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Abstract: AB toxins have historically been associated with significant morbidity, mortality through
infections such as botulinum, anthrax, cholera, and diphtheria. These AB toxin-mediated diseases
remain prevalent in low and middle income countries, with intermittent outbreaks of Shiga toxin-
producing Escherichia coli (STEC) or whooping cough by Bordetella pertussis in high-income coun-
tries. These reports warrant an investigation to better understand the distinct characteristics of AB
toxins derived from different pathogens. As toxigenic pathogens broaden their scope and diversity,
it amplifies the complexity of the problems posed by their AB toxins. Here, we discuss the history,
structure and characteristics of key AB toxins, and report on historical and ongoing research on
these toxins. We also explore research avenues that hold great promise in potentially improving
clinical management of toxin-mediated diseases in the future.

Keywords: AB toxin; diphtheria; botulinum; tetanus; anthrax; cholera; pertussis; shiga toxin; vac-
cines

Key Contribution: This review examines and explores bacterial AB toxins by highlighting some
similarities/differences between this toxin group, as their microbial hosts are beginning to rise across
the globe again.

1. Introduction

The origin of the word ‘toxin” dates back to 1885 when it was first coined by a chemist named
Ludwig Brieger [1]. The term comprises several groups of toxins which can include chemical, radio-
active and biological agents. In the modern era, people have become increasingly concerned about
biological toxins originating mainly from a bacterial source. There are two main categories for bacte-
rial toxins: exotoxins and endotoxins. Within these two groups there are further sub-groups such as
enterotoxins. There is some cross-over between exotoxins and endotoxins with some toxins catego-
rised as both.

1.1. Exotoxins and endotoxins

Exotoxins are harmful proteins secreted by certain Gram-positive and Gram-negative bacteria
[2]. They are secreted from the bacterial host, with the host cell staying intact. Exotoxins are highly
potent and are the key virulence factors associated with diphtheria, anthrax, botulism, pertussis, and
tetanus [3]. For some of these, toxoid vaccines and anti-toxins are available as prevention and treat-
ment. These pharmaceuticals are purified exotoxins that are inactivated using either heat or formal-
dehyde to form toxoids, without compromising their immunogenicity [4].

Endotoxins are constituents of the outer membranes of the cell walls, making them exclusive to
Gram-negative bacteria. They are released into the host when a pathogen undergoes cell lysis [5].
Endotoxins consist of lipopolysaccharide (LPS) and lipid complexes, which initiate host inflamma-
tory responses to the infection [3]. All of the toxins covered in this review are exotoxins that fall under
a sub-category known as AB toxins.

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.
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1.2. AB toxins

The first AB toxin was Diphtheria toxin (DT), isolated from Corynebacterium diphtheriae in 1883.
The AB-toxin family has since expanded to include numerous other examples, including tetanus
toxin, produced by Clostridium tetani, and botulinum toxin, of Clostridium botulinum, among others
[6,7]. AB toxins are made up of two components: the ‘binding subunit’ B first binds to target receptors,
facilitating the transport of the ‘active subunit’” A across the cellular membrane, which causes the
toxigenic effect [8]. Figure 1 describes a simplified diagram of the process, from production to release
by a bacterial cell, through to its binding to a target cell surface, followed by active toxicity. Further-
more, there is a subgroup of AB toxins known as ABs toxins, where the B subunit is a pentamer i.e.,
composed of five chains [9]. The cholera toxin (CTX), produced by Vibrio cholerae, and Shiga (Stx) and
Shiga-like toxins, produced by Shigella dysenteriae & some serogroups of Escherichia coli, are promi-
nent examples of ABs toxins [10]. AB toxins can also be found outside of microbes. An example of
this is ricin, a highly potent toxin produced in seeds of Ricinus communis, the castor bean plant [10].
Table 1 lists some of the major bacterial AB toxins and the species they are commonly linked with.

TARGET CELL

Figure 1. Simplified graphical description of AB toxin mode of action. 1) Bacterial cell secretes AB
toxin into the environment. 2) The B subunit binds to the target cell’s membrane. 3) The AB toxin
permeates across and into the cell as a vacuole (excluding CTX and few other AB toxins where subunit
B does not enter). 4) The bond connecting the A and B subunits breaks, and the A subunit enters the
cytoplasm as an active toxin.

Table 1. Major bacterial AB toxins and their associated species.

Toxin Bacterial Species Targets

IAnthrax Toxin, AB Bacillus anthracis MAPKK1 and 2

Botulinum Toxin, AB Clostridium botulinum SNARE protein family
Cholera Toxin, ABs Vibrio cholerae a-subunit of G-protein (GS)
Diphtheria Toxin, AB Corynebacterium diphtheriae Elongation factor 2 EF2

Pertussis Toxin, ABs

Bordetella pertussis

Giro protein’s a-subunit (Gatiro)

Shiga and Shiga-like Toxins
(Stxs/Vero toxins), ABs

Shigella dysenteriae & Escherichia

coli

28S rRNA

Tetanus Toxin, AB

Clostridium tetani

Synaptobrevin
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2. Diphtheria Toxin

Diphtheria toxin (DT) is the main potent tool of C. diphtheriae, the cause of diphtheria. Diphtheria
is a disease that affects thousands worldwide and is still a major cause of mortality, especially in
children [11]. Harboured on a corynephage beta and encoded by the fox gene, DT is one of the most
well-understood toxins, as it was the first AB toxin discovered [6]. Traditionally linked with C. diph-
theriae, DT is also produced by both C. ulcerans and C. pseudotuberculosis. C. diphtheriae was first de-
scribed as the causative agent of diphtheria in 1883 by Edwin Klebs, and cultured a year later by
Friedrich Loeffler [7,12]. Evidence of products produced by the bacterium C. diphtheriae being the
cause of diphtheria was presented by Roux and Yersin in 1888, after injecting animals with sterile
filtrates of liquid C. diphtheriae culture [13]. The first Nobel Prize for medicine was awarded in 1901
to Emil von Behring, who with the help of Shibasaburo Kitasato discovered that the serum of im-
munized animals offered protection against the disease [14]. A toxoid vaccine developed during the
1920s was specifically designed to combat DT. Even before the diphtheria toxoid vaccine was fully
implemented in the 1940s, the United States of America alone recorded 100,000-200,000 cases and
13,000-15,000 deaths [15]. With widespread vaccination, the number of cases had fallen dramatically,
reaching a record low of 4,333 cases reported to the World Health Organization in 2006 [16].

Despite this success, several major outbreaks have occurred since the vaccine’s introduction, the
largest of which was during the dissolution of the Soviet Union in the early-to-mid 1990s, resulting
in over 157,000 cases and ~5,000 deaths over an eight year period [17]. This outbreak was likely the
result of a variety of factors, but largely attributed to gaps in vaccine coverage, especially in children,
due to regional changes in healthcare procedure and recommendations [17]. More recently, outbreaks
in Yemen and among Rohingya refugee camps have demonstrated diphtheria’s ability to quickly re-
emerge in favourable conditions [18,19]. Globally, the year 2019 saw the highest reported number of
cases (22,986) to the WHO since 1996. This highlights the importance of this historic disease even
today.

DT’s crystal structure was reported by Choe et al in 1992 to 2.5 A resolution, as a Y-shaped mol-
ecule of three domains [20]. These were, the catalytic (C) domain, the constituent part of subunit A;
and the transmembrane (T) and the receptor binding (R) domains, which together make up subunit
B. The subunits are linked together by a disulfide bridge and peptide bond, both of which must be
broken in order for the subunit A to activate. The B subunit’s function is to bind to heparin-binding
epidermal growth factor (HB-EGF) and allow translocation of the toxin across the phospholipid bi-
layer via endocytosis [20]. The cleavage of the bonds between the DT subunits occurs by endosome-
associated proteases and causes the acidification of the endosome, allowing subunit A to be translo-
cated across the endosomal membrane into the cytosol [21]. Once in the cytosol, the A subunit catal-
yses the transfer of ADP-ribose of nicotinamide adenine dinucleotide (NAD) onto the elongation fac-
tor 2 (EF-2). The EF2 is an essential part of the protein synthesis process within cells and the ADP-
ribosylation, which prevents protein synthesis inside the cell, resulting in apoptosis-driven cell death
as seen in Figure 2 [20].

Diphtheria typically begins with angina, tonsillitis-like symptoms, and mild fever. If the symp-
toms are not treated, a white-grey pseudomembrane forms over the pharynx, larynx, and tonsils.
This is considered a typical presentation of symptomatic diphtheria, as is a swollen neck, also known
as ‘bull neck’, found in the majority of cases. If left untreated, infection can result in death. However,
antibiotics coupled with diphtheria antitoxin (DAT) will typically lead to a full recovery. The main
antibiotics prescribed for diphtheria treatment are penicillin and erythromycin, however resistance
to both had been reported in some parts of the world, both individually and in combination [22-24].
DAT is an equine immunoglobulin preparation made by extracting blood plasma from horses im-
munized against DT. While part of the World Health Organization’s Essential Medicines list, its rec-
ommended use varies between countries. In the United Kingdom, guidance on the use of DAT indi-
cates it should be used for the treatment of suspected and confirmed diphtheria cases, but not for
prophylaxis [25]. In the USA, the Food and Drug Administration has not licenced DAT for use, but
the Centers for Disease Control and Prevention (CDC) are authorised to distribute to treating
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clinicians for patients with suspected or confirmed respiratory diphtheria after discussions between
the clinician and the CDC diphtheria duty officer [26].

The DT tox gene is suppressed in high iron environments with the assistance of the diphtheria
toxin repressor (dtxR) gene repressor. dtxR was long believed to be the sole regulator of toxin pro-
duction, but recent studies have demonstrated that other mechanisms may be involved, and that dfxR
may play other roles besides toxin regulation [27-29]. Utilising genomics, advances have been made
in identifying how the diphtheria tox gene, and by extension the DT protein, has changed and
adapted [30]. After bringing together 502 genomes from 16 countries and territories over 122 years,
291 (58%) were identified to carry the tox gene using in-silico PCR [30]. Of these extracted genes, 18
variants were found, eight of which were found to contain non-synonymous SNP changes from the
variant carried by wild strains used to produce the toxoid vaccine [30]. While two of these non-syn-
onymous variations were in the signal sequence of the gene, six were plotted onto the protein’s 3D
structure, and the impact of these mutations were estimated using computational tools [30]. One was
estimated to be a mutation that would have a low impact on the protein structure, while four were
estimated to have a moderate impact, and one to have a high impact [30]. These variations were not
linked to variations within the corynephage, although it was only a preliminary analysis [30]. While
there is no concern of vaccine efficacy being affected, the results have clear implications for future
vaccine and antitoxin development, as other variants may already be present in strains circulating
today, and the tox gene will continue to mutate and produce new variants into the future [30]. On a
positive note DT has been utilised effectively as a transport agent in both medical and biochemical
procedures. Attenuated DT can mediate the delivery of bound and conjugated elements, including
siRNA and antibodies [31,32]. This mechanism has been described as a potential way of expanding
targeted therapies, including cancer therapy, with a ‘detoxified’ DT acting as the delivery mechanism,
moving a potentially wide range of passenger proteins across the cellular membrane and provide
treatment to intra-cellular conditions [33].

Diphtheria Toxir—» &
Binding of toxin
HG-EGF Receptor

:31:':" e .'.'.'.'.'.'.'.'.'.'.'O'.'.'.'C'.'.'Q'.'.'Q'.'.'.'.'.'.'.'.'.'.'.'.'.'.
/ b‘.‘.‘.‘.‘.‘.‘.‘.‘.‘.‘.‘.‘.‘.‘0‘.‘.‘.‘.‘.‘.‘.‘O‘.‘.‘.‘.‘.‘.‘.‘.‘.‘.‘.“
Cytosol
Cleavage by cell
proteases and
endocytosis 0 S
Release of subunit A
= " & \ '
Ribosomal
Endosome acidifies, Subunit
disulphide bond

Halt of production
+ host cell death

breaks

Figure 2. Graphical description of the mechanism of working DT. DT has three parts the catalytic
domain (C) aka subunit A, the transmembrane (T) domain, and the receptor binding (R) domain,
which both make up subunit B. The B subunit binds to HB-EGF and translocation of the toxin across
the phospholipid bilayer takes place via endocytosis. Cleavage of the bond between DT subunits by
endosome-associated proteases and acidification of the endosome occurs allowing subunit A to be
translocated across the endosomal membrane into the cytosol. Once in the cytosol, the A subunit ca-
talyses the transfer of ADP-ribose of NAD onto the elongation factor 2 (EF-2). This ADP-ribosylation,
prevents protein synthesis inside the cell, leading to apoptosis-driven cell death. Adapted from
Sharma et al [21].
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2.1. Anthrax Toxin

First reported in 1954 by H. Smith and ]. Keppie, anthrax toxin (AT) is a bacterial AB toxin
produced by Bacillus anthracis [34]. AT is made up of proteins in a three-part combination; the B sub-
unit anthrax protective antigen (PA), and the A subunits edema factor (EF) and lethal factor (LF) [35].
PA binds to the AT receptors ANTXR1 (TEMS8) or ANTXR2 (CMG2) and is cleaved by the cell surface
protease furin prior to EF and LF endocytosis into the cytosol [36,37]. Once inside, EF, a calcium-
calmodulin (CaM)-dependent adenylate cyclase can convert 2000 molecules of ATP to cAMP per sec-
ond, greatly increasing the production of cAMP, causing local inflammation and edema [37,38]. LF is
a protease that cleaves mitogen-activated protein kinase (MAPK) kinases 1 and 2 (MAPKK1 and 2),
inactivating the kinases and inhibiting the signal transduction pathway, leading to macrophage lysis
as seen in Figure 3 [38—41]. Both EF and LF are toxigenic in isolation, but in combination cause major
host damage [35]. The toxin components are encoded on separate genes, pagA (the protective anti-
gen), cya (the edema factor) and lef (the lethal factor) [42]. These genes were discribed by Mikesell et
al harboured on a large plasmid known as pXO1 and sequenced by Okinaka et al in 1999 [43,44]. The
toxin expression peaks in the late log phase of bacterial growth, and is believed to be regulated by
orthologs of the transition state regulator abrB [42], with similar genes found within both the chro-
mosome and pXO1. Alongside toxin production, a capsule produced by genes carried on the pXO2
plasmid is required for B. anthracis virulence [45]. Without both major factors the bacterium is much
less virulent [45].

B. anthracis is a disease that primarily affects animals, and can prove fatal to most wildlife, from
deer and livestock to chimpanzees [35,46]. At least 10° bacteria per millilitre of blood, the release of
spores from carcasses which can spread to contaminate large areas and can germinate into full infec-
tions when taken up by nonimmune hosts [35,47]. These spores can persist in the environment for
long periods of time [47]. There are 3 modes of uptake: skin, respiratory or intestinal epithelia, the
mode of uptake affects severity and mortality rates [48]. In the case of inhalation, first stage symptoms
can take between hours and days to manifest, and can include fever, fatigue, headaches, spasms,
coughing and vomiting [49,50]. If left untreated, the second stage can develop quickly with symptoms
worsening, progressing to death in a very short time (2-48 hrs) [49]. Antibiotics are the primary treat-
ment, often coupled with antitoxin [51]. While most isolates are still susceptible to antibiotics, anti-
microbial resistance in environmental and engineered strains have previously been reported. This
includes the potential for gaining quinolone, ciprofloxacin, tetracycline, doxycycline, penicillin and
amoxicillin resistance through horizontal gene transfer and mutations across the genome [52].

Evolutionary changes play a major role in the effectiveness of bacterial toxins, and AT is no ex-
ception. Previous studies have highlighted the impact variations within ANTXR2 in humans have
had on AT sensitivity [53]. A 2016 study identified multiple SNP variations in ANTXR2 and demon-
strated a statistically significant correlation between AT sensitivity and variations within this host
gene [54]. Also, variation within AT itself has been widely researched as a potential delivery system
for tumour treatment, utilising the toxin in much the same way as DT [55-58]. AT has been widely
examined as a potential high risk bioweapon and major concern for bioterrorism, owing to how
deadly the toxin can be and how the spores can be found in environments for extended periods of
time. Research into the viability of AT as a bioweapon occurred during both world wars with covert
programs intended to infect livestock and animal feed, expanding into bioweapon programs experi-
menting on prisoners of war such as Unit 731 of the Imperial Japanese army [59]. Contrast to that in
1942, the UK demonstrated the effect of anthrax spore bombs on Gruinard Island (Scotland). The
spores were highly lethal to the flocks of sheep and the island remained heavily contaminated for
decades, up till the 1990s [59,60]. The first instance of AT bioterrorism was in Japan in 1993. This was
a liquid suspension of anthrax that was aerosolised from a roof of an eight-story building in Tokyo,
by the cult group Aum Shinrikyo, with no casualties [61]. They had used a vaccine strain of B. anthra-
cis [61]. To understand where we are in preparedness, in the UK, there is a strategy for biological
risks known as “Understand, Prevent, Detect, Respond”. In the USA, after recognising any unusual
pattern of illness, doctors who suspect anthrax can order lab tests and contact the CDC. With enough
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evidence they can respond before the lab results come back by deploying field staff, continuous test-
ing and shipping of anti-toxins and guidance to clinicians and public [62].
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Figure 3. An overview of the working of anthrax toxin. AT is made up of three proteins: the B subunit
anthrax protective antigen (PA), and the A subunits edema factor (EF) and lethal factor (LF). PA binds
to the anthrax toxin receptors ANTXR1 (TEMS8) or ANTXR2 (CMG2) and cleaved by cell surface pro-
tease furin, before endocytosis of the EF and LF into the cytosol. Once inside, EF a CaM-dependent
adenylate cyclase converts molecules of ATP to cAMP leading to an increased production of cAMP
causing local inflammation and edema. LF is a protease that cleaves MAPKK1 and MAPKK2 and this
cleavage inactivates the kinases inhibiting the signal transduction pathway, leading to macrophage
lysis. Adapted from Friebe et all [39].

2.2. Botulinum Toxin

Botulinum neurotoxin (BoNT) is one of the most potent exotoxins known. It is produced by the
bacterium Clostridium botulinum. BoNT has seven serologically distinct forms, denoted by letters A-
G. These exotoxins produced by C. botulinum prevent acetylcholine from being released. However,
types A, B, E and F of BONT cause human botulism [63]. While, types C and D cause disease in other
animals such as fish and birds [63]. The first accurate description of clinical botulism was in 1820 by
Justinus Kerner. These reports of botulism were originally referred to as “sausage poisoning” as he
made the association between the citizens of Germany falling ill and consumption of sausages [64].
Before the end of the century it was discovered by Emile van Ermengem that the toxin was produced
by C. botulinum, after the isolation of C. botulinum from a piece of ham that poisoned 34 people in
1895 [64,65]. This Gram-positive spore-forming anaerobe is commonly found in soil, dust and sedi-
ments. It can cause foodborne botulism from canned or vacuum-packed food [66,67]. The character-
istic symptoms are vomiting, stomach cramps, diarrhoea and descending paralysis [67]. A modified
form of this toxin is used in cosmetic Botox, a purified and highly diluted form of BONT-A [68]. Orig-
inally approved by the FDA in 1989 to treat strabismus, blepharospasm and hemifacial spasm, since
2002, Botox cosmetics were introduced to reduce skin wrinkles [69,70].

The exotoxin produced by C. botulinum is a 150 kDa protein composed of two subunits linked
by a disulfide bond. Subunit B (100 kDa), also known as the heavy chain of the toxin, binds to GD1a
receptors on presynaptic membranes of peripheral and cranial nerves [69]. Subunit A (50 kDa), also
referred to as the light chain, cleaves a targeted member of the SNARE protein family, resulting in
the inhibitation of the release of acetylcholine and the disease botulism [69]. The target cleaved for
both BoNT/A and BoNT/E is the SNARE protein SNAP-25. For BONT/B, BoNT/D, BoONT/G, the target
to cleave is synaptobrevin [71]. BONT/C is an exception with two targets, SNAP-25 and syntaxin [72].
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The migration of BoONT occurs by the retrograde axonal transport system towards the spinal cord
where it can migrate between postsynaptic and presynaptic neurons [73,74]. The toxin-receptor com-
plex is then taken into the cell by endocytosis, cleavage of the disulfide bond occurs by its own pro-
teases which activates the toxin and the subunit A escapes into the cytoplasm [69]. Subunit A (light
chain) of the toxin acts as a zinc endopeptidase, selectively cleaving the targeted SNARE proteins
including SNAP-25, synaptobrevin and syntaxin, which inhibits the release of acetylcholine at the
synapse as seen in Figure 4 [75]. This prevents the release of acetylcholine, which causes flaccid pa-
ralysis in all seven serotypes of botulism [76]. The variant BONT/A is the most potent, followed by
BoNT/B and BoNT/F.

After exposure to the toxin, symptoms of botulism appear on average 12 to 72 hours (ranging
from 2 hours to 8 days) later [77]. In general, botulism causes descending flaccid paralysis, which can
result in respiratory failure. The early symptoms of foodborne and wound botulism are weakness,
vertigo, blurred vision, fatigue, dry mouth with difficulty in speaking and swallowing. It may pro-
gress to weakness in the head, neck and arms, continuing to affect the respiratory muscles and the
lower body [78]. In the case of infant botulism, the early symptoms may include difficulty in feeding,
unfocused eyes, lack of facial expressions, and a weak cry. This can progress further to weakened
muscles and difficulty in breathing [79].

Treatment involves two types of antitoxins, depending on the type of botulism. The heptavalent
botulinum antitoxin (HBAT) is required for both foodborne and wound type botulism [80]. In 2010,
the HBAT anti-toxin was produced and it is capable of neutralising all seven serologically distinct
forms of botulinum toxin (types A, B, C, D, E, F and G) [80]. The HBAT functions by binding to the
free botulinum toxin, preventing further internalisation at the acetylcholine receptor [81]. This re-
placed the first anti-toxin produced for botulinum in the 1970s by the US Army Medical Research
Institute of Infectious Diseases. This 1970s, serum was developed from a single horse and was the
only source for the anti-toxin till the 1990s [81]. Wound botulism may also require antibiotics to re-
move the bacterial source of the toxin from the body [81]. In the case of infant botulism a second type
of antitoxin is used instead of HBAT, known as botulism immune globulin [82].
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Figure 4. The BoNT mechanism of action. BONT are composed of two subunits linked by a disulfide
bond. The exotoxins BoONT/A, BoNT/B and BoNT/F, BONT/E cause human disease. All BoNT types
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target different members of the same SNARE protein family. The migration of BoNT occurs by the
retrograde axonal transport system towards the spinal cord where it can migrate between postsynap-
tic and presynaptic neurons. The toxin-receptor complex is then taken into the cell by endocytosis,
cleavage of the disulfide bond occurs by its own proteases activating the toxin and the subunit A
escapes into the cytoplasm. Subunit A of the toxin, acting as a zinc endopeptidase, selectively cleaves
the targeted SNARE protein including SNAP-25, synaptobrevin or syntaxin (depending on type of
BoNT), which inhibits the release of acetylcholine at the synapse. Due to this the release of acetylcho-
line is prevented. This occurs in all 7 serotypes of botulism, resulting in flaccid paralysis. Adapted
from Multani et all [83].

2.3. Tetanus Toxin

Tetanus Neurotoxin (TeNT) was first reported in 1884 by Carle and Rattone, when they pro-
duced tetanus in rabbits via injection using pus from a deceased tetanus case [82]. This exotoxin is
produced by the anaerobic, Gram-positive spore-forming bacterium Clostridium tetani [84]. The
spores of TeNT are found naturally in the environment; particularly in soil, intestinal tracts/faeces of
both animals and humans and on the surfaces of rusty tools like nails and needles [85]. Tetanospas-
min and tetanolysin are two exotoxins produced from C. tetani. Tetanospasmin is the main toxin that
is produced and causes disease, and it may be aided further by tetanolysin, but the mechanism is
currently unknown [86]. In the year 1889, Kitasato isolated the organism from a fatal human case and
provided evidence that tetanospasmin could be neutralised using specific antibodies [87]. In 1897 the
effect of passively transferred antitoxin was shown, leading to passive immunisation later being used
in treatment as well as prophylaxis during World War I [88]. Since the toxoid vaccine introduction in
1924, tetanus in countries with high vaccine coverage has decreased significantly [89]. Almost half of
tetanus deaths are in children under the age of 5, primarily due to low vaccination rates, unsanitary
delivery, and poor neonatal care [90].

Same as DT, tetanospasmin is made up of three fragments that combine to form a 150 kDa toxin.
One making up subunit A (50-kDa) also known as the light chain (Lc) and the other two fragments
that form the B subunit (100-kDa total) also known as the heavy chains (Hc and Hn) [91]. The Hc
fragment binds to the axonal membrane, while Hn is responsible for the translocation of the subunit
A across the layer in an endosome [91]. This toxin is translated from the tetX gene as one protein,
located on the pE88 plasmid [92]. The other toxin produced from C. tetani (tetanolysin), is believed to
assist the main toxin (tetanospasmin) but the mechanism is currently unknown [86]. These channels
have been previously described as bearing similar properties to bilayer channels used by DT. Tetano-
spasmin binds to the GD2/GD1b receptors on the presynaptic membranes of peripheral nerves, be-
fore migrating via the retrograde axonal transport system to the spinal cord and towards the brain-
stem [85]. From the brainstem, tetanospasmin reaches the terminal of the glycinergic interneurons
and y-aminobutyric acid (GABA) secreting neurons [85,86]. Once reaching the targeted area, chemi-
cal reduction of the disulfide bond occurs to separate the Lc [93]. This enables the Lc to degrade
synaptobrevin, a SNARE protein, that is also targeted by BoNT, that is needed to dock synaptic ves-
icles on the presynaptic membrane. This cleavage results in the prevention of both glycine and GABA
from being secreted. Without glycine and GABA, the release of acetylcholine is unrestricted causing
the paralysis as seen in Figure 5 [91].

The symptoms of TeNT occur in a descending order of muscle spasms, beginning with the head
such as lockjaw before gradually worsening, fever, changes in blood pressure and heart rate and
eventually spasms plus seizures [94]. The other types of tetanus are neonatal tetanus, a generalised
tetanus in new-borns, while localised tetanus and cephalic tetanus are rarer manifestations [94].
Treatments include Human Tetanus Immunoglobulin antibody therapy (HTIG), coupled with the
sterilisation and removal of necrotic tissue. This removes free tetanospasmin but the toxin that is
already bound to the host is unaffected. This treatment shortens the length of illness and reduces the
severity of the disease. Metronidazole is paired too as it has been linked to a decrease in mortality
[94].
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Figure 5. Simplified graphical description of the working of Tetanus toxin. 1) The B subunit binds to
the target neuronal membrane. 2) The tetanospasmin toxin crosses across the neuronal membrane. 3)
The toxin travels backwards towards to the spinal cord and brainstem. 4) Once reaching the targeted
area, chemical reduction of the disulfide bond occurs to separate the Lc. 5) The A subunit cleaves the
SNARE protein (synaptobrevin) preventing the release of GABA + Glycin. 6) This causes acetylcholine
to be left uninhibited causing the characteristics of tetanus.

2.4. Cholera Toxin

Cholera toxin (CTX) is produced by the highly motile, Gram-negative, comma-shaped bacterium
Vibrio cholerae. This bacterium causes the disease known as cholera, that originated from the Indian
subcontinent [95]. The disease eventually spread outwards to most of Asia in 1817 leading to seven
world-wide pandemics [95,96]. There are several different serogroups (>200 known); many contain-
ing non-pathogenic cholera, and two serogroups that are pathogenic. These two pathogenic
serogroups produce the ABs Cholera toxin, an enterotoxin that causes illness by inducing the expres-
sion of ion channels [97,98]. These two major serological groups are O1 consisting of two biotypes,
classical or El Tor and the O139 serogroup. These are also referred to as toxigenic O1 and 0139 [95,99].
The genes encoding CTX are carried on the CTX¢ bacteriophage, with the ctxA and ctxB (ctxAB) genes
encoding the A and B subunits. Other genes involved in increasing virulence are part of a cluster
known as the CTX genetic element [98].

After ingestion of the bacterium via the consumption of contaminated water or food, V. cholerae
colonise the intestinal lumen and adheres to the mucus layer [100]. The bacterium penetrates the
mucus layer and attaches to the gut epithelial cells and begins to proliferate. Under certain host en-
vironmental stimuli the production of toxin coregulated pilus (TCP) occurs, resulting in the formation
of microcolonies and thereby concentrated secreted toxin [101]. The structure of the 84kDa entero-
toxin produced is composed of two subunits A+B linked by a disulfide bond [102,103]. Within the A
subunit there are two domains Al and A2. The A2 fragment, an extended alpha helix, functions by
bonding the A and B subunits. Subunit B (56 kDa) consists of five identical B chains (11kDa each),
which bind to five ganglioside GM1 receptors on the plasma membrane and triggers endocytosis of
the toxin [97]. The A subunit dissociates and is transported into the cytoplasm. The A1 fragment is
the pathogenic part, which carries out ADP-ribosylation of the a subunit of the G-protein (GS). This
locks the G protein in its GTP-bound form, stimulating adenylate cyclase to constantly produce cAMP
[97,103]. The high cAMP levels activate cystic fibrosis transmembrane conductance regulator (CFTR),
increasing intestinal permability and leading to the rapid loss of water and ions from infected enter-
ocytes as seen in Figure 6 [97].


https://doi.org/10.20944/preprints202302.0416.v2

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 20 June 2023 doi:10.20944/preprints202302.0416.v2

10

The characteristic symptom of CTX is the rice water diarhoea, causing a rapid loss of fluids and
electrolytes, which must be replaced immediately with intravenous fluid such as Ringers lactate so-
lution, saline or oral rehydration salts (ORS) [104,105]. Antibiotics treatments are available for pa-
tients with severe dehydration, and the first-line choice is doxycycline followed by tetracycline. For
children and pregnant women, other antibiotics such as erythromycin, azithromycin and ciprofloxa-
cin should be used instead [100].

Normal functioning Cholera toxin effects DIARRHEA

CTX cl

G-protein-coupled receptor

a|/o al/o I inhibits
|
GTP GDP
H+
Iai/o
GDP

Irreversible complex

Endoplasmic reticulum

Figure 6. Mechanism of CTX function. (left) Normal function of G-protein-coupled receptor in inhib-
iting production of cAMP; (Right) Cholera AB toxin enters the cell via GM1 receptors on intestinal
epithelia via endocytosis. The A subunit dissociates from the AB complex in the endoplasmic reticu-
lum and is transported out into the cytoplasm, ADP-ribosylating the a subunit of the G-protein. ATP
is constitutively converted into cAMP, increasing intestinal permeability (also called “leaky gut”)
which drives out H20, HCO3- and Cl-, resulting in watery diarrhoea. Adapted from Ramamurthy et
al., 2020 and Gabutti et al., 2020 [106,107].

2.5. Pertussis Toxin

Pertussis toxin (PTX) is also an ABsfamily member, produced by the Gram-negative aerobic
pathogen Bordetella pertussis. PTX plays a role in the pathogenesis of whooping cough, a respiratory
disease that causes severe coughing and can lead to fractures of the ribcage, hernias, and uncon-
sciousness before eventually leading to death if left untreated [108]. Antibiotics are the recommended
treatment, including macrolides erythromycin, clarithromycin, and azithromyecin.

PTX acts in a similar way to cholera toxin, preventing the cell from inhibiting the conversion of
ATP to cAMP via adenylate cyclase, but with distinct mechanistic differences. Structurally, PTX is
made up of six subunits; the A-promoter (S1 subunit) and the B-oligomer (52-S5 subunit), with two
copies of S4. This was determined by Stein et al in 1994, when they reported the crystal structure to a
resolution of 2.9 & [109]. Moreover, despite its comparable structure, the pentamer of PTX subunit B
displays relatively low sequence homology compared to other ABs toxins [109].

The A-promoter (sl subunit) of the toxin enters the cell and induces ADP-ribosylation of the
heterotrimeric Gio protein’s a-subunit (Gaio) in an irreversible reaction as seen in Figure 7 [110]. In
the absence of an inhibitory signal from the Gain, adenylate cyclase is constitutively converted to
cyclic adenosine monophosphate (cCAMP). These molecules are involved in stimuli signalling, thus
breaking down communication between cells [110]. cAMP serves as a secondary intracellular mes-
senger which activates protein kinases for downstream signalling and has been linked with develop-
ing inflammatory and cancer-related pathologies [111].

Other effects linked to PTX include impaired macrophage function, a rise in white blood cell
levels (leukocytosis), and an increase in insulin levels, shown to lead to hypoglycemia [112]. The links
between PTX and the characteristic coughing symptom have not been fully elucidated. Earlier


https://doi.org/10.20944/preprints202302.0416.v2

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 20 June 2023 doi:10.20944/preprints202302.0416.v2

11

research using rat model testing revealed that wild type B. pertussis strains caused coughing, while
rats infected with B. pertussis strains lacking PTX did not [112,113]. Despite this, when rat subjects
were injected with purified PTX, no coughing was observed, while in rhesus macaques leukocytosis
similar to the pathology of normal B. pertussis infection was observed after injections with 25 ug/kg
PTX, but not at 12.5 ug/kg [112,114-116]. At higher levels the toxin is fully lethal in mice and rats

[114].
Normal functioning G-protein-dependent effects G-protein-independent effects
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Figure 7. PTX mechanism. Normal function of G-protein-coupled receptor in inhibiting production
of cAMP compared to dysregulated constitutive production of cAMP due to A subunit of PTX and
G-protein-independent effects mediated by B subunit of PTX. Adapted from Mangmool and Kurose,
2011 [111].

2.6. Shiga And Shiga-Like Toxins

Shiga and Shiga-like toxins (also known as Stxs and Vero toxins) are a well studied toxin group,
first discovered in 1898 by Dr. Kiyoshi Shiga when they reported a dysentery-causing bacillus [117].
In honour of his contribution, this bacterium was given the name Shigella dysenteriae. Five years later,
Shiga and Neisser published details on the dysentery-causing toxin produced by the bacteria, as did
Conradi when they demonstrated the bacillus paralysing and killing rabbits in the same year
[118,119]. 80 years later, Shiga-like toxin production was reported in O157:H7 E. coli strains in the
United States of America [120]. Since then, Stxs have been extensively studied, in no small part due
to their affinity with E. coli. Similarly to DT, the stx operon can be found harboured in an inducible,
lysogenic, lambda-like bacteriophage [121]. Based on their antigens, Stxs are classified into two main
groups: Stx1 and Stx2. There are further subdivisions within these groups, three in group 1, and seven
in group 2 [122]. Not all toxins are equally potent, with Stx2a demonstrated to be more so than the
other 5tx2 variants [123]. Meanwhile, Stx1 has been rarely linked to serious human infections [122].

Stx is another member of the ABs toxin family, consisting of an A subunit (Al + A2) and five
identical B subunits. Subunit B of Stx binds at the glycosphingolipid Gb3 site and the function of Gb3
is currently unknown [121,124]. The mechanism begins with Stx binding to the Gb3 receptors and
endocytosis occurs as seen in Figure 8. Cleavage of the bond between the A and B subunits occur by
furin during this transport. The Al and A2 fragments remain together due to the disulfide bond be-
tween them. Stx migrates in a retrograde manner inside of the cell, towards the golgi body (appa-
ratus) and further to the endoplasmic reticulum [121,124] where the disulfide bond is reduced and
Al is released into the cytosol. The Al fragment then targets an adenine in the 285 rRNA of the 60S
ribosomal subunit for removal/depurination. As a result, protein synthesis is halted and the ribosome
no longer associates with elongation factor 1 leading to cell death [121,124]. Symptomatically, infec-
tion typically causes bloody diarrhoea, with some patients developing hemolytic uremic syndrome
(HUS). This condition results in blood platelet degradation, anaemia, and eventually kidney failure
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[125]. It has been found that Gb3 is in higher concentrations in kidney tissue, as well as throughout
the central nervous system in neurons, explaining the toxin’s links to kidney diseases and nerve con-
ditions such as paralysis [125,126]. Toxin gene expression had been linked to the late promoter pR’
carried on the Shiga toxin prophage in E. coli, while in S. dysenteriae a B subunit promoter in the Shiga
toxin operon was identified as well [127-129].

Current treatment recommendations focus on non-specific supportive therapy focussing on hy-
dration [130]. Antibiotics are not recommended as it may enhance production of Stx and increase
propagation of Stx Phages, with studies suggesting quinolones and trimethoprim may intensify the
risk of HUS [130,131]. Despite years of study, no specific therapy for HUS has passed clinical trials,
given the fact that everything from antisera to camelid single chain antibodies, and even a manga-
nese-based treatment, having been through various stages of development [132-134]. Some of the
main challenges in Stx and HUS treatment development are the sporadic and geographically diverse
nature of outbreaks, as well as the limited amount of financial gains available from production.
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Figure 8. Simplified mechanism for Shiga toxin. Stx is composed of subunit A (Al + A2) and five
identical B subunits. Subunit B binds at Gb3 and endocytosis occurs. Cleavage by furin occurs during
the transport, still bound together due to the disulfide bond. The toxin migrates further inside of the
cell, towards the golgi body and towards the endoplasmic reticulum (ER). The disulfide bond is re-
duced and A1 is released into the cytosol. The A1l fragment targets an adenine in the 285 rRNA of 60S
ribosomal subunit for depurination. Causing protein synthesis to be halted as the ribosome no longer
associates with elongation factor 1 and cell death occurs. Adapted from Puente and Finlay [124].

3. Notable comparisons between DT and other AB Toxins.

The two bacterial AB toxins that are typically compared are BONT and TeNT, as both use similar
mechanisms but with opposite effects. Both of these toxins have a very similar basic structure; the
difference being, tetanus has two fragments that form the B subunit (heavy chain) rather than one.
These two fragments are the Hc and Hn [91]. In the same way, DT has two fragments in its B compo-
nent, known as the transmembrane (T) domain and the receptor binding (R) domain [20]. Comparing
the mechanism between these three toxins, both bind to the receptors of the presynaptic membranes
and then migrate backwards via the axonal transport system towards the cell body [73,91]. Both BoNT
and TeNT travel to the spinal cord and brainstem to negatively affect the host. In contrast, DT binds
to the HB-EGF and translocates across the plasma membrane to target the EEF2 [20]. The main dif-
ference between DT, BONT and TeNT is the method of the toxin entry. Botulinum is most often caused
via ingestion of contaminated food, tetanus is through wound infection/penetration, while DT is nor-
mally transmitted through respiratory droplets carrying the toxigenic bacteria in air. Another exam-
ple of similar mechanisms is CTX and PTX as both affect cAMP production. In CTX the 5 B fragments
bind to five ganglioside GM1 receptors on the plasma membrane and trigger endocytosis of the toxin
[97]. The Al fragment activates the G protein GS, locking in its GTP-bound form and stimulating
adenylate cyclase to produce cAMP [97]. The increased cAMP levels activate the CFTR, resulting in
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rapid loss of water and ions. In contrast to CTX, PTX carries out this same process with the exception
that it ADP-ribosylates the Ga subunit rather than the Gas, rendering it unable to inhibit cAMP pro-
duction, thus increasing the intracellular levels of cAMP [110].

AT has a rather unusual structure, with one B fragment known as protective antigen (PA) and
two A fragments subunits edema factor (EF) and lethal factor (LF), which are polar opposites for most
bacterial AB toxins other than CTX. The combination of PA (B) and LF (A) has a lethal toxigenic effect,
due to LF induced macrophage apoptosis [35]. There are a few bacterial AB toxins, that have similar
effect of disrupting cellular processes leading to apoptosis. This includes AT, DT and Stx. In the case
of anthrax, macrophage apoptosis occurs due to the LF cleavage of protein kinases (MAPKKI1 and 2)
inhibiting the signal transduction pathway [40]. In contrast, both DT and Stx prevent protein synthe-
sis leading to apoptosis. DT does this by catalysing the transfer of ADP-ribose from NAD onto the
EF-2 of the ribosomal unit and Stx with the cleavage of an adenine residue on the 285 rRNA of a 60S
ribosomal subunit. As previously mentioned, the structure of CTX contains two fragments that form
subunit A, which is uncommon in bacterial AB toxins. Interestingly, rather than providing a patho-
genic function, the A2 fragment in CTX holds together the 5 subunit B fragments [97]. This in contrast
to AT, where both A fragments EF and LF act with pathogenic functions.

4. Toxin therapeutics and variant concerns

One of the best preventative measures are vaccinations against the pathogens producing these
toxins. However, vaccines are not available for all of these AB toxin producers. As with Shiga, there
are no specific therapeutics licensed for use in humans yet. Even with developed therapeutics, in the
case of DT, shortages have occurred in many countries. This can be put down to the limited financial
incentive to the development and the rarity of outbreaks in many parts of the world. As countries no
longer buy the serum regularly, many pharmaceutical companies have scaled down their production
lines [135]. Even among the available stock, there are issues with quality control and batches often
fail to meet WHO recommended concentration requirements [136]. This is a concern for future vac-
cine and antitoxin development as with a rise in diphtheria cases, variants of DT are already seen.
These isolates will continue to gain mutations producing more distant variants in the future [30]. In
the case of DT, there is a effective vaccine, antitoxin (DAT) is available for use on suspected and
confirmed diphtheria cases, but not for prophylaxis in the UK. Other avenues such as human anti-
body therapies, including monoclonals have been explored, but none have yet passed clinical trials
[136,137].

For tetanus, since 1924, cases in countries with a high vaccine coverage had decreased massively
[89]. This was followed up with a more effective version in 1938. Eventually combined into the DTP
vaccine for diphtheria, tetanus and pertussis were introduced in 1948 [138]. Since the introduction of
DTP, cases decreased rapidly, although for whooping cough 24 million cases and 160,700 deaths were
estimated globally in 2014 among children under 5 years old [139]. A newer acellular DTP vaccine
was developed and introduced in the 1990s, although long term coverage has been questioned, lead-
ing to both vaccines remaining in use [138]. In the UK a 5-in-1 (Pentavalent) vaccine was used in new-
borns until 2017, covering diphtheria, tetanus, pertussis, polio and Hib disease. This was replaced
with a 6-in-1 vaccine that also included protection against hepatitis B. Despite the high vaccine cov-
erage in many high-income countries whooping cough remains prevalent, primarily due to waning
immunity years after vaccination, alongside adaptation of the bacteria itself [140]. Additional re-
search is required to further elucidate the role of PTX in disease and vaccine-mediated protection, in
order to develop more effective treatments and vaccines [112].

Similarly, there was also a vaccine developed for botulism called formalin-inactivated penta-
serotype-BoNT/A-E toxoid, however this vaccine was discontinued before it could be approved [81].
This was the decision from the CDC based on their assessment of the available data, which indicated
a decline in immunogenicity of some of the toxin serotypes. For anthrax prevention, a killed vaccine
is available against B. anthracis and is given to at risk populations, with further vaccines in develop-
ment [141-144]. Currently, the only cholera vaccine in the UK is an orally administered inactivated
V. cholerae whole-cell vaccine with recombinant CT subunit B (WC/rBS). In countries with more


https://doi.org/10.20944/preprints202302.0416.v2

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 20 June 2023 doi:10.20944/preprints202302.0416.v2

14

frequent outbreaks such as India, other types of vaccines are used. This vaccine is based on a bivalent
killed whole-cell oral cholera (BivWC) formulation, as it uses both whole cells from serogroup 01 and
0139 covering all toxigenic cholera. It is inexpensive to use and effective for up to five years [145].

All of the bacterial AB toxins mentioned in this review necessitate further research into treatment
and prevention. In the case of DT, the need is for further research into the toxin evolution, and then
onwards to the antitoxin development/usage. The need to understand DT evolution is due to the
moderate to high impact of mutations on its protein structure. The implications of this on future
vaccine and antitoxin development should be thoroughly investigated, as other variants may already
be circulating [30]. AT requires more research into the antitoxin treatment due to evolutionary
changes in the toxin. The toxin potency, like that of several others on this list, raises the possibility of
its use as a bioweapon, emphasising the importance of effective treatment options. The current re-
search on BoNT focuses on the recent toxins discovered such as BONT/X. Even with research focusing
on new variants and treatments, there is a lack of research in the prevention of infant botulism. There
is currently no way to protect an infant below the age of one, if exposed to botulinum spores. In the
same light, future research into tetanus toxin should focus on tackling neonatal tetanus, which makes
up almost 50% of cases each year [90]. Areas of focus include ways of improving vaccine coverage as
well as sanitation. Tetanolysin produced by C. tetani should be a focus of ongoing research, as the
mechanism of if or how it does so, are yet to be determined [146]. Recent publications have high-
lighted the importance of an improved vaccine for pertussis, as well as producing new tools to study
this disease [138,147,148]. The links between PTX and whooping cough are still not entirely under-
stood, and will continue to be an area for future study [148]. For shiga toxin further research into the
toxin in general is required across its different hosts and the effective treatment of HUS in severe
cases, as there is no specific therapy to treat this. The development and testing of cholera rapid diag-
nostics have been a growing area of cholera research in recent years. The goal of these tools is to bring
testing equipment to cholera-endemic areas, allowing for rapid diagnosis and treatment of cholera
cases as soon as possible.

4.1. Conclusions

The potential for pathogens carrying this group of toxins to re-emerge and cause havoc as a
result of few adaptations or a decrease of vaccinations within communities should be a matter of
concern. The year 2019 saw the highest reported number of diphtheria cases since 1996. With reported
case numbers rising again, it is more important than ever to understand DT and these other bacterial
AB toxins. We continue to live in the seventh pandemic of cholera and its end is not in sight. Tetanus,
anthrax, whooping cough and botulism are also still a living reality. It is critical to monitor these toxin
mediated diseases and effectiveness of vaccines where available. Only then we would be able to stay
one step ahead of these continuously evolving pathogens and their toxins.
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