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Abstract 

Introduction: Whole cell and acellular pertussis vaccines have been very effective in 

decreasing the deaths of neonates and infants from Bordetella pertussis. Despite high vaccine 

coverage worldwide, pertussis remains one of the most common vaccine-preventable 

diseases, thus suggesting that new pertussis vaccination strategies are needed. Several 

candidates are currently under development, such as acellular pertussis vaccines that use 

genetically detoxified pertussis toxin, acellular pertussis vaccines delivered with new 

adjuvants or new delivery systems, or an intranasally delivered, live attenuated vaccine.  

Areas covered: This review discusses the different possibilities for improving current 

pertussis vaccines and the present state of knowledge on the pertussis vaccine candidates 

under development.  

Expert opinion: Until there is a safe, effective and affordable alternative to the two types of 

existing vaccines, we should maintain sufficient childhood coverage and increase the 

vaccination of pregnant women, adolescents and young adults.  

 

Keywords: Bordetella pertussis, vaccine-preventable, vaccine, vaccine effectiveness, 

neonates, delivery routes 
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Article highlights 

 Increasing rates of pertussis worldwide, despite high vaccine coverage, emphasizes 

the need for new vaccine strategies. 

 New pertussis vaccines should have low reactogenicity as aP vaccines and suitable 

cell-mediated immunity as  wP vaccines.  

 Th2-type immune responses induced by aP vaccines are sufficient to protect against 

disease, but the induction of Th1- and Th17-type immune responses is required for the 

clearance of bacteria from the airways and the prevention of asymptomatic carriage. 

 New vaccine candidates are explored, such as less reactogenic live vaccines or 

improved aP vaccines that contain genetically-detoxified pertussis toxin, or those 

containing new adjuvants and antigens or combined with new delivery systems, or aP 

vaccines based outer membrane vesicles.  

 Until a better pertussis vaccine is found, it should be recognized that adults are the 

main reservoir for the ongoing circulation of B. pertussis and the source of infections 

of infants and efforts must be focused on the vaccination of pregnant women, a 

cocooning strategy and vaccinating regularly young adults, as well as maintaining 

sufficient childhood vaccine coverage. 
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1. Introduction 

1.1. Epidemiology and the burden of disease  

Bordetella pertussis causes acute respiratory disease that manifests as a spasmodic, 

paroxysmal cough in young adults. In very young children, it is associated with apnea and 

cyanosis and can lead to very severe disease and death in infants under the age of one (1). 

This disease severity and frequency led to the development of a whole-cell pertussis vaccine, 

which was first licensed in the US  in 1914, and was combined with tetanus and diphtheria 

toxoids (DTP vaccine) in the 1940s and introduced large scale into the pediatric 

immunization schedule in 1948, resulting in a marked drop in pertussis cases (2). 

Nevertheless, concerns about the reactogenicity of whole-cell vaccine led to a refusal by 

many parents to vaccinate their children (3), which motivated manufacturers to develop in the 

1980s new, less reactogenic pertussis vaccines. Sato and colleagues designed the first purified 

component acellular pertussis vaccine in Japan in 1981 (4). Many other acellular vaccines 

were then developed, and tested extensively in the 1990s (5). These vaccines were composed 

of various pertussis antigens, such as the pertussis toxin (PT), filamentous hemagglutinin 

adhesin (FHA) and pertactin (PRN). aP vaccines showed a better safety profile when 

compared with wP vaccines and were effective in preventing pertussis disease, at least in the 

short term (6). As a result, these new vaccines were introduced in the pediatric immunization 

schedules of many high-income countries (7). 

However, over the past decades, there has been a rise in pertussis incidence, first in young 

adults solely vaccinated with the aP vaccine, but also in the rest of the population. In a cross-

sectional study in Spain published in 2000, period during which pertussis immunization was 

only given during childhood with aP vaccine, it was observed that the prevalence of 

antibodies to PT and FHA reached 35% and 65% respectively in the 5-12 age group and 52% 

and 80% respectively in the 30-39 age group (8). As pertussis immunity is not long-lasting, it 

was presumed that the increase in antibodies in older age group was due to repeated natural 

exposure to B. pertussis, and ongoing circulation of the bacteria in the general population(8), 

with pertussis infection increasingly frequent in adolescents and young adults who now 

represent the majority of cases. Although hospitalization, complications and mortality in 

adolescents and adults are rare, these populations serve as a reservoir for B. pertussis and 

play an important role in the transmission to very young infants (9).  

Many factors are responsible for the resurgence of pertussis in countries using aP vaccines, 

such as the laboratory methods used to diagnose B. pertussis, waning of immunity with time, 

genetic modification of B. pertussis, etc. (all discussed in Ref. (10) ). However, the most 

important is likely to be the inability of aP vaccines to prevent colonisation with B. pertussis 

due to the different immune responses generated (see below).  

 

Pertussis continues to be an important  cause of infant death worldwide and remains a public 

health concern, even in countries with high vaccine coverage (11). In 2013, the World Health 

Organization estimated that pertussis was still responsible for 63,000 deaths in children aged 

<5 years, despite global vaccination coverage. Coverage with the 3-dose, pertussis-containing 

vaccine during infancy was estimated at 86% in 2014 (11) and also confirmed in 2018. 

Additionally, according to a modelling study with data from 2014, it was estimated that there 



 

 

 
 

Information Classification: General 

were around 24 million cases of pertussis worldwide and approximately 160,700 deaths 

directly attributable to the disease in children <5 years, with the largest proportions in the 

African region, representing 33% of cases and 58% of deaths. Furthermore, it was reported 

that 5.1 million (21%) of estimated cases and 85,900 (53%) of estimated deaths were in 

infants <1 year (12).  

It is also important to note that with the exception of a couple of countries, most low and 

middle income countries use wP, but yet carry the largest estimate of burden of disease and 

mortality from pertussis, for various reasons, such as low access to PCR-based diagnostic 

tools to improve surveillance, and the fact that disease burden is increased due to HIV 

infection and exposure (13). 

During COVID19 pandemics, the incidence of pertussis has decreased due to the lockdown 

measures, however, maternal and childhood vaccination have also slightly diminished (14). 

Therefore, it will be important to monitor pertussis cases and vaccine coverage in the coming 

months-years because there is an important potential for resurgence of pertussis due to lack of 

population immunity.   

There has been a few recent reviews discussing the current pertussis problem, a.nd new 

vaccines approaches (15-17) In this review, I will discussed new vaccine candidates 

including acellular pertussis vaccines that use genetically detoxified pertussis toxin.  

 

1.2. Protection against B. pertussis 

Protection against B. pertussis is mediated by both humoral and cell-mediated immunity (18, 

19). Indeed, protection has been shown to persist among children whose antibody levels drop 

below the level of detection over time (20). Immune correlate of protection are usually 

established in randomized, placebo-controlled efficacy trials in which the development of 

post-vaccination levels of antibodies or other components of the immune response, correlate 

with disease prevention “vaccine efficacy”. In other words, vaccine efficacy is the degree to 

which a vaccine prevents disease, and possibly also transmission, under ideal and controlled 

circumstances – comparing a vaccinated group with a placebo group. Between 1997 and 

1999, an NIH-sponsored study, the APERT trial, evaluated the efficacy of an acellular 

pertussis vaccine in adolescents and adults. After vaccination, they followed the volunteers 

for 2 years, for pertussis illness with phone calls every 2 weeks and serum were obtained at 

routine interval, as well as nasopharyngeal aspirates in case of cough (21). However, it is 

unethical to perform a placebo controlled trial for a disease for which we have a vaccine. Few 

correlate of protection have emerged such as anti-PT-IgG levels >5 IU/mL (25).  

 

In contrast, vaccine effectiveness meanwhile refers to how well a vaccine performs in the real 

world (22). Estimates of vaccine efficacy also profoundly vary with case definition, ranging 

from 5% efficacy in preventing spasmodic cough lasting 1 day or longer, to 100% efficacy in 

preventing culture-confirmed pertussis with spasmodic cough lasting 28 days or longer (23) .  

An active mouse protection test, which measures protection following intracerebral challenge 

of B. pertussis, was traditionally considered as the gold standard to predict vaccine protection 
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after wP vaccine, but it was unsuitable to predict acellular vaccine protection (24). It was then 

replaced by a murine respiratory challenge test  model.  

Even if we do not have a good correlate of immune protection after vaccination, we now 

better understand the mechanisms leading to protection against B.pertussis. First, it is now 

clear that the native bacteria produces a number of toxins, such as pertussis toxin (PT), 

tracheal cytotoxin (TCT), adenylate cyclase toxin (ACT), heat-labile toxin, and endotoxin or 

lipopolysaccharide (LPS), and a range of other critical receptor-binding virulence factors, 

including filamentous hemagglutinin (FHA), pertactin (PRN), and fimbriae. All these 

components are antigenic targets that activate innate cells, and adaptive cells.  

Other human studies have shown that recovery from whooping cough in children is 

associated with the induction of interferon (IFN)- secreting T helper type 1 (Th1) cells (26 , 

27). In addition, murine respiratory challenge models have allow to better clarify the roles of 

the various components of the immune system for clearing the bacteria ; A murine study has 

shown that higher amounts of proinflammatory cytokines in the lungs were associated with 

an induction of selective Th1-cells and the secretion of cytokines, such as IFN-ϒ (Th1) and 

IL-17 (Th17) (28). It is known that cytokines secreted by Th1 cells, particularly IFN-ϒ, favor 

the production of opsonizing antibodies and the activation of macrophages and neutrophils to 

kill or mobilize intracellular B. pertussis (29). Indeed, studies in mice have shown that Th1 

cell responses are required for bacterial clearance following infection or immunization with 

wP (29, 30). By contrast, it has been observed that immunization of mice with aP induces 

Th2-type responses, which promote humoral immunity, but do not appear to be as effective 

as Th1 cells in clearing B. pertussis from the respiratory tract. Other clinical studies in 

humans have confirmed these findings showing that immunization with wP induced selective 

, Th1-type immune responses, even in infants (26 ), while aP vaccines induced strong 

antibody and Th2 responses (31, 32, 33).  

Other studies in baboon and mouse models have shown that aP vaccines protect against 

disease (lung) but do not protect against infection/transmission (nasal) (26, 34, 35). Indeed, 

primary infection with B. pertussis in mice induces tissue resident memory T (TRM) cells 

that secrete IL17 into nasal tissue, which help with the clearance of the bacteria from the 

nasal mucosae by the mobilization of neutrophils, with a strong neutrophil extracellular trap 

(NET) activity (34) Further it has also been observed that immunization with wP vaccine in 

mice protects against lung and nasal colonization, whereas aP vaccine do not protect the nose. 

This is due to the induction of nasal TRM cells that secrete IL-17 (35).  

In summary, wP vaccines induce Th1/Th17 responses with the induction of bactericidal and 

opsonizing antibodies, while aP vaccines induce preferentially Th2  responses with the 

induction of antibodies which are not opsonizing and not bactericidal, because the chemically 

detoxified PT loses its immunological properties and intrinsic adjuvant capacity (33, 36). Th2 

cells are known to help B cells to secrete IgE and IgG1 antibodies that neutralize toxins and 

prevent the adherence of bacteria in the respiratory tract (31-33). In parallel, both wP and aP 

vaccines induce protection from disease but aP vaccines do not impair the colonization and 

therefore transmission. So aP vaccines have probably little effect on herd immunity. All these 

observations are key information to develop new vaccines that are effective in preventing 

pertussis infection but also transmission. Finally, it would be very important to demonstrate 

how clearance of infection is induced with all these new vaccines candidates. Traditionally, 

this was only assessed in baboon and mouse models (37). However, the recently developed 



 

 

 
 

Information Classification: General 

human challenge model by de Graaf et al. will certainly help to design and evaluate new 

vaccines against B. Pertussis (38). 

 

1.3. Pertussis immunity and the need for new vaccine strategies 

Pertussis immunity acquired through immunization or even infection appears to be short-

lived and several studies have reported that a second pertussis infection can occur some years 

after the first event. It has been estimated that natural pertussis infection offers a protection 

for 7 to 20 years, although in some circumstances (depending on the specific pertussis 

epidemiological context) it can last only 3.5 years (39, 40). According to a modelling study, 

immunity induced by natural infection with pertussis lasts on average more than 30 years, 

while 10% of individuals lose immunity after 10 years (41). As a comparison, protection 

following wP vaccination appears to last between 4-10 years according to a study in England 

reporting that 85% of children were still protected 4 years after immunization, and 50% 

children were still protected after 7 years (42). By contrast, aP vaccination appears to offer a 

shorter protection. In a Canadian study, children vaccinated with aP vaccines in infancy were 

susceptible to develop pertussis infection already during the first 4 years of life, while those 

vaccinated with wP vaccine in infancy remained protected until 5-9 years of age (43). 

Furthermore, a case-control study performed in the USA after a pertussis outbreak in 2010-

2011 reported that most of the pertussis adolescent cases occurred in those previously 

immunized in infancy with the aP vaccine, rather than in those with the wP vaccine (44). 

Therefore, the maintenance or reactivation of immunity against pertussis requires repeat 

boosting. In 2014, the World Health Organization specified that countries currently using an 

aP vaccine could continue to use this vaccine, but they should consider the need for 

additional booster doses and strategies to prevent early childhood mortality in case of the 

resurgence of pertussis (45).  

In 2013, Chiappini et al. listed various vaccination strategies, which included cocooning, 

vaccination of pregnant women and newborns, and administering booster doses of aP 

vaccines to preschool children, adolescents, adults and healthcare workers (46). A puzzling 

observation was that the efficacy of the current aP was higher in infants and children than in 

adolescents in whom vaccine efficacy appeared to be reduced and of short duration. A study 

of the 2012 Washington State pertussis epidemic in the USA showed that protection waned 

within 2 to 4 years after adolescent boosting and vaccine effectiveness decreased to 34% 

(47). The resurgence of pertussis is considered as resulting largely from the limited durability 

of aP-vaccine-induced immunity in adolescents. This may derive – at least in part – from 

priming and repeat immunizations with aP vaccines containing chemically-detoxified PT and 

thus the induction of antibodies specific for the chemically-detoxified PT, but unable to 

efficiently recognize the native PT expressed by B. pertussis (48, 49). 

Therefore, new vaccine strategies should be developed, such as the re-introduction of less 

reactogenic wP vaccines, or the development of optimized aP vaccines, which include 

antigens with a similar immunogenicity profile as native PT, but deprived of its toxic 

properties. Further, new vaccines will have to protect against infection as well as disease in 

order to induce herd immunity. It is unlikely that aP vaccines will help in a cocooning 

strategy as they do not prevent colonization/infection. 
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It is important to add that new vaccines will need to protect against infection as well as 

disease to provide herd protection. The current aP vaccines will not help in a cocooning 

strategy as they do not prevent colonisation/infection. They will need to be formulated with 

novel adjuvants to induce cellular immune responses in the respiratory tract, especially when 

delivered by the intranasal route (35, 50).  

 

 2. New wP vaccines 

2.1. Development of wP vaccines without lipopolysaccharide 

Wp vaccines have the advantage to induce a broader immune response that mimics a natural 

infection with pertussis, with the induction of  a  Th1- and Th17-type immune responses, 

with the production of opsonizing and bactericidal antibodies, which have been shown to be 

required for bacterial clearance in the respiratory airways and long-term immunity (29, 33). 

The high reactogenicity of wP vaccines has been associated with proinflammatory cytokines, 

in particular IL-1beta and IL-1-associated signalling components (51). As lipopolysaccharide 

(LPS) possesses endotoxic activity and also has powerful adjuvant activity, LPS was 

considered to be one of the most important factors that contribute to the reactogenicity of wP 

(52). Indeed, LPS is recognised by TLR complex TLR4/MD-2 with subsequent activation of 

NF-κB (53). Therefore, many manufacturers have worked on the  generation of a pertussis 

vaccine with a reduced quantity of LPS (54). In a mouse model,  Bannatyne et al. observed 

that the activity of the endotoxin contained in the diphtheria tetanus wP (DTwP) vaccine 

could be reduced after exposure to polymyxin B, as assessed in a limulus-lysate test, without 

decreasing the effect of the vaccine (55). Others have managed to remove LPS by chemical 

extraction (52). However, as said earlier, LPS activates dendritic cells through TLR4, and 

induces a strong Th1 and Th17 responses, which is important for long-term protection, 

among other through the induction of bactericidal antibodies. Therefore, it appears that it is 

not a good idea to remove the LPS from wP vaccine and new strategies should rather focus 

upon ways to modify LPS in order to keep its advantages, but lose its reactogenicity (56, 57). 

 

2.2. Development of live molecularly-attenuated pertussis vaccine delivered intranasally 

The observation that natural infection with B. pertussis can induce a strong and long-lasting 

immunity compared to vaccine-induced immunity (39) has led to the development of live 

vaccines deliverable by the intranasal route in order to better mimic a natural infection 

stimulating mucosal immunity, together with the systemic immune response (58). Mucosal 

immunization against pertussis has already been tested. Oral delivery of a wP vaccine was 

administered to newborns during the first days of life, with an additional dose at 6 weeks, and 

resulted in the induction of specific salivary IgA and systemic IgG and cellular immune 

responses (59). Another study assessed the intranasal delivery of a single dose of a wP 

vaccine in adults and showed that this immunization route could induce antibodies in nasal 

secretions, but not in serum (60). 

Locht et al. have developed a live candidate vaccine through genetic attenuation of B. 

pertussis comprising the deletion of a dermonecrotic toxin gene, reduction of tracheal 

cytotoxin to a background level, and complete inactivation of PT. This novel genetically 
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attenuated strain, named BPZE1, showed a reduced pathogenicity, while retaining its ability 

to colonize the mouse respiratory tract and induce better protection than aP vaccines in infant 

mice after a single intranasal administration (58, 61, 62). Other advantages of the use of 

BPZE1 are the relatively low production costs, rendering it also affordable for developing 

countries, its needle-free administration, which would increase its acceptability, and its 

capacity to induce mucosal and systemic immunity. Furthermore, it could also be used for the 

presentation of other vaccine antigens against many respiratory pathogens, e.g., in a 

multivalent vaccine (63). Importantly, this method could be used for very young children, 

even at birth (58, 64). Phase I clinical trials with the BPZE1 vaccine have started already and 

have shown very promising results (65, 66). Jahmatz et al. assessed the safety, colonization 

and immunogenicity of the BPZE1 pertussis vaccine when given intranasally in a Phase 1b 

double-blind, randomized, placebo-controlled, dose escalation study in 48 adults in Sweden 

and reported that the vaccine was safe, induced a high colonization rate, and was 

immunogenic at all dose levels (65). However, further studies are needed to confirm if this 

vaccine could be used as a priming vaccine for young infants and a booster vaccine for 

adolescents and young adults.  

 

3. New aP vaccines 

3.1. Development of new aP vaccines with more antigens 

In contrast to the wP vaccines that contain much more B. pertussis antigens,  current aP 

vaccines contain only up to five antigens, i.e., detoxified PT, FHA, PRN, and the serotype 2 

and 3 fimbriae (FIM 2/3). It has been suggested that the limited number of antigens could 

result in a narrower range of specific immune responses (66). It appears also that aP vaccines 

have a suboptimal balance of antigens as antibody to PRN or FIM leads to an effectiveness of 

70%, while stronger antibody responses to PT seem to decrease the effectiveness of antibody 

to FIM (67). This incorrect balance in the antigens in aP vaccines could participate to the 

decreased effectiveness of the vaccine. A Swedish study assessed the response to PT, FHA, 

PRN and FIM 2/3 in serum of convalescent children who had been primed or not with an aP 

vaccine and found that infants primed with a PT toxoid vaccine had a blunted response to the 

non-vaccine antigen FHA compared to those who had received a PT/FHA vaccine(68). 

Similarly, infants who had pertussis and who had received a PT/FHA vaccine had a blunted 

response to the non-vaccine antigens PRN and FIM 2/3 compared to those who had received 

a PT, FHA, PRN and FIM 2/3 vaccine (68). These observations are explained by the fact that 

memory B cells out-compete with naïve B cells for access to the Bordetella epitopes because 

their frequency is higher and their B cell receptor has a stronger antigen affinity. This “linked 

epitope suppression phenomenon” suggests that upon exposure and infection, previous 

vaccinees have more robust antibody responses to the antigens contained in the vaccine they 

had received than to Bordetella antigens not in the received vaccine, thus underlying the 

importance that the aP vaccine should contain multiple antigens. However, it appears that 

having the correct number and balance of antigens may be difficult to achieve.  

It has also been suggested that the limited number of antigens contained in aP vaccines could 

facilitate the immune selective pressure that could lead to the emergence of new strains of B. 

pertussis, such as the PRN negative strains (56, 69, 70). Indeed, it has clearly been shown 
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that in Europe the longer the period since the introduction of acellular vaccines containg 

PRN, the higher the frequency of circulating PRN-deficient isolates (71). Thus, the addition 

of new antigens to aP vaccines could increase protection and reduce the immune selective 

pressure. Several researchers have looked at additional protective antigens that could be 

included in aP vaccine, such as the BvgAS, system, which includes two components, i.e., the 

histidine kinase BvgS, and the response regulator BvgA, (72). Another candidate antigen 

includes the Bordetella resistance to killing A (BrkA), which is a virulence factor activated 

by phosphorylated BvGA that has an autotransporter function and plays a role in the 

adherence of bacteria to lung epithelial cells and in the resistance to complement- mediated 

phagocytosis (73). However, preliminary studies in mice models reported that the 

administration of BrkA did not induce a significant protection against nasal challenge with B. 

pertussis, while the addition of BrkA to FHA and PT was shown to increase the protection 

over FHA and PT alone (73). 

In another mouse infection model, the effect of the addition of antigens into the aP vaccine to 

prevent colonization of nasal mucosa by B. pertussis was assessed. For example, type 2 and 

type 3 fimbriae (FIM2/3) with outer membrane LPS (LOS) and/or of the adenylate cyclase 

toxoid (dACT), which induces neutralizing antibodies against the CyaA toxin. However, it 

was found that the addition of these antigens only modestly increased the aP vaccine to 

prevent lung infection. However, a striking observation was that irrespective of FIM2/3 with 

LOS and dACT addition, the aP vaccine promoted a prolonged colonization of the nasal 

mucosa by the bacteria (74, 75, 76).  

Sera from convalescent individuals infected by B. pertussis were also found to have 

antibodies specific for another pertussis protein, IRP1-3. Antibodies against IRP1-3 can 

induce opsonization and neutrophil uptake of iron-starved B. pertussis. This protein has been 

shown to induce protection in a mouse model after nasal challenge with iron-starved B. 

pertussis (77). So far, the inclusion of IRP-3 to the currently used aP or wP vaccines has not 

been studied.  

Another study, has found no differences between aP vaccines with ≥3 components and those 

with 1 component (78). Globally, the inclusion of additional antigens to the existing aP 

vaccines administered parenterally may not be sufficient to induce sufficient protection in the 

upper respiratory tract. 

 

3.2. Development of aP vaccines delivered with new adjuvants 

The replacement of the first generation wP vaccines by the aP vaccines has reduced the 

occurrence of systemic adverse reactions observed with wP vaccines as they do not contain 

lipopolysaccharide. While the current aP vaccine contains alum as adjuvant, which favors a 

Th2-type immune response, it appears essential to also induce a strong Th1/Th17 immune 

cellular response for the clearance of B. pertussis as observed following wP vaccination or 

infection, and which prevents infection and disease and provides longer protection (18, 26, 

37, 79). Several preclinical studies in mice have tested the current alum-absorbed aP vaccines 

delivered with new adjuvants that promote a Th1/Th17 immune response, such as Toll-like 

receptor (TLR) agonists, e.g. Alum-TLR7a (alum adsorbed SMIP 7.10), LP-GMP (TLR2 

agonist LP1569 plus STING agonist cyclic dimeric guanosine monophosphate (c-di-GMP), 

which is an intracellular receptor stimulator of interferon genes). The Alum-TLR7a together 
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with a 3-component pertussis vaccine has been shown to induce a Th17/Th1 immune 

response in a mouse model compared to the control aP vaccine (80). The LP-GMP  showed 

similar results (81). Other candidates vaccines have used the Bordetella colonization factor 

A, or the curdlan, a 1,3-β-glucan polysaccharide, with very encouraging results (82). Another 

adjuvant, the CpG motif-containing oligodeoxynucleotides (ODN), that can induce a Th1-

type immune response, has also been studied for pertussis vaccines. The addition of CpG 

ODN to the current alum-adjuvanted DTaP vaccines has been shown to induce a Th1-type 

immune response in mice (83). 

Dynavax conduct a phase 1 randomized, participant-blinded, active-controlled, dose 

escalation, clinical trial to evaluate the safety, tolerability, and immunogenicity of an 

investigational tetanus/diphtheria/pertussis (Tdap) booster vaccine utilizing CpG 1018 

adjuvant compared to a licensed Tdap vaccine in healthy volunteers between 10 and 22 

years of age, in Australia (ACTRN12620001177943p). 

 

 Similarly, the addition of CpG ODN with other immunostimulatory molecules, such as 

polyphosphazenes and cationic innate defense regulator peptides, was shown to be very 

immunogenic in adult and neonatal mice (84).  

 

3.3. aP vaccines delivered in microparticle delivery systems 

A new vaccine formulation consisting of microparticle, co-encapsulating pertussis toxoid, 

polyphosphazene, CpG ODN 10101 and synthetic cationic innate defense regulator peptide 

1002 given subcutaneously, was able to induce better protection than these components given 

in a soluble formulation in mouse models (28). Indeed, in mouse studies, the co-

encapsulation of the adjuvants and the antigen in the microparticle resulted in a strong shift 

towards Th1/Th17 responses in the lung, despite a lower systemic humoral response, which 

appears to be essential for long-term immunity (28, 85). It has been shown that 

multicomponent vaccine formulations need an effective delivery system for the co-delivery 

of all components to the immune cells and tissues to induce a good immune response. 

Microparticle delivery allows for a better vaccine stability and uptake of te antigen to the 

MHC-class I and II compartments, resulting in both cell-mediated and humoral immune 

responses (86). So far, none of the new vaccine formulations are undergoing further 

development.  

 

3.4. aP vaccines delivered with outer membrane vesicles  

After observing that outer membrane vesicles (OMV) of Gram -negative bacteria are strongly 

immunogenic, this technology was developed for pertussis vaccine (87). In mouse models, 

immunization with pertussis OMV vaccine has been shown to induce a strong antibody 

response with high opsonizing activity and a Th1-type immune response compared to the aP 

vaccines (50, 88)Administration of OMV pertussis vaccine via the pulmonary route in mice 

induced local and systemic Th17- and Th1-type responses and local IgA (89). In comparison, 

intranasal administration of the OMV vaccines was able to stimulate mucosal IL17 and 

IFNϒ, nasal and lung IgA, and high Th17 systemic responses (89). The OMVs of B. pertussis 

https://anzctr.org.au/Trial/Registration/TrialReview.aspx?ACTRN=ACTRN12620001177943p
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contain many antigens, including the lipooligosaccharide. Further research is needed on this 

new vaccine candidate. 

 

3.5. aP vaccines containing genetically-detoxified PT 

The observations that current aP vaccines, which contain chemically-detoxified PT, induce a 

higher immune response in infants and children than in adolescents in whom vaccine efficacy 

is limited and rapidly wanes (90, 91) may result largely from the short duration of aP-

vaccine-induced immunity in adolescents. Indeed, it has been suggested that priming and 

repeated boosting with aP vaccines containing the chemically-detoxified PT could induce 

antibodies and memory B cells specific for the chemically-detoxified PT, but unable to 

efficiently recognize the native PT expressed by B. pertussis (92, 93). Research has been also 

focused on developing optimized aP vaccines that include antigens with a similar 

immunogenicity profile as native PT, but without the toxic properties. This has been shown to 

be best obtained through genetic, rather than chemical detoxification of PT. Indeed, PT 

chemically detoxified reduces binding of the holotoxin to target cells and impairs key 

activities such as antigen-presenting cells activation and cytokine secretion, loosing therefore 

its adjuvanticity (31). In contrast, genetically detoxified PT is safe due to the loss of its ADP 

ribosylating activity (94). However, it maintains an intact quaternary holotxoin structure and 

cell binding capacity, conserving it ajuvanticity (31). Both native PT and genetically 

detoxified PT can activate APCs, such as dendritic cells, as well as TLR- 2 and 4 and 

secretions of multiple cytokines such as IFN-Y, IL-1β, IL-12, IL-23 and IL-6 (31). The 

different cytokines drive differentiation of naïve T cells toward Th1, Th2 and Th17 

phenotype, which have all a specific role in the immune response against B. pertussis. 

In adults, children and infants below one year, the safety and immunogenicity of a 9K/129G 

genetically-detoxified r-aPT was first demonstrated in a monovalent r-aPT vaccine and in a 

combined Td-r-aPT vaccine. In infants, vaccines containing r-aPT were shown to be safe, 

highly immunogenic, efficacious and able to elicit antibodies and protection which persisted 

up to 6 years (95, 96). The superior immune response of r-aPT-containing vaccines was 

associated with the conservation of 75-80% of native PT, allowing efficient binding of 

immune cells to B and T cell epitopes (92, 93). The development of this vaccine was 

unfortunately interrupted by patent issues. 

Later, following expiration of the patents, BioNet-Asia (Bionet) developed a new B. pertussis 

strain expressing a recombinant PT (97) that retains the functional antigenic properties of 

native PT, but with loss of its toxicity. BioNet has developed two investigational products 

that have been tested in clinical studies : 1) BioNet aP: A stand-alone recombinant acellular 

pertussis vaccine containing a proprietary genetically-detoxified PT (PT-9K/129G; PTgen), 

filamentous hemagglutinin (FHA) and pertactin (PRN) antigens. This vaccine was 

manufactured, formulated and filled by BioNet in Thailand. 2) BioNet TdaP: A combined 

vaccine containing the three Bordetella pertussis antigens produced by BioNet and 

formulated with the bulk of tetanus toxoid (TT) and diphtheria toxoid (DT) supplied by a 

World Health Organization (WHO) pre-qualified vaccine manufacturer, PT Bio Farma, 

Indonesia. TdaP was then formulated and filled by BioNet in Thailand. In the new 

formulation only the PT (PTgen) and filamentous hemagglutinin (FHA) are contained in the 
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BioNet TdaP and aP vaccines (5 μg of each antigen). Both vaccines contain aluminum 

hydroxide as adjuvant and are presented as a single dose suspension of 0.5 mL per dose in a 

pre-filled syringe (PFS). 

A phase I/II randomized controlled trial in wP-primed Thai adults showed similar safety, but 

a significantly higher antibody response to the r-aP vaccine than to the standard aP vaccine 

(98). These findings were subsequently confirmed in phase II/III in 450 wP-primed Thai 

adolescents (99). Compared with the chemically-detoxified PT-containing Tdap vaccine, the 

higher PT-specific and neutralizing PT antibody responses persisted one year post-

immunization (100). Further, a phase 2 randomized-controlled safety and immunogenicity 

trial evaluating different doses of the recombinant acellular pertussis vaccine containing 

genetically-inactivated pertussis toxin (PTgen) was conducted in women of childbearing age in 

Thailand and showed that all the vaccines were safe and immunogenic. 

A study using the same vaccine in aP-primed Swiss adolescents showed that the total PT-

antibodies, PT-neutralizing antibodies and PT-memory B cells were higher following r-aPT-

containing vaccination compared with the standard aP vaccine, while the response to the 

FHA was similar in both groups (101). However, at one year post-immunization, only the 

total anti-PT antibodies remained higher in the r-aPT vaccinated adolescents (101). These 

observations suggest that r-aPT vaccines may need to be given repeatedly, earlier and with 

novel Th1/Th17-inducing adjuvants to exert a significant effect in aP-primed adolescents. 

A monovalent r-aPT vaccine would be useful for boosting neonates, pregnant women and 

adults in contact with young infants. The r-aPT monovalent vaccine has been shown to be 

highly immunogenic in adolescents (100, 102), which has supported licensure in Thailand. 

Further, a study using the baboon model found that a monovalent aP vaccine had equivalent 

effectiveness than Tdap during pregnancy (103). Another study in Australia, showed that a 

monovalent aP vaccine is immunogenic and safe in human neonates (104), and therefore, 

could potentially be used for newborns whose mothers did not receive the Tdap vaccine 

during pregnancy. 

Based on the data from phase I/II and phase II/III clinical studies of BioNet, marketing 

authorization was approved for both BioNet aP (Pertagen®) and TdaP (Boostagen®) 

vaccines (both containing 5 μg each of PT and FHA) in September and October 2016, 

respectively (registration no. 2A 2/59 (NBC) for Pertagen®; registration no. 2A 1/59 (NBC) 

for Boostagen®). Subsequently, Pertagen® and Boostagen® were released from the safety 

monitoring program (SMP) of Thailand Food and Drug Administration (FDA) and have 

become fully licensed vaccines on 24 April 2019 for Boostagen® with new registration 

number 2A 1/59 (NB) and on 12 January 2022 for Pertagen® with new registration number 

2A 2/59 (NB). A single dose of Pertagen® and Boostagen® is intended for active booster 

immunization for the prevention of tetanus, diphtheria and pertussis disease in adolescents 

and adults. Further, active pharmacovigilance confirms that this recombinant pertussis 

vaccines aPgen (Pertagen®) and TdaPgen (Boostagen®) are safe in adolescents and adults, 

including pregnant women vaccinated in the second or third trimester of pregnancy (105). 

 

The r-aPT vaccine developed by BioNet, has also been combined with an epicutaneous patch 

(Viaskin®, DBV Technologies, Paris, France), used for desensitization to peanut allergy. It 

was tested first in mice as a single application and was shown to efficiently recall memory 

responses in aP-primed mice (88). This r-aPT-coated-Viaskin® epicutaneous patch has also 
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been tested to recall memory responses in healthy Swiss adults in a phase I double-blind, 

placebo-controlled randomized trial (106). It was administered on days 0 and 14 using the 

Viaskin® patches applied directly or after epidermal laser-based skin preparation. It was 

observed that the Viaskin-PT applied after laser-based epidermal skin preparation induced 

similar anti-PT antibodies to the standard Tdap (106). These results are very encouraging and 

should guide further research on this novel approach as this might be a very interesting option 

for needleless and adjuvant-free vaccination, which could facilitate vaccine acceptance and 

also vaccine accessibility.  

 

4. Conclusions 

Pertussis remains highly endemic and continues to rise and to cause infant death, despite high 

vaccination coverage worldwide. Several strategies have been implemented to control the 

situation, including maternal immunization, neonatal vaccination and cocooning, but with 

limited effects, thus emphasizing the importance of developing new vaccine candidates. 

However, current aP vaccines do not generate protective immunity against nasal colonization 

and do not prevent asymptomatic transmission in vaccinated individuals. New vaccine 

approaches should focus on inducing humoral and Th1- and Th17-type immune responses in 

the respiratory tract, which are important for clearance of infection and prevention of re-

infection. New challenge models such as the recently developed human challenge model by 

de Graaf et al. (38) will also be important to assess the effect of each vaccine on clearance of 

infection, and maybe also to define new correlate of protection. The development of new 

pertussis vaccines are underway, with the most advanced candidates including the new live 

attenuated BPZE1 pertussis vaccine delivered intranasally and an acellular vaccine using a 

genetically-detoxified pertussis toxin. It is possible that recombinant vector vaccines and 

mRNA vaccines that have been developed against the present SARS-CoV-2 pandemic could 

be adapted to make new pertussis vaccines.  

 

5. Expert opinion 

Pertussis remains responsible for infant deaths, despite high vaccine coverage worldwide. 

This can be explained by the widespread circulation of the bacteria in the population, 

especially among adolescents and young adults, who have been vaccinated with the aP 

vaccine. This group represents the major reservoir of the infection. The hypothesis is that 

repeated doses of the aP vaccine containing chemically-detoxified PT induces antibodies 

specific for this vaccine but unable to efficiently recognize the native PT expressed by the 

natural bacteria (24). In contrast, the wP vaccine induces a longer-lasting immunity, but is 

associated with strong reactogenicity, causing high vaccine resistance among parents. For this 

reason, new vaccines against whooping cough are needed. 

 

Increased understanding of immunity against B. pertussis in order to induce long-lasting 

immunity and prevent colonization and transmission of the bacteria is crucial for the 

development of good candidate vaccines, particularly the important role of the Th1- and 

Th17-type immune responses in addition to the humoral responses. These include aP vaccine 

using a genetically-detoxified PT, which appears to be among the most promising short-term 

candidates. Indeed, this vaccine is already licensed in several countries, such as Singapore 

and Thailand, and has been used in several clinical trials in a monovalent form. This vaccine 

could be used to boost pertussis immunity in adolescents, young adults and pregnant women 
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at the time of each pregnancy, as well as young fathers, and all other persons in close contact 

with infants.  

 

We have shown in a recent randomized controlled trial (RCT) in adolescents that this vaccine 

can induce, at least in the short term, a stronger anti-PT neutralizing and binding antibody 

and memory B cell responses, compared to the currently licensed aP-vaccine containing 

chemically-detoxified PT. However, this superior immunogenicity was found to be transient, 

as it was less clear after one year (71). Although genetically-detoxified PT is expected to 

induce more Th1 responses than chemically-detoxified PT, both vaccines are absorbed on 

aluminium salts and generate preferential Th2 responses. Therefore, the genetically-

detoxified PT may have to be given repeatedly or earlier in the pediatric immunization 

schedule before too many memory B cells specific to the chemically detoxified-PT-

containing vaccine are elicited. Currently, we are conducting a new RCT to establish if 

repeated doses of the genetically-detoxified PT-containing vaccine could induce stronger 

antibody and memory B cell responses. 

 

Alternatively, the genetically-detoxified PT vaccine could be combined to a Th1/Th17-

inducing adjuvant to promote a stronger inflammatory response that could increase the 

immunogenicity of this vaccine. However, it remains to be assessed whether the monovalent 

form of the vaccine (pertussis without the concomitant Td administration) is also effective. 

 

Another promising vaccine is the  live attenuated pertussis vaccine administered intranasally, 

the BPZE1, which has been tested in clinical studies.   

 

Other alternatives include the use of novel adjuvants and vaccine delivery systems, however, 

these other candidates still require further assessment in pre-clinical studies. Therefore, the 

first step may be to use an aP vaccine for booster vaccinations with a genetically-detoxified 

PT, which could be later combined with a new adjuvant or delivery system. Then, in the 

longer term, the objective could be to use an easily administered, nasally delivered, live 

attenuated pertussis vaccine to induce long-lasting immunity in the nasal mucosa and the 

lungs from early life. 

 

5.1 Five-year view 

We should aim towards the approval from the regulatory organs of a Tdap vaccine using a 

genetically-detoxified PT, to be used first as booster vaccines in adolescents and adults  

previously primed with the DTaP vaccine, and then for regular Tdap vaccines in infancy.  

This will help to  decrease the circulation of B. pertussis in young adults who are the 

principal reservoir. In parallel, we should maintain sufficient childhood coverage with the 

DTaP vaccine and ensure that all pregnant women receive the Tdap vaccine between 27 and 

36 weeks’ gestation with each pregnancy. A monovalent aP vaccine using the genetically 

detoxified PT would also be useful for boosting neonates, pregnant women and adults in 

contact with young infants. The advantage of such monovalent vaccine is that it could be 

used in high-income countries (where tetanus and diphtheria boosting is not needed) and 

would also facilitate the option of neonatal vaccination. 

Finally, the countries that use wP vaccines should probably continue to do so, at least in the 

primary childhood immunization schedule. 



 

 

 
 

Information Classification: General 

 

Funding 

This paper was not funded. 

 

Declaration of interest 

G Blanchard Rohner has conducted two investigator-driven proof-of concept randomized 

controlled trial in Geneva to assess the immunogenicity and reactogenicity of a genetically 

detoxified PT containing aP vaccine (manufactured by BioNet-Asia). The author has no 

relevant affiliations or financial involvement with any organization or entity with a financial 

interest in or financial conflict with the subject matter or material discussed in the 

manuscript. 

 

Reviewer disclosures 

Peer reviewers on this manuscript have no relevant financial or other relationships to 

disclose. 

  



 

 

 
 

Information Classification: General 

References 

 

1. Cherry JD. The prevention of severe pertussis and pertussis deaths in young infants. Expert 

review of vaccines. 2019;18(3):205-8. 

2. Cherry JD. Pertussis in the preantibiotic and prevaccine era, with emphasis on adult pertussis. 

Clin Infect Dis. 1999;28 Suppl 2:S107-11. 

3. Gangarosa EJ, Galazka AM, Wolfe CR, Phillips LM, Gangarosa RE, Miller E, et al. Impact 

of anti-vaccine movements on pertussis control: the untold story. Lancet. 

1998;351(9099):356-61. 

4. Kimura M, and Hikino N. Results with a new DTP vaccine in Japan. Developments in 

biological standardization. 1985;61:545-61. 

5. Decker MD, Edwards KM, Steinhoff MC, Rennels MB, Pichichero ME, Englund JA, et al. 

Comparison of 13 acellular pertussis vaccines: adverse reactions. Pediatrics. 1995;96(3 Pt 

2):557-66. 

6. Edwards KM, and Decker MD. Acellular pertussis vaccines for infants. The New England 

journal of medicine. 1996;334(6):391-2. 

7. Zhang L, Prietsch SO, Axelsson I, and Halperin SA. Acellular vaccines for preventing 

whooping cough in children. The Cochrane database of systematic reviews. 

2014(9):CD001478. 

8. Garcia-Corbeira P, Dal-Re R, Aguilar L, and Garcia-de-Lomas J. Seroepidemiology of 

Bordetella pertussis infections in the Spanish population: a cross-sectional study. Vaccine. 

2000;18(21):2173-6. 

9. Althouse BM, and Scarpino SV. Asymptomatic transmission and the resurgence of Bordetella 

pertussis. BMC medicine. 2015;13:146. 

10. Esposito S, Stefanelli P, Fry NK, Fedele G, He Q, Paterson P, et al. Pertussis Prevention: 

Reasons for Resurgence, and Differences in the Current Acellular Pertussis Vaccines. 

Frontiers in immunology. 2019;10:1344. 

11. Organization. WH. Pertussis vaccines. Wkly Epidemiol Rec: WHO position paper. 

2015;35(90):433-60. 

12. Yeung KHT, Duclos P, Nelson EAS, and Hutubessy RCW. An update of the global burden of 

pertussis in children younger than 5 years: a modelling study. The Lancet Infectious diseases. 

2017;17(9):974-80. 

13. Muloiwa R, Kagina BM, Engel ME, and Hussey GD. The burden of laboratory-confirmed 

pertussis in low- and middle-income countries since the inception of the Expanded 

Programme on Immunisation (EPI) in 1974: a systematic review and meta-analysis. BMC 

medicine. 2020;18(1):233. 

14. Tessier E, Campbell H, Ribeiro S, Rai Y, Burton S, Roy P, et al. Impact of the COVID-19 

pandemic on Bordetella pertussis infections in England. BMC public health. 2022;22(1):405. 

15. Locht C. Will we have new pertussis vaccines? Vaccine. 2018;36(36):5460-9. 

16. Locht C. The Path to New Pediatric Vaccines against Pertussis. Vaccines (Basel). 2021;9(3). 

17. Lapidot R, and Gill CJ. The Pertussis resurgence: putting together the pieces of the puzzle. 

Trop Dis Travel Med Vaccines. 2016;2:26. 

18. Mills KH, Barnard A, Watkins J, and Redhead K. Cell-mediated immunity to Bordetella 

pertussis: role of Th1 cells in bacterial clearance in a murine respiratory infection model. 

Infection and immunity. 1993;61(2):399-410. 

19. Brummelman J, Wilk MM, Han WG, van Els CA, and Mills KH. Roads to the development 

of improved pertussis vaccines paved by immunology. Pathog Dis. 2015;73(8):ftv067. 

20. Giuliano M, Mastrantonio P, Giammanco A, Piscitelli A, Salmaso S, and Wassilak SG. 

Antibody responses and persistence in the two years after immunization with two acellular 

vaccines and one whole-cell vaccine against pertussis. The Journal of pediatrics. 

1998;132(6):983-8. 



 

 

 
 

Information Classification: General 

21. Ward JI, Cherry JD, Chang SJ, Partridge S, Lee H, Treanor J, et al. Efficacy of an acellular 

pertussis vaccine among adolescents and adults. The New England journal of medicine. 

2005;353(15):1555-63. 

22. Alghounaim M, Alsaffar Z, Alfraij A, Bin-Hasan S, and Hussain E. Whole-Cell and Acellular 

Pertussis Vaccine: Reflections on Efficacy. Med Princ Pract. 2022;31(4):313-21. 

23. Blackwelder WC, Storsaeter J, Olin P, and Hallander HO. Acellular pertussis vaccines. 

Efficacy and evaluation of clinical case definitions. Am J Dis Child. 1991;145(11):1285-9. 

24. Mills KH, Brady M, Ryan E, and Mahon BP. A respiratory challenge model for infection with 

Bordetella pertussis: application in the assessment of pertussis vaccine potency and in 

defining the mechanism of protective immunity. Developments in biological standardization. 

1998;95:31-41. 

25. Murphy TV, Slade BA, Broder KR, Kretsinger K, Tiwari T, Joyce PM, et al. Prevention of 

pertussis, tetanus, and diphtheria among pregnant and postpartum women and their infants 

recommendations of the Advisory Committee on Immunization Practices (ACIP). MMWR 

Recomm Rep. 2008;57(RR-4):1-51. 

26. Mascart F, Verscheure V, Malfroot A, Hainaut M, Pierard D, Temerman S, et al. Bordetella 

pertussis infection in 2-month-old infants promotes type 1 T cell responses. J Immunol. 

2003;170(3):1504-9. 

27. Hafler JP, and Pohl-Koppe A. The cellular immune response to Bordetella pertussis in two 

children with whooping cough. Eur J Med Res. 1998;3(11):523-6. 

28. Garlapati S, Eng NF, Kiros TG, Kindrachuk J, Mutwiri GK, Hancock RE, et al. Immunization 

with PCEP microparticles containing pertussis toxoid, CpG ODN and a synthetic innate 

defense regulator peptide induces protective immunity against pertussis. Vaccine. 

2011;29(38):6540-8. 

29. Mills KH. Immunity to Bordetella pertussis. Microbes Infect. 2001;3(8):655-77. 

30. Barbic J, Leef MF, Burns DL, and Shahin RD. Role of gamma interferon in natural clearance 

of Bordetella pertussis infection. Infection and immunity. 1997;65(12):4904-8. 

31. Ryan M, McCarthy L, Rappuoli R, Mahon BP, and Mills KH. Pertussis toxin potentiates Th1 

and Th2 responses to co-injected antigen: adjuvant action is associated with enhanced 

regulatory cytokine production and expression of the co-stimulatory molecules B7-1, B7-2 

and CD28. Int Immunol. 1998;10(5):651-62. 

32. Ryan M, Murphy G, Ryan E, Nilsson L, Shackley F, Gothefors L, et al. Distinct T-cell 

subtypes induced with whole cell and acellular pertussis vaccines in children. Immunology. 

1998;93(1):1-10. 

33. Higgs R, Higgins SC, Ross PJ, and Mills KH. Immunity to the respiratory pathogen 

Bordetella pertussis. Mucosal Immunol. 2012;5(5):485-500. 

34. Borkner L, Curham LM, Wilk MM, Moran B, and Mills KHG. IL-17 mediates protective 

immunity against nasal infection with Bordetella pertussis by mobilizing neutrophils, 

especially Siglec-F(+) neutrophils. Mucosal Immunol. 2021;14(5):1183-202. 

35. Wilk MM, Borkner L, Misiak A, Curham L, Allen AC, and Mills KHG. Immunization with 

whole cell but not acellular pertussis vaccines primes CD4 TRM cells that sustain protective 

immunity against nasal colonization with Bordetella pertussis. Emerg Microbes Infect. 

2019;8(1):169-85. 

36. Seubert A, D'Oro U, Scarselli M, and Pizza M. Genetically detoxified pertussis toxin (PT-

9K/129G): implications for immunization and vaccines. Expert review of vaccines. 

2014;13(10):1191-204. 

37. Warfel JM, Zimmerman LI, and Merkel TJ. Acellular pertussis vaccines protect against 

disease but fail to prevent infection and transmission in a nonhuman primate model. 

Proceedings of the National Academy of Sciences of the United States of America. 

2014;111(2):787-92. 

38. de Graaf H, Ibrahim M, Hill AR, Gbesemete D, Vaughan AT, Gorringe A, et al. Controlled 

Human Infection With Bordetella pertussis Induces Asymptomatic, Immunizing 

Colonization. Clin Infect Dis. 2020;71(2):403-11. 

39. Wirsing von Konig CH, Postels-Multani S, Bock HL, and Schmitt HJ. Pertussis in adults: 

frequency of transmission after household exposure. Lancet. 1995;346(8986):1326-9. 



 

 

 
 

Information Classification: General 

40. Wendelboe AM, Van Rie A, Salmaso S, and Englund JA. Duration of immunity against 

pertussis after natural infection or vaccination. The Pediatric infectious disease journal. 

2005;24(5 Suppl):S58-61. 

41. Wearing HJ, and Rohani P. Estimating the duration of pertussis immunity using 

epidemiological signatures. PLoS Pathog. 2009;5(10):e1000647. 

42. Jenkinson D. Duration of effectiveness of pertussis vaccine: evidence from a 10 year 

community study. Br Med J (Clin Res Ed). 1988;296(6622):612-4. 

43. Vickers D, Ross AG, Mainar-Jaime RC, Neudorf C, and Shah S. Whole-cell and acellular 

pertussis vaccination programs and rates of pertussis among infants and young children. 

CMAJ. 2006;175(10):1213-7. 

44. Klein NP, Bartlett J, Fireman B, Rowhani-Rahbar A, and Baxter R. Comparative 

effectiveness of acellular versus whole-cell pertussis vaccines in teenagers. Pediatrics. 

2013;131(6):e1716-22. 

45. Organization WH. Weekly Epidemiol Rec. 2014. 

46. Chiappini E, Stival A, Galli L, and de Martino M. Pertussis re-emergence in the post-

vaccination era. BMC infectious diseases. 2013;13:151. 

47. Acosta AM, DeBolt C, Tasslimi A, Lewis M, Stewart LK, Misegades LK, et al. Tdap vaccine 

effectiveness in adolescents during the 2012 Washington State pertussis epidemic. Pediatrics. 

2015;135(6):981-9. 

48. Eberhardt CS, and Siegrist CA. What Is Wrong with Pertussis Vaccine Immunity? Inducing 

and Recalling Vaccine-Specific Immunity. Cold Spring Harbor perspectives in biology. 2017. 

49. Knuutila A, Dalby T, Barkoff AM, Jorgensen CS, Fuursted K, Mertsola J, et al. Differences 

in epitope-specific antibodies to pertussis toxin after infection and acellular vaccinations. Clin 

Transl Immunology. 2020;9(8):e1161. 

50. Chasaide CN, and Mills KHG. Next-Generation Pertussis Vaccines Based on the Induction of 

Protective T Cells in the Respiratory Tract. Vaccines (Basel). 2020;8(4). 

51. Armstrong ME, Loscher CE, Lynch MA, and Mills KH. IL-1beta-dependent neurological 

effects of the whole cell pertussis vaccine: a role for IL-1-associated signalling components in 

vaccine reactogenicity. J Neuroimmunol. 2003;136(1-2):25-33. 

52. Dias WO, van der Ark AA, Sakauchi MA, Kubrusly FS, Prestes AF, Borges MM, et al. An 

improved whole cell pertussis vaccine with reduced content of endotoxin. Human vaccines & 

immunotherapeutics. 2013;9(2):339-48. 

53. O'Neill LA. How Toll-like receptors signal: what we know and what we don't know. Curr 

Opin Immunol. 2006;18(1):3-9. 

54. Mattoo S, and Cherry JD. Molecular pathogenesis, epidemiology, and clinical manifestations 

of respiratory infections due to Bordetella pertussis and other Bordetella subspecies. Clin 

Microbiol Rev. 2005;18(2):326-82. 

55. Bannatyne RM, and Cheung R. Reducing the endotoxic activity of pertussis vaccine. J Hyg 

(Lond). 1981;87(3):377-81. 

56. Cherry JD. The 112-Year Odyssey of Pertussis and Pertussis Vaccines-Mistakes Made and 

Implications for the Future. J Pediatric Infect Dis Soc. 2019;8(4):334-41. 

57. Maeshima N, and Fernandez RC. Recognition of lipid A variants by the TLR4-MD-2 receptor 

complex. Front Cell Infect Microbiol. 2013;3:3. 

58. Mielcarek N, Debrie AS, Raze D, Bertout J, Rouanet C, Younes AB, et al. Live attenuated B. 

pertussis as a single-dose nasal vaccine against whooping cough. PLoS Pathog. 

2006;2(7):e65. 

59. Baumann E, Binder BR, Falk W, Huber EG, Kurz R, and Rosanelli K. Development and 

clinical use of an oral heat-inactivated whole cell pertussis vaccine. Developments in 

biological standardization. 1985;61:511-6. 

60. Thomas G. Respiratory and humoral immune response to aerosol and intramuscular pertussis 

vaccine. J Hyg (Lond). 1975;74(2):233-7. 

61. Mielcarek N, Debrie AS, Raze D, Quatannens J, Engle J, Goldman WE, et al. Attenuated 

Bordetella pertussis: new live vaccines for intranasal immunisation. Vaccine. 2006;24 Suppl 

2:S2-54-5. 



 

 

 
 

Information Classification: General 

62. Locht C, and Mielcarek N. Live attenuated vaccines against pertussis. Expert review of 

vaccines. 2014;13(9):1147-58. 

63. Mielcarek N, Alonso S, and Locht C. Nasal vaccination using live bacterial vectors. Adv Drug 

Deliv Rev. 2001;51(1-3):55-69. 

64. Cornford-Nairns R, Daggard G, and Mukkur T. Construction and preliminary 

immunobiological characterization of a novel, non-reverting, intranasal live attenuated 

whooping cough vaccine candidate. J Microbiol Biotechnol. 2012;22(6):856-65. 

65. Jahnmatz M, Richert L, Al-Tawil N, Storsaeter J, Colin C, Bauduin C, et al. Safety and 

immunogenicity of the live attenuated intranasal pertussis vaccine BPZE1: a phase 1b, 

double-blind, randomised, placebo-controlled dose-escalation study. The Lancet Infectious 

diseases. 2020;20(11):1290-301. 

66. Lin A, Apostolovic D, Jahnmatz M, Liang F, Ols S, Tecleab T, et al. Live attenuated pertussis 

vaccine BPZE1 induces a broad antibody response in humans. J Clin Invest. 

2020;130(5):2332-46. 

67. Cherry JD, Gornbein J, Heininger U, and Stehr K. A search for serologic correlates of 

immunity to Bordetella pertussis cough illnesses. Vaccine. 1998;16(20):1901-6. 

68. Cherry JD, Heininger U, Richards DM, Storsaeter J, Gustafsson L, Ljungman M, et al. 

Antibody response patterns to Bordetella pertussis antigens in vaccinated (primed) and 

unvaccinated (unprimed) young children with pertussis. Clin Vaccine Immunol. 

2010;17(5):741-7. 

69. Pawloski LC, Queenan AM, Cassiday PK, Lynch AS, Harrison MJ, Shang W, et al. 

Prevalence and molecular characterization of pertactin-deficient Bordetella pertussis in the 

United States. Clin Vaccine Immunol. 2014;21(2):119-25. 

70. Lesne E, Cavell BE, Freire-Martin I, Persaud R, Alexander F, Taylor S, et al. Acellular 

Pertussis Vaccines Induce Anti-pertactin Bactericidal Antibodies Which Drives the 

Emergence of Pertactin-Negative Strains. Front Microbiol. 2020;11:2108. 

71. Barkoff AM, Mertsola J, Pierard D, Dalby T, Hoegh SV, Guillot S, et al. Pertactin-deficient 

Bordetella pertussis isolates: evidence of increased circulation in Europe, 1998 to 2015. Euro 

Surveill. 2019;24(7). 

72. Dorji D, Mooi F, Yantorno O, Deora R, Graham RM, and Mukkur TK. Bordetella Pertussis 

virulence factors in the continuing evolution of whooping cough vaccines for improved 

performance. Med Microbiol Immunol. 2018;207(1):3-26. 

73. Marr N, Oliver DC, Laurent V, Poolman J, Denoel P, and Fernandez RC. Protective activity 

of the Bordetella pertussis BrkA autotransporter in the murine lung colonization model. 

Vaccine. 2008;26(34):4306-11. 

74. Holubova J, Stanek O, Brazdilova L, Masin J, Bumba L, Gorringe AR, et al. Acellular 

Pertussis Vaccine Inhibits Bordetella pertussis Clearance from the Nasal Mucosa of Mice. 

Vaccines (Basel). 2020;8(4). 

75. Guiso N, Szatanik M, and Rocancourt M. Protective activity of Bordetella adenylate cyclase-

hemolysin against bacterial colonization. Microb Pathog. 1991;11(6):423-31. 

76. Macdonald-Fyall J, Xing D, Corbel M, Baillie S, Parton R, and Coote J. Adjuvanticity of 

native and detoxified adenylate cyclase toxin of Bordetella pertussis towards co-administered 

antigens. Vaccine. 2004;22(31-32):4270-81. 

77. Alvarez Hayes J, Erben E, Lamberti Y, Ayala M, Maschi F, Carbone C, et al. Identification of 

a new protective antigen of Bordetella pertussis. Vaccine. 2011;29(47):8731-9. 

78. Jefferson T, Rudin M, and DiPietrantonj C. Systematic review of the effects of pertussis 

vaccines in children. Vaccine. 2003;21(17-18):2003-14. 

79. Warfel JM, and Merkel TJ. The baboon model of pertussis: effective use and lessons for 

pertussis vaccines. Expert review of vaccines. 2014;13(10):1241-52. 

80. Misiak A, Leuzzi R, Allen AC, Galletti B, Baudner BC, D'Oro U, et al. Addition of a TLR7 

agonist to an acellular pertussis vaccine enhances Th1 and Th17 responses and protective 

immunity in a mouse model. Vaccine. 2017;35(39):5256-63. 

81. Allen AC, Wilk MM, Misiak A, Borkner L, Murphy D, and Mills KHG. Sustained protective 

immunity against Bordetella pertussis nasal colonization by intranasal immunization with a 



 

 

 
 

Information Classification: General 

vaccine-adjuvant combination that induces IL-17-secreting TRM cells. Mucosal Immunol. 

2018;11(6):1763-76. 

82. Boehm DT, Wolf MA, Hall JM, Wong TY, Sen-Kilic E, Basinger HD, et al. Intranasal 

acellular pertussis vaccine provides mucosal immunity and protects mice from Bordetella 

pertussis. NPJ Vaccines. 2019;4:40. 

83. Sugai T, Mori M, Nakazawa M, Ichino M, Naruto T, Kobayashi N, et al. A CpG-containing 

oligodeoxynucleotide as an efficient adjuvant counterbalancing the Th1/Th2 immune 

response in diphtheria-tetanus-pertussis vaccine. Vaccine. 2005;23(46-47):5450-6. 

84. Gracia A, Polewicz M, Halperin SA, Hancock RE, Potter AA, Babiuk LA, et al. Antibody 

responses in adult and neonatal BALB/c mice to immunization with novel Bordetella 

pertussis vaccine formulations. Vaccine. 2011;29(8):1595-604. 

85. Poland GA. Pertussis outbreaks and pertussis vaccines: new insights, new concerns, new 

recommendations? Vaccine. 2012;30(49):6957-9. 

86. Moore A, McGuirk P, Adams S, Jones WC, McGee JP, O'Hagan DT, et al. Immunization 

with a soluble recombinant HIV protein entrapped in biodegradable microparticles induces 

HIV-specific CD8+ cytotoxic T lymphocytes and CD4+ Th1 cells. Vaccine. 

1995;13(18):1741-9. 

87. Asensio CJ, Gaillard ME, Moreno G, Bottero D, Zurita E, Rumbo M, et al. Outer membrane 

vesicles obtained from Bordetella pertussis Tohama expressing the lipid A deacylase PagL as 

a novel acellular vaccine candidate. Vaccine. 2011;29(8):1649-56. 

88. Department of Health. Joint Committee on Vaccination and Immunisation MotmoWOL. Joint 

Committee on Vaccination and Immunisation, Minute of the meeting on Wednesday 3 October 

2012 London2012. 2012. 

89. Raeven RHM, Brummelman J, Pennings JLA, van der Maas L, Helm K, Tilstra W, et al. 

Molecular and cellular signatures underlying superior immunity against Bordetella pertussis 

upon pulmonary vaccination. Mucosal Immunol. 2018;11(3):1009. 

90. Knuf M, Vetter V, Celzo F, Ramakrishnan G, Van Der Meeren O, and Jacquet JM. Repeated 

administration of a reduced-antigen-content diphtheria-tetanus-acellular pertussis and 

poliomyelitis vaccine (dTpa-IPV; Boostrix IPV). Human vaccines. 2010;6(7):554-61. 

91. Mallet E, Matisse N, Mathieu N, Langue J, Boisnard F, Soubeyrand B, et al. Antibody 

persistence against diphtheria, tetanus, pertussis, poliomyelitis and Haemophilus influenzae 

type b (Hib) in 5-6-year-old children after primary vaccination and first booster with a 

pentavalent combined acellular pertussis vaccine: immunogenicity and tolerance of a 

tetravalent combined acellular pertussis vaccine given as a second booster. Vaccine. 

2004;22(11-12):1415-22. 

92. Ibsen PH. The effect of formaldehyde, hydrogen peroxide and genetic detoxification of 

pertussis toxin on epitope recognition by murine monoclonal antibodies. Vaccine. 

1996;14(5):359-68. 

93. di Tommaso A, de Magistris MT, Bugnoli M, Marsili I, Rappuoli R, and Abrignani S. 

Formaldehyde treatment of proteins can constrain presentation to T cells by limiting antigen 

processing. Infection and immunity. 1994;62(5):1830-4. 

94. Pizza M, Covacci A, Bartoloni A, Perugini M, Nencioni L, De Magistris MT, et al. Mutants 

of pertussis toxin suitable for vaccine development. Science. 1989;246(4929):497-500. 

95. Greco D, Salmaso S, Mastrantonio P, Giuliano M, Tozzi AE, Anemona A, et al. A controlled 

trial of two acellular vaccines and one whole-cell vaccine against pertussis. Progetto Pertosse 

Working Group. The New England journal of medicine. 1996;334(6):341-8. 

96. Salmaso S, Mastrantonio P, Tozzi AE, Stefanelli P, Anemona A, Ciofi degli Atti ML, et al. 

Sustained efficacy during the first 6 years of life of 3-component acellular pertussis vaccines 

administered in infancy: the Italian experience. Pediatrics. 2001;108(5):E81. 

97. Buasri W, Impoolsup A, Boonchird C, Luengchaichawange A, Prompiboon P, Petre J, et al. 

Construction of Bordetella pertussis strains with enhanced production of genetically-

inactivated Pertussis Toxin and Pertactin by unmarked allelic exchange. BMC microbiology. 

2012;12:61. 

98. Sirivichayakul C, Chanthavanich P, Limkittikul K, Siegrist CA, Wijagkanalan W, 

Chinwangso P, et al. Safety and immunogenicity of a combined Tetanus, Diphtheria, 



 

 

 
 

Information Classification: General 

recombinant acellular Pertussis vaccine (TdaP) in healthy Thai adults. Human vaccines & 

immunotherapeutics. 2017;13(1):136-43. 

99. Sricharoenchai S, Sirivichayakul C, Chokephaibulkit K, Pitisuttithum P, Dhitavat J, 

Pitisuthitham A, et al. A genetically inactivated two-component acellular pertussis vaccine, 

alone or combined with tetanus and reduced-dose diphtheria vaccines, in adolescents: a phase 

2/3, randomised controlled non-inferiority trial. The Lancet Infectious diseases. 2017. 

100. Pitisuttithum P, Chokephaibulkit K, Sirivichayakul C, Sricharoenchai S, Dhitavat J, 

Pitisuthitham A, et al. Antibody persistence after vaccination of adolescents with monovalent 

and combined acellular pertussis vaccines containing genetically inactivated pertussis toxin: a 

phase 2/3 randomised, controlled, non-inferiority trial. The Lancet Infectious diseases. 

2018;18(11):1260-8. 

101. Blanchard Rohner G, Chatzis O, Chinwangso P, Rohr M, Grillet S, Salomon C, et al. 

Boosting Teenagers With Acellular Pertussis Vaccines Containing Recombinant or 

Chemically Inactivated Pertussis Toxin: A Randomized Clinical Trial. Clin Infect Dis. 

2019;68(7):1213-22. 

102. Sricharoenchai S, Sirivichayakul C, Chokephaibulkit K, Pitisuttithum P, Dhitavat J, 

Pitisuthitham A, et al. A genetically inactivated two-component acellular pertussis vaccine, 

alone or combined with tetanus and reduced-dose diphtheria vaccines, in adolescents: a phase 

2/3, randomised controlled non-inferiority trial. The Lancet Infectious diseases. 

2018;18(1):58-67. 

103. Kapil P, Papin JF, Wolf RF, Zimmerman LI, Wagner LD, and Merkel TJ. Maternal 

Vaccination With a Monocomponent Pertussis Toxoid Vaccine Is Sufficient to Protect Infants 

in a Baboon Model of Whooping Cough. The Journal of infectious diseases. 

2018;217(8):1231-6. 

104. Wood N, Nolan T, Marshall H, Richmond P, Gibbs E, Perrett K, et al. Immunogenicity and 

Safety of Monovalent Acellular Pertussis Vaccine at Birth: A Randomized Clinical Trial. 

JAMA Pediatr. 2018;172(11):1045-52. 

105. Fortuna L, Chaithongwongwatthana S, Soonthornworasiri N, Spiegel J, Wijagkanalan W, 

Mansouri S, et al. Enhanced post-licensure safety surveillance of a new recombinant acellular 

pertussis vaccine licensed as a monovalent (aP, Pertagen(R)) and tetanus, reduced-dose 

diphtheria combination (TdaP, Boostagen(R)) vaccine for immunization of adolescents and 

adults in Thailand. Vaccine. 2020;38(51):8194-9. 

106. Chatzis O, Blanchard-Rohner G, Mondoulet L, Pelletier B, De Gea-Hominal A, Roux M, et 

al. Safety and immunogenicity of the epicutaneous reactivation of pertussis toxin immunity in 

healthy adults: a phase I, randomized, double-blind, placebo-controlled trial. Clinical 

microbiology and infection : the official publication of the European Society of Clinical 

Microbiology and Infectious Diseases. 2020. 

 


