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Abstract: The botulinum neurotoxins (BoNTs) are among the most lethal
substances known to humankind. The work described herein examined the oral
toxicity of the BoNTs and compared oral toxicity to in vitro stability in
simulated gastrointestinal tract conditions. Our results demonstrate that a
majority of the BoNTs tested were less stable in simulated intestinal fluid (SIF)
as compared to simulated gastric fluid (SGF), and that oral toxicity correlated
with the molecular weight of the BoNT complex. These results suggest that
stability in the intestinal tract plays a critical role in the oral toxicity of the
BoNTs.
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1 Introduction

The botulinum neurotoxins (BoNTs) are a group of structurally similar proteins produced
by Clostridium botulinum and related clostridial species (including C. baratii and
C. butyricum). The BoNTs cause the potentially lethal disease botulism in humans, which
is historically associated with ingestion of contaminated food. Seven immunologically
distinct BoNT serotypes are currently known (serotypes A-G). Although structurally
similar, only a subset of the BoNT serotypes (serotypes A, B, E, and less frequently
serotype F) is commonly associated with human disease.

Following ingestion, the BoNTs are absorbed through the mucous membrane of the
stomach (Maksymowych et al., 1999) or the epithelial barrier of the small intestine
(Bonventre, 1979); thus, the neurotoxin must survive the harsh environment of the
gastrointestinal tract for severe intoxication or death to occur. Previous studies
demonstrated that high molecular weight (MW) forms of the BoNTs displayed increased
oral toxicity (Ohishi et al., 1977; Sakaguchi and Sakaguchi, 1974; Sugiyama et al., 1974),
and enhanced in vitro stability under acidic conditions or in the presence of gastric and
intestinal fluids (Sugii et al., 1977a, 1977b). Higher MW forms of the BoNTs contain
various non-toxic accessory proteins including hemagglutinin (HA) proteins and proteins
that lack HA activity (non-toxic non-HA; NTNHs) (Inoue et al., 1996; Jin et al., 2009;
Sakaguchi and Ohishi, 1984), and it is thought that these accessory proteins protect the
neurotoxin polypeptide against stomach acidity and degradative enzymes in the
gastrointestinal tract (Sakaguchi and Ohishi, 1984), and may also allow binding to the
microvilli of epithelial cells of the small intestine (Fujinaga et al., 1997). However, it has
been demonstrated that the neurotoxin alone, minus the accessory proteins, can still
undergo transcytosis in both the stomach and the intestine (Maksymowych et al., 1999;
Maksymowych and Simpson, 2004). The interaction of the BoNTs with the epithelial
barrier is reviewed by Fujinaga (2010).

It has been proposed that the oral administration of botulinum vaccines may be an
effective strategy for protecting against BoNT intoxication (Kiyatkin et al., 1997). Thus,
there is a need to better understand relative oral toxicities across multiple BoNT
serotypes, the impact of MW on toxicity, and the impact of MW on in vitro stability. To
address these needs, and to expand upon previous studies that examined the relationship
between oral toxicity, MW, and in vitro stability (Ohishi et al., 1977; Sakaguchi and
Sakaguchi, 1974; Sugii et al., 1977a, 1977b; Sugiyama et al., 1974), a systematic analysis
was performed to compare the oral toxicity of multiple BoNT serotypes in mice and the
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impact of simulated gastric fluid (SGF; containing pepsin) and simulated intestinal fluid
(SIF; containing pancreatin) on in vitro stability.

The specific BoNT serotypes selected for evaluation were A, B, C, E, and F. The
crude (concentrated culture lysates), progenitor (purified protein complexes made up of
BoNT plus various accessory proteins), and derivative (purified neurotoxin without
accessory proteins) forms of each serotype were evaluated. Serotypes A, B, E, and F were
assessed because this group of serotypes is associated with human disease. Serotype C,
associated with botulism in animals, was included to compare its properties with the
serotypes that cause human disease. Results of this work demonstrated that, in general,
BoNT MW correlated with oral toxicity and impacted stability in both SGF and SIF.

2 Materials and methods

2.1 BoNT preparations

Crude, progenitor, and derivative BoNT preparations of serotype A, serotype B,
serotype C, serotype E, and serotype F were purchased from Metabiologics, Inc.
(Madison, WI; > 90% purity for progenitor and derivative preparations). The potency of
the BoNT samples ranged from 6.0 x 10° to 2.2 x 10® mouse intraperitoneal median
lethal dose per millilitre (MIPLDsy/mL) at a final protein concentration of 1 mg/mL. The
identity of each preparation was confirmed by a mouse neutralisation assay using
serotype specific antibodies.

2.2 SGF and SIF preparation

SGF (Fisher Scientific, Pittsburgh, PA) consisted of 0.2% (w/v) sodium chloride in 0.7%
(v/v) hydrochloric acid. Pepsin (Fisher Scientific) was added to the SGF to a final
concentration of 3.2 grams per litre (g/L), per the United States Pharmacopeia — National
Formulary (USP-NF) specifications. The pH of the SGF/pepsin solution was 1.2.

SIF (Fisher Scientific) consisted of 0.05 M KH,PO, with 1N NaOH added so that the
final pH was 7.5 (Chang and Gupta, 1996; Mao et al., 2006). Pancreatin (a mixture of
several digestive enzymes including amylase, lipase and trypsin; Fisher Scientific) was
added to the SIF to a final concentration of 1 g/L, per USP-NF formulation. The pH of
the SIF/pancreatin solution was 7.4.

2.3 Trypsin treatment of serotype E

Prior to the intragastric (IG) challenge studies and the SGF/pepsin and SIF/pancreatin
exposure studies, the serotype E preparations were treated with trypsin to activate the
toxins. The other toxin preparations (serotypes A, B, C, and F) were from proteolytic
strains and thus did not require trypsin activation. L-1-tosylamido-2-phenylethyl
chloromethyl ketone (TPCK) trypsin beads (Pierce Biotechnology, Rockford, IL) were
used to activate the serotype E preparations for the SGF/pepsin and SIF/pancreatin
exposure studies, according to the manufacturer’s recommendations. Specifically, 4.3
p-toluenesulfonyl-L-arginine methyl ester (TAME) units were added to one mg of the
serotype E samples and the mixture incubated at 37°C for 30 min. After incubation, the
reactions were centrifuged at 12,000 rpm for 5 minutes to pellet the beads, and the
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supernatants were removed and stored at 2°C to 8°C until used. For the IG challenge
studies, the serotype E samples were adjusted to a protein concentration of 0.5 mg/mL
and were then treated with TPCK-trypsin (Sigma-Aldrich, St. Louis, MO) at a final
concentration of 100 pg/mL for 1 hour at 37°C.

2.4 SGF/Pepsin and SIF/pancreatin exposure assays

For each serotype and neurotoxin form, 10,000 MIPLDs, units were exposed to
SGF/pepsin, SIF/pancreatin, or phosphate buffered saline (PBS; unexposed controls) for
30 min at 35°C in a 1 mL volume. Following incubation, 9 mL of chilled 0.2% gelatin
phosphate buffer were added to each sample, followed by rapid freezing using
ethanol/dry ice, and stored at —70°C until use in the mouse potency assay (MPA).

2.5 Mouse challenge studies

2.5.1 Mouse potency assay

Five male CD-1 (ICR) mice (Mus musculus, Charles River Laboratories, Boston, MA)
per group were challenged with one of six dose levels of each toxin preparation, for a
total of 30 mice for each toxin preparation. BoNT samples were diluted to target
MIPLDsy/mL concentrations in 0.2% gelatin phosphate buffer (0.2% gelatin, 28.2 mM
sodium phosphate dibasic, pH 6.2). A 500 puL dose of each preparation was administered
to mice by intraperitoneal (IP) injection using a 27G % 1/2 inch needle, and the mice were
monitored for lethality for 96 + 2 h after inoculation. At the end of the observation
period, mortality was tabulated and all surviving mice were euthanised. The
MIPLDsy/mL was calculated using probit analysis based on the number of mouse deaths.

2.5.2 IG challenge assay

Eight groups of CD-1 (ICR) male mice (eight mice per group) were challenged with one
of eight dose levels of each neurotoxin preparation, for a total of 64 mice for each toxin
preparation. BONT samples were diluted to target MIPLDso/mL concentrations in PBS
containing 0.2% (w/v) gelatin. A dose of 200 uLL was administered by oral gavage using a
20G x 1'% inch disposable orogastric intubation needle, and the mice were monitored for
up to 14 days post challenge. The IG LDs, values were expressed in MIPLDs, units to
facilitate comparison between different neurotoxin preparations.

3 Results

3.1 Oral toxicity

To compare the relative oral toxicities of multiple BoNT serotypes, a set of IG challenge
experiments were performed in which 200 pL of each neurotoxin was delivered into the
stomachs of mice as described in methods, and the mice were monitored for mortality for
14 days. The IG LDs, for each neurotoxin preparation was expressed in the equivalent
number of MIPLDs, units (Figure 1). There was an apparent trend in which the IG
toxicity of the crude and progenitor forms was greater than the derivative form for a
majority of the serotypes. This trend was most noticeable for the crude and progenitor
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forms of serotype A and serotype B, which were 2—3 orders of magnitude more toxic than
the derivative form. Serotype E and serotype F also followed this trend in which the
crude and progenitor preparations were more toxic than the derivative, but the magnitude
of the difference was less with these neurotoxins. Minimal, if any, differences were noted
between the crude, progenitor, and derivative preparations of serotype C. Crude and
progenitor preparations of serotype B displayed the highest level of toxicity by the 1G
route, as they were at least 20 times more toxic than the other serotypes.

Figure 1 BoNT IG toxicity
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Notes: The BoNT serotype is shown on the x-axis, and IG LD50 values expressed as
MIPLDS50 units are shown on the y-axis. Black bars correspond to crude, dotted bars
correspond to progenitor, and upward diagonal line bars correspond to derivative.

3.2 Invitro stability

To gain insight into the impact of simulated GI tract conditions on the activity of the
BoNTs, neurotoxin aliquots were exposed to SGF/pepsin and SIF/pancreatin at 35°C,
followed by evaluation of the remaining toxicity of each sample in the MPA. Exposures
were conducted for 30 minutes, as this has been shown to be the amount of time required
for binding and transcytosis of BoNT to occur in human gut epithelial cells (Ahsan et al.,
2005). Percent activity remaining was calculated by dividing the MIPLDsy/mL potency of
each test sample by the MIPLDsy/mL potency of controls not exposed to SGF/pepsin or
SIF/pancreatin.

Exposure of the crude, progenitor, and derivative forms of the various BoNTs to SGF
revealed an apparent trend in which the crude and progenitor forms were less susceptible
to inactivation relative to the derivative form [Figure 2(a)]. Specifically, for serotypes A,
B, and F, the crude form was least susceptible to SGF/pepsin, the progenitor form
displayed an intermediate level of inactivation, and the derivative form showed the
greatest degree of inactivation. This trend was less noticeable for serotypes C and E.
Notably, serotype C was an exception to this trend; stability in SGF and oral toxicity was
nearly equivalent for each form of serotype C.
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Figure 2  Effect of SGF and SIF on BoNT IG toxicity
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Notes: SGF and SIF results are shown in Figures 2(a) and 2(b), respectively. The BoNT
serotype is shown on the x-axis, and percent activity is shown on the y-axis. Solid
black bars correspond to crude, dotted bars correspond to progenitor, and upward
diagonal line bars correspond to derivative. Percent activity was calculated by
dividing the MIPLDsy/mL potency of each BoNT test sample by the MIPLDso/mL
potency of unexposed PBS controls.
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A majority of the BoNTs showed a different trend relative to the SGF/pepsin results
following exposure of the crude, progenitor, and derivative forms to SIF/pancreatin
[Figure 2(b)]. Specifically, the crude form of serotypes A, C, and F was inactivated to a
greater degree by SIF/pancreatin as compared to SGF/pepsin. Additionally, for several
serotypes, the crude and progenitor forms were inactivated to approximately equivalent
or greater levels than the derivative forms. This suggests that the higher MW forms are
more susceptible to intestinal fluids as compared to gastric fluids. Serotype B was a
notable exception to this trend, suggesting that the high MW serotype B complexes
remain intact at neutral pH values, thus protecting the neurotoxin against degradative
enzymes. Additionally, activity of crude and progenitor serotype E and crude serotype B
was enhanced by exposure to SIF/pancreatin. Collectively, these data suggest that
stability in the gastrointestinal tract is an important factor in the oral toxicity of the
BoNTs, and that the BoNTs are more stable in the stomach environment as compared to
the intestinal tract.

4 Discussion

The observed higher IG toxicity and resistance to SGF/pepsin of the crude and progenitor
preparations of the BoNTs relative to the derivative preparation is consistent with
previously published studies (Kitamura et al., 1969; Ohishi and Sakaguchi, 1975, 1980;
Sugii et al., 1977a, 1977b). It is thought that the non-toxic components that associate with
the BoNTs to form larger MW complexes, specifically the HA and NTNH proteins
(Inoue et al., 1996; Jin et al., 2009; Sakaguchi and Ohishi, 1984), protect the BoNTs
against stomach acidity and digestive enzymes (Ohishi et al., 1977; Ohishi and
Sakaguchi, 1980; Sakaguchi and Sakaguchi, 1974). Notably, serotype C did not follow
this trend; the IG toxicity and resistance against SGF/pepsin of derivative serotype C was
nearly equivalent to the crude and progenitor forms. This suggests that the serotype C
neurotoxin may have unique structural properties that impart superior resistance to gastric
conditions relative to the derivative form of other serotypes, and hence equivalent
toxicity by the oral route relative to the higher MW forms. Additionally, a slight
enhancement in activity was observed for crude serotypes A and B, suggesting that the
treatment with SGF/pepsin minimally activated the two crude preparations.

In contrast to the SGF results, the type of BoNT preparation was less of a factor in
stabilisation against SIF, suggesting that the higher MW forms were more susceptible to
SIF than SGF. These observations may be explained by prior work suggesting that high
MW complexes dissociate at approximately neutral pH conditions, but not under acidic
conditions (Chen et al., 1998; Eisele et al., 2011; Fu et al., 1998). Dissociation of the
complex in SIF/pancreatin (pH 7.4) would expose the neurotoxin to various proteases
that are part of the pancreatin enzyme mixture. Serotype B was a notable exception to this
trend, suggesting that the high MW serotype B complexes remain intact at neutral pH
values, thus protecting the neurotoxin against degradative enzymes. Enhanced stability in
SIF/pancreatin may explain why serotype B displayed the highest level of oral toxicity
out of the serotypes tested in this work [which correlates with previous observations of
high serotype B oral toxicity (Ohishi et al., 1977)]. Additionally, activity of crude and
progenitor serotype E and crude serotype B was enhanced by exposure to SIF/pancreatin.
It may be possible that the in vitro trypsin treatment did not fully activate the serotype E
preparations, and subsequent exposure to pancreatin resulted in completion of proteolytic
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activation. The slight enhancement in activity observed for crude serotype B likely
indicates that a majority of the crude preparation was already activated prior to treatment
with SIF/pancreatin. It should also be noted that enzymatic degradation in vivo following
IP injection may also have contributed to the results observed in the SIF/pancreatin and
SGF/pepsin stability experiments.
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