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Abstract: Pertussis, also known as whooping cough, is a respiratory disease caused by infection with
Bordetella pertussis, which releases several virulence factors, including the AB-type pertussis toxin (PT).
The characteristic symptom is severe, long-lasting paroxysmal coughing. Especially in newborns
and infants, pertussis symptoms, such as leukocytosis, can become life-threatening. Despite an
available vaccination, increasing case numbers have been reported worldwide, including Western
countries such as Germany and the USA. Antibiotic treatment is available and important to prevent
further transmission. However, antibiotics only reduce symptoms if administered in early stages,
which rarely occurs due to a late diagnosis. Thus, no causative treatments against symptoms of
whooping cough are currently available. The AB-type protein toxin PT is a main virulence factor
and consists of a binding subunit that facilitates transport of an enzyme subunit into the cytosol of
target cells. There, the enzyme subunit ADP-ribosylates inhibitory «-subunits of G-protein coupled
receptors resulting in disturbed cAMP signaling. As an important virulence factor associated with
severe symptoms, such as leukocytosis, and poor outcomes, PT represents an attractive drug target
to develop novel therapeutic strategies. In this review, chaperone inhibitors, human peptides, small
molecule inhibitors, and humanized antibodies are discussed as novel strategies to inhibit PT.

Keywords: pertussis toxin; novel inhibitors; chaperones; humanized antibodies; human defensins;
ADP-ribosylation inhibitor

Key Contribution: This review describes novel inhibitors of pertussis toxin including antibodies, hu-
man peptides, chaperone inhibitors and small molecule inhibitors of pertussis toxin enzyme activity.

1. Introduction

Whooping cough is highly contagious and is caused by droplet infection of the upper
respiratory tract with Bordetella (B.) pertussis. This bacterial pathogen produces several
virulence factors that contribute to the development of the disease, including the AB-type
pertussis toxin (PT) [1]. The characteristic paroxysmal coughing that causes the patient to
make a “whooping” sound upon inhalation between coughing attacks, typically lasts for
up to 10 weeks. B. pertussis infection leads to potent inflammatory responses that cause
severe lung damage [2,3]. Especially, newborns and infants are vulnerable to complications
such as pneumonia, encephalopathy, seizures or apnea that occur in severe cases and can
be life-threatening [4]. In Germany, for instance, 53% of infants suffering from pertussis had
to be hospitalized due to severe course of disease in 2018 [5]. Worldwide, over 24.1 million
pertussis cases and 160,000 deaths have been estimated by the WHO in 2014 in children
under 5 years of age [6]. Pertussis was described as the leading cause of vaccine-preventable
deaths and morbidity globally [7].

For successful colonization of the ciliated epithelia of the human respiratory tract,
B. pertussis requires adhesion factors, such as filamentous hemagglutinin (FHA) and fim-
briae [1]. Other toxins, beside PT, that alter physiological functions are the tracheal cyto-
toxin, which targets and kills ciliated cells and the adenylate cyclase toxin, which inhibits
phagocytosis by excessive cAMP generation in phagocytes, thereby protecting the bacteria
from elimination by the immune system [8,9]. The precise role of PT and other virulence
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factors, as well as their interplay for the B. pertussis pathogenesis, have not been elucidated
in detail. For example, it is not fully understood how the severe coughing pathology is
caused. Administration of purified PT to experimental animals does not elicit the cough
pathology of pertussis. It is assumed that the cough pathology is a product of complex
host responses to infection combined with the activity of the released toxins [10,11]. Severe
and long-lasting inflammation of the airways was caused by PT in a mouse model [12].
Leukocytosis is a PT-associated characteristic hallmark of severe pertussis and correlates
with poor prognosis [10,13]. Leukocytosis and death were associated with expression
of PT since strains lacking PT only caused mild disease symptoms and did not result in
leukocytosis or death [10,13-16]. This clearly demonstrates the crucial role of PT in causing
severe courses of disease.

Worldwide, a relatively high vaccination coverage of ca. 85% of infants was estimated
in 2019, with even higher coverage in Western countries (e.g., in Germany ca. 93% of
children between 5-7 years of age were vaccinated in 2017 [17,18]). Despite these high vac-
cination rates, increasing case numbers have been recorded in Western countries, reaching
an all-time high since the introduction of pertussis vaccination in the 1950s [19]. The first
vaccines used were based on inactivated whole-cell B. pertussis preparations. Although
causing a striking drop in pertussis incidence, vaccine-associated adverse effects encour-
aged the development of a more defined acellular pertussis vaccine [20]. All available
acellular vaccines contain detoxified PT as the main protective antigen and most of them
also contain filamentous hemagglutinin, as well as additional antigens [20].

Most high-income countries have currently replaced the whole-cell with the acellular
vaccine, which shows an improved safety profile over the whole-cell vaccine. However,
several studies have suggested that the acellular vaccine protects against pertussis dis-
ease but does not prevent infection and transmission [20,21]. Moreover, fast waning of
vaccine-induced immunity was also reported for the acellular compared to the whole-cell
vaccine [22,23]. Genetic adaptation of circulating strains to escape vaccine pressure is also
discussed as a reason for resurgence of pertussis despite high vaccination rates [22,24].

The increasing case numbers during the last years clearly indicate that pertussis dis-
ease is not under control and on the rise again. This, together with the lack of therapeutic
strategies against whooping cough, emphasizes the necessity to find new pharmacolog-
ical approaches against this toxin-mediated disease. Since PT is crucial for eliciting the
disease, it represents an attractive target for the development of novel pharmacological
strategies [10,13,25]. In this review, the structure, cellular uptake and mode of action of PT,
as well as novel strategies to inhibit PT, are discussed.

2. Pertussis Toxin—Structure, Cellular Uptake and Mode of Action

As an ABs toxin, PT consists of an enzyme subunit, the A-protomer PTS1 (pertussis
toxin subunit 1), and four different B-subunits, PTS2, PTS3, PTS4 and PTS5 in a ratio of
1:1:2:1 [26,27] (Figure 1). The B-pentamer consisting of PT subunits 2 to 5 and PTS1 assemble
through non-covalent bonds in the periplasm of the bacteria to form a PT holotoxin with
a pyramid-like structure. The holotoxin is secreted by a type IV secretion system [26,28].
The B-pentamer binds to the cell surface via sialoglycoproteins that are found on most
cells, enabling PT to intoxicate various cell types [29-31]. A specific receptor has not been
identified so far.

After internalization by endocytosis, PT takes a retrograde intracellular route through
the Golgi to the endoplasmic reticulum (ER) [32,33]. In the ER, binding of ATP to the toxin
causes destabilization of the interaction between PTS1 and the B-pentamer resulting in
release of PTS1 from the holotoxin [34-36]. Under physiological conditions, released PTS1
is thermally unstable resulting in its unfolding [37-39]. This leads to transport of PTS1 by
the ER-associated degradation (ERAD) pathway from the ER to the cytosol. PTS1 lacks
lysine residues and is, therefore, protected from ubiquitination and thus from proteasomal
degradation [40]. The molecular mechanism of the membrane transport of PTS1 into the
cytosol remains to be understood in detail. For example, it is not known how the unfolded
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PTS1 regains its active conformation in the cytosol. However, a crucial role of cellular
protein folding helper enzymes for uptake of PTS1 into the host-cell cytosol has been
demonstrated (see Section 3.1) [41-43].
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Figure 1. Schematic depiction of the cellular uptake and mode of action of PT. PT binds via its B-
subunit to the cell surface. PT is endocytosed and follows a retrograde route through the Golgi to the
endoplasmic reticulum (ER). The A-subunit PTS1 dissociates from the B-Oligomer and is translocated
via the ER-associated degradation (ERAD) pathway into the cytosol. Here, PTS1 ADP-ribosylates
inhibitory «-subunits (Gai) of G-protein coupled receptors (GPCR) thereby inactivating it. Thus, if
the respective GPCR is activated, Gai is no longer able to inhibit the adenylate cyclase (AC) resulting
in increased and disturbed cAMP signaling [28,33].

In the cytosol, PTS1 mediates the covalent transfer of an ADP-ribose moiety from
the co-substrate NAD* onto «-subunits of inhibitory G-proteins (Gai) [20,44,45]. ADP-
ribosylation causes loss of function of Gai. Therefore, if the corresponding G-protein
coupled receptor (GPCR) is activated, Gai can no longer inhibit the adenylate cyclase,
resulting in increased and disturbed cAMP signaling. The disturbed cAMP signaling
causes various effects that depend on the cell type. In early stages of infection, recruitment
of neutrophils, monocytes and lymphocytes to the lung is inhibited by PT which leads to
reduced levels of pro-inflammatory chemokines and cytokines and to increased bacterial
burden in a mouse infection model [46—48].

3. Novel Inhibitors of Pertussis Toxin

Therapeutic options to treat pertussis are very limited. Antibiotic therapy eliminates
B. pertussis bacteria, which is important to prevent further transmission by droplet infection
(Figure 2) [7,49]. The macrolides azithromycin, clarithromycin and erythromycin are mainly
used; however, antibiotic treatment has no relieving effect on pertussis symptoms except if
treatment is started within two weeks after infection, which rarely occurs because in most
cases the diagnosis is made later [4,50].
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Figure 2. Schematic depiction of different targets of AB-type toxin-inhibitors. AB-type toxins can be
targeted in various ways by inhibitors. The toxin-producing bacteria are targeted by antibiotics. The
released toxins that act independently of the bacteria can be targeted extracellularly by neutralizing
antibodies or peptides. If the toxin already entered the cell, small molecule inhibitors of toxin enzyme
activity or of cellular proteins that aid the translocation of the toxin enzyme subunit into the cytosol
still can protect the target cell from intoxication. Details are given in the text.

Increasing case numbers during the last few years and the lack of treatment options
require the development of novel therapeutic strategies to treat pertussis. Since whooping
cough is a toxin-mediated disease and PT is the central factor that promotes severity of
the disease, PT is a promising target for development of novel pharmacological strategies
against severe pertussis in infants, and also against cough symptomology in older patients
with pertussis.

Inhibitors can affect the toxin in different ways (Figure 2). Neutralizing inhibitors
such as antibodies (see Section 3.4) or peptides (see Section 3.2) interact or bind the toxin
before or during receptor-binding. This prevents the toxin from entering its target cell.
Once taken up into the cell by receptor-mediated endocytosis, antibodies can no longer
reach and neutralize the toxin. Inhibitors interfering with later steps of toxin uptake such as
translocation into the cytosol (see Section 3.1) or enzyme activity (see Section 3.3) provide
the opportunity to inhibit toxin molecules already taken up by cells. An overview of the
inhibitors described in this review is given in Table 1.
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Table 1. Overview of novel strategies inhibiting PT.
Type of Inhibitor & Mechanism Substances Models References
Radicicol
Chaperone inhibitors: (Hsp90 inhibitor)
In vitro (cell-free)
VER/HA9
e  Chaperones are required for uptake of (Hsp70 inhibitor) CHO cells
PTS1 into target cell cytosol ) _ [41-43]
e Chaperone inhibition results in CsA, VK112, NIM811 iGIST bioassay
reduction of PTS1 in cytosol and (Cyp inhibitors)
protection of cells from intoxication Infant mouse model of pertussis
FK506
(FKBP inhibitor)
Human peptides:
a-defensin-1 In vitro (cell-free)
o . L. «-defensin-5 CHO cells [51]
e  Inhibit enzyme activity of PTSI in vitro
° Inhlb.lt intoxication of CHO ce}ls . (no inhibition: 8-defensin-1) iGIST bioassay
. Impair effect of PT on cAMP signaling
Small molecule inhibitors:
In vitro (cell-free)
. Inhibits enzyme activity of PTS1 in vitro NS5C228155 [52]
e  Inhibits intoxication of HEK293T cells HEK293T cells
Binding into NAD* binding pocket of
PTS1
Antibodies:
In vitro (cell-free)
CHO cell
Humanized antibodies targeting PT HulB7 e
. Hul1E6 recognizes epitope on PTS1 and Mouse infection model [53-56]

HullE6

Baboon infection model
(adolescent and neonatal)

3.1. Pharmacological Chaperone Inhibitors

During the last few years, we investigated and characterized the cellular uptake
mechanism of ADP-ribosylating toxins, including PT, with a focus on the ability of these
toxins to translocate their enzyme subunits across intracellular membranes to escape
vesicular compartments and reach the cytosol of their target cells [57,58]. This step is crucial
for the pathogenic mode of action because the specific substrate of these toxins resides in
the cytosol. If the translocation into the cytosol is inhibited, the cytotoxic effect and thus the
clinical symptoms caused by the toxins can be prevented. Therefore, it was demonstrated
over the last years that intracellular membrane translocation of these toxins represents an
attractive starting point for novel pharmacological strategies. Pharmacological inhibitors
of intracellular membrane transport are able to inhibit the enzyme subunits of bacterial
toxins even when they have already been endocytosed. Therefore, these inhibitors have the
potential to complement therapeutic strategies aiming at neutralizing toxins, e.g., human
peptides or antibodies that interact with the toxin before it binds or enters cells (Figure 2).

To reach the cytosol of target cells, PTS1 dissociates from the B-oligomer in the ER
upon ATP binding. The crystal structure of PT associated with ATP revealed that ATP was
localized at the area of the B-oligomer that interacts with PTS1 [35]. ATP seems to activate
PT by destabilizing the PT holotoxin and facilitating the cleavage of a disulfide bond in
PTS1 [59,60], thereby allowing interaction with the substrate [26]. Moreover, it was shown
that a PT mutant that shows only a reduced interaction with ATP is less active in vitro
and shows reduced ADP-ribosylation activity in cells, as well as reduced dissociation by
interaction with ATP [36]. Dissociated PTS1 is thermally unstable and is subsequently
recognized as a substrate of the ERAD pathway facilitating its translocation into the cytosol
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(Figures 1 and 3). Therefore, we hypothesized that intracellular chaperones and protein
folding helper enzymes might play a role for uptake and mode of action of PT. We showed
that inhibitors of cellular chaperones protect cells from intoxication with PT [41-43]. We
characterized the underlying mode of inhibition and demonstrated that chaperones of
the heat shock family (Hsp90, Hsp70) and of the peptidyl prolyl cis/trans isomerase
(PPIase) family (cyclophilins, Cyps and FK506-binding proteins, FKBPs) are required for
the transport of the enzyme subunit of PT, as well as other ADP-ribosylating toxins into the
target cell cytosol [58,61-65]. Specific pharmacological inhibitors that block the activity of
different chaperones prevented transport of enzyme subunits of the clostridial enterotoxins
C. botulinum C2 toxin, C. perfringens iota toxin and C. difficile CDT toxin, as well as of
B. pertussis toxin (Figure 3).

B-Pentamer PTS1

G

ER

VER/HA9 —| Hsp70

= _I (YPS kePs |—FK506
VK112 g

NIM811 !

PTS1

Figure 3. Proposed mechanism for mode of action of chaperones during uptake of PT into cells.
PT reaches the ER via a retrograde intracellular transport. ATP binding leads to the release and
unfolding of the enzyme subunit PTS1. PTS1 is recognized by the ER-associated degradation path-
way and transported into the cytosol. If the activity of chaperones Hsp90 or Hsp70 or peptidyl-
prolyl cis/trans isomerases of the cyclophilin or FK506 binding protein family are inhibited by
specific pharmacological inhibitors, less PTS1 reaches the cytosol [41-43]. (Rad = radicicol, VK112,
NIM811 = non-immunosuppressive CsA derivatives; further explanations are given in the text).

The inhibitor radicicol binds with high affinity to the ATP-binding site of Hsp90,
thereby inhibiting its chaperone activity. Hydrolysis of ATP is required to elicit conforma-
tional changes in Hsp90 which leads to conformational changes in the client protein, i.e., the
protein requiring folding assistance [66,67]. The activity of Hsp70 is also ATP-dependent
and can be inhibited by the specific pharmacological inhibitor VER-155008 (VER), which
also binds to its ATP-binding site [68]. Another novel Hsp70 inhibitor, HA9, binds to the
substrate-binding domain of Hsp70 and thereby also inactivates Hsp70 activity [63]. Cyps
and FKBPs catalyze the cis/trans isomerization of proline in peptide bonds, which is a
rate-limiting step in protein folding. Cyps and FKBPs are inhibited by Cyclosporine A
(CsA) and FK506, respectively, due to binding to their PPlase domain [69,70]. CsA and
FK506 are licensed drugs with immunosuppressive effects used for example after organ
transplantation to prevent organ rejection. Since chaperones and PPlases are involved
in various processes of protein folding, possible off target effects have to be considered
in regard to application of pharmacological chaperone inhibitors to inhibit PT or other
AB-type toxins. Local instead of systemic application of inhibitors might be a beneficial
strategy in this matter.
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To investigate activity and/or inhibition of PT in vitro, the cell line CHO (Chinese
hamster ovary) is used because these cells show a specific clustering morphology after
treatment with purified PT [71,72]. Pre-incubation of CHO cells with either radicicol, VER,
HADJ9, CsA or FK506 resulted in a decreased PT-induced clustering morphology and reduced
ADP-ribosylated Gai by PTS1 in lysates from PT-treated cells [41,42]. CsA and FK506 also
prevented PT-mediated effects on cAMP signaling [41].

After establishing a functional role of chaperones/PPlases during PT uptake into cells
we investigated the underlying mechanism in more detail. The inhibitors had no effect
on binding of PT to cells or its enzyme activity in vitro. Instead, inhibition of chaperones
reduced the amount of PTS1 molecules in the cytosol, which results in reduced ADP-
ribosylation of God. This suggests that cellular chaperones/PPlases facilitate translocation
of PTS1 from the ER to the cytosol [41-43]. Interestingly, a comparable mechanism was
discovered for other ADP-ribosylating toxins such as C2, iota and CDT toxin, suggesting a
common mechanism of inhibition [62,73-75].

A protective effect of CsA and a non-immunosuppressive CsA derivative against
severe symptoms of pertussis was also shown in a neonatal B. pertussis mouse model [41].
This mouse model reproduces the age-dependent effects of severe pertussis disease. Infant
mice are more susceptible to lethal infection than adult mice and also develop leukocytosis
like humans [76]. Leukocytosis is PT-mediated and correlates with disease severity and
lethality [13]. Therefore, this mouse model is relevant with respect to studying pertussis
for human disease. In these experiments, CsA and its non-immunosuppressive derivative
had no effect on the colony forming units of B. pertussis detected in lung homogenates.
However, CsA and its derivative significantly reduced leukocytosis (white blood cell count)
in infant mice [41]. These results are of particular interest because in context of a bacterial
infection the immunosuppressive effect of CsA would be disadvantageous. The CsA
derivative, however, still inhibits PPlase activity of Cyps but lacks the immunosuppressive
effect. Moreover, CsA is already a licensed drug, which increases its potential as a novel
pharmacological approach to combat severe symptoms of whooping cough [41,42,77].

3.2. Human Antimicrobial Peptides of the Defensin Family

Recently, the human antimicrobial peptides x-defensin-1 and -5 have been identified
as inhibitors of PT activity [51]. Defensins are part of the innate immunity and are charac-
terized as small, cationic and cysteine-rich peptides. Human defensins comprise - and
3-defensins which mainly differ in patterns of their three intramolecular disulfide bonds.
a-defensins are secreted by neutrophils (human neutrophil peptides (HNP) 1-4) or by
Paneth cells (human defensins (HD) 5 and 6). Human 8-defensins (HBD) 1-4 are found in
several epithelial cells for example of the respiratory and gastrointestinal tract [78].

Due to their cationic and hydrophobic nature, antimicrobial peptides interact with the
negatively charged surface of bacteria and form pores into microbial membranes. Inhibition
of cell wall synthesis and immunomodulatory effects by antimicrobial peptides have been
reported as well [79]. In addition to their effect on bacteria, antimicrobial peptides, in
particular members of the defensin family, have been identified as inhibitors of bacterial
toxins such as diphtheria toxin or Clostridioides difficile toxins [80-84].

We showed that «-defensin-1 and -5 inhibit the enzyme activity of the A-subunit
PTS1 in vitro, in a concentration-dependent manner. «-defensin-1 and -5 also resulted
in a reduced amount of ADP-ribosylated Gai in PT-treated cells. This indicates that the
a-defensins protected cells from PT-intoxication. Inhibition of PTS1 in vitro and of PT-
intoxication of cells by the x-defensins was observed with and without prior pre-incubation.
Thus far, the precise mode of inhibition and interaction of PTS1 with the x-defensins is not
fully understood. Blocking of the active site of PTS1 by the «-defensins might be the cause
for decreased enzyme activity. Destabilizing or unfolding of the PTS1 protein structure
might also be facilitated by the x-defensins, since this was shown for other toxins [84,85].

ADP-ribosylation of Gai leads to its inactivation and thereby loss of adenylate cyclase
inhibition upon receptor stimulation (Figure 1). In a novel living cell-based interference in
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Gai-mediated signal transduction (iGIST) assay, the effect of PT on Gai and thereby cAMP
signaling was measured [41,51,86]. This assay is based on HEK293 cells that express the
somatostatin receptor 2 (SSTR2), which is a Gai-protein coupled receptor (GPCR), as well
as a luminescent cAMP probe. Direct activation of the adenylate cyclase by forskolin in
combination with stimulation of SSTR2 only leads to a moderate increase in cAMP because
SSTR2 stimulation results in inhibition of adenylate cyclase. Treatment of cells with PT
followed by activation of adenylate cyclase and stimulation of SSTR2 results in high cAMP
levels. This is because PTS1 inactivates Goi of SSTR2 by ADP-ribosylation. o-defensin-1
and -5 both reduced PT-mediated effects on cAMP levels in this novel bioassay indicating
that the defensins interfered with PT activity [51].

Unlike «-defensin-1 and -5, 8-defensin-1 had no effect on in vitro enzyme activity,
intoxication of cells or PT-mediated effects on cAMP signaling [51]. This suggests a specific
inhibition mechanism of «-defensin-1 and -5 on PT activity. The reason why «-defensin-1
and -5 but not 8-defensin-1 inhibit PT is not known yet. a-defensin-1 and -5 have a very
similar three-dimensional structure, which differs from the structure of 8-defensin [78,84].
This might be a difference between x-defensin-1 and -5 and 3-defensin-1 determining the
specificity in inhibition of PT.

Peptide therapeutics gained increasing importance over the last years with more than
400 peptide drugs currently under clinical developments and over 60 already approved
for clinical use in Europe, Japan, and the United States [87]. An advantage of peptides
compared to antibodies is for example the ability of peptides to bind into deep folding
pockets of target proteins that cannot be reached by antibodies. Moreover, as endogenous
agents, peptides are usually better tolerated and less immunogenic than agents based on
foreign antigens [87]. However, delivery of peptides across biological membranes is a major
challenge and can limit their therapeutic use. Potential off-target effects of defensins have to
be explored in future studies and could be addressed by peptide optimization strategies for
example regarding their sequence, structure or pharmacokinetic properties. Identification
of human peptides such as defensins inhibiting PT and characterization of the underlying
mechanism contributes to a better understanding of innate defense mechanisms against
PT. Moreover, inhibitory peptides can serve as a starting point for the development of
therapeutic strategies against whooping cough.

3.3. Small Molecule Inhibitors of PTS1 Enzyme Activity

Recently, Pulliainen and co-workers identified the first small molecule inhibitor of
PTS1 enzyme activity by performing a screening of a compound library [52]. Therefore,
they first designed a recombinant PTS1 enzyme subunit with N- and C-terminal truncations
that allowed efficient expression and purification of active PTS1. This recombinant PTS1
was used in an in vitro high throughput-compatible assay which is based on quantification
of NAD" consumption due to PTS1-mediated ADP-ribosylation of Gai. First, a panel
of selected compounds with known inhibitory effects on ADP-ribosylating activity of
human ADP-ribosyltransferases was tested which did not yield in any inhibitors against
PTS1 activity. Screening of a high scaffold diversity compound library identified seven
compounds out of 1695 that inhibited PTS1-mediated NAD* consumption in vitro. Two of
these compounds, NSC228155 and NSC29193, showed inhibition of PTS1 with ICsy values
in the low micromolar range (NSC228155: ICsg = 3.0 uM and NSC29193: ICsp = 6.8 uM)
without affecting protein integrity of either PTS1 or Gad [52]. The structures of NSC228155
and NSC29193 show similarities to the adenine base or the nicotinamide end of NAD* and
docking and molecular dynamics simulations revealed possible binding poses at the PTS1
NAD" binding pocket.

Both compounds were tested regarding their effect on PT-intoxication of living cells
(HEK293T cells). Therefore, cells were pre-incubated with NSC228155 or NSC29193
and after subsequent treatment with PT for 2 h, ADP-ribosylated Gai was detected by
immunoblotting using an antibody recognizing mono-ADP-ribose. This revealed that
NSC228155 but not NSC29193 prevented ADP-ribosylation of Gai by PTS1 and, there-
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fore, protected cells from PT-intoxication. Lack of inhibition by NSC29193 might be due
to cell impermeability. However, no published data are available on cell permeability
of NSC29193 [52]. It was shown before that NSC228155 permeates MDA-MB-468 breast
cancer cells and is detected in the cytoplasm, as well as in the nucleus [52,88]. An effect
of NSC228155 on cell binding of PT and proteolytic processing of PTS1 was excluded,
suggesting that inhibition of enzyme activity by NSC228155 is the underlying mechanism
of protection from PT also in living cells.

Most small molecules are able to effectively penetrate tissues and cells which enables
them to reach targets such as toxin subunits residing in the cytosol. Thereby, toxin subunits
can be inactivated even if they already entered the target cell cytosol. Moreover, production
of small molecule inhibitors is relatively easy, cost-effective and not limited to parenteral
application compared to other inhibitors such as antibodies. Low specificity and off-target
effects represent disadvantages of small molecules [89]. For NSC228155, cytotoxic effects in
higher concentrations (20 uM) were shown [52]. Such drawbacks might be improved in the
future by structure-based rational drug design approaches available to optimize the small
molecule inhibitors.

3.4. Neutralizing Antibodies

Antibodies directed against PT can neutralize the unbound toxin (Figure 2). The
group of Maynard reported, in 2015, on two murine monoclonal antibodies 1B7 and 11E6
neutralizing PT [53]. These antibodies have been humanized resulting in hulB7 and hul1E6.
Both antibodies retained their low nanomolar affinities for PT. HulB7 recognizes an epitope
in the B subunit of PT whereas hul1E6 is directed against PTS1 [90,91]. The prophylactically
administered binary antibody cocktail protected mice from increased levels of white blood
cell counts and decreased bacterial colonization upon infection with B. pertussis [53]. An
attenuated increase in white blood cell counts due to antibody treatment at day 3 after
infection was also observed in adolescent baboons. Additionally, this was accompanied
by faster clearance of B. pertussis in antibody-treated baboons [53]. The baboon model
is an important new animal model for pertussis since it recapitulates the spectrum of
human pertussis disease nearly completely. For example, in infected baboons paroxysmal
coughing, as well as airborne transmission of B. pertussis from animal to animal, were
observed [92].

It was shown that neither of the antibodies directly bound B. pertussis bacteria or had
a supporting effect on the antibody-dependent complement cytotoxicity [56]. Competitive
inhibition of PT binding to its cellular receptor was identified as the main mechanism of
inhibition for hullE6. This was shown in vitro by ELISA using fetuin as a model of a
terminally sialylated receptor for PT [56]. Hul1E6 inhibited binding of PT to fetuin when
present in molar ratios over one. Since hulB7 only showed a partial inhibition of fetuin
binding, the effect of hulB7 on PT uptake in cells was investigated. Both antibodies were
able to bind to receptor-bound PT. However, quantitative immunofluorescence microscopy
data suggested that in the presence of hullE6, PT signals were very low and restricted
to the membrane surface instead of being colocalized with organelles associated with the
retrograde transport such as the trans Golgi network. This further supports the mechanism
of effectively blocking receptor-binding of PT. Pre-equilibration of PT with a 10,000-fold
molar excess of hulB7 did not result in a decreased signal for PT such as with hul1E6 but
to reduced co-localization of PT signals with markers of early endosomes, Golgi and ER. In
the presence of hulB7, PT signals were localized primarily near the cell surface. Therefore,
in addition to reducing receptor-binding, the data suggest that hulB7 traps PT at or near
the cell surface. This might be due to interfering with internalization or early steps of
retrograde trafficking by hulB7 [56].

Based on the humanized antibodies hulB7 and hullE6 recognizing two distinct
epitopes of PT, a bispecific antibody was developed, thereby combining the specificity of
these antibodies [55]. Binding of the bispecific antibody to PT was similar to the antibody
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mixture. Comparable synergistic effects were observed for the bispecific antibody and the
antibody mixture on inhibiting the PT-induced leukocytosis in a murine model [55].

The antibody hulB7 was further characterized, optimized and tested for its potential
to protect baboons from pertussis if administered prophylactically [54]. The variant hulB7-
YTE was generated to extend the half-life of the antibody by increasing antibody recycling
to the serum due to inducing three amino acid changes. HulB7 and hulB7-YTE were
administered intravenously to neonatal baboons on day 2 of life and antibody pharmacoki-
netics were monitored. This experimental design is very similar to the strategy of maternal
vaccination which currently represents the most effective concept to prevent severe per-
tussis in young infants [22]. Vaccination of women in the second or third trimester of
pregnancy results in transfer of maternal antibodies onto the fetus and thereby in protection
of newborns from pertussis [22,93]. After 5 weeks, baboons were challenged with B. pertus-
sis and followed for 6 weeks. A half-life of ~12 days was measured for hulB7 and ~20 days
for hulB7-YTE resulting in higher serum titers for hulB7-YTE at the time of infection [54].
Three to four days after infection animals of all treatment groups were comparably colo-
nized by B. pertussis. All control animals developed significant leukocytosis and had to be
euthanized whereas all antibody-treated animals survived with significantly lower and
delayed increase in white blood cell counts compared to controls. Antibody-treated animals
also showed reduced symptoms such as coughing and lethargy. Correlating antibody titers
with white blood cells counts suggests that PT-neutralizing antibodies are needed at all
times during colonization with B. pertussis to fully protect against severe symptoms such
as leukocytosis. The authors also showed in a mouse model that treatment with anti-PT
antibodies did not interfere subsequent acellular PT vaccination [54].

Antibodies provide the advantage of high specificity, high affinity, as well as good
tolerability [89]. In context of increasing antibiotic resistance, antibodies targeting disease-
causing toxins represent a promising strategy. Low tissue penetration and cell permeability
are common disadvantages. In the future, antibody engineering can help to increase efficacy
or to overcome drawbacks such as high production costs.

4. Conclusions

Although pertussis vaccination rates are high, increasing case numbers have been
reported in Western countries, reaching all-time highs since introduction of the first whole
cell pertussis vaccine in the 1950s. This is most likely due to reduced effectivity of the
acellular vaccine currently used in most high-income countries that only protects against
pertussis disease but does not prevent infection or transmission. Fast-waning immunity
and genetic adaptation also contribute to the increasing pertussis incidence. In addition,
parental vaccine hesitancy can contribute to a greater risk for vaccine-preventable diseases
including pertussis [94].

Pertussis is a toxin-mediated disease with PT presenting a main virulence factor to
elicit the full spectrum of symptoms including life-threatening leukocytosis. Especially
newborns and infants too young to be protected by vaccination are vulnerable to a life-
threatening course of disease. Since the only therapeutic intervention available is antibiotic
treatment which prevents further transmission but has no effect on pertussis symptoms,
novel strategies are needed that target the toxin causing the disease.

In this review, novel inhibitors of PT are presented and summarized in Table 1. These
novel inhibitors comprise chaperone inhibitors, human peptides, small molecules inhibiting
PT enzyme activity and neutralizing antibodies which all have different advantages and
disadvantages. Chaperone inhibitors interfere with the uptake of PTS1 into the cytosol of
target cells and can therefore inhibit toxin molecules even if they are already endocytosed.
Especially non-immunosuppressive derivatives of already licensed inhibitors such as
CsA are promising for extending the therapeutic options to treat pertussis. The recently
identified human peptides of the defensin family as inhibitors of PT also provide a new
starting point and also contribute to a better understanding of innate immune defense
mechanisms against PT. The defensins have to be further characterized in more complex



Toxins 2022, 14, 187 11 of 14

models such as the neonatal mouse infection model regarding their potential to protect
infected mice from severe symptoms such as leukocytosis. Small molecules inhibiting PT
enzyme activity also bear the advantage to inactivate the toxin even if it already entered
the cytosol of cells. The cell-permeable molecule NSC228155 probably binds to the NAD*
binding pocket of PTS1 and drawbacks such as cytotoxic effects in higher concentrations
can be addressed by structure-based rational drug design approaches. The humanized
antibody hulB7 can bind to cell-bound PT and interferes with endocytosis or other early
steps of retrograde transport of PT in the cells. This antibody was already investigated in
a baboon infection model using adolescent, as well as neonatal animals, demonstrating a
protective effect against pertussis symptoms and lethal course of disease.

Future studies should aim to characterize the mode of action of PT inhibitors in more
detail, as well as to optimize inhibitors, for example, regarding their efficacy, cytotoxicity,
and route of administration. Since the described inhibitors display different modes of
inhibition, a combination of inhibitors targeting the toxin before and after entering target
cells might therefore have a beneficial effect.
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