a Prn-producing B. pertussis strain on moDC activation
found no differences [70]. Using multiple Prn-deficient and expressing B
pertussis clinical isolates we also found no differences at the level of moDC
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activation (chapter 2). However, considering clinical isolates may differ
in other genetic or proteomic make-up besides altered Prn production,
using such strains may not reveal information on the effect of Prn only
on the immune response. For this reason we used isogenic strains either
producing or not producing Prn (chapter 3). B. pertussis mutant strains
lacking Prn production induced an increased pro-inflammatory profile
upon stimulation of moDC when compared to the isogenic Prn-producing
strains on both protein and gene expression level. This shows that Prn of
B. pertussis has an immunomodulatory function. Prn of the closely related
B. bronchiseptica was previously shown to be immunomodulatory in a rat
model [71]. We expect that the discrepancy between the effects found when
using isogenic strains compared to clinical isolates is due to compensating
mutations that occur in the Prn deficient clinical isolates that take over the
immunomodulatory function of Prn. It will be very valuable to characterize
the gene expression profiles as well as proteome using state of the arts
omics-tools of various Prn-deficient and producing clinical isolates. This
in order to identify differences between these two groups to determine
if indeed compensating mutationscan be identified. It is important to
determine whether the observed immunomodulatory property of Prn in B.
pertussis has an effect on the ACV-induced immune response. If this indeed
proves to be the case and as B. pertussis has proven to adapt towards a
Prn-deficient phenotype, inclusion of Prn in pertussis vaccines may not
be of added value. Moreover, the immunomodulatory properties of Ptx,
FHA and potentially Prn warrant the consideration of immunomodulatory
properties of future vaccine candidates to avoid any negative effect on, for
example, the duration of the vaccine-induced immune response.
The road ahead leading to the development of a third generation
pertussis vaccine
In The Netherlands, newborns are vaccinated with the three-component
ACV at 2, 3, 4 and 11 months of age and receive a booster vaccination at four
years of age according to the Dutch NIP. Maternal pertussis vaccination is
a recent strategy to protect newborns in the first two months of age, when
they are most vulnerable for serious complications following a B. pertussis
infection. This has been introduced in the UK, the USA and Belgium
[72-74] and although not yet implemented in The Netherlands, the Dutch
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health council advises pregnant women to be vaccinated against pertussis.
Data from the UK and the USA show that maternal vaccination is highly
effective in protecting infants under the age of 2 months from pertussis
[72, 75, 76]. Nonetheless, the lack of protection from transmission following
ACV-vaccination is a serious drawback making it practically impossible for
the herd immunity to be effective in the population. It has been estimated
that the ACV only reduces secondary infections by 6% [77]. Considering
the inclusion of potential immunomodulatory ACV antigens ([56, 58] and
chapter 3) together with the occurrence of B. pertussis strains lacking the
expression of one or multiple vaccine antigens [12-17] and other adaptations
[25] highlights the need for the development of a novel third generation
pertussis vaccine that is effective against disease and transmission.
Several different pertussis vaccine platforms are currently under
investigation namely outer membrane vesicle (OMV) based vaccines,
live attenuated vaccines and novel acellular vaccines. OMVs are
membrane-derived, non-infectious and contain many native bacterial
antigens [78, 79]. OMVs have already been included in licensed vaccines
against Neisseria meningitidis serogroup B (MenB) since the 1980s [80].
B. pertussis OMV vaccination has been experimentally tested in mice
demonstrating the safety of the vaccine as well as the efficacy to a
broad panel of genetically different B. pertussis strains giving rise to
the protective Th1/Th17 response [78, 79, 81, 82]. The first attempt at the
construction of a live attenuated B. pertussis strains for vaccine purposes
was already made in the 1990s and protection was induced from a B.
pertussis challenge following three vaccine doses in mice [83]. BPZE1 is
the first live attenuated pertussis vaccine to be included in a clinical trial
where a randomized phase I clinical trial indicated that the vaccine was
safe for humans [84]. A big advantage of this vaccine is that it is intended
to be administered nasally. Besides this less invasive way of vaccinating
young infants, it will also induce a local mucosal immune response which
is needed to prevent bacterial colonization.
In the search for a vaccine that prevents colonization, virulence factors
that go beyond the well-studied ACV antigens are being investigated. In
recent years, virulence factors involved in biofilm formation have received
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attention as the formation of biofilms aid microorganisms in colonization
[85] and recent clinical isolates from the USA and Argentina showed an
increased ability to form biofilms compared to the reference strain Tohama
I. Other candidates have been selected by using a reverse vaccinology
approach based on protein production and mRNA expression of a ptxP1
and ptxP3 strain with the criteria that they belong to the core genome of B
pertussis and being surface-exposed as based on in silico prediction [86].
One of these selected potential vaccine antigens was the autotransporter
protein Vag8 [87]. Vag8, which is produced more by currently circulating
strains compared to older strains [38], is one of the known complement
evasion molecules of B. pertussis [88] together with Bordetella resistance
to killing A (BrkA) [89] and Bordetella autotransporter protein C (BapC)
[90]. The complement system is a potent innate immune defense which
opsonizes bacteria for uptake and subsequent degradation by phagocytic
cells as well as results in lysis of Gram-negative bacteria such as B.
pertussis [91]. Complement evasion molecules are highly effective vaccine
components of the Neisseria meningitidis serogroup B (MenB) vaccine
[92] hence it is interesting to investigate whether the above mentioned as
well as other unidentified complement evasion molecules of B. pertussis
could serve as vaccine antigens.
Immunization of mice with recombinant Vag8 raised specific antibodies
and resulted in clearance of bacteria following a B. pertussis challenge
indicating Vag8 may be an interesting pertussis vaccine candidate [86]. In
pertussis patients, antibodies directed against Vag8 can also be detected
indicating that Vag8 is also expressed following a human infection
with B. pertussis ([93] and chapter 6). For all of the above reasons it is
important to characterize the effect of Vag8 on the immune system before
potential inclusion in a third generation pertussis vaccine. In chapter 4,
the molecular mechanism of Vag8-mediated complement evasion by B.
pertussis was studied. Vag8 was previously shown to bind the complement
regulatory protein C1 esterase inhibitor (C1-inh) [88]. In chapter 4, it
was revealed that binding of Vag8 to C1-inh resulted in the release of
the active complement proteases (C1s, C1r and Masp-2) that degrade the
complement proteins C4 and C2 away from the bacterial surface. This
unique complement evasion strategy of B. pertussis prevents opsonization
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and complement-mediated lysis. C1-inh not only regulates the complement
system but is also the main regulator of the contact system [94]. Activation
of the contact system results in the release of the pro-inflammatory
molecule bradykinin [94]. Considering the interaction between Vag8 and
C1-inh, chapter 5 describes the findings on the effect of Vag8 on the
contact system. We show the ability of B. pertussis to activate the contact
system which was mainly due to Vag8 binding to C1-inh. This interaction
hampered the regulatory effect of C1-inh on the contact system proteases
βFXIIa and PK. Thus, this potential vaccine candidate enhances the
activation of the contact system. Considering the over activation of both
the complement and the contact systems by Vag8 (chapter 4 and 5), we
would suggest modification of this antigen preceding potential inclusion
into a third generation pertussis vaccine. Towards this, the precise
interaction domain via which Vag8 bind to C1-inh will have to be mapped
and subsequently modified. The modified Vag8 antigen should retain its
immunogenic properties but no longer interfere with the regulation of the
complement and contact systems. As Vag8 is an autotransporter protein
[87] which can be cleaved off the bacterial membrane (chapter 4) it
should be investigated whether immunogenicity is changed when present
on or away from the bacterial membrane to include the most optimal
conformation. With respect to OMV based vaccines and live attenuated
vaccines future research should be carried out towards generating B.
pertussis strains that can retain (modified) Vag8 as well as other relevant
immunogenic autotransporters on the bacterial membrane.
The need for correlates of protection against pertussis
In order to evaluate pertussis vaccine efficacy, a reliable correlate of
protection (CoP) against pertussis is crucial. However, a well-defined CoP
against pertussis does not exist. In the past, carriage studies in relation to
pertussis vaccination have not been carried out. It is wise to include such
studies in the evaluation process of novel pertussis vaccines to ensure that
the vaccine protects against colonization of the bacteria. In the scope of the
novel pertussis ‘Periscope’ consortium, a controlled human infection model
will be set up towards understanding the asymptomatic colonization of
B. pertussis [95]. This model will be very valuable to determine protection
from colonization following vaccination but will also yield knowledge
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on the virulence factors and mechanism that are important for human
colonization which can aid towards the development of third generation
pertussis vaccines. For most other commercially licensed vaccines a CoP
has been defined. Often these consist of antibody levels which must be
above a carefully established threshold. Examples include the hepatitis
A [96], hepatitis B [97] and the Haemophilus influenzae type b [98, 99]
vaccines. For pertussis, literature describes that low levels of B. pertussisACV specific antibodies are associated with susceptibility to disease
[100], while high levels are at times indicative for protection although, no
reliable threshold has been established [100-107]. Besides antibody levels,
antibody functionality can also serve as a CoP. Antibody functions include
toxin neutralization, complement activation (bactericidal antibodies) and
opsonophagocytosis used as CoPs for, among others, the diphtheria [108],
the meningococcus [109] and the pneumococcus [110] vaccines, respectively.
Both complement activation and opsonophagocytosis are innate defenses
against pathogens. Antibodies directed against several virulence factors
of B. pertussis namely BrkA [111], BapC [90] and LOS [112], have been
shown to be bactericidal and aid in the complement-mediated clearance
of this pathogen. Whether these have the potential to be used as future
CoPs against pertussis needs to be further investigated. Complement not
only lyses Gram-Negative bacteria, it also labels bacteria for uptake by
phagocytic cells such as neutrophils. These cells infiltrate the lung during
an infection with B. pertussis and are important in the clearance of this
respiratory pathogen [113]. For this reason in chapter 6 we investigated
opsonophagocytosis (functionality) in combination with the quantity and
quality of B. pertussis antibodies directed against 9 different bacterial
antigens. Moreover, we integrated this data in an attempt to identify
a predictor for opsonophagocytosis towards the identification of a CoP
against pertussis. Using longitudinal paired plasma samples form (ex)
pertussis patients that are expected to have protective immunity conferred
by natural infection [114], we show that an opsonophagocytosis assay can
distinguish between recently infected and recovered individuals as well
as controls. Random forest analysis of all the data revealed that 28% of the
opsonophagocytosis index variances could be explained by FHA- followed
by Ptx-specific antibodies. Chapter 6 hence confirms the findings of a
previous Scandinavian study that found a correlation between FHA- and
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Ptx-specific antibodies and opsonophagocytosis [115] but more importantly
reveals that a larger proportion of the opsonophagocytosis index
variances could not be explained by our extensive antigen platform. This
suggests that antibodies directed against other less well studied or yet
unidentified virulence factors may play an important role in the induction
of opsonophagocytosis of B. pertussis urging the need to identify and
characterize these antigens.
Besides assays to measure opsonophagocytosis, also neutrophil killing
and the previously mentioned bactericidal properties of antibodies should
be further explored as potential CoPs. Recently, it was suggested that
pertussis vaccination should also aim to increase the number of pertussisspecific long lived plasma B cells that will subsequently give rise to
antibodies upon an infection with B. pertussis [116]. Moreover, it is clear
that not only antibodies are involved in protection from pertussis as Th1/
Th17 cells [24] have also been implicated as very important players in
the protective immune response against B. pertussis. Taken together,
the pertussis field should broaden the way identification of CoPs are
approached and be open to multifactorial CoPs against pertussis which
could be a combination of antibody levels, antibody functionality as well
as B. pertussis specific T and B cell responses.
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RECOMMENDATIONS
Based on the findings described in this thesis, we recommend that the
following points should be considered when designing third generation
pertussis vaccines and in the search for a CoP against pertussis:
i)

Pathogen adaptation has an effect on the immune response as
described in chapter 2 and chapter 3. This should be monitored to
ensure that the pertussis vaccine used induces an effective immune
response against emerging B. pertussis strains. It may be necessary
to update the (acellular, OMV-based or live attenuated) pertussis
vaccines every, yet to determined, period which would coincide with
the changes in the B. pertussis population. For this reason, it may be
advisable to develop a stand-alone pertussis vaccine, for example to
be used as a booster vaccine, to overcome safety and efficacy testing
of the combination vaccine (diphtheria, tetanus and polio vaccines).

ii)

Candidate third generation vaccine antigens should be evaluated
to

determine

not

only

immunogenicity

but

also

potential

immunomodulatory properties that may influence the vaccine-induced
immunity. Considering the emergence of Prn-deficient clinical strains
and the potential immunomodulatory property of Prn described in
chapter 3, the inclusion of Prn in a third generation pertussis vaccine
may not be of added value.
iii) The candidate third generation vaccine antigen Vag8 should be
modified before inclusion in a pertussis vaccine. This to avoid any
potential adverse events as a result of the over activation of the
complement and contact systems mediated by the binding of Vag8 to
C1-inh described in chapter 4 and chapter 5.
iv) Opsonophagocytosis of B. pertussis by neutrophils can be measured
years after a natural infection with this pathogen. This assay should
be further explored to determine if it can be used as a CoP with a
reliable universal threshold.
v)

The integration of data describing different aspects of B. pertussisspecific antibodies as described in chapter 6 should be elaborated
to include novel virulence factors in order to identify which specific
antibodies are most predictable for opsonophagocytosis of B. pertussis.
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Concluding remarks
The research described in this thesis (Figure 1) focuses on the interactions
between the innate immune system and B. pertussis in the scope of the
reemergence of pertussis. We have shown that pathogen adaptation has
an impact on the induction of innate immune cell activation and that it
is important to consider the immunomodulatory properties of (potential)
vaccine antigens. Finally, we have examined opsonophagocytosis
of B. pertussis as a potential CoP against pertussis. Knowledge on B.
pertussis host-pathogen interaction is of great value as the pertussis field
is expanding driven by the search for novel third generation pertussis
vaccines.
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CoPs against pertussis.

predictive for opsonophagocytosis [120]. This and other functional (antibody) assays should be further explored towards the identification of

predictive parameter for opsonophagocytosis as a potential CoP against pertussis. We show that FHA- and Ptx-specific antibodies are most

as no CoP against pertussis is known. Chapter 6 explored the potential of opsonophagocytosis of B. pertussis by neutrophils as well as a

of this antigen before the inclusion in third generation pertussis vaccines is advised. Evaluation of pertussis vaccine efficacy poses a problem

proteins away from the bacterial surface [118]. This acquisition also results in activation of the contact system by B. pertussis [119]. Modification

a novel complement evasion mechanism of B. pertussis mediated by C1-inh acquisition by Vag8 resulting in the degradation of complement

reasons, the interaction between Vag8 and the complement (chapter 4) and contact (chapter 5) systems was investigated. We have identified

vaccine candidate [86]. Moreover, Vag8 is produced more by currently circulating B. pertussis strains compared to older strains. For these

of added value in third generation pertussis vaccines. Towards the development of such vaccines, Vag8 has been suggested as an interesting

on the duration of pertussis vaccine-induced immunity [117]. Since Prn-deficient B. pertussis strains are on the rise, eventually Prn may not be

by dampening the host immune response. Since this protein is included in the ACVs, it is important to investigate whether this has an effect

in chapter 3. We show that Prn has an immunomodulatory function suggesting that it most likely plays an important role during infection

clinical isolates and the lack of knowledge on the function of Prn, the role of Prn on B. pertussis innate immune activation was investigated

immunity [40]. The Dutch acellular vaccine consists of three antigens namely Ptx, FHA and Prn. In light of the emergence of Prn-deficient

inflammatory immune response which may be an immune evasion strategy as such a response can dampen the pertussis-vaccine induced

on innate immune recognition and activation was investigated. Emerging B. pertussis strains were shown to induce a dominant anti-

longer express one or multiple vaccine antigens (blue). These are predominantly Prn-deficient. In chapter 2 the effect of pathogen adaptation

(pink) which are strains that now make up over 90% of all circulating strains. More recently, B. pertussis strains have emerged which no

Following the introduction of pertussis vaccination, ptxP1 (purple) strains dominated but were eventually almost fully replaced by ptxP3

including The Netherlands. Before the WCV introduction, B. pertussis strains carrying the ptxP2 (green) and ptxP1 (purple) were predominant.

was the WCV. Due to the association with adverse events, these vaccines were replaced with safer ACV in many industrialized countries

In this thesis, the interplay between the innate immune system and B. pertussis was investigated. The first pertussis vaccine to be introduced

Figure 1 | summary of this thesis.
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ENGLISH SUMMARY
Whooping cough
Whooping cough, also known as pertussis, is a highly contagious
respiratory disease that is vaccine preventable. It is caused by the bacterium
Bordetella pertussis. The course of disease can be divided into three
phases which are characterized by the associated symptoms: the catarrhal
phase, the paroxysmal phase and the convalescent phase. In the catarrhal
phase the patient is not yet diagnosed with pertussis as the symptoms are
mild and aspecific including a runny nose, coughing and sneezing. In the
second phase, the patient will experience the characteristic violent and
rapid coughing fits that are paired with a whooping sound and can last
up to 100 days. In the convalescent phase the symptoms will gradually
decrease in frequency and severity. Pertussis is classically known as a
pediatric disease; however, in recent years it has been reported across all
age groups. This disease can lead to severe apnea in young infants and
in some cases may be fatal. In vaccinated (young) adults infected with B.
pertussis, symptoms are often much milder or absent all together.
Pertussis vaccination
In the 1950’s pertussis vaccines were included in the Dutch national
immunization program. This introduction resulted in a dramatic
decrease in pertussis notifications and pertussis related deaths. This
first generation pertussis vaccine consisted of killed B. pertussis
bacteria. Although very effective, vaccination was often paired with
side effects including fever which was attributed to the presence of
the B. pertussis component lipooligosaccharide. Consequently, the
first generation vaccines were replaced with safer second generation
vaccines also known as the acellular pertussis vaccines consisting of
one to five purified B. pertussis components (antigens). Initially, the
second generation vaccines were thought to be as effective as the first
generation vaccines. However, in recent years it has become clear that
this is not the case. Vaccination with the second generation pertussis
vaccine results in a less-long lasting protection compared to the first
generation vaccine and does not prevent transmission of B. pertussis
from host to host. Currently, much research effort is directed at the
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development of a third generation vaccine to overcome these problems.
Several different platforms are being investigated including the liveattenuated (BPZE1) vaccine which has been made safe by genetically
detoxifying three toxins. This vaccine would be used as a nose spray
in order to mimic the natural infection route and thus result in a more
natural immune response. A second platform is an outer membrane
vesicle (OMV) based vaccine. OMVs are derived from the membrane of
B. pertussis and contain many different bacterial antigens. OMVs can
also be genetically manipulated in order to optimize them to for example
contain important (modified) bacterial virulence factors or not contain
unwanted bacterial molecules. A third option would be to expand and/
or optimize the current acellular vaccines. Next to the development of
third generation pertussis vaccines, it is important to be able to properly
measure the efficacy of these vaccines. Currently, this poses a challenge
in the pertussis field as a measure of vaccine-induced protection, also
known as a correlate of protection, to determine whether an individual
is protected from pertussis following vaccination does not exist.
Epidemiology
Despite high vaccine coverage in The Netherlands (93.1%), an increase
in pertussis cases has been reported since 1996. Pertussis displays
a cyclic pattern with an epidemic occurring every 2 to 3 years. The
most serious recent epidemic occurred in 2012 with almost 14,000
reported pertussis cases. The reemergence of pertussis is a worldwide
phenomenon as it has also been documented in many European countries
besides The Netherlands, as well as in the United States of America,
Japan and Australia. Scientists have proposed several reasons which
may have contributed to the reemergence of pertussis. These include
a combination of improved diagnostics, the lack of life-long protection
following vaccination, particular with the acellular pertussis vaccines,
and genetic changes in the bacterial population. An example of the latter
is the emergence of strains that no longer produce one or more of the
antigens that are included in the second generation pertussis vaccine.
This makes the bacteria less sensitive to the immune response that is
induced by the vaccine. Additionally, as mentioned previously, (young)
adults can be asymptomatically infected with B. pertussis. This poses a
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threat to the most vulnerable age group, namely the young infants, as
these asymptomatically infected adults could spread the disease.
The innate immune system
The innate immune system is the first line of defense against potential
dangerous microorganisms, also known as pathogens, including B.
pertussis. Cellular and soluble innate immune effectors are characterized
by the fast, within hours, recognition and killing of pathogens. Additionally,
the innate immune system is important to activate and steer the adaptive
immune system which takes several days to weeks to be induced and is
specific. An overview of the components of the innate immune system
that are relevant during a B. pertussis infection can be found in chapter
1. The components of the innate immune system described in this thesis
are the dendritic cell (chapter 2 and 3), the complement system (chapter
4), the contact system (chapter 5) and the neutrophil (chapter 6).
Cellular innate immunity
Dendritic cells are important cells which bridge the innate and adaptive
immune systems. These cells present peptides of pathogens, including B.
pertussis (pieces of the bacteria) to T cells which are cells of the adaptive
immune system that are essential to effectively clear an infection with this
bacterium. In general, the immunological environment that is initially
created as a result of the interaction between the bacteria and the dendritic
cell aids in the induction of an adaptive immune response necessary for
protection. Many bacteria, but also other microorganisms, have developed
strategies to manipulate this interaction in order to induce an immune
response which is less efficient in clearing the microorganism. This is
beneficial of bacterial survival and therefore the successful establishment
of an infection.
Over half of all the immune cells in the human body are neutrophils. These
cells are “professional” bacterial killers. Neutrophils can eat (phagocytose)
bacteria, secrete antibacterial molecules and form net like structures which
can trap and subsequently kill bacteria (neutrophil extracellular traps,
NETs). Labeling of bacteria with proteins of the complement system (further
explained below) and antibodies facilitate the phagocytosis of bacteria.
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When a neutrophil has taken up a bacterium it will make antibacterial
molecules that will kill the bacterium. These cells are of great importance
for the initial clearance of potential dangerous pathogens, including B.
pertussis, as they are highly abundant and can react quickly.
Soluble innate immunity
The complement system is mainly present in blood but can also be
found in the lungs. Following the recognition of a potential dangerous
microorganism, this system will be activated resulting in a cascade of
proteins (proteases) that cleave each other and eventually form a pore
in the membrane of certain bacteria, including B. pertussis, resulting in
bacterial killing. Moreover, this cascade of events results in the release of
proteins that attract neutrophils to the site of infection as well as molecules
that label bacteria facilitating phagocytosis.
The contact system is another cascade of proteases which is mainly
present in our blood but also in the lungs. It is part of the coagulation
system however it is not indispensable for clotting. The relevance of this
system is not completely understood. Activation of the contact system
results in the formation of bradykinin which attracts immune cells and
makes blood vessels more leaky (vasodilation). Not much is known about
the interaction between bacteria and the contact system. It may make it
easier for bacteria to disseminate in the infected host as a result of the
vasodilation.
This thesis
The main goal of the research presented in this thesis was to better
understand the interactions between B. pertussis and the innate immune
system with particular focus on immune evasion. Moreover, an attempt
was made towards the identification of a correlate of protection against
pertussis.
The literature overview presented in chapter 1 gives an outline of the
relevant cellular and soluble innate immune effector in the lungs for
clearance of B. pertussis in the scope of this thesis. Known innate immune
evasion strategies of B. pertussis are also discussed.
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The B. pertussis population has genetically changed over time. In chapter
2, the effect of these changes on innate immune recognition by various
receptors and activation of dendritic cells was investigated. We show
that recent strains induce the production of proteins (cytokines) that can
induce a less effective immune response against B. pertussis compared
to older strains. These findings are important as they could present a
bacterial strategy to overcome the vaccine-induced immunity which
may partially be responsible for the reemergence of pertussis despite
the high vaccination coverage. In recent years, B. pertussis strains no
longer expressing one of the vaccine antigens, namely pertactin, are
increasingly isolated from pertussis patients. In chapter 3, the effect of
a lack of pertactin production by B. pertussis strains on dendritic cell
activation was investigated. This chapter shows that without pertactin,
B. pertussis induces a much stronger activation of dendritic cells. Hence,
pertactin produced by B. pertussis seems to be able to dampen the innate
immune response. Whether the pertactin included in the vaccine mediates
a similar effect remains to be investigated. If this is the case it may partly
explain why the protection induced by the acellular pertussis vaccines is
short lived. It is recommended that the potential immunomodulatory effect
of candidate third generation vaccine antigens should also be evaluated.
The complement system is a very important first line of defense against
potential dangerous microorganism such as B. pertussis. Vag8 is a known
bacterial complement evasion molecule of which the molecular mechanism
was revealed in chapter 4. It was shown that Vag8 binds to an important
complement inhibitor (C1 inhibitor) which results in the release of active
proteases that cleave and thus degrade specific complement proteins
necessary for the activation of the complement system. This happens
in the surroundings of the bacteria and ensures that complement is not
efficiently activated on the bacterial surface and no pore is formed leading
to bacterial survival. The complement system is not the only system that
is inhibited by C1 inhibitor as it also regulates the contact system. For this
reason, we investigated the effect of Vag8 on contact system activation
as described in chapter 5. Here, we show that B. pertussis activated
the contact system predominantly via Vag8. Vag8 has been suggested as
a potential third generation candidate vaccine antigen. Due to the over
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activation of both the complement and contact system, it is advisable to
modify Vag8 so that it is no longer capable of binding C1 inhibitor to avoid
any side effects mediated by this binding.
The evaluation of the efficacy of pertussis vaccines is difficult as no
correlate of protection against pertussis is known. In chapter 6, an attempt
to identify such a correlate of protection is described. Phagocytosis was
investigated as it plays an important role in the clearance of B. pertussis
during an infection. In this chapter, we investigated the functionality
of B. pertussis-specific antibodies by means of an opsonophagocytosis
assay using a recent clinical B. pertussis isolate. Considering our
opsonophagocytosis was not only able to distinguish between recently
infected and recovered pertussis patients, who have conveyed protection
against pertussis by natural infection, but also between recovered patients
and our controls, this assay is promising as a correlate of protection.
Moreover we integrated data on antibody quantity and quality in order to
determine a predictive measure for functionality (phagocytosis). Findings
indicate that filamentous hemagglutinin-specific antibodies followed by
pertussis toxin-specific antibodies were most predictive for phagocytosis.
Future research directed towards optimizing and changing this assay
when pathogen adaptations are observed will be beneficial towards the
establishment of a correlate of protection against pertussis.
Altogether, the research described in this thesis has led to a better
understanding of the interactions between B. pertussis and the innate
immune system regarding bacterial immune evasion. These results are
important for the development of third generation pertussis vaccines
concerning knowledge that is necessary for the selection of novel vaccine
antigens. Moreover, the findings from the thorough studies on the humoral
(antibody) immune response following an infection with B. pertussis will
contribute to the search for correlates of protection against this highly
contagious disease.
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Kinkhoest
Kinkhoest is een zeer besmettelijk en ernstige luchtweginfectie die
voorkomen kan worden door middel van vaccinatie. De verwekker
van deze ziekte is de bacterie Bordetella pertussis. Het ziekteverloop
van kinkhoest kan worden opgedeeld in drie verschillende fases: een
catarrale fase, een paroxysmale fase en een reconvalescentiefase. De
catarrale fase gaat gepaard met milde aspecifieke symptomen zoals een
loopneus, hoesten en niezen. Vaak is het in deze fase nog niet duidelijk
dat de patiënt geïnfecteerd is met B. pertussis. In de paroxysmale fase
krijgt de patiënt last van hevige en langdurige blaffende hoest gevolgd
door het gierend naar lucht happen wat klinkt als een ‘whoop’ geluid.
Hier komt de Engelstalige benaming van kinkhoest, namelijk ‘whooping
cough’, vandaan. Deze hoest kan wel 100 dagen aanhouden. In de laatste
fase nemen de symptomen geleidelijk af in frequentie en hevigheid.
Kinkhoest was voornamelijk bekend als een kinderziekte, maar komt
in de laatste jaren voor bij alle leeftijdsgroepen. In jonge kinderen kan
kinkhoest tot ernstige ademnood leiden en in sommige gevallen de dood.
Bij gevaccineerde (jong)volwassenen is het ziekteverloop vaak milder en
in sommige gevallen zelfs zonder symptomen.
Kinkhoest vaccinatie
Kinkhoestvaccinatie werd in de jaren ‘50 ingevoerd in het Rijks
Vaccinatie Programma van de Nederlandse Staat. Dit leidde tot een
dramatische daling in het aantal kinkhoest gevallen en kinkhoest
gerelateerde mortaliteit. De toen geïntroduceerde kinkhoest vaccins
bestonden uit gedode kinkhoest bacteriën en zijn ook wel bekend als
de cellulaire pertussis vaccins. Ondanks dat de cellulaire vaccins erg
effectief waren, ging vaccinatie vaak gepaard met bijwerkingen, zoals
hevige koorts, die voornamelijk werden toegewezen aan de aanwezigheid
van het lipooligosaccharide molecuul (LOS). Vanwege deze en andere
ongewenste bijwerking werden tweede generatie vaccins geproduceerd,
deze staan bekend als de acellulaire vaccins. Deze vaccins geven minder
bijwerkingen en werden initieel gezien als net zo effectief als de eerste
generatie vaccins. Dit laatste bleek echter niet het geval te zijn. De
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acellulaire vaccins geven minder lange bescherming tegen kinkhoest
dan de cellulaire vaccins en helpen niet de mens-op-mens besmetting
van B. pertussis te voorkomen. Momenteel is men druk bezig met het
onderzoeken van een derde generatie vaccin. Er bestaan verschillende
kandidaat vaccins, zoals een levend verzwakt vaccin, BPZE1, die
door middel van het genetisch modificeren van drie toxines veilig is
gemaakt. Dit vaccin dient als neusspray te worden toegediend en zo de
meest natuurlijke infectie route nabootst en dus de meest natuurlijke
immuunrespons zou moeten opwekken. Buitenmembraan vesikel (OMV)
vaccins, welke afkomstig zijn van het membraan van B. pertussis, zijn
een tweede optie. OMVs kunnen naar wens genetisch worden aangepast
om verschillende (eventueel gemodificeerde) bacteriële antigenen wel of
juist niet te bevatten. Een derde optie is het uitbreiden en/of optimaliseren
van de huidige acellulaire vaccins. Naast het ontwikkelen van verbeterde
kinkhoest vaccins is het ook belangrijk om de effectiviteit van de vaccins
te kunnen testen. Dit is momenteel erg lastig omdat een goede maat
om bescherming die het vaccin bied te kunnen meten (correlaat van
bescherming) ontbreekt.
Epidemiologie
Ondanks de hoge vaccinatiegraad in Nederland (93,1%) is er sinds 1996 een
stijging te zien van het aantal kinkhoestgevallen. De aantallen hebben
een cyclisch patroon met elke twee tot drie jaar een epidemie. De meest
recente serieuze kinkhoestepidemie vond plaats in 2012 met bijna 14.000
gerapporteerde ziektegevallen. Een toename van kinkhoestgevallen is
niet uniek voor Nederland, dit wordt ook gezien in andere landen binnen
Europa, de Verenigde Staten, Japan en Australië. In de wetenschappelijke
literatuur zijn verschillende redenen beschreven die mogelijk tot de
toename van kinkhoestgevallen hebben geleid. Hoogstwaarschijnlijk
gaat het om de combinatie van verbeterde diagnostiek, het feit dat
het vaccin, voornamelijk het acellulaire vaccin, geen levenslange
bescherming biedt en het genetisch veranderen van de bacterie. Dit
laatste kan ervoor zorgen dat de bacterie niet gevoelig is voor de door de
vaccine opgewekte afweer reactie wanneer ze bijvoorbeeld één van de
vaccin antigenen niet meer tot expressie brengen. Daarnaast kunnen,
zoals eerder genoemd, niet alleen baby’s maar ook (jong)volwassenen
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geïnfecteerd worden met B. pertussis. Omdat in volwassenen de ziekte
soms asymptomatisch kan verlopen, kunnen ze onbewust jonge niet- of
onvolledig gevaccineerde kinderen infecteren, aangezien het huidige
vaccin niet tegen verspreiding beschermt. Dit vormt een gevaar voor
deze kwetsbare jong kinderen.
De aangeboren afweer
Net als bij andere infecties speelt het aangeboren afweersysteem een
grote rol tijdens een besmetting met de B. pertussis. De aangeboren
afweer wordt ook wel de niet-specifieke afweer genoemd en vormt de
eerste lijn van bescherming tegen potentiele ziekteverwekkers. De
meest karakteriserende eigenschap van het cellulaire en humorale
deel van de aangeboren afweer is het snel, binnen enkele uren, in staat
zijn ziekteverwekkers te herkennen en te verwijderen. Daarnaast is
de aangeboren afweer belangrijk voor het sturen van de verworven
afweer (specifieke afweer). Een overzicht van de aangeboren afweer in
de longen met betrekking tot een infectie met B. pertussis is te vinden
in Hoofstuk 1. De onderdelen van de aangeboren afweer die aan bod
komen in dit proefschrift zijn de dendritische cel (Hoofdstuk 2 en 3), het
complement systeem (Hoofdstuk 4), het contact systeem (Hoofdstuk 5),
en de neutrofiel (Hoofdstuk 6).
Cellulaire aangeboren afweer
De dendritische cel vormt de brug tussen de aangeboren en de specifieke
verworven afweer. Deze cellen presenteren B. pertussis peptiden (stukjes
van de bacterie) aan de T cellen van de specifieke afweer. De specifieke
afweer is essentieel om de kinkhoestinfectie volledig te kunnen klaren.
Het milieu wat veroorzaakt wordt door de interactie tussen de bacterie
en de dendritische cel bestaande uit verschillende eiwitten zoals
cytokines zal er voor zorgen dat een B. pertussis-specifieke afweer
wordt opgewekt. Bacteriën, maar ook andere micro-organismen, kunnen
deze interactie manipuleren en ervoor zorgen dat een minder effectieve
afweer geïnduceerd wordt. Dit is positief voor de overleving kansen van
de bacterie en zodoende zal deze beter in staat zijn om een infectie te
veroorzaken.
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Meer dan de helft van de immuuncellen in het menselijk lichaam zijn
neutrofielen. Deze cellen kunnen bacteriën op verschillende manier
doden: door het ‘opeten’ van bacteriën (fagocytose), het uitscheiden van
antibacteriële bestandsdelen en door het vormen van een net waarin de
bacterie gevangen wordt (neutrofiel extracellulaire traps, NETs). Het
opeten van bacteriën wordt makkelijker gemaakt als de bacterie is gelabeld
met eiwitten van het complement systeem (nader uitgelegd hieronder) en
antilichamen. Het opnemen van de bacterie zorgt er vervolgens voor dat
de neutrofiel antibacteriële eiwitten aanmaakt die de bacteriën in de cel
doden. Omdat deze cellen in grote hoeveelheden aanwezig zijn en snel
kunnen reageren, zijn ze erg belangrijk voor de initiële opruiming van
bacteriën.
Humorale aangeboren afweer
Het complementsysteem is voornamelijk aanwezig in bloed maar ook in de
longen. Het wordt geactiveerd na herkenning van een ziekteverwekker
en resulteert in een cascade van eiwitten (proteasen) die elkaar knippen
en samen complexen vormen. Uiteindelijk leidt dit tot de formatie van
een porie in het membraan van bepaalde soorten bacteriën, waaronder
B. pertussis. Dit leidt tot het doden van de bacterie. Naast het vormen
van deze porie komen er eiwitten vrij tijdens de activatie van het
complementsysteem die neutrofielen aantrekken.
Naast complement bevat ons bloed ook het contact systeem. Het contact
systeem maakt deel uit van het bloedstollingsysteem. Het is echter niet
noodzakelijk voor het stollen van bloed en de exacte relevantie van dit
systeem in mensen is nog onvolledig begrepen. Activatie van dit systeem
resulteert in de formatie van bradykinine welke immuuncellen aantrekt
en zorgt voor een lekkende vaatwand (vasodilatie). Er is weinig bekend
over de interactie tussen bacteriën en het contact systeem. Wat eventueel
zou kunnen, is dat het activeren hiervan het makkelijker maakt voor
een bacterie om dieper in de longen door te dringen door middel van de
vasodilatie die optreedt.
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Dit proefschrift
Het voornaamste doel van het onderzoek beschreven in dit proefschrift
was om meer inzicht te krijgen in de interacties tussen B. pertussis en de
aangeboren afweer. De focus lag hierbij op immuun evasie. Daarnaast is
gekeken naar een mogelijke manier om een correlaat van bescherming
voor kinkhoest te identificeren.
Het literatuuronderzoek dat beschreven is in Hoofdstuk 1 geeft een
overzicht van de aangeboren afweer in de longen. Er wordt in detail
ingegaan op de verschillende facetten van de aangeboren afweer met
betrekking tot dit proefschrift en hoe dit bijdraagt aan het opruimen van
de B. pertussis om zo verdere infectie te voorkomen. Ook worden bekende
strategieën van de B. pertussis om de aangeboren afweer te omzeilen
beschreven.
B. pertussis is er in de loop der tijd genetisch veranderd. In Hoofdstuk
2 is onderzocht of deze genetische verandering een effect heeft op de
activatie van verschillende immuunreceptoren en dendritische cellen.
We laten zien dat de aangeboren afweer die geïnduceerd wordt door
recente stammen bestaat uit een verhoogde productie van bepaalde
anti-inflammatoire

eiwitten

welke

een

effectieve

afweer

reactie

onderdrukken. Dit zou een vaccin-geïnduceerde afweer ontwijkende
strategie kunnen zijn. Dit zou deels kunnen verklaren waarom,
ondanks een hoge vaccinatie graad, kinkhoest nog steeds een probleem
veroorzaakt. Sinds de introductie van het acellulaire kinkhoestvaccin
worden er elk jaar meer stammen geïsoleerd die een van de vaccin
antigenen, namelijk pertactine, niet meer produceren. In Hoofdstuk 3
is het effect van het niet produceren van pertactine door B. pertussis
op de aangeboren afweer in kaart gebracht. Dit hoofdstuk laat zien dat
B. pertussis zonder pertactine productie een heftigere afweer reactie
induceert. Dus, de productie van pertactine door deze bacterie lijkt de
afweer te onderdrukken. Of de pertactine in het vaccin een effect heeft
op de geïnduceerde afweer moet nog verder onderzocht worden. Als dit
zo blijkt te zijn zou dit eventueel deels kunnen verklaren waarom de
bescherming als gevolg van vaccinatie met het acelulaire vaccin niet
langdurig is. Het is belangrijk om in kaart te brengen of kandidaat
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antigenen voor de derde generatie kinkhoest vaccins in staat zijn om
het immuun systeem te onderdrukken.
Zoals eerder genoemd is het complement systeem belangrijk voor het
doden van ziekteverwekkers zoals B. pertussis. Vag8 staat bekend als
een eiwit dat helpt in het omzeilen van het complement systeem en in
Hoofdstuk 4 is het onderliggende mechanisme ontdekt. Vag8 bindt
aan een van de complement remmers (C1 inhibitor) wat er voor zorgt
dat proteasen vrijkomen en complement eiwitten kunnen knippen in de
omgeving van de bacterie. Het uiteindelijk resultaat is dat er geen porie
wordt gevormd in B. pertussis en dus overleeft de bacterie. C1 inhibitor
is niet alleen een remmer van het complement systeem, maar ook van
het contact systeem. In hoofdstuk 5 is gekeken naar de rol van Vag8
met betrekking tot het contact systeem. Hier hebben we aangetoond dat
B. pertussis Vag8 nodig heeft om het contact systeem te activeren. Vag8
is in de literatuur naar voren gedragen als potentieel derde generatie
kinkhoest vaccin antigeen. Naar aanleiding van de gevonden resultaten
waarin de binding van Vag8 aan C1 inhibitor een duidelijk effect heeft op
de activatie van het complement en contact systeem zouden wij adviseren
om Vag8 te modificeren zodat deze binding niet meer kan plaats vinden
voordat het in een vaccin wordt geïncludeerd.
Het evalueren of kinkhoestvaccins een goede bescherming bieden
is tot op heden lastig aangezien er geen correlaat van bescherming
geïdentificeerd is. In hoofdstuk 6 is een eerste stap gezet richting het
identificeren van een correlaat Fagocytose is belangrijk voor het opruimen
van B. pertussis. In dit hoofdstuk is gekeken naar de functionaliteit van
specifieke antilichamen gericht tegen B. pertussis door middel van een
fagocytose assay waarbij wij gebruik hebben gemaakt van een recent
klinische B. pertussis stam. Omdat onze opsonofagocytose assay in staat
was niet alleen het verschil te laten zien tussen recent geïnfecteerde
en genezen individuen maar ook tussen genezen individuen en onze
controles zou deze assay mogelijk als correlaat van bescherming kunnen
functioneren. We hebben daarnaast antilichaam kwantiteit en kwaliteit
onderzocht en gekeken of we een voorspellende parameter konden
ontdekken voor functionaliteit (fagocytose). De hoeveelheid antilichamen
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gericht tegen filamentous hemagglutinine gevolgd door antilichamen
tegen pertussis toxine in plasma waren het meest voorspellend voor
fagocytose. Vervolgonderzoek naar het optimaliseren en het aanpassen
van de fagocytose assay bij een verandering in de B. pertussis populatie
zal een goede stap in de richting van het identificeren van een correlaat
van bescherming voor kinkhoest zetten.
Samenvattend, het onderzoek in dit proefschrift heeft geleid tot een beter
begrip betreffende de interacties tussen B. pertussis en de aangeboren
afweer, waarbij de focus lag bij het omzeilen van de afweer door de B.
pertussis. Dit onderzoek is belangrijk ter ondersteuning van het selecteren
van de optimale strategieën om infecties met B. pertussis tegen te gaan.
Ook kunnen de vergaarde resultaten betreffende de functionaliteit van
specifieke antilichamen gericht tegen B. pertussis bijdragen aan de
zoektocht naar correlaten van bescherming.
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DANKWOORD
#PhDlife #beentheredonethat Waar zijn de afgelopen vier jaar heen? Er
zijn heel veel mensen die ik ontzettend wil bedanken en zonder wie ik
hier nu niet zou staan.
Traditiegetrouw zou ik dit dankwoord hiermee moeten eindigen maar
lieve Joris zonder jou naast me was dit promotie traject een stuk zwaarder
geweest. Bedankt voor al je liefde, steun, geduld en motivatie. Ik zou
willen dat ik net zo in mezelf geloof als dat jij in mij gelooft. Ik kan niet
wachten om samen in juli ons avontuur in Toronto voort te zetten! Ik hou
van je.
En dan nu terug naar de traditionele volgorde.
Elena, together we set out on our Bordetella pertussis adventure which
led to this thesis. Over the past four years you have taught me so much
and given me the opportunity to grow both personally and as a scientist.
I am truly grateful for all the time and energy you spent on me and
this project. Thank you for all the scientific discussions, your (very latin)
enthusiasm and for being there always. We had so many laughs together!
Ilse, al moest ik in het begin een klein beetje wennen aan je directheid, dit
is een van je kwaliteiten die ik erg waardeer. Bedankt voor alle discussie
zowel op wetenschappelijk als persoonlijk vlak. Ik heb ontzettend veel van
je geleerd en kijk ook terug op veel gezellige momenten samen waaronder
The Script groupies zijn. Ik wens je super veel succes en plezier toe als
complement groepsleider bij Sanquin, je hebt het echt verdiend!
Jos, jij hebt echt een ontzettend leuke groep mensen om je heen verzameld
die mij, ook al was ik er niet altijd, direct welkom lieten voelen. Ik wil je
van harte bedanken voor al je motiverende woorden en je betrokkenheid
niet alleen bij mijn project maar vooral ook bij hoe het met mij ging. In
je drukke schema maakte je altijd wel een gaatje om met mij te praten.
Susan en Cécile, bedankt voor de jaarlijkse AIO-begeleidingcommissie
meetings en de waardevolle feedback. Cécile, onze samenwerking die
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heeft geleid tot een mooi manuscript was ook erg leerzaam. Ik vind jullie
beiden inspirerende vrouwen.
Ik wil ook graag de leden van de leescommissie (Prof. dr. Lieke Sanders,
Prof. dr. Rob Willems, Prof. dr. Victor Rutten, Prof. dr. Camille
Locht en Dr. Marien de Jonge) bedanken voor het lezen en beoordelen
van dit proefschrift. Ik kijk uit naar 3 mei!
Liz en Anneroos, ik hoop dat de promotie soepeler zal gaan dan het
vragen van jullie als mijn paranimfen. Liz, je bent echt een heerlijk warm
mens, de beste congres-kamer buddy (ik weet nog steeds niet waar Sara
last van had), fantastische dansbuddy en thank god dat jij altijd eten in je
bureaulade hebt (want ook al is mijn Hangry niet helemaal jouw Hangry;
je kunt ze maar beter vermijden). Ik vind het super knap hoe jij je als
AIO ontwikkeld hebt in de tijd dat je eigenlijk geen begeleider meer had.
Anneroos, mijn overbuurvrouw op het lab, jij bent echt een van de liefste
mensen die ik ken. Je kunt eigenlijk altijd zien als ik ergens mee zit en
bent dan heel fijn om mee te praten. En praten, dat doen we uiteraard het
liefst met koffie. Bedankt voor jullie vriendschap en dat jullie 3 mei naast
mij staan, en nu is het aan jullie mij dan rustig te houden :P.
Lieve kamergenootjes, ik ben super dankbaar dat ik niet één maar twee
kantoren gevuld met leuke mensen had. Liz, Daan en Sara, ze hebben
ons geprobeerd uit elkaar te halen toen we naar V verhuisden, maar
daar hebben we mooi een stokje voor gestoken. Don’t change a winning
formula. En deze werd alleen maar beter toen Leon erbij kwam zitten.
Ik wil jullie ontzettend bedanken voor de gezelligheid in en buiten het
kantoor, ik kon voor alles altijd bij jullie terecht. Daan, iets minder zuchten,
jij komt er sneller dan je denkt! Heel erg bedankt voor de mentale support
als ik weer eens niet op “send” of “submit” durfde te klikken. Sara, hoe
jij bent gegroeid als persoon is echt inspirerend. Ik vind het leuk dat ik je
in de afgelopen jaren ook echt heb leren kennen, ook al zijn we in 2008
met dezelfde bachelor begonnen. Leon, what doesn’t kill you makes you
stronger. Je diagnoses zal ik nooit vergeten (Ja, je gaat dood.. ooit dan in
ieder geval). En Liz, ik denk dat ik namens de hele kamer spreek als ik
zeg dat jouw relativeringsvermogen goud waard is. Ik ben heel blij dat
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ik nog 4 maanden extra bij jullie kan zitten en ben benieuwd wie gaat
overwoekeren als ik de biofilm verlaat ;).
Ook al heb ik korter een kantoorplek gehad bij het UMC, is die toch zeker
het meest dynamisch geweest. Jery, we waren allemaal in shock toen je
besloot ons te verlaten voor de 2de verdieping, maar gelukkig kom je af
en toe nog wel buurten. Succes met de laatste loodjes! Axel, bedankt voor
het eten. Ik zou serieus overwegen om zelf mandarijnen te gaan kweken.
Ferdy, ik heb super veel van je geleerd en dan vooral dat ik echt veel te
weinig over geschiedenis weet. Vincent vHB, ook al vond je mijn haar
verschrikkelijk was het wel fijn om met iemand op de kamer te zitten die
mij van science fiction boeken kon voorzien (wat trouwens ook geldt voor
Vincent dM). Paul, ik heb echt enorm veel met je gelachen (en yey aan
jou kan ik wel mijn nieuwe schoenen laten zien, want ja stiekem ben je
toch echt een halve vrouw). Hopelijk haal je je tweede jaar van je PhD
wel! Vaak was jullie mannelijke nuchterheid erg goed voor me als ik me
weer eens te druk maakte om niks. Hopelijk krijgen jullie het in de zomer
niet te warm daar in het kantoor. Roos, zorg goed voor deze mannen.
Carolien, ik hoop dat je gelukkiger bent in de UMC vijver dan je bij ons
in het kantoor was.
Ik vond het erg leuk om ook een tijd met AIOSen op de kamer te
zitten. Maarten, Lidewij, Melanie, Maaike en Bas, bedankt voor de
gezelligheid, interessante medische gesprekken en gratis consulten.
Succes met jullie verdere AIOS traject! Buurman Maarten, ik hoop dat
tegen de tijd dat dit boekje het licht ziet, we al een keer bij jou pizza
hebben gemaakt in je super oven.
Ook wil ik via deze weg alle nog niet genoemde (ex) mede-OIOs bij IIV
(Jolanda, Sietske, Els, Marieke, Michiel, Iris, Josien, Koen, Eric,
Nora, Pauline, Hella, Elsbeth, Bette, Saskia, Daantje, Dingyu en
Marta) en de MMB (Seline, Dennis, Dani, Nienke, Kobus, Kirsten,
Jasper, Patrique, Hendrik, Rob, Vincent dM, Yuxi, Samantha,
Anouk, Angelino, Stephanie, Roos, Sergio, Gosia, Elena en Lisanne)
bedanken voor de gezelligheid! Sietske, Jolanda en Els, jullie hebben
mij als baby-AIO opgevangen. Sietske, ook al hebben we niet heel lang
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samen bij het RIVM gewerkt, ben ik heel blij dat we elkaar nog steeds
regelmatig zien! Jolanda, mijn kinkhoest AIO-guru en oud bootcampbuddy, ik ben ontzettend trots op je dat je het zo goed doet als post-doc in
Milaan! En Els, met je heerlijke sarcastische opmerkingen (je kinderen
hebben het niet van een vreemde): niet opgegeven, je kunt het! Oma
Marieke, het is jammer dat we niet langer in 1 gebouw hebben gezeten.
Ik zal onze bac-lab zeiksessies missen en wil je heel veel succes wensen
als post-doc in Stockholm! Bingo-lady Seline, ik ken niemand anders die
zoveel bijnamen heeft. Je enthousiasme is echt heel aanstekelijk! Dennis,
mijn bench buurman met een super goede muzieksmaak, zorg goed
voor sparkles! Michiel, mini-me, je hebt in ieder geval de beste bacterie
gekozen om te onderzoeken dus dat kan gewoon niet mis gaan! Ik wens
jou en Iris heel veel geluk toe daar helemaal ver weg in Leidsche Rijn.
Josien, super leuk dat je nu ook een hond hebt en mij komt ophalen om
samen te wandelen! Koen, wat heb jij een leuke vriendin ;). Nienke, fijn
dat we in hetzelfde schuitje zaten en tegen de tijd dat je dit leest zit je
verdediging erop, super gedaan! Hella, reggaeton.. need I say more.
Betsy, Daniëlle, Hendrik-Jan, Rob en Marc dit boekje was nooit
afgekomen zonder jullie hulp. Betsy, naast de gezelligheid, heb ik zo
ontzettend veel van jou geleerd (en de WIVA-vat kabouter zal ik altijd
koesteren). Je bent echt een wandelende encyclopedie en de afdeling gaat
je ontzettend missen nu je met pensioen gaat. Waar je dan wel tijd voor
hebt is een hondje, dus ik ontvang graag de foto’s als het eenmaal zo ver
is. Marc, bedankt dat je naast het vele pipetteren ook nog naar mijn lange
verhalen luisterde. Hendrik-Jan, zonder jou geen B. pertussis mutanten.
Ik kon altijd bij je terecht met mijn vragen. Mede-koffie-enthousiast Rob,
koning van de RNAseq, met jouw hulp is hoofdstuk 3 een stuk mooier
geworden. Daniëlle, met jou was het altijd gezellig op het lab! Als een
geoliede machine (mits we aan de goede kant van de kast zaten) hebben we
toch aardig wat gepipetteerd. Je bent een echte aanwinst voor de groep.
Ashraf, eigenlijk was jij mijn enige echte student (lang leve de studenten
bac-lab regels..). Bedankt voor je inzet en het me leren hoe ik het beste
een doos kan open maken! Bryan, officieel was je natuurlijk Ilse haar
student, maar ook zeker de student die het duidelijkste aanwezig is in dit
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boekje. Bedankt dat je net zoveel (of misschien wel meer) van Vag8 hield
als ik. Het was super leuk om je laudatio te geven in Nijmegen. Heel veel
succes met je PhD daar! Alex, who is a girl, although the novel proteins
you cloned were not very cooperative, you continued the Vag8 work and
did so beautifully. Denise en Marlijn, jullie hebben het schrijven van
mijn introductie een stuk makkelijker gemaakt met jullie mooie master
scripties. Maxime, mede-lunettenaar, eerst student bij de MMB, toen bij
IIV, en nu ben je bij IIV aan de slag gegaan als analist. Ik kijk ernaar uit
jou nog vaak tegen te komen in de toekomst ;)!
I would also like to thank Camille and Luis for the nice collaboration
which resulted in a beautiful chapter 3. Coen en Steven, het was heel
leuk om ook met jullie samen te werken aan het contact systeem. Prof.
dr. Frits Mooi, heel erg bedankt voor de interesse in mijn promotie
traject en de leuke wetenschappelijke discussies; eerst bij het RIVM en
later in Wijk bij Duurstede. Ik wens je een toekomst in goede gezondheid.
Marjolein, het was leuk je beter te leren kennen in Buenos Aires tijdens
het internationale kinkhoest congres (waar René echt de lekkerste
restaurantjes wist uit te kiezen). Hopelijk heb je het naar je zin bij het
NFI. Ook wil ik Annemarie, Guy en Nynke bedanken voor het delen
van hun kinkhoestkennis.
Maartje en Piet, heel erg bedankt voor alle hulp op het lab! Zonder jullie
was ik me veel minder snel op mijn plek gaan voelen in het grote maar
vooral drukke MMB lab. Harry (ja je naam staat erin; nu mag je dit
kleine boekje niet weggooien, haha), jij was altijd in voor een praatje en
bent een echte sfeermaker. Daar drink ik graag een druivensapje op!
Ronald en Kok zonder jullie was het een stuk moeilijker geweest om
met de FACS apparaten bij de MMB en IIV om te gaan. Adinda, bedankt
voor de gezelligheid op het lab en je goede schoenensmaak. Karlijn, heel
erg fijn dat je zoveel dingen voor mij hebt geregeld! Heel veel succes als
freelancer. Karin, Anke S., Anke W., Marjolieke, Jessica en Maud
jullie houden IIV echt draaiende, super fijn dat jullie mij altijd konden
helpen als ik weer aankwam met bijvoorbeeld een extern declaratie
formulier. Daarnaast wil ik alle VAC donoren bedanken zonder wiens
bloed dit boekje er nooit was geweest. En uiteraard Linda en Olga; heel
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fijn dat jullie altijd meedachten om deze dracula van bloed te voorzien.
Ook wil ik alle andere nog niet genoemde leden van de MMB en IIV
afdelingen bedanken voor de goede sfeer de afgelopen 4 jaar.
Tijdens mijn promotie heb ik ook deel uitgemaakt van verschillende
gezellige commissies. Marion, samen hebben wij de IIV borrelcommissie
nieuw leven ingeblazen met als kers op de taart een Nieuwjaars High
Tea met roze bubbels! Jij bent echt een heerlijk mens waar ik ontzettend
veel lol mee heb gehad de afgelopen vier jaar. Heel erg bedankt voor het
ontwerpen van het schild dat op de voorkant van dit boekje schittert.
Daarnaast wil ik ook Marieke, Daantje en Daan bedanken voor de
gezelligheid in de borrelcommissie en de huidige andere leden Hella,
Michiel, Marjan B, Femke en Jelle nog veel borrel plezier toewensen.
Naast borrelen heb ik ook heel veel plezier gehad samen met Anke,
Rutger, Noortje, Hilde en Marcel met de organisatie van de IIV-labstap
dag naar de boerderij in Brabant. Ook wil ik de MMB-ICEA mede(oud)leden (Seline, Axel, Vincent M., Susanne, Samantha, Jery, Mandy,
Lisette, Tim en Anne) bedanken voor de gezelligheid. Axel, Seline en
Dennis ook ons Renesse weekendje was zeker geslaagd! Tot slot ben ik
ook heel actief bezig geweest met het promovendi netwerk RIVM (Proneri).
Mede bestuursleden Pascal, Gaurav, Leon, Christina, Sigrid, Anke S.,
Eri, Hedwig, Sam, Sietske, Natalie en Kim bedankt voor jullie inzet!
Naast het neerzetten van leuke en leerzame activiteiten vond ik onze
vergaderingen altijd een leuke afwisseling van het lab- en schrijfwerk.
Ook een shout-out naar de Ski-crew 2017 (Anneroos, Dani, Seline, Bart,
Lisette, Kirsten, Jacques, Ron en Dennis), wie had ooit gedacht dat
ik wintersport zo leuk zou vinden. Kirsten, jij bent echt de beste SKIbuddy. En al vindt de rest dat we helemaal geen steile hellingen hebben
overwonnen, dat hebben we dus echt wel! Piste High 5! Al kan ik nog
niks over de ski trip van 2018 schrijven, weet ik zeker dat ook deze editie
geweldig was!
Lieve vrienden, zonder jullie afleiding en fantastische vriendschappen
was ik zeker weten ergens halverwege gek geworden. Big Bro Mitch,
ik ben heel dankbaar voor onze bijzondere band. Ook al kan ik al een
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tijd niet meer dagelijks plaats nemen op jouw bank, weet ik dat je er
altijd voor me bent als ik ergens mee zit. En sorry dat ik je op je 23ste
al Opa noemde, inmiddels heb ik door dat dat eigenlijk een best jonge
leeftijd was, haha. Lebbers (Maike, Lyliana, Sanne, Amber, Vera,
Anne, Sharesta en Conrad), 2018 is het jaar waarin wij elkaar 10 jaar
kennen! We worden écht oud. Op nog vele derde kerstdiners, uitjes, heel
‘volwassen’ gesprekken (some things never change) en legendarische
feestjes! Maike, onze Geneve roadtrip was er één om nooit te vergeten.
Lyliana, ook al heb je het zelf niet makkelijk, sta jij altijd voor mij klaar.
Ik wil jou en ook Vera, Sanne, Sharesta en Conrad succes wensen
met het afronden van jullie PhD! Het is ook bijna 10 jaar geleden dat ik
lid werd van A.U.S.R.ORCA, waar ik niet alleen Joris heb ontmoet maar
ook de leukste vriendinnetjes! Daisy, Liselotte en Theresia bedankt
voor jullie steun (vaak in mijn favoriete vorm: kaas en wijn) de afgelopen
jaren. Carolien, heel fijn dat ik ook als ik eigenlijk te moe ben lekker met
je kan bankhangen en dat je dat ook volkomen begrijpt. Mede-bootcamp
lover Birgit, bedankt voor je sportieve motivatie, luisterend oor en liefde
voor Harry Potter (al proberen we pumkin juice dus echt niet meer). Mijn
UIT-zusje Marjolein, ik ken erg weinig mensen die nog contact hebben
met iemand uit hun UIT groepje maar ben heel blij dat wij af en toe toch
tijd voor elkaar maken! Jullie alle drie heel veel succes met de rest van
jullie PhD! Nienke, temptation, heel fijn dat we weer regelmatig contact
hebben en heen en weer pendelen tussen Utrecht en Zeeuws-Vlaanderen!
Jarka, wij moeten echt weer eens samen gaan dansen! Leuk dat je af
en toe mij wat bakskills leert. Alles wat ik kan heb ik aan jou te danken
(minder boter in de spekkoek)! Lieneke, ik vind het heel tof dat wij na
onze stage bij de Pathologie elkaar zijn blijven zien en dat je nu alweer een
tijdje in Utrecht woont! Cari (como cariño haha), Lexi and Charlotte,
thanks for the great time in New Zealand. It was a much needed holiday
after these four years.
Mama en papa, zonder jullie had ik hier letterlijk niet gestaan. Ik ben
jullie ontzettend dankbaar voor alle kansen die jullie mij hebben gegeven
en dat jullie altijd voor mij klaar staan. Jullie hebben mij geleerd altijd
volledig te gaan voor wat je wilt, want dan kom je er wel. Nu hebben we
nog een reden om de Cava open te trekken, brindis! Kleine, grote broertje
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Jelle ik ben ontzettend trots dat ik je grote zus ben en koester onze hechte
band heel erg. Ook wil ik de families Braet (Oma, Hilde, Manu, Katrien,
Wim, Kaat(je), Fré en Lies) en Hovingh (Oma, Opa, Annemarie, Niek,
Simon en Christel) bedanken voor de interesse in mijn promotie traject
de afgelopen jaren. Robert, Annebieke, Marian en Paul, leuk dat jullie er
3 mei ook bij zijn!
En tot slot, wil ik mijn lieve hondjes Kirby (jou verliezen was heel zwaar)
en Chester bedanken voor de onvoorwaardelijke liefde. Het knuffelen
met jullie was de beste remedie tegen PhD stress momentjes.
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