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Abstract

Clostridial neurotoxins, botulinum neurotoxins (BoNTs), and tetanus neurotoxin (TeNT)
are potent toxins responsible for severe diseases, botulism and tetanus, respectively. BoNTs
associate with non-toxic proteins (non-toxic non-hemagglutinin, hemagglutinins, and
OrfXs), which protect BoNTs against acidic pH and protease degradation and facilitate
BoNT passage through the intestinal barrier. TeNT enters motor neurons and undergoes a
retrograde axonal transport until the target inhibitory interneurons in the central nervous
system. BoNTs and TeNT recognize specific cell surface receptors which consist of complex
sets of protein(s)-glycan-gangliosides and determine specific cell entry pathways. Recent
data on structural and functional investigations of BONT and TeNT receptors bring a
better understanding of toxin trafficking in the host and entry into target neuronal cells,
which is useful for the development of updated strategies of prevention and treatment of
the corresponding diseases. Since clostridial neurotoxins, notably BoNTs, are important
therapeutic tools, detailed knowledge of their activity opens the way of the development
of engineered molecules for specific clinical applications.

Keywords: clostridial neurotoxins; botulinum neurotoxins; tetanus toxin; botulism; tetanus;
motor neuron; central nervous system; receptor

Key Contribution: This review summarizes recent data on botulinum neurotoxin and
tetanus neurotoxin receptors and trafficking in the host, including passage of the intestinal
barrier and retrograde axonal transport.

1. Introduction

Clostridial neurotoxins, including botulinum neurotoxins (BoNTs) and tetanus neuro-
toxin (TeNT), are among the most potent toxins and are responsible for severe neurological
diseases in man and vertebrate animals, botulism and tetanus, respectively. A major com-
mon mechanism of BONT and TeNT activity is the blockade of neuromediator release.
While BoNTs prevent acetylcholine release from motor neurons at the neuromuscular
junction leading to flaccid paralysis, TeNT blocks the release of glycine and GABA (gamma
amino butyric acid) from inhibitory interneurons in the central nervous system (CNS),
inducing spastic paralysis [1,2]. The high potency of clostridial neurotoxins results from
cumulative effects of multiple steps of activity, including passage through the intestinal
and endothelial barriers, targeting of specific neuronal cells, and interaction with critical
components of the neuroexocytosis machinery [3]. Besides their drastic pathological effects,
BoNTs are widespread therapeutic tools in an increasing number of clinical applications for
humans. In recent decades, extensive works have been performed to define the structure
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and mechanism of action of clostridial neurotoxins to better understand the most potent tox-
ins and to develop therapeutic tools with improved specificity and efficiency. More recently,
the mode of BoNT passage through the intestinal barrier and the interaction of clostridial
neurotoxins with neuronal cell surface receptors have been investigated in more details and
are summarized in this review. Moreover, structural insights into the organization of BONT
complexes have been recently updated, allowing a more comprehensive understanding of
the structure—function of these potent toxins. Following a reminder about the structure of
clostridial neurotoxins and BoNT complexes, the aim of this short review is to synthesize
the recent data on the following two major aspects of their activity: passage of the intestinal
barrier and interaction with receptors on target neuronal cells with subsequent intracellular
trafficking and activity shared by BoNTs and TeNT.

2. Structure of Clostridial Neurotoxins and Associated Proteins

According to their immunoreactivity regarding the neutralization of their paralytic
activity by specific polyclonal antibodies, BoNTs are classified into seven toxinotypes
(BoNT/A to BoNT/G). The most recently discovered toxinotype H is related to a hybrid
between BoNT/F and BoNT/A [4-6]. Based on amino acid sequences, each toxinotype is
subdivided into subtypes (more than forty) [7,8]. In contrast, TeNT shows limited diversity
and only a single type is described [9,10].

BoNTs and TeNT share a common structure. They are synthesized as an about
150 kDa protein precursor which is proteolytically activated in a light chain (LC, about
50 kDa) and a heavy chain (HC, about 100 kDa), which remain linked by a disulfide bridge.

LC contains the catalytic zinc-binding motif (HExxH) and is the intracellularly active
domain. HC is the transport and addressing module of clostridial neurotoxins. HC
consists of two main domains, HCN and HCC. HCN forms two unusually long and
twisted «-helices and an extension, called the belt, surrounding LC. HCN is involved
in the translocation of LC through the vesicular membrane. HCC is subdivided into
two distinct subdomains, HCCy and HCCc, which contain the receptor-binding sites.
While the three structural and functional domains (catalytic, translocation, and receptor-
binding domains) are linearly organized in most BoNTs, both the catalytic and receptor-
binding domains are on the same side of the translocation domain in BONT/E and TeNT.
This domain organization in BONT/E might facilitate a rapid translocation process of LC
into the cytosol [1,2,11,12] (Figure 1).

BoNTs associate by non-covalent bonds with non-toxic proteins (ANTPs) produced
by C. botulinum to form botulinum complexes of various sizes, also known as progeni-
tor toxins. The medium-sized complex (M complex) consists of BONT and the non-toxic
non-hemagglutinin component (NTNH). Despite a low amino acid sequence identity,
BoNTs and NTNHs share a similar structure, but NTNHs retain a modified non-functional
catalytic site. In addition, the conserved ganglioside-binding site of BoNTs is not con-
served in NTNHs. BoNT and NTNH form a tight interlocked complex at acidic pH which
is resistant to protease degradation in acidic environment, while each component sep-
arately is rapidly degraded. M complex dissociates at neutral and alkaline pH [13,14]
(Figure 2). Thereby, NTNH has a major role in the protection of BoNT in acidic environ-
ment such as in the digestive tract. NTNH also has a role in the appropriate activation
of BoNT. The mode of BoNT activation has been elucidated in C. botulinum A from the
group I C. botulinum strains which are proteolytic. o-Clostripain is the main protease which
activates BONT/A. «-Clostripain is synthesized as a pro-enzyme which is autoactivated in
the external medium, thus avoiding BONT/A degradation inside the bacteria. In the extra-
bacterial medium, BoNT/A associated with NTNH at low pH is specifically cleaved in LC
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and HC by «-clostripain. Thereby, NTNH protects BONT/A from non-specific degradation
by «-clostripain [15,16].

A
BoNT/A pdb 3bta TeNT pdb 5n0b
B Schematic structure of clostridial neurotoxins
ligth chain (LC) heavy chain (HC)
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Figure 1. Structure of botulinum neurotoxin (BoNT) and tetanus neurotoxin (TeNT). (A) Comparison
of the structure of BONT/A and TeNT. The light chain (LC, blue) and the C-terminal parts of heavy
chain (HCCy;, green and HCCc, yellow) expand on each side of the N-terminal part of the heavy
chain (HCN, red) in BoNT/A and on the same side of HCN in TeNT. (B) Schematic structures of
clostridial neurotoxins indicating the enzymatic site (HExxH) in L chain and the binding sites to the
receptors are as follows: gangliosides (GGs), synaptic vesicle protein 2 (SV2), and synaptotagmin
(Syt) in HCC¢ domain. Figures were produced with the program MacPymol v1.7.4.1.
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Figure 2. Structure of M complex resulting from the combination of BONT with NTNH (non-toxic
non-hemagglutinin protein), which shares a structure similar to that of BoNT, leading to a stable
complex at low pH. M complex associates either with hemagglutinin components (HAs) forming a
large dodecameric complex (L/HA) or with OrfX proteins (L/OrfX). Two OrfX2-C molecules bind
to NTNH via R205, which has a major role, and OrfX1 associates with OrfX3. The organization of
M-complex-OrfX2 with OrfX1/OrfX3 and P47 remains undetermined. Figures were produced with
the MacPyMOL program.

Large botulinum complexes (L complexes) result from the combination of M complex
with either hemagglutinin components (HAs) or OrfX/p47 proteins. L/HA complexes
are produced by certain C. botulinum Al strains, C. botulinum A5, B, C, D, C/D, D/C,
and G, while L/OrfX complexes are synthesized by certain C. botulinum Al strains and
C. botulinum A2, A3, A4, A5, A6, A7, A8, E, and F [17-27].

L/HA complexes contain three HA70 (70 kDa) molecules linked to NTNH. HA70
forms a trimer which assembles to NTNH via a loop (nLoop) in the N-terminal part of
NTNH. Each HA70 binds to one HA17 (17 kDa) molecule which simultaneously interacts
with two HA33 (33 kDa) molecules. Thereby, HAs assemble in a stable hetero-dodecamer
complex at low pH through hydrophilic and hydrophobic interactions which adopt a
triskelion-like fold (Figure 2) [21,28]. BoONT/A tightly associates with NTNH at pH 6.0-6.25
or less and dissociates at pH > 7.0 [14,29]. As monitored in BONT complex from Weissella
oryzae, the complex starts to dissociate at pH 6.5, it is about half-dissociated at pH 7.5, and
completely disassembled at pH 8.5 [30].

The assembly of BONT/NTNH (M complex) with HA complex has been further
investigated in BoNT type B. The long nLoop of NTNH/B (Gly111-Gly149), which is
disordered in M complex, adopts a 3-hairpin structure in L complex. The antiparallel
 strands of the nLoop B-hairpin insert into the central pore formed by the assembly
of three HA70s, leading to extensive contacts between the nLoop and HA70 (Figure 3).
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The assembly between NTNH nLoop and HA70 trimer, mainly mediated by electrostatic
interactions between positively charged residues on the nLoop tip and negatively charged
surface of the HA70 trimer pore, is highly stable. NTNH/BoNT dissociates from HA
complex at pH 6.5-7.0, while BoNT starts to dissociate from its NTNH at lower pH (5.5-6.0).
Interestingly, the nLoop is conserved in all NTNH types forming HA complexes and is
lacking in NTNHs which associate with OrfX proteins [19,20].

A

nLoop © | \g
HA70 trimer

HA70 trimer

Figure 3. Assembly of NTNH with HA70 trimer from C. botulinum type B. (A) NTNH (magenta) and
HA70 trimer (blue, yellow, and green). (B) NTNH and HA70 trimer (gray) highlighting the insertion
of the nLoop into the center of the HA70 trimer. (C) Top of HA70 trimer showing the central pore.
pdb 9QCO. Figures were produced with the CN3D program.

L/OrfX complex consists of OrfX1 (17 kDa), OrfX2 (84 kDa), OrfX3 (55 kDa), and
P47 (47 kDa) proteins, which are not organized in a compact complex, unlike L/HA
complex. OrfX proteins share no significant identity with HAs. The main characteristic
of OrfX and P47 proteins is their content in tubular lipid-binding (TULIP)-like domains.
OrfX2 consists of two main domains, OrfX2-N and OrfX2-C. OrfX2-C, OrfX3, and P47 are
elongated molecules containing three domains. The N- and C-terminal domains retain a
TULIP-fold domain flanking a central 3-sheet domain. OrfX2-N and OrfX1 consist of only
one TULIP-like domain. OrfX1 interacts with OrfX3-N through polar and hydrophobic
bonds. The OrfX1-OrfX3 complex shares a similar structure with that of OrfX2, in which
OrfX1 mimics OrfX2-N and OrfX3 resembles OrfX2-C. While the two N-terminal TULIP-like
domains of OrfX3 and OrfX2-C share a highly similar structure, their two C-terminal TULIP-
like domains are more distantly related. Moreover, OrfX3 forms a homodimer through
interaction between their C-terminal domains. Thus, OrfX3 linked to OrfX1 assembles
in a hetero-tetrameric complex (Figure 2) [31-33]. Two OrfX2-C bind to NTNH via their
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N-terminal domains, leading to a BONT-NTNH-OrfX2-C complex [34]. It is not yet clear
whether OrfX3 and P47 associate with BONT-NTNH-OrfX2-C to form a larger complex.

Interestingly, the orfX-p47 cluster is widespread in non-clostridial species including
Gram-positive and Gram-negative bacteria. In these bacteria, the orfx-p47 cluster is located
in the vicinity of genes encoding insecticidal toxins or other putative toxins, indicating that
OrfX and p47 play a more general role than to specifically interact with BoNTs [35].

3. Botulinum Neurotoxin Passage Through the Intestinal Barrier

Botulism can be acquired from ingestion of BONT preformed in food (food-borne
botulism), intestinal colonization by Clostridium botulinum with BONT production in the
digestive tract (infant botulism, adult intestinal botulism), more rarely from wound con-
tamination as in tetanus, toxin inhalation, and from cosmetic or therapeutic BoNT injection
(iatrogenic botulism). In the majority of naturally acquired botulism cases, the initial and
critical step is the BONT passage through the intestinal barrier. Based on epidemiological
investigations of botulism cases, the lethal dose of BONT/A in humans is estimated to be
1 ug/kg by the oral route and 1-2 ng/kg by parenteral injection [36,37]. Thus, only a
fraction of BoNT (about 0.1%) is transported through the intestinal epithelium, unless
BoNT is partially degraded in the digestive tract. In experimental animals, the oral ad-
ministration of the largest sizes of BONT complexes correlates with the highest toxicity
compared to pure BoNT (reviewed in [38]), supporting a protection role of the non-toxic
associated proteins, notably NTNH, against digestive proteases [14], and possibly a role in
the transport of BONT through the intestinal epithelium. Furthermore, the toxin recovery
rate in the lymph after intraduodenal administration of BONT/A or BoNT/B complexes
in rat was 0.01 to 0.1% [39,40]. Thus, BoNTs are poorly effective toxins to cross epithelial /
endothelial barriers.

In the in vitro model of intestinal epithelial cells grown on filters, the passage of
BoNT/A from apical to basolateral site is also very low (less than 1%). BoNT alone, without
the help of ANTP, undergoes a receptor-mediated transcytosis through intestinal epithe-
lial cells. Gangliosides GD1a/GD1b/GT1b seem to be the main BoNT/A and BoNT/B
receptors on intestinal epithelial plasma membrane, without the requirement of a protein
part receptor. As found for BONT/A and BoNT/B, BoNTs enter intestinal cells via a non-
clathrin-dependent pathway mediated by the small GTPase CDC42 and transit through
non-acidified vesicles. Thereby, whole and fully active BoNTs are delivered through the
basolateral side [41,42]. Investigations in mouse intestinal loop further support that the Hc
domain of BONT/A and BoNT/B drives the toxin passage through the intestinal epithelial
barrier via a receptor-mediated transcytosis. Gangliosides of the GD1b/GT1b series, but
not GM1, likely constitute the main BoNT receptors on intestinal mucosa. Only a subset of
intestinal epithelial cells which still remain unidentified facilitate the toxin crossing through
the intestinal barrier. In addition, BONT/A likely transits through neuroendocrine intestinal
crypt cells. In the intestinal mucosa, BONT/A and BoNT/B target neuronal structures,
preferentially cholinergic neurons, and to a lower extent other neurons such as serotonergic
neurons and VIP (vasoactive intestinal peptide)-immunoreactive neurons [43—45].

L/HA complexes enhance the BONT passage through the intestinal barrier by increas-
ing the intestinal permeability. HAs bind to intestinal mucosa. HA70 and HA33 retain
carbohydrate-binding sites with different specificities. HA70 preferentially recognizes
sialyllactose and with lower affinity N-acetylneuraminic acid, while HA33 interacts with
carbohydrates such as galactose, lactose, and acetyllactosamine [21,46,47]. The whole HA
complex provides stronger binding activity than the individual HA components [46]. The
multiple carbohydrate-binding sites of HA33 and HA70 mediate the HA complex to intesti-
nal cell microvilli, whereas NTNH of type A do not [46,47]. However, NTNH from types
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C and D have been reported to bind to intestinal cells of human or rodent origin [48-50].
More recently, HA33 of type A strains such as A-62A was found to bind to fucosylated
glycans, while HA33 of type B strain Okra, which is hyper-oral-toxic, did not. His281 in
HAZ33 of A-62A is the major determinant for fucose binding and is replaced by an Asn in
HAZ33 of B-Okra. Fucose is a major component of glycoproteins, such as those from mucin
of the mucus layer which covers the intestinal epithelium. Thus, in contrast to type A-62A
L/HA complex, which is trapped in the mucus layer, the type B-Okra L/HA complex
has access to and enters epithelial intestinal cells, supporting its high oral toxicity [51,52].
Toxin crossing of the mucus layer is the first step in foodborne intoxication. Intestinal
mucin fucosylation is mediated by enzyme FUT2, which adds an L-fucose to O-glycans.
About 20% of persons carry a non-functional FUT2 (called “non-secretors”) and are more
susceptible to certain intestinal disorders, such as Crohn’s disease, as well as more resistant
to other intestinal pathogens (norovirus, rotavirus, Helicobacter pylori, Vibrio cholerae, and
enterotoxigenic Escherichia coli) [51,53,54]. FUT2 polymorphism is possibly a susceptibility
factor for foodborne botulism. “Secretor” persons could be more resistant to BONT/A or B
associated with A-62A L/HA type. Interestingly, C. botulinum B4, which produces HAs
with the A-62A profile [51], is prevalent in human botulism after consumption of pork
products, such as in France [55,56]. Pigs are frequent healthy carriers of C. botulinum B and
rarely develop clinical botulism [57]. The high affinity binding of type B4 L/HA to pig
gastric mucin [51] might contribute to pig healthy carriage. Interaction of type B4 L/HA
with human mucin remains to be investigated.

Moreover, the whole HA complex, but not the dissociated HA components, binds
to E-cadherin on the basolateral side of intestinal epithelial cells. The C-terminal part of
HA?70 and to a lower extent HA33 and HA17 have an essential role in E-cadherin binding.
The E-cadherin binding sites on HA complex are distinct from those involved in acid
sialic/carbohydrate interactions [58,59]. Binding of HA complex to E-cadherin leads to a
disassembly of E-cadherin interactions in the adherens junctions as well as disorganization
of the tight junctions which facilitate BONT passage through the intestinal barrier by the
paracellular pathway [21,59,60]. HA complexes from different C. botulinum types show
distinct host specificity. Type A and type B HA complexes disrupt human, bovine, and
mouse intestinal epithelium integrity, while type C HA complex does not interact with
human E-cadherin but adheres to intestinal cells of susceptible animals and alters, for
example, rat intestinal cell barrier. Type B HA complex is inactive on rat or chicken epithe-
lial cells [61-63]. These different HA complex specificities are related, at least partially, to
distinct HA33 binding features. Type C HA33 binds to lactose with an about seven-fold
lower affinity than type B HA33 and interacts with N-acetylneuraminic acid, in contrast
to types A and B HA33 [64]. The host specificity of the HA complexes from the different
C. botulinum types accounts, at least in part, for the occurrence of botulism types in human
and animal species. For example, botulism type A and B are prevalent in humans, while
botulism type C and D are extremely rare [57]. How does HA complex migrate through
the intestinal barrier to target E-cadherin on the basolateral side of intestinal epithelial
cells? It has been proposed that HA complex translocates through the microfold (M)
cells. Indeed, type A HA complex recognizes the glycoprotein 2 (GP2) on M cells [65].
However, BoNT is mainly absorbed from the upper small intestine [66,67], whereas
M cells are mostly distributed in the distal part of the small intestine. Moreover, the
passage of type A L/HA complex was similar through intestinal cell monolayers con-
taining or not containing M-like cells [42]. Alternatively, HA complex might undergo
transcytosis through intestinal epithelial cells [59,61] (Figure 4). It is noteworthy that most
of BoNT is likely dissociated from ANTPs in the intestinal content since the pH is usually
neutral or slightly alkaline, at least in long intestinal parts (pH in human small intestine
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7.4-7.5 [68] or 6.4-8.2 [69], bovine pH > 6.5 [70], and bird pH 6.2-7.4 [71]). In contrast, the
intestinal pH of species in which orally acquired botulism is extremely rare is lower (rat,
mouse pH < 6.5, pig pH 6.1-6.7) [72,73]. Thus, the intestinal pH seems to be an important
factor on the stability of BONT complexes and subsequent BoNT absorption through the
digestive barrier and should be further investigated.

L/HA (BoNT-NTNH-HAs) complex | | L/OriX (BoNT-NTNH-OriX) complex |

disruption of
E-cadherin

intercellular
junctions
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M, ; * )
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A *‘% AR ;';'@’
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BoNTs from L/HA
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pathway non-acidic vesicles by undetermined mechanism

Figure 4. Schematic representation of the modes of BoNT passage through the intestinal barrier.
BoNT alone can transcytose through intestinal cells, but with low efficiency. HA complex transcy-
toses through M cells or other undefined cells, binds to intestinal epithelial basolateral side, and
disorganizes E-cadherin intercellular junctions, thus allowing BoNT passage via the paracellular way.
OrfX proteins facilitate the intestinal absorption of BoNT through a yet undetermined mechanism.
Mucin fucosylation traps BONT/A or BONT/B associated with type A-62A HAs in the mucus layer
preventing access to intestinal cells.

More recently, the role of L/OrfX in the intestinal absorption of BoNT has been
investigated. Oral toxicity of botulinum E complex lacking or containing mutated OrfX/P47
proteins was 40- to 90-fold lower compared to wild type botulinum E complex, while the
toxicity by intraperitoneal route was similar with both wild type and altered botulinum
E complexes. Thus, OrfX /P47 proteins show a specific role in the oral toxicity of BONT
by enhancing the toxin passage through the intestinal barrier. It is noteworthy that in the
absence of functional OrfX /P47 proteins, sufficient amount of BONT/E passed through the
intestinal barrier and caused the death, supporting that BoNT is able by itself to cross the
intestinal epithelium albeit with a low efficiency [34] (Figure 4).

OrfX1 and OrfX2-N are sensitive to protease digestion and are degraded in the intesti-
nal content, while OrfX2-C, OrfX3, and P47 are resistant. OrfX1 and OrfX2-N are likely
chaperone proteins involved in the protection of OrfX2-C and OrfX3, respectively. Upon
degradation of OrfX2-N, two OrfX2-C molecules bind to NTNH, forming the complex
BoNT/E-NTNH-OrfX2-C (Figure 2). It is not yet clear whether OrfX3 and P47 structurally
assemble with M complex. The four OrfX /P47 proteins are required for full oral toxicity.
The TULIP domains of OrfX2-C, OrfX3, and P47 which are known to interact with lipids
might drive BoNT absorption through the intestinal barrier by a yet unidentified mecha-
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nism [34]. The related OrfXs/P47 proteins in non-BoNT-producing bacteria possibly form
a similar machinery for intestinal absorption of toxins or other proteins [34,35].

4. Neuronal Cell Surface Receptors of Botulinum Neurotoxins

A hallmark of clostridial neurotoxins is their specific interaction with certain neuronal
cell types. A double receptor model, including a ganglioside and a membrane protein,
has been proposed for BONT and TeNT neuronal receptors [74,75]. Ganglioside-binding
site and protein-binding site are distinct and are localized on the HCC domain of the
clostridial neurotoxins.

BoNTs bind preferentially to GT1b, GD1b, and GD1a, and TeNT to GT1b, GD1b, and
GQI1b, with varying affinities. The ganglioside-binding site containing the core motif SXWY
is conserved on the tip of the HCC¢c domain of TeNT and BoNTs, except in BoNT/C and
BoNT/D. TeNT shows an additional ganglioside-binding site with R1226 as key residue,
which interacts with sialic acid (Figure 1) [1,76,77]. Thus, ganglioside binding confers
a high TeNT affinity for neuronal membrane [78]. A lipid-binding loop is particularly
developed between the ganglioside- and protein receptor-binding sites in BoNT/B, DC,
and G. The lipid-binding loop contributes to toxin interaction with neuronal membrane in
a ganglioside-independent manner, as shown in BoNT/DC [79,80].

The protein part of BONT receptors includes the synaptic vesicle proteins 2 (5V2s)
for BONT/A, E and F, and synaptotagmin (Syt) for BONT/B, DC, and G. Albeit SV2
is required for the entry of BoNT/D into neuronal cells, no direct interaction between
BoNT/D with SV2 has been shown [1,77]. SV2 belongs to the transmembrane transporter
family and is expressed in neuronal and endocrine cells. SV2 is a 73 kDa protein harboring
twelve trans-membrane domains, six luminal loops, including a large luminal loop (domain
4 or LD4) with three N-glycosylation sites, and a long cytoplasmic N-terminal domain.
Three isoforms, SV2A, SV2B, and SV2C, have been identified. SV2s are important regulators
of the Ca*™*-dependent exocytosis. However, the multifunctions of SV2s are not yet clearly
defined [81,82]. Syt is a 65 kDa protein anchored in the synaptic vesicle membrane which
triggers the neuroexocytosis upon binding to Ca**. Syt contains a single membrane-
spanning domain, a short luminal domain, and two cytoplasmic Ca** sensing domains (C2
domains) (Figure 5) [83].

BoNT/A binds to the luminal domain 4 (LD4) of SV2A, SV2B, and with higher
affinity to that of SV2C, whereas BoNT/E interacts with SV2A and SV2B, but not with
SV2C. The binding site of SV2C-LD4, which forms a quadrilateral 3-helix containing pen-
tapeptide repeats, is located in the interface between HCCy and HCC¢ subdomains of
BoNT/A [84-86] (Figures 1 and 5). In contrast to BONT/A, BONT/E uses two distinct
SV2A-LD4-binding sites, a protein—protein-binding site localized in HCC¢, which is in a
more closely related position than the Syt-binding site in BONT/B, and a glycan-binding
site in the HCCy subdomain [87,88]. BONT/E interacts with the side of the quadrilateral
helical bundle of SV2A-LD4, while BONT/ A recognizes the open edge of the SV2C-LD4
structure [87].

Recognition of carbohydrate motifs plays a determinant role in the specific interac-
tion of BoNTs with their neuronal receptors. Indeed, the glycan moiety determines the
BoNT specificity to gangliosides. Notably, the terminal trisaccharide motif of ganglioside
is essential for the specific interaction with BoNTs [89,90]. Thus, BONTA1, A2, B, E, and
F bind with high affinity to gangliosides containing these oligosaccharides linked to N-
acetylneuraminic acid (GT1b, GD1a) and poorly to gangliosides lacking these terminal
sugars (GD1b, GM1a) [89]. Moreover, carbohydrate recognition is also involved in BONT
interaction with its receptor protein part. In addition to peptide—peptide interaction, the
recognition of glycosylated Asp559 (N559 glycan) in the luminal domain of SV2A, SV2B,
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and SV2C confers higher binding affinity to BONT/A. The residues involved in glycan
interaction are conserved in all BONT/A subtypes except in BoONT/A4 (Arg at position
1292 instead of Gly), and thus BoNT/ A4 retains a very low biological activity [91-93]. SV2
glycosylation plays also a crucial role in binding to BoONT/E, which only interacts with gly-
cosylated SV2A and SV2B, but not with the unglycosylated isoforms [88,94]. Glycosylation
at N573 in SV2A-LD4, which is equivalent to SV2C N559 glycan, is essential for BONT/E
entry into neuronal cells [94]. The SV2A-N573 glycan-binding site in the HCCyy subdomain
of BoNT/E is distant from the protein—protein interaction site in the HCC¢ subdomain,
whereas in BONT/ A, both glycan- and protein-binding sites of SV2C are closely localized in
the HCCN-HCC interface. The glycan recognition likely contributes to the discrimination
of SV2 isoforms by BONT/A and BoNT/E.

A BONT/B pdb 1EPW

HCCy-HCC,
interface

Figure 5. Interaction of BONT with neuronal cell surface receptor(s). (A) BoNT/B binds to ganglioside
GD1a through its ganglioside-binding site in the HCC domain and to synaptotagmin (Syt) preassem-
bled with GT1b through the Syt binding site, adjacent to the ganglioside binding site in the HCC¢
domain. (B) BoONT/A binds to ganglioside preassembled with Syt-I through the ganglioside-binding
site on the tip of HCC¢ domain and to the luminal domain LD4 of the vesicular synaptic protein 2
(SV2) via the binding site at the interface of HCCy and HCCc. The figures were produced with the
program CN3D.
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The binding site to Syt luminal domain, which is a short «-helix, has been mapped
in the HCC¢ domains of BONT/B, DC, and G upstream of the lipid-binding site, which
includes the segment K1192-F1204 in BoNT/B, and the ganglioside-binding site on the
tip of HCCc (Figure 1). BONT/B and DC use Syt-II and to a lesser extent Syt-I as protein
part receptor, whereas BoNT/G displays similar affinities to both Syt-I and Syt-II. The
Syt-binding pocket of BONT/DC is closely related to those of BONT/B and G, but in a
different orientation [77,95-97]. Sequence variation in the Syt luminal domain induces
different species specificity of BONT/B, DC, and G. In contrast to rat and mouse Syt-II,
human and chimpanzee Syt-II shows a lower binding affinity for BONT/B and BoNT/G
due to a unique mutation in Syt-II luminal domain (Leu51 in human Syt-II instead of the
corresponding Phe54 in mouse Syt-II) [98]. This partially accounts for the weaker type
B botulism symptoms and lower efficiency of therapeutic BONT/B in humans compared
to BoNT/A. Furthermore, BONT/DC retains the highest affinity for bovine Syt-II and
no detectable binding to human Syt-II, in agreement with the prevalence of botulism
DC in cattle, whereas this type of botulism has not been reported in humans [99]. Syt-I
and Syt-II are homologous proteins, but with different distribution in neuron types [100].
Syt-1 is widely distributed in brain neurons, notably in forebrain, and in autonomic and
sensory neuron endings, whereas Syt-II is dominant in brain caudal areas and in peripheral
motoneurons [101-103]. Based on knockin mouse mutants, Syt-I is the major BONT/B
receptor on autonomic neurons controlling smooth muscles such as those in bladder,
and Syt-II is predominant at the skeletal neuromuscular junctions [104]. This correlates
with human botulism type B, which is characterized by a predominance of dysautonomic
symptoms [105,106].

In contrast to BONT/A, glycosylation is not required for BONT/B interaction with
the Syt luminal domain. Gangliosides, preferentially GT1b and GD1a, enhance BoNT/B
binding to Syt-I and Syt-1I, allowing the toxin entry into neuronal cells. Moreover, the
function of Syt-I as BONT/B receptor is strictly dependent on gangliosides [74-77]. Indeed,
BoNT/B binding to Syt-I or GT1b alone in membrane context was observed, but only
when both Syt-I and GT1b are included [107,108]. Thus, high BoNT/B affinity receptor
consists of Syt-I or Syt-II associated with gangliosides. A glycosphingolipid-binding
site has been identified in the extracellular juxtamembrane domain of Syt-I and Syt-II,
which overlaps for the most part with the BONT/B binding site. GT1b interacts with
the glycosphingolipid-binding domain of Syt-I and Syt-1I, with a similar affinity constant
through hydrophobic residues. Thereby, preassembled GT1b-Syt constitutes the high
affinity receptor recognized by BoNT/B [108,109]. The main effect of GT1b binding to
Syt is the transition of the Syt extracellular domain from a random structure to an «-
helix, which is required for BONT/B binding to Syt. Additionally, GT1b might induce an
electrostatic attraction and stabilization of the receptor [108]. As glycans are important in
BoNT neuronal specificity, ganglioside glycan might compensate the absence of glycan in
the Syt luminal domain. As mentioned above, BONT/B contains two receptor-binding sites
(GT1b and Syt binding sites), closely located but not overlapping on the toxin HCC tip,
thus enabling their concomitant interaction with their corresponding residues on BoNT/B
receptor, which is constituted of a unique ganglioside-Syt complex. A lipid-binding loop
between the two binding sites strengthens the toxin interaction with membrane lipids
through hydrophobic interactions. BoNT/DC only recognizes sialic acids but not the
carbohydrates of gangliosides, thus allowing the interaction with a broad range of acid
sialic-containing molecules. The specificity and robust binding of BONT/DC to target
neuron membranes are further achieved by the loop-membrane interaction and by binding
to Syt [80]. It is noteworthy that the lipid-binding loop is particularly developed in BONT/B,
DC, and G, which share Syt as protein receptor [79]. A lipid-binding loop is also present
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in BoNT/C, D, and TeNT, which exhibit two carbohydrate-/ganglioside-binding sites
having a main role in toxin-neuronal membrane interaction [110-113]. In contrast, the
lipid-binding loop is not present or is weakly developed in BoONT/A, E, and F, which
interact with glycosylated SV2 proteins, supporting that binding to protein-linked glycan
ensures sufficient toxin-membrane interaction without requirement of an additional lipid-
binding structure.

BoNT/ A entry into neuronal cells has been further investigated. In addition to ganglio-
sides and glycosylated SV2, BONT/ A requires Syt-I for endocytosis into synaptic vesicles,
despite no BoONT/A direct binding to Syt-1. Using rat primary neuronal cells and derivative
cells with gene knockdown by CRISPR (lentiviral clustered regularly interspaced short
palindromic repeats) technology, as well as live-cell super-resolution imaging, BONT/A
binds to ganglioside and SV2A, forming nanoclusters on the plasma membrane with
restricted lateral mobility, whereas SV2A alone is mobile. Albeit BoONT/A binds to gan-
glioside or SV2 alone on plasma membrane, the toxin is not engaged in endocytosis. Both
gangliosides and SV2 are required for binding to plasma membrane and subsequent endo-
cytosis into synaptic vesicles. Syt-I co-clusters with BONT/A-ganglioside-SV2 and Syt-I
knockdown prevents BONT/A endocytosis and its further neurotransmission blockade.
Thereby, BONT/ A binds concomitantly to the preassembled ganglioside (GT1b, GD1a)-Syt-I
complex and to SV2 on the plasma membrane, promoting further interaction between the
cytoplasmic domains of Syt-I and SV2. Indeed, BoNT/A binding to SV2 and ganglio-
side linked to Syt-1 brings Syt-I closer to SV2, thus facilitating their interaction (Figure 5).
The ganglioside/SV2/Syt-I machinery then triggers BONT /A uptake into synaptic vesi-
cles. SV2A interaction with Syt-I, through its cytoplasmic domains, controls SV2A-Syt-I
nanoclustering at the plasma membrane prior to recruitment in synaptic vesicles and
endocytosis. SV2A interaction with the C2 cytoplasmic domains of Syt-I, which are Ca**-
binding domains, is regulated by Ca** and SV2A phosphorylation. Thus, SV2A, which
also interplays with other partners such as adaptor protein 2 and stoning-2, regulates
synaptic vesicle recycling, but its exact mode of action remains to be defined. The same
mechanism is likely involved in the entry into neuronal cells of BONT/E and F which use
SV2 as a receptor [114-116]. It is tempting to speculate that SV2 might also play a role
in the neuronal uptake of BoNTs, which recognize Syt and/or gangliosides as receptors.
Thereby, BONT/D, for which gangliosides are the essential receptors, colocalizes with SV2
at the plasma membrane of neuronal cells. Albeit SV2 is required for BONT/D entry into
neuronal cells, no direct protein—protein binding between BoNT/D and SV2 has been
shown, indicating that SV2 is not a sensu stricto receptor for BONT/D but rather a factor
involved in its internalization process [117]. Clostridial neurotoxins likely share a general
mechanism of internalization into synaptic vesicles based on the ganglioside/SV2/Syt
machinery. It is noteworthy that clostridial neurotoxins enter not only recycling synaptic
vesicles, but also a pool of non-recyclable vesicles, which can be carriers for retrograde
transport, as shown for BONT/A [118] (see below).

Neurotoxin interaction with SV2 was further investigated with BONT/A. At neutral
pH such as in the extracellular space, BONT/A bound to the SV2 luminal domain retains
an open conformation that prevents any contact between LC and HCN with neuronal cell
membrane, while at the acidic pH (5.5) of acidified endocytic vesicles, BONT/A adopts a
semi-closed conformation that triggers the interaction of HCN and LC with the vesicular
membrane (Figure 6). The BoNT semi-closed conformation facilitates the insertion of
the HCN helices into the vesicular membrane which act as chaperone, and subsequent
translocation of LC into the cytosol. The closed conformation of BONT/E which is similar
to that of TeNT (Figure 1) likely accounts for the fast entry into neuronal cells and fast onset
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of symptoms [119]. TeNT also adopts an open conformation at neutral pH similarly to the
extended BoNT/ A structure, ad a closed conformation at acidic pH (<5.5) [120].

open conformation semi-closed conformation

pH 7 pH 5.5

BoNT/A

g 5 :

» &GS  sv2intracellular
> 2% & domain
2568

Figure 6. SV2-bound BoNT/A conformation is pH-dependent. At neutral pH, BoNT/A bound to
the SV2 luminal domain shows an open conformation, while at pH 5.5 corresponding to acidified
endocytic vesicles, BONT/A moves to a semi-closed conformation facilitating the interaction of HCN
and LC with the vesicular membrane and subsequent translocation of LC into the neuronal cytosol.
pdb 9E2B, 9F2Y, and 8UO9. The figures were produced with the program CN3D.

5. Intraneuronal BoNT Activity, BONT/A Versus BoNT/E

LCs are zinc-dependent metalloproteases. LC of each BoNT type and TeNT cleaves
specifically one of the three SNARE (soluble N-ethylmaleimide-sensitive-factor attachment
receptor) proteins, which include synaptobrevin (or VAMP for vesicle-associated membrane
protein), SNAP-25 (synaptosomal-associated protein), and syntaxin, thus leading to the
blockade of the neuroexocytosis machinery [1,121,122]. BONT/A and BoNT/E cleave the
same protein substrate, SNAP-25, but at different sites. BONT/ A cleaves at GIn197-Arg198
and BoNT/E at Arg180-Ile181; thus, BONT/ A releases nine C-terminal amino acids and
BoNT/E twenty-six residues. The two BoNT types greatly differ in the duration of activity.
BoNT/A has a long-lasting effect in neuronal cells, whereas BoONT/E induces a short
inhibition of neuroexocytosis. LC/A localizes at the cytosolic side of the membrane, while
LC/E remains cytosolic and is degraded by the ubiquitin-proteasome system. In contrast,
LC/A is resistant to this degradation pathway. LC/A recruits deubiquitinases, which
specifically remove polyubiquitin chains and thus prevent LC/A from proteolyze, through
the ubiquitin-proteasome pathway [2,123,124]. A C-terminal di-leucine motif was proposed
to mediate LC/A localization at the membrane [125], but an N-terminal region (amino
acids 1-17) and an «-helical rich domain (amino acids 268-357, termed low homology
domain, LHD) contribute to the plasma membrane localization of LC/A. LHD consists
of three regions—an «-helix (275-300) termed R1, loop-a-helix-loop (302-334, R2), and
oa-helix-loop-«-helix (335-357, R3). R1-R2 play the main role in LC/A localization at the
plasma membrane and R2 contributes to SNAP-25 binding [126,127]. Fast synaptic vesicle
cycling seems to mediate the LC/ Al intracellular trafficking to the plasma membrane [128].
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In addition, SNAP-25 cleavage by LC/A generates the SNAP-25 fragment 1-197,
which acts as a dominant negative factor of neuroexocytosis. Indeed, cleavage of a small
fraction (10-15%) of SNAP-25 by BoNT/A at the neuromuscular junction is sufficient to
induce paralysis [2]. SNAP-25;_197 forms a stable and inactive SNARE complex. Moreover,
SNAP-251_197 is more stable and has a long half-life in neuronal cells, longer than that of
full-length SNAP-25 or LC/A [129,130]. SNAP-251_197 represents an efficient substrate for
phosphorylation by the protein kinase C (PKC); thus, SNAP-251_;97 is highly phosphory-
lated at Ser187. Ser187-phosphorylated SNAP-25;_197 associates with the plasma membrane
with an increased affinity to syntaxin-1A. The exact mode of the dominant negative role of
Ser187-phosphorylated SNAP-25;_197 remains to be defined. Ser187 phosphorylation might
interfere with protein—protein interaction. SNAP-25;_;g) resulting from BoNT/E cleavage
does not contain Ser187 [130]. SNAP-25 cleaved by BoNT/E loses the binding to syntaxin
and dissociates from the membrane. Syntaxin is the main player of SNAP-25 retention at the
plasma membrane [131]. Thus, BONT/E cleavage of SNAP-25 destabilizes the four-helical
bundle of SNARE complex preventing its binding to membrane and subsequently blocks
the neuroexocytosis [132].

6. Neuronal Cell Receptor(s) of Tetanus Neurotoxin and Retrograde
Transport of TeNT and BoNT

While TeNT enters motor neurons like BoNTs, TeNT uses a different trafficking path-
way, including non-acidified endocytic vesicles which undergo an axonal retrograde trans-
port to CNS. Once in the CNS, TeNT enters inhibitory interneurons via an acidic route,
allowing the LC translocation into the cytosol and subsequent cleavage of VAMP and
blockade of the release of glycine and GABA. TeNT can also use cortical, sensory, and
adrenergic neurons for its routing to CNS [122,133]. However, TeNT transits mostly (~80%)
through the neuromuscular junction and motor neurons [134]. Interestingly, BONT/B is the
most related BoNT to TeNT at the amino acid sequence level, and both toxins cleave the
same intracellular target, VAMP, at the same cleavage site GIn76-Phe77. However, TeNT
and BoNT/B inhibit neurotransmitter release in distinct neuronal cells, central inhibitory
interneurons, and peripheral cholinergic endings, respectively, and recognize distinct cell
surface receptors. Thus, TeNT-dependent blockade of the inhibitory signaling leads to
an imbalance between inhibitory and excitatory afferents at the neuromuscular junction.
The deficient coordination of muscle contraction results in spastic paralysis [133]. It is
noteworthy that in local and cephalic tetanus, TeNT might be produced in high amount
in the contaminated wound. Thus, a TeNT fraction might enter neuromuscular junctions
via the acidic pathway and cleave locally VAMP leading to an initial and transient flaccid
paralysis, which is rapidly overcome by the spastic paralysis due to TeNT activity on the
CNS [135,136].

As mentioned above, TeNT contains two ganglioside-binding sites in the HCC¢
subdomain. The terminal binding site with Trp1289 (W site) as key residue is involved in
binding to lactose, which is a sugar component of ganglioside, and the binding site centered
on Argl226 (R site) interacts with sialic acid. Simultaneous binding to two ganglioside
molecules is required for high TeNT affinity binding to neuronal membrane and full activity.
Gangliosides of “b” series such as GT1b, GD1b bind tightly to the R site, and “a” series
gangliosides (GM1a, GD1a) have a higher affinity for the W site. GD2, GD3, GT3, and GT2
can bind also to the R site, and GT1b to the W site [78,137]. However, pretreatment of rat
neuronal membranes with protease reduces TeNT binding, indicating that the high affinity
TeNT receptor contains a protein part [77].

TeNT binds to nidogen-1 and nidogen-2, which are glycoproteins of the extracellular
matrix. The extracellular matrix (also called basal or basement membrane), which overlaps
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many cells and organs, such as muscle fibers, consists of the following two layers: a
felt-like basal lamina in contact with the plasma membrane, and an external fibrillar and
reticular lamina, the main components of which are collagen and the glycoprotein laminin.
The synaptic cleft of neuromuscular junction is filled with the basal lamina containing
collagens, fibronectins, laminins, nidogen, and perlecan as main components [138,139].
Nidogens (nidogen-1 and nidogen-2 in vertebrates) are glycoproteins with three globular
domains which bind to a wide range of partners such as laminin, collagen, perlecan, and
fibulin. They play a key role as adapter proteins in the organization of the extracellular
matrix. Nidogens stabilize the laminin/collagen networks and are notably involved in
the development and survival of peripheral nerves and muscles [140-142]. Nidogen-2
is particularly enriched in the basal lamina of neuromuscular junctions. It is supported
that TeNT interacts with the N1 domain of nidogen through its R site. Since the R site is
also involved in ganglioside binding, it is not yet clear whether nidogen and gangliosides
bind to the R site simultaneously or sequentially. TeNT bound to nidogen interacts with
the cell surface LAR (leucocyte common antigen-related protein) and PTPRS (protein
tyrosine phosphatase receptor 8) of the receptor-type protein tyrosine phosphatases (RPTP)
family, which belongs to the transmembrane receptor-like protein tyrosine phosphatases.
Thus, LAR and PTPR® are transmembrane proteins which act as neuronal receptors for
TeNT [143]. Moreover, LAR and PTPR$ contribute to the formation and organization of
synapses [144]. Phosphatase activity of LAR and PTPR® regulates signaling molecules such
as phosphorylation of TrkB (tropomyosin receptor kinase B or tyrosine receptor kinase
B) and BDNF (brain-derived neurotrophic factor). However, TeNT-nidogen binding to
LAR is independent of LAR phosphatase activity [143]. The TeNT-nidogen-gangliosides
complex is driven through LAR and PTPRS in the retrograde axonal route containing
the TrkB and p75NTR (P75 neurotrophic receptor) neurotrophin receptors and thus avoids
the synaptic vesicle recycling with entry into acidified vesicles [145,146]. TeNT binds to
gangliosides in membrane lipid microdomains and enters motor neurons via a specialized
clathrin pathway, which is independent from the synaptic vesicle recycling and dependent
on dynamin and the accessory proteins AP-2 and AP180 [147]. LAR is also localized in
membrane lipid microdomains with caveolin, likely with TeNT [148,149]. Caveolin is an
essential component of caveolae, which are endosomes with neutral pH distinct from
clathrin endosomes and which are mainly involved in the internalization of membrane
components enriched in lipid microdomains [150,151]. The intracellular compartment
used for TeNT retrograde transport remains to be refined. TeNT enters tubules and bright
vesicles which share a similar bright appearance with caveolae. However, TeNT uptake
requires the adaptor proteins of the clathrin pathway, AP-2 and AP180, but not epsinl,
indicating that TeNT might use a particular clathrin pathway. Interestingly, the ganglioside
GD1b associates with TeNT at the neuronal surface and it is no longer detected in the TeNT-
containing intracellular compartment [147,152]. Gangliosides seem to only be required
for the specific TeNT binding at the neuronal surface, and not for the TeNT intracellular
transport. RPTPs have multiple functions, including the recruitment of synaptic vesicles
to the active zone and endosome signaling to the retrograde transport machinery [153].
Thus, TeNT gains access to Rab5 early endosomes. Then, Rab5 is exchanged with Rab?7,
a marker of late endosome, which is required for fast retrograde axonal transport [154].
Thereby, TeNT uses the neurotrophin microtubule-based transport in nonacidic vesicles
containing TrkB and p75NTR and the motor molecules, dynein and kinesin [133,145,155].
In the central nervous system, the whole TeNT is delivered to the extracellular space and
enters the final target neurons, which are inhibitory interneurons involved in the regulation
of motor neuron activity.
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TeNT entry into central interneurons is ganglioside- and SV2-dependent. Indeed,
TeNT binds to SV2A and SV2B, but not to SV2C. TeNT interaction with SV2A is different
from that of BONT/A and BoNT/E with SV2. SV2A binding site is located in the center of
TeNT HCCc (Ser1156-Arg1168) and interacts with the N-terminal part of the SV2A LD4
domain. The TeNT segment Ser1156-Arg1168 forms a 3-hairpin which interacts with the
N-terminal 3-strand of SV2 LD4 (3-helix, while BONT/A and BoNT/E bind to glycosylated
LD4 C-terminal (3-strand (Figure 7). Similarly to TeNT, the SV2 binding site is located
in the HCC¢ center of BoNT/E, while BoONT/A uses the interface between HCCy and
HCCc to interact with SV2. Both SV2 LD4 protein part and N-glycan are recognized by
the BoNT/ A interface between the two HCC subdomains. These structural investigations
corroborate the observations that BONT/A HCCy contributes to high-affinity binding
to neuronal receptor [156] and that both HCCy and HCC subdomains are required to
induce neutralizing antibodies against BONT /A [157]. BoNT/E shows a different mode
of interaction with SV2. In addition to protein—protein interaction between HCCc and
SV2 LD4 C-terminal -strands, BONT/E recognizes the glycan part by a distinct site in
HCCy. Indeed, Asn573 glycan extends towards a hydrophobic pocket in the HCCy; do-
main. In contrast to BONT/A and BoNT/E, TeNT binding to SV2A or SV2B requires
no glycosylation of SV2. However, TeNT interacts with sugars of gangliosides bound to
R and W sites, which are close to the SV2 binding site. As discussed above, Syts and
gangliosides are interconnected, as well as SV2s and Syts, through their cytoplasmic do-
mains. Thereby, the SV2s-Syts-gangliosides complex constitutes specific and high-affinity
receptors for clostridial neurotoxins on target neuronal cells [85,87,94,158-160] (Figure 7).
SV2A is widespread in the central nervous system, notably in the brain, and only in a
subset of motor neurons, whereas SV2B and to a lower extent SV2C are localized in re-
stricted areas of the brain. In contrast, the isoforms SV2C and SV2B, which are the targets
of BONT/A and BoNT/E, are expressed in all motor neurons, and SV2A is confined to
only slow motor neurons [82,161]. The preferential targeting of SV2A by TeNT supports
its main activity in the central nervous system. The extracellular matrix of the central
nervous system forming the perineuronal nets is characterized by the predominance of
nonfibrous components such as glycoseaminoglycans (hyaluronic acid, heparan sulfate,
and chondroitin) and proteoglycans such as perlecan, nidogen, and low amounts of fi-
brous glycoproteins (laminin, fibronectin, and tenascins) [162,163]. It is not yet defined
whether TeNT uses nidogen in the extracellular matrix of the perineural net to enter the
inhibitory interneurons.

TeNT enters inhibitory interneurons via acidified vesicles leading to the translocation
of the LC chain into the cytosol. LC delivery into the cytosol is achieved by reduction of
the disulfide bond between LC and HC with the cellular thioredoxin—thioredoxin reduc-
tase system [164,165]. Subsequently, TeNT LC cleaves VAMP. Thus, TeNT uses SV2 and
gangliosides for entry into the vesicular acidic pathway of central interneurons.

BoNTs have also been shown to undergo a retrograde axonal trafficking until the
central nervous system, albeit to a lower efficiency compared to TeNT. Using fluorescent
full-length BONT/A and BoNT/E, as well as their corresponding HC domains in cultured
motor neurons, Schiavo et al. showed that a fraction of BONT enters motor neurons via
non-acidified compartments and undergo axonal retrograde transport. Thus, BONT HC
domains like TeNT HC retain the addressing sites for the sorting in the retrograde transport
pathway. Colocalization of BONT/A or BONT/E HC with TeNT HC indicates that BONT
uses similar transport vesicles labeled with p75NTR. Interestingly, the speed of BONT
retrograde transport is similar to that of TeNT (average speed 0.8 um/s) [166]. BoONT/A
has been found to bind with high affinity to the fibroblast growth factor receptor 3 (FGFR3),
which is expressed in motor neuron terminals and to induce FGFR3 dimerization and
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uptake in neuronal cells under resting and stimulated conditions [167,168]. BONT/A might
exploit the FGFR3 endocytic pathway to enter a non-acidified compartment and undergo
the retrograde transport [169]. Alternatively, BONT/A retrograde transport might be
mediated by autophagosomes, which are acidified compartments upregulated by neuronal
stimulation [170]. However, the signaling molecules and receptors used for BONT sorting
into the retrograde pathway remain to be further determined.

BoNT retrograde transport has also been demonstrated in in vivo models. BONT/A
activity was monitored by the sensitive detection method of SNAP-25 cleavage. BONT/A in-
jection into the superior colliculus of rat, a brain area which controls the eye movements and
contains neurons connected to retinal neurons, induced cleaved SNAP-25 in the ipsilateral
retinal cells at day 1 and in the contralateral retina three days later, albeit to a lower extent.
Section of the optic nerve or administration of colchicine, which inhibits tubulin polymer-
ization, prevents the BONT/A activity in the contralateral retina, supporting a BoNT/A
retrograde and transsynaptic transport [171,172]. Moreover, following BoNT/ A injection
into the limb muscle, cleaved SNAP-25 was detected in the ipsilateral and contralateral
spinal cord areas, and paralysis was recorded not only in the ipsilateral but also in the con-
tralateral limb [173-175]. This further highlights that BoNT can traffic from neuromuscular
junction to CNS, with wider spreading of BONT/A1 than BoNT/A2 in the spinal cord [174].
Similarly to TeNT, BONT/A is, at least partially, retrogradely transported to the CNS, after
which the full length neurotoxin is released from motor neuron and enters preferentially
cholinergic central neurons, whereas TeNT targets inhibitory interneurons [176]. Further
evidence of BoNT retrograde and transsynaptic transport was provided by using com-
partmentalized microfluidic devices where BONT/A, BoNT/D, as well as TeNT undergo
transcytosis and interneuronal transfer [177]. In addition, radiolabeled BoNT/A injected
into the rat bladder is detected in the respective lumbosacral spinal cord segment and
dorsal root ganglia, indicating a BONT transport through sympathetic neurons and transfer
to sensory neurons, leading to changes in sensory, sympathetic, and cholinergic markers
involved in the control of bladder function [178,179]. Numerous clinical observations show
that the beneficial therapeutic effects of BONT/A, which is the BoNT type most used in
medical applications, result not only from the toxin activity at the neuromuscular junctions
but also from central effects. The following two main therapeutic outcomes support a
contribution of BoNT central effects: movement disorder recovery and pain modulation.
Dystonia and spasticity are characterized by involuntary and impaired movements, spasms,
and abnormal posturing and result from hyperactivity and intermittent contractions of
certain muscles associated with disordered sensorimotor control. Intramuscular injection
of BoONT/A induces local and distant effects in non-injected muscles, such as motricity
reduction in the injected agonist muscle and increased activity of the non-injected antago-
nist muscle. Alpha motor neurons innervating the neuromuscular junction (in the agonist
muscle, for example) are connected to Renshaw cells in the spinal cord which mediate
recurrent inhibition of other motor neurons (those of the antagonist muscles, for example).
A BoNT/A central effect likely resides in blocking the inhibitory control from Renshaw
cells. Thus, it is assumed that BoONT/A can modulate central circuits such as activation or
deactivation of somatosensory circuits. BoONT/A-induced changes in SNC organization
have been corroborated by electrophysiological studies [169,176,180-185]. Modulation
of central neuronal circuits by BONT/A includes also the nociceptive circuits leading to
neuropathic pain. BONT/A is used in the treatment of various chronic neuropathic pains
(migraine, amputation, peripheral nerve or spinal cord injury, painful radiculopathy, post-
stroke pain, multiple sclerosis-related pain, etc.). BONT/A antinociceptive effects were
investigated in various animal pain models. The central mechanisms of BONT/A pain relief
include inhibition of neurotransmitter release in specific sensory neurons such as TRPV1
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(transient receptor potential vanilloid type 1)-expressing neurons, reduction in microglia
activation and release of pro-inflammatory cytokines, reduction in neuroinflammation, and
modulation or reorganization of nociceptive circuits) [169,186-190]. However, the precise
modes of BONT/ A analgesic activity are still lacking.

TeNT HCC/SV2A  BoNT/A2 HCC/SV2A
pdb 9FYQ pdb 8JLF

inhibitory
interneuron

central nervous

system BoNT/E HCC/SV2A

pdb 7UIB
HCCy *

peripheral nervous axonal
system retrograde myelin

transport
dynein
kinesin

Schwan cell microtubule

Entry into neuromuscular

non-acidified junction
vesicles

Terminal
Schwan cell

basal
lamina

a <A &} nidogen
/_NWW
AChR

myofiber

1 1 1 1 1 1 1 1 1 1 1 1 1
| 1 | | 1 1 | | | | 1 |

Figure 7. Tetanus neurotoxin (TeNT) receptors and trafficking from the motor neuron to central
inhibitory interneuron. TeNT binds to nidogen (UniProt P14543) in the extracellular matrix of neuro-
muscular junction and subsequently to gangliosides, LAR (UniProt P10586), and PTPR$ (UniProt
P23468) as specific receptors on neuronal cell surface. The toxin is driven into a neutral vesicular
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pathway which retrogradely transports neurotrophic factors to the cell body in the central nervous
system. The axonal retrograde pathway uses signaling molecules such as the neurotrophin recep-
tors TrkB and p75NTR, Rab7, and motor molecules (dynein, kinesin). Whole and intact TeNT is
transcytosed in the intercellular space of the central nervous system. TeNT then enters inhibitory
interneurons through specific interaction with gangliosides and SV2A or SV2B. TeNT HCC¢ binds
to the N-terminal B-strand of the luminal domain (LD4) of SV2A, while BoNT/A and BoNT/E
interact with the glycosylated C-terminal 3-strand of the LD4 3-helix. SV2 binding site is localized
in BONT/E HCC¢ and at the interface of HCCy and HCC¢ in BoNT/A. In the target inhibitory
interneurons, TeNT is routed into an acidic vesicular pathway which mediates the translocation of LC
into the cytosol and subsequent cleavage of the intracellular target, VAMP, leading to the blockade
of neurotransmitter release. Terminal Schwann cells have a trophic function of axons and modulate
neuromuscular transmission, and Schwann cells along the axons produce myelin [191]. The figures
were produced with the CN3D program. gg, ganglioside; AChR, acetylcholine receptor.

7. Conclusions

Clostridial neurotoxins are among the most potent toxins, including bacterial, animal,
plant toxins, and toxic chemical compounds. Their extreme potency does not relate to
a hyper-toxic step of activity, but to cumulative effects of successive steps, with each of
them displaying a limited effect [3]. The first critical step consists of the toxin trafficking
in the host until the target neurons, including BoNT passage through the intestinal bar-
rier and TeNT axonal retrograde, transport to the central nervous system. As discussed,
BoNTs associate with non-toxic proteins (L/HA or L/OrfX complexes) which confer re-
sistance to acidic pH and protease degradation in the host digestive tract and facilitate
BoNT passage across the intestinal barrier. TeNT which does not form any complex with
non-toxic proteins is not stable in the digestive tract and does not induce tetanus from the
oral route. In contrast, TeNT efficiently uses motor neurons for its retrograde transport to
the central nervous system. Binding to specific receptors promotes clostridial neurotoxin
uptake and concentration to target neuronal cells, avoiding dispersion and degradation
in non-toxin active compartment of the host. High-affinity receptors of clostridial neuro-
toxins are achieved by recognition of protein and glycan domains of clustered membrane
components, including gangliosides and the synaptic vesicle proteins SV2s and Syts. TeNT
and each BoNT type interact with distinct sets of these component domains and through
different modes. Synaptic vesicle proteins drive the neurotoxins in an acidified endo-
cytic pathway mediating LC translocation into the cytosol and subsequent cleavage of a
clostridial neurotoxin-specific SNARE protein. TeNT exploits an extracellular component
(nidogen) and its corresponding membrane partners (LAR, PTPRS$) as sorting machinery
into the axonal retrograde transport at neutral pH, prior to target central interneurons in a
ganglioside-/SV2A-dependent manner. The extreme potency of clostridial neurotoxins is
further achieved by their selective intracellular activity. Albeit clostridial neurotoxins are
not super proteolytic enzymes, they cleave critical targets of the neuroexocytosis machinery.
Indeed, cleavage of only a small fraction of SNARE protein such as SNAP25 is sufficient to
block the neuroexocytose [2,130]. Moreover, only a partial muscle paralysis is sufficient to
induce muscle weakness and asphyxia [3].

Better understanding of the mode of action of clostridial neurotoxins paves the way
for development of more efficient strategies of prevention and therapy of botulism and
tetanus. Not only are clostridial toxins responsible for severe diseases but they are also
powerful therapeutic tools, notably BoNTs. Detailed knowledge of their mechanism of
action allows the engineering of novel molecules for specific applications such as recombi-
nant BoNTs with prolonged duration of action, with increased activity in humans, targeting
sensory neurons for pain treatment or non-neuronal cells, and transport of drug into the

https://doi.org/10.3390/toxins18010035


https://doi.org/10.3390/toxins18010035

Toxins 2026, 18, 35 20 of 29

central nervous system [192-198]. For example, the analysis of structural interaction of
BoNT/B with human and mouse Syt receptor led to an engineered BoNT/B with improved
activity in humans [199]. Among the pathogenicity mechanisms of neurodegenerative
diseases, which are still poorly understood, dysregulation of membrane components and
subsequent compromised signal transduction, as well as impairment of neurotrophic factor
transport, seem to be critical [200-203]. Clostridial neurotoxins represent appropriate tools
to explore organization and coordination of major membrane receptor components and
intracellular transport.
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Abbreviations

The following abbreviations are used in this manuscript

BoNT Botulinum neurotoxin
TeNT Tetanus neurotoxin
CNS Central nervous system
HA Hemagglutinin

LC Light chain

HC Heavy chain

HCN Heavy chain, N-terminal domain

HCC Heavy chain, C-terminal domain

HCCn HCC, N-subterminal domain

HCCc HCC, C-subterminal domain

NTNH  Non-toxic non-hemagglutinin

LD4 Luminal domain 4

SNARE Soluble N-ethylmaleimide-sensitive-factor attachment receptor
SNAP  Synaptosomal-associated protein

Sv2 Synaptic vesicle protein 2
SYT Synaptotagmin
LAR Leucocyte common antigen-related protein

PTPRS  Protein tyrosine phosphatase receptor o
VAMP  Vesicle-associated membrane protein

References

1.  Dong, M.; Masuyer, G.; Stenmark, P. Botulinum and Tetanus Neurotoxins. Annu. Rev. Biochem. 2019, 88, 811-837. [CrossRef]
[PubMed]

2. Pirazzini, M.; Rossetto, O.; Eleopra, R.; Montecucco, C. Botulinum Neurotoxins: Biology, Pharmacology, and Toxicology. Pharmacol.
Rev. 2017, 69, 200-235. [CrossRef]

3. Poulain, B,; Popoff, M.R. Why Are Botulinum Neurotoxin-Producing Bacteria So Diverse and Botulinum Neurotoxins So Toxic?
Toxins 2019, 11, 34. [CrossRef] [PubMed]

4. Barash, J.R,; Arnon, S.S. A Novel Strain of Clostridium Botulinum That Produces Type B and Type H Botulinum Toxins. J. Infect.
Dis. 2014, 209, 183-191. [CrossRef] [PubMed]

5. Dover, N,; Barash, ].R.; Hill, KK; Xie, G.; Arnon, S.S. Molecular Characterization of a Novel Botulinum Neurotoxin Type H Gene.
J. Infect. Dis. 2014, 209, 192-202. [CrossRef]

6. Kalb, S.R; Baudys, J.; Raphael, B.H.; Dykes, ] K.; Laquez, C.; Maslanka, S.E.; Barr, J.R. Functional Characterization of Botulinum

Neurotoxin Serotype H as a Hybrid of Known Serotypes F and A (BoNT F/A). Anal. Chem. 2015, 87, 3911-3917. [CrossRef]

https:/ /doi.org/10.3390/toxins18010035


https://doi.org/10.1146/annurev-biochem-013118-111654
https://www.ncbi.nlm.nih.gov/pubmed/30388027
https://doi.org/10.1124/pr.116.012658
https://doi.org/10.3390/toxins11010034
https://www.ncbi.nlm.nih.gov/pubmed/30641949
https://doi.org/10.1093/infdis/jit449
https://www.ncbi.nlm.nih.gov/pubmed/24106296
https://doi.org/10.1093/infdis/jit450
https://doi.org/10.1021/ac504716v
https://doi.org/10.3390/toxins18010035

Toxins 2026, 18, 35 21 of 29

10.

11.

12.

13.
14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Hill, KK.; Smith, T.J. Genetic Diversity within Clostridium Botulinum Serotypes, Botulinum Neurotoxin Gene Clusters and Toxin
Subtypes. In Botulinum Neurotoxins; Springer: New York, NY, USA, 2012; Volume 364, pp. 1-20. [CrossRef]

Peck, M.W,; Smith, T.].; Anniballi, E.; Austin, ].W.; Bano, L.; Bradshaw, M.; Cuervo, P; Cheng, L.W.; Derman, Y.; Dorner, B.G.; et al.
Historical Perspectives and Guidelines for Botulinum Neurotoxin Subtype Nomenclature. Toxins 2017, 9, 38. [CrossRef]
Chapeton-Montes, D.; Plourde, L.; Bouchier, C.; Ma, L.; Diancourt, L.; Criscuolo, A.; Popoff, M.R.; Briiggemann, H. The Population
Structure of Clostridium Tetani Deduced from Its Pan-Genome. Sci. Rep. 2019, 9, 11220. [CrossRef]

Hodgins, H.P.; Chen, P.; Lobb, B.; Wei, X.; Tremblay, B.].M.; Mansfield, M.].; Lee, V.C.Y.; Lee, P.-G.; Coffin, J.; Duggan, A.T.; et al.
Ancient Clostridium DNA and Variants of Tetanus Neurotoxins Associated with Human Archaeological Remains. Nat. Commun.
2023, 14, 5475. [CrossRef]

Kumaran, D.; Eswaramoorthy, S.; Furey, W.; Navaza, J.; Sax, M.; Swaminathan, S. Domain Organization in Clostridium Botulinum
Neurotoxin Type E Is Unique: Its Implication in Faster Translocation. J. Mol. Biol. 2009, 386, 233-245. [CrossRef]

Swaminathan, S. Molecular Structures and Functional Relationships in Clostridial Neurotoxins. FEBS . 2011, 278, 4467-4485.
[CrossRef]

Gao, L.; Jin, R. NTNH Protein: More than a Bodyguard for Botulinum Neurotoxins. FEBS J. 2024, 291, 672-675. [CrossRef]

Gu, S.; Rumpel, S.; Zhou, J.; Strotmeier, J.; Bigalke, H.; Perry, K.; Shoemaker, C.B.; Rummel, A.; Jin, R. Botulinum Neurotoxin Is
Shielded by NTNHA in an Interlocked Complex. Science 2012, 335, 977-981. [CrossRef] [PubMed]

Dekleva, M.L.; Dasgupta, B.R. Purification and Characterization of a Protease from Clostridium Botulinum Type A That Nicks
Single-Chain Type A Botulinum Neurotoxin into the Di-Chain Form. J. Bacteriol. 1990, 172, 2498-2503. [CrossRef]

Pitel, S.; Barnea, A.; Diamant, E.; Torgeman, A.; Noy-Porat, T.; Falach, R.; Zichel, R.; Hayouka, Z.; Ben David, A. Elucidating the
Activation Mechanism of Botulinum Neurotoxin a: Role of «-Clostripain and NTNH. Sci. Rep. 2025, 15, 37324. [CrossRef]
Stringer, S.C.; Carter, A.T.; Webb, M.D.; Wachnicka, E.; Crossman, L.C.; Sebaihia, M.; Peck, M.W. Genomic and Physiological
Variability within Group II (Non-Proteolytic) Clostridium Botulinum. BMC Genom. 2013, 14, 333. [CrossRef] [PubMed]
Hosomi, K.; Sakaguchi, Y.; Kohda, T.; Gotoh, K.; Motooka, D.; Nakamura, S.; Umeda, K; lida, T.; Kozaki, S.; Mukamoto, M.
Complete Nucleotide Sequence of a Plasmid Containing the Botulinum Neurotoxin Gene in Clostridium Botulinum Type B Strain
111 Isolated from an Infant Patient in Japan. Mol. Genet. Genom. 2014, 289, 1267-1274. [CrossRef]

Kr¢, A.; KoSenina, S.P.; Nowakowska, M.B.; Masuyer, G.; Stenmark, P. Structure of the Complete 14-Subunit Botulinum Neurotoxin
B Complex Reveals a Unique Anchoring through the Narrow Central Pore of HA70. Sci. Adv. 2025, 11, eadx5058. [CrossRef]
[PubMed]

Lam, K.-H.; Gao, L.; Przykopanski, A.; Chen, B.; Huang, T.; Krtiger, M.; Bartels, A.-M.; Dorner, M.B.; Perry, K.; Dorner, B.G.; et al.
A Nut-and-Bolt Assembly of the Bimodular Large Progenitor Botulinum Neurotoxin Complex. Sci. Adv. 2025, 11, eadx5831.
[CrossRef]

Lee, K; Gu, S;; Jin, L.; Le, T.T.N.; Cheng, L.W.; Strotmeier, J.; Kruel, A.M.; Yao, G.; Perry, K.; Rummel, A.; et al. Structure of a
Bimodular Botulinum Neurotoxin Complex Provides Insights into Its Oral Toxicity. PLoS Pathog. 2013, 9, e1003690. [CrossRef]
Hasegawa, K.; Watanabe, T.; Suzuki, T.; Yamano, A.; Oikawa, T.; Sato, Y.; Kouguchi, H.; Yoneyama, T.; Niwa, K.; Ikeda, T.; et al. A
Novel Subunit Structure of Clostridium Botulinum Serotype D Toxin Complex with Three Extended Arms. J. Biol. Chem. 2007,
282,24777-24783. [CrossRef]

Franciosa, G.; Floridi, F.; Maugliani, A.; Aureli, P. Differentiation of the Gene Clusters Encoding Botulinum Neurotoxin Type A
Complexes in Clostridium Botulinum Type A, Ab, and A(B) Strains. Appl. Environ. Microbiol. 2004, 70, 7192-7199. [CrossRef]
[PubMed]

Smith, T.J.; Hill, K.K.; Foley, B.T.; Detter, ].C.; Munk, A.C.; Bruce, D.C.; Doggett, N.A.; Smith, L.A.; Marks, ].D.; Xie, G.; et al.
Analysis of the Neurotoxin Complex Genes in Clostridium Botulinum A1-A4 and B1 Strains: BoONT/A3, /Ba4 and /B1 Clusters
Are Located within Plasmids. PLoS ONE 2007, 2, e1271. [CrossRef] [PubMed]

Kull, S.; Schulz, K.M.; Weisemann, ].; Kirchner, S.; Schreiber, T.; Bollenbach, A.; Dabrowski, PW.; Nitsche, A.; Kalb, S.R.; Dorner,
M.B.; et al. Isolation and Functional Characterization of the Novel Clostridium Botulinum Neurotoxin A8 Subtype. PLoS ONE
2015, 10, e0116381. [CrossRef]

Luquez, C.; Raphael, B.H.; Maslanka, S.E. Neurotoxin Gene Clusters in Clostridium Botulinum Type Ab Strains. Appl. Environ.
Microbiol. 2009, 75, 6094-6101. [CrossRef]

Dover, N.; Barash, J.R.; Arnon, S.S. Novel Clostridium Botulinum Toxin Gene Arrangement with Subtype A5 and Partial Subtype
B3 Botulinum Neurotoxin Genes. J. Clin. Microbiol. 2009, 47, 2349-2350. [CrossRef]

Amatsu, S.; Sugawara, Y.; Matsumura, T.; Kitadokoro, K.; Fujinaga, Y. Crystal Structure of Clostridium Botulinum Whole
Hemagglutinin Reveals a Huge Triskelion-Shaped Molecular Complex. J. Biol. Chem. 2013, 288, 35617-35625. [CrossRef]

Eisele, K.-H.; Fink, K.; Vey, M.; Taylor, H.V. Studies on the Dissociation of Botulinum Neurotoxin Type A Complexes. Toxicon 2011,
57, 555-565. [CrossRef]

Kosenina, S.; Masuyer, G.; Zhang, S.; Dong, M.; Stenmark, P. Crystal Structure of the Catalytic Domain of the Weissella Oryzae
Botulinum-like Toxin. FEBS Lett. 2019, 593, 1403-1410. [CrossRef] [PubMed]

https:/ /doi.org/10.3390/toxins18010035


https://doi.org/10.1007/978-3-642-33570-9_1
https://doi.org/10.3390/toxins9010038
https://doi.org/10.1038/s41598-019-47551-4
https://doi.org/10.1038/s41467-023-41174-0
https://doi.org/10.1016/j.jmb.2008.12.027
https://doi.org/10.1111/j.1742-4658.2011.08183.x
https://doi.org/10.1111/febs.17004
https://doi.org/10.1126/science.1214270
https://www.ncbi.nlm.nih.gov/pubmed/22363010
https://doi.org/10.1128/jb.172.5.2498-2503.1990
https://doi.org/10.1038/s41598-025-21372-0
https://doi.org/10.1186/1471-2164-14-333
https://www.ncbi.nlm.nih.gov/pubmed/23679073
https://doi.org/10.1007/s00438-014-0887-4
https://doi.org/10.1126/sciadv.adx5058
https://www.ncbi.nlm.nih.gov/pubmed/40864696
https://doi.org/10.1126/sciadv.adx5831
https://doi.org/10.1371/journal.ppat.1003690
https://doi.org/10.1074/jbc.M703446200
https://doi.org/10.1128/AEM.70.12.7192-7199.2004
https://www.ncbi.nlm.nih.gov/pubmed/15574917
https://doi.org/10.1371/journal.pone.0001271
https://www.ncbi.nlm.nih.gov/pubmed/18060065
https://doi.org/10.1371/journal.pone.0116381
https://doi.org/10.1128/AEM.01009-09
https://doi.org/10.1128/JCM.00799-09
https://doi.org/10.1074/jbc.M113.521179
https://doi.org/10.1016/j.toxicon.2010.12.019
https://doi.org/10.1002/1873-3468.13446
https://www.ncbi.nlm.nih.gov/pubmed/31111466
https://doi.org/10.3390/toxins18010035

Toxins 2026, 18, 35 22 of 29

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Kosenina, S.; Stenmark, P. Crystal Structure of the OrfX1-OrfX3 Complex from the PMP1 Neurotoxin Gene Cluster. FEBS Lett.
2023, 597, 515-523. [CrossRef]

Gustafsson, R.; Berntsson, R.P-A.; Martinez-Carranza, M.; El Tekle, G.; Odegrip, R.; Johnson, E.A.; Stenmark, P. Crystal Structures
of OrfX2 and P47 from a Botulinum Neurotoxin OrfX-Type Gene Cluster. FEBS Lett. 2017, 591, 3781-3792. [CrossRef]

Gao, L.; Lam, K.-H.; Liu, S.; Przykopanski, A.; Liibke, J.; Qi, R.; Krtiger, M.; Nowakowska, M.B.; Selby, K.; Douillard, EP,; et al.
Crystal Structures of OrfX1, OrfX2 and the OrfX1-OrfX3 Complex from the orfX Gene Cluster of Botulinum Neurotoxin E1. FEBS
Lett. 2023, 597, 524-537. [CrossRef]

Gao, L.; Nowakowska, M.B.; Selby, K.; Przykopanski, A.; Chen, B.; Kriiger, M.; Douillard, FP.; Lam, K.-H.; Chen, P; Huang, T.;
et al. Botulinum Neurotoxins Exploit Host Digestive Proteases to Boost Their Oral Toxicity via Activating OrfXs/P47. Nat. Struct.
Mol. Biol. 2025, 32, 864-875. [CrossRef]

Nowakowska, M.B.; Douillard, F.P,; Lindstrém, M. Looking for the X Factor in Bacterial Pathogenesis: Association of orfX-P47
Gene Clusters with Toxin Genes in Clostridial and Non-Clostridial Bacterial Species. Toxins 2019, 12, 19. [CrossRef] [PubMed]
Arnon, S.S.; Schechter, R.; Inglesby, T.V.; Henderson, D.A; Bartlett, ].G.; Ascher, M.S,; Eitzen, E.; Fine, A.D.; Hauer, J.; Layton, M.;
et al. Botulinum Toxin as a Biological Weapon: Medical and Public Health Management. JAMA 2001, 285, 1059-1070. [CrossRef]
Schantz, E.J.; Johnson, E.A. Properties and Use of Botulinum Toxin and Other Microbial Neurotoxins in Medicine. Microbiol. Rev.
1992, 56, 80-99. [CrossRef]

Popoff, M.R.; Connan, C. Absorption and Transport of Botulinum Neurotoxins. In Molecular Aspects of Botulinum Neurotoxin;
Foster, K.A., Ed.; Springer: New York, NY, USA, 2014; pp. 35-68, ISBN 978-1-4614-9454-6.

May, A.J.; Whaler, B.C. The Absorption of Clostridium Botulinum Type A Toxin from the Alimentary Canal. Br. |. Exp. Pathol.
1958, 39, 307-316. [PubMed]

Sugii, S.; Ohishi, I.; Sakaguchi, G. Intestinal Absorption of Botulinum Toxins of Different Molecular Sizes in Rats. Infect. Immun.
1977, 17, 491-496. [CrossRef] [PubMed]

Connan, C.; Voillequin, M.; Chavez, C.V.; Mazuet, C.; Leveque, C.; Vitry, S.; Vandewalle, A.; Popoff, M.R. Botulinum Neurotoxin
Type B Uses a Distinct Entry Pathway Mediated by CDC42 into Intestinal Cells versus Neuronal Cells. Cell. Microbiol. 2017,
19, €12738. [CrossRef]

Couesnon, A.; Pereira, Y.; Popoff, M.R. Receptor-Mediated Transcytosis of Botulinum Neurotoxin A through Intestinal Cell
Monolayers. Cell. Microbiol. 2007, 10, 375-387. [CrossRef]

Lam, T.I; Stanker, L.H.; Lee, K,; Jin, R.; Cheng, L.W. Translocation of Botulinum Neurotoxin Serotype A and Associated Proteins
across the Intestinal Epithelia. Cell. Microbiol. 2015, 17, 1133-1143. [CrossRef] [PubMed]

Connan, C.; Varela-Chavez, C.; Mazuet, C.; Molg¢, J.; Haustant, G.M.; Disson, O.; Lecuit, M.; Vandewalle, A.; Popoff, M.R.
Translocation and Dissemination to Target Neurons of Botulinum Neurotoxin Type B in the Mouse Intestinal Wall. Cell. Microbiol.
2015, 18, 282-301. [CrossRef]

Couesnon, A.; Molgg, J.; Connan, C.; Popoff, M.R. Preferential Entry of Botulinum Neurotoxin A Hc Domain through Intestinal
Crypt Cells and Targeting to Cholinergic Neurons of the Mouse Intestine. PLoS Pathog. 2012, 8, €1002583. [CrossRef]

Yao, G,; Lee, K; Gu, S.; Lam, K.-H.; Jin, R. Botulinum Neurotoxin A Complex Recognizes Host Carbohydrates through Its
Hemagglutinin Component. Toxins 2014, 6, 624-635. [CrossRef]

Fujinaga, Y.; Inoue, K.; Nomura, T.; Sasaki, J.; Marvaud, J.C.; Popoff, M.R.; Kozaki, S.; Oguma, K. Identification and Characteriza-
tion of Functional Subunits of Clostridium Botulinum Type A Progenitor Toxin Involved in Binding to Intestinal Microvilli and
Erythrocytes. FEBS Lett. 2000, 467, 179-183. [CrossRef]

Miyashita, S.-I.; Niwa, K.; Watanabe, T.; Sagane, Y. Host-Cell Specificity and Transcytosis of Nontoxic Nonhemagglutinin Protein
of Botulinum Neurotoxin Serotype D. FEMS Microbiol. Lett. 2014, 357, 115-122. [CrossRef] [PubMed]

Miyashita, S.-I1.; Sagane, Y.; Niwa, K.; Watanabe, T. Transport of the Botulinum Neurotoxin-Associating Protein, Nontoxic
Nonhemagglutinin, across the Rat Small Intestinal Epithelial Cell Monolayer. FEMS Microbiol. Lett. 2013, 346, 73-80. [CrossRef]
Fujinaga, Y.; Inoue, K.; Watanabe, S.; Yokota, K.; Hirai, Y.; Nagamachi, E.; Oguma, K. The Haemagglutinin of Clostridium
Botulinum Type C Progenitor Toxin Plays an Essential Role in Binding of Toxin to the Epithelial Cells of Guinea Pig Small
Intestine, Leading to the Efficient Absorption of the Toxin. Microbiology 1997, 143, 3841-3847. [CrossRef]

Amatsu, S.; Matsumura, T.; Morimoto, C.; Keisham, S.; Goto, Y.; Kohda, T.; Hirabayashi, J.; Kitadokoro, K.; Katayama, T.;
Kiyono, H.; et al. Gut Mucin Fucosylation Dictates the Entry of Botulinum Toxin Complexes. Nat. Commun. 2025, 16, 10442.
[CrossRef] [PubMed]

Morimoto, C.; Amatsu, S.; Matsumura, T.; Zuka, M.; Fujinaga, Y. Botulinum Toxin Complex Serotype B-Okra Exerts Systemic
Toxicity via the Oral Route by Disrupting the Intestinal Epithelial Barrier. Toxins 2025, 17, 443. [CrossRef]

Li, Y;; Pan, J.; Liu, H,; Liu, C. Intestinal Mucin Glycosylation: Structural Regulation, Homeostasis Maintenance and Disease
Association. Biomolecules 2025, 15, 1552. [CrossRef] [PubMed]

Hu, M.; Zhang, X.; Li, J.; Chen, L.; He, X.; Sui, T. Fucosyltransferase 2: A Genetic Risk Factor for Intestinal Diseases. Front.
Microbiol. 2022, 13, 940196. [CrossRef]

https:/ /doi.org/10.3390/toxins18010035


https://doi.org/10.1002/1873-3468.14542
https://doi.org/10.1002/1873-3468.12889
https://doi.org/10.1002/1873-3468.14576
https://doi.org/10.1038/s41594-024-01479-0
https://doi.org/10.3390/toxins12010019
https://www.ncbi.nlm.nih.gov/pubmed/31906154
https://doi.org/10.1001/jama.285.8.1059
https://doi.org/10.1128/mr.56.1.80-99.1992
https://www.ncbi.nlm.nih.gov/pubmed/13546550
https://doi.org/10.1128/iai.17.3.491-496.1977
https://www.ncbi.nlm.nih.gov/pubmed/903173
https://doi.org/10.1111/cmi.12738
https://doi.org/10.1111/j.1462-5822.2007.01051.x
https://doi.org/10.1111/cmi.12424
https://www.ncbi.nlm.nih.gov/pubmed/25640773
https://doi.org/10.1111/cmi.12502
https://doi.org/10.1371/journal.ppat.1002583
https://doi.org/10.3390/toxins6020624
https://doi.org/10.1016/S0014-5793(00)01147-9
https://doi.org/10.1111/1574-6968.12527
https://www.ncbi.nlm.nih.gov/pubmed/25041523
https://doi.org/10.1111/1574-6968.12205
https://doi.org/10.1099/00221287-143-12-3841
https://doi.org/10.1038/s41467-025-65384-w
https://www.ncbi.nlm.nih.gov/pubmed/41290571
https://doi.org/10.3390/toxins17090443
https://doi.org/10.3390/biom15111552
https://www.ncbi.nlm.nih.gov/pubmed/41301470
https://doi.org/10.3389/fmicb.2022.940196
https://doi.org/10.3390/toxins18010035

Toxins 2026, 18, 35 23 of 29

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.
68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

Mazuet, C.; Legeay, C.; Sautereau, J.; Ma, L.; Bouchier, C.; Bouvet, P.; Popoff, M.R. Diversity of Group I and II Clostridium
Botulinum Strains from France Including Recently Identified Subtypes. Genome Biol. Evol. 2016, 8, 1643-1660. [CrossRef]
[PubMed]

Rasetti-Escargueil, C.; Lemichez, E.; Popoff, M.R. Human Botulism in France, 1875-2016. Toxins 2020, 12, 338. [CrossRef]
Rasetti-Escargueil, C.; Lemichez, E.; Popoff, M.R. Public Health Risk Associated with Botulism as Foodborne Zoonoses. Toxins
2019, 12, 17. [CrossRef] [PubMed]

Sugawara, Y.; Yutani, M.; Amatsu, S.; Matsumura, T.; Fujinaga, Y. Functional Dissection of the Clostridium Botulinum Type
B Hemagglutinin Complex: Identification of the Carbohydrate and E-Cadherin Binding Sites. PLoS ONE 2014, 9, e111170.
[CrossRef]

Lee, K;; Zhong, X.; Gu, S.; Kruel, A.M.; Dorner, M.B.; Perry, K.; Rummel, A.; Dong, M.; Jin, R. Molecular Basis for Disruption of
E-Cadherin Adhesion by Botulinum Neurotoxin A Complex. Science 2014, 344, 1405-1410. [CrossRef]

Matsumura, T.; Jin, Y.; Kabumoto, Y.; Takegahara, Y.; Oguma, K.; Lencer, W.I; Fujinaga, Y. The HA Proteins of Botulinum Toxin
Disrupt Intestinal Epithelial Intercellular Junctions to Increase Toxin Absorption. Cell. Microbiol. 2007, 10, 355-364. [CrossRef]
Fujinaga, Y.; Sugawara, Y.; Matsumura, T. Uptake of Botulinum Neurotoxin in the Intestine. Curr. Top. Microbiol. Immunol. 2013,
364, 45-59. [CrossRef]

Jin, Y.; Takegahara, Y.; Sugawara, Y.; Matsumura, T.; Fujinaga, Y. Disruption of the Epithelial Barrier by Botulinum Haemagglutinin
(HA) Proteins—Differences in Cell Tropism and the Mechanism of Action between HA Proteins of Types A or B, and HA Proteins
of Type C. Microbiology 2009, 155, 35-45. [CrossRef]

Sugawara, Y.; Matsumura, T.; Takegahara, Y,; Jin, Y.; Tsukasaki, Y.; Takeichi, M.; Fujinaga, Y. Botulinum Hemagglutinin Disrupts
the Intercellular Epithelial Barrier by Directly Binding E-Cadherin. J. Cell Biol. 2010, 189, 691-700. [CrossRef]

Lee, K.; Lam, K.-H.; Kruel, A.M.; Perry, K.; Rummel, A.; Jin, R. High-Resolution Crystal Structure of HA33 of Botulinum
Neurotoxin Type B Progenitor Toxin Complex. Biochem. Biophys. Res. Commun. 2014, 446, 568-573. [CrossRef]

Matsumura, T.; Sugawara, Y.; Yutani, M.; Amatsu, S.; Yagita, H.; Kohda, T.; Fukuoka, S.-I.; Nakamura, Y.; Fukuda, S.; Hase, K,;
et al. Botulinum Toxin A Complex Exploits Intestinal M Cells to Enter the Host and Exert Neurotoxicity. Nat. Commun. 2015,
6, 6255. [CrossRef]

Bonventre, PF. Absorption of Botulinal Toxin from the Gastrointestinal Tract. Rev. Infect. Dis. 1979, 1, 663—667. [CrossRef]
[PubMed]

Sakaguchi, G. Clostridium Botulinum Toxins. Pharmacol. Ther. 1982, 19, 165-194. [CrossRef] [PubMed]

Evans, D.F; Pye, G.; Bramley, R.; Clark, A.G.; Dyson, T.J.; Hardcastle, ].D. Measurement of Gastrointestinal pH Profiles in Normal
Ambulant Human Subjects. Gut 1988, 29, 1035-1041. [CrossRef] [PubMed]

Prochdzkovd, N.; Laursen, M.E; La Barbera, G.; Tsekitsidi, E.; Jorgensen, M.S.; Rasmussen, M.A.; Raes, ]J.; Licht, TR,
Dragsted, L.O.; Roager, H.M. Gut Physiology and Environment Explain Variations in Human Gut Microbiome Composition and
Metabolism. Nat. Microbiol. 2024, 9, 3210-3225. [CrossRef]

Palladino, R.A.; Olmeda, M.E; Juliano, N.; Bargo, F.; Ipharraguerre, L.R. Daily Fecal pH Pattern and Variation in Lactating Dairy
Cows. JDS Commun. 2022, 3, 106-109. [CrossRef]

Herpol, C.; van Grembergen, G. Le pH Dans Le Tube Digestif Des Oiseaux. Ann. Biol. Anim. Biochim. Biophys. 1961, 1, 317-321.
[CrossRef]

McConnell, E.L.; Basit, A.W.; Murdan, S. Measurements of Rat and Mouse Gastrointestinal pH, Fluid and Lymphoid Tissue, and
Implications for in-Vivo Experiments. . Pharm. Pharmacol. 2008, 60, 63-70. [CrossRef]

Merchant, H.A.; McConnell, E.L; Liu, F; Ramaswamy, C.; Kulkarni, R.P; Basit, A.W.; Murdan, S. Assessment of Gastrointestinal
pH, Fluid and Lymphoid Tissue in the Guinea Pig, Rabbit and Pig, and Implications for Their Use in Drug Development. Eur. J.
Pharm. Sci. 2011, 42, 3-10. [CrossRef]

Montecucco, C.; Rossetto, O.; Schiavo, G. Presynaptic Receptor Arrays for Clostridial Neurotoxins. Trends Microbiol. 2004,
12, 442-446. [CrossRef] [PubMed]

Montecucco, C. How Do Tetanus and Botulinum Toxins Bind to Neuronal Membranes? Trends Biochem. Sci. 1986, 11, 314-317.
[CrossRef]

Fotinou, C.; Emsley, P; Black, I.; Ando, H.; Ishida, H.; Kiso, M.; Sinha, K.A.; Fairweather, N.E; Isaacs, N.W. The Crystal Structure of
Tetanus Toxin Hc Fragment Complexed with a Synthetic GT1b Analogue Suggests Cross-Linking between Ganglioside Receptors
and the Toxin. J. Biol. Chem. 2001, 276, 32274-32281. [CrossRef]

Rummel, A. Two Feet on the Membrane: Uptake of Clostridial Neurotoxins. In Uptake and Trafficking of Protein Toxins;
Springer: New York, NY, USA, 2017; Volume 406, pp. 1-37. [CrossRef]

Chen, C; Fu, Z.; Kim, J.-].P,; Barbieri, ].T.; Baldwin, M.R. Gangliosides as High Affinity Receptors for Tetanus Neurotoxin. J. Biol.
Chem. 2009, 284, 26569-26577. [CrossRef]

https:/ /doi.org/10.3390/toxins18010035


https://doi.org/10.1093/gbe/evw101
https://www.ncbi.nlm.nih.gov/pubmed/27189984
https://doi.org/10.3390/toxins12050338
https://doi.org/10.3390/toxins12010017
https://www.ncbi.nlm.nih.gov/pubmed/31905908
https://doi.org/10.1371/journal.pone.0111170
https://doi.org/10.1126/science.1253823
https://doi.org/10.1111/j.1462-5822.2007.01048.x
https://doi.org/10.1007/978-3-642-33570-9_3
https://doi.org/10.1099/mic.0.021246-0
https://doi.org/10.1083/jcb.200910119
https://doi.org/10.1016/j.bbrc.2014.03.008
https://doi.org/10.1038/ncomms7255
https://doi.org/10.1093/clinids/1.4.663
https://www.ncbi.nlm.nih.gov/pubmed/399373
https://doi.org/10.1016/0163-7258(82)90061-4
https://www.ncbi.nlm.nih.gov/pubmed/6763707
https://doi.org/10.1136/gut.29.8.1035
https://www.ncbi.nlm.nih.gov/pubmed/3410329
https://doi.org/10.1038/s41564-024-01856-x
https://doi.org/10.3168/jdsc.2021-0158
https://doi.org/10.1051/rnd:19610305
https://doi.org/10.1211/jpp.60.1.0008
https://doi.org/10.1016/j.ejps.2010.09.019
https://doi.org/10.1016/j.tim.2004.08.002
https://www.ncbi.nlm.nih.gov/pubmed/15381192
https://doi.org/10.1016/0968-0004(86)90282-3
https://doi.org/10.1074/jbc.M103285200
https://doi.org/10.1007/82_2016_48
https://doi.org/10.1074/jbc.M109.027391
https://doi.org/10.3390/toxins18010035

Toxins 2026, 18, 35 24 of 29

79.

80.

81.

82.

83.
84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.
101.

102.

Stern, D.; Weisemann, J.; Le Blanc, A.; von Berg, L.; Mahrhold, S.; Piesker, J.; Laue, M.; Luppa, P.B.; Dorner, M.B.; Dorner, B.G.;
et al. A Lipid-Binding Loop of Botulinum Neurotoxin Serotypes B, DC and G Is an Essential Feature to Confer Their Exquisite
Potency. PLoS Pathog. 2018, 14, €1007048. [CrossRef]

Zhang, S.; Berntsson, R.P-A.; Tepp, WH.; Tao, L.; Johnson, E.A.; Stenmark, P.; Dong, M. Structural Basis for the Unique
Ganglioside and Cell Membrane Recognition Mechanism of Botulinum Neurotoxin DC. Nat. Commun. 2017, 8, 1637. [CrossRef]
[PubMed]

Ciruelas, K.; Marcotulli, D.; Bajjalieh, S.M. Synaptic Vesicle Protein 2: A Multi-Faceted Regulator of Secretion. Semin. Cell Dev.
Biol. 2019, 95, 130-141. [CrossRef]

Stout, K.A.; Dunn, A.R.; Hoffman, C.; Miller, G.W. The Synaptic Vesicle Glycoprotein 2: Structure, Function, and Disease
Relevance. ACS Chem. Neurosci. 2019, 10, 3927-3938. [CrossRef]

Chapman, E.R. How Does Synaptotagmin Trigger Neurotransmitter Release? Annu. Rev. Biochem. 2008, 77, 615-641. [CrossRef]
Dong, M.; Yeh, E; Tepp, W.H.; Dean, C.; Johnson, E.A.; Janz, R.; Chapman, E.R. SV2 Is the Protein Receptor for Botulinum
Neurotoxin A. Science 2006, 312, 592-596. [CrossRef] [PubMed]

Benoit, RM.; Frey, D.; Hilbert, M.; Kevenaar, J.T.; Wieser, M.M.; Stirnimann, C.U.; McMillan, D.; Ceska, T.; Lebon, E,; Jaussi, R.;
et al. Structural Basis for Recognition of Synaptic Vesicle Protein 2C by Botulinum Neurotoxin A. Nature 2014, 505, 108-111.
[CrossRef] [PubMed]

Strotmeier, J.; Mahrhold, S.; Krez, N.; Janzen, C.; Lou, J.; Marks, ].D.; Binz, T.; Rummel, A. Identification of the Synaptic Vesicle
Glycoprotein 2 Receptor Binding Site in Botulinum Neurotoxin A. FEBS Lett. 2014, 588, 1087-1093. [CrossRef]

Liu, Z.; Lee, P-G,; Krez, N.; Lam, K.-H,; Liu, H.; Przykopanski, A.; Chen, P; Yao, G.; Zhang, S.; Tremblay, ].M.; et al. Structural
Basis for Botulinum Neurotoxin E Recognition of Synaptic Vesicle Protein 2. Nat. Commun. 2023, 14, 2338. [CrossRef] [PubMed]
Mahrhold, S.; Strotmeier, J.; Garcia-Rodriguez, C.; Lou, J.; Marks, ].D.; Rummel, A.; Binz, T. Identification of the SV2 Protein
Receptor-Binding Site of Botulinum Neurotoxin Type E. Biochem. ]. 2013, 453, 37—47. [CrossRef]

Burns, J.R.; Lambert, G.S.; Baldwin, M.R. Insights into the Mechanisms by Which Clostridial Neurotoxins Discriminate between
Gangliosides. Biochemistry 2017, 56, 2571-2583. [CrossRef]

Hamark, C.; Berntsson, R.P.-A.; Masuyer, G.; Henriksson, L.M.; Gustafsson, R.; Stenmark, P.; Widmalm, G. Glycans Confer
Specificity to the Recognition of Ganglioside Receptors by Botulinum Neurotoxin A. J. Am. Chem. Soc. 2017, 139, 218-230.
[CrossRef]

Benoit, R.M.; Schérer, M.A.; Wieser, M.M.; Li, X,; Frey, D.; Kammerer, R.A. Crystal Structure of the BONT/A2 Receptor-Binding
Domain in Complex with the Luminal Domain of Its Neuronal Receptor SV2C. Sci. Rep. 2017, 7, 43588. [CrossRef]

Mahrhold, S.; Bergstrom, T.; Stern, D.; Dorner, B.G.; Astot, C.; Rummel, A. Only the Complex N559-Glycan in the Synaptic
Vesicle Glycoprotein 2C Mediates High Affinity Binding to Botulinum Neurotoxin Serotype A1l. Biochem. ]. 2016, 473, 2645-2654.
[CrossRef]

Yao, G.; Zhang, S.; Mahrhold, S.; Lam, K.-H.; Stern, D.; Bagramyan, K.; Perry, K.; Kalkum, M.; Rummel, A.; Dong, M.; et al.
N-Linked Glycosylation of SV2 Is Required for Binding and Uptake of Botulinum Neurotoxin A. Nat. Struct. Mol. Biol. 2016,
23, 656-662. [CrossRef]

Dong, M.; Liu, H.; Tepp, W.H.; Johnson, E.A.; Janz, R.; Chapman, E.R. Glycosylated SV2A and SV2B Mediate the Entry of
Botulinum Neurotoxin E into Neurons. Mol. Biol. Cell 2008, 19, 5226-5237. [CrossRef]

Chai, Q.; Arndt, ].W.; Dong, M.; Tepp, W.H.; Johnson, E.A.; Chapman, E.R; Stevens, R.C. Structural Basis of Cell Surface Receptor
Recognition by Botulinum Neurotoxin B. Nature 2006, 444, 1096-1100. [CrossRef]

Jin, R; Rummel, A.; Binz, T.; Brunger, A.T. Botulinum Neurotoxin B Recognizes Its Protein Receptor with High Affinity and
Specificity. Nature 2006, 444, 1092-1095. [CrossRef]

Peng, L.; Berntsson, R.P.-A.; Tepp, W.H.; Pitkin, R.M.; Johnson, E.A.; Stenmark, P.; Dong, M. Botulinum Neurotoxin D-C Uses
Synaptotagmin I and II as Receptors, and Human Synaptotagmin II Is Not an Effective Receptor for Type B, D-C and G Toxins. J.
Cell Sci. 2012, 125, 3233-3242. [CrossRef]

Strotmeier, J.; Willjes, G.; Binz, T.; Rummel, A. Human Synaptotagmin-II Is Not a High Affinity Receptor for Botulinum Neurotoxin
B and G: Increased Therapeutic Dosage and Immunogenicity. FEBS Lett. 2012, 586, 310-313. [CrossRef] [PubMed]
Martinez-Carranza, M.; Blasco, P.; Gustafsson, R.; Dong, M.; Berntsson, R.P.-A.; Widmalm, G.; Stenmark, P. Synaptotagmin
Binding to Botulinum Neurotoxins. Biochemistry 2019, 59, 491-498. [CrossRef] [PubMed]

Stidhof, T.C. Synaptotagmins: Why so Many? |. Biol. Chem. 2002, 277, 7629-7632. [CrossRef]

Pang, Z.P.,; Melicoff, E.; Padgett, D.; Liu, Y.; Teich, A.E; Dickey, B.F.; Lin, W.; Adachi, R.; Stidhof, T.C. Synaptotagmin-2 Is Essential
for Survival and Contributes to Ca2+ Triggering of Neurotransmitter Release in Central and Neuromuscular Synapses. J. Neurosci.
2006, 26, 13493-13504. [CrossRef] [PubMed]

Herrmann, D.N.; Horvath, R.; Sowden, J.E.; Gonzalez, M.; Sanchez-Mejias, A.; Guan, Z.; Whittaker, R.G.; Almodovar, J.L.;
Lane, M.; Bansagi, B.; et al. Synaptotagmin 2 Mutations Cause an Autosomal-Dominant Form of Lambert-Eaton Myasthenic
Syndrome and Nonprogressive Motor Neuropathy. Am. J. Hum. Genet. 2014, 95, 332-339. [CrossRef]

https:/ /doi.org/10.3390/toxins18010035


https://doi.org/10.1371/journal.ppat.1007048
https://doi.org/10.1038/s41467-017-01534-z
https://www.ncbi.nlm.nih.gov/pubmed/29158482
https://doi.org/10.1016/j.semcdb.2019.02.003
https://doi.org/10.1021/acschemneuro.9b00351
https://doi.org/10.1146/annurev.biochem.77.062005.101135
https://doi.org/10.1126/science.1123654
https://www.ncbi.nlm.nih.gov/pubmed/16543415
https://doi.org/10.1038/nature12732
https://www.ncbi.nlm.nih.gov/pubmed/24240280
https://doi.org/10.1016/j.febslet.2014.02.034
https://doi.org/10.1038/s41467-023-37860-8
https://www.ncbi.nlm.nih.gov/pubmed/37095076
https://doi.org/10.1042/BJ20130391
https://doi.org/10.1021/acs.biochem.6b01246
https://doi.org/10.1021/jacs.6b09534
https://doi.org/10.1038/srep43588
https://doi.org/10.1042/BCJ20160439
https://doi.org/10.1038/nsmb.3245
https://doi.org/10.1091/mbc.e08-07-0765
https://doi.org/10.1038/nature05411
https://doi.org/10.1038/nature05387
https://doi.org/10.1242/jcs.103564
https://doi.org/10.1016/j.febslet.2011.12.037
https://www.ncbi.nlm.nih.gov/pubmed/22265973
https://doi.org/10.1021/acs.biochem.9b00554
https://www.ncbi.nlm.nih.gov/pubmed/31809018
https://doi.org/10.1074/jbc.R100052200
https://doi.org/10.1523/JNEUROSCI.3519-06.2006
https://www.ncbi.nlm.nih.gov/pubmed/17192432
https://doi.org/10.1016/j.ajhg.2014.08.007
https://doi.org/10.3390/toxins18010035

Toxins 2026, 18, 35 25 of 29

103.
104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

Poulain, B.; Lemichez, E.; Popoff, M.R. Neuronal Selectivity of Botulinum Neurotoxins. Toxicon 2020, 178, 20-32. [CrossRef]
Thaker, H.; Zhang, J.; Miyashita, S.-I.; Cristofaro, V.; Park, S.; Hashemi Gheinani, A.; Sullivan, M.P.; Adam, R.M.; Dong, M. Knockin
Mouse Models Demonstrate Differential Contributions of Synaptotagmin-1 and -2 as Receptors for Botulinum Neurotoxins. PLoS
Pathog. 2021, 17, €1009994. [CrossRef] [PubMed]

Merz, B.; Bigalke, H.; Stoll, G.; Naumann, M. Botulism Type B Presenting as Pure Autonomic Dysfunction. Clin. Auton. Res. 2003,
13, 337-338. [CrossRef]

Potulska-Chromik, A.; Zakrzewska-Pniewska, B.; Szmidt-Satkowska, E.; Lewandowski, J.; Siriski, M.; Przyjatkowski, W.;
Kostera-Pruszczyk, A. Long Lasting Dysautonomia Due to Botulinum Toxin B Poisoning: Clinical-Laboratory Follow up and
Difficulties in Initial Diagnosis. BMC Res. Notes 2013, 6, 438. [CrossRef]

Dong, M.; Richards, D.A.; Goodnough, M.C.; Tepp, W.H.; Johnson, E.A.; Chapman, E.R. Synaptotagmins I and II Mediate Entry
of Botulinum Neurotoxin B into Cells. J. Cell Biol. 2003, 162, 1293-1303. [CrossRef] [PubMed]

Flores, A.; Ramirez-Franco, ].; Desplantes, R.; Debreux, K.; Ferracci, G.; Wernert, F.; Blanchard, M.-P.; Maulet, Y.; Youssouf, F;
Sangiardi, M.; et al. Gangliosides Interact with Synaptotagmin to Form the High-Affinity Receptor Complex for Botulinum
Neurotoxin B. Proc. Natl. Acad. Sci. USA 2019, 116, 18098-18108. [CrossRef] [PubMed]

Ramirez-Franco, J.; Azzaz, F,; Sangiardi, M.; Ferracci, G.; Youssouf, F.; Popoff, M.R.; Seagar, M.; Lévéque, C.; Fantini, J.; El Far, O.
Molecular Landscape of BONT/B Bound to a Membrane-Inserted Synaptotagmin/Ganglioside Complex. Cell. Mol. Life Sci. 2022,
79, 496. [CrossRef]

Karalewitz, A.P.-A.; Fu, Z.; Baldwin, M.R,; Kim, ].-].P.; Barbieri, ].T. Botulinum Neurotoxin Serotype C Associates with Dual
Ganglioside Receptors to Facilitate Cell Entry. J. Biol. Chem. 2012, 287, 40806—40816. [CrossRef]

Strotmeier, J.; Lee, K.; Volker, A.K.; Mahrhold, S.; Zong, Y.; Zeiser, J.; Zhou, J.; Pich, A.; Bigalke, H.; Binz, T.; et al. Botulinum
Neurotoxin Serotype D Attacks Neurons via Two Carbohydrate-Binding Sites in a Ganglioside-Dependent Manner. Biochem. J.
2010, 431, 207-216. [CrossRef]

Strotmeier, J.; Gu, S.; Jutzi, S.; Mahrhold, S.; Zhou, J.; Pich, A.; Eichner, T.; Bigalke, H.; Rummel, A.; Jin, R.; et al. The Biological
Activity of Botulinum Neurotoxin Type C Is Dependent upon Novel Types of Ganglioside Binding Sites. Mol. Microbiol. 2011,
81, 143-156. [CrossRef]

Emsley, P; Fotinou, C.; Black, L.; Fairweather, N.E.; Charles, 1.G.; Watts, C.; Hewitt, E.; Isaacs, N.W. The Structures of the H(C)
Fragment of Tetanus Toxin with Carbohydrate Subunit Complexes Provide Insight into Ganglioside Binding. J. Biol. Chem. 2000,
275, 8889-8894. [CrossRef]

Small, C.; Harper, C.; Jiang, A.; Kontaxi, C.; Pronot, M.; Yak, N.; Malapaka, A.; Davenport, E.C.; Wallis, T.P.; Gormal, R.S.; et al.
SV2A Controls the Surface Nanoclustering and Endocytic Recruitment of Sytl during Synaptic Vesicle Recycling. J. Neurochem.
2024, 168, 3188-3208. [CrossRef] [PubMed]

Hogg, ]J.A.; Cousin, M.A. Control of Synaptotagmin-1 Trafficking by SV2A-Mechanism and Consequences for Presynaptic
Function and Dysfunction. |. Neurochem. 2025, 169, e16308. [CrossRef]

Joensuu, M.; Syed, P.; Saber, S.H.; Lanoue, V.; Wallis, T.P; Rae, J.; Blum, A.; Gormal, R.S.; Small, C.; Sanders, S.; et al. Presynaptic
Targeting of Botulinum Neurotoxin Type A Requires a Tripartite PSG-Syt1-SV2 Plasma Membrane Nanocluster for Synaptic
Vesicle Entry. EMBO J. 2023, 42, €112095. [CrossRef]

Peng, L.; Tepp, W.H.; Johnson, E.A.; Dong, M. Botulinum Neurotoxin D Uses Synaptic Vesicle Protein SV2 and Gangliosides as
Receptors. PLoS Pathog. 2011, 7, €1002008. [CrossRef]

Harper, C.B.; Papadopulos, A.; Martin, S.; Matthews, D.R.; Morgan, G.P.; Nguyen, T.H.; Wang, T.; Nair, D.; Choquet, D;
Meunier, F.A. Botulinum Neurotoxin Type-A Enters a Non-Recycling Pool of Synaptic Vesicles. Sci. Rep. 2016, 6, 19654. [CrossRef]
Khanppnavar, B.; Leka, O.; Pal, S.K.; Korkhov, V.M.; Kammerer, R.A. Cryo-EM Structure of the Botulinum Neurotoxin A/SV2B
Complex and Its Implications for Translocation. Nat. Commun. 2025, 16, 1224. [CrossRef] [PubMed]

Masuyer, G.; Conrad, J.; Stenmark, P. The Structure of the Tetanus Toxin Reveals pH-Mediated Domain Dynamics. EMBO Rep.
2017, 18, 1306-1317. [CrossRef]

Poulain, B.; Molgé, ]J.; Popoff, M.R. 11—Clostridial Neurotoxins: From the Cellular and Molecular Mode of Action to Their
Therapeutic Use. In The Comprehensive Sourcebook of Bacterial Protein Toxins, 4th ed.; Alouf, J., Ladant, D., Popoff, M.R., Eds.;
Academic Press: Boston, MA, USA, 2015; pp. 287-336, ISBN 978-0-12-800188-2.

Pirazzini, M.; Montecucco, C.; Rossetto, O. Toxicology and Pharmacology of Botulinum and Tetanus Neurotoxins: An Update.
Arch. Toxicol. 2022, 96, 1521-1539. [CrossRef]

Tsai, Y.C.; Kotiya, A.; Kiris, E.; Yang, M.; Bavari, S.; Tessarollo, L.; Oyler, G.A.; Weissman, A.M. Deubiquitinating Enzyme VCIP135
Dictates the Duration of Botulinum Neurotoxin Type A Intoxication. Proc. Natl. Acad. Sci. USA 2017, 114, E5158-E5166. [CrossRef]
[PubMed]

Tsai, Y.C.; Maditz, R.; Kuo, C.; Fishman, P.S.; Shoemaker, C.B.; Oyler, G.A.; Weissman, A.M. Targeting Botulinum Neurotoxin
Persistence by the Ubiquitin-Proteasome System. Proc. Natl. Acad. Sci. USA 2010, 107, 16554-16559. [CrossRef] [PubMed]

https:/ /doi.org/10.3390/toxins18010035


https://doi.org/10.1016/j.toxicon.2020.02.006
https://doi.org/10.1371/journal.ppat.1009994
https://www.ncbi.nlm.nih.gov/pubmed/34662366
https://doi.org/10.1007/s10286-003-0118-2
https://doi.org/10.1186/1756-0500-6-438
https://doi.org/10.1083/jcb.200305098
https://www.ncbi.nlm.nih.gov/pubmed/14504267
https://doi.org/10.1073/pnas.1908051116
https://www.ncbi.nlm.nih.gov/pubmed/31431523
https://doi.org/10.1007/s00018-022-04527-4
https://doi.org/10.1074/jbc.M112.404244
https://doi.org/10.1042/BJ20101042
https://doi.org/10.1111/j.1365-2958.2011.07682.x
https://doi.org/10.1074/jbc.275.12.8889
https://doi.org/10.1111/jnc.16186
https://www.ncbi.nlm.nih.gov/pubmed/39091022
https://doi.org/10.1111/jnc.16308
https://doi.org/10.15252/embj.2022112095
https://doi.org/10.1371/journal.ppat.1002008
https://doi.org/10.1038/srep19654
https://doi.org/10.1038/s41467-025-56304-z
https://www.ncbi.nlm.nih.gov/pubmed/39934119
https://doi.org/10.15252/embr.201744198
https://doi.org/10.1007/s00204-022-03271-9
https://doi.org/10.1073/pnas.1621076114
https://www.ncbi.nlm.nih.gov/pubmed/28584101
https://doi.org/10.1073/pnas.1008302107
https://www.ncbi.nlm.nih.gov/pubmed/20823219
https://doi.org/10.3390/toxins18010035

Toxins 2026, 18, 35 26 of 29

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.
139.

140.

141.
142.

143.

144.

145.

146.

147.

148.

Wang, J.; Zurawski, T.H.; Meng, ].; Lawrence, G.; Olango, W.M.; Finn, D.P.; Wheeler, L.; Dolly, ].O. A Dileucine in the Protease of
Botulinum Toxin A Underlies Its Long-Lived Neuroparalysis: Transfer of Longevity to a Novel Potential Therapeutic. J. Biol.
Chem. 2011, 286, 6375-6385. [CrossRef] [PubMed]

Gardner, A.P; Barbieri, J.T.; Pellett, S. How Botulinum Neurotoxin Light Chain A1 Maintains Stable Association with the
Intracellular Neuronal Plasma Membrane. Toxins 2022, 14, 814. [CrossRef]

Gardner, A.; Tepp, W.H.; Bradshaw, M.; Barbieri, ].T.; Pellett, S. Resolution of Two Steps in Botulinum Neurotoxin Serotype Al
Light Chain Localization to the Intracellular Plasma Membrane. Int. J. Mol. Sci. 2021, 22, 11115. [CrossRef]

Gardner, A.; Sneller, M.; Tepp, W.H.; Barbieri, ].T.; Pellett, S. Botulinum Neurotoxin Light Chain/A1 Uses Fast Synaptic Vesicle
Cycling to Cleave Plasma Membrane Bound SNAP-25. Commun. Biol. 2025, 8, 1383. [CrossRef]

Schiimann, F.; Schmitt, O.; Wree, A.; Hawlitschka, A. Distribution of Cleaved SNAP-25 in the Rat Brain, Following Unilateral
Injection of Botulinum Neurotoxin-A into the Striatum. Int. ]. Mol. Sci. 2023, 24, 1685. [CrossRef] [PubMed]

Koc, D.; Ezgin, S.; Kavakli, E.; Kota, K.P; Sen, E.; Mahone, C.; Palko, M.E.; Cazares, L.H.; Can, T.; Tessarollo, L.; et al.
Phosphorylation of SNAP-25 at Ser187 Is Enhanced Following Its Cleavage by Botulinum Neurotoxin Serotype A, Promoting the
Dominant-Negative Effect of the Resulting Fragment. PLoS Pathog. 2025, 21, e1013604. [CrossRef] [PubMed]

Bajohrs, M.; Rickman, C.; Binz, T.; Davletov, B. A Molecular Basis Underlying Differences in the Toxicity of Botulinum Serotypes
A and E. EMBO Rep. 2004, 5, 1090-1095. [CrossRef]

Lu, B. The Destructive Effect of Botulinum Neurotoxins on the SNARE Protein: SNAP-25 and Synaptic Membrane Fusion. Peer]
2015, 3, €1065. [CrossRef]

Schmieg, N.; Bercsenyi, K.; Schiavo, G. 12—Uptake and Transport of Clostridial Neurotoxins. In The Comprehensive Sourcebook of
Bacterial Protein Toxins, 4th ed.; Alouf, J., Ladant, D., Popoff, M.R., Eds.; Academic Press: Boston, MA, USA, 2015; pp. 337-360.
ISBN 978-0-12-800188-2.

Lang, Q.; Schiavo, G.; Sleigh, ].N. In Vivo Imaging of Axonal Transport in Peripheral Nerves of Rodent Forelimbs. Neuronal Signal.
2023, 7, NS20220098. [CrossRef]

Fabris, F.; Megighian, A.; Rossetto, O.; Simonato, M.; Schiavo, G.; Pirazzini, M.; Montecucco, C. Local Tetanus Begins with a
Neuromuscular Junction Paralysis around the Site of Tetanus Neurotoxin Release Due to Cleavage of the Vesicle-Associated
Membrane Protein. Am. |. Pathol. 2024, 194, 1752-1763. [CrossRef]

Fabris, F; Varani, S.; Tonellato, M.; Matak, L; Sostari¢, P; Megli¢, P.; Caleo, M.; Megighian, A.; Rossetto, O.; Montecucco, C.; et al.
Facial Neuromuscular Junctions and Brainstem Nuclei Are the Target of Tetanus Neurotoxin in Cephalic Tetanus. J. Clin. Investig.
2023, 8, €166978. [CrossRef]

Rummel, A.; Bade, S.; Alves, J.; Bigalke, H.; Binz, T. Two Carbohydrate Binding Sites in the H(CC)-Domain of Tetanus Neurotoxin
Are Required for Toxicity. J. Mol. Biol. 2003, 326, 835-847. [CrossRef]

Sanes, ].R. The Basement Membrane/Basal Lamina of Skeletal Muscle. J. Biol. Chem. 2003, 278, 12601-12604. [CrossRef]

Zhang, W.; Liu, Y.; Zhang, H. Extracellular Matrix: An Important Regulator of Cell Functions and Skeletal Muscle Development.
Cell Biosci. 2021, 11, 65. [CrossRef]

Ho, M.S.P; Bose, K.; Mokkapati, S.; Nischt, R.; Smyth, N. Nidogens-Extracellular Matrix Linker Molecules. Microsc. Res. Tech.
2008, 71, 387-395. [CrossRef]

Patton, B.L. Basal Lamina and the Organization of Neuromuscular Synapses. ]. Neurocytol. 2003, 32, 883-903. [CrossRef] [PubMed]
Zhou, S.; Chen, S.; Pei, Y.A.; Pei, M. Nidogen: A Matrix Protein with Potential Roles in Musculoskeletal Tissue Regeneration.
Genes Dis. 2022, 9, 598-609. [CrossRef]

Surana, S.; Villarroel-Campos, D.; Rhymes, E.R.; Kalyukina, M.; Panzi, C.; Novoselov, S.S.; Fabris, E,; Richter, S.; Pirazzini, M.;
Zanotti, G.; et al. The Tyrosine Phosphatases LAR and PTPRS Act as Receptors of the Nidogen-Tetanus Toxin Complex. EMBO J.
2024, 43, 3358-3387. [CrossRef] [PubMed]

Cornejo, E; Cortés, B.I; Findlay, G.M.; Cancino, G.I. LAR Receptor Tyrosine Phosphatase Family in Healthy and Diseased Brain.
Front. Cell Dev. Biol. 2021, 9, 659951. [CrossRef] [PubMed]

Surana, S.; Tosolini, A.P.; Meyer, LEG.; Fellows, A.D.; Novoselov, S.S.; Schiavo, G. The Travel Diaries of Tetanus and Botulinum
Neurotoxins. Toxicon 2018, 147, 58-67. [CrossRef]

Bercsenyi, K.; Schmieg, N.; Bryson, J.B.; Wallace, M.; Caccin, P.; Golding, M.; Zanotti, G.; Greensmith, L.; Nischt, R.; Schiavo, G.
Tetanus Toxin Entry. Nidogens Are Therapeutic Targets for the Prevention of Tetanus. Sciernce 2014, 346, 1118-1123. [CrossRef]
[PubMed]

Deinhardt, K.; Berninghausen, O.; Willison, H.J.; Hopkins, C.R.; Schiavo, G. Tetanus Toxin Is Internalized by a Sequential
Clathrin-Dependent Mechanism Initiated within Lipid Microdomains and Independent of Epsin1. ]. Cell Biol. 2006, 174, 459—-471.
[CrossRef] [PubMed]

Yang, T.; Massa, S.M.; Longo, EM. LAR Protein Tyrosine Phosphatase Receptor Associates with TrkB and Modulates Neurotrophic
Signaling Pathways. |. Neurobiol. 2006, 66, 1420-1436. [CrossRef] [PubMed]

https:/ /doi.org/10.3390/toxins18010035


https://doi.org/10.1074/jbc.M110.181784
https://www.ncbi.nlm.nih.gov/pubmed/21138836
https://doi.org/10.3390/toxins14120814
https://doi.org/10.3390/ijms222011115
https://doi.org/10.1038/s42003-025-08633-4
https://doi.org/10.3390/ijms24021685
https://www.ncbi.nlm.nih.gov/pubmed/36675200
https://doi.org/10.1371/journal.ppat.1013604
https://www.ncbi.nlm.nih.gov/pubmed/41086246
https://doi.org/10.1038/sj.embor.7400278
https://doi.org/10.7717/peerj.1065
https://doi.org/10.1042/NS20220098
https://doi.org/10.1016/j.ajpath.2024.05.009
https://doi.org/10.1172/jci.insight.166978
https://doi.org/10.1016/S0022-2836(02)01403-1
https://doi.org/10.1074/jbc.R200027200
https://doi.org/10.1186/s13578-021-00579-4
https://doi.org/10.1002/jemt.20567
https://doi.org/10.1023/B:NEUR.0000020630.74955.19
https://www.ncbi.nlm.nih.gov/pubmed/15034274
https://doi.org/10.1016/j.gendis.2021.03.004
https://doi.org/10.1038/s44318-024-00164-8
https://www.ncbi.nlm.nih.gov/pubmed/38977849
https://doi.org/10.3389/fcell.2021.659951
https://www.ncbi.nlm.nih.gov/pubmed/34966732
https://doi.org/10.1016/j.toxicon.2017.10.008
https://doi.org/10.1126/science.1258138
https://www.ncbi.nlm.nih.gov/pubmed/25430769
https://doi.org/10.1083/jcb.200508170
https://www.ncbi.nlm.nih.gov/pubmed/16880274
https://doi.org/10.1002/neu.20291
https://www.ncbi.nlm.nih.gov/pubmed/17013927
https://doi.org/10.3390/toxins18010035

Toxins 2026, 18, 35 27 of 29

149.

150.

151.
152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

Caselli, A.; Mazzinghi, B.; Camici, G.; Manao, G.; Ramponi, G. Some Protein Tyrosine Phosphatases Target in Part to Lipid Rafts
and Interact with Caveolin-1. Biochem. Biophys. Res. Commun. 2002, 296, 692—-697. [CrossRef]

Parton, R.G.; Kozlov, M.M.; Ariotti, N. Caveolae and Lipid Sorting: Shaping the Cellular Response to Stress. J. Cell Biol. 2020,
219, €201905071. [CrossRef]

Pelkmans, L.; Helenius, A. Endocytosis via Caveolae. Traffic 2002, 3, 311-320. [CrossRef]

Lalli, G.; Schiavo, G. Analysis of Retrograde Transport in Motor Neurons Reveals Common Endocytic Carriers for Tetanus Toxin
and Neurotrophin Receptor p75NTR. J. Cell Biol. 2002, 156, 233-239. [CrossRef]

Takahashi, H.; Craig, A.M. Protein Tyrosine Phosphatases PTP5, PTPo, and LAR: Presynaptic Hubs for Synapse Organization.
Trends Neurosci. 2013, 36, 522-534. [CrossRef]

Deinhardt, K.; Salinas, S.; Verastegui, C.; Watson, R.; Worth, D.; Hanrahan, S.; Bucci, C.; Schiavo, G. Rab5 and Rab7 Control
Endocytic Sorting along the Axonal Retrograde Transport Pathway. Neuron 2006, 52, 293-305. [CrossRef]

Megighian, A.; Pirazzini, M.; Fabris, F; Rossetto, O.; Montecucco, C. Tetanus and Tetanus Neurotoxin: From Peripheral Uptake to
Central Nervous Tissue Targets. J. Neurochem. 2021, 158, 1244-1253. [CrossRef]

Wang, J.; Meng, J.; Nugent, M.; Tang, M.; Dolly, ].O. Neuronal Entry and High Neurotoxicity of Botulinum Neurotoxin A Require
Its N-Terminal Binding Sub-Domain. Sci. Rep. 2017, 7, 44474. [CrossRef]

Tavallaie, M.; Chenal, A.; Gillet, D.; Pereira, Y.; Manich, M.; Gibert, M.; Raffestin, S.; Popoff, M.R.; Marvaud, J.C. Interaction
between the Two Subdomains of the C-Terminal Part of the Botulinum Neurotoxin A Is Essential for the Generation of Protective
Antibodies. FEBS Lett. 2004, 572, 299-306. [CrossRef] [PubMed]

Mahrhold, S.; Rummel, A.; Bigalke, H.; Davletov, B.; Binz, T. The Synaptic Vesicle Protein 2C Mediates the Uptake of Botulinum
Neurotoxin A into Phrenic Nerves. FEBS Lett. 2006, 580, 2011-2014. [CrossRef]

Schenck, S.; Laeremans, T.; Steyaert, J.; Brunner, ].D. Structures of Native SV2A Reveal the Binding Mode for Tetanus Neurotoxin
and Anti-Epileptic Racetams. Nat. Commun. 2025, 16, 4172. [CrossRef]

Yeh, FL.; Dong, M.; Yao, J.; Tepp, W.H.; Lin, G.; Johnson, E.A.; Chapman, E.R. SV2 Mediates Entry of Tetanus Neurotoxin into
Central Neurons. PLoS Pathog. 2010, 6, €1001207. [CrossRef]

Hu, Y.-W,; Xiao, L.; Zheng, L.; Wang, Q. Synaptic Vesicle 2C and Its Synaptic-Related Function. Clin. Chim. Acta 2017, 472, 112-117.
[CrossRef]

Pintér, P.; Alpar, A. The Role of Extracellular Matrix in Human Neurodegenerative Diseases. Int. ]. Mol. Sci. 2022, 23, 11085.
[CrossRef]

Rodrigues-Amorim, D.; Rivera-Baltands, T.; Ferndndez-Palleiro, P.; Iglesias-Martinez-Almeida, M.; Freirfa-Martinez, L.;
Jarmardo-Rodriguez, C.; Del Carmen Vallejo-Curto, M.; Alvarez-Ariza, M.; Lopez-Garcia, M.; de Las Heras, E.; et al. Changes in
the Brain Extracellular Matrix Composition in Schizophrenia: A Pathophysiological Dysregulation and a Potential Therapeutic
Target. Cell. Mol. Neurobiol. 2022, 42, 1921-1932. [CrossRef]

Pirazzini, M.; Azarnia Tehran, D.; Zanetti, G.; Megighian, A.; Scorzeto, M.; Fillo, S.; Shone, C.C.; Binz, T.; Rossetto, O.; Lista, F;
et al. Thioredoxin and Its Reductase Are Present on Synaptic Vesicles, and Their Inhibition Prevents the Paralysis Induced by
Botulinum Neurotoxins. Cell Rep. 2014, 8, 1870-1878. [CrossRef] [PubMed]

Pirazzini, M.; Azarnia Tehran, D.; Zanetti, G.; Rossetto, O.; Montecucco, C. Hsp90 and Thioredoxin-Thioredoxin Reductase
Enable the Catalytic Activity of Clostridial Neurotoxins inside Nerve Terminals. Toxicon 2018, 147, 32-37. [CrossRef] [PubMed]
Restani, L.; Giribaldi, F.; Manich, M.; Bercsenyi, K.; Menendez, G.; Rossetto, O.; Caleo, M.; Schiavo, G. Botulinum Neurotoxins A
and E Undergo Retrograde Axonal Transport in Primary Motor Neurons. PLoS Pathog. 2012, 8, e1003087. [CrossRef]

Jacky, B.PS.; Garay, PE.; Dupuy, J.; Nelson, J.B.; Cai, B.; Molina, Y.; Wang, J.; Steward, L.E.; Broide, R.S.; Francis, J.; et al.
Identification of Fibroblast Growth Factor Receptor 3 (FGFR3) as a Protein Receptor for Botulinum Neurotoxin Serotype A
(BoNT/A). PLoS Pathog. 2013, 9, e1003369. [CrossRef] [PubMed]

James, N.G.; Malik, S.; Sanstrum, B.].; Rhéaume, C.; Broide, R.S.; Jameson, D.M.; Brideau-Andersen, A.; Jacky, B.S. Characterization
of Clostridium Botulinum Neurotoxin Serotype A (BoNT/A) and Fibroblast Growth Factor Receptor Interactions Using Novel
Receptor Dimerization Assay. Sci. Rep. 2021, 11, 7832. [CrossRef] [PubMed]

Mazzocchio, R.; Caleo, M. More than at the Neuromuscular Synapse: Actions of Botulinum Neurotoxin A in the Central Nervous
System. Neuroscientist 2015, 21, 44-61. [CrossRef]

Wang, T.; Martin, S.; Papadopulos, A.; Harper, C.B.; Mavlyutov, T.A.; Niranjan, D.; Glass, N.R.; Cooper-White, ].J.; Sibarita, J.-B.;
Choquet, D.; et al. Control of Autophagosome Axonal Retrograde Flux by Presynaptic Activity Unveiled Using Botulinum
Neurotoxin Type a. J. Neurosci. 2015, 35, 6179-6194. [CrossRef] [PubMed]

Antonucci, F; Rossi, C.; Gianfranceschi, L.; Rossetto, O.; Caleo, M. Long-Distance Retrograde Effects of Botulinum Neurotoxin A.
J. Neurosci. 2008, 28, 3689-3696. [CrossRef]

Restani, L.; Novelli, E.; Bottari, D.; Leone, P.; Barone, I.; Galli-Resta, L.; Strettoi, E.; Caleo, M. Botulinum Neurotoxin A Impairs
Neurotransmission Following Retrograde Transynaptic Transport. Traffic 2012, 13, 1083-1089. [CrossRef]

https:/ /doi.org/10.3390/toxins18010035


https://doi.org/10.1016/S0006-291X(02)00928-2
https://doi.org/10.1083/jcb.201905071
https://doi.org/10.1034/j.1600-0854.2002.30501.x
https://doi.org/10.1083/jcb.200106142
https://doi.org/10.1016/j.tins.2013.06.002
https://doi.org/10.1016/j.neuron.2006.08.018
https://doi.org/10.1111/jnc.15330
https://doi.org/10.1038/srep44474
https://doi.org/10.1016/j.febslet.2004.06.094
https://www.ncbi.nlm.nih.gov/pubmed/15304366
https://doi.org/10.1016/j.febslet.2006.02.074
https://doi.org/10.1038/s41467-025-59545-0
https://doi.org/10.1371/journal.ppat.1001207
https://doi.org/10.1016/j.cca.2017.07.029
https://doi.org/10.3390/ijms231911085
https://doi.org/10.1007/s10571-021-01073-8
https://doi.org/10.1016/j.celrep.2014.08.017
https://www.ncbi.nlm.nih.gov/pubmed/25220457
https://doi.org/10.1016/j.toxicon.2017.10.028
https://www.ncbi.nlm.nih.gov/pubmed/29111118
https://doi.org/10.1371/journal.ppat.1003087
https://doi.org/10.1371/journal.ppat.1003369
https://www.ncbi.nlm.nih.gov/pubmed/23696738
https://doi.org/10.1038/s41598-021-87331-7
https://www.ncbi.nlm.nih.gov/pubmed/33837264
https://doi.org/10.1177/1073858414524633
https://doi.org/10.1523/JNEUROSCI.3757-14.2015
https://www.ncbi.nlm.nih.gov/pubmed/25878289
https://doi.org/10.1523/JNEUROSCI.0375-08.2008
https://doi.org/10.1111/j.1600-0854.2012.01369.x
https://doi.org/10.3390/toxins18010035

Toxins 2026, 18, 35 28 of 29

173.

174.

175.

176.

177.

178.

179.

180.
181.

182.

183.

184.

185.

186.

187.

188.

189.

190.
191.

192.

193.

194.

195.

196.
197.

198.

199.

Matak, I.; Riederer, P.; Lackovi¢, Z. Botulinum Toxin’s Axonal Transport from Periphery to the Spinal Cord. Neurochem. Int. 2012,
61,236-239. [CrossRef]

Koizumi, H.; Goto, S.; Okita, S.; Morigaki, R.; Akaike, N.; Torii, Y.; Harakawa, T.; Ginnaga, A.; Kaji, R. Spinal Central Effects
of Peripherally Applied Botulinum Neurotoxin A in Comparison between Its Subtypes Al and A2. Front. Neurol. 2014, 5, 98.
[CrossRef]

Akaike, N.; Shin, M.-C.; Wakita, M.; Torii, Y.; Harakawa, T.; Ginnaga, A.; Kato, K.; Kaji, R.; Kozaki, S. Transsynaptic Inhibition of
Spinal Transmission by A2 Botulinum Toxin. J. Physiol. 2013, 591, 1031-1043. [CrossRef]

Caleo, M.; Spinelli, M.; Colosimo, F.; Matak, I.; Rossetto, O.; Lackovic, Z.; Restani, L. Transynaptic Action of Botulinum Neurotoxin
Type A at Central Cholinergic Boutons. J. Neurosci. 2018, 38, 10329-10337. [CrossRef] [PubMed]

Bomba-Warczak, E.; Vevea, ].D.; Brittain, ].M.; Figueroa-Bernier, A.; Tepp, W.H.; Johnson, E.A.; Yeh, EL.; Chapman, E.R.
Interneuronal Transfer and Distal Action of Tetanus Toxin and Botulinum Neurotoxins A and D in Central Neurons. Cell Rep.
2016, 16, 1974-1987. [CrossRef]

Markopoulou, S.; Vardouli, L.; Dimitriadis, F.; Psalla, D.; Lambropoulos, A.; Apostolidis, A. Effect of Bladder Injection of
OnabotulinumtoxinA on the Central Expression of Genes Associated with the Control of the Lower Urinary Tract: A Study in
Normal Rats. Int. J. Mol. Sci. 2022, 23, 14419. [CrossRef]

Papagiannopoulou, D.; Vardouli, L.; Dimitriadis, F.; Apostolidis, A. Retrograde Transport of Radiolabelled Botulinum Neurotoxin
Type A to the CNS after Intradetrusor Injection in Rats. BJU Int. 2016, 117, 697-704. [CrossRef]

Matak, I. Evidence for Central Antispastic Effect of Botulinum Toxin Type A. Br. J. Pharmacol. 2020, 177, 65-76. [CrossRef]
Aymard, C.; Giboin, L.-S.; Lackmy-Vallée, A.; Marchand-Pauvert, V. Spinal Plasticity in Stroke Patients after Botulinum Neurotoxin
A Injection in Ankle Plantar Flexors. Physiol. Rep. 2013, 1, €00173. [CrossRef]

Marchand-Pauvert, V.; Aymard, C.; Giboin, L.-S.; Dominici, E; Rossi, A.; Mazzocchio, R. Beyond Muscular Effects: Depression of
Spinal Recurrent Inhibition after Botulinum Neurotoxin A. J. Physiol. 2013, 591, 1017-1029. [CrossRef]

Sostari¢, P; Mati¢, M.; Nemani¢, D.; Lucev Vasi¢, Z.; Cifrek, M.; Pirazzini, M.; Matak, L Beyond Neuromuscular Activity:
Botulinum Toxin Type A Exerts Direct Central Action on Spinal Control of Movement. Eur. ]. Pharmacol. 2024, 962, 176242.
[CrossRef]

Hok, P; Veverka, T.; Hlustik, P.; Nevrly, M.; Kariovsky, P. The Central Effects of Botulinum Toxin in Dystonia and Spasticity.
Toxins 2021, 13, 155. [CrossRef] [PubMed]

Mas, M.F; Li, S.; Francisco, G.E. Centrally Mediated Late Motor Recovery after Botulinum Toxin Injection: Case Reports and a
Review of Current Evidence. J. Rehabil. Med. 2017, 49, 609-619. [CrossRef] [PubMed]

Fabillar, J.; Yamamoto, Y.; Koike, K.; Ikutame, D.; Matsuka, Y. Updates on the Proposed Botulinum Toxin A Mechanisms of Action
in Orofacial Pain: A Review of Animal Studies. Toxins 2025, 17, 567. [CrossRef]

Intiso, D.; Basciani, M.; Santamato, A.; Intiso, M.; Di Rienzo, F. Botulinum Toxin Type A for the Treatment of Neuropathic Pain in
Neuro-Rehabilitation. Toxins 2015, 7, 2454-2480. [CrossRef]

Matak, I.; Boleskei, K.; Bach-Rojecky, L.; Helyes, Z. Mechanisms of Botulinum Toxin Type A Action on Pain. Toxins 2019, 11, 459.
[CrossRef] [PubMed]

Nemani¢, D.; Sostari¢, P.; Megli¢, P; Matak, I.; Bach-Rojecky, L. Botulinum Toxin Type A Exerts Direct Trans-Synaptic Action at
Bilateral Spinal Nociceptive Circuits. Toxins 2025, 17, 140. [CrossRef] [PubMed]

Park, J.; Chung, M.E. Botulinum Toxin for Central Neuropathic Pain. Toxins 2018, 10, 224. [CrossRef] [PubMed]

Bosch-Queralt, M.; Fledrich, R.; Stassart, R.M. Schwann Cell Functions in Peripheral Nerve Development and Repair. Neurobiol.
Dis. 2023, 176, 105952. [CrossRef]

Masuyer, G.; Rummel, A.; Stenmark, P. Botulinum Neurotoxin A Mutants with Enhanced Ganglioside Binding Show Improved
Potency and Altered Ganglioside Selectivity. Commun. Chem. 2025, 8, 171. [CrossRef]

Kaji, R. A Look at the Future—New BoNTs and Delivery Systems in Development: What It Could Mean in the Clinic. Toxicon
2023, 234, 107264. [CrossRef]

Steward, L.; Brin, M.E; Brideau-Andersen, A. Novel Native and Engineered Botulinum Neurotoxins. Handb. Exp. Pharmacol.
2021, 263, 63-89. [CrossRef]

Zhantleuova, A.; Leese, C.; Andreou, A.P; Karimova, A.; Carpenter, G.; Davletov, B. Recent Developments in Engineering
Non-Paralytic Botulinum Molecules for Therapeutic Applications. Toxins 2024, 16, 175. [CrossRef]

Webb, R.P. Engineering of Botulinum Neurotoxins for Biomedical Applications. Toxins 2018, 10, 231. [CrossRef]
Rasetti-Escargueil, C.; Popoff, M.R. Engineering Botulinum Neurotoxins for Enhanced Therapeutic Applications and Vaccine
Development. Toxins 2020, 13, 1. [CrossRef]

Khan, H.B.; Chitteti, P.; Nadeem, M. Botulinum Toxin in Focus: Evolution, Pharmacology, and Its Expanding Clinical Impact.
Expert Rev. Clin. Pharmacol. 2025, 18, 1053-1062. [CrossRef]

Tao, L.; Peng, L.; Berntsson, R.P.-A ; Liu, S.M.; Park, S.; Yu, F; Boone, C.; Palan, S.; Beard, M.; Chabrier, P.-E.; et al. Engineered
Botulinum Neurotoxin B with Improved Efficacy for Targeting Human Receptors. Nat. Commun. 2017, 8, 53. [CrossRef] [PubMed]

https:/ /doi.org/10.3390/toxins18010035


https://doi.org/10.1016/j.neuint.2012.05.001
https://doi.org/10.3389/fneur.2014.00098
https://doi.org/10.1113/jphysiol.2012.242131
https://doi.org/10.1523/JNEUROSCI.0294-18.2018
https://www.ncbi.nlm.nih.gov/pubmed/30315128
https://doi.org/10.1016/j.celrep.2016.06.104
https://doi.org/10.3390/ijms232214419
https://doi.org/10.1111/bju.13163
https://doi.org/10.1111/bph.14846
https://doi.org/10.1002/phy2.173
https://doi.org/10.1113/jphysiol.2012.239178
https://doi.org/10.1016/j.ejphar.2023.176242
https://doi.org/10.3390/toxins13020155
https://www.ncbi.nlm.nih.gov/pubmed/33671128
https://doi.org/10.2340/16501977-2257
https://www.ncbi.nlm.nih.gov/pubmed/28792585
https://doi.org/10.3390/toxins17120567
https://doi.org/10.3390/toxins7072454
https://doi.org/10.3390/toxins11080459
https://www.ncbi.nlm.nih.gov/pubmed/31387301
https://doi.org/10.3390/toxins17030140
https://www.ncbi.nlm.nih.gov/pubmed/40137913
https://doi.org/10.3390/toxins10060224
https://www.ncbi.nlm.nih.gov/pubmed/29857568
https://doi.org/10.1016/j.nbd.2022.105952
https://doi.org/10.1038/s42004-025-01569-0
https://doi.org/10.1016/j.toxicon.2023.107264
https://doi.org/10.1007/164_2020_351
https://doi.org/10.3390/toxins16040175
https://doi.org/10.3390/toxins10060231
https://doi.org/10.3390/toxins13010001
https://doi.org/10.1080/17512433.2025.2594489
https://doi.org/10.1038/s41467-017-00064-y
https://www.ncbi.nlm.nih.gov/pubmed/28674381
https://doi.org/10.3390/toxins18010035

Toxins 2026, 18, 35 29 of 29

200.
201.

202.

203.

Fantini, J. Lipid Rafts and Human Diseases: Why We Need to Target Gangliosides. FEBS Open Bio 2023, 13, 1636-1650. [CrossRef]
Ewell, S.N. Brain-Derived Neurotrophic Factor Trafficking via the Regulated Secretory Pathway: Mechanisms and Disease
Implications. Mol. Neurobiol. 2025, 63, 71. [CrossRef] [PubMed]

Berth, S.H.; Lloyd, T.E. Disruption of Axonal Transport in Neurodegeneration. J. Clin. Investig. 2023, 133, e168554. [CrossRef]
[PubMed]

Hiilsmeier, A.J. Glycosphingolipids in Neurodegeneration—Molecular Mechanisms, Cellular Roles, and Therapeutic Perspectives.
Neurobiol. Dis. 2025, 207, 106851. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/toxins18010035


https://doi.org/10.1002/2211-5463.13612
https://doi.org/10.1007/s12035-025-05381-8
https://www.ncbi.nlm.nih.gov/pubmed/41254423
https://doi.org/10.1172/JCI168554
https://www.ncbi.nlm.nih.gov/pubmed/37259916
https://doi.org/10.1016/j.nbd.2025.106851
https://doi.org/10.3390/toxins18010035

	Introduction 
	Structure of Clostridial Neurotoxins and Associated Proteins 
	Botulinum Neurotoxin Passage Through the Intestinal Barrier 
	Neuronal Cell Surface Receptors of Botulinum Neurotoxins 
	Intraneuronal BoNT Activity, BoNT/A Versus BoNT/E 
	Neuronal Cell Receptor(s) of Tetanus Neurotoxin and Retrograde Transport of TeNT and BoNT 
	Conclusions 
	References

