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Abstract
Pertussis toxin and adenylate cyclase toxin are two important virulence factors of Bordetella
pertussis, the bacterial cause of the respiratory disease pertussis or whooping cough. In addition to
studies on the structure, function and role in pathogenesis of these two toxins, they are both used as
cell biology tools for a variety of applications owing to their ability to enter mammalian cells, perform
enzymatic activities and modify cell signaling events. In this article, recent data from the research
literature that enhance our understanding of the nature of these two toxins, their role in the
pathogenesis of B. pertussis infection and disease, particularly in modulating host immune responses,
and their use as tools for other areas of research will be outlined.
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The disease pertussis (or whooping cough) is caused by Bordetella pertussis, a Gram-negative
bacterial pathogen that infects the human respiratory tract. A detailed review on B. pertussis
[1] and other useful reviews on the infection and disease have been published recently [2,3].
Unvaccinated infants and toddlers suffer the disease severest, with symptoms including
paroxysmal cough with whooping and vomiting, and the pulmonary complications of the
disease can be fatal in this age group [4]. Older children, adolescents and adults are also
susceptible and typically suffer a persistent cough of varying severity. A whole-cell vaccine
introduced in the 1940s quickly reduced the number of cases; however, owing to its
reactogenicity, it has been replaced by acellular vaccines in many parts of the world over the
last 20 years. However, in recent years, there has been a marked increase in the number of
reported cases to a 50-year high, the cause of which is unclear but may involve reduced rates
of vaccination, waning immune responses to acellular vaccines, changes in circulating strains
or improved methods of surveillance and diagnosis [5].

Despite detailed molecular analysis of several virulence-associated factors of B. pertussis,
significant gaps remain in our understanding of the pathogenesis of this infection and disease.
For instance, we know next to nothing about the cause of pertussis cough or its specific
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characteristics, and we do not know which bacterial factors contribute to the cough pathology.
One of the challenges in understanding this pathology is that there are no small animal models
that reproduce the specific characteristics of B. pertussis infection and disease in humans.
However, the mouse intranasal or aerosol inoculation model has been used extensively to study
respiratory tract infection by these bacteria and immune responses elicited in this host–
pathogen interaction. Several characteristics of the human infection and host response are
reproduced in this model, which may also be useful for the preclinical assessment of acellular
pertussis vaccine efficacy [6]. In recent years, this mouse model has provided significant
information on the importance and role of several virulence factors produced by the pathogen
[1,3], as well as the nature of protective immune responses elicited by B. pertussis infection
and pertussis vaccination [3,6].

Two of the most important virulence factors of B. pertussis are the secreted toxins pertussis
toxin (PT) and adenylate cyclase toxin (ACT). The emerging picture revealed by the recent
literature is that these toxins play a major role in suppression and modulation of host immune
and inflammatory responses. An important question yet to be solved is whether these activities
promote not only B. pertussis infection, but also the subsequent disease pathogenesis associated
with pertussis. The topic of this article is the structure, function and activity of these toxins,
their role in the pathogenesis of B. pertussis infection and their use as cell biology tools in other
areas of research.

Pertussis toxin
Overview

Pertussis toxin is a secreted protein exotoxin and an important virulence factor produced
exclusively by B. pertussis. PT is transported across the bacterial outer membrane by a type
IV secretion system encoded by the ptl genes, which are located downstream from the ptx genes
encoding the toxin [7,8]. PT is a complex multisubunit toxin with an AB5 configuration (one
active subunit plus five binding subunits). The B oligomer is a pentameric ring composed of
subunits S2, S3, two S4, and S5, which bind to various (but mostly unidentified) glycoconjugate
molecules on the surface of target cells [9,10]. S2 and S3 each contain two different
carbohydrate-binding domains [11,12], which most likely accounts for the capacity of PT to
bind to and intoxicate virtually any mammalian cell (at least in culture). The enzymatic activity
of PT resides in the A subunit, also known as S1. Once in the cell cytosol, S1 hydrolyzes cellular
NAD and transfers the released ADP-ribose to a specific cysteine residue near the C-terminus
of the α subunit of heterotrimeric G-proteins of the Gi family in mammalian cells [13]. This
modification results in inhibition of Gi protein-coupled signaling pathways, causing a variety
of downstream effects. PT activity requires a reducing agent to decrease the disulfide bond in
S1 [14] and also requires ATP, which binds to the B oligomer to stimulate S1 dissociation from
the holotoxin [15,16]. The crystal structure of PT was solved over a decade ago and revealed
that S1 shares structural homology at the active site with other ADP-ribosylating bacterial
toxins, and that the structure of the B oligomer is similar to that of the symmetrical B pentamer
of the cholera toxin [17]. PT is known to cause most of the systemic symptoms associated with
pertussis disease, such as the profound leukocytosis that may be a predictor of poor outcome
in infants [18,19]. PT is an important component of acellular pertussis vaccines, and can be
protective as a single-component toxoid vaccine [20]. It is also commonly used as a reagent in
mammalian cell signaling studies owing to its inhibitory effect on G-protein-coupled receptor
pathways.

The major issues concerning PT that have been addressed in the recent research literature are
described in the following sections.
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Cellular trafficking & activity
Pertussis toxin binds to glycosylated molecules on the surface of mammalian cells and enters
cells by endocytosis; however, further details on the intracellular trafficking of PT to its target
G-proteins in the cytosol have only recently emerged. Visualization of this trafficking by
indirect immunofluorescence microscopy revealed retrograde transport of PT to the Golgi
complex, but trafficking beyond this organelle was not detected by this method [21]. However,
a biochemical method revealed further details on the retrograde transport pathway utilized by
PT. The A (S1) or B (S4) subunits of PT were genetically tagged with peptides containing
target sites for tyrosine sulfation (a Golgi-specific activity) and N-glycosylation (an
endoplasmic reticulum [ER]-specific activity). These tagged versions of PT were found to be
sulfated and then N-glycosylated when incubated with mammalian cells, demonstrating further
retrograde transport from the Golgi complex to the ER [21]. Much of the S4 glycosylation, but
not that of S1, was resistant to endoglycosidase H cleavage. This indicated that, subsequent to
core N-glycosylation in the ER, S4 was transported anterograde to the Golgi, where further
O-glycosylation occurred, while S1 was presumably transported to the cytosol, also suggesting
that PT dissociation occurs in the ER. A mutant version of PT (PTDM) unable to bind ATP
had undetectable enzymatic activity in vitro and in cells, but trafficked normally to the Golgi
and ER. However, the N-glycosylation level of S1 was increased and there was no O-
glycosylation of S4, consistent with an inability of PTDM to dissociate in the ER [PLAUT R &
CARBONETTI N, UNPUBLISHED DATA]. Furthermore, PTDM (unlike PT) could be detected in the ER by
indirect immunofluorescence microscopy, supporting the role of ATP in stimulating PT
dissociation in the ER and to allow further trafficking of S1. The lack of cellular activity of
PTDM also indicates that the retrograde transport route is the cellular intoxication pathway for
PT.

A significant question that remains unanswered is how S1 crosses the ER membrane to the
cytosol. The prevailing hypothesis for PT and several other bacterial toxins that undergo
retrograde transport is that they exploit the endogenous ER-associated degradation pathway
that transports misfolded proteins from the ER to the cytosol for polyubiquitination and
degradation by proteasomes [22]. Consistent with this hypothesis is the fact that S1 has no
lysines, the primary target residue for polyubiquitination. In a recent report, engineered forms
of PT with one–three lysines in place of arginines on S1 retained native in vitro enzymatic
activity but had significantly reduced cellular activity, which could be recovered by
pretreatment of cells with a proteasome inhibitor [23]. Therefore, the lack of lysines in S1
allows it to evade proteasome degradation after entry to the cytosol. Confirmation that S1
utilizes the ER-associated degradation pathway to translocate from ER to cytosol will probably
depend on further molecular dissection of this pathway and the development of specific
inhibitors. Trafficking of S1 within the cytosol to reach target G-proteins also requires further
study. An in vitro study of the thermal stability of S1 showed that it is a thermally unstable
protein that can be degraded in a ubiquitin-independent manner by the core 20S proteasome;
however, its thermal denaturation is inhibited by interaction with NAD, the donor molecule
used for ADP ribosylation of target G-proteins [24]. Thus, NAD binding may also contribute
to protection of S1 from proteasome degradation in the cytosol.

Role as a virulence factor: modulation of host immune responses
Although PT is considered to be an important virulence factor of B. pertussis, details on its
role in promoting respiratory infection and disease have only recently emerged. PT is well
established as the cause of systemic symptoms associated with pertussis disease, such as
leukocytosis, insuline-mia/hypoglycemia and histamine sensitivity [25], and is clearly
associated with lethality of B. pertussis infection in a neonatal mouse model [26]. However, it
was unclear from earlier studies whether PT contributed to local events of respiratory infection
and disease. Several recent studies comparing wild-type and PT-deficient B. pertussis strains
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in the young adult mouse model of infection have revealed that PT does play an important role
in promoting infection in the respiratory tract, and the emerging picture is that this is achieved
by suppression and modulation of various host inflammatory and immune responses to the
bacteria, as described in the following sections.

Airway macrophages—Pertussis toxin-deficient mutant strains had reduced levels of
airway infection in mice as soon as 24 h postinoculation [27,28], demonstrating that PT is
important very early after inoculation of bacteria. Experiments with intranasal administration
of purified PT showed that PT acts as a soluble factor that can enhance B. pertussis respiratory
tract infection even when administered 14 days prior to bacterial inoculation, but not when
administered just 24 h after bacterial inoculation [28]. This indicates that PT acts at an early
time following bacterial inoculation and that the target cells for this PT activity are likely to
be resident cells of the airways rather than newly recruited cells. One important target of this
early PT activity appears to be resident airway macrophages (AMs). Depletion of AM by
intranasal administration of clodronate liposomes not only enhanced infection by wild-type B.
pertussis in mice, but also enhanced infection by the PT-deficient strain to the same high level
as the wild-type strain [29]. Interestingly, intranasal treatment of mice with a single dose of
PT resulted in ADP-ribosylation of AM G-proteins that lasted longer than 2 weeks (correlating
with the longevity of the infection-promoting activity of PT), further supporting the conclusion
that PT targets AMs to promote B. pertussis infection. Which specific functions of AM are
inhibited by PT remains to be determined; however, there are several known PT-sensitive G-
protein signaling pathways that are important in macrophage activity [30].

Neutrophils—Another early role for PT is apparently to inhibit neutrophil recruitment and
influx to the airways, a common inflammatory response to bacterial infection. Using the mouse
model, two groups have found that neutrophil recruitment to the lungs and airways occurs
earlier after infection by a PT-deficient strain than a wild-type strain [27,28,31,32]. This was
due to PT acting on resident lung cells (including AMs) to inhibit the upregulation of genes
expressing chemokines (KC, MIP-2 and LIX) that attract neutrophils, rather than a direct effect
of PT on the neutrophils themselves [31]. PT may also act on pulmonary endothelial cells to
inhibit neutrophil extravasation by another mechanism [33,34]. Interestingly, PT also inhibited
lung chemokine gene upregulation and neutrophil recruitment in response to intranasally
administered lipopolysaccharide (LPS) [31]. LPS signaling through Toll-like receptor (TLR)
4 is a major stimulus for the innate immune system in B. pertussis infection [35-39], and thus
an important role for PT may be to inhibit this signaling. However, the PT-deficient mutant
strain of B. pertussis still grows to lower levels than the wild-type strain in TLR4-knockout
mice [CARBONETTI N, UNPUBLISHED DATA]. Nevertheless there are other reports from in vitro studies
that PT can inhibit cellular responses to LPS [40,41]. The fact that TLR4 is not a G-protein-
coupled receptor will make it interesting to dissect the mechanism of PT inhibition of this
pathway. However, neutrophils appear to play a protective role against B. pertussis infection
only in immune mice and in the presence of anti-B. pertussis antibodies. In one study, PT
reduced the ability of anti-B. pertussis antibodies to clear infection from the lower respiratory
tract of mice, an inhibitory effect that was lost after neutrophil depletion [32]. In another study,
neutrophil depletion enhanced B. pertussis infection in immune (previously infected) mice, but
not in naive mice, and did not restore full virulence to the PT-deficient strain in either mice
[42]. These data indicate that neutrophils are effective against B. pertussis only in the presence
of opsonizing antibodies, and they suggest that inhibitory effects on neutrophils are certainly
not the only role for PT in B. pertussis infection.

Cytokine response—A very recent report on B. pertussis infection in the mouse model
demonstrated that despite early inhibition of neutrophil recruitment by PT, this situation was
quickly reversed and high numbers of neutrophils were recruited to the airways by the peak of
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infection with the wild-type strain, but not with the PT-deficient strain [43]. This recruitment
correlated with upregulation of neutrophil-attracting chemokine gene expression, which was
due to upregulation of the cytokine IL-17. The cytokines TNF-α and IFN-γ were also
upregulated at the peak of infection, indicating a mixed T-helper cell type 1 (Th1)/Th17
response. This proinflammatory cytokine upregulation was due to PT activity as well as the
higher bacterial numbers in the wild-type strain infection [43]. Whether any of these cytokines
play a role in clearance of the infection remains to be determined. TNF-α appears to be
important since knockout mice lacking this cytokine had higher numbers of bacteria and
leukocytes in their lungs than similarly infected wild-type mice and died of the infection
[44]. However, a PT-deficient mutant strain was similarly attenuated in wild-type and TNF-
α-knockout mice, demonstrating that this cytokine is required by the host to overcome the
overall virulence effects of PT. In an in vitro study, IL-17 enhanced macrophage killing of B.
pertussis [35], but in mice antibody neutralization of IL-17 only modestly increased peak
bacterial loads, although it significantly reduced chemokine gene expression and neutrophil
recruitment to the airways [43]. Whether PT stimulation of a proinflammatory response at the
peak of infection confers an advantage to B. pertussis is unclear, but one possibility is that the
proinflammatory response contributes to the cough pathology, promoting transmission. This
hypothesis is hard to test in mice since the cough pathology is absent, and we may have to
await development of a cough model in a larger animal such as a nonhuman primate.

Adaptive immune response—Pertussis toxin apparently has multiple suppressive effects
on the immune system in addition to those observed on innate immune cells. Other recent
studies have shown PT-mediated suppression of serum antibody responses to B. pertussis
antigens after infection [45], reduction of MHC class II molecules on the surface of human
monocytes [46] and modulation of dendritic cell surface markers [47]. Therefore, PT may
promote B. pertussis infection by a variety of mechanisms: in the initial stages in a naive
individual by inhibitory effects on innate immunity; by reducing adaptive immune responses
generated by the infection; and by promoting reinfection in a partially immune individual. A
role for PT in promoting pathology and transmission is also possible but is speculative at this
stage.

PT in human disease—Substantial evidence has been obtained from the mouse model, but
is there any direct evidence that PT promotes B. pertussis infection and disease in humans? PT
is produced by all natural strains of B. pertussis, although a very recent report described a PT-
deficient strain isolated from an unvaccinated infant in France who was hospitalized due to
suspected pertussis [48]. However, this strain was significantly less virulent than standard
strains in mouse models of infection, and it is unclear whether it was the cause of the disease
in this patient. A very recent study on polymorphism in B. pertussis strains in The Netherlands,
where a significant recent resurgence of pertussis has occurred, found an association of strains
with increased PT production (due to DNA sequence changes in the ptx gene promoter region)
with increased virulence in the human population [49]. The association of other polymorphisms
in the coding sequence of the ptx genes for the S1 and S3 subunits with escape from vaccine
immunity has also been proposed but is still speculative [5]. In addition, a wealth of data from
pertussis vaccine trials has shown that detoxified PT as a single vaccine component can
significantly protect humans from pertussis disease [20,50]. Final confirmation of the role for
PT in human pertussis disease may have to wait for human volunteer experiments, which have
not yet been approved by regulatory agencies.

B oligomer binding activity
A potential complication in understanding the role and activity of PT in any particular effect
is that, in addition to the G-protein ADP-ribosylation activity of the S1 subunit, binding of the
PT B oligomer (PTB) to cell surface molecules by itself can elicit several intracellular signaling
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events. Some of these effects, such as lymphocyte mitogenesis, have been known for some
time [10]. However, these effects typically require 10- to 100-fold higher concentrations of PT
than those required for G-protein modification. PTB can be purified from the holotoxin, but
its use as a reagent from this source suffers from the potential limitation that it might be
contaminated with low levels of the active holotoxin, which accounts for any observed effect.
Fortunately, a superior reagent is available to distinguish between PT enzymatic and binding
activities, the double mutant PT9K/129G molecule developed as a vaccine component [51].
This version of PT has two amino acid substitutions in the S1 subunit that eliminate enzymatic
activity, but otherwise retains normal cellular binding activity. Therefore, differences between
the responses to PT and PT9K/129G can confidently be ascribed to the ADP-ribosylation
activity of the S1 subunit, whereas shared responses are likely due to PT-binding activity. One
of the more renowned activities of PTB is its inhibition of HIV entry and replication in T cells
and macrophages, first described a decade ago [52]. In more recent studies, PTB inhibited the
HIV-activating properties of the HIV Tat transactivator protein from either endogenous or
extracellular sources [53], inhibited Tat-mediated induction of TGF-β in natural killer cells
[54,55] and suppressed Tat-mediated apoptosis of neuronal cells [56]. PTB also inhibited IL-6-
mediated induction of HIV in chronically infected promonocytic cells through its effect on the
cellular transcription factor AP-1 [57]. In another study, PTB inhibited HIV infection of human
cervical tissue, and the surface molecule CD14 was found to be the principal receptor for PTB
in these effects [58]. Furthermore, in a surrogate animal model of HIV infection (severe
combined immunodeficiency mice reconstituted with human peripheral blood leukocytes),
injection of PTB strongly inhibited HIV infection and replication [59], and PTB promoted the
proliferation of HIV-infected T lymphocytes from human tonsillar tissue without triggering
virus replication [60]. However, whether PTB can be advanced as a potential therapeutic agent
in human HIV disease remains to be determined.

Another aspect of PT activity that may be shared by PTB is adjuvanticity for certain immune
responses [61]. PT and PTB may signal through TLR4 to elicit this effect, although the specifics
of the response differ between the two, suggesting some role for the enzymatic activity of PT
in its adjuvanticity. A recent study found that although both promoted phenotypic and
functional maturation of dendritic cells, PTB induced fewer cytokine responses than PT, and
PTB preferentially triggered MyD88-independent pathways while PT triggered both MyD88-
dependent and -independent pathways [62]. PT9K/129G was found to signal through both
TLR4 and 2, although relatively weakly through the latter, to induce proinflammatory
cytokines by dendritic cells that skewed T cells towards a Th1/Th17 phenotype [63]. Another
surface complex through which PTB can signal is the T-cell receptor (TCR), consistent with
its mitogenic effect on T cells. Recent studies have shown that PTB triggers signaling events
in T cells through the TCR in a similar manner to the commonly used T-cell stimulus anti-CD3
antibody [64], and that this signaling also causes a rapid and transient decrease in the surface
expression of the chemokine receptor CXCR4 [65]. Since CXCR4 is a PT-sensitive G-protein-
coupled receptor, PT possesses two activities that inhibit signaling through this receptor, short-
term desensitization mediated by PTB signaling through the TCR and long-term enzymatic
modification of the G-protein mediated by S1. Whether PT utilizes the TCR complex, CD14
(an LPS-binding molecule) or TLR4 as receptors for cell entry for its intoxication pathway is
unclear. Another question that is still unclear is whether any of these PTB-mediated effects are
relevant during B. pertussis infection in the respiratory tract. To address this one can compare
host responses to wild-type B. pertussis infection with those to mutant B. pertussis strains that
either secrete PT9K/129G (to preserve PTB effects without PT enzymatic activity) or are
completely PT deficient. In our studies of the role of PT in B. pertussis infection and
immunomodulation of the host, we have found no differences between responses to the two
PT mutant strains [28,29,31,43], suggesting that PTB signaling does not contribute
significantly to these aspects of the host–pathogen interaction. One reason may be that the
concentration of PT produced during infection never reaches that required to elicit these PTB-
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mediated effects. However, further studies will be needed to determine which of the PTB-
mediated activities might be observed during B. pertussis infection in mice.

Role in autoimmunity
Pertussis toxin has long been known to exacerbate certain experimental autoimmune diseases
in rodent models, such as experimental autoimmune encephalitis (EAE), a model of multiple
sclerosis in humans [66]. However, this appears to be a complex phenomenon with multiple
activities contributed by both the enzymatic activity and PTB binding effects of PT. One PT-
mediated mechanism may be an increase in the permeability of the blood–brain barrier to allow
pathogenic T cells access to the CNS, causing EAE pathology. In a recent study, PT, but not
PTB, caused transient enhanced permeability of human brain microvascular endothelial cell
monolayers and allowed elevated transmigration of human monocytes [67]. However, another
study indicated that PT enhances permeability by upregulating P-selectin expression on
endothelial cells to enhance leukocyte interaction with the CNS endothelium and, interestingly,
that this effect was dependent on TLR4 [68]. Other studies have suggested that PT exacerbates
autoimmune diseases through effects on immune cells and responses. For instance, two recent
reports showed that PT reduces the number of T regulatory cells (that suppress pathogenic T-
cell responses) in the spleen of EAE mice [69,70], while another study found that PT promoted
the generation of a specific subset of effector T cells (CD4+CD62Low) that were potent in
inducing autoimmunity when transferred to recipient mice [71]. In addition, PT induces IL-6
production by antigen-presenting cells and promotes the generation of Th17 cells to enhance
EAE effects [72]. These findings are consistent with the emerging picture that IL-17-producing
Th17 cells, rather than IFN-γ-producing Th1 cells, are the main pathogenic cells in EAE
[73]. However, another study showed that PT can synergize with CNS-localized IFN-γ-induced
chemokines to promote T-cell entry into the CNS and exacerbate EAE [74]. IFN-γ is also
important for generating experimental autoimmune uveitis and, interestingly, recent reports
have found that PT is the most potent of several TLR ligands that promote experimental
autoimmune uveitis through the generation of pathogenic Th1 cells [75,76]. Overall, these
observations are consistent with recent data that PT promotes the generation of a mixed Th1/
Th17 response during B. pertussis infection [43], therefore potentially contributing to Th1- and
Th17-dependent autoimmune pathologies. Whether B. pertussis infection itself might
exacerbate these experimental autoimmune diseases has not been determined; however, the
speculation exists that pertussis disease in humans may be a contributing environmental factor
in widespread autoimmune diseases such as multiple sclerosis.

Adenylate cyclase toxin
Overview

Adenylate cyclase toxin is another important virulence factor secreted by B. pertussis (and also
by other closely related Bordetella species). It is an immunogenic protein and can elicit a
protective immune response, but it has not been included as a component of acellular pertussis
vaccines. ACT consists of an amino terminal adenylate cyclase (AC) domain of approximately
400 amino acids and a pore-forming repeat in toxin (RTX) hemolysin domain of approximately
1300 amino acids with significant homology to E. coli hemolysin. ACT is secreted from B.
pertussis by a type I secretion ‘channel-tunnel’ mechanism formed by the CyaBDE proteins,
and is then modified by fatty acylation on two specific lysine residues in the hemolysin domain
mediated by the CyaC acyltransferase [77]. Most of the secreted toxin appears to remain
associated with the bacterial cell surface through an interaction with the bacterial adherence
factor filamentous hemagglutinin, but this toxin is not active. Instead, newly synthesized and
secreted ACT is the active form of the toxin [78]. Unlike PT, ACT rapidly forms inactive
aggregates in solution, and so proximity of the bacteria with target host cells is necessary for
ACT activity. Although ACT can intoxicate a wide variety of cells, on phagocytic cells, ACT
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binds a specific surface receptor, the αMβ2 integrin or CR3 (also known as Mac-1 or CD11b/
CD18) [79] through interaction with glycosyl residues on the integrin [80]. The AC domain is
activated upon entry into the cell by binding to calmodulin – a mammalian cytosolic protein –
to catalyze cAMP synthesis from cellular ATP. This raises the level of the key second
messenger signaling molecule cAMP and disrupts cellular signaling pathways. Recently, the
crystal structure of the AC domain of ACT bound to the C-terminal fragment of calmodulin
was solved [81], showing an important role for a specific tryptophan residue that contacts the
calcium-induced hydrophobic pocket of calmodulin, and that the calmodulin-induced
conformational change of ACT is crucial for catalytic activation. Modeling of the interaction
of the AC domain of ACT with the N-terminal fragment of calmodulin revealed the importance
of a β-hairpin region in the AC domain and showed a very different interaction with calmodulin
than another bacterial ACT, anthrax edema factor [82].

The major issues concerning ACT that have been addressed in the recent research literature
are described in the following sections.

Structure & function
Acylation—Acylation of ACT is essential for its activity, but the precise role of acylation is
still under investigation. Acylation enhances binding of ACT to CR3 on the surface of
phagocytes [83] and acylation of residue K983 confers superior activity to that of residue K860
[84]. Acylation of K983 may also play a role in toxin structures that determine the cation
selectivity of the ACT channel [84]. Oligomerization of ACT in solution, which may be
required for activity, is also dependent upon acylation [85].

Pore formation & membrane translocation—Adenylate cyclase toxin forms small
transient cation-selective pores in cell membranes (and lipid bilayers), which accounts for its
hemolytic activity on erythrocytes; however, the relationship between pore formation and
membrane translocation of the AC domain to the cell cytosol is unclear. A recent study of ACT
conformations in erythrocyte membranes indicated that ACT oligomers are associated with
pore formation while ACT monomers mediate AC domain translocation [86]. Each of these
activities depend upon two predicted helical transmembrane domains in the pore-forming
region of ACT, both of which contain crucial pairs of glutamate residues involved in these
activities as well as in cation selectivity [87]. Other predicted helices in this region may also
be important for ACT activity [88]. This region may also be involved in sensing voltage and
pH, and therefore responding to the negative membrane potential of mammalian cells [89].
Despite these insights, much remains to be determined with regard to the mechanism of cellular
entry and the relationship between pore formation and membrane translocation of ACT.

RTX domain—The RTX domain consists of glycine- and aspartate-rich nonapeptide repeats
that bind calcium and are essential for ACT activity. The region may fold into a characteristic
parallel β-helix motif that constitutes a novel type of calcium binding structure, as revealed by
the 3D structure of related domains in other molecules [90]. Functional complementation
assays and biophysical analyses revealed that the RTX functional unit includes both the
nonapeptide repeats and the adjacent polypeptide segments, which are essential for the folding
and calcium responsiveness of the RTX domain [91]. In addition, structural analysis showed
that calcium binding induced compaction and dehydration of the RTX domain, and stabilized
secondary and tertiary structures [92]. Thus, low calcium concentration in the bacterial cytosol
may favor a disordered nature of the protein and facilitate its secretion through the type I
machinery, while the high calcium concentration in the extracellular medium triggers folding
of the RTX-containing protein into its active form.
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Cellular activity
Adenylate cyclase is the primary activity of ACT affecting cell function; however, the
importance of other activities of ACT and cellular effects of these activities have been revealed
in the recent literature. For macrophage cytotoxicity, either pore formation or AC activity is
sufficient and the two may act synergistically to enhance this effect, but ATP depletion as a
result of AC activity and an unconventional calcium influx mediated by the translocating AC
polypeptide may also contribute to cytotoxic effects [93-95]. ACT causes morphological
changes to cells, including membrane blebbing and cell size changes to erythrocytes through
its hemolytic activity, which correlates with clustering of ACT at lipid raft membrane
subdomains [96]. ACT also causes cell rounding of several cultured epithelial cells due to its
enzymatic activity [97]. In macrophages, the AC activity of ACT causes inactivation of the
GTPase RhoA, leading to actin cytoskeleton rearrangements, membrane ruffling and loss of
macropinocytic fluid phase uptake, as well as inhibition of complement-mediated phagocytosis
[98]. In addition, ACT can induce apoptosis associated with caspase activation in different
cells, primarily through its AC activity, and can enhance the apoptotic effects of anticancer
drugs on different cancer cell lines [93,99,100].

Role as a virulence factor: modulation of host immune responses
Early work by Confer and Eaton identified ACT as a toxin secreted by B. pertussis that could
enter cells, catalyze cAMP synthesis and inhibit phagocytosis and oxidative burst in human
neutrophils [101]. Studies in mouse models established ACT as an important virulence factor
for B. pertussis infection [26,102,103]. ACT can cause cytolysis and apoptosis of macrophages
in vitro and in vivo [104-106], and ACT-deficient mutant strains of B. pertussis are more
efficiently phagocytosed by human neutrophils [107], indicating the importance of ACT in
targeting phagocytic cells for B. pertussis pathogenesis. In a recent study using a mouse model,
the appearance of the defect in infection by an ACT-deficient mutant of B. pertussis occurred
later than that of a PT-deficient mutant [27], consistent with data from another report showing
that the ACT gene promoter was activated at a later time postinfection than the PT gene
promoter [108]. The hypothesis proposed was that PT acts earlier to inhibit neutrophil influx
and ACT acts later to intoxicate neutrophils (and other recruited cells) once present at the site
of infection [27]. However, a more recent study found that neutrophil depletion did not enhance
infection by either PT-deficient or ACT-deficient B. pertussis mutants in naive mice, but in
neutrophil-depleted immune (previously infected) mice the ACT-deficient mutant infected at
wild-type levels [42], indicating that ACT is important in neutrophil inhibition only in the
presence of opsonizing antibodies.

Adenylate cyclase toxin may also have important immunomodulatory effects on the host that
contribute to pathogenesis and, similar to PT, these effects seem to be a mixture of inhibitory
and stimulatory activities. ACT can upregulate MHC class II and costimulatory molecules on
dendritic cells, inducing a semimature state that decreases proinflammatory cytokine
production [36,109,110]. This effect was due to the enzymatic activity of the toxin, while
cytotoxic effects of ACT on these cells were associated with the pore-forming activity [109].
In another study, induction of IL-23, a cytokine necessary for Th17 responses, and inhibition
of the Th1 cytokine IL-12 was due to the enzymatic action of ACT raising cAMP levels, since
the reverse pattern of expression was observed in dendritic cells incubated with an ACT-
deficient mutant of B. pertussis, while addition of cAMP could restore IL-23 production
[111]. The enzymatic activity of ACT was also involved in promoting IL-10 production by
dendritic cells by enhancing MAPK phosphorylation and inhibiting IL-12 production by
suppressing TLR-induced IFN regulatory factor expression [112]. ACT also inhibited T-cell
activation and chemotaxis by inhibiting TCR and chemokine receptor signaling through MAPK
inhibition [113]. However, in human cells, low concentrations of ACT activated TCR signaling
mediators and caused polarization of T-cell responses to a Th2 phenotype by upregulating Th2
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transcription factors [114]. ACT induced cyclooxygenase-2 expression in murine macrophages
through its enzymatic activity and could synergize with TLRs to achieve this effect [115]. An
array study showed that ACT upregulated transcription in murine macrophages of many
inflammatory genes and caused downregulation of numerous genes involved in cell
proliferation, and these effects were also dependent upon its enzymatic activity [116]. Most of
these are in vitro studies, however, and so which of these activities are relevant to B.
pertussis infection and pathogenesis remains to be determined.

Use as an antigen delivery tool
Since ACT can target antigen-presenting cells and deliver its catalytic domain directly into the
cytosol, enzymatically inactive versions of ACT have been used as delivery vectors for
internalization of immunogenic epitopes. These epitopes are processed and presented by MHC
class I and II molecules and stimulate CD4 and CD8 T-cell responses in vitro and in vivo that
can protect against infections or tumors [117,118]. Most fusion constructs have been
engineered genetically; however, chemical fusion of epitopes to ACT also achieved the same
effect [119]. In recent studies, this application was used to generate an HIV Tat–ACT fusion
that could elicit Tat-specific antibodies and CD8 T cells in immunized mice [120,121], and a
fusion with a malarial parasite epitope that could generate parasite-specific CD8 cells and
completely protect mice when used as part of a heterologous prime/boost immunization
regimen [122]. Interestingly, this technology was also recently used to fuse Mycobacterium
tuberculosis antigens to ACT, and these fusion molecules were able to restimulate IFN-γ
production by T cells from TB patients, which could facilitate detection of latent infection from
patient blood samples, including those from HIV-infected individuals [123,124]. Thus, this
use of ACT as a delivery vector holds promise for many prophylactic, therapeutic and
diagnostic applications and it remains to be seen whether this can be extended to human trials.

Use as a tool for intracellular protein detection & for protein–protein interaction
Adenylate cyclase toxin has also been used as a cell biology tool for other applications [125].
One of these is as a selective reporter for protein translocation from bacteria to eukaryotic cells,
since the AC domain can be fused to other proteins and is only active intracellularly upon
binding to calmodulin. In particular, this has been used to study protein targeting by type III
secretion machinery in several bacteria. Examples of this from the recent literature include
identification of type III-secreted effector proteins of Salmonella enterica serovar
Typhimurium [126], type III-secreted proteins of Yersinia pestis that are putatively insecticidal
[127], type III-secreted effectors of the plant pathogen Xanthomonas oryzae [128] and
development of a colorimetric assay of cell viability to analyze type III secretion [129]. Another
use of ACT is in genetic screens for protein–protein interaction in E. coli. This takes advantage
of the finding that the catalytic domain has a modular structure consisting of two
complementary fragments that are both required for enzymatic activity, and so each can be
fused onto separate proteins to investigate their interaction, with the resulting AC activity
complementing a cyclase-deficient E. coli strain [125]. This so-called bacterial two-hybrid
system has been used recently to characterize E. coli proteins involved in septum formation
and cell division [130] and to detect premature stop codons in human genes (potentially useful
for diagnosis of some hereditary cancers) by inserting the gene of interest between the two AC
modules [131].

Use as a vaccine component
Adenylate cyclase toxin has not been included as a component of newer generation acellular
pertussis vaccines, despite the observations that ACT is an important virulence factor for B.
pertussis, purified ACT can protect mice against intranasal challenge with virulent B.
pertussis [132] and anti-ACT antibodies enhance neutrophil phagocytosis of B. pertussis
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through neutralization of ACT, preventing its inhibitory activity on these cells [133]. In
addition, as described above, detoxified ACT is being developed as a possible vaccine vector
molecule, so immune responses to the vector itself would be important. Two recent reports
addressed the issue of the use of detoxified ACT as a pertussis vaccine component. In one, co-
administration of detoxified ACT with acellular pertussis vaccine to mice significantly
enhanced protection against B. pertussis, with adjuvant effects on both Th1 and Th2 immune
responses [134]. In the other, however, detoxified ACT was found to block CR3 transiently
and inhibit complement-dependent phagocytosis by human neutrophil-like cells [135], a
potentially unwanted side effect. Whether this investigation will progress further to human
clinical trials will probably depend upon a major push towards development of newer acellular
pertussis vaccines.

Conclusion
Pertussis toxin and ACT are important virulence factors contributing to B. pertussis infection
of the respiratory tract, at least in experimental models. Each is a complex toxin with multiple
activities mediated either by an enzymatically active portion or a cell-binding domain that, in
the case of ACT, can form pores in the cell membrane that affect cellular function and viability.
Ongoing research is attempting to distinguish between the role of these different activities in
various effects on cellular and immune functions. Details on the method of cell entry and
membrane translocation by these toxins are still emerging, with apparently unique aspects of
these mechanisms revealed in each case. Recent studies strongly indicate that their primary
role in promoting B. pertussis infection is to suppress and modulate host immune responses.
These effects can be seen at multiple levels, including inhibition of phagocyte recruitment and
activity, inhibition and modulation of inflammatory responses stimulated through TLRs,
modulation of cytokine and chemokine production and skewing of T-cell phenotype, inhibition
and modulation of antigen-presenting cell activities and adaptive immune responses, effects
on other immune-related diseases, and adjuvant properties for stimulation of responses to other
antigens. Some of these properties may be shared and may overlap between the two toxins,
and synergistic effects may also occur. PT is an important cell biology tool owing to its
inhibition of Gi-coupled receptor signaling pathways, and its immunomodulatory properties
have been utilized in autoimmunity research. ACT is also an important cell biology tool for
several applications: its capacity to deliver a domain to the cytosol of mammalian cells has
been utilized to internalize fused immunogenic epitopes and stimulate antigen presentation and
immune responses, and has also been utilized as a reporter for protein translocation from
bacteria to eukaryotic cells; and the modular structure of its AC domain has been utilized to
analyze protein–protein interaction in a bacterial two-hybrid system.

Future perspective
Pertussis toxin and ACT are clearly important toxins for B. pertussis infection, and their role
as virulence factors and in modulating host immune responses will continue to receive attention
from the research community. In 5–10 years, we will have a more complete understanding of
the range of effects on the immune response and how specific activities of the toxins contribute
to these effects. For instance, specific inhibitory activities of PT on AM will be identified, and
the role that various cytokines (whose production is induced by PT and ACT) play in protection
against and clearance of the infection will be elucidated. The contribution of PTB activities to
B. pertussis infection and immunomodulation of the host will also be studied.

However, an important question yet to be addressed is whether the activities of PT and ACT,
particularly in regard to their effects on immune responses, also promote disease pathogenesis
associated with pertussis. Human volunteer studies for pertussis are unlikely to be approved
in the near future. The mouse model provides only very limited opportunity to study this aspect
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of pertussis; thus, it is likely that in future years new animal models will be developed. One
leading possibility is nonhuman primates, in which old data suggest that the human airway
pathology of pertussis, including paroxysmal coughing, is reproduced by B. pertussis infection.
Such a model will allow confirmation of the role of PT and ACT in B. pertussis infection and
elucidation of specific effects of these toxins in pertussis disease pathogenesis. Ideally, this
may also lead to identification of new approaches for therapeutic intervention in pertussis
disease.

Executive summary

Cellular trafficking & activity of pertussis toxin

▪ Pertussis toxin (PT) utilizes a retrograde transport pathway through the Golgi
complex and endoplasmic reticulum (ER) to gain entry to the cell cytosol.

▪ ATP binding to PT B oligomer (PTB) in the ER promotes holotoxin dissociation
for further transport of the active subunit.

▪ PT active subunit is putatively transported from the ER to the cytosol by the
endogenous ERAD pathway; however, convincing evidence supporting this has
yet to be obtained.

Role of PT as a virulence factor: modulation of host immune responses

▪ PT plays an early role in infection by targeting resident airway macrophages.

▪ PT delays early neutrophil recruitment by inhibiting chemokine gene upregulation,
but neutrophils play a protective role against Bordetella pertussis infection only
in immune mice.

▪ PT stimulates production of Th1- and Th17-associated cytokines at the peak of
infection, but the role of these cytokines in clearance and pathology is unclear.

▪ PT also inhibits adaptive immunity by effects on different cell types.

▪ Several lines of evidence suggest that PT is important in pertussis infection and
disease in humans.

PTB binding activity

▪ Binding and signaling by PTB also elicits various cellular effects, though the role
of these effects in B. pertussis infection is unclear.

▪ PTB inhibits HIV entry and replication in various cell types.

▪ PTB adjuvanticity for immune responses may be achieved by signaling through
Toll-like receptor 4.

▪ PTB can also signal through the T-cell receptor to downregulate CXCR4
expression.

Role of PT in autoimmunity

▪ PT contributes to the pathogenesis of autoimmune diseases such as experimental
autoimmune encephalitis and experimental autoimmune uveoretinitis through a
variety of mechanisms.

▪ Whether B. pertussis infection can also enhance these diseases has not been
addressed.

Structure, function & cellular activity of adenylate cyclase toxin
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▪ Acylation of adenylate cyclase toxin (ACT) contributes to its activity by a variety
of effects.

▪ Pore formation alone can be cytotoxic and is associated with ACT oligomers, while
ACT monomers mediate adenylate cyclase domain translocation across the cell
membrane.

▪ The structure of the repeat in toxin domain is altered by calcium binding after
secretion from bacterial cells and contributes to pore formation.

▪ In addition to pore formation and adenylate cyclase activity increasing cAMP
concentration, ATP depletion and unconventional calcium influx during
translocation may also contribute to cytotoxic effects.

▪ ACT can also induce cytoskeletal changes and apoptosis.

Role of ACT as a virulence factor: modulation of host immune responses

▪ ACT targets neutrophils to promote B. pertussis infection.

▪ ACT modulates dendritic cell maturation and cytokine production, promoting
IL-10 and -23 production.

▪ ACT induces many inflammatory genes in murine macrophages, including
cyclooxygenase-2 expression.

Use of ACT as an antigen delivery tool

▪ Detoxified ACT can deliver MHC class I and II epitopes to antigen-presenting
cells to stimulate protective T-cell responses in vitro and in vivo.

▪ This property of ACT was used to facilitate detection of latent TB infection from
patient blood samples.

Use of ACT as a tool for intracellular protein detection & for protein–protein
interaction

▪ Fusions with the AC domain of ACT are used to detect protein targeting to the
mammalian cell cytosol, particularly by bacterial type III secretion systems.

▪ The modular structure of the AC domain is used in a bacterial two-hybrid genetic
screen for protein–protein interaction.

Use of ACT as a vaccine component

▪ ACT has not been used as a component of acellular pertussis vaccines, although
antibodies to ACT can enhance phagocytosis and detoxified ACT has adjuvant
effects.

Other aspects of PT biology that will likely receive attention are:

▪ The pathway by which the S1 subunit gains access to the cytosol from the ER;

▪ The mechanism by which PT inhibits TLR4-mediated responses;

▪ Whether, and how, PTB activites, such as binding and signaling through TLR4 and
the TCR, play a role in B. pertussis infection;

▪ Whether PT production during B. pertussis infection might exacerbate experimental
autoimmune diseases.

Other aspects of ACT biology that will likely be addressed in the coming years are: first, the
continued study of the structure–function relationship of the various domains of ACT; second,
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the mechanism of cellular entry and the relationship between pore formation and membrane
translocation; and third, the further development of ACT as a delivery vector for cellular
immune responses for prophylactic, therapeutic and diagnostic applications, possibly extended
to human clinical trials.
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