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Whooping cough 

Pertussis, also referred to as whooping cough, is a serious respiratory disease mainly caused 
by the gram negative bacterium Bordetella pertussis. The disease derives its name from the 
"whoop" sound made from the inspiration of air after a cough. Another Bordetellae species, 
Bordetella parapertussis, can also cause mild pertussis like syndromes.  
Pertussis in infants or young children is characterised initially by mild respiratory infection 
symptoms such as coughing, sneezing, or runny nose (catarrhal stage). After one to two 
weeks, the coughing develops into uncontrollable fits, each with five to ten forceful coughs, 
followed by a high-pitched "whoop" sound as the patient struggles to breathe in afterwards, 
or vomiting (paroxysmal stage). This stage lasts two to eight weeks, or sometimes longer. A 
gradual transition then occurs to the convalescent stage which usually lasts one to two 
weeks in which the frequency of the paroxysms decreases, resulting in a decrease in the 
severity of   the events. Common complications of the disease include pneumonia, 
encephalopathy, or seizures. Major symptoms such as cyanosis or even fatalities are seen in 
newborns in which the disease is particularly severe (1-3). The clinical range of pertussis, 
however, is wide, and all age groups can be affected. Older children and adults frequently 
present with atypical symptoms, and may have cough alone (4). 

Before childhood vaccination was introduced in the 1950s, pertussis was an 
important cause of infant death throughout the world with an estimated mortality rate of 1.8 
deaths per 100.000 (5). Worldwide introduction of vaccination of children significantly 
reduced the number of pertussis cases and resulted in a 10-fold decrease in pertussis 
mortality, both in vaccinated and non-vaccinated groups (6). Yet, B. pertussis has remained 
endemic with 20 to 40 million pertussis cases reported each year globally, mainly in 
developing countries, of which 400,000 resulting in death (7). 

Moreover, in countries with well-implemented infant vaccination programmes, a 
remarkable resurgence of pertussis has been observed in the last decades (8-13). In the 
Netherlands, a large increase in the number of pertussis notifications (figure 1), positive 
cultures of nasopharyngeal swabs, positive serologic diagnoses, and hospital admissions 
was observed since 1996. 
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The incidence of pertussis rose suddenly from an average 2.3 reported cases per 100 000 
inhabitants between 1989 and 1995 to higher frequencies such as 58,3 reported cases per 
100 000 inhabitants in an epidemic year 2004 (14,15). Typically, pertussis peak incidence 
in children shifted to older age groups having lost their vaccine induced protection (16). 
Furthermore, clinical notifications are not sensitive enough to indicate the exact scale of 
pertussis infections. Based upon active sero-surveillance data, using IgG antibody levels 
against the major virulence factor pertussis toxin (Ptx) as a marker for recent infection, 
pertussis may occur up to 100 times more frequently than notified to the authorities and 
notably affects all age groups, including older children, adolescents, adults and the elderly 
(4,17-20). In the Netherlands a sero-survey in 1995-1996 pointed at an estimated incidence 
of pertussis infection of 6.6% (21). Ten years later the scale of these mild or subclinical 
infections had further increased (22). The large pertussis burden leads to renewed interest in 
pertussis vaccine efficacy. 
 

Pertussis vaccines and vaccination 

Pertussis vaccination was introduced in the Netherlands in 1954. In those days, a 
domestically manufactured pertussis whole cell vaccine (wP), consisting of inactivated 
bacteria (5), was combined with diphtheria (D) and tetanus toxoids (T) and infants were 
vaccinated with this combination vaccine (DTwP) at the age of 3, 4, 5 and 48 months. In 
1962, a second pertussis strain was added to the vaccine and the vaccination scheme was 
revised. Infants were from then on vaccinated at the age of 3, 4, 5 and 11 months. 
Unfortunately, the pertussis component of the DTwP vaccine was associated with minor 
local and systemic side effects seen in many vaccinated children (23). Although there was 

Figure 1: Absolute number of monthly pertussis notifications in The Netherlands in the period 1989-2009 as 
reported to the national health council (RIVM, S. de Greeff). 
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no solid scientific evidence to explain further severe side-effects (also seen after 
vaccination with DTwP vaccines), the publicity about the adverse reactions and deaths 
following pertussis vaccination caused the immunisation rate to fall in several countries by 
the late 1970s, including Great Britain, Sweden, and Japan. In many cases, a dramatic 
increase in the incidence of pertussis followed (24). This public distrust against the wP 
component of DTwP vaccines has been the major motivation in the development of a new 
generation of acellular pertussis (aP) vaccines (25). aP vaccines compromise highly 
purified antigens of B. pertussis, such as Ptx, alone or combined with other antigens such as 
Filamentous Heamagglutinin (FHA), P.69 Pertactin (P.69 Prn) and Fimbriae (Fim) 2 and 3. 
Controlled efficacy trials have demonstrated that aP vaccines, although not necessarily 
more efficacious than wP vaccines, were clearly less reactogenic (26-28). An aP vaccine 
was first introduced in The Netherlands in 2001 as a booster vaccine component for four 
year olds to reduce the disease burden amongst this age group, to completely replace the 
wP component in the total schedule in 2005 (15). Currently, 23 out of 27 countries in the 
European Union have completely switched in their childhood immunisation programmes to 
pertussis vaccines of the aP type. Also, to protect very young susceptible infants, the 
majority of European countries, including The Netherlands, have accelerated their 
immunisation schedules to start at 2 months of age (29). Indirectly, unprotected 0-2 month 
olds and infants that have yet to complete their priming series could further benefit from 
intensified vaccination policies for older age groups. By further increasing herd immunity 
through aP booster vaccinations to children, adolescents, adults or even specifically to new 
parents (cocooning) or pregnant women, the circulation of B. pertussis in households and 
near environments of newborns would decrease. As a consequence pertussis incidence in 
infant groups would then fall (20). Yet, intensifying vaccination schedules is one solution, 
increasing the time span of protection of vaccines is a more durable one. 
 

Circulation of Bordetella pertussis and adaptation of strains 

In the pre-vaccination era, B. pertussis was highly endemic and being restricted to the 
human host, it had naïve infants and toddlers as a major source for transmission. The 
widespread implementation of childhood pertussis vaccination has not only strongly 
reduced the number of cases in this group of susceptibles, but also in unvaccinated parts of 
the population (6), indicating a diminished circulation of B.  pertussis (30,31). Yet, high 
grades of vaccination coverage and more than 60 year of pertussis childhood pertussis 
vaccination history in many countries has not eradicated whooping cough. B. pertussis still 
circulates and even resurges in vaccinated individuals. 
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This raises two questions: ‘Are currently circulating B. pertussis strains identical to pre-
vaccination era strains?’ and ‘How long does vaccine induced protection last?’ In the 
Netherlands, resurgence of pertussis presents itself with epidemic peaks every 2 to 3 years 
during the last decade (Figure 1). For some part the pertussis elevations can be attributed to 
increased awareness, improved diagnosis and increased reporting of the disease (32). Yet, 
ongoing mutual adaptation between human host responses and the pathogen in the post-
vaccination era plays a more important role.  

Phylogenetic analysis of Bordetellae associated with respiratory disease in mammals 
revealed that B. pertussis evolved from B. bronchoseptica with loss of a considerable part 
of genome (reviewed in (33)). B. pertussis expresses multiple toxins, among which the 
pertussis specific Ptx, and other virulence factors that play a role in pathogenesis and 
survival in the human host. These proteins aid colonization of the respiratory tract by 
mediating adherence to ciliated epithelial cells, macrophages and neutrophils, but also by 
delaying, and modulating local immune responses, including complement evasion (6,34-
42). B. pertussis does not only bind cells extracellularly, but can also survive within 
macrophages or other cell types (43,44).To maintain this intracellular lifestyle, immune 
modulation by virulence factors also includes the frustration of cell mediated responses 
(45). The overall idea emerges from current literature that B. pertussis virulence factors 
collectively assure transmission in the human population by delaying effective immune 
responses, as well as by avoiding immunopathology, after infection of the naïve host 
(reviewed in (46)). Whereas in the pre-vaccination era large numbers of naïve young 
children were abundant sources of B.  pertussis transmission, species survival came under 
pressure after removal of naïve infants by vaccination. Did 4-5 decades of high vaccination 
coverage exert selective pressure on the relatively fixed gene repertoire of B. pertussis? 
Extensive studies on strain collections have indicated that indeed diversity was created by 
various mechanisms, including point mutations, translocations, insertions or even deletions 
of genetic material, which can easily occur due to the high number of IS elements in the 
genomes of Bordetellae (reviewed in (33)). Antigenic divergence between vaccine strains 
and clinical isolates with respect to virulence factors, like Ptx, P.69 Prn and Fim have been 
shown (47-49). One typical adaptation has been the shift from the expression of PtxP1 type 
promoters to PtxP3 type promoters. PtxP3 type strains produce more Ptx than PtxP1 type 
strains and seem to be more virulent, as was suggested by higher frequencies of 
hospitalizations and deaths associated with these strains (49). Recently it became clear that, 
to avoid induced immunity, B.  pertussis even may partially or entirely delete some of its 
protective virulence genes, illustrated by B.  pertussis isolates not expressing the major 
vaccine antigens Ptx or P.69 Prn (48,50). It is most likely that vaccination has driven these 
genetic adaptations and has selected for an overall higher virulence of strains. 
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The immune host 

A hallmark of adaptability in the human host is the immune system. It has evolved two 
levels of defence against pathogens like B. pertussis. First, the innate immune system is an 
evolutionary old defence mechanism that rapidly responds to invaders based on recognition 
of highly conserved pathogen-associated molecular patterns (PAMPs) that are unique to 
micro-organisms through pattern-recognition receptors (PRRs), like members of the Toll-
like receptor family (TLR). This takes place in a matter of minutes and hours. Second, the 
slower and more specific adaptive part of the human immune response involves expansion 
and differentiation of B and T lymphocytes populations with clonally expressed antigen 
receptors. Adaptive responses take days to weeks to develop. Innate and adaptive immune 
responses are interlinked, with innate responses initiating and regulating adaptive 
responses, but also vice versa, with adaptive responses providing feed back to the innate 
system. 

Recently, it became clear that the innate immune responses to B. pertussis are 
initiated and controlled through TLR4 signalling (51). TLR4 is responsible for an efficient 
pro-inflammatory response, Th17 type T cell responses, clearance of pertussis from the 
lung but also for IL-10 production required to reduce lung pathology in mice (52,53). The 
major PAMP of B. pertussis involved in TLR4 ligation is the lipopolysaccharide (LPS) (54-
56). Although not as potent as endotoxins from other gram negative bacteria, LPS certainly 
attributes to the immunogenicity of live Bordetellae and to the potency of wP vaccines (57). 
It remains to be investigated whether other important PAMPs of B. pertussis ligate innate 
receptor systems such as TLRs, NOD receptors, C-type lectins or Nalp3 inflammasomes. 
For one, the Periplasmic Associated Lipoprotein (PAL) could be involved in TLR 2 
ligation, as was found for PAL homologues in other gram negative bacteria (58-64). 

The adaptive part of the human immune response to B. pertussis includes both B and 
T cell mediated responses (65,66) but their relative contribution to protection remains 
elusive. In B cell responses, bone marrow resident long-lived plasma cells and memory B 
cells are the key players in protection by providing levels of specific antibodies as direct 
effector mechanism and immunological memory for rapid recall responses, respectively 
(67-71). Pertussis infection as well as vaccination induce initially high levels of antibodies. 
These are capable of limiting the infection by preventing bacterial adherence to the 
respiratory epithelium, neutralisation of bacterial toxins and optimal removal of the bacteria 
through opsonisation (72,73). Although the levels of anti-pertussis antibodies are often used 
as serological indicators of immunity and to diagnose pertussis infections, no generally 
accepted level of specific antibodies to pertussis antigens has been defined that correlate 
with protection (74-76). In mice, resistance has been shown in the absence of detectable 
antibodies (77). There is also wide evidence for the induction of strong T cell responses 
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specific for whole B.  pertussis antigens after vaccination or infection, in man as well as in 
mouse, associated with functional cytokines (66,78-80).  

A matter of study is the different polarisation of the adaptive T cell response induced 
by different pertussis vaccines. Recovery from whooping cough in older infants is 
associated with induction of T lymphocytes of the Th1 type, and studies in mice have 
suggested an important role of a Th1 type response in protection against infection (72). 
Recent studies in very young children (2 months of age) show that natural infection with 
Bordetella pertussis, as well as the first administration of a wP vaccine, can promote 
mature Th1 type responses (80,81). In contrast, aP vaccines, commonly used nowadays, 
initially induce Th2 type T cell polarisation, also in response to concomitant vaccine 
antigens (82-85). A delay in the switch towards Th1 type immune responses in neonates 
could, in combination with other risk factors, enhance allergic diseases later in life. IL-17 
has recently been identified as another prominent mouse cytokine next to Th1 type 
cytokines, in response to B. pertussis infection or wP vaccination (53,86,87). IL-17 has 
been hypothesized to play a role in immunopathology in the lung. No data on human IL-17 
type responses to pertussis are known to date.  

Hence, the adaptive immune system readily responds to B. pertussis and these initial 
responses are protective, even against adapted strains, since pertussis among recently 
vaccinated or infected groups is rare. However, why immunological protection to pertussis 
does not last very long remains unclear. 

Individuals can clearly become susceptible to primary or secondary infection after 
previous vaccination or pertussis illness, respectively. Although difficult to assess with 
certainty, protective immunity after natural infection is estimated to wane 7–20 years after 
illness, and vaccine induced protection is thought to be lost approximately after 4–12 years 
in children (31). Although this relatively rapid waning of both vaccine-induced immunity 
and infection acquired immunity in previously immune populations is widely cited as an 
important factor for the recent reemergence of pertussis (31,53,87-91), immunological 
studies substantiating the limitedness of immune responses to pertussis long after an 
immunising event are missing.  
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Scope of this thesis 

Clearly both immediate innate and adaptive immune responses are triggered to pertussis but 
immunological memory is limited. The studies described in this thesis were aimed at 
extending our knowledge on waning pertussis immunity, in particular the rise and fall of 
specific memory cell populations. A first step to be able to study memory responses was to 
develop sensitive, specific and single cell based assays in humans or in animal models of 
infection or vaccination. Next, a start could be made to elucidate the induction, specificity, 
peak magnitude, function and longevity of pertussis specific B and T cell responses.  
 
Questions we had at the start of these studies were: 

 Which innate interactions influence adaptive immunity to B. pertussis? 

 What are the long-term features of B cell responses after Bp vaccination?  

 How well is vaccine-induced B. pertussis-specific T cell immunity maintained? 

 Are differences in Th type responses primed by different pertussis vaccines stable 
throughout the memory phase? 

 What is the breadth of the B. pertussis specific T cell response? 

 Overall, which flaws in B. pertussis immunity could preclude long-term duration of 
protection?  

 
To answer these questions, different lines of investigations in two host models were started: 
First, immediate and long-term vaccine induced serological and cellular immune 
parameters were characterised in a small animal model of B. pertussis infection and 
vaccination, the mouse. Although not a model of cough disease (mice do not cough!) 
several characteristics of human infection are reproduced. These include respiratory tract 
colonisation and elimination of bacteria, increased severity of infection in young animals, 
and usefulness to study protective immune responses induced by natural exposure and 
vaccination (66).   

In chapter 2 and 3, the involvement of innate receptors in the induction of adaptive 
responses in various wild-type and transgenic mouse strains, lacking TLR4, TLR2 or TRIF, 
was studied. 

In chapter 4, we set out to develop a specific, reproducible, sensitive and high 
throughput luminex assay which can quantitatively as well as qualitatively determine the 
serological response in mice towards individual diphtheria (D), tetanus (T) and pertussis (P) 
components of DTP combination vaccines.  

In chapter 5, the induction and long-term maintenance of murine cell populations 
involved in serological responses to B. pertussis, plasma cells and memory B cells, were 
characterised.  
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In chapter 6, immunodominant and subdominant T cell epitopes of pertussis were 
characterised in BALB/c mice. These were used in chapter 7, to study the other leg of the 
adaptive pertussis specific immune response, the induction and long-term maintenance of 
the murine T cell response. 

In a second line of investigation, the specificity and type of human T cell response to 
various antigens of B. pertussis was investigated. For this, epitopes first had to be identified 
and a clinical study called “specifieke kinkhoest immuniteit” (SKI-study) was set up 
dedicated to collect peripheral blood mononuclear cells from healthy immune and pertussis 
infected individuals for in vitro analysis (chapters 6 and 8). 

Finally, in chapter 9, the findings of the preceding chapters are summarised and 
discussed and future perspectives are presented. 
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Abstract 

Background: The gram-negative bacterium Bordetella pertussis is an important causative 
agent of pertussis, an infectious disease of the respiratory tract. After introduction of whole-
cell vaccines (wP) in the 1950’s, pertussis incidence has decreased significantly. Because 
wP were found to be reactogenic, in most developed countries they have been replaced by 
acellular vaccines (aP). We have previously shown a role for Toll-like receptor 4 (TLR4) in 
pertussis-infected mice and the pertussis toxin (Ptx)-IgG response in wP-vaccinated 
children, raising the issue of the relative importance of TLR4 in wP vaccination of mice. 
Here we analyze the effects of wP and aP vaccination and B. pertussis challenge, in TLR4-
deficient C3H/HeJ and wild-type C3H/HeOuJ mice. aP consists of Ptx, filamentous 
Heamagglutinin (FHA), and pertactin (P.69 Prn). 

Results: We show an important role of TLR4 in wP and (to a lesser extent) aP 
vaccination, induction of Th1 and Th17 cells by wP but not aP vaccination, and induction 
of Th17 cells by infection, confirming data by Higgins et al. (J Immunol 2006, 177:7980-9). 
Furthermore, in TLR4-deficient mice, compared to wild-type controls (i) after vaccination 
only, Ptx-IgG (that was induced by aP but not wP vaccination), FHA-IgG, and P.69 Prn-

IgG levels were similar, (ii) after infection (only), lung IL-1 and IL-1 expression were 

lower, (iii) after wP vaccination and challenge, P.69 Prn-IgG level and lung IL-5 expression 

were higher, while lung IL-1, TNF-, IFN-, IL-17, and IL-23 expression were lower, and 

lung pathology was absent, and (iv) after aP vaccination and challenge, P.69 Prn-IgG level 
and lung IL-5 expression were higher, while Ptx-IgG level was lower. 

Conclusion: TLR4 does not influence the humoral response to vaccination (without 
challenge), plays an important role in natural immunity, wP and aP efficacy, and induction 
of Th1 and Th17 responses, is critical for lung pathology and enhances pro-inflammatory 
cytokine production after wP vaccination and challenge, and diminishes Th2 responses 
after both wP and aP vaccination and challenge. wP vaccination does not induce Ptx-IgG. A 
role for LPS in the efficacy of wP underlines the usefulness of LPS analogs to improve 
bacterial subunit vaccines such as aP. 
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Introduction 

Bordetella pertussis is an important causative agent of pertussis, which is among the ten 
infectious diseases with the highest morbidity and mortality worldwide. After introduction 
of whole-cell vaccines (wP) in the 1950’s, pertussis incidence has decreased significantly. 
Although efficacious, wP vaccines were also found to be reactogenic. Therefore, acellular 
vaccines (aP) comprising purified B. pertussis proteins have been developed. 

Toll-like receptor 4 (TLR4) is the receptor for lipopolysaccharide (LPS) in mammals 
[1]. Since B. pertussis is a gram-negative bacterium, TLR4 is likely to play an important 
role in natural immunity to B. pertussis infection. Indeed, we and others have shown that 
TLR4 is critical for B. pertussis clearance and ensuing adaptive immunity in non-
vaccinated mice [2-4]. Furthermore, TLR4 influenced lung pathology and production of 

proinflammatory cytokines, such as IL-1 and TNF-, after B. pertussis infection [4]. 

Since wP are prepared from B. pertussis and (thus) contain LPS it may be suggested 
that TLR4 influences wP efficacy. In our model of wP and aP vaccination and B. pertussis 

challenge, lung pathology and TNF- expression were induced by vaccination (in particular 

with wP) and challenge [5]. Also, type I hypersensitivity, a Th2 driven response, was 
induced by vaccination (with both wP and aP) and challenge [5]. In that study, however, a 
role for TLR4 was not addressed. 

We have identified an association of the minor allele of rs2770150 in TLR4 with a 
lower pertussis toxin (Ptx)-IgG level in wP-vaccinated children [6]. The mouse and human 
studies together prompted us to analyze the relative role of TLR4 in wP vaccination of 
mice. 

Here we show that TLR4 plays an important role in natural immunity, wP and (to a 
lesser extent) aP efficacy, and induction of Th1 and Th17 responses, confirming 
observations by Higgins et al. [7]. Moreover, we show that the humoral response to 
vaccination (without challenge) is not influenced by TLR4 (wP vaccination did not induce 
detectable Ptx-IgG). TLR4 is critical for lung pathology and enhances pro-inflammatory 
cytokine production after wP vaccination and challenge, and diminishes Th2 responses 
after both wP and aP vaccination and challenge. 
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Materials & Methods 

Animals 
Female mice were used at 6-8 weeks of age. TLR4Lps-d C3H/HeJ [32] and wild-type control 
C3H/HeOuJ mice were obtained from Jackson (Bar Harbor, ME). The diet consisted of ground 
standard laboratory chow (RMH-B, Hope Farms, Woerden, the Netherlands). Food and water 
were given ad libitum. All animal experiments were performed according to national and 
international guidelines. 
 
Vaccines 
The wP vaccine is a whole-cell pertussis vaccine, combined with vaccines against 
diphtheria, tetanus, and poliomyelitis, and produced by the Netherlands Vaccine Institute, 
Bilthoven, the Netherlands. One human dose (HD) contains 1.6x1010 CFU of two B. 
pertussis strains (strains 509 and 134; 8 opacity units /strain) in 1 ml saline, and with 1.5 
mg aluminium phosphate as an adjuvant. 

The aP vaccine is 3-component acellular pertussis vaccine, combined with vaccines 
against diphtheria and tetanus, and produced by GlaxoSmithKline, Rixensart, Belgium. One 

HD contains 25 g formaldehyde- and glutaraldehyde-detoxified pertussis toxin, 25 g 

filamentous heamagglutinin, and 8 g pertactin in 0.5 ml saline, and with aluminium 

hydroxide (< 0.625 mg Al per HD) as an adjuvant. 
 
Vaccination 
One HD wP or aP was diluted with 0.5% Al(OH)3 gel (Serva, Heidelberg, Germany) to a 
final volume of 2.5 ml. Mice (6 per group) received a subcutaneous injection with 0.5 ml of 
1/5 HD wP, 1/5 HD aP, or adjuvant alone, 28 and 14 days before infection [5,13]. Note that 
the ratio between adjuvant and bacteria (in case of wP) or between adjuvant and proteins (in 
case of aP) was considerably higher in the murine vaccine doses than in the original human 
vaccine doses. 
 
Infection of mice & autopsy 
The mice were anaesthetised with isoflurane. Two h before infection, 3 drops of blood were 

collected from the orbital plexus. A single drop of 40-l inoculum containing 2x107 B. 

pertussis cells (Tohama strain B213) was carefully placed on the top of the nose and 
allowed to be inhaled ([33]). 

Mice were sacrificed 3 or 7 days after challenge, except in case of lung pathology in 
which case the mice were sacrificed 3 days after infection only. They were anaesthetised 
with ketamine, rompun, and atropine, and blood was collected from the orbital plexus. 
Perfusion of the right ventricle was performed with 2 ml PBS supplemented with 3.5% heat-
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inactivated Fetal Calf Serum (FCS; PAA, Linz, Austria). The lungs were excised and used to 
obtain bronchial lymph nodes (LN) and lung lobes. The left lung lobes were formalin-fixed for 
histological examination or collected in RNA-later (Qiagen, Venlo, the Netherlands) for 
RNA extraction, while the right lung lobes were used for enumeration of bacteria. 
 
Lung lobes, CFU determination, & histological examination 
A ligature was made around the right bronchus after which the right lobes were removed for 

enumeration of bacteria. The lobes were homogenized in 900 l of Verwey medium using a 

tissue homogenizer (Pro-200, ProScientific, Monroe, CT) at maximum speed for 10 s. The 
homogenates were diluted in Verwey medium 10- and 100-fold for the immunised mice, 

and 1000-fold for the control mice. Hundred-l aliquots of the dilutions were plated on BG 

plates supplemented with streptomycin and incubated at 35oC for 5 days. 
The remaining left lung lobes were fixed intratracheally using 4% formalin for 24 h. 

After overnight dehydration, they were embedded in paraffin. Five-m sections were cut and 

stained with haematoxylin/eosin. Histological lesions were semi-quantitatively scored as absent 
(0), minimal (1), slight (2), moderate (3), strong (4), or severe (5), respectively. This score 
incorporates the frequency as well as the severity of the lesions. 
 
Ptx-, FHA-, & P.69 Prn-specific IgG 
Pertussis toxin (Ptx) and filamentous heamagglutinin (FHA) were obtained from 
Kaketsuken, Kumamoto, Japan. Pertactin (P.69 Prn1) was prepared as described previously 

[34]. Immulon 2HB plates (Thermo Scientific, Waltham, MA) were coated with 2 g/ml 

Ptx, 2 g/ml FHA, or 5 g/ml P.69 Prn1, in PBS, incubated overnight, and washed. After 

addition of a dilution series of control and test sera, the plates were incubated for 1 h and 
washed. After addition of detection antibody (1:5,000 anti-mouse IgG-horseradish 
peroxidase (HRP); Southern Biotechnology Associates, Birmingham, AL) in PBS, 0.1% 
Tween-80, 0.5% Protifar (Nutricia, Zoetermeer, The Netherlands), the plates were 
incubated for 1 h and washed. To detect HRP, the plates were washed and incubated for 10 
min in 10% sodium acetate, 1% tetramethylbenzidine (Sigma, Axel, the Netherlands), and 
0.01% H2O2. 2M H2SO4 was added to stop colour development and the plates were read at 
450 nm. Washing steps were 5 times with PBS-0.03% Tween-80. Incubations were at room 
temperature. 
 
Cell culture 
The culture medium used was RPMI-1640 (Gibco, Grand Island, NY) supplemented with 10% 

FCS, 100 g/ml streptomycin, and 100 IU/ml penicillin. Cell suspensions were made by 

pressing the LN or spleens through a cell strainer (Falcon, Franklin Lakes, NJ). Cells were 
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counted using a Coulter Counter (Coulter Electronics, Luton, UK). LN cell suspensions were 

cultured at 106 cells per ml culture medium with 5 g/ml Concanavalin A (Con A; MP 

Biomedicals, Irvine, CA) in flat-bottom 12-well culture plates (Costar, Cambridge, MA) at 

37C in a humidified atmosphere containing 5% CO2 for 24 h. Spleen cell suspensions were 

cultured at 106 cells per ml culture medium with 5 g/ml Con A or B. pertussis (105 heat-

inactivated bacteria per well) in 96-well tissue culture plates (Nunc) at 37C in a humidified 

atmosphere containing 5% CO2 for 72 h. Bacteria were heat-inactivated at 56°C during 30 
min. 
 
Cytokine expression 
Cytokine mRNA expression was measured using Taqman gene expression assays (Applied 
Biosystems, Foster City, CA) as described previously [4,5]. Briefly, RNA was extracted 
with an RNeasy kit (Qiagen). Copy DNA was generated using the High Capacity cDNA 
archive kit containing random hexamer primers (Applied Biosystems). Messenger RNA 
expression was measured on a 7500 Fast Real-Time PCR System (Applied Biosystems).  

We used the assay on demand (Applied Biosystems) for IL-1 (Mm99999060), IL-

1 (Mm01336189), IL-4 (Mm00445259), IL-5 (Mm00439646), IL-17 (Mm00439618), IL-

23 (Mm00518984), IFN- (Mm00801778), and TNF- (Mm00443258). For the reference 

gene, hypoxanthine phosphoribosyl transferase (HPRT), the assay was designed using the 
primer express program (Applied Biosystems) resulting in probe 
CAGTCCTGTCCATAATCA, forward primer GCCGAGGATTTGGAAAAAGTGTTTA, 
and reverse primer TTCATGACATCTCGAGCAAGTCTTT. The relative concentration of 
the various mRNA’s was determined by the comparative threshold cycle method (ddCt) 
[35-37]. 

The fold change in mRNA expression is relative to lung tissue of untreated 
C57BL/6J mice. This third-party control strain does not favour either of the two strains of 
mice tested (the C3H/HeJ or the C3H/HeOuJ strain). 
 
Cytokine measurements 

An 8-plex panel containing beads for mouse IL-1, IL-4, IL-5, IL-10, IL-13, IL-17, IFN-, 
and TNF- (Bio-Rad, Hercules, CA) was used. After incubation and washing steps (see [5] 

for details) the beads were measured on a Bio-Plex (Bio-Rad). 
 
Statistics 
One-way analysis of variance (ANOVA), followed by the Bonferroni post-hoc test was 
performed (SPSS, Chicago, IL). Changes in body weight were analyzed by paired sample 
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testing (SPSS). Histological data were analyzed using the non-parametric Mann-Whitney U 
test (SPSS). 
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Results 

B. pertussis colonization of the lungs 
TLR4-deficient C3H/HeJ and wild-type control C3H/HeOuJ mice (6 per group) were 
vaccinated twice with 1/5 human dose (HD) wP, 1/5 HD aP, or adjuvant, and challenged 
intranasally with B. pertussis. Three and seven days after infection, mice were sacrificed and 
the number of bacteria in their lungs was determined. Vaccinated mice generally showed a 
lower number of bacteria than adjuvant-treated animals, while TLR4-deficient mice generally 
showed a higher number of bacteria than wild-type animals (figure 1). Adjuvant-treated TLR4-

deficient mice showed an increasing number of bacteria from day 3 till day 7 ( log CFU = 

0.28, P = 0.029), while similarly treated wild-type animals showed a decreasing number in this 

time period ( log CFU = -1.09, P < 0.001). TLR4-deficient mice that were wP-vaccinated 

before challenge failed to show a decreasing number of bacteria from day 3 till day 7, while 

similarly treated wild-type animals did show a decreasing number in this time period ( log 

CFU = -3.33, P < 0.001). In aP-vaccinated mice of either strain the number of bacteria was 
similar between day 3 and day 7. 
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Figure 1: Colonization of the lungs by B. pertussis. TLR4-deficient C3H/HeJ and control C3H/HeOuJ mice 
were subcutaneously (sc) injected with 1/5 human dose (HD) wP, aP, or adjuvant (C), twice before intranasal B. 
pertussis infection. Three and seven days after challenge lungs were excised, and the number of viable B. 
pertussis was determined in right lung lobes. Each symbol represents the number of bacteria in the lung of an 
individual mouse. Horizontal lines represent the group average. Non-boxed P-values: compared to the indicated 
treatment group (same strain and day after infection). Boxed P-values: compared to the wild-type strain (same 
treatment and day after infection). A single representative experiment of 2 is shown 
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These data show (i) the important role of TLR4 in the natural defence to B. pertussis infection 
and confirms our earlier findings [4], (ii) the important role of TLR4 in wP-induced clearance, 
and (iii) that vaccine-induced clearance is faster after aP vaccination than after wP vaccination, 
regardless of the presence of TLR4. This latter notion is supported by the higher clearance in 
aP-vaccinated than wP-vaccinated mice at day 3 but not day 7 in either mouse strain. 
 Vaccination-induced protection, i.e. the difference in the number of bacteria between 
vaccinated and control mice, was lower in TLR4-deficient mice than in wild-type animals (P < 

0.01), except for aP vaccination at day 7 where this effect was not statistically significant ( 

log CFU = -1.23 and -2.19 (day 3, wP), -2.22 and -4.37 (day 3, aP), -1.15 and -4.43 (day 7, 
wP), and -1.99 and -3.48 (day 7, aP) for TLR4-deficient and wild-type mice, respectively). 
 Collectively, these data show that TLR4 is not only involved in the natural defence to B. 
pertussis infection but also in vaccination-induced protection to this pathogen, both after wP 
and after aP vaccination. 
 
Ptx-, FHA-, & P.69 Prn-specific IgG 
Serum was taken 2 hours before challenge and 3 and 7 days after challenge, and analyzed for 
IgG specific for Pertussis toxin (Ptx), filamentous heamagglutinin (FHA), and Pertactin 1 
(P.69 Prn). Ptx-IgG was detectable only in aP-vaccinated mice (figure 2). Before challenge the 
Ptx-IgG level was not affected by TLR4. At days 3 and 7 after challenge TLR4-deficient aP-
vaccinated mice showed a significantly lower Ptx-IgG level than similarly treated wild-type 
animals. In each mouse strain the Ptx-IgG level was similar before and after challenge. 
 FHA-IgG was detectable in both wP- and aP-vaccinated mice. aP-vaccinated mice 
showed a higher FHA-IgG level than wP-vaccinated animals (irrespective of challenge). Both 
before and after challenge the FHA-IgG level was not affected by TLR4. Generally, both wP- 
and aP-vaccinated wild-type but not TLR4-deficient mice showed a lower FHA-IgG level after 
challenge than before. 
 P.69 Prn-IgG was detectable in both wP- and aP-vaccinated mice. Generally, aP-
vaccinated mice showed a higher P.69 Prn-IgG level than wP-vaccinated animals. Before 
challenge the P.69 Prn-IgG level was not affected by TLR4. Rather unexpectedly after 
challenge the P.69 Prn-IgG level was higher in wP- and aP-vaccinated TLR4-deficient mice 
than in similarly treated wild-type animals. 
 Collectively, these data show that before challenge TLR4 does not affect vaccination-
induced Ptx-, FHA-, and P.69 Prn-IgG levels. After challenge, the Ptx-IgG level is lower in 
TLR4-deficient mice than in wild-type animals, while the reverse is true for P.69 Prn-IgG. The 
FHA-IgG level is unaffected by the TLR4 mutation. 
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Figure 2: Ptx-, FHA-, and 
Prn-specific IgG in serum. 
TLR4-deficient and control 
mice were sc injected with 
1/5 HD wP, aP, or adjuvant 
(C), twice before intranasal 
B. pertussis infection. Two 
hours before challenge, and 
three and seven days after 
challenge blood was taken. 
Test and positive control 
sera were tested for Ptx-, 
FHA-, and Prn-specific IgG. 
Each symbol represents the 
serum level of an individual 
mouse. 
Horizontal lines represent 
the group average. 
(#) Increased compared to 
the adjuvant control (same 
strain and time point; P < 
0.001).  
(+) Increased compared to 
wP-vaccinated mice (same 
strain and time point; P < 
0.001). 
Non-boxed P-values: 
compared to the indicated 
group (same strain and time 
point). 
Boxed P-values: compared to 
the wild-type strain (same 
treatment and time point). 
Stippled-boxed P-values: 
compared to the pre-
challenge level (same strain 
and treatment). 
A single representative 
experiment of 2 is shown. 
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Weight gain 
Mice were weighed immediately before challenge, and 3 and 7 days after challenge (figure 
3). Paired sample testing revealed weight loss of adjuvant controls; this was significant in 
case of TLR4-deficient mice at day 3 (P < .003) and a trend in other cases. Weight gain was 
seen in wP- but not aP-vaccinated TLR4-deficient mice at days 3 and 7, and in wP- and aP-
vaccinated wild-type animals at day 7. 
Weight gain in wP- and aP-vaccinated TLR4-deficient mice was higher than in adjuvant 
controls at days 3 and 7, while in wP- and aP-vaccinated wild-type animals this was the 
case only at day 7. A lower weight gain due to the TLR4 mutation was seen only in aP-
vaccinated mice at day 7. 
Taken together, these data show that vaccination but not (or to a much lesser extent) TLR4 
affects weight gain during the first 7 days after B. pertussis challenge. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Histological changes 
We have previously shown that after challenge wP- and aP-vaccinated mice revealed increased 
lung pathology compared to adjuvant-treated animals, with wP-vaccinated mice showing more 
severe pathology than aP-vaccinated animals [5]. Here we addressed whether TLR4 
influenced lung pathology. Lung lesions were scored 3 days after challenge (figure 4).  
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Figure 3: Gain of weight. TLR4-deficient and control mice were sc injected with 1/5 HD wP, aP, or adjuvant 
(C), twice before intranasal B. pertussis infection. Two hours before challenge, and three and seven days after 

challenge mice were weighed. Data are indicated as mean  SEM (N=6). Non-boxed P-values: compared to the 

adjuvant control (same strain and day after challenge). Boxed P-value: compared to the wild-type strain (same 
treatment and day after challenge). A single representative experiment of 2 is shown. 
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Figure 4: Lung pathology. 
TLR4-deficient and control 
mice were sc injected with 1/5 
HD wP, aP, or adjuvant (C), 
twice before intranasal B. 
pertussis infection. Three 
days after infection the left 
lung lobes were excised. H&E 
staining. Histological lesions 
were semi-quantitatively scored 
as absent (0), minimal (1), 
slight (2), moderate (3), strong 
(4), or severe (5), respectively.  
Each symbol represents an 
individual mouse. 
Horizontal lines represent the 
group average. 
Non-boxed P-values: compared 
to the indicated group (same 
strain). 
Boxed P-values: compared to 
the wild-type strain (same 
treatment). 
A single representative 
experiment of 2 is shown. 
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As, shown in figure  4, in wild-type mice, wP vaccination resulted in a stronger challenge-
induced peribronchiolitis, perivasculitis, and alveolitis compared to adjuvant treatment and 
aP vaccination, rather similar to our previous findings [5]. Challenge-induced alveolitis was 
weaker in wP- and aP-vaccinated TLR4-deficient mice and in aP-vaccinated wild-type 
animals, compared to their adjuvant controls. No treatment effects on hypertrophy of the 
bronchiolar mucous cells were seen in either strain, while eosinophilia was absent in all 
groups. 
 Challenge-induced lung pathology was less severe in TLR4-deficient wP-vaccinated 
mice than in similarly treated wild-type animals. No effect of the TLR4 mutation was seen 
after challenge of aP-vaccinated and adjuvant-treated mice. 
 These data show that challenge-induced pathology in wP-vaccinated animals is 
TLR4-dependent. 
 
Cytokine gene expression in lung tissue 

B. pertussis infection induced TNF-, IL-6, and IL-1 production and TLR4 was shown to 

play a role in this process [2,3,4]. Thus, proinflammatory cytokines were analyzed. Next, 
wP-vaccination induced Th1 and Th17 cells, these cells were critical for clearance and their 
induction was shown to be dependent on TLR4 [7]. Thus, Th1 and Th17 cytokines were 
analyzed. Finally, pertussis vaccination (in particular aP vaccination) before challenge 
induced a Th2-dependent response [5] and this response could be skewed towards a Th1 
response by adding LPS analogs [8]. Thus, Th2 cytokines were analyzed. 

Post-challenge lung lobes were subjected to real-time PCR. The fold change is 

relative to lung tissue of untreated C57BL/6J mice. Irrespective of prior vaccination, IL-1 

mRNA expression is lower in challenged C3H mice than in untreated C57BL/6 mice, while 
the reverse is true for the other cytokines analyzed. 

Proinflammatory cytokines. Generally, in both strains of mice wP and aP vaccination 

resulted in lower challenge-induced IL-1, IL-1, and TNF- expression than adjuvant 

treatment (figure 5).  TLR4-deficient adjuvant-treated mice showed higher challenge-

induced IL-1 and IL-1 expression than similarly treated wild-type animals at day 7. 

TLR4-deficient wP-vaccinated mice showed lower challenge-induced IL-1 and TNF- 

expression than similarly treated wild-type animals at day 3.  
Th1/Th17 cytokines. Generally, in both strains of mice wP and aP vaccination 

resulted in lower challenge-induced IFN- and IL-23 expression than adjuvant treatment, 

while for aP vaccination this was also seen for IL-17. Adjuvant-treated and aP-vaccinated 
mice did not show TLR4-dependent effects on post-challenge Th1/Th17 cytokines. TLR4-

deficient wP-vaccinated mice did, however, show lower challenge-induced IFN-, IL-17, 

and IL-23 expression than similarly treated wild-type animals at day 3. 
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Figure 5: Cytokine expression in lung. TLR4-
deficient and control mice were sc injected with 1/5 
HD wP (│█│), aP (│▒│), or adjuvant (│ │), twice 
before intranasal B. pertussis infection. Three and 
seven days after challenge the left lung lobes were 
excised. RNA was extracted and analyzed by real-
time PCR. The fold change in mRNA expression is 
relative to lung tissue of untreated C57BL/6J mice. 
Data are indicated as mean  SEM (N=6). Non-

boxed P-values: compared to the adjuvant control, or 
(when indicated) wP-vaccinated group (same strain 
and day after challenge). Boxed P-values: compared 
to wild-type mice (same treatment and day after 
challenge). A single representative experiment of 2 is 
shown. 
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Th2 cytokines. Generally, in both strains of mice wP and aP vaccination resulted in higher 
challenge-induced IL-4 and IL-5 expression than adjuvant treatment. Adjuvant-treated mice 
did not show TLR4-dependent effects on post-challenge Th2 cytokines. TLR4-deficient aP-
vaccinated mice showed higher challenge-induced IL-5 expression than similarly treated 
wild-type animals. This effect of the TLR4 mutation was also seen for wP-vaccinated mice 
at day 3. 

In summary, in both strains of mice wP and aP vaccination resulted in lower 

challenge-induced IL-1, IL-1, TNF-, IFN-, IL-17, and IL-23 expression, and higher 

challenge-induced IL-4 and IL-5 expression. Exceptions to this overall picture were higher 

TNF- and IL-17 expression in wP-vaccinated wild-type mice. 

TLR4 mediated (i) in adjuvant-treated mice, lower expression of IL-1 and IL-1 at 

day 7, (ii) in wP-vaccinated mice, higher expression of IL-1 and TNF-, and of Th1 and 

Th17 cytokines at day 3, and (iii) in wP- and aP-vaccinated mice, higher expression of IL-5 
at days 3 and 7 after challenge. 

In short, functional TLR4 results in a lower lung inflammatory response after 
infection, a higher inflammatory response and Th1/Th17 response after wP vaccination and 
challenge, and a lower Th2 response after wP and aP vaccination and challenge. 
 
Cytokine production by bronchial lymph node cells 
Cell suspensions from post-challenge bronchial LN were Con A-stimulated ex vivo. From 

the panel of cytokines tested (IL-1, IL-4, IL-5, IL-10, IL-13, IL-17, IFN-, and TNF-), 

IL-1 and IL-13 were excluded from further analysis because for these cytokines one or 

more of the treatment groups showed concentrations below the detection limit for 4 or more 
of the 6 samples tested. 

Generally, vaccinated mice showed lower challenge-induced IFN- and IL-17 

production than adjuvant-treated animals at day 7 (figure 6).  TLR4-deficient adjuvant-

treated mice showed lower challenge-induced IFN- and IL-17 production than similarly 

treated wild-type animals at day 7. TLR4-deficient wP-vaccinated mice showed lower 
challenge-induced IL-17 production than similarly treated wild-type mice at day 3. 

IL-4, IL-5, and IL-10 production was 13-, 11-, and 9-fold higher, respectively, in wP-
vaccinated than in adjuvant-treated TLR4-deficient mice at day 3 after challenge (P = 
0.004, P = 0.028, and P = 0.015, respectively). No strain- or additional treatment-related 
effects on the production of these cytokines were seen. No strain- or treatment-related 

effects on TNF- production were seen (data not shown). 

Together, in bronchial LN cells functional TLR4 results in a higher Th1/Th17 
response after infection. Moreover, in these cells functional TLR4 results in a higher Th17 
and a lower Th2 response after wP vaccination and challenge. 
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Figure 6: Ex vivo 
cytokine production by 
bronchial lymph node 
and spleen cells. TLR4-
deficient and control 
mice were sc injected 
with 1/5 HD wP (│█│), 
aP (│▒│), or adjuvant 
(│ │), twice before 
intranasal B. pertussis 
infection. Three and 
seven days after 
challenge the bronchial 
lymph nodes (LN) and 
spleens were excised and 
cell suspensions were 
made. Bronchial LN 
cells were cultured with 
ConA for 24 hr. Spleen 
cells were cultured with 
heat-killed B. pertussis 
for 72 hr. Culture 
supernatants were 
analyzed for cytokine 
content by Luminex. 
Data are indicated as 

mean  SEM (N=6). 

Non-boxed P-values: 
compared to the adjuvant 
control, or (when 
indicated) aP-vaccinated 

group (same strain 
and day after 
challenge). Boxed P-

values: compared to wild-
type mice (same treatment 
and day after challenge). 
A single representative 

experiment of 2 is shown. 

brLN IL-17

0

200

400

600

800

1000

Tlr4-/- Tlr4wt Tlr4-/- Tlr4wt

day 3 day 7

<.001 vs C
.001 vs aP

<.001
<.001 <.001

<.001

IL
-1

7 
(p

g/
m

l)

brLN IFN-gamma

0

50

100

150

200

250

Tlr4-/- Tlr4wt Tlr4-/- Tlr4wt

day 3 day 7

<.001
<.001

<.001

IF
N

- γ
 (p

g/
m

l)

spleen IL-10

0

50

100

150

200

Tlr4-/- Tlr4wt Tlr4-/- Tlr4wt

day 3 day 7

<.001

.006

<.001<.001 .003 .001IL
-1

0 
(p

g/
m

l)

spleen TNF-alpha

0

5

10

15

20

25

30

35

Tlr4-/- Tlr4wt Tlr4-/- Tlr4wt

day 3 day 7

<.001 .001
<.001

.021
<.001

<.001

.002TN
F-
α

 (p
g/

m
l)



 
Chapter 2 

 44 

Cytokine production by splenocytes 
Cell suspensions from post-challenge spleens were stimulated ex vivo with heat-killed B. 

pertussis. From the panel of cytokines tested (IL-1, IL-4, IL-5, IL-10, IL-13, IL-17, IFN-, 
and TNF-), IL-1, IL-4, IL-5, IL-13, IL-17, and IFN- were excluded from further 

analysis because for these cytokines one or more of the treatment groups showed 
concentrations below the detection limit for 4 or more of the 6 samples tested. 

Vaccination did not affect challenge-induced IL-10 production, while TLR4-deficient 
mice showed lower challenge-induced production of this cytokine than wild-type animals. 

TLR4-deficient adjuvant-treated mice showed lower challenge-induced TNF- production 

than similarly treated wild-type animals at days 3 and 7, while TLR4-deficient wP-
vaccinated mice showed lower challenge-induced production of this cytokine than similarly 
treated wild-type animals at day 7. 

Together, these data show that in the spleen regardless of vaccination functional 
TLR4 results in a higher IL-10 response after infection. Functional TLR4 also results in a 

higher TNF- response after infection, and after wP vaccination and challenge. 

 
 
 
 

Table 1: Summary of TLR4 mutation effects (TLR4Lps-d vs. wild-type) 

 Pre-challenge Post-challenge Post-challenge Post-challenge 

  Non-vaccinated wP-vaccinated aP-vaccinated 

Number of bacteria  ↑ ↑ ↑ 

Ptx-IgG =1 ND3 ND ↓ 

FHA-IgG =2 ND = = 

P.69 Prn-IgG =2 ND ↑ ↑ 

Weight gain  = = ↓ 

Lung pathology  = ↓ = 

Pro-inflammatory cytokines4   ↑ ↓ ↓ ↓ = = 

Th1/Th17 cytokines4  = ↓ ↓ ↓ = = 

Th2 cytokines4  = ND ↑ ND ↑ ND 

1Only aP-vaccinated mice showed detectable Ptx-IgG levels. 2Only wP- and aP-vaccinated mice showed 
detectable FHA-IgG and P.69 Prn-IgG levels. 3ND, not detected. 4First symbol indicates mRNA expression; 
second symbol indicates production. 
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Discussion 

Here we have shown that after infection of non-vaccinated TLR4-deficient mice the 

number of bacteria, and lung IL-1 and IL-1 expression are higher than in similarly 

treated wild-type controls, while bronchial LN cell IFN- and IL-17 production and 

splenocyte TNF- production are lower. table 1 summarises our findings. In non-

vaccinated but also in vaccinated animals, before challenge no effect of the TLR4 mutation 
on Ptx-, FHA-, and P.69 Prn-IgG levels is seen. After challenge of wP-vaccinated TLR4-
deficient mice, the number of bacteria, P.69 Prn-IgG level, and lung IL-5 expression are 

higher compared to wild-type controls, and lung pathology is diminished, while lung IL-1, 

TNF-, IFN-, IL-17, and IL-23 expression and bronchial LN cell IL-17 production are 

lower.  
 After challenge of aP-vaccinated TLR4-deficient mice the number of bacteria, P.69 
Prn-IgG level, and lung IL-5 expression are higher compared to wild-type controls, while 
Ptx-IgG level and weight gain are lower. Collectively, these data show an important role for 
TLR4 in infection, being bacterial clearance, induction of pro-inflammatory cytokines, and 
induction of Th1 and Th17 responses. TLR4 is also important in the challenge response 
after wP vaccination, being bacterial clearance but also concomitant pathology, induction of 
pro-inflammatory cytokines, and induction of Th1, Th17, and Th2 responses. TLR4 plays 
an important role also in the challenge response after aP vaccination, with a more limited 
number of parameters affected, being bacterial clearance and induction of the Th2 response. 
Our data confirm previous data by Higgins et al. [7], who showed an important role of 
TLR4 in induction of Th17 cells by infection, in bacterial clearance after wP- and aP-
vaccination, and induction of Th1 and Th17 cells by wP but not aP vaccination. 
 Concerns have been raised with respect to the relative efficacy of aP as compared to 
wP, and also of vaccines administered simultaneously with aP, such as diphtheria, tetanus, 
polio, and Haemophilus influenzae b (Hib) vaccines [9]. A cause for the limited efficacy of 
aP may be that, in contrast to wP, they do not contain LPS. In mice Th17 [10] and Th1 cells 
are induced by wP vaccination, but not (or to a much lesser extent) by aP vaccination, and 
the induction of these Th17 and Th1 cells is TLR4-dependent [7]. Importantly, Th17 and 
Th1 cells are critical for clearing a B. pertussis challenge [7]. These findings show the 
importance of TLR4 (and hence, also its agonists such as LPS) in generating immune 
responses induced by pertussis vaccines, at least in mice. The efficacy of vaccines that do 
not contain LPS, such as viral vaccines and bacterial subunit vaccines can be improved by 
supplementation with TLR4 agonists that show no or little endotoxin activity. We have 
shown that supplementing the bacterial subunit vaccine aP with the TLR4 agonist 
monophosphoryl lipid A improved its efficacy [8]. 
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 On day 3 after infection vaccinated mice had a lower number of bacteria in their 
lungs than adjuvant controls. This may have affected the cytokine levels measured. 
Therefore, we plan to study cytokine responses earlier in infection to determine their effects 
on bacterial clearance. 
 Our data show that TLR4 affects the humoral response to vaccination only after 
challenge. This suggests a TLR4-dependent effect of bacterial challenge on the humoral 
response, and that TLR4 plays a more important role in the challenge phase than in the 
vaccination phase. Transfer studies from vaccinated TLR4-deficient mice to naive TLR4-
sufficient animals and subsequent challenge, or studies using conditional TLR4-knockout 
mice should settle this issue. 
 Our failure to detect Ptx-IgG in wP-vaccinated animals is in line with observations in 
both humans [11] and mice [12,13] that showed aP vaccines to induce a much higher Ptx-
IgG level than wP vaccines. In rather contrast to a previous report where P.69 Prn-IgG 
could be detected in convalescent serum from B. parapertussis but not B. pertussis infected 
mice [14], we did observe P.69 Prn-IgG in vaccinated mice. The lower FHA- and P.69 Prn-
IgG levels after challenge may be explained by Ptx-mediated suppression of serum 
antibody levels after infection [15] or by binding of the antibodies by the bacterial 
challenge. 
 We have identified an association of the minor allele of rs2770150 in TLR4 with a 
lower Ptx-IgG level in wP-vaccinated children [6]. As we did not detect Ptx-IgG after wP 
vaccination of mice, we cannot compare the data obtained in humans to those in mice. 
 Here we show that TLR4 plays an important role in lung pathology induced by wP 
vaccination and challenge. Until recently, it has been assumed that tissue damage is 
mediated by Th1 cells [16]. We have previously shown, however, that Th1 cells are not 
involved in lung pathology induced by wP vaccination and challenge, as T-bet KO mice 
that lack Th1 cells showed similar pathology compared to wild-type controls [5], 
suggesting that a different subset is involved. Possibly, Th17 cells may be the subset 
responsible for this pathology, as these cells are important in mediating tissue damage 
[16,17] and are induced by wP vaccination in a TLR4-dependent way [7]. Th17 cells are 
induced in the presence of IL-6, while regulatory T-cells are induced in the absence of this 
cytokine (in an otherwise similar cytokine milieu) [17]. Possibly, induction of IL-6 by wP 
vaccination [8] may play a role in the generation of Th17 cells. Whether indeed Th17 cells 
are responsible for lung pathology after wP vaccination and challenge awaits further study. 
 Our finding of infection-induced IL-17 production is in line with the observation of 
IL-23 production by human monocyte-derived DC after B. pertussis infection [18]. Since 
IL-23 is required for amplifying and/or stabilizing Th17 cells [10], both findings suggest 
Th17 induction by B. pertussis infection. 
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 It is intriguing but also complicating that not only LPS but also Ptx may play a role in 
the TLR4-dependent induction of Th17 cells. Ptx has TLR4-dependent adjuvant activity 
[19,20] and is able to induce Th17 cells [21]. It is likely, but not formally proven, that this 
latter effect is TLR4-dependent (X. Chen, personal communication). Vaccination with wP 
that is derived from Ptx-deleted B. pertussis may clarify this issue. 

 We show that production of IFN- and IL-17 by bronchial LN cells from non-

vaccinated TLR4-deficient mice is lower than from wild-type controls, in line with previous 

observations for IFN- [2] (IL-17 was not measured in that study). This suggests that not 

only wP vaccination but also B. pertussis infection induces Th1 and Th17 cells in a TLR4-
dependent way. 
 IL-10 production by B. pertussis-stimulated splenocytes is lower when these cells are 
obtained from TLR4-deficient mice than from wild-type controls. Challenge-induced 
pathology is similar between adjuvant-treated TLR4-deficient mice and similarly treated 
wild-type controls, and lower in wP-vaccinated TLR4-deficient mice than in their wild-type 
controls. Together, these data suggest that in our model IL-10 is not involved in limiting 
pathology, in contrast to a study by others [2]. Our observations were made at day 3 after 
challenge, however, whereas the other study [2] made these observations at day 14-21. 
 A recent paper has shown that the number of bacteria in the lungs of B. pertussis 

infected TNF- deficient mice was higher than in similarly treated wild-type controls [22]. 

In our study, B. pertussis-stimulated splenocytes from infected TLR4-deficient mice 

produce less TNF- than cells from similarly treated wild-type controls. The lower 

systemic TNF- response observed in our study may contribute to the higher number of 

bacteria in the lungs of TLR4-deficient mice. It has to be noted, however, that the 

differences in bacterial numbers between TNF- deficient mice and their controls were not 

seen until day 10 after infection [22]. 
Two signal transduction pathways downstream of TLR4 have been identified, the 

MyD88-dependent pathway and the MyD88-independent (TRIF) pathway. The former 
pathway involves the adaptor proteins TIRAP and MyD88, the latter one TRIF and TRAM 
[23]. The bacterial species from which LPS originates, determines the pathway(s) activated 
[24]. Since wP is derived from B. pertussis, they harbour the same LPS suggesting 
activation of the same pathway. wP, however, consists of glutaraldehyde-fixed bacteria, and 
its LPS may thus activate a different pathway than LPS from live B. pertussis [25]. To 
study possible differences in pathway activation, TRIF-deficient (C57BL/6J-Ticam1Lps2/J 
[26]) and wild-type controls (C57BL/6J) were compared in our model. TRIF-deficient mice 
are readily available and are not deficient in other pathways besides TRIF/TRAM, while 
MyD88 KO mice are not only deficient in MyD88/TIRAP but also in the IL-1R and IL-18R 
pathways [27]. Three days after infection, wP- and aP-vaccinated mice showed a ~500-fold 
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lower colonization than non-vaccinated controls, and no differences in colonization were seen 
between TRIF-deficient and wild-type mice (data not shown). This shows that the TRIF 
pathway is not involved in clearance of a B. pertussis infection, nor is it involved in wP or aP 
vaccine-induced clearance. 
 TRIF-deficient mice are strongly impaired in LPS-induced CD40, CD80, CD86, and 
MHC class II upregulation, as well as type I IFN production in macrophages in vitro, and 
CD40, CD80, and CD86 upregulation in CD11+ DC in vivo. Also, the CD4+ and CD8+ T-
cell response is abolished when LPS is used as adjuvant [28]. Importantly, type I 
interferons promote memory T-cell proliferation [29]. Thus, the lack of an effect of TRIF-
deficiency suggests that clearance of a B. pertussis infection, as well as wP- and aP-induced 
immunity are also functional under conditions of severely reduced costimulation and 
(memory) T-cell responses. This lack of an effect of TRIF-deficiency also suggests 
involvement of the MyD88-dependent pathway. We set out to study this pathway, but 
breeding problems with MyD88 KO mice prohibited these experiments. Still, a role for 
MyD88 is likely from a study by Togbe et al. [30] who showed a TIRAP- and MyD88-
dependent TRIF-independent response to LPS in the lungs, including Th1 cytokine 
production and neutrophil influx. Both parameters are characteristic of B. pertussis 
challenge, as well as of wP but not aP vaccination and similar challenge [12,31]. 
 
Conclusion 
We have shown that TLR4 does not affect the humoral response to vaccination. TLR4 is 
important in (i) natural defence to B. pertussis infection, and also in wP and aP vaccination-
induced clearance, (ii) challenge-induced lung pathology after wP vaccination, (iii) 
induction of Th1 and Th17 responses by B. pertussis infection and also by wP vaccination 
and challenge, and (iv) reduced Th2 response after wP and aP vaccination and challenge. A 
summary of our findings is presented in figure 7. 
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Figure 7: Effects of Tlr4 mutation in vaccine-induced immunity. Parameters that show a lower response in 
Tlr4-deficient mice compared to wild-type animals are represented in italic font, while parameters that show a 
higher response are represented in bold font. Parameters that are not affected or have not been determined are 
represented in regular font. Triangles represent wP vaccine, circles aP vaccine, and squares B. pertussis. IL-23 
is put between brackets as this cytokine is able to maintain Th17 cells, rather than generate these cells. 
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Abstract 

Neisseria meningitidis and Bordetella pertussis are Gram-negative bacterial pathogens that 
can cause serious diseases in humans. N. meningitidis outer membrane vesicle (OMV) 
vaccines and whole cell pertussis vaccines have been successfully used in humans to 
control infections with these pathogens. The mechanisms behind their effectiveness are 
poorly defined. Here we investigated the role of Toll-like receptor (TLR) 2 and TLR4 in the 
induction of immune responses in mice after immunisation with these vaccines. Innate and 
adaptive immune responses were compared between wild type mice and mice deficient in 
TLR2, TLR4, or TRIF. Unexpectedly, immune responses were not lower in TLR2-/- mice 
but tended to be even higher after immunisation. In contrast, TRIF-deficient and TLR4-
deficient mice showed impaired immunity after immunisation. Together our data 
demonstrate that TLR4 activation contributes to the immunogenicity of the N. meningitidis 
OMV vaccine and the whole cell pertussis vaccine, but that TLR2 activation is not 
required. 
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Introduction 

The innate immune system senses microbes through a number of receptors present on 
innate immune cells that can recognise a wide variety of microbial structures (1). This 
group of receptors is often referred to as pattern recognition receptors (PRRs). There are 
several classes of PRRs, including Toll-like receptors (TLRs), C-type lectin like receptors, 
RIG-I like receptors, and Nod-like receptors. The TLR family is the best characterised class 
to date. In humans, 10 different TLRs have been described and each TLR recognises 
distinct microbial structures (2). For example, lipopolysaccharide (LPS), a major 
component of Gram-negative bacteria, activates TLR4, lipoproteins and several other 
structures activate TLR2, unmethylated CpG DNA of bacteria and certain viruses activate 
TLR9, and viral dsRNA is recognised by TLR3 (2). Four adaptor proteins mediate TLR 
signalling: MyD88, TRIF, MAL, and TRAM (3). All TLRs signal through MyD88, except 
TLR3, which signals solely through TRIF. Moreover, TLR4 is the only TLR which utilizes 
both MyD88 and TRIF (4). Activation of these proteins eventually leads to induction of 
pro-inflammatory cytokines and type I interferon, respectively. Activation of TLR7/8 and 
TLR9 also leads to the induction of type I interferon, but in a MyD88-dependent manner 
(1). 

The primary function of TLRs is to detect pathogens and activate innate immune 
cells to clear the infection immediately. However, TLRs also play an important role in the 
initiation of adaptive immune responses (5,6). Dendritic cells (DCs) are thought to play a 
central role in linking innate and adaptive immunity after TLR triggering, because of their 
superior capacity to stimulate T cells (7). Which TLR is activated determines what types of 
cytokines and other factors are produced by the DCs, which in turn dictates whether the 
CD4+ T cells differentiate into Th1, Th2, Th17, or Treg (1,8). Because TLR ligands can 
both initiate and direct adaptive immunity, they have great potential as adjuvants. However, 
the claim that TLR activation plays an important role in the induction of an adaptive 
immune response after vaccination has been challenged recently (9). 

Many of the currently licensed vaccines are live attenuated strains or contain 
elements of killed microbes (5). These vaccines likely contain structures that are recognised 
by TLRs and contribute to the immunogenicity. This has indeed been demonstrated for a 
number of vaccines (5,10-13), but for the majority of vaccines this information is still 
lacking. It is important to identify the pathways induced by these successful vaccines for 
the rational design of new vaccines and/or adjuvants. Moreover, the human population is 
genetically very diverse and some individuals might have deficiencies in the pathways that 
are induced by the vaccine, which could explain why some individuals respond poorly after 
vaccination (14). We decided to study the role of TLRs in the immunogenicity of two LPS-
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containing vaccines against the Gram-negative bacterial pathogens Neisseria meningitidis 
and Bordetella pertussis. 

N. meningitidis is a leading cause of meningitis and sepsis worldwide (15). The 
bacterium can be divided into several serogroups based on its capsule. For most serogroups 
(A, C, Y, and W-135) capsular polysaccharide vaccines are available, but not for serogroup 
B, because its capsular polysaccharide is not immunogenic. An attractive alternative for 
serogroup B is an outer membrane vesicle (OMV) vaccine (16). OMV vaccines have been 
shown to be effective in controlling epidemics in Cuba, Norway, and New Zealand, where 
one particular clone of N. meningitidis serogroup B was causing high rates of 
meningococcal disease. B. pertussis is the causative agent of whooping cough in humans. 
To prevent this disease, whole cell pertussis vaccines have been used for many decades in 
developed countries and are still used today in developing countries. However, due to 
adverse effects the whole cell vaccine has now been replaced in developed countries with a 
safer subunit vaccine consisting of a few B. pertussis antigens (17,18). The N. meningitidis 
OMV vaccine and whole cell pertussis vaccine both contain LPS and lipoproteins, which 
activate TLR4 and TLR2 respectively (19-23). Ligands of these TLRs have been shown to 
have adjuvant activity in numerous studies in mice (11,24-27). Interestingly, the major 
outer membrane proteins in both vaccines are porins, which have been shown to be 
immunogenic (28-30). Moreover, porins of several Gram-negative bacteria, including the 
PorB porin of N. meningitidis, have been shown to have adjuvant activity and to activate 
TLR2 (31-37). 

Here we investigated the role of TLR2 and TLR4 in the induction of immune 
responses in mice after immunisation with a N. meningitidis OMV vaccine and a whole cell 
pertussis vaccine. Innate cytokine induction, T cell responses, and antibody production 
were compared between wild type mice and mice deficient in either TLR2, TLR4, or TRIF. 
Surprisingly, TLR2-/- mice were not compromised in any of the responses after 
immunisation. In contrast, TRIF-deficient and TLR4-deficient mice showed impaired 
immunity after immunisation. We conclude that TLR4 activation contributes to the 
immunogenicity of the N. meningitidis OMV vaccine and the whole cell pertussis vaccine, 
but that TLR2 activation is not required. 
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Materials & Methods 

Animals 
Specific-pathogen-free C57BL/6J, C3H/HeJ (TLR4-deficient), and C3H/HeOuJ (TLR4-
proficient) mice were purchased from Charles River Laboratories. TLR2-/- mice (38) and 
TRIF-deficient mice (39), both from a C57BL/6 background, were kindly provided by 
respectively Dr. Shizuo Akira (Osaka University, Japan) and Dr. Bruce Beutler (Scripps 
Research Institute, La Jolla, CA) via Dr. Tom van der Poll (Academic Medical Centre, 
Amsterdam, the Netherlands). For experiments, female mice were used, aged 10-14 weeks. 
Animal experiments were approved by the Institute’s Animal Ethics Committee. 
 
Vaccine preparation 
The OMV vaccine was obtained from the PorB/RmpM-negative N. meningitidis strain 
TR52 [P1.5-1,2-2] (40) by extraction of bacteria with 0.5% deoxycholate in 0.1 M Tris-
HCl-10 mM EDTA (pH 8.6) and were purified by differential centrifugation (41). Protein 
and LPS content were determined as described previously (42). OMVs were stored at 4ºC 
and prior to immunisation diluted to 20 µg/ml in PBS. For preparation of the whole cell 
pertussis vaccine, B. pertussis strains 134 and 509 were grown in defined synthetic medium 
(43). After 18-22 hours of culture, bacteria were heat inactivated for 10 min at 56ºC in the 
presence of 16 mM formaldehyde. Next cells were centrifuged for 10 min at 16,100 x g and 
resuspended in PBS to 200 international opacity units (IOU)/ml. The suspensions were 
stored at 4ºC. Prior to immunisation, both strains were mixed 1:1 and diluted to a final 
concentration of 16 IOU/ml in PBS. Tetanus toxoid was produced by the QC department at 
the NVI and stored at 4ºC. Before immunisation, tetanus toxoid was diluted to 4 Lf units/ml 
in PBS.  
 
Immunisations 
Mice were immunised subcutaneously on days 0 and 21 with either 250 µl PBS, 1 Lf units 
tetanus toxoid in 250 µl PBS, or 5 µg of N. meningitidis P1.5-1,2-2 OMVs in 250 µl PBS. 
Whole cell pertussis vaccine (4 IOU in 250 µl PBS) was administered subcutaneously on 
days 0 and 28. Groups that received PBS or tetanus toxoid contained 3 mice per group and 
groups that received OMVs or whole cell pertussis vaccine contained 6 animals per group. 
A blood sample of all mice was taken 2 and 4 hours after immunisation. Sera were 
collected and stored at -20ºC. From the mice that received PBS, tetanus toxoid, or N. 
meningitidis P1.5-1,2-2 OMVs blood and spleen were taken on day 28. From the mice that 
received whole cell pertussis vaccine blood and spleen were taken on day 42. Sera were 
collected and stored at -20 ºC. Single-cell suspensions of spleen cells were produced by 
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mechanical dissociation of organs through 70-µm-pore-size nylon filters. Spleens cells were 
used either fresh or after freezing and storage at –135°C. 
 
Antigen-specific antibodies 
Antigen-specific IgG, IgG1, IgG2a/c, IgG2b, and IgG3 antibodies were determined by 
enzyme-linked immunosorbent assay (ELISA) as described previously (25) with slight 
modifications. Briefly, flat-bottom 96-well microtiter plates (Immulon 2; Nunc) were 
coated overnight at room temperature with 100 µl/well 4 Lf units/ml tetanus toxoid in PBS, 
5 µg/ml N. meningitidis P1.5-1,2-2 OMVs (4 µg/ml PorA) in PBS, or 2 IOU/ml of B. 
pertussis strain 509 (inactivated as described above) in PBS. Plates were incubated with 
serial dilutions of the sera of the immunised mice (100 µl/well) at 37°C for 1 h. Antibody 
isotypes were detected with anti-mouse antibodies conjugated to horseradish peroxidase 
(Southern Biotechnology Associates, Inc.). Next, peroxidase substrate was added to the 
wells and the reaction was stopped by the addition of 2 M H2SO4. A four-parameter curve 
fit was made for optical density values of the serial dilutions, and the antibody titer was 
calculated in reciprocal dilutions that gave 50% of the maximum absorbance. The results 
are expressed as log10 titers. 
 
Total IgE 
Total IgE levels in the sera were measured by ELISA as described previously (25). Briefly, 
flat-bottom 96-well microtiter plates were coated with rat anti-mouse IgE monoclonal 
antibody (BD Biosciences) and incubated overnight at 4°C. Next, the plates were incubated 
for 1 h at room temperature with the sera of the immunised mice and purified mouse IgE 
clone C48-2 (BD Biosciences) as a standard. For detection of IgE, biotinylated anti-mouse 
IgE (BD Biosciences) was used followed by streptavidin-HRP (Sanquin). Peroxidase 
substrate was used as a substrate, and the reaction was stopped with 2 M H2SO4. The 
absorbance was determined at 450 nm.  

 
Serum bactericidal assay 
The sera of immunised mice were diluted 1:5 in Gey's balanced salt solution plus 0.5% 
bovine serum albumin and then heat inactivated for 30 min at 56°C. Next, twofold serial 
dilutions of the sera, together with N. meningitidis P1.5-1,2-2 (104 CFU/ml), were incubated 
in 96-well plates at room temperature for 15 min. After the addition of baby rabbit 
complement (20% of total volume) plates were incubated at 37°C for 1 h. Bacteria were 
plated on GC medium base (Difco Laboratories) supplemented with IsoVitaleX (Becton 
Dickinson) and grown overnight at 37°C in 5% CO2 in a humid atmosphere. The serum 
bactericidal titer was determined as the reciprocal serum dilution that gave more than 90% 
killing of the number of bacteria used. The results are expressed as log10 titers. 
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Peptide synthesis 
Overlapping 18-mer peptides covering the entire B. pertussis P.69 P.69 Prn protein or N. 
meningitidis P1.5-1,2-2 PorA protein were prepared by solid-phase synthesis using N α-(9-
fluorenyl)methoxycarbonyl (FMOC)-protected amino acids and a Syro II simultaneous 
multiple-peptide synthesizer (MultiSyntech GmbH, Witten, Germany). The purity and 
identity of the synthesized peptides were assessed by reverse-phase high-performance liquid 
chromatography and mass spectometry. 
 
Spleen cell proliferation 
Spleen cells from immunised mice were cultured at 1.5 x 105 in 150 µl IMDM (Gibco 
BRL) supplemented with 100 units/ml penicillin, 100 µg/ml streptomycin, 300 µg/ml L-
glutamine (Gibco BRL), 10% heat-inactivated fetal calf serum (FCS) (Gibco BRL), and 50 
µM beta-mercaptoethanol in 96-well round-bottom plates. Spleen cells were co-cultured 
with either medium, 1 Lf unit/ml tetanus toxoid, 1 µM of P1.5-1,2-2 PorA peptides, or 500 
ng/ml purified FHA (Kaketsuken). On day 4, 100 µl of supernatant was removed and stored 
at -20ºC. Next, 0.5 µCi/well (18.5 kBq) [3H]thymidine (Amersham) was added. After 
another 18 h, cells were harvested, and [3H]thymidine incorporation was determined as 
counts per minute (cpm) using a Wallac 1205 Betaplate liquid scintillation counter. Results 
are expressed as stimulation indices from triplicate wells, calculated as (cpm of cultures in 
the presence of antigen)/(cpm of cultures in the presence of medium only). 
 
Luminex 
A 6-plex Bio-Plex assay (Bio-Rad) containing beads for mouse IL-1β, IL-6, IL-10, IL-
12p70, RANTES, and TNF-α was used to measure levels of these cytokines in the sera of 
the mice taken 2 and 4 hours after immunisation. A 7-plex Bio-Plex assay (Bio-Rad) 
containing beads for mouse IL-2, IL-4, IL-5, IL-10, IL-13, IL-17, and IFN-γ was used to 
determine cytokinelevels in the supernatants of spleen cells restimulated with antigen or 
peptide. Cytokine concentrations were determined with a Bio-Plex system (Bio-Rad). 
 
Statistics 
One-way analysis of variance (ANOVA) was performed, followed by the post-hoc Dunnett 

t test to analyze differences in means between the experimental groups of C57BL/6 mice, 
TLR2-/-, and TRIF-deficient mice (GraphPad Prism 4). The unpaired two-tailed Students’ t 
test was used to analyze differences in means between the experimental groups of 
C3H/HeOuJ and C3H/HeJ mice. Variances were compared with the F-test. In case of 
significant different variances (p<0.05), the Welch’s correction was included (GraphPad 
Prism 4). In case the SD of one of the means was 0, the One-sample T test was used instead 
(SPSS Statistics 17.0). P values of <0.05 were considered significant. 
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Results 

TRIF-deficient and TLR4-deficient mice have reduced innate cytokines levels after 
immunisation 
As a N. meningitidis OMV vaccine we chose OMVs derived from serosubtype P1.5-1,2-2. 
This serosubtype is one of the prevalent variants in The Netherlands. Moreover, 
serosubtype P1.5-1,2-2 is among the more immunogenic serosubtypes in humans and mice 
(42,44,45). As a whole cell pertussis vaccine we used a mixture of the vaccine strains 134 
and 509. Finally, we also included tetanus toxoid as a control vaccine. As tetanus toxoid is 
not known to activate any TLR, it should induce a similar response in all the different mice. 
In humans these vaccines are administered with alum as the adjuvant (16-18). However, we 
did not include alum to study more specifically the intrinsic adjuvant activity of the 
vaccines.  

The role of TLR2 and TRIF in vaccine-induced responses after immunisation was 
examined by immunising wild type C57BL/6 mice, TLR2-/- mice, and TRIF-deficient 
mice, which all have a C57BL/6 background (38,39). To investigate the role of TLR4, 
responses were compared between TLR4-deficient C3H/HeJ mice and wild type 
C3H/HeOuJ mice (46). All mouse strains were immunised subcutaneously with either PBS, 
tetanus toxoid, N. meningitidis OMVs, or whole cell pertussis vaccine. After two and four 
hours a blood sample was taken from all mice to analyze serum cytokine levels. 
Concentrations of IL-1β, IL-6, IL-10, IL-12p70, RANTES, and TNF-α were measured with 
luminex. As expected, tetanus toxoid did not induce cytokine production in any of the mice 
(data not shown). N. meningitidis OMVs only induced slightly higher levels of IL-6 and 
RANTES compared to PBS injected mice (figure 1A and data not shown). IL-6 levels after 
2 hours were significantly lower in TRIF-deficient mice and TLR4-deficient mice and 
tended to be higher in TLR2-/- mice compared to wild type mice. RANTES was equally 
induced in all mouse strains. Whole cell pertussis vaccine induced higher levels of IL-6, IL-
12p70, RANTES, and IL-10 (figure 1B and data not shown). Again TRIF deficient mice 
and C3H/HeJ mice were clearly compromised in cytokine induction compared to wild type 
mice. TLR2-/- mice were not impaired in cytokine production, IL-6 even tended to be 
higher. These results suggest that serum cytokine production in vivo after immunisation 
with N. meningitidis OMVs or whole cell pertussis vaccine depends mainly on LPS 
signalling and not on TLR2 activation.  
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Figure 1: Serum cytokine levels shortly after vaccination. Two and four hours after immunisation blood 
samples were taken from all mice and cytokine levels in the sera were analyzed with Luminex. Results for N. 
meningitidis OMVs are shown in panel A, results for whole cell pertussis vaccine are shown in panel B. 
There were 3 mice per group for the animals that received PBS and 6 mice per group for N. meningitidis 
OMVs and whole cell pertussis vaccine. The data are expressed as means, error bars represent S.E.M. An 
asterisk indicates a significant difference compared to the wild type group, * indicates p<0.05, ** indicates 
p<0.01, *** indicates p<0.001.
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Comparison of antigen-specific antibody levels 
The amount of antibodies was determined in all sera. It has been demonstrated previously 
that class switching to IgG2a/c, IgG2b, and IgG3 depends on a Th1 response and class 
switching to IgG1 and IgE depends on a Th2 response (47-49). Therefore, to analyze 
antibody production and the type of immune response that was induced, antigen-specific 
total IgG, antigen-specific IgG subclasses, and total IgE were determined in the serum. 
Tetanus toxoid immunisation led to a comparable antibody response in the C57BL/6, 
TRL2-/-, and TRIF-deficient mice (figure 2A). As expected, total IgE levels were higher in 
mice immunised with tetanus toxoid than mice immunised with PBS, which indicates that 
tetanus toxoid induced a Th2 response. Levels of total IgE tended to be higher in TLR2-/- 
mice, but in a separate immunisation experiment total IgE levels tended to be lower in 
TLR2-/- mice compared to wild type mice. Unexpectedly, levels of IgG, IgG1, and IgG2b 
were significantly lower in the C3H/HeOuJ mice compared to the C3H/HeJ mice (figure 
2B). Nevertheless, overall these results show that antibody production after tetanus toxoid 
immunisation is quite comparable between the mice.  
 As expected, N. meningitidis OMVs induced a more Th1-dependent antibody profile 
than tetanus toxoid in wild type C57BL/6 mice, reflected by high levels of IgG2b and 
IgG2c, almost no IgG1, and no increase in total IgE compared to PBS injected mice (figure 
3A). However, IgG3 levels were also very low, although IgG3 switching is reported to be 
induced by Th1 responses (48). Strikingly, TLR2-/- mice immunised with N. meningitidis 
OMVs were not impaired at all in the antibody response, IgG1 and IgG3 levels even tended 
to be higher. On the other hand, N. meningitidis OMVs induced significant lower amounts 
of IgG in TRIF-deficient mice, which was mainly due to lower levels of IgG2b and IgG2c 
(figure 3A). In contrast, IgG1 and IgG3 levels to OMVs were significantly higher in TRIF-
deficient mice compared to wild type mice. These results suggest that the anti-OMV 
response was more polarized towards Th2 in the TRIF-deficient mice. Surprisingly, TLR4-
deficient C3H/HeJ mice did not have significantly lower antibody levels to OMVs than 
wild type C3H/HeOuJ mice. However, IgG, IgG2a, IgG2b, and IgG3 tended to be lower in 
the C3H/HeJ mice and IgG1 tended to be higher. Therefore, N. meningitidis OMVs seem to 
skew the response more towards Th2-dependent antibody production in absence of the LPS 
signal in C3H/HeJ mice, which is in agreement with one of our previous studies (25).  
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Figure 2: Antibody titers of mice after immunisation with tetanus toxoid. Mice were immunised with tetanus 
toxoid and antigen-specific titers of IgG, IgG1, IgG2a/c, IgG2b, and IgG3 in sera were determined with 
ELISA. Also total IgE in sera of mice immunised with PBS or tetanus toxoid was measured with ELISA. 
Results for C57BL/6, TLR2-/-, and TRIF-deficient (TRIFdef) mice are shown in panel A, results for 
C3H/HeOuJ and C3H/HeJ mice are shown in panel B. Data are expressed as means of log10 titers for 3 mice 
per group. An asterisk indicates a significant difference compared to the wild type group, * indicates p<0.05, 
** indicates p<0.01, *** indicates p<0.001.
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Figure 3: Antibody titers of mice after immunisation with N. meningitidis P1.5-1,2-2 OMVs. Mice were 
immunised with N. meningitidis P1.5-1,2-2 OMVs and antigen-specific titers of IgG, IgG1, IgG2a/c, IgG2b, 
and IgG3 in sera were determined with ELISA. Also total IgE in sera of mice immunised with PBS or N. 
meningitidis P1.5-1,2-2 OMVs was measured with ELISA. Results for C57BL/6, TLR2-/-, and TRIF-
deficient (TRIFdef) mice are shown in panel A, results for C3H/HeOuJ and C3H/HeJ mice are shown in 
panel B. Levels of serum bactericidal antibodies after immunisation with N. meningitidis P1.5-1,2-2 OMVs 
are shown in panel C and D. Data are expressed as means of log10 titers for 6 mice per group. An asterisk 
indicates a significant difference compared to the wild type group, * indicates p<0.05, ** indicates p<0.01, 
*** indicates p<0.001. 
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Bactericidal antibodies are currently considered to be the most important correlate of 
protection for meningococcal disease (50, 51). Furthermore, IgG2a/c, IgG2b, and IgG3, but 
not IgG1, isotypes can activate complement (52). We tested the bactericidal activity of the 
sera of all mice immunised with N. meningitidis OMVs. Consistent with the lower IgG2b 
and IgG2c levels, TRIF-deficient mice also had significantly lower levels of bactericidal 
antibodies compared to wild type mice (figure 3C). Also TLR2-/- mice had significantly 
lower amounts of bactericidal antibodies, although induction of IgG2b and IgG2c was not 
impaired. This could result from the higher IgG1 levels and therefore reduced IgG1 to 
IgG2b/c ratios in these mice, as the TLR2-/- mouse with no IgG1 titer had the highest level 
of bactericidal antibodies. However, it should be noted that in a separate immunisation 
experiment similar amounts of bactericidal antibodies were induced in C57BL/6 and TLR2-
/- mice. Finally, C3H/HeJ mice tended to have less bactericidal antibodies than C3H/HeOuJ 
mice (figure 3D). Together these results suggest that LPS signalling also contributes to the 
generation of bactericidal antibodies after immunisation with N. meningitidis OMVs. TLR2 
activation might contribute to the generation of antibodies that can activate complement, 
but it does not seem to play a major role. 
 The differences between the different mouse strains in antibody levels were quite 
similar for the mice that received whole cell pertussis vaccine and the mice that received N. 
meningitidis OMVs. Again TLR2-/- mice did not show any defects in the induction of 
antibodies (figure 4A). Moreover, IgG3 and IgE levels tended to be higher in TLR2-/- mice 
compared to wild type mice. TRIF-deficient mice had significant lower amounts of IgG, 
which was mainly due to lower levels of isotypes IgG2b and IgG2c, as with N. meningitidis 
OMVs. However, in contrast to N. meningitidis OMVs, whole cell pertussis vaccine did not 
induce higher levels of IgG1 and IgG3 in TRIF-deficient mice. C3H/HeJ mice had lower 
amounts of all the antibodies compared to C3H/HeOuJ mice, except IgE (figure 4B). This 
difference was significant for IgG, IgG2a, but also for IgG1. Together these results suggest 
that LPS in the whole cell pertussis vaccine does not skew the response as much towards 
Th1-dependent antibody production as in N. meningitidis OMVs. Finally, the whole cell 
pertussis vaccine also induced the production of total IgE, in contrast to N. meningitidis 
OMVs, which indicates that the whole cell pertussis vaccine induced more Th2 responses 
than N. meningitidis OMVs. In summary, our results demonstrate that LPS signalling 
contributes to the antibody response after immunisation with N. meningitidis OMVs and 
whole cell pertussis vaccine. However, activation of TLR2 is not required. 
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Figure 4: Antibody titers of mice after immunisation with whole cell pertussis vaccine. Mice were immunised 
with whole cell pertussis vaccine (Bordetella pertussis) and antigen-specific titers of IgG, IgG1, IgG2a/c, 
IgG2b, and IgG3 in sera were determined with ELISA. Also total IgE in sera of mice immunised with PBS or 
whole cell pertussis vaccine was measured with ELISA. Results for C57BL/6, TLR2-/-, and TRIF-deficient 
(TRIFdef) mice are shown in panel A, results for C3H/HeOuJ and C3H/HeJ mice are shown in panel B. Data 
are expressed as means of log10 titers for 6 mice per group. An asterisk indicates a significant difference 

compared to the wild type group, * indicates p<0.05, ** indicates p<0.01, *** indicates p<0.001. 
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Spleen cells of the different mouse strains proliferate equally after in vitro antigen 
restimulation 
Also the spleen was taken from the mice immunised as described above. Spleen cells were 
restimulated with antigen or peptides for 4 days and proliferation of the cells was assessed 
by measuring [3H]thymidine incorporation. Spleen cells of tetanus toxoid immunised mice 
or PBS injected mice were restimulated with tetanus toxoid. No significant differences in 
proliferation of spleen cells of tetanus immunised mice were found among the different 
mouse strains (data not shown). 
 Spleen cells of mice with a C57BL/6 background and immunised with either N. 
meningitidis OMVs or PBS were restimulated with two PorA peptides, which were 
previously identified as two P1.5-1,2-2 PorA epitopes recognised by C57BL/6 mice (M. 
Poelen and C. van Els, unpublished data). Spleen cells from N. meningitidis OMV 
immunised mice clearly proliferated in response to the two peptides, suggesting that CD4+ 
T cells specific for those epitopes were generated after immunisation (figure 5A). 
Interestingly, there was no difference between the three mouse strains in spleen cell 
proliferation. Which epitopes of P1.5-1,2-2 PorA were recognised by C3H/HeJ and 
C3H/HeOuJ mice was not known to us. Therefore, spleen cells of these mice immunised 
with either PBS or N. meningitidis OMVs were restimulated with different peptides pools 
of P1.5-1,2-2 PorA (data not shown). We found that one peptide pool induced the highest 
proliferation of spleen cells derived from N. meningitidis OMV immunised mice (figure 
5B). There was also no difference in spleen cell proliferation between C3H/HeJ and 
C3H/HeOuJ mice. Together these results suggest that activation of TLR2 or TLR4 has no 
influence on CD4+ T cell proliferation after immunisation with N. meningitidis OMVs. 
 To investigate CD4+ T cell proliferation after whole cell pertussis vaccine 
immunisation, spleen cells of all the different mice immunised with whole cell pertussis 
vaccine or PBS were restimulated with a purified B. pertussis antigen, filamentous 
hemagglutinin (FHA, figure 5C). Clearly, only spleen cells of mice that received whole cell 
pertussis vaccine proliferated. Moreover, as with the PorA peptides, there were no 
significant differences between the mouse strains. Thus it seems that also for whole cell 
pertussis vaccine, TLR2 or TLR4 activation has little influence on CD4+ T cell 
proliferation.   
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LPS signalling and TLR2 activation influence quality of T cell responses 
Naïve CD4+ T cells can differentiate into Th1, Th2, Th17, or Treg cells. Th1 cells produce 
IFN-γ, Th2 cells produce IL-4, IL-5, and IL-13, Th17 cell produce IL-17, and most Treg 
cell subsets produce IL-10 (53,54). These cytokines were measured in the supernatant of 
the spleen cells stimulated with antigen or peptides to identify the type of T cell responses 
that were induced. For the mice with a C57BL/6 background, stimulation of spleen cells 
with tetanus toxoid induced more production of IL-4, IL-5, IL-10, and IL-13 by cells of 
mice immunised with tetanus toxoid than the same mice immunised with PBS (figure 6A).  

Figure 5: Proliferation of spleen cells after restimulation with antigen or peptide. Spleens were taken from the 
mice after immunisations and spleen cells were incubated for 4 days with medium, antigen, or peptides, after 
which [3H]thymidine incorporation was determined. Spleen cells of C57Bl/6, TLR2-/-, and TRIF-deficient 
(TRIFdef) mice immunised with PBS (3 mice per group) or N. meningitidis P1.5-1,2-2 OMVs (6 mice per 
group) were restimulated with 1 µM of peptides 11-24/25 and 4-52/53 (A). Spleen cells of C3H/HeOuJ and 
C3H/HeJ mice immunised with PBS (3 mice per group) or N. meningitidis P1.5-1,2-2 OMVs (6 mice per 
group) were restimulated with peptide pool 6 (1 µM of each peptide, B). Spleen cells of C57BL/6, TLR2-/-, 
TRIF-deficient, C3H/HeOuJ, and C3H/HeJ mice immunised with PBS (3 mice per group) or whole cell 
pertussis vaccine (B. pertussis, 6 mice per group) were restimulated with 500 ng/ml of FHA antigen (C). Data 
are expressed as means of stimulation indices. 
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Levels of IL-5 and IL-13 were especially high, suggesting that tetanus toxoid induced 
mainly a Th2 response. There were no significant differences between the C57BL/6, TLR2-
/-, and TRIF-deficient mice, but IL-4 and IL-13 tended to be higher for the TLR2-/- mice. 
Tetanus toxoid restimulation induced production of all cytokines tested by the spleen cells 
of the tetanus toxoid immunised C3H/HeJ and C3H/HeOuJ mice (figure 6B). Apparently, 
tetanus toxoid immunisation leads to a more mixed Th response in these mice compared to 
C57BL/6 mice. Moreover, levels of all cytokines, except IL-17, tended to be higher in the 
supernatants of C3H/HeJ cells. This is in good agreement with the higher tetanus toxoid 
specific antibodies that we observed in the serum of these mice (figure 2B). 
 
 
 
 
 
 
 

Figure 6: Cytokines produced by spleen cells after restimulation with tetanus toxoid. Spleen cells from mice 
immunised with PBS or tetanus toxoid were incubated for 4 days with 1 Lf/ml tetanus toxoid, after which IL-
4, IL-5, IL-10, IL-13, IL-17, and IFN-γ were determined in the supernatant with Luminex.. Results for 
C57BL/6, TLR2-/-, and TRIF-deficient (TRIFdef) mice are shown in panel A. Results for C3H/HeOuJ and 
C3H/HeJ mice are shown in panel B. Data are expressed as means of three mice per group, error bars 
represent S.E.M. An asterisk indicates a significant difference compared to the wild type group, * indicates 
p<0.05, ** indicates p<0.01, *** indicates p<0.001. 
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Spleen cells of mice with a C57BL/6 background immunised with either N. meningitidis 
OMVs or PBS were restimulated with two P1.5-1,2-2 PorA peptides . Cytokines were 
analyzed in the supernatant for both peptides. Cells from TLR2-/- mice immunised with N. 
meningitidis OMVs tended to produce more IL-5, IL-10, IL-13, and IFN-γ after stimulation 
with peptide 11-24/25 (figure 7A). The other peptide, 4-52/53, generally induced higher 
production of cytokines by spleen cells of all the mice immunised with N. meningitidis 
OMVs (figure 7B). Moreover, peptide 4-52/53 induced spleen cells of TRIF-deficient mice 
to produce significant higher levels of IL-4, IL-5, and IL-13 and tended to produce less 
IFN-γ compared to spleen cells of wild type C57BL/6 mice. Clearly, the response was 
skewed towards a Th2 response in the TRIF-deficient mice, consistent with what we 
noticed at the antibody level (figure 3A). Spleen cells of TLR2-/- mice also produced 
significant higher levels of IL-13 than wild type spleen cells (figure 2B). Furthermore, IL-5 
and IL-17 tended to be higher. Spleen cells of C3H/HeJ and C3H/HeOuJ mice were 
restimulated with different peptide pools. Since peptide pool 6 induced the highest 
proliferation, cytokine production by cells stimulated with this pool was measured (figure 
7C). Remarkably, spleen cells from C3H/HeJ mice immunised with N. meningitidis OMVs 
did not produce any of the cytokines analyzed, although the cells clearly proliferated as 
much as the C3H/HeOuJ cells (figure 5B). In contrast, C3H/HeOuJ cells produced all 
cytokines, except IL-4. Overall these results show that after immunisation of wild type mice 
with N. meningitidis OMVs, antigen-specific T cells mainly produce IFN-γ. This suggests 
that N. meningitidis OMVs mainly induce a Th1 response in wild type mice. We also 
demonstrate that some antigen-specific T cells produce IL-17. Furthermore, our results 
suggest that TLR4 activation is required for the generation of cytokine producing T cells 
and that TRIF signalling contributes to a Th1 response. Finally, TLR2 activation is not 
required for the generation of cytokine producing T cells, but in contrast seems somewhat 
inhibitory. 
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Figure 7: Cytokines produced by spleen cells after restimulation with P1.5-1,2-2 PorA peptides. Spleen cells 
from C57BL/6, TLR2-/-, or TRIF-deficient (TRIFdef) mice immunised with PBS or N. meningitidis P1.5-1,2-
2 OMVs were incubated for 4 days with peptide 11-24/25 (A) or peptide 4-52/53 (B). Spleen cells from 
C3H/HeOuJ and C3H/HeJ mice immunised with PBS or  N. meningitidis P1.5-1,2-2 OMVs were incubated 
for 4 days with peptide pool 6 (C). Cytokines IL-4, IL-5, IL-10, IL-13, IL-17, and IFN-γ were determined in 
the supernatant with Luminex.. Data are expressed as means of three mice per group (PBS), or six mice per 
group (N. meningitidis OMVs), error bars represent S.E.M. An asterisk indicates a significant difference 
compared to the wild type group, * indicates p<0.05, ** indicates p<0.01, *** indicates p<0.001. 



 
 Differential effect of TLR2 and TLR4 in adaptive immunity induction 

 75

Spleen cells of the different mouse strains immunised with whole cell pertussis vaccine 
were restimulated with purified FHA antigen. Although the spleen cells of mice with a 
C57BL/6 background proliferated strongly after antigen restimulation, only IL-2 and IL-17 
were specifically induced (figure 8A). In addition, low amounts of IFN-γ and IL-5 were 
only produced by the spleen cells of TRIF-deficient mice immunised with whole cell 
pertussis vaccine. Spleen cells of C3H/HeOuJ mice immunised with whole cell pertussis 
vaccine produced all cytokines measured (figure 8B). Levels of IL-17 were especially high 
followed by IFN-γ. In contrast, as with N. meningitidis OMVs, spleen cells of C3H/HeJ 
mice hardly produced any cytokines, even though they proliferated as much as C3H/HeOuJ 
spleen cells. Together, our results demonstrate that whole cell pertussis vaccine 
immunisation induced a Th17/Th1 response, which was impaired in TLR4-deficient mice. 

Figure 8: Cytokines produced by spleen cells after restimulation with FHA. Spleen cells from C57BL/6, 
TLR2-/-, TRIF-deficient (TRIFdef) mice (A), or C3H/HeOuJ and C3H/HeJ mice (B) immunised with PBS or 
whole cell pertussis vaccine were incubated for 4 days with 500 ng/ml FHA  Cytokines IL-2, IL-4, IL-5, IL-
10, IL-13, IL-17, and IFN-γ were determined in the supernatant with Luminex.. Data are expressed as means 
of three mice per group (PBS), or six mice per group (whole cell pertussis vaccine), error bars represent 
S.E.M. An asterisk indicates a significant difference compared to the wild type group, * indicates p<0.05, ** 
indicates p<0.01, *** indicates p<0.001. 
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Discussion 

In the present study, we demonstrate that TLR4 signalling by LPS contributes to generation 
of adaptive immune responses after immunisation with N. meningitidis OMVs or whole cell 
pertussis vaccine, while TLR2 activation was not required. Instead, TLR2-/- mice overall 
showed higher rather than lower responses compared to C57BL/6 mice after immunisation 
with the N. meningitidis and B. pertussis vaccines. For example, IL-6 serum levels just after 
vaccination tended to be higher in the TLR2-/- mice. At the antibody level, IgG1 and IgG3 
tended to be higher in N. meningitidis OMVs immunised TLR2-/- mice, whereas IgG3 and 
IgE tended to be higher in TLR2-/- mice immunised with whole cell pertussis vaccine. 
Finally, spleen cells of TLR2-/- mice immunised with N. meningitidis OMVs restimulated 
with P1.5-1,2-2 PorA peptides produced higher levels of several cytokines, including 
significantly higher levels of IL-13. Together these results indicate that TLR2 activation 
inhibited immune responses, especially Th2 responses, after vaccination. Similarly, TLR2-
deficient mice were shown to have greatly enhanced Th1 and Tc1 responses after 
vaccination with yellow fever vaccine YF-17D (13). Moreover, it has been demonstrated 
recently that activation of TLR2 by the yeast cell wall derivative zymosan induces a Treg 
response (55,56). On the other hand, TLR2 ligands have been shown to have adjuvant 
activity in several studies (10,11,27,57). In addition to induction of a Treg response, TLR2 
activation has also been shown to induce a Th1 reponse (1,58), or Th2 response (59-61). 
How TLR2 activation can lead to all these different responses is currently not clear, but it 
might depend for example on which ligand is used, whether the ligand is recognised by 
TLR2/TLR1 or TLR2/TLR6, or which cell type is targeted. In any case, our results show 
that TLR2 activation is not required for induction of adaptive immunity when TLR4 is also 
activated. However, even TLR4-deficient mice still develop adaptive immune responses 
after vaccination. This residual response might be due to TLR2 activation. To address this 
issue, also mice deficient in both receptors should be tested. Moreover, the vaccines might 
contain ligands of other TLRs or PRRs, which also contribute to the immunogenicity.  
 TRIF-deficient mice clearly showed altered immune responses after immunisation 
with N. meningitidis OMVs and whole cell pertussis vaccine. Antigen- specific IgG2b and 
IgG2c levels were significantly reduced for both vaccines, which resulted in less 
bactericidal antibodies in the case of N. meningitidis OMVs. In addition, spleen cells of 
TRIF-deficient mice immunised with N. meningitidis OMVs restimulated with PorA 
peptides produced significantly higher amounts of IL-4, IL-5, and IL-13, while IFN-γ 
production was reduced. Together these data show that activation of the TRIF pathway 
leads to a Th1 response after immunisation with N. meningitidis OMVs or whole cell 
pertussis vaccine. Therefore, targeting of the TRIF pathway is important, because for both 
vaccines optimal responses after vaccination should include Th1-responses. Induction of 



 
 Differential effect of TLR2 and TLR4 in adaptive immunity induction 

 77

the TRIF pathway eventually leads to the induction of type I interferon, which is not 
induced by the MyD88 pathway downstream of TLR2 or TLR4 (3,39,62). We have shown 
previously that ligands of TLR3, TLR4, TLR7, and TLR9 enhance the immunogenicity of a 
N. meningitidis outer membrane vaccine by promoting Th1-dependent antibody production, 
whereas ligands of other TLRs did not show adjuvant activity (25). Importantly, activation 
of TLR3, TLR4, TLR7, and TLR9 leads to the induction of type I interferon, but activation 
of the other TLRs does not (63). Possibly, TLR-induced type I interferon drives Th1 
development and contributes to the adjuvant effect of TLR ligands. Indeed, the adjuvant 
effect of poly IC by inducing CD4+ Th1 immunity and humoral immunity depends on type 
I interferon (64,65). Interestingly, the vaccine adjuvant Monophosphoryl lipid A, a low-
toxicity LPS derivative, has been shown to preferentially activate the TRIF pathway (66).    
 We also show that TLR4-deficient mice have impaired immune responses after 
immunisation with N. meningitidis OMVs and whole cell pertussis vaccine. After whole 
cell pertussis immunisation of the TLR4-deficient C3H/HeJ mice, IL-6 and IL-12p70 were 
almost not detectable in the serum. Moreover, IgG, IgG1, and IgG2a levels were 
significantly lower in these mice. In contrast, others have found that antibody levels are not 
decreased in TLR4-deficient mice after immunisation with whole cell pertussis vaccine 
(67,68). However, in these studies alum was added to the vaccine as an adjuvant, which 
mainly enhances humoral immunity. Presumably, the adjuvant effect of LPS is more 
redundant in the presence of another potent adjuvant like alum.  
 Surprisingly, TLR4-deficient C3H/HeJ mice did not have significantly decreased 
OMV-directed antibody titers compared to wild type C3H/HeOuJ mice. By contrast, we 
previously found that LPS-deficient N. meningitidis outer membrane complexes (OMCs) 
induced more than 1000-fold lower antibody titers in TLR4-proficient mice than wild type 
OMCs (25). This suggests that LPS improves the immune response not only by activating 
TLR4, but also by other mechanisms. Possibly, LPS could target the vaccine to antigen 
presenting cells by binding to other receptors, for example CD14 or C-type lectins. 
  In contrast to antibody levels, cytokine production after restimulation with PorA 
peptides was severely impaired in spleen cells from C3H/HeJ mice. Similarly, it has been 
demonstrated that whole cell pertussis vaccine immunisation led to comparable antibody 
titers in TLR4-deficient and wild type mice, but IFN-γ and IL-17 production of T cells after 
antigen restimulation was much lower for TLR4-deficient mice (68). These results suggest 
that TLR4 activation is more important for the induction of effector T cells than for 
antibody production. Remarkably, the C3H/HeJ spleen cells restimulated with PorA 
peptides or FHA proliferated as much as spleen cells from the wild type C3H/HeOuJ mice. 
This suggests that in C3H/HeJ mice, antigen-specific CD4+ T cells were generated without 
effector function. Interestingly, it has been shown that DCs that had a mature phenotype but 
did not produce IL-12 and other pro-inflammatory cytokines promoted expansion of CD4+ 
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T cell populations lacking effector function (69). Possibly, this type of DCs were induced in 
the C3H/HeJ mice. After whole cell pertussis vaccine immunisation, serum levels of IL-6 
and IL-12p70 were very low in C3H/HeJ mice. In addition, it has been demonstrated that 
serum IL-12p70 production in vivo after administration of a TLR9 ligand depended entirely 
on DCs (70). Unfortunately, in our experiments N. meningitidis OMVs were not potent 
enough to enhance serum IL-12p70 levels even in wild type animals, but in a recent report 
where a 10-fold higher dose of a comparable preparation of native N. meningitidis OMVs 
was used, IL-12p70 was elevated in serum of wild type mice but not in TLR4-deficient 
mice. Serum levels of MCP-1, TNF-α, IL-6, and IL-10 were also much lower in the TLR4-
deficient mice (71).  

Deficiencies in innate immunity genes in mice might have unanticipated effects on 
the immune system. Immune cells might respond differently to commensal bacteria in the 
gut for example. To check whether the deficiencies of the mice used in our study might 
have unexpected effects on the immune response after vaccination, we immunised them 
with tetanus toxoid, which is not known to activate TLRs. We did not find huge differences 
between the different mouse strains in the response to tetanus toxoid. Therefore, it does not 
seem likely that indirect effects of the deficiencies played a major role in our experiments 

In conclusion, our results show that two successful LPS-containing vaccines 
against the Gram-negative bacterial pathogens N. meningitidis and B. pertussis require 
TLR4 signaling for optimal immunogenicity and induction of Th1 responses in mice. On 
the other hand, TLR2 activation was not required. These findings confirm that TLR4 and 
the TRIF pathway are attractive targets for adjuvants in vaccines.  
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Abstract 

To enhance preclinical evaluation of serological immune responses to the individual 
diphtheria (D), tetanus (T) and pertussis (P) components of DTP combination vaccines, a 
fast hexavalent bead-based method was developed. This multiplex immunoassay (MIA) can 
simultaneously determine levels of specific mouse serum IgG antibodies to P antigens P.69 
pertactin (P.69 Prn), filamentous heamagglutinin (FHA), pertussis toxin (Ptx) and 
combined fimbriae types 2 and 3 antigens (Fim2/3), and to diphtheria toxin (Dtx) and 
tetanus toxin (TT) in a single well. The mouse DTP MIA was shown to be specific, 
sensitive and to correlate with the six single in-house ELISAs for all antigens. Moreover, 
the MIA was expanded to conduct avidity measurements of D, T, and P antigens in a 
multivalent manner. The sensitivities of the mouse DTP avidity MIA per antigen were 
comparable to those of the six individual in-house avidity ELISAs and good correlations 
were shown between IgG concentrations obtained in both methods for all antigens tested. 
The regular and avidity mouse DTP MIAs were reproducible with good intra- and inter-
assay coefficients of variability (CV) for all antigens. Finally, the usefulness of the assay 
was demonstrated in a longitudinal study of the development and avidity maturation of 
specific IgG antibodies in mice having received different DTP vaccines. We conclude that 
the hexaplex mouse DTP MIA is a specific, sensitive and high throughput alternative for 
ELISA to investigate the quantity and quality of serological responses toward DTP antigens 
in preclinical vaccine studies. 
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Introduction 

Mouse serum IgG antibodies specific for individual components of multivalent vaccines are 
important immunogenicity markers used in preclinical testing of vaccines, and are 
commonly evaluated employing multiple ELISAs. Also for monitoring of murine serum 
responses to Diphteria (D), Tetanus (T) and Pertussis (P) antigens ELISAs are broadly used 
[1-4], and even required by the regulatory authorities for the batch release of combination 
vaccines with acellular pertussis components (DTaP) [5]. ELISAs are time consuming and 
may require substantial amounts of specific antigen for plate coating in large studies. 
Furthermore, since ELISAs are monovalent, preclinical evaluation of serological responses 
to multicomponent vaccines are labour-intensive and require considerable mouse serum 
sample volumes, especially when numbers of vaccine components to be tested increase or 
when avidity analysis is involved. As an alternative serological assay, many laboratories 
have successfully developed multiplex flow-cytometric immuno-assays (MIAs) using 
fluorescent bead sets as carriers for different antigens, including DTP antigens [6-14]. The 
most important advantage of serological MIAs over ELISAs is that antibody responses to 
multiple antigens can be determined simultaneously in a single well. Thereby, MIAs are 
considerably less labour intensive, are serum-saving and usually require small amounts of 
bead-coated antigen. The now available MIA systems can readily measure total human IgG 
antibody levels but are currently also being adapted to enable measurement of antibody 
quality as well [6;15]. 

Recently, van Gageldonk et al [10] developed a pentaplex MIA for the detection of 
human IgG responses to five antigens present in DTP combination vaccines, as an 
important step toward replacing time-consuming ELISAs in immune surveillance studies 
and vaccine trials. Here, we adapted this human assay into a hexaplex MIA system to 
simultaneously determine mouse serum IgG concentrations to six components of DTP 
combination vaccines, i.e. P.69 Prn, FHA, Ptx, Fim2/3, Dtx and TT, requiring only small 
serum aliquots available from preclinical vena-punctions. Moreover, we extended the 
serological MIA in order to determine the avidity of the mouse DTP antibody responses in 
a multivalent manner. 
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Materials & Methods 

Antigens & reagents 
B. pertussis P.69 Prn was recombinantly expressed and purified from an E. coli construct as 
described elsewhere [16], Ptx, FHA and Fim2/3 antigens were purified from B.  pertussis 
biomass in house according to procedures described in literature [17-19]. Mw and purity of 
these antigens were verified using SDS-PAGE,. Corynebacterium diphteriae Dtx and 
Clostridium tetani TT were purchased as toxins from Sigma Aldrich (USA). Mouse 
monoclonal antibodies (moAbs) directed at P antigens  FHA (29E7),  P.69 prn (Pem72), 
and Fim3 (81H11), and at E. coli LPS (88F3) were all obtained as hybridoma culture 
supernatatnts from the Dutch National Institute of Public Health and the Environment 
[20;21] and the moAb directed to pertussis Ptx S1 (3F10) was obtained as a dilution of 
ascitic fluid from NIBSC (code 99/520). Colour coded carboxylated microspheres 
representing distinct bead regions were obtained from Bio-rad (Bio-Rad Laboratories, 
USA). N-hydroxy-sulfosuccinimide (sulfo-NHS) and 1-ethyl-3-(-3-dimethylaminopropyl-)-
carbodiimide hydrochloride (EDC) were purchased from Pierce (USA). Bovine serum 
albumin (BSA), Natrium thiocyanate (NaSCN) and (3,3’,5,5’)-Tetra-methyl-benzidine 
(TMB) were purchased from Sigma-Aldrich (USA). R-phycoerythrin (RPE)-conjugated 
goat anti-mouse total IgG, -IgG1 and -IgG2a antibodies, and horse radish peroxidase(HRP)-
goat-anti-mouse IgG were obtained from Southern Biotech (USA). Phosphate Buffered 
Saline (PBS), pH 7.2, was obtained from Invitrogen (USA). Tween-20 and Tween-80 were 
purchased from Merck (Germany). Skimmed milk (protifar) was obtained from Nutricia 
(The Netherlands). 
 
Mouse reference serum 
Mouse reference serum with standardised IgG concentrations for P antigens, P.69 Prn, 
FHA, Ptx and Fim2/3 was obtained from the national institute for biological standards and 
control (NIBSC code 97/642) [22]. The concentrations of anti-Dtx and TT IgG antibodies 
in this reference serum were unknown and therefore these concentrations were arbitrarily 
set at 100 U/ml. Concentrations of specific IgG1 and IgG2a antibodies in the reference 
serum were not standardised but measurable albeit low for IgG2a. Consequently, the 
median fluorescence intensity (MFI) of the reference serum for IgG1 and IgG2a was 
checked for consistency between MIAs (coefficient of variance (CV) <20%) and IgG1 and 
IgG2a levels were presented as MFI±SD. 
  
Mouse immune sera 
BALB/c mice were housed and used for animal experiments according to the medical and 
ethical guidelines for animal experiments at the Netherlands Vaccine Institute.  
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Mouse immune sera were generated by immunisation of groups of 6 to 8 week-old BALB/c 
mice (n=24 mice/group) at day 0 and day 28 with 0.25 human dose (HD) of either a Dtx, 
TT, acellular pertussis combination vaccine (DTaP, Infanrix, GlaxoSmithKline, UK), or a 
Dtx, TT, whole cell pertussis combination vaccine as was formally used in the national 
immunisation program in the Netherlands (DTP, The Netherlands Vaccine Institute, The 
Netherlands). These vaccines contain different amounts of pertussis antigens [23;24] but 
equal amounts of Dtx and TT. Both vaccines contain aluminium hydroxide as an adjuvant. 

Orbita serum punctions (200 l) were taken at day 0, 28, day 42, day 98 and day 308 after 

primary immunisation. 
 
ELISA 
IgG antibodies against individual DTP antigens were determined in six parallel ELISAs as 
described before [25] with minor modifications. Briefly, antigens were diluted in PBS at 2 
µg/ml and absorbed in 100 µl volumes to high-protein binding polystyrene 96-well 
microtiter plates (Nunc, USA) by incubation overnight at room temperature and 
successively washed with distilled water containing 0.03% Tween-80. Six threefold 
dilutions of reference serum (starting at 1/100) or serum samples (starting at 1/100 for all 
antigens tested except for Dtx and TT: 1/300) in PBS containing 0.1% Tween-80 (PBST) 
were added to the microtiter plates (100 µl). Dilutions of reference serum and blanks 

(without serum) were included in every plate. Following one hour incubation at 37 C, 

plates were washed and a 1:5000 dilution of HRP-goat-anti-mouse IgG in PBST containing 
0.5% skimmed milk was added to each well (100 µl) and incubated for another hour at 
37˚C. After the final wash step, the plates were developed with 100 µl/well peroxidase 
substrate (0.1 mg/ml TMB with 0.012% H2O2 in 0.11 M sodium acetate buffer [pH 5.5]) 
and the reaction was stopped with 2 M H2SO4 after 10 minutes. Optical density at 450 nm 
was read using an ELISA reader (Bio-Tek, USA). For each serum sample, optical densities 
were plotted against the serum dilution. Optical density values within the linear part of the 
curve were converted to U/ml by interpolation from a 4-parameter logistic (4-PL) standard 
curve of the reference serum and averaged.  
 
IgG avidity measurement using ELISA 
Avidity of DTP specific IgG antibodies in mouse reference serum was evaluated in six 
parallel ELISAs using different concentrations of the chaotropic reagent NaSCN in PBS 
[26], ranging from 0 M (untreated condition) to 3 M, as described elsewhere [27]. NaSCN 
concentrations resulting in a reduction of 50% of the optical density at 450 nm of the 
untreated controls were determined to be 1.5 M for P.69 Prn and Dtx, 2 M for FHA and 
Fim2/3 and 2.5 M for Ptx and TT, respectively (data not shown) and were considered the 
optimal conditions for avidity analysis of specific IgG antibodies in mouse immune sera.  
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Briefly, for each antigen the ELISA was performed in duplicate plates, one treated as a 
standard ELISA and one treated as follows. After the serum incubation step and subsequent 
washing, NaSCN was added to the wells (100 µl/well) at the optimised concentration per 
antigen. After 15 minutes of NaSCN treatment, wells were washed with PBST and the 
procedure was continued as described for the standard ELISA (i.e. incubation with HRP-
IgG etc.). NaSCN treated IgG concentrations are expressed as U/ml. 
 
Conjugation of vaccine antigens to carboxylated microspheres 
Purified pertussis antigens P.69 Prn, FHA, Ptx and Fim2/3 and Dtx and TT were coupled to 
distinct activated carboxylated microspheres (beads) of bead regions 02, 11, 60, 24, 45 and 
28 respectively, essentially according to van Gageldonk et al. [10]. Briefly, 6.25.106 beads 
(500 µl) of each region were activated by incubation with 2.5 mg/ml EDC and 2.5 mg/ml 
sulfo-NHS in PBS for 20 minutes at room temperature (RT) in the dark under constant 
rotation at 25 rpm. Subsequently, beads were washed twice with PBS and resuspended in 
PBS with an antigen to bead ratio of 5 µg/6.25.106 activated beads for P antigens and of  25 
µg/6.25.106 activated beads for DT antigens. After incubation for 2 hours at RT in the dark 
under constant rotation, beads were washed three times and stored in PBS containing 0.05% 
(w/v) sodium azide and 1% (w/v) BSA at 4 ºC in the dark until used. 
 
Hexaplex MIA 
Eight steps of 3-fold dilutions (1/100 to 1/218700) of the NIBSC reference serum were 
prepared in PBS containing 0.1% Tween-20 and 3% bovine serum albumin (PBS-T20-
BSA) Immune sera were diluted 1/1250 and 1/12500 in PBS-T20-BSA. Each dilution of 
the reference or immune sera samples (25 µl) was mixed 1:1 with conjugated beads (25 µl 
containing 4000 beads/region/well) in a 96-well Multiscreen HTS filter plate (Millipore 
Corporation, USA) and incubated 45 minutes at RT in the dark on a plate shaker at 600 
rpm. Dilutions of reference serum and blanks (without serum) were included in every plate. 
The beads were washed three times with PBS by filtration using a vacuum manifold. 
Subsequently, 50 µl of a 1/200 dilution of RPE-conjugated anti-mouse total IgG (or -IgG1 
or -IgG2a, as indicated) in PBS was added to each well and plates were incubated for 30 
minutes under continuously shaking. After washing, beads were resuspended in 100 µl PBS 
and flowcytometrically analysed on a Bio-Plex 100 in combination with Bio-Plex Manager 
Software (Bio-Rad Laboratories, USA). Each bead is classified by its signature fluorescent 
pattern and then analyzed for the median fluorescence intensity (MFI) of the signal of the 
reporter antibody. For each analyte, MFI was converted to U/ml by interpolation from a 5-
PL standard curve (log-log) for every bead region/standard.  
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MIA crossreactivity 
Antigen specificity and cross contamination of the P antigen-coupled bead sets in the 
hexaplex MIA were determined by incubating hexavalent beadmixtures with dilutions of 
individual mouse moAbs directed towards purified P antigens that yielded maximal reporter 
signal for the specific bead set. To pick up E. coli LPS as a contaminant of rP.69 Prn, 
beadmixtures were also incubated with undiluted culture supernatant of an anti-E. coli LPS 
moAb. The maximal MFI  of a particular bead set with its specific MoAb, e.g. 
“A” – coupled beads with moAb “anti-A”, was assayed as 100%. Cross contamination of 
another bead set, e.g. “B”- coupled beads, was expressed as the following percentage: [MFI 
of moAb “anti-A” to bead set “B” / MFI of moAb “anti-A” to antigen “A”]*100%. None of 
the bead sets in the hexavalent beadmixtures incubate with anti-E. coli LPS give any 
detectable reporter signal. These responses were set at 0%. 
 
MIA specificity 
The NIBSC reference serum was diluted 1:4000 in PBS and pre-incubated with each of the 
vaccine antigens (5 µg/ml). Following a 1-hour pre-incubation at room temperature, 
aliquots were incubated with beads and handled as described above. A non-treated 1:4000 
dilution of the reference serum was assayed as a control (100%). Homologous and 
heterologous inhibition was calculated as percentage of the incubated sample compared to 
the control: [U/ml obtained in the presence of inhibitor] / [U/ml obtained in the absence of 
inhibitor]*100%.  
 
MIA reproducibility. 
A serum panel, taken from D-, T-,  and P-antigen immune mice at different time intervals 
after vaccination, was used to assess the reproducibility of both the regular and the avidity 
MIA. For each antigen, intra-assay variation (within a plate and from plate to plate) was 
determined by assaying duplicates of the serum panel in the same MIA, either on the same 
plate or on different plates. Inter-assay variation for each antigen was assessed by testing 
the serum panel in two separate MIAs on different days. For each (intra-assay or inter-
assay) duplicate result, the coefficient of variation (%CV) was calculated and calculated 
%CVs for multiple duplicates (n≥20 per antigen) were averaged. 
 
IgG avidity measurements using MIA 
Conditions for evaluating avidity of mouse DTP specific IgG antibodies in MIA were 
maximised for each DTP antigen using mouse reference serum and different NaSCN 
concentrations as described for ELISA. NaSCN concentrations resulting in a 40-60% 
reduction of the mean untreated fluorescence could be optimised at 0.5 and 2 M NaSCN for 
all antigens except FHA. For FHA the introduction of NaSCN in MIA induced an elevated 
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background signal in the absence of serum (MFI > 1200 for 0.5 M NaSCN). This was 
caused by elevated non-specific binding of the anti-IgG part of the conjugate (and not of the 
PE label of the conjugate) to the NaSCN treated FHA beads, and could not be circumvented 
by pre-incubating the conjugate with FHA or by using other conjugates (data not shown). 
As an alternative chaotropic reagent for thiocyanate ions, conditions were optimised for 
avidity evaluation in MIA using urea [28-30], known to also unfold proteins through a 
combination of direct binding to proteins and altering their solvent environment [31-33]. 
Briefly, to determine optimal urea conditions for avidity measurement, i.e. after reducing 
antigen specific IgG levels by minimally 30% and maximally 80%, trends were obtained 
from serial incubations of day 42 post-vaccination immune sera with beads in replicate 
plates. One plate was developed according to standard MIA conditions, the others were 
treated with urea as follows: after the 45 minutes incubation step of serum and beads and 
subsequent washing, 50 µl of a 6, 7, 8, or 9M urea solution in PBS was added to the wells 
of the replicate plates, respectively, and incubated for 10 minutes in the dark at room 
temperature. Then, plates were washed 3 times with PBS and the standard MIA procedure 
was followed again, i.e. incubation with RPE-anti-total IgG. Two optimised urea 
concentrations were determined, one for IgG avidity assessment for the combined P 
antigens as well as for TT (9M urea), and one for Dtx specific IgG (6M urea). These two 
concentrations were used when determining avidity of IgG antibodies as indicated in 
Results. Urea treated IgG concentrations are expressed as U/ml. The avidity index (AI) is 
calculated as the percentage: [U/ml obtained in the presence of urea] / [U/ml obtained in the 
absence of urea]*100%.  
 
Statistical analysis 
Determination of the Pearsons’s correlation coefficient as well as linear regression were 
applied to analyse correlation of variables between assays and the linearity of the 
relationship between datasets. A two-way ANOVA with a Bonferroni post test was used to 
assess the significance of differences between levels and AIs of IgG antibodies or 
subclasses in differently vaccinated mice, and a one-way ANOVA with a Bonferroni post 
test was used to evaluate differences in antibody levels in time in DTaP or DTP vaccinated 
mice. P values <0.05 are considered significantly different.  
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Results 

Development of a hexaplex MIA system to quantify mouse DTP specific IgG antibodies 
i) Bead specificity and serum dilutions 
D, T, and P antigens were conjugated to individual bead sets at an optimised antigen 
concentration according to van Gageldonk et al. to obtain six monovalent bead sets [10].  
Using mixed bead sets and monoclonal antibodies directed towards the individual in house 
purified P antigens, as well as E. coli LPS as a negative control, bead specificity, cross 
reactivity and absence of cross contamination through co-purified antigen impurities were 
assessed in MIA.  Specificity of the monovalent P bead components was confirmed and 
cross reactivity and heterologous P antigen- and LPS-contamination of beads were ruled 
out (table 1). To assess the range of reporter fluorescence intensities generated using a 
positive mouse serum, eight steps of three-fold dilutions of a mouse reference serum were 
tested in the MIA. Standard curves for all six vaccine antigens, i.e. P.69 Prn, FHA, Ptx, 
Fim2/3, Dtx, and TT, were linear over approximately seven three-fold dilutions of the 
reference serum (data not shown). Sample dilutions were optimised to cover a broad 
concentration range of specific serum IgG in pre- and post-vaccination sera. With a 
minimum of two single serum dilutions (1:2500 and 1:25000) over 99% of the specific IgG 
antibody levels to the six DTP antigens could be determined in a multiplex manner (n=200 
sera tested, data not shown).  
 

Table 1: Specificity of bead sets in hexaplex mixtures 

Bead 

moAb 

FHA Ptx Fim2/3 P.69 Prn Dtx TT 

FHA 100# 0.0 0.0 1.1 0.0 0.0 

Ptx 0.0 100 0.0 0.1 0.0 0.0 

Fim3 0.0 0.1 100 0.0 0.0 0.0 

P.69 Prn 0.0 0.0 0.0 100 0.0 0.0 

LPS* 0.0 0.0 0.0 0.0 0.0 0.0 

# Homologous and heterologous recognition of bead sets in hexaplex mixtures by moAbs given as a 
percentage of the maximal specific response. Shown are results from a representative experiment out of 
three. 
* No signal using anti E. coli LPS and any of the bead sets in the mixture could be detected. Therefore, 
the cross recognition was set at 0%.  
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ii) MIA specificity 
To further assess the specificity of the mouse DTP MIA, homologous and heterologous 
inhibition of binding of reference serum antibodies to antigen-coupled beads was 
determined through absorption. 1:4000 dilutions of reference serum were pre-incubated 

with each of the DTP antigens at a concentration of 5 g/ml. The pre-absorbed reference 

serum samples were then tested for reactivity to the pooled antigen-coupled beads in the 
MIA. As shown in table 2, addition of the inhibitors resulted in a high inhibition of 
homologous signals by > 79 % for Ptx, Fim2/3, P.69 Prn, Dtx and TT, and in a more 
moderate homologous inhibition for FHA (58%). Heterologous inhibition was ≤10% for all 
variables, except for inhibition of the Fim2/3 signal with pre-incubation of reference serum 
with P.69 Prn which resulted in 17% heterologous inhibition. Using higher concentrations 
of antigens in this assay increased homologous inhibition of all antigens, but was also 
found to increase heterologous inhibition of the signals of Fim2/3, FHA and P.69 Prn (data 
not shown), probably related to their adhesin properties.  
 

Table 2: Specificity of the hexaplex mouse DTP MIA. Percentage of homologous and heterologous 
inhibition after pre-incubation of the mouse reference serum with different antigens. Shown is one 
representative experiment out of three. 

Bead 

Inhibitor 

FHA Ptx Fim2/3 P.69 Prn Dtx TT 

FHA 58 0 0 0 0 0 

Ptx 0 89 2 0 0 0 

Fim2/3 0 0 85 3 2 3 

P.69 Prn 10 0 17 79 0 0 

Dtx 0 1 0 0 95 0 

TT 0 0 3 0 0 90 

 



 
Chapter 4 

 96 

iii) Comparison of DTP MIA and ELISA 
To compare the performance of the DTP MIA to ELISA, serum samples from mice taken at 
different time points after immunisation representing a range of antibody concentrations to 
the various vaccine antigens were tested both in MIA and in six parallel in-house ELISAs. 
The concentrations of antibodies measured in MIA were plotted in scatter plots against the 
ELISA values (figure 1). Results were compared by linear regression, and coefficients of 
correlation (R) were calculated. The mouse MIA assay had good correlation with mouse 
ELISA for all DTP antigens tested with individual R values between 0.808 for FHA and 
0.957 for Fim2/3 and p values lower than 0.0001 for all antigens except for Ptx (p=0.013) 
(figure 1). 
 
 iv) Assay sensitivity  
The sensitivity of the IgG MIA was determined for each DTP vaccine antigen. From 72 
blank wells, MFI values were collected and mean MFI and standard deviation (SD) were 
calculated for each analyte. The lower limit of detection (LLOD) was determined by 
interpolation of the value of 2SD in the 5-PL curve of the NIBSC reference serum and 
represented as concentration (in mU/ml). LLOD for total IgG MIA were between 0.1 mU 
and 4.7 mU/ml (table 3). Then these values were compared with the LLODs determined for 
the parallel IgG ELISAs and calculated as follows: from 24 blank wells, optical densities 
(OD) at 450 nm were measured and mean and SD of optical densities were calculated. Then 
the LLODs for ELISAs were calculated by interpolating the mean OD + 2SD in the 
relevant 4-PL curve of the NIBSC reference serum (in mU/ml). As can be concluded from 
table 3 (upper part) the antigen specific LLODs of both methods are in the same order of 
magnitude. 
 

Table 3: Sensitivity of the hexaplex mouse DTP MIA. Lower limits of detection (LLOD) were calculated for each 
of the analytes. 

LLOD                        Antigen 
(mU/ml)* 

FHA Ptx Fim2/3 P.69 Prn Dtx TT 

IgG           MIA 4.7 0.1 0.2 0.7 0.2 1.9 

IgG           ELISA 1.2 0.1 0.3 0.7 0.1 0.1 

Avidity   MIA  5.4 0.2 0.3 0.5 0.2 0.1 

Avidity   ELISA 3.5 0.1 0.3 0.7 0.1 0.1 

*The lower limit of quantitation (LLOQ) of the MIA can be calculated as the LLOD multiplied by three. 
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Figure 1: Comparison of specific mouse IgG antibody concentrations to DTP antigens obtained with the 
multiplex immunoassay (MIA) or with the ELISA. Sera (n=27-47 sera/antigen) from DTP or DTaP 
vaccinated mice were tested for the presence of IgG antibodies specific for P.69 Prn, FHA, Ptx, Fim2/3, Dtx, 
and TT. Results are expressed in U/ml. 
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v) Assay reproducibility 
Reproducibility of the IgG MIA was assessed for each DTP vaccine antigen by 
determination of the level of both intra-assay and inter-assay variation using a panel of 
mouse immune sera. The mean %CV for the intra-assay variation, determined for multiple 
sera tested in duplicate within one plate ranged from 4 to 9% for all antigens, and tested in 
duplicate on different plates from 4 to 15% (table 4, untreated condition). Inter-assay 
variation was addressed by comparing duplicates of sera tested in two separate assays. The 
mean %CV for the inter-assay variation for the different antigens ranged from 7 to 14%. 
Hence good intra- and inter-assay reproducibility was shown for all antigens in the MIA. 
 

Table 4: Reproducibility of the regular and avidity mouse DTP MIA. Intra-assay (within plate and between 
plates) and inter-assay (between assays) variation is represented as the mean %CV of duplicate results. 

Analyte 

Intra-assay 
(within plate) 

Intra-assay 
(between plates) 

Inter-assay 
(between assays) 

- # 6M 9M - 6M 9M - 6M 9M 

FHA  9 15 13 10 13 14 13 13 18 

Ptx 5 4 6 5 5 10 9 6 9 

Fim2/3 6 * 6 11 * 9 14 * 19 

P.69 Prn 4 6 5 4 7 16 8 6 11 

Dtx 6 5 * 6 9 * 7 7 * 

TT 5 2 2 15 2 4 10 3 2 

# untreated condition (regular) 
* condition not preferable 
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Development of a hexaplex avidity MIA to monitor avidity of mouse DTP specific IgG 
antibodies 
i) Use of urea for dissociation of low avidity IgG populations  
To be able to measure avidity of mouse IgG responses to single D, T, and P antigens in a 
multiplex manner, the MIA was then extended to include an incubation step with a 
chaotropic reagent for elution of low avidity IgG antibodies, prior to adding conjugate. 
Using thiocyanate, an efficient eluting reagent in the in-house DTP antigen specific avidity 
ELISAs as well as in a human MIA system [15], avidity indexes of post-vaccination mouse 
IgG antibodies against Dtx, TT, P.69 Prn, Ptx, and Fim2/3 but not FHA could be measured 
in MIA (Materials and Methods). To be able to include the FHA antigen in the avidity 
MIA, urea, also known as a chaotropic reagent releasing weakly binding antibody-antigen 
interactions [28-30], was used as an alternative. This reagent demonstrated a low 
background signal in the absence of serum when tested at optimised concentrations for all 
antigens including FHA (MFI < 200). Relevant reduction of specific IgG antibody levels 
was observed at 9M urea for the collective P antigens, P.69 Prn, FHA, Ptx, and Fim2/3, and 
for TT, and at 6M urea for Dtx, respectively. Therefore, using urea the DTP MIA can be 
adapted to multivalently release low-avidity IgG populations for DTP antigens including 
FHA, albeit that two different urea concentrations are needed to cover all six DTP antigens. 
  
ii) Correlation and sensitivity of avidity MIA and avidity ELISA 
The performance of the urea-based avidity DTP MIA to assess serum antibody avidity, 
compared to the six in-house NaSCN-based avidity ELISAs, was evaluated using sera from 
mice at various time points after immunisation. Figure 2 shows the correlation between 
antigen specific IgG concentrations obtained after dissociation of low-avidity antibody 
interactions in both methods. Although the populations of IgG antibodies released by urea 
or thiocyanate may not fully overlap, good correlations were found with p values lower 
than 0.0001 for all antigens, except for TT (p=0.002) and Ptx (p=0.0351). Addition of urea 
in MIA and NaSCN in ELISA did not alter the LLOD of the avidity assays, respectively 
(table 3, lower part). Intra-assay variation of the avidity MIA within a plate ranged from 2 
to 15% and between plates from 2 to 16% and inter-assay variation ranged from 2 to 19% 
for all antigens (table 4, treated conditions). 
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Figure 2: Comparison of specific mouse IgG antibody concentrations to DTP antigens obtained after 
treatment with NaSCN in ELISA or urea in MIA. Sera available from DTP or DTaP vaccinated mice 
(n=18-41 sera/antigen) were tested in the avidity MIA for the presence of bound IgG antibodies specific for 
P.69 Prn, FHA, Ptx, Fim2/3, Dtx, and TT. Results are expressed in U/ml.
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iii) Detection of subclass distribution and avidity maturation of DTP specific antibodies 
longitudinally after vaccination 
The usefulness of the hexaplex regular and avidity MIAs to monitor the in vivo 
development and avidity maturation of DTP specific antibody responses was assessed. 
Longitudinal orbita serum samples from individual BALB/c mice were taken at different 
time intervals after vaccination with a combined DTaP or a combined DTP vaccine. Levels 
and AIs of DTP specific IgG antibodies were assessed, as well as levels of specific IgG1 
and IgG2a subclasses. As is illustrated for the P.69 Prn specific response, the DTP MIA 
could reveal trends in IgG responses in time and between differently vaccinated mice 
(figure 3). Significantly higher anti-P.69 Prn total IgG, -IgG1 and -IgG2a end 
concentrations were observed at various post-booster time points (day 42, day 98) in mice 
vaccinated with the DTaP vaccine, as compared to mice vaccinated with the DTP vaccine. 
In addition, significant longitudinal increase of responses was observed in the DTaP 
vaccinated group for total IgG , IgG1 and IgG2a (between days 28 and 98), and in the DTP 
vaccinated group for total IgG and IgG1 (between days 28 and 42). Furthermore, the 
avidity DTP MIA showed significant progress in avidity maturation between days 28 and 
42 for DTP vaccinated mice, and between days 28 and 98 for DTaP vaccinated mice. 
Likewise, trends in IgG levels and avidity maturation for other DTP vaccine antigens could 
be revealed using MIA (data not shown). Hence, the regular and avidity mouse DTP MIAs 
are able to reveal trends in levels and AIs of D, T and P antigen specific IgG antibodies in 
experimental mouse models.  
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Table 5: Analysis of costs of a set of regular and avidity mouse DTP MIAs and ELISAs. 

Requirementsa MIA ELISA 

96-well plates 3 low-protein binding filter platesc  60 high-protein binding platesh 

Microbeads 1.2x106 beads per regiond - 

Antigen  
1µg per P antigen;  
5 µg per D or T antigene 

200 µg per antigeni  

Serum per mouse 0.3 µlf 24 µlj  

Conjugate 75 µl -IgG-PEg 125 µl -IgG-HRPk 

Man labourb 0.5 day coupling + 1 day assay 3 days 
a Calculations are made for an experiment in which levels and avidity of IgG antibodies towards 6 DTP antigens 
are determined in 75 mouse sera  
b Time needed for one operator with a maximum of handling 20 plates per day 
c Based on accommodating 75 sera in uniplo (and controls) per plate and testing under 3 MIA conditions (0, 6 
and 9 M urea) 
d Based on the use for each bead region of 4000 microbeads per well in 3 plates  
e Based on the use of approximately 20% a standard bead stock (i.e. 6.25x106 beads) requiring 5µg of P antigens 
or 25 µg of D or T antigens, respectively, for conjugation.  
f 0,3 µl is the minimal serum volume that can be accurately pipetted. This makes up 375 µl of a 1:1250 serum 
dilution which is largely sufficient to be analysed in MIA in 3 wells (50 µl/well, 3 conditions; 0, 6 and 9M urea). 
g Used as  a 1:200 dilution at 50 µl/well, in 3 plates 
h Based on accommodating 15 sera and controls (in six dilutions, in uniplo) and one antigen per plate and testing 
under 2 ELISA conditions (without and with optimised [NaSCN]).  
i Amount per antigen needed to coat 10 ELISA plates at 2 µg/ml, 100 µl/well 
j Based on using 100 µl of serum dilution per well and making 200 µl of a 1:100 starting dilution per antigen 
(n=6) per ELISA condition  (n=2) 
k Used as a 1:5000 dilution at 100 µl/well, in 60 plates 

Figure 3: Levels and quality of 
the mouse P.69 Prn-specific 
IgG antibody response after 
vaccination. BALB/c mice (n ≥ 
6 sera/vaccine type) were 
vaccinated at day 0 and day 28 
with ¼ human dose of either a 
DTaP (in grey) or a DTP (in 
dark grey) vaccine and 
longitudinal orbita serum 
samples were taken at indicated 
time points. Shown are total 
IgG concentrations (mean ± 
SD) in U/ml, IgG1 and IgG2a 
concentrations (mean ± SD) in 
MFI, and AIs in % of the 
original IgG levels. 
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Discussion 

Recently several laboratories developed human MIA systems to measure IgG antibodies to 
D, T, and P antigens [10;13;14] and Hendrikx et al [15] described avidity measurements of 
specific human IgG antibodies to two P antigens using MIA (P.69 Prn and Ptx). Here, a 
mouse counterpart of these MIA systems was developed and extended to enable the 
assessment of levels, isotypes and avidity of antigen-specific mouse IgG antibodies to six 
DTP antigens. Both the regular and avidity mouse DTP MIAs were reproducible, specific 
and had LLOD comparable to the in-house regular and avidity ELISAs, respectively. In 
addition, a good correlation was obtained between all IgG concentrations retrieved from the 
regular MIA and ELISAs, as well as between those retrieved from the avidity MIA and 
ELISAs, respectively. In general, MIA systems are flexible, fast and robust assays rapidly 
entering the field of immunosurveillance, disease diagnostics and vaccinology [6-12]. Their 
most important pro’s over parallel monovalent ELISAs are illustrated by a theoretical 
example of the main requirements for testing levels and avidity of IgG antibodies in 75 
serum samples towards all six antigens in our hexaplex mouse DTP MIA or ELISAs (table 
5). Clearly, the advantages of MIA systems will only become more substantial when novel 
targets of interest are being included with no extra sample volume being required and 
hardly any extra man labour to run samples. The investment for individual laboratories to 
set up a serological MIA is to manufacture vaccine antigen-conjugated bead sets, since 
these are not commercially available, and to validate their individual specificities and 
sensitivities in monovalent and multivalent usage. Successful serodiagnostic MIA systems 
for protein [10;11;15], polysaccharide [6;7;9;34;35], as well as for lipopolysaccharides [12] 
vaccine antigens have been developed, involving up to 14 different specificities [35]. 
Nevertheless, some trouble shooting may be necessary depending on the system or serum 
samples in use [36], or, as was the case in our regular and avidity mouse DTP MIA, on an 
antigen, i.e. FHA. Usage of NaSCN as a chaotropic agent in the hexavalent avidity MIA 
worked well for five DTP antigens but induced an elevated background MFI signal in the 
absence of serum only for FHA. This was caused by a non-specific interaction of the 
conjugate with NaSCN-treated FHA coupled beads (data not shown). Notably, applying a 
human avidity DTP MIA based on thiocyanate ions, Hendrikx et al showed data for P 
antigens Ptx and P.69 Prn only, and not for FHA [15]. In our hands, the solution for FHA 
was to use urea, albeit that 2 different urea concentrations were needed to evaluate the 
avidity of the IgG antibodies specific for all six DTP antigens. Furthermore, although the 
specificity, sensitivity and reproducibility of FHA measurements in both regular and avidity 
MIAs were acceptable, they were lowest of all DTP antigens. All these points related to 
FHA could be due to its size and biological function. FHA is a major attachment factor for 
bacterial adherence to ciliated epithelial cells and is the biggest of the six DTP antigens 
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[37;38], which may result in more non-specific interactions or increased sensitivity to 
conformational changes upon covalent coupling to beads. Once a MIA system is optimised 
however, the time investment is paid back by preparation of stocks of antigen-coupled 
beads that are stable for at least 6 months [7;10], reducing conjugation time but also 
variability of bead batches. 

The usefulness of our mouse DTP MIA systems in an experimental vaccination 
model was confirmed by showing longitudinally trends in total levels, isotype distribution 
and avidity maturation of specific IgG antibodies in differently vaccinated mice. 
Monitoring of AIs or isotype distribution of antigen-specific IgG antibodies is important, 
since quality in combination with or rather than quantity of antibody responses seems to 
define the efficacy of an immune response [6;39-46]. Although still largely unpredictable, 
variables such as formulation as well as antigen composition of multicomponent vaccines 
do greatly influence the qualitative outcome of B cell responses [15;47-50]. It is therefore 
our expectation that in view of the exponentially growing demand of new vaccines and 
vaccine combinations, serological MIA systems, being specific, sensitive, flexible, and 
cost-effective, and by enabling the assessment of qualitative Ig parameters in a multiplex 
manner, will rapidly increase in number and acceptance in vaccinology. MIAs will simplify 
the pre-clinical phase of vaccine development in which hundreds or even thousands of 
immune sera are being compared when testing multiple vaccine candidates, combinations, 
schedules or batches. Our hexavalent mouse DTP MIA may be a first step towards 
introducing such high throughput serological assay as a replacement of ELISA in the 
development phase, efficacy analysis and batch release of new combination vaccines 
containing D, T and P antigens. 
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Abstract 

Frequent occurrence of whooping cough in vaccinated populations suggests limited 
duration of vaccine-induced immunological memory. To investigate peculiarities in B cell 
memory specific for pertussis antigens P.69 pertactin (P.69 Prn), pertussis toxin (Ptx) and 
filamentous hemagglutinin (FHA), we monitored the induction and maintenance of specific 
serum IgG, long-lived bone marrow (BM) -derived plasma cell (PC) and splenic memory B 
cell (Bmem) populations in a long-term preclinical vaccination model. Groups of BALB/c 
mice were primed and boosted (day 28) with a combined diphtheria (D), tetanus (T), 
acellular pertussis (aP) vaccine (DTaP) or whole cell pertussis (P) vaccine (DTP) and the 
immune status was followed over time. Levels of pertussis specific IgG, induced after 
primary and booster immunisation, peaked at day 98 to decline thereafter. This was not 
paralleled by a decay, but rather an increase in BM resident specific PC, over time (>1 
year). In contrast, splenic Bmem peaked after booster immunisation to decline till 
background levels. Late recall of immunological memory more than 1 year after primary 
and booster vaccination, however, did reveal a rapid proliferative response of pre-existing 
Bmem but failed to evoke an anamnestic IgG response. A combination of waning P-antigen 
specific IgG production by PC and poor functions of the Bmem compartment such as self-
maintenance and anamnestic IgG responses could be a hallmark of waning pertussis 
immunity. A better understanding of the mechanisms of limited immunological memory to 
pertussis may help to improve current vaccines. 
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Introduction 

It has been demonstrated that vaccination against various infectious diseases can induce 
long-term protection lasting for decades in the absence of re-exposure to the pathogen [1;2]. 
In humoral immune responses BM resident long-lived PC, providing sustained levels of 
IgG, and T-cell-dependent Bmem, both end products of germinal centers [3-6], are the key 
players in maintaining long-lasting protection [7-10]. The mechanisms by which these two 
specific B cell populations function and are sustained for a longer period of time, their 
separate and interlinked roles, the size of either population needed to maintain IgG levels 
and to mount good recall responses, respectively, are still poorly understood. For whooping 
cough, a respiratory disease caused by the gram-negative bacterium Bordetella (B.) 
pertussis, the maintenance of B. pertussis specific B cell populations is of special interest 
because whooping cough has reemerged in the past decades despite vaccination [11-16]. 

Waning of immunity, at the individual’s and the herd level is one of the proposed 
explanations for this increase [17-19]. Also, ongoing strain adaptation and changing 
antigenic properties may further shorten the duration of efficaciousness of vaccination 
[20;21]. Although none of the large vaccine trials in the past century provided hard 
evidence for a protective role for IgG against the main vaccine antigens, a protective role 
was found for relatively modest pre-exposure pertussis specific IgG titers in two household 
contact studies [22;23]. Levels of pertussis specific IgG are known to drop relatively fast, 
e.g. within 2 to 3 years after vaccination [23-32], which points at a possible flaw in the 
quality of the specific long-lived PC compartment relevant to the epidemiology of 
whooping cough. On the other hand, pertussis protection may persist after immunisation 
when IgG levels are no longer detectable [33], which raises the question whether Bmem 
might contribute to protection as well. Bmem cannot prevent infection but since they can 
rapidly proliferate and differentiate into antibody producing cells after a second exposure, 
the presence of Bmem could be critical in controlling the extent of infection and preventing 
disease [34]. In other vaccines such relation between the maintenance of Bmem and long-
term protection was implicated. The highly efficacious small-pox vaccine elicits stable 
long-term (>40 years) IgG responses [35-37], and evokes a stable pool of vaccinia virus 
specific Bmem [38]. The tetanus vaccine, providing long-lasting immunity (>10 years) and 
stable high IgG responses, induces the generation of long-lasting Bmem as well [39], while in 
comparison the diphtheria vaccine is less protective and induces smaller amounts of Bmem 
[2;39]. In humans, analysis of the pertussis specific cellular B cell compartment has been 
limited to a single study addressing circulating Bmem [40], while for obvious reasons human 
BM to study long-lived PC is not accessible. Here, to be able to investigate the induction 
and maintenance of pertussis antigen specific Bmem and long-lived PC in parallel, we 
characterised their frequencies in time in a preclinical B. pertussis vaccination model.  
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In a similar longitudinal setting, we earlier found sustained numbers of splenic Bmem 
and BM PC specific for a major meningococcal vaccine antigen [41]. The results here add 
to the insight that pertussis antigens may sub-optimally generate and sustain these B cell 
populations. 
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Materials & Methods 

B. pertussis antigens  
Recombinant P.69 Prn was expressed and purified from an E. coli construct as described 
elsewhere [42]. Ptx and FHA were purified in house according to procedures described in 
literature [43-45] and diphtheria toxin (Dtx) and tetanus toxin (TT) were obtained from the 
production facility of the Netherlands Vaccine Institute (NVI, The Netherlands). 
 
B. pertussis strains & vaccines 
For the immunisation of mice either a registered combined Dtx, TT, three component 
acellular pertussis vaccine (DTaP, Infanrix, GlaxoSmithKline, UK) was used, or an in 
house combined Dtx, TT and whole cell pertussis vaccine (DTP) for which Dtx, TT and 
inactivated whole cell pertussis bacteria (a 1: 1 w/w mixture of two vaccine strains formally 
used in the Dutch national vaccination program , NVI, The Netherlands) were mixed with 
aluminium hydroxide (AL(OH)3; Alhydrogel, Brenntag Biosector, Denmark) as an adjuvant 
to obtain a 16 IOU/human dose (HD) vaccine. DTaP and DTP contain different amounts of 
pertussis (P) antigens but equal amounts of Dtx, TT and AL(OH)3 per dose (table 1).  

For the preparation of challenge inoculum, a streptomycin resistant derivative of 
strain Tohama, B213, and a streptomycin resistant Dutch clinical isolate from 1995, B613, 

were grown at 35 C on Bordet-Gengou agar supplemented with 15% defibriated sheep 

blood and 30 µg/ml streptomycin (Tritium, The Netherlands). After growth, bacterial 
cultures were collected, washed and diluted in Verwey medium [46] to a final concentration 
of 5.108

 CFU/ml. 
 
Immunisation of mice 
Immunisation experiments were approved by the local ethical committee for animal 
experiments. In a duplicate set of immunisation experiments, 6-8 weeks old specific-
pathogen-free female BALB/c mice, (NVI, The Netherlands) were immunised 
subcutaneously on day 0 and day 28 with either ¼ human dose (HD) DTaP, ¼ HD DTP, or 
with adjuvant only, in a 0.3 ml solution (n=50-60 mice per treatment, per experiment), and 
were left until sacrifice or intranasal infection at day 42 or until sacrifice or further 
treatment around day 469. For late recall experiments, mice were vaccinated a third (or 
first) time or intranasally infected around day 469 and sacrificed 10 days later. 

Longitudinal serum samples were collected by venapunction at various time points, 
as indicated, until groups of mice were sacrificed and femurs, spleens and blood were 

harvested. Sera were stored at -20 C, and spleens and femoral BM samples were directly 

processed and individually tested.  
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Table 1: Antigen composition of the DTaP and DTP vaccines used. 

component DTaP* DTP 

P.69 Prn 8 µg/HD 5-12 µg/HD** 

FHA 25 µg/HD 3 µg/HD*** 

Ptx 25 µg/HD 0.2 µg/HD*** 

Fim2/3 0 µg/HD 0.1-2 µg/HD** 

TT 10 LF/HD 10 LF/HD 

Dtx 25 LF/HD 25 LF/HD 

Other antigens 0 µg/HD Cocktail of other antigens 

AL(OH)3
 1.5 mg/HD 1.5 mg/HD 

* DTaP; Infanrix , **;[51], ***; [75], HD; human dose 

 
Intranasal infection of mice 
Groups of mice (n= 6-8/group), 42 or 469 days after primary DTaP, DTP or mock-
vaccination, were intranasally infected with 2.107 colony forming units (CFU) of the 
indicated B. pertussis strain per mouse in 40 µl of Verwey medium [46]. For post-challenge 
analysis of immunological parameters, mice were left for 10 days before blood and organ 
collection. In protection assays, groups of vaccinated and control mice were sacrificed at 
day 3 post-challenge and lungs and blood were collected individually. 
 
Murine cell suspensions 
Lung cell suspensions were obtained by homogenising the lungs in 1 ml Verwey medium 
[46] using a tissue homogeniser (pro 200, ProScientific Inc., USA) at a maximum speed for 
10 seconds.  
BM cell suspensions were obtained by flushing both femoral bones per animal with 
complete medium, i.e. Iscove’s Modified Dulbecco’s Medium (Gibco BRL, USA) 
supplemented with 10% fetal bovine serum (FBS, HyClone, USA) and penicillin, 
streptomycin and L-glutamine (pen/strep/glu, GibcoBRL, USA) and were used directly.  
Single-cell splenocyte suspensions were obtained by mechanical dissociation of spleens 
through 70 µm pore size nylon filters in complete medium. Before being used in the B-cell 
enzyme-linked immunospot assay (B-cell ELIspot), splenocytes were differentiated in vitro 
to become antibody secreting cells (ASC) by culturing for 5 days at 2.106 cells/ml in 
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complete medium in the presence of 0.1 µg/ml heat inactivated (90C for 15 min) FHA, 

P.69 Prn and Ptx. This in vitro culture condition was required, sufficient and optimal for the 
detection of murine P-antigen specific Bmem, as was determined by comparing several 
different treatments, such as non-culturing or culturing in the presence of medium only, 
using single control antigens, using higher or lower concentrations of antigens, heat 
inactivating antigens or not, using polyclonal stimuli such as CPG [40] or SAC [39], and 
adding growth factors or not (data not shown).  
 
Serology 
The levels of specific mouse IgG antibodies to P-antigens and Dtx were determined by a 
mouse multiplex immunoassay (MIA) using luminex technology, adapted from Van 
Gageldonk [47]. Briefly, beads (12,5.106 beads/ml) were activated with 5mg/ml EDC and 
5mg/ml NHS (pH=6.1) in PBS and subsequently washed and resuspended in PBS 
containing 5 µg antigen/6.25.106 activated beads/250 µl for P-antigens and 25 µg 
antigen/6.25.106 activated beads/250 µl for Dtx. Antigens were allowed to bind (2 hours, 
RT, 25 rpm) and beads were subsequently washed and stored in PBS-0.05% sodium azide-

1% BSA at 4 C in the dark until usage. Eight steps of 3-fold dilutions (1/50 to 1/109350) 

of reference serum or 1/1250 (or 1/12.500 dilutions if high amounts of IgG in the serum 
sample were expected) of mouse serum samples were prepared in PBS-3% BSA-0.1% 
Tween-20. As a reference serum, the standardised mouse reference serum for pertussis 
antigens was obtained from The National Institute for Biological Standards and Control 
(NIBSC code 97/642) [48]. The concentration of anti-Dtx antibodies in this reference serum 
was unknown and therefore this concentration was arbitrarily set at 100 U/ml. 

Each dilution of serum (25 l) was mixed with an equal volume of conjugated 

microspheres (4000 beads/region/well) in a 96-well multiscreen HTS filter plate (Low-
protein binding, Millipore, USA) and incubated 45 minutes at RT. Then, beads were 
washed (PBS), and bound antibodies were detected by use of R-phycoerythrin-conjugated 
goat anti-mouse IgG (RPE-anti-IgG) (Southern Biotech, USA). Analysis was performed 
with a Bio-Plex 100 in combination with Bio-Plex Manager software version 4.1.1. (Bio-
Rad Laboratories, USA). For each analyte, median fluorescent intensity (MFI) was 
converted to U/ml by interpolation from a 5-parameter logistic standard curve (log-log) for 
every bead region/standard. U/ml were expressed as 10Log values of the geometric mean for 
groups +/- SD. 
 
Antibody avidity measurements 
Two different concentrations of the chaotropic reagent urea [49] optimised for measuring 
avidity of P and Dtx specific IgG, respectively (data not shown), were used when 
determining avidity of IgG antibodies in mouse immune sera, as follows. Briefly, 
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incubations of serum dilutions and beads were set up in triplicate plates, one of which was 
developed according to standard MIA conditions, and the others being treated with urea as 
follows: after the 45 minutes incubation step of serum and beads and subsequent washing, 
50 µl of a 6M (for Dtx) or 9M (for P-antigens) urea solution in PBS was added to the wells 
of the replicate plates, respectively, and incubated for 10 minutes in the dark at room 
temperature. Then, plates were washed 3 times with PBS and the standard MIA procedure 
was followed again, i.e. incubation with RPE-anti-IgG. The avidity index (AI) is calculated 
as the percentage: AI (%) = [U/ml obtained in the presence of urea] / [U/ml obtained in the 
absence of urea]*100%.  
 
Protection assay  
In duplicate sets of experiments, the bacterial clearance was determined by counting 
colony-forming-units (CFU) in the lungs 3 days after the challenge.  

Lung cell suspensions were diluted 10 and 100 times for immunised mice and 1000 
times for control mice. Subsequently, 100 µl of the diluted cell suspensions were plated on 
Bordet-Gengou plates containing streptomycin (Tritium, The Netherlands) to inhibit growth 

of bacteria other than B. pertussis. Plates were incubated at 37 C and 5% CO2 for 3 to 5 

days depending on the growth rate of the bacteria after which CFU were counted with a 
colony counter (ProtoCOL, Synbiosis, USA). 10Log protection  values (10LOGprot) were 
calculated using the following equation: 10LOGprot = log 10 (mean CFU control mice) – log 
10 (CFU of each individual immunised mouse). 
 
B-cell ELIspot 
 A mouse pertussis specific B-cell ELIspot assay was developed based on previously 
described methods [39;41] and optimised to enumerate IgG ASC specific for B. pertussis 
antigens P.69 Prn, FHA, and Ptx. Briefly, 96-well high-protein-binding multiscreen HTS 

plates (Millipore, UK) were coated overnight at 4 C (50 µl/well) with 50 µg/ml of P.69 

Prn, FHA or Ptx in PBS or with goat anti-mouse IgG (10 µg/ml, Southern Biotechnologies, 

UK) as a positive control. Plates were blocked (10% FCS in PBS, 2 hours, 37 C) and 5-

fold serially diluted fresh murine BM or cultured splenic cell suspensions (ranging from 

1.107 to 8.104 cells/ml) were incubated in duplicate wells overnight (100 µl/well, 37 C, 5% 

CO2). Subsequently, plates were washed  with 0.05% Tween-20 in PBS (PBST) and 
incubated with a 1:5000 alkaline phosphatase-conjugated goat anti-mouse IgG (Southern 

Biotechnologies, UK) for 2-4 hours at 37 C. After incubation, plates were washed with 

PBST followed by washing with PBS before being developed with a ready-to-use 5-bromo-
4-chloro-3-indolylphosphate/nitrobluetetrazolium (BCIP/NBT,KPL, USA) solution for 20-
40 minutes at RT. Then plates were washed with water and allowed to dry. Spots, 
representing single ASC, were counted using an Immunoscantm (CTL, Germany). Spots 
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from at least two countable cell dilutions were used and expressed as geometric mean ASC 
per 106 plated BM or splenic cells. Late recall related changes in numbers of antigen 
specific Bmem were calculated per mouse as induction factor (IF) related to the average of 
antigen specific Bmem of a group of untreated mice  at day 469 after primary immunisation, 
using the following equation: IF = (geometric mean of specific ASC per 106 plated splenic 
cells after late recall)/(average of specific ASC per 106

 plated splenic cells from untreated 

immune mice).  Results are given as mean IF  SD per group of mice after recall. 

 
Statistical analysis 
Significance and P values were obtained by one-way ANOVA with Dunnett post test with 
respect to trends in time in IgG levels, PC or Bmem, for a given vaccine type, or by two-way 
ANOVA with Bonferroni post test with respect to comparison of parameters between 
groups immunised with different vaccines. Statistical significance of differences between 
groups in the protection assay was calculated by a Student’s t-test (two-tailed, unequal 
variance). P values <0.05 were considered statistically significant, P values between 0.05 
and 0.1 were considered as borderline statistically significant. 
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Results 

Levels, avidity & long-term follow up of IgG specific for P-antigens  
To investigate trends in the long-term maintenance of vaccine-induced pertussis specific 
humoral immune responses, we subcutaneously immunised BALB/c mice on day 0 (prime) 
and day 28 (booster) with different types of pertussis vaccines and monitored B cell 
parameters with time. Groups of mice received the standard dose (1/4 HD) of a DTaP 
vaccine as used in the WHO protection assay or of a DTP vaccine, to be sure to mount an 
efficacious protection level. In DTaP vaccinated mice, IgG responses to the P vaccine 
antigens P.69 Prn, FHA, and Ptx rose to peak levels reached by days 42-98, and slowly 
declined thereafter in the memory phase (figure 1). At day 469, IgG levels to FHA and PTx 
had declined significantly in these mice. In DTP vaccinated mice a similar trend in IgG 
levels specific for P.69 Prn and FHA was found, albeit that lower overall levels were 
generated and maintained (figure 1), probably due to a lower amount of these antigens 
present in the DTP vaccine (table 1) [50;51]. Notably, DTP vaccinated mice had 
significantly higher IgG levels to whole cell bacteria in an ELISA (data not shown), but no 
IgG response to Ptx, an antigen that was only limitedly present in the DTP vaccine (figure 
1, table 1). As expected, IgG responses to Dtx, present in equal amounts in both vaccine 
types, developed highly similarly in DTaP and DTP vaccinated mice.  
Next, to address IgG avidity maturation, sera at all time points were assayed using an in 
house developed avidity multiplex assay. For all antigens, the avidity index (AI) of the 
specific IgG was found to increase during the early stages of the immune response and to 
reach highest levels by day 42-98 irrespective of the vaccine type used (figure 1). This rise 
in AI of sera in response to both vaccines is considered to reflect ongoing T helper cell 
dependent affinity maturation at the level of single B cell clones.. 
 
DTaP and DTP regimens provide protection against B. pertussis infection  
To verify that the two vaccine regimens indeed provided a relevant level of immunological 
protection, groups of DTaP and DTP immunised mice were challenged with B. pertussis, 
either at the peak of the specific IgG response (42 days after primary immunisation) or 469 
days after the initial vaccination, when IgG levels had started to wane. As shown in figure 
2, both groups of mice were significantly protected (P <0.0001) against colonisation by B. 
pertussis as compared to adjuvant treated mice at the early as well as the late time point. Of  
the two vaccines, DTaP, inducing the highest peak and maintenance levels of P-antigen 
specific IgG, also provided the highest level of early and late protection, albeit that its 
10LOGprot waned significantly between day 42 and day 469. The overall lower level of 
protection achieved by the DTP vaccine was stable in time.  
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Figure 1: Long-term kinetics of the humoral response following pertussis vaccination. BALB/c mice 
(n≥6/group) were primed (day 0) and boosted (day 28) with either a DTaP (represented in grey) or a DTP 
(represented in dark grey) combination vaccine and longitudinal serum samples were taken at indicated time 
points. Shown are total IgG levels (mean ± SD) in U/ml presented as bars and AIs in % of the original IgG 
levels presented as triangles for DTaP vaccinated mice or squares for DTP vaccinated mice. Statistically 
significant differences between IgG levels of mice in time are given as P values. 
* indicates a significant difference in levels of IgG antibodies between DTaP and DTP vaccinated mice. 

# indicates a significant difference in AI of IgG antibodies between DTaP and DTP vaccinated mice 

Figure 2: Short and long-term 
protection provided by the DT(a)P 
vaccine regimens. BALB/c mice 
were primed (day 0) and boosted 
(day 28) with ¼ HD DTaP, ¼ HD 
DTP or adjuvant only. Immunized 
mice were intranasally infected 
with B. pertussis (B213) by day 42 
or day 469 and sacrificed 3 days 
after. Results are expressed as 
mean (bars) and individual (dots) 
10LOGprot values of 6-8 mice per 
group. At day 42 and day 469 the 
log 10 (mean CFU) of control 
mice was 6,7 +/- 0.4 and 6.21 +/- 
0.26, respectively. P values 
indicate statistically significant 
differences in levels of protection 
between groups of mice.  
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Maintenance and function of B. pertussis specific PC 
To assess the pool size of the long-lived P-antigen specific PC associated with rise and 
waning of the pertussis specific IgG levels, we determined their frequencies in the BM, 
their main site of residence [5], at three time points: day 0 (pre-prime), day 42 (2 weeks 
post-boost) and at day 469 (63 weeks post-boost).  At day 42, significant numbers of P.69 
Prn-, FHA- and Ptx specific ASC per 106 BM cells were measurable in B-cell ELIspot in 
DTaP vaccinated mice, and these numbers significantly rose over time for all antigens 
tested (figure 3). The same trend but with lower numbers per 106 BM cells was observed 
after vaccination with DTP, except that for Ptx no specific ASC could be detected above 
the background at all time points in accordance with the absence of measurable anti-Ptx 
IgG. 
These data indicate that while most pertussis specific IgG levels had declined since day 42 
(figure 1), this was not paralleled by a decrease but in fact by an increase of specific PC.  
 
 

Figure 3: Maintenance 
of P-antigen specific 
PC after vaccination. 
BALB/c mice were 
primed (day 0) and 
boosted (day 28) with 
either a DTaP 
(represented in grey) or 
a DTP (represented in 
dark grey) combination 
vaccine and sacrificed 
at the indicated days. 
The number of P.69 
Prn, FHA and Ptx-
specific ASC in the 
BM was determined 
using a direct B-cell 
ELIspot. Results are 
expressed as mean 

ASC  SD from 8-13 

mice tested per group, 
combined from two 
independent 
immunisation 
experiments. P values 
indicate statistically 
significant differences 
in time. 
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Impaired maintenance of Bmem in highly immunised mice 
In parallel, we examined if trends for long-lived PC were followed by those for Bmem, since 
both cell populations are descendants of the same GC reactions. As a large source of Bmem, 
splenocytes of vaccinated mice were used to enumerate P-antigen specific Bmem over time. 
In general, Bmem do not produce detectable amounts of IgG spontaneously, but only after 
maturation. Therefore, splenocytes were cultured in vitro in the presence of low-dose 
antigen to stimulate differentiation into ASC before detection at a single-cell level in B-cell 
ELIspot. As shown in figure 4, DTaP vaccinated mice had significant numbers of P-antigen 
specific Bmem per 106 splenocytes after the initial prime and boost at day 42. At day 469, 
however, the number of specific Bmem had declined to background levels for all antigens 
tested. A similar rise and fall of specific splenic Bmem was observed in DTP vaccinated 
mice. However, this trend was not statistically significant, most likely because the peak 
levels of specific Bmem in these mice were lower and more variable than in DTaP vaccinated 
mice.  
 
 

Figure 4: Maintenance of 
P-antigen specific Bmem 
after vaccination. 
BALB/c mice were 
primed (day 0) and 
boosted (day 28) with 
either a DTaP 
(represented in grey) or a 
DTP (represented in dark 
grey) combination 
vaccine and sacrificed at 
indicated days. The 
number of P.69 Prn, FHA 
and Ptx-specific ASC in 
the spleen was 
determined after 
differentiating the Bmem 
into IgG secreting B cells 
using an indirect B-cell 
ELIspot. Results are 

expressed as mean ASC  

SD from 8-13 mice tested 
per group, combined 
from two independent 
immunisation 
experiments. P values 
indicate statistically 
significant differences in 

time.
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Late recall of P-antigen specific immunological memory 
Although non-detectable above background at day 469, P-antigen specific Bmem might still 
be present at very low numbers in the spleen, or in other lymphoid organs. Therefore, we 
monitored the repopulation capacity of Bmem in the spleen of both DTaP and DTP 
vaccinated mice upon recall with antigen. Ten days after revaccination or intranasal 
exposure to live B. pertussis (around day 469), relative significant expansions of Bmem were 
observed, the largest for the FHA specific population, followed by the P.69 Prn specific 
population (figure 5). This induction was indicative of a pre-existing splenic Bmem pool, 
since no specific Bmem could be found in groups of naïve (adjuvant ‘primed and boosted’) 
old mice within 10 days after late recall (data not shown).  

Figure 5: Late recall of P-
antigen specific Bmem 
responses by revaccination 
or intranasal challenge. 
Groups of BALB/c mice 
were primed (day 0) and 
boosted (day 28) with 
either a DTaP (represented 
in grey) or a DTP 
(represented in dark grey) 
combination vaccine. 
Mice received a third dose 
of vaccine or were 
intranasally infected with 
B. pertussis (B613) around 
day 469 and were 
sacrificed 10 days later. 
Results are expressed as 
mean induction factor (IF) 

 SD from 10-13 mice 

tested per group. 
Statistical significances 
are given: ** indicates a 
highly significant rise in 
numbers of Bmem after 
recall at P<0.01, * 
indicates a borderline 
significant rise in numbers 
of Bmem after recall at 

P<0.1, n.s. non significant. 
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Unlike their capacity to repopulate, day 469 Bmem were unable to initiate a significant 
anamnestic IgG response upon recall. Only modest rises of P-antigen specific IgG levels 
were observed, if at all, 10 days after either re-vaccination or challenge, not reaching the 
previously gained peak IgG levels and neither type of recall had a consistent effect on the 
AI of serum IgG within 10 days (figure 6).  
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Figure 6: Late recall of P antigen specific IgG responses by revaccination or intranasal challenge. BALB/c 
mice (n≥6 mice/group) were primed (day 0) and boosted (day 28) with either a DTaP (represented in grey) or 
a DTP (represented in dark grey) combination vaccine. Mice received a third dose of vaccine or were 
intranasally infected with B. pertussis (B613) around day 469 and serum samples were taken 10 days later. 

Shown are specific IgG levels (mean  SD) in U/ml and AIs in % of the original IgG levels. No P antigen 

specific IgG could be detected 10 days after intranasal challenge or revaccination with DTP or DTaP in 
previously adjuvant vaccinated mice (data not shown). 
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Discussion  

It is a common notion that pertussis specific protection after natural infection or vaccination 
is not life-long and that multiple (sub-)clinical infections in the same individuals may 
occur. The relative fast decline in pertussis immunity points in the direction of inefficient 
immunologic memory, however which cellular key players are deficient remains to be 
unraveled. In this study we made several observations in a long-term mouse model of 
pertussis vaccination that collectively shed new light on waning of pertussis specific B cell 
mechanisms. 

Firstly, a >1 year follow up of DTaP and DTP vaccine-induced immune responses 
indicated a steady decline of affinity matured P-antigen specific IgG levels in the interim 
period. Waning of serologic pertussis immunity has been observed in many human studies  
[23-32], as well as in mice intra-peritoneally vaccinated and followed up for a period of 44 
weeks [52]. As could be expected, the longitudinal trends in IgG specific for P.69 Prn, FHA 
and Ptx observed in subcutaneously vaccinated mice followed for 67 weeks were similar to 
those described in the study by Mahon et al. [52], although levels waned slightly slower, 
probably due to the higher dose of vaccine given in our study.  

Secondly, we found a maintained and even enlarged population of long-lived BM 
resident PC in the late memory phase, relative to day 42. This finding implies that the 
significant long-term decline of pertussis specific IgG was not associated with a relative 
lack of specific long-lived BM derived PC, but in fact with an increased number of less 
productive P-antigen specific PC. One explanation for the higher late numbers could be that 
the long-lived PC population in the BM was not fully formed yet at day 42 (i.e. 2 weeks 
after booster). Ahuja et al. [7] also observed such increased numbers of BM resident 
antigen specific PC at 33-37 weeks after immunisation relative to the initial PC numbers 
assessed at week 15-19. This may indicate that maturation and/or migration of new long-
lived PC can continue for an extended period of time, i.e. for at least 15 weeks post-
immunisation.  

Thirdly and unexpectedly, we found that well-induced B. pertussis specific Bmem 
numbers eventually became undetectable in the spleen after vaccination. This trend was 
found for all three P-antigens tested, i.e. Ptx, FHA and P.69 Prn, using two different 
pertussis combination vaccines, and was significant for DTaP vaccinated mice. These 
findings contrast with the stable late levels of Bmem described in other antigen models, such 
as observed in our group for PorA specific Bmem in a meningococcal vaccine model of 
vaccination ([41], and T. Luijkx personal communication) as well as by Slifka et al. for 
LCMV specific Bmem in the spleens of mice after virus infection [5]. Recently, frequencies 
of human Ptx and FHA specific Bmem were reported [40]. While detectable in the peripheral 
blood of healthy donors of various ages, their numbers seem to be a factor 2-10 lower than 
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those observed in other pathogen systems such as for tetanus, influenza, measles and 
anthrax [38-40;53]. Although IgG Bmem are held mainly responsible for mediating rapid 
recall responses [54-57], they may also have a role in the maintenance of direct effector 
mechanisms. While long-lived PC are usually regarded as an independently maintained B 
cell subset [5;7], for some antigens Bmem responses have been found to sustain long-lived 
PC over time and their population size to correlate with long-term persistence of IgG 
[40;53;58]. Another function of immune B cells could be to present antigen to support the 
generation and maintenance of CD4+ T cells, as was suggested in recent studies [59;60]. A 
protective role of specific B cells independent of antibody production was indeed found 
after adoptive transfer of pertussis immune B cells in a mouse model of pertussis infection 
[61]. Hence, a limited size of the pertussis specific Bmem pool could have multiple 
consequences for the immune status.  

Then, finally and remarkably, a dysbalance in recall functions of Bmem was observed. 
Although P-antigen specific Bmem were hardly measurable late after immunisation, their 
population could rapidly be boosted in size as measured 10 days after revaccination or 
intranasal challenge at day 469. Yet this cellular boosting was not paralleled by 
characteristics of a strong anamnestic IgG response. No rapid new peak levels of specific 
IgG, higher than those found after primary immunisation, were observed, as was the case 
after late challenging of responses specific for LCMV [5], HSV [62] or PorA (C. van Els, 
unpublished data). Instead a modest increase of P-antigen specific IgG levels was seen 
within 10 days after recall, reminiscent of the relatively weak late murine pertussis specific 
recall response reported by Mahon et al. [52]. In a parallel study, we examined the late B 
cell responses in DTaP or DTP immunised C57BL/6 mice and observed highly similar 
longitudinal serologic and cellular trends (R. Stenger, unpublished data), excluding an 
eventual genetic bias of the B cell compartment in Balb/c mice. Therefore, based on the 
cumulative evidence, we hypothesize that pertussis specific B cell memory dysfunctions at 
various levels (figure 7). The failure to maintain a Bmem population at a stable size, together 
with a relatively fast waning of IgG production and suboptimal recall functions of the 
remaining Bmem population could be intrinsic weaknesses of pertussis specific 
immunological memory and could play a key role in the relative high susceptibility of 
immunised humans to infection.  

The fate of antigen specific naïve B cells and their differentiation into long-lived PC 
and Bmem is controlled by early B cell activation signals, perhaps immediately after 
encounter with antigen, either soluble or associated with antigen presenting cells. Hence, 
the question arises how P-antigens could mediate the induction of relatively normal early 
effector B cell responses but with limited memory capacity. Many immunomodulatory 
effects of various P-antigens on cells of the immune system have been described, so far 
limited to T cells, dendritic cells and neutrophils [63-66]. Knowledge concerning the 
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molecular requirements for Bmem versus PC generation is still very limited [67-70], 
although certain PC or Bmem supporting factors have been identified (reviewed in [71]). For 
one, strong Toll-like receptor 2 signals seem to favour higher antibody responses at the 
expense of the Bmem pool [72;73], as was also suggested for high antigen dose [74]. 

Recently, maintenance of the Bmem pool has also been related to the form and 
persistence of follicular dendritic cell associated antigen [57]. Which of these factors might 
play a role in the flaws in pertussis specific B cell responses remains to be elucidated. B. 
pertussis has evolved many innate immuno-suppressive abilities. This study showed that 
precluding long-term maintenance of pertussis specific B cell memory may be another 
intrinsic property of pertussis antigens that has co-evolved to increase persistence in the 
human host. By identifying factors that could prolong P-antigen specific Bmem survival and 
function, and PC productivity, one might be able to improve on the duration of protection 
of current pertussis vaccines and thereby decrease the number of booster vaccinations 
required to sustain protective immunity.  
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Figure 7: Proposed model of impaired B cell differentiation in response to B. pertussis antigens Ptx, FHA and 
P.69 Prn. After activation by specific antigen, naïve B cells undergo clonal expansion and either differentiate 
into short lived PC or intitiate a GC reaction after having interacted with specific T helper cells upon cognate 
recognition of B cell presented MHC class II epitope complexes. Following proliferation and affinity 
maturation GC B cells produce both long-lived PC secreting high affinity IgG, and Bmem expressing avidity 
matured surface IgG. Long-lived PC and Bmem are considered as independent forms of immunological memory 
until re-encounter with antigen drives Bmem to differentiate into PC [5;7]. Based on results in this study and 
other reports [40;52], three limitations in long-term maintenance and function of P-antigen specific 
immunological B cell memory are proposed. 1: Bmem have limited self-renewal capacity in the absence of 
antigen;  2: Long-lived PC are numerous in the BM but become exhausted and produce less IgG in the long-
term; 3: Antigen recall of the small remaining Bmem pool drives fast expansion of Bmem, but not differentiation, 

either directly or via secondary GC (GC’), into PC. Hence, no fast anamnestic IgG response is seen. 
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Abstract 

P.69 pertactin (P.69 Prn), an adhesion molecule from the causative agent of pertussis, B. 
pertussis, is present in cellular and most acellular vaccines that are currently used world 
wide. Although both humoral and cellular immunity directed against P.69 Prn have been 
implicated in protective immune mechanisms, the identity of CD4+ T cell epitopes on the 
P.69 Prn protein remains unknown. Here, a single I-Ad restricted B. pertussis conserved 
CD4+ T cell epitope at the N-terminus of P.69 Prn was identified using a Balb/c T cell 
hybridoma. The epitope appeared immunodominant among four other minor strain-
conserved P.69 Prn epitopes recognised after vaccination and B. pertussis infection, and 
was capable of evoking a Th1/Th17 type cytokine response. B. pertussis P.69 Prn immune 
splenocytes did not cross react against natural variants of the epitope as present in B. 
parapertussis and B. bronchiseptica. Finally, it was found that the immunodominant P.69 
Prn epitope is broadly recognised in the human population by CD4+ T cells in a HLA-DQ 
restricted manner. During B. pertussis infection, the epitope was associated with a Th1 type 
CD4+ T cell response. 

Hence, this novel P.69 Prn epitope is involved in CD4+ T cell immunity after B. 
pertussis vaccination and infection in mice, and more importantly in humans. Thereby, it 
may provide a useful tool to evaluate the type, magnitude and maintenance of pertussis-
specific CD4+ T cell mechanisms in preclinical and clinical vaccine studies.  
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Introduction 

Whooping cough or pertussis is an acute infection of the upper respiratory tract that is most 
severe in young children [1]. The disease is mainly caused by the gram-negative bacterium 
Bordetella pertussis. Although vaccination against pertussis has been very successful in 
reducing morbidity and mortality among children worldwide, during the last two decades, 
there has been a re-emergence of the disease in countries with well-implemented infant 
vaccination programs [2-7]. In addition to changes in transmission patterns and the 
emergence of new variants of B. pertussis [8-11], waning immunity has been proposed as a 
major factor for the increasing incidence of whooping cough [12;13]. 

Knowledge on the mechanisms of immunity to pertussis is still incomplete [14-16]. 
Antibody responses against virulence factors have been associated with protection in 
various clinical studies [17;18], while on the other hand immunogenicity studies after 
pertussis vaccination failed to demonstrate an unequivocal correlation between antibody 
titers to vaccine antigens and vaccine efficacy [19;20]. Studies in mice have indicated that 
protective immunity to B. pertussis infection not only depends on humoral immunity, but 
also requires a CD4+ T cell response [15;21-23]. CD4+ T cells can add to pertussis 
resistance by regulating specific B cell responses and by producing protective Th1 and 

Th17 type cytokines, such as IFN- [24;25] and IL-17 [26], respectively. To further 

substantiate the role and maintenance of CD4+ T cells in protective pertussis immunity, 
however further knowledge on specific targeted antigens and CD4+ T cell epitopes is 
required. 

P.69 pertactin (P.69 Prn), the focus of this study, is regarded as an important antigen 
in pertussis vaccines. P.69 Prn is polymorphic, and of the 12 variants described to date [27] 
variation in P.69 Prn is essentially only found in two regions (region 1 and 2) comprised of 
sequence repeats [28]. Several studies have shown that P.69 Prn is important for immune 
protection against B. pertussis infection [17;18;29]. Furthermore, acellular vaccines 
containing pertussis toxin (Ptx) and filamentous hemagglutinin (FHA) only, appear 
substantially less effective than vaccines containing P.69 Prn in addition to Ptx and FHA 
[30-32]. In mice, passive and active vaccination showed that P.69 Prn confers protective 
immunity [33;34]. Taken together, these results strongly support a role for P.69 Prn in 
protection against whooping cough. 

To gain insight into the role of P.69 Prn as a CD4+ T cell target, we established 
specific T cell hybridomas (TCH) from primed Balb/c lymph node cells. This approach led 
to the identification of an immunodominant B. pertussis conserved I-Ad restricted CD4+ T 
cell epitope in P.69 Prn which evokes strong proliferative and cytokine responses after 
infection and vaccination in Balb/c mice. Moreover, the P.69 Prn epitope is also associated 
with HLA-DQ restricted CD4+ T cell immunity in humans. 
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Materials & Methods 

Mice & cell suspensions 
Female spf Balb/c mice were purchased from Harlan and kept in house under conventional 
conditions. All experiments were approved by The Animal Ethics Committee of the NVI. 
After section, single splenocyte and lymph node cell suspensions were obtained by 
mechanical dissociation of organs through 70 µm pore size nylon filters. Red blood cells in 

splenocyte suspensions were lysed with 10 mM KHCO3, 0.1 mM EDTA, 2 minutes at 4 C. 

Splenocytes were resuspended in complete IMDM-10 medium, i.e. Iscove’s Modified 
Dulbecco’s Medium (GibcoBRL, USA) supplemented with 10% FBS (HyClone, USA) and 
penicillin, streptomycin and L-glutamine (pen/strep/glu, GibcoBRL, USA). Lymph node 
cells were resuspended in complete IMDM-5 medium, i.e. Iscove’s Modified Dulbecco’s 
Medium supplemented with 5% normal mouse serum (Harlan, USA), and pen/strep/glu. 
 
Isolation of PBMC  
Peripheral blood was obtained after informed consent from HLA-oligotyped blood bank 
donors from a birth cohort associated with pertussis vaccination (Sanquin, S03.0015-x) and 
from two pertussis patients within 4 weeks after laboratory confirmed diagnosis of B. 
pertussis infection (NVI-243). Peripheral blood mononuclear cells (PBMC) were isolated 
by centrifugation of buffy coat cells on fycoll-hypaque (Pharmacia Biotech, Uppsala 
Sweden), and were used directly or after cryopreservation.  
 
Cell lines 

Cell line BW1100, a TCR-/- variant of BW5147 [35], was used as a fusion partner for the 

production of T cell hybridomas and was kindly provided by Dr. D. Canaday (Case 
Western Reserve University and University Hospitals, Cleveland). The A20 Balb/c B cell 
lymphoma cell line was obtained from ATCC. BW1100 and A20 cell lines were grown in 
complete DMEM-10 medium (GibcoBRL, USA), i.e Dulbecco’s minimal essential 
medium, supplemented with 10% FBS (Hyclone, USA) and pen/strep/glu.  
 
B. pertussis strains & whole cell vaccine 
B1585 and B1675 are P.69 Prn2 containing isogenic B. pertussis strains derived from the 
Tohama I strain (isolated in Japan, 1950s) [36] and the 134 Dutch vaccine strain (isolated 
from an American patient, 1940s), respectively. For the construction of these strains, 
nalidixinic acid (Nal) resistant derivatives of the Tohama I strain and the 134 Dutch vaccine 
strain, which both naturally harbour P.69 Prn1, were selected. The Prn1 allele in these 
strains was exchanged with the Prn2 allele by allelic exchange as essentially described by 
Stibitz et al. [37]. 
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Briefly, a PCR fragment containing Prn2, was amplified from a Dutch clinical isolate 
B0345 with the primers Prn-Xba I  
(5-GCTCTAGATGTAAAACGACGGCCAGTGGGCGGGCAGCGGGG-3) and Prn-
EcoRI (5-GGAATTCCAGGAAACAGCTATGACCCCAGCTCCGGCGCCTCG-3) (the 
underlined sequence corresponds to bases 856-870 and 1080-1096 of the P.69 Prn sequence 
with accession number J04560, respectively). The PCR fragment flanked by EcoRI and 
Xba I sites, was digested with the corresponding enzymes and cloned into the pKAS46 
vector containing a kanamycin (Km) resistance gene [38]. E. coli SM10 was transformed 
with this plasmid construct and used as a donor in conjugation with the B. pertussis strains 
described above. Exconjugants were selected on Bordet Gengou-Nal-Km plates and 
checked for  expression of the Prn2 allele by DNA sequencing. 

For the preparation of whole cell vaccine (WCV) or challenge inoculum, B1586, 
B1675 and a P.69 Prn2 expressing Dutch clinical isolate from 1995, B0613, were grown in 
Thijs medium [39]. WCV was obtained after heat and formaldehyde inactivation of pelleted 
bacteria and adjuvantation with Al(OH)3. 
 
Recombinant P.69 Prn & synthetic peptides 
Recombinant wild-type P.69 Prn1, 2 and 3 proteins from B. pertussis and deletion 
derivatives of P.69 Prn1 were expressed in Escherichia coli, and purified as previously 
described [40]. Overlapping 18-mer peptides covering the entire B. pertussis P.69 Prn1 
protein, 15-mer peptides representing B. pertussis P.69 Prn1-15, P.69 Prn4-18, P.69 Prn7-21, 
P.69 Prn10-24, P.69 Prn13-27 and P.69 Prn16-30 (table 1), and B. parapertussis and B. 
bronchiseptica-specific peptide P.69 Prn7-24 (table 2), were prepared by solid phase 

synthesis using  N-(9-fluorenyl)methoxycarbonyl (FMOC)-protected amino acids and a 

SYRO II simultaneous multiple peptide synthesizer (MultiSyntech GmbH, Witten, 
Germany). The purity and identity of the synthesised peptides was assessed by reverse 
phase high performance liquid chromatography and mass spectometry. 
 

Table 1:. Synthetic 15-mer oligopeptides covering the N-terminus (AA 1-30) of B. pertussis P.69 Prn. 

      N-terminus         -        1DWNNQSIVKTGERQHGIHIQGSDPGGVRTA… 

P.69 Prn1-15 

P.69 Prn4-18 

P.69 Prn7-21 

P.69 Prn10-24 

P.69 Prn13-27 

P.69 Prn16-30 

 1DWNNQSIVKTGERQH15 

        4NQSIVKTGERQHGIH18 

               7IVKTGERQHGIHIQG21 

                     10TGERQHGIHIQGSDP24 

                            13RQHGIHIQGSDPGGV27 

                                   16GIHIQGSDPGGVRTA30 
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Table 2: N-terminal sequence of B. pertussis (Bp), B. parapertussis (Bpp) and B. bronchiseptica (Bb) P.69 Prn. 
In grey the P.69 Prn7-24 peptide is indicated. In dark grey, differences in amino acid sequence compared to B. 
pertussis P.69 Prn is shown. 

Strain Amino acid sequence 

Bp 1DWNNQSIVKTGERQHGIHIQGSDPGGVRTASGT…… 

Bpp 1DWNNQSIIKAGERQHGIHIKQSDGAGVRTATGT…… 

Bb 1DWNNQSIIKAGERQHGIHIKQSDGAGVRTATGT…… 

 
Immunisation & intranasal infection of mice 
For TCH production, 4 mice (age 3-4 weeks) were immunised subcutaneously at the groin 
with 0.016 IOU of B1675 WCV adjuvanted with Al(OH)3. Vaccination was repeated on 
day 14 and on day 28 mice were challenged intranasally with 2.107 B1586 bacteria. On day 
31, draining lymph nodes of the lungs were collected, pooled and lymph node cell 
suspension was prepared and used directly.  

For generation of P.69 Prn1 immune splenocytes, five mice were immunised 
subcutaneously with 1.5 µg rP.69 Prn1 adjuvanted with ALPO4 at day 0 and day 28. 
Section was performed on day 35. Spleens were dissected and used individually as 

splenocyte suspensions, either fresh or after freezing and storage at -135 C.  

For generation of B. pertussis immune splenocytes, four mice were intranasally infected 
with 2.107 colony forming units (CFU) of the B. pertussis strain B0613 per mouse. Ten 
days later, mice were sacrificed and spleens were collected and tested individually. 
 
T cell hybridoma generation 
Lymph node cells from mice immunised with B1675 WCV and challenged with B1586 
were cultured at 5.106 cells/ml for 6 days in the presence of 0.5 µg/ml rP.69 Prn2 and 20 
ng/ml rmIL-7 (Tebu-bio) in IMDM-5 medium. 20 U/ml rmIL-2 (BD Biosciences) was 
added on day 2 following the fusion. rmIL-7 and rmIL-2 were re-added on day 4 for 
maintenance of levels. In vitro restimulated lymph node cells and BW1100 cells were fused 
at 1:1 ratio (± 1.107 cells each) using polyethylene glycol, as described by Canaday et al 
[41]. Cells were serially diluted in 96-well plates and incubated in DMEM-10 medium 
overnight. Hereafter, 2x hypoxanthine-aminopterin-thymidine (HAT, GibcoBRL, USA) in 
DMEM-10 medium was added. If proliferation was observed, cells were transferred to 24-
well plates, cultured in DMEM-10 medium with 1x hypoxanthine-thymidine 
supplementation (HT, GibcoBRL, USA), further expanded and selected for 

CD3+CD4+CD8-TCR
+ TCR- surface expression by flow cytometry.  
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T cell hybridoma assay 
TCH were screened for antigen specificity by testing their ability to produce IL-2 upon 
stimulation. Briefly, 2.104 T cell hybridoma cells were co-cultured in triplicate or 
quadruplicate wells in DMEM-10 in the presence or absence of antigen (rP.69 Prn proteins 
or peptides) with 1.105 irradiated (20 Gy) A20 cells or naïve splenocytes, as antigen 

presenting cells, in 200 L volumes in 96-well round-bottom plates (Greiner) at 37 C and 

5% CO2. For MHC restriction assays, 5 µg of antibodies specific for class II molecules (I-
Ad, clone 39-10-8. I-Ed,k,r,p, clone 14-4-4S and I-Ad/I-Ed, clone 2G9, all from BD 

biosciences) were included in the incubation mixture. After 48 hours, 100 L of the culture 

supernatant was assayed for IL-2 production using a sandwich IL-2 ELISA with the 
monoclonal murine IL-2 antibody pair JES6-5H4 and JES6-1A12 (BD biosciences).  
Results are expressed as mean IL-2 concentrations in pg/ml ± SD. 
 
Proliferation assay using immune splenocytes 
Splenocytes from rP.69 Prn1 immunised mice or intranasally infected mice were cultured at 
1.5.105 cells/150 µl in 96-well round-bottom plates (Greiner) in the presence of P.69 Prn 
18-mer oligopeptides or medium only, in IMDM-10. On day 4, 100 µl supernatant volumes 
were removed to determine cytokine concentrations. Then 0.5 µCi (18.5 kBq) 
[3H]thymidine  (Amersham, USA) was added to the wells and cells were cultured for 
another 18 hours. Cells were harvested and [3H]thymidine incorporation was determined as 
counts per minute (CPM) using a wallac 1205 betaplate liquid scintillation counter. Results 

are expressed as stimulation index (SI)  SD from triplicate wells, calculated as the quotient 

of CPM of cultures in the presence of antigen and the CPM of cultures in the presence of 
medium only. SI>1.5 are considered positive. 
 
Proliferation assay using PBMC 
105 PBMC were incubated in complete AIM-V medium, i.e. AIM-V medium containing 
streptomycin, gentamycin and L-glutamine (GibcoBRL,USA), supplemented with 2% 
human AB serum (Harlan, USA) at 150 µl/well in 96-well round-bottom plates (Greiner), 

in the absence or presence of the relevant peptide(s) at 1 M or rP.69 Prn1 at 1 g/ml at 37 

ºC in a 5% CO2 atmosphere. In blocking experiments, monoclonal antibodies specific for 
HLA-DR (1/10 diluted culture supernatant, B8.11.2) or for HLA-DQ (20 µg/ml, SPV-L3) 
were included in the incubation mixture. At day 4, 100 µl volumes were removed for the 
cytokine determinations. Then 0.5 µCi (18.5 kBq) [3H]thymidine (Amersham, USA) was 
added to the culture 18 hours before harvesting the cells. Determination of CPM and 
calculation of the results were performed as for the proliferation assay of immune 
splenocytes. Results are expressed as SI from triplicate wells for the PBMC from the 
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infected individual and from octuple wells for the PBMC from healthy individuals. SI>1.5 
are considered positive. 
 
Cytokine profiling using Luminex technology 
Concentrations of cytokines (IL-2, IL-4, IL-5, IL-10, IL-12(p70), IL-13, IL-17, GM-CSF, 

TNF, and IFN) in pooled murine or human culture supernatants obtained from in vitro 

restimulated splenocyte or PBMC cultures, respectively, were determined using the Bio-
Plex mouse or human Th1/Th2 and Th17 cytokine luminex kits (Bio-rad), respectively, 
according to the manufacturer’s instructions. Measurements and data analysis were 
performed with the Bio-Plex system in combination with Bio-Plex manager software. 
Results are expressed in pg/ml. 
 



 
Chapter 6 

 146 

Results 

Identification of an I-Ad restricted CD4+ T-cell epitope at the N-terminus of P.69 Prn 
To gain insight in the Balb/c P.69 Prn-specific CD4+ T cell response, we set out to establish 
T cell hybridomas (TCH) using primed Balb/c lymph node cells that were in vitro 
restimulated with rP.69 Prn2. Several TCRαβ+ CD4+ TCH were obtained, only one of 
which produced IL-2 after stimulation with rP.69 Prn2. Two other common pertactin 
variants, rP.69 Prn1 and 3, were equally well recognised by this TCH, reflecting a 
specificity for a conserved part of P.69 Prn (figure 1A). When tested against a rP.69 Prn 
deletion mutant lacking the first 19 amino acids of the adhesin [40], recognition of the TCH 
was abrogated (data not shown). This indicated that the CD4+ T cell epitope was located at 
the N-terminus of the P.69 Prn molecule. Overlapping 15-mer oligopeptides covering the 
N-terminus of P.69 Prn (table 1) were then used to identify the fine specificity of the TCH 
response. A20 cells loaded with oligopeptides P.69 Prn7-21, P.69 Prn10-24 and P.69 Prn13-27, 
but not with P.69 Prn1-15, P.69 Prn4-18 or P.69 Prn16-30, were able to stimulate the TCH 
(figure 1B). Therefore, the core of the TCH epitope was fine mapped to aa13-21 of P.69 
Prn. To determine the MHC class II restriction of the response, rP.69 Prn1 loaded naïve 
splenocytes as antigen presenting cells were pre-incubated with anti-I-Ad, I-Ed/I-Ad or I-
Ed,k,r,p monoclonal antibodies prior to co-culture with the TCH. As shown in figure 1C, only 
anti-I-Ad antibodies blocked the response, pointing out that the N-terminal P.69 Prn epitope 
is naturally processed and presented in an I-Ad restricted manner. 
 
Immunodominance of the N-terminal P.69 Prn epitope 
Since the TCH approach only yielded one CD4+ T cell specificity, immunodominance of 
the epitope was suggested. To substantiate our findings and to identify other possible 
specificities, pepscan analysis were performed using immune splenocytes and smart peptide 
pools of overlapping 18-mer P.69 Prn peptides covering the mature P.69 Prn protein (data 
not shown). Splenocytes from mice vaccinated with P.69 Prn1 specifically proliferated at a 
high responder rate against distinct peptide pools, i.e. pools A, B, C, 2, 3, 4, 6, and 7 (data 
not shown), at 1 µM/peptide. Subsequently, proliferation of thawed rP.69 Prn1 immune 
splenocytes from the same mice was measured to single peptides of these pools. Three 
epitope regions represented by peptides A2/A3 (i.e. P.69 Prn7-30), C6 (i.e. P.69 Prn127-144) 
and B6/B7 (i.e. P.69 Prn79-102), in order of the relative magnitude of the response, were 
recognised by the majority of immunised mice (figure 2A). Upon repetitive testing, no 
single peptide from pool 4 could be identified that supported proliferation, suggesting that 
this pool does not contain any CD4+ T cell epitope. The same epitope hierarchy, i.e. P.69 
Prn7-30 > P.69 Prn127-144 > P.69 Prn79-102, was found after vaccination with more complex 
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pertussis (whole cell and acellular) vaccines, among two other minor peptide specificities, 
i.e. D6 (P.69 Prn175-192) and E4 (P.69 Prn211-228) (data not shown).  
In addition, we found that the response of splenocytes from mice ten days after infection 
with B. pertussis strain B0613 was directed to the N-terminal epitope (A2/A3) only (figure 
2B). Together, these results clearly show that the N-terminal P.69 Prn epitope is 
immunodominantly recognised by CD4+ T cells after vaccination as well as after infection. 
 

Figure 1: P.69 Prn cross 
reactivity, epitope 
recognition and MHC 
restriction of T cell 
hybridoma cells (TCH). 
Panel A: 2.104 TCH cells 
were co-cultured with 
1.105 A20 B cells as 
antigen presenting cells 
in the presence of titrated 
amounts of rP.69 Prn1, 2 
and 3. Panel B: 2.104 
TCH cells were co-
cultured with 1.105 A20 
B cells as antigen 
presenting cells in the 
presence of indicated 
doses of overlapping 15-
mer N-terminal P.69 Prn 
peptides. Panel C: 
Inhibition of IL-2 
production by MHC class 
II-specific monoclonal 
antibodies in the T cell 
hybridoma assay using 
rP.69 Prn1 loaded naïve 
Balb/c splenocytes as 
antigen presenting cells. 
The IL-2 concentrations 
in the supernatants were 
determined. Results are 
expressed as mean IL-2 
concentrations in pg/ml ± 

SD. 
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Functional P.69 Prn sequence variation between Bordetellae species 
B. pertussis, B. parapertussis and B. bronchiseptica are three closely related Bordetellae 
associated with respiratory infections in humans and other mammals. Many of the common 
virulence factors are highly homologous between these three species including P.69 Prn. 
However, analysis of the respective P.69 Prn protein sequence revealed species specific 
nucleotide polymorphisms in the immunodominant P.69 Prn7-24 epitope (table 2). To 
investigate whether these mutations are immunologically relevant, we compared the 
stimulatory capacity of the B.  pertussis specific P.69 Prn7-24 peptide and its B. 
parapertussis and B. bronchiseptica counterpart using splenocytes from B. pertussis P.69 
Prn1 vaccinated mice.  As shown in figure 3, the B. parapertussis and B. bronchiseptica 
P.69 Prn7-24 form was not recognised by the B. pertussis P.69 Prn1 immune splenocytes. 
This implies that the major CD4+ T cell population involved in the B. pertussis P.69 Prn 
response cannot crossprotect during subsequent infection with B. parapertussis or B. 
bronchiseptica. 

Figure 2: Fine 
mapping of 
proliferative responses 
of immune splenocytes 
using single peptides. 
Balb/c mice were 
either vaccinated (n = 
5) on day 0 and day 28 
with rP.69 Prn1 and 
sacrificed on day 35 
(panel A), or were 
intranasally infected (n 
= 4) with 2.107 B. 
pertussis bacteria 
strain B0613 on day 0 
and sacrificed on day 
10 (panel B). 1.5.105 

splenocytes were 
incubated with 1 µM 
single 18-mer P.69 Prn 
peptides and 
[3H]thymidine 
incorporation was 
determined after 4 
days of restimulation. 
Bars represent SI ± SD 

from individual mice. 
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CD4+ T cell epitope specific cytokine production after pertussis infection 
Since the N-terminus of B. pertussis P.69 Prn evokes an immunodominant proliferative 
splenic CD4+ T cell response, we further investigated whether this was associated with a 
measurable cytokine production in ex vivo restimulated splenocyte cultures. This would aid 
the development of functional epitope based assays to evaluate the type and maintenance of 
P.69 Prn directed CD4+ T cell populations in various B. pertussis immunisation models. 
Accordingly, splenocytes from three Balb/c mice infected with B. pertussis strain B0613 
were assayed for the induction of epitope specific Th1, Th2, or Th17 type cytokine 
responses in a luminex assay. As shown in figure 4, splenocytes from all infected mice 
produced high levels of IL-17 upon restimulation with the dominant P.69 Prn7-24 epitope. In 

addition, elevated levels of IL-2 and IFN- and only a very limited production of IL-5 were 

observed. These results suggest that B. pertussis infection of Balb/c mice induces a 
combined Th1/Th17 type P.69 Prn7-24 specific CD4+ T cell response.  
 

Figure 3: Splenocytes 
recognising the B. pertussis (Bp) 
P.69 Prn7-24 epitope are not 
stimulated by the B. 
parapertussis (Bpp) and B 
.bronchiseptica (Bb) 
homologues. Balb/c mice were 
vaccinated on day 0 and day 28 
with B. pertussis-specific rP.69 
Prn1 and sacrificed on day 35. 
Proliferation was determined 
after restimulation of splenocytes 
with indicated doses of P.69 Prn7-

24 of Bp or Bpp/Bb, respectively, 
and given as mean SI ± SD from 

4 mice.  
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Detection of P.69 Prn N-terminus specific CD4+ T cell responses in HLA-DQ1+ healthy 
subjects 
Extrapolation of experimental findings in mice to humans is difficult and murine and 
human MHC processing and selecting of CD4+ T cell epitopes may vary widely. To 
establish the role of P.69 Prn7-24 in human anti-pertussis CD4+ T cell immunity, we 
examined PBMC from 20 HLA-typed healthy individuals with a history of pertussis 
vaccination for the presence of a recall response against the P.69 Prn N-terminus. A 
considerable proportion of individuals showed significant proliferation to 15-mer P.69 
Prn13-27, which was not associated with any particular HLA-DR allele (data not shown), but 
with the presence of HLA-DQ1 (figure 5A). Hence, HLA-DQ1 may serve as a restriction 
element for the recognition of P.69 Prn13-27 by human CD4+ T cells.  
Since the preceding 15-mer P.69 Prn10-24 also evoked PBMC proliferation from the same 
positive responders (data not shown), it is likely that both 15-mers P.69 Prn10-24 and P.69 
Prn13-27 represent one shared human epitope sequence, which was in fact also the 

Figure 4: P.69 Prn7-24-
specific cytokine production 
of immune splenocytes. 
Three Balb/c mice were 
intranasally infected with 
2.107 B. pertussis strain 
B0613 CFU/mouse on day 
0 and sacrificed on day 10. 
After restimulation of 
splenocytes for 4 days with 
the immunodominant P.69 

Prn7-24 peptide at 1 M, 

cytokine production in the 
supernatant was determined 
using luminex technology. 
The cytokine response of 
each mouse is represented 

by a different symbol. 
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immunodominant Balb/c N-terminal P.69 Prn epitope represented by 18-mers P.69 Prn7-24 
(‘A2’) and P.69 Prn13-30 (‘A3’). To confirm this interpretation, P.69 Prn13-27 stimulated 
PBMC from one healthy HLA-DQ1+ donor were allowed to rest and subsequently 
restimulated with rP.69 Prn and various N-terminal P.69 Prn 15- and 18-mer oligopeptides. 
The proliferation pattern observed indicated that 18-mers P.69 Prn7-24 and P.69 Prn13-30, and 
15-mers P.69 Prn10-24 and P.69 Prn13-27 represent the same shared human and murine CD4+ 
T cell epitope (figure 5B). In addition, monoclonal antibodies specific for HLA-DQ but not 
for HLA-DR completely inhibited the P.69 Prn13-27 directed response, confirming the 
involvement of the HLA-DQ1 allele as a restriction element (figure 5B). 
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Figure 5: The P.69 Prn N-
terminus is recognised by 
PBMC of healthy 
individuals in a HLA-DQ 
restricted manner. Panel A: 
PBMC of HLA-typed 
donors (n=20) were 
divided into two groups 
based on HLA-DQ1 
expression. Proliferation of 
the PBMC to P.69 Prn13-27 
was determined after 5 
days of stimulation using 
[3H]thymidine 
incorporation and given as 
SI. Differences between the 
two groups were assessed 
by an unpaired two-tailed T 
test. 
Panel B: Proliferation of a 
cell line of a HLA-DQ1 
typed healthy individual 
established against the P.69 
Prn13-27 were in vitro 
expanded, rested and tested 
against the indicated P.69 
Prn1 (black bar), P.69 Prn 
18-mers (gray bars), and 
P.69 Prn 15-mers (white 
bars) in the absence or 
presence of anti-HLA-DR 
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N terminal epitope specific proliferative and cytokine responses during acute B. pertussis 
infection 
To assess the CD4+ T cell response against the P.69 Prn N terminal epitope during an acute 
symptomatic B. pertussis infection, PBMC from two patients suffering from whooping 
cough were restimulated with the 18-mer P.69 Prn13-30 and assayed for proliferative 
capacity and cytokine production. Patients’ PBMC proliferated to P.69 Prn13-30 as well as to 
the whole P.69 rPrn1 protein (figure 6A). In addition, the P.69 Prn13-30 stimulated PBMC of 

the patients produced marked elevated levels of TNF- and small amounts of IL-2, IL-13 

and GM-CSF as opposed to control levels (figure 6B). One patient’s PBMC also produced 

a significant level of IFN- in response to the epitope. No Th2 (IL-4 and IL-5) nor Th17 

(IL-17) type cytokines were detected in these stimulated cultures. The combined levels of 

IFN- and IL-2 in the absence of detectable IL-4, IL-5 and IL-17 production are suggestive 

for a predominant Th1 type cytokine profile. 
 

Figure 6: Proliferation and 
cytokine production of P.69 
Prn13-30 stimulated PBMC of 
two  B. pertussis infected 
individuals. Panel A: 
Proliferation of PBMC of two 
pertussis patients in response to 
P.69 Prn13-30 or P.69 Prn1 
stimulation, given as SI ± SD 
from individual patients. Panel 
B: Cytokine production in the 
supernatants of PBMC from the 
two pertussis patients, 4 days 
after P.69 Prn13-30 restimulation, 
was measured using luminex 
technology. The cytokine 
production of the two patients is 
given separately. The cytokine 
production of mock-stimulated 
PBMC was <5 pg/ml for all 
cytokines measured except for 
TNFα and IL-2 which was <45 
pg/ml and <10 pg/ml, 
respectively. Responses from 
patient 1 are given in grey bars 
and from patient 2 in black 

bars. 



 
 Immunodominance in P.69 Prn specific CD4+ T cell responses 

 153

Discussion 

 Recognition of specific epitopes by CD4+ T helper cells is the basis for cellular defence 
mechanisms, contributing to the clearance of bacterial pathogens having a facultative 
intracellular life style, such as B. pertussis. Indeed, CD4+ T cells have been shown to be 
protective in pertussis models of infection [21;24].  

In this study four major findings shed new light on the role of the pertussis adhesin 
P.69 Prn as a target for CD4+ T cell immunity. First, we identified a novel Balb/c CD4+ T 
cell epitope in B. pertussis P.69 Prn with the help of TCH technology. A CD4+ TCH 
recognised a N-terminal P.69 Prn epitope, represented by peptide P.69 Prn7-24, in an I-Ad 
restricted manner. The most common B. pertussis pertactin variants, i.e. P.69 Prn1, P.69 
Prn 2 and P.69 Prn 3, were equally efficiently recognised by the TCH cells, indicating that 
natural P.69 Prn polymorphism does not influence the efficiency of epitope processing and 
presentation. Second, this N-terminal P.69 Prn epitope was immunodominantly recognised 
by CD4+ T cells during an ongoing immune response in Balb/c mice, as measured by in 
vitro proliferation and cytokine production of splenocytes. Subdominant P.69 Prn epitopes 
were P.69 Prn127-144, P.69 Prn79-102, P.69 Prn175-192 and P.69 Prn211-228,  in order of the 
relative magnitude of their response. Third, our data indicated that B. pertussis induced 
CD4+ T cells directed against the P.69 Prn N-terminus will not likely crossprotect against 
infections with B. parapertussis and B. bronchiseptica. Fourth, the N-terminal P.69 Prn 
epitope recalled memory responses in a considerable proportion of healthy adults in a HLA-
DQ1 restricted manner, and was recognised during acute pertussis infection. Together, 
these findings designate the N-terminal P.69 Prn epitope as the first human and murine 
conserved pertussis-specific CD4+ T cell epitope.  

We consider that a plausible explanation for the immunodominance of this epitope is 
its favourable MHC processing by antigen presenting cells. Inspection of the X-ray 
structure of the first 539 amino acids of the P.69 Prn  molecule [42] indicates that all five 
identified epitopes are located upstream of the first variable region and are partially masked 
by this region (figure 7A). However, in contrast to the subdominant epitopes, which are part 
of the relatively inaccessible tightly folded β barrel structure, the immunodominant epitope 
is located at the extreme N-terminus of the molecule and flanked by two well exposed�� 
turns (G11ERQ14 and A30SGT33), which could be easy targets for lysosomal proteases. In 
fact, one cleavage event near sequence A30SGT33 would suffice to liberate the epitope 
region from the protein backbone to become loaded onto nascent MHC class II molecules 
(figure 7B). 

Interestingly, the N-terminal P.69 Prn epitope was presented by both the murine and 
human MHC class II alleles I-Ad and HLA-DQ1, respectively. Such shared epitope 
specificity is in line with the functional homology between I-A and HLA-DQ molecules 
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reported in other antigen models [43]. In this study, the cross-species sharing of the N-
terminal P.69 Prn epitope opened up the possibility to study the quality of a CD4+ T cell 
response with the same fine-specificity in both experimental and clinical pertussis samples. 

 In Balb/c mice ten days after B. pertussis infection a mixed P.69 Prn7-24 dependent 
cytokine response was found in splenocyte cultures, producing IFN-γ, and IL-17 but little 
or no IL-4 and IL-5 after peptide stimulation. Although the phenotype of the splenocytes 
responsible for these cytokines further needs to be assessed, this peptide-dependent 
cytokine profile most likely matches the presence of P.69 Prn specific Th1/Th17 type 
CD4+ T cells. On the other hand, in two pertussis patients, the CD4+ T cell response to the 
epitope was not associated with an IL-17 response but with a prominent in vitro production 

of TNF-, combined with IL-2 and, in one of the patients, with IFN-. TNF- is an 

inflammatory cytokine that has been implicated in controlling B. pertussis through 
potentiating bactericidal activity of macrophages and enhancing phagocytosis by 
neutrophils [26;44]. To be conclusive about an eventual P.69 Prn13-30 associated Th 
cytokine pattern in humans, these clinical observations need to be further extended, 
including more patients’ samples and cytokine analysis at the single cell level. 
Nevertheless, our present data provide proof of principle that cytokine responses to the N-
terminal P.69 Prn epitope can serve as a read-out for pertussis-specific CD4+ T cell 
programming in Balb/c mice and in humans. As such the epitope could be of use in vaccine 
development. It has long been thought that Th1-type T cell responses are most favourable 
in protective pertussis immunity [21;25;45] and that Th2-type T cell responses should be 
avoided because of their unfavourable predisposition for allergy in infants [46;47]. More 
recently, the contribution of Th17-type T cells in protective vaccine responses against B. 
pertussis was reported [26]. Hence, novel pertussis vaccines should be evaluated for their 
protective capacity as well as the Th cytokine profiles they induce. In this context the N-
terminal P.69 Prn epitope could be used to assess the latter at a clonal T cell level.   

Finally, the P.69 Prn N-terminus seems to have an interesting dual role in the 
adaptive immune response. Earlier, Hijnen et al found that over 50% of P.69 Prn-specific 
antibodies in human sera were directed towards N- terminal epitopes [48] and  that N-
terminal B cell epitopes (or epitopes that are dependent on the presence of the N-terminus) 
induce protective antibodies (Hijnen et al, unpublished results). Our data now indicate the 
involvement of the N-terminus as a CD4+ T cell target as well. Topographic linkage 
between B- and Thelper cell epitopes on the same protein antigen might be functional for 
the outcome of antibody responses [49-51]. Notably, removal of the N-terminus of P.69 Prn 
was preliminary found to reduce its protective capacity in mice (Hijnen et al., unpublished 
results). Although the role of the P.69 Prn N-terminus specific CD4+ T cell response in 
protection was not addressed in this study, our data indirectly suggest that the observation 
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by Hijnen et al. could be attributed not only to the removal of important B cell epitopes but 
also of the immunodominant CD4+ T cell epitope.  

In conclusion, our study sheds new light on P.69 Prn as a target in cell-mediated 
pertussis immunity,  in particular by mapping a cross-species shared CD4+ T cell epitope to 
a region of P.69 Prn with important immunogenic properties. Unravelling pertussis-specific 
immune mechanisms in both experimental and clinical models is much needed, in view of 
the resurgence of pertussis and the current call for improved vaccines.  
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Figure 7: The epitopes are colored in the P.69 Prn structure (PDB-code 1dab) [42]. Panel A: An overview of 
the epitopes, showing that they are all N-terminal to Region 1. The A2/3 epitope is coloured white; B6 is 
coloured white with black dots; C6/7 is coloured black with white  stripes; D6 is coloured grey with white 
dots and E2 is coloured black. Panel B. View of the N-terminal side and the immunodominant epitope A2/3, 

showing easy access for proteolytic enzymes. Figures prepared with Yasara (www.yasara.org). 
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Abstract 

The quality and maintenance of immunological memory to Bordetella pertussis are 
considered key in vaccine induced protection against whooping cough. Studies on vaccine 
induced T cell immunity are limited, however, mostly restricted to the early phase and 
lacking fine specificity of assays. Here we compared long-term features of epitope specific 
T cell responses in BALB/c and C57Black/6 (B6) mice immunised with a protective dose 
of an acellular (aP) or a whole cell (wP) pertussis vaccine. Splenic T cell responses to 
immunodominant (ID) and subdominant (SD) epitopes of P.69 pertactin (P.69 Prn) were 
assessed in proliferation and cytokine assays at 6 weeks post immunisation (w.p.i.) and at 
67 or 73 w.p.i. (BALB/c or B6, respectively), before and after recall with antigen. In both 
strains, immunodominance of epitopes was maintained at all stages, but overall 
proliferation and IL-2 responsiveness diminished with time. Of all other cytokines tested, 
IL-5 was the most dominant ID and SD specific cytokine, detected at highest levels in aP 
vaccinated mice and strongly boosted after late revaccination. Vaccine induced ID and SD 
specific cytokine patterns only switched after late challenge, and not after late revaccination 
with live bacteria, to an IL-17 dominated profile. High Th2 type cytokine levels after aP 
vaccination correlated well with lower antigen specific IgG2c(a)/IgG1 ratio’s in serological 
responses, significantly in B6 and to a lesser extend in the already Th2 prone BALB/c mice, 
respectively. These data for the first time show overall waning of levels but maintenance of 
immunodominance and cytokine patterns in T cell responses longitudinally after pertussis 
vaccination, and confirm at the epitope level that aP vaccination promotes Th2 cytokine 
skewing of T cell responses. 
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Introduction 

Pertussis vaccines induce immunity against severe whooping cough in children but 
unfortunately, this immunity does not seem to be life-long. In countries with well-
implemented infant vaccination programs and a high vaccination degree, the disease has 
been re-emerged [1-6]. Adolescents and adults, who have lost their vaccine-induced 
immunity are susceptible, may serve as reservoirs. When coming in close contact with new-
borns who are too young to be fully immunised, this may lead to severe pertussis and 
hospital administrations in this age group [7]. Therefore, loss of vaccine induced protection 
leads to the renewed interest in the quality and maintenance of pertussis vaccine induced 
immune mechanism. 

Long-term protective immunity after vaccination is mediated by both humoral and 
cellular immune mechanisms. Specific serum IgG levels in children wane to low or 
undetectable levels within 1-2 years after immunisation [8;9] but experimental studies in 
mice have demonstrated that protection can be maintained after waning of circulating 
antibodies [10]. In pertussis, the importance of CD4+ T cells is highlighted by the finding 
that mice deficient in functional CD4+ T cell responses (CD4-/- mice) are unable to control 
aerosol challenge [11]. CD4+ T cells play an essential role by providing help for B cells and 
producing cytokines promoting the clearance of intracellular pathogens. Despite their 
importance, relatively little is known about the long-term maintenance of these pertussis 
specific CD4+ T cell responses and their cytokine profiles. To address these issues, we 
studied the induction, maintenance and recall of CD4+ memory T cell responses directed at 
immunodominant and subdominant epitopes of the P.69 Prn antigen in different mouse 
strains vaccinated with different types of protective pertussis vaccines.  
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Materials & Methods 

P.69 Prn & synthetic peptides 
Recombinant wild-type B. pertussis P.69 Prn was expressed in Escherichia coli, and 
purified as described elsewhere [12]. FHA was purified in house according to procedures 
described in literature [13] and Diphtheria toxoid (Dtx) and Tetanus toxoid (TT) were 
obtained from the production facility of the Netherlands Vaccine Institute (NVI, The 
Netherlands). Twelve amino acid overlapping 18-mer peptides covering the entire mature 

P.69 Prn protein were prepared by solid phase synthesis using  N-(9-

fluorenyl)methoxycarbonyl (FMOC)-protected amino acids and a SYRO II simultaneous 
multiple peptide synthesizer (MultiSyntech GmbH, Witten, Germany). The purity and 
identity of the synthesised peptides was assessed by reverse phase high performance liquid 
chromatography and mass spectometry. Peptides were pooled into 30 smart peptide pools 
of 6-8 peptides each, so that each peptide was represented by one pool of consecutive 
overlapping peptides (pools A through N) and by one pool of non-overlapping peptides 
(pools 1 through 16) (Supplementary figure 1). 
 
Combination vaccines & B. pertussis challenge inoculum 
For the immunisation of mice, a registered combined Dtx, TT, aP vaccine (DTaP, Infanrix, 
GlaxoSmithKline, UK) was used or an in house combined Dtx, TT and wP mini vaccine 
(DTP), for which Dtx, TT and whole cell inactivated bacteria ( a 1: 1 w/w mixture of two 
vaccine strains formally used in the Dutch national vaccination program, NVI, The 
Netherlands) were mixed with aluminium hydroxide (AL(OH)3; Alhydrogel, Brenntag 
Biosector, Denmark) as an adjuvant to obtain a 16 IOU/human dose. For reference, per 

human dose the DTaP and DTP vaccines contained equal amounts of Dtx and TT,  8 μg 

P.69 Prn, and 25 or 3 μg FHA, respectively, and variable amounts of other B. pertussis 

antigens. 
For the preparation of challenge inoculum, a streptomycin resistant Dutch clinical 

isolate from 1995, B613, was grown at 35 C on Bordet-Gengou agar supplemented with 

15% defibriated sheep blood and 30 µg/ml streptomycin (Tritium, The Netherlands). After 
growth, bacterial cultures were collected, washed and diluted in PBS to a final 
concentration of 5.108 CFU/ml. 
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Immunisation of mice 
Immunisation experiments were approved by the local ethical committee for animal 
experiments. For the generation of P.69 Prn immune splenocytes for mapping of H-2b 
restricted epitopes, five B6 mice were immunised subcutaneously with 1.5 µg rP.69 Prn 
mixed with 375 µg ALPO4 as an adjuvant at day 0 and day 28, as described for BALB/c 
mice elsewhere [12]. Section was performed on day 35. Spleens were dissected and 
splenocyte suspensions of individual mice were used, either fresh or after freezing and 

storage at -135 C.  

For induction and long-term follow up of immune responses, in a duplicate set of 
immunisation experiments groups of 6-8 weeks old specific-pathogen-free female BALB/c 
and B6 mice (NVI, The Netherlands) were immunised subcutaneously on day 0 and day 28 
with a protective regimen of either ¼ human dose (HD) DTaP (herafter aP) or ¼ HD DTP 
(hereafter wP), or with adjuvant only, in a 0.3 ml solution (n=50-60 mice per treatment, per 
immunisation experiment). Longitudinal venapunctions for serology were taken at various 
time points for the duration of the experiment, until mice were sacrificed in groups of 6-8 
mice and blood and spleens were harvested. For each mouse strain and regimen this was at 
6 w.p.i., and at a late stage when antibody titers to vaccine antigens had waned (see chapter 
5 of this thesis). This was at 67 w.p.i. for BALB/c mice and at 73 w.p.i. for B6 mice. Both 
at 6 w.p.i. and still at 67 (73) weeks after aP and wP vaccination mice had relevant levels of 
protection against an intranasal challenge with 2.107 colony forming units (CFU) of a  B. 
pertussis challenge strain, with 10log reduction values in lungs at day 3 between 2.5 and 4.5 
depending on the vaccine regimen and time after vaccination (for BALB/c mice, see 
chapter 5 of this thesis, for B6 mice, data not shown)  At late stage, additional groups of 
treated BALB/c and B6 mice received a late recall with antigen, either by (re)vaccination (a 
third dose for aP or wP treated groups, respectively, or a first dose of aP or wP vaccine for 
adjuvant treated naïve groups) or by intranasal infection. Animals were sacrificed 10 days 
after recall. Sera and spleens from untreated mice were collected as negative controls. Sera 
were stored at -20 oC, and spleens were directly processed. 
 
Intranasal infection of mice 
For recall experiments using live B. pertussis, 5-6 mice were intranasally infected with 
2.107 colony forming units (CFU) of the B. pertussis strain B0613 per mouse at 67 w.p.i. 
(BALB/c) or 73 w.p.i. (B6). Ten days later, mice were sacrificed and spleens and blood 
were collected. 
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Cell suspensions 
Single-cell splenocyte suspensions were obtained by mechanical dissociation of spleens 
through 70 µm pore size nylon filters in complete medium, i.e. Iscove’s Modified 
Dulbecco’s Medium (Gibco BRL, USA) supplemented with 10% fetal bovine serum (FBS, 
HyClone, USA) and penicillin, streptomycin and L-glutamine (pen/strep/glu, GibcoBRL, 

USA). Red blood cells were lysed with 10 mM KHCO3, 0.1 mM EDTA, 2 minutes at 4 C. 

Splenocytes were resuspended in complete medium and used directly, or cryopreserved at -

135 C for later use.  

 
Proliferation assay using immune splenocytes 
Single-splenocyte cell suspensions were cultured at 1.5.105 cells/150 µl in complete 
medium in 96-well round-bottom plates (Greiner) in the absence or presence of P.69 Prn 
18-mer peptides, or of peptide pools, at 1 µM/per peptide. On day 4, 100 µl supernatant 
volumes were removed to determine cytokine concentrations. Then 0.5 µCi (18.5 kBq) 
[3H]thymidine  (Amersham, USA) was added to the wells and cells were cultured for 
another 18 hours. Cells were harvested and [3H]thymidine incorporation was determined as 
counts per minute (CPM) using a wallac 1205 betaplate liquid scintillation counter. Results 
are expressed per restimulation condition per mouse for each group as stimulation index 
(SI) from triplicate wells, calculated as the quotient of mean CPM of triplicate cultures in 
the presence of peptide(s) and the mean CPM of sextuplicate cultures in the presence of 
medium only. SI>1.5 are considered positive. 
 
Cytokine profiling using Luminex technology 
Supernatants, harvested on day 4 of splenocytes in vitro cultured with peptides or medium, 

were pooled per triplicate wells and concentrations of cytokines (IL-2, IL-5, IL-17, TNF-, 

and IFN-) were determined using a Bio-Plex mouse cytokine 5-plex luminex kit (Bio-rad) 

according to the manufacturer’s instructions. Measurements and data analysis were 
performed with the Bio-Plex system in combination with Bio-Plex manager software. 
Results are calculated in pg/ml per mouse per stimulation condition per cytokine and given 
as average of four mice per group. 
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Serology 
The levels of P.69 Prn and FHA specific mouse IgG1, and IgG2a (BALB/c) or IgG2c (B6) 
antibodies were determined by an in house developed mouse multiplex immunoassay 
(MIA), adapted from Van Gageldonk [14]. Briefly, colour coded carboxylated 
microspheres representing distinct bead regions (Bio-rad (Bio-Rad Laboratories, USA) 
were activated at 12,5.106 beads/ml according to van Gageldonk [14] and subsequently 
washed and resuspended in PBS containing 5 µg antigen/ 250 µl for 6.25.106 activated 
beads. Antigens were allowed to bind (2 hours, RT, continuous shaking) and beads were 
subsequently washed and stored in PBS-0.05% sodium azide-1% BSA at 4 oC in the dark 
until use. Eight steps of 3-fold dilutions (1/100 to 1/218700) of reference serum (NIBSC 
code 97/642) [15] and 1/1250 and 1/12.500 dilutions of experimental serum samples were 
prepared in PBS-3% BSA-0.1% Tween-20. Each dilution of serum (25 μl) was mixed with 
an equal volume of an antigen-conjugated beads (4000 beads/region/well) in a 96-well 
multiscreen HTS filter plate (Low-protein binding, Millipore, USA) and incubated 45 
minutes at RT under continuous shaking. Then, beads were washed (PBS), and bound 
antibodies were detected by use of reporter R-phycoerythrin-conjugated goat-anti-mouse 
IgG1, IgG2a or IgG2c antibodies (RPE-anti-IgG) (Southern Biotech, USA). Analysis was 
performed with a Bio-Plex 100 using Bio-Plex Manager software (version 4.1.1, Bio-Rad 
Laboratories, USA), consisting of beads classification by their signature fluorescent pattern 
combined with the median fluorescence intensity (MFI) signal of the reporter antibody 
used. Since there is no standardised standard for the detection for the quantification of anti-
pertussis IgG isotypes, results were processed as 10Log values of the MFI of the IgG isotype 
per antigen per serum sample. Results are given as the averaged 10log MFI of an IgG 
isotype per antigen per group of mice, and as the averaged ratio’s of 10log IgG2a(c)/10log 
IgG1 (+/- SD) per group of mice. 
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Results & discussion 

Immunodominance of P.69 Prn CD4+ T cell epitopes in B6 mice 
To be able to study CD4+ T cell responses after B. pertussis vaccination in a specific 
manner, we identified immunodominant and subdominant epitopes from a major vaccine 
antigen, P.69 Prn, in different inbred mouse strains. In a previous study the diversity and 
hierarchy of H-2d restricted P.69 Prn epitopes in BALB/c mice was determined after rP.69 
Prn vaccination [12]. Here, a similar screening was performed in H-2b B6 mice. At day 35 
post rP.69 Prn vaccination, freshly isolated B6 splenocytes of three to five out of five mice 
proliferated to distinct smart pools of synthetic 18-mer peptides covering the mature P.69 
Prn protein, i.e. pools C, D, F, G, K, M, 1-4, 8 and 9-12. Then, cryopreserved splenocytes 
from the same mice were tested against single peptides shared between the pools to fine 
map individual epitope regions. Highest H-2b responses by all mice were found against an 
immunodominant (ID) epitope contained within peptides G2-4 (representing residues P.69 
Prn295-324), followed by responses to peptide D8 (i.e. P.69 Prn187-204) (Supplementary figure 
2). Other subdominant (SD) responses, either lower in magnitude or in number of responder 
mice, were found against peptides M10-11 (P.69 Prn583-606), K9-12 (P.69 Prn481-516), F3-4 
(i.e. P.69 Prn253-276), and C1-2 (P.69 Prn97-120), respectively. ID and SD epitopes of P.69 Prn 
in the H-2d and H-2b backgrounds, selected for further use in this study, are given in table 1.  
 

Table 1: Immunodominant (ID) and subdominant (SD) epitopes of P.69 Prn in the H-2d 
(BALB/c) and H-2b (C57BL/6) backgrounds selected for further use in this study. 

 
H-2d H-2b 

peptide sequence peptide sequence 

ID A2+3 P.69 Prn7-30 G2+3+4 P.69 Prn295-324 

SD1 C6+7 P.69 Prn127-150 D8 P.69 Prn187-204 

SD2 B6+7 P.69 Prn79-102 M10+11 P.69 Prn583-606 

 
Immunodominance patterns in CD4+ T cell responses are maintained long after 
vaccination and are boosted by late recall. 
To study long-term maintenance of epitope specific T cell responses in BALB/c and B6 
mice induced by a protective vaccination regimen, freshly isolated splenocytes from mice 
early and late after vaccination with ¼ HD of an aP or wP vaccine were assayed for 
proliferation against the ID epitope and two SD epitopes of each mouse strain. ID specific 
SI’s above 1.5 were found at 6 w.p.i. in (nearly) all of aP and wP vaccinated BALB/c mice 
and wP vaccinated B6 mice, and in two out of six aP vaccinated B6 mice (figure 1a and b, 
left panels). However, in-vitro activation was visually observed in all ID cultures. Positive 
SI’s were further found at 6 w.p.i. against SD1 epitopes in at least one mouse per group for 
all strains and all vaccination regimens, again with more visually responding mice. Positive 
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SI’s at 6 w.p.i. to SD2 epitopes were only found in three of seven BALB/c mice after aP 
vaccination and one of seven BALB/c after wP vaccination, but not in B6 mice. No ID, 
SD1 and SD2 responses were found in non-vaccinated control mice (data not shown). 
When tested at a late stage, i.e. at 67 or 73 w.p.i., immunodominance patterns of epitopes 
were maintained and overall SI’s or number of responder mice were lower than at 6 w.p.i. 
(figure 1a and b, right panels). SD2 responses were undetectable at this stage with the 
exception of one responder out of four in aP vaccinated B6 mice.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
We then asked if late ID, SD1 and SD2 specific CD4+ T cell responses could be boosted by 
recall with antigen. In both aP and wP vaccinated H-2d and H-2b mice elevated SI’s and 
numbers of responder mice per group were found ten days after late revaccination (figure 2) 
or after intranasal challenge (figure 3), as compared to responses in the absence of recall. 
Intranasal challenge of naïve mice at 67 (BALB/c) or 73 (B6) weeks after adjuvant 
treatment, was capable to mount primary proliferative responses within 10 days to the ID, 
SD1 and SD2 epitopes in some H-2d and H-2b mice (figure 3). This was not the case for late 
aP or wP vaccination of naïve adjuvant treated mice (data not shown). 

Figure 1: Proliferative responses of immune splenocytes against ID and SD P.69 Prn epitopes early and 
late after vaccination. BALB/c (a) and B6 mice (b) were vaccinated on day 0 and day 28 using an aP (upper 
panel) or an wP vaccine (lower panel) and groups of 6-8 mice were sacrificed at 6.w.p.i. or at 67 (73) w.p.i. 
as indicated. 1.5.105 splenocytes were incubated with 18-mer P.69 Prn peptides representing the ID, SD1 or 
SD2 epitopes (1 µM) and [3H]thymidine incorporation was determined after 4 days of restimulation. Dots 
represent mean SI of triplicate wells from individual mice, SI ≥ 1.5 are considered positive. Non-vaccinated 
control mice did not respond to the ID, SD1 and SD2 epitopes (data not shown).
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 Figure 2: Late boosting of ID, SD1 and SD2 
CD4+ T cell responses by revaccination.   
Mice were vaccinated on day 0 and day 28 using 
aP (upper panel) or wP (lower panel) and were 
left long-term until groups of 5-7 mice were 
revaccinated at 67 or 73 w.p.i. for BALB/c (left 
panel) and B6 mice (right panel), respectively, 
and sacrificed 10 days later. 1.5.105 splenocytes 
were incubated with 18-mer P.69 Prn peptides 
representing the ID, SD1 or SD2 epitopes (1 
µM) and [3H]thymidine incorporation was 
determined after 4 days of restimulation. Bars 
represent SI ± SD from individual mice. S.I. ≥ 
1.5 are considered positive. No primary ID, SD1 
and SD2 responses were detected 10 days after 
recall in adjuvant-vaccinated control mice at 67 
(73) w.p.i. (data not shown). 

Figure 3: Late boosting and priming of ID, 
SD1 and SD2 CD4+ T cell responses by 
intranasal challenge. Mice were vaccinated on 
day 0 and day 28 using aP (upper panel), wP 
(middle panel) or adjuvant only (lower panel), 
and were left long-term until groups of 5-7 
mice were intranasally challenged at 67 or 73 
w.p.i. for BALB/c (left panel) and B6 mice 
(right panel), respectively, and sacrificed 10 
days later. 1.5.105 splenocytes were incubated 
with 18-mer P.69 Prn peptides representing the 
ID, SD1 or SD2 epitopes (1 µM) and 
[3H]thymidine incorporation was determined 
after 4 days of restimulation. Bars represent SI 
± SD from individual mice. S.I. ≥ 1.5 are 

considered positive.  
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Induction and maintenance of ID and SD specific cytokine profiles associated with aP and 
wP vaccination  
To gain insight into the functionality of the ID and SD specific T cell responses, levels of 
Th1, Th2, Th17 cytokines, and IL-2 and IL-10, accumulated in the supernatants of epitope 
restimulated splenocyte cultures, were determined using luminex technology. As could be 
expected, levels of IL-2 followed the immunodominance pattern seen in proliferative 
responses of BALB/c splenocytes at 6 and 67 w.p.i., both with aP and wP (figure 4, two left 
graphs of upper and middle panels, grey bars). Other cytokines detected in response to the 
ID and SD1 epitopes early and late after aP and wP vaccination were dominated by IL-5, 
measurable at a higher mean level for aP vaccinated mice at 6 w.p.i. (50, 30 pg/ml) and 67 
w.p.i. (80, 10 pg/ml) than in wP vaccinated mice (20, 0 pg/ml and 10, 0 pg/ml, respectively) 
(figure 4, two left graphs of upper and middle panels, stacked bars). The SD1 response in 
aP vaccinated BALB/c mice at 67 w.p.i. was dominated by IL-17.  

Since proliferative responses to the SD2 epitope were hardly detectable in B6 mice, 
cytokine levels in these mice were only monitored in response to the H-2b ID and SD1 
epitopes. IL-2 levels followed the immunodominance pattern seen in proliferative responses 
(figure 5, two left graphs of upper and middle panels, grey bars), but at an overall lower 
level compared to BALB/c mice. Also, in contrast to BALB/c mice, in supernatants of B6 
splenocytes only IL-5 (at low levels, 5-10 pg/ml), but no other cytokines were measurable 
in response to ID and SD1 epitopes, and only for aP vaccinated mice (figure 5, two left 
graphs of upper and middle panels, stacked bars). 
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Distinct ID and SD specific cytokine patterns after late revaccination or intranasal 
challenge  
Late recall by revaccination boosted IL-2 responses to ID and SD epitopes, with relatively 
high levels in BALB/c ten days after aP or wP revaccination (figure 4, upper and middle 
panels, as indicated, grey bars), and lower levels in B6 mice (figure 5, upper and middle 
panels, as indicated, grey bars). Among other cytokines detected in BALB/c mice, IL-5 
dominated most epitope responses in all vaccine regimens but was overwhelming after aP 
revaccination, with mean IL-5 levels in response to the ID and SD1 epitopes of 1250 and 
250 pg/ml, respectively, as compared to 65 and 20 pg/ml after wP revaccination. In B6 
mice late revaccination boosted ID and SD1 specific IL-2 responses, but no other cytokines 
except for IL-5 (80, 30 pg/ml) in aP vaccinated mice only (figure 5, upper and middle 
panels, as indicated, stacked bars).  

When measured as cytokine responses, late aP or wP vaccination of adjuvant treated 
naive BALB/c mice, but not B6 mice, revealed some primo IL-2 responses to ID and SD 

epitopes above medium background 10 days later, as well as some TNF- responses (figure 

4 and 5, lower panel, as indicated, grey and stacked bars).  
Notably, ID and SD CD4+ T cell responses, boosted by late intranasal challenge at 67 or 73 
w.p.i. in aP or wP vaccinated mice or primary induced in adjuvant treated naïve mice, had a 
totally different cytokine signature in both mouse strains than by (re) vaccination (figures 4 
and 5, right upper, middle and lower panel, as indicated, grey and stacked coloured bars). 
Whereas post-challenge IL-2 responses were comparable in immunodominance and levels 
to revaccinated responses (figures 4 and 5, right panel, grey bars), other cytokine responses 

were highly dominated by IL-17 with additional Th1 cytokines IFN- and TNF-α in all 

mouse strains and pre-treatment regimens (figures 4 and 5, right panel, stacked bars). High 
levels of primo IL-17 to ID and SD epitopes were found 10 days after intranasal challenge 
of naive BALB/c and B6 mice, whereas intermediate levels, yet still significant, were seen 
in aP and wP treated mice, that were still protected to a certain extend against colonization 
at this late stage (protection data not shown, see Materials and Methods). Remarkably, the 

steep elevation of levels of ID and SD1 Th1 (IFN-) and Th2 (IL-5) cytokines seen after 

late revaccination of mice was largely absent after recall through challenge. The only, 
modest, IL-5 response observed after late challenge was in aP vaccinated BALB/c mice. 
Hence the rapid switch in ID and SD responses towards dominant Th17 type cytokines after 
challenge in aP and wP vaccinated in both mouse strains either indicates boosting and 
reprogramming of memory CD4+ T cells towards a Th17 flavour response, or the new 
primary induction of ID and SD specific CD4+ T cell responses biased to the Th17/Th1 
pathway. That 67 (or 73) week old mice are in principle capable of mounting a primary 
response of such signature after infection is illustrated by the de novo responses seen in the 
naïve adjuvant vaccinated mice (figures 4 and 5, right lower panel, stacked bars) 
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Figure 4: Induction, maintenance and recall of ID, SD1 and SD2 specific T cell cytokine responses in BALB/c 
mice. BALB/c mice were vaccinated on day 0 and day 28 using aP (upper panel) or wP (middle panel), and 
splenic ID, SD! and SD2 specific cytokine responses of groups of 5-7 mice were measured at 6 w.p.i. (left 
panel), 67 w.p.i. or 10 days after revaccination or intranasal challenge at 67 w.p.i, as indicated. Lower panel: 
splenic ID, SD1 and SD2 cytokine responses in control mice, 10 days after primary aP (left) or wP (middle) 
vaccination or intranasal challenge (right) at 67 weeks after initial adjuvant treatment. 1.5.105 splenocytes were 
incubated with 18-mer P.69 Prn peptides representing the ID, SD1 or SD2 epitopes (1 µM) and the presence of 
cytokines in culture supernatants was determined after 3 days of restimulation.white dotted bars represent mean 
levels of IL-2 per group of four tested mice. Staggered bars indicate mean levels of IFN-γ (white), TNF-α 

(black), IL-17 (light grey) and IL-5 (grey) per group of four tested mice. 

m
ed

iu
m ID

SD1
SD2

m
ed

iu
m ID

SD1
SD2

0

50

100

150

200

250
250

1250

2250

3250
6 w.p.i.

p
g

/m
l

m
ed

iu
m ID

SD1
SD2

m
ed

iu
m ID

SD1
SD2

0

50

100

150

200

250
250

1250

2250

3250
67 w.p.i.

p
g

/m
l

m
ed

iu
m ID

SD1
SD2

m
ed

iu
m ID

SD1
SD2

0

50

100

150

200

250
250

1250

2250

3250
Late revaccination

p
g

/m
l

m
ed

iu
m ID

SD1
SD2

m
ed

iu
m ID

SD1
SD2

0

50

100

150

200

250
250

1250

2250

3250
Late challenge

p
g

/m
l

m
ed

iu
m ID

SD1
SD2

m
ed

iu
m ID

SD1
SD2

0

50

100

150

200

250
250

1250

2250

3250
6 w.p.i.

p
g

/m
l

m
ed

iu
m ID

SD1
SD2

m
ed

iu
m ID

SD1
SD2

0

50

100

150

200

250
250

1250

2250

3250
67 w.p.i.

p
g

/m
l

m
ed

iu
m ID

SD1
SD2

m
ed

iu
m ID

SD1
SD2

0

50

100

150

200

250
250

1250

2250

3250
Late revaccination

p
g

/m
l

m
ed

iu
m ID

SD1
SD2

m
ed

iu
m ID

SD1
SD2

0

50

100

150

200

250
250

1250

2250

3250
Late challenge

p
g

/m
l

m
ed

iu
m ID

SD1
SD2

m
ed

iu
m ID

SD1
SD2

0

50

100

150

200

250
250

1250

2250

3250
Late challenge

p
g

/m
l

aP

wP

Adj

m
ed

iu
m ID

SD1
SD2

m
ed

iu
m ID

SD1
SD2

0

50

100

150

200

250
250

1250

2250

3250
Late aP

p
g

/m
l

m
ed

iu
m ID

SD1
SD2

m
ed

iu
m ID

SD1
SD2

0

50

100

150

200

250
250

1250

2250

3250
Late wP

p
g

/m
l

IFN-y
IL-2

TNF-a
IL-17
IL-5



 
Long-term maintenance of pertussis specific T cell responses 

 175

 
 

Figure 5: Induction, maintenance and recall of ID and SD1 specific T cell cytokine responses in B6 mice. B6 
mice were vaccinated on day 0 and day 28 using aP (upper panel) or wP (middle panel), and splenic ID and 
SD1 specific cytokine responses of groups of 5-7 mice were measured at 6 w.p.i. (left panel), 67 w.p.i. or 10 
days after revaccination or intranasal challenge at 67 w.p.i, as indicated. Lower panel: splenic ID and SD1 
cytokine responses in control mice, 10 days after primary aP (left) or wP (middle) vaccination or intranasal 
challenge (right) at 67 weeks after initial adjuvant treatment. 1.5.105 splenocytes were incubated with 18-mer 
P.69 Prn peptides representing the ID and SD1 epitopes (1 µM) and the presence of cytokines in culture 
supernatants was determined after 3 days of restimulation.White dotted bars represent mean levels of IL-2 per 
group of four tested mice. Staggered bars indicate mean levels of IFNg (white), TNFa (black), IL-17 (light 

grey) and IL-5 (grey) per group of four tested mice. 
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Induction of IgG isotypes dependent on the vaccine type used 

In this study, aP vaccinated mice clearly had higher Th2 type ID and SD cytokine responses 
than wP vaccinated counterparts. A possible consequence of higher Th2 cytokine levels 
could be a lower IgG2a(c)/IgG1 isotype ratio of specific serum antibodies, in BALB/c (B6) 
mice. Therefore we assessed the isotypes of IgG responses in an in house developed 
multiplex assay, measuring IgG2a(c) or IgG1 isotypes specific for multiple antigens, i.e. 
P.69 Prn and FHA, simultaneously. As is shown in table 2, IgG2a/IgG1 ratio’s for P.69 Prn 
were 0.4 or lower in the Th2 biased BALB/c mice, both in aP and wP vaccinated groups 
and irrespective of stage or further treatment. Overall, however, IgG2a/IgG1 ratio’s to FHA 
were higher in these mice, and FHA specific ratio’s were lower in aP (re)vaccinated mice 
compared to wP (re)vaccinated mice. In B6 mice aP vaccinated mice had lower 
IgG2c/IgG1 ratio’s in response to both P.69 Prn and FHA at all time points and in all 
regimens (table 3). 
 

Table 2: IgG isotype distribution in sera of BALB/c mice immunised with DTP and DTaP vaccine.  

Treatment Vaccine 

IgG2a1 IgG11 IgG2a/IgG1 

Ratio1,2 

P.69 
Prn 

FHA 
P.69 
Prn 

FHA P.69 Prn FHA 

42 
DTaP 1,28 1,67 4,03 4,11 0,32  0,07 0,41  0,14 

DTP 1,11 2.90 3,47 3,91 0,32  0,05 0,74  0,06 

Late  
DTaP 0,88 2,06 3,24 3,13 0,27  0,10 0,66  0,09 

DTP 0,42 2,04 2,03 2,23 0,22  0,12 0,95  0,17 

Revaccination3 
DTaP 1,39 2,23 3,38 3,45 0,40  0,16 0,65  0,13 

DTP 0,71 2,39 2,48 2,68 0,30  0,11 0,92  0,23 

Challenge3 
DTaP 0,65 1,90 2,79 3,18 0,22  0,16 0,59  0,13 

DTP 0,49 1,82 2,34 2,77 0,17  0,1 0,58  0,2 
1 Represented as average 10LOG (MFI) of individual mice 
2 Represented as the average  10LOG IgG2a/ 10LOG IgG1 ratio of individual mice  

3 Mice were challenged with B. pertussis strain 613 at day 453 or revaccinated at day 476. 10 days later sera 
were taken for serology 
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Table 3: IgG isotype distribution in sera of C57BL/6 mice immunised with DTP and DTaP vaccine. 

Treatment Vaccine 

IgG2c1 IgG11 IgG2c/IgG1 

Ratio1,2 

P.69 
Prn 

FHA 
P.69 
Prn 

FHA 
P.69 
Prn 

FHA 

42 
DTaP 1,69 1,98 3,68 4,03 0.45  0,18 0,49  0,11 

DTP 2,12 3,05 3,05 3,26 0,69  0,08 0,93  0,11 

Late  
DTaP 0,72 1,79 2,19 2,86 0,34  0,15 0,64  0,20 

DTP 0,60 2,12 1,16 1,63 0,62  0,50 1,23  0,61 

Revaccination3 
DTaP 1,02 2,50 3,01 3,52 0,32  0,21 0,71  0,20 

DTP 1,23 3,41 1,79 2,23 0,76  0,55 1,56  0,26 

Challenge3 
DTaP 1,38 3,11 3,06 3,51 0,45  0,31 0,90 0,22 

DTP 1,18 3,63 1,99 2,66 0,61 0,1 1,59  1,00 

1 Represented as average 10LOG (MFI) of individual mice 
2 Represented as the average  10LOG IgG2c/ 10LOG IgG1 ratio of individual mice 
3 Mice were challenged with B. pertussis strain 613 at day 494 or revaccinated at day 517. 10 days later sera 
were taken for serology. 

 
Altogether, this study highlights several new aspects in the maintenance of pertussis 
specific T cell responses. First, H-2d and H-2b immunodominance patterns of P.69 Prn 
epitopes, observed at 6 w.p.i., are stable for the greater part of the lifespan of mice (>60 
weeks), and are also maintained after late recall with antigen. Yet, levels of ID and SD 
specific SI’s and types of cytokines fluctuated with time or treatment: they waned between 
6 and 67 (73) w.p.i. and were elevated after recall. Challenge with live bacteria resulted in a 
major switch in cytokine pattern. The methods used in this study to detect epitope specific 
splenic T cell responses were 3H thymidine incorporation and cytokine analysis in 
supernatants. Although being very sensitive, these methods are not quantitative at the single 
cell level. Therefore, we cannot for instance discriminate between two possible 
explanations for the overall decline with time: a gradual contraction of ID and SD specific 
T cell populations or waning of proliferative and cytokine function per cell basis. We have 
not yet succeeded to resolve in-vitro restimulation conditions allowing flow based analysis 
of ID and SD specific CD4+ T cell populations by intracellular cytokine staining in this 
model (data not shown). Possibly this is an indication of their (ultra) low frequencies. 
Further studies are needed to advance this approach. 
 Second, aP vaccination generally induced more vigorous proliferative and cytokine 
responses than wP vaccination in our model, and was associated with a more prominent 
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Th2 type response, as observed in epitope specific IL-5 levels and low IgG2a(c)/ IgG1 
isotype ratio’s. A number of studies in man and mouse have associated aP vaccination with 
Th2 skewing of CD4+ T cell responses in assay systems using intact pertussis antigens, 
including P.69 Prn [16-20]. Here we confirm this association, not only in the Th2 prone 
BALB/c mouse, but also for B6 mice. Moreover, we showed Th2 skewing of responses at 
the epitope specific level, further indicating that the cytokines produced are truly derived 
from specific CD4+ T cells and not from bystander cells. High doses of antigen, as in aP 
vaccines, may have a Th2 driving effect. On the other hand, antigens themselves may have 
a ‘Th2 proneness’, as could be suggested for P.69 Prn that generally induced lower specific 
IgG2a(c)/IgG1 ratio’s than FHA in this study. Over the last decade, most countries have 
introduced high antigen dosed acellular pertussis vaccines and even accelerated and 
extended schedules to react to the resurgence of pertussis in the vaccinated population. Also 
in general, vaccine development seems to strive for expression platforms with maximal 
antigen delivery. The notion ‘more is not always better’, however, was elegantly put 
forward by recent studies of the group of Seder et al. [21], showing in a mouse model of 
protection against Leishmania major that high antigen dose can be counterproductive by 
driving T cell end-differentiation and regulation. For pertussis, the current strategy to 
protect vaccinees by high doses of a few antigens might in fact promote two unwanted side 
effects: a relative narrow window of protection based on vigorous, short-lived immunity at 
the level of the individual, and emergence of bacterial strains escaping the aP antigen 
specific immune pressure in vaccines [22;23]. Clearly more knowledge on the effect of 
vaccine type and dose on the quality and maintenance of cellular host responses is needed 
to design improved vaccination strategies for pertussis. 
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 Supplementary figure 2: 
Fine mapping of 
proliferative responses of 
immune splenocytes 
using single peptides. 5 
Balb/c mice were 
vaccinated on day 0 and 
day 28 with rP.69 Prn1 
and sacrificed on day 35. 
[3H]thymidine 
incorporation was 
determined after 
restimulation of 1.5.105 
splenocytes with 1 µM 
single 18-mer peptides 
for 4 days. Bars represent 

SI from individual mice. 

Supplementary figure 1: Schematic representation of the smart peptide pools from P.69 Prn. All peptides 
were synthesised as 18-mer molecules overlapping by 12 amino acids with the neighbouring peptides. The 
indicated peptide number corresponds to the first P.69 Prn1 amino acid of the peptide (i.e. p007 corresponds 
to P.69 Prn7-24). All 30 peptide pools (1 to 16 and A to N) contain 8 different peptides (i.e. peptide pool A 
contains p001 + p007 + p013 + …etc.) except for peptide pools 16 and N. These peptide pools contain 7 

different peptides. Each individual peptide is present in two different peptide pools.
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Abstract 

Identification of B. pertussis specific T cell epitopes recognised after infection or 
vaccination is of strategic importance for the development of new generation B. pertussis 
vaccines, as it provides a better understanding of the dominance and breadth of cell-
mediated immune mechanisms involved in protection. Here we report the first 
identification of naturally MHC class II-presented B. pertussis CD4+ T cell epitopes, 
processed by human monocyte-derived dendritic cells (MDDC), using a platform 
immunoproteomics technology. Unexpectedly, the identified amino acid sequences  
represented epitope regions from four different B. pertussis proteins, none being a virulence 
factor, namely envelop proteins putative peptidoglycan-associated lipoprotein (PAL) and 
putative periplasmic protein (PPP), and cytosolic proteins 10 kDa chaporonin groES protein 
(groES) and adenylosuccinate synthetase (ASS). Immunogenicity of the proteins was 
confirmed by detectable CD4+ T cell responses against the epitope regions PAL103-118, 
PPP132-146, groES34-52, and ASS166-179, and against peptide pools representing the whole 
proteins, in 23-66% of pertussis patients, in 30-60% of patients’ household contacts, and in 
30-55% of healthy controls, depending on the epitope. Epitope specific responses were 

associated with secretion of Th1 and Th2 type cytokines, i.e. TNF-α and IFN-, and IL-5 

and Il-13, with no detectable IL-17. The T cell immunogenicity of the envelop PAL protein 
was shown to be associated with B cell immunogenicity, since specific serum IgG 
antibodies were detectable in 50% of patients within 6 weeks after pertussis diagnosis and 
in 18% of ex-patients or household contacts. These findings shed new light on the natural 
epitope immunodominance in the B. pertussis CD4+ T cell response and may assign several 
new protein candidates to be included in assays monitoring immunological memory.  
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Author summary 

The epidemic reemergence of whooping cough since the 1990s in countries with high 
vaccination coverage asks for an explanation. Limited immunological memory to vaccine 
antigens might play a role. The breadth and dominance of the B. pertussis specific CD4+ T 
cell response is key to this issue. So far, classical epitope mapping has been limited to the 
well-known virulence factors present in acellular vaccines of today. Here, an 
unconventional immunoproteomics platform technology was followed to identify the 
naturally selected targets of B. pertussis specific CD4+ T cell immunity expressed on 
human monocyte-derived dendritic cells (MDDC) after processing of whole cell B. 
pertussis biomass. Naturally MHC class II-presented B. pertussis-derived epitopes were 
elucidated and originated from four different B. pertussis proteins, none being a virulence 
factor. Functional CD4+ T cell responses were associated with these epitopes. One source 
protein appeared to evoke IgG antibody responses as well, implying deterministic linkage 
of B and T cell epitopes. 

These findings reveal dominance of unexpected B. pertussis factors in the MHC class 
II epitope repertoire and may help to elucidate weaknesses in the human pertussis cellular 
immune response. 
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Introduction 

B. pertussis is a re-emerging pathogen which causes whooping cough. The current strategy 
for preventing B. pertussis infections relies on national vaccination programs. In 1952, 
vaccination was introduced in The Netherlands and the morbidity and mortality due to B. 
pertussis infections dropped dramatically thereafter [1]. During the last decade, however, 
an increase of whooping cough has been reported [2-7], with gradually more notifications 
among adolescents and adults, probably reflecting waning immunity to circulating strains 
[8-12], as well as among infants too young to be fully vaccinated [13;14]. This leads to the 
conclusion that current pertussis immunisation controls disease, but not the circulation of B. 
pertussis, fuelling the interest in improved pertussis vaccines and vaccination schedules 
[12]. To adjust pertussis vaccination policy, the understanding of specific immune 
mechanisms significant for protection is essential. While the importance of pre-exposure 
serum antibodies in protection to severe pertussis was eminent from two household 
exposure studies [15;16], it has been difficult to demonstrate a clear correlation between 
antibody titers to the major vaccine antigens and the efficacy of acellular pertussis vaccines 
[17-19]. In addition to antibodies, CD4+ T cells contribute to immunological resistance 
against B. pertussis infection. In general, CD4+ T cell responses are essential for avidity 
maturation of specific B cell responses. Furthermore, murine [20-26] and human [27-35] B. 
pertussis specific CD4+ T cell immunity has been associated with the secretion of Th1, 
Th2, and Th17 type cytokines, arming different types of anti-microbial effector 
mechanisms such as the activities of macrophages, eosinophils and neutrophils, 
respectively [36]. Unfortunately, information on the fine-specificity and breadth of the 
human B. pertussis specific CD4+ T cell response is largely absent, not in the least because 
of the difficulty of culturing B. pertussis specific CD4+ T cells in vitro (Stenger et al. 
unpublished data). The few human B. pertussis specific CD4+ T cell epitopes that have 
been elucidated were all sought on known virulence factors [30;35;37;38]. 
Here we were interested in gaining insight into the total repertoire of B. pertussis specific 
MHC class II-presented epitopes, available after processing of bacterial whole cells by 
human professional antigen presenting cells. We applied an unbiased method to identify 
naturally processed and immunoselected, HLA-DR associated B. pertussis epitopes 
expressed on the cell surface of in vitro-cultured human MDDC. A dedicated 
immunoproteomics technology was applied, using stable isotope labelling of B. pertussis 
antigens for rapid nanoscale liquid chromatography electrospray ionization mass 
spectrometry (nanoscale LC-MS) [39]. This approach led to the identification of 
unexpected B. pertussis proteins, not being virulence factors, as sources for dominantly 
selected CD4+ T cell target epitopes. One source protein proved to be a B cell target, 
pointing at deterministic linkage of T and B cell responses. These findings advance our 
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understanding of the natural immunodominance and breadth of the B. pertussis CD4+ T cell 
response and may add to the design of a new generation of pertussis assays or vaccines. 
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Materials & Methods 

Ethics Statement 
This study was conducted according to the principles expressed in the Declaration of 
Helsinki. The study was approved by the accredited Review Board STEG and Review 
Boards of collaborating hospitals (CCMO nr: NL16334.040.07). All participants provided 
written informed consent for the collection of samples and subsequent analysis. 
 
Bacterial strains & growth conditions 
The B. pertussis vaccine strain 509 was grown on Bordet-Gengou (BG) agar plates 
containing 15% defibrinated sheep blood. Liquid B. pertussis cultures were either grown in 
natural 14N-containing minimal Bioexpress cell growth medium, or in 98-atom% enriched 
15N stable isotope containing minimal Bioexpress cell growth medium (Cambridge isotope 
laboratories, USA) both containing 0.15% lactic acid (Fluka, Switzerland) adjusted to pH 
7.2 with NaOH until reaching stationary phase. After growth, B. pertussis cultures were 

heat inactivated for 30 minutes at 56 C and concentrated 5 times in phosphate-buffered 

saline (PBS) by centrifugation at 2000g for 20 minutes . The optical densities of both 
bacterial biomasses were measured at 600 nm (A600) and based on these A600 values a 1:1 
mixture of the 14N- and 15N-concentrated bacterial biomasses was prepared for antigen 
pulsing of human MDDC (figure 1A).  

The E. coli DH10B strain containing pGEX-PAL, a plasmid coding for a B. pertussis 
PAL-glutathione S-transferase (PAL-GST) fusion protein [40], was grown in Luria-Bertani 

to an A600 of 1.0 and then IPTG (isopropyl--D-thiogalactopyranoside, Roche, Switzerland) 

was added to a concentration of 0.5 mM. Two hours after adding IPTG, E. coli cells were 
centrifuged and resuspended in PBS. 
 
Proteins & synthetic peptides 
Recombinant P.69 pertactin (P.69 Prn) was expressed and purified from an E. coli construct 
as previously described [41]. Pertussis toxin (Ptx), filamentous heamagglutinin (FHA) and 
fimbriae subtype 2 and 3 (Fim2/3) were purified in house according to procedures 
described in literature [42-44]. PAL-GST was purified from E. coli cultures after 
solubilisation of outer membrane proteins and using the BugBuster GST.bind purification 
kit as described by the manufacturer (Novagen, Belgium). Purity of all antigens was 
confirmed by SDS-PAGE. 

Twelve amino acid (aa) overlapping 18-mer peptides covering the entire aa sequence 
of  groES (B. Pertussis gene identification number BP3496), PPP (BP3341), ASS (BP2188) 

and PAL (BP3342) were prepared by solid phase synthesis using N-(9-

fluorenyl)methoxycarbonyl (FMOC)-protected amino acids and a SYRO II simultaneous 
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multiple peptide synthesizer (MultiSyntech GmbH, Witten, Germany). The purity and 
identity of the synthesised peptides was assessed by reverse phase high performance liquid 
chromatography and mass spectometry.  
 
Isolation of PBMC, plasma & serum  
Heparinised blood samples were obtained after informed consent from HLA-oligotyped 
adult blood bank donors (n=20) from a birth cohort associated with pertussis vaccination 
(Sanquin trial S03.0015-x), and from participants from a clinical study (n= 44, age range 
[8-77 yrs], median 40 yrs), being pertussis patients at different time points after laboratory 
confirmed diagnosis of B. pertussis infection and their household contacts (trial NVI-243).  

Peripheral blood mononuclear cells (PBMC) and plasma were separated by 
centrifugation of blood samples on a fycoll-hypaque gradient (Pharmacia Biotech, Uppsala 
Sweden) or on a gel in heparinized CPT tubes (BD Biosciences, USA), and were used 
directly or after cryopreservation.  
 
Immunoblotting 
To check protein expression of B. pertussis whole cell biomass and to determine human 
antibodies for PAL, purified PAL-GST or GST as a negative control (Sigma Aldrich, USA) 
were run on SDS-PAGE gels (Pierce, Switzerland) and transferred to nitrocellulose 
membranes (Schleicher&Schuell, USA). Membranes were washed with washing solution: 
Tris/NaCl buffer pH 7.4 + 0.5%Tween80 (WS-T), and then probed for one hour at RT in 
WS-T with mouse monoclonal antibodies anti-FHA (31E2), anti-P.69 prn (Pem4), anti-Ptx 
S1 (151C1), and anti-Fim2 (136A6) all from the Dutch National Institute of Public Health 
and the Environment [45;46].. Thereafter, the membranes were washed and incubated for 
one hour with alkaline phosphatase-labelled Goat-anti-mouse IgG (Southern Biotechnology 
Associates Inc.,USA) in WS-T+0.5% Protifar (Nutricia, The Netherlands), respectively. 
The signal was detected using the ready to use AP conjugate substrate kit (Biorad, USA). 
 
ELISA 
PAL-specific IgG antibody titers were determined by ELISA. Briefly, flat-bottom 96-well 
microtiter plates (Thermo Scientific,USA) were coated with 2 μg/ml PAL-GST or GST (as 
a negative control) in PBS pH7.4. After overnight incubation at room temperature, plates 
were washed  with  0.1% v/v Tween-80 in PBS (PBS-T) and incubated for 60 minutes at 37 
°C with six three-fold serial dilutions of the serum samples (starting at 1:100) in PBS-T . 
Subsequently, plates were washed again and a 1:5000 dilution of goat anti-human IgG-
horseradish peroxidase conjugate (Southern Biotechnology Associates Inc., USA) in PBS-T 
containing 0.5% w/v Protifar was added and incubated for 60 minutes at 37 °C. The plates 
were washed and incubated for 10 minutes at room temperature in 0.1 M acetatebuffer 
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pH5.5, 0.01%  w/v tetramethylbenzidine, and 0.012% hydrogen peroxidase. Stop solution 
(2M H2SO4) was added and the plates were read at 450 nm. Titers were expressed as the 
serum dilution giving an OD450nm of 0.85 (= 50% of maximum OD450nm). 
 
Culturing, antigen pulse, & characterisation of MDDC 
Immature human MDDC were cultured according to a procedure described by Sallusto et 
al. [47]. Briefly, 1x109 PBMC obtained from a HLA-DR2 homozygous blood donor after 
leukapheresis were seeded at ~5x106/ml in 150 mm tissue culture dishes (Corning Costar, 
USA) in Iscove’s Modified Dulbecco’s Medium (GibcoBRL, USA) supplemented with 1% 
Fetal Bovine Serum (HyClone, USA) and penicillin/streptomycin/glutamine (GibcoBRL, 
USA) at 37 °C, 5% CO2, in a humidified incubator, for 2 hr. After removal of the non-
adherent fraction, adherent cells were further cultured for 6 days in medium containing 500 
U/ml recombinant human GM-CSF (PeproTech, USA) and 250 U/ml recombinant human 
IL-4 (Strathmann Biotech GmbH, Germany). Culture medium and growth factors were 
refreshed on day 3. On day 6, 1.2.108 MDDC, still immature, were pulsed with a 1:1 w/w 
mixture of 14N- and 15N-concentrated bacterial biomass at an optimised final concentration 
of A600 = 0.028. On day 8, B. pertussis-pulsed and maturated MDDC were harvested and 

washed four times in PBS, counted, pelleted, frozen and stored at -80 C until peptide 

isolation and analysis (figure 1B). Maturation of the MDDC was verified by flow 
cytometric analysis of the expression of CD83, CD40, CD80 and CD86 cell surface 
markers (data not shown). 
 
Isolation & nanoscale LC-MS analysis of HLA-DR-associated peptides 
HLA-DR-peptide complexes were isolated from B. pertussis-pulsed HLA-DR2 
homozygous MDDC essentially as described previously [39], using the HLA-DR specific 
monoclonal antibody B8.11.2 bound to CNBr-activated Sepharose 4B beads. Peptides were 
eluted using 10% acetic acid, and spun through a 10 kDa cutoff spinfilter (Millipore, USA) 
(figure 1C). The filtrate was concentrated to ~10 µl using a freeze dryer and prefractionated 
using Strong Cation eXchange (SCX) chromatography, peptide fractions were reconstituted in 
a 5% formic acid and 5% dimethylsulfoxide solution in water containing Angiotensin-III and 
Oxytocin (each at a concentration of 250 amol/µl) as internal standard peptides and analysed 
using nanoscale Liquid Chromatography-Mass Spectrometry (nanoscale LC-MS), as described 
earlier [48] (figure 1D). Characteristic ‘heavy’ and ‘light’ mass spectral doublets, representing 
MHC class II-associated peptide epitopes originating from corresponding 14N and 15N B. 
pertussis protein homologues, were allocated in all mass spectra using the MS-Xelerator mass 
spectral interpretation software (MsMetrix, The Netherlands) (figure 1E). Candidate epitopes 
were identified by targeted nanoscale LC-MS/MS analysis, using identical chromatographic 
conditions and on the same Q-TOF Ultima API mass spectrometer, operated at optimized 
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collision energy (figure 1F), and database searching for a sequence match. Quantification of 
the expressed levels of epitopes was calculated based on the Relative Response Factor 
(RRF) of each naturally processed and presented epitope relative to the two additional 
standard peptides in an SCX fraction and the RRF of the corresponding synthetic analogue 
compared to these two standard peptides when acquired under identical nanoscale LC-MS 
conditions. 
 
Functional assays to analyse immunogenicity of epitopes 
PBMC were incubated in the absence or presence of the relevant synthetic peptide(s) at 1 

M in complete AIM-V medium, i.e. AIM-V medium containing streptomycin, gentamycin 

and L-glutamine (GibcoBRL,USA), supplemented with 2% human AB serum (Harlan, 
USA), at 105 cells per well in 150 µl in 96-well round-bottom plates (Greiner), in 3-, 10- or 
40-fold wells per condition, at 37 ºC in a humidified 5% CO2 atmosphere. Between day 6 
and 13, plates were visually inspected and, depending on the activation of cultures, either 
0.5 µCi (18.5 kBq) [3H]thymidine (Amersham, USA) was added to measure direct 
proliferation, supernatants were harvested for cytokine measurement, or cultures were 
restimulated for 3 days with peptide-pulsed irradiated autologous PBMC before adding 
[3H]thymidine. Eighteen hours after labelling, cells were harvested and the [3H]thymidine 
incorporation was determined as counts per minute (CPM) using a wallac 1205 betaplate 
liquid scintillation counter. Results are expressed as stimulation index (SI) from triplicate 
(donors from NVI-243 study) or decuple wells (healthy blood donors), calculated as 
follows: [average cpm of PBMC in the presence of peptide(s)/average cpm of PBMC in 
medium only] (direct proliferation), or [average cpm of stimulated PBMC cultures in the 
presence of peptide pulsed antigen presenting cells/ average cpm of stimulated PBMC 
cultures in  the presence of mock- pulsed antigen presenting cells] (indirect proliferation). 
SI≥1.5 are considered positive. 

Concentrations of human cytokines (IL-2, IL-4, IL-5, IL-10, IL-12(p70), IL-13, IL-

17, TNF-, and IFN-) were determined in pooled supernatants from visibly activated 

cultures using the Bio-Plex human Th1/Th2 and Th17 cytokine luminex kits (Bio-Rad), 
according to the manufacturer’s instructions. Measurements and data analysis were 
performed with the Bio-Plex system in combination with Bio-Plex manager software. 
Results are expressed in pg/ml. 
 
Statistical analysis 
The Fisher’s exact test was applied to analyse the association of indicated groups  with anti-
PAL IgG seropositivity.  
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Results 

Non virulence factors of B. pertussis identified as dominant source proteins for naturally 
processed and MHC class II-presented epitopes 
Foreign MHC class II-presented epitopes can be isolated from antigen presenting cells for 
nanoscale LC-MS analysis, but to distinguish them from thousands of self-derived epitopes 
in complex peptide mixtures is technically highly challenging. To rapidly recognise B. 
pertussis specific peptide masses in MHC class II eluates, an immunoproteomics strategy 
was applied involving stable isotope tagging of bacterial antigens, antigen processing and 
presentation by human MDDC, isolation and nanoscale LC-MS analysis of the MHC class 
II-eluted peptide mixture, and dedicated discovery and sequencing of bacterial peptides 
(figure 1A-F). 
Immunoblotting of the heat-inactivated metabolically 14N- or 15N labelled biomasses 
confirmed that the bacteria expressed the major virulence factors P.69 Prn, Ptx, FHA and 
Fim2/3, indicating bacteria were in virulence phase at the time of harvesting (figure 2).  
Nanoscale LC-MS/MS sequence analysis of trypsin-digested single SDS-PAGE bands from 
14N- and 15N bacterial membrane fractions confirmed uniform stable isotope labelling of 
pertussis proteins (data not shown). An example of an ion doublet representing a candidate 
B. pertussis-derived epitope detected in the MHC class II-eluted peptide mixture is given in 
figure 3A-B. Epitope sequencing by targeted nanoscale LC-MS/MS and database matching 
indeed identified its source protein as B. pertussis protein, groES (figure 3C). In total, seven 
naturally processed and presented unknown peptides, representing epitopes from four 
different B. pertussis proteins  and length variants, were identified (table 1). A peptide 
representing aa residues 103-118 from the envelop PAL protein, PAL103-118, was the most 
dominant epitope with a calculated abundance of 350 epitopes/MDDC. Lower epitope 
densities were found for a natural length variant of this epitope and epitopes from groES, 
PPP and ASS. No mass spectral doublets could be assigned to known B. pertussis virulence 
factors, despite substantial amounts of these proteins in the B. pertussis biomass 
preparations that were used for MDDC loading (figure 2). 
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Figure 1: Immunoproteomics strategy to identify MHC class II-associated peptides. Step A: Bacterial 
cultures are prepared in 14N-containing prokaryotic medium, or in 98 atom% 15N-enriched medium, 
respectively. This allows all bacterial proteins synthesised to incorporate ‘heavy’ or ‘light’ residues. Step B: 
Immature MDDC are loaded with a 1:1 (A600 ratio) mixture of 14N- and 15N-labeled heat-inactivated 
bacterial suspensions and MDDC are left for 48 hr to process and present bacterial antigens while cultured 
in normal (14N) eukoaryotic medium. Step C: HLA-DR-epitope complexes are affinity purified using 
monoclonal antibody B.8.11.2, epitopes are acid-eluted and separated from the HLA-DR molecules by size 
exclusion. Step D: After the peptide sample is highly fractionated by SCX chromatography a portion of 
each SCX fraction is subjected to nanoscale LC-MS analysis. Step E: Pathogen-derived epitopes are easily 
allocated by searching mass spectra for 14N- and 15N-ion doublets with similar intensity and retention time, 
and an average mass difference of 1,2%. Notably, self epitopes will only form a 14N-ion. Step F: Candidate 
epitopes are identified by targeted nanoscale LC-MS/MS sequence analysis and database matching. Step G: 
Functionality of the naturally processed and presented MHC class II epitopes is assessed in T cell assays 
using in vitro-restimulated human PBMC and synthetic peptides. 
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Figure 2: Confirmation of the presence of the four main virulence factors in the 14N- and 15N-labelled B. 
pertussis strain 509 cultures. Lane 1; purified antigen. Lane 2; B. pertussis cultured on Bordet Gengou plates. 
Lane 3; 14N-labelled B. pertussis culture. Lane 4; 15N-labelled B. pertussis culture. FHA; Filamentous 
heamagglutinin. P.69 Prn; P.69 pertactin. Ptx, pertussis toxin. Fim2; Fimbriae type 2. The molecular mass 

(kDa) of protein markers is indicated..

Figure 3: Mass-tag 
assisted 
identification of 
naturally processed 
and presented 
groES34-52 peptide. 
Panel A: Triply 
charged mass 
spectral doublets 
representing the 
native groES34-52 
epitope. Panel B: 
The deconvoluted 
mass spectrum 
indicating a putative 
peptide containing 
22 nitrogen atoms. 
The number of 
pathogen-derived 
nitrogen atoms 
contained within an 
epitope can be 
deducted from the 
mass difference 
between its 14N- and 
15N-isomer. Panel 
C: MS/MS 
fragmentation 
spectrum of the 
groES34-52 epitope. 
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Table 1: Identified HLA-DR2-presented epitopes of Bordetella pertussis. 

Source protein Epitope Abundance 

Chaperonin groES protein (groES) 
(BP3469)b 

34KPDQGEVVAVGPGKKTED5 5a 

34KPDQGEVVAVGPGKKTEDG52 80 

Putative periplasmic protein (PPP)  
(BP3341) 

            135IALYPNSQLAPT146 30 

132AAFIALYONSQLAPT146 175 

Adenylosuccinate synthetase (ASS) 
(BP2188) 

166LAEVLDYHNFVLTQ179 10 

Putative peptidoglycan-associated lipoprotein (PAL) 
 (BP3342) 

103GGAEYNLALGQRRA116 10 

103GGAEYNLALGQRRADA11 350 

a Copies/cell. 
b B. Pertussis gene identification number [55]. 

 
Naturally processed & HLA-DR-presented epitope regions represent functional CD4+ T 
cell targets 
To assess whether the naturally processed and HLA-DR2-presented peptides represent 
CD4+ T cell epitopes, PBMC from an HLA-DR2 homozygous blood donor were tested ex 
vivo in a restimulated [3H]thymidine proliferation assay using synthetic peptides 
encompassing the PAL103-118, groES34-52, PPP132-146 and ASS166-179 epitopes. In this donor 
direct proliferation as well as proliferative activity after short term in vitro expansion of T 
cell lines could be measured against all four epitopes (figure 4).  
 

Figure 4: Proliferation to the identified 
naturally processed and HLA-DR2-
presented epitopes of B. pertussis. 
Direct proliferation (10 days, 
represented in light grey) using PBMC 
from a HLA-DR2 homozygous blood 
donor, as well as proliferative activity 
after short term in vitro expansion of T 
cell lines (36 days, represented in dark 
grey) from the same donor were 
measured to the different epitopes 
using synthetic peptides in a 
proliferation assay. Bars represent SI ± 
SD from decuple wells. 
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We reasoned that the identified epitope sequences may not only represent the exact protein 
fragments naturally presented by the HLA-DR2 allele, but could also represent a broader 
protein region protected from rapid proteolysis and perhaps favourably presented by a 
wider range of  HLA-DR alleles. To evaluate this possibility, PBMC from 20 healthy HLA-
DR2+ and HLA-DR2- individuals (from a birth cohort associated with whole cell pertussis 
vaccination) were stimulated with overlapping synthetic peptides representing the exact 
epitope sequences as well as additional flanking residues, so as to contain eventual adjacent 
motifs that can be predicted to bind a wide array of HLA-DR molecules [49;50]. As shown 
in table 2, direct specific proliferation was measured against all four epitope regions with 
30-40% overall responsiveness. Positive donors responded to several epitope regions but no 
association between particular HLA-DR alleles and epitope responsiveness was observed.  
 

Table 2: Direct proliferative responses in twenty adult donors against naturally MHC class II-
presented B. pertussis epitopes. 

 donor 

 1 2 3 4 5 6 7 8 9 10
 

11
 

12
 

13
 

14
 

15
 

16
 

17
 

18
 

19
 

20
 

GroES19-54                     

PPP133-162                     

ASS163-192                     

PAL103-138                     

White cells: SI <1.4 
Light grey cells: 1.4≤ SI≤ 3.0 
Dark grey cells: SI >3.0 
HLA-DR2+ donors: 1, 11, 16 and 17; HLA-DR2- donors: 2-9, 12-15, 18-20: Untyped donor: 10 
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To investigate the type of cytokines (Th1/Th2/Th17) associated with epitope 
immunogenicity, PBMC from 4 responding donors, i.e. 1, 5, 14, and 19, were stimulated 
again with the different epitope regions in forty-fold wells, and supernatants from wells 
visually responding at day 13 were collected and tested in the Luminex (table 3). All 
epitope regions were associated with both Th1- (IFN-γ and TNF-α) and Th2-type (IL-5 and 
IL-13) cytokine responsiveness. No other cytokines, including IL-17, could be detected in 
these culture supernatants (data not shown).  

Specific proliferation as well as cytokine production of expanded CD4+ T cell 
cultures from various donors could be blocked by monoclonal antibodies against HLA-DR 
molecules, confirming the involvement of HLA-DR as a restriction element (data not 
shown). Collectively these findings and the low-responsiveness of wells (table 3), indicate 
that the four HLA-DR2-eluted epitopes represent favourably processed and presented 
protein regions immunogenic for CD4+ T cells. These cells are present at low memory 
frequencies in PBMC and have a mixed Th1/Th2 cytokine signature.  
 

Table 3: Cytokines associated with responses against naturally MHC class II-presented B. pertussis 
epitopes. 

 

GroES19-54 

 
Donor 

 

PPP133-162 
Donor 

1 5 14 1 5 14 

Responsiveness 16 a  21 1 Responsiveness 8 5 1 

Th1 
IFN- γ    

Th1 
IFN- γ    

TNF- α    TNF- α    

Th2 
IL-5    

Th2 
IL-5    

IL-13    IL-13    

    

ASS163-192 
Donor 

 

PAL103-138 
Donor  

1 5 19 1 5 14 19 

Responsiveness 10 9 2 Responsiveness 1 8 2 5 

Th1 
IFN-γ    

Th1 
IFN- γ     

TNF-α    TNF- α     

Th2 
IL-5    

Th2 
IL-5     

IL-13    IL-13     
a Number of visually responding wells out of 40. 
White cells: < 25 pg/ml production 
Light grey cells: 25≤ pg/ml production ≤ 75 
Grey cells: 75 < pg/ml production ≤ 150 
Dark grey cells: > 150 pg/ml production 
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GroES34-52 specific CD4+ T cells do not cross-react to the homologous human hsp10 
epitope 
The 10 kDa chaperonin groES protein is a family member of the low molecular weight 
heat-shock proteins, conserved between bacteria, humans and other mammal species. The 
identified B. pertussis groES epitope shows some sequence homology with the counterpart 
region on Homo sapiens hsp 10 (table 4).  
 

Table 4: Epitope homology between B. pertussis and H. sapiens 10 kDa chaperonins. 

Species Amino acid sequence 

B. pertussis groES 25IVIPDSAAEKPDQGEVVAVGPGKKTEDGKILPVDLK60 

H. sapiens hsp10 31IMLPEKSQGKVLQATVVAVGSGSKGKGGQPVSVKVG66 

Grey: identified B. pertussis groES34-52 epitope  
Dark grey: non-homologous amino-acids in the H. sapiens hsp 10 epitope sequence. 

 
To investigate whether this homology is immunologically relevant, we compared the 
capacity of the groES34-52 and its human counterpart hsp 1040-58 to stimulate B. pertussis 
groES34-52 specific CD4+ T cell bulk cultures prepared from an HLA-DR2 homozygous 
blood donor. As shown in figure 5, no recognition of the H. sapiens hsp 10 epitope was 
observed, suggesting that priming of humans with the B. pertussis groES protein will not 
likely result in cross-reactivity against endogenous tissue. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5: Functional sequence 
variance between B. pertussis and H. 
sapiens. 
A short-term cultured B. pertussis 
groES34-52 specific T cell line from a 
homozygous HLA-DR2 blood donor 
was restimulated with the homologous 
peptide or with the corresponding H. 
sapiens groES34-52 sequence. 
[3H]thymidine incorporation was 
determined after 3 days of 
restimulation. Bars represent SI ± SD 
from triplicate wells. 
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Epitope specific responsiveness is enhanced by pertussis infection  
In view of their favourable HLA-DR expression, clinical infection with B. pertussis could 
perhaps enhance CD4+ T cell reactivity against the four identified epitope regions. To test 
this possibility PBMC from individuals within 12 months after laboratory confirmed 
pertussis diagnosis (n=30), from household contacts of acute patients (n=10), and from 
healthy controls (n=20) were stimulated with overlapping synthetic 18-mer peptides 
covering the full protein sequences and were assayed for proliferative responses. As 
illustrated in figure 6, patients’ samples tend to have highest responsiveness for groES, PPP 
and ASS, but not for PAL. Partial responsiveness in replicate wells, as was prominently 
observed for PAL, indicated low frequencies of CD4+ T cells specific for this protein and 
lowered the overall SI of a response. This may lead to underestimation of the number of 
responding donors in a study group.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6: Proliferation of PBMC of different pertussis cohorts in response to the different B. pertussis CD4+ T 
cell epitope regions. PBMC of pertussis patients within 12 months after laboratory confirmed pertussis 
(n=30), household contacts (n=10) or healthy individuals (n=20) were stimulated with 1 M 18-mer peptides 
covering the four different entire proteins. Dots represent SI of different individuals.
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PAL is targeted by human B cells as well 
Our data indicate that groES, PPP, ASS and PAL proteins are favourably processed and 
presented by MDDC and evoke a functional CD4+ T cell response in humans, which seems 
to flare up after clinical infection. Therefore, these proteins could contribute to B. pertussis 
adaptive immunity either as targets in cell-mediated responses or in T helper cell dependent 
humoral responses. In view of its outer membrane-anchored localisation and the strong 
benefit of deterministic linkage of CD4+ T cell and B cell epitopes for the outcome of high 
affine antibody responses [51-53], PAL is an interesting candidate to be a functional B cell 
target. Yet, Carbonetti earlier showed that PAL was only immunogenic for murine B cells 
when mice were infected with a B. pertussis strain lacking Ptx [40], while Watanabe et al. 
described the virtual absence of measurable anti-PAL antibody responses in culture-
positive pertussis patients and healthy controls [54]. Since we had access to the PAL-GST 
fusion construct of Carbonetti, we studied human anti-PAL IgG responses in a cross section 
of the population with or without a recent pertussis infection.. Anti-PAL ELISA titers tested 
using plasma samples from pertussis patients taken within 6 weeks after clinical diagnosis 
and from ex-patients or household contacts were segregated into titers below and above 
400. Anti-PAL responsiveness (titers > 400) did not correlate with age (data not shown), 
but was significantly more frequently observed among acute patients (10 out of 20 tested) 
than among ex-patients and household contacts (3 out of 24 tested) (p=0.01, table 5). 
Although in some individuals high PAL cellular responsiveness seemed to coincide with 
high PAL seroreactivity, no absolute association was found between these functions in all 
individuals studied. Hence, in contrast to findings reported by others [54], these data for the 
first time indicate that B. pertussis PAL is a significant human B cell target. 
 
Table 5: Enhanced anti-PAL IgG responses in 
recently infected pertussis patients. 

 
 

Anti-PAL-IgG titer 
(>400) 

Patients within 6 weeks  
after clinical diagnosis 

a10/20 

Household contacts and  
ex-patients 

3/24 

a Number of sera with an anti-PAL-GST IgG titer > 
400 out of number tested. Note, all sera tested were 
seronegative in a GST ELISA (data not shown). 
Difference in responsiveness between groups is 
statistically significant: Fisher’s exact P value < 0.01 
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Discussion 

Using an unconventional immunoproteomics approach, hitherto unknown naturally 
processed and dominantly presented B. pertussis specific CD4+ T cell epitopes were 
identified. This approach has two major advances over strategies aimed at mapping 
epitopes on predefined protein targets. Firstly, discovery of epitopes is made independent of 
their protein source, which is especially relevant for pathogens with large proteomes such 
as B. pertussis with more than 3800 open reading frames [55]. Secondly, relative 
abundances and natural length variants of epitopes can be determined, which may be 
immunologically relevant.  

The main surprise in this study was that none of the epitopes identified originated 
from known B. pertussis virulence factors while these proteins were abundantly present in 
the digested biomass and of which some epitopes have been described in literature 
[30;37;56;57]. Instead, the epitopes were derived from four other proteins, localized at two 
different subcellular compartments of B.pertussis. PAL and PPP (or alternatively YbgF), 
encoded by adjacent genes on the same operon, are components of the cell envelop Tol-Pal 
system, critical for the integrity of the bacterial outer membrane [58]. The 10kDa 
chaperonin groES, involved in protein folding and assembly as a homoheptameric ring 
associated with the chaperonin cpn60, and ASS, catalysing the first step in the de novo 
biosynthesis of AMP, are both located in the cytoplasm [55]. Notably, under steady state B. 
pertussis culture conditions the genes for PAL. PPP, groES and ASS were all readily 
expressed at similarly high gene expression values (8.5, 5.9, 9 and 7.0, respectively) as 
virulence factors P.69 Prn (7.5), filamentous Heamagglutinin (9.1) or pertusis toxin (9.2) 
([59] and B. van de Waterbeemd, personal communication), from which no epitopes were 
detected. Therefore, a high expression rate may be favourable, but is not sufficient for 
dominant MHC class II presentation. Probably, other features for being selectively 
presented by MDDC are involved, such as was the case for the Toxoplasma gondii protein 
profilin, being an immunodominant protein in the CD4+ T cell response to the pathogen 
solely because of enhanced and selective TLR11-mediated uptake [60]. In parallel with 
proteins from other gram negative bacteria, receptor-mediated uptake by innate receptor 
TLR2 could play a role for B. pertussis PAL[61-67], as well as for the groES/chaperonin-
60 complex [68] although there is some controversy whether hsp’s themselves or their 
eventual associated compounds are triggering TLR’s [69;70].  

Another unexpected finding was that PAL103-118, the most abundant MHC class II 
ligand identified at 350 copies per cell, was not nearly as abundant as other bacterial MHC 
class II-presented epitopes, detected in a similar experimental setup with meningococcal 
OMV and with the same analytical sensitivity but ranging from 30 to 10,000 copies per cell 
[39]. Also, the number of different epitopes and length variants identified was limited 
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compared to meningococcal data. Although we cannot exclude any loss of peptide material, 
potentially also from unidentified epitopes, during the extensive sample preparation, it is 
unlikely that this would account for the large difference with the meningococcal epitope 
repertoire. MDDC pulsed with B. pertussis biomass had normal levels of HLA-DR cell 
surface expression as meningococcus-maturated MDDC and the MHC retentate after the 
peptide filtration step contained expected amounts and integrity of MHC protein (data not 
shown). Hence, our data indicate a selective and limited breadth and density of pertussis 
MHC class II epitopes in human MDDC with either absence (or below the detection limit) 
of epitopes from known virulence factors. Herewith, B. pertussis could circumvent to some 
extent cellular immune mechanisms crucial for protection. While it has been shown that B. 
pertussis antigens can interfere with MDDC maturation and function [71], which processes 
may underly the low and highly selective epitope expression on MDDC remains to be 
elucidated. 

Despite their low abundance, the four epitope regions evoked CD4+ T cell responses 
in a considerable proportion of healthy individuals, associated with a mixed Th1/Th2 

cytokine profile, i.e secretion of IFN-, TNF- and IL-5 and IL-13, in the absence of other 

cytokines like IL-17. IFN- and TNF- are both inflammatory cytokines that have been 

implicated in controlling B. pertussis through potentiating bactericidal activity of 
macrophages and enhancing phagocytosis by neutrophils [72-74]. As such, the novel-
identified pertussis CD4+ T cell targets could contribute to human pertussis resistance. 
Responses to the B. pertussis groES epitope were non-crossreactive to the endogenous 
human homologue, unlike the some epitope crossreactivity of mycobacterial and human 
hsp70 protein families, and are thus unlikely involved in potential autoimmunity or 
immunoregulation [75]. 

The importance of elucidating the natural targets of anti-bacterial CD4+ T cell 
responses is twofold. Firstly, tailor-made assays to monitor and qualify adaptive immunity 
can be designed to be able to study low-abundant T cell specificities, for instance by using 
synthetic peptides representing the exact or extended epitope regions, or by designing MHC 
class II tetramers [76;77]. Secondly, strong CD4+ T cell reactivity to an antigen may be 
indicative of a functional, T cell dependent antibody response, provided the antigen is 
exposed at the surface of the micro-organism [53]. In this study PAL was identified as a 
human B cell target by this deterministic linkage. PAL from other gram negative bacteria 
has already been shown to be immunogenic to human B cells by others [78;79].  For B. 
pertussis, Carbonetti et al, found that infection-acquired murine anti-PAL antibody 
responses only developed when a B. pertussis strain deficient of Ptx was used to infect the 
mice [40]. Furthermore using immunofluorescence microscopy, Carbonetti et al. showed 
that PAL was surface exposed on intact bacteria. In a study by Watanabe et al. [54], 
however, PAL did not appear very immunogenic for human B cells, based on the absence 
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of serum IgG responses in most of the studied serum samples, i.e. from adolescent ex-
pertussis patients who had been vaccinated with acellular pertussis vaccine in their 
childhood. In our study, using a perhaps more purified PAL preparation in ELISA, we 
showed that humans can develop and sustain an anti-PAL antibody response after natural 
infection, as well as after vaccination with a whole cell pertussis vaccine, containing only 
minor amounts of Ptx. The influence of Ptx on  B cell immunogenicity of PAL in humans 
remains to be elucidated. 

In conclusion, an unexpected limited epitope breadth of human naturally MHC class 
II-presented B pertussis specific CD4+ T cell epitopes was found, with a major role for 
proteins other than virulence factors. The PAL protein of the cell envelop Tol-Pal system 
was identified as a T and B cell target. These results represent a step towards a more 
complete characterisation of the natural immune response to B. pertussis. Ultimately, a 
better understanding of the immunological correlates of protection against whooping cough 
is needed to develop functional assays and more effective and long-lasting pertussis 
vaccines. 
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Pertussis is a highly contagious respiratory infection of humans which is caused by the 
bacterium Bordetella pertussis. The disease is most severe in neonates and children under 
the age of 1 [1]. Before widespread introduction of vaccination in the 1950s, almost every 
child contracted pertussis. Pertussis is now being recognised not only as a childhood 
disease but also as an important infectious disease in vaccinated adults representing an 
important reservoir for transmission of the bacterium to susceptible (unvaccinated) 
individuals [2].  
Introduction of mass vaccination reduced the number of pertussis cases significantly but did 
not lead to the eradication of pertussis from the human population. In contrast, since the 
1990s epidemic outbreaks are seen frequently in the western world including The 
Netherlands [3-8]. Several explanations were proposed for this increase of pertussis 
including waning immunity, increased reporting, improved diagnosis, and the circulation of 
adapted and more virulent B. pertussis strains in highly immune populations.  

In this thesis, we described studies with the principal aim to characterise key features, 
strengths and weaknesses, of early and late immune responses following B. pertussis 
infection or vaccination. In summary, using various techniques and different host models, 
we focussed on early innate events of immune responses and on the longevity and flavour 
of the adaptive immunity. We showed that both innate and adaptive immune responses are 
important for protection against pertussis and that vaccine induced immunological memory 
is not life-long. Several peculiarities in murine and human pertussis specific cellular 
responses were observed that shed new light on the flaws rather than the strengths of 
immunity to pertussis. Ultimately, by putting our findings in a wider context of 
immunological models, we propose measures how to adapt pertussis vaccines or 
vaccination practice such that one or more of three different phases of adaptive immune 
responses are modulated, resulting in higher maintenance levels of immunological 
protection needed to resist current B. pertussis strains. 
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Interaction of B. pertussis components and the innate immune system 

Like other pathogens, B. pertussis has molecular components that interact with the innate 
immune system. One such component, in the outer membrane of B. pertussis, is the 
Lipopolysaccharide (LPS) molecule, sensed by the innate immune system through TLR4. 
B. pertussis LPS promotes protective immune responses [9], but is also responsible for the 
relatively high reactogenicity of whole cell pertussis (wP) vaccines, containing LPS, as 
compared to acellular pertussis (aP) vaccines, that do not contain LPS [10-12]. To further 
elucidate the two sides of this double edged sword, toxicity of LPS and the use of this 
component as adjuvant, we studied the involvement of TLR4 ligation in various host 
responses to B. pertussis in the early phase following vaccination and infection. For this 
TLR4 deficient C3H/HeJ mice and TLR4 proficient C3H/HeOuJ mice were vaccinated 
twice (day 0 and 14) with aluminium-adjuvant alone or in combination with 1/5 HD dose of 
a wP or aP vaccine and challenged with live B. pertussis at day 28. In this model, TLR4 
played an important role in a more efficient clearance of the bacteria from the lungs of both 
naive and wP or aP protected mice, and in concomitant  reduced lung pathology, but these 
protective features were not associated with higher post-vaccination B. pertussis specific 
antibody responses in TLR4 wild-type (wt) versus TLR4-/- mice (Chapter 2). This was in 
contrast with our findings in Chapter 3, where higher day 35 antibody titers were found in 
wt mice than in TLR4-/- mice vaccinated on day 0 and 21 with ¼ HD of a wP vaccine 
without adjuvant. This was possibly due to small differences between the two models, such 
as the absence of an additional adjuvant and the somewhat extended schedule in the second 
model. Yet, at the T cell level in both models a clear stimulatory effect of a functional 
TLR4 pathway was found. TLR4 proficient vaccinated and naive mice had higher 
polyclonally-stimulated bronchial IFN-γ and IL-17 secretion and higher splenic TNF-α and 
IL-10 secretion than TLR4-/- mice, measured after infection (Chapter 2), and had higher 
overall antigen specific splenic cytokine responsiveness (Chapter 3). The only cytokine 
enhanced in TLR4-/- mice was the IL-5 response (Chapter 2). Herewith our findings extend 
the literature data indicating that TLR4 signalling through B. pertussis LPS enhances 
Th1/Th17 type adaptive immune responses after wP immunisation and may play a central 
role in the outcome of protection [13-15]. It can be regarded surprising that we also found a 
TLR4 effect on aP efficacy, while aP vaccines do not contain LPS. Another candidate 
TLR4 ligand in aP vaccines responsible for this effect could be pertussis toxin (Ptx), as it 
has been ascribed TLR4 dependent adjuvant activity before [16;17]. This phenomenon 
needs further investigation. 

To gain more insight into downstream effects of TLR4 ligation of components of B. 
pertussis, and to study additional TLR pathways as well, innate and adaptive immune 
parameters were studied in mice proficient or deficient for TLR4, TRIF, an adapter protein 
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in the TLR4 (and TLR3) pathway, and TLR2, vaccinated with a classical wP vaccine 
without adjuvant. For comparison, the effects of functional TLR4, TRIF and TLR2 on the 
immunogenicity of Neisseria meningitidis serogroup B outer membrane vesicles were 
studied as well. Like TLR4, TLR2 seemed to be functional. However, TLR2 triggering 
seemed to have opposite effects on innate and adaptive immune responses than TLR4. 
TRIF-deficient and TLR4-deficient mice showed impaired humoral and cellular immunity 
to vaccine antigens and individual T cell epitopes after immunisation (chapter 3). In 
particular, vigorous IFN-γ and IL-17 T cell responses, monitored at the epitope level in wt 
mice, were completely abrogated in TLR4-/- mice, which had a more modestly inhibited 
phenotype for other cytokines as well. The early higher levels of innate IL-12 and IL-6 
found in vaccinated TLR4 wt mice as compared to knock outs (chapter 3) could well 
explain the strong Th1 and Th17 polarisation of T cell response, respectively, in the 
presence of functional TLR4 [18]. These data are also in line with Th1 and/or Th17 
dominance of the T cell response seen after natural pertussis infection and/or vaccination in 
mouse and man [14;19;20], with our data in wt BALB/c and C57BL/6 mice after challenge 
with B. pertussis (Chapter 7), and with the TLR4 dependence of an in-vitro Th17 driving 
effect of  B. pertussis LPS at the level of human monocyte derived dendritic cells (MDDC) 
[21].  

In contrast to the TLR4-/- phenotype, most immune responses were not significantly 
altered in TLR2-/- mice, but various parameters, especially T cell cytokine production after 
antigen restimulation, tended to be enhanced after immunisation (chapter 3). Hence, 
functional TLR2 ligation may have a dampening effect on adaptive immune responses 
against gram-negative bacteria or vaccines derived from their outer membranes. TLR2 has 
been shown to lead to the induction of regulatory T cells (Tregs) preventing overstimulation 
of the immune system [22;23]. Tregs have also been implicated in natural pertussis 
immunity [24] and the efficacy of pertussis vaccines. Perhaps the TLR2 pathway in 
pertussis immunity serves to prevent severe immunopathology caused by overstimulation 
of the host immune system. In this view, the induction of Tregs is crucial in controlling the 
immune system on the one hand, but on the other hand it is unknown if efficacy of immune 
responses is reduced as well. This could be studied in a challenge model of vaccine 
protection using TLR proficient and deficient mice. While it is unknown which of the outer 
membrane components of B. pertussis present in the wP vaccine is triggering TLR2, a 
likely candidate for this function in the wP vaccine could be PAL, a 19kD lipoprotein of B. 
pertussis. PAL proteins from other bacteria have been shown to be a TLR2 ligand [25-31]. 
In chapter 8, we identified a dominantly MHC class II presented epitope from this protein 
and showed that PAL was also associated with B cell immunogenicity. Based on these 
findings, we hypothesise that B. pertussis PAL is an immunomodulatory protein that ligates 
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TLR2, dampens the overall adaptive immune response accordingly, but leads also to PAL 
specific B and T cell responses. 
As is seen in chapters 2 and 3, the final outcome of adaptive response to B. pertussis 
highly depends on the molecular interactions at the innate level. As is seen in this thesis, the 
presence or absence of bacterial components has a strong impact on host responses: 
relatively different types of immunity are seen after natural infection and wP vaccination, 
with a strong tendency towards Th1/Th17 type responses, compared to aP vaccination, 
inducing more Th2 type responses (this thesis and [32]). This modulation, as is becoming 
more and more clear, extends to many different components of the bacterium, by which B. 
pertussis seems to protect its survival in the human host and its intra- and extracellular life 
style. Effector mechanisms such as intracellular killing in phagocytic cells [33;34] or 
complement activation [35] are frustrated and the overall development of specific T cell 
and antibody responses is delayed [36;37]. At the molecular level, a list of known 
immunomodulating host-pathogen interactions is accumulating and knowledge is 
increasing about which innate cell types and host receptors are involved. Two notable IL-10 
evoking virulence factors, adenylate cyclase (CyaA) and Filamentous haemagglutinin 
(FHA), favour Th2 type T cells in mice [38-41]. Related to this, CyaA blocks IL-12 
production in MDDC [42], resulting in a relative stronger Th17 polarising capacity of 
CyaA-expressing B. pertussis infected MDDC at the expense of a Th1 polarizing effect 
[43]. Also Ptx seems to add to the Th17 type polarisation of T cell responses [44]. It is well 
known that IL-17 recruits neutrophils and it had been speculated that IL-17 promoting 
components such as CyaA might lead to excessive inflammation and local lung pathology 
[45;46]. The Th2 modulating effect of current aP vaccines should be interpreted with 
respect to the high contents of purified antigens such as Ptx and FHA. It is well plausible 
that if Th1 triggering is prevented by components in aP vaccines, this will lead, even in the 
presence of Th17 triggering, to an overall Th2 type dominated response, especially in the 
Th2 prone infant.  
 

Limited long-term immunological memory in the B. pertussis specific B cell response 

In view of the previous, immune responses to B. pertussis are steered towards particular 
flavours depending on the antigen components present, and also regulated in initial 
magnitude via TLR triggering. These are all relevant issues in optimising pertussis 
vaccines, but perhaps even more pressing is the question how durable the adaptive immune 
responses are. To address this issue, sensitive, specific and, for some research questions, 
cell based assays had to be implemented or developed. Several new assays were developed 
in this thesis. One example is the mouse DTP hexaplex assay, described in chapter 4, for 
simultaneous measurements of specific IgG levels to various vaccine components in 
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longitudinally collected sera, and another is a pertussis antigen specific B cell ELIspot 
assay, described in chapter 5, for the enumeration of murine memory B cell populations 
and plasma cells. For monitoring T cell responses in different phases of the adaptive 
immune response, knowledge on pertussis specific T cell epitopes, which are degraded 
peptide fragments of pertussis proteins presented via MHC molecules, had to be developed. 
Several manners of T cell epitope identification were used throughout the studies in this 
thesis, from classical epitope mapping through usage of smart peptide pools of overlapping 
synthetic peptides of known protein sequences (chapter 6 and 7), to purified recombinant 
deletion mutants of P.69 Prn (chapter 6) and dedicated immunoproteomics of MHC eluted 
peptide repertoires isolated from professional antigen presenting cells (chapter 8). Using 
knowledge on epitopes, both in mouse models (BALB/c and C57BL/6) and in humans, 
induction and maintenance of T cell responses could be monitored. The results thereof are 
described in chapter 3, for the early phase of wP induced T cell responses in TLR2-/- and 
TRIF -/- and wt C57/bl6 mice,  in chapter 6, for the induction of P.69 Prn specific T cell 
responses in BALB/c mice and humans, in chapter 7,  for the long-term maintenance of 
P.69 Prn specific T cell responses in BALB/c and C57BL/6 mice, and in chapter 8, for 
human T cell responses to proteins other than virulence factors of B. pertussis that appeared 
to be dominantly processed and presented by MHC class II.  

Collectively our studies, especially in chapters 5 and 7, add to our understanding of 
the (absence of) long-term persistence of specific B and T cell responses in a mouse model 
for B. pertussis vaccination and challenge. Mice were immunised at 6-8 weeks of age and 
were followed immunologically until 67 or 73 weeks after immunisation (at this time mice 
are elderly mice). While antibody levels may wane rapidly after pertussis vaccination [47-
50], long-term presence of memory cell populations could extend the period of 
immunological protection against pertussis. Our major finding was that the memory B cell 
response to pertussis antigens was not maintained (chapter 5). We demonstrated waning of 
specific serological immune responses and showed that while high numbers of B. pertussis 
vaccine-induced long-lived plasma cell numbers were present long after vaccination, 
specific memory B cells were undetectable. There was no rapid serological anamnestic 
response upon recall, in line with a diminished or very small remaining pool of memory B 
cells. This phenomenon was not dependent on the pertussis vaccine used. Both aP and wP 
vaccines showed the same trend of failing maintenance of memory B cells, indicating that 
perhaps intrinsic properties of the pertussis antigens themselves may cause a skewing of the 
B cell differentiation towards ‘effector type’ plasma cells, with memory B cells that have 
no self-renewal capacity.  
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Magnitude, breadth and cytokine patterns of the human B. pertussis specific T  
cell response 

In contrast to the disappearance of memory B cell populations with time (chapter 5), 
murine P.69 Prn epitope specific CD4+ T cell responses, epitope immunodominance 
patterns and cytokine polarisation were relatively well conserved during the above 
mentioned long follow up period, although some waning was seen after the peak immune 
response (chapter 7). This maintenance in epitope specific CD4+ T cell responses 
contrasted to the observation made in the same mice for the B cell compartment (chapter 
5), showing clear differences between the maintenance between these two compartments.  

In chapter 7, we confirmed other literature by showing that aP vaccination induced a 
more Th2-type T cell immune response, not only in the Th2 biased BALB/c mouse but also 
in the C57BL/6 mouse, and we further found that these high Th2 type cytokine levels 
correlated well with lower antigen specific IgG2c(a)/IgG1 ratio’s in serological responses 
compared to the wP vaccine. This is relevant in view of the notion that aP vaccines may 
predispose or enhance the development of atopic disease in children [51]. Furthermore, the 
more favourable polarised type of response in view of protection is regarded to be a mixed 
Th1/Th17-type T cell response [9;52-56].  Once established, the cytokine profile in the T 
cell responses seems to be stable (chapter 7), so novel pertussis vaccines should be 
evaluated for their early cytokine polarisation and be optimised for Th1/Th17 skewing, 
avoiding Th2 polarisation. 

 
How to avoid failing immunological memory to B. pertussis? 

Long-term immunological protection depends on both the quantity and quality of specific 
memory B and T cells that are formed after priming of an adaptive immune response. 
Grosso modo, three typical phases in adaptive host responses can be distinguished that 
determine the level and quality of memory populations in the maintenance phase, i.e. the 
expansion phase (immediately following the induction event), the contraction phase, and 
the maintenance phase [57;58]. Although this model is basically designed to express what 
happens to cell numbers when a naïve T cell starts proliferating after activation, it can also 
help to distinguish T cell fate decisions concerning life span (when does a cell commit to 
become a short-term effector cell or a ‘long-term’ memory precursor effector cell?), and 
concerning functional specification (when does a cell differentiate into Th1, Th2 or Th17 
type T cell, can functionality be lost again?) of T cell populations [18]. Since there are 
many similarities in differentiation of mature B and T cell responses [55;59;60], the three 
phases model can also be used to evaluate memory B cell responses. Failure to maintain a 
sufficient level of immunological protection, such as is clearly the case in pertussis, may 
have its cause in one or a combination of these phases (figure 1).  
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Figure 1: Model for reprogramming pertussis immune responses towards long-term immunological 
protection against currently circulating B. pertussis strains 
A: Diagram representing level of specific immunity (black curve) in the three different phases of adaptive 
immune responses,  the expansion phase (E), the contraction phase (C), and the maintenance phase (M), 
relative to the thresholds of immunological protection needed to protect against B. pertussis strains from the 
pre-vaccination area (lower dotted line, t1) versus from the post-vaccination era (upper dotted line, t2). B: 
Measures aimed at phase E enhancing adaptive responses (grey curve), C: Measures aimed at phase C 
enhancing adaptive responses (grey curve), D;  Measures aimed at enhancing the maintenance and quality of 
adaptive responses in phase M (grey curve). 
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We propose that the shifted epidemiology of pertussis in the post-vaccination era reflects a 
higher threshold of required immunological protection in the face of the circulation of more 
virulent strains or strains with a higher degree of antigenic mismatch with vaccines (figure 
1, panel A, threshold 2) as compared to the threshold in the pre-vaccination era (figure 1, 
panel A, threshold 1). Hence, the total level of vaccine induced immunity after contraction 
and in the early maintenance phase is still protective, as is also the case in the vaccinated 
population, but further waning confers susceptibility.   

In this thesis various hallmarks and peculiarities of B. pertussis immunity after 
infection and vaccination, indicating regulation, dampening, skewing and impaired self-
renewal throughout the various phases of the response, were highlighted. These findings 
shed light on eventual alterations in vaccine composition or dosing that, by reprogramming 
one or more of the three phases of the immune response, can yield an increased number or 
higher quality of ‘long-term fate’ cells and thus a higher total level of immunity in the 
maintenance phase.  

Based on our findings in TLR deficient mice reprogramming of the expansion phase 
to increase the clonal burst size of primed B and T cells could be achieved by increasing 
innate triggering of TLR4 (figure 1, panel B). Strengthening of TLR4 ligation can be 
expected to further favour high levels of Th1 and Th17 cell responses, and lower IL-5 
production, and give a more protected phenotype. The drawback could be, however, that 
priming of strong(er) Th17 type responses would be associated with more 
immunopathology. Yet, by supplementing TLR4 agonists to aP vaccines that have little or 
no endotoxin activity, Geurtsen et al. showed that the efficacy of these vaccines was 
improved without inducing intense side-effects [61]. Also, bacterial colonisation was 
significantly reduced and innate lung cytokine expression enhanced after coadministration 
to mice of a B. pertussis suspension with purified B. pertussis LPS [62]. This opens up 
perspectives for this scenario, which does however need careful monitoring of side effects. 
Reprogramming of the expansion phase can also be done by lowering TLR2 ligation. In 
view of our findings in chapter 3 in the wP model this would not so much lead to higher 
immediate antibody levels but rather to higher T cell levels. Whether this would favour a 
higher long-term maintenance level of protection needs to be investigated. Finally, 
components that trigger strong Treg responses, such as FHA and CyaA, could be avoided in 
pertussis vaccines, in order to obtain optimal clonal burst sizes of specific lymphocytes.  

Perhaps more challenging is finding ways to shift the balance in the pertussis 
immune response towards the ‘long-term fate’ memory precursor effector cell (MPEC) of 
the group of Kaech et al. [58], or the central memory T cell (Tcm) of  Sallusto et al. [63], 
rather than towards the short lived effector cell (SLEC) or effector memory T cell (Tem), 
respectively. In parallel, one would like to establish a functional pool of self-renewing long-
lived memory B cells, rather than long-lived plasma cells alone (as was seen in studies 
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described in chapter 5). Little is known about such (re)programming. high BLIMP-1 
expression and low BCL-6 expression [59] are a hallmark for end-stage effector cell 
differentiation in both T and B cells. Hence, understanding which signals trigger BLIMP-1hi 
BCL-6low phenotype in B and T cells might be key to steer for long-term central memory 
rather than effector memory in vaccine responses. However, reprogramming in favour of 
‘long lived memory’ and optimizing the expansion phase could be mutually exclusive 
efforts. Strong stimuli favour high peak levels of T cells select for SLEC type T cells at the 
cost of MPECs,  and since SLECs have a short life span and rapidly die in the contraction 
phase, the resulting level of MPEC at the end of the contraction phase will be low [58]. 
Vice versa, dampening the clonal burst size by giving weak antigenic stimuli or perhaps 
down-regulating the inflammatory response could in turn yield more memory type cells. 
So, one should find an optimum between a sufficiently high clonal burst size for a 
significant peak level in the induction phase, and a sufficiently modest clonal burst size for 
memory cell differentiation. Whether increasing TLR2 engagement would yield such 
optimal balance needs to be investigated. Furthermore, lowering antigen amount per dose, 
and giving fewer doses could favour long- term memory fate of T (and B cells).  (figure 1, 
panel C) 

Finally, the total level of pertussis immunity in the maintenance phase is a matter of 
maintaining quantity and quality of all memory T and B cells once they have survived the 
contraction phase. Various aspects of these cells determine their cumulative protective 
capacity, and strategies to increase these features are depicted in figure 1, panel D, although 
they are probably controlled and programmed in the induction (and contraction) phase of 
the response. They include increasing the breadth of the response, the fitness of the 
response (avoiding exhaustion caused by strong and repeated stimulation, providing 
survival signals), optimising the cytokine profile, and increasing vaccine-strain match. As 
an example, in the childhood vaccination schedule antigen doses follow in short distance (2, 
3, 4, 11 months of age), and this could cause end-differentiated T cells to become 
dysfunctional [57]. It could be considered to simplify this schedule or lower the amount of 
antigen per dose. Also, current aP vaccines only contain 1-3 or 5 pertussis antigens and the 
small ‘breadth’ of the response might be too vulnerable for antigen escape [64;65]. Adding 
more antigens to aP vaccines, such as antigens found to be natural T cell targets (chapter 8) 
or using a live attenuated B. pertussis strain [66] could be an option. 
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Nederlandse samenvatting 

Kinkhoest is een zeer besmettelijke bacteriële ziekte van de luchtwegen voornamelijk 
veroorzaakt door de bacterie Bordetella pertussis. Een besmetting met kinkhoest gaat vaak 
gepaard met zeer langdurige en heftige hoestbuien, waarbij de patient met gierende 
ademhaling lucht schept: de “whoop” uit de engelse term voor kinkhoest, “whooping 
cough”. De ziekte kan vooral bij hele jonge ongevaccineerde kinderen ernstig verlopen, 
waarbij ziekenhuisopname soms noodzakelijk is. Kinkhoestinfecties kunnen ook zonder of 
met milde klachten gepaard gaan. Waarom de ziekte bij de ene persoon ernstig verloopt en 
bij de andere niet is nog niet goed bekend maar heeft in belangrijke mate met de kwaliteit 
van de afweer te maken. 

Vóór de introductie van kinkhoestvaccinatie in het Rijksvaccinatieprogramma, kwam 
bijna elk kind in aanraking met de bacterie. In de jaren ‘50 werd kinkhoestvaccinatie 
grootschalig en systematisch ingevoerd wat leidde tot een sterke reductie van het aantal 
kinkhoest gevallen, evenals de morbiditeit en mortaliteit. 

De eerste kinkhoestvaccins bestonden uit afgedode bacteriën, de zogenaamde 
cellulaire vaccins. Deze vaccins waren zeer effectief maar gaven relatief veel bijwerkingen. 
Daarom werd er in de jaren ‘70 begonnen met het ontwikkelen van een nieuw type, 
acellulair, vaccin. Dit vaccin bestaat uit 3 tot 5 gezuiverde componenten van de bacterie. 
Doordat in dit type vaccin onder andere het lipopolysaccharide (LPS), een sterk immuun-
stimulerend component van de bacterie, niet meer aanwezig is, geven acellulaire 
kinkhoestvaccins minder bijwerkingen. Een nadeel van dit type vaccin is echter dat het de 
adjuverende werking van LPS, dat voor een krachtigere immuunrespons zorgt, mist. Verder 
zijn de productiekosten relatief hoog, hetgeen de toepasbaarheid in ontwikkelingslanden 
bemoeilijkt. Omdat acellulaire kinkhoestvaccins relatief weinig beschermende 
componenten bevatten is het aannemelijk dat het gebruik zal leiden tot een versnelde 
aanpassing van de bacterie (“escape mutants”) aan de opgewekte immuniteit. Behalve dat 
ze uit minder componenten bestaan wekken acellulaire kinkhoestvaccins een ander soort 
immuniteit op dan cellulaire kinkhoestvaccins. Cellulaire kinkhoestvaccins wekken, 
evenals natuurlijke besmetting met de bacterie, een zogenaamde type 1 T helper cel (Th1) 
respons op terwijl acellulaire vaccins een Th2 respons opwekken. In wezen wil men bij 
jonge kinderen zo min mogelijk Th2 type responsen omdat deze geassocieerd worden met 
een verhoogd risico op allergische aandoeningen. Toch zijn veel westerse landen inmiddels, 
vanwege hun verminderde kans op bijwerkingen, overgestapt op het gebruik van acellulaire 
kinkhoestvaccins. Nederland deed dit in 2005.  
 
Ondanks de introductie van vaccinatie in de jaren ‘50 bleef kinkhoest endemisch aanwezig 
in de populatie, maar van uitbraken was geen sprake tot 1996. Sinds die tijd vinden er in 
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Nederland om de 2 a 3 jaar weer uitbraken plaats. Ook in andere landen met een hoge 
vaccinatiegraad, waaronder de VS, Canada en Australië, vinden weer uitbraken plaats. 
Verbeterde diagnostiek en rapportage, wegebbende immuniteit en aanpassing van de 
bacterie zijn mogelijke verklaringen voor deze plotselinge toename.   
In dit proefschrift zijn met behulp van verschillende immunologische technieken 
afweercellen van proefdieren en bloeddonoren na vaccinatie en infectie onderzocht, om 
meer inzicht te krijgen in de inductie, de kwaliteit en de lange termijn instandhouding van 
specificieke afweermechanismen tegen kinkhoest.  
 
In hoofdstuk 1 wordt achtergrondinformatie gegeven over kinkhoest, kinkhoestvaccinatie, 
recente veranderingen in de kinkhoestbacterie en mogelijke verklaringen voor het opnieuw 
opkomen van kinkhoest in de populatie. Tevens wordt een kort overzicht gegeven van de 
belangrijkste immunologische mechanismen die betrokken zijn bij de afweer tegen 
kinkhoest. Ook worden de onderzoeksvragen behandeld die leidden tot het onderzoek 
beschreven in dit proefschrift.  
 
Bij de afweer tegen micro-organismen werken twee delen van het immuunsysteem samen: 
de niet-specifieke, aangeboren (innate), afweer en de specifieke (adaptive) afweer. Bij de 
aangeboren afweer vindt herkenning van delen van micro-organismen plaats door 
receptoren op het celoppervlak (celmembraan) van cellen van het innate immuun systeem. 
Activatie van deze innate receptoren zwengelt innate afweerreacties aan die nodig zijn voor 
de daaropvolgende activatie van de specifieke afweer. Een van deze receptoren is Toll-like 
receptor 4 (TLR4). Deze receptor herkent LPS. In hoofdstuk 2 wordt beschreven welke rol 
TLR4 speelt in beschermingsmechanismen tegen een intranasale infectieuze dosis 
kinkhoestbacterie, in ongevaccineerde dieren en in dieren beschermd door immunisatie met 
een cellulair of acellulair kinkhoestvaccin plus adjuvant (aluminiumhydroxide). Hierbij 
werden muizen met elkaar vergeleken die TLR4 wel (TLR4 proficient) of niet (TLR4 
deficient) tot expressie brengen op hun cellen. “TLR4 deficient” muizen hebben over het 
algemeen een lagere of tragere afweer tegen de kinkhoestbacterie. Een functionele TLR4 
lijkt ook van belang bij het opwekken van een specifieke immuunrespons na cellulaire 
kinkhoestvaccinatie in afwezigheid van extra adjuvant (hoofdstuk 3). Ook bleek dat TLR4 
belangrijk was voor het type specifieke immuun respons dat werd opgewekt (hoofdstuk 2 
en 3). TLR4 activatie leidt tot een Th1 type immuunrespons. Alhoewel het klassieke 
cellulaire vaccin TLR4 beter activeert door de aanwezigheid van LPS, bleek ook dat een 
acellulair vaccin TLR4 kan activeren, maar in mindere mate (hoofdstuk 3).  

Verder werd in hoofdstuk 3 de rol van een andere innate receptor, TLR2, 
bestudeerd. TLR2 wordt door lipoproteinen geactiveerd. Deze activatie bleek eerder een 
tegenovergesteld effect te hebben dan de activatie van TLR4. “TLR2 deficiënte” muizen 
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hadden in sommige opzichten een vergelijkbare of zelfs hogere specifieke immuunrespons 
na vaccinatie dan hun “TLR2 proficiënte” tegenhangers. 

Uit deze twee hoofdstukken blijkt dat het verloop van de aangeboren afweer al 
bepalend is voor de ontwikkeling van de latere specifieke afweer. In de volgende 
hoofdstukken is vooral naar specifieke afweermechanismen gekeken.  
 
De specifieke afweer bestaat uit een cascade aan reacties die leidt tot de selectieve 
vermeerdering en uitrijping van klonale populaties van twee soorten witte bloedcellen, T en 
B lymfocyten. Deze zijn door hun specifieke antigeen receptoren en door hun functies in 
staat om vrije pathogenen en/of pathogeen geïnfecteerde cellen te herkennen en op te 
ruimen. Als de kinkhoestbacterie in de bovenste luchtwegen terechtkomt, of als 
(componenten van) de bacterie in het lichaam worden gebracht door vaccinatie, wordt dit 
opgemerkt door antigeen presenterende cellen (APC) zoals dendritische cellen (DC). Deze 
cellen nemen hele bacteriën of (vaccin)antigenen op, knippen de eiwitbestanddelen in 
stukjes (processing) en laten een deel van de eiwitfragmenten, epitopen, in combinatie met 
klasse II moleculen van het major histocompatibility complex (MHC) op hun celmembraan 
zien (presentatie). Deze MHC-epitoop complexen kunnen vervolgens door T cel receptoren 
op een kleine fractie rijpe, specifieke CD4+ T cellen worden herkend. Hierdoor worden 
deze cellen geactiveerd en gaan ze delen, cytokines produceren, en migreren naar lymfoïde 
organen (milt en/of lymfeklieren) of naar de plaats van binnenkomst van antigeen. 
Tegelijkertijd kunnen intacte antigenen door B cel receptoren (membraangebonden 
immuunglobulinen) van een kleine fractie rijpe, specifieke B cellen worden herkend. Na 
activatie gaan deze B cellen vervolgens ook delen en migreren en nemen ze via hun B cel 
receptor ook antigeen op dat ze digesteren en weer op het celoppervlak presenteren als 
MHC-epitoop complexen. Hoe beter de B cel receptor bindt aan het antigeen, hoe 
efficienter deze presentatie verloopt. In de lymfklieren komen deze antigeen geactiveerde B 
cellen en T cellen elkaar tegen. Als de specieke T cellen hun T cel epitopen op het 
membraan van de geactiveerde B cel herkennen gaan ze cytokines produceren en 
celgebonden signalen (costimulatie) geven aan de specifieke B cel. Onder invloed van deze 
factoren vindt in de zogenoemde germinal centers (GC) een sterke klonale groei maar ook 
selectie plaats van specifieke B cellen, die bij elke deling hun genetische code voor de B cel 
receptor in hun dochtercellen een beetje aangepassen. Dit leidt tot een verbeterde of juist 
slechtere affiniteit voor het antigeen. Alleen B cellen met hoge affiniteit voor hun antigeen 
overleven de GC selectie. Hoog affine B cellen differentiëren vervolgens in functie en 
verlaten de GC als lang levende plasma B cellen of memory B cellen (belangrijk voor het 
immunologisch geheugen). Plasma cellen produceren veel B cel receptor moleculen en 
scheiden deze voor langere tijd als antilichamen uit in het bloed. De hoeveelheid specifieke 
antilichamen in het bloed neemt echter na verloop van tijd wel af. Memory B cellen houden 
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hun B cel receptor membraangebonden en zijn cruciaal voor het immunologisch geheugen 
en zijn belangrijk bij afnemende hoeveelheid specificieke antilichamen in het bloed en bij 
een herinfectie. Antilichamen met een hoge affiniteit zijn beter in het herkennen, binden en 
neutraliseren van delen van de bacterie en geven dus een betere bescherming. Een toename 
van de affiniteit van alle specifieke antilichamen in het bloed (aviditeit) wordt als maat 
gezien voor opgebouwd immunologisch geheugen. 
 
Om de specifieke afweer tegen kinkhoest in experimentele proefdiermodellen en bij de 
mens goed te kunnen bestuderen zijn er allereerst verschillende methodes ontwikkeld. In 
hoofdstuk 4 is een techniek opgezet, een luminex assay, om de antistof productie en 
aviditeit in het bloed van muizen na vaccinatie met difterie, tetanus en kinkhoest antigenen 
of na infectie met B. pertussis in de tijd te karakteriseren. Deze techniek is een gevoelige, 
specifieke, reproduceerbare en vooral snelle techniek. In hoofdstuk 5 is een methode 
ontwikkeld om de hoeveelheid kinkhoest specifieke memory B cellen en plasma cellen te 
tellen; de B cel ELIspot. In hoofdstuk 6 en 7 zijn er verschillende zogenaamd 
immunodominante en subdominante muizen CD4+ T cel epitopen - en in hoofdstuk 6 en 8 
humane T cel epitopen geïdentificeerd. Deze epitopen kunnen worden gebruikt om heel 
gericht de inductie, de instandhouding en de kwaliteit van de T cel respons op de langere 
termijn te volgen.  

In hoofdstuk 5 is de luminex assay in combinatie met de B cel ELIspot techniek 
toegepast om in verschillende muizenstammen de specifieke B cel afweer tegen kinkhoest 
in de tijd te karakteriseren. Uit dit onderzoek bleek dat de hoeveelheid kinkhoest specifieke 
antistoffen in het bloed naar verwachting na een langere periode van meer dan 1 jaar afnam. 
Echter het aantal  plasma cellen, in het beenmerg, dat voor deze afnemende hoeveelheid 
antilichamen verantwoordelijk was, was toegenomen. De antistof productie per plasmacel 
was dus afgenomen. Maar belangrijker was onze bevinding over de hoeveelheid memory B 
cellen. Deze waren niet meer detecteerbaar na verloop van tijd (> 1 jaar na vaccinatie) en 
hadden een slechte “recall”. Dit houdt in dat na revaccinatie of (her)infectie op de langere 
termijn er niet voldoende memory B cellen zijn om versneld uit te rijpen om een adequate 
afweer te bewerkstelligen. De antistofproductie na revaccinatie of (her)infectie kwam niet 
meer op het hoge niveau van vlak na de eerste serie vaccinaties. Deze “waning” van de B 
cel respons en de slechte “recall” ervan kunnen mogelijk bijdragen aan het snel verliezen 
van beschermende immuniteit tegen kinkhoest in de gevaccineerde populatie. 
 
In hoofdstuk 7 is met behulp van de geïdentificeerde epitopen gekeken naar het T cel 
compartiment van de kinkhoest specifieke afweer bij muizen. Uit dit hoofdstuk bleek dat in 
tegenstelling tot de geheugencellen van de B cel respons, het geheugen van de kinkhoest 
specifieke T cel respons wel goed meetbaar bleef in de tijd. Ook werden het 
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immunodominantie profiel en het cytokine profiel (Th1/Th2/Th17) van de T cel respons 
voor lange tijd stabiel in stand gehouden. Verder werd in dit hoofdstuk op epitoop niveau 
bevestigd wat al eerder in de literatuur op heel antigeen niveau geclaimd werd; acellulair 
vaccineren resulteert in een Th2 type cytokine productie en cellulair vaccineren mede in 
een Th1 type cytokine productie door kinkhoest specifieke T cellen. Dit is in het algemeen 
bij zuigelingenvaccinatie relevant gezien het feit dat allergische aandoeningen worden 
geassocieerd met een Th2 type cytokine profiel, en in het bijzonder bij kinkhoestvaccinatie 
relevant omdat voor bescherming een gemixed Th1/Th17 type cytokine profiel nodig wordt 
geacht. Nieuwe kinkhoestvaccins zouden dus mede moeten worden geëvalueerd op basis 
van T cel cytokine profiel dat zij opwekken.  
 
In hoofdstuk 8 bespreken we een aantal nieuwe humane T cel epitopen die door middel 
van een innovatieve en ultragevoelige methode zijn geïdentificeerd. De gevonden epitopen 
waren afkomstig van onverwachte antigenen die tot dusver niet met T cel immuniteit 
geassocieerd waren, en werden dominant gepresenteerd in het MHC-epitoop repertoire van 
humane dendritische cellen die cellulair vaccin hadden opgenomen. Deze resultaten 
illustreren dat de natuurlijke kinkhoest specifieke CD4+ T cel respons niet alleen gericht is 
tegen de virulentie factoren in acellulaire vaccins. Enkele epitopen waren afkomstig van het 
celenvelop geassocieerde peptidoglycan associated lipoprotein, PAL. Dit eiwit bleek tevens 
een B cel target te zijn: er werden antilichamen gevonden vooral in recent geïnfecteerde 
donoren. Homologe PAL eiwitten van andere bacteriën kunnen TLR2 activeren. TLR2 
activatie heeft een mogelijk dempende of sturende werking op de specifieke 
immuunrespons (o.a. hoofdstuk 3). PAL lijkt daarmee dus zowel voor de aangeboren als 
de specifieke afweer een interessante bouwsteen van de kinkhoestbacterie.  
 
Immuniteit tegen kinkhoest is complex. Het is nog niet precies bekend welke parameters 
correleren met bescherming tegen ziekte. Duidelijk is dat de momenteel circulerende 
kinkhoeststammen een hogere effectievere lange termijn bescherming vragen dan de 
huidige vaccins kunnen bieden. Dit probleem lijkt niet opgelost te kunnen worden door 
meer van dezelfde boostervaccinaties omdat de basis voor bescherming te smal is en het 
immunologisch geheugen ontoereikend. De 1e en 2e generatie kinkhoestvaccins, hoe 
effectief ze ook de eerste vijf decennia zijn geweest, zullen plaats moeten gaan maken voor 
een 3e verbeterde generatie. De resultaten in dit proefschrift hebben geleid tot 
testontwikkeling en meer inzicht in de onderliggende cellulaire immuniteitsmechanismen 
die beschermen tegen kinkhoest. Aanknopingspunten voor vaccinvontwikkleing om tot een 
hoger en kwalitatief beter niveau van immunologisch geheugen te komen in de steady state 
fase zijn in Hoofdstuk 9 besproken. Voor het ontwikkelen van een verbeterd kinkhoest 
vaccin zullen verschillende facetten van de afweer uitgelezen dienen te worden, maar 
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vooral de duurzaamheid, het type en de reikwijdte (“breedte”) van het immunologisch 
geheugen. Het aantal en het soort componenten in een vaccin hebben niet alleen invloed op 
de specificiteit van de afweer, maar ook op welke receptoren van het aangeboren 
immuunsysteem (bijvoorbeeld TLR4 versus TLR2) allereerst geactiveerd worden. Dit heeft 
weer consequenties voor de aansturing en de uitkomst van het specifieke immuunsysteem. 
Een verbeterd kinkhoestvaccin zal een  samenstelling moeten hebben die zorgt voor een 
brede immunologische bescherming op korte èn langere termijn en die niet leidt tot het 
ontwikkelen van uitgesproken Th2 type cytokineprofielen of ernstige bijwerkingen. Een 
dergelijk vaccin kan mogelijk leiden tot de gewenste langere bescherming van de 
gevaccineerde bevolking met minder kans op immunologische escape voor deze ‘slimme’ 
bacterie.
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Het zit er eindelijk op; Het boekje is af en ligt nu voor U! Het dankwoord, waarschijnlijk 
het meest gelezen deel en ook een van de belangrijkste delen van het proefschrift want 
zonder hulp van anderen had dit boekje er niet zo mooi uitgezien en was dit boekje 
waarschijnlijk helemaal niet tot stand gekomen! Daarom wil ik op deze plaats een aantal 
mensen bedanken. Ik zal zeker een paar mensen vergeten. Bij deze alvast mijn excuses! 
 
Als eerste wil ik beginnen bij het bedanken van mijn begeleiders. Cecile, jou wil ik graag 
eerst en vooral bedanken. Jouw immunologische kennis, ervaring, visie maar ook zeker 
jouw tijd en energie waren zonder meer cruciaal voor het goede verloop van mijn project. 
Ik heb gruwelijk veel van jou geleerd zowel op inhoudelijk en wetenschappelijk niveau als 
ook op het gebied van schrijven van artikelen. Bedankt dat jij altijd wel even tijd voor mij 
had als ik bij je binnen kwam vallen, zelfs als je tot over je oren in het werk zat! Ik 
waardeer jouw enthousiasme voor het vak bijzonder! Ik ken geen persoon op deze wereld 
die zo fanatiek en uitgelaten kan vertellen. Claire, bedankt voor de tijd en energie die jij in 
mij hebt geïnvesteerd. Frank, ik heb je niet veel en vaak gesproken maar jouw andere 
invalshoek op mijn werk was een welkome aanvulling. Ook jou Debbie heb ik niet vaak 
gesproken maar enorm bedankt. 
 
Verder ben je als AIO toch erg afhankelijk van je collega’s. Jullie hebben gezorgd voor 4 
onvergetelijke, fantastische jaren. Ik wil op deze manier nog een paar collega’s specifiek 
bedanken. Als eerste Sven, hoewel onze samenwerking kort was, hij was zeker intens. Ik 
herinner mij nog goed dat ik als onervaren AIO met jou, als ervaren analist, samenwerkte. 
Lieve Mieke, ik wil jou graag bedanken voor de enorme inzet! We hebben heel nauw en 
voor mij super plezierig samengewerkt! Vooral het kweken op “ons” lab was erg gezellig. 
Samen geweldige B cel ELIspots uitgevoerd, gelachen en ook de persoonlijke contacten 
met jou waren altijd erg plezierig. Ik ben jou veel dank verschuldigd. En Betsy, ook aan de 
samenwerking met jou zal ik uitsluitend goede herinneringen overhouden. Heel erg bedankt 
voor al het werk met de muizenproeven en alle hulp met de ELISA’s en immunoblots.  
En ik ben blij dat jij samen met Mieke mijn paranimf wil zijn tijdens mijn promotie.  
Martien, heel hartelijk dank voor al het T cel werk! Je hebt een enorme berg werk verzet. 
Jouw inzet en keiharde werklust waren zonder meer essentieel voor mijn project. 
Jaqueline, hoewel jij aan een ander project werkte, waren jouw ervaring, tips en discussies 
voor mij zeer stimulerend en leerzaam. Bedankt voor de plezierige samenwerking.  
Inonge, ik vond het erg leuk om samen met jou aan hetzelfde project te werken. Ik wens je 
alle succes met het bij elkaar pipetteren en schrijven van je eigen proefschrift en hoop dat je 
nog geweldige resultaten op het gebied van kinkhoest mag vinden. 
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Peter, Humphrey en Hans, bedankt voor alle peptiden en Wilma en Joost bedankt voor alle 
“overige” hulp. En de Immunoclub, ik heb veel gehad aan jullie inbreng en zal de maandag 
ochtend discussie wel missen, hoor! 
Ook wil ik Hugo en Ad bedanken voor de analyse van de peptide eluaten, Janny en Danette 
voor de kinkhoest kweken en Arno, Ineke en Bas voor kinkhoest antigenen, vaccins, 
adviezen en informatie.  En natuurlijk mijn (ex)kamergenootjes; Floris, Jeroen, Thomas, en 
degenen die ik al heb genoemd (Mieke, Sven, Inonge). Ik hoop dat jullie genoten hebben 
van het muziekje van mijn telefoon!  
 
Verder ben ik veel dank verschuldigd aan mijn studenten, die natuurlijk een belangrijke 
bijdragen hebben geleverd aan verschillende hoofdstukken van dit proefschrift: Jaimy, 
Sabine, Judith, Els, Manon….Bedankt!  
 
Ook kan ik de mensen bij het Centraal Dier Laboratorium natuurlijk niet vergeten. 
Allemaal bedankt voor het enorme verzet van werk bij de gruwelijk lange en grote 
muizenproeven en de flexibiliteit en inzet. 
 
Zonder vrijwilligers die bloed doneren kan er geen klinisch relevant onderzoek 
plaatsvinden. Ik wil alle artsen en studieverpleegkundigen bedanken die betrokken zijn bij 
de SKI-studie, en alle vrijwilligers, jong en oud, voor hun bloeddonatie. Also I would like 
to thank collaborators of the Child-Innovac consortium, Francoise, Kaat, Clara, Maria and 
Camille, for their support and expert advice. 
 
Verder bedank ik alle RIVMers met wie ik op de een of andere manier heb samengewerkt 
met in het bijzonder Marcel, Richarda, Annemarie, Frits, Sabine, Lia, Kemal, Rose-Minke, 
Lotte, Kees, Rutger en Rob en Sander. Bedankt voor alle hulp, tips, en adviezen. Ook Guy 
en Pieter, hoewel wij niet erg veel hebben samengewerkt, wil ik via deze weg bedanken 
voor alle hulp met de luminex. 
 
Tenslotte wil ik graag diverse mensen bedanken voor hun morele steun, te beginnen bij 
Papsie en mamsie, vele malen dank voor het feit dat jullie er altijd voor mij zijn! De rest 
van mijn familie voor hun interesse en ondersteuning en mijn vriendinnen, super bedankt 
voor het opvangen van de kindjes en natuurlijk alle gezellige momenten samen. En tot slot 
natuurlijk; Frank. Jij bent mijn alles. Jouw geduld als ik ’s avonds achter de computer zat 
gedurende vooral de laatste maanden was een stuk groter dan ik redelijkerwijs had mogen 
verwachten! Zullen we nu samen vol ongeduld gaan bestuderen hoe kleine “dingen” groot 
worden? 
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