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1 | INTRODUCTION

Abstract

A large number of bacterial toxins consist of active and cell binding protomers linked
by an interchain disulfide bridge. The largest family of such disulfide-bridged exo-
toxins is that of the clostridial neurotoxins that consist of two chains and comprise
the tetanus neurotoxins causing tetanus and the botulinum neurotoxins causing bot-
ulism. Reduction of the interchain disulfide abolishes toxicity, and we discuss the
experiments that revealed the role of this structural element in neuronal intoxication.
The redox couple thioredoxin reductase-thioredoxin (TrxR-Trx) was identified as the
responsible for reduction of this disulfide occurring on the cytosolic surface of synap-
tic vesicles. We then discuss the very relevant finding that drugs that inhibit TrxR-Trx
also prevent botulism. On this basis, we propose that ebselen and PX-12, two TrxR-
Trx specific drugs previously used in clinical trials in humans, satisfy all the require-
ments for clinical tests aiming at evaluating their capacity to effectively counteract

human and animal botulism arising from intestinal toxaemias such as infant botulism.
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in the environment of bacteria, which spend at least part of their

existence in or on animals or plants.

Bacteria produce thousands of toxins that are released extracellularly
and affect key physiological functions of plants and animals (host).
Thus, they play a major role in the biological arena of host-pathogen
interactions, which lays at the foundation of the evolution of the host.
After the proposals of Haldane (1949), Van Valen (1974), and Ebert
and Hamilton (1996), it is now well established that pathogens are a
major driving force of animal and plant evolution.

In general, bacterial protein toxins are produced to harness the

host defence in such a way as to promote the growth and diffusion

Therefore, the study of the mechanism of action of bacterial toxins
leads to the following:

a. A better understanding of the pathogenesis of the disease caused
by the microorganism;

b. To learn about specific physiological functions of the host, includ-

ing the immune reactions;

c. The development of novel therapeutics, including vaccines,
inhibitors, and so forth;
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d. Theuse of the toxins themselves as therapeutics, which is exemplified
by the almost incredible case of botulinum neurotoxin (BoNT), which
is, at the same time, the most poisonous poison and a most valuable
therapeutic used for all conditions that are originated in humans and
other animals by the hyperfunction of cholinergic peripheral nerve

terminals (Pirazzini, Rossetto, Eleopra, & Montecucco, 2017).

At the same time, an analysis of the evolution and lifestyle of the
toxigenic pathogen may contribute to understand the mechanism of
action of the toxin and to put it in the context of the disease caused
in the host.

2 | A-B BACTERIAL PROTEIN TOXINS

Many bacterial proteins consist of two protomers: an active (A) part
and a host cell binding (B) protomer, which are linked by a single
interprotomeric disulfide bond, which is essential for their biological
activity. The enzymatically active subunit is present in a single copy,
and it is disulfide linked to the B protomer, which may consist of
one subunit, such as in diphtheria toxin (DT), or several subunits
such as in cholera toxin. We will focus in this review on tetanus
neurotoxin (TeNT) and BoNT and on their interchain SS bond, which
bridges the L (light, 50 kD) and the H (heavy, 100 kDa) chains. For
more complete reviews on these neurotoxins, the reader is referred
to Binz (2013), Dong, Masuyer, and Stenmark (2018), Montal (2010),
Pirazzini et al. (2017), Rossetto, Pirazzini, and Montecucco (2014),
and Rummel (2016).

TeNT and BoNT are also commonly indicated as clostridial neuro-
toxins, because until few years ago, they were known to be produced
only by bacteria of the genus Clostridium. This indication is no longer
correct as toxins with very similar structure and enzymatic target were
recently discovered using bioinformatic methods in non-clostridial
bacterial species (Brunt, Carter, Stringer, & Peck, 2018; Doxey,
Mansfield, & Montecucco, 2018; Mansfield, Adams, & Doxey, 2015;
Mansfield & Doxey, 2018; Mansfield et al., 2019; Zhang et al., 2018;
Zornetta et al., 2016). However, these “bioinformatics” toxins have
not been yet associated to diseases nor it is known if they are pro-
duced at all in the natural environment (Doxey et al., 2018). On the
other hand, TeNT and BoNT do cause tetanus and botulism, respec-
tively, and the molecular mechanism of pathogenesis of these deadly

diseases is known in some details.

3 | TETANUS

Tetanus is an acute and often fatal disease characterized by a spastic
paralysis. Almost in all cases, it is caused by the contaminations of
wound with the ubiquitous spores of Clostridium tetani. If the strain
harbours the plasmid encoding for TeNT and if the wound is at least
partially necrotic and anaerobic, the bacterium germinates and pro-
duces the toxin that enters the general circulation and reaches, by
retroaxonal transport inside motor axons and transynaptic movement,

second-order neurons in the spinal cord (Bercsenyi et al., 2014;

Brooks, Curtis, & Eccles, 1955, 1957; Schwab, Suda, & Thoenen,
1979). Therein, it blocks neurotransmitter release and function of
inhibitory interneurons (Bercsenyi et al., 2014; Brooks et al., 1955,
1957; Schwab et al., 1979). As a consequence, the balanced contrac-
tion of opposing skeletal muscles, which is at the basis of physiological
movements, is lost, and muscles are fully contracted and work one
against the other, leading to muscle spasms and seizures. Generalised
tetanus is the most common form of the disease, and it usually begins
with a characteristic facial trismus (lockjaw; Weinstein, 1973). Subse-
quently, a neck stiffness develops and later spreads to affect the mus-
cles of the spinal cord, of the abdomen and of the legs. Tetanic seizure
is very painful and is characterized by a sudden burst of tonic contrac-
tion of muscle groups causing opisthotonos, flexion and adduction of
the arms, and extension of the lower extremities. Spasms can be so
intense to cause bone fracture or myofibre damage. Pharyngeal
and/or thoracic muscle spasms may lead to respiratory compromise,
frequently requiring endotracheal intubation. Later, autonomic symp-
toms develop with alterations of blood pressure and of the cardiac
rhythm and sweating. Glottal and laryngeal spasms may develop and
cause cyanosis and asphyxia if not promptly relieved by medical or
surgical means. Dysuria or urinary retention may also supervene.
One dramatic aspect of tetanus is that the patient is fully conscious
during such episodes and experiences intense pain.

A milder form of the disease is local tetanus, characterized by rigid-
ity of the group of muscles close to the site of injury, which may per-
sist for a considerable period of time without further developments or
it may proceed to generalised tetanus. Tetanus has almost disap-
peared in those countries where vaccination with tetanus toxoid is
enforced. Yet, in those areas of the world where vaccination programs
are inadequate, it is still a major killer. In this respect, a horrible though
frequent form of tetanus, usually fatal, is tetanus neonatorum, which is
acquired by newborns, whose umbilical cord was cut using nonsterile
tools and whose mothers were not immunised against TeNT (Galazka
& Gasse, 1995; Vouking, Tadenfok, & Ekani, 2017).

No specific drugs to block tetanus once symptoms become evident
are available, whereas the disease is completely prevented by anti-

TeNT-specific antibodies.

4 | BOTULISM

Botulism is a rare (incidence of one to five cases per 10 million) but
severe and potentially lethal disease (Fleck-Derderian et al., 2017).
Contrary to tetanus, botulism is characterized by a flaccid paralysis
mainly of cholinergic nerve terminals of the skeletal and autonomic
peripheral nervous systems (Chatham-Stephens et al., 2017; Erbguth,
2008; Johnson & Montecucco, 2008). According to the portal of entry
of BoNT into the body, six forms of botulism can be distinguished
(Rossetto et al.,, 2014): (a) Food-borne botulism, which occurs after
the ingestion of preformed BoNT in food; (b) infant botulism and (c)
adult intestinal botulism, which are toxoinfections associated with the
entry of spores in the intestine, their germination into toxigenic strains

of Clostridia, and the local and prolonged production of BoNTs; (d)
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wound botulism is similar to the initial phase of tetanus with spore con-
tamination of wounds, bacterial germination, and production of BoNT
that then diffuses away from the site of production; (e) iatrogenic bot-
ulism usually follows the therapeutic or cosmetic use of BoNTs, when
an excessive amount of toxin is injected and diffuses to nearby areas
causing paralysis; and (f) inhalational botulism resulting from accidental
or deliberate release of aerosolised toxins (Holzer, 1962).

The major symptoms of botulism are abdominal pain and constipa-
tion, respiratory deficits or distress, and a progressive paralysis that
begins with the small facial muscles of the eyes (diplopia, blurring
vision, and ptosis), of swallowing (dysphagia) followed by descending
flaccid and symmetric paralysis of skeletal and autonomic cholinergic
nerve terminals, which include nausea, vomiting, and dry mouth. The
disease may progress to compromise respiration. As in tetanus,
patients are fully conscious but cannot control any body function
nor communicate. Botulism patients can be saved by mechanical ven-
tilation as the BoNT-induced neuroparalysis is reversible with the
decay of the metalloprotease L chain of the toxin inside the intoxi-
cated neurons. This is an important feature of both TeNT and BoNTs:
They intoxicate and block neurotransmitter release from nerve termi-
nals, but do not kill the neurons. Hence, with time, TeNT and BoNTs
are degraded, and neuroexocytosis impairment is reinstated. Seven
serotypes of BoNT are known, and the time of recovery depends on
the dose and on the serotype of BoNT with the following order:
BoNT/A ~ BoNT/C > BoNT/B ~ BoNT/D ~ BoNT/F ~ BoNT/
G > BoNT/E (Pirazzini & Rossetto, 2017).

5 | TETANUS NEUROTOXINS

TeNT is always mentioned and discussed as a single toxin, at variance
from the many BoNTs. But this is no longer appropriate as novel TeNT
isoforms with slight, but significant, amino acid sequence changes are
reported (Alam, Dixit, Tomar, & Singh, 2010; Bruggemann et al., 2015;
Cohen, Wang, Shen, Wu, & Keller, 2017; Dixit, Alam, & Singh, 2006),
and surely many more will be found as the sequence of more C. tetani

TeNT encoding plasmids become available.

The structure of TeNT has been resolved only recently, and it
shows the typical three domains BoNT structure (Figure 1) consisting
of the 50-kDa L domain endowed with a Zn?*-dependent
metalloprotease activity, the HN domain (50 kDa, N-terminal half of
the H chain), and the HC domain (50 kDa, C-terminal half of the H
chain; Masuyer et al., 2017). TeNT is produced as a single polypeptide
chain of 150 kDa with two disulfide bonds: one, conserved in BoNTs,
links Cys439 to Cys467 and connects the L and HN domains; the
other one joins Cys869 and Cys1093 and forms an intrachain disulfide
bridge internal to the HC domain, which is unique of TeNT (Masuyer
et al., 2017).

The peptide loop subtended by the Cys439-Cys467 disulfide bond
includes several protease cleavage sites, and therefore, TeNT isolated
from C. tetani supernatants is mostly in the disulfide-bridged di-chain
form (Krieglstein, Henschen, Weller, & Habermann, 1991).

The three domains are functional to the process of entry of TeNT
into neurons. The HC domain interacts at the NMJ with nidogen, a
protein of the basal lamina facing the presynaptic membrane of the
motor neuron (Bercsenyi et al, 2014). TeNT then binds to
polysialogangliosides of the presynaptic membrane and enters the
lumen of signalling endosomes, whose function is controlled by rab5
and rab7 and moves retroaxonally to the cell body located in the spinal
cord (Deinhardt et al., 2006). Therefrom, TeNT is released in the
intersynaptic space enclosed between the motoneuron and the inhib-
itory interneurons that ensure the balanced contraction of opposing
skeletal muscles (Brooks et al., 1955; Montecucco & Schiavo, 1995),
and it enters inside synaptic vesicle and translocates its L chain in
the cytosol (see below). Here, it cleaves specifically the vesicle protein
VAMP (vesicle-associated membrane protein; Schiavo et al., 1992) and
blocks the release of the vesicular neurotransmitter glycine. This
impairs the regulatory activity of the spinal cord inhibitory interneu-

rons causing a spastic paralysis (Brooks et al., 1955, 1957).

6 | BOTULINUM NEUROTOXINS

These neurotoxins are structurally closely similar to TeNT and are pro-

duced by different bacteria, mainly Clostridia (botulinum, butyrricum,

FIGURE 1 Crystallographic structure of
tetanus neurotoxins. The picture is modified
from Masuyer, Conrad, and Stenmark (2017).
The L domain is in pink, the HN domain in
yellow, and the HC domain in green. The two
sulfur atoms of the interchain disulfide bond is
in orange. The red sphere represents the zinc
atom present in the metalloprotease active
site of the L domain. (a and b) Two different
orientations of the molecules to appreciate
the relative orientations of the three domains




ROSSETTO ET AL

4of10 | w11 EY

barati, and argentinensis; Peck et al., 2017; Williamson et al., 2016).
They are synthesised as single 150-kDa chain in the bacterial cytosol
where they associates with a non-toxic nonhaemagglutinin protein
(NTNH) which is very similar to BoNT. The BoNT/NTNH dimer asso-
ciates with additional non-toxic proteins to form high molecular
weight complexes that are believed to protect the toxin during its pas-
sage through the Gl tract and, possibly, assists BoNT during its intes-
tinal adsorption (Bonventre, 1979; Fujinaga & Popoff, 2018; K.-H. Lam
& Jin, 2015). The BoNTs are then released by bacterial autolysis and
nicked by proteases at the peptide loop connecting the L and H
chains, which remain associated via noncovalent forces, by a belt that
encircles the L chain and by the highly conserved interchain disulfide
bond. Serotyping has characterized seven antigenically distinct types
of BoNT: A, B, C, D, E, F, and G, plus some chimeric toxins (BoNTC/
D, D/C and F5A; Dong et al., 2018; Rossetto et al., 2014; Smith &
Sugiyama, 1988; Tehran & Pirazzini, 2018). In recent years, many
dozens of novel BoONT sequences have been determined. Nearly all
the “novel” BoNTs belong to one serotype or another, and therefore,
they are defined as subtypes and abbreviated as BoONTA1, BoNT/A2,
and so forth (Montecucco & Rasotto, 2015; Peck et al., 2017).

Very recently, four bont genes were identified by bioinformatic
methods. When expressed in Escherichia coli, the corresponding pro-
teins were not recognised by available standard anti-BoNT antisera.
They were identified in Weissella oryzae (Mansfield et al., 2015;
Zornetta et al., 2016), in strain 111 of C. botulinum (Sicai Zhang et al.,
2017), in the genome of a strain IDI0629 of Enterococcus faecium
(Brunt et al., 2018; S. Zhang et al., 2018), and in Cryseobacterium piperi
(Mansfield et al., 2019). Most notably, both the Weissella and the
Cryseobacterium sequences lack the SS bond connecting the L and
HN domain.

7 | MECHANISM OF PARALYSIS OF NERVE
TERMINALS BY TeNT AND BoNTs

These neurotoxins act inside nerve terminal and reach their cytosolic
targets in a multistep process that exploits cell trafficking events, sim-
ilarly in general terms, to that used by many other disulfide-bridged
toxins acting inside cells consisting of four steps.

BoNTs bind to the presynaptic membrane by a peculiar double-
receptor mechanism. In fact, only after binding a polysialoganglioside
molecule and then the lumenal domain of a synaptic vesicle protein,
BoNT binding becomes productive and is followed by endocytosis.
Polysialogangliosides are highly enriched on the presynaptic mem-
brane and project out of the membrane surface their negatively
charged oligosaccharide portion acting as sort of capturing antennae
(Montecucco, 1986). On the other hand, BoNT is dipoles with the pos-
itive pole located close to the conserved ganglioside-binding site. This
feature leads to a reorientation of the tumbling BoNT molecule while
approaching to the membrane in such a way that almost any hit with
the ganglioside results in toxin binding (Fogolari, Tosatto, Muraro, &
Montecucco, 2009). BoNT/A and BoNT/E bind to SV2, their protein
receptor, whereas BoNT/B, BoNT/G, and BoNT/DC bind to the

synaptic vesicle protein synaptotagmin I/1l (Binz & Rummel, 2009;
Dong et al,, 2018). Such a binding is followed by endocytosis inside
synaptic vesicle. This has been demonstrated for TeNT in CNS neu-
rons (Matteoli et al., 1996) and for BoNT/A in neurons in culture
(Harper et al., 2011; Harper et al., 2016) and at the mouse neuromus-
cular junction (Colasante et al., 2013). The intracellular trafficking of
other serotypes is not yet known, though in most cases, endocytosis
within synaptic vesicle is the first step of entry. There is solid evidence
that all BoNTs translocate the L chain across the membrane driven by
a structural change induced by the acidic pH of the intracellular com-
partment (synaptic vesicle or endosome; Pirazzini et al., 2016). In the
translocation process, a transmembrane ion channel is formed by the
H chain (Fischer & Montal, 2013; Montal, 2010), though it has yet to
be shown that the L chain crosses the membrane inside this channel.

8 | ON THE POSSIBLE ROLE OF THE SINGLE
DISULFIDE BOND BRIDGING THE L AND HN
DOMAIN OF TeNT AND BoNT

The interchain disulfide bond is highly conserved among neurotoxic
TeNTs and BoNTs. The first evidence that this disulfide bond of TeNT
is essential for neurotoxicity was obtained by Schiavo, Papini, Genna,
and Montecucco (1990) using the thioredoxin reductase-thioredoxin
redox couple (TrxR-Trx), discovered by Holmgren (1985) to reduce it
specifically and iodoacetamide to block the SH groups; the intrachain
SS bond present within the HC domain remains intact. The interchain
SS-reduced TeNT was almost non-toxic (Schiavo et al., 1990). Kistner
and Habermann (1992) showed that this reduction could be performed
inTeNT and in BoNT by a TrxR-Trx purified from brain cortex (Kistner
& Habermann, 1992). It was then demonstrated that the interchain SS
bond is essential for the entry of the toxin into the nerve terminal (de
Paiva et al., 1993). Simpson, Maksymowych, Park, and Bora (2004)
showed that this disulfide bond is essential for the activity of all BONT
serotypes and that its reduction causes a change in the respective ori-
entation of the two chains with a relocation of the belt that encircles
the L domain (Simpson et al., 2004).

A major step forward in the understanding of the precise intracel-
lular site and activity of the interchain SS bond involvement was made
using the patch clamp technique in Neuro2A cells (Fischer & Montal,
2007). They found that the SS bond had to be intact for the BoNT
molecule to translocate from the lumenal vesicle side to the cytosolic
side. Reduction on the cytosolic side then led to full opening of the ion
channel made by H chain across the membrane at acidic pH values.
The same conclusion was reached using a protocol that promotes
the low pH-induced translocation of TeNT and BoNT from the cell
surface into the cytosol (Pirazzini, Rossetto, Bolognese, Shone, &
Montecucco, 2011). Using a reporter bound to the L chain, it was
found that an intact interchain SS bond is necessary for membrane
translocation of the L chain (Zuverink, Chen, Przedpelski, Blum, &
Barbieri, 2015). This sequence of events is very similar to that

followed by the prototype of three-domain disulfide-bridged protein
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toxins, that is, DT, which also forms transmembrane ion channel at low
pH (Collier, 2001; Oh, Senzel, Collier, & Finkelstein, 1999).

On the basis of similarities among DT, TeNT, and BoNT with
respect to low pH-driven membrane translocation, of experiments of
hydrophobic membrane photolabelling with photoactivatable phos-
pholipids of these toxins under different conditions (Montecucco
et al,, 1986; Montecucco, Schiavo, & Dasgupta, 1989; Papini et al.,
1987), of the effect of cargoes attached to the N-terminus of these
toxins (Bade et al, 2004; Madshus, Olsnes, & Stenmark, 1992;
Zuverink et al., 2015), and of the physico-chemical properties of sulfur
atoms (Creighton, 1992), we suggest that the first part of TeNT and
BoNT molecules that penetrates the membrane is the interchain SS
bond (as depicted in Figure 2) implying that the membrane insertion
at low pH begins with the C-terminus of the L chain and the N
terminus of HN. Available experimental evidence support this
proposal (Bade et al., 2004; Madshus et al., 1992; Zuverink et al.,

2015). It should also be considered that sulfur atoms are large,

membrane

FIGURE 2 Membrane interaction of botulinum neurotoxins at low
pH. The interchain disulfide resides on the surface of the BoNT that
has been identified to be the one that interacts at low pH with the
membrane plane (Lam et al., 2018; Pirazzini et al., 2011; Pirazzini et al.,
2013). (a) The SS bond is surrounded by hydrophobic residues (in
black), which are likely to mediate the interaction with the
hydrophobic core of the lipid bilayer. In the same surface, a set of
conserved high pKa carboxylates are present, which will lose their
charge at the pH values reached inside synaptic vesicles (Pirazzini

et al.,, 2013). (b) A possible orientation of the SS containing surface at
low pH with respect to the membrane represented by grey rectangle
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deformable, and hydrophobic and that around the protein surface
including the disulfide bond, and within the fork subtended by
the SS bond, there are several hydrophobic residues (depicted in
black in Figure 2). In addition, right below the SS bond, there are
buried a-helices that switch into a surface-exposed hydrophobic -
hairpin at low pH, acting as a molecular appendix that flips out and
penetrates the membrane (Lam et al., 2018). It is possible that the
disulfide-linked fork is among the first parts of the L domain that
emerge on the cytosolic side.

9 | THE INTERCHAIN DISULFIDE BOND OF
TeNT AND BoNTs IS SPECIFICALLY REDUCED
BY TrxR-Trx REDOX SYSTEM

Previous work had established that the TrxR-Trx is capable of reducing
specifically the interchain disulfide bond of both TeNT and BoNT and
that this reduction is necessary to free the metalloprotease activity
of the L chain (de Paiva et al., 1993; Kistner & Habermann, 1992;
Schiavo et al., 1990; Schiavo et al., 1992). However, several redox sys-
tems are operating in cells, and some of them are compartmentalised.
In addition, no redox enzyme was reported to be associated with the
synaptic vesicle in careful mass spectrometry studies of the chemical
compositions of synaptic vesicles (Boyken et al., 2013; Morciano
et al.,, 2005; Morciano, Beckhaus, Karas, Zimmermann, & Volknandt,
2009; Takamori et al., 2006). Using a pharmacological approach on dif-
ferent primary neurons in culture, we obtained evidence that, among
the various protein reducing systems, TrxR-Trx is the one responsible
for the reduction of the interchain disulphide bond of TeNT and of
BoNT/A, BoNT/B, BoNT/C, BoNT/D, BoNT/E, BoNT/F and BoNT/G
(Pirazzini et al., 2013;Pirazzini et al., 2014 ; Zanetti et al., 2015). Prep-
arations of synaptic vesicles, not treated with carbonate buffers that
strip extrinsic membrane associate proteins, as usually done before
the mass spectrometry analysis, revealed the presence of both TrxR-
Trx on the cytosolic surface of synaptic vesicles, in the right position

to reduce the SS bond as the L chain emerges from the membrane.

10 | INHIBITORS OF THE TrxR-Trx REDOX
SYSTEM PREVENT BOTULISM AND THE
PERIPHERAL NEUROPARALYTIC ACITIVITY
OF BoNTs

There is evidence that the activity of TrxR-Trx is altered in several
human pathologies including rheumatoid arthritis, ischaemia, some
forms of cancer (Arner & Holmgren, 2000; Hanschmann, Godoy,
Berndt, Hudemann, & Lillig, 2013; Holmgren & Lu, 2010). Therefore,
it is not surprising that several inhibitors of thioredoxin reductase or
thioredoxin or both have been discovered, and some of them have
been tested in clinical trials in humans (Mahmood, Abderrazak, El
Hadri, Simmet, & Rouis, 2013; Tonissen & Di Trapani, 2009). We have
tested available TrxR-Trx-specific drugs and have shown that they pre-
vent the cleavage of the substrates of TeNT and of all BONT sero-

types. Remarkably, ebselen and PX-12 are very effective in
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preventing animal paralysis, and ebselen is capable of reducing the
number of mice death caused by different BoNTs (Pirazzini et al.,
2014; Zanetti et al., 2015).

It should be underlined that the inhibitory activity of these TrxR-
Trx-specific drugs defines the reduction of the single interchain SS
bridge of clostridial neurotoxins as an essential step in the
neuroparalysis induced by TeNT and BoNTs. Therefore, we propose
this process consists of five steps: (a) binding, (b) internalisation, (c)
membrane translocation, (d) interchain disulfide reduction, and (e)
target modification. This appears to be valid also for DT. Indeed,
thioredoxin was present in a complex isolated from endosomes and
shown to be involved in the delivery of the A subunit of DT in the
cytosol (Murphy, 2011; Ratts et al., 2003). Moreover, reduction of
the interchain disulfide bond was demonstrated to be the rate limiting
step of the process of translocation of DT into the cytosol (Papini,
Rappuoli, Murgia, & Montecucco, 1993). In addition, both DT and
the clostridial neurotoxins appear to require the assistance of Hsp90
and possibly other cytosolic chaperones to refold their enzymatic sub-
units in the cytosol (Azarnia Tehran et al., 2017; Murphy, 2011; Ratts
et al., 2003; Schuster et al., 2017).

The fact that reduction of the interchain SS bond by TrxR-Trx is a
common essential step in neuroparalysis by all serotypes of BONT and
TeNT makes TrxR-Trx-specific drugs effective pan-inhibitors of the
clostridial neurotoxins not depending on their serotypes, as antibodies
are (Pirazzini & Rossetto, 2017). Clearly, such drugs have the limitation
that they do not block the metalloprotease activity once the L domain
is in the cytosol and hence are unlikely to provide benefit in the case
of a bioterrorist attack employing BoNT, but they are fully adequate to
prevent botulism in personnel operating in a domain where the BoNTs
could be used as bioweapons. On the other hand, TrxR-Trx-inhibiting
drug are very likely to be useful in the case of botulism caused by

intestinal toxaemia.

11 | TrxR-Trx INHIBITORS IN THE
TREATMENT OF INFANT BOTULISM AND
ADULT INTESTINAL BOTULISM

Infant botulism was a late discovery because its symptoms are difficult
to be identified in newborns (Midura & Arnon, 1976; Pickett, Berg,
Chaplin, & Brunstetter-Shafer, 1976). Notably, this disease may
develop only in the first period of life (1/2 to 11 months of age) fol-
lowing the ingestion of clostridial spores that germinate in the infant
gut whose microbiome is not capable to outcompete neurotoxigenic
Clostridia as it would normally occur in the adult (Arnon, 1986). This
rationale is fully supported by experiments with germ-free mice and
with antibiotic-treated mice (Moberg & Sugiyama, 1979; Burr &
Sugiyama, 1982). Following the definition of infant botulism, an intes-
tinal toxaemia in adults was described (Chia, Clark, Ryan, & Pollack,
1986). These two forms of botulism are now referred to as “intestinal
toxaemia botulism.” As it has been well discussed by Arnon (1995),
predisposing causes of this disease are altered intestinal microflora

either due to the young age or to broad spectrum antibiotics, or

altered intestinal tract physiology or anatomy. In any case, the
neurotoxigenic Clostridia in the intestine produce BoNT. The site(s)
of absorption in human has not been well defined. In rabbits and rats,
it occurs in the upper small intestine and in the ileum, whereas in
chicken, the caecum is the main site involved. The toxin appears first
in the lymph and then in the blood in the 150-KDa BoNT form, which
is then distributed in the entire body and binds to peripheral choliner-
gic nerve terminals (Heckly, Hildebrand, & Lamanna, 1960; May &
Whaler, 1958; L. Simpson, 2013).

The human and hospital costs of intestinal toxaemia botulism are
very high because of the frequent need of the intensive care unit
(Arnon, 1995). The only available specific treatment is a human botu-
lism immune globulin (BIG-IV) derived from the immune plasma of
donors immunised with pentavalent (A to E) toxoid. BIG-IV was gener-
ated thanks to the involvement of the California Department of
Health Services and of the “heroic” effort of Dr. S.S. Arnon (Arnon,
2007). Treatment with BIG-IV resulted to be very successful as it
shortened the mean hospital stay of infant botulism patients from
5.7 to 2.6 weeks, and it reduced the duration of intensive care by
3.2 weeks and of mechanical ventilation by 2.6 weeks; at the same
time, no serious adverse effects attributable to this treatment was
recorded (Arnon, 2007).

There is no evidence that an antibody molecule can reach the
cytosol and block the toxin enzymatic domain, and therefore, BIG-
IV can only act on the extracellular toxin, which is continuously pro-
duced. Drugs such as ebselen and PX-12 act further down in the
chain of events leading to intoxication because they can penetrate
cells and act on TrxR-Trx. For this reason, in principle, they should
have an effect comparable or superior with that of BIG-IV. But the
major advantages with respect to the use of specific anti-BoNTs
immunoglobulins are that (a) these chemical inhibitors act
irrespectively of the BoNT serotype responsible for the toxaemia,
and therefore, they can be given before knowing the BoNT serotype
involved; (b) they have much lower cost of production; (c) they have
much longer shelf life; and (d) they are safe at the doses used in the
clinical trial so far performed in humans.

Their chemical synthesis is well established and is not expensive.
Moreover, ebselen has been already used in clinical trials, including
acute ischaemic stroke, aneurysmal subarachnoid haemorrhage, cere-
bral ischaemia, bipolar disorders and hearing loss found to be non-
toxic (Kil et al., 2017; Masaki et al., 2016; Ogawa et al., 1999; M.
Parnham & Sies, 2000; M. J. Parnham & Sies, 2013; Saito et al,,
1998; Yamaguchi et al., 1998). In these studies, ebselen was used at
doses comparable to those used in mice (Pirazzini et al., 2014; Zanetti
et al.,, 2015). In fact, in clinical trials, a range of regimens was used
from the initial studies employing 150 mg of ebselen per person per
day per 2 weeks to 200 mg up to 600 mg twice per day per person
per 6 days to 3600 mg once per day. In mice experiments, we used
7.5 mg/kg twice per day for 4 days.

Also, PX-12 has been already tested in several clinical trials for effi-
cacy against human solid tumours of different origins (Baker et al.,
2013; Baker et al., 2006; Galmarini, 2006; Ramesh K Ramanathan
et al., 2011; Ramanathan et al., 2007; Ramanathan et al., 2012). Also,
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in the case of PX-12, we used in mice drug doses non-toxic in humans.
In mice, we found that both ebselen and PX-12 are very effective in
preventing the paralysis caused by the different BONT serotypes. They
act as general inhibitors of all BONT serotypes because they block a
common step of the mechanism of entry of these neurotoxins in the
cytosol of nerve terminals. Therefore, the proposal of performing trials
of the use of ebselen and PX-12 in the treatment of patient suffering
from intestinal toxaemia botulism, where there is a continuous pro-

duction and release of BoNT in the intestinal lumen, is well grounded.
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