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Abstract

Pertussis, or whooping cough, has recently reemerged as a major public health threat despite high
levels of vaccination against the etiological agent, Bordetella pertussis. In this Review, we
describe the pathogenesis of this disease, with a focus on recent mechanistic insights into
virulence factor function. We also discuss the changing epidemiology of pertussis and the
challenges of vaccine development. Despite decades of research, many aspects of B. pertussis
physiology and pathogenesis remain poorly understood. We highlight knowledge gaps that must
be addressed to develop improved vaccines and therapeutic strategies.

Pertussis is a highly contagious respiratory disease that is transmitted directly from human to
human?, most likely via aerosolized respiratory droplets. The primary causative agent,
Bordetella pertussis, is a Gram-negative bacterium that was first described by Bordet and
Gengou in 1906 2. The closely related bacterium Bordetella parapertussisy, is responsible
for a minority of cases (approximately 14%) and is less capable of causing severe diseaseS.
Both B. pertussis and B. parapertussisy,, are human-specific, and phylogenetic analyses
indicate that they evolved from Bordetella bronchiseptica or a B. bronchiseptica-like
ancestor® ° (Box 1). B. bronchiseptica infects a broad range of mammals, including humans,
and although it can cause overt disease such as kennel cough in dogs and atrophic rhinitis in
pigs, it typically colonizes its hosts chronically and asymptomatically®. Despite differences
in host range and disease-causing propensity, B. pertussis, B. parapertussisy, and B.
bronchiseptica are so closely related that they are now considered subspecies. Together,
these organisms provide a paradigm for understanding bacterial adaptation to humans and
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the dichotomy between acute disease and chronic asymptomatic infection®: . Although
other Bordetella species have been isolated from humans, they seem to be primarily
opportunistic human pathogens.

Box 1
Bordetella phylogenomics

The Bordetella genus includes nine species and the “classical” or “mammalian”
bordetellae (B. pertussis, B. parapertussisy, and B. bronchiseptica) are the most
important species in the context of mammalian infection. Comparative analyses of their
genomes have been informative on at least two levels. The first involves comparisons
between subspecies, which has revealed intriguing clues regarding mechanisms of host
adaptation and virulence evolution; and the second involves studies of the population
dynamics of B. pertussisin the context of recent outbreaks and the possibility of vaccine-
driven evolution.

Early studies revealed limited genetic diversity between isolates, arguing that the
classical bordetellae should be regarded as closely related subspecies and that B.
pertussis and B. parapertussisy,evolved independently from different B. bronchiseptica-
like ancestors'72 173 This hypothesis suggested that B. bronchiseptica, a zoonotic
generalist, has the propensity to give rise to host-restricted specialists that cause acute
disease. Whole genome sequence comparisons support this idea and show that the
transition by B. pertussisand B. parapertussisy, to the human-restricted niche was
accompanied by large-scale gene loss, an accumulation of pseudogenes and an expansion
of IS elements!74 175 Based on this framework, a seminal study characterized a set of
132 Bordetellaisolates from diverse mammalian hosts using a combination of multilocus
sequence typing, comparative whole-genome microarray analysis and 1S typing®. Four
distinct complexes comprised of related strains were resolved, representing B. pertussis
(complex II), B. parapertussisy, (complex 111) and two distinct B. bronchiseptica
complexes (I, 1V) (see the figure). Surprisingly, although B. bronchisepticacomplex |
isolates were primarily of animal origin (68%), 80% of B. bronchisepticacomplex IV
strains were from humans that had whooping cough-like symptoms. Notwithstanding the
fact that human isolates were overrepresented in the collection, the clustering of B.
bronchiseptica strains isolated from humans into a genetically related group was
intriguing. A follow-up study based on whole-genome sequencing suggested that B.
pertussis evolved from a B. bronchiseptica complex 1V-like ancestor®. These
observations illustrate the evolutionary dynamics of Bordetella subspecies and raise the
question of whether complex IV B. bronchiseptica are on a path towards human
adaptation.

At the other end of the evolutionary spectrum, the resurgence of pertussis has prompted
numerous efforts to characterize polymorphisms in B. pertussis populations in a search
for correlations with the introduction of aP vaccines. Although numerous shifts in allelic
frequencies have been documented in different countries since the vaccines were
introduced7®: 177 a comprehensive analysis of isolates from the United States shows that
the majority of these polymorphisms predate the wP to aP transition and are not the result
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of aP-driven selection’8, Nonetheless, currently circulating strains in the Americas,
Asia, Australia and Europe carry a single nucleotide substitution in the PT promoter (the
pixP3allele) that confers a slight (ca. 1.6 fold) increase in PT production compared to the
previously dominant allelel”®. ptxP3strains were present before aP vaccines, but given
the roles of PT in immunosuppression it has been suggested that their expansion and
apparent fixation reflects a selective advantage for establishing infection in partially
immune hosts, regardless of the source of immunity180. Cause and effect is unclear, as is
the likelihood that such a small difference in PT expression could have such a major
effect. One of the difficulties in interpreting these studies is their reliance on allelic
variability in small subsets of genes, raising the possibility that “hitchhiker” mutations
located elsewhere in the genome are responsible for apparent clonal shifts!’7. It is
essential that these analyses continue, but they need to be based on whole genome
sequences and appropriate sampling of circulating and reference strains.

In the pre-vaccine era, pertussis was widespread and mainly affected young children (1-9
years old)”. The classical manifestation of the disease, which typically occurs in this age
group, is characterized by three phases: catarrhal, paroxysmal, and convalescent®. Clinical
observations combined with results from studies using animal models (Box 2) suggest that
classical pertussis is initiated by adherence of bacteria to ciliated respiratory epithelium in
the nasopharynx and trachea® 10. Adherent bacteria survive innate host defences, such as
mucociliary clearance and the action of antimicrobial peptides, multiply locally and resist
elimination by inflammatory cells. Symptoms during this catarrhal phase are similar to those
of many upper respiratory infections, including the common cold. After one to two weeks,
the disease progresses to the paroxysmal phase, which can persist from one to ten weeks and
is characterized by periods of normal airway function interspersed with multiple severe
spasmodic coughing fits, followed by characteristic inspiratory whoops and often emesis.
The onset of adaptive immunity correlates with bacterial clearance but not with the cessation
of symptoms, which typically decline gradually over another month but can persist for much
longer (the convalescent phase)®. In infants (< 1 year old), pertussis can take a more serious
course with bacteria disseminating into the lungs causing necrotizing bronchiolitis, intra-
alveolar hemorrhage and fibrinous edemal®. In severe cases, extreme lymphocytosis occurs,
which is positively correlated with intractable pulmonary hypertension, respiratory failure
and death?.

Box 2
Animal models

One of the greatest challenges in studying the pathogenesis of pertussis has been the
development of animal models that accurately reflect human disease as the most
commonly used laboratory animals do not cough and none of them are natural hosts for
B. pertussis. Nonetheless, the availability of wild-type, knock-out and transgenic mouse
strains, as well as a plethora of murine-specific reagents, have made mice attractive and
commonly used model organisms. To establish infection in mice, high numbers of B.
pertussis must be delivered directly to the lungs, where they multiply for the first week or
so post-inoculation and are eventually cleared. Although murine models do not mimic
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classical whooping cough, they have provided insight into the importance of several
virulence factors, the roles of various host immune responses in controlling infection and
the potential efficacy of vaccines (as outlined in the main text).

Suckling pigs have been used to model infant pertussis and intrapulmonary inoculation
with B. pertussis results in low-grade fever, mild cough, hypoglycemia, lymphocytosis,
weight loss and pneumonial8l. In this model, passively transferred immunity provides
protection for newborn piglets upon challenge!®2, supporting the recently instituted
policy of maternal immunization during pregnancy83. 184 Studies with infant and adult
pigs have also revealed that B. pertussis is susceptible to host antimicrobial peptides,
whereas B. bronchisepticaand B. parapertussisyy, are resistant 185,

The most recent and exciting advance in modelling human pertussis is the development
of a baboon (Papio anubis) model86, Delivery of B. pertussisto the nasopharynx of
weanling baboons results in low-grade fever, paroxysmal coughing, lymphocytosis,
robust production of anti-PT antibodies and protection from subsequent challenge, all of
which are manifestations of pertussis in humans!86. A unique advantage of this model is
the ability to study transmission, which was demonstrated to occur by contact and via
aerosols!®”. Importantly, a recent study showed that aP vaccination provided protection
against the development of disease symptoms but not against colonization or
transmission1%®, which suggests that nonsymptomatic individuals might be capable of
transmitting the infection to unprotected infants. Use of this model to investigate
mechanisms of transmission and disease will be crucial for the development of new
vaccines and therapeutics.

Rodents, rabbits, and swine are not natural hosts for B. pertussis or B. parapertussisy,;,
however, they are commonly infected with B. bronchiseptica in nature. This fact, in
combination with the close phylogenetic relationships between these subspecies (Box 1)
and the conservation of many known virulence factors among them, has prompted
several groups to use B. bronchiseptica infection of natural hosts to study features of
pathogenesis that are common to B. pertussis and B. parapertussisy,,. Studying B.
bronchiseptica pathogenesis is also of veterinary and clinical importance, as B.
bronchisepticais a common pathogen of domestic animals!®8: 189 and occasionally
causes disease in humans9. These models have revealed roles for several conserved
virulence determinants and regulatory factors (see main text), and have also shown that
several factors are functionally interchangeable between B. pertussisand B.
bronchisepticall: 125,191 thereby validating the use of B. bronchiseptica as model for
studying B. pertussis virulence and regulatory function. Thus far, the results of these
studies suggest that host specificity is determined by differences other than sequence
polymorphisms in highly conserved virulence genes.

Introduction of whole-cell pertussis (wP) vaccines in the late 1940s resulted in a rapid
reduction in both the incidence of pertussis and death caused by the infection. However, the
success of these vaccines was undermined by concerns over their safety (Box 3); thus, they
were replaced with acellular pertussis (aP) vaccines in the late 1990s in many developed
countries!®. Since then, pertussis cases have increased and dramatic epidemic cycles have
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returned. In 2012, 48,277 cases of pertussis and 18 deaths were reported to the Centers for
Disease Control and Prevention (CDC), which represents the greatest burden of pertussis in
the United States in 60 years and similar outbreaks are occurring in other countries?-14,
However, the epidemiology of contemporary pertussis does not replicate that of the pre-
vaccine era. Disease is now more common in infants and older children (ages 9-19) and,
strikingly, older children who develop pertussis are often fully vaccinated according to
current recommendations® 16, Ominously, studies that have analyzed pertussis incidence
among children that were born and vaccinated during the transition to aP vaccines have
found that the rate of infection is significantly higher among children vaccinated with only
aP vaccines compared to those vaccinated with even a single dose of wP vaccinel’. To
combat the rise of infections in this group, regulatory agencies have called for boosters to be
administered earlier'®, However, the benefit of boosting with aP vaccines is unclear because
it is unknown whether the re-emergence of pertussis is due simply to waning immunity or to
fundamental differences in the nature of the immune response induced by aP vaccines
compared with wP vaccines or with natural infection.

Box 3
Vaccination against pertussis

The introduction of whole cell vaccines (wP) in the 1940s resulted in dramatic decreases
in morbidity and mortality caused by pertussis, and by the early 1970s pertussis was
nearly eradicated in the developed world”. Attention then turned to the side-effects
associated with immunization. The National Childhood Encephalopathy Study (NCES), a
prospective case-controlled study that was carried out in the U.K. in the late-1970s to
evaluate acute neurological illnesses in children aged between 2 and 26 months,
concluded that pertussis vaccination was associated with brain damage!2 — although this
correlation was later demonstrated to be unfounded. Lack of circulating disease was
misinterpreted as being equivalent to a lack of risk in contracting the disease, and the
NCES report (among others) led to a precipitous decline in vaccine coverage in many
countries worldwide. The reported association with brain damage also effected a change
in manufacturing policies; decreased vaccination compliance combined with a rise in
legal action associated with previous vaccinations led many pharmaceutical companies to
abandon the production of wP vaccines. However, the decrease in vaccine coverage
almost immediately sparked the largest pertussis epidemics since the pre-vaccine era in
many countries, which resulted in a substantial rise in infant mortality, a much more
severe outcome than the alleged dangers caused by the wP vaccine. Eventually, public
concern over the increase in pertussis disease and the number of infant deaths rose and
vaccine coverage returned to high levels. Efforts to develop improved pertussis vaccines
were rekindled, with the subsequent development, testing and deployment of aP vaccines.
Although supposedly safer and undoubtedly less reactogenic than the wP vaccine, we
now know that aP vaccines are also less effective. The experience with vaccination
against pertussis clearly highlights the effect that public perception and misperception
can have on the implementation of public vaccination programs.
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The increased incidence of disease among older children and adults is especially worrisome
because of the corresponding risk of transmission to non- or incompletely- immunized
infants®. Compounding the problem, antibiotic treatment has minimal efficacy by the time
most diagnoses are made and severe cases can be unresponsive to standard therapies for
respiratory distress (such as mechanical ventilation)10. Therefore, the re-emergence of
pertussis as a global public health problem presents two challenges: first, the development of
vaccines that have an acceptable safety profile, provide long-lasting immunity, reduce
infection burden and prevent transmission; and second, the development of therapeutic
agents and treatment strategies that reduce morbidity and mortality in vulnerable
populations. Both goals require a better understanding of the etiological agents of pertussis
and the mechanisms by which they cause disease.

In this Review, we discuss our current understanding of the mechanisms used by Bordetella
spp. to cause respiratory disease, focusing on the roles and functions of virulence factors in
pathogenesis. For the interested reader, more specialized recent reviews on pertussis toxin
biology!® 20, virulence gene regulation?!, immunity22 23 and vaccines? are available, as
well as an earlier comprehensive review on Bordetella spp. pathogenesis?®.

Bordetella spp. virulence regulation

Several Bordetella spp. virulence factors were identified and characterized biochemically
before genetic tools became available, including pertussis toxin (PT), adenylate cyclase
toxin (ACT), dermonecrotic toxin (DNT), filamentous hemagglutinin (FHA) and fimbriae
(Fim). The first transposon mutagenesis screen of B. pertussis identified the genes encoding
these factors as well as a locus, now known as bvgAS, encoding a two-component
regulatory system required for their expression26. Reasoning that BvgAS also activates
expression of genes encoding additional unknown Bordetella spp. virulence factors,
mutagenesis screens using Tn5/ac and Tn5phoA were conducted?’: 28, These, together with
subsequent genome-wide analyses, revealed that BvgAS controls hundreds of genes in
response to changing environmental conditions, including those encoding surface structures
and secreted proteins involved in pathogenesis, factors required for survival outside the
mammalian host, enzymes involved in cellular metabolism and physiology and additional
regulatory systems29: 30,

The BvgAS phosphorelay

BvgA is a typical response regulator protein with a receiver domain at its N-terminus and a
DNA-binding helix-turn-helix domain at its C-terminus?! (Fig. 1A). BvgS is a polydomain
sensor kinase containing two N-terminal venus flytrap (VFT) domains, which are located in
the periplasm31. C-terminal to the VFT domains is a membrane-spanning region, followed
by a cytoplasmically-located PAS domain, a histidine kinase (HK) domain, a receiver
domain and a histidine phosphotransferase (Hpt) domain. During growth in standard
medium at 37°C, BvgAS is active and uses ATP to phosphorylate a conserved histidine
within the HK domain32. The phosphoryl group is subsequently relayed to an aspartate in
the receiver domain, then to a histidine in the Hpt domain and finally to an aspartate in the
receiver domain of the response regulator BvgA32. Phosphorylated BvgA is competent for
dimerization and binds to specific DNA sequences to either activate or repress
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transcription33 34, Although the signal(s) to which BvgS responds in nature are unknown,
growth at low temperature (~25°C) or in the presence of MgSO,4 or nicotinic acid (so-called
“chemical modulators” of BvgS) inactivates Bvgs; thus, BvgA remains unphosphorylated
and is unable to regulate transcription.

BvgAS controls multiple phenotypic phases

The genes regulated by the BvgAS phosphorelay fall into four classes and their differential
regulation results in at least three distinct phenotypic phases (Fig. 1B). Class 1 genes include
the ptx-ptl/ operon (which encodes PT and its transport system), cyaA-£ (which encodes
ACT) and the bsc operon (which encodes a Type 11 Secretion System (T3SS)). These genes
are maximally expressed when BvgAS is fully active (the so-called Bvg* phase). Class 2
genes are expressed maximally in both the Bvg-intermediate (Bvgi) and Bvg* phase. The
Bvg' phase occurs when bacteria are grown in the presence of low concentrations of
chemical modulators or within the first few hours following a switch from Bvg™ phase
conditions to Bvg* phase conditions. Class 2 genes include ffaB (encoding filamentous
hemagglutinin (FHA)), fim (encoding fimbriae) and bvgASitself; thus bvgAS is positively
autoregulated. Class 3 genes, of which only one (6/pA, encoding an outer membrane protein
of unknown function) has been characterized so far3® 36 are expressed maximally in the
Bvg' phase. Class 4 genes, which are also known as vrgs (virulence repressed genes), are
expressed maximally in the Bvg™ phase and include genes required for flagella synthesis and
motility in B. bronchiseptica.

Role of BvgAS-mediated gene regulation

The conservation of BvgAS among Bordetella spp. and its ability to control multiple
phenotypic phases in response to environmental cues suggests that it has an important and
conserved role in the infectious cycle. Because B. pertussis and B. parapertussisy,, strains
are unable to survive extended periods of time outside of the human host (unpublished
observations from various research groups), it was hypothesized that BvgAS-mediated gene
regulation must occur within the mammalian respiratory tract. However, experiments with
mutants that were locked in either the Bvg* or Bvg™ phase, or that expressed Bvg~ phase
factors ectopically in the Bvg™ phase, showed that the Bvg™ phase is necessary and
sufficient for respiratory infection; that the Bvg™ phase is unable to survive /n vivo;, and that
failure to repress Bvg~ phase factors (such as flagella) is detrimental to the development of
infection37~40, Moreover, recent studies with sensitive reporter systems have provided
strong evidence that switching to the Bvg~ phase does not occur in vive* 42, In B.
bronchiseptica, the Bvg™ phase is required for survival under nutrient-limiting conditions,
such as those that might be encountered in an external environment#3. It has been
hypothesized that the Bvg' phase is important for transmission, and with the development of
the baboon model (Box 2), this hypothesis is now testable. Although additional regulatory
systems are undoubtedly important during the Bordetella spp. infectious cycle, their precise
roles have not yet been determined.

Nat Rev Microbiol. Author manuscript; available in PMC 2014 October 22.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Melvin et al.

Toxins

Page 8

Pertussis toxin

One of the first identified and most extensively characterized B. pertussis virulence factors,
pertussis toxin (PT), sometimes referred to as lymphocytosis-promoting factor for its ability
to induce lymphocytosis in mammals*. The presumed requirement of PT for the
development of infection and the observed positive correlation between PT-specific
immunity and bacterial clearance led to the hypothesis that pertussis, like cholera and
diphtheria, is a toxin-mediated disease*®. However, although PT is important for
pathogenesis, it is now clear that pertussis results from the coordinated function of many
different bacterial factors?6.

PT is an ADP-ribosylating ABs-type toxin*’ (Fig. 2a). The holotoxin is composed of one
catalytic subunit (A) and five membrane-binding/transport subunits (B), which are
assembled in the periplasm and then exported by the type IV secretion system encoded by
the pt/locus*8. PT holotoxin can bind nearly any sialic acid-containing glycoprotein®® and
thus multiple receptors have been identified and characterized in a broad range of cell types
in vitr®®; however, the specific cell types targeted by PT Jn vivo are unknown. After
binding, PT enters the host cell by receptor-mediated endocytosis and follows a retrograde
transport pathway to the Golgi apparatus and then the endoplasmic reticulum (ER) (Fig.
2b)%0. The A subunit exits the ER, possibly by hijacking the ER-associated degradation
pathway that normally expels misfolded proteins®?. In the cytoplasm, the A subunit
catalyzes the transfer of ADP-ribose from NAD™" to a cysteine residue near the C-terminus
of the alpha subunit of heterotrimeric G-proteins, some of which are inhibitory G-proteins.
Amongst other downstream effects, this modification eliminates the ability of these
inhibitory G proteins to inhibit adenylate cyclase activity and blocks other G protein
regulated enzymes and pathways2%: 52, leading to dysregulation of the immune response.

PT has an extraordinarily broad range of pharmacological effects in cell culture and animal
models, which has confounded efforts aimed at identifying its precise role(s) during human
infection. PT inhibits the migration of cells that express G-protein coupled chemokine
receptors /n vitro, such as neutrophils, monocytes and lymphocytes®3. In mouse models,
production of PT by B. pertussis correlates with decreased proinflammatory chemokine and
cytokine production, decreased recruitment of neutrophils to the lungs and increased
bacterial burdens early in infection®* 55, Experiments in which alveolar macrophages are
depleted with clodronate suggest that PT initially targets these cells®6. PT production at the
peak of infection correlates with exacerbated inflammation and pathology in the airways®’.
While these and other observations in animal models suggest that PT contributes to the
establishment of infection by suppressing early inflammation and inhibiting the microbicidal
action of inflammatory cells, in addition to contributing to inflammatory pathology at the
peak of infection, it is unknown whether PT produces these effects during human infection.
However, it has been shown that PT production positively correlates with the extreme
lymphocytosis that occurs in primary human pertussis cases®®, and antibodies against PT
protect against severe disease®®.
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Adenylate cyclase toxin

Adenylate cyclase toxin (ACT, Fig. 2c, d), which is a member of the RTX (repeats in toxin)
toxin family, is encoded by cyaA and produced by all Bordetella subspecies that infect
mammals!®. ACT is secreted by the cyaBDE-encoded Type | secretion system and is
palmitoylated by the product of cyac?% 61, The toxin contains two distinct functional
modules: the C-terminal domain, which contains the RTX repeats, mediates binding to
target cells and forms cation-selective pores in plasma membranes®2 63; and the N-terminal
domain is a calmodulin-dependent adenylate cyclase that converts ATP to cyclic AMP
(cAMP)54. 65 Recent studies indicate that ACT can adopt multiple conformations and that
these forms are distinct in their ability to effect pore formation or adenylate cyclase
translocation into the host cell®. Thus, the observed effects of ACT on different cell types
are the result of a combination of ion permeability, increased levels of cAMP (leading to
perturbation of downstream signalling events) and possibly the depletion of intracellular
ATP.

Although ACT can intoxicate many cell types, it binds with high affinity to CR3 (CD11b/
CD18, Mac-1), which is present on neutrophils, macrophages and dendritic cells®”, and early
work correlated ACT-dependent cAMP production in human neutrophils with inhibition of
phagocytosis and oxidative burst®. More recent studies have shown that ACT blocks
complement-dependent phagocytosis by macrophages®®. In addition, this toxin also
suppresses activation and chemotaxis of T-cells’0. The significance of these /n vitro
observations is unclear; however, a recent study using the baboon model and clinical
samples from humans showed that the concentrations of ACT in B. pertussis-infected
respiratory tissues are significantly lower than the amount of purified protein used in most /n
vitro studies’®. In mouse models, ACT-deficient bacteria are cleared faster than wild-type
bacteria, and studies with immunodeficient and neutropenic mice suggest that ACT has a
crucial role in enabling bacteria to resist neutrophil-mediated clearance’? 73, These data, in
addition to the fact that ACT is one of the few virulence factors that is conserved and
produced by all pathogenic Bordetella species®, suggest that ACT has the potential to be an
effective antigen in future vaccine formulations’®.

Type lll Secretion

For reasons of experimental tractability, the Bordetella spp. Bsc type Il secretion system
(T3SS) is most extensively studied in B. bronchiseptica and induces caspase-independent
necrotic death in a diverse array of cell types in vitro’™. Mutations that eliminate T3SS
activity decrease bacterial persistence in the lower respiratory tract following intranasal
inoculation of rats and mice’® 77. Infection of mice with T3SS-defective B. bronchiseptica
mutants also results in a more robust antibody response and re-stimulated splenocytes from
animals infected with these mutants show increased production of pro-inflammatory IFN-y
and decreased production of anti-inflammatory 1L-1078. Consistently, IFN-v facilitates
clearance of B. bronchiseptica from the lower respiratory tract, whereas 1L-10 delays it /8.
Together, these observations suggest that the Bsc T3SS has an immunomodulatory role that
promotes persistence in the lower respiratory tract but the mechanistic basis of this
phenomenon remains to be determined.

Nat Rev Microbiol. Author manuscript; available in PMC 2014 October 22.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Melvin et al.

Page 10

Remarkably, and despite concerted efforts by several research teams, only a single effector
protein, BteA, has been definitively identified as a translocated substrate of the Bsc
T35S79:80, BopN, a homolog of YopN (which regulates type 111 secretion in pathogenic
Yersinia spp.) has been proposed as a second effector®! but thus far, evidence that BopN is
translocated by the Bsc system is lacking. BteA is both necessary and sufficient for
cytotoxicity /n vitro, and mutations in brfeA recapitulate the phenotypes associated with
eliminating T3SS activity /7 vitroand in vivo'": 79, Following translocation into host cells,
the N-terminal targeting domain results in BteA localization to ezrin-rich lipid rafts that
underlie sites of bacterial attachment82, However, the mechanisms responsible for the potent
cytotoxicity of BteA remain unclear.

Type 111 secretion is tightly regulated in Bordetella spp. The bteA and bsc genes are
transcriptionally activated by the alternative sigma factor BtrS, which is activated by
BvgAS83, Expression of the bcs genes is also up-regulated by iron starvation®4. In addition
to these regulatory mechanisms, the partner-switching proteins BtrU, BtrV and Btrw
mediate a cycle of serine phosphorylation and dephosphorylation events that regulate
secretion activity®3: 85,

Perhaps the most pressing question regarding the Bsc T3SS relates to its potential role
during human infection. A requirement of T3SS activity for B. pertussis cytotoxicity has not
been documented, despite the fact that T3SS genes are intact, highly conserved, transcribed
and regulated, in addition to the observation that bfeA alleles are functionally
interchangeable between subspecies? 83, Fortunately, recent studies are beginning to shed
light on this paradox. Although Bsc activity is not generally observed with laboratory-
adapted B. pertussis strains, the tip complex of the T3SS, Bsp22, is secreted by clinical
isolates /n vitro, and mutations in the ATPase gene, bsch, result in elevated production of
pro-inflammatory cytokines and accelerated clearance of B. pertussis from the lungs of
aerosol-infected mice86. Furthermore, T3SS activity seems to be lost following laboratory
passage of B. pertussis and regained after passage in mice86: 87,

Tracheal cytotoxin

Tracheal cytotoxin (TCT) is a disaccharide-tetrapeptide monomer of peptidoglycan that is
produced during cell wall remodelling®. Although most Gram-negative bacteria recycle this
molecule®®: 90, B. pertussis does so inefficiently and releases a large amount of TCT into the
extracellular environment. TCT is the only known B. pertussis virulence factor that is not
regulated by BvgAS. In hamster tracheal rings, TCT functions synergistically with
lipooligosaccharide to stimulate the production of pro-inflammatory cytokines (TNF-a,
IL-1a, IL-1p, and IL-6) and iNOS, resulting in destruction and extrusion of ciliated cells
from the epithelial surface®l 92, The biological activity of TCT depends on NOD1, a
cytosolic pattern recognition receptor that senses bacterial peptidoglycan and induces the
production of pro-inflammatory mediators®3. NOD1-dependent detection of TCT seems to
be host specific, as human NOD1 poorly detects TCT whereas mouse NOD1 does so
efficiently93. Although it has been postulated that TCT-mediated cytopathology contributes
to the characteristic cough in pertussis, the lack of relevant animal models has prevented
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testing of this hypothesis. Thus, the contribution of TCT to pertussis pathogenesis in humans
remains unclear.

Dermonecrotic toxin

Subcutaneous injection of B. pertussisor B. bronchiseptica cells into mice results in the
formation of necrotic lesions due to the activity of dermonecrotic toxin (DNT)%4. Consistent
with a role in infection, DNT production is positively regulated by BvgAS 26. 29 and there is
evidence that DNT contributes to the ability of B. bronchisepticato induce turbinate atrophy
and lung pathology in swine>. DNT has transglutaminase activity, can activate Rho
GTPases%: 97 and inhibits osteogenic cell differentiation Jin vitro, suggesting that the toxin
acts directly on host cells%: 9, However, as DNT lacks a signal sequence for export and is
not secreted from bacterial cells grown in culture®4 100, it may actually function within the
bacterial cytoplasm during infection, possibly by facilitating bacterial survival within a
specific host niche and hence functioning indirectly in pathogenesis.

Surface Structures

Filamentous hemagglutinin

Filamentous hemagglutinin (FHA, Fig. 3a) is a large rod-shaped protein and, together with
FhaC, serves as a prototypical member of the Two-Partner Secretion (TPS) pathway 102, It is
initially synthesized as an ~370 kDa preproprotein (FhaB) that undergoes processing to
produce the mature ~250 kDa FHA as it is translocated across the cytoplasmic membrane by
the Sec translocation system and across the outer membrane by FhaC102, The N-terminal
signal peptide is likely removed by leader peptidase and the C-terminal prodomain is
processed by SphB1 and other as yet unidentified factors03: 104 Mature FHA is oriented
with its mature C-terminus (the MCD) distal to the bacterial surface, and a substantial
amount of FHA is also released into culture supernatants when the bacteria are grown /in

vitrot04,

FHA is both necessary and sufficient to mediate bacterial adherence to several eukaryotic
cell types in vitrol9% 196 However, FHA is only one of several factors contributing to
bacterial adherence to tracheal explants® 197, suggesting that additional adhesins are
important for adherence /n vivo. Studies using cultured, non-ciliated cells have reported that
FHA binds to CR3, Very Late Antigen V (VLA-5) and Leukocyte Response Integrin/
Integrin Associated Protein (LRI/IAP) complexes, and an RGD motif located in the centre
of the FHA molecule is implicated in this process%8-110 More recent studies that have
examined B. bronchiseptica infection of animal and cell culture models have shown that the
FHA molecules produced by B. pertussis and B. bronchiseptica are functionally
interchangeable. These studies have also demonstrated that production of an FHA protein
containing an RAE motif instead of RGD results in no observable differences and that the
MCD is required for functionl1l. Whether FHA interacts with CR3, VLA-5, LRI/IAP or
other mammalian receptors during infection has yet to be determined.

Experiments in which B. bronchiseptica is delivered in a small volume to the nasal cavities
of rats and pigs have revealed FHA is essential for progression of the infection from the
upper to the lower respiratory tract!11: 112 |n mouse models, in which large numbers of
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bacteria are delivered directly into the lungs, FHA-deficient B. bronchiseptica strains induce
a more robust inflammatory response than wild-type bacteria’3 111, This response is
characterized by increased production of proinflammatory cytokines and chemokines in lung
tissue (such as TNF-a, KC, MCP-1 and IL-17) and increased recruitment of neutrophils to
the lungs during the first four days post-inoculation’3. Animals that do not succumb to
inflammation-mediated pulmonary damage clear the FHA-deficient bacteria from their lungs
much faster than animals inoculated with wild-type bacteria’ 111, These data suggest that
FHA enables B. bronchisepticato modulate inflammation during the establishment of
infection, thereby facilitating bacterial persistence. It is currently unknown whether FHA
exerts these effects by binding directly to host receptors while attached to the bacterial cell
surface or after release from the bacterial cell. Furthermore, it has been suggested that FHA
serves as a scaffold to direct the delivery of other virulence factors (such as ACT113);
however, the /n vivo relevance of this activity has not been determined.

Bordetella spp. produce type 1 pili, which are also known as fimbriae (Fig. 3b). The putative
chaperone (FimB), usher (FimC) and tip adhesin (FimD) proteins are encoded by the
fimBCD operon, which is located between the faB and fhaC genes'14. The genes encoding
the two primary major fimbrial subunits, fim2and fim3, are located elsewhere on the
chromosome and can undergo phase variation15, Alternative major fimbrial subunit genes
(fimA, fimN and fimX) have also been identified116-118, Although /n vitro adherence assays
using cultured cells have yielded variable results!19 120 studies with tracheal explants
indicate a role for fimbriae in mediating adherence to ciliated respiratory epithelium® 107,
Studies with both B. pertussisand B. bronchiseptica have demonstrated a requirement for
fimbriae during colonization of the lower respiratory tract in rodents'2%: 121 and mice
inoculated with Fim-deficient B. pertussis display a more robust inflammatory response than
mice inoculated with wild-type bacterial?2. Similarly to FHA, fimbriae seem to be involved
in adherence and/or suppression of the initial inflammatory response to infection, potentially
contributing to persistence.

Pertactin (PRN) is a member of the classical autotransporter family of outer membrane
proteins (Fig. 3c)123. The surface-localized ‘passenger’ domain forms a f-helix with f-
strands connected by short turns or, in a few cases, large extrahelical loops!24. Similarly to
fimbriae, studies using non-ciliated mammalian cells to investigate a role for PRN in
adherence or invasion have yielded equivocal results12 125, Studies using ciliated rabbit
tracheal explant cultures suggest that PRN contributes to B. pertussis adherence to ciliated
respiratory epithelium?®, although experiments with mice failed to identify a role for PRN /n
vivol?8. However, in the case of B. bronchiseptica, studies indicate that PRN is involved in
mediating resistance to neutrophil-mediated clearance and promoting persistence in the
lower respiratory tract!12: 125 |n recent years, B. pertussis strains that do not produce PRN
have been isolated from pertussis patients'2’, raising the concern that such strains have been
selected due to the presence of anti-PRN antibodies generated in response to immunization
with PRN-containing aP vaccines. Whether vaccine driven evolution of B. pertussis strains
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is actually occurring is currently under investigation, as it has decisive implications for the
development of new and improved vaccines.

Lipopolysaccharide

B. pertussis, B. parapertussisy, and B. bronchiseptica produce different forms of
lipopolysaccharide (LPS). B. pertussis produces a penta-acylated lipid A linked to a
complex core trisaccharide, B. bronchiseptica produces hexa-acylated lipid A linked to a
similar, if not identical, complex core trisaccharide and O-antigen repeats and B.
parapertussisy,, produces a hexa-acylated lipid A linked to an altered core structure and O-
antigen repeats!28-130. Because it lacks O-antigen, B. pertussis LPS is often referred to as
lipooligosaccharide (LOS)131. The genes required for synthesis of O-antigen in B,
bronchisepticaand B. parapertussisyy, are repressed by BvgAS132; however, some O-antigen
is produced under Bvg* phase conditions and mutants unable to produce O-antigen display
defective virulence in mouse models132: 133,

In mice, B. bronchiseptica LPS is sensed by TLR4, resulting in an early TNF-a response
and recruitment of neutrophils to the lungs34 135, Although B. parapertussisy, LPS and B.
pertussis LOS can stimulate murine TLR4, they do so less efficiently and TLR4~/~ mice are
only modestly impaired in their ability to control infection by these organisms36-138 |n
addition, it has been reported that B. pertussis LOS stimulation of murine dendritic cells
results in the development of anti-inflammatory regulatory T cells136. On the basis of these
observations it has been suggested that B. pertussis and B. parapertussis’™ have evolved to
be less inflammatory than B. bronchiseptica and that diminished inflammation might
facilitate persistence during human infection!3¢: 137, However, subsequent studies have
demonstrated that human and murine TLR4-MD-2-CD14 complexes differ in their ability to
recognize different forms of lipid A. Although murine TLR4-MD-2-CD14 responds
similarly to both penta- and hexa-acylated lipid A, human TLR4-MD-2-CD14 responds
robustly to hexa-acylated lipid A but only weakly to penta-acylated lipid A139. Furthermore,
as opposed to murine TLR4-MD-2-CD14, which responds to B. pertussis lipid A regardless
of whether the phosphate groups are modified or not, human TLR4-MD-2-CD14 responds
more robustly to lipid A containing glucosamine (GIcN)-modified phosphate groups than to
lipid A with unmodified phosphates!40. Although it seems that the majority of B. pertussis
LOS contains GlcN-modified phosphate groups!41, the fact that it is penta-acylated suggests
that its ability to stimulate TLR4 in humans is even weaker than its ability to stimulate
TLR4 in mice. These data provide additional support for the hypothesis that B. pertussis and
B. parapertussisy, strains have evolved to be relatively non-inflammatory in humans.
However, they also raise concerns about extrapolating conclusions drawn from murine
studies to humans, as the TLR4-MD-2-CD14-dependent immune responses clearly differ in
these hosts.

Additional surface proteins

Many additional BvgAS-activated genes encode known or predicted surface-localized or
secreted proteins and are suspected to have roles in pathogenesis?®: 142, BrkA, TcfA, BapC,
BatB, Vag8, SphB1 and Phg are BvgAS-activated classical autotransporter proteins, and
their putative roles in pathogenesis include mediating adherence, serum resistance, evasion
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of antibody-mediated clearance and proteolytic processing of other surface

proteins103. 143-148 BinA and BcfA are BvgAS-regulated members of the intimin/invasin

family, and although their roles in pathogenesis are unknown3> 149 immunization of mice
with BcfA can accelerate clearance of B. bronchiseptica following intranasal challengel0,
suggesting that these poorly characterized surface molecules should be considered for the

development of new vaccines containing different or additional antigens.

Metabolic proteins

Many BvgAS-regulated genes encode proteins that are probably involved in metabolism,
respiration and other physiological processes?® 142, presumably reflecting the diversity of
environmental conditions encountered by Bordetella spp. as they travel within and outside
the mammalian respiratory tract. Among these factors, those involved in the acquisition and
use of iron have been the focus of most studies. In addition to producing and using the
siderophore alcaligin11, B. pertussisand B. bronchiseptica can use a variety of
xenosiderophores (including enterobactin®2) and haem iron sources such as hemoglobin1°3,
Most, if not all, of these iron acquisition mechanisms are required during murine respiratory
infection1®4 155 demonstrating the necessity of iron for bacterial survival, the variety of
mechanisms used by the host to sequester iron and the reciprocal array of mechanisms used
by the bacteria to acquire this essential element.

In addition, accumulating evidence suggests that biofilm production by pathogenic
Bordetella spp. in vitro and during infection may contribute to colonization of the
respiratory tract. This process is regulated by a complex program of both Bvg-dependent
and Bvg-independent gene expression16-159 with genes that promote biofilm formation
being maximally expressed in the Bvg' phase!%6. Bvg-independent production of an
exopolysaccharide via expression of the fps locus and the presence of extracellular DNA are
also required for biofilm production?®7: 160. 161 Recent evidence suggests that the second
messenger cyclic-di-GMP is also crucial for the regulation of biofilm formation162,

Current and future challenges

Despite high rates of immunization with aP vaccines, epidemics of pertussis have recently
occurred in the US, Europe, Australia and Japan (CDC, Australian Government Department
of Health and Aging, Japanese National Institute of Infectious Diseases)163. 164 and similar
outbreaks seem imminent in developed countries throughout the world. Moreover,
irrespective of socioeconomic status, the highest rates of mortality are in infants, who are
also the most difficult population to treat and protect. In considering these challenges and
looking ahead, we suggest three priorities for future studies.

The first priority is to improve the robustness and duration of protection conferred by
vaccination, which will require further study of the immunological responses to infection
and vaccination (Box 4). The deficiencies of current aP vaccines are well documented,
including the striking observation that aP vaccination of baboons only protects against
disease symptoms but not colonization or transmission165. Numerous efforts are in progress
to overcome these deficiencies?4, such as the inclusion of additional antigens in aP vaccines,
reformulation with adjuvants that favour Th1/Th17 responses as opposed to the Th2-type
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immunity generated by alum-adjuvanted vaccines as well as the development of live,
attenuated B. pertussis vaccines®®. The latter approach has significant advantages,
including the ability to generate mucosal immunity, but the issue of public acceptance looms
large. In a similar vein, it is interesting to note that outside of North America, Europe and
parts of Asia, wP vaccines remain in widespread use and approaches to decrease their
reactogenicity while retaining immunogenicity should be considered6’. The known efficacy
of these vaccines combined with the cost effectiveness of this approach might be of more
benefit to people than the development of improved but more costly vaccines composed of
purified proteins. It is important to remember that the development and approval of novel
vaccines will be a prolonged process. In light of recent findings concerning the lack of
protection against colonization or transmission by aP vaccination6%, maximizing the
efficacy of current vaccines through prenatal vaccination, additional boosting and additional
strategies is imperative.

Box 4
Immunity to pertussis

Clinical studies suggest that both humoral and cell-mediated immunity are important for
controlling human pertussis. Measurements of B. pertussis-specific T cell proliferation,
cytokine production and titers of different IgG subclasses from human samples suggest
that naive infection causes primarily a Th1 response, resulting in pro-inflammatory
cytokine and opsonizing antibody production, combined with the stimulation of antigen
presenting cells193: 194 wpP vaccines also stimulate a Thi responsel9: 19 whereas aP
vaccines seem to produce a mixed Th1/Th2 responsel96-198 Many studies have
demonstrated that vaccination with aP vaccines produces antibody responses that are
equal to or exceed those produced by vaccination with wP vaccines194 196,198 yet the
immunity induced by aP vaccines is inefficient, which underscores the importance of
investigating and evaluating cell-mediated immune responses induced by vaccination and
infection. Studies that have evaluated human infection or vaccination have not
comprehensively addressed the role of Th17 responses, which result in pro-inflammatory
cytokine production and stimulation of professional phagocytes. However, studies with
the baboon infection model show that infection causes a mixed Th1/Th17 response that is
long-lived and protective against colonization following subsequent challenge186. 199,
Immunological data from animal models mostly agree with these findings23: 165. 199,
Regardless of the natural immune response to infection, efficacious vaccines need to be
long lasting, prevent transmission and reduce disease burden. As B. pertussisis primarily
an extracellular respiratory pathogen, it is likely that an effective immune response will
require the induction of a mixed Th1/Th17 response that stimulates the production of
opsonizing, toxin-neutralizing and mucosal antibodies, along with memory T cells that
produce cytokines to recruit and activate professional phagocytes at the site of infection.
As such, there is a pressing need to re-evaluate antigens, adjuvants and immunization
routes to achieve these goals.

A second priority is to mitigate infant mortality. Nearly 90% of all deaths due to pertussis
occur in infants that are less than four months of agel68, and the most frequent cause is
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intractable pulmonary hypertension associated with marked lymphocytosis and
bronchopneumonia. Currently, the only efficacious therapy for severe cases is rapid
leukodepletion, which is only available at advanced critical care centresl6% 170 Respiratory
samples obtained during autopsies show luminal aggregates of leukocytes occluding small
pulmonary arteries, along with an abundance of B. pertussisi® 171, The pathology of fatal
pertussis pneumonia appears to be largely caused by pertussis toxin. Thus, in addition to
protecting susceptible infants by maternal vaccination or by vaccination at birth, it is also
imperative to pursue approaches for limiting PT activity during infection. Potential
therapeutic modalities include humanized monoclonal antibodies and small molecules to
target PT interactions with host cell receptors or the enzymatic activity of PT, as well as
regulatory factors such as the BvgAS system.

Finally, although animal models have proven useful, we need to enhance our understanding
of human disease. Decades of research on B. pertussis virulence determinants have primarily
been based on tissue culture models and murine infections. These studies have shown what
adhesins, toxins and other virulence factors can do under laboratory conditions, but very
little, if anything, is known about what they really do during human disease. Specificity is
the rule for human adapted pathogens and it can manifest at several levels including gene
expression, virulence factor delivery, binding specificity and activity. Perhaps the most vivid
illustration of our lack of understanding of B. pertussis is that we still don’t know why
infection makes people cough!
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Glossary

paroxysmal Multiple, rapid coughing attacks that are characteristic of

coughing pertussis

B. parapertussisyy Two clades of bacteria have been classified as B. parapertussis.
Those isolated from humans are designated B. parapertussisyy,
and those isolated from sheep are designated B. parapertussiso,,

Lymphocytosis An increase in the number of lymphocytes (T-cells, B-cells and
NK cells) in the bloodstream

type 1V secretion A protein complex that is homologous to the conjugative

system machinery that spans the cell envelope. Type IV secretion
systems (T4SS) are capable of both secretion and uptake of DNA
and proteins

clodronate bisphosphonate clodronate is a chemical that, when delivered to

macrophages via phagocytosis of clodronate containing
liposomes, causes apoptotic cell death
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A protein complex that spans the inner and outer membrane of
Gram-negative bacteria, the Type | secretion machinery consists
of an ABC transporter protein, a membrane fusion protein and an
outer membrane protein and is responsible for the secretion of
various molecules

(Respiratory burst)The rapid production of reactive oxygen
species (such as hydrogen peroxide and superoxide radicals),
typically by neutrophils and monocytes, which assist in
combating bacterial and fungal infections

A family of small signalling GTPases within the Ras superfamily.
Rho GTPases are found in eukaryotic cells and are involved in a
wide range of cellular activities

Proteins of the innate immune system that recognize pathogen-
associated molecular patterns (PAMPs); for example the toll-like
receptor 4 (TLR4), which recognizes lipopolysaccharide

A secretion pathway consisting of two proteins, a large
exoprotein (TspA) and an outer membrane pore-forming -barrel
protein (TspB)

A protein complex that transports molecules across the
cytoplasmic membrane

A mechanism by which bacteria vary the expression of genes

encoding extracellular structures, such as flagella and fimbriae,
typically as a means to avoid host immunity. This is frequently
accomplished by DNA rearrangement or slip-strand mispairing

Family of proteins found in Gram-negative bacteria that consist of
an N-terminal passenger domain and a C-terminal B-barrel. The -
barrel is responsible for transporting the passenger domain into
the extracellular space and anchoring the protein to the outer
membrane

Virulence factors that mediate invasion and adherence

Protein factors that associate with RNA polymerase and are
important for promoter recognition and transcription initiation.
They are typically induced under different environmental
conditions. Alternative sigma factors differ from primary sigma
factors, which are required for transcription of essential genes

Iron chelating compounds secreted by microorganisms to
scavenge iron for cellular metabolism. Xenosiderophores refer to
siderophores that can be utilized across different species
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IS (insertion A short, transposable DNA sequence
sequence) element
multilocus sequence A molecular method that is used to characterize microorganisms
typing by comparing the sequences of housekeeping genes
References
1. de Greeff SC, et al. Pertussis disease burden in the household: how to protect young infants. Clin

10

11.

12.

13.

14.

15.

16.

17.

18.

Infect Dis. 2010; 50:1339-45. [PubMed: 20370464]

. Bordet J, Gengou O. Le microbe de la coqueluche. Annales de I’Institut Pasteur. 1906; 20:731-741.
. Cherry JD. Why do pertussis vaccines fail? Pediatrics. 2012; 129:968-70. [PubMed: 22529282]
. Diavatopoulos DA, et al. Bordetella pertussis, the causative agent of whooping cough, evolved from

a distinct, human-associated lineage of B. bronchiseptica. PLoS Pathog. 2005; 1:e45. This study
identified four complexes of Bordetella and suggested that B. pertussis and B. parapertussis
independently evolved from a B. bronchiseptica-like ancestor. [PubMed: 16389302]

. Park J, et al. Comparative genomics of the classical Bordetella subspecies: the evolution and

exchange of virulence-associated diversity amongst closely related pathogens. BMC Genomics.
2012; 13:545. [PubMed: 23051057]

. Goodnow RA.. Biology of Bordetella bronchiseptica. Microbiol Rev. 1980; 44:722-38. [PubMed:

7010115]

. Centers for Disease Control and Prevention. Pertussis. In: Atkinson, W.; Wolfe, S.; Hamborsky, J.,

editors. Epidemiology and Prevention of Vaccine-Preventable Diseases. Public Health Foundation;
Washington DC: 2012. p. 215-232.

. American Academy of Pediatrics. Summaries of Infectious Diseases. In: Pickering, LK., editor. Red

Book: 2012 Report of the Committee on Infectious Diseases. American Academy of Pediatrics; Elk
Grove Village, IL: 2012. p. 553-566.

. Edwards JA, Groathouse NA, Boitano S. Bordetella bronchiseptica adherence to cilia is mediated by

multiple adhesin factors and blocked by surfactant protein A. Infect Immun. 2005; 73:3618-26.
[PubMed: 15908391]

. Paddock CD, et al. Pathology and pathogenesis of fatal Bordetella pertussis infection in infants.
Clin Infect Dis. 2008; 47:328-38. This study examines the pulmonary histopathology of infants
that died due to pertussis and describes leukocytosis, necrotizing bronchiolitis, edema, and intra-
alveolar hemorrhage observed within these samples. [PubMed: 18558873]

Preston A, Maskell DJ. A new era of research into Bordetella pertussis pathogenesis. J Infect.
2002; 44:13-6. [PubMed: 11972412]

Poland GA. Pertussis outbreaks and pertussis vaccines: new insights, new concerns, new
recommendations? Vaccine. 2012; 30:6957-9. [PubMed: 23141958]

Fisman DN, et al. Pertussis resurgence in Toronto, Canada: a population-based study including
test-incidence feedback modeling. BMC Public Health. 2011; 11:694. [PubMed: 21899765]
Hong JY. Update on pertussis and pertussis immunization. Korean J Pediatr. 2010; 53:629-33.
[PubMed: 21189928]

Rohani P, Zhong X, King AA. Contact network structure explains the changing epidemiology of
pertussis. Science. 2010; 330:982-5. [PubMed: 21071671]

Witt MA, Katz PH, Witt DJ. Unexpectedly limited durability of immunity following acellular
pertussis vaccination in preadolescents in a North American outbreak. Clin Infect Dis. 2012;
54:1730-5. [PubMed: 22423127]

Witt MA, Arias L, Katz PH, Truong ET, Witt DJ. Reduced risk of pertussis among persons ever
vaccinated with whole cell pertussis vaccine compared to recipients of acellular pertussis vaccines
in a large US cohort. Clin Infect Dis. 2013; 56:1248-54. [PubMed: 23487373]

Clark TA, Bobo N. CDC update on pertussis surveillance and Tdap vaccine recommendations.
NASN Sch Nurse. 2012; 27:297-300. [PubMed: 23193719]

Nat Rev Microbiol. Author manuscript; available in PMC 2014 October 22.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Melvin et al.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Page 19

Carbonetti NH. Pertussis toxin and adenylate cyclase toxin: key virulence factors of Bordetella
pertussis and cell biology tools. Future Microbiol. 2010; 5:455-69. [PubMed: 20210554]

Locht C, Coutte L, Mielcarek N. The ins and outs of pertussis toxin. FEBS J. 2011; 278:4668-82.
[PubMed: 21740523]

Decker KB, James TD, Stibitz S, Hinton DM. The Bordetella pertussis model of exquisite gene
control by the global transcription factor BvgA. Microbiology. 2012; 158:1665-76. [PubMed:
22628479]

de Gouw D, Diavatopoulos DA, Bootsma HJ, Hermans PW, Mooi FR. Pertussis: a matter of
immune modulation. FEMS Microbiol Rev. 2011; 35:441-74. [PubMed: 21204863]

Higgs R, Higgins SC, Ross PJ, Mills KH. Immunity to the respiratory pathogen Bordetella
pertussis. Mucosal Immunol. 2012; 5:485-500. [PubMed: 22718262]

Locht C, Mielcarek N. New pertussis vaccination approaches: en route to protect newborns? FEMS
Immunol Med Microbiol. 2012; 66:121-33. [PubMed: 22574832]

Mattoo S, Cherry JD. Molecular pathogenesis, epidemiology, and clinical manifestations of
respiratory infections due to Bordetella pertussis and other Bordetella subspecies. Clin Microbiol
Rev. 2005; 18:326-82. [PubMed: 15831828]

Weiss AA, Hewlett EL, Myers GA, Falkow S. Tn5-induced mutations affecting virulence factors
of Bordetella pertussis. Infect Immun. 1983; 42:33-41. [PubMed: 6311749]

Weiss AA, Melton AR, Walker KE, Andraos-Selim C, Meidl JJ. Use of the promoter fusion
transposon Tn5 lac to identify mutations in Bordetella pertussis vir-regulated genes. Infect Immun.
1989; 57:2674-82. [PubMed: 2569447]

Knapp S, Mekalanos JJ. Two trans-acting regulatory genes (vir and mod) control antigenic
modulation in Bordetella pertussis. J Bacteriol. 1988; 170:5059-66. [PubMed: 2903140]

Cummings CA, Bootsma HJ, Relman DA, Miller JF. Species- and strain-specific control of a
complex, flexible regulon by Bordetella BvgAS. J Bacteriol. 2006; 188:1775-85. This study
identified the breadth of regulatory activity controlled by the BvgAS system and demonstrated the
complexity of its regulon. [PubMed: 16484188]

Nicholson TL. Construction and validation of a first-generation Bordetella bronchiseptica long-
oligonucleotide microarray by transcriptional profiling the Bvg regulon. BMC Genomics. 2007;
8:220. [PubMed: 17617915]

Herrou J, et al. Periplasmic domain of the sensor-kinase BvgsS reveals a new paradigm for the
Venus flytrap mechanism. Proc Natl Acad Sci U S A. 2010; 107:17351-5. [PubMed: 20855615]

Uhl MA, Miller JF. Autophosphorylation and phosphotransfer in the Bordetella pertussis BvgAS
signal transduction cascade. Proc Natl Acad Sci U S A. 1994; 91:1163-7. [PubMed: 8302847]

Boucher PE, Maris AE, Yang MS, Stibitz S. The response regulator BvgA and RNA polymerase
alpha subunit C-terminal domain bind simultaneously to different faces of the same segment of
promoter DNA. Mol Cell. 2003; 11:163-73. [PubMed: 12535530]

Boucher PE, Murakami K, Ishihama A, Stibitz S. Nature of DNA binding and RNA polymerase
interaction of the Bordetella pertussis BvgA transcriptional activator at the tha promoter. J
Bacteriol. 1997; 179:1755-63. [PubMed: 9045838]

Stockbauer KE, Fuchslocher B, Miller JF, Cotter PA. Identification and characterization of BipA, a
Bordetella Bvg-intermediate phase protein. Mol Microbiol. 2001; 39:65-78. [PubMed: 11123689]

Deora R, Bootsma HJ, Miller JF, Cotter PA. Diversity in the Bordetella virulence regulon:
transcriptional control of a Bvg-intermediate phase gene. Mol Microbiol. 2001; 40:669-83.
[PubMed: 11359572]

Cotter PA, Miller JF. BvgAS-mediated signal transduction: analysis of phase-locked regulatory
mutants of Bordetella bronchiseptica in a rabbit model. Infect Immun. 1994; 62:3381-90.
[PubMed: 8039908]

Merkel TJ, Stibitz S, Keith JM, Leef M, Shahin R. Contribution of regulation by the bvg locus to
respiratory infection of mice by Bordetella pertussis. Infect Immun. 1998; 66:4367—73. [PubMed:
9712789]

Akerley BJ, Cotter PA, Miller JF. Ectopic expression of the flagellar regulon alters development of
the Bordetella-host interaction. Cell. 1995; 80:611-20. [PubMed: 7867068]

Nat Rev Microbiol. Author manuscript; available in PMC 2014 October 22.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Melvin et al.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Page 20

Martinez de Tejada G, et al. Neither the Bvg-phase nor the vrg6 locus of Bordetella pertussis is
required for respiratory infection in mice. Infect Immun. 1998; 66:2762-8. [PubMed: 9596745]

Veal-Carr WL, Stibitz S. Demonstration of differential virulence gene promoter activation in vivo
in Bordetella pertussis using RIVET. Mol Microbiol. 2005; 55:788-98. [PubMed: 15661004]

Byrd MS, Mason E, Henderson MW, Scheller EV, Cotter PA. An improved recombination-based
in vivo expression technology-like reporter system reveals differential cyaA gene activation in
Bordetella species. Infect Immun. 2013; 81:1295-305. [PubMed: 23381998]

Porter JF, Parton R, Wardlaw AC. Growth and survival of Bordetella bronchiseptica in natural
waters and in buffered saline without added nutrients. Appl Environ Microbiol. 1991; 57:1202-6.
[PubMed: 2059041]

Morse SI, Morse JH. Isolation and properties of the leukocytosis- and lymphocytosis-promoting
factor of Bordetella pertussis. J Exp Med. 1976; 143:1483-502. [PubMed: 58054]

Pittman M. The concept of pertussis as a toxin-mediated disease. Pediatr Infect Dis. 1984; 3:467—
86. [PubMed: 6093069]

Locht C, Antoine R, Jacob-Dubuisson F. Bordetella pertussis, molecular pathogenesis under
multiple aspects. Curr Opin Microbiol. 2001; 4:82-9. [PubMed: 11173039]

Stein PE, et al. The crystal structure of pertussis toxin. Structure. 1994; 2:45-57. [PubMed:
8075982]

Kotob SI, Hausman SZ, Burns DL. Localization of the promoter for the ptl genes of Bordetella
pertussis, which encode proteins essential for secretion of pertussis toxin. Infect Immun. 1995;
63:3227-30. [PubMed: 7622254]

Stein PE, et al. Structure of a pertussis toxin-sugar complex as a model for receptor binding. Nat
Struct Biol. 1994; 1:591-6. [PubMed: 7634099]

el Baya A, Bruckener K, Schmidt MA. Nonrestricted differential intoxication of cells by pertussis
toxin. Infect Immun. 1999; 67:433-5. [PubMed: 9864250]

Worthington ZE, Carbonetti NH. Evading the proteasome: absence of lysine residues contributes to
pertussis toxin activity by evasion of proteasome degradation. Infect Immun. 2007; 75:2946-53.
[PubMed: 17420233]

Graf R, Codina J, Birnbaumer L. Peptide inhibitors of ADP-ribosylation by pertussis toxin are
substrates with affinities comparable to those of the trimeric GTP-binding proteins. Mol
Pharmacol. 1992; 42:760-4. [PubMed: 1435750]

Spangrude GJ, Sacchi F, Hill HR, Van Epps DE, Daynes RA. Inhibition of lymphocyte and
neutrophil chemotaxis by pertussis toxin. J Immunol. 1985; 135:4135-43. [PubMed: 2999238]
Andreasen C, Carbonetti NH. Pertussis toxin inhibits early chemokine production to delay
neutrophil recruitment in response to Bordetella pertussis respiratory tract infection in mice. Infect
Immun. 2008; 76:5139-48. [PubMed: 18765723]

Kirimanjeswara GS, Agosto LM, Kennett MJ, Bjornstad ON, Harvill ET. Pertussis toxin inhibits
neutrophil recruitment to delay antibody-mediated clearance of Bordetella pertussis. J Clin Invest.
2005; 115:3594-601. [PubMed: 16294220]

Carbonetti NH, Artamonova GV, Van Rooijen N, Ayala V1. Pertussis toxin targets airway
macrophages to promote Bordetella pertussis infection of the respiratory tract. Infect Immun.
2007; 75:1713-20. [PubMed: 17242062]

Connelly CE, Sun Y, Carbonetti NH. Pertussis toxin exacerbates and prolongs airway
inflammatory responses during Bordetella pertussis infection. Infect Immun. 2012; 80:4317-32.
[PubMed: 23027529]

Mu HH, Cooley MA, Sewell WA. Studies on the lymphocytosis induced by pertussis toxin.
Immunol Cell Biol. 1994; 72:267-70. [PubMed: 8088866]

Bruss JB, et al. Treatment of severe pertussis: a study of the safety and pharmacology of
intravenous pertussis immunoglobulin. Pediatr Infect Dis J. 1999; 18:505-11. [PubMed:
10391179]

Glaser P, Danchin A, Ladant D, Barzu O, Ullmann A. Bordetella pertussis adenylate cyclase: the
gene and the protein. Tokai J Exp Clin Med. 1988; 13 (Suppl):239-52. [PubMed: 2908526]
Hackett M, Guo L, Shabanowitz J, Hunt DF, Hewlett EL. Internal lysine palmitoylation in
adenylate cyclase toxin from Bordetella pertussis. Science. 1994; 266:433-5. [PubMed: 7939682]

Nat Rev Microbiol. Author manuscript; available in PMC 2014 October 22.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Melvin et al.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

Page 21

El-Azami-El-Idrissi M, et al. Interaction of Bordetella pertussis adenylate cyclase with CD11b/
CD18: Role of toxin acylation and identification of the main integrin interaction domain. J Biol
Chem. 2003; 278:38514-21. [PubMed: 12885782]

Sakamoto H, Bellalou J, Sebo P, Ladant D. Bordetella pertussis adenylate cyclase toxin. Structural
and functional independence of the catalytic and hemolytic activities. J Biol Chem. 1992;
267:13598-602. [PubMed: 1618862]

Ladant D, et al. Characterization of the calmodulin-binding and of the catalytic domains of
Bordetella pertussis adenylate cyclase. J Biol Chem. 1989; 264:4015-20. [PubMed: 2537301]

Glaser P, et al. Identification of residues essential for catalysis and binding of calmodulin in
Bordetella pertussis adenylate cyclase by site-directed mutagenesis. EMBO J. 1989; 8:967-72.
[PubMed: 2542030]

Fiser R, et al. Calcium influx rescues adenylate cyclase-hemolysin from rapid cell membrane
removal and enables phagocyte permeabilization by toxin pores. PLoS Pathog. 2012; 8:e1002580.
[PubMed: 22496638]

Guermonprez P, et al. The adenylate cyclase toxin of Bordetella pertussis binds to target cells via
the alpha(M)beta(2) integrin (CD11b/CD18). J Exp Med. 2001; 193:1035-44. [PubMed:
11342588]

Confer DL, Eaton JW. Phagocyte impotence caused by an invasive bacterial adenylate cyclase.
Science. 1982; 217:948-50. [PubMed: 6287574]

Kamanova J, et al. Adenylate cyclase toxin subverts phagocyte function by RhoA inhibition and
unproductive ruffling. J Immunol. 2008; 181:5587-97. [PubMed: 18832717]

Paccani SR, et al. Suppression of T-lymphocyte activation and chemotaxis by the adenylate
cyclase toxin of Bordetella pertussis. Infect Immun. 2008; 76:2822-32. [PubMed: 18426886]

Eby JC, et al. Quantification of the adenylate cyclase toxin of Bordetella pertussis in vitro and
during respiratory infection. Infect Immun. 2013; 81:1390-8. This study quantifies the amount of
adenylate cyclase toxin (ACT) in nasopharyngeal washes of both infants and baboons infected
with B. pertussis and suggests that physiological relevant levels of ACT are much less than what
are used in many /n7 vitro experiments. [PubMed: 23429530]

Harvill ET, Cotter PA, Yuk MH, Miller JF. Probing the function of Bordetella bronchiseptica
adenylate cyclase toxin by manipulating host immunity. Infect Immun. 1999; 67:1493-500.
[PubMed: 10024599]

Henderson MW, et al. Contribution of Bordetella filamentous hemagglutinin and adenylate cyclase
toxin to suppression and evasion of interleukin-17-mediated inflammation. Infect Immun. 2012;
80:2061-75. [PubMed: 22473603]

Villarino Romero R, et al. The Bordetella pertussis type |11 secretion system tip complex protein
Bsp22 is not a protective antigen and fails to elicit serum antibody responses during infection of
humans and mice. Infect Immun. 2013; 81:2761-7. [PubMed: 23690400]

Stockbauer KE, Foreman-Wykert AK, Miller JF. Bordetella type 111 secretion induces caspase 1-
independent necrosis. Cell Microbiol. 2003; 5:123-32. [PubMed: 12580948]

Yuk MH, Harvill ET, Cotter PA, Miller JF. Modulation of host immune responses, induction of
apoptosis and inhibition of NF-kappaB activation by the Bordetella type 111 secretion system. Mol
Microbiol. 2000; 35:991-1004. [PubMed: 10712682]

Yuk MH, Harvill ET, Miller JF. The BvgAS virulence control system regulates type 111 secretion
in Bordetella bronchiseptica. Mol Microbiol. 1998; 28:945-59. [PubMed: 9663681]

Skinner JA, Pilione MR, Shen H, Harvill ET, Yuk MH. Bordetella type Il secretion modulates
dendritic cell migration resulting in immunosuppression and bacterial persistence. J Immunol.
2005; 175:4647-52. [PubMed: 16177111]

Panina EM, et al. A genome-wide screen identifies a Bordetella type 111 secretion effector and
candidate effectors in other species. Mol Microbiol. 2005; 58:267-79. [PubMed: 16164564]
Kuwae A, et al. BopC is a novel type 111 effector secreted by Bordetella bronchiseptica and has a
critical role in type Ill1-dependent necrotic cell death. J Biol Chem. 2006; 281:6589-600. [PubMed:
16407269]

Nagamatsu K, et al. Bordetella evades the host immune system by inducing IL-10 through a type
111 effector, BopN. J Exp Med. 2009; 206:3073-88. [PubMed: 20008527]

Nat Rev Microbiol. Author manuscript; available in PMC 2014 October 22.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Melvin et al.

82.

83.

84.

85.

86.

87.

88.

89.

90.

9L

92.

93.

94.

95.

96.

97.

98.

99.

Page 22

French CT, et al. The Bordetella type 111 secretion system effector BteA contains a conserved N-
terminal motif that guides bacterial virulence factors to lipid rafts. Cell Microbiol. 2009; 11:1735-
49. [PubMed: 19650828]

Mattoo S, Yuk MH, Huang LL, Miller JF. Regulation of type I1l secretion in Bordetella. Mol
Microbiol. 2004; 52:1201-14. [PubMed: 15130135]

Brickman TJ, Cummings CA, Liew SY, Relman DA, Armstrong SK. Transcriptional profiling of
the iron starvation response in Bordetella pertussis provides new insights into siderophore
utilization and virulence gene expression. J Bacteriol. 2011; 193:4798-812. [PubMed: 21742863]

Kozak NA, Mattoo S, Foreman-Wykert AK, Whitelegge JP, Miller JF. Interactions between
partner switcher orthologs BtrW and BtrV regulate type 111 secretion in Bordetella. J Bacteriol.
2005; 187:5665-76. [PubMed: 16077112]

Fennelly NK, et al. Bordetella pertussis expresses a functional type 111 secretion system that
subverts protective innate and adaptive immune responses. Infect Immun. 2008; 76:1257—66.
[PubMed: 18195025]

Gaillard ME, Bottero D, Castuma CE, Basile LA, Hozbor D. Laboratory adaptation of Bordetella
pertussis is associated with the loss of type three secretion system functionality. Infect Immun.
2011; 79:3677-82. This study confirms Type 3 secretion system activity in clinical isolates of B.
pertussis, suggesting that laboratory adaptation may lead to loss of T3SS protein expression and,
contradictory to previous beliefs, that Type 3 secretion is likely important for B. pertussis
virulence. [PubMed: 21730086]

Cookson BT, Tyler AN, Goldman WE. Primary structure of the peptidoglycan-derived tracheal
cytotoxin of Bordetella pertussis. Biochemistry. 1989; 28:1744-9. [PubMed: 2541765]

Goodell EW, Schwarz U. Release of cell wall peptides into culture medium by exponentially
growing Escherichia coli. J Bacteriol. 1985; 162:391-7. [PubMed: 2858468]

Park JT. Turnover and recycling of the murein sacculus in oligopeptide permease-negative strains
of Escherichia coli: indirect evidence for an alternative permease system and for a monolayered
sacculus. J Bacteriol. 1993; 175:7-11. [PubMed: 8416911]

Flak TA, Goldman WE. Signalling and cellular specificity of airway nitric oxide production in
pertussis. Cell Microbiol. 1999; 1:51-60. [PubMed: 11207540]

Heiss LN, Moser SA, Unanue ER, Goldman WE. Interleukin-1 is linked to the respiratory
epithelial cytopathology of pertussis. Infect Immun. 1993; 61:3123-8. [PubMed: 8335342]
Magalhaes JG, et al. Murine Nod1 but not its human orthologue mediates innate immune detection
of tracheal cytotoxin. EMBO Rep. 2005; 6:1201-7. [PubMed: 16211083]

Cowell JL, Hewlett EL, Manclark CR. Intracellular localization of the dermonecrotic toxin of
Bordetella pertussis. Infect Immun. 1979; 25:896-901. [PubMed: 227787]

Brockmeier SL, et al. Role of the dermonecrotic toxin of Bordetella bronchiseptica in the
pathogenesis of respiratory disease in swine. Infect Immun. 2002; 70:481-90. [PubMed:
11796573]

Horiguchi Y, et al. Bordetella bronchiseptica dermonecrotizing toxin induces reorganization of
actin stress fibers through deamidation of GIn-63 of the GTP-binding protein Rho. Proc Natl Acad
Sci U S A. 1997; 94:11623-6. [PubMed: 9326660]

Schmidt G, Goehring UM, Schirmer J, Lerm M, Aktories K. Identification of the C-terminal part
of Bordetella dermonecrotic toxin as a transglutaminase for rho GTPases. J Biol Chem. 1999;
274:31875-81. [PubMed: 10542213]

Horiguchi Y, et al. Effects of Bordetella bronchiseptica dermonecrotizing toxin on bone formation
in calvaria of neonatal rats. FEMS Immunol Med Microbiol. 1995; 12:29-32. [PubMed: 8580898]
Horiguchi Y, Nakai T, Kume K. Effects of Bordetella bronchiseptica dermonecrotic toxin on the
structure and function of osteoblastic clone MC3T3-el cells. Infect Immun. 1991; 59:1112-6.
[PubMed: 1997414]

100. Nakai T, Sawata A, Kume K. Intracellular locations of dermonecrotic toxins in Pasteurella

multocida and in Bordetella bronchiseptica. Am J Vet Res. 1985; 46:870—-4. [PubMed: 4014837]

101. Leo JC, Grin I, Linke D. Type V secretion: mechanism(s) of autotransport through the bacterial

outer membrane. Philos Trans R Soc Lond B Biol Sci. 2012; 367:1088-101. [PubMed:
22411980]

Nat Rev Microbiol. Author manuscript; available in PMC 2014 October 22.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Melvin et al.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

Page 23

Mazar J, Cotter PA. New insight into the molecular mechanisms of two-partner secretion. Trends
Microbiol. 2007; 15:508-15. [PubMed: 17988872]

Coutte L, Antoine R, Drobecq H, Locht C, Jacob-Dubuisson F. Subtilisin-like autotransporter
serves as maturation protease in a bacterial secretion pathway. EMBO J. 2001; 20:5040-8.
[PubMed: 11566869]

Mazar J, Cotter PA. Topology and maturation of filamentous haemagglutinin suggest a new
model for two-partner secretion. Mol Microbiol. 2006; 62:641-54. This study describes the
identification of the C-terminus of mature filamentous hemagglutinin as the distal domain
responsible for adherence to respiratory epithelium. [PubMed: 16999837]

Alonso S, Pethe K, Mielcarek N, Raze D, Locht C. Role of ADP-ribosyltransferase activity of
pertussis toxin in toxin-adhesin redundancy with filamentous hemagglutinin during Bordetella
pertussis infection. Infect Immun. 2001; 69:6038-43. [PubMed: 11553541]

Inatsuka CS, Julio SM, Cotter PA. Bordetella filamentous hemagglutinin plays a critical role in
immunomodulation, suggesting a mechanism for host specificity. Proc Natl Acad Sci U S A.
2005; 102:18578-83. [PubMed: 16339899]

Funnell SG, Robinson A. A novel adherence assay for Bordetella pertussis using tracheal organ
cultures. FEMS Microbiol Lett. 1993; 110:197-203. [PubMed: 8102339]

Van Strijp JA, Russell DG, Tuomanen E, Brown EJ, Wright SD. Ligand specificity of purified
complement receptor type three (CD11b/CD18, alpha m beta 2, Mac-1). Indirect effects of an
Arg-Gly-Asp (RGD) sequence. J Immunol. 1993; 151:3324-36. [PubMed: 8376780]

Ishibashi Y, et al. Role of phosphatidylinositol 3-kinase in the binding of Bordetella pertussis to
human monocytes. Cell Microbiol. 2002; 4:825-33. [PubMed: 12464013]

Ishibashi Y, Nishikawa A. Bordetella pertussis infection of human respiratory epithelial cells up-
regulates intercellular adhesion molecule-1 expression: role of filamentous hemagglutinin and
pertussis toxin. Microb Pathog. 2002; 33:115-25. [PubMed: 12220988]

Julio SM, et al. Natural-host animal models indicate functional interchangeability between the
filamentous haemagglutinins of Bordetella pertussis and Bordetella bronchiseptica and reveal a
role for the mature C-terminal domain, but not the RGD motif, during infection. Mol Microbiol.
2009; 71:1574-90. This study describes the interchangeability of the genes encoding filamentous
hemagglutinin (FHA) between B. pertussis and B. bronchiseptica. [PubMed: 19220744]
Nicholson TL, Brockmeier SL, Loving CL. Contribution of Bordetella bronchiseptica filamentous
hemagglutinin and pertactin to respiratory disease in swine. Infect Immun. 2009; 77:2136-46.
[PubMed: 19237531]

Gray MC, Donato GM, Jones FR, Kim T, Hewlett EL. Newly secreted adenylate cyclase toxin is
responsible for intoxication of target cells by Bordetella pertussis. Mol Microbiol. 2004;
53:1709-19. [PubMed: 15341649]

Willems RJ, van der Heide HG, Mooi FR. Characterization of a Bordetella pertussis fimbrial gene
cluster which is located directly downstream of the filamentous haemagglutinin gene. Mol
Microbiol. 1992; 6:2661-71. [PubMed: 1360139]

Willems R, Paul A, van der Heide HG, ter Avest AR, Mooi FR. Fimbrial phase variation in
Bordetella pertussis: a novel mechanism for transcriptional regulation. EMBO J. 1990; 9:2803-9.
[PubMed: 1975238]

Kania SA, et al. Characterization of fimN, a new Bordetella bronchiseptica major fimbrial subunit
gene. Gene. 2000; 256:149-55. [PubMed: 11054544]

Pedroni P, et al. Cloning of a novel pilin-like gene from Bordetella pertussis: homology to the
fim2 gene. Mol Microbiol. 1988; 2:539-43. [PubMed: 2902506]

Boschwitz JS, van der Heide HG, Mooi FR, Relman DA. Bordetella bronchiseptica expresses the
fimbrial structural subunit gene fimA. J Bacteriol. 1997; 179:7882-5. [PubMed: 9401052]
Hazenbos WL, van den Berg BM, van’t Wout JW, Mooi FR, van Furth R. Virulence factors
determine attachment and ingestion of nonopsonized and opsonized Bordetella pertussis by
human monocytes. Infect Immun. 1994; 62:4818-24. [PubMed: 7927760]

Mattoo S, Miller JF, Cotter PA. Role of Bordetella bronchiseptica fimbriae in tracheal
colonization and development of a humoral immune response. Infect Immun. 2000; 68:2024-33.
[PubMed: 10722598]

Nat Rev Microbiol. Author manuscript; available in PMC 2014 October 22.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Melvin et al.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

Page 24

Geuijen CA, et al. Role of the Bordetella pertussis minor fimbrial subunit, FimD, in colonization
of the mouse respiratory tract. Infect Immun. 1997; 65:4222-8. [PubMed: 9317030]

Vandebriel RJ, et al. Association of Bordetella pertussis with host immune cells in the mouse
lung. Microb Pathog. 2003; 35:19-29. [PubMed: 12860455]

Henderson IR, Navarro-Garcia F, Desvaux M, Fernandez RC, Ala’Aldeen D. Type V protein
secretion pathway: the autotransporter story. Microbiol Mol Biol Rev. 2004; 68:692—744.
[PubMed: 15590781]

Emsley P, Charles IG, Fairweather NF, Isaacs NW. Structure of Bordetella pertussis virulence
factor P.69 pertactin. Nature. 1996; 381:90-2. [PubMed: 8609998]

Inatsuka CS, et al. Pertactin is required for Bordetella species to resist neutrophil-mediated
clearance. Infect Immun. 2010; 78:2901-9. [PubMed: 20421378]

Khelef N, Bachelet CM, Vargaftig BB, Guiso N. Characterization of murine lung inflammation
after infection with parental Bordetella pertussis and mutants deficient in adhesins or toxins.
Infect Immun. 1994; 62:2893-900. [PubMed: 7999145]

Pawloski LC, et al. Prevalence and molecular characterization of pertactin-deficient Bordetella
pertussis in the US. Clin Vaccine Immunol. 2013 This study describes the increased prevalence
of pertactin-deficient B. pertussis strains in the U.S. within the past 4 years.

Allen AG, Thomas RM, Cadisch JT, Maskell DJ. Molecular and functional analysis of the
lipopolysaccharide biosynthesis locus wilb from Bordetella pertussis, Bordetella parapertussis and
Bordetella bronchiseptica. Mol Microbiol. 1998; 29:27-38. [PubMed: 9701800]

Caroff M, et al. Structural variability and originality of the Bordetella endotoxins. J Endotoxin
Res. 2001; 7:63-8. [PubMed: 11521085]

Preston A, et al. Complete structures of Bordetella bronchiseptica and Bordetella parapertussis
lipopolysaccharides. J Biol Chem. 2006; 281:18135-44. [PubMed: 16632471]

Preston A, et al. Genetic basis for lipopolysaccharide O-antigen biosynthesis in bordetellae. Infect
Immun. 1999; 67:3763-7. [PubMed: 10417135]

Preston A, et al. Bordetella bronchiseptica PagP is a Bvg-regulated lipid A palmitoy! transferase
that is required for persistent colonization of the mouse respiratory tract. Mol Microbiol. 2003;
48:725-36. [PubMed: 12694617]

Burns VC, Pishko EJ, Preston A, Maskell DJ, Harvill ET. Role of Bordetella O antigen in
respiratory tract infection. Infect Immun. 2003; 71:86-94. [PubMed: 12496152]

Mann PB, Elder KD, Kennett MJ, Harvill ET. Toll-like receptor 4-dependent early elicited tumor
necrosis factor alpha expression is critical for innate host defense against Bordetella
bronchiseptica. Infect Immun. 2004; 72:6650-8. [PubMed: 15501798]

Mann PB, Kennett MJ, Harvill ET. Toll-like receptor 4 is critical to innate host defense in a
murine model of bordetellosis. J Infect Dis. 2004; 189:833-6. [PubMed: 14976600]

Higgins SC, et al. Toll-like receptor 4-mediated innate 1L-10 activates antigen-specific regulatory
T cells and confers resistance to Bordetella pertussis by inhibiting inflammatory pathology. J
Immunol. 2003; 171:3119-27. [PubMed: 12960338]

Mann PB, et al. Comparative toll-like receptor 4-mediated innate host defense to Bordetella
infection. Infect Immun. 2005; 73:8144-52. [PubMed: 16299309]

Banus HA, et al. Host genetics of Bordetella pertussis infection in mice: significance of Toll-like
receptor 4 in genetic susceptibility and pathobiology. Infect Immun. 2006; 74:2596-605.
[PubMed: 16622195]

Hajjar AM, Ernst RK, Tsai JH, Wilson CB, Miller SI. Human Toll-like receptor 4 recognizes
host-specific LPS modifications. Nat Immunol. 2002; 3:354-9. [PubMed: 11912497]

Marr N, et al. Substitution of the Bordetella pertussis lipid A phosphate groups with glucosamine
is required for robust NF-kappaB activation and release of proinflammatory cytokines in cells
expressing human but not murine Toll-like receptor 4-MD-2-CD 14. Infect Immun. 2010;
78:2060-9. This study showed that glucosamine modification of lipid A is required for B.
pertussis endotoxin to induce pro-inflammatory cytokine production in human, but not murine,
macrophages, underscoring the importance of using caution when extrapolating results of studies
using B. pertussis in murine models to human infection. [PubMed: 20176798]

Nat Rev Microbiol. Author manuscript; available in PMC 2014 October 22.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Melvin et al.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

Page 25

Marr N, Tirsoaga A, Blanot D, Fernandez R, Caroff M. Glucosamine found as a substituent of
both phosphate groups in Bordetella lipid A backbones: role of a BvgAS-activated ArnT
ortholog. J Bacteriol. 2008; 190:4281-90. [PubMed: 18424515]

Hot D, et al. Differential modulation of Bordetella pertussis virulence genes as evidenced by
DNA microarray analysis. Mol Genet Genomics. 2003; 269:475-86. [PubMed: 12768411]

Bokhari H, Bilal I, Zafar S. BapC autotransporter protein of Bordetella pertussis is an adhesion
factor. J Basic Microbiol. 2012; 52:390-6. [PubMed: 22052409]

Marr N, Shah NR, Lee R, Kim EJ, Fernandez RC. Bordetella pertussis autotransporter VVag8
binds human C1 esterase inhibitor and confers serum resistance. PLoS One. 2011; 6:620585.
[PubMed: 21695123]

Middendorf B, et al. Phg, a novel member of the autotransporter family present in Bordetella
species. Microbiol Res. 2005; 160:329-36. [PubMed: 16035245]

Finn TM, Stevens LA. Tracheal colonization factor: a Bordetella pertussis secreted virulence
determinant. Mol Microbiol. 1995; 16:625-34. [PubMed: 7476158]

Marr N, et al. Protective activity of the Bordetella pertussis BrkA autotransporter in the murine
lung colonization model. Vaccine. 2008; 26:4306—11. [PubMed: 18582518]

Williams CL, Haines R, Cotter PA. Serendipitous discovery of an immunoglobulin-binding
autotransporter in Bordetella species. Infect Immun. 2008; 76:2966—77. [PubMed: 18426869]

Sukumar N, Mishra M, Sloan GP, Ogi T, Deora R. Differential Bvg phase-dependent regulation
and combinatorial role in pathogenesis of two Bordetella paralogs, BipA and BcfA. J Bacteriol.
2007; 189:3695-704. [PubMed: 17351043]

Sukumar N, et al. Active and passive immunizations with Bordetella colonization factor A protect
mice against respiratory challenge with Bordetella bronchiseptica. Infect Immun. 2009; 77:885—
95. [PubMed: 19064638]

Moore CH, Foster LA, Gerbig DG Jr, Dyer DW, Gibson BW. Identification of alcaligin as the
siderophore produced by Bordetella pertussis and B. bronchiseptica. J Bacteriol. 1995;
177:1116-8. [PubMed: 7860593]

Beall B, Hoenes T. An iron-regulated outer-membrane protein specific to Bordetella
bronchiseptica and homologous to ferric siderophore receptors. Microbiology. 1997; 143 (Pt 1):
135-45. [PubMed: 9025287]

Mocny JC, Olson JS, Connell TD. Passively released heme from hemoglobin and myoglobin is a
potential source of nutrient iron for Bordetella bronchiseptica. Infect Immun. 2007; 75:4857—66.
[PubMed: 17664260]

Brickman TJ, Vanderpool CK, Armstrong SK. Heme transport contributes to in vivo fitness of
Bordetella pertussis during primary infection in mice. Infect Immun. 2006; 74:1741-4. [PubMed:
16495546]

Brickman TJ, Armstrong SK. Impact of alcaligin siderophore utilization on in vivo growth of
Bordetella pertussis. Infect Immun. 2007; 75:5305-12. [PubMed: 17724074]

Irie Y, Mattoo S, Yuk MH. The Bvg virulence control system regulates biofilm formation in
Bordetella bronchiseptica. J Bacteriol. 2004; 186:5692-8. [PubMed: 15317773]

Irie Y, Preston A, Yuk MH. Expression of the primary carbohydrate component of the Bordetella
bronchiseptica biofilm matrix is dependent on growth phase but independent of Bvg regulation. J
Bacteriol. 2006; 188:6680—7. [PubMed: 16952960]

Conover MS, et al. BpsR modulates Bordetella biofilm formation by negatively regulating the
expression of the Bps polysaccharide. J Bacteriol. 2012; 194:233-42. [PubMed: 22056934]
Nicholson TL, Conover MS, Deora R. Transcriptome profiling reveals stage-specific production
and requirement of flagella during biofilm development in Bordetella bronchiseptica. PLoS One.
2012; 7:e49166. [PubMed: 23152870]

Parise G, Mishra M, Itoh Y, Romeo T, Deora R. Role of a putative polysaccharide locus in
Bordetella biofilm development. J Bacteriol. 2007; 189:750-60. [PubMed: 17114249]

Conover MS, Mishra M, Deora R. Extracellular DNA is essential for maintaining Bordetella
biofilm integrity on abiotic surfaces and in the upper respiratory tract of mice. PLoS One. 2011;
6:€16861. [PubMed: 21347299]

Nat Rev Microbiol. Author manuscript; available in PMC 2014 October 22.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Melvin et al.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

Page 26

Sisti F, Ha DG, O’Toole GA, Hozbor D, Fernandez J. Cyclic-di-GMP signalling regulates
motility and biofilm formation in Bordetella bronchiseptica. Microbiology. 2013; 159:869-79.
[PubMed: 23475948]

European Centre for Disease Prevention and Control. Reporting on 2010 surveillance data and
2011 epidemic intelligence data, in Annual Epidemiological Report 2 012. ECDC; Stockholm:
2013.

Fingermann M, et al. Differences of circulating Bordetella pertussis population in Argentina from
the strain used in vaccine production. Vaccine. 2006; 24:3513-21. [PubMed: 16545509]

Warfel JM, Zimmerman LI, Merkel TJ. Acellular pertussis vaccines protect against disease but
fail to prevent infection and transmission in a nonhuman primate model. Proc Natl Acad Sci U S
A. 2013 Using the baboon model of pertussis, this study describes shortcomings of the aP
vaccines, primarily that vaccinated baboons can become infected with B. pertussis and, while
protected from disease symptoms, are capable of transmitting B. pertussis.

Feunou PF, Kammoun H, Debrie AS, Mielcarek N, Locht C. Long-term immunity against
pertussis induced by a single nasal administration of live attenuated B. pertussis BPZE 1.
Vaccine. 2010; 28:7047-53. [PubMed: 20708998]

Dias WO, et al. An improved whole cell pertussis vaccine with reduced content of endotoxin.
Human Vaccines & Immunotherapeutics. 2012; 9:339-348. [PubMed: 23291935]

Vitek CR, Pascual FB, Baughman AL, Murphy TV. Increase in deaths from pertussis among
young infants in the United States in the 1990s. Pediatr Infect Dis J. 2003; 22:628-34. [PubMed:
12867839]

Pillay V, Swingler G. Symptomatic treatment of the cough in whooping cough. Cochrane
Database Syst Rev. 2003:CD003257. [PubMed: 14583962]

Rowlands HE, et al. Impact of rapid leukodepletion on the outcome of severe clinical pertussis in
young infants. Pediatrics. 2010; 126:e816-27. This study describes the potential efficacy of
leukodepletion as a treatment for infants with severe pertussis. [PubMed: 20819895]

Sawal M, et al. Fulminant pertussis: a multi-center study with new insights into the clinico-
pathological mechanisms. Pediatr Pulmonol. 2009; 44:970-80. [PubMed: 19725100]

Musser JM, Hewlett EL, Peppler MS, Selander RK. Genetic diversity and relationships in
populations of Bordetella spp. J Bacteriol. 1986; 166:230-7. [PubMed: 3957867]

van der Zee A, Mooi F, Van Embden J, Musser J. Molecular evolution and host adaptation of
Bordetella spp.: phylogenetic analysis using multilocus enzyme electrophoresis and typing with
three insertion sequences. J Bacteriol. 1997; 179:6609-17. [PubMed: 9352907]

Preston A, Parkhill J, Maskell DJ. The bordetellae: lessons from genomics. Nat Rev Microbiol.
2004; 2:379-90. [PubMed: 15100691]

Parkhill J, et al. Comparative analysis of the genome sequences of Bordetella pertussis, Bordetella
parapertussis and Bordetella bronchiseptica. Nat Genet. 2003; 35:32—-40. [PubMed: 12910271]
Mooi FR, NA, VDM, De Melker HE. Pertussis resurgence: waning immunity and pathogen
adaptation-two sides of the same coin. Epidemiol Infect. 2013:1-10.

Bart MJ, et al. Comparative genomics of prevaccination and modern Bordetella pertussis strains.
BMC Genomics. 2010; 11:627. [PubMed: 21070624]

Schmidtke AJ, et al. Population diversity among Bordetella pertussis isolates, United States,
1935-2009. Emerg Infect Dis. 2012; 18:1248-55. [PubMed: 22841154]

Mooi FR, et al. Bordetella pertussis strains with increased toxin production associated with
pertussis resurgence. Emerg Infect Dis. 2009; 15:1206-13. [PubMed: 19751581]

Mooi FR. Bordetella pertussis and vaccination: the persistence of a genetically monomorphic
pathogen. Infect Genet Evol. 2010; 10:36-49. [PubMed: 19879977]

Elahi S, et al. Infection of newborn piglets with Bordetella pertussis: a new model for pertussis.
Infect Immun. 2005; 73:3636—45. [PubMed: 15908393]

Elahi S, Buchanan RM, Babiuk LA, Gerdts V. Maternal immunity provides protection against
pertussis in newborn piglets. Infect Immun. 2006; 74:2619-27. [PubMed: 16622198]

ACOG Committee Opinion No. 566. Update on immunization and pregnancy: tetanus diphtheria
and pertussis vaccination. Obstet Gynecol. 2013; 121:1411-4. [PubMed: 23812487]

Nat Rev Microbiol. Author manuscript; available in PMC 2014 October 22.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Melvin et al.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

Biographies

Page 27

Terranella A, Asay GR, Messonnier ML, Clark TA, Liang JL. Pregnancy dose Tdap and
postpartum cocooning to prevent infant pertussis: a decision analysis. Pediatrics. 2013;
131:e1748-56. This study suggests that maternal vaccination with aP vaccines during pregnancy
as well as cocooning postpartum may reduce the risk of infant pertussis. [PubMed: 23713104]

Elahi S, et al. Infection with Bordetella parapertussis but not Bordetella pertussis causes pertussis-
like disease in older pigs. J Infect Dis. 2008; 198:384-92. [PubMed: 18540802]

Warfel JM, Beren J, Kelly VK, Lee G, Merkel TJ. Nonhuman primate model of pertussis. Infect
Immun. 2012; 80:1530-6. This study describes the baboon model as a suitable model for B.
pertussis infection. [PubMed: 22252879]

Warfel JM, Beren J, Merkel TJ. Airborne transmission of Bordetella pertussis. J Infect Dis. 2012;
206:902-6. [PubMed: 22807521]

Egberink H, et al. Bordetella bronchiseptica infection in cats. ABCD guidelines on prevention and
management. J Feline Med Surg. 2009; 11:610-4. [PubMed: 19481041]

Mochizuki M, Yachi A, Ohshima T, Ohuchi A, Ishida T. Etiologic study of upper respiratory
infections of household dogs. J Vet Med Sci. 2008; 70:563-9. [PubMed: 18628596]

Woolfrey BF, Moody JA. Human infections associated with Bordetella bronchiseptica. Clin
Microbiol Rev. 1991; 4:243-55. [PubMed: 1889042]

Martinez de Tejada G, Miller JF, Cotter PA. Comparative analysis of the virulence control
systems of Bordetella pertussis and Bordetella bronchiseptica. Mol Microbiol. 1996; 22:895-908.
[PubMed: 8971711]

Miller D, Madge N, Diamond J, Wadsworth J, Ross E. Pertussis immunisation and serious acute
neurological illnesses in children. BMJ. 1993; 307:1171-6. [PubMed: 7504540]

Mascart F, et al. Bordetella pertussis infection in 2-month-old infants promotes type 1 T cell
responses. J Immunol. 2003; 170:1504-9. [PubMed: 12538714]

Giammanco A, et al. Analogous 1gG subclass response to pertussis toxin in vaccinated children,
healthy or affected by whooping cough. Vaccine. 2003; 21:1924-31. [PubMed: 12706678]
Guiso N, et al. Long-term humoral and cell-mediated immunity after acellular pertussis
vaccination compares favourably with whole-cell vaccines 6 years after booster vaccination in
the second year of life. Vaccine. 2007; 25:1390-7. [PubMed: 17134795]

Schure RM, et al. T-cell responses before and after the fifth consecutive acellular pertussis
vaccination in 4-year-old Dutch children. Clin Vaccine Immunol. 2012; 19:1879-86. [PubMed:
23015649]

Mascart F, et al. Modulation of the infant immune responses by the first pertussis vaccine
administrations. Vaccine. 2007; 25:391-8. [PubMed: 17116347]

Vermeulen F, et al. Cellular immune responses of preterm infants after vaccination with whole-
cell or acellular pertussis vaccines. Clin Vaccine Immunol. 2010; 17:258-62. [PubMed:
20016042]

Warfel JM, Merkel TJ. Bordetella pertussis infection induces a mucosal IL-17 response and long-
lived Th17 and Thl immune memory cells in nonhuman primates. Mucosal Immunol. 2013;
6:787-96. [PubMed: 23187316]

Jeffrey A. Melvin received his Ph.D. in Biochemistry from Duke University in 2012 and is
currently a post-doctoral fellow in the laboratory of Dr. Peggy Cotter where his research
focuses on the mechanism of secretion and the physiological function of Bordetella spp.
filamentous hemagglutinin.

Erich V. Scheller received a B.A from Harvard University. He is currently a Ph.D. candidate
in the Department of Microbiology and Immunology at the University of North Carolina at
Chapel Hill, working in the laboratory of Dr. Peggy Cotter. His current research focuses on
the contribution of Bordetella spp. fimbriae to adherence and virulence.

Nat Rev Microbiol. Author manuscript; available in PMC 2014 October 22.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Melvin et al.

Page 28

Jeff F. Miller earned his Ph.D. in Molecular Biology and Microbiology from Tufts
University School of Medicine in 1986. His interests in Bordetella spp. stem from
postdoctoral studies with Dr. Stanley Falkow at Stanford and have continued at UCLA
where he is Professor and Chair of Microbiology, Immunology and Molecular Genetics. In
addition to Bordetellaspp. pathogenesis, interests of the Miller lab include diversity-
generating retroelements in phage, pathogens and the human microbiota and plasma
membrane fusion by intracellular Burkholderia spp. Dr. Miller is currently President of the
American Society for Microbiology.

Peggy A. Cotter earned her Ph.D. in Microbiology and Molecular Genetics at UCLA in
1992. She began studying the mechanisms of Bordetella spp. pathogenesis as a post-doctoral
fellow with Jeff F. Miller at UCLA and continued those studies at UC Santa Barbara as an
assistant, associate and full professor, before moving to the University of North Carolina,
Chapel Hill in 2009. The Cotter lab also studies Contact-Dependent Growth Inhibition
(CDI) in Burkholderia spp. Dr. Cotter was elected to the American Academy of
Microbiology in 2013.

Nat Rev Microbiol. Author manuscript; available in PMC 2014 October 22.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Melvin et al.

Page 29

Online summary

Bordetella pertussis, the causative agent of whooping cough, has reemerged as a
public health threat despite broad vaccine coverage.

Reemergence of this disease correlates with a transition from the use of whole-
cell pertussis vaccines to acellular component vaccines and the epidemiology of
pertussis has shifted while the overall number of cases of pertussis has
increased.

Bordetella spp. serve as paradigms for studying global virulence control
systems, bacterial toxins, type V secretion proteins and the evolution of
pathogens.

Bordetella spp. produce many virulence factors that contribute to pathogenesis,
including toxins, adhesion factors, iron acquisition systems and surface
structures.

Considering the fact that Bordetella pertussisis a strict human pathogen, the
development of appropriate animal models has been challenging. However, a
novel baboon infection and transmission model provides a promising new
research avenue.

Future goals include improving the efficacy of vaccines, protecting
unvaccinated infants from infection and developing better treatment strategies
for infants who do become infected with B. pertussis. Reaching these goals
requires a more thorough understanding of the mechanisms used by B. pertussis
to establish infection and cause disease.
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Figure 1. The BvgAS master regulatory system
(a) BvgsS is a polydomain histidine sensor kinase containing (from the N- to the C-terminus)

two periplasmically-located venus flytrap domains (VFT1 & VFT2), a transmembrane
domain, a PAS domain (PAS), a histidine kinase domain (HK), a receiver domain (Rec) and
a histidine phosphory! transfer domain (Hpt). BvgA is a response regulator protein with an
N-terminal receiver domain (Rec) and a C-terminal helix-turn-helix domain (HTH). BvgS is
activate at 37°C, autophosphorylates at a conserved histidine in the HK domain, and
transfers the phosphoryl group to the Rec, the Hpt and then to the Rec domain of BvgA.
Phosphorylated BvgA (BvgA-P) activates expression of virulence-associated genes (vags;
which are subdivided into class 1 and 2 genes) and represses expression of virulence-
repressed genes (vrgs; known as class 4 genes). Bvgs is inactive and remains
unphosphorylated when bacteria are grown at a low temperature (~25°C) or at 37°C in the
presence of chemical modulators (such as MgSO4 or nicotinic acid). (OM-outer membrane,
CM-cytoplasmic membrane) (b) BvgAS controls four classes of genes and three distinct
phenotypic phases. The Bvg* phase occurs when BvgAS is fully active and is characterized
by maximal expression of genes encoding adhesins (class 2 genes, such as faB, fimZ2and
fim3, expression levels indicated by an orange line) and toxins (class 1 genes, such as cyaA-
E, ptx-ptland bsc genes, expression levels indicated by a red line), and minimal expression
of class 3 and class 4 genes (expression levels indicated by purple and blue lines,
respectively). The Bvg* phase is necessary and sufficient to cause respiratory infection (i.e.,

Nat Rev Microbiol. Author manuscript; available in PMC 2014 October 22.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Melvin et al.

Page 32

in vivo). The Bvg~ phase occurs when BvgAS is inactive and is characterized by maximal
expression of class 4 genes and minimal expression of class 1, 2, and 3 genes. (Note that
regulation of some vrgs is indirect; when BvgAS is inactive, it does not repress frlAB, a
positive regulator at the top of the motility regulon, and it does not activate bvgR, a negative
regulator of vrgloci.) The Bvg™ phase is required for growth under nutrient limiting
conditions, such as may be encountered in the environment (i.e., ex vivo). The Bvg' phase
occurs when BvgAS is partially active and is characterized by maximal expression of class 3
genes and minimal expression of class 1, 2, and 4 genes. The only class 3 gene characterized
so far is bjpA, which is activated by BvgA under Bvg' phase conditions and repressed by
BvgA under Bvg* phase conditions. The Bvg' phase may be important for transmission
between hosts, but this has not been fully elucidated.
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Figure 2. Toxin-mediated virulence of Bordetella spp
(a) Pertussis toxin (PT, PDB ID 1PRT), is an ABs-type toxin composed of one catalytic

subunit (A subunit) and five membrane-binding/transport subunits (B subunits)*’. PT is
assembled in the bacterial periplasm and exported by a type IV secretion system. (b) On
binding to a sialoglycoprotein host cell receptor, PT is endocytosed and trafficked through
the Golgi to the endoplasmic reticulum. In the endoplasmic reticulum, the Bs complex binds
to ATP and dissociates from the A subunit. The A subunit is then transported into the
cytoplasm and traffics on exosomes to the cytoplasmic membrane, where it ADP-ribosylates
the a subunit of heterotrimeric G proteins. This modification alters the ability of G proteins
to regulate multiple enzymes and pathways, including their ability to inhibit cyclic AMP
(cAMP) formation. The overall result of these modifications is an initial suppression of
inflammatory cytokine production and inhibition of immune cell recruitment to the site of
infection. (c) Bordetella spp. adenylate cyclase toxin (ACT) is composed of two primary
domains, a calmodulin-responsive adenylate cyclase enzymatic domain (yellow) and an
RTX domain (black), which are connected by hydrophobic segments (green). (d) The RTX
domain of ACT interacts with CR3 receptors that are expressed on host cell membranes
from a wide range of cell types. The hydrophobic segments of the linker region (green) form
pores in the membrane that enable the passage of ions and translocation of the adenylate
cyclase domain into the cytoplasm. Adenylate cyclase activity is stimulated by binding to
calmodulin in the host cell. The combined effects of ACT intoxication and pore formation
result in inhibition of complement-dependent phagocytosis, induction of anti-inflammatory
cytokines, suppression of pro-inflammatory cytokines and inhibition of immune cell
recruitment.
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Figure 3. Presentation of filamentous hemagglutinin, fimbriae and pertactin on the Bordetella
cell surface

(a) Filamentous hemagglutinin (FHA) is a TpsA exoprotein (blue) that is translocated across
the outer membrane through its cognate TpsB pore protein (red), FhaC. This translocation
occurs via the two-partner secretion pathway. Processing during translocation removes the
C-terminal prodomain (yellow) from the full-length FhaB protein to produce the mature
~250 kDa FHA protein. FHA is required for adherence to ciliated epithelial cells and for
persistence during infection, possibly by directly or indirectly modulating the host immune
system. (b) Bordetellaspp. fimbriae are type 1 pili. FimB is similar to chaperone proteins
that traffic major fimbrial subunits (Fim2 and Fim3, in this case) to the membrane usher
FimC. FimB and FimC are necessary for fimbrial secretion and FimD (the tip subunit) is
necessary for fimbrial assembly. Fimbriae are required for persistence during infection,
possibly by functioning similarly to FHA by directly or indirectly modulating the immune
system. Furthermore, studies have suggested that fimbriae are necessary for adherence to
ciliated epithelial cells. (c) Pertactin is a classical autotransporter. The C-terminal ~30 kDa
region (red) forms a channel in the outer membrane (om) that is required for translocation of
the ~70 kDa B-helical passenger domain (blue) to the cell surface. Although the precise role
of pertactin is unclear, data suggests that pertactin may contribute to virulence by resisting
neutrophil-mediated clearance.
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