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Preface

Pertussis or whooping cough remains one of the most poorly controlled
vaccine-preventable diseases. Universal vaccination has dramatically reduced
its incidence but has failed to bring it completely under control. In the last
decades, pertussis epidemics have been registered in several countries, includ-
ing those with high vaccination coverage. It is becoming apparent that immu-
nity conferred by acellular pertussis vaccines wanes more rapidly than
expected. Unlike old-generation whole-cell vaccines, acellular vaccines,
while protecting against the disease, do not seem to prevent colonization.
Increasing incidence among adolescents and adults makes them a reservoir for
transmission to unimmunized infants, who are at risk of severe disease and
death. The present volume has been conceived to give readers a comprehen-
sive and up-to-date view on these topics.

The first two chapters, by N. Ring, J. S. Abrahams, S. Bagby, A. Preston,
and I. MacArthur and by A. Barkoff and Q. He, respectively, discuss the
evolution of Bordetella pertussis, including how vaccination is changing the
circulating B. pertussis population. An insight on strain variation at gene and
genome level is provided with the aim to elucidate how bacterial evolution
affects the resurgence of pertussis and to provide crucial information for
surveillance of the disease.

Research efforts tried to elucidate the mechanisms by which B. pertussis
causes disease in humans, but several aspects remain poorly understood. In
the third chapter, K. Scanlon, C. Skerry, and N. Carbonetti describe the roles
played by three main virulence factors of B. pertussis, pertussis toxin,
adenylate cyclase toxin-hemolysin, and tracheal cytotoxin, in infection and
disease pathogenesis, elucidating their role in collectively suppressing protec-
tive immune responses while exacerbating damaging pathologies in the respi-
ratory tract.

The host innate immune system plays a crucial role in response to infection
and vaccination. In the fourth chapter, J. Gillard, E. van Schuppen, and
D.A. Diavatopoulos describe recent understanding of the mechanisms
through which innate immunity is programmed by B. pertussis and pertussis
vaccines, how these innate responses prime adaptive immunity, as well as
how this knowledge may be used for the development of new vaccines.

Immunological correlates of protection against pertussis are still elusive,
but increasing evidence indicates that in animals, the hallmarks of protection
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are the priming of B. pertussis-specific T-helper (Th)-1 and Th-17 cells and
their tissue residency. These features seem optimally primed by previous
infection but insufficiently or only partially by current vaccines. In the fifth
chapter, E. E. Lambert, A.M. Buisman, and C.A.C.M. van Els bring evidence
that the infection drives such superior B. pertussis-specific CD4+ T-cell
lineages also in humans and highlight key features of effector immunity
downstream of Th-1 and Th-17 cell cytokines. The mismatch between infec-
tion- and vaccination-driven immunities appears to be a matter of fact.
Resurgence of the disease could be attributed to suboptimal protection and
waning of vaccine-induced immunity. The sixth chapter, by C.M. Ausiello,
F. Mascart, V. Corbière, and G. Fedele, discusses the responses of the immune
system to currently available whole-cell and acellular pertussis vaccines, with
the aim to enlighten critical points needing further efforts to reach a good level
of protection in vaccinated individuals. In particular, differences among
currently available vaccines in terms of Th cells profiles induction and
prevention of bacterial circulation are discussed. A review of results obtained
by maternal immunization is also given.

New pertussis vaccines should be able to confer long-term protection
against the disease and to prevent colonization of the respiratory tract. Several
vaccine candidates are in preclinical development, and few others have
recently completed phase I/phase II trials. These aspects are covered in the
seventh chapter by D. Hozbor.

Public health systems need to confront against the resurgence of the
disease. The eighth chapter, by P. Stefanelli, describes current knowledge
on pertussis diagnosis, as well as optimal strategies for disease prevention and
control. In this regard, the ninth chapter, by N. Guiso and F.Taieb, focuses on
pragmatic approaches required to increase the control of pertussis in low- and
middle-income countries where high numbers of death due to pertussis
persist.

Many forms and clinical features of the disease, ranging from the most
classical to atypical and much nuanced forms, have been reported. The tenth
chapter, by I. Polinori and S. Esposito, focuses on typical and atypical
presentation of clinical pertussis in infants and adolescents. A review of
clinical management and supportive therapies is also provided.

The last chapter, a note by A. Cassone, critically re-examines the history of
pertussis vaccines with their merits and limitations, particularly concerning
the debated issue of waning immunity. A reflection on the complexity and
apparent peculiarity of this field is put forward to the readers, to the final scope
of discussing some aspects of the evolving strategies of disease control.

Rome, Italy
April 2019

Giorgio Fedele
Clara Maria Ausiello
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How Genomics Is Changing What We
Know About the Evolution and Genome
of Bordetella pertussis

Natalie Ring, Jonathan S. Abrahams, Stefan Bagby,
Andrew Preston, and Iain MacArthur

Abstract

The evolution of Bordetella pertussis from a
common ancestor similar to Bordetella
bronchiseptica has occurred through large-
scale gene loss, inactivation and
rearrangements, largely driven by the spread of
insertion sequence element repeats throughout
the genome. B. pertussis is widely considered to
be monomorphic, and recent evolution of the
B. pertussis genome appears to, at least in part,
be driven by vaccine-based selection. Given the
recent global resurgence of whooping cough
despite the wide-spread use of vaccination, a
more thorough understanding of B. pertussis
genomics could be highly informative. In this
chapter we discuss the evolution of B. pertussis,
including how vaccination is changing the
circulating B. pertussis population at the gene-
level, and how new sequencing technologies are
revealing previously unknown levels of inter-
and intra-strain variation at the genome-level.

Keywords

Bordetella pertussis · DNA sequencing ·
Evolution · Genomic variation · Whooping
cough
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1 The Ongoing Problem
of Bordetella pertussis

Whooping cough, the infectious respiratory dis-
ease caused by the bacterium Bordetella pertus-
sis, has been resurgent in many countries for the
past two decades. This resurgence comes in spite
of a global vaccination programme, with 90% of
the target population receiving a single dose of
pertussis-containing vaccine, and 85% receiving
three doses (WHO 2018). In addition, there has
been a shift in the epidemiological profile of the
disease: whereas once most cases were reported
in infants and unvaccinated children, the resur-
gence is also affecting vaccinated children,
adolescents and adults, Fig. 1 (Strebel et al.
2001; Clark 2014). Data from the Centers for
Disease Control, for example, show that from
1990–1997, the mean incidence of whooping
cough per year in 11–19 year-olds was 2.54 per
100,000 people, whereas from 2010–2017, it was
20.43 (Centers for Disease Control 2019).

The original vaccination programme,
introduced in the 1940s and 1950s, used a
whole-cell vaccine (WCV). Initially, cases of the
disease appeared to drop significantly. Due to

perceived reactogenicity of the WCV (now
largely discredited), it was replaced in many
countries throughout the 1990s and early 2000s
with an acellular vaccine (ACV) (for example:
Cherry 1990, 1992, 1996; Cherry et al. 1993;
Blumberg et al. 1993; Moore et al. 2004). The
acellular vaccine contains one to five B. pertussis
antigens, including Pertussis toxin (ptx), pertactin
(prn), filamentous haemagglutinin (FHA) and the
fimbrial proteins Fim2 and Fim3. These days,
most developed countries use the ACV, although
many developing countries continue to use the
WCV. The recent use of the ACV has been
strongly implicated in whooping cough’s resur-
gence. However, concerns were raised about
waning immunity conveyed by the WCV begin-
ning in the early 1990s and, in many countries,
the resurgence does seem to pre-date the switch to
the ACV (De Serres et al. 1995; Cherry 1996; de
Melker et al. 1997).

Three main potential causes are thought to
have contributed to the recent observed increase
in whooping cough cases: increased awareness of
the disease coupled with improved diagnosis due
to a switch from culture-based to PCR- and
serology-based techniques; waning immunity,
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Fig. 1 Reported incidence of whooping cough per 100,000 in the USA, 1990–2017, showing increase in all age
brackets. (Data source: CDC National notifiable diseases surveillance reports Centers for Disease Control (2019))
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particularly that conveyed by the ACV compared
to the WCV; and genetic variations in circulating
B. pertussis strains, away from the vaccine strains
(Sealey et al. 2015; Clark 2014; Ausiello and
Cassone 2014). Here we focus on the latter from
two different but highly interrelated perspectives:
variation at the gene-level, and variation at the
genome-level, with particular consideration of
how recent developments in genomic research
have contributed to our understanding of evolu-
tion and variation in a species which traditionally
has been described as highly monomorphic (for
example: Bart et al. 2010; Mooi 2010).

2 The Speciation of Bordetella
pertussis

The study of the bordetellae has focussed largely
on the three classical, pathogenic, Bordetella
species: B. bronchiseptica, B. pertussis and
B. parapertussis. However, the Bordetella
genus contains many additional species which
have been isolated from extremely diverse
environments, including marine sponges,
bioreactors, nitrifying sludge and mural
paintings in ancient tombs (Wang et al. 2007;
Bianchi et al. 2005; Sun et al. 2019; Tazato et al.
2015). Using previously published 16S sequence
data derived from many Bordetella species to
create a phylogenetic tree, Hamidou Soumana
et al. (2017) demonstrated that eight out of the
ten clades contained soil-dwelling bordetellae;
the permeation of the environmental phenotype

throughout the phylogenetic tree hints at a soil-
based origin for the Bordetella genus.

Key evolutionary milestones within the genus
involve species that are capable of both environ-
mental and pathogenic lifestyles, such as the key
ancestor to the classical Bordetella species, a
B. bronchiseptica-like bacterium. Multilocus
sequence typing (MLST) studies of
B. bronchiseptica have established two distinct
complexes of isolates, complex I and IV. The
majority of strains isolated from humans originate
from Complex IV (Diavatopoulos et al. 2005;
Park et al. 2012). Using the much higher discrim-
inatory power of next generation sequencing
(NGS) data, it has been demonstrated that
B. pertussis and B. parapertussis evolved from
different complexes, with B. parapertussis shar-
ing a more recent ancestor with Complex I and
B. pertussis with Complex IV (Linz et al. 2016).

Despite their apparently different evolutionary
trajectories, B. pertussis and B. parapertussis
cause remarkably similar pathologies in humans.
In an example of convergent evolution, the
genomes of both species have evolved primarily
through genome reduction, mediated through
homologous recombination of insertion sequences
(IS). As seen in Table 1, the genome of
B. bronchiseptica contains very few IS elements;
in fact, the reference strain RB50 was originally
believed to contain no IS elements at all (Parkhill
et al. 2003; Preston et al. 2004). In contrast,
B. parapertussis genomes contain around 30 IS
elements, usually 22 copies of IS 1001 and 9 copies
of IS 1002. The B. pertussis genome contains the
most IS elements: up to ten copies of IS 1002,

Table 1 Characteristics of all classical Bordetella closed genomes available on RefSeq, March 2019

Characteristic B. pertussis B. parapertussis B. bronchiseptica

Number of closed genomes 421 18 19
Genome size / Mba 4.11 (4.04–4.39) 4.78 (4.77–4.90) 5.21 (5.08–5.34)
Number of predicted genesa 3,979 (3,856 – 4,239) 4,501 (4,490 – 4,574) 4,911 (4,774 – 5,090)
Number of proteinsa 3,615 (3,425 – 3,866) 4,166 (4,157 – 4,184) 4,804 (4,663 – 4,993)
G + C %a 67.7 (67.7–67.8) 68.1 (67.8–68.1) 68.2 (68.1–68.4)
IS 481a 256 (234–273) – 1 (0–3)
IS 1001a – 22 (22–28) 1 (0–1)
IS 1002a 8 (5–10) 9 (0–9) 0 (0–5)
IS 1663a 17 (16–24) – 2 (0–14)
aFigures shown are mean and (range)

How Genomics Is Changing What We Know About the Evolution and Genome of Bordetella pertussis 3



around 20 copies of IS 1663, and over 200 copies
of IS 481. The appearance and expansion of these
IS elements is thought to have led to the speciation
of B. pertussis and, separately, B. parapertussis,
from their B. bronchiseptica-like ancestors
(Parkhill et al. 2003; Preston et al. 2004;
Diavatopoulos et al. 2005).

Genome reduction was key in the speciation of
B. pertussis. The significant, IS-mediated, reduc-
tion in genome size of the B. pertussis genome
(around 4.1 Mb) compared to the
B. bronchiseptica genome (around 5.3 Mb) has
led to a streamlined genome, depleted of many
metabolic, membrane transport, surface structure
synthesis and gene expression regulatory genes
when compared to B. bronchiseptica genomes
(Parkhill et al. 2003). Comparative genomic stud-
ies between B. bronchiseptica and B. pertussis
reveal that the latter has around 1,200 fewer
genes (Parkhill et al. 2003; Linz et al. 2016). In
addition, insertions of IS elements into genes
which are functional in B. bronchiseptica has
resulted in the existence of over 350 pseudogenes
in B. pertussis, compared to only around 20 in
B. bronchiseptica. This sculpting of the B. per-
tussis genome via IS-mediated homologous
recombination has produced a highly specialised
pathogenic bacterium which is niche-restricted to
the human nasopharynx. Traditionally,
B. pertussis has been described as a monomor-
phic species (for example: Mooi 2010; Bart et al.
2010); however, since the advent of whole
genome sequencing, genomics has been revealing
that the bacterium may be less clonal than previ-
ously thought, with the introduction of vaccina-
tion and continued homologous recombination
between IS elements driving gene- and genome-
level variations respectively.

3 Vaccination Has Accelerated
B. pertussis Gene-Level
Evolution

3.1 Changes to Circulating Alleles

Over the last several decades, allele-typing of
selected genes has shown a number of similar

trends, characterised largely by the drift of genes
away from the vaccine alleles (for example: Mooi
et al. 1998; van der Zee et al. 1996; Mooi et al.
2001). One well-reviewed example involves per-
tussis toxin. Prior to the 1990s, the predominant
ptx promoter allele was ptxP1. A new allele,
ptxP3, was first observed in 1988 (Bart et al.
2010). In ptxP3, a SNP in the binding site for
ptx’s transcriptional regulator, BvgA, appears to
increase the binding affinity between the promotor
and regulator, thus increasing transcription and
causing ptxP3-carrying strains to produce more
ptx. The expression of other proteins involved in
complement resistance is also altered and,
together, these changes increase the transmissibil-
ity and severity of the disease caused by ptxP3-
carrying strains (Mooi et al. 2009; Bart et al. 2010;
King et al. 2013; de Gouw et al. 2014). This new
allele spread rapidly throughout the 1990s, and
ptxP3 is now present in greater than 90% of recent
isolates (Lam et al. 2012; Bart et al. 2010). A
thorough screen of 343 strains representing
19 countries and six continents, spanning
90 years of B. pertussis isolation, showed that
similarly rapid selective sweeps have also occurred
in other antigen-related genes, including ptxA, prn,
and fim3 (Bart et al. 2014a).

In addition, analysis of 100 strains isolated
during a 2012 whooping cough outbreak in the
UK, after the introduction of the ACV, showed
that the evolution of the antigens included in the
ACV is occurring more rapidly than that of other
B. pertussis surface proteins, which are presum-
ably under similar levels of pressure from the
human immune system (Sealey et al. 2015).
Importantly, this analysis also showed that
numerous different strains were circulating dur-
ing the outbreak, rather than one particularly vir-
ulent strain or allelic profile being responsible.
The same was also true for strains circulating
during outbreaks in the USA, in California in
2010, and in Vermont and Washington in 2012
(Bowden et al. 2014; Bowden et al. 2016). This
suggests that the strains circulating during
outbreaks tend to be the same as those that circu-
late during non-outbreak periods, but that some
unknown trigger causes an increase in whooping
cough cases in regular four-yearly cycles.

4 N. Ring et al.



Supporting the idea that the recent allelic
changes we are seeing in B. pertussis are, in
part, a response to the introduction of vaccination,
Xu et al. (2015) and Du et al. (2016) showed that,
in countries where vaccine uptake has been lower
or delayed, the rate of change to the allelic profile
of circulating strains has also been delayed. In the
Philippines, for example, where the WCV is still
in use, prn2 has yet to appear, despite being the
allele most frequently seen in ACV-adopting
countries (Galit et al. 2015).

3.2 The Proliferation of Antigen-
Deficient Strains

Another gene-level phenomenon which has been
observed recently is the emergence of strains
deficient in one or more of the antigens used in
the ACV. During the pre-ACV era, antigen-
deficient strains were occasionally isolated, albeit
at very low frequencies. Individual strains with
non-functional pertactin genes, for example, were
isolated in Europe, North America and Japan in
the 1990s (Mastrantonio et al. 1999; Weigand
et al. 2018; Miyaji et al. 2013). The landmark

study by Bart et al. (2014a), in which all but
around 20 strains were isolated prior to 2007,
did not identify any strains which were
prn-deficient (although one, BP310, has subse-
quently been resequenced by Zomer et al.
(2018) and is likely to be deficient). Since the
mid-2000s, however, the number of
prn-deficient strains being isolated globally has
increased rapidly. A study of Australian isolates
from 2008–2012 showed an increase from 5%
prn-deficient strains in 2008 to 78%
prn-deficient strains in 2012 (Lam et al. 2014).
Pertactin-deficiency appears to be polyclonal,
affecting both dominant prn alleles, prn1 and
prn2, and arising through several different
mechanisms including insertions of IS 481, large
deletions, and SNPs, with no single predominant
causative mutation (Hegerle et al. 2012; Queenan
et al. 2013; Barkoff et al. 2019).

As with changes to allelic profiles, countries
with different vaccination strategies appear to be
differently affected by the proliferation of antigen-
deficiency. A longitudinal study of prn-deficiency
in European countries between 1998 and 2015,
Fig. 2, showed that the number of prn-deficient
strains is increasing in all screened countries but,
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the earlier a country introduced the ACV, the
higher the percentage of strains currently found
to be deficient (Barkoff et al. 2019). The rapid
recent increase in prn-deficiency suggests that,
although the deficiency may have always occurred
in some strains by chance, it has been strongly
selected for by the ACV compared to the WCV.
Further supporting the idea of ACV-mediated
selection pressure is the sustained decrease of
prn-deficient strains circulating in Japan since
pertactin was removed from the Japanese ACV in
2012 (Hiramatsu et al. 2017).

A smaller number of strains deficient in other
antigens included in the ACV have also been
identified. Bart et al. (2015) and Weigand et al.
(2018) identified several geographically indepen-
dent recent strains which were unable to produce
FHA; the same strains were often also
prn-deficient. In addition, a handful of strains
have been isolated globally which are deficient
in both prn and ptx (Bouchez et al. 2009;
Williams et al. 2016; Weigand et al. 2018). How-
ever, both FHA and Pertussis toxin are thought to
play more vital roles in whooping cough disease
development than pertactin (Carbonetti 2010;
Henderson et al. 2012; Serra et al. 2011). Hence,
although occasional strains may develop defi-
ciency in these antigens, the reduced ability of
these deficient strains to cause disease may mean
that this kind of antigen deficiency is unlikely to
proliferate in the same way as prn-deficiency.

4 Recent Sequencing Advances
Highlight Genome-Level
Variation

4.1 The Limitations of Short-Read
Sequencing

Whilst the wide availability of whole genome
sequencing throughout the 2000s enabled a vari-
ety of high-throughput strain screens, the highly
repetitive nature of the B. pertussis genome has
made the assembly of closed, single-contig,
B. pertussis genomes difficult. IS 481, together

with the smaller number of copies of other
repeated regions, such as IS 1002, IS 1663 and
the rRNA operon, has confounded attempts to
assemble closed genomes using short-read
sequencing technologies, which produce
sequencing reads shorter than the repeated sec-
tion. The hundreds of B. pertussis genomes
assembled using short-read sequencing alone
have therefore tended to consist of several hun-
dred contigs, ostensibly one per repeat in the
genome. Thus, the majority of high-throughput
screens throughout the 2000s were focussed on
the gene-level differences between strains already
discussed.

The presence of so many IS elements, how-
ever, means that assembly of closed B. pertussis
genomes could be particularly informative: IS
elements are able to move around the genome
through homologous recombination, potentially
causing genome-level structural changes which
may be discernible only through single-contig
assemblies (Bentley et al. 2008; Siguier et al.
2014). Despite the discovery that most whooping
cough outbreaks tend to be polyclonal in nature,
B. pertussis remains a relatively clonal species,
with a low SNP rate compared to many other
bacteria. In other species, in addition to gene-
level variations, differences at a whole-genome
level are known to contribute to altered gene
expression and phenotypic diversity (Darch
et al. 2014; Sousa et al. 1997). IS-mediated rear-
rangement may affect gene regulation and/or
expression in B. pertussis by a number of
mechanisms, including IS 481’s inwards and
outwards-facing promoters, as well as changing
the distance of genes from the origin of replica-
tion (Amman et al. 2018). Limited evidence has
already shown that certain genome-level
differences can affect phenotype in B. pertussis
in this way (Brinig et al. 2006).

The speciation of B. pertussis from
B. bronchiseptica via IS element-mediated
homologous recombination resulted in a variety
of genomic arrangement differences between the
two species alongside the reduction in genome
size, and it is likely that IS-mediated genomic
rearrangement in B. pertussis is an ongoing
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process (Parkhill et al. 2003). Indeed, prior to the
advent of long-read sequencing, pulsed-field gel
electrophoresis (PFGE) was one of the few
methods able to discriminate between highly
clonal B. pertussis strains: isolate screens using
PFGE indicated that strains which seemed other-
wise alike could vary significantly in terms of
PFGE type (van Gent et al. 2015; Bisgard et al.
2001; Advani et al. 2004; Advani et al. 2013).
Although the existence of numerous PFGE types
was widely seen, however, it could not be con-
firmed how different PFGE types arose; they
could represent different genomic arrangements,
but could also have arisen due to mutagenesis at
PFGE restriction sites, for example.

Thus, closed B. pertussis genome sequences
may validate and further reveal genome-level
differences between strains which otherwise
appear to have highly similar or identical DNA
content. The recent availability of long-read
sequencing techniques, which can produce
sequencing reads longer than 1,000 bp, has there-
fore revolutionised our ability to discover and
investigate genome-level variations in B. pertussis.

4.2 Long-Read Sequencing Shows
Extensive Inter-strain Genome
Rearrangement

The first study to take advantage of long reads
utilised Pacific Biosciences (PacBio) sequencing
to produce closed, fully annotated, genomes for
two B. pertussis strains: BP1917 and BP1920
(Bart et al. 2014b). The arrangement of these
two strains differed significantly, with three
large inversions and a variety of deletion and/or
insertion events between the pair. Having proven
the ability of long reads to close the genomes of
BP1917 and BP1920, Bart et al. (2015) next
sequenced 11 B. pertussis strains which
represented the pandemic ptxP3 lineage, again
using PacBio sequencing to produce 10 kb-long
reads. This cohort, which also included several
strains deficient in prn and/or FHA, were charac-
teristically similar in terms of SNPs but again
showed significant differences in genome
arrangement.

As is common for a developing technology,
the cost of PacBio sequencing has rapidly
decreased. Thus, higher-throughput strain screens
have become increasingly feasible. Figure 3
shows the dramatic increase in closed genome
sequences for the classical Bordetella species
available from the NCBI’s RefSeq database
since 2014. Bowden et al. (2016) conducted the
first whooping cough outbreak screen to utilise
long-read sequencing alongside short-read
sequencing in hybrid, sequencing 31 strains
which had circulated during US whooping
cough outbreaks in 2010 and 2012. The hybrid
approach has been shown to improve the accu-
racy of assemblies produced using long-read
sequencing, which still have an intrinsically
higher error rate than short-read-only assemblies,
particularly in homopolymeric tracts (Au et al.
2012; Koren et al. 2012). In the 31 genomes
studied, 21 different arrangement profiles were
observed; most consisted of inversions around
the origin of replication. Bowden et al. also
validated the arrangements using whole genome
optical mapping and found that, in all cases, the
boundaries between rearranged sections were
composed of a repeated element: an insertion
sequence, or the rRNA operon. The vast majority
of the boundaries were IS 481 (89%), whilst the
rest were composed of an rRNA operon, IS 1002
or a combination of IS 1002 and IS 481 together.

The most thorough investigation of
B. pertussis genomic rearrangement to date also
used a hybrid assembly strategy, combining
PacBio long reads with Illumina short reads to
close the genomes of 257 strains, dating from
1939 to 2014 (Weigand et al. 2017). When clus-
tered based on their arrangement profiles, most
isolates clustered according to allelic profile; for
example, most ptxP1 strains shared similar
arrangements with other ptxP1 strains. This clus-
tering indicates that most structures are relatively
stable, as supported by a clinical isolate which
showed the same structure before and after
11 serial passages. Furthermore, these findings
suggest that lineages are conserved not just in
terms of SNPs, but also in genomic arrangement.
Interestingly, Weigand et al. note that, on aver-
age, only half of their predicted IS 481 target sites
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are occupied in any given genome, suggesting a
potential for further IS-mediated structural
changes in future generations, assuming these
sites are not non-permissive.

5 How Else Might B. pertussis
Generate Diversity Through
Genome-Level Variation?

The primary metric commonly used to assess
diversity of bacterial species is SNPs. However,
B. pertussis is a textbook example of a clonal
bacterial pathogen: variation, when judged by
SNPs alone, is extremely limited, even taking
into account the accelerated mutation of
B. pertussis genes since the introduction of vacci-
nation. Bart et al. (2010) estimated the mutation
rate between B. pertussis isolates to be 1 SNP per
8,675 bases, compared to, for example, 1 SNP per
3,000 bases in Mycobacterium tuberculosis, and
1 SNP per 6,700 bases in Escherichia coli O157:
H7 (Fleischmann et al. 2002; Gutacker et al.
2002; Zhang et al. 2006). Diversity within a spe-
cies is vital for its survival, in order to drive

adaptation; this is particularly true for pathogens,
which are under pressure from the immune sys-
tem (Mooi 2010). Therefore, a prominent ques-
tion in B. pertussis genomics is: despite limited
SNP diversity, how does B. pertussis generate
diversity? The large numbers of closed genomes
assembled using long-read sequencing have
proven that rearrangements are a rich source of
genome-level diversity, but can genomics also
reveal other types of genome-level variation?

5.1 Harnessing Deletion as a Driver
of Diversity

King et al. (2010) analysed the size of B. pertussis
genomes of strains isolated over a 60-year period,
demonstrating that genome streamlining has been
an ongoing process, with recently isolated strains
having smaller genomes and higher numbers of
pseudogenes. Thus, B. pertussis is described as a
species which is still undergoing genome reduc-
tion. Like genomic rearrangement, reduction is
driven primarily by homologous recombination
between insertion sequences. The large numbers
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of homologous IS elements in B. pertussis
therefore produce a fertile mutational landscape
capable of the generation of diversity.

Many bacterial species also generate diversity
through the gain of genes, often by horizontal
gene transfer (HGT), resulting in fluid gene con-
tent of the population, enabling the population to
effectively respond to evolutionary bottlenecks
that may arise over long or short timescales. In
B. pertussis, however, HGT appears to occur very
rarely (Linz et al. 2016). Gene content of a species
or genus is often analysed using a “pangenome”
approach, which consists of analysing which
genes are consistently present (the core genome)
in the population, and which genes are variably
present (the accessory genome) (reviewed in
Medini et al. 2005; Rouli et al. 2015). A number
of studies have undertaken this analysis in
B. pertussis using either comparative genomic
hybridization (CGH) (for example: Zhang et al.
2006; Caro et al. 2006; Heikkinen et al. 2007;
King et al. 2008) or NGS (for example: Park et al.
2012; Ding et al. 2017). These have shown that,
despite extremely limited HGT and otherwise
high levels of clonality between strains,
B. pertussis maintains a moderate accessory
genome, largely through gene loss rather than
gene gain. For example, the most comprehensive
pangenome study to date, using CGH on
171 B. pertussis strains, revealed that 15% of
the genes present in the population appeared var-
iably in the 171 strains studied. (King et al. 2010).
By using a set of probes which included
B. bronchiseptica and B. parapertussis, King
et al. were able to avoid biasing their analysis
towards genes that were present only in the
B. pertussis reference strain, Tohama I, which
has been shown to lack over 45 kb of the acces-
sory genome of the population (Caro et al. 2008;
Bouchez et al. 2008).

There is a lack of knowledge about the pheno-
typic impact of gene deletions in B. pertussis,
however. As the cost of sequencing has
plummeted, the frequency and ease with which
genomes, and their constituent mutations, are
published has far outpaced the publishing of
their phenotypic impact. To cope with the deluge
of data, ontology schemes strive to categorize

genes into functional groups and estimate their
function based on sequence homology. A variety
of nucleotide polymorphisms in B. pertussis, such
as those in ptxP3, have had their phenotypic
impacts analysed, with some providing clear fit-
ness advantages in the mouse model (Mooi et al.
2009). In contrast, many key gene deletions have
yet to be experimentally characterized in
B. pertussis. Using the ontology scheme Clusters
of Orthologous Genes (COG), King et al. (2010)
showed that, as expected, housekeeping genes
were underrepresented in the deleted genes,
whilst genes of unknown function were overrep-
resented by 25%. There therefore remains genetic
“dark matter”, genes with unknown function
which are overrepresented in gene deletions.

Whilst B. pertussis is undisputedly undergoing
genome reduction, evolution acts on phenotypes
rather than genotypes. Therefore, it is likely that
the B. pertussis genome is undergoing
streamlining as an effect of certain phenotypes
being selected against. It has been theorised that
the transcriptional and translational cost of super-
fluous genes far outstrips the mere cost of DNA
replication of such regions (Adler et al. 2014).
B. pertussis maintains many seemingly function-
less pseudogenes, despite the vast majority being
shown to be transcriptionally inactive in vitro and
in the mouse model (Bart et al. 2010; King et al.
2008; de Gouw et al. 2014). This supports the
idea that the deletion of some genes provides a
greater fitness benefit than the deletion of some
others. Nonetheless, there is also evidence that the
DNA content of the species is under selection, as
pseudogenes have been shown to be mildly
enriched in gene deletions, suggesting that
streamlining of the DNA is also favoured to
some extent (Kuo and Ochman 2010). Thus, the
process of B. pertussis genome streamlining is
likely to be a balance between entirely passive
and entirely directed.

There have been five deleted regions, totalling
over 50 genes, that have been deleted in all
recently isolated clinical strains in comparison to
the reference strain Tohama I (King et al. 2010;
Heikkinen et al. 2007; Bouchez et al. 2008). In
addition to clinical strains, Bart et al. (2014a) also
investigated two strains that were used to make
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WCVs. In one of the vaccine strains, the five
deleted regions were present; if these regions
impact cell surface antigens, the immunity con-
veyed by the WCV could therefore also be
affected. This highlights the clinical importance
of understanding the continual evolution of
B. pertussis, which is in part driven by genome
reduction.

5.2 Harnessing Duplication
as a Driver of Diversity

Homologous recombination between IS elements
has not only caused rearrangements and deletions
in the B. pertussis genome, but also duplications
ranging from single genes to large, multi-gene,
regions. The general paradigm under which
duplications occur is that a gene is duplicated,
thus freeing the second copy from the purifying
selection of the original copy of the gene, poten-
tially allowing it over time to evolve a new func-
tion. However, the second copy of the gene may
also maintain the same function of the first gene.
These types of events are “canonical”
duplications that are well documented in the bac-
terial kingdom (for example: Ohta 1989; Lynch
2002; Magadum et al. 2013). Taking the genes
from Tohama I and clustering them based on 90%
nucleotide homology using the tool CDHIT
(available as a web server: http://weizhong-lab.
ucsd.edu/cdhit_suite/cgi-bin/index.cgi?cmd¼cd-
hit-est), it can be seen that Tohama I maintains
two copies of nine separate genes ranging from
97% to 100% homology (excluding IS elements
and rRNA genes) The maintenance of these
duplications provides further evidence that it is
not the genome size of the bacterium itself that is
the primary target of streamlining but certain
phenotypic traits which are coded in the DNA.

Before the cost of NGS rapidly decreased in
the late 2000s and early 2010s, duplications were
primarily inferred by increased spot intensity in
CGH or disturbances to southern blotting or
PFGE patterns. Using these techniques, a number
of multi-gene duplications were serendipitously
discovered in the B. pertussis population. Using
the power of long-read sequencing technologies,

a number of studies had revealed further
duplications, bringing the total to 13 serendipi-
tously discovered mutations (Dalet et al. 2004;
Caro et al. 2006; Heikkinen et al. 2007; Weigand
et al. 2016; Dienstbier et al. 2018; Ring et al.
2018; Weigand et al. 2018). A recent study by
Abrahams et al. (In preparation) systematically
analysed the B. pertussis population in search of
large multi-gene duplications. Previously
published short-read sequencing data was utilised
and read depth abnormalities were used to predict
duplications. In the 473 strains analysed, over
400 duplications were found.

Abrahams et al. (In preparation) presents a
deep description of duplications in B. pertussis.
In addition to the quantity of duplications, over
90% of duplications were found at 11 “hotspot”
loci but with varying gene contents, similar to a
situation described previously in M. tuberculosis
(Weiner et al. 2012). Interestingly, when the
CNVs at each hotspot loci were mapped to a
phylogenetic tree based on core genome SNPs,
they appeared not to be vertically inherited and
instead appeared to occur spontaneously many
times at similar loci with subtly different gene
content in each mutation, suggesting the exis-
tence of a potential phenotypic driver at
those loci.

Large multi-gene duplications are known to be
unstable in the bacterial kingdom, and this has
also been demonstrated in B. pertussis. For
instance, Dalet et al. (2004) noticed that
subculturing a single isolate produced both high
haemolytic and average haemolytic single
colonies. Further analysis showed that colonies
with high haemolysis had a duplication of the
locus encoding adenylate cyclase, a key virulence
factor. Dalet et al. further demonstrated that
subculturing a strain with a duplication produced
colonies with a single copy of the locus, thus
indicating a mixed population, ostensibly caused
by an unstable locus. This early study used PFGE
and southern blotting to screen colonies for copy
number of the locus. These “pre-genomics” tools
provide high quality data, but largely answer very
specific research hypotheses, in contrast to
sequencing experiments, which shed light on a
vast range of research questions. Abrahams et al.
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used ultra-long nanopore sequencing reads (over
3,000 reads longer than 50 kb) to confirm the
presence of between 1 and 5 copies of a single
locus within an otherwise clonal population. This
tentatively supports the findings of Dalet et al.,
showing that in a single sample there exists a
variety of genetic configurations of a single
locus. This study demonstrates the potential of
long-read sequencing to not only confirm long-
predicted genomic structural variations in
B. pertussis, but also to play a key role in the
discovery and further investigation of a variety of
entirely unpredicted genomic phenomena. The
next steps in understanding these new genomic
phenomena in B. pertussis should aim to eluci-
date the existence and extent of any phenotypic
effects stemming from large duplicated regions,
as well as any contribution they make to
whooping cough virulence.

6 What Is the Future
for B. pertussis Genomic
Research?

Changes to the allelic profile of circulating
B. pertussis strains have been recorded for many
decades, in the pre-genomics era and beyond. The
wide-spread availability of whole genome
sequencing since the early 2000s, though, has
enabled the screening of larger numbers of strains
isolated over the last hundred years, thus allowing
us to understand, longitudinally, the extent to
which B. pertussis has been evolving on the
gene-level. As seen above, there is evidence that
many of these gene-level changes, in terms of
both allelic profile and antigenic deficiency,
have been influenced by the introduction of first
the WCV and then the ACV. Since the 2010s,
long-read sequencing has allowed us to investi-
gate B. pertussis on a new level, that of the whole
genome. The existence of a wide variety of inter-
strain genomic rearrangements is now well-
established, and more recent evidence has begun
to show that other types of genome-level
differences, such as large tandem duplications,
also exist. However, the contribution of these
observed gene- and genome-level variations to

observed phenotypes is yet to be fully under-
stood. In addition to informing our understanding
of the continued evolution of the B. pertussis
genome, a more thorough understanding of
B. pertussis genomics could also contribute sig-
nificantly to the future of whooping cough pre-
vention strategies (Cherry 2019).

Long-read sequencing will have a major part to
play in any future investigation of B. pertussis
genomic variations. Until recently, high-
throughput long-read sequencing was restricted to
larger laboratories which could afford a PacBio
sequencing system, thus all the early long-read
studies described here took place at national health
laboratories: the CDC in the US, and the Centre for
Infectious Diseases Control in the Netherlands.
Oxford Nanopore Technologies (ONT) sequenc-
ing may provide a more accessible alternative for
smaller laboratories and, indeed, two studies from
late 2018 have shown the feasibility of assembling
multiple closed B. pertussis genomes using ONT
sequencing in hybrid with Illumina sequencing
(Ring et al. 2018; Bouchez et al. 2018). In addi-
tion, ultra-long ONT sequencing has recently
revealed yet further B. pertussis structural com-
plexity, in the form of highly mixed populations
(Abrahams et al. In preparation). Thus, it is likely
that future studies of B. pertussis genome structure
will utilise both PacBio and ONT sequencing. For
investigating the most complicated structural
features, such as very long tandem duplications,
there will likely be a preference for ONT sequenc-
ing, as there is theoretically no upper limit to the
length of sequencing read which could be pro-
duced by nanopore sequencing (Schmid et al.
2018). It is also likely that any studies utilising
long reads to investigate B. pertussis will use
them in hybrid with a more accurate short-read
technology, although improvements to both long-
read technologies mean that highly accurate long-
read-only assemblies are on the horizon, which
could enable both base-level and genome-level
interrogations using a single technology (Wenger
et al. 2019; Oxford Nanopore Technologies 2018).

Alongside sequencing, there will still remain a
place for other genomics tools, such as PFGE and
optical mapping. The most recent survey of
B. pertussis genomic diversity in the US, by
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Weigand et al. (2019), demonstrates the potential
for such a wholistic approach. Using a combina-
tion of short-read sequencing, long-read sequenc-
ing, multilocus variable-number tandem-repeat
analysis (MLVA), PFGE and optical mapping,
Weigand et al. were able in a single study to
characterise the gene- and genome-level profiles,
including allelic-profile, antigen deficiency,
genome arrangement and the existence of several
large tandem duplications, in 170 strains isolated
between 2000 and 2013. Such detailed analyses
will likely provide a springboard for future stud-
ies, for both the continued surveillance of
B. pertussis evolution, and the investigation of
any correlation between genotypic, genomic and
phenotypic differences.

In summary, genomics has shown, and
continues to show, that B. pertussis is not neces-
sarily the entirely monomorphic species it is tra-
ditionally believed to be. Although the allelic
profile of B. pertussis changed in response to the
introduction of the WCV, and more rapidly since
the switch to the ACV, diversity at the gene-level
remains very limited when compared to many
other bacteria. However, the wide availability of
WGS, and particularly the more recent long-read
sequencing technologies, have revealed dynamic
and substantial genome-level variations, both
between and within strains. Future work may
utilise a wholistic approach, focussing on the
further elucidation and phenotypic
characterisation of both gene- and genome-level
phenomena together, ultimately informing our
understanding of how diversity is generated in
species with limited base-level inter-strain varia-
tion and, perhaps, the role this has played in the
resurgence of whooping cough.
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Abstract

Although vaccination has been effective,
Bordetella pertussis is increasingly causing
epidemics, especially in industrialized
countries using acellular vaccines (aPs). One
factor behind the increased circulation is the
molecular changes on the pathogen level.
After pertussis vaccinations were introduced,
changes in the fimbrial (Fim) serotype of the
circulating strains was observed. When bacte-
rial typing methods improved, further changes
between the vaccine and circulating strains,
especially among the common virulence genes
including pertussis toxin (PT) and pertactin
(PRN) were noticed. Moreover, development
of genome based techniques including pulsed-
field gel electrophoresis (PFGE), multiple-locus
variable number tandem repeat analysis
(MLVA) and whole-genome sequencing
(WGS) have offered a better resolution to mon-
itor B. pertussis strains. After the introduction
of aP vaccines, B. pertussis strains that are

deficient to vaccine antigens, especially PRN,
have appeared widely. On the other hand, anti-
microbial resistance to first line drugs
(macrolides) against B. pertussis is still low in
many countries and therefore no globally
evaluated antimicrobial susceptibility test
values have been recommended. In this review,
we focus on the molecular changes in the bac-
teria, which have or may have affected the past
and current epidemiology of pertussis.

Keywords

Bordetella pertussis · Genetic variation ·
Pertactin · Vaccination

1 Introduction

Whooping cough or pertussis is mainly caused
by Gram-negative bacterium Bordetella pertus-
sis, which is strictly a human pathogen. Vaccina-
tion against the disease started with whole-cell
vaccines (wP) earliest in the 1940s, but mostly
in the 1950–60s. Currently, wP vaccines have
been mostly replaced by acellular vaccines (aP),
containing pertussis toxin (PT), pertactin (PRN),
filamentous hemagglutinin (FHA) and Fimbriae
2 or 3 (Fim2/3) in industrialized countries with
the change taking place during the late 1990s and
in the early twenty-first century (Cherry 1996;
Watanabe and Nagai 2005; Kallonen and He
2009; Campbell et al. 2012; Barkoff et al.
2015). In Europe, the only exception is Poland
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where the wP vaccine is still used for primary
vaccinations, although aP is commercially avail-
able and used by approximately 60% of the Polish
population in 2013 (Polak et al. 2018). However,
many developing countries are further using pri-
mary wP vaccinations due to cost-effectiveness
(Mahmood et al. 2013). Despite extensive
immunisations, pertussis is still one of the world’s
worst controlled vaccine preventable disease.

The disease has known to be cyclic with epi-
demic periods every 3–5 years (Mooi et al. 2000).
However, a large cycle of nationwide pertussis
epidemics started in 2008 from Australia, and
within the next few years, epidemics were noted
in the Netherlands, the UK and the US (Campbell
et al. 2012; Winter et al. 2012; van der Maas et al.
2013; Sealey et al. 2014; Winter et al. 2014). In
addition, seroprevalence studies have shown that
the disease is clearly under reported, being highly
circulating in many countries, and not only
being restricted to certain continents or areas
(Barkoff et al. 2015). Resurgence of this vaccine
preventable disease has raised questions on the
contributing factors causing the increase.
Speculated key reasons include a decrease in vac-
cine efficacy, waning immunity, better surveil-
lance and reporting, newer laboratory tests and
genetic changes within the B. pertussis (Cherry
2013). The latter of these include many factors,
and is affected by vaccination and natural
boosting (Mooi et al. 2013).

Several typing methods have been developed
to study bacterial changes. Serotyping is the
oldest of these techniques going back to the
1960s. The first notifications of a serotype change
after wP vaccinations was noted in England, and
serotype analysis was recommended to be used to
recognize emerging epidemiological patterns in
the US (Eldering et al. 1969). When bacterial
typing methods further improved, the genotyping
of prn, PT subunit S1 (ptxA) and PT promoter
(ptxP) genes showed even more changes between
the vaccine and circulating strains (Mooi et al.
1998; Mastrantonio et al. 1999; Mooi et al. 1999).
Furthermore, development of genome based
techniques including pulsed-field gel electropho-
resis (PFGE), multiple-locus variable number tan-
dem repeat analysis (MLVA) and whole-genome

sequencing (WGS) has offered a more dynamic
separation and monitoring of B. pertussis strains
(Parkhill et al. 2003; Advani et al. 2004; Schouls
et al. 2004). Changes in the production of the
main vaccine antigens has been noticed after the
introduction of aP vaccines. Especially,
B. pertussis strains not expressing vaccine antigen
PRN have appeared globally (Bouchez et al.
2009; Stefanelli et al. 2009; Barkoff et al. 2012;
Otsuka et al. 2012). Many mechanisms causing
the non-expression have been found by gene
sequencing and specific PCR, targeting the most
variant areas with insertions and deletions in the
prn gene (Lam et al. 2014; Pawloski et al. 2014;
Zeddeman et al. 2014). Antimicrobial resistance
of B. pertussis against the first line drugs
(macrolides), used for prophylaxis and treatment
of the infected patients, has been low in many
countries. Therefore, no standardized method for
antimicrobial susceptibility testing (AST) of
B. pertussis is available from EUCAST
(Lonnqvist et al. 2018).

This review chapter will focus on the genetic
changes of the B. pertussis during the vaccination
era. The aim is to offer a view of the methodol-
ogy, to show the current key factors in the evolu-
tion of the bacteria, to provide some future
insights for surveillance and to show the impact
of molecular changes of the bacteria on vaccine
effectiveness.

2 Genotyping and Serotyping

Genotyping of the main virulence genes (ptxA,
prn, fim2, fim3, ptxP, ptxC) of B. pertussis has
become less discriminative. Commonly,
genotyping is performed by PCR and sequencing
of the genes of interest (van Loo et al. 2002; van
Gent et al. 2015). Many alleles have been found
among the virulence genes: 13 alleles for ptxA,
18 for prn, 14 for ptxP, two for fim2 and six to
fim3, to our knowledge (van Loo et al. 2002;
Miyaji et al. 2013; Bart et al. 2014; Simmonds
et al. 2014; van Gent et al. 2015; Barkoff et al.
2018; Polak et al. 2018). Moreover, the ptxP3
allele is believed to confer enhanced virulence
(Mooi et al. 2009). A study done among five
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European countries with different vaccines used,
demonstrated how vaccination drives B. pertussis
isolates to express genotypes other than that
of the vaccine antigens (ptxA2/4, prn1) (van
Amersfoorth et al. 2005). Novel European studies
have shown that currently circulating B. pertussis
populations carry an increasing frequency (>90%)
of the prevalent ptxA1, prn2 and ptxP3 genotypes
(van Gent et al. 2015; Barkoff et al. 2018; Petridou
et al. 2018). However, changes among these
genotypes are noted in Austria, where types other
than prn2were found, and in Poland where the wP
vaccine is used (Wagner et al. 2015; Polak et al.
2018). In Poland, the ptxP1 and prn1 alleles have
been dominant for decades, but within the latest
isolates (2010–2016) a change in the prevalence
was noticed. Now, more than 90% of the strains
carry the prn2 and ptxP3 alleles. In addition, the
frequency of fim3–1 genotype (approx. 70%) is
also in line with other European countries, exclud-
ing France where both, fim3–1 and fim3–2 alleles,
are equally presented (van Gent et al. 2015;
Barkoff et al. 2018; Polak et al. 2018). Similar
findings to Europe can be found in other
continents. In the US, during the wP era, strains
carried prn1, ptxP1, ptxA1/2 and fim3–1 genotypes
(Schmidtke et al. 2012). However, a shift from
allele prn1 to prn2/3 occurred in the 1970s when
wP was still in use (Cassiday et al. 2000).
Genotypes of ptxP3, ptxA1 and fim3–1/2 started
to increase during the aP era and are now dominant
in the US (Schmidtke et al. 2012; Bowden et al.
2014). In Australia, studies also indicate how
diversity has decreased and ptxA1, prn2 and
ptxP3 genotypes are now prevalent (Octavia et al.
2012; Lam et al. 2014). In Japan, the frequency of
prevalent ptxA1, prn2 and ptxP3 alleles is increas-
ing, but ptxA2, prn1 and ptxP1 alleles were still
seen among 40% of the isolates in 2011–2012.
Moreover, two separate groups have formed
among the isolates (Miyaji et al. 2013; Zomer
et al. 2018). Similar strain profiles and frequencies
to Japan were noticed in Cambodia (Moriuchi et al.
2017). Like Japan and Cambodia, China also car-
ries isolates with distinct profiles compared to
other countries. Two studies showed that
circulating isolates harbored prn1, ptxP1 and
fim3–1 genotypes among isolates collected in

1953–2005 and 2012–2013 (Zhang et al. 2010;
Du et al. 2016). However, in a recent publication,
two groups of B. pertussis isolates were noticed in
the Shanghai area, 1) the prevalent profile in “west-
ern” countries with prn2 and ptxP3 (41%) and 2)
Chinese/Japanese profile with prn1 and ptxP1
(59%) (Fu et al. 2018). It should be kept in mind
that aP primary vaccinations replaced wP
vaccinations in China in 2013, and it remains to
be seen whether the “western” profile increases in
this country. An additional study from the
Philippines observed strains harboring ptxP1,
ptxA1, prn1 and fim3–1 alleles (Galit et al. 2015).
Interestingly in Peru and Iran, many strains col-
lected in 2012 carried the “western” profile of
ptxA1, prn2 and ptxP3 alleles (Bailon et al. 2016;
Sadeghpour Heravi et al. 2018). It seems that
B. pertussis populations, globally, are moving
towards ptxA1, prn2, ptxP3 and fim3–1 genotypes
and so far both wP and aP vaccinations have
influenced this trend.

Serotyping discriminates B. pertussis isolates
into three sub-groups: Fim2, Fim3 and Fim2,3.
Two methods are used for serotyping (1) a side
agglutination test with specific antisera against
Fim2 or 3, and (2) a specific monoclonal based
ELISA method (Eldering et al. 1969; Heikkinen
et al. 2008). The serotype of the strains included
in the vaccines (wP & aP) has shifted the
serotypes of circulating strains throughout the
years (Elomaa et al. 2005; Gorringe and Vaughan
2014). A study by Hallander et al. combines data
from wP, aP and the non-vaccine era to demon-
strate this phenomenon. Study results showed that
Fim3 was circulating during the wP era (Fim2 in
the vaccine), Fim2 during the non-vaccine era and
after the change to aP vaccines, Fim3 became
prevalent again (Hallander et al. 2005). Alto-
gether, during the aP vaccine era, the Fim3 sero-
type has dominated in Europe (van Gent et al.
2015). However, in a recent study, isolates har-
boring Fim2 were found in almost half of the
strains collected (Barkoff et al. 2018). In Poland,
where the wP vaccine has been regularly used, the
Fim2 serotype has been dominant during the
2000s (van Gent et al. 2015). This is in contrast
to the study by Hallander (Hallander et al. 2005),
and is most likely due to the different vaccine
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strains containing Fim3 serotype. In Japan, simi-
lar dominance of Fim3 is seen like in Europe
(Miyaji et al. 2013). It is also known that
outbreaks modify the serotype of circulating
strains, as natural immunity in population
increases (Gorringe and Vaughan 2014). This,
however, does not self-explain why Fim3 is
dominating in countries where aP vaccines are
used. As Fim3 seems to be more expressed on
the bacterial surface than Fim2, it may give an
advantage against a highly immunized population
(Heikkinen et al. 2008). It is also known that the
expression of fimbriae depends on a run of C
residues in the promoter regions of fim2 and
fim3 genes, which can make genes capable of
phase variation (Willems et al. 1990; Chen et al.
2010). Studies have also shown that patients
infected by Fim2 strains developed antibodies to
Fim3, suggesting a difference in fimbrial expres-
sion in vivo and in vitro (Heikkinen et al. 2008;
Alexander et al. 2012).

3 PFGE and MLVA Used
for Genomic Analyses

PFGE has been used for the typing of B. pertussis
since the 1990s. As a method it is laborious, but
has a better discriminative power than genotyping
of the virulence genes (Advani et al. 2004;
Cassiday et al. 2016). In addition, the
recommended method and two reference systems
for nomenclature of PFGE profiles (BpSR-
profiles and clusters) have been described and
are compared in Fig. 1 (Mooi et al. 2000; Advani
et al. 2004). Although recommendations are
made, they are used by a minority of laboratories,
which makes the global comparison of results
difficult. However, published studies are descrip-
tive, and the change between intervals of time and
profiles can be seen. In Europe, the main PFGE
profiles have been BpSR3, BpSR5, BpSR10,
BpSR11 and BpSR12. European wide studies
have shown how BpSR11 (29%), BpSR10
(10%) and other profiles (36%) dominated during
1998–2006, whereas, in 2002–2012, the BpSR3,
BpSR5 and BpSR10 profiles began to increase

(Advani et al. 2013; van Gent et al. 2015). In a
recent study (2012–2015), a clear shift within the
PFGE-profiles was noticed among the European
B. pertussis populations. BpSR3 (29.4%) and
BpSR10 (27.2%) became prevalent, whereas the
previously dominant BpSR11 and the number
and frequency of other profiles decreased. Fur-
thermore, country specific differences were
noticed, e.g. BpSR3 was not found among any
of the Swedish isolates (Barkoff et al. 2018). A
study in the US by Cassiday et al. summarizes
PFGE findings during 2000–2012. The results
from this study suggest a similar change among
the US and European B. pertussis populations.
They noticed that CDC013 (BpSR11) was preva-
lent (41%) in 2000–2009, but decreased during
2010–2012 (9%), whereas CDC002 (BpSR3)
increased from 4% to 25%. Although, the number
of other profiles increased, it mainly consisted of
three profiles (CDC217, CDC237, CDC253). The
major difference was the profile CDC010
(BpSR10), which declined significantly between
these time periods in the US (Cassiday et al.
2016). Nevertheless, it was noticed in a
European study that some profiles were dominant
in some countries and some in others (Barkoff
et al. 2018). In addition, the time-frame of this
comparison between these two studies is not
exactly the same (Fig. 2). Therefore, a direct
comparison in PFGE profiles between Europe
and the US would help with the global surveil-
lance of pertussis. Moreover in China, during the
period of 2012–2013, 16 strains were tested by
PFGE, and the prevalent profiles detected were
BpSR23 and BpFINR9. These profiles were prev-
alent in the 1990s and are rarely seen in Europe
today (van Gent et al. 2015; Wang and He 2015).

So far, seven PFGE clusters have been
defined, and there are three subgroups in cluster
IV (IVα, β and Y) (Caro et al. 2006; Shuel et al.
2013; Cassiday et al. 2016; Barkoff et al. 2018).
For cluster analysis, B. pertussis isolates in
Europe, in the US and also in Canada mainly
belong to group IV (Shuel et al. 2013, Cassiday
et al. 2016, Barkoff et al. 2018). Studies from wP
vaccine using countries like Poland, Turkey and
China show different results when compared to
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Europe and the US. A large study made in Turkey
showed that most of the strains during 2001–2009
belonged to PFGE cluster II (Nar Otgun et al.
2011). In Poland, strains mainly belonged to clus-
ter III during 2000–2007, but have totally shifted
to cluster IV during 2010–2016. This may be due
to the high use of commercial aP vaccines (Polak
et al. 2018).

Multiple-locus variable-number tandem repeat
analysis (MLVA) was first described by Schouls
et al. (Schouls et al. 2004). It is based on the
variable-number of tandem repeats (VNTR)
within the B. pertussis genome and it is
performed by PCR and sequencing. This method
is proven to have better discriminative power than
common genotyping. However, studies in Europe

Strain Profile Group
PRCB 274 BpSR10 IV-α
PRCB 548 BpSR11 IV-β
PRCB592 BpSR3 IV
PRCB 640 BpSR5 IV
PRCB 540 BpSR12 IV-γ
PRCB 487 FINR21 VII
Bp134 BpSR23 III
FR287 FR287 V
Tohama Tohama II
18323 18323 I

% Relatedness
60 80 100

Fig. 1 PFGE-profiles and clusters obtained from refer-
ence strains and Finnish B. pertussis strain collection
�For PFGE profiles, the unweighted pair group with arith-
metic clustering (UPGMA) dendrogram type with the Dice

similarity coefficient, 1% optimization, and 1% tolerance
were used, whereas for clusters 1.5% optimization and 2%
band tolerance were applied

Fig. 2 PFGE-profiles reported in Europe and in the US
during two different eras���
�In the US in 2010–2012, other profiles included three major
profiles of CDC217 (4%), CDC237 (24%) and CDC253
(6%). These profiles accounted <1% of other profiles in
2000–2009. CDC253 is closely related to BpSR10

��In Europe, during 2012–2015, no BpSR3 was seen in
Sweden
���Picture composed of data obtained from van Gent
et al. (2015), Cassiday et al. (2016) and Barkoff et al.
(2018)
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have shown how the number and frequency of
MLVA types (MT), diminish among the aP
vaccinated populations. Results from Schouls
et al. indicated that MT27 and MT29 were the
dominant profiles in the Netherlands during
1992–2000. Nevertheless, they found many
MTs, but the number of strains among each
MTs was rather low, excluding MT27 and
MT29. (Schouls et al. 2004). Later, Swedish and
British studies were concluded with similar
results (Advani et al. 2009; Litt et al. 2009).
After this, the frequency of MT27 increased and
reached more than 75% in Europe during
2002–2012. At the same time the second most
common type MT29 almost vanished. Interest-
ingly, MT78 was dominant in Finland during
this time frame (van Gent et al. 2015). Further-
more, in a recent European study, the frequency
of MT27 among the 265 strains collected in nine
countries during 2012–2015 was over 80% and
the Simpson’s diversity index [calculated based
on the formula D ¼ 1 � Σn(n � 1)/N(N � 1),
where n indicates the number of individual
profiles and N is the number of all profiles] was
only 0.34, indicating a poor discriminative power
of this method (Barkoff et al. 2018). In addition,
MT27 now became dominant in Finland (>85%).
Interestingly, in Denmark, the number of profiles
other than MT27 was more than 50% and MT28
represented almost 30% of the strains (Barkoff
et al. 2018). A change to MT27 has also been
seen in Japan, where MT186 was dominant in
2002–2007, but after 2008, MT27 became preva-
lent. In the US, similar dominance (>75%) of
MT27 is seen (Bowden et al. 2014; Bowden
et al. 2016). However, different MTs are further
seen in countries with wP vaccination. In China,
no clear dominant MT type was found, MT types
such as MT55, MT91, MT136 and MT152 were
presented in similar frequencies (Wang and He
2015; Xu et al. 2015b). A similarly low frequency
of MT27 was seen in Poland (1998–2006), where
MT70 and MT29 have been prevalent (van Gent
et al. 2015). In short, it is clear that long-term aP
vaccination has had an effect on the high fre-
quency of MT27. However, the situation in
Denmark is interesting as this country uses aP
containing only PT, and profiles other than MT27

are dominant. More discriminative approaches
such as WGS should be used to reveal whether
this is due to the small number of collected study
strains or a beneficial genomic arrangement for
B. pertussis to escape immunity acquired from
the monocomponent vaccine in this country.
Moreover, there are variations among MTs
between countries using aP and wP vaccines.

4 Whole Genome Sequencing

Parkhill et al. sequenced and annotated the whole
genome of the B. pertussis reference strain
Tohama I, and showed e.g. the amount of IS481
elements, which mediates deletions and interrupts
in the B. pertussis genes (Parkhill et al. 2003).
Since then, many genomes of B. pertussis strains
have been sequenced. Bart et al. performed com-
parative genomic analyses to a worldwide collec-
tion of 343 strains isolated between 1920 and
2010 (Bart et al. 2014). They identified two dif-
ferent lineages from which the currently
circulating isolates have evolved. They showed
how vaccination has driven the strains genetically
more close to each other’s in time, and found a
similar average density of SNPs (0.0013 SNPs/
bp) to that reported previously by Parkhill et al..
However, the highest density was found in
virulence-associated and transport/binding related
genes (0.0016 and 0.0015 SNPs/bp, respectively)
(Bart et al. 2014). The study clearly indicates that
global transmission of new strains is very rapid
and that the worldwide population of B. pertussis
is evolving in response to vaccine introduction.
Subsequently, Sealey et al. reported that espe-
cially genes that encode vaccine antigens such
as PT, FHA and PRN are unusually fast to evolve
when compared to other genes, with significantly
higher SNP density (0.00173 SNPs/bp, the UK
and 0.00291 SNPs/bp, global) in the aP era. They
also proposed that only a few SNPs are related to
the increased virulence of ptxP3 strains (Sealey
et al. 2014). Xu et al. sequenced and analyzed
the complete genomes of 40 strains isolated
from China and Finland during 1956–2008, as
well as 11 previously sequenced strains from
the Netherlands, where different vaccination
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strategies have been used over the past 50 years
(Xu et al. 2015a). They found that evolution of
the B. pertussis populations is closely associated
with the country vaccination coverage. Further-
more, studies from the US have shown that geno-
mic rearrangements have occurred in the form of
large inversions, which were frequently flanked
by IS481 insertions (Weigand et al. 2017b),
which are in line with the previous studies. Fur-
thermore, this group has detected novel mutations
among vaccine antigen genes leading to defi-
ciency of PRN and FHA (Weigand et al. 2017a,
2018). In the latter, they found that mutations in
the fhaB gene and in other genes affected FHA
production. Double mutations in different genes
within the same strain were also found to cause
FHA deficiency. By using WGS, Bouchez et al.
have defined a core genome multilocus sequence
typing scheme (cgMLST) comprising of 2038
loci (Bouchez et al. 2018). They demonstrated
its congruence with whole genome single nucleo-
tide polymorphism variation. As speculated by
authors the cgMLST method has the potential to
study transmission of particular B. pertussis
lineages such as those that evolve towards a lack
of expression of vaccine antigens. It is clear that
WGS has offered a more wide perspective to
study the evolution and transmission of
B. pertussis. Since culture is performed less and
less in clinical microbiology laboratories, WGS
of DNAs isolated directly from clinical samples
should be considered and compared in the future.
Further standardization and harmonization of
these epidemiological typing methods including
WGS are needed for global surveillance of
pertussis.

5 Vaccine Antigen Deficient
B. pertussis Isolates

The expression of vaccine antigens by
B. pertussis has greatly changed during the last
10 years, and is under constant transition. So far,
the main pressure has been on PRN, which is a
member of the autotransporter family and plays a
role in the adhesion to cell membrane of the host
(Mattoo and Cherry 2005). To detect vaccine

antigen production of B. pertussis isolates, two
methods have been used, (1) a classical western
blot to target the protein of interest and (2) a more
rapid ELISA method based on specific monoclo-
nal antibodies (Bouchez et al. 2009; Barkoff et al.
2014). The appearance of PRN deficient
B. pertussis isolates began mainly after the intro-
duction of aP vaccines. The first reports describ-
ing these strains were from France and Italy in
2009 (Bouchez et al. 2009; Stefanelli et al. 2009).
Soon after, PRN-negative isolates were noted
in countries with the change from wP to aP vac-
cination, including Australia, Finland, Japan,
Norway, Sweden, the Netherlands and the US
(Barkoff et al. 2012; Otsuka et al. 2012; Lam
et al. 2013; Queenan et al. 2013; Zeddeman
et al. 2014). A novel study from Europe showed
an increased frequency of PRN deficient isolates,
when four B. pertussis strain panels (N ¼ 661)
were collected from several European countries in
1998–2015. During this period, the frequency of
PRN deficient isolates increased from 1.0% to
24.9% (Barkoff et al. 2019). Furthermore, a simi-
lar increase has been detected in Australia, where
the frequency of PRN deficient strains was 5% in
2008 (N¼ 39), from where it rapidly increased to
78% in 2012 (N ¼ 36), and also in the US, where
isolates from two outbreaks (California and
Washington state) indicated an increase in the
frequency from 12.1% in 2010 (N ¼ 33) to
73.1% in 2012 (N ¼ 216) (Pawloski et al.
2014). Moreover, a study combining isolates
from eight states in the US (N ¼ 753) showed
that 85% of the strains were PRN deficient (Mar-
tin et al. 2015). Recently, PRN deficient isolates
have also been found in Slovenia, where the fre-
quency increased from 0% (2006–2011) to 89.5%
(2014–2017), and from Canada (Tsang et al.
2014; Kastrin et al. 2019). The appearance of
these strains seems to depend on the primary aP
vaccination. However, a recent study by Polak
et al. showed that 4/188 isolates collected in
1959–2016 were PRN deficient in Poland, a
country where the wP vaccine is used. These
strains were found after 2010 (4/26, 15.4%) and
according to their estimation, commercial aP
vaccines have replaced the intake of wP vaccine
by 60% in 2013 (Polak et al. 2018). In addition, in
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Denmark where the PT-vaccine is used, PRN
deficient isolates (N ¼ 4) were found among
isolates collected in 2012–2015 (Barkoff et al.
2019). These findings indicate that only “a minor”
pressure from aP vaccinations are needed for the
transformation, and that these strains also translo-
cate with travel as Denmark is a passage between
Central Europe and Scandinavia. Indeed, “high”
prevalence of PRN deficient strains have been
found in Scandinavian countries Sweden and
Norway (Barkoff et al. 2019). The pressure from
aP booster vaccines is difficult to determine, as
booster schedules vary largely among different
countries (Barkoff et al. 2015). Some research
have also studied “historical” isolates, and it
seems that only two PRN deficient isolates have
been found before the introduction of aP
vaccines, one in Finland and one in the US
(Hegerle et al. 2012; Pawloski et al. 2014;
Zomer et al. 2018). Moreover, these two strains
may have evolved during large outbreaks, when
multiple strain profiles are usually detected for a
short period of time. In contrast, in Japan, the
frequency of PRN deficient isolates has even
decreased, after a change to an aP vaccine not
containing PRN (Hiramatsu et al. 2017).

Many mechanisms are causing PRN defi-
ciency. Common methods to identify these
mechanisms are either specific PCRs flanking the
area of mutations, or sequencing of the whole prn
gene (Lam et al. 2014; Pawloski et al. 2014;
Zeddeman et al. 2014). The earliest findings
included insertion of the IS481 element in the
region II of the prn gene and a deletion of 84 bp
(26^109) in the signal sequence (ΔSS) (Bouchez
et al. 2009; Barkoff et al. 2012; Otsuka et al. 2012).
When PRN deficient isolates become more preva-
lent, a number of causing mechanisms identified
increased, and the IS481 element was found either
in a forward or a reverse formation in two different
positions (1613^1614; 2735^2736) of the prn
gene. Other mechanisms include a deletion of
49 bp in the ΔSS (32^80), deletions in the pro-
moter and signal region (-283^-40; -292^1340;
-1513^145)a 22 kb inversion of the promotor
region (-20892^-75), an insertion of IS1002 ele-
ment in position 1613^1614, point mutations

leading to stop codons (223STOP:C > T,
1273STOP:C > T, 2077STOP:G > T), disruption
of the promoter (-162:G > A), addition of single
nucleotide (1185:G), deletion of single nucleotide
(631^632:T), a deletion of 1612 bp in the
promotor region (-2090^-478) and the deletion of
the whole prn gene. However, for some strains no
mutations within the prn gene or promoter, caus-
ing the PRN deficiency, has been found (Hegerle
et al. 2012; Bowden et al. 2014; Lam et al. 2014;
Tsang et al. 2014; Zeddeman et al. 2014; Weigand
et al. 2017a; Barkoff et al. 2019). The IS481 inser-
tion is still the main factor for PRN deficiency, but
other mechanisms are increasing except in Japan,
where only two mechanisms (IS481 and ΔSS) are
prevalent (Hiramatsu et al. 2017; Zomer et al.
2018). All mechanisms included in this study are
presented in Table 1.

Molecular typing of PRN deficient strains
shows different patterns. Strains isolated in
Australia, Canada, Europe and the US are mainly
carrying the prevalent genotypes of ptxA1, prn2,
ptxP3 and MT27 profile (Bouchez et al. 2009;
Stefanelli et al. 2009; Bowden et al. 2014; Lam
et al. 2014; Tsang et al. 2014; Barkoff et al.
2018), whereas in Japan PRN deficient isolates
are still carrying moderate numbers of ptxP1,
prn1 and ptxA2 alleles related to the MT186
profile, although the MT27 profile with ptxP3,
prn2 and ptxA2 alleles (as in Australia, Europe
and the US) is dominating the Japanese PRN
deficient isolates (Otsuka et al. 2012; Zomer
et al. 2018). For PFGE, variations among the
strains can be seen with individual profiles,
although the number of studies describing PRN
deficient isolates with PFGE profiles is very lim-
ited. In the study by Pawloski et al., PFGE-
profiles of PRN deficient (mainly CDC013 and
CDC217) and PRN producing (mainly CDC002
and CDC237) strains differed among the
Washington state epidemy (Pawloski et al.
2014). Tsang et al. found five PFGE profiles
(076 and 021 dominant) among the 12 PRN defi-
cient isolates in Canada (Tsang et al. 2014). In
Europe, a study by Hegerle et al. showed that
PRN deficient isolates belonged to cluster IVα
or IVβ, whereas PRN producing isolates mostly

26 A.-M. Barkoff and Q. He



harbored the IVγ (Hegerle et al. 2012). Barkoff
et al. showed that PRN deficient isolates carried
different PFGE profiles with dominance on
BpSR3, BpSR10 and BpSR11 profiles (Barkoff
et al. 2018, 2019). To summarize these findings, it
seems that PRN deficient isolates are evolving
towards uniformity, which can be seen especially
within the Japanese isolates as described above.
The strains with a dominant MT27-ptxA1, prn2,
ptxP3 profile may have an increased fitness
among the aP immunized population.

Many studies have shown that PRN-deficient
isolates cause classical pertussis symptoms with
cascades and prolonged cough (Bouchez et al.
2009; Barkoff et al. 2012; Martin et al. 2015;
Williams et al. 2016). In addition, PRN deficient
isolates may have a selective advantage in aP
immunized population (Martin et al. 2015). How-
ever, the latter still needs further investigation as a
recent study, in which strains were collected and
compared from several European countries,
showed that these strains were found equally
among vaccinated and unvaccinated individuals
(Barkoff et al. 2019). Furthermore, when the time
of introduction of primary vaccination with
PRN-containing aP was compared in these
European countries, the results suggested that

the longer the period since the introduction of
primary aP vaccination, the higher the frequency
of circulating PRN-deficient strains.

Other vaccine antigen protein deficient
B. pertussis isolates has been low. The first PT
deficient isolate was reported in France, and to
date two of these isolates have been found in this
country. The mechanism causing deficiency of
these two strains differed, in one the whole ptx
operon was deleted and for the second the mech-
anism was unknown. The molecular background
of the strains was similar (prn2, Fim3) and both
belonged to PFGE group IVγ (Hegerle et al.
2012). In addition, one PT negative isolate has
been found in the US with similar characteristics
and mechanisms to the French strain where the
whole ptx operon was deleted and both harbored
MT27. Interestingly the US strain was also PRN
deficient (Williams et al. 2016). FHA deficient
isolates have appeared more frequently than PT
deficient, although their number is low. These
strains have been found from France (N ¼ 2),
Sweden (N ¼ 2) and the US (N ¼ 5) (Hegerle
et al. 2012; Bart et al. 2015; Weigand et al. 2018).
Interestingly, four of these isolates were found
during the pre-vaccine era in the US (N ¼ 3)
and France (N ¼ 1). (Bouchez et al. 2015;

Table 1 Mechanisms causing PRN deficiency, position in the prn gene and appearance by country

Mechanism Position in prn gene Countries

IS481 insertiona,b,c,d,e,f,
g,h

1,613^1,614 & 2,735^2,736 Australia, Canada, France, Belgium, Denmark, Italy, the
NL, Norway, Sweden, the UK, the US

84 bp deletiong,i,j 26^109 Finland, Japan, the US
49 bp deletionh 32^80 Finland
22 kb inversion in the
prn promotera,g,h

�20,892^-75 Belgium, France, Italy, the NL, Sweden, the UK, the US

IS1002 insertionc 1,613^1,614 Australia
STOP:C > Ta,e,h 223 & 1,273 Canada, the NL, Norway, Sweden, the UK
STOP:G>Ta 2077 Finland
Addition of Gc 1,185 Australia
Deletion of Ta 631^632 Denmark, Italy, Sweden
deletions in the
promoterj

�2090^-478; �283^-40;
�292^1,340; �1,513^145

the US

Deletion of prn genea,c,f Δprn Australia, Denmark, France, Norway
Disruption G > Ae �162 Canada
Unknowna,c,e N/A Australia, Canada, the UK
aBarkoff et al. (2019); bBouchez et al. (2009); cLam et al. (2014); dZomer et al. (2018); eTsang et al. (2014); fHegerle et al.
(2012); gBowden et al. (2014); hZeddeman et al. (2014); iBarkoff et al. (2012); jOctavia et al. (2012); kWeigand et al.
(2017a)
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Weigand et al. 2018). Several mechanisms were
found to stop the production of FHA among the
nine isolates, these include IS481 insertion and
single nucleotide deletion/insertion among the
FHA coding gene fhaB, and an IS481 insertion
within the Bordetella Bvg-intermediate-phase
gene (bipA). For one isolate the mechanism was
unknown. In addition, four of the FHA deficient
strains were also PRN deficient (Bart et al. 2015;
Bouchez et al. 2015; Weigand et al. 2018). Most
of the contemporary isolates carried ptxP3, ptxA1
and prn2 alleles, whereas their PFGE-profiles
varied. According to a French study, FHA defi-
cient strains had an elevated expression of other
virulence genes of ptxA, cyaA, and prn (Bouchez
et al. 2015). For Fim2 or 3 deficiency, three
isolates have been found so far, one in Canada,
one in Japan and one in Norway (Miyaji et al.
2013; Shuel et al. 2013; Barkoff et al. 2019). In
addition, one tracheal colonization factor A defi-
cient isolate was recently found in Poland (Polak
et al. 2018). Altogether, PT, FHA and Fim defi-
cient isolates are sporadic and it remains to be
seen whether there will be an increase among
these isolates.

6 Genetic Change
and Antimicrobial Resistance

Antimicrobial therapy is immediately needed,
when pertussis is diagnosed, for bacterial clear-
ance and to prevent further transmission of the
disease to other individuals. It is also
recommended for prophylaxis. Commonly,
macrolides [erythromycin (ERY) and
azithromycin (AZT)] are the first-line drugs to
treat B. pertussis infection (Kilgore et al. 2016;
Lonnqvist et al. 2018). So far, macrolide resistant
isolates have mainly been found in China, but
isolates have also been found sporadically in
Europe, the Middle East and in North and South
America (Torres et al. 2015; Centers for Disease
Control and Prevention (CDC) 1994; Wilson
et al. 2002; Guillot et al. 2012; Shahcheraghi
et al. 2014; Wang et al. 2014; Wang et al.
2014). However, the frequency of these strains
is increasing in China and the latest studies from

Beijing (2013–2014), Zhejiang province (2016)
and Shanghai (2016–2017) show a high fre-
quency of these isolates varying between
60–92% (Yang et al. 2015; Fu et al. 2018). It
also seems that these strains are found from dif-
ferent areas in China, indicating that these strains
are not only clonally expanded in one location.

Currently, the only mechanism to cause the
macrolide resistance is a point mutation changing
nucleotide A to G at the position 2047 (A2047G)
in the domain V of the 23S rRNA gene of
B. pertussis, as described previously (Bartkus
et al. 2003; Guillot et al. 2012; Wang et al.
2015; Lonnqvist et al. 2018). However,
B. pertussis carries 3 copies of the 23S rRNA
gene and so far, only one study has shown that
the mutation occurred in all copies (Guillot et al.
2012). It remains to be shown if other mutations
or even molecular changes are involved in the
resistance. Therefore, culture-based AST is
required for the determination of the macrolide
resistance. So far, the resistant B. pertussis
isolates detected have been highly resistant
(>256 μg/mL) to macrolides (both ERY and
AZT) when measured by the minimum inhibition
concentration (MIC) test, whereas sensitive
strains show almost no tolerance against
macrolides (both ERY and AZT <0.250 μg/mL)
(Guillot et al. 2012; Stefanelli et al. 2017; Fu et al.
2018; Lonnqvist et al. 2018). The effect of
A2047G mutation to macrolide resistance is
shown in Fig. 3. The macrolide resistant
B. pertussis isolate found in France carried
ptxP3, ptxA1 and prn2 allele and expressed all
vaccine antigens (PT, FHA, PRN and Fim3)
(Guillot et al. 2012). However, a recent study by
Fu et al. showed that isolates (N ¼ 141) from
Shanghai had mainly two different characteristics
based on the resistance and genetic profiles of the
bacteria: sensitive (41.1%) and resistant (58.9%)
groups. Sensitive strains carried genotypes of
ptxP3/prn2/ptxC2, like those prevalent in Europe
and in the US, whereas almost all resistant strains
had the profile ptxP1/prn1/ptxC1 (81/83, 97.6%).
Other differences between these two groups of
strains were not significant. However, the resis-
tant rate of 57.5% in Shanghai was much lower
than those reported in Xi’an (87.5%) and Beijing
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(91.9%) during 2013–2014 (Wang et al. 2014;
Yang et al. 2015).

Other alternative antimicrobial agents to treat
pertussis patients, if macrolides cannot be used,
are trimethoprim-sulfamethoxazole (TMS) and
quinolones (e.g. Nalidixic acid). For TMS, no
studies have described resistance among the
B. pertussis strains (Jakubu et al. 2017; Lonnqvist
et al. 2018; Hua et al. 2019). However, one study
from Japan has described B. pertussis strains
resistant to Nalicidic acid. All six resistant strains
carried a mutation A260G in the gyrA gene. Fur-
ther investigation showed that these strains had
different PFGE-profiles, although four were
closely related (Ohtsuka et al. 2009). However,
as there is no resistance for TMS, which is the
second line of antibiotics to treat pertussis
patients, it remains to be seen whether the quino-
lone resistance will be a matter of importance as
they are rarely used.

7 Conclusions

In industrialized countries using aP vaccines,
common genotypes, MLVA types and PFGE
profiles are identified in B. pertussis populations.

With PFGE many strain profiles can be seen and
it is evident that PFGE profiles vary among
populations immunized by aP or wP vaccines.
Furthermore, the increased use of aP vaccines in
Poland has clearly harbored the Polish strains
towards those circulating in industrialized
countries where aP vaccines have been used
for 10–20 years, and as there has been a change
to aP vaccination in China after 2013, it remains
to be seen how this will influence the B. pertussis
population in this country. Moreover, the number
of all other, than the prevalent PFGE profiles,
is decreasing indicating that the shift results
are caused by the use of aP vaccines. Vaccine
antigen deficient strains, especially PRN-deficient
ones, have emerged and increased especially in
the aP vaccinated populations, and so far they have
not been reported in countries where wP vaccines
are used. The circulating strains in developing
countries using wP vaccines harbor different
geno-, MLVA- and PFGE-types than those
found in countries using the aP vaccine. So
far, macrolide resistance of B. pertussis is
associated with a point mutation in 23S rRNA
gene of B. pertussis, and is widely detected only
in China. WGS has offered a more wide perspec-
tive to study the evolution and transmission of

Fig. 3 Effect of A2047G mutation in the 23S rRNA of
Bordetella pertussis to MIC

(a) Macrolide resistant B. pertussis isolate; (b) Macrolide
sensitive B. pertussis isolate. Photographed by Barkoff
and He, modified from Lonnqvist et al. (2018)
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B. pertussis. Since culture is performed less and
less in clinical microbiology laboratories, WGS of
DNAs isolated directly from clinical samples
should be considered in the future. This review
also underscores the importance of long-term sur-
veillance of B. pertussis because of its impact on
the effectiveness of vaccines.
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Role of Major Toxin Virulence Factors
in Pertussis Infection and Disease
Pathogenesis

Karen Scanlon, Ciaran Skerry, and Nicholas Carbonetti

Abstract

Bordetella pertussis produces several toxins
that affect host-pathogen interactions. Of
these, the major toxins that contribute to
pertussis infection and disease are pertussis
toxin, adenylate cyclase toxin-hemolysin and
tracheal cytotoxin. Pertussis toxin is a multi-
subunit protein toxin that inhibits host G
protein-coupled receptor signaling, causing a
wide array of effects on the host. Adenylate
cyclase toxin-hemolysin is a single
polypeptide, containing an adenylate cyclase
enzymatic domain coupled to a hemolysin
domain, that primarily targets phagocytic
cells to inhibit their antibacterial activities.
Tracheal cytotoxin is a fragment of
peptidoglycan released by B. pertussis that
elicits damaging inflammatory responses in
host cells. This chapter describes these three
virulence factors of B. pertussis, summarizing
background information and focusing on the
role of each toxin in infection and disease
pathogenesis, as well as their role in pertussis
vaccination.

Keywords
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1 Pertussis Toxin

1.1 Background

Pertussis toxin (Agarwal et al. 2009) is a multi-
subunit (AB5) protein toxin secreted by
B. pertussis. PT binds mammalian cell surface
glycosylated molecules (Witvliet et al. 1989) in
a non-saturable and non-specific manner (Finck-
Barbancon and Barbieri 1996), indicating lack of
a specific receptor. PT is endocytosed and
transported by the retrograde pathway to the
endoplasmic reticulum (el Baya et al. 1997;
Plaut and Carbonetti 2008; Plaut et al. 2016),
from where the A subunit (S1) translocates to
the cytosol (Hazes et al. 1996; Pande et al.
2006; Worthington and Carbonetti 2007). In the
cytosol, S1 ADP-ribosylates the alpha subunit of
heterotrimeric G proteins of the Gi/o class in
mammalian cells, inhibiting activation of these
G proteins by ligand-bound G protein-coupled
receptors (GPCR) (Katada 2012). This modifica-
tion has multiple effects on host cell activities,
since many different GPCRs couple to Gi

proteins. Binding of the PT B pentamer to mam-
malian cells elicits various signaling effects inde-
pendently of the enzymatic activity of S1, but
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these effects are relatively transient and
concentration-dependent (Carbonetti 2010;
Mangmool and Kurose 2011; Wong and Rosoff
1996; Schneider et al. 2009; Zocchi et al. 2005)
and it is unclear whether this binding and signal-
ing activity of PT is relevant in vivo. PT is an
important virulence factor for B. pertussis and is
central to the pathogenesis of pertussis infection
and disease (as described below) and a detoxified
form of PT is an important component of cur-
rently used acellular pertussis vaccines (aPV)
(Coutte and Locht 2015).

1.2 Role in Infection and Disease
Pathogenesis

1.2.1 Systemic and Local Effects of PT
Systemic administration of purified PT to experi-
mental animals has a variety of biological and
toxic effects (Munoz et al. 1981). The most impor-
tant of these is leukocytosis (Morse and Morse
1976; Munoz et al. 1981; Hinds et al. 1996;
Nogimori et al. 1984), a large increase in the
number of circulating white blood cells that is
also a prominent feature in human infants with
pertussis and high levels of which correlate with
fatal outcome (Winter et al. 2015). PT likely
induces leukocytosis through a number of
mechanisms (Carbonetti 2016), including reduced
expression of leukocyte surface adhesion
molecules such as LFA-1 (Schenkel and Pauza
1999) and CD62L (Hodge et al. 2003; Hudnall
and Molina 2000), inhibition of LFA-1-dependent
lymphocyte arrest on lymph node high endothelial
venules (Bargatze and Butcher 1993; Warnock
et al. 1998), and inhibition of chemokine receptor
signaling affecting leukocyte migration (Beck
et al. 2014; Pham et al. 2008). PT treatment of
experimental animals also has adverse effects on
control of heart rate and other cardiac functions,
independently of leukocytosis (Grimm et al. 1998;
Wainford et al. 2008; Adamson et al. 1993; Zheng
et al. 2005). Another effect of PT is reduction of

vascular barrier integrity (Dudek et al. 2007),
which may contribute to the pathogenesis of
experimental autoimmune encephalitis (EAE) in
animal models (Bennett et al. 2010), several of
which require PT as an adjuvant to stimulate dis-
ease (Munoz et al. 1984; Arimoto et al. 2000;
Zhao et al. 2008). This led to the recent specula-
tion that PT effects from sub-clinical pertussis
infections may be a contributor to exacerbations
of multiple sclerosis in humans (Rubin and Glazer
2016). Other effects of systemic administration of
PT include vasoactive sensitization to histamine
(Munoz et al. 1981) and induction of insulinemia/
hypoglycemia (Yajima et al. 1978), although
whether these are relevant to pertussis disease in
humans is not clear.

The extent to which PT contributes to the
respiratory pathology of pertussis is less clear.
Experimental animals, such as mice and guinea
pigs, do not cough when administered purified PT
(Hewitt and Canning 2010) but baboons
experimentally-infected with B. pertussis suffer
the typical severe paroxysmal pertussis cough
(Warfel et al. 2012). However, baboons infected
with PT-deficient strains of B. pertussis show no
cough symptoms at all, despite being colonized
for the same duration as wild type B. pertussis-
infected animals (Merkel, unpublished data). This
may be because PT is necessary to induce robust
respiratory inflammation, as demonstrated in
mouse models (Connelly et al. 2012; Khelef
et al. 1994), which may be an important contribu-
tor to the cough pathology (see more below). In
addition, data from natural and volunteer
B. pertussis infections indicate that PT plays a
role in respiratory pathology. For instance, a
PT-deficient strain isolated from a 3-month-old
unvaccinated infant in France was associated with
a relatively mild and short time course of disease
(Bouchez et al. 2009). Also, human volunteers
intranasally inoculated with the candidate pertus-
sis vaccine strain BPZE1, which expresses a
genetically inactivated form of PT (Mielcarek
et al. 2006), did not cough (Thorstensson et al.
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2014), although this strain contains two other
modifications in potential virulence factors. The
paroxysmal nature of pertussis cough may also be
an effect of PT activity, since PT can inhibit
desensitization of receptors stimulated by tussive
agents (Maher et al. 2011), thereby preventing the
cessation of the coughing response. In addition,
PT effects in experimental animals are long-lived
(Carbonetti et al. 2003; Carbonetti et al. 2007)
and so the longevity of pertussis cough may also
be an effect of PT activity.

Another important activity of PT is likely in
promoting fatal pertussis infection in young
infants. PT induces leukocytosis and there is a
significant correlation between high levels of
leukocytosis and fatal outcome in these infants
(Rowlands et al. 2010; Surridge et al. 2007;
Pierce et al. 2000; Winter et al. 2015). Animal
models provide additional evidence supporting
the role of PT in promoting fatal outcome in
pertussis. For example, PT is required for lethal-
ity of B. pertussis infection in neonatal Balb/c
(Weiss and Goodwin 1989) and C57BL/6 mice
(Scanlon et al. 2017). However, the specific
mechanisms by which PT promotes lethality in
pertussis remain to be determined and probably
involve pathologies beyond leukocytosis and
respiratory effects.

1.2.2 Effects of PT on B. pertussis
Colonization and Host Immune
Responses

Most of our understanding of the effects of PT
on colonization and immune responses is
derived from mouse model experiments, with
some recent data from baboon studies, by com-
paring infection with isogenic strains differing
only in PT production. In mice, PT clearly
promotes colonization of the respiratory tract,
presumably through effects on immune
responses (Carbonetti et al. 2003; Connelly
et al. 2012). PT inhibits early innate immune
defenses, including recruitment of neutrophils

to B. pertussis-infected lungs (Carbonetti et al.
2003, 2005; Kirimanjeswara et al. 2005;
Andreasen and Carbonetti 2008) and anti-
bacterial activity of resident airway
macrophages (Carbonetti et al. 2007). PT also
inhibits some aspects of adaptive immunity,
including migration of human dendritic cells in
response to lymphatic chemokines (Fedele et al.
2011) and generation of serum antibody
responses to B. pertussis during infection
(Carbonetti et al. 2004; Mielcarek et al. 1998).
However, at the peak of infection PT promotes
lung inflammation (Connelly et al. 2012; Khelef
et al. 1994; Andreasen et al. 2009), probably
through a variety of mechanisms. One such
mechanism may involve the PT-dependent
increased expression of the epithelial anion
exchanger pendrin, which promotes lung inflam-
matory pathology during B. pertussis infection
(Scanlon et al. 2014). Another mechanism
involves PT-dependent inhibition of the resolu-
tion of lung inflammation (Connelly et al. 2012),
possibly by inhibiting activity of specialized
pro-resolving lipid mediators such as resolvins
and lipoxins (Levy and Serhan 2014), that signal
through PT-sensitive GPCRs (Maddox et al.
1997; Krishnamoorthy et al. 2010;
Chattopadhyay et al. 2018; Jo et al. 2016).

It is unclear whether lung inflammatory
pathology correlates with the severe cough of
human pertussis, but the recently developed
baboon model of pertussis may shed some light
on this. Baboons cough paroxysmally when
infected with a clinical isolate of B. pertussis
(Warfel et al. 2012; Warfel and Merkel 2014)
although, as stated above, they do not develop
cough when infected with an isogenic
PT-deficient strain. In addition, PT production
was associated with cough in rats experimentally
infected with B. pertussis (Parton et al. 1994).
Even though PT may not be the direct cause of
pertussis cough, these findings indicate that there
is a strong association between PT production and
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cough responses, which may be due to the
exacerbated inflammatory responses at the peak
of infection that are promoted by PT.

1.3 PT as a Pertussis Vaccine
Component and Therapeutic
Target

Since the move to aPV in most countries in recent
years, a detoxified form of PT has been a compo-
nent of all of these vaccines, in recognition of its
role as a protective antigen against severe disease
in infants (Coutte and Locht 2015). Although
most of these vaccines contain other pertussis
antigens, a monocomponent detoxified PT vac-
cine is used in Denmark (Thierry-Carstensen
et al. 2013). Since pertussis has remained under
control in Denmark (Dalby et al. 2016), this
indicates that immune responses to this single
component can protect a population from pertus-
sis disease effectively. In addition, in the baboon
model a monocomponent PT vaccine was suffi-
cient to protect infant animals born to vaccinated
mothers from pertussis disease (Kapil et al. 2018).

PT may also be an important target for therapy
against pertussis. In one trial, administration of
intravenous pertussis immunoglobulin (P-IGIV),
which contains high levels of anti-PT antibodies,
resulted in significant reduction in leukocytosis in
infants with pertussis, and reduced paroxysmal
coughing and bradycardic episodes (Bruss et al.
1999). In animal models, treatment with humanized
murine monoclonal antibodies specific for PT was
more effective than P-IGIV in preventing leukocy-
tosis in mice and reduced leukocytosis when
administered therapeutically to infected baboons
(Nguyen et al. 2015), highlighting the therapeutic
potential of this approach. Very recently, inhibitors
of cyclophilins, such as cyclosporine A, were found
to inhibit PT activity in cultured cells (Ernst et al.
2018), representing an additional therapeutic strat-
egy targeting PT.

2 Adenylate Cyclase Toxin-
Hemolysin

2.1 Background

Adenylate cyclase toxin-hemolysin (CyaA, ACT
or AC-Hly) is a repeat-in-toxin (RTX) cytotoxin
expressed by three closely related Bordetella spe-
cies, B. pertussis, B. parapertussis and
B. bronchiseptica (Endoh et al. 1980; Hewlett
et al. 1976; Glaser et al. 1988a). This 1706
amino acid polypeptide is encoded by cyaA in
an operon containing the type I secretion appara-
tus genes cyaB, cyaD and cyaE (Glaser et al.
1988b). CyaA contains an N-terminal adenylate
cyclase (AC) enzyme domain of 364 amino acid
residues and a C-terminal RTX hemolysin moiety
of ~1300 residues (Glaser et al. 1988b). The
hemolysin moiety is comprised of a hydrophobic
pore-forming domain (Benz et al. 1994), an active
domain containing two posttranslationally
acylated lysine residues (Lys 860 and Lys 983)
(Hackett et al. 1994, 1995), a receptor binding
RTX domain with characteristic calcium-binding
glycine- and aspartate-rich nonapeptide repeats
(Rose et al. 1995) and a C-terminal secretion
signal for the type I secretion system (Bumba
et al. 2016; Sebo and Ladant 1993). This toxin
plays a key role in establishing B. pertussis infec-
tion. Activities mediated by both the AC and
hemolysin domains of CyaA function to subvert
host innate immunity and thereby facilitate initial
colonization (as described below). Current
formulations of aPV do not contain CyaA. How-
ever, recently a focus on research elucidating the
structure-function relationship of CyaA has
emerged, with the aim of using this new under-
standing to rationally develop CyaA vaccine
candidates (Cheung et al. 2006; Osickova et al.
2010; Boehm et al. 2018).
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2.2 Role in Infection and Disease
Pathogenesis

2.2.1 Host Cell Subversion by CyaA
First described in 1976 as both a soluble and
bacterial cell-associated enzyme (Hewlett et al.
1976), CyaA physically associates with filamen-
tous haemagglutinin (FHA) to mediate toxin reten-
tion on the bacterial surface (Zaretzky et al. 2002).
Interestingly, target cell intoxication is not depen-
dent on surface-associated CyaA and instead
newly secreted CyaA is necessary (Gray et al.
2004). However, unlike PT, which acts conven-
tionally as a soluble factor (described above),
exogenous administration of recombinant CyaA
fails to rescue a “wild type” B. pertussis phenotype
in mice infected with a cyaA-deficient strain
(Carbonetti et al. 2005). In vitro studies have
demonstrated rapid aggregation of CyaA in solu-
tion (Rogel et al. 1991). Hence, CyaA is
hypothesized to be a short-lived toxin acting in
close proximity to the bacterium (Vojtova et al.
2006) but the exact role of soluble vs bacterial-
associated CyaA remains to be determined. Given
that CyaA functions at the site of the bacterial-host
interface, this toxin does not contribute to systemic
pathologies during B. pertussis infection.

At the site of infection, locally secreted CyaA
performs a number of functions to subvert host
cell biology and potentiate cell death. Upon inser-
tion into the target cell membrane, CyaA takes on
one of two conformations (Osickova et al. 1999).
It is proposed that a monomeric form of CyaA
acts to translocate the catalytic AC enzyme
domain into the host cell cytosol, whilst oligo-
merization of CyaA potentiates the formation of a
hemolytic pore and that actions performed by the
CyaA monomer improve the efficacy of the
hemolysin moiety (Osickova et al. 1999; Fiser
et al. 2012). The exact mechanism by which
CyaA translocates its AC domain into the host
cytosol is still under investigation. Recently,
recombinant CyaA has been shown to display
calcium-dependent phospholipase A (PLA)

activity and this mechanism has been associated
with CyaA-induced cytotoxicity in macrophages
and macrophage release of free fatty acids
(Gonzalez-Bullon et al. 2017). Ostolaza et al.
suggest that CyaA-PLA acts to remodel the host
cell membrane (releasing membrane fatty acids
and lysophospholipids), generating a “toroidal
pore” that facilitates transport of the AC domain
(Ostolaza et al. 2017). However, whether CyaA
itself, and not an E. coli-derived contaminant,
possesses PLA activity has been contested
(Masin et al. 2018; Ostolaza 2018), hence more
studies are required to elucidate the contribution
of PLA activity to CyaA biology. Translocation
of the AC domain is concomitant with Ca2+ influx
in the host cell (Fiser et al. 2007). This process is
required to activate calpain-mediated processing
of CyaA and liberation of the AC domain into the
cytosol (Bumba et al. 2010; Uribe et al. 2013). In
addition, CyaA-driven Ca2+ influx alters
endocytic trafficking in the host cell membrane
and limits macropinocytic removal of pore-
forming oligomerized CyaA (Fiser et al. 2012).
In the cytosol, AC binds host calmodulin and
catalyzes the rapid, unregulated conversion of
cytoplasmic ATP into cAMP (Wolff et al. 1980;
Hanski and Farfel 1985; Guo et al. 2005). CyaA-
induced accumulation of cAMP prevents bacteri-
cidal activities of phagocytes by inhibiting oxida-
tive burst and phagocytosis (Confer and Eaton
1982; Pearson et al. 1987; Kamanova et al.
2008; Friedman et al. 1987; Cerny et al. 2015),
and modulates innate immune cell activation by
inhibiting phagocyte maturation and suppressing
the expression of proinflammatory cytokines and
chemokines (Boyd et al. 2005; Njamkepo et al.
2000; Ross et al. 2004; Fedele et al. 2010;
Spensieri et al. 2006). In addition, elevated
cAMP levels inhibit the formation of neutrophil
extracellular traps (NETs) and neutrophil apopto-
sis (Eby et al. 2014), whilst also promoting
B. pertussis intracellular survival in macrophages
and macrophage apoptosis (Valdez et al. 2016;
Hewlett et al. 2006; Ahmad et al. 2016). In
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parallel, the oligomerized conformation of CyaA
generates a cation-selective pore that induces
potassium ion efflux from nucleated cells (Gray
et al. 1998; Osickova et al. 1999). This activity
promotes cell death caused by both apoptosis and
necrosis (Basler et al. 2006; Khelef et al. 1993;
Hewlett et al. 2006). In addition, CyaA-promoted
potassium efflux induces IL-1β production by
dendritic cells via activation of caspase-I and
NALP3-containing inflammasome complex
(Dunne et al. 2010) and activates mitogen-
activated protein kinase (MAPK) and N-terminal
protein kinase (JNK) signaling (Masin et al. 2015;
Svedova et al. 2016). Hence, taken together CyaA
uses both its AC domain and hemolysin moiety to
induce cellular dysfunctions that promote bacte-
rial survival and inhibit phagocyte-mediated bac-
terial clearance.

2.2.2 Effects of CyaA on B. pertussis
Colonization and Host Immune
Responses

CyaA was characterized as a toxin in 1982, when
it was shown that CyaA inhibited phagocytosis
and oxidative burst by human neutrophils (Confer
and Eaton 1982). Since that time, CyaA has been
found to specifically target myeloid phagocytic
cells, using CD11b/CD18 integrin (known as
αMβ2 integrin or complement receptor 3, CR3)
on the host cell surface as a receptor
(Guermonprez et al. 2001). CyaA can also pene-
trate lipid bilayers in the absence of this receptor
(Martin et al. 2004; Szabo et al. 1994) and intoxi-
cate most cells but with reduced efficacy (Gordon
et al. 1989; Gray et al. 1999; Eby et al. 2010;
Bassinet et al. 2000; Hanski and Farfel 1985). In
vivo, CyaA acts primarily on phagocytic cells to
inhibit clearance and promote B. pertussis coloni-
zation (Gueirard et al. 1998; Harvill et al. 1999).
However, CyaA-induced apoptotic cell death of
bronchopulmonary cells is also described follow-
ing administration of airway-isolated bacteria
(Gueirard et al. 1998).

A role for CyaA in bacterial colonization was
first described by Weiss et al. (Weiss et al. 1983).
In that study, B. pertussis mutants not expressing
CyaA were found to be non-lethal in a histamine-
sensitizing in vivo mouse assay (Weiss et al.
1983). Further to this, expression of CyaA was
found to be required for colonization and lethality
of B. pertussis in infant mice (Goodwin and
Weiss 1990; Weiss and Goodwin 1989). Both
AC activity and the hemolysin moiety have been
shown to be required for competent colonization
and virulence by B. pertussis (Gross et al. 1992;
Khelef et al. 1992). Indeed, in a later study using
B. pertussis strains that express CyaA deficient in
AC or hemolysin activity, it was determined that
actions performed by the AC domain were
required for bacterial colonization and persistence
in mouse lungs, whereas the hemolysin moiety
was not involved in colonization (Skopova et al.
2017). However, the hemolysin moiety did con-
tribute to B. pertussis-induced lethality, penetra-
tion of B. pertussis across the epithelial lining and
recruitment of myeloid phagocytic cells into
B. pertussis-infected tissue (Skopova et al.
2017). Hence, the pore-forming ability of CyaA
is not required for bacterial persistence but
contributes to B. pertussis-associated pathology.

2.3 CyaA as a Pertussis Vaccine
Component

Whole-cell formulations of pertussis vaccines
(wPV) displayed AC activity (Hewlett et al.
1977) and mass spectrometry analysis of wPV
detected the presence of CyaA (Boehm et al.
2018). However, the aPV does not contain
CyaA antigens. In studies using monoclonal
antibodies and serum from convalescent
individuals, it was found that antibodies against
CyaA promote B. pertussis phagocytosis by
neutrophils, validating one potentially beneficial
effect of including a CyaA antigen in an aPV
(Weingart and Weiss 2000; Weingart et al.
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2000; Mobberley-Schuman et al. 2003). In addi-
tion, CyaA antibody-mediated neutrophil clear-
ance of B. pertussis was shown to be important
in an immune mouse challenge model (Andreasen
and Carbonetti 2009). Given the potential for
CyaA-mediated toxicity, current studies on devel-
oping CyaA as a vaccine antigen have focused of
delineating the minimal essential regions of CyaA
that confer protective immunity. Studies by Wang
et al. show that the RTX domain of CyaA was
sufficient to generate neutralizing antibodies and
may represent an alternative to the use of full
length CyaA (Wang et al. 2015). Indeed, in a
mouse model, inclusion of the RTX domain in
aP resulted in enhanced bacterial clearance after
B. pertussis challenge, increased production of
anti-PT antibodies, decreased production of
proinflammatory cytokines and decreased recruit-
ment of total macrophages (Boehm et al. 2018).

CyaA also displays an adjuvant effect in mice
during immunization, with AC enzymatically
inactive-CyaA generating greater and more
potent adaptive immune responses than active
CyaA (Orr et al. 2007; Cheung et al. 2006).
When used as an adjuvant, CyaA induces the
generation of antigen-specific Th17 cells by a
pore-forming dependent mechanism (Dunne
et al. 2010). Th17 cells mediate protective immu-
nity to B. pertussis (Ross et al. 2013), hence
generation of vaccine antigens that include spe-
cific functional regions of CyaA may prove bene-
ficial in an aPV formulation.

3 Tracheal Cytotoxin

3.1 Background

Tracheal cytotoxin (TCT) is a peptidoglycan
(PGN) fragment released by B. pertussis. PGN
recycling is a process utilized by bacteria during
cell division. First PGN is converted into its con-
stituent parts, which are then available to the
bacteria to be utilized in the synthesis of more
PGN or for use as an energy source (Uehara and

Park 2008). Bacteria producing PGN molecules
containing diaminopimelic acid (DAP), or
DAP-type PGNs, such as Bacillus subtilis,
Neisseria gonorrhoeae, Lactobacillus acidophi-
lus and B. pertussis, lose large amounts (25–50%)
of the DAP from their cell wall to their growth
media compared to E. coli (6%) (Mauck et al.
1971; Boothby et al. 1973; Goodell 1985;
Goodell et al. 1978; Chaloupka and Strnadova
1972; Hebeler and Young 1976). The inner mem-
brane permease AmpG is a key component in this
process (Jacobs et al. 1994). In Bordetella how-
ever, this transporter is defective, resulting in
accumulation of extracellular fragments of PGN
(Cookson et al. 1989a; Rosenthal et al. 1987;
Mielcarek et al. 2006). Over 95% of these PGN
fragments released from Bordetella are of the
structure N-acetylglucosaminyl-1,6-anhydro-N-
acetylmuramyl-L-alanine-D-glutamyl-
mesoDAP-D-alanine. This released monomeric
fragment of PGN constitutes the virulence factor
TCT. TCT is a 921 dalton disaccharide
tetrapeptide PGN fragment. The anhydrous
nature of the acetylmuramyl saccharide indicates
that TCT is not just an accidentally released PGN
fragment (which would contain reducing as
opposed to anhydrous muramic acid residues)
(Goldman and Cookson 1988). This finding led
to the hypothesis that TCT is processed via an as
yet unidentified murein transglycosylase.

3.2 TCT in Pathogenesis

Host pattern recognition receptors trigger innate
responses to PGN fragments. Following its release
from the bacterial cell wall, non-ciliated cells of the
airway epithelium internalize TCT (Flak and
Goldman 1999; Flak et al. 2000). TCT is trafficked
to the cytosol via PGN transporter Slc46A2 (Paik
et al. 2017) where it is recognized by the pattern
recognition receptor Nod1 (nucleotide-binding
oligomerization domain protein 1) (Magalhaes
et al. 2005). This leads to the activation of down-
stream NF-kB signaling (Paik et al. 2017) and
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IL-1α production by non-ciliated cells of the
murine airway epithelium, in a synergistic manner
with LPS (Flak et al. 2000). Interestingly, neither
TCT nor Bordetella lipooligosaccharide (LOS)
elicit strong IL-1α production alone, but the com-
bination of the two is a potent producer (Flak et al.
2000). Downstream effects of this activity include
the production of nitric oxide (NO), which diffuses
to neighboring ciliated cells causing cell death
(Flak and Goldman 1999). In addition to promot-
ing NO and IL-1α mediated inflammation, TCT
inhibits neutrophil chemotaxis (Cundell et al.
1994) preventing optimal immune responses.

In Drosophila, TCT triggers the activation of
the IMD pathway following cytosolic recognition
by PGN recognition protein PGRP-LE (Lim et al.
2006). Interestingly, mammalian PGN recogni-
tion protein 4 (PGLYRP4) has a protective role
against TCT-mediated pathogenesis (Skerry et al.
2019). Hypersecretion of TCT, using mutant
strains lacking PGN recycling molecule AmpG,
or deficiency in PGLYRP4 causes increased early
lung pathology in mice, suggesting that
PGLYRP4 limits early TCT-induced inflamma-
tion (Skerry et al. 2019).

Each member of the pathogenic Bordetellae
produce a chemically identical TCT molecule
(Cookson et al. 1989b; Folkening et al. 1987;
Gentry-Weeks et al. 1988; Goldman and Cookson
1988). Additionally, all of the pathogenic
Bordetellae induce a similar respiratory pathology
typified by the destruction of the ciliated cells of
the upper airways, in hosts ranging from humans
(Paddock et al. 2008) to dogs (Oskouizadeh et al.
2011; Bemis 1992) and turkeys (Arp and
Fagerland 1987) and TCT is the only factor capa-
ble of replicating this ciliated cell extrusion that is
the hallmark of the bordetelloses (Cookson et al.
1989a; Endoh et al. 1986; Goldman et al. 1982;
Goldman and Cookson 1988).

TCT analogues in other bacteria are associated
with similar pathologies, e.g. Neisseria
gonorrhoeae-released PGN fragments have been
associated with damage to the mucosa of human
fallopian tubes (Melly et al. 1984). PGN
monomers released from Vibrio fischeri induce

the regression of ciliated fields of Euprymna
scolopes (Doino and McFall-Ngai 1995;
Montgomery and McFall-Ngai 1994).

3.3 TCT in Vaccination

The transition from the use of the wPV to aPV has
been associated with a reduction in the duration of
immunity (Chen and He 2017). The wPV,
derived from intact B. pertussis organisms, likely
contained TCT, even if only in the form of intact
PGN. The aPV consists of recombinant subunit
proteins of B. pertussis but does not contain TCT
or PGN. Freund’s complete adjuvant, a potent
contributor to vaccine responses, contains
muramyl peptides like TCT (Kotani et al. 1986).
It has therefore been speculated that the loss of
TCT in aPV formulations contributed to their
waning immunogenicity (Goldman and Cookson
1988). Candidate live attenuated B. pertussis
vaccine BPZE1 utilizes the E. coli PGN recycling
machinery, AmpG, resulting in <1% TCT activity
(Mielcarek et al. 2006). However, it contains the
full complement of Bordetella PGN and therefore
the potential adjuvanticity. Loss of PT, TCT and
dermonecrotic toxin (DNT) resulted in a vaccine
strain which successfully colonized hosts and
elicited a protective immune response, without
the associated pathophysiology of “wild-type”
infection (Skerry and Mahon 2011; Skerry et al.
2009; Feunou et al. 2010).

TCT is identical in structure to slow wave
sleep promoting factor FSu (Martin et al. 1984).
In rabbits, FSu has been shown to induce excess
slow-wave sleep following intraventricular infu-
sion of picomolar concentrations (Krueger et al.
1982). The sleep-promoting effects of this factor
are separate from its immunomodulatory poten-
tial (Krueger and Karnovsky 1987). These
somnogenic qualities, along with the small size
of TCT, led to the untested hypothesis that TCT
may have been the reason behind the
wPV-associated drowsiness (Goldman and
Cookson 1988).
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4 Conclusion

As we describe here, much of the pathogenesis
of pertussis is attributable to the major secreted
toxins, PT, CyaA and TCT, produced during
B. pertussis infection (their activities and effects
are summarized in Fig. 1 and Table 1). Although
there is still much to be learned about their
activities and roles, it is clear that these toxins

collectively suppress protective immune
responses while exacerbating damaging
pathologies in the respiratory tract and (in the
case of PT) other organ systems. Further under-
standing of these toxin activities and the affected
host responses will be important in the develop-
ment of optimal therapeutics and vaccines to
treat and prevent pertussis.

Fig. 1 Summary of the modes of action of major B.
pertussis virulence factors. B. pertussis colonizes ciliated
epithelial cells and releases adenylate cyclase toxin-hemo-
lysin (CyaA), pertussis toxin (PT) and tracheal cytotoxin
(TCT) to modulate host cell functions (schematically

depicted) and subvert host immunity (listed by immune
system). AC adenylate cyclase, GPCR G protein-coupled
receptor, Nod1 nucleotidebinding oligomerization domain
protein 1, NO nitric oxide, LOS lipooligosaccharide, NET
neutrophil extracellular traps
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Table 1 Effect of B. pertussis virulence factors on host responses

Virulence
Factor Effect References

Pertussis
toxin

ADP-Ribosylation of Gi/α class
GPCRs

Katada (2012)

Induction of leukocytosis Morse and Morse (1976), Munoz et al. (1981), Hinds et al. 1996
and Nogimori et al. (1984)
Pham et al. (2008) and Beck et al. (2014)

Inhibition of chemokine signaling Grimm et al. (1998), Wainford et al. (2008), Adamson et al.
(1993) and Zheng et al. (2005)

Cardiac issues Dudek et al. (2007)
Munoz et al. (1981)

Reduction of vascular barrier
integrity

Yajima et al. (1978)

Histamine sensitization Maher et al. (2011)
Insulinemia/hypoglycemia Carbonetti et al. (2003) and Connelly et al. (2012)
Prevention of cough cessation Carbonetti et al. (2003), Carbonetti et al. (2005), Kirimanjeswara

et al. (2005) and Andreasen and Carbonetti (2008)
Promotes colonization Carbonetti et al. (2007)
Inhibits early defense Connelly et al. (2012), Khelef et al. (1994) and Andreasen et al.

(2009)Inhibits macrophage
antibacterial responses
Promotes lung inflammation

Adenylate
cyclase toxin

Hemolytic pore formation Osickova et al. (1999) and Fiser et al. (2012)
cAMP intoxication Wolff et al.(1980), Hanski and Furfel (1985) and Guo et al. (2005)
Inhibition of oxidative burst and
phagocytosis

Confer and Eaton (1982), Pearson et al. (1987), Kamanova et al.
(2008), Friedman et al. (1987) and Cerny et al. (2015)

Suppression of pro-inflammatory
cytokines and chemokines

Boyd et al. (2005), Njamkepo et al. (2000) and Ross et al. (2004)

Inhibition of NET formation
Induction of potassium ion efflux Eby et al. (2014)
Promotes cell death Gray et al. (1998) and Osickova et al. (1999)
Activation of MAP and JNK
signaling

Basler et al. (2006), Khelef et al. (1993) and Hewlett et al. (2006)

Promotes Colonization Masin et al.(2015) and Svedova et al. (2016)
Inhibits clearance Weiss and Goodwin (1989)

Gueirard et al. (1998)
Tracheal
cytotoxin

Stimulation of Nod1 Magalhaes et al. (2005)
Nf-kB activation Paik et al. (2017)
IL-1a production Flak et al. (2000)
Ciliated cell death Flak and Goldman (1999)
Inhibition of neutrophil
chemotaxis

Cundell et al. (1994)
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Abstract

Despite widespread vaccination, B. pertussis
remains one of the least controlled vaccine-
preventable diseases. Although it is well
known that acellular and whole cell pertussis
vaccines induce distinct immune functionalities
in memory cells, much less is known about the
role of innate immunity in this process. In this
review, we provide an overview of the known
differences and similarities in innate receptors,
innate immune cells and inflammatory signal-
ling pathways induced by the pertussis vaccines
either licensed or in development and compare
this to primary infection with B. pertussis.
Despite the crucial role of innate immunity in
driving memory responses to B. pertussis, it is
clear that a significant knowledge gap remains
in our understanding of the early innate immune
response to vaccination and infection. Such
knowledge is essential to develop the next gen-
eration of pertussis vaccines with improved
host defense against B. pertussis.
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1 Introduction

After almost 70 years of vaccination, Bordetella
pertussis remains (one of) the least controlled
vaccine-preventable diseases. Although the
differences in surveillance systems and diagnostic
methods between countries make it difficult to
formally compare pertussis epidemiology
between countries, it is clear that B. pertussis
disease incidence has increased in several
countries in recent decades (Tan et al. 2015;
Domenech de Celles et al. 2016; Pillsbury et al.
2014). Whole cell and acellular pertussis vaccines
are both highly efficacious against pertussis dis-
ease, at least in the short term (Greco et al. 1996;
Gustafsson et al. 1996). However, there are
indications that these vaccines differ in their abil-
ity to clear asymptomatic infection (Warfel et al.
2014). Furthermore, recent studies in the baboon
challenge model demonstrated that primary infec-
tion may lead to sterilizing immunity against
subsequent challenge (Warfel et al. 2014). These
findings demonstrate that immunity against spe-
cific aspects of infection with B. pertussis may be
achieved via multiple mechanisms.

Authors Joshua Gillard and Evi van Schuppen have
equally contributed to this chapter.

J. Gillard, E. van Schuppen, and D. A. Diavatopoulos (*)
Section Pediatric Infectious Diseases, Laboratory of
Medical Immunology, Radboud Institute for Molecular
Life Sciences, Radboudumc, Nijmegen, The Netherlands

Radboud Center for Infectious Diseases, Radboudumc,
Nijmegen, The Netherlands
e-mail: Dimitri.Diavatopoulos@radboudumc.nl

53

http://crossmark.crossref.org/dialog/?doi=10.1007/5584_2019_404&domain=pdf
mailto:Dimitri.Diavatopoulos@radboudumc.nl


Innate Immunity Vaccines, including those for
B. pertussis, have traditionally been developed by
isolating the microorganisms, inactivating them
with heat or chemicals, and administering some
or all of the products as an injection. The first
vaccine was the whole cell pertussis vaccine
(wP), which was derived from heat-killed
B. pertussis shortly after its isolation by Jules
Bordet in the early 1900s (Bordet and Genou
1906). The acellular pertussis (aP) vaccine was
developed much later once protective antigens
had been identified, although without a deep
understanding of the protective mechanism. Each
of these vaccines has come under scrutiny for
different reasons, some of which are attributable
to suboptimal stimulation of innate immunity.
Innate immune signalling plays a key role in the
induction of antigen presentation and activation of
functional response programs in memory T and B
cells. It is therefore critical that we understand the
differences and similarities not only between the
various pertussis vaccine types, but also in rela-
tion to infection. In this review, we describe
recent insights into the mechanisms through
which innate immunity is programmed by
B. pertussis and pertussis vaccines, how these
innate responses prime adaptive immunity, as
well as how the innate immune system can be
(re)directed to drive superior protective responses
with adjuvants and new vaccine formulations.

Detection of Bordetella pertussis during infec-
tion, or the vaccine components after vaccination,
and the final generation of an effective memory
response is primarily mediated through pattern
recognition receptors (PRRs) on innate immune
cells. These proteins sense microorganisms – and
vaccines – through interaction with evolutionarily
conserved microbial ligands, which are expressed
by bacteria, viruses, parasites, and fungi but not
mammals. Thus far, four classes of PRRs have
been described: Toll-like receptors (TLRs),
nucleotide-binding oligomerization domain-like
receptors (NLRs), C-type lectin receptors
(CLRs), and retinoic acid-inducible gene-I-like
receptors (RLRs). Engagement of a PRR ligand
with its cognate receptor triggers an intracellular
signalling cascade, ultimately leading to

inflammatory gene transcription, maturation of
the stimulated cell, and the production of
cytokines and chemokines that regulate both
innate and adaptive immune responses (thor-
oughly reviewed elsewhere, (Brubaker et al.
2015; Kawai and Akira 2009, 2010)). PRR
ligands are also expressed by antigen presenting
cells, which present processed antigens to CD4+

T cells via the major histocompatibility complex
class II molecules. Activation of PRRs by a par-
ticular pathogen or vaccine leads to intracellular
re-wiring of innate immune cells, thereby driving
maturation into functional cell types, and priming
adaptive immune responses that lead to pathogen
clearance (Schenten and Medzhitov 2011). Thus,
immune memory cells are ‘functionally
programmed’ by the unique combination of
PRRs and inflammatory pathways that are
activated during infection. Natural infection
induces long-lasting protection, which can likely
be attributed to the induction of the most ‘rele-
vant’ signalling pathways for clearance and the
location of immune induction. Vaccination will
ideally mimic this process but may not be identi-
cal, depending on the vaccine and administration
route that is used.

Innate Control of Adaptive Immunity An
important consequence of an effective innate
immune response is the stimulation of enduring
adaptive immunity and polarization of T helper
(Th) cells. Several classes of T helper cells have
been described, including Th1, Th2, Th17, Th9,
and many others. It has also been demonstrated
that infection with microbes induces different
subpopulations within each class of T helper
cells (reviewed in (Sallusto 2016)). The cellular
circuits and intracellular signalling pathways that
lead to the induction of these subpopulations is an
area of active research. Here, we will briefly
review how Th1, Th2, and Th17 cells are induced
by innate immunity, and their role during pertus-
sis infection. Naive T cells are driven to differen-
tiate into Th1 cells by early exposure to IFNγ and
IL-12 at the time of T cell priming. Natural killer
(NK) cells are the earliest source of IFNγ produc-
tion, while Dendritic cells (DCs) are the source of
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IL-12 during priming (O’Garra 1998). IFNγ
signals via the STAT1 pathway and induces the
expression of T-bet, a transcriptional regulator
essential for promoting IFNγ expression and at
the same time downregulating the expression of
IL-4, which dampens the differentiation of naive
T cells into Th2 cells (Takeda et al. 2003). IL-12
produced by DCs binds to its receptor and signals
via the STAT4 pathway, enhancing IFNγ produc-
tion by the differentiated Th1 cells (Athie-
Morales et al. 2004). There is evidence that
IFNγ and Th1 immunity is essential for clearance
of B. pertussis from the respiratory tract. Several
mouse studies examined T cell responses in the
lungs during infection with B. pertussis,
demonstrating a role for IL-2 and IFNγ secreting
antigen-specific CD4+ T cells (Mills et al. 1993;
Barnard et al. 1996). Studies using cytokine- and
receptor-deficient mice found that IFNγ-depleted
mice exhibited a significant attenuation in bacte-
rial clearance, further supporting the role of IFNγ
in protection (Barbic et al. 1997). Efforts to inves-
tigate the contribution of T cells in the protection
against B. pertussis in humans have confirmed
that pertussis-specific Th1 responses are impor-
tant (Ryan et al. 1997; Ausiello et al. 1998; Fedele
et al. 2013). Naive T cells are polarized towards
Th17 cells via a different signalling pathway, and
are induced by wPs and natural infection. Th17
differentiation can be initiated by TGFβ, IL-6,
IL-21, and IL-23, which are produced by DCs.
Similar to T-bet in Th1 polarization, RORγt and
RORα are highly induced in Th17 cells and play
an important role in this lineage differentiation
via the STAT3 pathway (Huang et al. 2012).
IL-17 producing CD4+ T cells were also linked
to the control of B. pertussis infection. Antigen-
specific Th17 cells were induced upon
B. pertussis infection in mice after infection
(Feunou et al. 2010; Ross et al. 2013; Scanlon
et al. 2014) and IL-17-deficient mice were shown
to be attenuated in bacterial clearance (Ross et al.
2013). Further studies showed that γδ T cells in
particular play a key role in clearance by
providing an early source of IL-17. These cells
are pathogen-specific and tissue-resident and
expand in the lungs following re-infection of

mice (Misiak et al. 2017b). The same group also
showed that antigen-specific tissue resident mem-
ory T cells (Trm cells) play a critical role in
mediating the rapid clearance seen following
re-challenge of B. pertussis-convalescent animals
(Wilk et al. 2017). The recently established
baboon pertussis challenge model provides a
unique opportunity to evaluate the histopathology
of severe pertussis infection. This model has been
shown to recapitulate the characteristic clinical
signs of pertussis observed in humans, including
mucosal damage, influx of immune cells and par-
oxysmal coughing. In line with the studies in
mice, IL-17- and IFNγ-secreting CD4+ T cells
were also detected in convalescent, but not naive
baboons, which remained detectable 2 years after
challenge. These B. pertussis-specific Th1 and
Th17 cells are thought to contribute to the immu-
nity conferred by natural infection (Warfel and
Merkel 2013).

Th2 responses are generated when naive T
cells are exposed to IL-4 or IL-2 during T cell
priming. IL-4 signalling occurs via the STAT6
pathway to express GATA3, which is the master
regulator of Th2 differentiation. IL-2 signals via
the STAT5 pathway and both enhances IL-4 pro-
duction by differentiated Th2 cells as well as
dampening T-bet for Th1 differentiation
(Pulendran et al. 2010). Regulatory T cells (Treg
cells), also known as suppressor cells, are another
subset of T cells that modulate the immune
response. In the lungs of B. pertussis infected
mice, a high number of Treg cells were found to
produce IL-10 (Coleman et al. 2012). These reg-
ulatory T cells allow the bacteria to survive inside
the host by dampening the immune response, but
also provide a benefit to the host by minimizing
the damage induced by an overactive immune
system. Both IL-4-producing CD4+ T and Treg
cells were also found to be dispensable for bacte-
rial clearance, since deletion of the IL-4 gene did
not attenuate clearance in protective immunity
induced by aP in mice (Ross et al. 2013).

CD4+ T cells are essential for promoting the
maturation and differentiation of antigen-specific
B cells and the production of antibodies, the last
of which are critical for preventing infection. B
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cells also play a role in protection against
B. pertussis, since repeated immunization of B
cell knock-out mice resulted in partial protection,
and complete protection could be reconstituted by
transfer of pertussis-specific B cells (Leef et al.
2000). A study investigating pertussis patients
showed that age and ‘closeness’ to the last pertus-
sis infection have an effect on the levels of mem-
ory B cells specific for pertussis. Waning of
cellular immunity occurred within 9 months, and
the highest levels of memory B cells were found
in adults and elderly compared to infants and
children (van Twillert et al. 2014). Although
memory B cells may not be able to directly pre-
vent infection, they can rapidly proliferate and
differentiate into antibody producing cells after
re-exposure to pertussis. As such, the presence
of memory B cells may be critical in controlling
the infection at an early stage and preventing the
development of disease symptoms (Ahmed and
Gray 1996).

PRR Ligands Classic wP vaccines contain PRR
ligands similar to those released during infection,
thus inducing similar functional immune memory
responses. While many immunogenic PRR
ligands and antigens have been described for
B. pertussis, few, if any classic PRR ligands
exist in modern aP formulations. Here we will
describe the components of B. pertussis and
B. pertussis vaccines that have been shown to
demonstrate some PRR stimulation capacity.

Lipopolysaccharide (LPS) is typically bound
by soluble CD14, which is then recognized by
TLR4 on the surface of immune cells. This
initiates an intracellular signalling pathway that
ends in the secretion of IL-6 and type-I
interferons (Kawai and Akira 2010). Unlike
most Gram-negative bacteria, B. pertussis
produces a structurally distinct LPS (lipooligo-
saccharide, LOS) characterised by the replace-
ment of the typical polysaccharide O-side chain
with a complex branching structure with unusual
sugars (Caroff et al. 2002). There is accumulating
evidence that this change impacts on the immu-
nogenicity of the molecule. Reports indicate that
B. pertussis LOS activates TLR4 via a CD14-

independent mechanism, and that it is less capa-
ble than E. coli LPS in inducing inflammatory
cytokines IL-12, IL-6 and IL-23 in human
monocyte-derived DCs. Consequently, DCs
stimulated with B. pertussis LOS, compared to
E. coli LPS, induce Th2/Th17 T cell polarization
instead of Th1 responses (Fedele et al. 2007,
2008). There is also some evidence that LOS
induces IL-10 production in murine DCs and
leading to the generation of immunosuppressive
Tr1 cells in vivo (Higgins et al. 2003). During
infection, B. pertussis LOS has been shown to
play an important role in evading other host
defence mechanisms, such as the complement
system (reviewed in (Jongerius et al. 2015)).
B. pertussis LOS enables the evasion of
complement-mediated killing and enhanced colo-
nization in the mouse model (Ganguly et al.
2014). Similarly, surfactant proteins (SPs) are
lipid-binding proteins in the lower respiratory
tract that possess antimicrobial activity by bind-
ing, damaging, and opsonising microbial
membranes. While SP-A is effective against
membranes containing LPS, LOS enables
B. pertussis to escape recognition and clearance
(Schaeffer et al. 2004).

Pertussis toxin (PT) is perhaps the most well-
known of all the B. pertussis virulence factors.
Originally identified as lymphocyte-promoting
factor (LPF), its name was later changed due to
the observation that it is one of the most important
toxins for inducing pathogenesis (Cherry 2015).
One of the first acellular pertussis vaccines that
was developed and tested in humans was a
monocomponent vaccine consisting only of
inactivated PT adjuvanted with alum (Trollfors
et al. 1995). It was later determined that 3- and
5- component aP formulations are more effective,
though today all modern aPs contain at least PT as
a vaccine antigen (Decker and Edwards 2000).

Active PT displays a range of potent immuno-
logical activities, including stimulation of lym-
phocyte proliferation (Berstad et al. 2000) and
immunoglobulin synthesis (Samore and Siber
1996), as well as the induction of T cell responses
(Ryan et al. 1998a; Ronchi et al. 2016) and exper-
imental autoimmune diseases (Ronchi et al. 2016;
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Dumas et al. 2014). Interestingly, some of these
characteristics can be linked to its capacity to
stimulate innate immune cells via PRRs. PT has
been shown to stimulate TLR2/4 on DC, leading
to the activation of NFκB and the production of
inflammatory cytokines IL-6, TNFα (Wang et al.
2006; Nasso et al. 2009; Fedele et al. 2010), and
IL-12, thereby enhancing Th1 immunity (Ryan
et al. 1998a; Tonon et al. 2002; Ausiello et al.
2002). PT can also induce TLR4-dependent
pro-IL1β, and activate the inflammasome through
a separate mechanism, enabling secretion of
active IL-1β in myeloid cells and driving Th17
T cell responses in vivo (Ronchi et al. 2016;
Dumas et al. 2014). Treatment with aldehyde or
heat (common detoxification methods used to
make pertussis vaccines) destroys not only many
epitopes but also the adjuvanticity of PT,
suggesting that either its enzymatic properties or
molecular conformation is important for its
capacity to stimulate innate immune responses
(Ryan et al. 1998a; Phongsisay et al. 2017).
Genetically detoxified PT, which remains struc-
turally unchanged but has lost its enzymatic activ-
ity, remains capable of inducing TLR2/4-
mediated Th1 & Th17 immune responses, albeit
via a mechanism dependent on IL-10 secretion
(Nasso et al. 2009). Stimulation of IL-10
production, which is unique to genetically
detoxified PT, may potentially reduce
adjuvanticity and also eliminate the capacity to
induce experimental autoimmune disease (Zhou
et al. 2014).

Several other B. pertussis toxins have also
been shown to demonstrate stimulation of the
intracellular NLRs. These are currently only pres-
ent in wPs and actively produced during infec-
tion, though they represent potential targets for aP
development. Adenylate cyclase toxin (ACT) is
one such protein that both stimulates innate
immunity and induces protective antibody
responses (Hormozi et al. 1999). ACT is com-
posed of two independent domains: while the
C-terminal cytolysin (RTX) domain binds to the
surface of innate immune cells via the integrin
receptors CD11b/CD18 (Guermonprez et al.
2001; Benz et al. 1994), the enzymatic adenylate

cyclase moiety is delivered into the cell and
disrupts cell signalling by converting ATP into
cAMP, thereby disrupting cell signalling
(Vojtova et al. 2006). As a consequence, DC
maturation and TLR4- mediated IL-12 production
is inhibited, instead favouring IL-10 secretion and
ultimately the repolarization of T cell responses
away from Th1 and towards the development of
immunosuppressive T regulatory cells (Ross et al.
2004; Spensieri et al. 2006; Wang et al. 2015).
Further investigation has revealed that RTX
domain alone has some adjuvant properties by
signalling through NLRP3, stimulating the pro-
duction of IL-1β and protective Th17 immunity
(Dunne et al. 2010). Aside from its adjuvant
properties, RTX has also been shown to raise
antibodies to ACT suggesting that current acellu-
lar vaccines might benefit from the addition of
RTX (Hickey et al. 2008; Boehm et al. 2018).

Tracheal cytotoxin (TCT) is essentially a
by-product of B. pertussis peptidoglycan synthe-
sis, which was initially shown to have some cyto-
toxic effects on epithelial cells (Goldman et al.
1982). The NLR NOD1 was initially identified as
the mammalian sensor of TCT in both epithelial
cells and immune cells (Magalhaes et al. 2005),
inducing inflammatory cytokine responses both
in vitro and in vivo. One remaining question
pertained to how TCT gains access to the cyto-
plasm where it can stimulate NOD1. Recently,
a novel transporter has been identified in the
fruit fly, mouse, and human cells that facilitates
cytosolic recognition of TCT in epithelial cells
(Paik et al. 2017). One of the human homologs,
SLC56A2s, was shown to localize to acidic
organelles such as late-endosomes or endolyso-
somes after TCT stimulation. Delivery of TCT
via SLC56A2s led to NOD1 dependent activation
of NFkβ. SLC56A2s also appears to be moder-
ately expressed in CD14+ monocytes, suggesting
a new mechanism through which innate
immunity can detect and respond to pathogens
like B. pertussis. Additionally, it has also been
observed that many circulating strains of
B. pertussis can elicit NOD2 signalling in reporter
cell lines. However, it is not yet clear which
specific B. pertussis component may be driving
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this response (Hovingh et al. 2017). The impor-
tance of NLRs in mediating vaccine-induced
immunity is highlighted by the observation that
Freund’s adjuvant, which is considered to be one
of the most potent adjuvants, signals through
NOD2. NOD2 detects cytosolic bacteria by sens-
ing peptidoglycan (PGN) via muramyl dipeptide
(Behr and Divangahi 2015). Since NOD2 activa-
tion is particularly associated with the induction
of Th17 immunity (van Beelen et al. 2007), which
is highly relevant for protection against
B. pertussis, it represents a target for further vac-
cine development.

Filamentous hemagglutinin (FHA), fimbriae
(FIM), and pertactin (PRN) are B. pertussis viru-
lence factors that are important for adhesion to
and colonization of the respiratory epithelium.
Although it appears that they primarily orches-
trate an anti-inflammatory or immunomodulatory
activity on innate immunity, they are nonetheless
capable of mounting protective antibody
responses. As primary components in aPs, but
also in wP formulations, it is important to
describe the influence these antigens have on
inflammation and the induction of adaptive
immunity. FHA is a large 220kDA protein that
is both secreted and surface-associated (Renauld-
Mongenie et al. 1996), and which enables binding
to a variety of extracellular structures on epithelial
cells and macrophages (Locht et al. 1993). The
first studies in mice indicated that FHA is
required by B. pertussis to evade host immunity
by suppressing IL-12 and stimulating IL-10 pro-
duction, thereby avoiding protective Th1 immu-
nity and favouring the generation of tolerogenic
Tr1 cells (McGuirk and Mills 2000; McGuirk
et al. 2002). Perhaps the most striking evidence
for the immunosuppressive role of FHA is the
finding that experimental colitis is completely
prevented following parenteral injection (Braat
et al. 2007), once again mediated by IL-10 and
the suppression of adaptive immunity. Later stud-
ies used similar methods to determine the role
of FHA in a related species Bordetella
bronchiseptica. The earliest report is concordant
from the experiments with B. pertussis,
suggesting that FHA is critical for adherence

and possesses immunomodulatory characteristics
(Inatsuka et al. 2005). Insight into the potential
mechanism came with the observation that FHA
inhibits the development of IL-17 responses and
neutrophil recruitment and activation, leading to
impaired bacterial clearance (Henderson et al.
2012). Until this moment, human studies have
been exclusively performed in vitro and highlight
an opposite role for FHA. In this context, stimu-
lation of peripheral blood mononuclear cells,
monocytes, and macrophages have all indicated
that FHA is highly pro-inflammatory both in
terms of cytokine secretion and gene transcription
(Dieterich and Relman 2011; Abramson et al.
2001, 2008). These differences in responses
might be explained by host specific-responses to
FHA. However, one investigation suggested that
highly pure FHA that is depleted of co-purified
LPS fails to elicit IL-10 or pro-inflammatory
cytokine secretion (Villarino Romero et al.
2016), and another suggests that FHA interacts
with TLR2, but not TLR4 (which is a well-
described receptor for LPS) (Asgarian-Omran
et al. 2015).

B. pertussis FIM are composed of either FIM2
or FIM3 depending on the serotype, and are often
present together in some of the acellular pertussis
vaccine formulations (Ashworth et al. 1982). wP
formulations often contain multiple strains to
cover the various FIM types. Besides its role in
attachment to epithelial cells, FIM also plays an
important role in stimulating antibody responses
during experimental infection, not only against
FIM itself but also against other B. pertussis
antigens. One study found that mice infected
with mutant FIM strains of B. bronchiseptica pro-
duced significantly lower overall antibody
responses both early and late after infection
(Mattoo et al. 2000). Similarly, supplementation
of Fim2/3 to FIM-containing acellular pertussis
vaccine formulations appears to increase their
protective capacity in vivo, but without affecting
the secretion of innate inflammatory cytokines
in vitro (Queenan et al. 2019). A clearer role for
the immunosuppressive effects on innate immu-
nity of FIM have been identified. The lungs of
mice infected with FIM-deficient strains of
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B. pertussis show markedly increased IL-1β and
inflammatory chemokine MCP-1 after 1- and
3-days post-infection, corresponding to lower
bacterial burden at later time points (Scheller
et al. 2015). Altogether, it appears that while
FIM is important for humoral immunity, it
remains to be seen if it triggers innate immune
receptors and whether FIM mediates some effect
on T cell polarization.

Although it is a protective antigen, the role of
PRN as a virulence factor is controversial. Initial
in vitro studies have indicated that it promotes
adhesion to epithelial cells, but experiments in the
mouse model have demonstrated that it is not
essential for colonization (Leininger et al. 1991;
Roberts et al. 1991). Until recently, it was also
unknown whether this protein had any innate
immune activating capacity. It was demonstrated
that mutant PRN-deficient strains stimulated higher
neutrophil responses soon after infection,
suggesting that PRN could inhibit phagocytosis
(Inatsuka et al. 2010). Infection of human DC in a
separate study similarly reported that B. pertussis
lacking PRN displayed increased invasion,
although no changes in differences in DC matura-
tion were observed (Stefanelli et al. 2009). One
shortcoming of these previous studies is that the
comparison between PRN-deficient and
PRN-expressing B. pertussis was made using
strains with different genetic backgrounds.
Recently, Hovingh et al. (Hovingh et al. 2018)
overcame this limitation and identified the specific
immunomodulatory role of PRN in vitro and
in vivo by comparing multiple isogenic strain
pairs, presumably differing only in PRN expres-
sion. They found that both human and mouse DCs
secrete increased levels of pro-inflammatory
cytokines TNFa, IL-6, IL-8, and growth factor
G-CSF in response to stimulation with
PRN-deficient strains. Further investigation
revealed a transcriptomic signature in these cells
characterized by increased expression of important
pro-inflammatory transcription factors such as
NFκB. In mice, they reported a trend towards
increased inflammatory cytokines in sera 3- and
7-days post-infection, as well as significantly
increased gene expression for cell death pathways
in the lungs. Taken together, it appears that PRN

helps B. pertussis evade host innate immunity by
inhibiting phagocytosis and activation.

Almost two decades ago, a new process called
“reverse vaccinology” was described (reviewed
in (Rappuoli 2000; Rappuoli et al. 2016) whereby
genomic, proteomic and bioinformatic
technologies enable the discovery of novel vac-
cine components. This approach has been used in
recent years to identify promising new antigens
and adjuvants for B. pertussis. One of the first
studies to apply this molecular information to
B. pertussis discovered several putatively immu-
nogenic lipoproteins (Dunne et al. 2015). Ulti-
mately, two of the candidates displayed
significant TLR2 stimulation and elicited
pro-inflammatory cytokine secretion in vitro,
including the Th1 polarizing cytokine IL-12. A
representative synthetic lipopeptide (LP1569)
was then generated and shown to possess similar
adjuvanticity in mouse and human DCs. In
another instance, an unconventional immuno-
proteomics approach was employed to describe
the dominant MHC-II-presented CD4+ T cell
epitopes (Stenger et al. 2014). Curiously, none
were derived from the known virulence factors,
but rather from cytosolic and envelope proteins.
Synthetic peptides that were based on these
proteins were generated and screened for their
capability to elicit T cell responses. All of them
induced T cell proliferation and Th1/Th2
polarized responses, thus establishing a role for
proteins other than the known virulence factors in
immunity to B. pertussis. In light of the central
role for DCs in triggering adaptive responses, an
interesting question arising out of these findings
is whether the identified proteins also possess
some capacity to stimulate innate immune
responses via PRRs. There are many
B. pertussis factors that have some effect on the
subsequent immune response, either directly by
triggering PRRs or indirectly by modulating the
subsequent inflammatory response, for example,
through the recruitment of cells, or production of
cytokines. Thus far, there has been no concerted
effort to identify all the PRRs that are activated by
B. pertussis or by pertussis vaccines. Thus, it
stands to reason that there are very likely many
other PRR ligands besides the ones described
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above that play a role that are currently unknown.
TLR9 induction by B. pertussis is one example.
TLR9 is activated by bacterial DNA, which
contains foreign CpG motifs (Krieg 2002). Since
B. pertussis can survive and even replicate inside
phagocytic cells, this intracellular TLR pathway
may be selectively activated during infection but
not during vaccination. It bears emphasizing that
the above list is far from complete and may be
highly biased, especially towards LOS/LPS and
TLR4. Finally, another important feature of
innate immune recognition of foreign material is
the information processing that occurs during
phagocytosis. What this implies is that signals
derived from soluble antigens versus whole bac-
terial particles are fundamentally different
(reviewed in (Underhill and Goodridge 2012)).
The latter will induce different co-signalling and
inflammatory responses upon recognition, as they
provide relevant context to the immune system
about the clearance mechanisms that need to be
activated.

wP vs aP Vaccines Owing to its repertoire of
PRR ligands, including LOS and residual toxins,
the memory response to wP is likely similar to
that of natural infection, stimulating broad and
strong innate responses. The potency of wP
vaccines that were used prior to the introduction
of the aP vaccines has been reported to vary,
which may be related to differences in the vaccine
production process or the strains used in different
countries. The structure of LOS is different
between B. pertussis strains, which impacts the
endotoxicity (Marr et al. 2010). Thus, an impor-
tant component in driving the innate immune
response to wPs is the LOS that binds to TLR4
(Dunne et al. 2015). The consequence on innate
immunity is that wPs stimulate DCs and
monocytes to produce large quantities of
pro-inflammatory cytokines such as IL-1β, IL-6,
IL-12, as well as markers for activation and mat-
uration (Hoonakker et al. 2015). Interestingly,
wPs are also capable of stimulating NK cell
responses. During natural infection, IFNγ from
NK cells controls the infection and facilitates
Th1 responses (Byrne et al. 2004). Similarly,
stimulation with wP triggers progressive

maturation of NK cells, including shifts in IFNγ
and cytotoxicity. These changes were shown to
be highly associated with the B. pertussis vaccine
component and not the tetanus or diphtheria
toxoids, which are commonly administered
together in wP formulations (White et al. 2014).
Ultimately, cellular immunity induced by wPs is
mediated by Th1 and Th17 T cell responses,
leading to neutrophil recruitment and killing of
B. pertussis (Ross et al. 2013). Unfortunately, the
same factors that steer this adaptive immune
response have led to its discontinuation. The
main issues with wPs were the associated side-
effects relating to local and systemic inflamma-
tion, which in the mouse model is driven by IL-1β
(Donnelly et al. 2001). As a consequence, despite
the high efficacy of wP vaccination, reacto-
genicity was severe enough to instigate a decrease
in vaccine coverage in many countries (Clark
2014; Plotkin 2014). Since LOS signalling
through TLR4 is generally recognised as the
main mediator of both wP effectiveness and
reactogenicity (Donnelly et al. 2001), there have
been efforts to detoxify or replace this constitu-
ent. A phase I clinical trial reported that infants
vaccinated with wP that has reduced LOS content
(wPlow) showed similarly robust immuno-
genicity, though disappointingly no significant
differences between the wP and wPlow groups in
terms of reactogenicity (Zorzeto et al. 2009).
Another strategy has been to supplement wPs
with immunogenic but non-toxic LPS analogs.
Monophosphoryl lipid A (MPL) is one such can-
didate that has been approved for human
vaccines. wP vaccines modified in this way were
shown to elicit similarly potent IFNγ and neutro-
phil responses as classic wP, but with signifi-
cantly less serum IL-6, suggesting that they may
be a suitable solution (Geurtsen et al. 2008).

aPs were developed in the 1990s in order to
address the safety concerns of wPs, and today
they are the principal pertussis paediatric and
booster vaccine in most industrialized countries.
Several hypotheses have been proposed to
explain the failure of modern aP vaccines. First,
there is accumulating evidence that circulating
strains of B. pertussis display substantial variation
in many of the protective antigens in aPs,
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including PT, FIM2/3 (Bart et al. 2014; Tsang
et al. 2004; van Loo et al. 2002), as well as the
reported loss of PRN in many countries
(Zeddeman et al. 2014). Another likely explana-
tion is founded on the observation that aPs fail to
induce optimal cellular and humoral immune
responses, leading to failure to generate enduring
immunological memory and failure to protect
against B. pertussis infection (Diavatopoulos
and Edwards 2017; Ross et al. 2013). Impor-
tantly, the adaptive immune response profile of
aP is different from natural infection and wP
vaccination in many models, including mouse,
human, and baboon. The pattern in immune
response is generally similar: while natural infec-
tion and wP vaccination elicit strong Th1/Th17 T
cell polarization, aPs elicit potent Th2 immunity,
as well as a moderate Th1 (humans & baboon,
(Ryan et al. 1998b; Warfel et al. 2014)), or Th17
(mouse, (Ross et al. 2013)) response. Thus far, no
clear protective role of the Th2 component has
been identified in any model with regards to
clearance of B. pertussis. This sub-optimal polar-
ization is also reflected in the quality of the
humoral response, as significant differences in
antibody class-switching have been observed in
both mice (Raeven et al. 2015) and humans. Anti-
body classes and isotypes were compared in chil-
dren boosted with aP, but who were either primed
with aP or wP in infancy. Both groups showed
strong IgG1 responses, which is able to fix com-
plement, opsonise, and is associated with Th1
immunity. However, only the aP-primed children
showed significant induction of Th2-associated
IgG4, which not only lacks the functionality of
IgG1, but also highly correlates with IgE levels
and restricts the inflammatory response through
binding of the inhibitory FcgRIIB receptor
(Hendrikx et al. 2011; James and Till 2016). Not
surprisingly, a mechanism to explain these
observations can be found in examining the
capacity of aPs to stimulate innate immunity.
Much insight into the role of antigen presenting
cells (APCs) in programming vaccine-induced
immunity has been gained from analysing normal
(NVR) and low-vaccine responder infants (LVR),
who fail to raise protective antibody titres to

many vaccine antigens and have reduced T cell
function (Pichichero et al. 2016). Although there
were no differences in terms of frequencies of
monocytes or conventional DCs in blood, LVR
infants display lower MHC-II expression on rest-
ing APCs. Consistent with this, peripheral blood
mononuclear cells show reduced IRF7 transcrip-
tional upregulation, as well as reduced IL-12,
IL-1β, and IFNα secretion to stimulation with
TLR7/8 agonist R848, suggesting diminished
type I IFN signalling and suboptimal APC molec-
ular programming (Pichichero et al. 2016;
Surendran et al. 2017; Surendran et al. 2016)
post-vaccination. Taken together, these findings
highlight the role of these pathways in eliciting
robust antibody and T cell responses after vacci-
nation. There is accumulating evidence that the
composition of aPs is not ideal, or may even be
detrimental to stimulating innate immunity in this
manner. aPs do not contain any classical PRR
ligands, and in fact, some of the vaccine antigens,
such as PRN, FIM, and FHA, possess dampening
properties (Hovingh et al. 2018; Inatsuka et al.
2005; Scheller et al. 2015). Instead, a chief driver
of the innate immune response to aP vaccines is
the adjuvant alum, which produces strong Th2
immunity (McKee et al. 2009). Despite being
one of the oldest and most widely used adjuvants,
its mechanism of action remains elusive
(Coffman et al. 2010; Mbow et al. 2010). For
years, it was thought that alum salts only served
as passive depots for vaccine antigens, thereby
enhancing their uptake. Interest in the immunosti-
mulatory activity of alum peaked with the discov-
ery that cell damage induced by alum at the site of
injection caused inflammasome activation
through the induction of uric acid (Eisenbarth
et al. 2008; Hornung et al. 2008). However, acti-
vation of the inflammasome was shown not to be
strictly essential for the adjuvanticity of alum
(McKee et al. 2009; Spreafico et al. 2010). One
recent study compared the aP head-to-head with
standard alum in order to discern the specific
effect of aP antigens to stimulate monocytes.
Overall, they found that while alum alone was
capable of producing a mild type-I IFN response,
aP generated an opposite reaction and also
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stimulated the production of the anti-
inflammatory cytokine IL-10 (Kooijman et al.
2018). Cumulatively, the lesson from studies on
the immunogenicity of aPs and wPs seems to be
that a more suitable adjuvant is necessary in order
to enhance the effectiveness of aP formulations.
To that end, much effort has been made to find an
appropriate candidate that is non-toxic, capable of
triggering innate responses, and elicits an optimal
adaptive immune profile. Owing to their central
role in initiating immune responses, almost all
PRRs can be considered targets, and many of
them have been tested as either a supplement to
aP vaccines or as a replacement for alum. Initial
attempts involved complementing aPs with
constituents analogous to those normally
expressed by B. pertussis. As previously
discussed, the LOS that is present in wPs is an
important TLR4 ligand and is favourable for its
Th1-promoting capacity. As with wPs, several
investigations have been conducted to explore
the effect of LPS analogs on aP potency. Supple-
mentation in such a way improved the vaccine by
reducing colonization in the lungs post-
vaccination and skewed T cell immunity from a
Th2 to a Th1/Th17 phenotype (Brummelman
et al. 2015; Geurtsen et al. 2007). Similarly, clas-
sic aP antigens combined with LP1569, a recently
identified TLR2 ligand from B. pertussis, induced
significantly more Th1-associated humoral and
cellular responses than the same antigens
supplemented with alum (Dunne et al. 2015).
ACT is often referred to as a “multi-talented”
toxin due to its flexibility for use in biological
applications (Ladant and Ullmann 1999). Besides
its established adjuvanticity in augmenting aPs by
stimulating the inflammasome and IL-1β produc-
tion (Dunne et al. 2010; Macdonald-Fyall et al.
2004), ACT can also be used as an antigen deliv-
ery vector for other therapeutic applications.
Since the RTX domain effectively binds CD11b
on DCs and can tolerate the insertion of exoge-
nous peptides, recombinant detoxified ACT
containing antigens of interest has been effec-
tively targeted to DCs, where it can stimulate
TLR4 and upregulate pro-inflammatory cytokines,
antigen presentation, and costimulatory molecules

(Dadaglio et al. 2014). Other approaches for
improving aPs have explored the use of chemical
or synthetic agonists that are known to strongly
stimulate innate immune cells.

Advances in Vaccine Development Bacterial
lysates have been recognized since the late
1800s for their capacity to limit tumour growth
and historically were used to treat cancer (Coley
1991). Among the components, bacterial DNA
was identified as possessing significant antitumor
activity and has since been shown to elicit Th1
adaptive immune responses (Relyveld et al.
1998). The immunostimulatory properties of bac-
terial genomic DNA were shown to be mediated
by the detection of unmethylated CpG motifs by
TLR9 (Krieg et al. 1995). Monocytes,
macrophages, and DCs express TLR9 in
endosomes where DNA is released from
phagocytosed bacteria, and activation of TLR9
leads to IL-12 production, MHC-II expression,
and maturation of the stimulated cell (Krieg
2002). This discovery has led to the development
and optimization of synthetic CpG oligodeoxynu-
celotides (ODNs) that specifically target TLR9,
one of which has already been licensed for use as
an adjuvant in hepatitis B vaccines (Campbell
2017). The other intracellular TLRs, such as
TLR7 and TLR8, are also attractive targets for
adjuvant development since they also possess
Th1 polarizing potential. TLR7 normally binds
virus-derived single stranded RNA, and promis-
ingly, a TLR7 agonist adsorbed to alum and
administered with the usual aP vaccine antigens
was recently shown to provide equal or greater
protection than the wP vaccine (Misiak et al.
2017a). STING (STimulator of INterferon
Genes) is yet another intracellular sensor of
microbial DNA that has been linked to antiviral
responses and innate immunity to many different
intracellular pathogens. It recognises unique bac-
terial nucleic acids called cyclic dinucleotides and
mediates transcriptional activation of type I inter-
feron responses (reviewed in (Burdette and Vance
2013)). C-di-GMP is one such cyclic dinucleotide
that has been shown to significantly improve pro-
tective immunity in murine models of

62 J. Gillard et al.



experimental infection with several species of
pathogenic bacteria (Brouillette et al. 2005; Yan
et al. 2009; Karaolis et al. 2007). One recent study
investigated whether combining this adjuvant
with the (previously described) TLR2 ligand
LP1569 in the typical aP formulation might help
enhance otherwise variable or absent Th17
immune responses in vivo and in vitro. Intranasal
administration of this experimental vaccine was
capable of inducing long-lived, IL-17 secreting
tissue-resident CD4+ T cells, which was
correlated with enhanced protection in nasal tis-
sue up to 10 months after vaccination. In line with
this, in vitro stimulation of DCs was associated
with the secretion of Th1- and Th17 -polarizing
cytokines (IFNβ, IL-12, IL-1β, IL-23, and IL-6)
(Allen et al. 2018). Taken together, these
promising results demonstrate that individual
adjuvants may potentiate each other’s activity,
ultimately leading to robust innate and adaptive
immunity, as well as long-lasting protection from
infection.

Given the apparent importance of simulta-
neous PRR ligation for vaccine induced immunity
and effectiveness, this aspect has not been fully
explored for many modern aPs, which sometimes
contain many other components in addition to the
classic pertussis, diphtheria, and tetanus antigens.
For example, licensed paediatric acellular pertus-
sis vaccines exist that contain inactivated poliovi-
rus (IPV) and Haemophilus influenzae type B
(HiB). Until this moment, the capacity of these
components to adjuvant the response to the other
vaccine antigens has been poorly described. One
study investigated a wide range of licensed pro-
phylactic vaccines for their capacity to drive the
maturation of monocyte-derived DCs, with the
intention to evaluate the cells’ suitability for clin-
ical use as a DC-based cancer vaccine (Schreibelt
et al. 2010). They found that the conjugate HiB
vaccine does in fact possess some TLR4 stimula-
tion capacity. In line with this, they also found
that a hexavalent pertussis combination vaccine
containing HiB and IPV components also
possesses some TLR4 stimulation activity,
which potentially may augment the immunoge-
nicity of the vaccine. We speculate that the

adaptive immune profile elicited by combination
vaccines may be different compared to those
measured from classic aPs. One shortfall of the
aforementioned study is that only TLR2, TLR4,
and TLR5 pathways were tested for each vaccine.
Thus, it is still unclear to what effect the other
PRRs may be involved in shaping the vaccine
innate immune response.

As has been discussed, there has been consid-
erable effort to revise current wPs and aPs
through modulating their capacity to stimulate
innate immunity via PRRs. However, there is
significant evidence suggesting that entirely
replacing these vaccines may be an attractive
option. Thus far, two different approaches have
gained traction in the past years: outer membrane
vesicles (OMVs) derived from B. pertussis, and
intranasal administration of live attenuated
B. pertussis. OMVs are naturally shed from
Gram-negative bacteria during growth
(Beveridge 1999), and contain naturally
incorporated bacterial surface antigens as well as
periplasm components (Holst et al. 2009). The
particles derived from B. pertussis contain over
200 protein antigens, which is similar to wPs, and
include the antigens typically found in aPs
(Raeven et al. 2015). These OMVs were also
found to contain adhesins that represent important
virulence factors for colonization, many of which
also displayed immunogenic properties
(Gasperini et al. 2018). In a murine intranasal
vaccination model, OMVs were shown to be
much more protective than aPs (Gaillard et al.
2014). This was associated with significant
Th1/Th17 adaptive immune responses, as well
as a higher proportion of Th1-associated
antibodies (Bottero et al. 2016; Gaillard et al.
2014). OMVs also contain at least 50 times less
LOS than wPs, indicating that they may have a
superior safety profile (Hozbor 2017). In line with
this, OMVs were shown to elicit equivalent pro-
tection as compared to the wP vaccine, but with
significantly less systemic pro-inflammatory
cytokine production. Notably, OMVs produced
higher neutrophil responses and lung type- I and
-II IFN transcriptomic responses than wP (Raeven
et al. 2016). Mucosal immunization seems to be
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important for its protective effect, however, as
subcutaneous injection was shown to be far less
effective (Raeven et al. 2018).

Trained Immunity The notion that immunolog-
ical memory is a unique property of the adaptive
immune system has been recently challenged.
Evidence for innate immune memory, or “trained
immunity” (Netea et al. 2016), as it has been
called, stems from the initial observation that the
innate immune system of plants is capable of
responding more potently upon reinfection
(Kachroo and Robin 2013). The mechanism of
this enhanced resistance has been attributed to
epigenetic reprogramming of the innate immune
cells, which persists over time and enables the
cells to retain long-term changes to their func-
tional programs (Kachroo and Robin 2013).
This property of innate immunity was later also
found in a range of invertebrates (Kurtz and Franz
2003) including mosquitoes, where it mediates
protection against Plasmodium (Rodrigues et al.
2010). Looking back, there have been clues that
the same phenomenon exists in vertebrates like
mice and humans. For example, exposure to
β-glucan, a polysaccharide component that occurs
naturally in the cell walls of fungi and which
signals through the CLR Dectin-1 (Quintin et al.
2012), is capable of protecting mice against het-
erologous infection with Staphylococcus aureus
(Di Luzio and Williams 1978). Similarly, other
microbial ligands for PRRs have been shown to
induce enduring, non-specific protective effects
in the murine model, including peptidoglycan
components (Krahenbuhl et al. 1981), LPS (Fos-
ter et al. 2007), CpG (Ribes et al. 2014), and
flagellin (Munoz et al. 2010). Since the 1940s,
epidemiological studies have shown that vaccina-
tion with the tuberculosis (TB) vaccine bacillus
Calmette-Guerin (BCG) reduces childhood mor-
tality in populations independently of its effect on
TB (Levine and Sackett 1946; Ferguson and
Simes 1949; Garly et al. 2003). In humans and
in mice, this newfound principle of innate immu-
nity has been shown to be mediated by epigenetic
rewiring of monocytes, thereby modulating gene
expression including those for inflammation

(Kleinnijenhuis et al. 2012). Considering the rel-
atively short lifespan of monocytes, one question
rising out of these observations is how imprinting
is maintained through time such that sustained
protection is possible. Both innate and adaptive
immune cells originate in the bone marrow from
long-lived haematopoietic stem cells (HSCs),
which are known to respond to haematopoietic
stress and inflammation (Takizawa et al. 2011;
Manz and Boettcher 2014). In line with this,
several studies have shown that HSCs are capable
of sensing pathogens via PRR and cytokine/che-
mokine receptor expression, which induces dis-
tinct transcriptional programs that determine
which immune cell lineages are released into
circulation (King and Goodell 2011). Recently,
Kaufmann et al. elegantly demonstrated that BCG
vaccination in mice not only programs HSCs to
favour myelopoiesis, but also to generate
monocytes and macrophages with an epigenetic
signature that grants long-term innate immune
protection from subsequent Mycobacterium
tuberculosis infection (Kaufmann et al. 2018).
In addition to BCG, several other pathogens can
exert protective effects through trained immunity,
such as Candida albicans (Quintin et al. 2012),
herpesviruses (Barton et al. 2007), and helminth
parasites (Chen et al. 2014), which were also
shown to be mediated by epigenetic programming
of monocytes or macrophages. Specific evidence
for bone marrow HSC reprogramming has only
been shown for BCG vaccination, and recently
has also been implicated in vaccine-induced
immunity to pertussis (Varney et al. 2018). The
influence of pertussis vaccines and vaccine
components on HSCs is of key interest for vac-
cine development since it represents an entirely
new and exciting mechanism for adjuvanticity.
To address this knowledge gap, Varney and
colleagues examined the capacity of aP and wP
to alter the characteristics of HSCs and the down-
stream peripheral immune response. In this con-
text, it was determined that wP, but not aP,
exerted a profound effect on innate and adaptive
immune cell development. Vaccination with wP
led to the expansion HSCs and of the myeloid
progenitor population, thereby establishing a state
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of increased innate immune responsiveness. This
was supported by the finding that wP vaccination
also led to an increase in size, as well as differ-
ence in composition of peripheral lymphoid
organs. These stores of immature innate immune
cells were rapidly released upon subsequent
infection. Development of adaptive immune
cells in the bone marrow was also modulated by
wP vaccination, as common lymphoid progenitor
proportions also increased, though cells
expressing B220, a pan-marker for B cells in
mice, decreased. Upon subsequent infection,
wP-vaccinated mice displayed a striking increase
in maturing B cell populations. Transcriptomic
analysis of HSCs of wP-primed mice revealed
significant IFN-induced gene expression, which
agrees with the observations made upon profiling
of BCG – “educated” HSCs (Kaufmann et al.
2018). Currently, the belief is that a common
mechanism may exist for programming of HSCs
that ultimately relies on PRR-induced soluble
IFN in the blood, which is essential for driving
proliferative capacity and lineage polarization
(Kaufmann et al. 2018; Varney et al. 2018).
Recently, an experimental pertussis vaccine has
been shown to display some of these qualities.
BPZE1, which is a genetic mutant strain of
B. pertussis that that does not produce TCT and
dermonecrotic toxin and has been modified to
express genetically inactivated PT, has shown
promise as a live attenuated vaccine (reviewed
in (Cauchi and Locht 2018)). It has been
demonstrated to be protective in mice (Mielcarek
et al. 2006) and baboons (Locht et al. 2017), as
well as safe for use in humans (Thorstensson et al.
2014), where it also elicited high specific anti-
body responses. Similar to natural infection,
BPZE1 elicited potent Th1 and Th17 immunity
in pre-clinical models following primary vaccina-
tion (Solans et al. 2018; Feunou et al. 2010).
BPZE1 vaccination also appears to elicit an
immune dampening and protective effect against
heterologous diseases, such as influenza (Li et al.
2010) and respiratory syncytial virus (RSV)
(Schnoeller et al. 2014) infection, as well as aller-
gic asthma (Kavanagh et al. 2010). These effects
were shown not to be mediated by adaptive

immunity, potentially pointing to a role for
trained immunity. Conversely, BPZE1 treatment
results in predominantly reduced inflammatory
responses upon secondary stimulation, whereas
training by BCG vaccination predominately
induces higher inflammatory responses. In vitro
studies have demonstrated that BPZE1 can
impact on human monocyte derived DC matura-
tion and cytokine secretion, enabling them to not
only produce IL-12, but also influence the
antiviral response when the cells were also
infected with RSV (Schiavoni et al. 2014).
While both wild type B. pertussis and BZPE1
are capable of activating DCs in a similar manner,
only BZPE1-primed DCs retained the capacity to
migrate in response to a chemokine gradient. This
unusual finding was found to be linked to the lack
of PT expression, which is known to exert an
inhibitory effect on chemotaxis (Fedele et al.
2011). Since these findings do not constitute
direct evidence for the transcriptional alteration
of HSCs by BPZE1, it remains to be seen if the
non-specific, innate immune protective effects of
BPZE1 vaccination are mediated through a mech-
anism similar to BCG or wP vaccination.

Innate Immune Cells and Infection To provide
context to the vaccine responses it is worthwhile to
review the mechanisms by which immunity to
natural infection is induced. Upon primary infec-
tion, B. pertussis is recognised by the innate
immune system by both epithelial cells and resi-
dent antigen-presenting cells through various
PRRs (Fedele et al. 2013). This recognition
induces a signalling cascade that triggers the
release of chemokines and cytokines. These solu-
ble mediators promote inflammation and recruit
immune cells to the site of infection (Raeven
et al. 2014). The subsequent activation of both
local and recruited innate immune cells then
induces antimicrobial programs that help contain
B. pertussis replication in the respiratory tract and
limit damage to the host (de Gouw et al. 2011).

Most animal studies to date have focused on
the primary response to infection. However, most
B. pertussis infections in humans do not occur in
immunologically naive individuals. There is a
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significant knowledge gap in our understanding
of how pre-existing immunity – either induced by
wP or aP primary vaccination – modulates the
innate immune response to secondary exposure
by infection and if and how this affects the recall
response and the development of de novo immu-
nological memory. For instance, the presence of
vaccination-induced antibodies or antigen-
specific B cells can modulate the ensuing immune
response by either promoting or by dampening
inflammation, depending on the type of antibody
induced by vaccination (Kampmann and Jones
2015; Netea and van Crevel 2014).

To facilitate survival, replication, and trans-
mission, B. pertussis has evolved a number of
strategies to modulate or prevent various aspects
of the immune response, i.e. B. pertussis can
modulate bacterial recognition, inhibit the recruit-
ment and phagocytic capacity of immune cells
and suppress humoral and cellular responses.
Since these interactions have extensively been
reviewed elsewhere (de Gouw et al. 2011), here
we will discuss how the innate immune response
of the host is induced and (re)programmed after
infection with B. pertussis. Following the initial
release of chemokines, recruitment of immune
cells to the respiratory tract is an essential
early response after the initial recognition of
B. pertussis. This process has almost exclusively
been investigated in the mouse model with a
strong focus on the lower respiratory tract.
Vandebriel et al. described the recruitment of
granulocytes, alveolar macrophages, and
lymphocytes to the lungs of infected mice
(Vandebriel et al. 2003). This is in line with
other studies in mice that observed infiltration of
DCs and macrophages first, followed by
neutrophils and NK cells second, and finally T
cells (Dunne et al. 2009; McGuirk et al. 1998).
CD11c+ CD8α+ DCs were found to be infiltrated
into cervical lymph nodes and then migrated to
the lungs 1–7 days after infection of mice. These
DCs were found to have an upregulated expres-
sion of MHC and co-stimulatory molecules and
increased secretion of IFN-γ, IL-4, and IL-10.
Depletion experiments showed that CD11c+

CD8α+ DCs play an important role, especially in

protection early during infection (Dunne et al.
2009). In contrast, DCs have also been shown to
be capable of inhibiting the protective immune
response to B. pertussis. For instance,
plasmacytoid (p) DCs were shown to contribute
to early pathogenesis during B. pertussis infection
in mice. pDCs secreted IFNα, which had an inhib-
itory effect on Th17 differentiation and thus
infection, which facilitated early pulmonary colo-
nization with B. pertussis (Wu et al. 2016). DCs
can also secrete IL-10 in response to B. pertussis,
which directs the induction of Tr1 cells from
naive T cells in the respiratory tract of mice dur-
ing an acute infection with B. pertussis. These
regulatory cells inhibited the protective responses
of Th1 cells and thus lead to evasion of protective
immunity (McGuirk et al. 2002).

The second wave of innate immune cells that
is recruited to the site of infection are the
macrophages. Macrophages were shown to be
important for clearance of B. pertussis, since
their depletion in mice exacerbated the infection
(Carbonetti et al. 2007). Macrophages mediate
immunity to B. pertussis via MyD88 adaptor-
like protein (Mal), since mice deficient in this
protein display exacerbating infection and
enhanced morbidity and mortality. Macrophages
have an important role in controlling infection
and demonstrate a critical role for Mal as a
major innate signalling pathway (Bernard et al.
2015). In humans, analysis of bronchoalveolar
lavage specimens found that B. pertussis was
almost entirely associated with macrophages
(Bromberg et al. 1991). Although macrophages
may be a key cell type for phagocytosis of
B. pertussis infection, there is evidence that
B. pertussis can also survive in alveolar
macrophages, as demonstrated from
bronchoalveolar lavage samples from mice
challenged with B. pertussis. In this study,
macrophages were found to internalize the bacte-
ria but not kill them, rendering the bacteria resis-
tant to killing via humoral defence mechanisms
(Hellwig et al. 1999).

Following the recruitment of DCs and
macrophages, neutrophils are the next cell type
to arrive at the site of infection. To assess the

66 J. Gillard et al.



role of neutrophils in the early immune response
to B. pertussis infection in mice, neutrophils
were depleted from mice prior to infection with
B. pertussis. Interestingly, depletion of
neutrophils did not significantly alter the bacte-
rial load after primary infection with wildtype
B. pertussis. Since neutrophils may require fur-
ther activation before they can effectively kill
bacteria, the experiment was repeated in
convalescent mice who already developed mem-
ory cells and were re-challenged with
B. pertussis. In this case, a significant increase
in bacterial load was observed after infection,
suggesting that neutrophils are likely not
involved in bacterial clearance during primary
infection, but play an important role in
controlling B. pertussis infections in hosts with
pre-existing immunity. The increased neutrophil
killing capacity may be due to the presence of
opsonising antibodies that enhance phagocyto-
sis, or the presence of higher concentrations of
IL-17 or IFN-γ (Andreasen and Carbonetti
2009). In line with these findings, another
study showed that B. pertussis did not kill
naive neutropenic mice, suggesting that
neutrophils are not critical to the early
inflammatory response to B. pertussis (Harvill
et al. 1999). Recently, it was shown that
neutrophils are essential for the induction of
human Th17 cells. Neutrophils release elastase
upon activation that processes DC-derived
CXCL8 into a truncated form that is capable of
inducing Th17 cells (Souwer et al. 2018). This
process takes time and may explain why studies
have found that neutrophils are critical players in
controlling the infection in hosts with
pre-existing immunity, but not during the early
inflammatory response.

Although NK cells are most well-known for
their capacity to kill virus-infected cells, they
can also exert direct antimicrobial effects on
bacteria, including B. pertussis. NK cells were
found to be recruited in significant numbers to
the lungs of mice following respiratory chal-
lenge with B. pertussis (Byrne et al. 2004).
These cells were found to be the primary source
of IFNγ production in the lungs during the acute

stage of infection, and may help activate
recruited phagocytes in controlling B. pertussis
replication. Bacterial challenge of NK cell-
depleted mice resulted in lethal infection, with
increased lung bacterial load and spread of the
bacteria to the liver. Depletion of NK cells
appeared to switch the Th1-dominant response
to a more Th2-biased response, which suggest
that NK cells play a role in selectively promoting
the induction of Th1 cells during B. pertussis
infection (Byrne et al. 2004).

Infection-Induced Signalling Pathways A
well-known recognition receptor of B. pertussis
is TLR4, which was confirmed by a study in
which different inbred strains of mice were
screened for susceptibility to B. pertussis after
intranasal infection (Banus et al. 2006). The
most resistant and the most susceptible strain to
B. pertussis infection were selected for further
genetic and phenotypic characterization, and all
detectable genetic differences between the strains
could be accounted to a functional mutation in the
intracellular domain of Tlr4. TLR4 activation
leads to upregulation of cytokines essential for
efficient clearance of bacteria from the lungs,
including IL-1β, IFNγ, and TNFα, and
recruitment of neutrophils to the lungs (Mann
et al. 2004; Moreno et al. 2013; Banus et al.
2006, 2007). In humans, the role of TLR4 in
infectious diseases has also been investigated in
genetic association studies (Schroder and
Schumann 2005). Most studies have focused on
single nucleotide polymorphisms (SNPs) within
the gene encoding TLR4, Asp299Gly and
Thr399Ile. These SNPs are present in approxi-
mately 10% of Caucasians, and have been found
to be positively correlated with several infectious
diseases. Preliminary studies also indicated that
susceptibility to infectious diseases could be
increased by SNPs in genes encoding other TLRs,
such as TLR2 (Schroder and Schumann 2005).

IL-1R signalling is also induced upon respira-
tory infection with B. pertussis. IL-1β-deficiency
in mice was associated with more persistent levels
of inflammation, characterized by immune cell
infiltration. Perhaps not surprisingly, this suggests
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that IL-1R-mediated signalling is required to effi-
ciently clear B. pertussis infection. Of note, the
IL-1R signalling pathway was required for
subsequent resolution of inflammation, but not
the initiation and establishment of inflammation.
This was demonstrated by infection of wildtype,
IL-1R-deficient, and IL-1β-deficient mice, which
showed similar inflammation early after infection
but not at day 28, at which time point only the
wildtype mice had resolved inflammation and
reduced B. pertussis load. IL-1β could be
processed into its active form in a caspase-1 inde-
pendent manner in the murine lung (Place et al.
2014). These findings suggest that IL-1R signal-
ling is required, independent of inflammasome
activation, to clear B. pertussis infection in the
mouse model.

More recently, transcriptomic analysis was
applied to elucidate the immunological pathways
induced during the different phases after primary
infection with B. pertussis in mice. Differential
gene expression analysis suggested enhanced
activation of TLR4, TLR9, DNA-dependent acti-
vator of IFN-regulatory factors (DAI), and C-type
lectin receptor (CLR) signalling pathways, imply-
ing recognition of multiple B. pertussis ligands
(Raeven et al. 2014). Several CLRs showed
upregulated gene expression after B. pertussis
infection, such as Mgl1 and the mouse DC-
SIGN-related proteins Signr7 and Signr8
(Powlesland et al. 2006). Mgl1 recognizes
N-acetylgalactosamine (GalNAc), which is pres-
ent in B. pertussis (Vukman et al. 2013). These
findings show that microbial ligands produced
during B. pertussis infection activate multiple
PRR pathways during infection.

In addition to these pathogen recognition
receptors, several transcription factors were also
upregulated in the lungs of mice upon B. pertussis
infection: Pu.1, Shp-1, Nfil3, Syk, Irf5, Irf7, and
Irf8. These transcription factors are all regulators
of immunological processes and determine the
strength and direction of the adaptive immune
response (Raeven et al. 2014). The transcription
factor SHP1 has been shown to be involved in
clearance of B. pertussis, since hijacking of this
pathway by ACT enables B. pertussis to evade

killing by neutrophils and macrophages in a
complement-dependent oxidative burst and
using opsonophagocytic mechanisms (Cerny
et al. 2015). ACT is also an inhibitor of SYK
activity and blocks CR3 signalling triggered by
binding of C3b-opsonised bacteria to the CR3
receptor (Osicka et al. 2015). IRF8 is an impor-
tant player in the regulation of IL-12, which is
crucial for Th1-inducing activity (Spensieri et al.
2006; Trinchieri et al. 2003), but that may also be
inhibited by ACT (Spensieri et al. 2006).

2 Conclusion

Although many significant advancements have
been made in the past years with respect to
understanding the innate immune response to
pertussis infection and vaccines, there are still
many important knowledge gaps that preclude
the identification of innate drivers of correlates
of protection and the development of a new
generation of vaccines. Most of the vaccine
research that exists for pertussis has involved
the analysis of individual components in
in vitro and animal models. An overview of
these findings is shown in Fig. 1. However, a
comprehensive proteomic or lipidomic
cataloguing of microbial components from
B. pertussis interacting with host factors has
not yet been conducted, thus making it difficult
to appreciate the full complexity of host-
pathogen interactions. In addition, there is little
appreciation for how the other vaccine antigens
in modern vaccine formulations affect the
response to pertussis antigens. Analysing indi-
vidual components also does not capture the full
complexity of the cellular circuits and intracel-
lular signalling that is engaged by simultaneous
stimulation of multiple PRRs across multiple
innate immune cell types. Fortunately, new
tools in computational immunology have
recently been developed that are beginning to
shed light on these processes (Gaudet and
Miller-Jensen 2016). Single-cell technologies
have been revolutionizing immunology, and
have already uncovered new mechanistic
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insights into canonical biology through the pre-
cise quantification of dynamics in populations of
cells, and through deep phenotyping of individ-
ual cells that are processing multiple signals. It
remains to be seen how these technologies will
sculpt our understanding of vaccine- and
infection-induced immunity.

At the moment, most inquiries into improving
vaccine responsiveness with new vaccine
formulations or adjuvants have been conducted
in a model where there is no pre-existing specific
immunity. Naturally, however, this is very
unlikely to be the case since pertussis vaccine
coverage in most countries luckily remains high.
In addition, humans are incredibly diverse with
respect to genetics, age, nutritional status,
microbiome content, the presence of chronic
infections or inflammatory disorders, and

environmental exposure to name a few. All of
these features represent different immunological
perturbations that may ultimately sculpt both
innate and adaptive immune responses to
vaccines. In order to address the natural variation
that occurs in human immune responses, a new
discipline has emerged called systems
vaccinology (Pulendran 2014). By integrating
systems biology tools with immunological data
from multiple human subjects receiving a com-
mon vaccine, systems vaccinology has been
demonstrated to be an incredibly powerful tool
for identifying molecular signatures early after
vaccination that correlate with and predict adap-
tive immune responses. Such approaches have
already uncovered new biological knowledge
into how human immune responses are
orchestrated, which may have otherwise been
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Fig. 1 Overview of the tissues and immune factors
induced by primary infection or by licensed and experi-
mental vaccines. Notably, despite the widespread use of
acellular pertussis vaccines, we currently do not fully

understand which cell types or which subclasses of anti-
gen presenting cells (APCs) are involved in mediating the
innate immune response in humans
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impossible with our current canonical under-
standing of immunity. Systems vaccinology has
been successfully applied to influenza and pneu-
mococcal vaccines (Obermoser et al. 2013), mea-
sles vaccines (Li et al. 2014), and the yellow fever
vaccine (Pulendran 2009), and several others, but
as of the time of this writing, not to any of the
pertussis vaccines. One concern for this approach
is that the most significant relationships are con-
sidered to be those connected with immunologi-
cal endpoints such as antibodies. A potentially
better indication of vaccine effectiveness and
infection-induced immunity could be the analysis
of human immune responses in the context of
controlled experimental human infection. Such a
model could also shed light on the potential
induction of trained immunity by B. pertussis or
B. pertussis vaccines, which represents the fron-
tier of innate immune programming. A method
for controlled infection with wild type
B. pertussis has already been established
(de Graaf et al. 2017) within the PERISCOPE
consortium (Consortium 2018), and analysis of
immune responses in this context is ongoing. In
sum, new technology, computational methods
applied to immunological data, and study designs
with human volunteers stand to completely trans-
form our current understanding of B. pertussis
infection and B. pertussis vaccine-induced
immunity.
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Abstract

Pertussis remains endemic in vaccinated
populations due to waning of vaccine-induced
immunity and insufficient interruption of trans-
mission. Correlates of long-term protection
against whooping cough remain elusive but
increasing evidence from experimental models
indicates that the priming of particular lineages
of B. pertussis (Bp) specific CD4+ T cells is
essential to control bacterial load. Critical
hallmarks of these protective CD4+ T cell
lineages in animals are suggested to be their
differentiation profile as Th1 and Th17 cells
and their tissue residency. These features seem
optimally primed by previous infection but
insufficiently or only partially by current
vaccines. In this review, evidence is sought
indicating whether infection also drives such
superior Bp specific CD4+ T cell lineages in
humans. We highlight key features of effector
immunity downstream of Th1 and Th17 cell
cytokines that explain clearing of primary Bp
infections in naïve hosts, and effective preven-
tion of infection in convalescent hosts during
secondary challenge. Outstanding questions are
put forward that need answers before correlates

of human Bp infection-primed CD4+ T cell
immunity can be used as benchmark for the
development of improved pertussis vaccines.

Keywords
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Abbreviations

ACV acellular pertussis vaccine
Bp Bordetella pertussis
FHA filamentous hemagglutinin
HSPC hematopoietic stem and progenitor cell
PRN pertactin
PTX pertussis toxin
Th T helper subset
WCV whole cell pertussis vaccine

1 Introduction

Bordetella pertussis (Bp) is a gram negative
encapsulated coccobacillus that colonizes the
mucosa of the upper respiratory tract (URT). It is
transmitted via airborne droplets and the average
incubation time is 7–10 days. Bp is the causative
agent of the disease pertussis or whooping cough,
and can lead to severe illness, especially in young

E. E. Lambert, A.-M. Buisman,
and C. A. C. M. van Els (*)
Centre for Infectious Disease Control, National Institute
for Public Health and the Environment, Bilthoven, The
Netherlands
e-mail: nora.lambert@rivm.nl;
annemarie.buisman@rivm.nl; cecile.van.els@rivm.nl

81

http://crossmark.crossref.org/dialog/?doi=10.1007/5584_2019_405&domain=pdf
mailto:nora.lambert@rivm.nl
mailto:annemarie.buisman@rivm.nl
mailto:cecile.van.els@rivm.nl


infants and newborns due to bronchopneumonia
(Masseria et al. 2017). Pertussis is one of the leading
causes of infant death due to respiratory infection
(Tan et al. 2015; Muloiwa et al. 2018). The disease
proceeds in several stages. It starts with a catarrhal
phase, in which patients experience malaise and
have symptoms of a cold. This catarrhal phase is
followed by the paroxysmal phase, which presents
with frequent attacks of coughing and characteristic
squeaking inhalation due to breathing problems
(2–6 weeks) and subsequently by the convalescent
phase, which is characterized by a continuous
coughing. Full recovery from disease may take
weeks up to several months. However, a host
immune response is initiated as soon as Bp attaches
to the ciliated epithelial cells in the URT and starts
colonizing. Here the bacterium is sensed by resident
innate immune cells that shape a complex series of
interactions with other recruited innate and adaptive
cell types, influenced by both pathogen-derived
factors and the local inflammatory microenviron-
ment. In primary infections Bp can modulate virtu-
ally all aspects of the immune response and avoid
early clearance by producing numerous virulence
factors and adapting various bacterial life styles, as
reviewed extensively (Locht et al. 2011; de Gouw
et al. 2011; Higgs et al. 2012; Melvin et al. 2014;
Brummelman et al. 2015; Jongerius et al. 2015;
Cattelan et al. 2016; Fedele et al. 2017; Dorji et al.
2018; Gestal et al. 2018). Eventually effector immu-
nity develops and the pathogen is cleared from its
nasopharyngeal niche within weeks. Hence, patients
are contagious and transmit the bacterium only
during the catarrhal phase and the first weeks of
the paroxysmal phase (Kilgore et al. 2016). In addi-
tion to effector immunity, the convalescent host
develops long-lived memory immunity, able to
react faster and to prevent secondary Bp infections
and transmission. Although symptomatic
reinfections have been described (Versteegh et al.
2002), most reinfections likely occur unnoticed and
result in boosting levels of naturally acquired immu-
nity that may have waned (Van Twillert et al. 2016).
In the era before the introduction of pertussis vacci-
nation, immunity against whooping cough was only
naturally acquired and, based on its epidemiology,
pertussis was considered a childhood disease
(Hewlett and Edwards 2005). Then infant pertussis

immunization was introduced in many developed
countries in the 40s and 50s, that strongly reduced
the mortality and disease load but also shifed its
epidemiology to older age groups (Hewlett and
Edwards 2005). The first type of pertussis vaccines
were whole cell vaccines (WCV), consisting of
killed Bp biomass, next to a broad spectrum of
bacterial protein antigens these included the
reactogenic Bp endotoxin LOS. While WCVs
were highly effective, they were associated with
side effects and were replaced by safer acellular
pertussis vaccines (ACV) in most high income
countries since the 90’s. ACVs contain one up to
five major immunogenic purified proteins of the
bacterium that are adjuvanted by Aluminum salts.
Despite vaccination, however, the disease
reoccurred in many countries and is seen with
two- or three-yearly epidemic peaks in the last few
decades (Fulton et al. 2016). Various explanations
for this resurgence have been postulated, such as
waning vaccine-induced immunity, strain adapta-
tion, improved diagnostics and medical awareness
(Cherry 2012a, b). Since 2012 epidemiological evi-
dence has accumulated that immune protection
induced by ACV is less long-lasting than its
WCV-induced counterpart (Klein et al. 2013;
Sheridan et al. 2014). This prompted novel interest
and research into the differences between correlates
of protection against pertussis as induced by the two
vaccine types or by natural infection (Diavatopoulos
et al. 2018). Infection-primed immunity is regarded
to represent the broadest and most durable protec-
tive immune response, based on epidemiological
data (Wendelboe et al. 2005; Wearing and Rohani
2009). Apart from the multispecificity of the
response, interactions with the whole live bacterium
within an inflammatory milieu unique for primary
infections might underlie the higher effectiveness of
naturally-acquired Bp specific immunity.

2 Elusive Correlates of Protection
against Pertussis

Basically Bp is regarded a noninvasive pathogen,
however the pathogen can also enter and survive
inside a number of human cell types (reviewed in
(de Gouw et al. 2011)), mostly evidenced for
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pulmonary alveolar macrophages (Paddock et al.
2008; Bromberg et al. 1991), monocyte-derived
macrophages (Friedman et al. 1992; Lamberti
et al. 2010), monocytes (Fedele et al. 2005), and
respiratory epithelium (Lamberti et al. 2013).
This indicates that the host’s defense should be
able to act against extracellular as well as intra-
cellular Bp. In agreement herewith, both humoral
and cellular immune mechanisms contribute to
adaptive immune protection against Bp. The pres-
ence of serum antibodies against filamentous
hemagglutinin (FHA), pertactin (PRN) and/or
fimbriae (Fim2 and 3) have been suggested to
protect against colonization based on their
adhesin-specificity and potential to opsonize or
mediate killing of whole Bp bacteria (Storsaeter
et al. 1998; Cherry et al. 1998; Thorstensson et al.
2014). Low levels of antibodies to pertussis toxin
(PTX) showed some correlation with susceptibil-
ity to disease (Taranger et al. 2000; Storsaeter
et al. 2003). Yet, unlike other infectious diseases
for which clear protective cut-off levels of
antigen-specific antibodies have been identified
(Plotkin 2010), a level of 20 IU/ml IgG antibodies
to PTX is currently used as just an arbitrary level
of protection to pertussis.

As a second protective arm of defense against
pertussis, cell-mediated immunity by CD4+ T
cells is implied. Moreover, CD4+ T-cell immu-
nity imprinted by natural infection is thought to
contain crucial signatures that correlate with the
long-term protective capacity of the convales-
cent immune response. Recently, developments
in animal models of primary Bp infection and
secondary challenge have shed new light on
CD4+ T-cell lineages induced by natural infec-
tion and the effector mechanisms they may prop-
agate. Here we will review the insights from
animal studies regarding superior cell-mediated
immunity in the convalescent host and ask what
is the evidence hereof in humans. It is discussed
which gaps in knowledge should be closed
before we understand hallmarks of human supe-
rior CD4+ T cell immunity that may be used as
benchmark to improve current pertussis vaccines
or vaccination strategies.

3 Clearance of B. pertussis
Requires CD4+ T-Cells
with a Distinct Differentiation
Profile

In the past few decades, mouse models have been
used extensively to address the protective role of
cellular immunity to control an infectious respira-
tory challenge of Bp, generally inoculated via
intranasal or aerosol administration (Van Der
Ark et al. 2012). Naïve mice typically clear an
infectious dose within 4–6 weeks (Mills et al.
1993; Barbic et al. 1997; Raeven et al. 2014)
but recovered mice clear a secondary challenge
within several days through the presence of pri-
mary infection-acquired memory immunity
(Mills et al. 1993; Raeven et al. 2016). The role
of T-cells and in particular of CD4+ T-cells pro-
ducing IFNγ in controlling a bacterial load
became clear in studies using athymic nu/nu
mice (Mills et al. 1993) as well as SCID and
IFNγ�/� mice (Barbic et al. 1997), IFNγR�/�

mice (Mahon et al. 1997), or mice depleted of
the CD4+ T-cell subset (Leef et al. 2000). Trans-
ferred CD4+ (and not CD8+) T-cells, derived
from convalescent mice 6 weeks after Bp infec-
tion, were able to clear an infectious challenge in
sublethally irradiated nu/nu recipient mice (Mills
et al. 1993). Later Bp specific IL-17-producing
T-cells were recognized as an additional T-cell
lineage implied in protection, since neutralizing
anti-IL-17 Ab significantly reduced the protective
efficacy of a WCV-induced immune response
against Bp (Higgins et al. 2006). Banus et al.
found that Th17 responses, additive to Th1
responses, were also driven by infection (Banus
et al. 2008) and Bp-infected IL-17A defective
mice were found to have significantly higher bac-
terial loads in the lungs (Ross et al. 2013). Proof
for the protective capacity of the infection-
induced Th17 cells came from data showing that
adoptive cell transfer of cultured splenic Th1 and
Th17 lineage cells from convalescent mice
reduced, separately and synergistically, the bacte-
rial loads over the course of a Bp infection (Ross
et al. 2013). Bacterial toxins PTX and adenylate
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cyclase toxin (ACT or CyaA) seem to be involved
in triggering protective Th1 and Th17 lineages by
virulent Bp, since reduced Th1 as well as Th17
responses are seen in the absence of PTX
(Andreasen et al. 2009) and reduced Th17
responses in the absence of ACT (Dunne et al.
2010). However, protective T-cell responses are
not absolutely dependent on functional PTX since
higher doses of PTX�/� strain or infection with
the live attenuated Bp strain BPZE1 expressing a
genetically detoxified PTX (and lacking func-
tional tracheal cytotoxin and dermonecrotic
toxin) (Mielcarek et al. 2006) can still drive
Th17 (Andreasen et al. 2009) or Th1 and Th17
(Feunou et al. 2010a; Kammoun et al. 2012;
Solans et al. 2018) type responses, respectively.
Infection-primed cell-mediated immune protec-
tion seemed long-lasting since adoptive transfer
of spleen cells 12 months after intranasal inocula-
tion with BPZE1 protected SCID recipient mice
(Feunou et al. 2010b).

Recently, Mills and colleagues applied meth-
odology including in vivo labeling of
lymphocytes to study local mouse CD4+ T-cells
primed by Bp infection (Wilk et al. 2017). Tissue-
resident memory T-cells (Trm) are traditionally
characterized by the expression of CD69, which
inhibits sphingosine-1-phosphate receptor
1 (S1PR1)-mediated egress from tissues (Arnon
et al. 2011), and of CD103 (alpha subunit of aEb7
integrin), which docks cells to epithelial
E-cadherin (Cepek et al. 1994; Casey et al.
2012). Wilk et al. showed that blocking the
capacity of immune CD4+ T-cells to migrate to
respiratory tissue through the S1PR1 antagonist,
FTY720, abrogated the capacity to rapidly clear
bacteria (Wilk et al. 2017) and that clearance of
convalescent mice was associated with accumu-
lation of CD4+ T-cells with the CD69 + CD103+
Trm phenotype (and negative for the lymphoid
homing receptor CD62L) in lungs and nose.
Adoptive transfer of CD4+ T-cells derived from
the lungs of 60 days-convalescent mice, but not
from vaccinated mice, strongly reduced the bac-
terial burden in Bp-challenged naïve recipient
mice (Wilk et al. 2019). Furthermore, this study
indicated that the CD4+ T-cells isolated from
lungs, nose and spleen from convalescent mice,

like those from WCV-vaccinated but unlike those
from ACV-vaccinated mice, produced IFNγ and
IL-17 upon stimulation. Notably, Solans et al.
found that intranasal infection with the attenuated
BPZE1 strain also primed IFNγ-producing and
IL-17-producing CD4+ Trm cells in the lungs
(Solans et al. 2018), indicating that full virulence
of Bp was not required to steer this type of
immunity. This study also revealed a probable
link between the IL-17-producing CD4+ Trm
cells and the induction of protective local secre-
tory IgA responses. Post-infection
co-development of Th17 type and IgA responses
was also reported earlier in a systems immunol-
ogy study using a recent clinical Bp strain
(Raeven et al. 2014). Together, the studies in the
mouse indicate that CD4+ T-cell lineages primed
by natural infection, and to some extent by WCV,
rapidly protect against an i.n. challenge dose, in
profound contrast to CD4+ T-cells primed by
ACV. As reviewed earlier (Brummelman et al.
2015) and elsewhere in this volume (chapter
6, Ausiello et al), ACV induce an alternative
functional CD4+ T-cell profile, i.e. in mice
dominated by the production of IL-4, IL-5 and
IL-13 (Th2) or mixed Th2/Th17 cytokines, and
prevent disease but do not protect against naso-
pharyngeal infection and transmission.

4 Bp Infection in Baboons
as a Model to Study Hallmarks
of CD4+ T-Cell Lineages
Protecting against
Colonization, Transmission
and Disease

Since ‘mice don’t cough’ the question is always
raised as to whether the above findings can be
translated to humans. Recently the baboon (Papio
anubis) was identified as a non-human primate
species to have a body temperature close to
humans and reproducing typical clinical signs of
pertussis (Warfel et al. 2012a). When experimen-
tally challenged with strains representing cur-
rently circulating Bp clades, baboons develop
leukocytosis, paroxysmal coughing, mucus pro-
duction and heavy colonization of the airway
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(Warfel et al. 2012b; Warfel and Merkel 2014;
Naninck et al. 2018; Zimmerman et al. 2018).
Importantly, transmission of the bacteria between
hosts is observed (Warfel et al. 2012b). Based on
these similarities with human (histo)pathology,
transmission and immunology, this novel
non-human primate model is regarded of high
translational value to evaluate pertussis vaccine
efficacy and correlates of protection. Merkel and
coworkers found that baboons recovered from
primary infection did not get colonized nor
showed symptoms upon secondary challenge
and that this convalescent state was associated
with detectable peripheral Bp specific Th1 and
Th17 responses, persisting for several years
(Warfel and Merkel 2013; Warfel et al. 2014).
Furthermore, infected animals had significant
induction of IL-17 in the nasopharyngeal mucosa,
and enhancement of IL-6, IL-23 and IL-1ß,
cytokines responsible for the initiation and prolif-
eration of Th17 immune responses in humans, as
well as of several Th17 effector molecules,
GCSF, IL-8, MCP-1 and MIP1a. Although the
model so far was not designed to look at immune
cell recruitment to the URT, the data are sugges-
tive of the presence of a local Th17 type response.
Further (indirect) evidence for a local immune
response triggered by infection came from the
detection of serum IgA to PTX, FHA, and PRN
after intranasal/intratracheal inoculation of the
attenuated BPZE1 strain in baboons. Since
serum IgA responses are usually minimally or
not at all induced after intramuscular pertussis
vaccination in infants but develop at the respira-
tory mucosal sites after infection, this finding was
interpreted to relate to local induction of IgA by
BPZE1 (Locht et al. 2017). Local tissue-resident
humoral and cell-mediated immunity remain to
be studied in the baboon model.

Hence, from the available animal models, the
concept emerges that protective infection-induced
immunity against a subsequent Bp re-infection
relies on the presence of specific CD4+ T-cells
in the URT that produce Th1 and predominantly
Th17 cytokines, and that have originally migrated
to and remain resident in the respiratory tissues.
Yet an important question is whether this para-
digm holds true for humans as well.

5 Evidence for Bp Infection-
Induced Th1 and Th17
Lineages and Tissue Residency
in Humans

5.1 Th1 Lineage

The first studies addressing the cytokine profile of
human CD4+ T-cells induced by clinical or
asymptomatic Bp infection date back three
decades. This was just after the discovery of the
first Th1 and Th2 CD4+ T-cell subsets (Mosmann
et al. 1986; Mosmann and Sad 1996; Del Prete
et al. 1991) but well before the recognition of
IL-17 producing CD4+ T cells as a separate line-
age (Kolls and Linden 2004; Harrington et al.
2005; Wynn 2005; Park et al. 2005; Bettelli
et al. 2007). In a series of ‘classical’ papers sev-
eral groups interrogated cytokine responses from
cases, ex-cases or naturally exposed individuals
without history of pertussis vaccination, after
stimulation of PBMC with killed whole bacteria
or with vaccine antigen, typically (inactivated)
PTX, FHA and/or PRN. Altogether these studies
demonstrated that also in humans the Th1 cell
subset is activated during Bp infection. In 1991
a first observation of Th1-polarization of Bp spe-
cific T-cells concerned a number of PTX-specific
CD4+ T-cell clones isolated from a single adult
donor with a history of whooping cough, which
all were found to secrete IFNγ, some IL-2 but no
IL-4 in their supernatants in response to antigen
(Peppoloni et al. 1991). To extend these
observations using uncloned T-cells, Ryan et al.
took advantage of a cohort of acutely Bp-infected
or convalescent young children (between
2 months and 8 years of age), all unvaccinated.
Fresh PBMC were tested for proliferation and
cytokine production after in vitro stimulation
with Bp antigen. Most cases and ex-cases showed
proliferative responses and production of IFNγ
but not of IL-5 (Ryan et al. 1997). Hereafter
Ausiello et al. showed, using enriched T-cells
from a small sample of healthy adults with no
history of pertussis vaccination, antigen-specific
induction of gene transcripts for IFNγ and IL-2
but not for IL-4 nor IL-5. At the time, these data
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were interpreted to reflect natural acquisition of
an antigen-specific protective Th1 cytokine
response by repeated exposure to Bp in an
endemic setting (Ausiello et al. 1998). Also,
these investigators described Th1 type Bp specific
cell-mediated immunity several years after per-
tussis diagnosis in unvaccinated children, as
opposed to more mixed Th1/Th2 type responses
in ACV vaccinated non-infected age-matched
controls (Ausiello et al. 2000). Meanwhile in a
case report Hafler and Pohl-Koppe (1998) had
described a strong proliferative response and
IFNγ cytokine secretion to whole killed Bp cells
and PT in two clinically infected teenagers, with-
out detectable secretion of the Th2 cytokine IL-4.
An important contribution to this series was by
Mascart et al., who studied one to 4 months old
infants suffering from an acute Bp infection, in
comparison to non-immune age-matched
controls, prior to their first dose of WCV. High
levels of IFNγ in culture supernatants and high
numbers of IFNγ spot forming cells were shown
in PTX- and FHA-stimulated cultures from the
infected infants, which were absent in the control
non-immune group. Also, PTX or FHA stimula-
tion did not trigger any Th2 responses, in either
group of infants, as evidenced by the absence of
IL-13 cytokine release or IL-4 spot forming cells,
while all infants could mount Th2 responses to
mitogen stimulation (Mascart et al. 2003). Taken
together, these pioneering studies indicated that
human priming by Bp infection alone, in the
absence of any vaccination background, strongly
steers Th1 responses. That this seems to be a
unique hallmark of natural infection became
clear from clinical vaccine studies in the same
time frame and thereafter, showing that priming
by WCV or ACV vaccination can induce mixed
Th1/Th2 type CD4+ T-cell responses, with
WCV-induced responses generally being more
Th1-dominated (reminiscent of infection-induced
responses), and ACV-induced responses being
more Th2-dominated (van Twillert et al. 2015;
Brummelman et al. 2015; Fedele et al. 2015;
Ryan et al. 1998; Mascart et al. 2007; Schure
et al. 2012, 2013; van der Lee et al. 2018a)
(chapter 6 in this volume, Ausiello C. et al).

5.2 Th17 Lineage

After the discovery of the Th17 T-cell lineage
(Kolls and Linden 2004; Wynn 2005; Bettelli
et al. 2007) and its importance, in synergy with
Th1 cells, to mediate protection in convalescent
mice (Dunne et al. 2010; Ross et al. 2013), mea-
surement of Th17 cytokines in human Bp specific
T-cell studies became key. Yet, these studies
involved vaccine immunogenicity or booster
comparisons, or studies in convalescent patients
with a history of vaccination (van Twillert et al.
2015; Schure et al. 2013), but none addressed
primary Bp infection alone. In cases within 2–-
3 months after clinical infection, all with a WCV
or ACV priming background, we did not observe
IL-17 cytokine secretion but instead mixed Th1
and Th2 cytokine responses, when stimulating
PBMCs with synthetic peptides representing
epitopes from PTX or PRN (Han et al. 2013,
2015), or with naturally presented Bp epitopes
from other proteins (Stenger et al. 2014). Also
in our group, Schure et al. and Van der Lee et al.
described just low levels of IL-17 in Bp antigen-
stimulated PBMC cultures from WCV or
ACV-primed pediatric cohorts (Schure et al.
2013; Van Der Lee et al. 2018a). Yet in agree-
ment with recent work by da Silva Antunes et al.
(2018), we found that compared to ACV-primed
adults, Bp antigen-stimulated PBMC cultures
from WCV-primed adults, having received an
ACV booster vaccination, not only produced
increased levels of Th1 and Th2 cytokines, but
also of Th17 cytokines (van der Lee et al. 2018b).
In line with these age trends, in samples from a
prospective pertussis household study (de Greeff
et al. 2012) we found significant levels of IL-17 in
Bp antigen-stimulated PBMC cultures from
infected adults with a history of vaccination,
while these were low or non-detectable in cultures
from infected pediatric counterparts (Buisman
et al., unpublished data). Whether this implies
that Th17 responses are less well developed at
younger age or that assays may have to be
optimized for detection of children’s IL-17
responses needs to be verified. It has been
shown that naïve T-cells in cord blood fail to
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differentiate to Th17 cells in co-culture with
autologous antigen-presenting cells, despite the
presence of polarizing cytokines (de Roock et al.
2013) and that newborns lack circulating Th17
cells (Stoppelenburg et al. 2014). In vitro studies
using human monocyte-derived dendritic cells
indicated that enzymatically active and inactive
PTX and enzymatically active ACT can drive
Th17-promoting IL-23 responses (Nasso et al.
2009; Fedele et al. 2010), indirectly supporting
the in vivo requirements for these factors in
human Th17 lineage differentiation, as evidenced
in the mouse (Andreasen 2009; Feunou 2010a;
Kammoun 2012; Solans 2018).

5.3 Tissue Residency of CD4+ T-Cells

The discovery of Trm-cells in several tissues has
added to the scope of local immunity. Their cen-
tral role is to respond rapidly to mediate clearance
of a pathogen on the site of infection (Mueller and
Mackay 2016). The phenotype of human CD4+
Trm-cells resembles that of Trm-cells in mice
through constitutive expression of CD69 and
CD103 (and absence of lymphoid homing
receptors such as CCR7) (Kumar et al. 2017).
Although human Trm cells are best defined for
the CD8+ T cell subset, CD4+ Trm cells, includ-
ing in the lung, have been described to play a role
in protective immunity and immunopathology
(Turner and Farber 2014). Human lung-residing
CD4+ Trm cells have been studied for pathogens
such as influenza virus andMycobacterium tuber-
culosis (Walrath and Silver 2011; de Bree et al.
2007; Purwar et al. 2011), but not yet in the
context of Bp infection.

5.4 Imprinting of T-Cell Lineage
Differentiation

Taken together, there is no dispute about the fact
that Bp infection in humans strongly triggers the
Th1 lineage, and not the Th2 lineage. The addi-
tional involvement of the Th17 lineage, and tissue

residency of both Th1 and Th17 lineages in
humans, however, remain unknown due to the
absence of IL-17 data in older studies in unvacci-
nated subjects primed by natural Bp infection.
Based on shared (histo)pathology, transmission
and immunology features between the baboon
model of Bp infection and humans, it can be
hypothesized that in addition to Th1 cells,
human Th17 T-cells and tissue residency of the
T-cell lineages might be involved as well. Line-
age differentiation of CD4+ T-cells during
immune responses reflects their priming by den-
dritic cells, which in turn get polarized by innate
signals associated with the immunizing event
(Sallusto et al. 2018). CD4+ T-cell programming
is regulated by early ‘signal transducers and
activators of transcription’ (STAT) pathways
and imprinted epigenetically by networks of reg-
ulator proteins and permissive or repressive chro-
matin signatures (O’Shea and Paul 2010). The
presence of IFNγ and IL-12 and of IL-6, IL-23
and IL-1ß, are involved in priming of Th1 and
Th17 lineages, respectively (Sallusto et al. 2018).
Understanding how CD4+ T-ceIl heterogeneity is
formed and whether a degree of lineage plasticity
exists in the context of immunity to Bp is not the
topic of this review but an important field to
investigate.

6 Protective Effector Mechanisms
Downstream of Th1 and Th17
Cell Lineages

Bp has many virulence factors mediating evasion
of early host clearance mechanisms and
prolongation of survival and growth on the respi-
ratory mucosae. Immune modulation includes
interference with the production of antimicrobial
peptides, the recruitment of phagocytes, comple-
ment- and phagocyte-mediated killing, the secre-
tion of chemokines and cytokines, and
development of adaptive B- and T-cell responses
(Brummelman et al. 2015). It goes beyond the
scope of this chapter to cover in detail which
initial host-pathogen interactions and host
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responses are implied, first delaying and then
promoting the clearance of the pathogen. We
here focus on four mechanisms by which effector
cytokines produced by the Th lineages associated
with infection-primed immunity, i.e. IFNγ and
IL-17, can arm innate and adaptive cells to suc-
cessfully clear primary and prevent secondary
infections (illustrated in Fig. 1).

6.1 IFNg- and IL17-Induced
Potentiation of M1 Macrophages

It has been well established that macrophage
polarization plays a key role in infectious
diseases, and that IFNγ triggers ‘classical’ activa-
tion and differentiation of monocyte precursors
into M1 macrophages (Benoit et al. 2008; Arora
et al. 2018). Activated M1 macrophages promote

Fig. 1 Model for the role of IFNγ and IL-17 in clearance
of Bp infection
Primary infection polarizes towards tissue-resident Th1
and Th17 lineage immunity, resulting in local production
of IFNγ and IL-17. These cytokines potentiate macro-
phage, neutrophil and antibody-mediated mechanisms of
clearance. Left panel: clearance in primary infections is
significantly delayed by immune modulating virulence
factors of Bp. Right panel: Fast, local expansion of infec-
tion primed memory responses results in accelerated and
more effective Bp clearance during secondary infections.

Accelerated production of IFNy, IL-17 and antibodies
enhance effector immunity, as indicated.
NB not illustrated is the contribution of NK cells and γδ
T-cells to local IFNγ and IL-17 production during Bp
infection, respectively. Red lines represent inhibiting
effects and green arrows represent potentiating effects.
Abbreviations: Bp, Bordetella pertussis; DC, dendritic
cells; T-bet, T-box expressed in T-cells (transcription fac-
tor in Th1 lineage cells); RORγt, retinoic acid receptor-
related orphan receptor gamma (transcription factor in
Th17 lineage cells). Created with BioRender.com.
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enhanced secretion of M1 chemokines, inducible
nitric oxide synthase (iNOS) dependent reactive
nitrogen intermediates (NO), reactive oxygen
species (ROS), high levels of IL-12, IL-23 IL-1β
and TNFα, and low levels of IL-10. This creates a
pro-inflammatory milieu and NO- and
ROS-mediated capacity of the M1 macrophages
to kill bacteria engulfed in phagosomes. Bp may
end up in phagosomes of phagocytic cells by
various pathways including phagocytosis via
complement receptors, innate receptors, and, in
if antibodies are present, via immunoglobulin
receptors (FcRs).

Other cell types than Th1 cells can also pro-
duce IFNγ, i.e. CD8+ cytotoxic T-cells, natural
killer (NK) cells, antigen-presenting cells (APC)
and B cells, and NK cells have indeed been found
to be an important early source of IFNγ in the
lungs of Bp infected mice, required for the initial
polarization of Th1 cells (Byrne et al. 2004). Yet
Th1 cells, capable of secreting large amounts of
IFNγ, are thought to be the major activators of
M1 macrophages. In turn, M1 macrophages
secrete large quantities of IL-12 which aids in
amplifying Th1 polarization of CD4+
lymphocytes (Martinez and Gordon 2014;
Arango Duque and Descoteaux 2014). Macro-
phage killing of Bp is regarded an important
protective mechanism to control Bp infection
(Valdez et al. 2016; Bernard et al. 2015). Higgs
et al. found that not only IFNγ but also TNFα and
IL-17 had potentiating effects on the in vitro bac-
tericidal capacity of murine peritoneal
macrophages and a murine alveolar macrophage
cell line (Higgins et al. 2006), This suggests that
Th1 and Th17 lineage cytokines act in concert to
stimulate M1 macrophage function. In fact, this
dual M1 potentiating effect may be truly signifi-
cant to counteract the M2 polarization effect of a
high expression ratio of genes encoding the
suppressors of cytokine signaling 1 and
3 (SOCS1/SOCS3) (Wilson 2014), observed in
macrophages after intracellular infection with Bp
(Valdez et al. 2016). Notably, Th2 associated
cytokines IL-4 and IL-13 trigger the ‘alternative’
pathway of macrophage activation. Resultant M2

macrophages secrete high amounts of IL-10 and
little IL-12 and IL-23, and lack microbicidal
activity (Arora et al. 2018).

6.2 IL-17- Induced Recruitment
and Activation of Neutrophils

Neutrophils are the dominant population among
granulocytes and play a primary role in the host
defense by removing pathogens through phago-
cytosis. High numbers of neutrophils are
maintained in the circulation to facilitate rapid
recruitment to infected tissue, mediated by che-
motactic host signals and secreted bacterial
molecules. Initially, recruitment of neutrophils
to lungs after Bp infection is blocked through
the action of PTX (Kirimanjeswara et al. 2005;
Carbonetti 2015; Locht et al. 2011). Then
subsequent host-pathogen interactions initiate
neutrophil recruitment, peaking at 10–14 days
after inoculation in mice. Th17 cells are known
to orchestrate the recruitment of neutrophils to
the site of infection, via IL-17A. In IL-17A
defective mice neutrophil recruitment and Bp
clearance was impaired, compared to wildtype
mice (Ross et al. 2013). IL-17 not only mediates
neutrophil recruitment but increases their ability
to kill phagocytosed Bp through oxygen species
generation. Other antimicrobial functions of
neutrophils are NET-formation and degranula-
tion (Eby et al. 2015). As discussed by Eby
et al., it is likely that Th17 cells are the major
source of IL-17 promoting the late Bp clearance
by neutrophils. Yet, in parallel with the early
polarizing innate IFNγ production by NK cells,
early innate IL-17A was found to be produced
already 2 h after Bp infection by lung γδ T-cells,
promoting a Th17 polarizing milieu (Misiak
et al. 2017).

Finally, neutrophils are no longer regarded
only as terminally differentiated short-lived
cells. Human neutrophils were reported to possess
antigen presentation capacity in a MHC class II
restricted manner, including the expression of
co-stimulatory molecules, and ability to polarize
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naive T-cells into Th1 and Th17 lineages (Abi
Abdallah et al. 2011; Radsak et al. 2000; Lin and
Lore 2017). This interaction between neutrophils
and Th17 lineage cells has not been described for
Bp infection yet.

6.3 Local Cross Talk Between Th17
Cells and IgA-Producing B Cells

In the naïve host, Bp has ample opportunity to
modulate host defense mechanisms and clearance
is delayed until the adaptive immune response
helps to arm the major phagocytes to eliminate
Bp at the site of infection. In the convalescent
host, memory immune cells can rapidly mount
elevated effector T-cell responses and antibody
levels, preferably locally in the respiratory tract.
IgA has been widely recognized as the antibody
class of mucosal immunity. Cytokine patterns in
antigen-specific CD4+ T-cells have been shown
to instruct B cells to class-switch to particular
isotypes. By programming particular T-cell
lineages and effector cytokines, pathogens can
modulate class-switching in B-cells (Tarlinton
and Good-Jacobson 2013; McHeyzer-Williams
et al. 2012). Hence pathogen specific T- and
B-cell responses are tightly interlinked, with
associations between isotype switching in murine
B cells to IgG2a (or IgG2c) guided by Th1 cyto-
kine IFNγ, to IgG1 and IgE guided by Th2 cyto-
kine IL-4, and to IgA guided by TGFß and IL-17
in the Th17 cell milieu (Reinhardt et al. 2009;
Christensen et al. 2017; Tarlinton and Good-
Jacobson 2013). As revealed by Mills et al. in
the mouse in addition to specific Th1 cells, Bp
infection steers Th17 lineage cells that become
tissue-resident in the lungs and nasal cavity
shortly after priming (Wilk et al. 2019). Recently,
Locht and coworkers showed interlinkage
between these tissue-resident Th17 lineage cells
and the capacity to produce IL-17 and protective
local IgA in mice (Solans et al. 2018; Solans and
Locht 2019), and between local Th17 lineage
promoting cytokines and serum IgA in baboons
(Locht et al. 2017). Hence, T-cell derived IL-17
production in the URT can now be proposed to
promote local IgA-switched B cell responses

including rapid boosting of specific IgA levels
upon secondary challenge. Local specific
antibodies would not only be capable of
neutralizing virulence factors, thereby avoiding
immune modulation by Bp, but also of enhancing
opsonophagocytosis of Bp by local macrophages
and neutrophils, thereby accelerating clearance in
the convalescent host. Whether a similar link
exists between local IFNγ-producing Th1 cells
and murine IgG2a (or IgG2c)-switched B-cells
(and IgG1-switched B cells in humans) remains
to be investigated.

6.4 IFNg-Induced Training
of Myeloid Cells
and Hematopoietic Stem
and Progenitor Cells

Recently, Varney et al. suggested an important
mechanism downstream of IFNγ, explaining how
the more durable immune protection could work
in hosts recovered from primary Bp infection or
immunized with WCV, as opposed to the shorter
duration of protection seen in ACV-immunized
hosts. It was demonstrated in mice that infection-
and WCV-induced immunity impacted
responsiveness at the level of Hematopoietic
Stem and Progenitor Cells (HSPC) in the bone
marrow, especially pointing at myeloid prepared-
ness and rapid expansion of HSPCs and tissue
homing upon reinfection (Varney et al. 2018).
Gene set enrichment analyses demonstrated that,
like WCV-immunized but unlike
ACV-immunized mice, Bp-infected mice
exhibited unique gene signatures that suggested
roles for IFNγ-induced gene expression. Mice
exhibiting an IFNγ-priming milieu had relatively
large myeloid proportions in the spleen as well as
enhanced gene expression in HSPCs, regarding
processes such as survival, cell renewal,
autophagy and antigen processing and presenta-
tion. In line with some of these findings, Raeven
et al. already found clusters of genes typically
expressed in lungs of mice recovered from pri-
mary Bp infection, indicating enhanced activity
of ‘trained’ innate immune cells and involving
antigen processing and presentation or MHC
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signalling (Raeven et al. 2016; Raeven et al.
2017). Programming at the HSPC level was first
described in a model of priming with the live
attenuated Bacillus Calmette Guerin strain
(BCG) of Mycobacterium tuberculosis bovis
(MTB) (Kaufmann et al. 2018), indicating that
IFNγ-induced training of innate cells and
HSPCs is a biological reproducible and relevant
phenomenon.

Clearly, IFNγ and IL-17 are master regulators
in various effector mechanisms downstream of
infection-primed Bp specific Th1 and Th17 cell
responses. As these cells likely also produce other
cytokines or soluble mediators and engage in
many cell-cell interactions, additional
mechanisms contributing to the durable type of
Bp specific protective immunity should not be
excluded.

7 Conclusions & Future
Directions

Pertussis remains a public health problem despite
vaccination, affecting all age groups and espe-
cially vulnerable infants. To forward the develop-
ment of future pertussis vaccines with a longer
duration of protection and interrupting transmis-
sion, correlates of protection against pertussis
should be better understood. Over the past three
decades, the mouse and baboon models of Bp
infection have been exploited to elucidate why
convalescent hosts primed by infection are better
protected than hosts immunized with pertussis
vaccines. The basis seems to lie in the imprinting
of CD4+ Th1 and Th17 cell lineages, their tissue
residency in the lung and nasal tissue and the
steering role of their effector cytokines on
mechanisms such as phagocytic clearing, differ-
entiation of IgA B-cell responses and training of
myeloid cells and HSPC. Natural infection-
acquired immunity in unvaccinated humans has
also been found to be associated with the most
durable protection against pertussis, based on
epidemiological evidence. In view of shared
features between human and baboon Bp infection
biology, it can be hypothesized that similar CD4+
T-cell lineages and mechanisms play a role as

well. However only few aspects of human
infection-primed CD4+ T-cell immunity have
been explored to date.

Several challenges lie ahead to increase our
understanding of the role of CD4+ T-cells in
human protective immunity against pertussis,
using natural infection as a benchmark. Questions
that need answers include:

– Can we detect Bp specific CD4+ T-cell
responses in the peripheral blood of unvacci-
nated humans after natural infection or (likely)
exposure, and can functional differentiation of
especially Th17 lineages be confirmed? Are
these associated with IgA B-cell responses?

– Can human Bp specific CD4+ T-cells be found
with a tissue-resident phenotype and a
Th1/Th17 lineage profile in cell suspensions
obtained from bronchoalveolar lavages or lung
surgery biopsies from unvaccinated naturally
exposed subjects?

– Can infection-primed human CD4+ T-cells be
enriched and in depth explored for candidate
biomarkers of durable protective Bp immu-
nity? What are the defining immunological
signatures of these cells at the proteome,
transcriptome and/or epigenome level?

– Can we develop assays to immunomonitor
candidate biomarkers that predict durable pro-
tective CD4+ T-cell immunity to Bp in future
clinical registration studies?

To address these questions blood and prefera-
bly mucosal samples from pertussis cases,
representing all ages, without vaccination history
are pivotal. Except for older age groups recruiting
non-vaccinated younger cases, born after the
implementation of immunization programs, may
pose a problem. Also, assays to interrogate the Th
lineage differentiation of human CD4+ T-cells in
depth should be designed with care. First of all,
Bp antigen-specificity should be well-defined and
perhaps antigen panels need to be optimized for
infection-primed immunity. Second, in view of
their low frequency, enrichment of Bp specific
CD4+ T-cells prior to analysis is likely required,
either based on in vitro activation markers
(da Silva 2018) or ex vivo labeling with MHC
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class II tetramers (Han et al. 2015). Third,
depending on the question, methodology to
in-depth analyse the enriched Bp specific CD4+
T-cells for candidate biomarkers of protective
immunity may be selected at different systems’
levels, including multiparameter flow cytometry,
CyTOF, RNAseq, genome-wide STAT binding
or ATAQ-seq, where possible at the single cell
level. Associations between human Th17 lineage
immunity and levels of Bp specific IgA deter-
mined in serum and mucosal samples such as
nasal lining fluid and lung lavages should be
addressed. Also a systems approach including
other immune cells like myeloid cell types and
HSPC could reveal wider mechanisms of imprint-
ing of Bp infection-induced immune protection in
humans.

Altogether this will help to understand deeper
hallmarks of Bp infection-primed CD4+ T-cell
immunity that could be used as benchmark to
guide development and implementation of
improved pertussis vaccines with a longer dura-
tion of protection against disease, and preventing
transmission.

Key Issues

• Immunity induced by natural Bp infec-
tion is superior as it has higher durability
compared to vaccine-induced immunity
based on epidemiological data

• Based on animal models, infection-
induced superior CD4+ T-cell immunity
is characterized by Th1 and Th17
lineages that enhance macrophage kill-
ing capacity and neutrophil recruitment
and function

• Bp infection in animal models induces
tissue-resident memory CD4+ T-cells in
lung and nose. These play an important
role within the local mucosal immune
response, including stimulation of IgA
class switching

• Bp infection seems associated with IFN-
γ-induced training of innate cells and
HSPCs

• It is currently unknown how the Bp
specific CD4+ T-cell lineages acquired
by natural infection are programmed
exactly and to what extent lineage
imprinting is reversible

• A great body of evidence discussed in
this review comes from animal models,
but it remains to be investigated whether
findings can be translated to human
immunity

• Although studying infection-induced
immunity in unvaccinated cohorts is
challenging due to the rarity of these
cohorts and confounding factors such
as age and unknown (subclinical)
repeated exposures, it should be given
more priority

• Studying human naturally-acquired cell-
mediated mechanisms will help to
understand immunity that is essential to
combat Bp infections and guide or accel-
erate pertussis vaccine development
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Abstract

Pertussis still represents a major cause of mor-
bidity and mortality worldwide. Although vac-
cination is the most powerful tool in
preventing pertussis and despite nearly
70 years of universal childhood vaccination,
incidence of the disease has been rising in the
last two decades in countries with high vacci-
nation coverage. Two types of vaccines are
commercially available against pertussis:
whole-cell pertussis vaccines (wPVs)
introduced in the 1940s and still in use espe-
cially in low and middle-income countries;
less reactogenic acellular pertussis vaccines
(aPVs), licensed since the mid-1990s.

In the last years, studies on pertussis vacci-
nation have highlighted significant gaps and
major differences between the two types of
vaccines in the induction of protective anti-
pertussis immunity in humans. This chapter
will discuss the responses of the immune

system to wPVs and aPVs, with the aim to
enlighten critical points needing further efforts
to reach a good level of protection in
vaccinated individuals.

Keywords
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1 Pertussis Vaccination

Historical reports mention a pertussis reminiscent
disease as far back as the twelfth century (Weston
2012) but pathogen isolation only occurred in
1906 by Bordet and Gengou (Bordet and Gengou
1906). The first attempts to use whole-cell killed
bacteria to develop a pertussis vaccine were made
a few years after Bordet and Gengou studies
(Lapidot and Gill 2016).

Routine immunization with whole-cell pertus-
sis vaccines (wPVs) started in the late 1940s in
the United States, using a wPV combined with
diphtheria and tetanus (DTwPV, trivalent).
Immunization campaigns were successful, with
pertussis cases falling from 115,000–270,000
annually prior to the vaccine era to 1200–4000
annually during the 1980s (Cherry et al. 1988).
Despite the high efficacy, DTwPVs showed high
reactogenicity and their use was associated with
serious systemic reactions, including convulsions
and encephalopathies, due to the pertussis
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component (Cherry 1996; Jefferson et al. 2003).
In 1970s and 1980s safety concerns regarding
wPVs raised (Miller et al. 1981; Cody et al.
1981; Gangarosa et al. 1998). For this reason,
pertussis vaccination programs were suspended
in Japan and Sweden (Sato et al. 1984; Romanus
et al. 1987), while in several other countries per-
tussis vaccine acceptance was greatly reduced
(Cherry et al. 1988; Gangarosa et al. 1998;
Gonfiantini et al. 2014).

Concerns about the safety of wPVs prompted
the development of acellular pertussis vaccines
(aPVs). These are subunit vaccines composed of
1–5 purified B. pertussis antigens. All aPVs con-
tain the pertussis toxin (PT), believed to be the
major virulence factor and target of protective
immune responses. Other antigens included in
aPVs formulations are the filamentous hemagglu-
tinin (FHA), the pertactin (PRN) and the Fimbriae
(Fim2 and Fim3) (Pichichero 1996).

In 1986, the first placebo-controlled trial of an
acellular vaccine was carried out in Sweden,
selected since at that time it was one of the few
countries in Europe that did not administer wPVs
routinely to infants (Ad Hoc Group for the Study
of Pertussis Vaccines 1988). After this first study,
others were performed using aPVs of different
formulation and different protocols; a summary
is shown in Table 1. The trials that ultimately led
to the licensure and adoption of aPVs were those
conducted in Sweden and Italy. In both trials,
DTaPVs were compared to DTwPV and placebo
arms, using a blinded, randomized scheme, with
culture or serology confirmed clinical pertussis as
the primary endpoint (Gustafsson et al. 1996;
Greco et al. 1996). Table 2 summarize a few
details of the Italian aPV efficacy trial. The vac-
cine efficacy study was conduct in about 15,000
infants, humoral response was assayed in about
1,500 infants and T-cell response was tested in
about 150 infants. Vaccine efficacy, humoral and
T-cell responses were followed in a subgroup of
aPV vaccinated children till 33 months of age
(Salmaso et al. 1998).

Either the Swedish and the Italian clinical trials
showed that, compared with wPVs, aPVs have
improved tolerability and safety and induce
higher concentrations of antibodies against PT,

and proved that the efficacy of aPVs is higher
than wPV (Gustaffson et al. 1996; Greco et al.
1996). Unfortunately, the lot of wPV used in the
Swedish and the Italian trials, produced by
Connaught Laboratories, was less efficacious
than expected (Table 2). This probably led to an
over-evaluation of aPVs efficacy. In other trials
where aPVs were compared to other wPVs
preparations, as in the Senegal trial, the wPV
showed a better efficacy than the aPV (Simondon
et al. 1997).

The vaccine efficacy trials performed in the
1990s marginally investigated crucial parameters
of vaccination, such as the duration of protection,
the type of immunity evoked or the ability to
prevent transmission of infection. These aspects
were investigated in depth in follow-up studies. In
particular, they were intensified by the observa-
tion that the disease was resurging even in
countries with high vaccination coverage (Black
1997; Bancroft et al. 2016; van der Lee et al.
2018a, b, c). Most of these studies highlighted
straight different responses between wPVs and
aPVs, mainly related to the induction of a differ-
ent type of anti-pertussis immunity.

2 B-cell Immune Responses
to Pertussis Vaccination

2.1 Humoral Immune Response after
Primary Immunization

Studies on the humoral response to pertussis
antigens are crucial in the search of correlates of
protection induced by vaccination. In principle,
antibodies that can either neutralize the toxic
effect of PT and/or prevent the attachment of
B. pertussis to cells of the upper and lower respi-
ratory tract may provide protection. Primary
immunization of children with a pertussis vaccine
usually involves a three-dose schedule given in
the first 2–11 months of life. In some European
countries, a fourth dose is given at 15–18 months
of age to complete the primary vaccination sched-
ule (https://ecdc.europa.eu/en/immunisation-
vaccines/EU-vaccination-schedules). Figure 1
shows primary vaccination schedules in different
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European, Asia-Pacific, African and American
countries.

It is known that vaccination with wPV
induces specific anti-PT, anti-FHA and anti-
PRN immunoglobulin G (IgG) since the first
dose (Steinhoff et al. 1995; Pereira et al.
2010), unless in prematurely born infants
(Mascart et al. 2018). The induction of higher
IgG levels by aPVs compared to wPVs was
stated by a study comparing the

immunogenicity of 13 different aPVs with a
licensed wPV (Edwards et al. 1995). Worth of
note, the same study allowed concluding that,
particularly for PT, vaccine immunogenicity
seems to depend on factors other than antigen
concentration, possibly including antigen deri-
vation and formulation. In this regard, it was
found that aPVs containing a genetically
inactivated PT were responsible of a higher
anti-PT IgG response (Edwards et al. 1995;

Table 1 Efficacy trials of acellular pertussis vaccine

Study year
Study
location Design and methods

Number of
participants Comments

1985
(Ad Hoc Group for the
Study of Pertussis Vaccines
1988)

Sweden Double blind placebo controlled (compared
two Japanese aPV)

3801 No wPV
control
group
2-dose
schedule

1990
(Simondon et al. 1997)

Senegal Double blind household contact (DTaPV/
DTwPV)

4181 No placebo
control
3 dose
schedule

1991
(Trollfors et al. 1995)

Sweden Double blind placebo controlled (compared
DT/DTaPV)

3450 No wPV
control
3-dose
schedule

1992
(Gustafsson et al. 1996)

Sweden Double blind placebo controlled (two-
compenent DTaPV/five component DTaPV/
DTwPV/DT)

24,336 wPV control
(Connaught)
3-dose
schedule

1992
(Greco et al. 1996)

Italy Double blind placebo controlled (DTaPV/
DTwPV/DT)

14,751 wPV control
(Connaught)
3-dose
schedule

Modified from: Lapidot R and Gill CJ (2016)

Table 2 Vaccine efficacy and immunogenicity in the Italian efficacy trials of acellular pertussis vaccine

Vaccine
Nr. of
children

Vaccine efficacy
(95% CI)

anti-PT IgG
1 month
IU/ml (95%
CI)
N = 1275

anti-PT IgG
15 months
IU/ml (95% CI)
N = 1275

T-cell proliferation
1 month
% of positive
response
N = 142

aPV
(SmithKline and
Beecham)

4481 84
(76–89)

51.3
(47.9–57.9)

2.7
(2.4–3.0)

55%

aPV
(Chiron Biocine)

4452 84
(76–90)

94.4
(88.8–100.3)

4.5
(4.0–5.0)

83%

wPV
(Connaught)

4348 36.1
(14–52)

1.3
(1.1–1.2)

1.1
(1.1–1.2)

46%

From: Greco et al. (1996), Cassone et al. (1997), and Giuliano et al. (1998)
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Cassone et al. 1997; Giuliano et al. 1998). It
should be considered that antigen
concentrations are lower in wPVs compared to
aPVs, in particular for PT, and that a limited
number of purified antigens are present in
aPVs. Therefore, the first explanation for lower
anti-PT, anti-FHA and anti-PRN antibody titers
induced by wPVs compared to aPVs relay to a
lower antigen concentration, whereas
significant antibody titers were detected in
response to a whole-cell B. pertussis lysate
(Mascart et al. 2018).

The protective implications of humoral
responses induced by vaccination are not well
understood since clear serological correlates of
vaccine-mediated protection are missing. In fact,
although some evidences have suggested that
antibody response against PT, PRN, and Fimbriae

may be associated with protection (Storsaeter
et al. 1998; Taranger et al. 2000), the immunoge-
nicity studies performed within the clinical trials
did not demonstrate a satisfactory correlation
between the levels of antibodies to the vaccine
antigens and vaccine efficacy (Ad Hoc Group for
the Study of Pertussis Vaccines 1988; Giuliano
et al. 1998).

A key point to be considered is that humoral
immune responses to pertussis vaccination are of
short duration. Follow-up studies on the persis-
tence of the serological response to primary
immunization with DTaPV showed a marked
decline of IgG level against vaccine antigens
approximately after 15–20 months from the last
dose (Table 2) (Giuliano et al. 1998; Huang et al.
1996; Hallander et al. 2009).

Fig. 1 Examples of primary vaccination schedules
reccomemded in different European, Asia-Pacific, African
and American countries
Source: aECDC European Vaccine Scheduler; bWHO
vaccine-preventable diseases: monitoring system. 2018
global summary; cCDC’s Advisory Committee on

Immunization Practices (ACIP); dThe Melbourne Vaccine
Education Centre (MVEC)
#aPV are available on the private market; it has been
estimated that in 2013 aPV represented 60% of all
vaccines used for primary pertussis vaccination in Poland
(U. Heininger, et al. PLoS One, 11 (2016), p. e0155949)
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2.2 Humoral Immune Response after
Booster Vaccination

After the introduction of aPVs, infections and
disease caused by B. pertussis among older chil-
dren and adults in immunized populations were
increasingly recognized (Cromer et al. 1993; He
et al. 1994; Black 1997), indicating that the
vaccine-induced immunity was waning below
the protective level in these age groups. In addi-
tion, several household studies and investigations
of outbreaks had shown that older family
members constitute an important reservoir for
spread of infection to susceptible infants (Nelson
1978; Mertsola et al. 1983; Long et al. 1990).
These observations suggested the need for
booster immunizations of older children and
adults, also with the goal of preventing transmis-
sion of B. pertussis from these age groups to
infants. Less reactogenic aPVs seemed to be suit-
able not only for primary immunization but also
for boosting of preschool children. A study by
Hallander and colleagues predicted that 65months
after the third dose of a primary vaccination at 2, 4
and 6 months, anti-PT IgG would have been
below the detection level in 50% of the
vaccinated children (Hallander et al. 2005).
Starting from this and similar observations, public
health authorities and strategic advisory group of
experts started to recommend a pre-school
booster immunization at 5–6 years of age in
order to maintain an adequate level of immune
protection.

Studies on the induction of humoral immunity
after vaccine boosters pointed out their impor-
tance in restoring antibody levels (Schure et al.
2013; Aase et al. 2014; Carollo et al. 2014).
However, it is becoming apparent that, similarly
to primary immunization, boost vaccination tends
to decline over time. Recently, it was shown that
after the booster dose at around 4 years of age,
antibodies to PT became undetectable in 49% of
children at the 5-year follow-up visit (Voysey
et al. 2016). Increasing incidence of the disease
in older age-groups, the need to reduce the risk of
spreading the infection to unprotected younger

infants, and the rapid decline of antibody levels,
prompted for the introduction of vaccine booster
doses also for adolescents and adults, using
vaccines with a reduced antigen content (Tdap)
(Halperin 2001; Campins-Martí et al. 2001; Zepp
et al. 2011). Studies evaluating the persistence of
humoral responses after the booster vaccine dose
in adolescents and adults have shown a decline
over time of pertussis-specific antibodies that,
nevertheless, are usually maintained at greater
than pre-immunization levels for several years
after the receipt of the last booster dose (Edelman
et al. 2004; Edelman et al. 2007; Le et al. 2004).

2.3 B-cell Memory Response to
Pertussis Vaccination

In the search of effective correlates of protection,
several studies assessed the induction of B-cell
memory immune responses to pertussis antigens
following vaccination, since these cells can prop-
agate a booster response rapidly enough to out-
pace pathogenesis of B. pertussis (Pichichero
2009). The results obtained indicate that, despite
the rapid antibody decay, long-term memory
B-cell responses are induced by vaccination and
that memory B-cells, in addition to antibodies,
may contribute to protection against pertussis.
(Hendrikx et al. 2011; Schure et al. 2013; Carollo
et al. 2014; Jahnmatz et al. 2014). In particular, in
wPV-primed Dutch children the levels of specific
memory B-cells increased at 3, 4, 6 and 9 years of
age, and could be detected in vaccinated children
whose antibody levels had already waned
(Hendrikx et al. 2011). In an Italian study, still
>80% of aP vaccinated children presented a posi-
tive B-cell memory response 5 years after aPV
priming (Carollo et al. 2014). The crucial role of
memory B-cells response in protection has been
demonstrated by a recent study showing that the
low levels of pre-formed serum antibodies are
insufficient for protection and that memory B
cells play a major role in the adult defense
(Marcellini et al. 2017).
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3 T-Cell Immune Responses
to Pertussis Vaccination

3.1 T-Cell Immune Response after
Primary Immunization

During the safety and efficacy trials conducted in
the 1990s, immunogenicity studies focused on the
induction of pertussis-specific antibodies while
the interest in studying the T-cell immune
response to vaccination was limited. However,
during the Italian trial, studies were performed
in a small percentage of infants to assess the
induction of T-cell responses by pertussis
vaccines, measured as pertussis-specific T-cell
proliferation and T helper (Th) type cytokines
expression (Cassone et al. 1997; Ausiello et al.
1997). The results showed that aPVs were better
inducers of T-cell immune responses than the
wPVs, (Cassone et al. 1997) (Table 2). However,
as underlined previously, the wPV lot used in the
trial was less efficacious than expected. Follow-
up studies showed that vaccine-induced T-cell
proliferation persisted, in contrast to the rapid
decline in antibody levels. In fact, 14 months
after the last immunization, anti-PT IgG titers
fell to low or undetectable values, while T-cell
responses substantially persisted (Table 2)
(Cassone et al. 1997). The authors proposed that
persistence of T-cell immunity against pertussis
could be boosted by exposure to natural infection
(Cassone et al. 1997; Ausiello et al. 1997, 1999;
Cassone et al. 2000).

The profile of Th cells cytokines produced
after antigenic stimulation in wPV or aPV
vaccinated individuals was evaluated in the
same subgroup of infants. A key difference was
evidenced, indeed aPV vaccination induced both
a Th type 1 and type 2 cytokine profile, marked
by the production of Interferon-gamma and Inter-
leukin 5, activating a cell-mediated immune
response against intracellular pathogens or a
humoral immune response against extracellular
pathogens, respectively. On the contrary, the
wPV induced a Th type 1 pattern only (Ausiello
et al. 1997). Following this first study, many
others highlighted the crucial mismatch between

aPVs and wPVs induced T-cell immune response.
In fact, wP vaccination induces Th1 polarized
responses, whereas aP vaccination is followed
by a predominant Th2 response, that could
change from a mixed Th2/Th1 to a robust Th1
profile following a natural booster or a vaccine
booster at 15 months of age (Zepp et al. 1996;
Ryan et al. 1998; He et al. 1998; Ausiello et al.
1997, 1999; Mascart et al. 2007; Edwards and
Berbers 2014; Mascart et al. 2018).

More recently, in studies performed mainly in
animal models, it was shown that both the aPVs
and wPVs induce the expansion of another Th
subset, Th17 cells, activated to fight extracellu-
lar bacteria (Ross et al. 2013; Warfel and Merkel
2013). Overall, it is now clear that natural
infection and immunization with wPVs induces
a similar pattern of Th1/Th17 response while
aPVs induce a Th2/Th17 response (Ross et al.
2013; Warfel et al. 2014). The role of CD4+
T-helper cells in mediating immunity against
natural infection is reviewed in depth by Lam-
bert and colleagues in this issue (see chapter 5 of
this volume).

3.2 T-Cell Immune Response after
Booster Immunization

Several studies have been performed on the per-
sistence of vaccine induced T-cell response and
the effect of vaccine booster doses. The results on
the importance of booster immunizations in
enhancing T-cell responses to pertussis antigens
are somewhat contrasting. In some studies, an
enhancing effect was recorded. Tran Minh et al.
(1999) and Edelman et al. (2004) evaluated
pertussis-specific T-cell responses in adolescents.
At one month and three years after the aPV boost,
T-cell responses were higher than those observed
before the boost.

Other studies, on the contrary, did not high-
light an enhancing effect. A fourth dose given at
13–16 months of age, to complete the primary
vaccination schedule had no major effect on
antigen-induced cytokine production neither in
full-term born infants nor in preterm infants, but
it allowed maintaining significant immune
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responses in the same infants tested before and
after the fourth dose (Dirix et al. 2009; Vermeulen
et al. 2013). According to Schure and colleagues,
an increase in cytokine production was missed
after a boost vaccination in children primed with
aPV, whereas it was not the case for
wP-vaccinated children (Schure et al. 2012a).
The same research group reported that in
9 years-old children, T-cell responses did not
increase after a second aPV booster (Schure
et al. 2012b). Poor effect of vaccinal boost was
confirmed by another study evaluating T-cell
immunity in children 5 years after primary vacci-
nation with two aPVs. A positive T-cell response,
evaluated in terms of proliferation and IFN-γ
positive CD4+ T cells, was present only in
36.8% of vaccinees (Palazzo et al. 2016a).
PT-specific proliferation was higher in children
tested before than after the preschool vaccine
booster dose (Palazzo et al. 2016a). Similarly,
only a marginal effect of a pre-school booster
dose on the proportions of FHA- and
PT-induced IFN-gamma-containing CD4+ T
lymphocytes was observed in Belgium (Mascart
et al. 2018). However, the effect in children of a
booster dose on T-cell immune responses may
also be restricted to Th2-type cytokine production
as reported after an aPV booster administrated in
aPV primed children (Ryan et al. 2000).

Despite lack of immediate boosting effect on
antigen-specific Th1-type responses, pertussis-
specific T-cell immunity increases during the
5 year following the booster at 4 years of age
(Schure et al. 2012a). The authors conclude that
this phenomenon is probably due to natural
boosting caused by the high circulation of
B. pertussis. This might explain, at least in part,
the persistence of protection against pertussis in
aPV recipients despite a substantial waning of
both antibodies and T-cell responses induced by
the primary immunization.

All these studies indicated a probable overes-
timation of the duration of immunity induced by
aPVs introduced in the mid-nineties of the last
century, due, in part, to an asymptomatic natural
booster in countries with high B. pertussis circu-
lation. Very few studies investigated the effect of
a booster dose administrated in adults in view of

the rapid waning of the aPV-induced immune
responses. However, preliminary data suggest
that booster dose administrated in adults is not
associated with an enhancement of specific
T-cell immune responses (Mascart et al. 2018).
Quite remarkably, review of data from an obser-
vational, cross-sectional study performed in the
Netherlands, comprising pertussis patients of
various ages, suggested that T-cell
responsiveness tends to diminish with age (van
Twillert et al. 2015).

3.3 T-cell Memory Response to
Pertussis Vaccination

In the search of new parameters to assess the
level and duration of protection after vaccination
or infection, pertussis-specific memory T-cell
populations were assessed in humans. Several
data showed that pertussis-specific T-cell
responses in infants after aPV primary vaccina-
tion were mainly restricted to central memory
and effector memory T-cell subsets (Sharma
and Pichichero 2012; Smits et al. 2013; Palazzo
et al. 2016a). However, a vaccine boost had no
specific effect on the frequency of memory
subsets expansion (Schure et al. 2012b; Smits
et al. 2013; Palazzo et al. 2016a). Hence, a cor-
relation between the percentage of the different
T memory subsets and duration of protection
from pertussis appears to be still elusive.

The induction of CD8+ T-cell response dur-
ing B. pertussis infection was analyzed in details
by Mascart’s group (Mascart et al. 2003; Dirix
et al. 2012). In CD8+ cells, an expansion of
effector memory T-cells was observed leading
to assume that pertussis-specific CD8+ T mem-
ory cells contribute to protection against pertus-
sis (Rieber et al. 2011; Dirix et al. 2012; de Rond
et al. 2015).

3.4 T follicular Helper Cells

An important cellular population involved in the
development and maintenance of B cell
responses, which have not been investigated yet
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in pertussis field, is the T follicular helper cells
(Tfh). Germinal centers Tfh cells instruct neigh-
boring B lymphocytes to undergo differentiation
into memory B cells and plasma cells secreting
affinity matured class-switched immunoglobulins
(Crotty 2014). Upon recall of the antigen, mem-
ory Tfh cells will help part of the B memory cells
to differentiate quickly into antibody secreting
plasma cells, providing an initial rapid boost of
the antibody response (MacLennan et al. 2003).
Tfh cells have been initially described in the
germinal centers of secondary lymphoid tissues,
but circulating Tfh (cTfh) can be detected in the
blood and are considered as a memory compart-
ment of germinal center Tfh cells (Morita et al.
2011) with the capacity of rapid and efficient
secondary immune responses. cTfh are
categorized in distinct subsets which share
properties with Th1, Th2 or Th17 cells depending
on the combination of surface markers expression
(Ueno 2016) and will contribute to the production
of different Ig class and subclass (Morita et al.
2011; Locci et al. 2013).

cTfh cells have been associated with protective
role in human infectious disease (Locci et al.
2013; Obeng-Adjei et al. 2015; Kumar et al.
2014; Slight et al. 2013; Farooq et al. 2016) and
vaccines (Bentebibel et al. 2013; Pallikkuth et al.
2012; Spensieri et al. 2013). Therefore, it is con-
ceivable that Tfh cells play a role also in immu-
nity to pertussis. Long-term specific memory B
cells are induced by pertussis vaccines. However,
to generate efficient secondary immune
responses, Tfh cells are key drivers. The quality
of the Tfh cells response induced by pertussis
vaccine might influence the type of memory B
cell response and the quality of the recall
response, and need therefore to be investigated.

4 Different Immune Responses
to Different Pertussis Vaccines

There is a rather large consensus for a more rapid
waning of protective immunity in aPV than in
wPV recipients (Plotkins 2013; Edwards and
Berbers 2014; Acosta et al. 2015). Moreover, it
is known that teenagers who received wPVs in

childhood are more protected than those who
received aPVs (Klein et al. 2013; Witt et al.
2013). Rieber and colleagues published a first
study focusing on differences in long-term immu-
nity and booster immune response to pertussis
antigens between adolescents who previously
had received DTaPV or DTwPV. The authors
found that subjects who received primary wP
vaccination responded with higher IgG-PT titers
to the adolescent Tdap booster than those
immunized with primary aP vaccination (Rieber
et al. 2008). A more recent study, comparing
pertussis-specific humoral responses after aP
booster vaccination of 4-year-old children who
had been vaccinated in the primary series with
wPVs or aPVs, showed that the preschool aPV
booster at 4 years of age resulted in significantly
higher pertussis-specific IgG antibody levels in
aPV-primed children than those in wPV-primed
children, which remained higher for at least
2 years post-booster (Schure et al. 2013). A
follow-up study showed that the pre-adolescent
Tdap booster vaccination induced lower vaccine
antigen-specific humoral and B memory cell
responses in aPV-primed compared with
wPV-primed children, suggesting that aPV
primed children may experience faster humoral
and B memory cells waning (van der Lee et al.
2018a), confirming the result of Rieber et al.
(2008). Studies on wPV- or aPV-primed children
allowed to demonstrate a different profile of the
humoral immune response associated with pri-
mary immunization, with high proportions of spe-
cific IgG4 in some aPV-primed children, an
antibody response associated to a Th2 profile
(van der Lee et al. 2018c).

wPV or aPV priming can also determine the
outcome of T-cell responses. A study by Smits and
colleagues in 9–11 years-old children showed that
wPV-primed children have longer lasting
Th1-type immune responses than aPV-primed
children (Smits et al. 2013). Indeed, even if the
time from the last booster vaccine was significantly
longer in wPV-compared to aPV-vaccinated chil-
dren, the T-cell proliferative capacity in response
to antigenic stimulation was comparable, and more
children had a detectable cytokine response after
wPV-compared to aPV-vaccination (Smits et al.
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2013). Most interestingly, the influence of pertus-
sis priming vaccines on adult T-cell responses after
a Tdap booster vaccination has a key role in
skewing the immune profile of vaccine recipients.
Indeed, in wPV primed individuals, the T-cell
response is Th-1 polarized, while IL-5 is dominant
in aPV primed individuals. This differential pattern
is maintained after booster vaccination up to sev-
eral decades after the original aPV/wPV priming
(Bancroft et al. 2016). These findings suggest that
childhood aPV versus wPV vaccination induces
functionally different T-cell responses to pertussis
that become fixed and are unchanged even upon
boosting. This view was confirmed by a recent
study analyzing pertussis-specific memory CD4+
T-cell responses. The authors found a Th2 versus
Th1/Th17 differential polarization as a function of
childhood vaccination with aPV or wPV, respec-
tively. These differences appeared to be T-cell
specific, since equivalent increases of antibody
titers and plasmablasts after aPV boost were seen
in both groups (da Silva et al. 2018).

Differences in the capacity to induce protective
responses by primary or booster vaccination due to
differences in aPV components have been reported
(Vermeulen et al. 2013; Koepke et al. 2014;
Carollo et al. 2014; Palazzo et al. 2016a). Factors
causing this differential behavior may include anti-
genic formulation and concentration, adjuvant
content and the PT inactivation process. Specifi-
cally, it was conceivable that the milder inactiva-
tion of vaccine antigens was responsible for a
better T epitope preservation and an induction of
a more sustained T-cell proliferative response
(Palazzo et al. 2016a). On the contrary, vaccines
formulated using antigens adsorbed onto a higher
content of aluminum hydroxide better preserved
the antibody responses (Carollo et al. 2014).

5 Immune Responses to Pertussis
Maternal Immunization

Pertussis-related morbidity and mortality dispro-
portionately affects young infants (Van Hoek
et al. 2013), those less than 4 months of age
being particularly vulnerable to infection. Vacci-
nation during pregnancy to boost maternal

antibody levels and enhance infant passive immu-
nization by IgG placental transfer was therefore
considered. This approach was shown to be safe
(Campbell et al. 2018; Halperin et al. 2018) and
effective to prevent infant pertussis especially
during the first 2 months of life (Baxter et al.
2017). Pertussis vaccination during pregnancy
was therefore recommended in different
countries, the World Health Organization
(WHO) considering it as the most cost-effective
additional strategy for preventing disease in
young infants from birth until protection provided
by the first infants immunizations (WHO 2015).
The United States were the first to advise in 2011,
that pertussis vaccine be administrated to preg-
nant women in the third trimester, and in 2012,
this advice was updated to recommend vaccina-
tion in every pregnancy (CDC 2013). A number
of countries further introduced maternal Tdap
vaccination during pregnancy, starting by
Argentina, followed by United Kingdom;
Australia, Belgium, Spain (Campbell et al.
2018). There remains however considerable vari-
ation between national immunization
recommendations. Some countries still recom-
mend the administration of a vaccine booster
soon after delivery even if there is now agreement
that this cocooning strategy is costly, difficult to
implement, and providing uncertain effectiveness
(Blain et al. 2016).

The rationale for pertussis vaccination during
pregnancy is to provide passive protection for
newborn infants by B. pertussis antibodies trans-
ferred from mother to infant across the placenta,
although there is no clear immunological corre-
late of protection for pertussis. The efficiency of
antibody transfer through placenta is dependent
on maternal antibody levels, placental function,
absence of maternal co-infections that diminish
transfer, and IgG subclass induced by vaccine
antigens (Kachikis and Englund 2016). As
B. pertussis antigens present in the acellular
vaccines used for booster administration in adults
are proteins, they induce IgG1 antibodies which
are transported quite efficiently across the pla-
centa, an active transport being mediated by the
neonatal receptor for the constant region of
immunoglobulin (FcRn) (Roopenian and Akilesh
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2007). The concentration of PT-specific
antibodies in the cord blood are higher when
mothers are immunized during the second trimes-
ter or early in the third trimester of gestation as
compared to mothers immunized later in the third
trimester (Eberhardt et al. 2016; Abu Raya et al.
2015). The highest concentrations of anti-PT
antibodies in neonates at birth were observed
when the mothers were vaccinated within the
window of 27 through 30 weeks of pregnancy
whereas the antibody titers declined thereafter
(Healy et al. 2018). In these conditions, anti-PT
antibody concentrations remained detectable at a
substantial level until the initiation of the primary
vaccines series in infants, reducing the risk of
pertussis-related mortality and morbidity.

The avidity of umbilical cord IgG is reported
by some authors to be higher in case of maternal
immunization at 27–30 weeks of gestation
(Eberhardt et al. 2016), whereas others reported
no difference in the pertussis specific antibody
avidity when the women are immunized before
27 weeks until at 31–36 weeks of gestation
(Maertens et al. 2015).

This recommended strategy has resulted in a
91% reduction in pertussis in infants 3 months or
younger in the United Kingdom (Amirthalingam
et al. 2014). There is however some concern about
the possible impact of the maternal IgG antibodies
on the early life immunity. Several studies indicate
that high maternally derived pertussis antibody
titers can have a suppressive effect on infant
responses to primary immunization against pertus-
sis, mostly in case of infant vaccination with the
wPV. A smaller and transient inhibitory effect on
infant antibody response against pertussis was in
contrast observed in case of acellular pertussis
vaccination of infants, and globally, the clinical
significance of this blunting effect has not yet
been assessed (Abu-Raya et al. 2017). The effect
of maternally derived antibodies on specific cellu-
lar immune responses was only very little
investigated in humans but studies performed in
animals suggest that T-cell responses would be
unaffected.

6 Conclusions

Pertussis outbreaks are recorded even in countries
with high vaccination coverage. Resurgence of
the disease could be attributed not only to insuffi-
cient vaccine uptake, but also to suboptimal pro-
tection and waning of vaccine-induced immunity.
Data from mathematical modelling (Althouse and
Scarpino 2015) and animal experimental models
(Warfel et al. 2014) show that even though the
aPV is capable of preventing serious symptoms, it
does not prevent bacterial colonization (Warfel
et al. 2016). Therefore, despite vaccination, peo-
ple could still transmit the bacteria. This is a
possible explanation for the continuing circula-
tion of the pathogen in aPV using countries
(Huygen et al. 2014; Palazzo et al. 2016b;
Moriuchi et al. 2017).

Maternal immunization has proven safe and
effective in limiting severe and deadly pertussis
in young infants, thus it should be supported,
especially during the outbreak period. Neverthe-
less, further research efforts are needed to fill
knowledge gaps.

It is clear that improvements in aPVs or devel-
opment of new approaches, like the mucosal
administration of an attenuated B. pertussis strain,
needs an enhanced understanding of the
correlates of protection against the disease and
of the mechanisms that could induce durable,
highly effective immunity.
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New Pertussis Vaccines: A Need
and a Challenge

Daniela Hozbor

Abstract

Effective diphtheria, tetanus toxoids, whole-
cell pertussis (wP) vaccines were used for
massive immunization in the 1950s. The
broad use of these vaccines significantly
reduced the morbidity and mortality associated
with pertussis. Because of reports on the
induction of adverse reactions, less-
reactogenic acellular vaccines (aP) were later
developed and in many countries, especially
the industrialized ones, the use of wP was
changed to aP. For many years, the situation
of pertussis seemed to be controlled with the
use of these vaccines, however in the last
decades the number of pertussis cases
increased in several countries. The loss of the
immunity conferred by the vaccines, which is
faster in the individuals vaccinated with the
acellular vaccines, and the evolution of the
pathogen towards geno/phenotypes that
escape more easily the immunity conferred
by the vaccines were proposed as the main
causes of the disease resurgence. According
to their composition of few immunogens, the
aP vaccines seem to be exerting a greater
selection pressure on the circulating bacterial

population causing the prevalence of bacterial
isolates defective in the expression of vaccine
antigens. Under this context, it is clear that
new vaccines against pertussis should be
developed. Several vaccine candidates are in
preclinical development and few others have
recently completed phaseI/phaseII trials. Vac-
cine candidate based on OMVs is a promising
candidate since appeared overcoming the
major weaknesses of current aP-vaccines.
The most advanced development is the live
attenuated-vaccine BPZE1 which has success-
fully completed a first-in-man clinical trial.

Keywords

Acellular vaccine · Bordetella pertussis ·
Epidemiology · Pertussis · Whole-cell vaccines

1 Current Pertussis Vaccines

Pertussis, also known as whooping cough, is a
highly contagious respiratory disease mainly
caused by Bordetella pertussis, a Gram-negative
bacterium. This disease that causes uncontrollable
violent coughing, affects all ages, being the most
vulnerable the infants under 6 months of age
(Stefanelli et al. 2017). The best way to prevent
pertussis is to get vaccinated. The first
experimentations with vaccines began after Jules
Bordet and Octave Gengou of the Pasteur Institute
of Brussels identified the etiological agent in 1906;
these vaccines were made from killed whole-cell
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B. pertussis. In ensuing years, such type of vaccine
(whole-cell vaccine, wP) was used in children in
different countries. Thorvald Madsen was the first
to describe the use of a wP vaccine on a large scale
(Madsen 1933). Madsen’s vaccine successfully
controlled two outbreaks in the Faroe Islands,
however some deaths within 48 h of immunization
were reported (Madsen 1933). Noteworthy at that
time physicians used the vaccine as either a thera-
peutic or a prophylactic formulation and in both
cases the vaccine was given in three injections
intramuscularly or subcutaneously with intervals
of three to 4 days (Madsen 1933). Madsen T. in
his work summarized some reports that concluded
sic. . .if the vaccine is given early in the catarrhal
stage the vaccine will have a good effect; the later
the vaccine is given in the convulsive stage, the less
effect can be expected. This appears from the
reports of most of the Danish officers of Health
and also is the consensus of the Danish pediatric
society (Madsen 1933). Louis Sauer of Northwest-
ern University Medical School, Chicago,
described minor reactions to a whole-cell pertussis
vaccine being used in the United States as an
adjuvanted combined vaccine (Sauer 1948). Pearl
Kendrick of the State of Michigan Health Depart-
ment further refined wP vaccines. She and Grace
Eldering combined this improved killed vaccine
with diphtheria and tetanus toxoids to produce
the diphtheria-tetanus-pertussis (DTP) and used it
in children (Kendrick 1936). The Committee on
Infectious Diseases of the American Academy of
Pediatrics suggested in 1944 and recommended in
1947 the routine use of pertussis vaccine in the
form of the DTP combination. The use of this
vaccine was then expanded to other countries.
The coverages of pertussis vaccine were improved
when the Expanded Program on Immunization
(EPI) was established in 1974. The mission of the
EPI is to develop and expand immunization
programs throughout the world. In particular, in
1977, the goal was set to make immunization
against diphtheria, pertussis, tetanus, poliomyelitis,
measles and tuberculosis available to every child in
the world by 1990. The massive pertussis vaccina-
tion dramatically reduced the morbidity and mor-
tality associated with the disease (Table 1). After
this important achievement in the control of the
disease, unfortunately, doubts about the safety of

wP vaccines began to arise and this led to a
decrease in the acceptance of this type of formula-
tion by the population and even in some countries
its use was rejected (Klein 2014; Romanus et al.
1987). The first published reports on irreversible
brain damage after whole-cell pertussis vaccina-
tion was described by Brody and Sorley. These
reports led to the first warnings that pertussis vac-
cine should not be administered to those with a
known neurologic disorder (Brody and Sorley
1947). In Great Britain, concerns on the safety of
this vaccine were widely publicized in the popular
press and because of that the proportion of children
vaccinated against pertussis diminished
(Kulenkampff et al. 1974). The adverse reactions
ranged from local reactions (redness, swelling, and
pain at the injection site) to systemic reactions
(fever, persistent crying and, in rare cases enceph-
alopathy) were reported in other countries (Klein
2014; Romanus et al. 1987). Concerns about safety
finally led to the development of component (acel-
lular) pertussis vaccines that are associated with a
lower frequency of adverse reactions (Sato and
Sato 1985; Edwards and Karzon 1990). These
second-generation of pertussis vaccines, referred
to as aP vaccines, are constituted of purified
B. pertussis antigens combined with diphtheria
and tetanus toxoids. The first acellular vaccine
that was developed in Japan in 1970 consisted of
two proteins: pertussis toxin (PTx) and filamentous
haemagglutinin (FHA) (Sato and Sato 1985). Field
trials showed that component vaccine was as effec-
tive as and produced less side-effects than did
conventional whole-cell vaccine (Sato et al.
1984). The vaccine has been used for mass immu-
nization in Japan since 1981 and was highly effec-
tive in preventing pertussis disease. In 1994 the
efficacy for two, three-component acellular, per-
tussis vaccines containing inactivated PTx, FHA,
and pertactin (PRN), and one five-component acel-
lular pertussis vaccine containing the same
components plus fimbriae 2 and 3 was compared
with a UK whole-cell vaccine (Olin et al. 1997).
This study demonstrated that the wP vaccine and
the five-component aP vaccine had similar efficacy
against culture-confirmed typical pertussis, defined
by at least 21 days of paroxysmal cough. The
authors also found that the three-component acel-
lular vaccine was less effective than the five-
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Table 1 Number of reported cases of pertussis and type of pertussis vaccine used in different regions of the world (data
extracted from WHO public information)

1980 2000 2017

Percentage of countries that use
whole cell or acellular pertussis
vaccines in the primary doses

African Region (Algeria, Angola, Benin,
Botswana, Burkina Faso, Burundi, Cameroon,
Cape Verde, Central African Republic, Chad,
Comoros, Congo, Côte d’Ivoire, Democratic
Republic of the Congo, Equatorial Guinea,
Eritrea, Eswatini, Ethiopia, Gabon, Gambia,
Ghana, Guinea, Guinea-Bissau, Kenya,
Lesotho, Liberia, Madagascar, Malawi, Mali,
Mauritania, Mauritius, Mozambique, Namibia,
Niger, Nigeria, Rwanda, Sao Tome and
Principe, Senegal, Seychelles, Sierra Leone,
South Africa, South Sudan, Togo, Uganda,
United Republic of Tanzania, Zambia,
Zimbabwe)

367,961 52,008 7082

Region of the Americas (Antigua and
Barbuda, Argentina, Bahamas, Barbados,
Belize, Bolivia, Brazil, Canada, Chile,
Colombia, Costa Rica, Cuba, Dominica,
Dominican Republic, Ecuador, El Salvador,
Grenada, Guatemala, Guyana, Haiti, Honduras,
Jamaica, Mexico, Nicaragua, Panama,
Paraguay, Peru, Saint Kitts and Nevis, Saint
Lucia, Saint Vincent and the Grenadines,
Suriname, Trinidad and Tobago, United States
of America, Uruguay, Venezuela)

123,734 18,888 10,237

Eastern Mediterranean Region (Afghanistan,
Bahrain, Djibouti, Egypt, Iran (Islamic
Republic of), Iraq, Jordan, Kuwait, Lebanon,
Libyan Arab Jamahiriya, Morocco, Oman,
Pakistan, Qatar, Saudi Arabia, Somalia, Sudan,
Syrian Arab Republic, Tunisia, United Arab
Emirates, Yemen)

171,631 2112 2012

European Region (Albania, Andorra,
Armenia, Austria, Azerbaijan, Belarus,
Belgium, Bosnia and Herzegovina, Bulgaria,
Croatia, Cyprus, Czech Republic, Denmark,
Estonia, Finland, France, Georgia, Germany,
Greece, Hungary, Iceland, Ireland, Israel, Italy,
Kazakhstan, Kyrgyzstan, Latvia, Lithuania,
Luxembourg, Malta, Monaco, Montenegro,
Netherlands, Norway, Poland, Portugal,
Republic of Moldova, Romania, Russian
Federation, San Marino, Serbia, Slovakia,
Slovenia, Spain, Sweden, Switzerland,
Tajikistan, The former Yugoslav Republic of
Macedonia, Turkey, Turkmenistan, Ukraine,
United Kingdom of Great Britain and Northern
Ireland, Uzbekistan)

90,546 53,675 63,037

(continued)
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component-vaccine and the whole-cell vaccines
against culture-confirmed pertussis when all cases
irrespective of the duration of severity of cough,
were included in the analysis (Olin et al. 1997).
Thus, though there was no compelling evidence to
support that wP vaccines should not be used, the
aP vaccines began to be broadly accepted because
of their lower reactogenicity, especially in
industrialized countries where wP vaccines of the
primary series (3 doses in infancy) was replaced by
aP vaccine (Table 1). Currently, US and most of
the EU countries use only aP vaccines (Table 1).
The aP formulations restored people’s confidence
in pertussis-containing vaccines, and the infection
was controlled for several years. Notwithstanding,
during the last decades the epidemiology of per-
tussis has changed (Clark 2014; Tan et al. 2015)
with several major outbreaks occurring, the inci-
dence of which not only indicated a waning immu-
nity but also demonstrated that the wP vaccines
gave children a longer lasting immunity than aP
(Klein et al. 2013; Witt et al. 2012; Sheridan et al.
2012). Furthermore, the risk of pertussis was
increased in schoolchildren and adolescents
vaccinated exclusively with aP compared to those
receiving at least one wP dose (Witt et al. 2013;
Sheridan et al. 2012). This difference could result
from the weaker immune response induced by aP

vaccines (Mills et al. 2014): while aP vaccines
mainly induce a Th2-skewed response (Ryan
et al. 1998), wP vaccines induce a robust Th1
profile and the proliferation of respiratory tissue-
resident memory CD4 T cells (Brummelman et al.
2015; Wilk and Mills 2018). Therefore, the aP
vaccine induced immunity shows a more rapid
decay and possibly a reduced impact on transmis-
sion compared with currently available wP
vaccines (Tartof et al. 2013; McGirr et al. 2013).
In addition to the waning of immunity induced by
vaccination, in particular with aP vaccines
(Koepke et al. 2014; McGirr and Fisman 2015),
pathogen adaptation to escape vaccine induced
immunity (King et al. 2001; Mooi et al. 2001;
Mäkelä 2000; David et al. 2004; He et al. 2003;
Bottero et al. 2007; Gzyl et al. 2004; Bowden et al.
2016), and the failure of pertussis vaccines, in
particular aP vaccines, to prevent infection and
spread of B. pertussis were also proposed to
explain the resurgence of the disease. Regarding
pathogen evolution, the first reports were related to
polymorphism in genes coding for proteins
included in the vaccine (PRN and PTx among
others) (Mooi et al. 1998) and later in the pertussis
toxin promoter (ptxP) (Advani et al. 2011;
Kallonen et al. 2012). Recently, there has been an
increase in B. pertussis isolates that do not produce

Table 1 (continued)

1980 2000 2017

Percentage of countries that use
whole cell or acellular pertussis
vaccines in the primary doses

South-East Asia Region (Bangladesh, Bhutan,
Democratic People’s Republic of Korea, India,
Indonesia, Maldives, Myanmar, Nepal, Sri
Lanka, Thailand, Timor-Leste)

399,310 38,510 33,976

Western Pacific Region (Australia, Brunei
Darussalam, Cambodia, China, Cook Islands,
Fiji, Japan, Kiribati, Lao People’s Democratic
Republic, Malaysia, Marshall Islands,
Micronesia (Federated States of), Mongolia,
Nauru, New Zealand, Niue, Palau, Papua New
Guinea, Philippines, Republic of Korea, Samoa,
Singapore, Solomon Islands, Tonga, Tuvalu,
Vanuatu, Viet Nam)

829,173 25,282 27,624
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some of the vaccine antigens (Lam et al. 2014;
Barkoff et al. 2019). It has been proposed that the
loss of this vaccine antigen probably provides a
selective advantage for bacterial survival in
populations vaccinated with aP vaccines (Martin
et al. 2015). Commercial aP vaccines containing
PTx, PRN and FHA are not as effective as
expected in controlling the infection caused by
the recent circulating bacteria that do not express
PRN (Hegerle et al. 2014). Moreover, recently it
was demonstrated in a mixed infection mouse
model that PRN deficient B. pertussis strain
colonizes the respiratory tract of aP immunized
mice more effectively than the PRN positive strain
(Safarchi et al. 2015).

Under this context, in 2015 the Strategic Advi-
sory Group of Experts on immunization
expressed concerns regarding the resurgence of
pertussis in certain industrialized countries
despite high aP-vaccine coverage (Meeting of
the Strategic Advisory Group of Experts on
immunization 2015). The switch from wP to aP
for primary infant immunization was proposed as,
at least partially responsible for that resurgence
(Table 1, see reported cases of European Region).
The World Health Organization (WHO) therefore
recommended that the switch be considered only
if, in the national immunization schedules, large
numbers of doses including several boosters can
be assured. Countries currently using aP vaccines
may continue using them, but should consider the
need for additional booster doses and strategies to
prevent early-childhood mortality upon pertussis
resurgence. In fact, the WHO published a position
paper on this subject and wrote the following:

A switch from wP to aP vaccines for primary infant
immunization should only be considered if the
inclusion in the national immunization schedules
of additional periodic booster or maternal immuni-
zation can be assured and sustained (Pertussis
vaccines: WHO position paper, August 2015—
Recommendations 2016).

National programmes currently using aP vaccine may
continue using this vaccine but should consider the
need for additional booster doses and strategies to
prevent early childhood mortality such as maternal
immunization in case of resurgence of pertussis (Per-
tussis vaccines: WHO position paper, August 2015—
Recommendations 2016).

2 New Pertussis Vaccines

Pertussis vaccines are currently on the agenda due
to the worrying increase of pertussis cases
detected in different countries. There are an
estimated 24.1 million cases of the disease and
approximately 160,700 deaths occurring world-
wide every year in children younger than 5 years
of age (Yeung et al. 2017). It is very clear that the
non-use of the current pertussis vaccines would
lead to an even more challenging epidemiological
scenario and for this reason the current vaccine
administration and surveillance of the disease
should be improved while new vaccines are
being developed. The development of a new per-
tussis vaccine is a difficult task to achieve since
no absolute correlate for protection exists, how-
ever there are enough data from animal models
and human studies showing that although
antibodies may mediate protection, Th1 and
Th17 cellular responses and tissue resident mem-
ory (TRM) response are responsible for long-
lasting protection (Mills et al. 2014). To induce
or drive a Th1, Th17 and TRM response, different
approaches have already been proposed (Allen
and Mills 2014; Mielcarek et al. 2006; Dias
et al. 2013). In the next section, the main
approaches used so far for the development of
new vaccines are discussed.

3 Live Attenuated Vaccine

The most advanced novel pertussis vaccine can-
didate is that developed by Locht et al. in Lille,
France (Thorstensson et al. 2014; Mielcarek et al.
2010; Feunou et al. 2010; Skerry et al. 2009).
This vaccine candidate, referred as BPZE1, and
consisting in a live attenuated bacterial strain,
(Locht 2014) was shown to be immunogenic
and protective in mice and baboons after intrana-
sal administration (Locht 2016, 2017). In mice a
single nasal administration of BPZE1, but not a
high dose of current commercial aP vaccine,
induced B. pertussis-specific secretory IgA in
the nasal cavity, and transfer of the nasal IgA
was able to protect recipient mice against nasal
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colonization after B. pertussis challenge (Solans
and Locht 2018). Though no protection
experiments have yet been performed with
BPZE1 against circulating bacteria, other interest-
ing findings have already reported. It was
detected that BPZE1 vaccine was able to induce
CD4+CD69+CD103+ TRM cells in the nasal
mucosa of mice, and these cells produced high
levels of IL-17 and appreciable levels of IFN-γ.
Thus, BPZE1 protects mice against nasal infec-
tion by virulent B. pertussis via an IL-17-depen-
dent and sIgA-mediated mechanism (Solans and
Locht 2018; Fedele et al. 2011). Moreover,
recently a double-blind, placebo-controlled,
dose-escalating study of BPZE1 given intrana-
sally for the first time to human volunteers was
performed as the first trial of a live attenuated
bacterial vaccine against pertussis. In this study,
12 subjects per dose group received different
quantities of colony-forming units as droplets
with half of the dose in each nostril and
12 subjects received the diluent (control group)
(Thorstensson et al. 2014). Local and systemic
safety and immune responses were assessed dur-
ing 6 months, and nasopharyngeal colonization
with BPZE1 was determined with repeated
cultures during the first 4 weeks after vaccination.
In this trial, the vaccine candidate was found safe
in young human adults, able to transiently colo-
nize the human nasopharynx, and to induce
antibodies to PTx, FHA, PRN and fimbriae after
a single nasal administration (Thorstensson et al.
2014). This vaccine candidate is currently enter-
ing a clinical phase II trial.

4 Less Reactogenic Whole Cell
Vaccine

The major cause of wP vaccine reactions is
associated to the endotoxin which is a lipo-
oligosaccharide (LOS) and because of that
attempts were made to detoxify wP vaccines.
Researchers at the Institute Butantan in São
Paulo, Brazil, diminished the endotoxicity of the
wP vaccine by performing a chemical extraction
of LOS from the outer membrane (Dias et al.
2013). Chemical extraction of LOS resulted in a

significant decrease in endotoxin content without
affecting the integrity of the product. This devel-
opment, however, raises doubts because with the
LOS extraction the adjuvant capacity associated
with this molecule would also be decreasing.
Other alternative strategies to LOS removal are
being sought, specifically a consortium of
researchers proposed to work on structural
changes of the molecule (on the LipidA) in
order to retain de beneficial effects induced by
the molecule but eliminating its reactogenicity.
The results on this strategy have not yet been
disclosed.

5 Acellular Pertussis Vaccines
Containing Recombinant
Inactivated Pertussis Toxin

The safety and superior immunogenicity of 9 K/
129G genetically detoxified PTx (rPT) was
demonstrated long time ago (Rappuoli 1999;
Podda et al. 1993). Under this context, BioNet-
Asia developed a new rPT-expressing
B. pertussis strain (Buasri et al. 2012). This strain
generated increased amounts of rPT compared to
wild type strain and strains used in vaccine pro-
duction and the purified rPT did not show any
toxicity (Buasri et al. 2012). Thus, Bionet
formulated a new acellular vaccine containing
the recombinant genetically detoxified Pertussis
Toxin (PTgen), FHA and PRN and presented the
results of the first clinical study of this recombi-
nant aP vaccine formulated alone or in combina-
tion with tetanus and diphtheria toxoids. For the
phase I/II trial, 60 subjects (20 per each vaccine
group) were enrolled and included in the safety
analysis. This first-in-human study showed that
BioNet’s PTgen-containing vaccine has a similar
reactogenicity and safety profile than the
Adacel® acellular vaccine. Moreover, the high
immunogenicity of PTgen in adults was
demonstrated Sirivichayakul et al. (2016). The
results were consistent with previous studies that
demonstrated high and sustained efficacy of
rPT-containing aP vaccines in infants (Seubert
et al. 2014). Recent findings on the ability of
rPT-containing acellular vaccine to induce
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memory response make a significant difference
with current acellular vaccines that include chem-
ically detoxified components in terms of long-
term protection. Specifically, the authors reported
that the boosting of aP-primed adolescents with
recombinant-aP induced higher anti-PTx and
PTx-neutralizing responses than the current aP
vaccine and increased PTx-specific memory B
cells (Blanchard Rohner et al. 2018). These new
acellular vaccines can thus overcome one of the
weaknesses of current acellular vaccines: the
rapid loss of induced immunity. However, it
remains to study the protection capacity of this
vaccine against current circulating bacteria and
the selection pressure that this type of vaccine
would exert on the circulating bacterial popula-
tion. This last aspect, in principle, would not be
solved with the recombinant acellular vaccine,
since it is constituted by the same few
immunogens as the current acellular vaccines.

6 New Antigens and Adjuvants
for aP Formulations

The incorporation of novel antigens derived from
B. pertussis to improve the current aP vaccines
has also been explored. The B. pertussis
adenylate cyclase toxin (Cheung et al. 2006), the
serum-resistance autotransporter protein BrkA
(Marr et al. 2008) and the iron-regulated
B. pertussis proteins (Alvarez Hayes et al. 2013)
among others, have been proposed as a protective
antigen. Though none of these antigens alone
offered significant protection against B. pertussis
infection in an intranasal challenge model, when
combined with acellular pertussis vaccine, they
conferred improved protection over the acellular
vaccine alone. The combination of all these
immunogens together with the current acellular
vaccines could be an attractive proposal to reduce
the selection pressure of the current acellular
vaccines by offering a greater number of epitopes.

Improvements of the acellular vaccines could
also be achieved by using novel adjuvants for
pertussis. Combination of aP vaccine with
adjuvants that are able to drive Th1 and Th17
responses would be expected to enhance

protection. Cyclic di-GMP, MF59 emulsions,
the combination of aluminium hydroxide with
the TLR-4 agonist monophosphoryl lipid A,
have been shown to enhance Th1 type immune
responses however the impact in protection of
these adjuvants was not deeply investigated
(Geurtsen et al. 2007; Allen et al. 2018). The
B. pertussis lipoprotein BP1569, a TLR-2 ago-
nist that activates murine dendritic cells and
macrophages has recently been shown to possess
adjuvant properties (Dunne et al. 2015).
Recently it was reported that this protein in
combination with c-di-GMP synergistically
induces the production of IFN-β, IL-12 and
IL-23, and maturation of dendritic cells (Allen
et al. 2018). Parenteral immunization of mice
with an experimental aP vaccine formulated
with this combined adjuvant promoted Th1 and
Th17 responses and conferred protection against
lung infection with B. pertussis. Interestingly,
intranasal immunization with this vaccine
induced potent B. pertussis-specific Th17
responses and IL-17-secreting respiratory
tissue-resident memory (TRM) CD4 T cells, and
conferred a high level of protection against nasal
colonization (sterilizing immunity) as well as
lung infection. Furthermore, long-term protec-
tion against nasal colonization with B. pertussis
was observed. This formulation would thus pro-
long the duration of the protective response but it
is not clear that it is capable of overcoming the
deficiencies of the current acellular vaccines
against the circulating bacterial population.
More research must be done in this regard.

7 Outer Membrane Vesicles
as Vaccine Candidates Against
B. pertussis Infections

All Gram-negative bacteria that have been
investigated so far are able to naturally release
spherical structures originated from the outer
membrane (referred to as outer membrane vesicles,
OMVs). Although OMVs formation seems to be a
common feature of Gram-negative bacteria, the
knowledge of their biogenesis and biological
roles remains limited. OMVs naturally contain
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multiple native surface-exposed antigens as well as
immunostimulatory molecules. Based on their
aforementioned immunogenic potency and on pos-
itive examples of the OMV-derived vaccines
against Neisseria meningitides serogroup B, we
initiated several studies over the last years to ana-
lyze the potential of OMVs derived from
Bordetella pertussis as vaccine candidates (Hozbor
et al. 1999; Roberts et al. 2008; Asensio et al.
2011). We characterized the composition of the
pertussis nanoparticles at >200 protein
components—including the virulence factors PT,
PRN, fimbriae, FHA, and adenylate-cyclase
(Hozbor 2016). The presence of a high number
of immunogens in the vaccine formulation is
essential since they may avoid the high selective
pressure conferred by a single or a few protective-
vaccine antigens. To date, we have obtained
almost 50 batches of B. pertussis–derived OMVs
with robust results. Our OMV-based vaccine is
safe and exhibits an adequate protection capacity
against different B. pertussis genetic backgrounds,
including those not expressing the vaccine antigen
PRN (Gaillard et al. 2014).

The OMVs derived from B. pertussis represent
an attractive acellular pertussis vaccine candidate
(Hozbor 2016; Ormazabal et al. 2014; Asensio
et al. 2011; Roberts et al. 2008) not only because
of its safety and ability to induce protective Th1,
Th17 cells (Mills et al. 1993; Ryan et al. 1997;
Raeven et al. 2014; Warfel and Merkel 2013;
Ross et al. 2013) and TRM cells, but because it
contains a greater number of immunogens in
conformations close to those found in pathogen,
when compared with the current aP vaccines
(Hozbor 2016; Advani et al. 2011). Consistent
with previous reports (Hegerle et al. 2014;
Safarchi et al. 2015), we found that immunization
with commercial aP vaccine does not protect
against PRN deficient isolate as effectively as
against B. pertussis Tohama strain (PRN+).
Since the PRN deficient isolate is not isogenic to
B. pertussis Tohama strain (PRN+) and contains
polymorphisms at other loci that may affect the
fitness of these bacteria, we have also examined
the protection of the OMV based vaccine against
a PRN defective mutant derived from B. pertussis
Tohama strain. We found that the commercial aP

vaccine but not the OMV based vaccine exhibits
lower level of protection against the PRN defi-
cient strain when compared with the parental
PRN(+) positive strain. These results clearly
showed the impact of the absence of PRN expres-
sion in the effectiveness of aP vaccine against
B. pertussis when comparisons are made on
strains that contain the same genetic background
(submitted manuscript).

The results obtained here clearly showed that
the OMVs vaccine is more effective than a cur-
rent commercial aP vaccine against PRN deficient
strains. Therefore, the OMV formulation appears
as an attractive vaccine candidate that could
replace the current aP without causing concern
on the reactogenicity associated with wP vaccines
because of the proven safety of the OMVs
vaccines (Bottero et al. 2016). Since major
limitations of the current aP are their strong selec-
tion pressure exerted on the circulating bacterial
population and their failure to induce sustained
protective immunity, the OMV-based vaccine,
that contains high number of antigens and that
induces INF-γ and IL17-secreting TRM cells, has
the potential to replace the current aP vaccine.
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Pertussis: Identification, Prevention
and Control

Paola Stefanelli

Abstract

Pertussis is a vaccine-preventable disease.
Despite the high vaccination coverage among
children, pertussis is considered a re-emerging
disease for which identification, prevention
and control strategies need to be improved.
To control pertussis it is important to maintain
a high vaccination coverage to protect the age
groups considered at high risk for the disease.
Laboratory confirmation of Bordetella pertus-
sis infection together with a differential diag-
nostic test for other Bordetellae are
prerequisite for a correct and timely diagnosis
of pertussis. Moreover, investigations of anti-
microbial susceptibility and whole genome
sequencing may permit to monitor the circula-
tion of antimicrobials resistant and/or vaccine-
escape strains. Finally, the preventive frame-
work should no longer consider pertussis
exclusively as a childhood infectious disease,
since adults may play a role in transmission
events.

Keywords

Bordetella pertussis · Surveillance system ·
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1 Pertussis Identification

Pertussis has French births, since it was
recognized for the first time in Paris in 1578.
Guillaume de Baillou (Ballonius), 1538–1616,
described the first epidemic (Cherry et al. 1988).
He was an important figure in medicine and for
the development of pediatrics, and one of the first
influencers in leading the University of Paris from
Galenism into the new paths of learning.

However, we will have to wait until 1906 to
discover the cause of the disease, when Jules Bordet
and Octave Gengou (Bordet and Gengou 1906)
isolated the bacterium inBordet-Gengou agar plates.

Bordetella pertussis is a Gram-negative, aero-
bic coccobacillus ranking to the genus Bordetella.
Phylogenetic analysis revealed nine different
Bordetella species. Five of them are known to
cause respiratory tract infections in humans:
B. pertussis, Bordetella parapertussis, Bordetella
bronchiseptica, Bordetella holmesii, and
Bordetella petrii (Guiso and Hegerle 2014).
Within the species Bordetella, B. pertussis,
B. bronchiseptica, and B. parapertussis are
closely related pathogens. B. bronchiseptica
causes a mild or chronic respiratory infection in
a large range of mammalian hosts. In humans, it
causes respiratory tract infections mostly in
immunocompromised patients (Woolfrey and
Moody 1991). Regarding B. parapertussis, two
distinct hosts have been identified: humans and
sheep (Brinig et al. 2006; Porter et al. 1994).
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B. holmesii is part of a different genetic lineage
within the Bordetella genus causing either
pertussis-like symptoms or invasive infections
(e.g., septicemia, pneumonia, meningitis, arthri-
tis, etc.) (Pittet and Posfay-Barbe 2015). B. petrii
was isolated in patients with cystic fibrosis and in
some cases of long-lasting respiratory tract
infections (Le Coustumier et al. 2011).

To this regard, an extremely important issue is
not only to correctly confirm the presence of
B. pertussis in the clinical specimens but also to
distinguish B. pertussis from other Bordetellae
species.

Unfortunately, despite the European (EU)
case definition (Commission Implementing
Decision 2018) which includes and underlines
the need of a laboratory identification test to
confirm a suspected pertussis case, the diagnosis
of pertussis still relies on clinical symptoms and
laboratory confirmation is rarely performed in
countries like Italy (Stefanelli et al. 2017). Clin-
ical case definition requires, at first, one or more
typical clinical symptoms, such as paroxysmal
cough for at least 2 weeks. Moreover, it should
be considered that the specificity of the case
definition might be negatively influenced by the
time between infection and diagnosis by previ-
ous vaccination, and by increasing age of
patients. In fact, pertussis is rarely identified in
adults due to mitigated signs of the disease and
to the fact that pertussis is considered a disease
of childhood. Consequently, the risk of disease

increases in the population with consequent
impact on babies (Fig. 1).

After the incubation period, pertussis begins
with a catarrhal phase. This phase lasts
1–2 weeks, during which the contagiousness is
very high. As the catarrhal stage progresses, the
cough increases in frequency and severity. The
subsequent paroxysmal phase, which lasts
3–6 weeks, is characterized by cough with the
characteristic whoop, vomiting, cyanosis, and
apnea. The symptoms gradually decrease in
severity during the convalescent phase, which
can last up to several months (Cherry 1996).

Therefore, the diagnosis of pertussis must take
into account the timing of symptoms onset and the
vaccination status. The most suitable test for per-
tussis diagnosis depends on the temporal phase of
the disease. In the European Centre for Disease
Prevention and Control (ECDC) guidelines in the
presence of cough lasting up to 2 weeks, the
simultaneous use of culture and molecular tests is
recommended (ECDC 2012a). In the presence of
cough lasting from 2 to 4 weeks, molecular tests
and serum dosage of IgG immunoglobulins against
the pertussis toxin (PT) are also recommended
(ECDC 2012b) (Fig. 2).

For this purpose, a number of microbiological
techniques are readily available in routine diag-
nostic laboratories and, more recently, Next Gen-
eration Sequencing (NGS) is becoming widely
available in pertussis reference laboratories
allowing a complete genomic characterization.

Fig. 1 Transmission cycle of pertussis
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Although culture remains the gold standard, it has
low sensitivity (Guillot et al. 2014; Lee et al.
2018). Serology is not an appropriate method to
diagnose pertussis in pediatric populations, since
it provides results that are difficult to interpret in
immunized individuals and, ideally, requires
measuring antibody titers in the acute and conva-
lescent phases of the disease, thus delaying the
diagnosis (Fedele et al. 2018).

Rapid, sensitive, and specific molecular assays
are being increasingly implemented to overcome
the limitations of culture and serology and are
currently recommended for a rapid management
of infected patients (Fry et al. 2009).

In addition to the timescale for the use of the
most successful laboratory tests, there is the need
to an accurate identification at the species level, as
nowadays recognized. This is not only important
from a clinical point of view, to select the most
appropriate antibiotic treatment, but also for
health public purposes, since misdiagnosis of
Bordetella species can lead to an incorrect assess-
ment of pertussis vaccine effectiveness and dis-
ease burden (Mattoo and Cherry 2005).

ECDC is addressing the harmonization and
improvement of pertussis diagnosis for surveil-
lance and outbreak detection in order to assure
quality and comparability of data among EU
Member States. In 2011, ECDC launched the
project ‘Coordination of activities for laboratory
surveillance of whooping cough in Member
States and EEA countries’ as part of the EUpert-
Labnet surveillance network. One of the main aim
of this project was to produce a laboratory guid-
ance for the use of real-time PCR on clinical
specimens of patients with suspected whooping
cough. Several amplification targets are consid-
ered for Bordetella PCR diagnostics. However,
most of them are present in multiple Bordetella
species. The interpretation of the results follow-
ing the data obtained using different target genes
is also included in the ECDC Technical Docu-
ment (ECDC 2012a). Recently, ECDC has
published an algorithm to correctly interpret the
diagnosis by serology (ECDC 2012b).

The development of matrix-assisted laser
desorption ionization time-of-flight mass spec-
trometry (MALDI-TOF MS) device has

Fig. 2 Timing of laboratory diagnosis of B. pertussis
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revolutionized the routine identification of
microorganisms in clinical microbiology
laboratories by introducing an easy, rapid, high
throughput, low-cost, and efficient identification
technique (Seng et al. 2009). This technology has
the potential to replace and/or complement con-
ventional bacterial identification techniques. A
short-term activity to increase the identification
pertussis rate by MALDI-TOF has been recently
described (Zintgraff et al. 2018), but further eval-
uation is needed in order to ensure the capability
of the assay to distinguish correctly among differ-
ent Bordetella species and to measure the sensi-
tivity in patients with previous antibiotic
treatment.

2 Pertussis Prevention

The most important way to prevent pertussis is to
evoke protective immunity through a complete
immunization and to maintain it over time. Gen-
erally speaking, the vaccination shows a double
effect:

(a) a direct effect: the vaccination protects
vaccinated individuals, the target
population;

(b) an indirect effect: the vaccination plays a
major role in community protection afforded
by a vaccination program, (the so-called
“herd immunity “or “herd effect”).

Both of them are fundamental to contribute to
a rapid decrease of childhood mortality due to
pertussis and to reduce the circulation of the path-
ogen in the population.

Nevertheless, there is still a debate concerning
the influence of herd immunity on the evolution
of the bacterial population, what is called “vac-
cine-driven selection”. On the other hand, there
are some publications suggesting how the genetic
diversity of B. pertussis is low, decreasing with
time, leading to a clonal expansion with the
cycles of the disease (Barkoff et al. 2018).

An apparent paradox concerning this disease is
that the reported incidence of pertussis has been
increasing in several countries despite high

vaccination pertussis coverage. While the chang-
ing epidemiology of pertussis and several factors
that contribute to its resurgence have been exten-
sively described, few data exist on the current
burden and characteristics of the disease, espe-
cially among older age groups. These factors
increase the difficulty to define a correct preven-
tion strategy in a country.

Waning immunity has been increasingly
recognized as an important factor in pertussis
resurgence (Martinón-Torres et al. 2018; Burdin
et al. 2017). Multiple observational studies found
that acquired protective immunological memory
is relatively short-lived, increasing the risk of
pertussis (Koepke et al. 2014). Waning specific
antibody levels against B. pertussis, after infec-
tion and vaccination, indicate the absence of dura-
ble effector mechanisms in the humoral
compartment. The role of the evoked antibodies
was clearly demonstrated as a key to prevent the
attachment of B. pertussis to the cells of the upper
and lower respiratory tract; in addition, cell-
mediated immunity of the proper CD4+ T helper
cell type is also implied, either by its own effector
mechanism or by helping the antibody response
(Plotkin and Gilbert 2012).

Overall, the above findings are relevant since
pertussis affects all age groups. From this
assumption, the prevention strategy should
involve not only infants (primary vaccination)
but also need of booster doses through the entire
life should be considered, including maternal
immunization. Health care professionals are
another important target for vaccination.

One of the main issues in Europe is the lack of a
high level of immunization coverage against pertus-
sis, due to several reasons, including vaccine hesi-
tancy. Primary vaccination coverage varies among
countries, despite EU and WHO required goals
(Sheikh et al. 2018). Although many schedules
routinely include booster vaccinations for preschool
children, recommendations for adolescents and
adults are less common and immunization uptake
is low in these groups. In addition to low vaccine
uptake, a substantial gap in data on vaccination
coverage in the European Region has to be
underlined. Efforts to increase vaccination uptake
should be accompanied by establishing systems for
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monitoring vaccination coverage, which is a key
indicator of program performance, and essential
for understanding gaps and trends in coverage and
assessing the impact of the program itself.

To date, the only proven strategy to protect
babies immediately after birth is maternal immu-
nization during pregnancy. Maternal antibodies,
in particular the IgG isotype, cross the placental
barrier and then contribute to the newborn’s pas-
sive immunity. This helps to protect infants dur-
ing the first vulnerable weeks of life, when the
immune system is still immature and active
immunity has not been yet acquired. After birth,
antibodies are transferred via breastmilk (Pandolfi
et al. 2017); the colostrum contains ten times
more pertussis-specific IgA antibodies than IgG
after tetanus-diphtheria-pertussis (Tdap) immuni-
zation during pregnancy (Faucette et al. 2015).

The first successful maternal immunization
experience, that drove a new concept in preventing
pertussis infection in newborns, occurred in 2011,
in the USA, the first country to recommend pertus-
sis vaccination to pregnant women in the third
trimester (CDC 2011); in October 2012, this
advice was updated to recommend vaccination in
every pregnancy (CDC 2013). Argentina
introduced universal maternal pertussis vaccina-
tion in February 2012, from 20 weeks of preg-
nancy (Vizzotti et al. 2015). Then, in the UK,
following the national outbreak of pertussis in
2012, a temporary antenatal vaccination program
began in October 2012, offering vaccine to preg-
nant women, ideally at 28–32 weeks of gestation
(Gkentzi et al. 2017; Campbell et al. 2018). More
recently, several countries, including Italy,
introduced maternal immunization against pertus-
sis as recommendation to prevent the disease in
newborns (Piano Nazionale Prevenzione
Vaccinale 2017–2019). A scientific debate,
starting with the study of Halperin et al. (2018),
was focused on if and how high levels of transpla-
centally acquired antibodies might blunt the
immune response to active immunization in the
newborns (Niewiesk 2014). The inhibitory effect
is, however, difficult to ascertain and seems not to
affect the pertussis toxin antibody response to
DTaP in infants (Englund et al. 1995; Rice et al.
2019). Unlike other studies, a recent study by Saul

et al. (2018) showed evidence that the protective
effect is stronger in mitigating disease severity than
preventing pertussis disease. The overall vaccine
effectiveness (VE) reported in this study was lower
than in prior studies and suggests that maternal
vaccination, while an effective strategy in
preventing severe pertussis, is less effective in
protecting against infection or mild disease.

The immunization strategies might be
improved as follows: in the short term, younger
age at first dose and maternal immunization may
be effective; in the long term, maintaining high
vaccine coverage adopting the current vaccina-
tion strategies among adolescents, adults, health
workers, and improving disease surveillance
(including bacterial surveillance by genomic
evaluation and comparison) may contribute to
pertussis prevention and control.

3 Pertussis Control

There is an urgent need to improve surveillance
and assessment of the disease burden and the
impact of infant immunization, with particular
focus on fatality among infants <1 year of age,
where it is very high. However, pertussis surveil-
lance and control are greatly hampered by the
under-notification of cases affecting adults,
which usually present mild symptoms and, then,
are rarely diagnosed and confirmed, contributing
to the spread of B. pertussis. Moreover, especially
in children, pertussis symptoms, may be caused
by other Bordetellae and/or by viruses (i.e. Respi-
ratory Syncytial Virus, RSV). For all the above-
mentioned reasons, it is not easy to avoid pertus-
sis under-notification. A more precise estimate of
the number of pertussis cases, which are missed
and/or not laboratory confirmed, might be
obtained using different data sources.

The objectives of pertussis surveillance, as for
other communicable disease surveillance
systems, are to:

1. monitor disease burden and the impact of the
pertussis vaccination programs, with a special
focus on morbidity and mortality among chil-
dren <5 years of age
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2. generate data to update immunization
schedules and strategies to increase the impact
of vaccination

3. detect pertussis outbreaks

The recommended minimal standard surveil-
lance is a case-based surveillance with laboratory
confirmation, in agreement with EU pertussis
case definition (Commission implementing
decision (EU) 2018/945) and laboratory confir-
mation of a suspected pertussis case that
comprises the use of cultivation and/or molecular
methods to identify B. pertussis and to differenti-
ate this species from other Bordetellae (ECDC
Technical document 2012a, b). After 2 weeks
from the onset of the disease serological methods
are also considered even though the vaccination
history of the case need to be considered for the
final interpretation of the results.

Among B. pertussis strains, an increasing
number of pertactin deficient (PRN-) strains
have been reported worldwide and recently also
in Europe (Barkoff et al. 2019). In that study, a
collection of B. pertussis isolates (1998–2015)
from several EU countries, with different
vaccines and vaccination strategies, was
investigated. The main finding was an increase
of the prevalence of PRN-deficient B. pertussis
isolates in Europe, which was associated with the
time since the introduction of acellular pertussis
vaccines (ACVs), as a possible consequence of
the selective advantage of the strains (Safarchi
et al. 2015; Hegerle and Guiso 2014). However,
a long-term surveillance on antigen expression
from B. pertussis, especially for those included
in acellular pertussis vaccine formulation, should
be improved since the circulation of deficient
strains may have an impact in the efficacy of the
vaccines currently in use. Other studies
demonstrated how PNR- strains already
circulated in the pre-vaccine era, but their circula-
tion was increasing in regions where ACVs were
introduced between 10 and 25 years ago
(Zeddeman et al. 2014). No significant difference
between groups of infants infected by prn nega-
tive strains for clinical symptoms have been
described (Stefanelli et al. 2017).

Macrolides, such as erythromycin and
azithromycin, are the first-line drugs of choice
for the treatment of B. pertussis infection (Kilgore
et al. 2016). B. pertussis isolates resistant to
macrolides have been sporadically identified in
Asia and then in America and Europe (Wang
et al. 2014; CDC 1994; Guillot et al. 2012).
Until now, there have been no standardized
screening method or interpretative standards for
susceptibility testing of B. pertussis. Macrolide
resistant B. pertussis strains carries an A-to-G
transition at nucleotide position 2047 of the 23S
rRNA gene (Bartkus et al. 2003) in a region
critical for macrolide binding. Sensitivity testing
for B. pertussis may continue to be warranted to
monitor the macrolide effect and to provide early
warning of the emergence of resistant strains.

Genomic evaluation of circulating strains is,
nowadays, of fundamental importance to monitor
virulent strains and the emergence of vaccine-
escape variants. Whole genome sequencing
(WGS) investigates the evolution of the pathogen
even within geographically or temporally defined
epidemics. What clearly emerged from several
publications is that the B. pertussis chromosome
includes a large number of repetitive mobile
genetic elements facilitating rearrangements that
alter essential protein-encoding genes and the
gene order. Some of these rearrangements might
involve changes in gene expression positively
selected (Weigand et al. 2017).

Over the recent years, pertussis outbreaks have
been described mainly among adolescents (Hara
et al. 2015). Prompt recognition of an outbreak
through rapid diagnostic measures is crucial for
outbreak containment, together with the actions to
reinforce the monitoring of pertussis cases, and
evaluate the vaccination status of the population,
since waning immunity is one of the main cause
of persisting circulation of the pathogen. More-
over, the decision about when and if
administering the Post-exposure prophylaxis
(PEP) to close contacts plays a crucial part of
the disease outbreak control. PEP of close
contacts has to be administered considering the
severity of the disease, the duration of exposure
and the immune-competence of the contact
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(Tiwari et al. 2005). In the Cochrane review, the
benefit of PEP treatment of pertussis contacts
(Altunaiji et al. 2007) was difficult to determine
due to insufficient evidence in the general
practices.

Several PEP guidelines have been recently
available, including those of Public Health Man-
agement of Pertussis in England (PHE 2018),
which define the contacts as priority groups for
public health action. In these guidelines, “vulner-
able” contacts (Group 1) are: a) unimmunized
infants (born after 32 weeks) less than 2 months
of age whose mothers did not receive pertussis
vaccine after 16 weeks of pregnancy and at least
2 weeks prior to delivery; b) unimmunized infants
(born <32 weeks) less than 2 months of age
regardless of maternal vaccine status; c) unimmu-
nized and partially immunized infants (less than
3 doses of vaccine) aged 2 months and above
regardless of maternal vaccine status as well as
those at risk of transmitting the infection to others
at risk of severe disease (Group 2). Group
2 includes Individuals at increased risk of trans-
mitting to ‘vulnerable’ individuals in ‘group 1’,
who have not received a pertussis containing
vaccine more than 1 week and less than 5 years
ago: a) pregnant women (>32 weeks gestation);
b) healthcare workers working with infants and
pregnant women; c) people whose work involves
regular, close or prolonged contact with infants
too young to be fully vaccinated; d) people who
share a household with an infant too young to be
fully vaccinated Immunization should be consid-
ered for those who have been offered PEP.

Given the limited benefit of PEP, PHE
guidelines recommend antibiotic prophylaxis
only to close contacts when the onset of disease
in the index case is within the preceding 21 days
and there is a close contact in one of the priority
groups as defined above. Close contacts of a
confirmed case (regardless of age and previous
immunization history) should be offered PEP
with an antibiotic dose as for the treatment of
cases (PHE 2018).

WHO guidelines (WHO 2013, 2018)
recommends to administer early treatment with
macrolide antibiotics to close contacts who are

infants <6 months of age, who develop symptoms
of a respiratory infection. In addition to early
treatment of young infants; some countries
(Australian Government Department of Health.
Communicable Disease Network of Australia
2015; PHE 2018; NICD 2017) have chosen to
administer PEP to asymptomatic high-risk
contacts even when symptoms are not present.

In conclusion:

• Pertussis cases and death are reported annually
worldwide.

• Pertussis under-reporting and under-diagnosis,
especially among adolescents and adults, is
still one of the main issue to successfully pre-
vent the disease.

• Although national immunization strategies
have traditionally focused on infants and chil-
dren, policymakers are moving towards a life-
course immunization approach.

• Pertussis prevention strategies and vaccine
coverage vary across Europe.

• Harmonization in data collection and improv-
ing lab-based surveillance are required.

• Genomic studies to monitor vaccine-escape
circulating B. pertussis strains is needed.
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Abstract

Pertussis is a vaccine preventable disease since
late 1940s. However, it is still endemic in all
countries and occurs in epidemic cycles. The
number of cases/deaths has decreased during
the last decade but a high number of deaths
persists in Low andMedium Income Countries
(LMIC). The epidemiological situation in
LMIC is not precisely known due to lack of
surveillance and specific diagnostic tools. A
pragmatic approach in these countries should
be to establish; (i) a hospital-based surveil-
lance in the largest cities of the country with
clinicians and nurses trained to detect clinical
symptoms, to obtain biological samples for
specific analysis and diagnosis; (ii) a reference
laboratory as part of an international network
of reference laboratories, under quality assur-
ance, and able to perform at least PCR diagno-
sis and if possible detection of antibiotic
resistance. This surveillance network would
allow specific diagnosis of pertussis and facil-
itate the reporting of cases at national level,
thereby improving awareness of the disease at
clinician, population and decision maker
levels. This network could allow a better eval-
uation of vaccine coverage, timely vaccination
and impacts of modification of national vac-
cine strategy or type of pertussis vaccine used.

Collaboration between this network and basic
scientists should be strengthened through
translational research projects in order to
improve fundamental knowledge on pertussis
in LMIC and help clinicians’ access to specific
diagnostic tools.

Keywords

Diagnosis · Low and medium income
countries · Pertussis · Surveillance · Vaccines

1 Introduction

Whooping cough, often called pertussis, is a
highly infectious respiratory disease particularly
for infants and persons at risk such as pregnant
women and elderly. It is a vaccine preventable
disease. Vaccine is available since late 1940’s in
North America, late 1950’s in Europe and since
1974, with the Expanded Programme on Immu-
nization (EPI), in the rest of the world. Despite
high vaccination coverage, the disease is still
endemic in all countries and occurs in epidemic
cycles every 3–5 years, whatever the type of
pertussis vaccines used. The intensity of the
cycles varies among regions mostly due to demo-
graphic differences, different vaccine coverage
and differences in the surveillance of the disease,
when it exists (Broutin et al. 2010; Fine and
Clarkson 1982). Before vaccines became widely
available, pertussis was one of the most common
paediatric diseases worldwide. It is a recent
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disease since the first description of the disease as
an epidemic was made in Persia around one cen-
tury before the one described by G de Baillou in
1578 in Paris (Aslanabadi et al. 2015). The
unique features of the Persian epidemics, suggest
that whooping cough emerged as a pandemic (and
later as an endemic) disease 500–600 years ago,
estimation which correlates with the studies
performed on the agent of the disease Bordetella
pertussis (Bart et al. 2014). The disease was
probably then introduced into Europe from
Western Asia.

During the pre-vaccination period according to
few historical descriptions cases occurred mainly
in children <5 years of age and less in adults
(WHO 2015). The introduction of vaccination
induced a dramatic decline in the incidence of
the disease with a decline in mortality. In 2014,
according to WHO estimates, pertussis was still
causing 160,000 deaths and the number of cases
in children <5 years of age at 24 million, a signif-
icant reduction as compared to the 1999
estimations (Yeung et al. 2017). There is, how-
ever, considerable uncertainty over these
estimates since the sensitivity analysis ranges
the number deaths between 38,000 and 670,000
among which the African region had the greatest
share (von Koenig and Guiso 2017).

Around three decades after the introduction of
vaccination, of infants and young children only,
since the disease was considered as paediatric, a
shift in the age distribution of pertussis towards
older age groups (adolescents and young adults)
has been first reported in High Income Countries
(HIC) such as in United States of America (USA)
and then in Europe (Baron et al. 1998; Bass and
Stephenson 1987; Zepp et al. 2011). This shift
induced an increase of the incidence in
non-vaccinated infants less than 2 months of age
contaminated by an adolescent or an adult. This
change was observed in the late 1980’s after the
use of the whole cell pertussis vaccines (wPV)
and since a few years also after the use of acellular
pertussis vaccine (aPV) (WHO 2015; Sweden
PHAo 2018). The age shift may, in part, be due
to more sensitive diagnosis and surveillance cov-
ering not only young children but also
adolescents and adults, change of wPV to aPV,

adaptation of the agent of the disease to vaccine
pressure. However, one of the major cause is
probably the waning of immunity induced by
infant vaccination combined with less natural
boosters in the population since the circulation
of the agent of the disease decreased after the
introduction of vaccination. Furthermore, low
vaccine coverage as well as timeliness routine
immunization can also participate to the
non-control of pertussis around the world. In
response to the waning immunity induced by
wPV or aPV, several HIC countries introduced
vaccine boosters for older children, adolescents,
adults and recently maternal immunization with
aPV, since it is not possible to use wPV after
6 years of age due to its reactogenicity (WHO
2015). In most of the Low and Medium Income
Countries (LMIC) wPV are still used, the surveil-
lance is mostly clinical and the vaccine strategy
includes either only primary vaccination or pri-
mary vaccination and one vaccine booster.

The objective of this review is Pertussis in
LMIC and what could be a pragmatic approach
to increase the control of the disease in these
countries.

2 Disease

Whooping cough is a strictly Human respiratory
disease occurring after transmission of the bacte-
ria from person- to-person in airborne droplets.
The bacteria are highly infectious. It is not only a
childhood disease, it can affect a person whatever
her age. It is dramatic for neonates and infants
less than 3 months of age but can also be very
severe for children and adults.

In non-immune patients, the classical disease
follows three phases. The first, called the
catarrhal phase, starts after an incubation period
of 7–10 days with non-specific symptoms, such
as rhinorrhoea, sneezing and non-specific coughs.
Typically, the patients do not develop fever. The
second phase is called the paroxysmal phase and
is characterized by the specific cough, inspiratory
whooping, vomiting. The third phase is the con-
valescent phase with a decrease of the cough
(WHO 2014a; Cherry 2016; Cherry et al. 2012).
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Cases in neonates and unvaccinated young
infants often present with non-specific coughs
and apnoea as the only symptom.

In older, vaccinated schoolchildren,
adolescents and adults, the symptoms can vary
widely. Adult pertussis is often associated with a
long illness and the persistent cough is often
paroxysmal and has a mean duration of approxi-
mately 6 weeks. It is frequently accompanied by
choking, vomiting and by whooping (Cherry
et al. 2012; WHO 2014a). B. pertussis, the agent
of the disease circulates all around the world
whatever the vaccine strategy and reinfection
can occur throughout a person life.

Major complications of pertussis in infants and
children are pulmonary, neurologic (acute pertus-
sis encephalopathy) and nutritional. In LMIC the
average Case Fatality Rate (CFR) for pertussis
has been estimated at almost 4% in infants aged
<1 year and at 1% in children aged 1–4 years
(WHO 2015).

3 Agents of the Disease

Bordetella pertussis is a strictly human pathogen.
Pertussis infection is mainly due to this Gram
negative bacterium but can also be due to another
species, Bordetella parapertussis to a less extent
(Guiso and Hegerle 2014). The infection begins
with the attachment of the bacteria to the ciliated
epithelium of the respiratory tract; the subsequent
manifestations are thought to be due to a team of
virulence factors including toxins and adhesins.
These virulence factors include pertussis toxin or
PT, adenylate cyclase-hemolysin or AC-Hly, fila-
mentous haemagglutinin or FHA, pertactin or
PRN, fimbrial proteins or FIM.

The genomes of B. pertussis and
B. parapertussis reference strains and of several
clinical isolates circulating around the world as
well as of some other Bordetella spp. have been
sequenced and are publicly available (Bouchez
and Guiso 2013; Gross et al. 2010; Linz et al.
2016; Parkhill et al. 2003; Sebaihia et al. 2006).

Compared to other human pathogens, isolates
of B. pertussis show only small genomic hetero-
geneity, suggesting a more recent development as

a human pathogen, but the population structure of
B. pertussis is constantly evolving (Bart et al.
2014; Linz et al. 2016).

It is now well established that B. pertussis
circulating during the pre-vaccine era and the
post-wPV era are different (Bart et al. 2014;
Bouchez and Guiso 2015). Vaccination with
wPV controlled the vaccine strains type but not
all isolates. However, as mentioned by WHO,
there is no proof that the circulation of these
isolates decreased the effectiveness of the wPV
(WHO 2014b, 2015).

Since the end of 2000’s B. pertussis isolates
non producing PRN are circulating in regions
using aPV. These isolates are as virulent as
those producing PRN in infants. Recently, it was
shown that the effectiveness of aPV didn’t change
in regions where 90% of the isolates are not
producing PRN (Breakwell et al. 2016; Hegerle
and Guiso 2014).

4 Pertussis Vaccines

4.1 Whole Cell Pertussis Vaccines

All wPV are suspensions of killed B. pertussis
which are prepared by cultures that favour the
expression of the virulence factors. All wPV are
combined with diphtheria toxoid and tetanus tox-
oid and often now also with other vaccines rou-
tinely administered during infancy, such as
Haemophilus influenzae type b (Hib) and hepati-
tis B (HepB). The reactogenicity of wPV was
considered too high for use in older children,
adolescents and adults. For this reason wPV are
not licensed for routine use in persons older than
6 years.

Although the production process of wPV
appears to be simple, significant differences
have been observed in the immunogenicity, effi-
cacy and effectiveness of these vaccines from
different producers (WHO 2017). The vaccine
efficacy estimates varied from 98% to 96% with
a German vaccine, 94–96% in France and in
Senegal with the French vaccine, 36–48% for
the American vaccine in Sweden and Italy. The
effectiveness of the Dutch vaccine was estimated
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to be 51% and that of the Canadian one 57%
(WHO 2017). Estimates for effectiveness of
these products in LMIC are lacking. In 2014,
WHO has developed a set of recommendations
for quality (production and lot-release), safety
and efficacy of wP vaccines (WHO 2014c).
However, there are still divergences of regu-
latory requirements and processes in LMIC
which contribute to delay access to high-quality,
safe and efficacious vaccines for their respective
populations. wPV may have different antigenic
content, ways of production and controls, lead-
ing to variations in post-vaccination immune
response (Dellepiane et al. 2018). Better
coordination of evaluation procedures are
urgently needed.

4.2 Acellular Pertussis Vaccines

Characterization of the roles of PT, FHA, PRN
and FIM during the disease and concerns about
the safety of wPV conducted to the development
of aPV. All aPV are associated with significantly
fewer and less serious side-effects, and thus the
replacement of the wPV was mainly driven by the
safety profile of these vaccines (WHO 2017). The
other important advantage of the aPV is the repro-
ducible production process with its use of purified
antigens. All aPV contained PT inactivated chem-
ically or genetically (aPV1). Some of them con-
tain only PT, others associate with FHA (aPV2)
or with FHA and PRN (aPV3) or with FHA, PRN
and FIMs (aPV5). Due to their safety profile, aPV
can be used for vaccine boosters in older children,
adolescents and adults (WHO 2015).

4.3 Correlates of Protection

No correlate of protection for humoral or cell-
mediated immunities against the different pertus-
sis antigens has been determined so far. Overall, it
seems most probable that no single correlate of
protection exists and that antibodies to many
antigens in conjunction with cell-mediated immu-
nity, confer protection (Plotkin 2013).

5 Vaccine Strategy
Recommended by WHO

5.1 Children Less Than 5 Years
of Age

Epidemiological observations suggest that the
efficacy of pertussis vaccine is high only for a
limited period and wanes after immunization. In
2014, WHO concluded that there is increasing
and consistent evidence, both from observational
and analytical studies, from a number of countries
using wPV and aPV showing that a single dose of
either vaccine have an effectiveness in preventing
severe disease, hospitalization and death and that
two doses of either pertussis vaccines offers
higher protection (83–87%) (WHO 2014b). How-
ever, a study in rural Kenya was conducted before
and after mass wP vaccination. For almost 5 years
after vaccination, pertussis incidence was reduced
in both DTP2 (two doses of diphtheria–tetanus–
pertussis) and DTP3 (three doses of DTP)
vaccinated groups but waning of immunity was
much more rapid in those vaccinated with DTP2
(Muloiwa et al. 2018).

The WHO recommendation include that “all
children worldwide, including HIV-positive
individuals, should be immunized against pertus-
sis. Every country should seek to achieve early and
timely vaccination initiated at 6 weeks and no later
than 8 weeks of age, and maintain high coverage
(�90%) with at least 3 doses of assured quality
pertussis vaccine This will ensure high levels of
protection in children in the <5 year age group.
Any reduction in overall coverage can lead to an
increase in cases of pertussis. The reactogenicity
of wP vaccines is significantly reduced when given
in early short timeframe schedules” (WHO 2015).
However, the duration of protection following
primary immunization varies considerably
depending upon factors such as local epidemiol-
ogy, vaccine manufacturer, vaccine coverage, vac-
cination schedule and timely vaccination.
Therefore, WHO recommends also a booster
dose for children aged 1–6 years, preferably during
the second year of life �6 months after last
primary dose (WHO 2015).
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5.2 Vaccination of Pregnant Women

Vaccination of pregnant women, after 27th
weeks of gestation, is likely to be the most
cost-effective additional strategy for preventing
at least severe disease in infants too young to be
vaccinated (Saul et al. 2018). National
programmes may consider the vaccination of
pregnant women with one dose of aPV as a
strategy additional to routine primary infant per-
tussis vaccination in countries or settings with
high morbidity/mortality from pertussis (Forsyth
et al. 2018; WHO 2015). In the recent study of
Halperin et al., it is shown that maternal immu-
nization is safe and induces high level of pertus-
sis antibodies that are transmitted to the foetus
(Halperin et al. 2018). However, this study
confirms that there is a blunting of the immune
response to primary series immunization in
infants of women immunized with aPV during
pregnancy (This phenomenom is described in
details in the “Immune response to pertussis
vaccination” in the present book). This blunting
was significant for several pertussis vaccine
components before and after a vaccine booster
at 12 months. According to the authors since all
deaths from pertussis occur in infants <3 months
of age, maternal immunization is achieving its
goal of preventing pertussis deaths in the first
months of life. However, this blunting, could
lead to an increased burden of pertussis disease
in the second half of the first year of life or
afterward. This could be a particular concern in
LMIC where children are receiving only a pri-
mary immunization with wPV. In addition, the
study was unable to assess the effect of the
combined vaccine during pregnancy on the
infants’ response to diphtheria and tetanus
immunizations or to vaccines using a tetanus or
diphtheria toxoid–based conjugate which could
also be a major problem in LMIC.

Furthermore, introducing this strategy will
need the knowledge, attitudes, and beliefs
around vaccines which are key determinants to
vaccine acceptance in LMIC (Sobanjo-Ter
Meulen et al. 2016).

5.3 Vaccine Coverage and Timely
Vaccination

The vaccine coverage has increased in the past
decades through the Global Immunization Vision
and Strategy and the Global Vaccine Action Plan
(Muloiwa et al. 2018). However, this coverage
remains frequently under 90% whereas WHO is
recommending a coverage above this threshold
(WHO 2015). The barriers include funding’s, train-
ing of public health authorities and health care
workers, vaccine hesitancy and delivery chain.

A recent survey on public health priorities
conducted in six African nations (Ghana, Kenya,
Nigeria, Senegal, South Africa, and Uganda)
revealed that 76% of responders considered increas-
ing child vaccination coverage to be less important
than improving hospitals (Muloiwa et al. 2018).

In Africa, childhood immunization coverage
remains low (74% for DTP3 in 2016) and poor
disease awareness among the general population
was a major reason for this (Muloiwa et al. 2018).

Furthermore, in a recent study in Taiwan, it
was shown that approximately up to one-fifth
pertussis cases in children aged 3–35 months
could have been prevented with on-time vaccina-
tion (Huang et al. 2017). On time vaccination is
rarely taking into account in LMIC as well as in
HIC (Kurova et al. 2018).

LMIC continue to have a substantial burden of
vaccine-preventable diseases, and their vaccina-
tion coverage is lagging behind that of HIC. As
mentioned recently, the extent of the challenges
facing vaccination programmes in LMIC is
beginning to be recognised. WHO has convened
a Task Force to develop a coordinated strategy to
enhance sustainable access to vaccines in these
countries (Turner et al. 2018). However, a lot
remains to do.

6 Surveillance of the Disease

6.1 Awareness of the Disease

Under-recognition, under-reporting, misdiagno-
sis, lack of disease awareness (by the population
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and the health care workers), and other health
priorities are major problems in LMIC.

The decrease of the incidence of the disease
after introduction of vaccination might have
decreased its awareness all around the world. It
is often observed by the number of times parents
have seen a physician before whooping cough
was diagnosed. Moreover, in a clinician point of
view, the non-specific clinical signs, especially at
the beginning of the disease (catarrhal phase),
makes identification of the disease complicated in
a setting with no specific biological diagnostic
tools. In a patient point of view, in a context of
fee-for-service health care, only the most serious
cases can be referred to the hospital.

In most of LMIC there is no surveillance of
pertussis since (i) in general national surveillance
systems are complicated to set up sustainably and
especially for specific disease and not syndromic
surveillance (ii) the disease is not really perceived
as a dangerous one (iii) the disease is often classi-
fied with pneumonia or other respiratory diseases
and notifications of pertussis deaths or cases are
not always reported (iv) there is often no possibil-
ity to confirm the diagnosis (Guiso and Wirsing
von Konig 2016).

Since the end of 2000’s some countries are
trying to implement biological diagnosis in
order to confirm the diagnosis. There are some
progresses in Asia and in Africa as reflected by
recent reviews or studies (Muloiwa et al. 2018;
Son et al. 2019).

The type of surveillance to be established in a
region depends on the question being asked (inci-
dence, effectiveness, duration of protection) but
will always need a specific and sensitive
biological diagnosis.

6.2 Laboratory Diagnosis

The WHO laboratory diagnosis manual of
whooping cough was updated in 2014 describing
the two types of approaches to diagnosis: direct
and indirect (WHO 2014a).

Direct diagnosis consists of identifying the
microorganism responsible for the disease, either

by culture or by real-time polymerase chain reac-
tion (RT-PCR). Indirect diagnosis is, essentially,
by serology and consists of detecting specific
anti-pertussis toxin antibodies, these antibodies
being the only specific ones (Guiso et al. 2011).

For direct diagnosis, nasopharyngeal aspirates
(NPA) or swabs (NPS) are required and this tech-
nique needs training as it was mentioned in sev-
eral publications (WHO 2014a). It was previously
shown that a 15% gain in the isolation rate is
obtained using NPA compared to NPS in
new-borns and infants (WHO 2014a). However,
NPA collection is found sometimes uncomfort-
able and requires skilled personnel and often NPS
is now used for infants. For older subjects
induced sputum can be used (Nunes et al. 2016).

Culture is the most specific diagnosis but is not
very sensitive since samples must be collected
within the two first weeks after the beginning of
the cough. The percentage of success is generally
no higher than 60% even in neonates (WHO
2014a). It is a long process. However, it is impor-
tant to continue to culture in order, at least, to
perform surveillance of the resistance to
macrolides which seems to increase in some
regions where the delivery of antibiotics is free
(Wang et al. 2014).

The other direct method now widely used is
Real Time-PCR which is more sensitive than
bacterial culture and faster. However, this tech-
nique needs expensive equipment and
experimented technicians, expensive reagents,
regular quality controls. . .

Indirect diagnosis (serology) consists of
detecting specific anti-PT antibodies in the
serum of infected individuals after 3 weeks of
the cough. However, serology can not be used
in infants, as their immune system is immature
and liable to interference of maternal antibodies,
or in patients vaccinated within 1 year since
antibodies after vaccination or infection can’t be
differentiated. The presence of a high level of
anti-PT antibodies in the serum of a
non-vaccinated individual indicates infection.
However, the choice of the diagnostic kits is
important since it required purified antigen and
validation (Guiso et al. 2011).
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6.3 Type of Surveillance

Different types of surveillance can be established
(Guiso and Wirsing von Konig 2016). Since
WHO recommends to estimate the burden of per-
tussis in children less than 5 years, the first and
cheapest approach to establish is the hospital-
based surveillance which can give an estimate of
severe and life-threatening disease. A question-
naire of household contacts as well as sampling is
easier in a hospital setting, and the hospital labo-
ratory can perform culture and PCR for the infant
and PCR or serology for the household contacts.

Latter on, when the hospital paediatricians and
biologists are trained and able to establish quickly
a diagnosis, paediatricians and general
practioners of the region can be trained and a
Sentinel surveillance can be insured. Once this
type of surveillance is established, during an out-
break, cases can be confirmed as soon as possible
so that the appropriate control measures can be
taken.

National sero-surveys serves as a marker
allowing to estimate the circulation of
B. pertussis in a population at a given time
point, irrespective of any clinical symptoms. As
pertussis is a cyclical disease, sero-surveys do
only reflect the circulation of the bacteria in the
population at a given time point, and the
differences between through years and peak
years of a cycle can be huge (Guiso and Wirsing
von Konig 2016).

7 Incidence of the Disease
in 2019

Surveillance of pertussis incidence and mortality
is of high importance in LMIC as adequate vac-
cine strategy must be based on data (WHO 2015).
In 2015, more than half of all estimated pertussis
deaths of children <5 years of age occurred in
Africa (Sobanjo-Ter Meulen et al. 2016). In 2016,
Kampmann and Mackenzie wrote “Due to the
lack of systematic and targeted surveillance with
laboratory confirmation of B. pertussis infection,
we cannot definitively conclude that pertussis

disease is well controlled in West Africa. How-
ever, based on observations by clinicians and
ongoing demographic surveillance systems that
capture morbidity and mortality data in general
terms, currently there is no evidence that pertus-
sis causes a significant burden of disease in
young children in West Africa” (Kampmann and
Mackenzie 2016). However, since the 2010’s
there is some hope. Surveillance is beginning to
be established in some LMIC such as North and
South Africa, China, Malaysia, Iran, Korea,
Taiwan, Thailand. . .

As reviewed recently by Global Pertussis Ini-
tiative (GPI), hospital-based surveillance was
established in North and South Africa. In
South Africa case fatality rate was shown to
vary between 1.8 and 5% and to be higher in
HIV infected children (7.5% vs 21.8% for
non-exposed) (Muloiwa et al. 2018). Among chil-
dren less than 5 years old who were hospitalized
with severe pneumonia as part of the Pneumonia
Etiology Research for Child Health (PERCH)
study between 2011 and 2014, the pertussis
detection rate was 4.0% in children <6 months
old and pertussis was identified in 3.7% of
137 in-hospital deaths among African cases in
this age group (Barger-Kamate et al. 2016).

In Algeria, Morocco and Tunisia hospital-
based surveillance was also set up in the biggest
cities of the countries and are still on-going
(Muloiwa et al. 2018). The last hospital-based
surveillance data are showing that pertussis is
still present as a cyclical disease in Tunisia,
despite high primo-vaccination coverage with
wPV, and the estimated pertussis incidence in
the Tunis area is 134/100,000 in children aged
less than 5 years (Ben Fraj et al. 2018). Further-
more, a cross sectional study to determine the
sero-prevalence of health care workers in the
Tunis hospital shows that 11.4% were positive
and sero-prevalence was higher in the
21–31 years of age group (Ben Fraj et al. 2019).
Further efforts are now required to develop and
expand the surveillance in Tunisia.

Sero-surveys were recently performed in sev-
eral LMIC. A large study was performed in Asian
children and adolescents confirming the
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circulation of B. pertussis with 5% of individuals
having evidence of recent infection (Son et al.
2019). Similar results were obtained in Gambia
(Scott et al. 2015) and China (Chen et al. 2016;
Yao et al. 2018).

8 The Pragmatic Approach

It is now well established that infections or pri-
mary vaccinations of infants don’t grant a life-
long protection and it is now well established that
the source of transmission is now mainly adults
and adolescents. The latter contaminate unvacci-
nated or partially vaccinated infants leading to the
most severe cases and deaths. To protect infants
and, in particular, those younger than 2 months of
age, HIC have decided to introduce vaccine
boosters using aPV for school children,
adolescents, adults and have introduced cocoon-
ing and maternal strategies.

In LMIC, where the majority of cases and
deaths occur, the strategy is based on: i) a primary
vaccination with wPV only ii) primary vaccina-
tion and one booster, rarely two boosters (due to
financial limits regarding to the cost of aPV).
Furthermore, whereas primary vaccination cover-
age seems relatively high (although not always
>90%), neither the vaccine coverage at the age of
the vaccine boosters is known nor if these
boosters are given on time.

Then, what can be the pragmatic approach to
change this situation?

8.1 Establishment of a Hospital-
Based Surveillance

As previously mentioned development of a
hospital-based surveillance is the cheapest and
most cost-effective way to establish a surveil-
lance. When a patient is hospitalized with a per-
tussis suspicion, based on WHO criteria, a quick
questionnaire can be filled up, a nasopharyngeal

sampling can be obtained and a specific
biological diagnosis can be performed.

However, the first objective should be primar-
ily to educate, at the regional level, Health Care
Personnel in the hospital to detect the clinical
symptoms in infants and in young children and
to be able to perform the nasopharyngeal sam-
pling on the patient. This training could be
performed by experts using video conferences.
Means of transport of the biological sample are
now available allowing a transport in less than
4–6 h for culture or 24–48 h for PCR to the
reference laboratory.

The establishment of this type of surveillance
network would:

– give access to specific pertussis diagnosis to
the patients and clinicians

– facilitate the reporting of cases at national level
– evaluate efficacy and impacts of modification

of national vaccine strategy or type of pertussis
vaccine used

8.2 Access to Specific Diagnosis

Access to specific diagnosis as discussed previ-
ously seems to be extremely important, in particu-
lar due to the lack of specificity of the clinical
symptoms. This would allow an increase of the
awareness of the disease in the population in gen-
eral as well as in the medical and decision-makers
community. The increase of the awareness might
improve (i) at the population level, the compliance
and comprehension towards vaccination (ii) at the
medical community level, the early recognition of
the disease allowing the establishment of respira-
tory isolation procedures preventing further con-
tamination especially at hospital where shared
rooms are common. Moreover, specific procedures
could be established to treat all contact cases in
order to stop transmission of the disease at com-
munity as well as hospital level.
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8.3 Reference Laboratory

Establishment of a network of regional
laboratories is crucial and should be linked to a
reference laboratory in the biggest hospital of the
country. Culture is a long, complex and expen-
sive process. However, it has always been con-
sidered as the gold standard and can usefully be
employed to analyse the evolution of the clinical
isolates and their resistance to macrolides which
is increasing in some regions (Wang et al. 2014).
In the near future sequencing will replace cul-
ture; in this respect it has already been shown
that analysis of the evolution of the isolates can
be made directly on DNA extracted from NPA or
NPS (Moriuchi et al. 2017). PCR or sequencing
request skilled staff, expensive equipment and
reagents as well as appropriated locations. This
diagnostic tools can’t be available immediately
in all hospital of LMIC. Moreover, it is impor-
tant to keep in mind that he price of PCR
materials and reagents is higher in LMIC than
in HIC since the numbers of kits bought is likely
to be low. WHO should recommend the
manufacturers of equipment and kits to decrease
the prices when a reference laboratory is built up
in a LMIC since this will be followed by a
surveillance of the disease in the country. Basic
science should also be enhanced to develop in
the near future point of care tests (POCTs).

It is also important to stress the fact that the
main role of a reference laboratory, in addition to
national surveillance, confirmation of complex
cases and bacterial resistance testing
(as mentioned above), would be to ensure quality
control of the results reported by the regional
laboratories through samples and quality control
cross-checking, sample panels and training of
laboratory and clinicians staff.

Thus, the establishment of such a network
would make it possible to evaluate the effective-
ness of the vaccines used, the duration of the
vaccine induced protection and the vaccine
strategies used.

8.4 Quality of wPV

The recent analysis undertaken by the global
registration experts highlighted the divergence
of regulatory requirements for registration of
vaccines worldwide (Dellepiane et al. 2018). It
was agreed that vaccine registration processes
should be streamlined and redundancies
removed towards enabling faster access to
vaccines in LMIC.

It should also be important to establish
pharmacovigilance in all countries following
changes of combination vaccines or introduction
of a new type of vaccine or a new strategy such as
maternal immunization.

8.5 Vaccine Strategy, Vaccine
Coverage and Timely
Vaccination

As recommended by WHO, before any
amendment of national vaccine strategy is
introduced, description and analysis of the
national, current epidemiologic situation at coun-
try level are needed, including vaccine coverage
estimation and surveillance of timely vaccination
(WHO 2015).

The first objective of a country, in a context a
limited financial resources, should be the
decrease of deaths and severe cases, e.g. the
protection of infants too young to be vaccinated
or partially vaccinated. In this context, primary-
vaccination and 18-months old booster should
be prioritized with high-coverage surveillance.
Whenever outbreaks or sudden increase of cases
is taking place, maternal immunization should
also be introduced. However, introduction of
maternal immunization (i) needs acceptance
(ii) needs high coverage (iii) should be followed
by long term surveillance. Indeed, the following
questions are still unanswered: (a) will maternal
immunization induce a decrease in mortality of
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new-borns? (b) will the blunting of the immune
response of new-borns from immunized mothers
(receiving only a primary vaccination) be moni-
tored on a long term?

Propositions for pragmatic approach are
summarized in Table 1.

9 Conclusions

It is urgent to have a pragmatic approach to the
surveillance of whooping cough in LMIC
(Table 1). This surveillance should integrate not
only the demography, the vaccine composition
and the vaccine strategies used but also a peren-
nial surveillance of (i) quality of wPV used,
(ii) vaccine coverage >90%, (iii) timely vaccina-
tion according to recommendations, (iv) duration
of vaccine induced protection (v), impact of
macrolide resistance of circulating isolates. The
priority is to build up a reference laboratory as
part of an international network of reference
laboratories, to be complemented by few regional
laboratories under supervision of the former, in

order to give access to patients and clinicians to
specific diagnostic tools.

Pertussis is still killing new-born in LMIC, and
the first objective should be high vaccination
coverage, timely vaccination, increase of the
awareness of the disease and biological surveil-
lance of the disease at least using PCR.
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Clinical Findings and Management
of Pertussis

Ilaria Polinori and Susanna Esposito

Abstract

Pertussis is an endemic highly infectious
vaccine-preventable disease. The disease is a
major cause of childhood morbidity and mor-
tality. In the most recent years, the
re-emergence of pertussis occurred, and many
efforts were done to identify the possible
causes. Certainly, more effective laboratory
methods have a role in making the diagnosis
easier. However, sub-optimal efficacy of avail-
able vaccines as well as their limited duration
of protection could explain the resurgence of
the disease. Many forms and clinical features
of the disease, ranging from the most classical
to atypical and very nuanced forms, have been
reported. There are many aspects that influ-
ence the clinical features of the pathology,
such as a previous immunization or infection,
patient’s age, gender and antibiotic treatment.
A prompt suspect and a rapid diagnosis of
pertussis is fundamental for an appropriate
clinical management and for preventing per-
tussis complications, especially in children.
However, under a clinical point of view, per-
tussis is often difficult to be diagnosed. A
prompt treatment may decrease the duration
and severity of cough; the cornerstone drugs
are the macrolides. Although prompt diagnosis
and effective therapy are important for

pertussis control, only with a broad vaccina-
tion coverage will be possible to reduce circu-
lation of Bordetella pertussis.

Keywords

Antibiotic treatment · Paroxysmal cough ·
Pertussis · Post-exposure prophylaxis ·
Whooping cough pathology

1 Introduction

Whooping cough is an endemic highly infec-
tious vaccine-preventable disease caused by
Bordetella pertussis, a Gram-negative, aerobic
coccobacillus that lives in upper respiratory
tract, which was isolated in the laboratory in
1906. The easy spreading of the disease through
the cough and sneezing droplets makes itself a
relatively common clinical problem in pediatric
population (Nieves and Heininger 2016).
Fomites are not a factor in transmission, and
there is no known animal reservoir for pertussis
(de Greeff et al. 2012). The disease is a major
cause of childhood morbidity and mortality:
there were estimated 24.1 million pertussis
cases and 160,700 deaths from pertussis in chil-
dren <5 years of age in 2014 (Yeung et al. 2017).
In 2013, the Global Burden of Disease Study
estimated mortality due to pertussis in the first
year of life to be approximately 400 per million
live births, or approximately 56,000 deaths (Liu
et al. 2015).
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Due to the severity of this disease, there were
developed many preventive strategies (Esposito
2018). The first vaccine introduced was whole-
cell-pertussis vaccine (wPV) and some years later
to overcome the frequency of local and systemic
adverse event due to the wPV, acellular pertussis
vaccine (aPV) was developed.

In the most recent years, the re-emergence of
pertussis occurred, and many efforts was done to
identify the possible causes (Esposito 2018; Tan
et al. 2015). Certainly, more effective laboratory
methods have a role in making the diagnosis
easier. But, there is also another reason that
could explain the resurgence of the pathology:
the emergence of strains with a mutation, i.e. the
loss of pertactin (PRN), that could reduce the
vaccine efficacy (Otsuka et al. 2012). The WHO
(2014) demonstrated a true resurgence of the per-
tussis, probably linked with the use of aPV;
indeed differences in induction of immune
response exist between wPV and aPV, with a
lower immune response induced, in terms of qual-
ity and duration, by the aPV (Klein et al. 2016);
moreover, aPV vaccination do not prevent coloni-
zation (Warfel et al. 2014; Polak et al. 2018). For
these reasons and since neither natural illness nor
vaccination will ensure a permanent immunity, the
circulation of B. pertussis is unavoidable (Esposito
and Principi 2016; Wendelboe et al. 2005).

All the factors mentioned above (i.e., the
re-emergence of the disease, the role of immuni-
zation, advances in diagnosis) allow to explain
the very wide clinical spectrum of the disease.

2 What Could Influence Clinical
Features of Pertussis

Pertussis has been reported to cause mild to seri-
ous upper and lower respiratory disease with dif-
ferent degrees of severity, that can lead to death.
There are many aspects that influence the clinical
features of the pathology, such as a previous
immunization or infection, patient’s age, gender
and antibiotic treatment (Wang and Harnden
2011). A prompt treatment can reduce the sever-
ity of B. pertussis infection using an adequate

anti-microbial therapy in the early catarrhal
phase of the disease (Nguyen and Simon 2018).

Vaccination is one of the most relevant factors
that changes the clinical presentation, either in
infants or in older children (Briand et al. 2007;
Esposito and Principi 2016). Some authors have
analyzed 788 cases of pertussis, all laboratory-
confirmed, and demonstrated that the duration of
cough in unvaccinated was two times longer than
in vaccinated children (Tozzi et al. 2003). More-
over, unvaccinated children have more frequently
a broad spectrum of symptoms, as demonstrated
by Heininger et al. (1997).

The presence of transplacentally acquired spe-
cific antibodies appeared efficacious against
infant deaths (Amirthalingam et al. 2016; Healy
et al. 2018; Winter et al. 2017). Other factors with
an impact on pertussis severity are low birth
weight, low gestational age, young age at time
of cough onset, and high peak white blood cells
(WBC) and lymphocyte counts (Winter et al.
2015; Scanlon et al. 2017). The number of
WBCs appeared the best predictor of fatal infec-
tion (Mikelova et al. 2003). Both apnea and pneu-
monia are common in fatality cases, even if they
are not a risk factor for death. Moreover, early
onset of pneumonia is more likely linked to death
than delayed onset pneumonia (Cherry 2018).
Furthermore, seizures, that are mainly a conse-
quence of hypoxia deriving from apnea, are
strongly correlated to mortality (Winter et al.
2015).

3 Clinical Presentation
and Complications

3.1 Typical Presentation

The incubation period usually lasts 7–10 days,
but incubation periods as long as 4 weeks have
been observed (Heininger et al. 1998).

Table 1 summarizes clinical manifestations of
pertussis among infants. In the typical presenta-
tion observed in unvaccinated children, there are
three stages of the disease: catarrhal, paroxysmal,
and convalescent. The first phase, the milder one,
of 1–2 weeks in duration is characterized by
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malaise, mild sore throat, mild cough, nasal
congestion, and lacrimation with conjunctival
injection (Kilgore et al. 2016). Usually, fever is
absent. Due to its similarity with common cold,
pertussis is often not suspected during this early
phase. Asking for prolonged cough in other fam-
ily members increases the chance to diagnose the
disease, and to avoid its transmission to contacts,
and other family members (Sali et al. 2015). In the
worsening stage, that usually lasts 2–6 weeks,
there are series of 5–10 or more paroxysmal
cough that can lead to the characteristic whoop
(Mattoo and Cherry 2005). Paroxysm consists of
a series of rapid, forced expirations, followed by
gasping inhalation, producing the typical
whooping sound (Hewlett and Edwards 2005).
In severe cases, patients may have 30 or more
paroxysms per day, and the child may be
exhausted after a paroxysm (Hartzell and
Blaylock 2014).

Between attacks, the patient appears relatively
well and asymptomatic. Weight loss can be seen
as a result of frequent vomiting or the refusal of
the child to eat. Crying, laughing, and eating can
trigger paroxysms that occur with a high fre-
quency during the night. Possible complications,
typical of this phase, are intracranial hemorrhage,
stroke, vertebral artery dissection, syncope,
subconjunctival hemorrhages, rib fractures, uri-
nary incontinence, and hernias (Irwin 2006;
McEniery et al. 2004).

The convalescent stage is characterized by less
frequent and less severe coughing. This phase
represents the slow decline of the pathology.
The patient is most infectious during the catarrhal
phase, and infectivity decreases during the parox-
ysmal phase.

As already mentioned, vaccination plays a rel-
evant role in the severity of the disease. In a recent
prospective study, Stefanelli et al. investigated the
clinical manifestations in unvaccinated infants
aged less than 6 months, and found that about
50% of infants with respiratory symptoms were
positive for B. pertussis. Moreover, paroxysmal
cough, cyanosis, and apnea were strongly
associated with pertussis positivity. Interestingly,
data showed that 12% of the patients in this study
received one dose of aPV and only 4% had been
received 2 doses of aPV, meaning that also a
partial immunization reduces the severity of
symptoms (Stefanelli et al. 2017).

The Centers for Disease Control and Preven-
tion (CDC) reported than almost all younger chil-
dren of less than 12 months of age have
complications, and about a half of them needed
hospitalization. CDC data about complications
reported that 23% infants hospitalized for pertus-
sis get pneumonia lung infection, 1.1% had
convulsions, 61% had apnea, 0.3% had encepha-
lopathy, and 1% died (CDC 2017). One reason
explaining why children are more prone to
develop such complications is due to their respi-
ratory airway dimension and more accentuated
bronchial hyperreactivity (Tanaka et al. 2003).
In addition, they have a weak and not completed
developed immune system with a lower adaptive
response which leads to a diminished capacity to
clear bacteria (Winter et al. 2015). In a recent
study conducted in California, among 17 infants
aged less than 3 months who were admitted to
pediatric intensive care units with severe pertus-
sis, six infants were diagnosed with pulmonary
hypertension and four of those six died (Murray
et al. 2013).

Table 1 Clinical manifestations of pertussis among infants

Clinical sign Frequency (%) in B. pertussis positive Reference[s]

Paroxysmal cough, cyanosis, and apnea 61%, 42%, 55% Stefanelli et al. (2017)
Apnea 68.7% Raymond et al. (2007)
Paroxysmal cough 98.1% inpatients vs 95.9% outpatients Mbayei et al. (2018)
Post-tussive vomiting 61.2% inpatients vs 46.6% outpatients
Whoop 48.4% inpatients vs 28.9% outpatients
Cyanosis 44.1% inpatients vs 1.7% outpatiens
Apnea 35.7% inpatients vs 23.4% outpatients
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Raymond et al. conducted a study that
underlined the differences in clinical
manifestations between children and adults and
the role of asymptomatic or poorly symptomatic
carriers in spreading the disease (Raymond et al.
2007). The study included children <4 months of
age, hospitalized with symptoms compatible with
pertussis. The most frequent symptoms in patients
with a polymerase chain reaction (PCR)-
confirmed B. pertussis infection was apnea,
reported in 68.7% of cases. In six patients there
was a RSV co-infection.

In one study, Mbayei et al. investigated the
incidence and the characteristics of patients with
severe pertussis infections in United States from
January 2011 to 31 December 2015. Among
15,942 cases, 515 (3.2%) were hospitalized. The
risk of hospitalization (95% confidence intervals
[CI], 22.7–30) was higher in patients aged
<2 months and was of 26.2 times, whereas the
risk of intensive care unit (ICU) admission (95%
CI, 50.3–103.0) was of 72 times compared to all
other age groups combined (Mbayei et al. 2018).
Furthermore, the same authors in multivariate
analysis evaluated factors associated with hospi-
talization divided for age: mother vaccination
with Tdap during the third trimester of pregnancy
was a protective factor in children of less than
2 months of age and in children aged 2 months to
11 years aPV was associated with a lower risk of
hospitalization. Data about effect of mother’s
vaccination in reducing children hospitalization
were concordant with another case-control study
among pertussis patients age < 2 months (Skoff
et al. 2017).

3.2 Atypical Presentation
in Adolescents and Immunised
Patients

The introduction of aPV into the immunization
schedule of infants and children has changed the
epidemiology of the disease. Indeed, nowadays
pertussis is common in adolescents and adults but
with a different and wide spectrum of symptoms
(Table 2). Adolescents have usually milder
symptoms (Paisley et al. 2012). Strebel et

el. found that only 27%, 7%, 15%, 27% have
respectively paroxysmal cough, whooping, post-
tussive vomiting, post-tussive gagging in a cohort
of patients with a median age of 35 years (Strebel
et al. 2001). Similar data were found in a prospec-
tive study among adults who consulted general
practitioners for a persistent cough without an
evident diagnosis, conducted in a French Area
with very high wPV (Gilberg et al. 2002).

In school-age children persistent cough could
be the principal pertussis manifestation. It was
reported that up to one-third of illnesses with
prolonged cough are caused by Bordetella
infections (von Konig et al. 2002). These data
were concordant with those coming from a
study recently conducted in Italy among 96 chil-
dren with a long-lasting cough (from 2 to
8 weeks) and found evidence of pertussis infec-
tion in 18 (18.7%; 95% CI, 11.5–28.0) cases
(Principi et al. 2017).

A recent systematic review and meta-analysis
on diagnostic accuracy of pertussis clinical
symptoms in adults and children showed that
typical pertussis presentation, consisting in par-
oxysmal cough and absence of fever, have a high
sensitivity (93.2% [CI, 83.2–97.4] and 81.8%
[CI, 72.2–88.7], respectively, and low specificity
(20.6% [CI, 14.7–28.1], 18.8% [CI, 8.1–37.9]),
whereas post-tussive vomiting and whooping
have low sensitivity (32.5% [CI, 24.5–41.6],
29.8% [CI, 8.0–45.2]) and high specificity
(77.7% [CI, 73.1–81.7] and 79.5% [CI,
69.4–86.9]) (Moore et al. 2017). Post-tussive
vomiting in children is moderately sensitive
(60.0% [CI, 40.3–77.0]) and specific (66.0%
[CI, 52.5–77.3]) (Moore et al. 2017).

Among older patients, isolated cases of serious
respiratory complications, including respiratory
distress or failure, and hypoxia, are reported
(Rutledge and Keen 2012; Zycinska et al. 2017).

4 Clinical Definition Cases
of B. pertussis Infections

A prompt suspect and diagnosis of pertussis is
fundamental for an appropriate clinical manage-
ment and for preventing pertussis complications,
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especially in children. However, under a clinical
point of view, pertussis is often difficult to be
diagnosed. This complexity has emerged some
years ago in the context of the Global Pertussis
Initiative (GPI) (Cherry et al. 2012).

Throughout the world there are different
definitions of pertussis cases. The last CDC defi-
nition comprises clinical criteria, laboratory
criteria and epidemiologic linkage. Based on
these aspects the diagnosis is qualified as con-
firmed or probable. The clinical criteria include
as main symptom, in absence of a more likely
diagnosis, a cough illness lasting �2 weeks, and
with at least one the following signs or symptoms:
paroxysms of coughing, or inspiratory whoop, or
post-tussive vomiting, or apnea (for infants aged
<1 year only). The laboratory test, with the isola-
tion of B. pertussis or PCR positivity, but also in
presence of contact with a laboratory-confirmed
case of pertussis, make the diagnosis confirmed
(CDC 2014). The European CDC pertussis defi-
nition is very similar, including also the pertussis
toxin specific antibody response as adjunctive
laboratory criteria (ECDC 2018).

Also European CDC considered clinical, labo-
ratory and epidemiologic criteria (ECDC 2018).
Clinical criteria include any person with a cough
lasting at least 2 weeks and at least one of the
following three: (i) paroxysms of coughing,
(ii) inspiratory ‘whooping’, (iii) post-tussive
vomiting or any person diagnosed as pertussis
by a physician or apnoeic episodes in infants.
Laboratory criteria include at least one of the
following three: (i) isolation of B. pertussis from
a clinical specimen, (ii) detection of B. pertussis
nucleic acid in a clinical specimen, (iii)
B. pertussis specific antibody response. Epidemi-
ological criteria include an epidemiological link
by human to human transmission.

The World Health Organization (WHO) defini-
tion has in common the requirement of 2 weeks of
cough, and at least 1 additional symptom among
paroxysms of coughing, inspiratory whooping,
and post-tussive vomiting (WHO 2018).

In a recent meta-analysis on the accuracy of
signs and symptoms for the diagnosis of pertussis,
Ebell et al. (2017) reported that some clinical
aspects, paroxysmal and whooping cough, and
vomiting are more accurate to diagnose pertussis
in children than adults. Moreover, the typical signs
and symptoms resulted to be more sensitive but less
specific in vaccinated people than in the unvacci-
nated population. A fundamental issue is that the
clinician’s overall impression is the most accurate
way to determine the likelihood of B. pertussis
infection (Ebell et al. 2017; Cornia et al. 2010).

By the way, new criteria have been developed,
dividing patients in three different cohorts: 0–-
3 months, 4 months–9 years, and � 10 years. In
young infants, the association of cough that is
increasing in frequency and severity and a coryza
which does not became purulent in afebrile illness
are elements suggestive of pertussis. Moreover, the
addition of apnea, seizures, cyanosis, emesis, or
pneumonia increases both sensitivity and specific-
ity. About laboratory role, the elevation of white
blood cell count (�20,000 cells/μL) with absolute
lymphocytosis is potentially diagnostic. In children
aged between 4 months and 9 years, the same
clinical setting of afebrile child with no purulent
coryza with the main symptom of non-producing
long lasting (�7 days) cough is suggestive for
pertussis; the same clinical aspects that increase
sensitivity and specificity (i.e., whoop, apnea, and
post-tussive emesis) are applicable in this age
range. In older children, the same criteria reported
above could be used, but in this case sweating
episodes between paroxysms should be added
(Cherry et al. 2012).

Table 2 Clinical manifestations of pertussis among adolescents

Clinical sign
Frequency (%) in B. pertussis
positive Reference[s]

Paroxysmal cough, whooping, post-tussive vomiting, post-
tussive gagging

27%, 7%, 15%, 27% Strebel et al.
(2001)

Whoop, post-tussive vomiting 16%, 25% Gilberg et al.
(2002)
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5 Management of B. pertussis
Cases and Contacts

5.1 Postexposure Prophylaxis (PP)

Anyone who has had face-to-face exposure or
other type of close contact with a patient infected
by B. pertussis is recommended to receive a post-
exposure prophylaxis (PP) taking into account the
vaccination status (Tiwari et al. 2005). The effec-
tivity of PP depends on the time of initiation,
i.e. the earlier starts the treatment the greater is
the benefit. The optimal time for initiation is
within 21 days from the contact. The cornerstone
drugs are the macrolides. There is no agreement
about duration of PP, but most recent data support
the notion that shorter treatment are as efficacious
as longer ones (Altunaiji et al. 2007).

5.2 Antibiotic Treatment

The CDC recommends to begin the treatment in
the early stage of the disease during the catarrhal
phase, indeed a prompt treatment may decrease
the duration and severity of cough (Tiwari et al.
2005). Because no proven treatments exist that
reduce disease severity and frequency of
symptoms during subsequent phases, it is
suggested to begin a therapy even before

laboratory results. Anyway, the contagiousness
can last for a long time, even more than a month
from the infection, and for this reason it is always
recommended to administer antibiotics in the
course of the disease to reduce the spreading of
the infection.

The preferred antibiotics for treatment of
B. pertussis infections are macrolides (i.e., eryth-
romycin, clarithromycin, or azithromycin), but
also other options are available as trimethoprim-
sulfamethoxasole (Table 3). The choice between
macrolides depends on drug safety and tolerabil-
ity related to individual patients’ factors, includ-
ing the age.

In children aged less than a month, two risks
must be taken into consideration: the one related
to disease’s complications and the one deriving
from the use of macrolides. Hypertrophic pyloric
stenosis (IHPS) is related to erythromycin expo-
sure. A low risk of IHPS seems to exist also with
azithromycin, as demonstrated in a recent work in
which of seven premature infants treated with
azithromycin for pertussis two developed IHPS
(Morrison 2007).

For children and adults, erythromycin should
be administered in 3–4 divided daily doses for
14 days. Shorter regimens are associated with
relapses (Tiwari et al. 2005). The dose in infants
aged >1 month and older children is 40–50 mg/kg
per day (maximum: 2 g per day) in 3–4 divided
doses for 14 days. The most common adverse

Table 3 Treatment of pertussis

Agent
Infant
(<1 mo) Infants (1–5 mo) Children (>6 mo) Adults

Azithromycin 10 mg/kg
once daily for
3 days

10 mg/kg once daily for 3 days Day 1: 10 mg/kg (max,
500 mg) once daily for
3 days

Day 1: 500 mg
once daily for
3 days

Erythromycin* Not
recommended

40–50 mg/kg per day (max, 2 g/d)
divided 3–4 times daily for 14 days

40–50 mg/kg per day
(max, 2 g/day) divided
3–4 times daily for
14 days

2 g/day divided
3–4 times daily
for 14 days

Clarithromycin Not
recommended

15 mg/kg per day (max, 1 g/day)
divided twice a day for 7–10 days

15 mg/kg per day (max,
1 g/day) divided twice a
day for 7–10 days

1 g/day divided
twice a day for
7–10 days

TMP-SMX* Not
recommended

TMP 8 mg/kg per day (max,
320 mg/day); SMX 40 mg/kg per
day divided twice a day for 14 days

TMP 8 mg/kg per day
(max, 320 mg/d);

TMP 320 mg;
SMX 1600
mg/d divided
twice a day for
14 days

SMX 40 mg/kg per day
divided twice a day for
14 days

*Contraindicated in infants <2 mo
of age

*Is related to the controindication of erythromycin and TMP-SMX
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effects involve the gastrointestinal system they
include nausea, vomiting, and diarrhea. Other
effects are hypersensitive reactions such as skin
rashes or eosinofilia, but anaphylaxis is rare. The
most severe adverse events are cardiovascular
effects (i.e., electrocardiographic QT/QTc inter-
val prolongation, cardiac arrest, other
arhythmias), they are rare related to
co-administration with other drugs (i.e., cisapride,
pimazole, or terfenadine). Due its inhibition on
the cytochrome P450 enzyme system (CYP3A
subclass), co-administration with other families
drugs who act on this metabolic system is not
allowed to avoid toxicity resulting from an
elevations in drug concentrations.

Clarithromycin is administered at the dose of
15 mg/kg per day (maximum: 1 g per day) in
2 divided doses each day for 7–10 days. Adults
recommended dose is 1 g per day in two divided
doses for 7–10 days. Clarithromycin has a good
tolerability, although adverse events involving
the gastrointestinal tract are possible, and no
co-administration with other drugs acting on
CYP3A enzyme is allowed.

Azithromycin is administered at 10 mg/kg
(maximum: 500 mg) per day for 3 days.

An alternative is trimethoprim-
sulfamethoxazole (TMP-SMX), although it is
contraindicated in infants <2 months of age due
to the risk of kernicterus.

5.3 Supportive Therapies and Novel
Potential Drugs

The main target of supportive therapies is to pre-
vent life-threatening complications. Neonates
with pertussis should be admitted to the hospital
with continuous cardiorespiratory monitoring.
The most important symptoms to be recorded
are the episodes of vomiting and the ability to
feed to promptly establish an intravenous hydra-
tion and avoid dehydration.

Oxygen therapy and suction of secretions are
the principal supportive therapy during the criti-
cal phases. In addition, mechanical ventilation
has to be considered in case of frequent and long

lasting apnea or severe pneumonia. When this
measure is required, admission in ICU is needed
(Berti et al. 2014).

Cases of severe pertussis characterized by
refractory hypoxemia, cardiogenic shock, and
pneumonia associated with extreme leukocytosis
can be treated with exchange transfusion
(ET) with the purpose of leukoreduction and the
decrease of circulating toxins. Data about benefi-
cial effects of ET demonstrated an improving in
cardiorespiratory function, with a reduction in
mortality from 45% (4/9) to 10% (1/10)
(Kuperman et al. 2014; Rowlands et al. 2010).

No benefits were observed with administration
of bronchodilators or steroids and for this reason
they are not recommended as supported therapy
(Scanlon et al. 2015; Wang et al. 2014; Winter
et al. 2015).

Nowadays, a fundamental issue is to find
novel therapies for severe cases. Starting from
animal models in which pendrin knockout mice
exhibited lower levels of lung inflammation,
some authors supposed a certain role of acetazol-
amide. Indeed, pendrin is an excreter of
bicarbonates and allows an alkalization of pH to
optimal levels for inflammatory mediator activity
(Scanlon et al. 2014); for this reason, acetazol-
amide, a carbonic anhydrase inhibitor, could
reduce inflammation level and could be a poten-
tial novel drug (Carbonetti 2016). Another possi-
ble therapeutic target is Sphingosine-1-phosphate
(S1P) pathway, already involved in many patho-
logical processes (Spiegel and Milstien 2011). In
a recent work using the S1P receptor agonist, was
shown a reduction in pertussis lung inflammation
(Skerry et al. 2017). However, further studies are
needed on these novel therapeutic approaches.

6 Conclusive Remarks

Pertussis is still a pathology of global importance
and of great relevance. Its peculiarity lies in the
evolution that has endured over time. In fact,
contrary to many other infectious diseases, per-
tussis has evolved on a clinical level. Today, in
fact, we can recognize many forms and clinical
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features of the disease, ranging from the most
classical to atypical and very nuanced forms. Its
evolution has also involved aspects not only
exclusively clinical but also immunological.
Although prompt diagnosis and effective therapy
are important for pertussis control, broad vacci-
nation coverage is the only way to reduce circu-
lation of B. pertussis.
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Pertussis Vaccines and Vaccination
Strategies. An Ever-Challenging Health
Problem

Antonio Cassone

Abstract

Vaccines and vaccination against pertussis
(whooping cough) have had one of the longest
and most complex history, with alternating
splendour and public disbelief, enthusiasm
and concerns, overall resulting in changes in
composition and replacement of vaccines, and
associated vaccination strategies, including
use of different vaccines in different countries,
with no apparent equals for other bacterial
vaccines. Of this both frustrating and exciting
venue no end has been reached. In this note, I
am shortly recapitulating the history of pertus-
sis vaccines, from the inactivated, whole-cell
vaccine to the acellular ones, with their merits
and limitations, particularly concerning the
debated issue of waning immunity, and a
glimpse on a new vaccine proposal. Some
reflections on the complexity and apparent
peculiarity of this field are also made to the
final scope of discussing aspects of the
evolving strategies of disease control in a
high-income country.

Keywords
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1 The Vaccines Against Pertussis

Early during the 50’s of the past century, when
little to nothing was known about pathogenesis
of, and immune responses to pertussis main caus-
ative agent, Bordetella pertussis, a vaccine com-
posed of whole inactivated bacterial cells
(wP) was generated and began to be used. At
that time, pertussis was a worldwide rampant
disease in terms of both morbidity and mortality,
as illustrated elsewhere in this volume (see
Ausiello et al. Chapter 6). As happened for other
old vaccines, the contrast between the unknowns
about the bacterium/ the disease and the effective-
ness of the wP vaccine may appear now to us as a
truly astonishing one: the mortality dropped to
very low levels in all countries where vaccination
was sustained by health authorities. This excellent
profile in terms of disease control was probably
due to the vaccine capacity of protecting both
from the actual respiratory illness and, at least in
part, to the disease-initiating, airways infection by
the concurrent stimulation of Th1 and Th17 -cell
mediated immunity and consequent generation of
sufficient herd immunity (see below).

Unfortunately, the wP vaccine was highly
reactogenic, that included such infrequent but
alarming systemic disorders as encephalopathy
and drowsiness (Edwards and Decker 2013;
Plotkin 2014). As usually happens when a vac-
cine -preventable disease drastically falls in its
incidence, the perception of the above side effects
became more acute and lead most parents to
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abandon vaccinating their children. This particu-
larly occurred in high-income countries where
vaccine coverage against pertussis reached in
the 700-80s’ of the past century such a low
level as to cause disease resurgence, including
vast epidemics (Plotkin 2014; Sizaire et al.
2014). Enhanced awareness of the need to
replace this old vaccine with a new one was a
consequence, with obvious emphasis on vaccine
safety.

Conception and feasibility of a new pertussis
vaccine was made possible by some remarkable
biochemical and genetic progress in identifying,
characterizing and purifying a number of viru-
lence factors expressed by B. pertussis, in partic-
ular its potent pertussis toxin (Stein et al. 1994)
that together with the extraordinary advances in
knowledge of the mechanisms of antimicrobial
immunity achieved in the aforementioned period,
led manufactures to privilege the generation of
subunit vaccines with highly purified
components, the so-called acellular pertussis
(aP) vaccines. Marked investments, public-
private collaboration and collective enthusiasm
in the formulation and testing of these new
vaccines took the whole -90s’ and more of the
last century and happened to be a complex and
rather unique story itself. More than twenty acel-
lular vaccines were proposed for use and several
of them underwent large clinical trials for efficacy
and safety (Edwards et al. 1995; Pichichero et al.
1997; Gustafsson et al. 1996; Greco et al. 1996;
Giuliano et al. 1998).

The antigenic formulation of aP vaccines,
approved and some of them currently used in
various high-income countries, is quite distinc-
tive with respect to all other bacterial vaccines
for human use. The absence of valid and univer-
sally accepted correlate(s) of vaccine protection
has much complicated the decision as to which
vaccines were most acceptable, hence aP
vaccines have been approved for use which
have largely different composition, from just
one antigen, the chemically -or genetically-
detoxified PT to a pentavalent vaccine
containing FHA, pertactin and fimbriae 1 and
2 (Plotkin 2014; Cherry 1997). As discussed

elsewhere (Ausiello and Cassone 2014),
vaccines with such different antigenic
formulations could be anticipated conferring
unequal levels of efficacy and long-term protec-
tion, and this has been confirmed in a recent
Cochrane review (Zhang et al. 2014). On the
other hand, the aP vaccines were all
characterized by a marked reduction of those
safety issues which led to misfortune of the wP
vaccine which, nonetheless, is still largely and
effectively used in low-income countries
(Edwards and Decker 2013).

2 A Critical Difference in Immune
Responses to Whole Cell
and Acellular Pertussis
Vaccines

Cell-mediated immunity (CMI) fine-tunes the
balance between host-beneficial and host-
damaging, inappropriate or exaggerated immune
responses. Among other things, it regulates the
type of help for antibody formation, as well B-
and T-memory persistence (Kurup et al. 2019).
The impact of these central functions on pertussis
vaccine-induced immunity was poorly known
before the advent of aP vaccines, thus the clinical
trials of these vaccines provided a strong impetus
to assess CMI responses. Since some trials
included children receiving a wP vaccine to mea-
sure aP relative efficacy, CMI studies were able to
show marked differences of intensity, quality and
type of CMI between the recipients of wP or aP
vaccines. In fact, these latter showed a mixed
Th1-Th2 or pure Th2 rather than the Th1 (and,
in subsequent studies, also Th17) cell priming
(Zepp et al. 1996; Cassone et al. 1997; Ausiello
et al. 1997; Ryan et al. 1998; Ross et al. 2013).
These results were in good agreement with con-
current and subsequent studies in animal models
which altogether suggested the different T cell
priming had a critical impact on nature and dura-
tion of protection conferred by the two vaccines
(Mills et al. 1998; Warfel et al. 2012a, b, 2014).
As a likely consequence of the above differences,
clinical and epidemiological data showed that the
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aP vaccines, including those containing factors
affecting bacterial adherence to the pharyngeal
epithelial tissue, did not protect from airways
infection (Gill et al. 2017).

The above studies also provided for at least a
partial explanation of an unexpected and quite
disappointing event observed in most countries
relatively soon after aP introduction in the real
world of infant immunization, i.e. that the ability
to protect from disease lasted significantly lesser
than anticipated (or simply hoped?) by the results
of clinical trials. This was mostly due to the
decreased level of antibodies against the vaccine
antigens and, as major consequence, a shift in
disease prevalence toward the older age (adoles-
cent and adults) was evident (CDC 2012). Collec-
tively, these events were interpreted as due to
some waning of immunity, and absence of suffi-
cient herd immunity conferred by the aP vaccines.
Immune-protection from disease also wanes after
wP vaccination but it takes longer (Wendelboe
et al. 2005). Accelerated waning of aP vaccine
immunity has since been confirmed in many
countries (with few apparent exceptions; see
below) by extensive investigations and robust
clinical and epidemiological evidence. The wan-
ing of long-term protection by the aP vaccines has
probably multiple concurrent reasons, both of
immunological, epidemiological and
microbiological origin (Burns et al. 2014;
Althouse and Scarpino 2015; Wendelboe et al.
2005). Whichever the contribution, and the
unequal weight of the different factors above,
the problem is now that pertussis continues to be
a serious public health issue, with disease
outbreaks in several countries with high vaccina-
tion coverage, involvement of adolescent and
adult ages, possible presence of asymptomatic or
paucy-symptomatic carriage in these subjects and
transmission to children, high morbidity and
non-neglectable mortality, particularly in areas
with disparity of access to health services
(reviewed by Kandeil et al. 2019).

Somewhat surprisingly, not all countries
appear to have been equally affected by the wan-
ing of aP-induced immunity (Gill et al. 2017;
Hallander et al. 2005; Salmaso et al. 2001). Of

interest, Ausiello and collaborators (1999) had
shown that the decay of antibody titers in four-
years old recipient of aP vaccines primary sched-
ule was in some children counteracted by acqui-
sition of cell-mediated immunity (CMI) to
vaccine components associated to protection
against pertussis. Quite interestingly, this priming
was of a pure Th1 type, similar to that associated
with wP vaccination, hence different from that
induced by the aP vaccine. The data were
interpreted as due to the circulation of
B. pertussis and asymptomatic or pauci-
symptomatic infection, meaning that, under
some epidemiological settings, waning of
aP-induced “immunity” does not necessarily
bring to waning of “protection”.

The important issue of the asymptomatic car-
riage of B. pertussis has been verified in the
baboon model of pertussis infection and vaccina-
tion (Warfel et al. 2014) and discussed with
wealth of epidemiological insight by Gill et al.
(2017) and Althouse and Scarpino (2015).

For a true balance of merits and failures of aP
vaccines, it is important to remind the intrinsic
difficulties of this research field. All other, highly
successful bacterial subunit vaccines are made by
a single dominant antigen, the toxin for tetanus
and diphtheria vaccines, and the anti-phagocytic
capsule for those against Hemophilus, pneumo-
coccus and meningococcus. The situation with
the pertussis vaccines is much more complex
because infection and disease caused by
B. pertussis are due to a multiplicity (up to more
than a dozen only among those known) of distinct
virulence factors interplaying in a cascade of
events from early colonization of the nasopharyn-
geal mucosa to the final inflammation and dam-
age of the upper respiratory tract and systemic
symptomatology, all due to the bacterial capacity
to resist host defence (reviewed by Kilgore et al.
2016). By even admitting a minor pathogenicity
role of some of the above factors, the disease
setting remains of high unusual complexity,
much closer to some vaccine-orphan diseases
(those caused by Staphylococcus aureus, or
Escherichia.coli, for instance) than to pneumonia
caused by S. pneumoniae or meningitis. All this
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virulence armamentarium was only partially
known by those who developed the aP vaccines.
I posit nobody would now realistically propose
for the approval by the health authorities a vac-
cine made up with only one or two B. pertussis
antigens. An implicit conclusion is that a
B. pertussis whole cell vaccine (inactivated or
attenuated) should constitute a primary choice
for disease control (discussed below).

3 How to Implement an Effective
Vaccination Strategy
with Current Vaccines?

So, what to do now? The pertussis vaccine immu-
nology summarized above would suggest that
rich countries take a bath of humblness, copy
from the low-income ones and return using the
wP vaccine. Since this is unlikely to occur, a
re-shaping of the aP vaccination strategy is
being implemented so as trying to push longer
aP immune durability with new adjuvants, more
appropriate vaccination schedules, new vaccina-
tion targets in the population with particular
regard to adolescents and adults. A special target
has become the pregnant women, given the criti-
cal need of protecting infants before they com-
plete the primary vaccination course. This has
become more relevant since immunization of
household contacts of infants (cocooning strat-
egy) has shown low or no effectiveness
(Castagnini et al. 2012), In fact, the infants too
young to receive the vaccine could die of
whooping cough (more than 80% of all
pertussis-related deaths occur in <3 months-old
infants:),and infected (or simply asymptomatic
carriers?) mothers account for 50% of this mor-
tality burden (Fedele et al. 2017). Vaccination
during pregnancy (at the end of the second
trimester-third trimester) has been shown to be
safe and is currently adopted in several countries
(Campbell and Amirthalingam 2018; Agricola
et al. 2016), with strong expectations but also
some concerns regarding the possibility that
antibodies transmitted to the newborn via the
placenta could interact negatively with the vac-
cine first dose at 3 months of age (Barug et al.

2019), Delaying the primary course of vaccina-
tion to avoid this interference is one possibility,
nonetheless, this should not contrast with the
need of providing the earliest possible vaccina-
tion against other components of the primary
vaccination schedule when polyvalent vaccines
are used.

Studies on multi-boosters aP policy, particu-
larly aimed at examining whether and to what
extent they could overcome the expected waning
of immunity previously discussed, as well as their
apparently irreversible imprinting toward a Th2
response (da Silva Antunes et al. 2018) are
recommended. Given the suggested expansion
of aP recipients, the intriguing observation that
TdaP vaccines could induce some form of
immune-tolerance to unrelated antigens (Blok
et al. 2019) should also be carefully evaluated
by further studies.

In Italy, the current schedule of children,
adolescents and adult immunization formulated
by the National Plan of Vaccine Prevention
1917–1919 and approved by the governmental
authorities (www.salute.gov.it), prescribes the
usual three doses of aP vaccine (offered in a
hexavalent vaccine combination with diphtheria,
tetanus, hemophilusB, hepatitis B and polio vac-
cine) during the first year of age, one dose before
school entrance (at 6 years of age) but also asks
for additional booster doses at the adolescence
with reduced content (a dTaP vaccine together
with IPV) then another recall of dTaP every
10 years. It is anticipated a re-discussion of this
issue when a novel Plan to be implemented for the
next triennium is prepared. A re-assessment of
effectiveness of the multi-boosters aP policy in
adults, particularly in terms of contrasting the
issue of possible waning of immunity previously
discussed, is also expected. In order to implement
an optimal vaccination strategy, studies should
focus on the existence, duration and immune-
effects of asymptomatic B. pertussis and cognate
bacterial carriage, and establish with robust epi-
demiological and microbiological evidence
whether this carriage confers natural boosters to
vaccines, as also suggested by some of our past
investigations (Ausiello et al. 1999). Has this
carriage an impact on systemic immunity beyond
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airway mucosal tissue and is it training innate
immunity? (Netea et al. 2011; Cassone 2018).
An extended recommendation on how best to
control pertussis by the present-day technical
and economic resources has been updated by
GPI experts (Forsyth et al. 2018).

4 A New Pertussis Vaccine

Whichever the currently accepted or newly pro-
posed vaccination strategies, with their
anticipated partial effectiveness, the generation
of a new pertussis vaccine providing safe and
long-term protection remains a proper need for
an effective pertussis control. Given the strong
commitments and huge costs required to generate
and adopt a new pertussis vaccine, a consortium
(Periscope 2018) gathering most active
investigators of pertussis and pertussis vaccines
and aimed at generating new knowledge and tech-
nical infrastructures for an improved pertussis
vaccine has been established.

Any new pertussis vaccine should be able to
represent the complexity of B. pertussis virulence
armamentarium by either selecting a formulation
with all major factors contributing to airways
infection and disease, with an appropriate adju-
vant helping promote the right CMI priming, or
generating a whole cell vaccine that in turn could
be a detoxified, old wP or a live, attenuated one.
All of the above options are indeed being
pursued.

Since attenuated, live vaccines usually confer
the most pronounced and persistent protection
(some of them for life), a vaccine that appears to
be of major interest is the genetically attenuated
BPZE1, formulated for intranasal delivery, that
has been shown to be protective in mice and
baboons and has recently completed a Phase
1 safety trial in humans (Locht 2018). While
waiting for the necessary efficacy and confirma-
tory safety trials, one aspect of special interest of
this vaccine resides in its potential to harness
mucosal immunity capable of contrasting naso-
pharyngeal carriage of B-pertussis (Locht 2018).
Another interest has been raised by the potent and
persistent activation of innate immunity, as also

reported for other attenuated, experimental and
currently-used vaccines, and the consequent
non-specific, off-target effects (innate immune
memory or trained immunity; Netea et al. 2011;
Bistoni et al. 1986; Quintin et al. 2012; Cauchi
and Locht 2018; Li et al. 2010). Whether this or
other new pertussis vaccines will one day be
available is unknown. What can be safely
anticipated is that preventing and controlling per-
tussis will continue to be as attractive as challeng-
ing for all those searching the best ways of
fighting this disease by vaccination.
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