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a b s t r a c t

Despite long-standing vaccination programs, substantial increases in reported cases of pertussis have
been described in several countries during the last 5 years. Cases among very young infants who are at
greatest risk of pertussis-related hospitalizations and mortality are the most alarming. Multiple hypothe-
ses including but not limited to the availability of more sensitive diagnostic tests, greater awareness, and
waning vaccine-induced immunity over time have been posited for the current challenges with pertussis.
The conference ‘‘Pertussis: biology, epidemiology and prevention” held in Annecy-France (November
11–13, 2015) brought together experts and interested individuals to examine these issues and to
formulate recommendations for optimal use of current vaccines, with a particular focus on strategies
to minimize severe morbidity and mortality among infants during the first months of life. The expert
panel concluded that improving vaccination strategies with current vaccines and development of new
highly immunogenic and efficacious pertussis vaccines that have acceptable adverse event profiles are
currently the two main areas of investigation for the control of pertussis. Some possible pathways
forward to address these main challenges are discussed in this report.
1. Introduction

Pertussis, commonly called whooping cough, is a highly infec-
tious disease that was previously a universal rite of passage for
older infants and young children. The discovery in 1906 of its cau-
sative organism, Bordetella pertussis, led to the development of
whole-cell pertussis (wP) vaccines, which by the late 1940s were
combined with diphtheria (D) and tetanus (T) toxoids. Countries
that instituted broad DTwP vaccination programs beginning in
the mid-20th century saw pertussis dramatically decrease over
subsequent decades. However, concerns over reactogenicity
prompted some parents to refuse wP-containing vaccines for their
children and some countries to discontinue their programs [1].
Less reactogenic acellular pertussis (aP) vaccines were developed
to address these concerns. They were deployed in Japan
approximately 35 years ago; in North America, Australia and some
European countries about 15–20 years ago; and more recently in
other middle- and high-income countries.

During the last 5 years, multiple countries (e.g., Australia, the
United Kingdom, and the United States of America) have experi-
enced substantial increases in reported cases of pertussis [2,3].
Cases among very young infants who are at greatest risk of
pertussis-related hospitalizations and mortality are the most
alarming. Multiple hypotheses have been posited for the current
challenges with pertussis, including:

� More sensitive diagnostic tests combined with greater pertussis
disease awareness;

� Inadequate vaccination schedules and poor compliance with
vaccination recommendations;

� Evolution of circulating pertussis strains to evade vaccine-
induced immunity;

� Suboptimal priming by and decreased duration of protection
from aP compared to wP vaccines.

http://dx.doi.org/10.1016/j.vaccine.2016.10.029
mailto:mitra.elahi@chu-lyon.fr
http://dx.doi.org/10.1016/j.vaccine.2016.10.029
http://www.sciencedirect.com/science/journal/0264410X
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The Fondation Mérieux organized a conference (11–13 Novem-
ber 2015) entitled: ‘‘Pertussis: biology, epidemiology and preven-
tion” in Annecy, France (‘‘Les Pensières” Conference Centre). The
purpose of this symposium was to bring together experts and
interested individuals to:

� Explore the latest trends in pertussis epidemiology;
� Better understand the reasons for these trends;
� Discuss potential ways in which pertussis vaccines might be
improved and the practicalities of their introduction into rou-
tine use;

� Formulate recommendations for optimal use of current vacci-
nes, with a particular focus on strategies to minimize severe
morbidity and mortality among infants during the first months
of life.

This report provides a summary of the issues discussed, key
findings and areas for future research and development.
2. Pertussis epidemiology and vaccine impact: some examples

While the long-standing use of pertussis vaccines has greatly
reduced the disease burden, pertussis continues to be a public
health concern, even in some countries with well-established
childhood vaccination programs. The following sections give an
overview of the observed changes in the epidemiology of pertussis
in a number of countries.

2.1. The United States of America

DTwP vaccine was introduced in the USA in the late 1940s, lead-
ing to a substantial drop in the annual number of case reports of
pertussis, reaching a nadir in 1976 [1]. It has been experiencing
regular (every 3–4 years) epidemic peaks in reports of pertussis
since the late 1970s, with these peaks substantially increasing in
magnitude beginning in 2004–05. The USA transitioned from
DTwP- to DTaP-containing vaccines from 1991 to 2001, first with
the school-entry and toddler doses, later with the infant doses.
The Tdap booster for adolescents and adults was introduced in
2005, and coverage rates with this vaccine among adolescents sur-
passed 80% by 2012 [4]. However, Tdap vaccine uptake among
adults has been much lower [5]. Overall and adolescent-specific
case reports decreased for several years following the introduction
of Tdap vaccine, but rose again in 2010. Reported cases exceeded
48,000 in 2012, the highest number since 1955 [6]. In addition to
a considerable number of deaths in young infants, high incidence
rates were observed in children 7–10 years of age and in adoles-
cents 13–14 year olds. Age-group specific trends observed in
2014 were similar to those in 2012, but there was also a peak in
16 year olds [6]. The increased pertussis cases among 13–14 years
olds in 2012 and among 16 year olds in 2014 raise concerns about
the duration of Tdap’s effectiveness when given to adolescents
whose previous pertussis vaccinations were exclusively acellular
[7,8]. In the past, mothers have been the most commonly cited
source of infection in the United States [9] while siblings are
now identified as the major source of transmission to young
infants [10]. This epidemiology shift supports the change in recom-
mendations in the US to include Tdap vaccination during every
pregnancy.

2.2. Australia

The vaccination schedule in Australia has been the subject of
several changes over time in an attempt to improve the control
of pertussis [11,12]. However, pertussis continues to be a public
health concern in the country. During the last 10 years, the average
annual notification rate was more than 3 times that of the previous
decade [13]. In contrast, early infant hospitalization and mortality
rates have remained unchanged, largely attributable to increased
diagnosis of milder disease due to the availability of PCR testing
[14]. The pattern of age-specific notifications has changed substan-
tially, with cases aged <15 years representing an increasing pro-
portion of all cases during the 2008–2011 epidemics [11].
Although the infant pertussis mortality rate has not changed much
over time, there has been a progressive increase in deaths during
early infancy, with all 10 infant deaths occurring among those
<2 months of age in the period 2006–2012 [13]. Starting in March
2009, parents and general practitioners in successive Australian
jurisdictions were asked to bring the first infant vaccine dose for-
ward to 6 weeks of age, as advancing that first dose by 2 weeks
was estimated to reduce the number of notified cases and hospital-
izations by 8–9% [15]. Although ‘cocoon’ doses for parents were
recommended nationally in 2003 to provide indirect protection
to newborns, cocoon doses were not free of charge until 2009, by
when most states and territories provided Tdap vaccine to parents
in response to epidemics. However, subsequent evaluations found
only modest benefit in reducing pertussis risk in early infancy
[16–18]. Lack of impact of cocooning was in part related to recently
vaccinated siblings (3–4 years of age) emerging as the most com-
mon source of transmission following discontinuation of the 18-
month booster dose in 2003 [19,20]. Following the availability
from England of robust effectiveness data on maternal antepartum
vaccination [21], this was formally endorsed as the preferred strat-
egy in April 2015. From mid-2015, maternal vaccination during
pregnancy has been fully funded by all jurisdictions separately,
with strong consumer and professional support. A decision about
cost-effectiveness of this intervention for the National Immunisa-
tion Program is expected soon.

2.3. England

Routine pertussis immunisation has been introduced into the
national immunisation schedule in 1957 and has undergone a
number of changes to optimise the control of infant disease. These
included the introduction of an accelerated infant schedule (3
doses of wP vaccine at 2, 3 and 4 months of age) in 1990, the inclu-
sion of aP vaccine in the early preschool booster dose in 2001 and
the switch from wP to aP vaccine in the primary infant schedule in
2004. Despite sustained high vaccine coverage, England experi-
enced a sizeable increase in infant disease and deaths during
2012 [22]. In response to this dramatic increase, the department
of health recommended that pregnant women receive a dose of
Tdap-IPV vaccine, ideally at 28–32 week’s gestation [21]. Vaccine
coverage was over 55% in the first year of the programme and
reached a steady rate of above 60% in 2015. Vaccine effectiveness
measured by screening and case-control methods was high,
exceeding 90% [21,23]. The impact of the programme, as measured
by annual age-specific laboratory-confirmed pertussis incidence
rate showed that cases in infants <3 months have been held at
low levels, suggesting that this strategy could be considered in
other countries with large number of early infant pertussis notifi-
cations. Evaluations are on-going and, if continued through the
next UK epidemic, should further increase understanding of the
programme impact.

2.4. Africa

There is a paucity of data regarding the burden of B. pertussis in
South Africa, and in Africa in general. Since July 2009, immunisa-
tion against pertussis in South Africa involves DTaP-IPV/Hib at 6,
10, and 14 weeks and again at + 18 months. The high prevalence
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of maternal human immunodeficiency virus (HIV) infection in this
part of the world is of particular concern because it might increase
the vulnerability of infants and children to other infectious dis-
eases such as pertussis [24,25]. The impact of HIV-infection or in
utero HIV-exposure on pertussis infection has recently been the
subject of several studies. A community-based cohort study of
HIV-uninfected and HIV-infected mothers in Khayelitsha, South
Africa, reported 40% reduction in the transplacental transfer of B.
pertussis antibody from HIV-infected mothers to their HIV-
uninfected newborns, suggesting that these infants could be at
higher risk of pertussis infection before receipt of their own pertus-
sis vaccines [24]. Similar findings have been reported in a longitu-
dinal cohort study in Cape Town [25]. Higher incidence rates of
pertussis in HIV-infected pregnant women could also contribute
to an increased vulnerability of their offspring to pertussis infec-
tion. In a cohort study including 2116 HIV-uninfected and 194
HIV-infected women, and their 2049 and 188 infants, respectively,
there were 31 cases of pertussis-illness in the HIV-unexposed
infants and 7 cases in the HIV-exposed infants (2.8 vs. 7.4 cases
per 1000 child-months, p = 0.02), at median ages of 83 days
(interquartile range IQR: 51–108) and 67 days (IQR: 28–76),
respectively. In total, 40 pertussis cases were detected in the
HIV-uninfected women compared to 11 cases in the HIV-infected
women (2.4 vs. 7.5 cases per 1000 woman-months, p < 0.001);
54% of the women in both groups were pregnant at the time of
the illness episode. In a hospital surveillance study, 1033 infants
<6 months of age were enrolled and pertussis was detected in 32
of these. Infants infected with pertussis were a median of 52 days
old (IQR: 34–70) and 36% were HIV-exposed (unpublished data:
Marta C Nunes, Johannesburg, South Africa).

Low pertussis antibody levels at birth in HIV-exposed-
uninfected children and high incidence rates of pertussis among
HIV-infected pregnant women could be potential explanations
for the higher pertussis morbidity and mortality among African
HIV-exposed infants, mostly too young to be fully protected by
direct immunisation. Vaccination of pregnant women, which has
been shown to be efficacious against pertussis in young infants,
might be a valuable strategy in such settings.

2.5. Position of the World Health Organisation

To examine the likely causes of the recent resurgence of pertus-
sis in some industrialised countries and the role that aP vaccine
may have played in this, the World Health Organisation (WHO)
through its Strategic Advisory Group of Experts (SAGE) established
a pertussis working group in March 2013. The working group
reviewed (i) new data on the effectiveness of targeted vaccination
strategies aimed at reducing infant mortality and commissioned a
systematic review of the effectiveness of different primary and
booster vaccination schedules, (ii) epidemiological data from coun-
tries with and without a resurgence using wP or aP vaccines in
order to understand the role of aP vaccines in disease resurgence,
(iii) data from animal models designed to test the effect of aP
and wP vaccines on protection from infection and disease and
(iv) mathematic models of pertussis transmission that were
designed to explore the cause of the resurgence in specific coun-
tries [26]. The SAGE working group concluded that the between-
country differences in the incidence of pertussis is due to multiple
factors related to the vaccine (type, composition, schedule, cover-
age, boosters), to the population (age distribution, mixing, trans-
mission patterns), to surveillance systems and diagnostic
methods. Except for 5 countries (i.e. Australia, Chile, England and
Wales, Portugal, and USA) with convincing evidence of a true
resurgence, there was no evidence of a broad resurgence at a global
level. The majority of increased incidence is likely associated with
natural cyclic patterns along with greater awareness and more
sensitive diagnostic testing. Key conclusions from modelling stud-
ies suggested shorter duration of aP than wP immunity. Following
this work, SAGE recommended that (i) national programs currently
using wP should continue using it for primary infant immunisation
and (ii) countries using aP may also continue but should consider
additional booster and other strategies to reduce childhood mor-
tality [27].
3. Factors associated with pertussis resurgence

B. pertussis is a highly homogeneous pathogen with very low
levels of variation between strains. Most observed changes are sin-
gle base changes referred to as single nucleotide polymorphism
(SNPs). B. pertussis contains many toxins and other virulence fac-
tors that interfere with the innate immune response and partici-
pate in the infectious process. However, clinical illness is
primarily due to pertussis toxin (PT) and the hypothesized but
yet unknown ‘‘cough toxin” [28].

Pathogen adaptation, possibly resulting from immune-driven
selective pressure of aP vaccines, has been considered as one of
the plausible explanations for the resurgence of pertussis [29,30].
Selective pressure could result in bacteria with increased virulence
or the ability to evade protective immune responses. Evolutionary
studies using SNPs classified B. pertussis isolates into 6 main clus-
ters named I through VI [29,31]. Genotyping studies have shown
that the predominant strains currently circulating in developed
countries belong to cluster I, defined by the presence of certain
SNPs. The expansion of cluster I was associated with genetic
changes in the PT promoter and the emergence of pertactin (Prn)
deficient strains. Importantly, the PT and Prn protein variants
found in cluster I strains are different from those of the strain used
to manufacture aP vaccines in many countries. Changes in the PT
promoter (from ptxP1to ptxP3) have been linked to increased pro-
duction of PT and several other virulence factors [31]. Mixed infec-
tion in a mouse model demonstrated that Prn-negative strains can
evade immunity induced by aP more effectively than Prn-positive
strains [32]. Prn-deficient strains, first reported in France in 2012
[33], have now been described in many countries [34,35]. Emer-
gence of Prn-deficient strains has been suggested to play a role
in the resurgence of pertussis in the USA. Screening of a large num-
ber of pertussis isolates throughout the USA provided evidence of a
substantial increase in the prevalence of Prn-deficient isolates to
more than 50% of those collected in 2012 [36]. The odds ratio of
having pertussis disease by Prn-deficient strains was significantly
higher (adjusted OR = 2.2; 95% confidence interval [CI], 1.3–4.0)
in vaccinated compared with unvaccinated cases of pertussis
[34], providing evidence for a possible selective advantage of
Prn-deficient strains. No correlation between Prn-negative strains
and disease symptoms was observed.

Suboptimal priming by and decreased duration of protection
induced by aP compared with wP vaccines could also contribute
to the resurgence of pertussis [37–40]. A meta-analysis of studies
that have measured long-term immunity to pertussis after 3 or 5
doses of DTaP showed that protection against pertussis waned
overtime, the odds of acquiring pertussis being increased by an
average of 1.33 times (95% confidence interval: 1.23–1.43) per year
[41]. Studies in animal models have shown that innate immune
mechanisms – involving dendritic cells, macrophages, neutrophils,
natural killers (NK) cells and antimicrobial peptides – help to con-
trol primary infection with B. pertussis, while complete bacterial
clearance requires cellular immunity mediated by T helper (Th)1
and Th17 cells. In previously infected or wP-vaccinated animals,
protective adaptive immunity is mediated mainly by Th1 and
Th17 cells, while aP vaccination induces more prominent Th2
responses [42–44]. The Th1/Th17 response prevents both disease
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and infection, and gives longer protection. Studies in mice sug-
gested that Th2 responses were redundant to protection induced
by aP vaccination [43]. While aP vaccines do induce good antibody
responses, recent evidence suggests that T follicular helper (Tfh)
cells, rather than Th2 cells, play a critical role in the generation
of long-lived plasma cells and memory B cells [44]. However, aP
vaccines have limited ability to induce Tfh cells which may in part
explain waning antibody responses after aP vaccination. [Unpub-
lished data: Anne-Marie Buisman et al. National Institute of Public
Health and the Environment, The Netherlands, and Mills et al. Trin-
ity College Dublin, Ireland]. Furthermore, aP vaccine fail to induce
lung tissue resident memory T (TRM) cells that ensure immunolog-
ical memory in the respiratory tract [Unpublished data: Mills et al.
Trinity College Dublin, Ireland]. The long-term immune responses
against pertussis were investigated in a longitudinal study of chil-
dren 4 through 10 years old who had been primed with either wP
or aP vaccine at 2,3,4 and 11 months of age and boosted with aP
vaccine at 4 and 9 years [45]. At 4 years of age, i.e. 3 years after
the infant vaccination, antibody levels have waned in both groups
but the level of antibodies to PT, FHA and Prn were significantly
higher in aP-primed children than wP-primed children. After the
school-entry booster, antibody levels and memory B-cell responses
reached significantly higher levels in aP vaccine-primed children
compared to wP vaccine-primed children [46]. All pre-booster T-
cell cytokines responses were already high in aP-primed children
and remained or decreased post-booster vaccination, whereas
those in wP-primed children increased. At 9 years of age, i.e.
5 years after the school-entry booster, there was however a shift
in immunity between the 2 groups in favour of wP-vaccine priming
(Unpublished data: Anne-Marie Buisman, National Institute of
Public Health and the Environment, The Netherlands). These data
suggest that a late childhood/early adolescent booster may induce
lesser protection in those primed with aP vaccines than in those
primed with wP vaccines.

Differences in the type of immune response generated by aP
vaccine as compared to wP vaccine have also been suggested to
contribute to the increase in infection and transmission of B. per-
tussis. The baboon model has increased our understanding of per-
tussis vaccines, particularly the observation that aP vaccines
protect from disease but not colonization [42]. This model also
showed that wP vaccine provide some protection from coloniza-
tion, while previous disease gives sterilizing protection. This allows
aP-vaccinated animals to transmit pertussis to naïve animals.
Transmission of B. pertussis may be thus greater in aP vaccinated
populations than wP-vaccinated populations.

Other factors such as variable vaccine uptake, the availability of
more sensitive diagnostic methods, increased awareness of dis-
ease, household transmission, increasing number of non-
medically exempted children and inadequate adult booster dose
coverage also contribute to the resurgence of pertussis in various
populations.
4. The way forward

Improving vaccination strategies with current vaccines and
development of new highly immunogenic and efficacious pertussis
vaccines are currently the two main areas of investigation for the
control of pertussis.

Vaccination of women during pregnancy may protect their
infants during several months post-partum. Vaccination of preg-
nant women with Tdap has already been implemented in several
countries (e.g. Argentina, Australia, Belgium, Brazil, Ireland,
Mexico, New Zealand, the UK, USA), as a means to protect young
infants from severe disease. Recommendation of pertussis
vaccination in the second or third trimester of pregnancy has been
based so far on the beneficial impact of transplacental transfer of
pertussis antibody (i.e. immunoglobulin G) to the foetus. Indeed,
Tdap vaccination during pregnancy offers increased antibody
levels at birth, lasting at least until the infant’s first vaccination,
thus helping to close the susceptibility gap for infection in young
infants [47–50]. Vaccination during each pregnancy is recom-
mended in Australia [51], Ireland [52], New Zealand [53], the
USA [54], and the UK [55]. Secretory immunoglobulin (SIgA) of
the breast milk can also provide protection to the infant by binding
the pathogenic microorganisms, thus inhibiting the colonization
and invasion of the mucosal membranes of the child. In contrast
to mothers with no recent (>5 years) pertussis vaccination, higher
levels of anti-PT SIgA were measured in breast milk of vaccinated
mothers [56], still detected at 8 weeks [57].

Further research on pertussis vaccination during pregnancy is
warranted. Blunting of the infant’s antibody responses to her/his
own pertussis vaccination by high concentrations of maternal anti-
bodies is one of the remaining concerns in the research on the
immunological effects of this strategy. Infants of women who
received Tdap or Tdap-IPV during pregnancy achieved lower levels
of antibodies to PT, FHA and FIM [49]; but not to PRN [50] after
receiving 3 doses of aP-containing vaccine. Factors influencing this
interference include: type and composition of vaccine used in
mothers and offspring, vaccination schedule used in infants, and
possibly the affinity of maternal antibodies [47,48]. Another chal-
lenge is to better understand the effect of Tdap vaccination during
pregnancy on the anti-pertussis cellular immune responses in
infants.

Vaccination of newborns very shortly after birth is another pos-
sible strategy to provide anti-pertussis protection in the first
months of life. Neonatal vaccination with DTaP was safe, but was
associated with lower geometric mean concentrations of anti-PT
antibody and reduced responses to subsequent booster doses in
one study [58]. In contrast, administration of a standalone aP vac-
cine at birth followed by DTaP combination vaccines was associ-
ated with enhanced antibody responses against pertussis
antigens [59–61], suggesting that DTaP at birth has a ‘bystander
effect’ not seen with aP at birth [62]. Findings from a large random-
ized controlled safety and immunogenicity trial carried out among
term newborns who received standalone aP vaccine concurrently
with hepatitis B vaccine support the potential for standalone aP
to protect against severe early pertussis, especially if the mother
has not received Tdap in pregnancy [Unpublished data: Peter B.
McIntyre, University of Sydney, Australia].

Another field of research aimed at controlling the re-emergence
of pertussis is directed towards the development of new vaccines.
There are several approaches to new pertussis vaccines, including
the development of (i) less reactogenic DTwP vaccines, (ii) new
DTaP vaccines with different adjuvants and (iii) live-attenuated
pertussis vaccines.

Lipooligosaccharide (LOS) is the endotoxin from the bacterial
outer membrane, an important component of the whole-cell vac-
cine and the major cause of DTwP vaccine-related adverse reac-
tions [63]. On the other hand, LOS is a potent adjuvant of the
immune system and changes in LOS composition or concentration
could affect the vaccine-induced immune response. An approach to
produce less reactogenic DTwP vaccine is to remove or modify the
endotoxin genetically or chemically. Attempts to remove or modify
this endotoxin in pertussis vaccine have already been performed
[63]. No pertussis vaccine containing genetically detoxified compo-
nents is in use today. One approach to accelerate the availability of
such vaccines is to modify the endotoxin of an available DTwP vac-
cine, and to compare the immune response of the modified vaccine
with the original vaccine in mice. Reactogenicity studies in animals
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and humans could be subsequently performed. Bridging data could
be used to support efficacy and to evaluate reactogenicity in field
studies.

The currently used aluminium-adjuvanted aP vaccines have
suboptimal efficacy. In particular, their failure to induce Th1/
Th17 responses and memory T cells may explain their suboptimal
efficacy and failure to induce more durable immunity. Possible
solutions include adding a different non-alum adjuvant to existing
aP-containing vaccines used for school-entry or adolescent boost-
ing or creating next generation paediatric aP vaccine with Th1/
Th17/Tfh/TRM cell-inducing adjuvant (+/- alum).

In addition to the foregoing, adding one or more new antigens
to aP vaccines has been proposed:

� The adenylate cyclase toxin (ACT) is critical for colonization by
B. pertussis [64], hence immunity to it may be protective
[65–67]. Addition of ACT has been shown to improve
performance of the aP vaccine in mice [66]. ACT could partly
shift the polarization of the immune response from Th2 to a
Th1-bias even when administrated with aluminium as the
adjuvant [68]. ACT is therefore a prime antigen candidate for
inclusion into a next generation of aP vaccines.

� Pertussis toxin (PT) is the main virulence factor of B. pertussis
and detoxified PT is a component of all aP vaccines. Detoxifica-
tion of PT in all current vaccines is achieved by treatment with
chemical agents, which alters dramatically the immunological
properties of the toxin. However, detoxification can also be
achieved by genetic mutagenesis of the enzymatic subunit of
PT, leaving most - if not all - B and T cell epitopes intact. The
PT-9K/129G mutant is a genetically detoxified derivative in
which the substitution of the two key enzymatic residues do
not affect all functional and immunological properties of PT,
resulting in a non-toxic antigen and a superior immunogenicity
compared to chemically detoxified PT [69]. In an efficacy trial,
the PT-9K/129G based-vaccine induced earlier and longer last-
ing protection as compared to vaccines containing chemically
inactivated PT. Assessment of safety and immunogenicity of
PT-9K/129G-containing aP and Tdap formulations in a booster
situation showed that genetically detoxified PT elicits improved
and longer-lasting (at least 1 year) immune responses when
compared with the chemically detoxified PT containing vaccine.
These data further support the hypothesis that PT-9K/129G is
an ideal candidate for future pertussis vaccine formulations
either as infant vaccines or as booster for older children, adoles-
cents and adults [unpublished data].

Research is also focused on the development of a live-
attenuated vaccine for intranasal administration. BPZE1, is a live
attenuated B. pertussis intranasal vaccine candidate that has been
developed by the genetic removal or inactivation of dermonecrotic
toxin, tracheal cytotoxin and pertussis toxin [70]. In mouse models
BPZE1 was found to be safe [70] and induced strong and long-
lasting protection in mice [71]. Interestingly, BPZE1 also protected
mice against B. parapertussis [72] and showed important non-
specific beneficial effects against inflammatory disorders induced
by infections such as influenza virus [73] or respiratory syncytial
virus [74] or from non-infectious origin such as allergic asthma
[75] in mice. In a Phase I clinical trial, BPZE1 found to be safe
and induced immune response in all colonized male volunteers
[76]. Non-colonized subjects were found to have higher pre-
existing anti-pertactin antibodies, suggesting that these antibodies
may have prevented BPZE1 colonization. A second Phase I clinical
trial is currently on-going to determine whether higher dose and/
or higher volume may overcome the effect of pre-existing anti-
pertactin antibodies.
5. Conclusions and recommendations

Despite the availability of effective pertussis vaccines since the
1940s and considerable improvements in vaccination coverage of
infants/young children in a number of countries, B. pertussis con-
tinues to circulate in the human population and pertussis disease
is certainly less than optimally controlled. Our ability to counteract
pertussis resurgence is hampered by the fact that - despite inten-
sive research on the pathogenesis of and immunity to B. pertussis
- many important questions remain. The length of B. pertussis car-
riage, the efficiency with which asymptomatic carriers can trans-
mit infection, immune correlates of protection, and the nature
and duration of the immune response after infection and immuni-
sation are among the unresolved issues. Human challenge studies
with B. pertussismight be a way forward. Indeed, they may provide
methods of studying infections and vaccination carefully and in
depth, and in dissecting out underlying pathogenic and immuno-
logic mechanisms. Human challenge studies for pertussis were
not deemed acceptable as little as a decade ago. However, the land-
scape is changing. Initial discussions with regulatory authorities
have been favourable and human challenge opportunities for per-
tussis being developed. An open, phase 1 clinical trial is on-going to
determine the optimal dose and methods of B. pertussis challenge
administrated to healthy adults to recover B. pertussis in nasopha-
ryngeal culture after challenge [Unpublished data, Scott Halperin;
Dalhousie University, Canada].

Improved surveillance around the world, and especially in
Africa, should enhance understanding of pertussis epidemiology.
This enhanced understanding should be combined with findings
from future human challenge studies and advanced molecular
genomic and proteomic studies to expand the collective
evidence-base for the development of new pertussis vaccines.
These new vaccines should be able to induce higher levels of and
longer-lasting immunity that can be boosted throughout the lifes-
pan. And they should have very acceptable levels of reactogenicity.
The development and deployment of pertussis vaccines with all of
these virtues will very likely take decades. In the meantime, what
can and what should be done?

In the shorter term, more limited improvements in current aP
vaccines might be made through switching from chemically detox-
ified to genetically detoxified PT. Adding fimbriae, or increasing
that antigen in vaccines that already contain it, may enhance effec-
tiveness against Prn-deficient strains. Expanding infant/early
childhood vaccination schedules is something that should be done
in some countries, while improving timely uptake with these
schedules is something that is needed in most.

For countries in which pertussis-related disease, hospitaliza-
tions and deaths are occurring in infants less than 6–8 weeks of
age (ie, too young to have begun receiving their own wP- or aP-
containing vaccinations), the use of Tdap vaccines in pregnant
women during the 2nd or 3rd trimester is a very encouraging inter-
vention. Considerable data supporting this intervention has
recently been and continues to be generated, although several
important questions are yet to be answered satisfactorily. Uptake
of Tdap vaccination during pregnancy might be improved were
the labels for these vaccines expanded to include more information
about the benefits versus the risks. National regulatory authorities
in certain countries may eventually allow a pregnancy use indica-
tion to be added to the posology section of the label, assuming of
course that data from clinical trials and others studies are com-
piled, submitted and deemed adequate.

Neonates whose mothers have not received pertussis vaccina-
tion during pregnancy may benefit from receipt of a standalone
aP vaccine administered shortly after birth. But such vaccines are
not at present commercially available.
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Lastly, there has been the suggestion that the USA reintroduce
wP-containing vaccine to be used as the first dose in the primary
infant series, the intention being to appropriately prime the
pertussis-naïve immune system before embarking on aP vaccina-
tion [77]. For countries like the USA with long-standing aP vaccina-
tion programs, even a single wP vaccination may be deemed
unacceptable by many parents [78], and may also be very difficult
if not altogether impossible from a regulatory perspective. How-
ever, countries that have recently switched to aP-containing vacci-
nes and still have access to wP-containing vaccines or countries
that are anticipating such a switch may want to consider a sequen-
tial schedule of aP following one or more wP vaccinations.
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