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Abstract: Besides the typical whooping cough syndrome, infection with Bordetella pertussis or im-
munization with whole-cell vaccines can result in a wide variety of physiological manifestations,
including leukocytosis, hyper-insulinemia, and histamine sensitization, as well as protection against
disease. Initially believed to be associated with different molecular entities, decades of research have
provided the demonstration that these activities are all due to a single molecule today referred to as
pertussis toxin. The three-dimensional structure and molecular mechanisms of pertussis toxin action,
as well as its role in protective immunity have been uncovered in the last 50 years. In this article, we
review the history of pertussis toxin, including the paradigm shift that occurred in the 1980s which
established the pertussis toxin as a single molecule. We describe the role molecular biology played
in the understanding of pertussis toxin action, its role as a molecular tool in cell biology and as a
protective antigen in acellular pertussis vaccines and possibly new-generation vaccines, as well as
potential therapeutical applications.

Keywords: ADP-ribosylation; leukocytosis; histamine sensitization; islet activation; G proteins;
pertussis vaccines

Key Contribution: This review summarizes more than 50 years of research, leading from diverse
biological activities to the notion of a unique toxin as the key Bordetella pertussis virulence factor and
main protective antigen in anti-whooping cough vaccines.

1. Introduction

Pertussis or whooping cough, mainly caused by the Gram-negative organism Bordetella
pertussis, has long been considered a toxin-mediated disease [1]. In addition to severe cough
(translation of the latin word “pertussis”) induced by infection of susceptible individuals
with B. pertussis, whooping cough patients may also experience pronounced lymphocytosis,
as already recognized by Fröhlich in 1897 [2]. Lymphocytosis is associated with severe
pertussis disease, mostly seen in young infants. Early reports also described hypoglycemia
in children with pertussis [3], and mean plasma-insulin levels were later found to be
significantly increased in pertussis patients compared to controls [4]. Furthermore, mice
intranasally infected with B. pertussis developed a high degree of sensitivity to histamine
and died after administration of histamine [5], while non-infected mice are known to
be resistant to histamine. These physiological effects of B. pertussis infection occur at
anatomical sites distant from the respiratory mucosa, the natural niche of B. pertussis. With
rare exceptions of disseminated infection in highly immune-compromised patients [6,7],
B. pertussis itself does not disseminate beyond the respiratory tract. Therefore, these remote
physiological effects observed in whooping cough patients were concluded to be likely due
to soluble factors, termed lymphocytosis-promoting factor (LPF), islet-activating protein
(IAP), and histamine-sensitizing factor (HSF), released from the bacterium and reaching
anatomical sites other than the respiratory tract.
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2. From LPF, IAP and HSF to PT

LFP [8], IAP [9], and HSF [10] activities could also be evidenced in mice or rats
immunized with whole-cell pertussis vaccines, which accelerated purification and mode of
action determination of these factors. After cultivating the Tohama I strain of B. pertussis,
isolated in the 1950s from a whooping cough patient in Japan, in synthetic liquid medium
and harvesting the culture supernatant, Arai and Munoz [11] purified a protein that
induced the agglutination of chicken erythrocytes. When left at 2 to 4 ◦C for 2–3 weeks at a
concentration of 800 µg/mL, the protein formed crystals indicating its high purity.

Using the highly purified crystalline protein, Munoz et al. [12] were then able to solve
the controversy about the identity of LFP, IAP, and HSF as a single entity. Thus, 0.5 ng/mouse
of the crystalline protein sensitized 50% of the animals to histamine, 8–40 ng/mouse induced
leukocytosis, and 2 ng/mouse induced increased insulin secretion. In addition, microgram
amounts of the material given intraperitoneally caused the death of mice.

Moreover, antibodies against LPF purified by different means, cross-reacted with
independently prepared IAP and the crystalline protein. Based on these observations,
Munoz et al. [12] concluded that LPF, IAP, and HSF were in fact the same molecule, which
they named pertussigen and which is today mostly referred to as pertussis toxin (PT).

3. PT as an ADP-Ribosylating Toxin

In mice and rats PT exacerbates adrenergic ß-receptor-mediated insulin secretion and
reverses epinephrin-induced hyperglycemia [9]. This could be linked to changes in cAMP
levels, as well as calcium movement in pancreatic ß cells, as PT treatment of pancreatic
islets augmented cAMP levels and calcium efflux [13]. However, PT alone did not result
in elevated cAMP levels, which required the presence of adrenergic ß-receptor agonists
together with PT. In fact, Katada and Ui found that membrane-bound adenylate cyclase is
inhibited by epinephrine via α-adrenergic receptors in the presence of GTP, and that the
inhibition was blocked by PT [14], suggesting that PT modified the mechanism by which
the receptor regulates adenylate cyclase activity. Subsequently, they found that a 41-kDa
protein of membrane fractions from rat C6 glioma cells was ADP-ribosylated by PT in
the presence of NAD and ATP [15], suggesting that PT enhanced the receptor-mediated
GTP-induced activation of adenylate cyclase by ADP-ribosylating one of the components
of the membrane receptor-adenylate cyclase complex.

This 41-kDa protein turned out to be a guanine nucleotide-binding protein involved
in the regulation of membrane-bound adenylate cyclase. It is distinct from another guanine
nucleotide-binding regulatory protein, named Ns, a substrate for cholera toxin-mediated
ADP-ribosylation, which also alters adenylate cyclase activity [16]. While cholera toxin
enhances adenylate cyclase activity via ADP-ribosylation of Ns, the PT substrate protein
is involved in the inhibition of the cyclase. The latter was therefore named Ni. These
proteins are today mostly referred to as Gs and Gi, respectively. Kurose et al. found that
PT-catalyzed ADP-riboslyation interrupts Gi-mediated signal transmission from inhibitory
receptors to the catalytic moiety of the adenylate cyclase complex [16].

In fact, the 41-kDa PT substrate was subsequently found to correspond to the alpha
subunit of what was initially thought to be dimeric Gi [17], but later shown to be a trimer,
composed of the α, β, and γ subunits. ADP-ribosylation of the alpha subunit by PT
prevents receptor-triggered GTP binding to Giα and the subsequent dissociation of the Gi
subunits, resulting in the loss of hormone-induced inhibition of adenylate cyclase activity.

Subsequently, several additional PT substrates have been identified and shown to
be involved in various biological activities. One of them, designated Go, couples fMet-
Leu-Phe-binding receptors to phospholipase C, which results in phosphatidylinositol
hydrolysis [18], and incubation of human leukemic (HL-60) cells with PT strongly reduced
the phospholipase activity. Later, many more G proteins as PT substrates have been
identified in various cell types, as well as several subtypes of Gi and Go proteins, which is
likely the reason for the diverse biological activities of PT.
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4. The Structure of PT

In 1978, Kanbayashi et al. [19] described PT as a multimeric protein containing at
least three subunits. None of the isolated subunits was biologically active on its own
but all subunits had to be combined to potentiate insulin secretory responses. Tamura
et al. [20] subsequently refined the subunit structure of PT and identified five subunits. They
discovered that heating the toxin with 1% sodium dodecyl sulfate disassembled the five
subunits, which could be easily visualized by Coomassie blue staining after polyacrylamide
gel electrophoresis. The subunits were named S1 through S5 according to their decreasing
apparent molecular weights, ranging from 28 kDa for S1 to 9.3 kDa for S5.

The molecular mass of the assembled holotoxin was estimated by equilibrium ultra-
centrifugation to be 117 kDa, which was compatible with the 1:1:1:2:1 stoichiometry of the
S1:S2:S3:2S4:S5 subunit structure. Incubation of the PT holotoxin with 5 M urea resulted in
4 fractions after carboxymethyl-Sepharose chromatography, corresponding to S5, S1, dimer
S3–S4, and dimer S2–S4. The two dimers could be dissociated into their corresponding
subunits by incubation in the presence of 8 M urea.

The subunits S2 to S5 assembled as a pentamer, which could bind to haptoglobin-
Sepharose, while isolated S1 did not. In contrast, purified S1, but not subunits S2 to S5
expressed ADP-ribosyltransferase activity on Giα. Neither the pentamer nor isolated S1
displayed biological activity, but when they were re-combined, full IAP activity could be
recovered in the rat model of insulin response to glucose load. This qualified PT as an
oligomeric member of the A-B toxin family, in which the A protomer (in this case the S1
subunit) expresses enzyme activity, and the B oligomer (in this case subunits S2 to S5) is
responsible for binding of the toxin to its target-cell receptors. Other well-characterized
members of this A-B toxin family include cholera toxin and diphtheria toxin, both also
ADP-ribosylating toxins. However, as of today, PT is the most complex bacterial protein
toxin known.

The primary structure of the toxin could be inferred from the isolation and sequencing
of its structural gene [21,22]. The five subunits were found to be encoded by five cistrons
located within a same operon. Each subunit is independently produced as a signal peptide-
containing polypeptide, suggesting that they are independently translocated through
the inner membrane of B. pertussis into the periplasmic space, where assembly into the
holotoxin is predicted to occur. All the subunits contain from two to six cysteines involved
in intrachain disulfide bonding. The S1 subunit shows significant sequence similarity to
the A protomer of cholera toxin, in line with its ADP-ribosylation function. S2 and S3 share
approximately 70% sequence similarity, suggesting that their cistrons resulted from gene
duplication.

The three-dimensional structure of PT was solved in 1994 at a 2.9 A resolution [23].
The S1 subunit of the toxin has the form of a pyramid resting on a pentameric ring formed
by the B-oligomer subunits, from which extrude the N-terminal moieties of the S2 and S3
subunits (Figure 1A). The center of the ring consists of 30 anti-parallel ß-strands, which
surround a barrel formed by 5 α-helices. The pore in the center of this barrel is filled by the
carboxyl terminus of S1 (Figure 1B). The first 175 residues of the S1 subunit adopt a fold
that is common to that of the A subunit of Escherichia coli enterotoxin, which is a member
of the cholera toxin family. Most secondary structures are conserved between the two
toxins. The two cysteines in the S1 subunit are involved in disulfide bonding, as are all the
cysteines in the other subunits. Although there is no obvious sequence similarity between
S4, S5, and S2 or S3, the two former share similar folds to the carboxy-terminal moieties of
the two latter, with two conserved disulfide bonds among all four subunits.
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Figure 1. The structure of pertussis toxin. The S1 subunit is depicted in yellow, the B oligomer is in blue. (A) Side view
showing PT with its S1 subunit on the top of the B oligomer. (B) Bottom view showing the B oligomer forming a triangle
with 5 α-helices in the middle, surrounding a pore through which the C-terminal end of S1 protrudes. (C) Representation of
the active side residues Arg-9, Glu-129 and His-35 of S1 in stick mode. (D) Representation of the receptor-binding residues
Tyr-100, Ser-104, Arg-125 and Asn-105 or Lys-105 (for S2 or S3, respectively) in stick mode. The structures are drawn based
on the data from [23].

5. Receptor-Binding Sites of PT

The binding of the B-oligomer to glycoproteins, such as haptoglobin [20], suggested
that the PT receptors might be glycoproteins. This hypothesis was confirmed by the
identification of a 165-kDa glycoprotein on the surface of Chinese Hamster Ovary (CHO)
cells to which PT-binding via the B-oligomer could readily be observed [24]. Treatment
by sialidase abolished PT binding to this protein, and a CHO cell line which lacks the
terminal NeuAc->Galß4GlcNAc moiety on glycoproteins was resistant to PT intoxication.
These observations indicated that the PT receptors are glycoproteins containing N-linked
sialo-oligosaccharides, and that the sugar groups are essential for PT binding.

In addition to the 165-kDa glycoprotein on CHO cells, other PT-binding glycoproteins
have subsequently been discovered, such as a 115-kDa protein in membrane fractions of
erythrocytes [25], a 43-kDa protein in membrane fractions of human T lymphocytes [26] and
other sialoglycoproteins on the surface of a variety of cells. In all cases, these proteins could
bind to the B-oligomer of PT, and in some cases to the isolated S2–S4 and/or S3–S4 dimers.
Interestingly, the two dimers did not show equal binding to the diverse PT receptors. S3–S4,
but not S2–S4 bound weakly to the 165-kDa protein of CHO cells, while S2–S4 bound better
than S3–S4 to the 115-kDa protein of erythrocyte membranes [25], indicating some level of
specificity for each dimer.

Specific modifications in the genes coding for S2 and S3 have identified Asn-105 in
S2 and Lys-105 in S3 as critical residues for PT binding to haptoglobin and CHO cells,
respectively [27], and the combination of the two mutations resulted in a PT analog that
lacked mitogenic activity, which is one of the well-known biological activities of PT. Other
alterations in the N-terminal moiety of S2 and S3 also affected receptor binding, thereby
identifying this region in the two subunits as the main binding domains. A co-crystal
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structure of PT complexed with a soluble biantennary undecasaccharide from transferrin
containing NeuAcα(2,6)-Gal moieties at each arm showed that the sialogalactose moiety is
within hydrogen-bonding distance of Tyr-102, Ser-104, and Arg-125 (Figure 1), common to
S2 and S3 [28].

6. Mechanism of ADP-Ribosytransferase Activity of PT

PT catalyzes the cleavage of the donor substrate NAD into nicotinamide and ADP-
ribose and the transfer of the ADP-ribose moiety to the accepter substrates Gi/oα. Moss
et al. [29] found that in the absence of Gi/oα a water molecule could serve as acceptor
substrate and NAD-glycohydrolase activity could be readily measured by the release of
[carbonyl-14C]nicotinamide from [carbonyl-14C]NAD with a Km for NAD of approximately
20 µM. However, the catalytic rate of G-protein ADP-ribosylation by PT is roughly ten
times faster than that of NAD glycohydrolysis in the absence of G proteins [29], suggesting
an active role of the acceptor substrate site, identified as the C-proximal cysteine residue
located four amino acids from the carboxy-terminus [30], in catalysis.

Both NAD-glycohydrolase and ADP-ribosyltransferase activities require activation
of PT by thiol, suggesting that the reduction of at least one disulfide bond is required to
either release the S1 subunit from the B-oligomer or to open the active site of the S1 subunit.
Later it was found that isolated S1 also requires activation by thiol for the expression of its
enzymatic activity [31], indicating that the intrachain disulfide bond has to be cleaved to
open the active site of the toxin. In contrast, ATP, another PT-activating molecule, was only
required to activate the holotoxin and not the purified S1 subunit [31], suggesting that ATP
serves to dissociate S1 from the holotoxin.

The molecular cloning of the PT gene, the determination of its sequence and the
production of recombinant S1 in E. coli [32] made it possible to use site-directed mutagenesis
to identify critical residues involved in the enzymatic activities of S1. Carboxy-terminal
deletions of over 50 residues strongly affected ADP-ribosyltransferase activity without
modifying NAD-glycohydrolase activity [33], indicating that the NAD-binding site and the
catalytic residues are located within the first 180 amino acids of S1 and that the carboxy-
terminal region is involved in the recognition of cognate acceptor substrates.

Systematic analyses of the roles of amino acids that are conserved between PT and
other ADP-ribosylating toxins, especially cholera toxin and E. coli heat-labile toxin [21,22]
identified critical residues involved in NAD binding. Modifications of the conserved Arg-9
residue resulted in a dramatic drop in the enzymatic activities of PT, as was found almost
simultaneously by three independent groups [34–36].

The first catalytic residue Glu-129 of PT was initially identified by photolabeling with
[carbonyl-14C]NAD+ again almost simultaneously by three independent groups [37–39],
followed by site-specific mutagenesis [35,36] and kinetic analyses of the mutant forms [40].
Replacement of Glu-129 by aspartate reduced the enzyme activity by several orders of
magnitude but still allowed kinetic characterization of the enzyme activities. While the Km
for NAD was not affected by the amino-acid substitution, its catalytic velocity was reduced
approximately 200-fold [40], indicating direct involvement of Glu-129 in catalysis, similar
to what had been observed for other ADP-ribosylating toxins. The only additional residue
involved in catalysis is His-35, identified by a similar approach [41,42]. This allowed an
enzyme mechanism to be proposed [43] in which Glu-129 would retrieve the ribose 2′-OH
proton of NAD, thereby destabilizing its nicotinamide-ribosyl bond. His-35 would activate
the acceptor cysteine residue of the acceptor substrate G protein to facilitate the nucleophilic
attack of the weakened N-glycosidic bond, resulting in the release of nicotinamide and
ADP-ribosyl transfer onto a water molecule or the cognate Gα protein (for the position of
the critical residues, see Figure 1C).

7. From PT to PA

Very soon after the identification of the whooping cough agent B. pertussis in 1906 [44],
efforts were deployed to develop pertussis vaccines. The first vaccines consisted of inacti-
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vated whole-cell B. pertussis preparations. However, the vaccines were manufactured in
many different ways and efficacy varied considerably between vaccines, until standardized
whole-cell vaccines and non-clinical potency assays became available in the 1940s [45]. The
implementation of these vaccines resulted in an impressive drop in pertussis incidence in
countries with high vaccination coverage. However, vaccine-associated adverse events
fostered efforts to dissociate the protective antigen(s) (PA) from the toxic elements of the
vaccines and to develop more defined, acellular pertussis vaccines (aPV).

Initial attempts to identify PA and to develop aPV date back to the 1950s and made use
of the standardized mouse intracerebral B. pertussis challenge test to evaluate potency of
PA [46]. In this test, potency was found to correlate with protective efficacy in children [47].
Although the exact nature of PA was not identified in these initial studies, there was some
evidence that it sensitized mice to histamine to a similar extend as was observed with
whole-cell vaccines. That PA was in fact identical to HSF, IAP, LPF and therefore to PT was
first proposed by Levine and Pieroni [48] and subsequently experimentally demonstrated
by Munoz et al. [12], who showed that as low as 1.7 µg of crystalline PT detoxified by
treatment with glutaraldehyde resulted in the survival of 50% of the mice intracranially
challenged with B. pertussis.

However, controversy persisted. Keogh et al. had shown that B. pertussis extracts
and culture supernatants can agglutinate erythrocytes from various animal species [49],
and that, based on passive transfer experiments, the haemagglutinin (HA) activity was
associated with protection in the mouse intracranial challenge model [50]. However, this
was not confirmed by others using various HA preparations to actively immunize mice
prior to intracranial challenge [51]. Two decades later, Sato et al. found that their purified
preparation of PT had HA activity [52] and could in fact identify two molecular entities
with HA activity in B. pertussis, one corresponding to PT and the other corresponding to a
filamentous protein and was therefore called filamentous haemagglutinin (FHA) [53].

Munoz et al. subsequently showed that while µg amounts of glutaraldehyde-treated
PT protected mice in the cerebral challenge model, up to 12 µg of FHA failed to protect
in this model, unless it was contaminated with trace amounts of PT [54]. Definite proof
of PT being the main PA of B. pertussis came from studies using highly specific anti-PT
monoclonal antibodies. In particular, monoclonal antibodies that neutralized the LPF and
IAP activities of PT also protected mice against intracerebral and aerosol challenge with
B. pertussis, while monoclonal antibodies that did not neutralize these PT activities provided
no protection [55]. However, Robinson and Irons showed evidence of a synergistic effect of
PT and FHA on protection in the intracranial challenge model [56], and FHA, even in the
absence of PT, was also shown to protect mice in a mouse aerosol challenge model [57],
suggesting that the combination of both antigens may be required for optimal protection.

8. From PT/PA to aPV

The identification of PT as the main PA was the cornerstone in the development of
defined aPV. Thanks to the pioneering work by Sato et al., Japan was the first country to
implement an aPV composed of formaldehyde-treated PT together with FHA, co-purified
from the culture supernatant of the B. pertussis Tohama I strain and formulated with
aluminium hydroxide [58]. The vaccine had a remarkably improved safety profile over
that of the Japanese whole-cell vaccine with comparable efficacy and was implemented in
Japan since 1981 for two-year-old children. Following the roll-out of this vaccine, there has
been a constant decrease of pertussis incidence in Japan [59], showing high effectiveness of
this vaccine to control pertussis.

A first randomized controlled study on aPV was carried out in Sweden, where two
Japanese vaccines were investigated and compared to a placebo control [60]. One of
the vaccines contained formaldehyde-inactivated PT and FHA, and was thus similar
to the vaccine used in Japan, while the other vaccine contained only toxoided PT. The
study confirmed the improved safety profile of the aPV over whole-cell vaccines and
showed comparable efficacy of about 80% after two doses during a 15-months follow-up
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against culture-confirmed whooping cough of over 30 days duration. While both vaccines
protected equally well against more severe disease, efficacy against milder disease was
stronger with the two-component vaccine than with toxoided PT alone. Nevertheless,
this study established conclusively that PT was the major PA against pertussis in humans
as well.

Most high-income countries have now switched from the whole-cell vaccines to
aPV, all of which contain detoxified PT, and most also contain FHA with or without
additional antigens, such as pertactin and serotype 2 and 3 fimbriae [61]. In these vaccines,
PT is toxoided by several different means, most frequently by formaldehyde and/or
glutaraldehyde treatment. A mono-component aPV combined with diphtheria and tetanus
toxoids containing hydrogen peroxide-inactivated PT also provided 70–80% efficacy against
pertussis with at least 21 days of paroxysmal cough [62] and is currently used in Denmark.

The identification of active-site residues of PT made it possible to engineer genetically
detoxified aPV [63]. While chemical inactivation of PT affects the antigenicity of the protein,
genetic replacement of Arg-9 by lysine and Glu-129 by glycine had only minimal impact on
the recognition by anti-PT antibodies, in particular by PT-neutralizing antibodies [64], and
the genetically detoxified PT displays a near identical structure to its wild-type version [65].
Genetically detoxified PT is also more immunogenic in humans [66] and induces anti-PT
antibodies of longer duration than chemically detoxified PT [67]. aPV containing genetically
inactivated PT have been used in Italy for more than two decades [68] and is currently
licensed for immunization of individuals aged 11 years and older in Thailand [67].

Genetic detoxification of PT has also been instrumental for the development of novel,
live attenuated nasal pertussis vaccines [69,70]. While aPV have shown their protective
efficacy against pertussis disease, several studies have suggested that they do not prevent
B. pertussis infection and transmission [71,72]. In fact, murine studies suggest that aPV
immunization may even prolong nasal carriage by inhibiting the recruitment of IL-17-
producing resident memory T cells and neutrophils to the nasal tissue [73]. In contrast,
live attenuated pertussis vaccines in which PT has been genetically inactivated have
been shown in non-human primates to protect against both pertussis disease and nasal
colonization [74,75]. One of these live vaccines is currently in advanced stages of clinical
development [76,77] (ClinicalTrials.gov Identifier: NCT03942406). As pertussis is one of
the most contagious respiratory diseases [78], it may be important for a pertussis vaccine to
provide protection against both pertussis disease and infection in order to ultimately control
whooping cough [79]. Mucosal immunization with attenuated pertussis vaccines producing
genetically inactivated PT may therefore perhaps be helpful in achieving this goal.

9. Conclusions

PT is the most complex bacterial protein toxin identified so far, with respect to both
the structure and diversity of biological activities. Before the identification of PT as a
single molecular entity, it has been referred to as LPF, IAP, or HSF. In addition, it is
the main PA in pertussis vaccines. Some investigators have even suggested that in its
toxoided form it is both essential and sufficient for effective vaccination of children and
adults [62]. In agreement with this notion, the administration of a single humanized PT-
neutralizing monoclonal antibody has been shown to prevent all clinical manifestations of
pertussis in neonatal non-human primates [80]. However, it did not prevent colonization
of the nasopharynx by B. pertussis, in contrast to what was seen after mucosal vaccination
with live attenuated vaccines [74,75]. Since B. pertussis is a strictly mucosal pathogen,
mucosal immunity is likely to be important for the prevention of bacterial colonization [81].
Therefore, in order for a vaccine to effectively protect against both pertussis disease and
B. pertussis infection/transmission, it should preferably induce potent neutralizing anti-PT
serum antibodies, combined with potent local immunity in the upper respiratory tract [82]
as the two most crucial immune mechanisms to control whooping cough.

In addition to its important role in vaccines, PT has also been highly instrumental in
deciphering a variety of signaling pathways. Compared to other bacterial ADP-ribosylating

ClinicalTrials.gov
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toxins, for which the receptors and substrates are usually unique, PT binds to a variety of
different receptors and ADP-ribosylates many different acceptor substrates of the Gi/o
family of signal-transducing proteins. Although it does usually not cause cell death, it can
profoundly perturb the physiology of many cell types. For many of them physiological
disturbances by PT occur through the interruption of the regulation of cAMP production.
However, among others, PT also interferes with potassium or calcium influx, cGMP levels
and phototransduction [83]. In vivo, this has been proposed to translate into a wide
variety of biological effects, including pulmonary hypertension [84], lung edema [85], brain
dysfunction [86], as well as many others, in addition to the leukocytosis, hyperinsulemia,
histamine sensitization, and immune cell dysfunction. It may also participate in the cough
syndrome, although perhaps indirectly [87]. Since the G protein-coupled receptor family
consists of more than 800 members [88], it is likely that in the years to come many additional
activities of PT will be uncovered, potentially leading to novel therapeutic applications,
such as for the treatment of HER2-driven breast cancer for which PT has recently been
shown to inhibit breast cancer cell proliferation and migration in vitro, as well as metastasis
in vivo in a mouse model [89].

Author Contributions: C.L. was responsible for the ideation, performed the literature search and
wrote the first draft. R.A. analyzed the structural data, drafted the figure and revised the work. All
authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Pittman, M. The concept of pertussis as a toxin-mediated disease. Pediatr. Infect. Dis. 1984, 1, 401–412. [CrossRef]
2. Fröhlich, J. Beitrag zur Pathologie des Keuchhustens. J. Kinderkrankh. 1897, 44, 53.
3. Regan, J.C.; Tolstoouhov, A. Relations of acid-base equilibrium to pathogenesis and treatment of whooping cough. NY State J.

Med. 1936, 36, 1075–1087.
4. Furman, B.L.; Walker, E.; Sidey, F.M.; Wardlaw, A.C. Slight hyperinsulinaemia but no hypoglycaemia in pertussis patients. J. Med.

Microbiol. 1988, 25, 183–186. [CrossRef]
5. Pittman, M. Sensitivity of mice to histamine during respiratory infection by Hemophilus pertussis. Proc. Soc. Exp. Biol. Med. 1951,

77, 70–74. [CrossRef] [PubMed]
6. Janda, W.M.; Santos, E.; Stevens, J.; Celig, D.; Terrile, L.; Schreckenberger, P.C. Unexpected isolation of Bordetella pertussis from a

blood culture. J. Clin. Microbiol. 1994, 32, 2851–2853. [CrossRef] [PubMed]
7. Troseid, M.; Jonassen, T.O.; Steinbakk, M. Isolation of Bordetella pertussis in blood culture from a patient with multiple myeloma. J.

Infect. 2006, 52, e11–e13. [CrossRef] [PubMed]
8. Morse, S.I. Studies on the lymphocytosis induced in mice by Bordetella pertussis. J. Exp. Med. 1965, 121, 49–68. [CrossRef]
9. Sumi, T.; Ui, M. Potentiation of the adrenergic ß-receptor-mediated insulin secretion in pertussis-sensitized rats. Endocrinology

1975, 97, 352–358. [CrossRef]
10. Parfentjev, I.A.; Goodline, M.A. Histamine shock in mice sensitized with Haemophilus pertussis vaccine. J. Pharmacol. Exptl. Therap.

1948, 92, 411–413.
11. Arai, H.; Munoz, J.J. Crystallization of pertussigen from Bordetella pertussis. Infect. Immun. 1981, 31, 495–499. [CrossRef]
12. Munoz, J.J.; Arai, H.; Bergman, R.K.; Sadowski, P.L. Biological activities of crystalline pertussigen from Bordetella pertussis. Infect.

Immun. 1981, 33, 820–826. [CrossRef] [PubMed]
13. Katada, T.; Ui, M. Islet-activating protein. Enhanced insulin secretion and cyclic AMP accumulation in pancreatic islets due to

activation of native calcium ionophores. J. Biol. Chem. 1979, 254, 469–479. [CrossRef]
14. Katada, T.; Ui, M. Islet-activating protein. A modifier of receptor-mediated regulation of rat islet adenylate cyclase. J. Biol. Chem.

1980, 256, 8310–8317. [CrossRef]
15. Katada, T.; Ui, M. Direct modification of the membrane adelylate cyclase system by islet-activating protein due to ADP-ribosylation

of a membrane protein. Proc. Natl. Acad. Sci. USA 1982, 79, 3129–3133. [CrossRef] [PubMed]

http://doi.org/10.1097/00006454-198409000-00019
http://doi.org/10.1099/00222615-25-3-183
http://doi.org/10.3181/00379727-77-18682
http://www.ncbi.nlm.nih.gov/pubmed/14844399
http://doi.org/10.1128/jcm.32.11.2851-2853.1994
http://www.ncbi.nlm.nih.gov/pubmed/7852585
http://doi.org/10.1016/j.jinf.2005.04.014
http://www.ncbi.nlm.nih.gov/pubmed/15936087
http://doi.org/10.1084/jem.121.1.49
http://doi.org/10.1210/endo-97-2-352
http://doi.org/10.1128/iai.31.1.495-499.1981
http://doi.org/10.1128/iai.33.3.820-826.1981
http://www.ncbi.nlm.nih.gov/pubmed/6269999
http://doi.org/10.1016/S0021-9258(17)37941-3
http://doi.org/10.1016/S0021-9258(19)68845-9
http://doi.org/10.1073/pnas.79.10.3129
http://www.ncbi.nlm.nih.gov/pubmed/6954463


Toxins 2021, 13, 623 9 of 11

16. Kurose, H.; Katada, T.; Amano, Y.; Ui, M. Specific uncoupling by islet-activating protein, pertussis toxin, of negative signal
transduction via alpha-adrenergic, cholinergic, and opiate receptors in neuroblastoma x glioma hybrid cells. J. Biol. Chem. 1983,
258, 4870–4875. [CrossRef]

17. Katada, T.; Bokoch, G.M.; Smigel, M.D.; Ui, M.; Gilman, A.G. The inhibitory guanine nucleotide-binding regulatory component of
adenylate cyclase. Subunit dissociation and the inhibition of adenylate cyclase in S49 lymphoma cyc- and wild type membranes.
J. Biol. Chem. 1984, 259, 3586–3595. [CrossRef]

18. Kikuchi, A.; Kosawa, O.; Kaibuchi, K.; Katada, T.; Ui, M.; Takai, Y. Direct evidence for involvement of a guanine nucleotide-
binding protein in chemotactic peptide-stimulated formation of inositol bisphosphate and trisphosphate in differentiated human
leukemic (HL-60) cells. Reconstitution with Gi or Go of the plasma membranes ADP-ribosylated by pertussis toxin. J. Biol. Chem.
1986, 261, 11558–11562. [PubMed]

19. Kanbayashi, Y.; Nakamura, T.; Hosoda, K.; Nogimori, K.; Yajima, M.; Ui, M. Subunit structure of islets-activating protein (IAP), a
new protein isolated from the culture media of Bordetella pertussis. J. Biochem. 1978, 84, 443–451. [CrossRef] [PubMed]

20. Tamura, M.; Nogimori, K.; Murai, S.; Yajima, M.; Ito, K.; Katada, T.; Ui, M.; Ishii, S. Subunit structure of islet-activating protein,
pertussis toxin, in conformity with the A-B model. Biochemistry 1982, 21, 5516–5522. [CrossRef]

21. Locht, C.; Keith, J.M. Pertussis toxin gene: Nucleotide sequence and genetic organization. Science 1986, 232, 1258–1264. [CrossRef]
22. Nicosia, A.; Perugini, M.; Franzini, C.; Casagli, M.C.; Borri, M.G.; Antoni, G.; Almoni, M.; Neri, P.; Ratti, G.; Rappuoli, R. Cloning

and sequencing of the pertussis toxin genes: Operon structure and gene duplication. Proc. Natl. Acad. Sci. USA 1986, 83,
4631–4635. [CrossRef] [PubMed]

23. Stein, P.E.; Boodhoo, A.; Armstrong, G.D.; Cockle, S.A.; Klein, M.H.; Read, R.J. The crystal structure of pertussis toxin. Structure
1994, 2, 45–57. [CrossRef]

24. Brennan, M.J.; David, J.L.; Kenimer, J.G.; Manclark, C.R. Lectin-like binding of pertussis toxin to a 165-kilodalton Chinese Hamster
Ovary cell glycoprotein. J. Biol. Chem. 1988, 263, 4895–4899. [CrossRef]

25. Witvliet, M.H.; Burns, D.L.; Brennan, M.J.; Poolman, J.T.; Manclark, C.R. Binding of pertussis toxin to eucaryotic cells and
glycoproteins. Infect. Immun. 1989, 57, 3324–3330. [CrossRef]

26. Rogers, T.S.; Corey, S.J.; Rosoff, P.M. Identification of a 43-kilodalton human T lymphocyte membrane protein as a receptor for
pertussis toxin. J. Immunol. 1990, 145, 678–683.

27. Lobet, Y.; Feron, C.; Dequesne, G.; Simoen, E.; Hauser, P.; Locht, C. Site-specific alterations in the B oligomer that affect
receptor-binding activities and mitogenicity of pertussis toxin. J. Exp. Med. 1993, 177, 79–87. [CrossRef]

28. Stein, P.E.; Boodhoo, A.; Armstrong, G.D.; Heerze, L.D.; Cockle, S.A.; Klein, M.H.; Read, R.J. Structure of a pertussis toxin-sugar
complex as a model for receptor binding. Nat. Struct. Biol. 1994, 1, 591–596. [CrossRef]

29. Moss, J.; Stanley, S.J.; Burns, D.L.; Hsia, J.A.; Yost, D.A.; Myers, G.A.; Hewlett, E.L. Activation by thiol of the latent NAD
glycohydrolase and ADP-ribosyltransferase activities of Bordetella pertussis toxin (islet-activating protein). J. Biol. Chem. 1983, 258,
11879–11882. [CrossRef]

30. West, R.E.; Moss, J.; Vaughan, M.; Liu, T.; Liu, T.Y. Pertussis toxin-catalyzed ADP-ribosylation of transducing. Cysteine 347 is the
ADP-ribose acceptor site. J. Biol. Chem. 1985, 260, 14428–14430. [CrossRef]

31. Moss, J.; Stanley, S.J.; Watkins, P.A.; Burns, D.L.; Manclark, C.R.; Kaslow, H.R.; Hewlett, E.L. Stimulation of the thiol-dependent
ADP-ribosyltransferase and NAD glycohydrolase activities of Bordetella pertussis toxin by adenine nucleotides, phospholipids,
and detergents. Biochemistry 1986, 25, 2720–2725. [CrossRef] [PubMed]

32. Locht, C.; Cieplak, W.; Marchitto, K.S.; Sato, H.; Keith, J.M. Activities of complete and truncated forms of pertussis toxin subunits
S1 and S2 synthesized by Escherichia coli. Infect. Immun. 1987, 55, 2146–2553. [CrossRef]

33. Locht, C.; Lobet, Y.; Feron, C.; Cieplak, W.; Keith, J.M. The role of cysteine 41 in the enzymatic activities of the pertussis toxin S1
subunit as investigated by site-directed mutagenesis. J. Biol. Chem. 1990, 265, 4552–4559. [CrossRef]

34. Burnette, W.N.; Cieplak, W.; Mar, V.L.; Kaljot, K.T.; Sato, H.; Keith, J.M. Pertussis toxin S1 mutant with reduced enzyme activity
and a conserved protective epitope. Science 1988, 242, 72–74. [CrossRef]

35. Pizza, M.; Bartoloni, A.; Prugnola, A.; Silvestri, S.; Rappuoli, R. Subunit S1 of pertussis toxin: Mapping of the regions essential for
ADP-ribosyltransferase activity. Proc. Natl. Acad. Sci. USA 1988, 85, 7521–7525. [CrossRef]

36. Cockle, S.; Loosmore, S.; Radika, K.; Zealey, G.; Boux, H.; Phillips, K.; Klein, M. Detoxification of pertussis toxin by site-directed
mutagenesis. Adv. Exp. Med. Biol. 1989, 251, 209–214. [PubMed]

37. Cockle, S.A. Identification of an active-site residue in subunit S1 of pertussis toxin by photocrosslinking to NAD. FEBS Lett. 1989,
249, 329–332. [CrossRef]

38. Barbieri, T.J.; Mende-Mueller, L.M.; Rappuoli, R.; Collier, R.J. Photolabeling of Glu-129 of the S1 subunit of pertussis toxin with
NAD. Infect. Immun. 1989, 57, 3549–3554. [CrossRef]

39. Cieplak, W.; Locht, C.; Mar, V.L.; Burnette, W.N.; Keith, J.M. Photolabelling of mutant forms of the S1 subunit of pertussis toxin
with NAD+. Biochem. J. 1990, 268, 547–551. [CrossRef] [PubMed]

40. Antoine, R.; Tallett, A.; van Heyningen, S.; Locht, C. Evidence for a catalytic role of glutamine acid 129 in the NAD-glycohydrolase
activity of the pertussis toxin S1 subunit. J. Biol. Chem. 1993, 268, 24149–24155. [CrossRef]

41. Antoine, R.; Locht, C. The NAD-glycohydrolase activity of the pertussis toxin S1 subunit: Involvement of the catalytic His-35
residue. J. Biol. Chem. 1994, 269, 6450–6457. [CrossRef]

http://doi.org/10.1016/S0021-9258(18)32507-9
http://doi.org/10.1016/S0021-9258(17)43134-6
http://www.ncbi.nlm.nih.gov/pubmed/3091591
http://doi.org/10.1093/oxfordjournals.jbchem.a132145
http://www.ncbi.nlm.nih.gov/pubmed/29892
http://doi.org/10.1021/bi00265a021
http://doi.org/10.1126/science.3704651
http://doi.org/10.1073/pnas.83.13.4631
http://www.ncbi.nlm.nih.gov/pubmed/2873570
http://doi.org/10.1016/S0969-2126(00)00007-1
http://doi.org/10.1016/S0021-9258(18)68870-2
http://doi.org/10.1128/iai.57.11.3324-3330.1989
http://doi.org/10.1084/jem.177.1.79
http://doi.org/10.1038/nsb0994-591
http://doi.org/10.1016/S0021-9258(17)44314-6
http://doi.org/10.1016/S0021-9258(17)38585-X
http://doi.org/10.1021/bi00357a066
http://www.ncbi.nlm.nih.gov/pubmed/2872921
http://doi.org/10.1128/iai.55.11.2546-2553.1987
http://doi.org/10.1016/S0021-9258(19)39598-5
http://doi.org/10.1126/science.2459776
http://doi.org/10.1073/pnas.85.20.7521
http://www.ncbi.nlm.nih.gov/pubmed/2481961
http://doi.org/10.1016/0014-5793(89)80652-0
http://doi.org/10.1128/iai.57.11.3549-3554.1989
http://doi.org/10.1042/bj2680547
http://www.ncbi.nlm.nih.gov/pubmed/2363691
http://doi.org/10.1016/S0021-9258(20)80504-3
http://doi.org/10.1016/S0021-9258(17)37393-3


Toxins 2021, 13, 623 10 of 11

42. Xu, Y.; Brabançon-Finck, V.; Barbieri, J.T. Role of histidine 35 of the S1 subunit of pertussis toxin in the ADP-ribosylation of
transducing. J. Biol. Chem. 1994, 269, 9993–9999. [CrossRef]

43. Locht, C.; Antoine, R. A proposed mechanism of ADP-ribosylation catalyzed by the pertussis toxin S1 subunit. Biochimie 1995, 77,
333–340. [CrossRef]

44. Bordet, J.; Gengou, O. Le microbe de la coqueluche. Ann. Inst. Pasteur Paris 1906, 20, 731–741.
45. Kendrick, P.L.; Elderling, G.; Dixon, M.K.; Misner, J. Mouse protection tests in the study of pertussis vaccine: A comparative

series using the intracerebral route of challenge. Am. J. Pub. Health 1947, 37, 803–810. [CrossRef]
46. Pillemer, L.; Blum, L.; Lepow, I.H. Protective antigen of Haemophilus pertussis. Lancet 1954, 266, 1257–1260. [CrossRef]
47. Medical Research Council. Vaccination against whooping cough: Final report. Br. Med. J. 1959, 1, 994–1000. [CrossRef]
48. Levine, P.H.; Pieroni, R.E. A unitarian hypothesis of altered reactivity to stress mediated by Bordetella pertussis. Experientia 1966,

22, 797–800. [CrossRef] [PubMed]
49. Keogh, E.V.; North, E.A.; Warburton, M.F. Haemagglutinins of the Haemophilus pertussis group. Nature 1947, 160, 63. [CrossRef]
50. Keogh, E.V.; North, E.A. The haemagglutinin of Haemophilus pertussis. I. Haemagglutinin as a protective antigen in experimental

murine pertussis. Aust. J. Exp. Biol. Med. Sci. 1948, 26, 315–322. [CrossRef] [PubMed]
51. Masry, F.L.G. Production, extraction and purification of the haemagglutinins of Haemophilus pertussis. J. Gen. Microbiol. 1952, 7,

201–210. [CrossRef]
52. Sato, Y.; Arai, H.; Suzuki, K. Leukocytosis-promoting factor of Bordetella pertussis. II. Biological properties. Infect. Immun. 1973, 7,

992–999. [CrossRef]
53. Arai, H.; Sato, Y. Separation and characterization of two distinct hemagglutinins contained in purified leukocytosis-promoting

factor from Bordetella pertussis. Biochim. Biophys. Acta 1976, 444, 765–782. [CrossRef]
54. Munoz, J.J.; Arai, H.; Cole, R.L. Mouse-protecting and histamine-sensitizing activities of pertussigen and fimbrial hemagglutinin

from Bordetella pertussis. Infect. Immun. 1981, 32, 234–250. [CrossRef]
55. Sato, H.; Ito, A.; Chiba, J.; Sato, Y. Monoclonal antibody against pertussis toxin: Effect on toxin activity and pertussis infection.

Infect. Immun. 1984, 46, 422–428. [CrossRef] [PubMed]
56. Robinson, A.; Irons, L.I. Synergistic effect of Bordetella pertussis lymphocytosis-promoting factor on protective activities of isolated

Bordetella antigens in mice. Infect. Immun. 1983, 40, 523–528. [CrossRef]
57. Kimura, A.; Mountzouros, K.T.; Relman, D.A.; Falkow, S.; Cowell, J.L. Bordetella pertussis filamentous hemagglutinin: Evaluation

as a protective antigen and colonization factor in a mouse respiratory infection model. Infect. Immun. 1990, 58, 7–16. [CrossRef]
[PubMed]

58. Sato, Y.; Kimura, M.; Fukumi, H. Development of a pertussis component vaccine in Japan. Lancet 1984, 323, 122–126. [CrossRef]
59. Noble, G.R.; Bernier, R.H.; Esber, E.C.; Hardegree, M.C.; Hinman, A.R.; Klein, D.; Saah, A.J. Acellular and whole-cell pertussis

vaccines in Japan. Report of a visit by US scientists. J. Am. Med. Assoc. 1987, 257, 1351–1356. [CrossRef]
60. Ad Hoc Group for the Study of Pertussis Vaccines. Placebo-controlled trial of two acellular pertussis vaccines in Sweden—

Protective efficacy and adverse events. Lancet 1988, 331, 955–960.
61. Locht, C. Will we have new pertussis vaccines? Vaccine 2018, 36, 5460–5469. [CrossRef]
62. Trollfors, B.; Taranger, J.; Lagergard, T.; Lind, L.; Sundh, V.; Zackrisson, G.; Lowe, C.U.; Blackwelder, W.; Robbins, J.B. A

placebo-controlled trial of pertussis-toxoid vaccine. N. Engl. J. Med. 1995, 333, 1045–1050. [CrossRef] [PubMed]
63. Pizza, M.; Covacci, A.; Bartoloni, A.; Perugini, M.; Nencioni, L.; De Magistris, M.T.; Villa, L.; Nucci, D.; Manetti, R.; Bugnoli, M.;

et al. Mutants of pertussis toxin suitable for vaccine development. Science 1989, 246, 497–500. [CrossRef]
64. Ibsen, P.H. The effect of formaldehyde, hydrogen peroxide and genetic detoxification of pertussis toxin on epitope recognition by

murine monoclonal antibodies. Vaccine 1996, 14, 359–368. [CrossRef]
65. Ausar, S.F.; Zhu, S.; Duprez, J.; Cohen, M.; Bertrand, T.; Steier, V.; Wilson, D.J.; Li, S.; Sheung, A.; Brookes, R.H.; et al. Genetically

detoxified pertussis toxin displays near identical structure to its wild-type and exhibits robust immunogenicity. Commun. Biol.
2020, 3, 427. [CrossRef] [PubMed]

66. Blanchard-Rohner, G.; Chatzis, O.; Chinwangso, P.; Rohr, M.; Grillet, S.; Salomon, C.; Lemaitre, B.; Boonrak, P.; Lawpoolsri, S.;
Clutterbuck, E.; et al. Boosting teenagers with acellular pertussis vaccines containing recombinant or chemically inactivated
pertussis toxin: A randomized clinical trial. Clin. Infect. Dis. 2019, 68, 1213–1222. [CrossRef]

67. Pitisuttithum, P.; Dhitavat, J.; Sirivichayakul, C.; Pitisuthitham, A.; Sabmee, Y.; Chinwangso, P.; Kerdsomboon, C.; Fortuna, L.;
Spiegel, J.; Chauhan, M.; et al. Antibody persistence 2 and 3 years after booster vaccination of adolescents with recombinant
acellular pertussis monovalent aPgen or combined TdaPgen vaccines. EClin. Med. 2021, 37, 100976.

68. Podda, A.; De Luca, E.C.; Titone, L.; Casadei, A.M.; Cascio, A.; Peppoloni, S.; Volpini, G.; Marsili, I.; Nencioni, L.; Rappuoli, R.
Acellular pertussis vaccine composed of genetically inactivated pertussis toxin: Safety and immunogenicity in 12- to 24- and 2- to
4-month-old children. J. Pediatr. 1992, 120, 680–685. [CrossRef]

69. Mielcarek, N.; Debrie, A.S.; Raze, D.; Bertout, J.; Rouanet, C.; Younes, A.B.; Creusy, C.; Engle, J.; Goldman, W.E.; Locht, C. Live
attenuated B. pertussis as a single-dose nasal vaccine against whooping cough. PLoS Pathog. 2006, 2, e65. [CrossRef] [PubMed]

70. Siniashina, L.N.; Siniashina, L.S.; Semin, E.G.; Amelina, I.P.; Karataeev, G.I. Construction of the genetically attenuated bacteria
Bordetella pertussis devoid of dermonecrotic toxin activity and producing modified nontoxic pertussis toxin. Mol. Gen. Mikrobiol.
Virusol. 2010, 3, 31–36.

http://doi.org/10.1016/S0021-9258(17)36980-6
http://doi.org/10.1016/0300-9084(96)88143-0
http://doi.org/10.2105/AJPH.37.7.803-b
http://doi.org/10.1016/S0140-6736(54)92770-1
http://doi.org/10.1136/bmj.1.5128.994
http://doi.org/10.1007/BF01897421
http://www.ncbi.nlm.nih.gov/pubmed/5973213
http://doi.org/10.1038/160063a0
http://doi.org/10.1038/icb.1948.33
http://www.ncbi.nlm.nih.gov/pubmed/18880597
http://doi.org/10.1099/00221287-7-3-4-201
http://doi.org/10.1128/iai.7.6.992-999.1973
http://doi.org/10.1016/0304-4165(76)90323-8
http://doi.org/10.1128/iai.32.1.243-250.1981
http://doi.org/10.1128/iai.46.2.422-428.1984
http://www.ncbi.nlm.nih.gov/pubmed/6094351
http://doi.org/10.1128/iai.40.2.523-528.1983
http://doi.org/10.1128/iai.58.1.7-16.1990
http://www.ncbi.nlm.nih.gov/pubmed/2294058
http://doi.org/10.1016/S0140-6736(84)90061-8
http://doi.org/10.1001/jama.1987.03390100089032
http://doi.org/10.1016/j.vaccine.2017.11.055
http://doi.org/10.1056/NEJM199510193331604
http://www.ncbi.nlm.nih.gov/pubmed/7675047
http://doi.org/10.1126/science.2683073
http://doi.org/10.1016/0264-410X(95)00230-X
http://doi.org/10.1038/s42003-020-01153-3
http://www.ncbi.nlm.nih.gov/pubmed/32759959
http://doi.org/10.1093/cid/ciy594
http://doi.org/10.1016/S0022-3476(05)80227-6
http://doi.org/10.1371/journal.ppat.0020065
http://www.ncbi.nlm.nih.gov/pubmed/16839199


Toxins 2021, 13, 623 11 of 11

71. Warfel, J.M.; Zimmerman, L.I.; Merkel, T.J. Acellular pertussis vaccines protect against disease but fail to prevent infection and
transmission in a nonhuman primate model. Proc. Natl. Acad. Sci. USA 2014, 111, 787–792. [CrossRef] [PubMed]

72. Althouse, B.M.; Scarpino, S.V. Asymptomatic transmission and the resurgence of Bordetella pertussis. BMC Med. 2015, 13, 146.
[CrossRef] [PubMed]

73. Dubois, V.; Chatagnon, J.; Thiriard, A.; Bauderlique-Le Roy, H.; Debrie, A.S.; Coutte, L.; Locht, C. Suppression of mucosal Th17
memory response by acellular pertussis vaccines enhances nasal Bordetella pertussis carriage. Vaccines 2021, 6, 6. [PubMed]

74. Locht, C.; Papin, J.F.; Lecher, S.; Debrie, A.S.; Thalen, M.; Solovay, K.; Rubin, K.; Mielcarek, N. Live attenuated pertussis vaccine
BPZE1 protects baboons against Bordetella pertussis disease and infection. J. Infect. Dis. 2017, 216, 117–124. [CrossRef]

75. Medkova, A.Y.; Sinyashina, L.N.; Amichba, A.A.; Semin, E.G.; Shevtsova, Z.V.; Matua, A.Z.; Djidaryan, A.A.; Kubrava, D.T.;
Kondzhariya, I.G.; Barkaya, V.S.; et al. Preclinical studies of safety, immunogenicity and protective activity of attenuated Bordetella
pertussis bacteria on the rhesus macaque model. J. Microbiol. Epidemiol. Immunol. 2020, 97, 312–323. [CrossRef]

76. Thorstensson, R.; Trollfors, B.; Al-Tawil, N.; Jahnmatz, M.; Bergström, J.; Ljungman, M.; Törner, A.; Wehlin, L.; Van Broekhoven,
A.; Bosman, F.; et al. A phase I clinical study of a live attenuated Bordetella pertussis vaccine—BPZE1; a single centre, double-blind,
placebo-controlled, dose-escalating study of BPZE1 given intranasally to healthy adult male volunteers. PLoS ONE 2014, 9,
e83449. [CrossRef] [PubMed]

77. Jahnmatz, M.; Richert, L.; Al-Tawil, N.; Storsaeter, J.; Colin, C.; Bauduin, C.; Thalen, M.; Solovay, K.; Rubin, K.; Mielcarek, N.; et al.
Safety and immunogenicity of the live attenuated intranasal pertussis vaccine BPZE1: A phase 1b, double-blind, randomised,
placebo-controlled dose-escalation study. Lancet Infect. Dis. 2020, 20, 1290–1301. [CrossRef]

78. Anderson, R.M.; May, R.M. Directly transmitted infectious diseases: Control by vaccination. Science 1982, 215, 1053–1060.
[CrossRef]

79. Merkel, T.J. Toward a controlled human infection model of pertussis. Clin. Infect. Dis. 2020, 71, 412–414. [CrossRef]
80. Nguyen, A.W.; DiVenere, A.M.; Papin, J.F.; Connelly, S.; Kaleko, M.; Maynard, J.A. Neutralization of pertussis toxin by a single

antibody prevents clinical pertussis in neonatal baboons. Sci. Adv. 2020, 6, eaay9258. [CrossRef] [PubMed]
81. Solans, L.; Locht, C. The role of mucosal immunity in pertussis. Front. Immunol. 2019, 9, 3068. [CrossRef]
82. Dubois, V.; Locht, C. Mucosal immunization against pertussis: Lessons from the past and perspectives. Front. Immunol. 2021, 12,

701285. [CrossRef]
83. Gierschik, P. ADP-ribosylation of signal-transducing guanine nucleotide-binding proteins by pertussis toxin. Curr. Top. Microbiol.

Immunol. 1992, 175, 69–96.
84. Scanlon, K.M.; Chen, L.; Carbonetti, N.H. Pertussis toxin promotes pulmonary hypertension in an infant mouse model of

Bordetella pertussis infection. J. Infect. Dis. 2021, in press. [CrossRef] [PubMed]
85. Tsian, M.F.; Cao, X.; White, J.E.; Sacco, J.; Lee, C.Y. Pertussis toxin-induced lung edema. Role of manganese superoxide dismutase

and protein kinase C. Am. J. Respir. Cell Mol. Biol. 1999, 20, 465–473. [CrossRef] [PubMed]
86. Kugler, S.; Bocker, K.; Heusipp, G.; Greune, L.; Kim, K.S.; Schmidt, M.A. Pertussis toxin transiently affects barrier integrity,

organelle organization and transmigration of monocytes in a human brain microvascular endothelial cell barrier model. Cell.
Microbiol. 2007, 9, 619–632. [CrossRef]

87. Scanlon, K.; Skerry, C.; Carbonetti, N. Association of pertussis toxin with severe pertussis disease. Toxins 2019, 11, 373. [CrossRef]
88. Campbell, A.P.; Smrcka, A.V. Targeting G protein-coupled receptor signaling by blocking G proteins. Nat. Rev. Drug Discov. 2018,

17, 789–803. [CrossRef] [PubMed]
89. Lyu, C.; Ye, Y.; Lensing, M.M.; Wagner, K.U.; Weigel, R.J.; Chen, S. Targeting Gi/o protein-coupled receptor signaling blocks

HER2-induced breast cancer development and enhances HER2-targeted therapy. J. Clin Investig. Insight 2021, in press. [CrossRef]
[PubMed]

http://doi.org/10.1073/pnas.1314688110
http://www.ncbi.nlm.nih.gov/pubmed/24277828
http://doi.org/10.1186/s12916-015-0382-8
http://www.ncbi.nlm.nih.gov/pubmed/26103968
http://www.ncbi.nlm.nih.gov/pubmed/33420041
http://doi.org/10.1093/infdis/jix254
http://doi.org/10.36233/0372-9311-2020-97-4-3
http://doi.org/10.1371/journal.pone.0083449
http://www.ncbi.nlm.nih.gov/pubmed/24421886
http://doi.org/10.1016/S1473-3099(20)30274-7
http://doi.org/10.1126/science.7063839
http://doi.org/10.1093/cid/ciz842
http://doi.org/10.1126/sciadv.aay9258
http://www.ncbi.nlm.nih.gov/pubmed/32076653
http://doi.org/10.3389/fimmu.2018.03068
http://doi.org/10.3389/fimmu.2021.701285
http://doi.org/10.1093/infdis/jiab325
http://www.ncbi.nlm.nih.gov/pubmed/34145457
http://doi.org/10.1165/ajrcmb.20.3.3373
http://www.ncbi.nlm.nih.gov/pubmed/10030845
http://doi.org/10.1111/j.1462-5822.2006.00813.x
http://doi.org/10.3390/toxins11070373
http://doi.org/10.1038/nrd.2018.135
http://www.ncbi.nlm.nih.gov/pubmed/30262890
http://doi.org/10.1172/jci.insight.150532
http://www.ncbi.nlm.nih.gov/pubmed/34343132

	Introduction 
	From LPF, IAP and HSF to PT 
	PT as an ADP-Ribosylating Toxin 
	The Structure of PT 
	Receptor-Binding Sites of PT 
	Mechanism of ADP-Ribosytransferase Activity of PT 
	From PT to PA 
	From PT/PA to aPV 
	Conclusions 
	References

