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N-terminus of the heavy chain (HN). Third, one of three solu-
ble N-ethylmaleimide-sensitive factor attachment protein re-
ceptor (SNARE) proteins is cleaved by the light chain (LC), a 
zinc-dependent endopeptidase, thereby preventing the release of 
the neurotransmitter acetylcholine from nerve cells into synaps-
es (Montal, 2010; Rusnak and Smith, 2009; Smith and Rusnak, 
2007). The LC of each BoNT serotype cleaves its protein sub-
strate at a specific site. BoNT/E, the fastest acting of all BoNT 
serotypes (Wang et al., 2008), cleaves the 25-kDa synaptosomal 
associated protein (SNAP-25) between Arg180 and Ile181 (Binz 
et al., 1994; Schiavo et al., 1993).

Standard therapy for botulism in adults includes treatment 
with equine antitoxin preparations (Dembek et al., 2007; http://
www.emergentbiosolutions.com). According to European Phar- 

1  Introduction

Botulinum neurotoxins (BoNTs) are synthesized by the anaer-
obic bacterium Clostridium botulinum and are the most potent 
toxins known in nature, with an estimated human median lethal 
dose (HLD50) of 1 ng/kg of body weight (Arnon et al., 2001). 
Among the different serotypes of the toxin, A, B, E, and rarely F 
have been documented as toxic to humans (Pirazzini et al., 2017). 
BoNTs exert their toxicity within cholinergic nerve cells by a 
molecular mechanism of action that includes three steps (Schi-
avo et al., 2000). First, the C-terminal portion of the toxin heavy 
chain (HC) binds to receptors on the presynaptic nerve ending 
membrane. Second, internalization and release of the light chain 
into the cytosol is facilitated by the translocation domain on the 
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The pharmacopeia mouse neutralization assay (PMNA) is the standard method for determining the potency of phar-
maceutical botulinum antitoxins. However, a PMNA requires a large number of mice, and, thus, an alternative in vitro 
method to replace it is needed. Herein, we developed an in vitro SiMa cell line-based neutralization assay (SBNA), 
compatible with a PMNA design, for therapeutic antitoxins against type E botulinum neurotoxin (BoNT/E). The SBNA 
measures the residual cellular activity of BoNT/E following antitoxin neutralization in the SiMa lysate using a specific 
quantitative sandwich ELISA for its cleaved cellular target protein SNAP-25. The potencies of different pharmaceutical 
antitoxin preparations were determined by applying two different quantification approaches: (1) a cutoff value, in accor-
dance with the pharmacopeia concept, and (2) nonlinear regression of a standard curve generated by serial dilutions of 
a standard antitoxin. Both approaches achieved accurate potencies compared to the PMNA (average %RE of ~16%). 
Furthermore, the SBNA was able to determine in vitro, for the first time, the accurate neutralizing activity (%RE ≤ 20) of 
next-generation equine and rabbit therapeutic antitoxins. Collectively, a high correlation between SBNA and PMNA 
results was obtained for all antitoxin preparations (r = 0.99, P < 0.0001 for the standard curve approach, and r = 0.97,  
p < 0.0001 for the cutoff approach). In conclusion, the SBNA can potentially replace the PMNA and markedly reduce 
the need for laboratory animals for the approval of botulinum antitoxin preparations.
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and rabbit antibody preparations targeting either the toxin com-
plex prepared from Clostridium botulinum supernatant or the 
recombinantly expressed receptor binding domain of BoNT/E 
(rHC/E). The latter is considered a next-generation therapeutic 
antitoxin approach because the Hc fragment is nontoxic, safe-
ly produced, and carries most of the BoNT neutralizing epitopes 
(Zarebski et al., 2008). 

2  Animals, materials and methods

Laboratory animals
Experiments were approved by the IIBR Animal Care and Use 
Committee, and animals were maintained in accordance with the 
guidelines of the care and use of laboratory animals published 
by the Israeli Ministry of Health (protocols RB-27-16, M-77-15, 
M-65-17, H-02-2014). Animals were acclimated for four days 
before commencing any procedures. All animals were observed 
for morbidity and mortality, overt signs of toxicity, and any signs 
of distress throughout the study. All efforts were made to mini-
mize animal suffering including the use of analgesics and anes-
thetics. Animals were fed and had access to fresh water ad libi-
tum.

Male and female horses (age from 7 to 15 years, weighing 
approximately between 450 to 600 kg) belonging to the breeds 
Quarter palomino, Thoroughbred (mixed breed), and Holstein-
er (mixed breed) were maintained in the IIBR GMP stable fa-
cility and used for the production of hyperimmune plasma. 
During this procedure, detomidine (up to 30 mg, IV) and lido-
caine (2%, 0.5 mL, SC) were given as a sedative and anesthet-
ic respectively.

Female New Zealand White (NZW) rabbits (weighing be-
tween 2.5 and 3.5 kg) were purchased from Charles River France 
and used for the production of hyperimmune plasma. In the  
primary vaccination of rabbits, which included complete Freud’s 
adjuvant, buprenorphine (up to 0.1 mg/kg, SC) was used as 
an analgesic. For final bleeding, rabbits were given ketamine  
(40 mg/kg, IM) and xylazine (8 mg/kg, IM) as an anesthetic and 
sedative, respectively. An endpoint in rabbits was defined as se-
vere infection that cannot be treated with antibiotics.

Female CD-1 mice (weighing between 22 and 27 gr) were pur-
chased from Charles River UK and used in the PMNA and MBA. 
Mice were not given analgesics and anesthetics. The endpoint in 
mice was defined as absence of righting reflex.

No animals were excluded from the study.

Toxins and antitoxins
The Clostridium botulinum E strain was obtained from the IIBR 
collection (E450). Sequence analysis revealed that the neurotox-
in gene was consistent with the serotype of NCTC11219 (Gen-
Bank accession number X62683) for Clostridium botulinum sub-
type E (Whelan et al., 1992). Two batches (TOX1 and TOX2) of 
the activated form of the BoNT/E complex (consisting of neu-
rotoxin and nontoxic nonhemagglutinin proteins) had been pre-
viously prepared and calibrated according to the pharmacopeia. 
Briefly, a concentrated supernatant of an anaerobic culture grown 

macopoeia (PhEur), the potency of these antitoxins is deter-
mined by the pharmacopeia mouse neutralization assay (PMNA)  
(EDQM, 2019a). In this assay, antitoxin potency is determined 
by injecting mice with mixtures of a fixed toxin dose (a test dose) 
that has been preincubated with increasing dilutions of the anti-
toxin preparation to be examined. Neutralizing activity is then 
determined based on a cutoff approach, in which the transition 
from mouse mortality to survival between consecutive antitoxin 
dilutions is used to assess the neutralizing antibody concentration 
of the antitoxin compared to a reference antitoxin. In addition 
to the PMNA, the potencies of pharmaceutical BoNT products 
are routinely tested by the mouse bioassay (MBA), as guided by 
PhEur (EDQM, 2019b). Altogether, the PMNA and MBA require 
a high number of laboratory animals (Taylor et al., 2019). 

In an effort to implement the 3R principles (replacement, re-
duction and refinement) (Tannenbaum and Bennett, 2015), a vari-
ety of alternative in vitro methods have been developed to replace 
the PMNA (Dressler and Dirnberger, 2001; Hanna and Jankovic, 
1998; Lindsey et al., 2003; Palace et al., 1998; Rosen et al., 2016) 
and the MBA (Behrensdorf-Nicol et al., 2018; Wild et al., 2016). 
Nevertheless, a vast majority of alternative methods are based on-
ly on one of the three intoxication steps (binding, internalization, 
or cleavage) and hence might suffer from poor correlation with 
the in vivo method. 

Alternatively, cell-based assays that include all of the intox-
ication steps represent the entire intoxication process, resem-
bling the in vivo process, and have the potential to enable an un-
biased measurement of toxin potency and antitoxin neutralizing 
activity. Indeed, several cell-based assays have been developed 
to measure BoNT activity for pharmaceutical and clinical pur-
poses (Bak et al., 2017; Fernandez-Salas et al., 2012; Hall et al., 
2004; Kiris et al., 2014; McNutt et al., 2011; Nuss et al., 2010; 
Pellett et al., 2011, 2007, 2017, 2010; Rust et al., 2017; Yadirgi 
et al., 2017; Pathe-Neuschäfer-Rube et al., 2015, 2018; Torge-
man et al., 2017a). However, no systematic and direct quanti-
tative comparison to PMNA values of cell-based assays devel-
oped to measure the potency of anti-BoNT/E preparations have 
been described. 

The study reported herein is the first to demonstrate concomi-
tant methodical, cell-based measurements and PMNA measure-
ments of pharmaceutical type E botulinum antitoxins with un-
equivocally high correlation. The developed assay measures re-
sidual BoNT/E activity in the human neuroblastoma SiMa cell 
line (Marini et al., 1999) following neutralization with antitoxin 
preparations using a specific quantitative sandwich ELISA for 
cleaved SNAP-25. This in vitro SiMa-based neutralization assay 
(SBNA) was designed to be consistent with the PMNA by using 
a calibrated toxin test concentration and a calibrated standard 
antitoxin (the World Health Organization International Stan-
dard (WHO IS) antitoxin), and by applying the cutoff approach 
(Torgeman et al., 2017a). Additionally, potency in this study was 
also determined by nonlinear regression from a standard curve. 
Both approaches enabled the accurate determination of poten-
cies that correlated well with corresponding PMNA values, thus 
validating the suitability of the SiMa-based neutralization as-
say. The relevance of the SBNA was demonstrated for equine 
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for 6 days was treated with 0.1% (wt/vol) trypsin (37°C for 1 h),  
and activity was determined by the standard MBA followed by 
the PMNA. A BoNT/E toxoid was prepared by dialyzing the tox-
in complex against 0.14% formalin at 35°C for 2 weeks (Dia-
mant et al., 2014). This process detoxifies the antigen while re-
taining its antigenicity. Recombinant HC/E (rHC/E) was prepared 
in E. coli as previously described (Ben David et al., 2013).

Horse anti-BoNT/E antitoxins were collected and purified 
from two hyperimmune horses immunized against the BoNT/E 
toxoid as previously described (Diamant et al., 2018; Torgeman 
et al., 2017b). 

Horse anti-rHC/E antitoxin was collected and purified from 
one hyperimmune horse immunized against rHC/E. The vacci-
nation regimen included three successive subcutaneous (SC) ad-
ministrations of 10 mg of rHC/E adsorbed to aluminum hydrox-
ide (Al(OH)3) [final concentration of 0.5% (wt/vol)] in intervals 
of four weeks, followed by one SC administration of 20 mg solu-
ble rHC/E in phosphate buffer. 

Equine hyperimmune plasma (HIP) and pharmaceutical drug 
substance (DS) consisted of whole IgG and F(ab’)2 purified from 
horse antitoxin preparations, respectively. The preparations were 
produced by the method described by Falach et al. (2018) and 
were provided by the IIBR GMP-approved manufacturing facili-
ty of pharmaceutical BoNT antitoxins.

A rabbit anti-BoNT/E antitoxin was collected and purified 
from three hyperimmune rabbits vaccinated with BoNT/E tox-
oid. The vaccination regimen included injection of 0.5 mg of tox-
oid by a single SC administration with complete Freund’s adju-
vant, followed by two intramuscular (IM) administrations with 
incomplete Freund’s adjuvant and four administrations of solu-
ble toxoid at four-week intervals. 

A rabbit anti-rHC/E antitoxin was collected and purified from 
one hyperimmune rabbit vaccinated with rHC/E. The vaccination 
regimen included a single SC administration of 100 µg rHC/E 
with complete Freund’s adjuvant, followed by two SC adminis-
trations of 100 µg rHC/E with incomplete Freund’s adjuvant at 
four-week intervals, two SC administrations of 100 µg soluble 
rHC/E and a final injection of 1 mg soluble rHC/E at three-month 
intervals. 

The neutralizing activity of all antitoxin preparations was de-
termined by the PMNA according to PhEur (EDQM, 2019a), 
see below. The standard antitoxin (horse anti-BoNT/E antitoxin) 
used in the PMNA was calibrated against the WHO IS antitoxin 
(obtained from NIBSC, UK) (Jones et al., 2006). 

SiMa-based neutralization assay
The cellular potency assay consisted of two steps: (1) in vitro 
neutralization of BoNT/E with antitoxin followed by incubation 
in a SiMa cell culture and (2) in vitro quantification of cleaved 
SNAP-25 in the SiMa lysate by a specific ELISA to measure re-
sidual BoNT/E activity. 

The human neuroblastoma cell line SiMa (ACC 164, Leibniz 
Institute, DSMZ – German Collection of Microorganisms and 
Cell Cultures GmbH, Braunschweig, Germany) was cultured in 
RPMI 1640 (Biological Industries, Israel) medium and split in a 
ratio of 1:3 every three days using trypsin/EDTA. Passages 10-20 

were used for experiments. Mycoplasma testing was performed 
by an external certified laboratory (Hylabs, Israel). 

5x104 cells per well were seeded in poly-D-lysine-coated 
96-well plates (Corning, USA) in differentiation medium con-
taining serum-free Minimum Essential Medium (MEM) with 
Earl’s salts and Glutamax (Gibco) supplemented with N-2 (x1) 
(Gibco), B-27 (x1) (Gibco), and 25 µg/mL GT1b (Enzo), as pre-
viously described (Fernandez-Salas et al., 2012) and allowed to 
differentiate for two days. 

Next, serial dilutions of toxin (TOX1 and TOX2) or toxin-anti-
toxin mixtures were prepared in GT1b-free differentiation medi-
um.  According to the WHO standardization, 1 IU of anti-BoNT/E 
antitoxin neutralizes at least 103 MsLD50 of toxin (Bowmer, 
1963). A toxin test concentration (TOX2, 830 MsLD50/mL), 
previously calibrated using the PMNA, was incubated for 1 h  
at 25°C with 0.01-0.08 international units (IU) per mL of stan-
dard antitoxin or with dilutions of test antitoxins. 

After differentiation, the medium was removed from the cells 
and replaced with 100 µL fresh, GT1b-free differentiation me-
dium containing either only toxin or toxin-antitoxin mixtures. 
The experiments were performed with 4 technical replicates. The 
number of biological replicates is shown in the respective fig-
ures. Following incubation for 24 h at 37°C, the medium was re-
placed with fresh MEM, and the cells were incubated for an ad-
ditional 24 h at 37°C. 

Cells were then lysed by incubation with a cold solution con-
taining 0.1% Triton X-100, 150 mM NaCl, 1.5 mM MgCl2, 1 mM  
EGTA, 50 mM HEPES, and protease inhibitor cocktail (EDTA- 
free cOmplete tablets, Roche Diagnostics GmbH, Mannheim, 
Germany) in water for 30 minutes. Lysates were analyzed for 
BoNT/E-cleaved SNAP-25 using a specific ELISA. 

ELISA was performed in 96-well plates (Maxisorp, Nunclon) 
precoated with 100 ng/well of a recombinant rabbit-human chi-
mera monoclonal antibody (MAb) that specifically recognizes 
BoNT/E-cleaved SNAP-25 (Mechaly et al., 2021). This antibody 
was prepared by immunizing NZW rabbits with a KLH-conju-
gated peptide comprising eight amino acids (Thr173 – Arg180) 
of the SNAP-25 sequence preceding the BoNT/E cleavage site 
(between Arg180 and Ile181) and generating MAbs from lym-
phatic organ-derived B cells in a phage display expression sys-
tem (Mechaly et al., 2018, 2019). Plates were blocked with TSTA  
buffer (2% (w/v) bovine serum albumin (BSA), 0.9% NaCl, 
0.05% Tween 20 in 50 mM Tris (pH 7.6)). Following blocking 
and washing, plates were incubated with cell lysates (50 µL) for 
1 h at 37°C. After an additional wash, plates were incubated for 
1 h at 37°C with polyclonal rabbit anti-human SNAP-25 (Sigma, 
MO, USA) diluted 1:4000 in TSTA buffer supplemented with 
1% naïve human serum. This antibody, targeting a peptide locat-
ed far upstream of the cleavage site, recognizes both cleaved and 
intact SNAP-25. Plates were washed and then incubated with 
HRP-conjugated donkey anti-rabbit (Jackson ImmunoResearch 
Laboratories Inc., PA, USA) diluted 1:4000. The colorimetric 
reaction was developed using SureBlue substrate (Sera Care, 
MA, USA) and stopped with 1 N H2SO4. Absorbance was mea-
sured at 450 nm with a Synergy HTX multimode reader (BioTek 
Instruments, Inc., USA). 
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previously been calibrated using the PMNA. Both toxin batches 
show an almost identical concentration-dependent increase in the 
level of cleaved SNAP-25 (TOX2 / TOX1 absorbance ratio of 
0.98-1.10), with a goodness of fit of R2 = 0.975 and R2 = 0.983 
for TOX1 and TOX2, respectively. Both toxin batches therefore 
were suitable as test toxins in the SBNA. This demonstrates that 
the assay is able to distinguish between toxin concentrations in a 
proportional manner.     

3.3  Standardization of the cellular assay for 
quantification of neutralizing antibodies
We next characterized two approaches that can be applied for po-
tency calculation based on a calibrated standard antitoxin. The 
first approach adopted the cutoff concept of the PMNA, and the 
second approach relied on a standard curve.

The cutoff approach was based on the PMNA. Analogous to 
mouse survival in the PMNA, the cutoff was defined as the low-
est antitoxin concentration (i.e., the highest dilution) that pre-
vented SNAP-25 cleavage, resulting in a residual toxin activity 
that was lower than 10% relative to the toxin signal in the ab-
sence of antitoxin. Figure 2 shows that the BoNT/E standard an-
titoxin yielded a cutoff value of 0.06 or 0.08 IU/mL in four inde-
pendent experiments.

The cell-based assay allows the use of a broad range of serial 
dilutions of the standard antitoxin, as only small volumes are re-

In the cutoff approach, potency results were calculated by 
multiplying the cutoff dilution of the examined antitoxin prepa-
ration by the cutoff value of the standard antitoxin. The cutoff 
dilution was defined similarly to the cutoff value of the stan-
dard antitoxin, i.e., the lowest concentration that prevented 
SNAP-25 cleavage (a residual toxin activity lower than 10% 
relative to the toxin signal). In the standard curve approach, po-
tency results were calculated by multiplying the dilution of the 
examined antitoxin preparation by the fitted standard antitoxin 
value, based on nonlinear regression of the curve using a 4-pa-
rameter logistic fit. 

Pharmacopeia mouse neutralization assay (PMNA)
A validated PMNA was conducted according to PhEur (EDQM, 
2019a) to determine the potency of all of the antitoxin prepa-
rations, as previously described (Torgeman et al., 2018). Mice 
were randomly divided into the experimental groups. Seven se-
rial 1.2-fold dilutions of each antitoxin preparation were pre-
pared. Concomitantly, a standard antitoxin preparation (calibrat-
ed against the WHO IS antitoxin) was diluted to final concentra-
tions of 0.08, 0.10, 0.12 and 0.14 IU/mL. All antitoxin dilutions 
were then mixed with a fixed toxin test concentration (TOX2, 
830 MsLD50/mL), and the mixtures were incubated for 1 h at 
25°C. Each mixture was injected intraperitoneally into four fe-
male mice (1 mL per mouse) per group, and survival was moni-
tored for 4 days. 

3  Results

3.1  Study design
The goal of the study was to develop a cell-based in vitro assay 
to determine the concentration of neutralizing antibodies against 
BoNT/E in antitoxin preparations. The assay is based on measur-
ing the residual cellular activity of the neutralized toxin using a 
quantitative sandwich ELISA that specifically detects its cleaved 
cellular target protein SNAP-25 in the lysates of neuroblasto-
ma cells. The experimental design of the SBNA consisted of a 
fixed toxin test concentration identical to that used in the PMNA, 
which is preincubated with two sets of antitoxins: 1) different 
concentrations of a standard antitoxin calibrated to the WHO IS 
antitoxin or 2) different dilutions of the antitoxin sample. Then, 
the toxin-antitoxin mixtures are incubated with differentiated Si-
Ma cells, and the BoNT/E-cleaved SNAP-25 concentration in 
the cell lysates is determined by ELISA.

3.2  Concentration-response relationships 
in BoNT/E-treated SiMa cells
To establish the SBNA, it was essential to first demonstrate a 
concentration-response relationship between BoNT/E concen-
trations and measured BoNT/E-cleaved SNAP-25. This was as-
sessed by measuring toxin activity in the cells in the absence of 
antitoxins (Fig. 1). To this end, SiMa cells were incubated sepa-
rately with a series of concentrations (250-4000 MsLD50/mL) of 
two BoNT/E test concentrations (TOX1 and TOX2) which orig-
inated from two different batches (preparations) of toxin and had 

Fig. 1: In vitro SiMa-based activity of BoNT/E
SiMa cells were incubated with two batches of BoNT/E (TOX1 
and TOX2) at the indicated concentrations. Toxin activity was 
determined by a specific ELISA that measured BoNT/E-cleaved 
SNAP-25 in the cell lysates and is shown as absorbance values. 
Each data point is the mean ± SD of n = 4 technical replicates. 
Regression analysis demonstrated a goodness of fit of R2 = 0.975 
and R2 = 0.983 for TOX1 and TOX2, respectively.
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quired, and animal numbers do not need to be considered as in 
the PMNA. We used standard antitoxin dilutions from 0.01 to 
0.08 IU/mL to generate a standard curve (Fig. 3). The goodness 
of fit (R2 ≥ 0.96) suggests that the standard curve approach could 
be applied for calculation of the neutralizing potency of an un-
known antitoxin sample.

3.4  Evaluation of the in vitro assay performance  
for potency determination
Next, the validity of both calculation approaches used to mea-
sure antitoxin potency was evaluated. For the in vitro cellular po-
tency assay to serve as a relevant alternative to the in vivo meth-
od, it needs to provide potency values of antitoxins that are com-
parable to those determined using the PMNA. An evaluation of 
SBNA performance was conducted by comparing in vivo to in 
vitro potency measurements of BoNT/E antitoxin preparations. 
The tested preparations included three batches of an IgG equine 
HIP and three batches of an F(ab’)2 pharmaceutical antitoxin DS 
(Torgeman et al., 2017b). The neutralizing antibody concentra-
tion of the samples was determined by both the cutoff and the 
standard curve approaches (Fig. 4). The reproducibility of the in 
vitro assay among all data was high, with a coefficient of vari-
ation (%CV) of 0-10 for the cutoff and 4.5-8.6 for the standard 
curve approach. 

The two SBNA quantification methods for the HIP and DS 
samples yielded accurate in vitro potencies with average relative 
errors (%RE) of 16% and 14% for the cutoff and the standard 

Fig. 2: Determination of antitoxin potency using the SBNA with the cutoff approach
Different concentrations (0.02, 0.04. 0.06, and 0.08 IU/mL) of an anti-BoNT/E antitoxin WHO reference standard were incubated with 
a fixed toxin test concentration (TOX2, 830 MsLD50/mL). The cutoff value was determined according to the lowest reference standard 
antitoxin concentration (the bar enclosed by a rectangle) that prevented SNAP-25 cleavage (resulting in ≤ 10% residual activity relative  
to the toxin signal; dashed line). In all cases, the cutoff value was significantly different compared to the lowest antitoxin concentration 
above 10% residual activity (p-value < 0.001). Panels A, B, C, and D represent means ± SDs of four experimental repeats (N = 4, n ≥ 3).

Fig. 3: Standard curve used to determine antitoxin potency 
using the SBNA 
Increasing concentrations (0.01 to 0.08 IU/mL) of an anti-BoNT/E 
antitoxin WHO reference standard were incubated with a fixed 
toxin test concentration (TOX2, 830 MsLD50/mL). Standard curves 
for the residual BoNT/E activity were plotted using a 4-parameter 
logistic curve fit. A representative curve is shown. Data points are 
means ± SD (n ≥ 3).
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against the rHC/E fragment. Collectively, the neutralizing activi-
ty results obtained using the SBNA, either by the standard curve 
approach or by the cutoff approach, were comparable to their re-
spective in vivo potencies, with an acceptable low relative error 
(%RE) of less than 20% (Tab. 1) (DeSilva et al., 2003).

3.6  Overall correlation of SBNA with PMNA results
To assess the relationship between SBNA and PMNA results, 
statistical analyses were conducted to calculate the overall cor-
relation and to compare the means. Altogether, neutralizing anti-
body potency results for the HIP, DS batches, rabbit anti-BoNT/E 
complex, and for anti-rHC/E from both horses and rabbits re-
vealed accurate potencies with %RE ≤ 20 on average for a total 
of nine antitoxin preparations for both quantification approaches. 

The mean neutralizing antibody potencies of the nine antitox-
in preparations were compared with two-tailed paired t-tests. 
There were no significant differences between the PMNA and the 
SBNA (p-value = 0.18 and p-value = 0.17 for the cutoff and the 
standard curve approaches, respectively). These data support the 

curve approach, respectively, compared to the PMNA results, 
which is in line with the acceptance criteria for ligand binding as-
says (DeSilva et al., 2003). Thus, these data clearly demonstrate 
that both SBNA determination methods result in potency values 
that are comparable to those obtained by the PMNA.

3.5  Evaluation of SBNA performance in rabbit and  
next-generation equine antitoxins
Current standard drug therapy for botulism in adult patients re-
lies on equine antibody preparations targeting the toxin complex. 
Some efforts to develop next-generation antitoxins focus on vac-
cination of horses with the neurotoxin receptor binding domain 
(BoNT HC fragment) rather than with the toxoid of either the 
BoNT holotoxin or complex (Ben David et al., 2013, 2015). 

Therefore, we measured the potency of plasma preparations 
derived from rHC/E vaccinated horses using PMNA and SBNA 
approaches and compared the results. In addition to equine an-
titoxins, rabbit preparations were tested. These antibodies were 
generated in rabbits against the BoNT/E complex or specifically 

Fig. 4: In vitro determination of 
antitoxin test batch potency in 
comparison to the PMNA
The potencies of three batches each 
of equine HIP and pharmaceutical 
antitoxin DS (designated 1, 2, and 3)  
were calculated by applying either 
the pharmacopeia cutoff or  
the standard curve approach and 
compared to the PMNA value. 
The PMNA values for HIP were 
determined in a single experiment 
(N = 1); values for DS samples were 
from three experiments as part of  
the requirements to license the 
product as a pharmaceutical drug 
(N = 3). The in vitro data were 
determined in 1 or 2 experiments, 
where each data set was the mean  
± SD of n = 4 replicates.

Tab. 1: In vivo and in vitro potencies of rabbit and next-generation equine antitoxins

Antitoxin preparation	 PMNAa (IU/mL)	 SBNAb

		  Standard curve		  Cutoff

		  Potency (IU/mL)	 %RE	 Potency (IU/mL)	 %RE

Horse anti-rHC/E fragment	 625	 697	 12	 723	 16

Rabbit anti-BoNT/E complex	 125	 134	 10	 115	 4

Rabbit anti rHC/E fragment	 183	 205	 11	 231	 20

a In vivo potency values were determined by the validated PMNA (seven antitoxin dilutions per sample, four mice per dilution). b In vitro 
results represent the average of triplicates (n = three wells per dilution).
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As part of the effort to implement the 3R principles, a re-
cent study from our lab presented the development of a SB-
NA to determine BoNT/A antitoxin potency (Torgeman et al., 
2017a). As SiMa cells present low sensitivity to BoNT/B intox-
ication, we developed an in vitro cell-free endopeptidase-based 
neutralization assay for determining BoNT/B antitoxin po-
tency (Rosen et al., 2016). Later, Rust et al. re-engineered the 
VAMP molecule in SiMa cells to allow sensitive detection of 
BoNT/B intoxication (Rust et al., 2017), but this method has 
not been further applied to test the potency of BoNT/B antitox-
in. To complete the in vitro alternative toolkit for replacing the  
PMNA in assessing the potency of antitoxins for human botu-
lism, the present study establishes a SiMa cell-based neutral-
ization assay for BoNT/E antitoxins. This method was fur-
ther shown to be suitable for the evaluation of next-generation 
equine and rabbit antitoxin preparations.

A prerequisite to establishing such an in vitro assay is the abil-
ity to accurately detect differences in BoNT/E-cleaved SNAP-25 
values derived from residual BoNT/E concentrations in the pres-
ence of anti-BoNT/E antitoxin. Accordingly, we first demonstrat-
ed a precise and almost identical concentration-dependent re-
sponse to two batches of toxin, originally calibrated as test dos-
es for the PMNA (ranging from 250 to 4000 MsLD50/mL), in 
the absence of antitoxin preparations. In addition to measuring 
the potency of antitoxin preparations, the SBNA can therefore be 
used directly for in vitro determination of LD50 potency in toxin 
samples and thereby is suitable to replace the MBA.

Two important principles were applied in the assay design to 
fully comply with the PhEur concepts adopted for the PMNA 

%RE results, indicating similar potencies were obtained using 
both SBNA approaches compared to the PMNA. 

In addition, the neutralization results demonstrate a high cor-
relation between the PMNA and the SBNA: r = 0.97 (confidence 
interval (CI) = 0.878-0.995) and p < 0.0001 for the cutoff ap-
proach and r = 0.99 (CI = 0.902-0.996) and p < 0.0001 for the 
standard curve approach (Fig. 5). Collectively, these data con-
firm that the SBNA allows accurate determination of the potency 
of a variety of antitoxin preparations.

4  Discussion

Therapy with antitoxins for either BoNT/A, BoNT/B, or 
BoNT/E is relevant for the vast majority of human botulism 
cases. The PMNA is currently the only approved method to 
determine the potency of pharmaceutical botulinum antitoxin 
preparations (EDQM, 2019a). The exact number of mice used 
worldwide to test therapeutic BoNT antitoxin preparations is 
not known but is considered to be high. In addition to the use 
of mice for the PMNA, it is estimated that hundreds of thou-
sands of mice are used worldwide per year to test pharmaceuti-
cal BoNT batches in the MBA, although proprietary in vitro as-
says are in use by BoNT producers such as Allergan, Ipsen, and 
Merz (Bitz, 2010; Taylor et al., 2019). Altogether, there is a se-
rious need to develop alternative in vitro assays to replace the in 
vivo methods or at least to reduce the number of mice required 
to determine the potency of BoNTs and respective antitoxins in 
the pharmaceutical industry.

Fig. 5: Overall correlation between antitoxin potency determined by the in vitro assay and the PMNA in various BoNT/E antitoxin 
preparations
Samples include three batches of HIP, three batches of an F(ab’)2 pharmaceutical antitoxin DS, one batch of horse anti-rHC/E, one  
batch of rabbit anti-BoNT/E complex antitoxin, and one batch of rabbit anti-rHC/E preparation. The in vitro potency was obtained by 
applying the cutoff (panel A) and the standard curve (panel B) approaches.
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ing activity of type E botulinum antitoxins with respect to the 
PMNA, and its evaluation was limited since the in vivo potency 
was not precisely defined but was based on an assumed broad 
range (> 50 IU/mL, stated by the antitoxin manufacturer) (Bak 
et al., 2017). 

Owing to our ability to carry out in vivo (PMNA) and in vi-
tro (SBNA) assays in parallel and to compare antitoxin prepa-
ration potencies directly, our study with BoNT/E is the first to 
accurately validate its results by comparing them to respective  
PMNA values. Furthermore, this in vitro assay is the first to 
accurately measure the potency of next-generation antitoxin 
preparations from equine and rabbit sources. The data support 
the suitability of the SBNA as an in vitro alternative that can re-
place the PMNA in determining the potencies of a wide range of 
botulinum antitoxin products and thereby can dramatically re-
duce the use of laboratory animals for this purpose.
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