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Epsilon toxin: a fascinating pore-forming toxin
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Epsilon toxin (ETX) is produced by strains of Clostridium perfringens clas-
sified as type B or type D. ETX belongs to the heptameric B-pore-forming
toxins including aerolysin and Clostridium septicum alpha toxin, which are
characterized by the formation of a pore through the plasma membrane of
eukaryotic cells consisting in a B-barrel of 14 amphipatic B strands. By con-
trast to aerolysin and C. septicum alpha toxin, ETX is a much more potent
toxin and is responsible for enterotoxemia in animals, mainly sheep. ETX
induces perivascular edema in various tissues and accumulates in particular
in the kidneys and brain, where it causes edema and necrotic lesions. ETX
is able to pass through the blood—brain barrier and stimulate the release of
glutamate, which accounts for the symptoms of nervous excitation
observed in animal enterotoxemia. At the cellular level, ETX causes rapid
swelling followed by cell death involving necrosis. The precise mode of
action of ETX remains to be determined. ETX is a powerful toxin, how-
ever, it also represents a unique tool with which to vehicle drugs into the
central nervous system or target glutamatergic neurons.
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Introduction

Clostridium perfringens is a Gram-positive, rod-shaped,
anaerobic and sporulating bacterium, which produces
the largest number of toxins of any bacteria. It is a
proteolytic and glucidolytic Clostridium that grows
rapidly in complex medium. According to the main
lethal toxins (alpha, beta, epsilon and iota), C. perfrin-
gens is divided into five toxinotypes (A—E). Epsilon
toxin (ETX) is synthesized by toxinotypes B and D.
However, the large diversity of toxin combinations
that can be produced by C. perfringens strains makes
classification into five toxinotypes more complex [1].
Based on the toxins produced, C. perfringens is
responsible for diverse pathologies in humans and ani-
mals, resulting from gastrointestinal or wound con-
tamination and including food poisoning, enteritis,
necrotic enteritis, enterotoxemia, gangrene and puer-
peral septicemia. Toxinotype B is the causative agent

Abbreviations

of lamb dysenteria, which is found only in some
countries, for example the UK, whereas toxinotype D
is responsible for enterotoxemia, a fatal, economically
important disease of sheep found worldwide. ETX
contributes with beta toxin to the pathogenesis of tox-
inotype B, and it is the causative virulence factor of
all symptoms and lesions caused by toxinotype D.
ETX is one of the most potent toxins known. Its
lethal activity ranges just below the botulinum neuro-
toxins. Indeed, the lethal dose by intraperitoneal
injection in mice is 1.2 ngkg™' for botulinum neuro-
toxin A and 70 ngkg™! for ETX [2,3]. For this reason,
ETX 1is considered to be a potential biological
weapon, classified as a category B biological agent,
although very few ETX-mediated natural diseases
have been reported in humans [4]. ETX belongs to the
family of aerolysin pore-forming toxins, however, its

ETX, epsilon toxin; MDCK, Madin-Darby canine kidney; PFT, pore-forming toxin.
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precise mode of action, accounting for its high
potency, remains to be defined [5]. This review focuses
on recent advances in the study of ETX, a fascinating
compund that shares basic pore-forming activity with
other toxins, but which develops a much more potent
lethal activity.

Enterotoxemia

Enterotoxemia is characterized by high levels of toxin
production in the intestine, this toxin then passes
through the intestinal barrier and disseminates via the
circulation (toxemia) to several organs, causing toxic
shock and death. The natural habitat of C. perfringens
type D, like the other toxinotypes, is the environment:
soil, dust, sediment, cadavers, litter and also the diges-
tive tract of healthy animals. Clostridium perfringens is
not a usual inhabitant of the digestive tract, however,
it can be found in low numbers < 10° bacteria-g™") in
the intestines of animals without associated pathology
[6,7].

High production of ETX in the intestine and sub-
sequent disease are conditioned by an overgrowth of
ETX-producing C. perfringens (> 10° bacteria-g™', usu-
ally 10°-10° bacteria-g™") in the intestinal content,
essentially in the small intestine. Rapid multiplication
of C. perfringens can occur in the digestive tract of
very young animals in which the resident intestinal mi-
croflora, which is inhibitory of C. perfringens coloniza-
tion, is not yet developed or is not yet functional. This
is the case in lamb dysenteria due to C. perfringens
type B, which occurs only during the first days of
life. Overeating a highly concentrated ration or a rapid
change to a rich diet such as one high in cereal, young
cereal crops or abundant and luxuriant pasture is a
common cause of enterotoxemia in older lambs and
sheep. Such alimentary conditions induce a pertur-
bation in the microbial balance in the gut and massive
passage into the small intestine of undigested ferment-
able carbohydrates, like starch, which are normally
metabolized in the rumen and are an excellent sub-
strate for C. perfringens growth. In addition, any
cause of intestinal stasis contributes to the accumu-
lation of C. perfringens and ETX in the intestinal
loops.

Clostridium perfringens type D enterotoxemia is very
common in lambs, less frequent in sheep and goats,
and occasional in other animal species. Rapidly grow-
ing lambs are most susceptible. This raises the ques-
tion, what are the host intestinal conditions permitting
selective C. perfringens type D overgrowth in the diges-
tive tract of susceptible animals compared with more
resistant animal species?
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Clostridium perfringens type D enterotoxemia, also
called pulpy kidney disease in lambs, is rapidly fatal.
The peracute clinical form is characterized by sudden
death without premonitory signs. In the acute form,
which is very rapid (few minutes to several hours, no
more than 12 h), excitatory type neurological symp-
toms are predominant and include violent convulsions,
opisthotonos, struggling, nystagmus, bruxism, ataxia
and then lateral recumbency, violent movements of
paddling, ptyalism, hyperthermia and coma. Sheep
usually develop a more chronic form, also called focal
symmetrical encephalomalacia, Diarrhea might be
observed in addition to neurological signs in animals
surviving for a few days. By contrast to sheep, fibrotic
and hemorrhagic enterocolitis in the absence of cere-
bral lesions is more common in goats [8—10].

In the peracute form, only a few lesions can be
observed, for example, microscopic brain lesions,
edema and petechia in various organs including peri-
cardial effusions, subendothelial ecchymoses and occa-
sionally pulmonary and pleural effusions. Macroscopic
brain lesions are more evident in animals with a longer
duration of the disease and consist of symmetrical foci
of hemorrhagic or gelatinous softening in the corpus
striatum, thalamus and midbrain cerebellar peduncles.
Lambs dying from enterotoxemia show characteristic
modifications of the kidneys. Just after death, the kid-
neys are swollen or congestive, but they autolyse more
rapidly than normal, with the cortical parenchyma
being totally liquefied. In addition, hyperglycemia and
glucosuria are frequently found [11-15].

ETX and human disease

The dramatic diseases induced by C. perfringens ETX in
certain animal species raise the question of whether
humans might also be a target of this toxin? Primary
human renal tubular epithelial cells and the human kid-
ney cell line G-402 are sensitive to ETX, albeit to a les-
ser extent than the highly sensitive dog kidney cell line,
Madin—Darby canine kidney (MDCK) cells [16,17], sug-
gesting that humans might be susceptible to ETX. How-
ever, C. perfringens type D disease is extremely rare in
humans, even in farmers or others who come into con-
tact with diseased animals or their environment. Two
reports mention a C. perfringens type D infection in
humans. One concerned a person with acute intestinal
obstruction and subsequent development of C. perfrin-
gens type D and production of ETX in the intestine. In
this case, a portion of the ileum was gangrenous and
blood-stained fluid was present in the peritoneal cavity
[18]. A second case, hospitalized for treatment of anky-
losing spondylitis, developed abundant diarrhea and
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abdominal pain. Clostridium perfringens type D was
isolated from stool and antibodies against ETX were
evidenced in the serum [19].

ETX genetics

Clostridium perfringens contains a single circular chro-
mosome, which shows some degree of diversity
between strains, with those of gastrointestinal origin
harboring a large number of mobile elements probably
acquired by horizontal transfer in the digestive ecosys-
tem [20]. The ETX gene is located on large plasmids in
C. perfringens, like the other main toxin genes (beta
and iota), which are used for C. perfringens typing.
This accounts for the large genetic diversity in C. per-
fringens strains, because plasmids can be acquired,
rearranged or lost. Thus, a C. perfringens strain can
change from one toxinotype to another by acquisition
or loss of a toxigenic plasmid. The ETX gene is har-
bored by diverse plasmids [21]; at least five (48—
110 kbp) in C. perfringens type D [22] and a 65-kbp
plasmid in C. perfringens type B have been described
[23]. The same strain can contain several toxin plas-
mids. Indeed, most C. perfringens type B strains carry
a 65-kbp ETX plasmid, a 90-kbp beta toxin plasmid
and a third plasmid with the lambda protease gene;
some C. perfringens type D strains contain a ETX
plasmid and a smaller one with a Beta2 toxin gene
[22,23]. By contrast, a single plasmid can harbor sev-
eral toxin genes. For example, some plasmids from
C. perfringens type D can encode three toxins, ETX,
C. perfringens enterotoxin and Beta2 toxin [22]. Addi-
tional genes located on these large plasmids encoding
for specific metabolic pathways or potential virulence
factors such as collagen adhesin or sortase might be
responsible for the adaptation of distinct C. perfringens
toxinotypes to specific ecological niches, for example,
C. perfringens type D in the digestive tract of rumi-
nants and more specifically sheep. Moreover, plasmids
in C. perfringens types B and D contain insertion
sequences that can mobilize toxin genes between differ-
ent plasmids, between plasmid and chromosome or
vice versa, as for the C. perfringens enterotoxin gene
[22-25]. Plasmids carrying the ETX gene in C. perfrin-
gens types B and D have probably evolved from a
common ancestor by insertion of mobile genetic ele-
ments [26]. In addition, plasmids with an ETX gene
from C. perfringens type D contain the fcp conjugative
locus, are conjugative and can be transferred into
other C. perfringens strains such as C. perfringens
type A [21]. Thus, the horizontal transfer of toxin
plasmids contributes to the genetic complexity and
plasticity of C. perfringens toxinotypes.

M. R. Popoff

ETX production

ETX is synthesized during the exponential growth
phase of C. perfringens as a single protein containing a
signal peptide (32 N-terminal amino acids). The
secreted protein (32 981 Da) is poorly active and is
called a prototoxin [27]. The prototoxin is activated by
proteases such as trypsin, a-chymotrypsin and A-prote-
ase, which are produced by C. perfringens. Activation
by A-protease is comparable with that obtained with
trypsin plus a-chymotrypsin. The A-protease removes
11 N-terminal and 29 C-terminal residues, whereas
trypsin plus a-chymotrypsin cleaves 13 N-terminal resi-
dues and the same 29 C-terminal amino acids. This
results in a reduction in size (28.6 kDa) and an impor-
tant decrease in the p/ value from 8.02 to 5.36, proba-
bly accompanied by a conformational change. The
charged C-terminal residues might prevent interaction
of the protein with its substrate or receptor [3].

Intestinal absorption of ETX and
dissemination through the blood
circulation

Sheep can support ETX accumulation (10°-10° mouse
lethal dosemL™") in the intestine without associated
symptoms for a few hours. The high ETX concentra-
tion then induces an increase in the permeability of the
intestinal mucosa, mediating the passage of toxin into
the blood (Fig. 1) [7,28-31]. In experimental mice and
rat intestinal loops, ETX at a concentration of
10*> mouse lethal dosemL™" and higher causes an accu-
mulation of fluid in the intestinal lumen, a decrease in
transepithelial electrical resistance and an increase in
the passage of macromolecules across the intestinal
barrier [32-34]. The absence of histological and ultra-
structural changes in the intestinal epithelium suggests
increased passage through the paracellular pathway.
The only lesions observed are paravascular edema and
apoptotic cells in the lamina propia [33]. Subsequent
ETX absorption into the general circulation occurs
from the small and large intestine, but not from the
stomach in mice [35]. However, the precise mechanism
of ETX-dependent increased permeability of the intes-
tinal barrier remains to be defined.

ETX also influences gastrointestinal motility. Con-
tradictory results have been obtained in experimental
animal models. ETX was found to cause contraction
of isolated rat ileum as a consequence of an indirect
ETX action via the nervous system [36]. However,
ETX administered orally or intravenously in mice
reduces gastrointestinal transit via an as yet undefined
mechanism [37]. Inhibition of gastrointestinal motility
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Fig. 1. Schematic representation of epsilon toxin (ETX) distribution
in the organism during a Clostridium perfringens enterotoxemia and
main pathological effects.

is a risk factor for bacterial overgrowth and toxin
accumulation in the intestinal lumen.

Edema and petechias, which have been observed in
various tissues from naturally or experimentally intoxi-
cated animals, indicate that ETX targets endothelial
cells and alters the integrity of the vascular barrier. It
has been evidenced that ETX efficiently increases the
vascular permeability of rat mesentery microvessels
[38] or skin vessels after intradermal ETX injection
[39]. These effects seem to result from a direct interac-
tion of ETX with endothelial cells and not from an
indirect signaling cascade, such as an inflammatory
response induced by ETX [38]. Fluorescent ETX
injected intravenously in mice binds to the luminal sur-
face of the endothelium of most blood vessels [39,40].
The observation of necrotic cells and gaps in endothe-
lium indicates that ETX modifies the integrity of the
endothelial barrier via the destruction of cells rather
than disassembly of the intercellular junctions [38].
However, endothelial cell lines from various animal
species responsive to C. perfringens type D enterotox-
emia are not sensitive to ETX [41]. It is possible that
cultured cell lines have lost the specific ETX receptor
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of primary endothelial cells. Moreover, ETX has been
reported to increase blood pressure subsequent to ves-
sel contraction in skin via an as yet undefined mecha-
nism, possibly including increased ~membrane
permeability to Na™ and the release of noradrenaline
from adrenergic nerve terminals [42,43]. Targeting of
endothelial cells and increased endothelial barrier per-
meability seem to be among the major ETX effects in
susceptible animal species. The mechanism and impor-
tance of hemodynamic alteration remain to be defined.

ETX and kidney disorders

Rapid post-mortem autolysis of kidneys is characteris-
tic of lamb enterotoxemia (pulpy kidney disease) and
is less evident in sheep and other animal species. At
the time of death in lambs intoxicated with ETX, only
a variable degree of congestion is observable in the
kidneys. At 2 h, and to a more pronounced extent at
4 h post mortem, kidneys show interstitial hemorrhage
between tubules and degeneration of the proximal
tubule epithelium [11]. Similar findings are observed in
mice, which show congestion and hemorrhage in the
medulla, as well as severe degeneration of the distal
tubule epithelium [40]. ETX binds specifically to the
basolateral side of distal tubule epithelial cells, in
agreement with the degenerative effects in this epithe-
lium, and also to the luminal surface of proximal
tubules, although in a nonspecific manner, indicating
filtration of the toxin by the glomerules [40,44]. Inter-
estingly, nephrectomy shortens the time to death in
mice injected intravenously with ETX, suggesting that
the kidneys play a protective role by trapping the toxin
from the circulation and eliminating it from the organ-
ism [44]. In addition, only a few cultured cell lines are
sensitive to ETX in vitro, and these are from kidneys,
for example MDCK, the murine renal cortical collect-
ing duct principal cell line (mpkCCD,j4), and to a
lesser extent the renal cell line from human kidney,
G-402 [16,45-47], indicating that the kidney is one of
the main target organs for ETX. In addition, kidney
alteration is also involved in glucosuria, which is
observed in lamb enterotoxemia, However, glucosuria
results mostly from an hyperglycemic response which
is probably mediated by the mobilization of hepatic
glycogen subsequent to ETX-dependent vascular endo-
thelial damage [48].

ETX and brain disorders

The brain is the second organ, after the kidneys, where
ETX accumulates massively (Fig. 1). By contrast to
kidneys, ETX binds to brain in an exclusively specific
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manner and with high affinity (nm range) [49,50]. This
indicates that ETX passes the blood—brain barrier and
recognizes specific cells or sites in the brain. Indeed,
ETX has been shown to alter the integrity of the
blood—brain barrier, permitting not only its own pas-
sage, but also that of macromolecules such as horse-
radish peroxidase or serum albumin [49,51-55].
Marked extravasation of serum albumin into the brain
has been evidenced in lambs or rats intoxicated with
ETX [52,56], and extravasation of horseradish peroxi-
dase, as measured in mouse brain after intravenous
injection of less than one lethal dose, is extremely
rapid (~ 20 min) [53,55]. Such a rapid decrease in
blood—brain barrier permeability facilitates rapid ETX
accumulation in the brain. However, the ETX mecha-
nism of blood-brain barrier perturbation is not yet
fully understood. In its prototoxin form, ETX binds
to brain endothelial cells and induces decreased
expression of the endothelial barrier antigen, which is
a specific marker of central nervous system barrier ves-
sels. The ETX-dependent reduction in endothelial
barrier antigen production in brain endothelial cells by
an as yet undefined pathway is accompanied by a
rapid, but mild, increase in blood—brain barrier perme-
ability [54]. Impairment of endothelial barrier antigen
expression might be an early effect of ETX on the
blood—brain barrier. Endothelial cells then show mac-
roscopic alterations including swelling, abundance of
clear vacuoles and loss of intracellular organelles, as
well as protrusions or blebbing of the luminal surface.
Later, their cytoplasm is very thin and the nuclei
pyknotic, leading to a very attenuated -capillary
endothelium [57-59].

In mice, ETX causes bilaterally symmetrical lesions
in several brain areas including cerebral cortex, corpus
striatum, vestibular area, corpus callosum, lateral ven-
tricles and cerebellum, whereas in lambs or sheep,
more restricted areas are invloved, such as basal gan-
glia, thalamus, subcortical white matter, substantia ni-
gra, hippocampus and cerebellar peduncles [57,58].
The most early and prominent lesions consist of peri-
vascular edema, and these lesions have been described
in various animal species including mice [51,55,60], rats
[56,61,62], sheep [39,63-65] and calves [66]. Widening
of the perivascular space is the main early change and
is observed as soon as 1 h after intraperitoneal injec-
tion of a sublethal dose in mice. Perivascular edema
then progresses, leading to stenosis of the capillary
lumen [60]. Perivascular edema is mainly distributed in
white matter and is accompanied by swelling of the
perivascular astrocytic cells [54,57], predominantly in
the cerebellum [11,57]. Swelling is also observed in
axon terminals and dendrites, and the myelin sheath is
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distended by edema [59]. Some neuronal damage
occurs, and consists of swelling, vacuolation and
necrosis, mainly in neurons from certain brainstem
nuclei, or of cell shrinkage with hyperchromatosis and
nuclear pyknosis, most commonly in the cerebral cor-
tex, hippocampus and thalamus [56]. A consequence of
brain vasogenic edema is an overexpression of aquapo-
rin-4 (the most abundant water channel in the central
nervous system involved in water homeostasis), mainly
in astrocytic cells. Upregulation of aquaporin-4 repre-
sents a host response in an attempt to resolve the
ETX-induced edema [62].

In the subacute and chronic forms of the disease,
the brain lesions ultimately change in foci of necrosis
and hemorrhage. Two pathways might account for the
generation of necrotic lesions. (a) Impairment of the
blood-brain vessels leads to vasogenic edema and
reduced perfusion of the tissues and therefore to tissue
hypoxia and necrosis. (b) Alternatively, ETX, which
diffuses in the brain parenchyma, can directly damage
neurons and other cell types. This does not preclude
that a combination of both processes might be
involved. However, the cells directly targeted by ETX
remain to be determined.

Using fluorescent ETX injected intravenously, it has
been confirmed that both activated and precursor toxin
forms bind to the luminal surface of brain vascular
endothelial cells [67,68]. In addition, active fluorescent
ETX, but not the prototoxin, passes through the
blood-brain barrier and accumulates in brain tissue,
preferentially in cerebellum, cerebellar peduncles,
cerebral white matter, hippocampus, thalamus, corpus
striatum, olfactive bulb and colliculi [67,68]. These
areas of ETX diffusion correspond to regions of the
brain that have been already identified as the main
sites of ETX-induced histological changes, supporting
a direct action of the toxin on neuronal cells and/or
other brain cells. Fluorescent ETX binds in vitro to the
myelin structure of the central and peripheral nervous
systems from mice, sheep, cattle and even humans
[68,69]. However, myelin does not seem to be the pri-
mary target of ETX because intravenously injected
toxin in mice does not show a correlation between the
ETX staining pattern and myelin-containing structures
[69]. Moreover, it has been found that fluorescent ETX
binds to only a subset of astrocytes and microglia cells
and is cytotoxic for these cells [67]. However, the path-
ological significance of ETX on astrocytes and micro-
glia cells is not known. A more detailed analysis of
ETX binding to mouse cerebellum has identified gran-
ule cells and oligodendrocytes, but not Purkinje cells
and astrocytes, as ETX target cells [68]. ETX binding
to myelin probably accounts for ETX staining of oligo-
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dendrocytes, which are involved in myelin synthesis in
contrast to astrocytes, which participate in blood—brain
barrier function, regulation of local pH and electro-
lytes, and probably in the recapture of neurotransmit-
ter. ETX stains brain white matter, which is enriched
in myelinated axons and oligodendrocyte cell bodies. It
is noteworthy that ETX binds to the cell body of gran-
ule cells or other target cells, but not to cell axons or
nerve terminals [68,69], suggesting a specific ETX inter-
action with a cell body membrane receptor.

ETX stimulates glutamate release

A direct and rapid ETX effect in brain concerns the
stimulation of glutamate release. First, it was found
that ETX injected at a low dose in rats rapidly (4 h)
induces neuronal damage, characterized by cell shrink-
ing, vacuolation and nucleus pyknosis, mainly in the
hippocampus and cortex. These effects were not
accompanied by perivascular edema or a reduction in
blood flow in the hippocampus and were specifically
inhibited by glutamate receptor inhibitors, indicating
that ETX interferes directly with glutamatergic neu-
rons [70]. It was then shown that ETX increases gluta-
mate release from mouse hippocampus and not from
other brain areas [71]. Thereby, ETX seems to target
specifically glutamatergic neurons stimulating the
release of glutamate and then inducing cell alteration
(shrinkage, pyknosis).

Glutamate is the most abundant excitatory neuro-
transmitter in the central nervous system. Its excessive
release is probably the main cause of the neurological
symptoms of excitation, which are observed in ETX-
dependent enterotoxemia. The precise mechanism by
which ETX stimulates glutamate release is not yet
fully understood. Because ETX incubation with a syn-
aptosomal fraction containing nerve terminals did not
elicit glutamate release, ETX probably interacts
directly with the cell bodies of neurons or other cell
types in the nervous tissue to induce its effects on neu-
rotransmitter release [69]. Indeed, it has been con-
firmed that in mouse cerebellum, in addition to
oligodendrocytes, ETX binds only to the somata of
granule cells, which are glutamatergic neurons, and
not to nerve terminals, neuronal extensions or other
neuronal cell types such as GABAergic Purkinje cells
[68]. Alterations in blood circulation in the brain, such
as ischemia, are among the factors that stimulate the
glutamate release. However, no modification of cere-
bral blood flow was observed during the period of
ETX-dependent stimulation of glutamate release [71],
again indicating direct activity of ETX on neuronal or
glial cells. This is further supported by the fact that
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ETX induces glutamate release from primary and cul-
tured cerebellar granule cells, although it can not be
ruled out that oligodendrocytes, which are targeted by
ETX, are not also involved. Moreover, as measured
by patch clamp, ETX triggers membrane depolariza-
tion leading to a decrease in membrane electrical resis-
tance and an increase in intracellular Ca®*. Does
ETX mediate glutamate efflux by pore formation
through the membrane, plasma membrane disruption
or stimulation of the neuroexocytosis machinery? The
observation that the absence of extracellular Ca>* or
methyl B-cyclodextrine, which sequesters membrane
cholesterol and impairs ETX pore activity, prevents
the ETX-dependent intracellular Ca®" increase and
glutamate release, argues for ETX activity on the
release machinery of glutamate [68]. Although the
most direct and prominent effect of ETX on brain is
the stimulation of glutamate release, the toxin also
induces the release of other neurotransmitters such as
dopamine [72].

ETX structure

At the amino acid sequence level, ETX shows some
homology with the Bacillus sphaericus mosquitocidal
toxins Mtx2 and Mtx3, with 26% and 23% sequence
identity, respectively [27]. Mtx2 and Mtx3 are specific
for mosquito larvae, which are activated by proteolytic
cleavage and probably act by pore formation [73]. In
addition, a hypothetical protein encoded by a gene
located in the vicinity of the C2 toxin genes on a large
plasmid in Clostridium botulinum type D shows a
sequence similarity with that of ETX [74].

ETX retains an elongated form and contains three
domains that are mainly composed of [ sheets [75]
(Fig. 2). Despite poor sequence identity (14%), the
overall structure of ETX is significantly related to that
of the pore-forming toxin aerolysin produced by Aero-
monas species [76,77], and to the model of alpha toxin
from C. septicum, an agent of gangrene [78]. However,
ETX is a much more potent toxin with 100 X more
lethal activity in mouse than aerolysin and C. septicum
alpha toxin [3,76,79]. The main difference between the
toxins is that the aerolysin domain I, which is involved
in the initial interaction of the toxin with cells, is miss-
ing in ETX. Domain I of ETX consists of a large
o helix followed by a loop and three short o helices,
and is similar to domain 2 of aerolysin, which interacts
with the glucosyl phosphatidylinositol anchors of pro-
teins. This domain of ETX might have a similar func-
tion of binding to receptor. A cluster of aromatic
residues (Tyr49, Tyrd3, Tyrd2, Tyr209 and Phe212) in
ETX domain 1 could be involved in receptor binding
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Epsilon
toxin

Aerolysin PA and C2-ll

Fig. 2. Structural comparison of aerolysin, epsilon toxin and binding
components of anthrax toxins (PA) or Clostridium botulinum C2
toxin (C2-1). The pore-forming domain B strands in aerolysin and
epsilon toxin are in red.

[75]. Domain 2 is a B-sandwich structurally related to
domain 3 of aerolysin. This domain contains a two-
stranded sheet with an amphipatic sequence predicted
to be the channel-forming domain (see below). In con-
trast to the cholesterol-dependent cytolysins, only one
amphipathic B-hairpin from each monomer is involved
in the pore structure of ETX and other heptameric
B-pore-forming toxins like aerolysin. Domain 3 is also
a B-sandwich analogous to domain 4 of aerolysin and
contains the cleavage site for toxin activation. After
removal of the C-terminus, domain 3 is likely involved
in the monomer—monomer interaction required for
oligomerization [5,75].

The pore-forming domain has been identified in
domain 2. The segment Hisl51-Alal81 contains alter-
nate hydrophobic-hydrophilic residues, which are
characteristic of membrane-spanning B-hairpins, and
forms two amphipatic B strands on ETX structure.
Site-directed mutagenesis confirmed that this segment
is involved in ETX channel activity in lipid bilayers
[80]. Interestingly, the ETX pore-forming domain
shows higher sequence similarity to those of the bind-
ing components (Ib, C2-II, CDTb, CSTb) of clostridial
binary toxins (Iota toxin, C2 toxin, C. difficile transfer-
ase, C. spiroforme toxin, respectively), and to a lesser
extent to Bacillus anthracis protective antigen (the
binding component of anthrax toxins), than with that
of aerolysin (Fig. 3). However, the ETX segment
Lys162-Glul69, which is exposed to the transmem-
brane side of the channel and forms the loop linking
the two P strands forming the transmembrane PB-hair-
pin, is unrelated at the amino acid sequence level to
those of other beta-pore-forming toxins (B-PFTs). The
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Fig. 3. Sequence alignments of the pore forming domains of epsi-
lon toxin (ETX), binding components of the clostridial binary toxins
[Clostridium perfringens lota toxin (Ib), Clostridium difficile transfer-
ase (CDTb), Clostridium spiroforme toxin (CSTb), Clostridium botu-
linum C2 toxin (C2-11)] and aerolysin.

ETX loop is flanked by two charged residues, Lys162
and Glul69, and contains a proline in the central part,
similar to the sequence of the corresponding aerolysin
loop. Binding components share a similar structure
organization with that of B-PFTs and notably contain
an amphipathic flexible loop that forms a B-hairpin,
playing a central role in pore formation [81,82]. This
suggests that binding components and B-PFTs have
evolved from a common ancestor. However, B-PFTs
have acquired a specific function consisting in the
translocation  of the corresponding enzymatic
components of binary toxins through the membrane
of endosomes at acidic pH. By contrast, B-PFTs such
as ETX and aerolysin can form pores in plasma
membrane at neutral pH, which are responsible for
cytotoxicity.

Essential amino acids for the lethal activity have
been identified using biochemistry and mutagenesis. A
previous study with chemical modifications shows that
His residues are required for the active site, and Trp
and Tyr residues are necessary for the binding to tar-
get cells [83]. The molecule contains a unique Trp and
two His. Amino acid substitutions showed that His106
is important for the biological activity, whereas His149
and Trpl90 probably are involved to maintain the
structure of ETX, but they are not essential for the
activity [84].
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Molecular and cellular mechanism of
action

Specific activity of ETX is also observed in cultured
cells. Only very few cell lines including renal cell lines
from various species such as MDCK, mpkCCD,4 and
to a lesser extent the human leiomyoblastoma (G-402)
cells, are sensitive to ETX [16,47]. Surprisingly, kidney
cell lines from ETX-susceptible animal species like
lamb and cattle are ETX resistant, suggesting that the
ETX receptor in primary cells is lost in cultured cell
lines ([47] and unpublished).

A marked swelling is observed in the first phase of
intoxication, followed by mitochondrial disappearance,
blebbing and membrane disruption. The cytotoxicity
can be monitored using an indicator of lysosomal integ-
rity (neutral red) or mitochondrial integrity (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide)
[16,46,47,85-87].

ETX binds to the MDCK cell surface, preferentially
to the apical site, and recognizes a specific membrane
receptor, which is not present in insensitive cells. Bind-
ing of the toxin to its receptor leads to the formation
of large membrane complexes which are very stable
when incubation is performed at 37 °C. By contrast,
the complexes formed at 4 °C are dissociated by SDS
and heating. This suggests a maturation process like a
prepore and then a functional pore formation. Endocy-
tosis and internalization of the toxin into the cell was
not observed, and the toxin remains associated with
the cell membrane throughout the intoxication process
[86]. The ETX large membrane complex in MDCK
cells and synaptosomes corresponds to the heptamer-
ization of toxin molecules within the membrane and
pore formation [86,88,89]. ETX prototoxin is able to
bind to sensitive cells but does not oligomerize, in con-
trast to activated ETX. Thus, the 23 C-terminal resi-
dues of the prototoxin control the toxin activity by
preventing heptamerization. These amino acids are
removed in the active toxin molecule [88].

ETX binding to susceptible cells or synaptosomes
and subsequent complex formation are prevented by
protease treatment, but not or weakly by phospholi-
pase C, glycosidases or neuraminidase, indicating a
protein nature for the ETX receptor [50,69,86,90]. The
ETX receptor might be related to a 34 or 46 kDa pro-
tein or glycoprotein in MDCK cells [86,90] and to a
26-kDa sialyglycoprotein in rat brain [50]. Hepatitis A
virus cellular receptor 1 has been shown to facilitate
ETX cytotoxicity in MDCK cells and the human kid-
ney cell line ACHN. ETX binds to hepatitis A virus
cellular receptor 1 in vitro [91]. However, it is not yet
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clear whether hepatitis A virus cellular receptor 1 is a
functional ETX receptor. Moreover, although ETX
does not directly interact with a lipid, the lipid envi-
ronment of the ETX receptor is critical for the binding
of ETX to a cell surface, because it is prevented by
detergent treatment [86,90]. It is noteworthy that ETX
can interact with artificial lipid bilayers and form func-
tional channels, without the requirement for a specific
receptor, in contrast to cell membrane, albeit less effi-
ciently than in MDCK cells. Lipid bilayers have
smooth surfaces without any surface structure includ-
ing the surface-exposed carbohydrates and proteins of
biological membranes, which means that the toxins
can interact with the hydrocarbon core of the lipid
bilayer and insert without the help of receptors,
whereas receptors are required to promote such an
interaction in the cell membrane [92].

In synaptosomes and MDCK cells, the ETX recep-
tor has been localized in lipid raft microdomains,
which are enriched in certain lipids such as cholesterol
and sphingolipids and in certain proteins like glucosyl
phosphatidylinositol-anchored proteins, suggesting that
such a protein could be an ETX receptor [45,89]. How-
ever, in contrast to aerolysin and C. septicum Alpha
toxin, ETX does not interact with a glucosyl phospha-
tidylinositol-anchored protein as receptor, because
phosphatidylinositol-specific phospholipase C did not
impair binding or ETX complex formation [45]. Local-
ization of the ETX receptor in lipid microdomains is
further supported by the fact that ETX prototoxin and
active form bind preferentially to detergent-resistant
membrane fractions and only activated ETX forms
heptamers in detergent-resistant membrane [89]. In
addition, membrane cholesterol removal with MBCD
impairs ETX binding and pore formation [45,68,89].
The composition of lipid rafts in sphingomyelin and
gangliosides as well as membrane fluidity influences
ETX binding to sensitive cells, heptamerization and
cytotoxicity [93,94]. Thus, inhibitors of sphingolipid or
glycosphingolipid synthesis increase cell susceptibility
to ETX, whereas inhibitor of sphingomyelin synthesis
or addition of GM1 dramatically decreases ETX bind-
ing and subsequent heptamerization [93]. Moreover,
phosphatidylcholine molecules which increase mem-
brane fluidity, facilitate ETX binding and assembly
[94]. ETX bound to its receptor shows a confined
mobility on cell membrane probably permitting inter-
action between ETX monomers and subsequent oligo-
merization [95]. Local lipid composition and
membrane fluidity likely control ETX bound to recep-
tor in cell membrane. In addition, lipids such as diacyl-
glycerol and phosphatidyl ethanolamine, which induce

4609



Clostridium perfringens epsilon toxin

a negative membrane curvature, increase ETX pore
formation in liposome, whereas lipids having an oppo-
site effect like lyso-phosphatidylcholine, impair ETX
activity [94]. This is consistent with the model of a
ETX prepore formation and subsequent insertion into
the membrane to form a functional channel. The struc-
ture of ETX pore has been defined as a cone shape
[96], and thus its insertion in lipid bilayer might be
favored by a specific lipid membrane organization.
Therefore, although ETX does not directly bind to a
lipid receptor, the lipid composition and physical prop-
erties of membrane influence ETX access to the recep-
tor, ETX monomer assembly, and insertion of ETX
pore in membrane.

The cytotoxicity is associated with a rapid loss of
intracellular K", and an increase in ClI~ and Na™,
whereas the increase in Ca®>" occurs later. In addition,
the loss of viability also correlates with the entry of
propidium iodide, indicating that ETX forms large
pores in the cell membrane. Pore formation is evident
in an artificial lipid bilayer. ETX induces water-filled
channels permeable to hydrophilic solutes up to a
molecular mass of 1 kDa, which represent general dif-
fusion pores slightly selective for anions [92]. In polar-
ized MDCK cells, ETX induces a rapid and dramatic
increase in permeability. Pore formation in the cell
membrane is likely responsible for the permeability
change of cell monolayers. Actin cytoskeleton and
organization of tight and adherens junctions are not
altered, and the paracellular permeability to macromol-
ecules is not significantly increased upon ETX treat-
ment [45,97]. ETX causes rapid cell death by necrosis
characterized by a marked reduction in nucleus size
without DNA fragmentation. Toxin-dependent cell sig-
naling leading to cell necrosis is not yet fully under-
stood and includes ATP depletion, AMP-activated
protein kinase stimulation, mitochondrial membrane
permeabilization and mitochondrial-nuclear transloca-
tion of apoptosis-inducing factor, which is a potent cas-
pase-independent cell death factor (Fig. 4) [45]. The
early and rapid loss of intracellular K™ induced by
ETX, and also by C. septicum Alpha toxin, seems to be
the early event leading to cell necrosis [98]. It is intrigu-
ing that ETX, which has a pore-forming activity related
to that of aerolysin and C. septicum Alpha toxin, is
much more active. Does ETX induce a specific intracel-
lular signal responsible for a rapid cell death? MBCD,
which prevents ETX pore formation in lipid rafts, does
not inhibit the sudden decrease in cellular ATP and cell
necrosis [45]. A subset of ETX channels unaffected by
MBCD might be sufficient to trigger an intracellular
signal leading to cell necrosis, excluding the require-
ment for a large diffusion pore to induce the intracellu-
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Fig. 4. Main steps of epsilon toxin mode of action.

lar toxic program. Therefore, ETX is a very potent
toxin, which alters the permeability of cell monolayers
such as epithelium and endothelium causing edema and
cell death, however, its precise mode of action remains
unclear.

Prevention

Vaccines against toxins which disseminate through the
general circulation and which target organs or tissues
at a distance from the gastrointestinal tract are among
the most efficient vaccines. Indeed, vaccines against
enterotoxemia due to C. perfringens ETX are used
extensively in veterinary medicine [99]. Classically,
toxin-based vaccines derive from chemically detoxified
toxins. New approaches consist of genetically detoxi-
fied toxins such as toxin mutants or toxin subunits,
which are non-biologically active but retain the toxin
immunogenicity. Recombinant ETX vaccines are under
investigation [84,99-102]. For example, cysteine substi-
tutions at IleS1-Alal14 and Val56-Phell18 yield a non-
cytotoxic ETX mutant, which could be a vaccine can-
didate [103].

To prevent the toxic effects of ETX, polyclonal and
monoclonal antibodies have been developed. For
example, monoclonal antibodies targeting an epitope
close of the pore-forming domain have been found to
be efficiently neutralizing [104]. Chemical inhibitors of
ETX have been investigated by screening a large
compound library. Three compounds, N-cycloalkylben-
zamide, a furo(2,3-h)quinoline and a 6H-anthra(l,9-
cd)isoxazol, inhibit ETX channel activity and cell
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death, but not ETX binding to cell or ETX oligomeri-
zation. These inhibitors possibly block the ETX pore
or interfere with an unidentified host factor involved in
ETX-dependent cytotoxicity [105]. Interestingly, these
inhibitors are specific of ETX and do not prevent aer-
olysin cytotoxicity, arguing again for a differential
mode of action between both pore-forming toxins
although they are structurally related and form similar
functional pores.

Concluding remarks

ETX belongs to the heptameric B-PFTs family includ-
ing aerolysin and C. septicum alpha toxin, which are
characterized by the formation of a pore consisting in
a B-barrel resulting from the arrangement of 14 amphi-
patic B strands [5]. Although these toxins share a simi-
lar mechanism of pore formation, ETX is much more
potent than aerolysin and C. septicum alpha toxin. A
main difference is that aerolysin and C. septicum alpha
toxin recognize glucosyl phosphatidylinositol-anchored
proteins as receptors, whereas ETX receptor, although
localized in lipid rafts, is distinct from glucosyl phos-
phatidylinositol-anchored proteins and is distributed in
a limited number of cell types. The specific ETX recep-
tor possibly accounts for the high potency of ETX,
which might also be dependent on a specific intracellu-
lar signaling induced by the toxin. Another particular-
ity of ETX, compared with the other B-PFTs, is its
ability to cross the blood—brain barrier, likely mediated
by the interaction with its specific receptor. ETX can
be considered as a neurotoxin because it targets spe-
cific neurons, which are glutamatergic neurons. By
contrast to the other bacterial neurotoxins which
inhibit the release of neurotransmitter, ETX has an
opposite effect by stimulating the release of glutamate
and also acts on other non-neuronal cells. This opens
the door to design ETX molecules as a delivery system
to address compounds into the central nervous system.
Thereby, ETX has been used to facilitate the transport
of the drug, bleomycin, through the blood—brain bar-
rier for the treatment of experimental malignant brain
tumor in mice [106]. Whether ETX is a powerful toxin,
which requires a medical vigilance for the prevention
of animals, this toxin also represents a unique tool to
vehicle drugs in he central nervous system and/or to
target glutamatergic neurons.
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