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Preface

This module is part of the WHO series The Immunological Basis for Immunization, 
which was initially developed in 1993 as a set of eight modules, comprising one module 
on general immunology and seven modules each devoted to one of the vaccines 
recommended for the Expanded Programme on Immunization, i.e. vaccines against 
diphtheria, measles, pertussis, polio, tetanus, tuberculosis and yellow fever. Since then, 
this series has been updated and extended to include other vaccines of international 
importance. 

The main purpose of the modules is to provide national immunization managers and 
vaccination professionals with an overview of the scientific basis of vaccination against 
a range of important infectious diseases. The modules developed since 1993 continue 
to be vaccine-specific, reflecting the biological differences in immune responses to the 
individual pathogens and the differing strategies employed to create the best possible 
level of protection that can be provided by vaccination. The modules also serve as a 
record of the immunological basis for the WHO recommendations on vaccine use, 
published in the WHO vaccine position papers.*

* See: http://www.who.int/immunization/documents/positionpapers_intro/en/index.html, 
accessed 10 August 2017.

http://www.who.int/immunization/documents/positionpapers_intro/en/index.html
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Bordetella pertussis is a strictly human pathogen with multiple biological activities.  
The bacteria are transmitted by droplets and the infectious dose is small in 
immunologically naïve patients. Pertussis infection begins with the attachment of  
B. pertussis to the ciliated epithelium of the respiratory tract; the subsequent 
manifestations are thought to be the result of the interplay between various virulence 
factors (toxins and adhesins) of the organism (Table 1). Irrespective of high vaccination 
coverage in infants and toddlers, B. pertussis circulates in all countries; reinfections are 
common and occur throughout a person’s lifetime. 

The genomes of the three classical Bordetella species – B. pertussis, B. parapertussis 
and B. bronchiseptica – as well as of some other Bordetella spp. have been sequenced 
and are publicly available (Parkhill et al., 2003; Sebaihia et al., 2006; Bouchez & Guiso, 
2013; Harvill et al., 2014; Gross et al., 2008). B. pertussis and B. parapertussis appear 
to have emerged relatively recently from a common B. bronchiseptica-like ancestor 
(Diavatopoulos et al., 2005). Changes in virulence factor expression in Bordetella spp. 
have also been studied at the genomic level (Linz et al., 2016).

Large parts of the genome of B. pertussis and B. parapertussis were inactivated or lost 
during adaptation to the human host a result of an expansion of insertion sequence 
elements. Compared to other human pathogens, isolates of B. pertussis show only 
small genomic heterogeneity, suggesting a more recent development as a human  
pathogen, but the population structure of B. pertussis is constantly evolving  
(Bart et al., 2014, Linz et al., 2016).

1. Pertussis 
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The structure and in vitro function of many B. pertussis virulence factors are quite  
well understood and this has led to the development of acellular pertussis (aP) vaccines. 
For a review of the biology of B. pertussis, see Melvin et al., 2014. 

2.1 Regulation of antigen production

The virulence factors are controlled by a complex virulence expression system (BvgAS). 
BvgA is a DNA-binding response regulator, and BvgS is a 135-kDa transmembrane 
sensor kinase. The virulence factors under the regulation of the BvgAS system may be 
functionally characterized as adhesins and autotransporters (filamentous haemagglutinin, 
fimbriae, pertactin and tracheal colonization factor), toxins (pertussis toxin, adenylate 
cyclase toxin, dermonecrotic toxin, tracheal cytotoxin and lipopolysaccharide),  
and other antigens. Decades ago, it was observed that B. pertussis can display different 
“phases” (referred to as phases I, II, III and IV) in response to the environment.  
Thus, B. pertussis, like other Bordetella spp, is capable of responding to the  
environment by switching from the X mode (all virulence factors expressed) to the I 
mode, in which some virulence factors are suppressed, and theoretically also to the 
C mode, in which almost no virulence factors are expressed. The C mode has been 
demonstrated as a starvation survival mode in B. bronchiseptica. For a summary see 
Melvin et al. (2014).

2.2 Pertussis toxin 

The best-known toxin of B. pertussis is pertussis toxin (PT), which has several  
biological activities and is secreted by a type IV secretion system. PT, like other bacterial 
toxins, is a typical AB toxin consisting of two main subunits – an enzymatically active 
A (S1) subunit and a B (S2−S5) oligomer which binds to receptors on target cells.  
The B oligomer has no enzymatic activity but is required for efficient binding  
of the toxin to cells and allows the S1 enzymatic subunit to reach the site of action 
within the target cell. S1 is an ADP-ribosyltransferase which ribosylates G proteins 
(Pittman, 1979; Burns, 1988; Kerr & Matthews, 2000). PT can be inactivated 
chemically or genetically but still retains its immunogenicity (Edwards et al., 1995).  
Other biological activities of PT include histamine sensitization, induction of 
lymphocytosis, insulin secretion and modification of immune responses. PT is produced 
only by B. pertussis although the genome of other Bordetella spp. such as B. parapertussis 
and B. bronchiseptica contain a nonfunctional ptx locus. Thus, PT is the only antigen 
specific for B. pertussis. 

2. Antigens of Bordetella 
pertussis 
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Sequencing of the ptx locus in circulating and historic strains has shown that  
PT displays some degree of polymorphism with different ptx genes (ptx1, ptx2 etc.). 
Some polymorphism is also observed in the promoter of the PT-operon (ptxP),  
which could modify the expression of the toxin (Mooi et al., 2009). Current isolates 
worldwide mainly are of the ptxP3 type (Bart et al., 2014). Antibodies to PT are induced 
by infection and vaccination and are used for diagnostic serology. PT is critical to the 
action of B. pertussis and is a component of all aP vaccines.

2.3 Adenylate cyclase toxin

B. pertussis adenylate cyclase toxin (ACT), a haemolysin with enzymatic activity,  
is secreted in high concentration into the extracytoplasmatic space via a type I secretion 
system. It is produced by both B. pertussis and B. parapertussis, and belongs to the family 
of bacterial activated repeats-in-toxin (RTX) toxins. ACT is activated by calmodulin.  
By close contact between the bacteria and the host cells, ACT enters the cells and 
inhibits the microbicidal and cytotoxic function of neutrophils, monocytes and natural 
killer cells. ACT probably contributes to clinical pertussis through impairment of  
host defenses or through a direct effect on the respiratory mucosa (Hewlett et al., 2006; 
Sebo et al., 2014). ACT is produced during pertussis infection in humans, but antibody 
to ACT has not been consistently shown after infection or after vaccination with 
whole-cell pertussis vaccines (Farfel et al., 1990; Cherry et al., 2004). It is a conserved 
toxin and isolates of B. pertussis or B. parapertussis without ACT production have not 
been found. 

Inactivated ACT toxin is not a component of aP vaccines.

2.4 Lipopolysaccharide

Like other gram-negative bacteria, B. pertussis organisms produce a lipopolysaccharide 
endotoxin (LPS). By contrast with other Bordetella spp., however, the B. pertussis 
LPS lacks a long O-antigenic chain, and is also called lipooligosaccharide (LOS).  
In contrast, B. parapertussis LPS has a long O antigen which plays an important role 
in the virulence of the bacterium (Zhang et al., 2009). LOS is probably responsible for 
some of the adverse reactions in children following whole-cell pertussis immunization, 
and has antigenic (although not protective) and adjuvant properties. The amount of 
LOS in wP vaccines has been shown to be largely associated with the frequency of 
fever after vaccination (Baraff et al., 1989). LOS was also recognized as one of the 
agglutinogens, formerly called AGG1.

LPS induces antibodies after infection and vaccination with wP vaccines.

B. pertussis LOS is not a declared component of aP vaccines. 

2.5 Dermonecrotic toxin, heat-labile toxin 

Dermonecrotic toxin (DNT), one of the first virulence factors of B. pertussis to be 
discovered, induces dermal necrosis in mice when injected intradermally. It also induces 
necrosis of various other cell types in vitro. This heat-labile toxin (HLT) is a 160 kDa 
protein, the structure of which is compatible with an A-B model of bacterial toxins. 
However, in a mouse model, variants of B. pertussis lacking DNT are no less virulent 
than the parental strain. It is not secreted. DNT is not contained in aP vaccines. 
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2.6 Tracheal cytotoxin 

Tracheal cytotoxin (TCT) is a fragment of bacterial peptidoglycan that causes loss of 
ciliated cells and reduction of cilial activity in vitro, possibly related to an increase 
in nitric oxide and/or IL-1ά. The structure of TCT resembles that of the biological 
response modifier muramyl dipeptide (Flak & Goldman, 1999). Due to its molecular 
size, it does not induce antibodies, but is recognized by peptidoglycan-binding-proteins 
(PGRP) (Swaminathan et al., 2006). 

TCT is not contained in aP vaccines.

2.7 Filamentous haemagglutinin 

Filamentous haemagglutinin (FHA) is a large hairpin-shaped (molecular-weight  
220 kDa) surface-associated and secreted protein. FHA has no enzymatic activity but 
plays a major role in the initial colonization of B. pertussis by mediating the adhesion of 
B. pertussis to the ciliated epithelium of the upper respiratory tract. FHA belongs to the 
“two-partner secretion” systems of bacterial excreted proteins, in which a transporter 
protein, subtilisin-like serine-protease/lipoprotein (SphB1), is responsible for the 
recognition and transport of FHA. FHA is produced by B. pertussis, B. parapertussis 
and B. bronchiseptica, and it cross-reacts with structures from other bacteria  
(Scheller & Cotter, 2015). Genomic studies of the fha genes have shown almost no 
heterogeneity among different clinical isolates (Mooi & Greef, 2007).

FHA induces antibodies after infection and vaccination.

FHA is contained in most aP vaccines.

2.8 Pertactin 

Pertactin (PRN), an autotransporter, is a 68−70 kDa surface protein that mediates 
eukaryotic cell-binding by its Arg-Gly-Asp (RGD) motif, and is also produced by 
classical Bordetella spp. 

The prn genes are among the most polymorphic in the B. pertussis genome,  
and various prn types (prn1–prn11) have been identified (Mooi & Greef, 2007). Changes in  
prn types were suspected to contribute to the reduced vaccine effectiveness of the 
Dutch whole-cell vaccines (Mooi et al., 2001). However, studies in France showed a 
similar duration of protection induced by whole-cell pertussis or acellular pertussis 
vaccines when circulating isolates produced different PRNs (PRN2 or 3) than the 
vaccine strain (PRN1) (Guiso et al., 2007; Guiso et al., 2008) During the last decade, 
pertactin-deficient isolates of B. pertussis and of B. parapertussis have been found 
in France and many other countries (Bouchez et al., 2009; Hegerle & Guiso, 2014).  
In a murine respiratory model, these isolates interfered with the efficacy of the 
aP vaccines (Hegerle et al., 2014; Safarchi et al., 2015). A cohort study in humans 
showed a better fitness of PRN-deficient isolates in vaccinated versus non-vaccinated 
subjects (Martin et al., 2015) whereas, in a case-control study, no difference in vaccine 
effectiveness was seen (Breakwell et al., 2016). Given the broad differences in circulation 
of PRN-deficient isolates, the overall relevance of these variants remains to be elucidated.

PRN induces antibodies after infection and vaccination.

PRN is an antigen in many aP vaccines. Low amounts of PRN, sufficient to induce 
immune responses, are present in some two-component (PT and FHA) aP vaccines 
thought not to contain PRN (Edwards & Decker, 2013).



The Immunological basis for immunization series - Module 4: Pertussis Vaccines 6

2.9 Fimbriae

Fimbriae (FIM) types 2 and 3 also represent serotype-specific agglutinogens (AGG) 
and are important surface components involved in colonizing the respiratory mucosa 
(Scheller & Cotter, 2015). FIM2 and FIM3 contained in whole-cell pertussis vaccines 
are believed to contribute to protective efficacy, and the WHO requirements for  
pertussis vaccine licensure require the presence of such AGG to be demonstrated 
(WHO, 1990). Most manufacturers use several strains of B. pertussis in the production  
of whole-cell pertussis vaccines to ensure that both types of fimbriae are present 
(Kudelski et al., 1978), although some manufacturers base their production on only 
one strain (Huovila et al., 1982).

Isolates of B. pertussis can display FIM2, FIM3 or both on their surface. It has long 
been observed that the FIM type of circulating isolates could change over time  
(Mooi et al., 2007). Although the fim genes are rather preserved, polymorphisms have 
been found among FIM antigens, and one structure, FIMD, is common to all fimbriae. 

FIM induce the synthesis of antibodies, such as agglutinins after infection and 
vaccination. FIM2 and FIM3 are antigens in some aP vaccines. FIM antigens may be 
present in minute amounts in antigen preparations of aP vaccines that are thought not 
to contain FIM (Edwards & Decker, 2013).

2.10 Animal models of Bordetella pertussis infection 

Our understanding of the role of specific components of B. pertussis in the pathogenesis 
of, and immunity to, the disease is impaired by the limited availability of suitable animal 
models that are equivalent to clinical pertussis in humans. However, the emergence of 
the baboon model can be helpful in elucidating various aspects of transmission. 

Rodent models: the murine model has been used for several decades because of the 
availability of murine reagents, knock-out mice and their reasonable cost. Mice are 
infected either systemically (intravenous, intraperitoneal) or by the respiratory tract. 
Some aspects of human disease can be reproduced; however, mice do not cough  
and do not transmit. Nevertheless, most virulence factors of Bordetella spp, as well 
as the immune responses, were characterized using the murine model. Furthermore, 
the potency tests of wP and aP vaccines are made using intracerebral murine  
models. Another advantage of mice is that they are not infected by B. bronchiseptica 
(Mills & Gerdts, 2014)

Swine models: the swine model can reproduce many parameters of human disease, 
including transmission. The model was also useful in generating data concerning 
maternal immunization (Mills & Gerdts, 2014). 

Baboon model: the baboon seems to reproduce the human disease and transmission 
quite effectively (Warfel et al., 2012). In this model, aP vaccination provided  
protection against disease symptoms but not against colonization or transmission 
(Warfel et al., 2013). However, it was also shown that baboons may be infected by  
B. bronchiseptica (Nguyen et al., 2016), which may impair the interpretation of data. 
Thus, this model requires extremely careful handling.
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The pertussis working group of the WHO Strategic Advisory Group of Experts (SAGE) 
on Immunization has produced a background paper that highlights many aspects of 
pertussis surveillance and vaccine use (WHO, 2014a).

3.1 Whole-cell pertussis vaccines 

Whole-cell pertussis (wP) vaccines contain various amounts of whole nonviable bacterial 
cells. All antigens and virulence factors described above – such as PT, ACT, LOS, FHA, 
PRN and FIM – can be components of wP vaccines.

wP vaccines are produced in many countries, and WHO has established quality 
requirements for production and lot release (WHO, 1990). wP vaccines are produced 
by growing bacteria in standardized liquid synthetic media. The bacteria are then  
killed chemically or by heating, adjusted to a certain density (i.e. number of cells),  
mostly adsorbed to aluminium salts, and a preservative is added. The production process 
and the composition of strains may vary from producer to producer. The potency of 
wP vaccines is usually controlled by an intracerebral mouse challenge test developed 
in the 1940s (Kendrick et al., 1947). Although this test has been used for a long time, 
it is not clear what type of murine immune response it measures. 

Considerable variation has been found in the amount of FHA and PT in different  
wP vaccines. Measured as antigen, FHA ranges between 0 and 1.6 µg per dose,  
and total biologically- active PT has been reported to be in the range of 0.02 to 0.68 µg 
per dose (Ashworth et al., 1983). The amount of FIM2 in Wellcome wP vaccine was 
estimated to be 4.7 µg per single dose (Ashworth et al., 1983). 

The amount of LOS in wP vaccines ranges from 0.9 to 2.8 µg per mL, and most has 
been found to exist as free, not cell-bound toxin. The release of LOS from cells during 
storage of vaccine is quite rapid; in the first few weeks 35−50% of the LOS is released, 
and after 5−6 months 60−80% of LOS is released (Ibsen et al., 1988). 

Although the production process of wP vaccines appears to be simple and standardized, 
significant differences have been observed in the immunogenicity and efficacy of  
wP vaccines from different producers (Bellalou & Relyveld, 1984). wP vaccines were 
included as a comparator in the trials on aP vaccines during the 1990s. The studies used 
different designs, and so the estimates of efficacy for the wP groups cannot be compared 
directly. A German wP vaccine showed vaccine efficacy estimates (VE) of 98% and  
96% in two studies, while one American vaccine had a VE of 83% in another study done 
in Germany. A French-made vaccine had a VE estimate of 96% in a study in Senegal. 
By contrast, an American wP vaccine that had passed the potency tests was found to 
be only 36% efficacious in Italy and only 48% in Sweden after three primary doses. 

3. Pertussis vaccines
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Similar effectiveness estimates were reported from other countries by using surveillance 
data. In the Netherlands, data from 1997 on the local vaccine against bacteriologically 
proven pertussis suggested an effectiveness of 51% (de Melker et al., 2000a). In a  
case-control study in Canada in children aged 4 years and over, vaccine effectiveness 
against laboratory-confirmed pertussis was only 57% (Bentsi-Enchil et al., 1997). 
Although aP vaccines have replaced wP vaccines in many industrialized countries, 
the majority of infants worldwide are primed with wP vaccines, and estimates for 
effectiveness of these products in lower- and middle-income countries (LMIC) are 
lacking. 

wP vaccines are not licensed for routine use in adolescents and adults. 

3.2 Acellular pertussis vaccines

Recognition of the roles of PT, FHA, PRN and AGG/FIM in the pathogenesis of,  
and immunity against, pertussis, together with concerns about frequent local side-effects, 
as well as public anxiety about the safety of wP vaccines, prompted the development 
of aP vaccines. All aP vaccines are associated with significantly fewer and less serious 
side-effects, and thus the replacement of the wP vaccines was mainly driven by the 
safety profile of these vaccines. The other important advantage of the aP vaccines is 
the reproducible production process with its use of purified antigens and the removal 
of LPS and other parts of the bacterial cell wall during the purification of soluble 
antigenic material.

The first aP vaccines were prepared through a co-purification process; they contained 
a substantial predominance of FHA over PT (30−40 µg of FHA and about 5 µg of PT 
per dose), and a small amount of AGG (about 1 µg per dose) (Aoyama et al., 1989). 
These aP vaccines were studied in Japan and in Europe (Aoyama et al., 1989; Mortimer 
et al., 1990; Kimura & Kuno-Saki, 1990; Tomoda et al., 1991; Stehr et al., 1998).  
The second type of aP vaccines purified the antigens separately and combined with equal 
amounts of FHA and PT (usually 12.5 to 24 µg per dose). They were initially licensed 
and used in Japan for children over 2 years of age on the basis of immunogenicity data 
without an efficacy study. 

In order to evaluate multiple new aP vaccine candidates, a multicentre aP trial was 
conducted to assess the safety and immunogenicity of 13 candidate aP vaccines and 
two wP vaccines (Decker & Edwards, 1995). Taking into account the results of this 
immunogenicity study, an array of field studies was performed in subsequent years 
(Table 2) (Edwards & Decker, 2013). Although the efficacy trials differed significantly 
in vaccination times, design, case definition and technical aspects such as culture and 
serology, an attempt was made to put the results of all the studies into a synopsis 
(Edwards & Decker, 2013; Zhang et al., 2014). Unfortunately, all the trials failed 
to identify reliable serological correlates for clinical protection of the individual  
(see below).

As a result of these studies, aP vaccines were licensed in most countries for primary 
immunization and for booster immunization. Most licensed aP vaccines contain 
between one and four or five separately-purified antigens (PT, FHA, PRN, FIM2/3). 
Long-term surveillance of the effectiveness of the aP vaccines was initiated in Sweden, 
starting after the completion of efficacy trials there. Although the vaccines used in 
different parts of Sweden differed, the overall reduction of cases in all vaccinated 
cohorts was maintained (https://www.folkhalsomyndigheten.se/contentassets/
dbd8cd9e157c47189d72dd8ad9f6c94b/pertussis-eighteen-year-report-16109.pdf). 

https://www.folkhalsomyndigheten.se/contentassets/dbd8cd9e157c47189d72dd8ad9f6c94b/pertussis-eighteen-year-report-16109.pdf
https://www.folkhalsomyndigheten.se/contentassets/dbd8cd9e157c47189d72dd8ad9f6c94b/pertussis-eighteen-year-report-16109.pdf
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Compared to wP vaccines, aP vaccines are associated with a significantly reduced 
frequency of systemic reactions (fever, vomiting, fretfulness, anorexia) and local 
reactions (swelling, redness, warmth, tenderness). Various efficacy trials in the 1990s 
and the subsequent post-marketing surveillance, as well as national surveillance 
systems such as the Vaccine Adverse Event Reporting System (VAERS) in the USA,  
have produced a large amount of data on the reduced reactogenicity of aP vaccines. 
Various reviews have summarized the side-effects of aP vaccines in infants  
(Zhou et al., 2003). Of particular concern was the observation of entire limb swelling 
after vaccination, which was not painful and did not interfere with overall health but 
which troubled parents. A systematic review (Rennels, 2003) showed that this type of 
side-effect was not typical for aP vaccines, but that all paediatric vaccines produced limb 
swelling in varying frequency. However, this reaction was seen more frequently with aP 
vaccines than with wP vaccines. One study gave a fifth dose of aP vaccine to recipients 
that had experienced limb swelling after the fourth dose, and only 20% experienced 
a recurrence of limb swelling (Rennels et al., 2008). Some cohorts of aP vaccine study 
participants have now received up to six doses of aP vaccine, and the frequency of limb 
swelling was not reported to increase after the sixth dose (Zepp et al., 2006).

Due to their safety profile, aP vaccines also offer the possibility of vaccinating older 
children, adolescents and adults. Further developments focus on aP vaccines with 
reduced antigen content (i.e. 50% or less of the infant formulation) to further decrease 
unwanted side- effects. These vaccines have also undergone extensive studies relating 
to their immunogenicity and side-effects. One of the reduced-dose aP vaccines was 
tested for efficacy in a trial among adolescents and adults in the USA and was found 
to have a point estimate of efficacy of 92% (95% CI: 32–99%) (Le at al., 2004).  
In another study in adolescents in the United Kingdom, both reduced-dose vaccines, 
in combination with tetanus and diphtheria toxoid or polio vaccine (Tdap and  
Tdap-IPV, respectively), were immunogenic and safe (Southern et al., 2005).  
The effectiveness of giving combined Tdap-vaccines was shown in Australia and,  
with a point estimate of 85%, it was similar to the efficacy trial mentioned above  
(Rank et al., 2009). When Tdap was recommended for adolescents, it was observed 
that the frequency of post-vaccination syncope was slightly higher in female vaccinees 
(CDC, 2008).

3.3 Combination vaccines

The term “monovalent” is used to indicate that the vaccine contains only pertussis 
antigens, and “monocomponent” is used to indicate that the vaccine contains only one 
single pertussis antigen. 

wP vaccines have, for a long time, been combined with tetanus and diphtheria toxoid 
in the diphtheria–tetanus whole-cell pertussis (DTwP) vaccine. However, monovalent 
wP vaccines are still available in a few countries. Most aP vaccines are combined with 
other antigens in combination vaccines, and no monovalent aP vaccine is available in the 
Americas or the European Union (EU). A licensed monovalent aP vaccine for booster 
immunizations is available in Thailand.
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Apart from problems in the production of combination vaccines, other concerns  
arise from possible interferences between antigens as, for instance, it has been  
shown that the geometric mean titres of antibodies against H. influenzae type b 
polysaccharide are significantly lower in vaccinees who received combination vaccines. 
Secondly, combination vaccines have generated regulatory concerns because their 
safety and effectiveness may be more difficult to monitor and regulate than with 
single component vaccines (Decker, Edwards & Bogaerts, 2013). Immunological 
theory suggests that the simultaneous exposure of the immune system to multiple 
conjugate antigens (such as Hib, Streptococcus pneumoniae and Neisseria meningitidis),  
could result in either enhanced or suppressed immune responses. Suppression is assumed 
to occur when a specific carrier for a polysaccharide is given more than once, and this 
phenomenon is called carrier-induced epitopic suppression (Findlow & Borrow, 2016).

Combination vaccines are licensed in the assumption that combining their antigens 
does not interfere with their safety, immunogenicity and effectiveness. This is chiefly 
monitored not by efficacy studies but by non-inferiority studies that compare the 
immunogenicity of separately-administered licensed vaccines with the same antigens 
when administered in a combination vaccine. One example illustrates possible 
problems: DTaP-Hib-combination vaccines were introduced in the United Kingdom 
when another combination with wP was not available. The United Kingdom used 
a 2-, 3- and 4-month schedule for primary immunization without a booster in 
the second year of life. Surveillance showed that invasive Hib disease increased,  
especially in the recipients of the DTaP-Hib combination. However, when a booster 
dose was introduced, invasive Hib disease fell rapidly to low levels, as was the 
experience of countries, such as Germany that used a booster in the second year of life  
(Public Health England, 2017; Kalies et al., 2004). These and other experiences suggest 
that sufficient post-marketing surveillance will be necessary if vaccination plans are 
changed from separately-administered to combination vaccines.

Safety of combination vaccines has, so far, been reassuring, as no combination  
vaccine has produced side-effects that were not observed with any of its components. 
Overall, combination vaccines tend to have slightly more local side-effects when 
compared with separate injections of their antigens. However, the reduction in  
the number of injections, especially in infants, is regarded as a significant advantage 
for these products. Furthermore, it was observed that the use of combination  
vaccines improved the timeliness of vaccination in both American and German infants 
(Kalies et al., 2006; Happe at al., 2009). 

Overall, combination vaccines, especially for primary immunization of infants,  
have been very successful, with a good safety profile, and are used in most parts of the 
world (i.e. van Wijhe et al., 2016).

3.4 Combination vaccines with whole-cell pertussis components 

The amount of pertussis antigens is low compared with the levels of protein in the 
tetanus and diphtheria toxoids in a dose of DTwP vaccine. A dose of DTwP vaccine 
normally contains 20 Lf of diphtheria toxoid and 10 Lf or more of tetanus toxoid.  
These amounts of toxoid provide 80 µg of diphtheria antigen and 40 µg of tetanus 
antigen per vaccine dose.
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wP vaccines, together with tetanus and diphtheria toxoids, were the “building blocks” 
for all other infant combination vaccines. DTwP vaccines have been combined with  
H. influenzae type b polysaccharide, with HBs-antigen, with inactivated polio vaccines 
(IPV) and, experimentally, with Neisseria meningitidis type C vaccine. Many of  
these combination products are used for primary immunization of infants  
(Decker, Edwards & Bogaerts, 2008). Most immune responses to the different 
antigens were similar when antigens were injected either separately or as a 
combination. Antibodies to the polyribosyl-ribitol-phosphate (PRP) of Hib, however,  
were reproducibly lower when the antigen was given in a combination vaccine.  
These differences may be clinically irrelevant, or relevant, depending on the 
immunization scheme.

3.5 Combination vaccines with acellular pertussis vaccine

aP vaccines were initially combined with only tetanus and diphtheria toxoids.  
However, as in the case of wP vaccines, aP vaccines have also been combined with 
H. influenzae type b polysaccharide, with HBs-antigen, with IPV vaccines and, 
experimentally, with N. meningitis type C vaccine. Many of these combination 
products, with antigens from five or six different microorganisms, are used for primary 
immunization of infants. For a more detailed discussion on the immunogenicity of aP 
combination vaccines, see Decker, Edwards & Bogaerts, 2013.

Apart from combination vaccines for primary immunization, reduced dose  
combination vaccines have been developed for booster immunization, particularly 
in adolescents and adults. These booster vaccines contain about one third of the  
antigen content of those products for primary immunization; they are combined with 
a reduced dose of diphtheria toxoid to form Tdap products. For certain purposes,  
the Tdap vaccines are combined with IPV or other antigens. 

Although the efficacy study of an aP vaccine for adults and adolescents was done  
with a non-combined vaccine (Le at al., 2004), all immunogenicity data and an 
effectiveness study of reduced-dose combination vaccines with pertussis components 
(Rank et al., 2009) suggest that they are as effective as the separate products. 
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Although wP vaccines have been used successfully for decades, there are no reliable 
correlates of protective immunity to pertussis. Furthermore, although many of the 
serological techniques have proved useful as diagnostic procedures, it is unclear whether 
any of them, or a combination of which, is a measure of protection from pertussis in 
the individual (Table 3). 

Table 3: Methods for detection of antibodies to B. pertussis antigen

Method Quantification Antigens Isotypes Reported  
unit Standardized Commercially 

available

ELISA Yes PT, FHA, PRN, FIM IgG, IgA IU/mL Yes           Yes

Flow cytometry Yes PT, FHA, PRN IgG, IgA IU/mL Yes Yes

CHO-cell assay Semiquantitative PT IgG Titres No No

Agglutination Semiquantitative Whole cells IgM (IgG) Titres Partly No

Note: CHO = Chinese hamster ovary.

Another crucial point is the standardization of detection methods to make results 
comparable. These standardizations would include methodology, purity of antigens 
and reference materials, which so far have been achieved only for enzyme-linked 
immunosorbent assay (ELISA) methodology (Giammanaco et al., 2008; Tondella et al., 
2009). A WHO reference preparation for human pertussis serology has been developed 
and is available from the National Institute for Biological Standards & Control (NIBSC) 
(Xing et al., 2009) in the United Kingdom. All methods used for measuring the immune 
response to B. pertussis antigens are also being used as tools to diagnose the disease, 
and commercially distributed tests are available.

4. Measuring the immune 
response to Bordetella pertussis 

antigens
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4.1 Bacterial agglutination test 

The bacterial agglutination (BA) test, the first method developed to measure pertussis 
antibodies, employs a simple technique for measuring mainly IgM-antibodies 
induced by the fimbriae, PRN and LPS of B. pertussis. Early studies by Miller et al. 
(1943) and Sako (1947) suggested some correlation of agglutinins with immunity;  
vaccinated children with high agglutinin titres were protected from household exposure 
to pertussis. Studies have neither confirmed nor refuted this observation. Agglutinins 
are not regularly produced after infection. After vaccination with wP vaccines, however, 
agglutinins are often produced, although vaccinees without agglutinating antibody have 
been shown to be protected from disease. For example, the first “acellular” vaccine 
(based on sonically disintegrated B. pertussis cells called Pillemer antigen) was shown 
to provide strong protection in children although it had a weak capacity to stimulate 
production of agglutinins in mice and children (MRC, 1959).

The BA test suffers from low sensitivity and has not been standardized. The agglutinin 
titres strongly depend on the bacterial strain used (Wilkins et al., 1971; Blumberg et al., 
1992). BA antibodies correlate best with antibodies to FIM determined by the ELISA 
test. There is a better correlation between the results of these tests when the BA titre 
is above 1:320 than at lower BA titres. 

4.2 Enzyme-linked immunosorbent assay 

The enzyme-linked immunosorbent assay (ELISA) uses purified protein antigens of  
B. pertussis (such as FHA, PT, PRN or FIM2/3) to measure serum immunoglobulin  
IgG and IgA responses following disease or vaccination (Granstrom et al., 1982; 
Ashworth et al., 1983; Burstyn et al., 1983; Mertsola et al., 1983; Baraff et al., 1984; 
Granstrom et al., 1988; Stroffolini et al., 1989; Thomas et al., 1989b; Zackrisson et al., 
1990; Lynn et al., 1996). In addition, ELISAs have also been used to measure antibodies 
in saliva (Litt et al., 2006). The ELISA test is sensitive, specific, relatively cheap,  
and requires only a small amount of serum. The accuracy of the test depends on the 
purity of the antigens involved, and proof of the purity in commercial tests may be 
obtained from the manufacturers. With mixed preparations (whole bacteria, sonicate 
or extract of bacteria), it is not possible to identify the specific antigens to which the 
antibody response is directed (Thomas et al., 1989a). 

The use of ELISA to quantify anti-pertussis toxin (PT) antibody levels can be  
performed with paired (acute and convalescent phase) or single serum samples  
(Guiso et al., 2011). Paired sample serology is a standardized method of diagnosing 
pertussis, being the most sensitive and specific. However, the need to collect two samples 
and to wait several weeks for the result makes it impractical for routine diagnosis.  
For this reason, single-sample serology has been developed and IgG-anti-PT serological 
cut-off values have been determined in a number of laboratories; this technique has been 
shown to provide good sensitivity and specificity in determining cases in adolescents 
and adults (Table 4) (Marchant et al., 1994; Wirsing von König et al., 1999 and 2002; 
de Melker et al., 2000; Baughman et al., 2004; Prince et al., 2006). 
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All studies that gave recommendations on the use of serology in pertussis diagnosis 
were performed in populations vaccinated with DTwP vaccines. Diphtheria–tetanus–
acellular pertussis (DTaP) vaccines are now being used in many countries. DTaP vaccines  
induce immune responses different from those of DTwP, resulting in higher titres 
of antibody (Greco et al., 1996; Olin et al., 1997). Antibody responses to specific 
antigens may result in higher titres in DTaP vaccines compared with DTwP vaccines 
and may last for some years (Greco et al., 1996; Olin et al., 1997; Guiso et al., 2007;  
Riffelmann et al., 2009). For this reason, recommendations regarding serological  
cut-offs for single-sample serology may need to be monitored for their sensitivity and 
specificity when the vaccination schedule is changed. 

Recommendations on what to do and what not to do in pertussis serology have been 
compiled by the European Union reference laboratories and are publicly available 
(Guiso et al., 2011).

4.3 Immunoblot assays

Immunoblot techniques for measuring antibodies to B. pertussis were developed in the 
late 1980s (Thomas et al., 1989a). Since then, these assays have been used in pertussis 
diagnosis (Redd et al., 1988; Guiso et al., 1993) but have limitations. Immunoblots 
cannot readily quantify the amount of antibodies. In most assays, purified pertussis 
antigens are used since they may be used more easily in an ELISA format; no typical 
pattern of immunoblot reactivity has been evaluated when a whole-cell lysate is used 
for this technique. Because of their lack of quantified results, immunoblot assays are not 
recommended by the European Union reference laboratories (Guiso et al., 2011) and, 
in comparison with ELISA, their performance was poor (Kennerknecht et al., 2011).

4.4 Other tests for measuring antibodies 

Flow cytometry-based serological tests using multicoloured beads have been applied to 
pertussis serology, offering the advantage of measuring various antibody specificities in a 
single test. These tests were found to correlate well with standardized ELISA procedures 
(Pickering et al., 2002; Prince et al., 2006; Reder et al., 2008; van Gageldonk et al., 2008).

The in vitro neutralization test for antibodies to PT is conducted using microtitre 
cultures of Chinese hamster ovary (CHO) cells. PT induces a distinct cytopathogenic 
effect that results in the clustering of CHO cells in the microplate culture. Only a 
small amount of PT (about 1 ng) is needed to produce the clustering of CHO cells.  
The addition of sera to the microcultures allows the measurement of in vitro 
neutralization of the toxin (Gillenius et al., 1985; Granstrom et al., 1985).  
The neutralization test (NT) is laborious, requires tissue-culture facilities and involves 
subjective readings. Although the titres of NT tests correlate well with the results 
of IgG-anti-PT ELISA (Dalby et al., 2010), the NT is significantly less sensitive  
for the diagnosis of pertussis than measuring the IgG response to PT by ELISA. 
Furthermore, not all patients develop measurable neutralizing antibodies after clinical 
and culture-confirmed whooping cough (Granstrom et al., 1988). 

Other serological methods, such as indirect haemagglutination, immunofluorescence, 
bactericidal reaction, immunodiffusion and complement fixation have also been used, 
but overall these have not gained wide acceptance and are not recommended by the 
European Union reference laboratories (Guiso et al., 2011).
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4.5 Tests for cell-mediated immunity

As antibody-testing does not predict protective immunity reliably, many studies have 
focused on measuring cell-mediated immunity to antigens of B. pertussis using various 
methods (Ryan et al., 1997; Fedele et al., 2015). 

Lymphocyte proliferation assays have been used primarily to measure cell-mediated 
immunity to pertussis. Mononuclear cells are cultured with various pertussis antigens 
and with polyclonal stimulants as controls. The proliferation of the cells is measured 
by the ingestion of radiolabeled nucleotides into the cells. Results are given as fold 
increases when compared with the control without stimulants.

Various tests using cytokine secretion, either by directly measuring the cytokines in 
the culture supernatant, intracellular cytokine secretion (ICS), or by counting the 
cytokine producing cells by enzyme-linked immunospot assay (ELISPOT), have been 
described. These assays have also been used for testing immunity to B. pertussis antigens  
(He et al., 1998; Tran Minh et al., 1999; Higgs et al., 2012; Rieber et al., 2008). 

Other assays measuring cell-mediated immunity (CMI), such as tetramer assays 
and polychromatic flow cytometry, have also been applied to study the response to  
B. pertussis antigens in humans (Han et al., 2015; 

The findings of the different assays are difficult to compare, not only because various 
biological activities are measured but also because the assays are not very well 
standardized and can be influenced by, among other parameters, the age and stability 
of the cells, the method by which the cells are purified and stored, the anticoagulant, 
the storage of the cells, the type and source of antigen used and other factors.

As measured by most methods, CMI seems to be long-lived but it has not been found 
to be a reliable correlate of protection against reinfection (Brummelman et al., 2015; 
Fedele et al., 2015; van Twillert et al., 2015). 
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The natural course of pertussis disease is influenced by the age-specific proportion of 
susceptible and resistant persons in the community (Galazka, 1992). It is also important 
to bear in mind that neither infection nor vaccination confers long-lasting immunity 
to subsequent infection or disease. 

Although no specific level of antibody against antigens of B. pertussis has been 
convincingly shown to confer protection against the disease, the prevalence of these 
antibodies at different ages can be used as an index of the exposure to pertussis antigens. 
A number of sero-epidemiological studies (Barkoff, 2015) have shown convincingly 
that antibodies to B. pertussis antigens can be detected in the population irrespective 
of the local immunization schedule, indicating that the circulation of B. pertussis in 
populations is maintained regardless of current vaccination programmes (see below: 
Serosurveys for B. pertussis antibodies).

5.1 Development of antibodies after primary infection

The development of pertussis antibodies following disease has been studied by 
various authors (Aleksandrowicz & Pstragowska, 1980; Nagel & Poot-Scholtens, 
1983; Granstrom et al., 1988; Trollfors et al., 1999; Ward et al., 2006, Watanabe et al., 
2006). There is a significant rise of IgG and IgA antibodies to PT, FHA and other 
antigens (Nagel & Poot-Scholtens, 1983; Granstrom et al., 1988). In infants, six to  
seven weeks are needed for the serum IgA antibody to reach a high level  
(Nagel & Poot-Scholtens, 1983). As outlined above, PT is the only antigen specific to  
B. pertussis, and antibodies to FHA (Vincent et al., 2000) may be produced, resulting from 
different stimulation by non-pertussis antigens. However, antibodies to PT are produced 
only in about 80–85% of patients after natural infection (Zackrisson et al., 1989 and 1990;  
Thomas et al., 1989a and 1989b). 

5.2 Immune responses after non-primary stimulation

All populations are continuously exposed to B. pertussis antigens to some extent 
and they maintain a certain level of antibodies to PT and other B. pertussis antigens. 
Reinfections with B. pertussis are characterized by a very rapid increase in antibodies, 
making diagnosis more difficult because titre increases may not be seen between 
acute and convalescent serum samples (Simondon et al., 1998). Consequently,  
titre decreases of more than 50% have been used to define recent contact with the bacteria  
(Trollfors et al., 1999). This makes the establishment of cut-offs for IgG-anti-PT in 
serum samples with recent contact to B. pertussis antigens somewhat problematic.  
Some proposed cut-offs are shown in Table 4.

5. Immune responses  
after exposure to  

Bordetella pertussis
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5.3 Transplacental passage of antibodies

Newborns acquire antibodies passively from their mothers. IgG antibodies against 
FHA, PT, PRN, FIM2 and FIM3 have been detected in cord serum, or in serum 
from healthy children before their first DwPT immunization, which represents 
transplacentally-acquired maternal IgG (Granstrom et al., 1982; Baraff et al., 1984; Celko 
et al., 1984; Thomas et al., 1989b; Van Savage et al., 1990; Plans et al., 2008; Heininger et 
al., 2009). The infant’s pertussis IgG antibody level against PT and FHA is comparable 
to the corresponding maternal level (Van Savage et al., 1990; Healy et al., 2004;  
Heininger et al., 2009). One study reported that 5% of infants had IgA-anti-PT  
(Thomas et al., 1989b), although other studies have not substantiated this. No IgM 
antibodies to pertussis antigens were detected in cord blood (Baraff et al., 1984). 
However, pertussis agglutinins have been found in cord serum in varying concentrations, 
and a correlation between high cord blood antibody levels and protection of the infant 
has been noted (Izurieta et al., 1996). Passively-acquired maternal antibodies fall to a 
nadir after several months (Baraff et al., 1984; Van Savage et al., 1990) with a half-life 
of anti-PT, anti-FHA and agglutinin antibodies estimated to be 36, 40 and 55 days 
respectively (Van Savage et al., 1990).

Although there is placental passage of pertussis antibodies, most infants do not seem to 
be protected against clinical disease during the first months of life. The susceptibility 
of young infants to life-threatening pertussis has been well documented, with a high 
incidence of pertussis in the first six months of life. Consequently, attempts have been 
made to protect newborns against pertussis through maternal immunization. In earlier 
studies, pregnant women were immunized with six doses of unadsorbed wP vaccine, 
with a total dose of 150 million pertussis organisms. Most of the newborns showed 
agglutinin and mouse protective antibody titres equal to or greater than those of their 
mothers (Cohen & Scadron, 1943). In most of the early studies with unadsorbed 
vaccine, the total dosage in terms of volume and numbers of organisms was large by 
today’s standards. Maternal vaccination with TdaP vaccines during pregnancy has been 
documented as an effective and safe means of protecting young infants from pertussis 
(Amirthalingam et al., 2014).

Anti-pertussis antibodies have been found in samples of human milk in Nigeria and the 
USA, but IgG serum antibody levels were higher than breast-milk levels. On the other 
hand, the mean IgA antibody levels to pertussis (as well as to H. influenzae type b, 
Streptococcus pneumoniae and N. meningitidis) were higher in breast-milk than in either 
maternal or infant sera (Kassim et al., 1989). Colostrum samples contained pertussis 
antibodies – i.e. agglutinins, anti-PT or anti-FHA – as did samples of human breast-
milk (Takahashi et al., 2002). Colostrum containing anti-PT antibodies or agglutinins 
was shown to protect suckling mice from aerosol challenge with B. pertussis, whereas 
colostrum lacking these antibodies but containing anti-FHA gave little protection (Oda 
et al., 1985). In infants, breast-milk pertussis antibodies had no significant influence on 
enhancing infant immunity to pertussis (Pandolfi et al., 2017).
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5.4 Antibody decay after natural infection

Studies from Germany (Heininger et al., 2004), Japan (Tomoda et al., 1991),  
Netherlands (de Melker et al., 2000; Versteegh et al., 2005) and the USA  
(Hodder et al., 2000), measuring IgG-anti-PT after infection with B. pertussis in 
populations with high vaccine coverage, have shown that pertussis antibodies 
quickly increased to peak levels of more than 100 IU/mL, but with great individual  
variation. Subsequently, antibody levels decreased rapidly, so that after five years 
all subjects had levels of IgG-anti-PT <10 IU/mL. A mathematical model used for 
the Netherlands data predicted that, depending on the age of the patient, most of 
the patients would be below the usual cut-off level of 100 IU/mL after one year.  
Thus, in serosurveys, a ≥100 IU/mL cut-off is chiefly used for very recent contacts 
while levels between >40 and <100 IU/mL may be regarded as non-recent contacts 
with B. pertussis antigen 

5.5 Duration of protection after natural infection 

Few studies have attempted to determine the duration of protection after  
B. pertussis infection. Symptomatic reinfections are common in adolescents and 
adults and have also been found in children (Broutin et al., 2004). It is therefore  
difficult to distinguish between the duration of immunity induced by primary 
infection and the immunity induced by symptomatic or asymptomatic reinfections.  
While Gordon & Hood (1951) assumed a near lifelong protection, a cohort study 
in Germany (Wirsing von Koenig et al., 1995) assumed a protection of 15 years,  
modelling studies assumed a duration of 7–10 years (Miller & Gay, 1997), and a 
case series from the Netherlands assumed a protection of between 3 and 12 years  
(Versteegh et al., 2002). Case reports have been published of symptomatic reinfections 
as early as 3.5 years after a previous infection (Versteegh et al., 2002). 
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6.1 Type of immunity induced by whole-cell and acellular vaccines

wP vaccination induces a broad immune response against many bacterial antigens 
since they are composed of killed entire bacteria. aP vaccines are composed of between  
one and five purified detoxified antigens and consequently induce immunity against  
only a few bacterial proteins involved in the virulence of the bacterium. Thus,  
the vaccine-induced immunity is different, with bacterial virulence factors becoming 
the major target after immunization with aP vaccines. Given these differences in 
immune responses, the replacement of wP vaccines by aP vaccines was accompanied 
by surveillance of disease to evaluate the consequences of this replacement on herd 
immunity, and also by surveillance of the bacterial population.

Various clinical case definitions of pertussis based on clinical symptoms and  
laboratory confirmation have been proposed for vaccine studies and for surveillance 
purposes (Table 5). The sensitivity and specificity of these clinical case definitions have 
been evaluated (Blackwelder et al., 1991; Patriarca et al., 1998; Ghanaie et al., 2010; 
Cherry et al., 2012). 

6. Immune responses to 
vaccination 
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6.2 Response to whole-cell pertussis vaccine 

Vaccination results in an increase in the ELISA antibody titres to a variety of  
antigens of B. pertussis organisms. Children vaccinated with wP pertussis  
vaccines may show increasing levels of antibodies against FHA, PT, AGG-FIM,  
LPS and outer membrane protein, depending on the wP vaccine and the immunization 
schedule (Ashworth et al., 1983; Baraff et al., 1984; Barkin et al., 1984; Halsey & Galazka, 
1985; Wilkins et al., 1987; Blumberg et al., 1991; Grimprel et al., 1996). 

The extent of the response was proportional to the number of doses administered. 
Elevated levels of antibodies to outer membrane protein (OMP) and LOS were  
also found in sera of unvaccinated children, presumably directed against cross-reacting 
non-pertussis antigens (Ashworth et al., 1983). Antibody responses to vaccination given 
immediately after birth have also been reported (Provenzano et al., 1965).

In most studies, more than 70% of children responded to three doses of DTwP vaccine 
with an agglutinin titre of 1:80 or more. However, wP pertussis vaccines from different 
manufacturers differ considerably in their immunogenicity. The mean agglutinin  
titre after three doses of DTwP vaccine ranged between 1:1826 (Barkin et al., 1984)  
and 1:87 (Blumberg et al., 1991). In a study in France, three doses of DTwP polio  
vaccine (adsorbed on calcium phosphate) failed to stimulate an agglutinin level of 
1:10 in 25% of children, and the mean titre (1:23) was low (Relyveld et al., 1991).  
A clinical trial conducted at two different academic centres in the USA showed that 
two commercially available wP vaccines consistently differed in their ability to induce 
antibody to PT. Infants receiving the Lederle vaccine produced a 46-fold increase in 
antibody to pertussis toxin, when compared to only a 2.4-fold increase in PT antibody 
in infants receiving the Connaught vaccine. The FHA and FIM responses to the two 
wP vaccines were comparable (Edwards et al., 1991b). Antibodies to PT as measured 
by CHO-cell assay also increased following immunization. Three doses of the wP 
vaccine caused a moderate response in neutralizing antibody titres (Blennow et al., 
1988;, Blumberg et al., 1991). 

As outlined above, wP vaccines with similar production processes differ in their 
antigenic dose, and so differences in immunogenicity of different wP vaccines are not 
surprising.

Levels of antibody against PT, FHA, OMPs, AGG-FiIM and neutralizing antitoxins 
decline considerably during the first year after completion of a primary series  
(Barkin et al., 1984; Blennow & Grandstrom, 1989a; Blumberg et al., 1991;  
Edwards et al., 1991b; Relyveld et al., 1991).

Serological studies provide strong evidence for the booster effect of the fourth  
dose of DTwP vaccine administered at the end of the second year of life, since 
antibodies against PT, FHA, and agglutinins increase significantly after the booster dose  
(Chen et al., 1957; Barkin et al., 1984; Pichichero et al., 1987; Edwards et al.,  
1991a; Relyveld et al., 1991), but the levels of antibody still differ considerably  
(Barkin et al., 1984; Relyveld et al., 1991).
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6.3 Antibody decay after immunization with whole-cell vaccines 

Few studies have addressed the antibody decay after vaccination with wP vaccines 
(Grimprel et al., 1996). Overall, the relatively low levels of antibodies induced by  
wP vaccines decline rapidly below detection levels 1−2 years after vaccination  
(Blennow & Granström, 1990).

6.4 Effectiveness of whole-cell pertussis vaccine in infants and toddlers

The efficacy and effectiveness of wP vaccines has been shown repeatedly in vaccine trials 
(MRC) and in the field. As noted, it must always be kept in mind that wP vaccines are 
produced by similar methods but may differ significantly in their immunogenicity and 
their effectiveness. As also mentioned, significant differences in efficacy were observed 
in vaccine studies in the 1990s between wP vaccines that had all been cleared by the 
regulatory agencies using the usual tests for vaccine potency (mouse intracerebral 
protection) (Edwards & Decker, 2013). Given the array of clinical presentations of 
pertussis, assessing the effectiveness of wP vaccines is difficult and the pitfalls of using 
immunization registry data to determine vaccine effectiveness have been highlighted 
(Mahon et al., 2008) 

In many countries, such as France, the effectiveness of wP vaccines appeared to 
remain unchanged at a high level for more than 30 years (Baron et al., 1998). Similarly,  
in Australia the effectiveness of the locally produced wP vaccine was estimated to 
be 0.91 (Torvaldsen et al., 2003). In an outbreak in the USA, the effectiveness of wP 
vaccine was estimated to be 0.76 (Kenyon et al., 1996). In Poland, it was observed that,  
for reasons unknown, the effectiveness decreased between 1996 and 2001 from 0.973 to 
0.735 (Zielinski et al., 2004). In the Netherlands, the Health Council presented data on 
the reduced effectiveness of the locally-produced wP vaccine and instead recommended 
the use of aP vaccines (Visser, 2004).

In Austria, the effectiveness of a three-dose course of wP vaccine for the prevention 
of pertussis hospitalization was estimated to be 0.79 when compared to 0.92 after 
a three-dose course of aP vaccines (Rendi-Wagner et al., 2006). A similar decrease 
in hospitalization after changing from wP to aP vaccines was observed in Canada  
(Bettinger et al., 2007). In contrast, a study in rural Senegal reported that wP vaccines 
were more effective (0.67) than a two-component aP vaccine (0.32) (Preziosi & Halloran, 
2003).

6.5 Effectiveness of incomplete primary series of whole-cell pertussis 
vaccine

No formal efficacy studies have addressed the effect of an incomplete primary 
vaccination series or of single doses. Estimates of the effectiveness of incomplete 
primary series result from surveillance data; some of these estimates, with their relative 
endpoints, are given in Table 6.
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Table 6: Estimated effectiveness (VE) after different doses of pertussis vaccine

Year /type of study Vaccine Dose End-point VE% Country Reference

1990 /surveillance wP 1 Pertussis 44 USA Onorato et al., 1992

4 " 80

2004 /case-control Mostly aP 1 Pertussis (CDC) 51 USA Bisgard et al., 2005

2 " 80

3 " 93

1996 ff /surveillance Mostly aP 1 Hospitalization 68 Germany Juretzko et al., 2002

2 " 92

3 " 99

1990 ff /surveillance wP 1 Hospitalization 36 Denmark Hviid, 2009

2 " 66

3 " 87

200 #- /surveillance wp 1 Pertussis 62 UK Campbell et al., 2012

2 " 85

3 " 95

2012 ff /surveillance ap 1 Hospitalization 55 AUS Quinn et al., 2014

2 " 83

3 " 85

1990 ff /surveillance wp/ap 1 Death 71 US Tiwari et al., 2015

1 Hospitalization 31

6.6 Effectiveness of whole-cell vaccine in adolescents and adults

Few studies have been performed to evaluate the immunogenicity and safety of  
wP vaccines in adolescents and adults because pertussis was not perceived as a relevant 
problem in these age groups, and the reactogenicity of wP vaccines was thought  
to be too high for routine use in older children, adolescents and adults. Nevertheless, 
between 1933 and 1975, a number of immunogenicity studies, although no efficacy 
studies, were performed in adults and in pregnant women (Keitel, 1999). 

6.7 Immune responses to acellular pertussis vaccines 

Due to the use of purified antigens in aP pertussis vaccines, the PT response to primary 
and booster immunization with aP pertussis vaccine is usually more pronounced  
than the response after immunization with wP vaccine (Pichichero et al., 1987; 
Anderson et al., 1987; Morgan et al., 1990; Van Savage et al., 1990; Edwards et al., 1995). 
Compared with wP vaccine, significantly higher anti-PT and anti-FHA responses 
have been reported with aP vaccines containing these antigens (Edwards & Decker, 
2013). Differences have also been found between responses to aP and wP vaccines 
in infants with various pre-immunization levels of IgG ELISA antibody to PT.  
The response to aP vaccine was independent of the pre-immunization antibody titre, 
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while the response to wP vaccine was strongly dependent on the pre-immunization titre.  
It is not known whether the better response to aP vaccine among those with  
higher anti-PT titres was due to greater immunogenicity of PT in the aP product, 
the absence of some component of the wP vaccine, or some other as yet unidentified 
factors (Van Savage et al., 1990). IgG-anti-PT levels do not differ between natural 
infection or vaccination (Giammanco et al., 2003). In respect to isotypes and subtypes 
of antibodies, aP was reported to induce relatively more IgG4 to vaccine antigens than 
wP did (Hendricks et al., 2011). IgE responses occur in relevant proportions after 
natural infection, after wP vaccination and after aP vaccination (Hedenskog et al., 1989),  
and these responses to aP vaccines have gained renewed attention (Holt et al., 2016).

The diphtheria and tetanus responses in children receiving aP-pertussis and wP-
pertussis component DPT vaccines were similar in some studies (Pichichero et al., 1987;  
Anderson et al., 1987; Edwards et al., 1991a) and lower in the National Institutes of 
Health (NIH) trial (Edwards et al., 1995). The efficacy studies in Europe and Africa 
showed no relevant differences in the diphtheria and tetanus response between the 
DTwP and DTaP recipients (Edwards & Decker, 2013).

As in the case of infection and wP vaccination, aP vaccines not only induce antibodies 
against the vaccine antigens but also B and T cell responses. However, the cellular 
response induced by priming with aP is, to a greater or lesser extent, skewed towards a 
Th2 response, whereas infection and wP vaccination result in a response that is skewed, 
more or less, towards Th1 (Mascart et al., 2003; Dirix et al., 2009; Higgs et al., 2012; 
Edwards & Berbers, 2014). Additionally, aP and wP vaccinations differ in inducing 
Th17 cells (Fedele et al., 2015). Cellular immune responses also wane with time.  
Studies reviewed by van Twillert et al. (2015) indicated that both peak and maintenance 
of CMI could be influenced by vaccination type or infection history, as well as by 
age. Furthermore, pertussis-specific memory B- and T-cell responses may follow  
different dynamics and vaccine types differ in the induction of B-memory cells  
(van Twillert et al., 2015). It has been suggested that aP vaccines containing genetically 
modified PT, as opposed to chemically inactivated PT, may alleviate some of these 
differences in immune responses between aP and wP vaccines (Seubert et al., 2014). 

6.8 Antibody decay after immunization with acellular vaccines 

In the case of primary immunization, the aP vaccine trial in Italy and Sweden 
also produced data about antibody decay in the study populations. Giuliano et al. 
(1998) showed that 15 months after immunization with three doses of aP vaccines,  
antibodies to PT, FHA and PRN had mostly fallen below the level of detection, 
irrespective of sustained vaccine efficacy (Salmaso et al., 2001).

With regard to booster immunizations, Tdap boosters result in rapid responses to 
pertussis antigens in adults (Kirkland et al., 2009). The APERT study (Le et al., 
2004) suggested that these antibodies to PT will be above the level of detection for 
about five years. Other studies into the decay of antibodies after booster vaccination 
in adolescents and adults assume that, after a steep decline in the first year after  
vaccination, antibodies decline gradually and may be detectable for longer than five 
years after aP administration. In this study, after one month, a geometric mean titre 
(GMT) of 38 EU/mL of IgG-anti-PT was found, and after one year the mean IgG-
anti-PT levels had decreased to 8 EU/mL. McIntyre et al. (2004) found a peak GMT of  
83 EU/mL IgG-anti-PT that decreased to 30 EU/mL after one year. Edelman et al.  
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(2004 and 2007), using the same vaccine in adolescents, found a peak GMT of IgG-anti-
PT of 116 EU/mL four weeks after vaccination, decreasing to 16 EU/mL after three 
years and to 8 EU/mL five years after vaccination. Riffelmann et al. (2009) vaccinated 
health-care workers and found a higher peak value, with a rapid decline in antibody 
over the first year after vaccination and a slower decrease in the three consecutive years. 
Modelling the decay of antibodies after vaccination suggested Tdap booster doses every 
10 years would be necessary (Bailleux et al., 2008).

Despite more than 20 years of clinical experience, our basic understanding about 
aP vaccines is still incomplete. The current positions in this ongoing discussion are 
summarized by Burtin et al. (2017), Diavatopoulos & Edwards (2017) and Eberhardt 
& Siegrist (2017). 

6.9 Effectiveness of acellular vaccines in infants and toddlers

After the successful introduction of acellular vaccines in Japan (Aoyama et al., 1988), 
a number of large vaccine efficacy studies with aP vaccines were performed in Africa 
and Europe. Although these studies used different designs, were performed in 
different populations, and employed different vaccines, they all used the WHO case  
definition for pertussis and therefore the results of the studies have been repeatedly 
compared and summarized (Edwards & Decker, 2013; Zhang et al., 2014). An example 
of the various estimates of efficacy is given in Table 2. Meanwhile, effectiveness  
estimates are available as a result of the broad use of aP vaccines (Elliott et al., 2004; 
Edwards & Decker, 2013; Zhang et al., 2014). Although the isolates of B. pertussis have 
undergone some changes in their genomic makeup and in the expression of virulence 
factors such as PRN when compared to the Tohama reference strain – as used for the 
production of some aP vaccines (He et al., 2003; Hallander et al., 2007) – no significant 
changes in the effectiveness of aP vaccines after the primary series have been observed 
over time. However, some studies in high income countries indicated waning in older 
children, but additional studies in different regions are needed (Burdin et al., 2017). 

6.10 Effectiveness of incomplete primary series of acellular vaccines

As expected, no formal efficacy study has addressed the effect of an incomplete 
primary vaccination or of single doses. However, during the aP vaccine efficacy studies,  
some estimates of the effectiveness of incomplete series were performed.  
During prolonged enhanced surveillance in Sweden following the efficacy trials there, 
the rates of pertussis were 225 per 100 000 in unvaccinated infants aged 0–2 months, 
212 per 100 000 after one dose in infants aged 3–4 months, 31 per 100 000 after  
two doses in infants aged 5–11 months and 19 per 100 000 after three doses  
(Gustaffson et al., 2005). A hospital-based survey in Germany estimated that 
even one dose of vaccine was 68% effective in reducing hospitalization in infants  
(Juretzko et al., 2002). A case-control study in the USA (Bisgard et al., 2005) found 
that the effectiveness of one dose of acellular vaccine was approximately 50%.  
Results of the studies are summarized in Table 6.
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6.11 Effectiveness of acellular vaccines in adolescents and adults

During the last two decades, many reports have shown an increase of pertussis in 
adolescents and adults (Wirsing von König et al., 2002; Halperin, 2007). This may reflect 
a shift in the age distribution of pertussis since the disease is effectively controlled by 
vaccine among children. On the other hand, several authors have expressed concern 
that pertussis immunity may be only partial among adults (Fine & Clarkson, 1987).  
The decreased immunity among adults may be related to the reduced circulation of 
pertussis organisms in well-vaccinated populations, with subsequent less frequent 
exposure to B. pertussis and less natural boosting. The increase in cases among 
adolescents and adults may also be due to a higher awareness of the disease in adolescence 
and adulthood, or may be the effect of more sensitive laboratory methods (i.e. serology 
or PCR) to detect the infection (Cagney et al., 2008). It may, however, also be a function 
of a different community immunity. 

Consequently, the importance of late booster doses of aP vaccines for maintaining 
immunity against pertussis in older children or adolescents has been discussed 
intensively and many countries have now recommended booster doses in  
adolescents and adults. A vaccine efficacy study conducted in the USA obtained a 
point estimate of vaccine efficacy in adolescents and adults of 0.92 (Ward et al., 2005).  
Another effectiveness study of an adolescent booster dose conducted in Australia had a 
point estimate of 0.78 (Rank et al., 2009). Given the intensive circulation of the bacteria, 
even one dose of an aP vaccine given to adolescents without a history of pertussis disease 
or vaccination induced an immune response in nearly all vaccinees (Knuf et al., 2006).

Many countries in the European Union, as well as Australia, Canada and the USA, 
recommend a preschool and/or adolescent booster. The USA and many other countries 
have also introduced a booster for the adult population using a Tdap combination 
vaccine (CDC, 2006; ECDC, 2017; Lee & Choi, 2017). Nevertheless, it should be noted 
that in all countries the vaccine coverage in adults in the general population or even 
among health-care workers is still very low (Lee & Choi, 2017).

6.12 Effectiveness of maternal immunization to prevent infant pertussis 

Maternal vaccination with pertussis-containing vaccines for preventing infant diseases 
has been advocated for some time (Edwards, 2003; Mooi & Greef, 2007). Its effectiveness 
was studied in the United Kingdom, and it was shown by different methods that 
immunization with a Tdap vaccine in a whole-cell primed cohort of pregnant women 
was over 90% effective in reducing infant pertussis (Amirthalingam et al., 2014;  
Dabrera et al., 2015). Subsequent surveillance showed that, by maintaining a high 
coverage rate, the effects on infant pertussis remained unchanged (Amirthalingam et 
al., 2016). These effects were then also observed in other countries (Vizotti et al., 2016). 

6.13 Correlates of protection for pertussis vaccines 

No serological correlate for protection after vaccination with wP vaccines has been 
established, although the MRC trial already suggested a correlation between high 
agglutinin titres and protection (Table 7).
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Table 7: Suggested correlates of protection after  
vaccination with wP or aP vaccines

Antibody type Study type Vaccine 
type Correlation Reference

Agglutinins (anti-FIM) Vaccine trial wP High titres protect Medical Research Council, 1959

Agglutinins (anti-FIM) Household contact wp (?) High titres protect Deen et al., 1995

Anti-PRN Household contact wp (?) High titres protect Deen et al., 1995

Anti-PRN Vaccine trial aP High titres protect Storsaeter et al., 1998

Anti-PRN Vaccine trial aP High titres protect Cherry et al., 1998

Anti-PT Household contact aP Low titres make 
susceptible Storsaeter et al., 2003

Anti-PT Household study aP High titres protect Taranger et al., 2000

Anti-FIM Household contact aP High titres protect Storsaeter et al., 1998

Anti-FHA Cohort study wP High titres protect He et al., 1996a

Various studies have attempted to find a serological correlate of protection after 
vaccination with aP vaccines (Table 7). For instance, using data derived from the 
Swedish NIH-sponsored trial (Storsaeter et al., 1998), it was shown that subjects 
with detectable IgG-anti-PT but with non-detectable anti-PRN and anti-FIM had an 
assumed vaccine efficacy of 46%. Those with anti-PT and anti-FIM had an estimated 
efficacy of 72%, those with anti-PT and anti-PRN had an assumed vaccine efficacy 
of 75%, and those with all three antibodies had an assumed vaccine efficacy of 85%. 
A German study (Cherry et al., 1998) used thresholds for antibodies and found that 
subjects with anti-PRN titres were best protected, that high anti-PT contributed 
to protection, but that anti-FHA and anti-FIM did not correlate with protection.  
In a Finnish study, IgG-anti-FHA at elevated levels correlated best with protection  
(He et al., 1994). Following the cohort of the Swedish vaccine study, it was assumed that 
low or undetectable levels of IgG-anti-PT would be the best predictor of susceptibility 
to reinfection (Storsaeter et al., 2003). The Gothenburg study, using a PT-only vaccine 
(Taranger et al., 2000) showed that the induction of anti-PT induced good protection. 

No correlate of protection for cell-mediated immunity against the different pertussis 
antigens has been observed so far. Overall, it seems most probable that no single correlate 
of protection exists and that antibodies to many antigens in differing amounts, probably 
in conjunction with cell-mediated immunity, confer protection against symptomatic 
reinfection (Plotkin, 2013).

6.14 Interchangeability of pertussis vaccines

Few studies have addressed the interchangeability of aP or wP pertussis vaccines 
from different manufacturers during primary vaccination. However, it seems clearly 
advisable not to interchange wP or aP vaccines from different manufacturers during 
the primary series. 
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Tripedia® (Sanofi) and Infanrix® (GSK) were interchanged in one study  
(Greenberg et al., 2002) and no differences in immunogenicity were observed.  
Similar results were found in Canada, when Pentacel® (Sanofi) and Infanrix® 
(GSK) were interchanged during primary immunization (Halperin et al., 2006).  
Another study interchanging Acelimune® (Wyeth) and Tripedia® (Sanofi) again 
produced non-significant differences in immunogenicity (Wirsing von König et al., 
2000). The Canadian Immunization Guide stated that, for primary immunization, 
a vaccine from the same manufacturer should be used whenever possible.  
For the 18-month booster, and for the preschool booster, experts agreed that  
aP containing combination vaccines can be interchanged without loss in immunogenicity 
(NACI, 2005; Canadian Immunization Guide, 2006).

6.15 Serosurveys for Bordetella pertussis antibodies

The prevalence of pertussis antibody in various age groups in the general  
population depends on the status of pertussis immunization, the extent of exposure to 
circulating B. pertussis organisms, and the methods used to measure them. As antibodies 
to PT are specific to B. pertussis, only these antibodies can be used in serosurveys as an 
estimate of the circulation of B. pertussis.

Serological studies in Germany (Wirsing von König et al., 1999), in the  
Netherlands (De Melker et al., 2000) and in the USA (Marchant et al., 1994;  
Yih et al., 2000; Baughman et al., 2004) evaluated age-specific cut-offs for single-sample 
serological assays. From these studies it emerged that, in adolescents and adults,  
IgG-anti-PT antibodies from >100–125 EU/mL (= IU/mL) could be used as an indicator 
of recent pertussis exposure (Table 4). It was also observed that, in most patients,  
the IgG-anti-PT levels declined rapidly with time (Versteegh et al., 2005;  
Mertens et al., 2007). In countries such as Sweden, where vaccination against pertussis 
was stopped in 1979 and pertussis disease incidence was high for more than decade  
before the introduction of acellular vaccines, the prevalence of antibodies in children 
below 5 years of age increased with age (Zackrisson et al., 1990). Antibody titres 
increased in older teenagers, so that 90% of young adults had measurable antibody titres 
(Granstrom et al., 1982). This agrees with the results of studies in the prevaccination era, 
which showed that a high proportion of children had experienced pertussis infection by 
the age of 10 years (Fine & Clarkson, 1987). In Palermo, Italy, where the coverage rate 
with DTwP vaccine was very low, the results of a seroepidemiological study suggest 
a high exposure of children to B. pertussis, resulting in increasing seroprevalence of  
IgG-anti-PT antibodies with age. The overall prevalence of these antibodies determined 
by the ELISA test was 56%; it increased from 24% in 1−3-year-old children to 67% 
in 11−12-year-old children (Stroffolini et al., 1989). 

Astonishingly, in vaccinating countries such as the USA, results of seroepidemiological 
studies showed similar results in older children, adolescents and adults  
(Cattaneo et al., 1996; Cherry et al., 1995). Another study in the USA using serum 
samples from a national nutrition survey found that antibodies to PT indicated that  
B. pertussis was circulating widely in the population (Baughman et al., 2004). The USA 
study also indicated that different cohorts of the population could be distinguished, 
and it was assumed that an IgG-anti-PT level of more that ~100 EU/mL would reflect 
recent contact with the bacteria. Across Europe, other serosurveys were performed that 
resulted in similar findings, as in the European Sero-Epidemiology Network (ESEN) 
study (Pebody et al., 2005). 
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In New Zealand, when measured after vaccination with wP vaccines, the percentage 
of recipients with ELISA IgG antibody against pertussis toxin also increased with 
age, from 16% in 5-year-olds to 63% in the 40−49-year age group. The percentage of 
individuals with antibody dropped to 45% in the to 65-year age group (Lau, 1989). 
In other countries, similar assumptions concerning the circulation of B. pertussis were 
derived from serosurveys (Maixnerova et al., 1979; Stroffolini et al., 1991; Park et al., 
2005; Higa et al., 2008; Yildirim et al., 2008). 

Because of their relative simplicity, serosurveys have been conducted in many countries 
as a primary tool for pertussis surveillance (Guiso & Wirsing von Koenig, 2016),  
and their use in tracking pertussis has been documented (Quinn et al., 2010;  
Barkoff et al., 2015).

6.16 Duration of protection after vaccination with whole-cell vaccines 

Many studies have provided strong evidence that wP pertussis vaccines are effective 
in protecting against typical pertussis, either by preventing its occurrence altogether 
or by markedly reducing its severity (Griffiths, 1988; Wendelboe et al., 2005).  
However, the duration of immunity following pertussis vaccination is still an open 
question and may also depend on the intervals used during primary vaccination 
(Silfverdal et al., 2007). Usually the primary series consists of three doses of  
DTwP vaccine given during the first year of life. In the WHO African and South-
East Asia Regions, most countries use the immunization schedule recommended by 
the Expanded Programme on Immunization (EPI), which calls for three doses of  
DTwP vaccine at 6, 10 and 14 weeks; however, some countries use a 3-, 4- and 5-month 
schedule (WHO, 2017). In the Region of the Americas, countries generally follow  
the schedule of 2, 4, and 6 months of age in the primary series, as used in the USA 
(WHO, 2017).

It is noteworthy that for 14−18% of countries in WHO’s Americas, European, 
Eastern Mediterranean and Western Pacific Regions, the third dose of DTwP vaccine 
is recommended at a late age, generally after six months of age, so this may reflect 
a two-dose primary immunization with a booster. Various immunization schedules  
used by countries in the European Region are available on the ECDC website  
(ECDC, 2017). The WHO website contains information about schedules and coverage 
rates worldwide (WHO, 2017).

Epidemiological observations suggest that the efficacy of pertussis vaccine is high  
only for a limited period and falls gradually with time after immunization. In the  
United Kingdom, the vaccine efficacy fell from 100% in the first year following  
three doses of DTwP vaccine to 46% in the seventh year (Jenkinson, 1988). In another 
outbreak study in the USA it was estimated that protection lasted about 12 years after 
wP vaccination. In Sweden, the efficacy of three doses of unadsorbed wP pertussis 
vaccine declined from 89% in 6–11-month-old children to 76% in children at the end 
of the second year of life (Blennow et al., 1988). Other cohort and case-control studies 
suggest continuous decrease in vaccine efficacy with time (Fine & Clarkson, 1987). 
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About one third of countries in the Americas and Western Pacific Regions give a  
fifth dose of DTwP vaccine (“second booster”). The need for a fifth dose of  
DTwP vaccine and its importance in controlling pertussis in other regions remains to 
be proven. Serologically, this additional dose of DTwP vaccine seems to exert a clear 
booster effect (Edwards et al., 1991a; Morgan et al., 1990). 

6.17 Duration of protection after vaccination with acellular vaccines 

After completion of the aP vaccine studies in the 1990s, their long-time effectiveness 
was closely monitored. Studies in Italy (Salmaso et al., 2001), Sweden (Tinberg et al., 
1999) and Germany (Lugauer et al., 2002) estimated that efficacy remained almost 
unchanged until six years of age. Gustafsson et al. (2005) showed that protection 
began to wane in 7–8-year-olds. Some studies, however, seem to indicate a shorter  
duration of sustained protection. During pertussis outbreaks in the USA, a yearly 42% 
increase of pertussis risk was described in 4−12-year-olds after receiving five doses  
(Klein et al., 2012), and a case-control study assumed a sustained effectiveness of  
four years (Misegades et al., 2012). Similar data were found when mainly PRN-negative 
isolates were prevalent (Breakwell et al., 2016). Using the test-negative approach, 
studies in Germany (Riffelmann et al., 2014) and Canada (Schwartz et al., 2016)  
also indicated a continuous decrease in effectiveness 3−4 years after vaccination,  
whereas in a New Zealand study effectiveness was sustained for at least four 
years (Radke et al., 2017). The studies used different methods (cohort study,  
surveillance, case-control, test-negatives) and had very different clinical endpoints 
(i.e. WHO case definition, PCR-positive patient), so direct comparison of the results 
is difficult. 

It must be kept in mind that aP is not the only vaccine component and that,  
in addition to the effectiveness of the vaccines, implementation issues concerning  
vaccine coverage play an important role. 
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Whereas aP vaccines have been used for the past two decades mainly in industrialized 
countries, most infants worldwide are still immunized primarily with wP vaccines. 
Surveillance indicates that wP and aP vaccines both protect newborns and  
toddlers effectively against severe disease. Cellular immune responses differ after 
priming with either wP or aP vaccines, and the duration of protection seems to be 
somewhat shorter with aP vaccines than with efficacious wP vaccines. However,  
the effectiveness of the wP vaccines that are currently used in most countries is 
not known. Consequently, WHO emphasizes that “there is a need for improved 
epidemiological data. Surveillance of the disease in infants is crucial and an  
etiology should be sought on any infant that dies. More solid laboratory data are needed” 
(WHO, 2017a). Laboratory methods should focus on enhanced specific diagnosis,  
for which a WHO manual is available (WHO, 2014) 

In the medium term, effectiveness estimates should be established for currently used 
wP vaccines and the search for biomarkers that correlate with protection should be 
intensified. These are necessary to estimate more effectively the duration of protection 
induced by infection and vaccination. The first step is to standardize all techniques 
measuring avidity of antibodies, neutralizing antibodies or cell immunity.

In the longer term, the development of new vaccines (new adjuvants, additional antigens, 
different antigen preparations, other delivery methods) inducing a more effective 
immune response with longer duration of protection can be envisaged. In order to 
evaluate these vaccines, a broad consensus among scientists, regulators and vaccine 
producers will be required together with the standardization of technical aspects and 
animal models. 

7. Conclusions and  
perspectives 
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Bordetella pertussis produces an array of virulence factors that act together to 
induce the clinical symptoms of pertussis or whooping cough. The human immune  
response to antigens of B. pertussis can be measured by ELISA, by bacterial agglutination, 
and by various other tests, including those measuring cell-mediated immunity.  
Different pertussis vaccines are available and licensed; they consist either of  
whole bacterial cells (whole-cell = wP vaccines) or of purified virulence factors 
(acellular = aP vaccines). Both types of vaccines have been shown to be effective,  
but aP vaccines show fewer local and systemic side-effects, and their production process 
is more reproducible. Both wP and aP antigens are mostly combined with tetanus and 
diphtheria toxoid, and also additionally with other antigens such as Hib, hepatitis B 
or polio. Maternal immunization can protect newborns and young infants who bear 
the brunt pertussis mortality. Neither infection nor vaccination induces a life-long 
immunity. Reinfections are frequent and B. pertussis circulates cyclically all over the 
world. Surveillance data on pertussis are lacking for many parts of the world though 
they can be estimated by serosurveys and other methods.

8. Summary



37

1. Aleksandrowicz J, Pstragowska W (1980). Biological activity of serum and 
secretory IgA in the course of pertussis in children. Medycyna Doświadczalna 
I Mikrobiologia. 32:201–7. 

2. Amirthalingam G, Andrews N, Campbell H, Ribeiro S, Kara E, Donegan K, 
et al. (2014). Effectiveness of maternal pertussis vaccination in England: an 
observational study. Lancet. 384:1521−8. doi:10.1016/S0140-6736(14)60686-3.

3. Amirthalingam G, Campbell H, Ribeiro S, Fry NK, Ramsay A, Miller E, et al. 
(2016) Sustained effectiveness of the maternal pertussis immunization program 
in England 3 years following introduction. Clin Infect Dis. 63(suppl 4 ):S236−43.

4. Aoyama T, Murase Y, Gonda T (1988). Type specific efficacy of acellular pertussis 
vaccine. Am J Dis Child. 142(1):40–2. 

5. Aoyama T, Murase Y, Kato M, Iwai H, Iwata T (1989). Efficacy and 
immunogenicity of acellular pertussis vaccine by manufacturer and patient age. 
Am J Dis Child. 143:655–9. 

6. Arciniega JL, Hewlett EL, Johnson FD, Deforest A, Wassilak SG, Onorato IM, 
et al. (1991). Human serologic response to envelope-associated proteins and 
adenylate cyclase toxin to Bordetella pertussis. J Infect Dis. 163:135–42. 

7. Ashworth L AE, Robinson A, Irons LI, Morgan CP, Isaacs D (1983). Antigens 
in whooping cough vaccine and antibody levels induced by vaccination of 
children. Lancet.  2:878–81. 

8. Bailleux F, Coudeville L, Kolenc-Saban A, Bevilacqua J, Barreto L, André P 
(2008). Predicted long-term persistence of pertussis antibodies in adolescents 
after an adolescent and adult formulation combined tetanus-diphtheria- and 
5-component acellular pertussis vaccine, based on mathematical modeling and 
5-years observed data. Vaccine. 26(31):3903–8.

9. Baraff LJ, Leake RD, Burstyn DG, Payne T, Cody CL, Manclark CR, et al. 
(1984). Immunologic response to early and routine DTP immunization in infants.  
Pediatrics. 73:37−42. 

10. Baraff LJ, Manclark CR, Cherry JD, Christenson P, Marcy SM (1989). Analyses 
of adverse reactions to diphtheria and tetanus toxoids and pertussis vaccine by 
vaccine lot, endotoxin content, pertussis vaccine potency and percentage of mouse 
weight gain. Pediatr Infect Dis J. 8:502–7. 

9. References



The Immunological basis for immunization series - Module 4: Pertussis Vaccines 38

11. Barkin RM, Samuelson JS, Gotlin LP (1984). DTP reactions and serologic 
response with a reduced dose schedule. J Pediatr. 105:189–94. 

12. Barkoff AM, Gröndahl-Yli-Hannuksela K, He Q (2015). Seroprevalence 
studies of pertussis: what have we learned from different immunized populations.  
Pathog Dis. 73(7):pii:ftv050. doi:10.1093/femspd/ftv050.

13. Baron S, Njamkepo E, Grimprel E, Begue P, Desenclos JC, Drucker J, et al. 
(1998). Epidemiology of pertussis in French hospitals in 1993 and 1992: thirty 
years after a routine use of vaccination. Pediatr Infect Dis J. 17:412–8.

14. Barreto L, Guasparini R, Meekison W, Young L, Mills E (2007). Humoral 
immunity 5 years after booster immunization with an adolescent and adult 
formulation combined tetanus, diphtheria, and 5-component acellular pertussis 
vaccine. Vaccine. 25:8172–9.

15. Bart MJ, Harris SR, Advani A, Arakawa Y, Bottero D, Bouchez V, et al. (2014).  
Global population structure and evolution of Bordetella pertussis and their 
relationship with vaccination. mBio. 5:e01074. doi:10.1128/mBio.01074-14

16. Baughman AL, Bisgard KM, Edwards KM, Guris D, Decker MD,  Holland K,  
et al. (2004). Establishment of diagnostic cutoff points for levels of serum antibodies 
to pertussis toxin, filamentous haemagglutinin, and fimbriae in adolescents and 
adults in the United States. Clin Diagn Lab Immunol. 11(6):1045–53.

17. Bellalou J, Relyveld EH (1984). Studies on culture of Bordetella pertussis and 
relationship to immunogenicity of vaccines. Ann Microbiol. 135B:101–10.

18. Bentsi-Enchill AD, Halperin SA, Scott J, MacIsaac K, Duclos P (1997). 
Estimates of the effectiveness of a whole-cell pertussis vaccine from an outbreak 
in an immunized population. Vaccine. 15(3):301–6.

19. Bettinger JA, Halperin SA, De Serres G, Scheifele DW, Tam T (2007). The effect 
of changing from whole-cell to acellular pertussis vaccine on the epidemiology 
of hospitalized children with pertussis in Canada. Pediatr Infect Dis J. 26:31–5.

20. Bisgard KM, Rhodes P, Connelly BL, Bi D, Hahn C, Patrick S, et al. (2005). 
Pertussis vaccine effectiveness among children 6–59 months of age in the United 
States, 1998–2001. Pediatrics. 116(2):e285–94.

21. Blackwelder WC et al. (1991). Acellular pertussis vaccines: efficacy and evaluation 
of clinical case definitions. Am J Dis Child. 145:1285–9. 

22. Blennow M, Granstrom M (1989). Sixteen-month follow-up of antibodies to  
pertussis toxin after primary immunization with acellular and whole-cell vaccine. 
Pediatr Infect Dis J. 8:621–5. 

23. Blennow M, Granstrom M (1990). Long-term serologic follow-up after pertussis 
immunization. Pediatr Infect Dis J. 9:21–6. 

24. Blennow M et al. (1988). Protective efficacy of a whole cellpertussisvaccine.  
British Medical Journal, 296:1570–1572. 



39

25. Blumberg DA et al. (1991). Comparison of acellular and whole cell  
pertussis-component diphtheria-tetanus-pertussis vaccines in infants. 
 J Pediatr. 119:194–204. 

26. Blumberg DA, Pineda E, Cherry JD, Caruso A, Scott JV (1992). The agglutinin 
response to whole cell and acellular pertussis vaccines is Bordetella pertussis-strain 
dependent. Am J Dis Child. 146(10):1148–50. 

27. Bouchez V, Brun D, Cantinelli T, Dore G, Njamkepo E, Guiso N (2009).
First report and detailed characterization of B. pertussis isolates not expressing 
pertussis toxin or pertactin. Vaccine. 27(43):6034–41.

28. Bouchez V, Guiso N (2013). Bordetella holmesii: Comparison of two isolates 
from blood and a respiratory sample. Adv Infect Dis. 3:123−33.

29. Breakwell L, Kelso P, Finley C, Schoenfeld S, Goode B, Misegades LK, et al. 
(2016). Pertussis vaccine effectiveness in the setting of pertactin-deficient pertussis.  
Pediatrics. 137: pii:e20153973. doi:10.1542/peds.2015-3973. 

30. Brinig MM, Cummings CA, Sanden GN, Stefanelli P, Lawrence A, Relman DA 
(2006). Significant gene order and expression differences in Bordetella pertussis 
despite limited gene content variation. J Bacteriol. 188(7 ):2375–82.

31. Broutin H, Rohani P, Guégan J, Grenfell B, Simondon F (2004). Loss of 
immunity to pertussis in a rural community in Senegal. Vaccine, 22:594–6.

32. Brummelman J, Wilk MM, Han WG, van Els CA, Mills KH (2015). Roads to  
the development of improved pertussis vaccines paved by immunology.  
Pathog Dis. 73(8):ftv067. doi:10.1093/femspd/ftv067.

33. Burdin N, Handy LK, Plotkin SA (2017). What is wrong with pertussis  
vaccine immunity? The problem of waning effectiveness of pertussis vaccines.  
Cold Spring Harb Perspect Biol. pii:a029454. doi:10.1101/cshperspect.a029454.

34. Burns DL, Hausman SZ, Witvliet MH, Brennan MJ, Poolman JT, Manclark CR 
(1988). Biochemical properties of pertussis toxin. Tokai J Exp Clin Med. 
13(Suppl.):181–5. 

35. Burstyn DG, Baraff LJ, Peppler MS, Leake RD, St Geme Jr J, Manclark CR 
(1983). Serological response to filamentous hemagglutinin and lymphocytosis-
promoting toxin of Bordetella pertussis. Infect Immun. 41:1150–6. 

36. Cagney M, McIntyre PB, Heron L, Giammanco A, MacIntyre CR (2008).  
The relationship between pertussis symptomatology, incidence and serology in 
adolescents. Vaccine. 26:5547–53.

37. Campbell H, Amirthalingam G, Andrews N, Fry NK, George RC, 
Harrison TG, et al. (2012) Accelerating control of pertussis in England and 
Wales. Emerg Infect Dis. 18(1):38–47. doi:10.3201/eid1801.110784.

38. Canadian Immunization Guide. Principles of vaccine interchangeability,  
seventh edition. Ottawa: Public Health Agency of Canada; 2016 (www.phac-aspc.
gc.ca//publicat/cig-gci/p01-06-eng.php, accessed 3 August 2017).

http://www.phac-aspc.gc.ca//publicat/cig-gci/p01-06-eng.php
http://www.phac-aspc.gc.ca//publicat/cig-gci/p01-06-eng.php


The Immunological basis for immunization series - Module 4: Pertussis Vaccines 40

39. Cattaneo LA, Reed GW, Haase DH, Wills MJ, Edwards KM (1996). The 
seroepidemiology of Bordetella pertussis infections: a study in persons ages  
1–65 years. J Infect Dis. 173(5):1256–9.

40. Celko A, Burianová B, Maixnerová M, Stríbrný J, Zikmundová V,  
Zikmund V (1984). Transplacental antibodies. Part I. Maternal antibodies against  
B. pertussis and B. parapertussis. J Hyg Epidemiol Microbiol Immunol. 28:465–9. 

41. Centers for Disease Control (CDC) (1997). Pertussis outbreak Vermont 1996.  
MMWR Morb Mortal Wkly Rep. 46:822–6.

42. Centers for Disease Control (CDC) (2006). Preventing tetanus, diphtheria,  
and pertussis among adults: use of tetanus toxoid, reduced diphtheria toxoid 
and acellular pertussis vaccine: recommendations of the Advisory Committee 
on Immunization Practices (ACIP) and recommendation of ACIP, supported 
by the Healthcare Infection Control Practices Advisory Committee (HICPAC), 
for use of Tdap among health-care personnel. MMWR Morb Mortal Wkly Rep. 
55 (RR-17).

43. Centers for Disease Control (CDC) (2008). Syncope after vaccination —  
United States, January 2005–July 2007. MMWR Morb Mortal Wkly Rep. 
57:457–60.

44. Centers for Disease Control (CDC) (2017). United States immunization schedule 
(https://www.cdc.gov/vaccines/schedules/, accessed 10 August 2017).

45. Chen B-L, Chow C-T, Huang C-T, Wang Y-T, Ko H-H, Huang W-C, et al. 
(1957). Studies on diphtheria-pertussis-tetanus combined immunization in 
children. III. Immune responses after the booster vaccination. J Immunol. 
79(5):393–400. 

46. Cherry JD, Beer T, Chartrand SA, DeVille J, Beer E, Olsen MA, et al. (1995). 
Comparison of values of antibody to Bordetella pertussis antigens in young  
German and American men. Clin Infect Dis. 20:1271–4.

47. Cherry JD, Gornbein J, Heininger U, Stehr K (1998). A search for serologic 
correlates of immunity to Bordetella pertussis cough illnesses. Vaccine. 
16(2):1901–6.

48. Cherry JD, Xing DXL, Newland P, Patel K, Heininger U, Corbel MJ (2004). 
Determination of serum antibody to Bordetella pertussis adenylate cyclase toxin 
in vaccinated and unvaccinated children and in children and adults with pertussis.  
Clin Infect Dis. 38:502–7.

49. Cherry JD, Tan T, Wirsing von König CH, Forsyth KD, Thisyakorn U, 
Greenberg D, et al. (2012) Clinical definitions of pertussis: summary of a 
Global Pertussis Initiative roundtable meeting, February 2011. Clin Infect Dis. 
54:1756–64. doi:10.1093/cid/cis302.

50. Christie CDC, Garrison KM, Kiely L, Gupta RK, Heubi J, Marchan CD  (2001).  
A trial of acellular pertussis vaccine in hospital workers during the Cincinnati 
pertussis epidemic of 1993. Clin Infect Dis. 33(7):997–1003.

https://www.cdc.gov/vaccines/schedules/


41

51. Cohen P, Scadron S (1943). The placental transmission of protective antibodies 
against whooping cough. JAMA. 121:656–62. 

52. Dabrera G, Amirthalingam G, Andrews N, Campbell H, Ribeiro S, Kara E, et al.  
(2015). A case-control study to estimate the effectiveness of maternal pertussis 
vaccination in protecting newborn infants in England and Wales, 2012−2013.  
Clin Infect Dis. 60(3):333−7. doi:10.1093/cid/ciu821.

53. Dalby T, Sorensen C, Petersen JW, Krogfelt KA. (2010). Pertussis serology: 
assessment of IgG anti-PT ELISA for replacement of the CHO cell assay. APMIS. 
118(12):968−72. doi:10.1111/j.1600-0463.2010.02664.x.

54. Decker MD, Edwards KM, editors (1995). Report of the nationwide multicenter 
acellular pertussis trial. Pediatrics. 96:547–603.

55. Decker MD, Edwards KM, Bogaerts HH (2013). Combination vaccines.  
In: Plotkin SA, Orenstein WA, Offit PA, editors. Vaccines, 6th ed. Philadelphia: 
WB Saunders; 981−1007.

56. Deen JL, Mink CA, Cherry JD, Christenson PD, Pineda EF, Lewis K, 
et al. (1995). Household contact study of Bordetella pertussis infections.  
Clin Infect Dis. 21(5):1211–9.

57. De Melker HE, Versteegh FG, Conyn-Van Spaendonck MA, Elvers LH, 
Berbers GA, van Der Zee A, et al. (2000). Specificity and sensitivity of high levels 
of immunoglobulin G antibodies to pertussis toxin in a single serum sample for 
diagnosis of infection with Bordetella pertussis. J Clin Microbiol. 38(2):800–6.

58. De Melker HE et al. (2000a). Re-emergence of pertussis in the highly vaccinated 
population of the Netherlands: observation on surveillance data. Emerg Infect 
Dis. 6(4):348–57.

59. Diavatopoulos DA, Cummings CA, Schouls LM, Brinig MM, Relman DA, 
Mooi FR (2005) Bordetella pertussis, the causative agent of whooping cough, 
evolved from a distinct, human-associated lineage of B. bronchiseptica.  
pLoS Pathog. 1(4):e45.

60. Diavatopoulos DA, Edwards KM. What is wrong with pertussis vaccine 
immunity? Why immunological memory to pertussis is failing. Cold Spring Harb 
Perspect Biol. doi:10.1101/cshperspect.a029553. 

61. Eberhardt CS, Siegrist CA. What is wrong with pertussis vaccine immunity?  
Inducing and recalling vaccine-specific immunity. Cold Spring Harb Perspect 
Biol. doi:10.1101/cshperspect.a029629

62. Edelman KJ, He Q, Makinen JP, Haanpera MS, Tran Minh NN, Schuerman L, 
et al. (2004). Pertussis-specific cell-mediated and humoral immunity in adolescents 
3 years after booster immunization with acellular pertussis vaccine. Clin Infect 
Dis. 39:179–85.

63. Edelman K, He Q, Mäkinen J, Sahlberg A, Haanperä M, Schuerman L, et al. 
(2007). Immunity to pertussis 5 years after booster immunization during 
adolescence. Clin Infect Dis. 44(10):1271–7.



The Immunological basis for immunization series - Module 4: Pertussis Vaccines 42

64. Edwards KM (2003). Pertussis: an important target for maternal immunization.  
Vaccine. 21:3483–6.

65. Edwards KM, Decker MJ (2013). Pertussis vaccines. In: Plotkin SA, Orenstein WA, 
Offit PA, editors. Vaccines, 6th ed. Philadelphia: WB Saunders:447−92.

66. Edwards KM, Decker MD, Bradley RB, Taylor JC, Hager CC (1991a). Booster 
response to acellular pertussis vaccine in children primed with acellular or whole 
cell vaccines. Pediatr Infect Dis J. 10:315–8. 

67. Edwards KM, Decker MD, Halsey NA, Koblin BA, Townsend T, Auerbach B, 
et al. (1991). Differences in antibody response to whole cell pertussis vaccines.  
Pediatrics. 88(5):1019.

68. Edwards KM, Meade BD, Decker MD, Reed GF, Rennels MB, Steinhoff MC,  
et al. (1995). Comparison of 13 acellular pertussis vaccines: overview and serologic  
response. Pediatrics. 96:548–57.

69. Elliott E, McIntyre P, Ridley G, Morris A, Massie J, McEniery J, et al. (2004).  
National study of infants hospitalized with pertussis in the acellular era.  
Pediatr Infect Dis J. 23:246–52.

70. European Centre for Disease Prevention and Control, ECDC (2017).  
Vaccination schedules in EU countries (http://vaccine-schedule.ecdc.europa.eu/
Pages/Scheduler.aspx, accessed 10 March 2017).

71. Farfel Z, Konen S, Wiertz E, Klapmuts R, Addy PA-K, Hanski E (1990). 
Antibodies to Bordetella pertussis adenylate cyclase are produced in man during 
pertussis infection and after vaccination. J Med Microbiol. 32:173–7. 

72. Fedele G, Cassone A, Ausiello CM (2015). T-cell immune responses to Bordetella 
pertussis infection and vaccination. Pathog Dis. 73:pii:ftv051. doi:10.1093/femspd/
ftv051.

73. Findlow H, Borrow R (2016). Interactions of conjugate vaccines and co-
administered vaccines. Hum Vaccin Immunother. 12:226–30. doi:10.1080/2164
5515.2015.1091908.

74. Fine PEM, Clarkson JA (1987). Reflections on the efficacy of pertussis vaccines.  
Rev Infect Dis. 9:866–83. 

75. Flak TA, Goldman WE (1999). Signalling and cellular specificity of airway nitric 
oxide production in pertussis. Cell Microbiol. 1:51–60.

76. Galazka A (1992). Control of pertussis in the world. World Health Statistics 
Quarterly, 45:238–47. 

77. Ghanaie RM, Karimi A, Sadeghi H, Esteghamti A, Falah F, Armin S, et al. (2010) 
Sensitivity and specificity of the World Health Organization pertussis clinical 
case definition. Int J Infect Dis. 14(12):e1072–5. doi:10.1016/j.ijid.2010.07.005.

78. Giammanco A, Taormina S, Chiarini A, Dardanoni G, Stefanelli P, Salmaso S, 
et al. (2003). Analogous IgG subclass response to pertussis toxin in vaccinated 
children, healthy or affected by whooping cough. Vaccine. 21:1924–31.

http://vaccine-schedule.ecdc.europa.eu/Pages/Scheduler.aspx
http://vaccine-schedule.ecdc.europa.eu/Pages/Scheduler.aspx


43

79. Giammanco A, Nardone A, Pebody R, Kafatos G, Andrews N, Chiarini A, 
et al. (2008). European Sero-Epidemiology Network 2: standardization of 
immunoassay results for pertussis requires homogeneity of antigenic preparations. 
Vaccine. 26:4486–93.

80. Gillenius P, Jäätmaa E, Askelöf P, Granström M, Tiru M (1985). The 
standardization of an assay for pertussis toxin and antitoxin in microplate culture 
of Chinese hamster ovary cells. J Biol Stand. 13:61–6. 

81. Giuliano M, Mastrantonio P, Giammanco A, Piscitelli A, Salmaso S, 
Wassilak SG (1998). Antibody responses and persistence in the two years after 
immunization with two acellular vaccines and one whole-cell vaccine against 
pertussis. J Pediatr. 132(6):983–8. 

82. Gordon J, Hood R (1951). Whooping cough and its epidemiological anomalies.  
Am J Med Sci. 222:333–61.

83. Granström G, Wretlind B, Salenstedt C-R, Granström M (1988).  
Evaluation of serologic assays for diagnosis of whooping cough.  
J Clin Microbiol. 26:1818–23.

84. Granström M, Granström G, Lindfors A, Askelöf P (1982). Serological 
diagnosis of whooping cough by an enzyme-linked immunosorbent assay using 
fimbrial hemagglutinin as antigen. J Infect Dis. 146(6):741–5. 

85. Granström M, Granström G, Gillenius P, Askelöf P (1985). Neutralizing 
antibodies to pertussis toxin in whooping cough. J Infect Dis. 151(4):646–9. 

86. Greco D, Salmaso S, Mastrantonio P, Giuliano M, Tozzi AE, Anemona A,  
et al. (1996). A controlled trial of two acellular vaccines and on whole-cell vaccine 
against pertussis. N Engl J Med. 334(6):341–8.

87. Greenberg DP, Pickering LK, Senders SD, Bissey JD, Howard RA, Blatter MM, 
et al. (2002). Interchangeability of 2 diphtheria-tetanus-acellular pertussis vaccines 
in infancy. Pediatrics. 109(4):666–72.

88. Griffiths E (1988). Efficacy of whole cell pertussis vaccine. In: Wardlaw AC, 
Parton R, editors. Pathogenesis and immunity in pertussis. New York: J Wiley 
& Sons:353–74. 

89. Grimprel E, Begue P, Anjak I, Njamkepo E, Francois P, Guiso N (1996).  
Long-term human serum antibody responses after immunization with whole-cell 
vaccine in France. Clin Diagn Lab Immunol. 3:93–7.

90. Gross R, Guzman CA, Sebaihia M, Martins dos Santos VAP, Pieper DH, 
Koebnik R, et al. (2008). The missing link: Bordetella petrii is endowed with 
both the metabolic versatility of environmental bacteria and virulence traits of 
pathogenic Bordetellae. BMC Genomics. 9:449. doi:10.1186/1471-2164-9-449.

91. Guiso N, Grimprel E, Anjak I, Bégué P (1993). Western blot analysis of antibody 
responses of young infants to pertussis infection. Eur J Clin Microbiol Infect 
Dis. 12:596–600.



The Immunological basis for immunization series - Module 4: Pertussis Vaccines 44

92. Guiso N, Njamkepo E, Vie le Sage F, Zepp F, Meyer CU, Abitbol V, et al. 
(2007). Long-term humoral and cell-mediated immunity after acellular pertussis 
vaccination compares favourably with whole-cell vaccines 6 years after booster 
vaccination in the second year of life. Vaccine. 2 5:1390–7.

93. Guiso N, de La Rocque F, Njamkepo E, Lécuyer A, Levy C, Romain O, et al. 
(2008). Pertussis surveillance in private pediatric practices, France, 2002–2006. 
Emerg Infect Dis.14:1159–61. doi:10.3201/eid1407.071246.

94. Guiso N, Berbers G, Fry NK, He Q, Riffelmann M, Wirsing von König CH 
(2011). What to do and what not to do in serological diagnosis of pertussis: 
recommendations from EU reference laboratories. Eur J Clin Microbiol Infect 
Dis. 30(3):307–12. doi:10.1007/s10096-010-1104-y.

95. Guiso N, Wirsing von König CH. 2016. Surveillance of pertussis: methods and 
implementation. Expert Rev Anti Infect Ther. 14:657–67. doi:10.1080/1478721
0.2016.1190272.

96. Gustaffson L, Hallander HO, Olin P, Reizenstein E, Storsaeter J (1996).  
A controlled trial of a two-component, a five-component accelular, and a whole-
cell pertussis vaccine. N Engl J Med. 334(6):349–55.

97. Gustafsson L, Hessel L, Storsaeter J, Olin P (2005). Long-term follow-up of 
Swedish children vaccinated with acellular pertussis vaccines at 3, 5, and 12 months 
of age indicates the need for a booster dose at 5 to 7 years of age. Pediatrics. 
188(3):978–84.

98. Hallander H, Gustafsson L, Ljungman M, Storsaeter J (2005). Pertussis 
antitoxin decay after vaccination with dTaP. Response to a first booster dose 
3½–6½ years after the third vaccine dose. Vaccine. 23:5359–64.

99. Hallander H, Advani A, Riffelmann M, von König CH, Caro V, Guiso N,  
et al. (2007). Bordetella pertussis strains circulating in Europe in 1999 to 2004 as 
determined by pulsed-field gel electrophoresis. J Clin Microbiol. 45(10):3257–62.

100. Halperin SA (2007). The control of pertussis — 2007 and beyond. N Engl  
J Med. 356:110–3.

101. Halperin SA, Tapiero B, Law B, Diaz-Mitoma F, Duval B, Langley JM, et al. 
(2006). Interchangeability of two diphtheria and tetanus toxoids, acellular 
pertussis, inactivated poliovirus, Haemophilus influenzae type B conjugate 
vaccines as a fourth dose in 16–20 month-old toddlers. Vaccine. 24:4017–23.

102. Halsey N, Galazka A (1985). The efficacy of DPT and oral poliomyelitis 
immunization schedules initiated from birth to 12 weeks of age. Bull World 
Health Organ. 63:1151–69. 

103. Han WG, Helm K, Poelen MM, Otten HG, van Els CA (2015). Ex vivo peptide-
MHC II tetramer analysis reveals distinct end-differentiation patterns of human 
pertussis-specific CD4(+) T cells following clinical infection. Clin Immunol. 
157(2 ):205–15. doi:10.1016/j.clim.2015.02.009. 



45

104. Happe LE, Lunacsek OE, Kruzikas DT, Marshall GS (2009). Impact of a pentavalent 
combination vaccine on immunization timeliness in a state Medicaid population.  
Pediatr Infect Dis J. 28:98–101.

105. Harvill ET, Goodfield LL, Ivanov Y, Smallridge WE, Meyer JA, Cassiday PK,  
et al. (2014). Genome sequences of nine Bordetella holmesii strains isolated in 
the United States. Genome Announc. 2(3):e00438–14

106. He Q, Viljanen MK, Ölander R-M, Bogaerts H, De Grave D, Ruuskanen O, 
et al. (1994). Antibodies to filamentous hemagglutinin of Bordetella pertussis and 
protection against whooping cough in schoolchildren. J Infect Dis. 170:705–8.

107. He Q, Edelman K, Arvilommi H, Mertsola J (1996a). Protective role of 
immunoglobulin G antibodies to filamentous haemagglutinin and pertactin of 
Bordetella pertussis in Bordetella parapertussis infection. Eur J Clin Microbiol 
Infect Dis. 1 5:793–8.

108. He Q, Schmidt-Schläpfer G, Just M, Matter HC, Nikkari S, Viljanen MK, et al. 
(1996b). Impact of polymerase chain reaction on clinical pertussis research. 
Finnish and Swiss experiences. J Infect Dis. 174(6 ):1288–95.

109. He Q, Tran Minh NN, Edelman K, Viljanen MK, Arvilommi H, Mertsola J 
et al. (1998). Cytokine mRNA expression and proliferative responses induced by 
pertussis toxin, filamentous hemagglutinin, and pertactin of Bordetella pertussis in 
the peripheral blood mononuclear cells of infected and immunized schoolchildren 
and adults. Infect Immun. 66(8):3796–801.

110. He Q, Mäkinen J, Berbers G, Mooi FR, Viljanen MK, Arvilommi H, et al. 
(2003). Bordetella pertussis protein pertactin induces type-specific antibodies: 
one possible explanation for the emergence of antigenic variants? J Infect Dis. 
187(8):1200–5.

111. Healy MC, Munoz FM, Rench MA, Halasa NB, Edwards KM, Baker CJ (2004). 
Prevalence of pertussis antibodies in maternal delivery, cord, and infant serum.  
J Infect Dis. 190(2):335–40.

112. Hedenskog S, Björkstén B, Blennow M, Granström G, Granström M (1989). 
Immunoglobulin E response to pertussis toxin in whooping cough and after 
immunization with a whole-cell and an acellular pertussis vaccine. Int Arch 
Allergy Appl Immunol. 89:156–61.

113. Hegerle N, Dore G, Guiso N (2014). Pertactin deficient Bordetella pertussis  
present a better fitness in mice immunized with an acellular pertussis vaccine.  
Vaccine. 32:6597–600. doi:10.1016/j.vaccine.2014.09.068.

114. Hegerle N, Guiso N (2014). Bordetella pertussis and pertactin-deficient  
clinical isolates: lessons for pertussis vaccines. Expert Rev Vaccines. 13:1135–46.  
doi:10.1586/14760584.2014.932254.

115. Heininger U, Chery JD, Stehr C (2004). Serologic response and antibody-titer 
decay in adults with pertussis. Clin Infect Dis. 38:591–4.



The Immunological basis for immunization series - Module 4: Pertussis Vaccines 46

116. Heininger U, Riffelmann M, Leineweber B, Wirsing von Koenig CH (2009). 
Immunoglobulin G antibodies against Bordetella pertussis antigens in preterm 
and full term newborns. Pediatr Infect Dis J. 28:443–5.

117. Hendrikx LH, Schure RM, Ozturk K, de Rond LG, de Greeff SC, Sanders EA, 
et al. (2011). Different IgG-subclass distributions after whole-cell and acellular  
pertussis infant primary vaccinations in healthy and pertussis infected children.  
Vaccine. 29:6874–80. doi:10.1016/j.vaccine.2011.07.055

118. Hewlett EL, Donato GM, Gray MC (2006). Macrophage cytotoxicity produced  
by adenylate cyclase toxin from Bordetella pertussis: more than just making AMP.  
Mol Microbiol. 59:447–59.

119. Higa F, Haranaga S, Tateyama M, Hibiya K, Yamashiro T, Nakamatsu M, et al. 
(2008). Assessment of serum anti-Bordetella pertussis antibody titers among 
medical staff members. Jpn J Infect Dis. 61(5):371–4.

120. Higgs R, Higgins SC, Ross PJ, Mills KHG (2012). Immunity to the respiratory 
pathogen Bordetella pertussis. Mucosal Immunol. 5:485–500. doi:10.1038/
mi.2012.54.

121. Hijnen M, He Q, Schepp R, van Gageldonk P, MertsolaJ, Mooi FR, et al. (2008). 
Antibody responses to defined regions of the Bordetella pertussis virulence factor 
pertactin. Scand J Infect Dis. 40:92–104.

122. Hodder SL, Cherry JD, Mortimer Jr EA, Ford AB, Gornbein J, Papp K, 
et al. (2000). Antibody responses to Bordetella pertussis antigens and clinical 
correlations in elderly community residents. Clin Infect Dis. 31(1):7–14.

123. Holt PG, Snelling T, White OJ, Sly PD, DeKlerk N, Carapetis J, et al. (2016).  
Transiently increased IgE responses in infants and pre-schoolers receiving only 
acellular Diphtheria-Pertussis-Tetanus (DTaP) vaccines compared to those initially 
receiving at least one dose of cellular vaccine (DTwP) – Immunological curiosity 
or canary in the mine? Vaccine. 34:4257–62. doi:10.1016/j.vaccine.2016.05.048.

124. Horby P, Macintyre CR, McIntyre PB, Gilbert GL, Staff M, Hanlon M et al. 
(2005). A boarding school outbreak of pertussis in adolescents: value of laboratory 
diagnostic methods. Epidemiol Infectn. 133:229–36.

125. Huovila R, Kuronen T, Jännes L, Hallman N (1982). Agglutinins in children 
vaccinated with the DPT vaccines used in Finland, serotypes of Bordetella 
pertussis strains isolated during whooping cough epidemics in 1976–1977 and 
whooping cough attack rate in children in the epidemic areas. Acta Paediatr 
Scand. 298(Suppl):21–5. 

126. Hviid A (2009). Effectiveness of two pertussis vaccines in preterm Danish 
children. Vaccine. 27:3035–3038.

127. Ibsen P, Moller S, Heron I (1988). Lipopolysaccharides in a traditional pertussis 
vaccine. J Biol Stand. 16:299–309.

128. Izurieta HS, Kenyon TA, Strebel PM, Baughman AL, Shulman ST, Wharton M 
(1996). Risk factors for pertussis in young infants during an outbreak in Chicago in  
1993. Clin Infect Dis. 22: 503–7



47

129. Jenkinson D (1988). Duration of effectiveness of pertussis vaccine: evidence from a  
10 year community study. BMJ. 296:612–4. 

130. Juretzko P, von Kries R, Hermann M, Wirsing von König CH, Weil J, Giani G 
(2002). Effectiveness of acellular pertussis vaccine assessed by hospital-based 
active surveillance in Germany. Clin Infect Dis. 35:162–7.

131. Kalies H, Verstraeten T, Grote V, Meyer N, Siedler A, Schmitt HJ, et al. (2004).  
Four and one-half-year follow up of the effectiveness of diphtheria-tetanus-
toxoids-acellular-pertussis/Haemophilus influenzae type b and diphtheria-
tetanus-toxoids-acellular-pertussis-inactivated-poliovirus/H. influenzae type b 
combination vaccines in Germany. Pediatr Infect Dis J. 23:944–50.

132. Kalies H, Grote V, Verstraeten T, Hessel L, Schmitt HJ, von Kries R (2006).  
The use of combination vaccines has improved timeliness of vaccination in 
children. Pediatr Infect Dis J. 25(6):507–12.

133. Kassim OO, Raphael DH, Ako-Nai AK, Taiwo O, Torimiro SE, Afolabi OO 
(1989). Class-specific antibodies to Bordetella pertussis, Haemophilus influenzae 
type b, Streptococcus pneumoniae and Neisseria meningitidis in human breast-
milk and maternal-infant sera. Ann Trop Paediatr. 9:226–32. 

134. Keitel WA (1999). Cellular and acellular pertussis vaccines in adults. Clin Infect 
Dis. 28:S118–23.

135. Kendrick PL, Eldering G, Dixon MK, Misner J (1947). Mouse protection tests 
in the study of pertussis vaccine: a comparative series using the intracerebral route 
for challenge. Am J Public Health Nations Health. 37:803–10.

136. Kennerknecht N, Riffelmann M, Schmetz J, Wirsing von König CH (2011) 
Comparison of commercially available immunoblot assays measuring IgG and 
IgA antibodies to Bordetella pertussis antigens. Eur J Clin Microbiol Infect Dis. 
30(12):1531–5. doi:10.1007/s10096-011-1256-4

137. Kenyon TA, Izurieta H, Shulman ST, Rosenfeld E, Miller M, Daum R, et al. 
(1996). Large outbreak of pertussis among young children in Chicago, 1993: 
investigation of potential contributing factors and estimation of vaccine 
effectiveness. Pediatr Infect Dis J. 15(8):655–61.

138. Kerr JR, Matthews RC (2000). Bordetella pertussis infection: pathogenesis, 
diagnosis, management, and the role of protective immunity. Eur J Clin Microbiol 
Infect Dis. 19:77–88.

139. Kimura M, Kuno-Sakai H (1990). Developments in pertussis immunization in 
Japan. Lancet. 336:30–2. 

140. King AJ, van Gorkom T, Pennings JLA, van der Heide HGJ, He Q,  
Diavatopoulos D, et al. (2008). Comparative genomic profiling of Dutch clinical 
Bordetella pertussis isolates using DNA microarrays: identification of genes 
absent from epidemic strains. BMC Genomics. 9:311.

141. Kirkland KB, Talbot EA, Decker MD, Edwards KM (2009). Kinetics of pertussis 
immune responses to tetanus-diphtheria-acellular pertussis vaccine in health-care 
personnel: implications for outbreak control. Clin Infect Dis. 49(4):584–7.



The Immunological basis for immunization series - Module 4: Pertussis Vaccines 48

142. Klein NP, Bartlett J, Rowhani-Rahbar A, Fireman B, Baxter R (2012)  
Waning protection after fifth dose of acellular pertussis vaccine in children.  
N Engl J Med. 367(11):1012–9. doi:10.1056/NEJMoa1200850.

143. Knuf M, Zepp F, Meyer C, Grzegowski E, Wolter J, Riffelmann M, et al. (2006). 
Immunogenicity of a single dose of reduced-antigen acellular pertussis vaccine 
in a non-vaccinated adolescent population. Vaccine. 24(12):2043–8.

144. Kudelski Z, Adonajlo A, Mackiewicz I (1978). A search for new strains of 
Bordetella pertussis for vaccine production. Med Dosw Mikrobiol. 30:213–20. 

145. Lau R (1989). Pertussis (whooping cough) toxin and Bordetella pertussis whole-
cell antibody levels in a healthy New Zealand population. N Z Med J. 102:560–2. 

146. Le T, Cherry JD, Chang SJ, Knoll MD, Lee ML, Barenkamp S, et al. (2004).  
Immune responses and antibody decay after immunization of adolescents 
and adults with an acellular pertussis vaccine: the APERT Study. J Infect Dis. 
190(3):535–44.

147. Lee HJ, Choi JH (2017) Tetanus-diphtheria-acellular pertussis vaccination for 
adults: an update. Clin Exp Vaccine Res. 6:22–30. doi:10.7774/cevr.2017.6.1.22. 

148. Linz B, Ivanov YV, Preston A, Brinkac L, Parkhill J, Kim M, et al. (2016).  
Acquisition and loss of virulence-associated factors during genome evolution 
and speciation in three clades of Bordetella species. BMC Genomics. 17(1):767.

149. Litt DJ, Samuel D, Duncan J, Harnden A, George RC, Harrison TG (2006).  
Detection of anti-pertussis toxin IgG in oral fluids for use in diagnosis  
and surveillance of Bordetella pertussis infection in children and young adults. 
J Med Microbiol. 55:1223–8.

150. Lugauer S, Heininger U, Cherry JD, Stehr K (2002). Long-term clinical 
effectiveness of an acellular pertussis component vaccine and a whole-cell pertussis 
component vaccine. Eur J Pediatr. 161(3):142–6.

151. Lynn F, Reed GF, Meade BD (1996). Collaborative study for the evaluation of  
enzyme-linked immunosorbent assays used to measure human antibodies to 
Bordetella pertussis antigens. Clin Diagn Lab Immunol. 3:689–700.

152. Mahon BE, Shea KM, Dougherty NN, Loughlin AM (2008). Implications for  
registry-based vaccine effectiveness studies from an evaluation of an immunization 
registry: a cross-sectional study. BMC Public Health. 8:160.

153. Maixnerova M, Buriánová B, Teplý V, Pecenka J, Serý V, Jezek Z (1979).  
Immunological surveys of antibodies against B. pertussis and B. parapertussis 
in some African and Asian countries. J Hyg Epidemiol Microbiol Immunol 
23(2):201–11. 

154. Marchant CD, Loughlin AM, Lett SM, Todd CW, Wetterlow LH, Bicchieri R, 
et al. (1994). Pertussis in Massachusetts, 1981–1991: incidence, serologic diagnosis 
and vaccine effectiveness. J Infect Dis. 169(6):1297–305.



49

155. Martin SW et al. (2015) Pertactin-negative Bordetella pertussis strains: evidence 
for a possible selective advantage. Clin Infect Dis. 60:223-7. doi:10.1093/cid/
ciu788.

156. McIntyre P, Turnbull FM, Egan AM, Burgess MA, Wolter JM, Schuerman LM 
(2004). High levels of antibody in adults three years after vaccination with a 
reduced content diphtheria-tetanus-acellular pertussis vaccine. Vaccine. 23:380–5.

157. Medical Research Council (MRC) (1959). Vaccination against whooping cough:  
the final report to the Whooping Cough Immunization Committee of the  
Medical Research Council and to the Medical Officers of Health for Battersea 
and Wandsworth, Bradford, Liverpool, and Newcastle. BMJ. 1:994–1000. 

158. Melvin JA, Scheller EV, Miller JF, Cotter PA (2014). Bordetella pertussis  
pathogenesis: current and future challenges. Nat Rev Microbiol. 12(4):274–88. 
doi:10.1038/nrmicro3235

159. Mertens PL, Stals FS, Steyerberg EW, Richardus JH (2007). Sensitivity and  
specificity of single IgA and IgG antibody concentrations for early diagnosis 
of pertussis in adults: an evaluation for outbreak management in public health 
practice. BMC Infectious Diseases. 7:53.

160. Mertsola J, Ruuskanen O, Kuronen T, Viljanen MK (1983). Serologic diagnosis 
of pertussis: comparison of enzyme-linked immunosorbent assay and bacterial 
agglutination. J Infect Dis. 147(2):252–7. 

161. Miller E, Gay NJ (1997). Epidemiological determinants of pertussis. Dev Biol 
Stand. 89:15–23.

162. Miller JJ, Silverberg RJ, Saito TM, Humber JB (1943). An agglutinative  
reaction for Hemophilus pertussis. I. Persistence of agglutinins after vaccine.  
J Pediatr. 22(6):637–43. 

163. Mills KH, Gerdts V (2014). Mouse and pig models for studies of natural  
and vaccine-induced immunity to Bordetella pertussis. J Infect Dis. 209 
(Suppl 1):S16–9. doi:10.1093/infdis/jit488.

164. Misegades LK, Winter K, Harriman K, Talarico J, Messonnier NE, Clark TA,  
et al. (2012). Association of childhood pertussis with receipt of 5 doses of pertussis 
vaccine by time since last vaccine dose, California, 2010. JAMA. 308(20):2126–32. 
doi:10.1001/JAMA.2012.14939.

165. Mooi FR, de Greef SC (2007). The case for maternal vaccination against pertussis. 
Lancet Infect Dis. 7:214–5.

166. Mooi FR, van Loo IH, King AJ (2001). Adaption of Bordetella pertussis to 
vaccination: a cause for its re-emergence? Emerg Infect Dis. 7:526–8.

167. Mooi FR, van Loo IHM, van Gent M, He Q, Bart MJ, Heuvelman KJ, et al. 
(2009). Bordetella pertussis strains with increased toxin production associated 
with pertussis resurgence. Emerg Infect Dis. 15(8):1206–13



The Immunological basis for immunization series - Module 4: Pertussis Vaccines 50

168. Morgan CM, Blumberg DA, Cherry JD, Reisinger KS, Blatter MM, Blumer JL, et al. 
(1990). Comparison of acellular and whole cell pertussis-component DTP vaccines.  
A multicenter double-blind study in 4- to 6-year-old children. Am J Dis Child. 
144(1):41–5. 

169. Mortimer EA, Kimura M, Cherry JD, Kuno-Sakai H, Stout MG, Dekker CL, 
et al. (1990). Protective efficacy of the Takeda acellular pertussis vaccine combined 
with diphtheria and tetanus toxoids following household exposure of Japanese 
children. Am J Dis Child. 144(8):899–904. 

170. Nagel J, Poot-Scholtens E (1983). Serum IgA antibody to Bordetella pertussis 
as an indicator of infection. J Med Microbiol. 16:417–26. 

171. National Advisory Committee on Immunization (NACI) (2005).  
Interchangeability of diphtheria, tetanus, acellular pertussis, Haemophilus 
influenzae type B combination vaccines presently approved for use in Canada 
for children <7 years of age. Ottawa: Canada Communicable Disease Report 
Relevé des maladies transmissibles au Canada:31:1–10.

172. Nguyen AW, Wagner EK, Posada L, Liu X, Connelly S, Papin JF, et al. (2017).  
Prior exposure to Bordetella species as an exclusion criterion in the baboon model 
of pertussis. J Vet Med Sci. 79(1):60–4.

173. Oda M, Cowell JL, Burstyn DG, Thaib S, Manclark CR (1985). Antibodies to  
Bordetella pertussis in human colostrum and their protective activity against 
aerosol infection of mice. Infect Immun. 47(2):441–5. 

174. Olin P, Rasmussen F, Gustafsson L, Hallander HO, Heijbel H (1997).  
Randomised controlled trial of two-component, three-component, and five-
component acellular pertussis vaccines compared with whole-cell pertussis vaccine. 
Ad Hoc group for the Study of Pertussis Vaccines. Lancet. 350(9091):1569–77

175. Onorato I, Wassilak S (1987). Laboratory diagnosis of pertussis: the state of the 
art. Pediatr Infect Dis J. 6:145–51. 

176. Onorato I, Wassilak SG, Meade B (1992). Efficacy of whole-cell pertussis vaccine 
in preschool children in the United States. JAMA. 267:2745–9.

177. Pandolfi E, Gesualdo F, Carloni E, Villani A, Midulla F, Carsetti R, et al. (2017).  
Does breastfeeding protect young infants from pertussis? Case-control  
study and immunologic evaluation. Pediatr Infect Dis J. 36(3):e48–53.  
doi:10.1097/INF.0000000000001418.

178. Park WB, Park SW, Kim HB, Kim EC, Oh M, Choe KW (2005). Pertussis in 
adults with persistent cough in South Korea. Eur J Clin Microbiol Infect Dis. 
24:156–8.

179. Parkhill J, Sebaihia M, Preston A, Murphy LD, Thomson N, Harris DE, et al. 
(2003). Comparative analysis of the genome of Bordetella pertussis, Bordetella 
parapertussis and Bordetella bronchiseptica. Nat Genet. 35(1):32–40.



51

180. Patriarca PA, Biellik RJ, Sanden G, Burstyn DG, Mitchell PD, Silverman PR,  
et al. (1998). Sensitivity and specificity of clinical case definitions of pertussis.  
Am J Public Health. 78(7):833–6.

181. Pebody RG, Gay NJ, Giammanco A, Baron S, Schellekens J, Tischer A, et al. 
(2005). The seroepidemiology of Bordetella pertussis infection in Western Europe.  
Epidemiol Infect. 133(1):159–71.

182. Pickering JW, Martins TB, Schroder MC, Hill HR (2002). Comparison of a  
multiplex flow cytometric assay with enzyme-linked immunosorbent assay for 
quantification of antibodies to tetanus, diphtheria, and Haemophilus influenzae  
Type b. Clin Diagn Lab Immunol. 9(4):872–6.

183. Pichichero ME, Badgett JT, Rodgers GC Jr, McLinn S, Trevino-Scatterday B, 
Nelson JD (1987). Acellular pertussis vaccine; immunogenicity and safety of an 
acellular pertussis versus a whole cell pertussis vaccine combined with diphtheria 
and tetanus toxoids as a booster in 18- to 24-month old children. Pediatr Infect 
Dis J. 6(4):352–63. 

184. Pittman M (1979). Pertussis toxin: the cause of harmful effects and prolonged 
immunity of whooping cough. A hypothesis. Rev Infect Dis. 1:401–12. 

185. Plans P, Jansà J, Doshi N, Harrison TG, Plasència A (2008). Prevalence of  
pertussis antibodies in umbilical cord blood samples in Catalonia, Spain.  
Pediatr Infect Dis J. 27(11):1023–5.

186. Plotkin SA (2013) Complex correlates of protection after vaccination.  
Clin Infect Dis. 56(10):1458–65. doi:10.1093/cid/cit048.

187. Preziosi MP, Halloran ME (2003). Effects of pertussis vaccination on diseases:  
vaccine efficacy in reducing clinical severity. Clin Infect Dis. 37:772–9.

188. Prince HE, Lapé-Nixon M, Matud J (2006). Evaluation of a tetraplex microsphere 
assay for Bordetella pertussis antibodies. Clin Vaccine Immunol. 13:266–70.

189. Provenzano RW, Wetterlow LH, Sullivan CL (1965). Immunization and 
antibody response in the newborn infant: pertussis inoculation within twenty 
four hours of birth. N Engl J Med. 273:959–61. 

190. Public Health England: Haemophilus influenza: Laboratory reports by age 
group and serotype 2015 (https://www.gov.uk/government/publications/
haemophilus-influenzae-laboratory-reports-by-age-group-and-serotype-2015, 
accessed 27 August 2017)

191. Quinn HE, McIntyre PB, Backhouse JL, Gidding HF, Brotherton J, Gilbert GL 
(2010). The utility of seroepidemiology for tracking trends in pertussis infection.  
Epidemiol Infect. 138(3):426–33. doi:10.1017/S0950268809990707.

192. Quinn HE, Snelling TL, Macartney KK, McIntyre PB (2014). Duration of 
protection after first dose of acellular pertussis vaccine in infants. Pediatrics. 
133(3):e513–9.

https://www.gov.uk/government/publications/haemophilus-influenzae-laboratory-reports-by-age-group-and-serotype-2015
https://www.gov.uk/government/publications/haemophilus-influenzae-laboratory-reports-by-age-group-and-serotype-2015


The Immunological basis for immunization series - Module 4: Pertussis Vaccines 52

193. Rank C, Quinn HE, McIntyre PB (2009). Pertussis vaccine effectiveness after 
mass immunization of high-school students in Australia. Pediatr Infect Dis J. 
28:152–3.

194. Radke S, Petousis-Harris H, Watson D, Gentles D, Turner N (2017).  
Age-specific effectiveness following each dose of acellular pertussis vaccine 
among infants and children in New Zealand. Vaccine. 35:177–83. doi:10.1016/j.
vaccine.2016.11.004.

195. Redd SC, Rumschlag HS, Biellik RJ, Sanden GN, Reimer CB, Cohen ML (1988). 
Immunoblot analysis of humoral immune responses following infection with  
Bordetella pertussis or immunization with diphtheria-tetanus-pertussis vaccine.  
J Clin Microbiol. 26(7):1373–7.

196. Reder S, Riffelmann M, Becker C, Wirsing von König CH (2008).  
Measuring Immunoglobulin G antibodies to tetanus toxin, diphtheria toxin, and 
pertussis toxin with single-antigen enzyme linked immunosorbent assays and a 
bead-based multiplex assay. Clin Vaccine Immunol. 15(5):744–9.

197. Relyveld E, Oato NH, Guérin N, Coursaget P, Huet M, Gupta RK (1991).  
Determination of circulating antibodies directed to pertussis toxin and of 
agglutinogens in children vaccinated with either the whole cell or component 
pertussis vaccine in France, Japan and Senegal. Vaccine. 9(11):843–50. 

198. Rendi-Wagner P, Kundi M, Mikolasek A, Vécsei A, Frühwirth M, Kollaritsch H 
(2006). Hospital-based active surveillance of childhood pertussis in Austria from 
1996–2003: estimates on incidence and vaccine effectiveness of whole-cell and 
acellular vaccine. Vaccine. 24(33-34):5960–6.

199. Rennels MB (2003). Extensive swelling reactions occurring after booster doses of 
diphtheria-tetanus-acellular pertussis vaccines. Semin Pediatr Infect Dis. 14:196–8.

200. Rennels MB, Black S, Woo EJ, Campbell S, Edwards KM (2008). Safety of 
a fifth dose of diphtheria and tetanus toxoid and acellular pertussis vaccine in 
children experiencing extensive, local reactions to the fourth dose. Pediatr Infect 
Dis J. 27(5):464–5.

201. Rieber N, Graf A, Belohradsky BH, Hartl D, Urschel S, Riffelmann M, et al. 
(2008). Differences in humoral and cellular immune response to an acellular 
pertussis booster in adolescents with a whole-cell or acellular primary vaccination. 
Vaccine. 26:6929–35.

202. Riffelmann M, Littmann M, Hülsse C, Wirsing von König CH (2009).  
Antibody decay after immunization of health-care workers with an acellular pertussis  
vaccine. Eur J Clin Microbiol Infect Dis. 28(3):275–9.

203. Ryan M, Murphy G, Gothefors L, Nilsson L, Storsaeter J, Mills KH (1997).  
Bordetella pertussis infection in children is associated with preferential activation 
of type 1 helper T cells. J Infect Dis. 175(5):1246–50.

204. Safarchi A, Octavia S, Luu LDW, Tay CY, Sintchenko V, Wood N, et al. (2016).  
Better colonisation of newly emerged Bordetella pertussis in the co-infection 
mouse model study. Vaccine. 34:3967–71. doi:10.1016/j.vaccine.2016.06.052.



53

205. Sako W (1947). Studies on pertussis immunization. J Pediatr. 30:29–40. 

206. Salmaso S, Mastrantonio P, Tozzi AE, Stefanelli P, Anemona A, Ciofi degli 
Atti ML, et al. (2001). Sustained efficacy during the first 6 years of life of 
3-component acellular pertussis vaccines administered in infancy: the Italian 
experience. Pediatrics. 108(5):E81.

207. Scheller EV Cotter PA. (2015) Bordetella filamentous hemagglutinin and  
fimbriae: critical adhesins with unrealized vaccine potential. Pathog Dis.73:ftv079. 
doi:10.1093/femspd/ftv079.

208. Sebaihia M, Preston A, Maskell DJ, Kuzmiak H, Connell TD, King ND, 
et al. (2006). Comparison of the genome sequence of the poultry pathogen 
Bordetella avium with those of B. bronchiseptica, B. pertussis and B. parapertussis 
reveals extensive diversity in surface structures associated with host interaction.  
J Bacteriol. 188(16):6002–15.

209. Sebo P, Osicka R, Masin J (2014) Adenylate cyclase toxin-hemolysin relevance 
for pertussis vaccines. Expert Rev Vaccines. 13(10):1215–27. doi:10.1586/14760
584.2014.944900.

210. Seubert A, D’Oro U, Scarselli M, Pizza M (2014) Genetically detoxified  
pertussis toxin (PT-9K/129G): implications for immunization and vaccines.  
Expert Rev Vaccines.13(10):1191–204. doi:10.1586/14760584.2014.942641.

211. Silfverdal SA, Helin A, Montgomery SM (2007). Protection against pertussis  
induced by whole-cell pertussis vaccination is related to primo-immunization 
intervals. Vaccine. 25:7510–5.

212. Simondon S, Iteman I, Preziosi MP, Yam A, Guiso N (1998) Evaluation of 
serology based on IgG ELISA for pertussis toxin and filamentous hemagglutinin 
in the diagnosis of pertussis cases. A case study from Senegal. Clin. Diag. Lab. 
Immunol. 5(2):130–4.

213. Southern J, Andrews N, Burrage M, Miller E (2005). Immunogenicity and 
rectogenicity of combined acellular pertussis/tetanus/low dose diphtheria 
vaccines given as a booster to United Kingdom teenagers. Vaccine. 23:3829–35.

214. Stehr K, Cherry JD, Heininger U, Schmitt-Grohé S, Überall M, Laussucq S, et al. 
(1998). A comparative efficacy trial in Germany in infants who received either the  
Lederle/Takeda acellular pertussis component DTP (DtaP) vaccine, the Lederle 
whole-cell component DTP vaccine, or DT vaccine. Pediatrics. 101:1–11.

215. Storsaeter J, Hallander HO, Gustafsson L, Olin P (1998). Levels of anti-
pertussis antibodies related to protection after household exposure to Bordetella 
pertussis. Vaccine. 16(20):1907–16.

216. Storsaeter J, Hallander HO, Gustafsson L, Olin P (2003). Low levels 
of antipertussis antibodies plus lack of history of pertussis correlate with 
susceptibility after household exposure to Bordetella pertussis. Vaccine.  
21(25-26):3542–9.



The Immunological basis for immunization series - Module 4: Pertussis Vaccines 54

217. Stroffolini T, Giammanco A, De Crescenzo L, Lupo F, Nicosia V, Torres G, 
et al. (1989). Prevalence of pertussis IgG antibodies in children in Palermo, Italy.  
Infection. 17(5):280–3. 

218. Stroffolini T, Giammanco A, Chiarini A, Taormina S, Sarzana A, Mazza G, et al. 
(1991). Seroepidemiology of pertussis infection in an urban childhood population in  
Cameroon. Eur J Epidemiol. 7(1):64–67. 

219. Swaminathan CP, Brown PH, Roychowdhury A, Wang Q, Guan R, 
Silverman N, et al. (2006). Dual strategies for peptidoglycan discrimination  
by peptidoglycan recognition proteins (PGRPs). Proc Natl Acad Sci U S A.  
2006 Jan 17;103(3):684–9.

220. Takahashi T, Yoshida Y, Hatano S, Sugita-Konishi Y, Igimi S, Yajima M, et al. (2002). 
Reactivity of secretory IgA antibodies in breast-milk from 107 Japanese mothers to  
20 environmental antigens. Biol Neonate. 82(4):238–42.

221. Taranger J, Trollfors B, Lagergård T, Sundh V, Bryla DA, Schneerson R, et al. 
(2000). Correlation between pertussis toxin IgG antibodies in postvaccination 
sera and subsequent protection against pertussis. J Infect Dis. 181(3):1010–13.

222. Thomas MG, Redhead K, Lambert HP (1989a). Human serum antibody 
responses to Bordetella pertussis infection and pertussis vaccination. J Infect 
Dis. 159(2):211–8. 

223. Thomas MG, Ashworth LA, Miller E, Lambert HP (1989b). Serum IgG, IgA,  
and IgM responses to pertussis toxin, filamentous haemagglutinin, and 
agglutinogens 2 and 3 after infection with Bordetella pertussis and immunization 
with whole-cell pertussis vaccine. J Infect Dis. 160(5):838−45. 

224. Tindberg Y, Blennow M, Granstrom M (1999). Ten years follow up after 
immunization with a two-component acellular pertussis vaccine. Pediatr Infect 
Dis J. 18:361–5.

225. Tiwari TSP, Baughman AL, Clark TA (2015) First pertussis vaccine dose  
and prevention of infant mortality. Pediatrics. 135(6):990–9. doi:10.1542/
peds.2014–2291

226. Tomoda T, Ogura H, Kurashige T (1991). Immune response to Bordetella 
pertussis infection and vaccination. J Infect Dis. 163(3):559−63. 

227. Tondella ML, Carlone GM, Messonnier N, Quinn CP, Meade BD, Burns DL, 
et al. (2009). International Bordetella pertussis assays standardization and 
harmonization meeting report. Vaccine, 27(6):803–14.

228. Torvaldsen S, Simpson JM, McIntyre PB (2003). Effectiveness of pertussis 
vaccination in New South Wales, Australia, 1996–1998. Eur J Epidemiol. 18:63–9.

229. Tran Minh NN, He Q, Edelman K, Olander RM, Viljanen MK, Arvilommi H,  
et al. (1999). Cell-mediated immune responses to antigens of Bordetella pertussis 
and protection against pertussis in schoolchildren. Pediatr Infect Dis J. 18:366–70.



55

230. Trollfors B, Taranger J, Lagergård T, Sundh V, Bryla DA, Schneerson R,  
et al. (1999). Serum IgG antibody responses to pertussis toxin and filamentous 
hemagglutinin in nonvaccinated and vaccinated children and adults with pertussis.  
Clin Infect Dis. 28(3):552–9.

231. Van Buynder PG, Owen D, Vurdien JE, Andrews NJ, Matthews RC, Miller E,  
et al. (1999). Bordetella pertussis surveillance in England and Wales 1995–1997. 
Epidemiol Infect. 123:403–11.

232. Van Gageldonk PG, van Schaijk FG, van der Klis FR, Berbers GA, et al. (2008). 
Development and validation of a multiplex immunoassay for the simultaneous 
determination of serum antibodies to Bordetella pertussis, diphtheria and tetanus. 
 J Immunol Methods. 335(1-2):79–89.

233. Van Savage J, Decker MD, Edwards KM, Sell SH, Karzon DT (1990).  
Natural history of pertussis antibody in the infant and effect on vaccine response.  
J Infect Dis. 161(3):487–92. 

234. van Twillert I, Han WGH, van Els CACM (2015) Waning and aging of cellular 
immunity to Bordetella pertussis. Pathog Dis. 73(8):ftv071. doi:10.1093/femspd/
ftv071.

235. van Wijhe M, McDonald SA, de Melker HE, Postma MJ, Wallinga J (2016). 
Effect of vaccination programmes on mortality burden among children and 
young adults in the Netherlands during the 20th century: a historical analysis. 
Lancet Infect Dis. 16(5):592–8.

236. Versteegh FGA, Schellekens JF, Nagelkerke AF, Roord JJ (2002).  
Laboratory-confirmed reinfection with Bordetella pertussis. Acta Paediatrica 
91(1):95–7.

237. Versteegh FGA, Mertens PL, de Melker HE, Roord JJ, Schellekens JF, 
Teunis PF (2005). Age-specific long-term course of IgG antibodies to pertussis 
toxin after symptomatic infection with Bordetella pertussis. Epidemiol Infect. 
133(4):737–48.

238. Vincent JM, Cherry JD, Nauschuetz WF, Lipton A, Ono CM, Costello CN, 
et al. (2000). Prolonged afebrile nonproductive cough illnesses in American 
soldiers in Korea: a serological search for causation. Clin Infect Dis. 30(3):534–9.

239. Visser HK (2004). Health Council of the Netherlands advisory report  
“Vaccination against pertussis — time for a new vaccine.” Nederlands Tijdschrift 
voor Geneeskunde. 148:916–8.

240. Vizzotti C, Juarez MV, Bergel E, Romanin V, Califano G, Sagradini S, 
et al. (2016) Impact of a maternal immunization program against pertussis in a 
developing country. Vaccine. 34(50):6223–8. doi:10.1016/j.vaccine.2016.10.081

241. Ward JI, Cherry JD, Chang SJ, Partridge S, Lee H, Treanor J, et al. (2005). 
Efficacy of an acellular pertussis vaccine among adolescents and adults.  
N Engl J Med. 353(15):1555–63.



The Immunological basis for immunization series - Module 4: Pertussis Vaccines 56

242. Ward JI, Cherry JD, Chang SJ, Partridge S, Keitel W, Edwards K, et al. (2006).  
Bordetella pertussis infections in vaccinated and unvaccinated adolescents and 
adults as assessed in a national prospective randomized acellular pertussis vaccine 
trial (APERT). Clin Infect Dis. 43(2):151–7.

243. Warfel JM, Beren J, Merkel TJ (2012). Airborne transmission of Bordetella 
pertussis. J Infect Dis. 206(6):902–6.

244. Warfel JM, Zimmerman LI, Merkel TJ (2014). Acellular pertussis vaccines 
protect against disease but fail to prevent infection and transmission in a 
nonhuman primate model. Proc Natl Acad Sci U S A. 2014 Jan 14;111(2):787–92.

245. Watanabe M, Connelly B, Weiss AA (2006). Characterization of serological 
responses to pertussis. Clin Vaccine Immunol. 13:341–8.

246. Weiss AA, Mobberley PS, Fernandez RC, Mink CM (1999). Characterization 
of human bactericidal antibodies to Bordetella pertussis. Infect Immun. 
67(3):1424–31.

247. Wendelboe AM, Van Rie A, Salmaso S, Englund JA (2005). Duration of immunity 
against pertussis after natural infection or vaccination. Pediatr Infect Dis J.  
24(5 Suppl):S59–61.

248. WHO (1990). Revised requirements for diphtheria, tetanus, pertussis and  
combined vaccines. In: WHO Expert Committee on Biological Standardization,  
fortieth report. Geneva: World Health Organization: Annex 2 (WHO Technical 
Report Series, No. 800; http://apps.who.int/medicinedocs/documents/s16116e/
s16116e.pdf, accessed 15 August 2017).

249. WHO (1991). Report of a meeting on case definitions of pertussis, Geneva,  
10–11 January 1991. Geneva: World Health Organization: Document MIM/
EPI/PERT/91.1.

250. WHO (2000). Pertussis surveillance: a global meeting. Geneva: World Health 
Organization: Document V&B01.2000:19.

251. WHO (2014). Laboratory manual for the diagnosis of whooping cough. Geneva: 
World Health Organization (http://apps.who.int/iris/bitstream/10665/127891/1/
WHO_IVB_14.03_eng.pdf, accessed 15 August 2017).

252. WHO (2014a). WHO Strategic Advisory Group of Experts (SAGE) on  
Immunization pertussis working group. Background paper (http://www.who.
int/immunization/sage/meetings/2014/april/1_Pertussis_background_FINAL4_
web.pdf, accessed 15 August 2017).

253. WHO (2017). Immunization coverage per country [website]. Geneva:  
World Health Organization (http://www.who.int/immunization/monitoring_
surveillance/routine/coverage/en/, accessed 15 August 2017).

254. WHO (2017a). Pertussis surveillance [website]. Geneva: World Health 
Organization (http://www.who.int/immunization/monitoring_surveillance/
burden/vpd/surveillance_type/passive/pertussis/en/, accessed 15 August 2017).

http://apps.who.int/medicinedocs/documents/s16116e/s16116e.pdf
http://apps.who.int/medicinedocs/documents/s16116e/s16116e.pdf
http://apps.who.int/iris/bitstream/10665/127891/1/WHO_IVB_14.03_eng.pdf
http://apps.who.int/iris/bitstream/10665/127891/1/WHO_IVB_14.03_eng.pdf
http://www.who.int/immunization/sage/meetings/2014/april/1_Pertussis_background_FINAL4_web.pdf
http://www.who.int/immunization/sage/meetings/2014/april/1_Pertussis_background_FINAL4_web.pdf
http://www.who.int/immunization/sage/meetings/2014/april/1_Pertussis_background_FINAL4_web.pdf
http://www.who.int/immunization/monitoring_surveillance/routine/coverage/en/
http://www.who.int/immunization/monitoring_surveillance/routine/coverage/en/
http://www.who.int/immunization/monitoring_surveillance/burden/vpd/surveillance_type/passive/pertussis/en/
http://www.who.int/immunization/monitoring_surveillance/burden/vpd/surveillance_type/passive/pertussis/en/


57

255. Wilkins J, Chan LS, Wehrle PF (1987). Age and dose interval as factors in 
agglutinin formation to pertussis vaccine. Vaccine. 5(1):49–54. 

256. Wilkins J, Williams FF, Wehrle PF, Portnoy B (1971). Agglutinin response to 
pertussis vaccine. I. Effect of dosage and interval. J Pediatr. 79:197–202. 

257. Wirsing von König CH, Gounis D, Laukamp S, Bogaerts H, Schmitt HJ (1999). 
Evaluation of a single-sample serological technique for diagnosing pertussis in 
unvaccinated children. Eur J Clin Microbiol Infect Dis. 18:341–5.

258. Wirsing von Koenig CH, Herden P, Palitzsch D, Schneeweiss B, Bier N (2000). 
Immunogenicity of acellular pertussis vaccines using two vaccines for primary 
immunization. Pediatr Infect Dis J. 19:757–9.

259. Wirsing von Koenig CH, Postels-Multani S, Bock HL, Schmitt HJ (1995).  
Pertussis in adults: frequency of transmission after household contact.  
Lancet. 346(8986):1326–9

260. Wirsing von König CH, Halperin S, Riffelmann M, Guiso N (2002).  
Pertussis of adults and infants. Lancet Infect Dis. 2:744–50.

261. Xing D, Wirsing von König CH, Newland P, Riffelmann M, Meade BD,  
Corbel M, et al. (2009). Characterization of proposed reference materials for  
pertussis antiserum (human) by an international collaborative study.  
Clin Vaccine Immunol. 16(3):303–11.

262. Yih WK, Lett SM, des Vignes FN, Garrison KM, Sipe PL, Marchant CD, et al.  
(2000). The increasing incidence of pertussis in Massachussetts adolescents and 
adults, 1989–1998. J Infect Dis. 182(5):1409–16.

263. Yildirim I, Ceyhan M, Kalayci O, Cengiz AB, Secmeer G, Gur D, et al. (2008).  
Frequency of pertussis in children with prolonged cough. Scand J Infect Dis. 
40(4):314–9.

264. Zackrisson G, Lagergard T, Trollfors B (1989). Subclass composition of 
immunoglobulin G to pertussis toxin in patients with whooping cough, in healthy 
individuals and in recipients of a pertussis toxoid vaccine. J Clin Microbiol. 
27:1576–81.

265. Zackrisson G, Taranger J, Trollfors B (1990). History of whooping cough in 
nonvaccinated Swedish children, related to serum antibodies to pertussis toxin 
and filamentous hemagglutinin. J Pediatr. 116(2):190–4. 

266. Zepp F, Knuf M, Habermehl P, Mannhardt-Laakmann W, Howe B, 
Friedland LR (2006). Safety of reduced-antigen content tetanus-diphtheria-
acellular pertussis vaccine in adolescents as a sixth consecutive dose of acellular 
pertussis containing vaccines. J Pediatr. 149(5):603–10.

267. Zhang X, Goebel EM, Rodríguez ME, Preston A, Harvill ET (2009) The O 
antigen is a critical antigen for the development of a protective immune response to 
Bordetella parapertussis. Infect Immun. 77(11):5050–8. doi:10.1128/IAI.00667-09



The Immunological basis for immunization series - Module 4: Pertussis Vaccines 58

268. Zhang L, Prietsch SO, Axelsson I, Halperin SA (2014) Acellular vaccines for  
preventing whooping cough in children. Cochrane Database Syst. Rev. 2014;(9): 
CD001478. doi:10.1002/14651858.CD001478.pub6.

269. Zhou W, Pool V, Iskander JK, English-Bullard R, Ball R, Wise RP, et al. (2003). 
Surveillance for safety after immunization: Vaccine Adverse Event Reporting  
System (VAERS) — United States 1991–2001. MMWR Morb Mortal Wkly Rep. 
52:1–24.

270. Zielinski A, Rosinska M, Czarkowski M, Rudowska J (2004). The effectiveness of 
vaccination with whole-cell pertussis vaccine by age group in Poland 1996–2001.  
Scand J Infect Dis. 36(2):114–8.



59

The preparation of this publication was coordinated by the “Directors office” of the 
WHO Department of Immunization, Vaccines, and Biologicals. WHO thanks the 
donors whose financial support has made the production of this document possible.

This module was updated for WHO by Carl Heinz Wirsing von König, and  
Nicole Guiso.

WHO thanks those who provided expert and technical reviews for the initial preparation 
of the module and the 2017 update: Kathryn Edwards (Department of Pediatrics, 
Vanderbilt University, Nashville, Tennessee, USA); Elizabeth Miller (Immunization 
Department, Health Protection Agency, Center for Infections, United Kingdom),  
and Philippe Duclos (Department of Immunization, Vaccines, and Biologicals, WHO).

Acknowledgements



The Immunological basis for immunization series - Module 4: Pertussis Vaccines 60

Carl Heinz Wirsing von König served as consultant to GSK in 2015 and to Sanofi-
Pasteur in 2017. He gave presentations on epidemiology, diagnostics and prevention 
of pertussis at industry sponsored sessions of scientific meetings. These interests were 
assessed as personal, specific and financially insignificant.1 He is a member of the 
steering committee of the Global Pertussis lnitiative (GPl) which currently receives 
a grant from Sanofi Pasteur. This interest was assessed as non-personal, specific and 
financially significant.1 

Nicole Guiso served as consultant to GSK in 2017 and to Bionet in 2016 and 2017 
on methods of surveillance, diagnosis and vaccine strategy of pertussis vaccines. 
These interests were assessed as personal, specific and financially insignificant.1  
She gave classes in the context of a master programme in 2016 which were funded 
by Sanofi Pasteur. This interest was assessed as personal, non-specific and financially 
insignificant.1 

1 According to WHO’s Guidelines for Declaration of Interests (WHO expert), an interest is 
considered “personal” if it generates financial or nonfinancial gain to the expert, such as consulting 
income or a patent. “Specificity” indicates whether the declared interest is a subject matter of 
the meeting or work to be undertaken. An interest has “financial significance” if the honoraria, 
consultancy fees or other received funding, including those received by expert’s organization, from 
any single vaccine manufacturer or other vaccine-related company exceeds US$ 5 000 in a calendar 
year. Likewise, a shareholding in any one vaccine manufacturer or other vaccine-related company in 
excess of US$ 1000 would also constitute a “significant shareholding”.

Conflict of interest



Department of Immunization, Vaccines and Biologicals

World Health Organization
20, Avenue Appia

CH-1211 Geneva 27, Switzerland

vaccines@who.int

http://www.who.int/immunization/en/

mailto:vaccines%40who.int%20?subject=
http://www.who.int/immunization/en/

	Abbreviations and  acronyms 
	Preface
	Abbreviations and
 acronyms
	Preface
	1. Pertussis 
	2. Antigens of Bordetella pertussis 
	2.1	Regulation of antigen production
	2.2	Pertussis toxin 
	2.3	Adenylate cyclase toxin
	2.4	Lipopolysaccharide
	2.5	Dermonecrotic toxin, heat-labile toxin 
	2.6	Tracheal cytotoxin 
	2.7	Filamentous haemagglutinin 
	2.8	Pertactin 
	2.9	Fimbriae
	2.10	Animal models of Bordetella pertussis infection 

	3. Pertussis vaccines
	3.1	Whole-cell pertussis vaccines 
	3.2	Acellular pertussis vaccines
	3.3	Combination vaccines
	3.4	Combination vaccines with whole-cell pertussis components 
	3.5	Combination vaccines with acellular pertussis vaccine

	4. Measuring the immune
response to Bordetella pertussis
antigens
	4.1	Bacterial agglutination test 
	4.2	Enzyme-linked immunosorbent assay 
	4.3	Immunoblot assays
	4.4	Other tests for measuring antibodies 
	4.5	Tests for cell-mediated immunity

	5. Immune responses 
after exposure to 
Bordetella pertussis
	5.1	Development of antibodies after primary infection
	5.2	Immune responses after non-primary stimulation
	5.3	Transplacental passage of antibodies
	5.4	Antibody decay after natural infection
	5.5	Duration of protection after natural infection 

	6. Immune responses to vaccination 
	6.1	Type of immunity induced by whole-cell and acellular vaccines
	6.2	Response to whole-cell pertussis vaccine 
	6.3	Antibody decay after immunization with whole-cell vaccines 
	6.4	Effectiveness of whole-cell pertussis vaccine in infants and toddlers
	6.5	Effectiveness of incomplete primary series of whole-cell pertussis vaccine
	6.6	Effectiveness of whole-cell vaccine in adolescents and adults
	6.7	Immune responses to acellular pertussis vaccines 
	6.8	Antibody decay after immunization with acellular vaccines 
	6.9	Effectiveness of acellular vaccines in infants and toddlers
	6.10	Effectiveness of incomplete primary series of acellular vaccines
	6.11	Effectiveness of acellular vaccines in adolescents and adults
	6.12	Effectiveness of maternal immunization to prevent infant pertussis 
	6.13	Correlates of protection for pertussis vaccines 
	6.14	Interchangeability of pertussis vaccines
	6.15	Serosurveys for Bordetella pertussis antibodies
	6.16	Duration of protection after vaccination with whole-cell vaccines 
	6.17	Duration of protection after vaccination with acellular vaccines 

	7. Conclusions and 
perspectives 
	8. Summary
	9. References
	Acknowledgements
	Conflict of interest





