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Abstract

Botulinum neurotoxin type E (BoNT/E), the fastest acting toxin of all BONTS, cleaves the
25 kDa synaptosomal associated protein (SNAP-25) in motor neurons, leading to flaccid
paralysis. Specific detection and quantification of BoNT/E-cleaved SNAP-25 neoepitope
is essential for diagnosis of BONT/E intoxication as well as for characterization of anti-
BONT/E antibody preparations. In order to isolate highly specific monoclonal antibodies
suitable for in vitro immuno-detection of the exposed neoepitope, mice and rabbits were
immunized with an eight amino acid peptide composed of the C-terminus of the cleaved
SNAP-25. Immunized rabbits developed a specific and robust polyclonal antibody
response, whereas immunized mice mostly demonstrated a weak antibody response that
could not discriminate between the two forms of SNAP-25. An immune scFv phage-
display library was constructed from the immunized rabbits and a panel of antibodies was
isolated. Sequence alignment of the isolated clones revealed high similarity between both
heavy and light chains, with exceptionally short HCDR3 sequences. A chimeric scFv-Fc
antibody was further expressed and characterized, exhibiting a selective, ultra-high
affinity (pM) towards the SNAP-25 neoepitope. Moreover, this antibody enabled
sensitive detection of the cleaved SNAP-25 in BONT/E treated SiMa cells with no cross
reactivity with the intact SNAP-25. This novel antibody can be further used to develop an
in vitro cell-based assay to diagnose BoNT/E intoxication and to characterize antitoxin

preparations, thus eliminating the use of animals in the standard mouse bioassay.
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Introduction

Botulinum neurotoxins (BoNTSs), the most potent toxins known in nature, are synthesized
by the anaerobic bacterium Clostridium botulinum [1]. BoNT serotypes A, B, E, and
rarely F are the causative agents of human botulism, a life-threatening disease [2]. BONT
is a single ~150 kDa polypeptide, comprised of a ~100 kDa heavy chain (HC) bridged by
an S-S bond to a ~50 kDa light chain (LC) which forms a zinc-dependent endopeptidase
[3]. The C-terminal portion of the HC (Hc) binds specific receptors on the presynaptic
nerve ending membrane of cholinergic neurons, and the N-terminus of the heavy chain
(Hn) facilitates the translocation of the LC to the cytosol where it cleaves one of three
soluble N-ethylmaleimide-sensitive factor attachment protein receptor (SNARE) proteins
[4]. BONT serotypes bind different receptors, and each serotype has a specific SNARE
cleavage site, preventing the release of the neurotransmitter acetylcholine from nerve
cells into the synapses [5-7]. Serotypes A and E cleave the 25 kDa synaptosomal
associated protein (SNAP-25), serotypes B, D, F, and G cleave vesicle associated
membrane protein (VAMP or synaptobrevin), and serotype C acts on both SNAP-25 and
syntaxin [8]. Specifically, BONT/E cleaves the 206 amino acid SNAP-25 protein (SNAP-
251-206) between Argl180 and Ile181 and as a result a truncated SNAP-25;.15 IS formed [9,
10]. BoNT/E exerts its toxicity faster and significantly earlier than BoNT/A and BoNT/B
[11] requiring earlier diagnostic and medical responses.

Standard therapy for botulism in adults, including in cases of BONT/E intoxications,
involves treatment with antitoxin preparations [12, 13] derived from hyperimmune horses
(A human antitoxin preparation is also available for infant botulism cases involving
BoNT/A or BoNT/B [14]). The potencies of both the pharmaceutical antitoxin and the
toxicity of BONT/E preparations intended for horse immunization, are determined in vivo
by the pharmacopeia mouse neutralization assay (PMNA) [15] and by the mouse
bioassay (MBA) [16], respectively. However, these in vivo assays require a large number
of laboratory animals, and hence development of alternative in vitro methods to measure
activity of BONT/E and concentration of neutralizing antibodies is imperative.

Assays with potential to replace MBA and PMNA should be based on in vitro
demonstration of the three intoxication steps: receptor binding by the Hc, internalization

by the HN, and enzymatic activity of the LC. Several methods can be applied to simulate
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the LC enzymatic activity in vitro using a synthetic substrate, and to further detect the
resultant cleavage products by using either mass spectrometry, fluorescence, or an
immunoassay with specific antibodies [17-23]. Yet, cell-based in vitro assays can
combine the enzymatic activity step with the two earlier intoxication steps [24, 25]. Such
assays are based on the correlation between the BONT concentration incubated with the
target cells and the specific quantitation of toxin cleavage product, detected using a
specific antibody. Indeed, we have previously reported on a SiMa cell-based
neutralization assay to measure the potency of anti-BoNT/A pharmaceutical antibody
preparations in vitro [25]. This assay is based on a monoclonal chimeric antibody (MAD)
that specifically recognizes the BoONT/A-cleaved SNAP-25 (anti SNAP-25;.197).
Similarly, a proof-of-concept for the development of a SiMa cell-based neutralization
assay to measure the activity of BoNT/E-cleaved SNAP-25 was shown before, using
polyclonal antibodies [26]. Yet, in order to develop a reproducible assay, it is advisable to
use well characterized monoclonal antibodies.

So far and despite the importance of developing such antibodies, only two groups have
succeeded in isolating such antibodies using the traditional hybridoma cloning technique
[27, 28]. We have previously isolated a panel of potent antibodies from immunized
animals, by incorporating immunization methodologies that promote high affinity
antibodies in vivo, together with efficient screening methods using phage-display
libraries [29-31]. We thus hypothesized that, by applying similar methodologies, we
would be able to isolate high-affinity antibodies that specifically recognize the cleaved
SNAP-25 (SNAP-251.150) and not the intact SNAP-251.506. Such antibodies could serve as
the basis for sensitive in vitro neutralization assays. Here, we report the immunization
strategy and selection procedures taken to reach this end and characterize the novel

monoclonal antibody isolated.
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Materials and methods
Peptides
All the peptides used in this work were synthesized by GenScript Japan Inc. (Tokyo,

Japan) and are listed in table 1.

Table 1: Peptide sequences

Peptide Sequence Steps
KLH-P1 KLH-CTQNRQIDR Rabbit immunization
1. Monitoring serum
Bio-P1 Biotin-TQNRQIDR titers

2. Library enrichment

Specificity (of serum

Bio-P2 Biotin-MGNEIDTQNRQIDRIMEKAD
and monoclonal Ab)
Negative selection
P3 [IGNLRHMALDMGNEIDTQNRQIDRIMEKAD | during library
enrichment

Animal Immunization

Experiments were approved by the 1IBR Animal Care and Use Committee and were
conducted in accordance with the guidelines of the care and use of laboratory animals
published by the Israeli Ministry of Health (protocols RB-27-16 and M-60-16). All
efforts were made to minimize animal suffering. All animals were observed for morbidity
and mortality, overt signs of toxicity, and any signs of distress throughout the study.

Two female New Zealand White (NZW) rabbits (Oryctolagus cuniculus) and five female
BALB/c mice (Mus musculus) were immunized with KLH-P1, a synthetic peptide
corresponding to residues 173-180 of the human SNAP-25 sequence, conjugated to
keyhole limpet hemocyanin (KLH). A cysteine residue, added to the N-terminus of the
peptide, allowed coupling to KLH for immunization. Rabbits and mice were injected

subcutaneously (s.c.) with 400 pg and 5 pg of antigen per animal, respectively, mixed
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either with Complete Freund's Adjuvant (CFA) for priming or Incomplete Freund's
Adjuvant (IFA) for four booster immunizations.

ScFv Library Construction and Screening

RNA from both rabbits was extracted from lymph nodes and spleen using the RNeasy
mini kit and from blood samples using the RNeasy Protect Animal Blood kit (Qiagen
GmbH, Hilden, Germany) according to the manufacturer’s instructions. All RNA samples
were mixed together (per rabbit), and first-strand synthesis was performed using the
Verso cDNA synthesis kit (Thermo Scientific, Waltham, MA, USA), with random
hexamers and 1 ug RNA. VH and V« fragment amplification, construction of the scFv
library and panning were carried out as described in extensive detail [29] with the
following changes: A Maxisorp 96-well microtiter plate (Nunc, Sigma-Aldrich, St. Louis,
MO, USA) was coated with 5 pg/ml streptavidin (Sigma s0977) diluted in NaHCOs3
buffer (50 mM, pH 9.6) and incubated overnight. The plate was then washed, blocked
(3% BSA + 0.05% tween20 in PBS) and loaded with synthetic peptide Bio-P1 (2 pg/ml).
After a 30-minute incubation and a wash step, approximately 1 x 10** pfu of blocked (3%
skim milk + 0.05% tween20 in PBS) phage clones were incubated for 60 minutes with
the peptide coated plate. In one of the enrichment schemes, the phage blocking buffer
contained synthetic peptide P3 (5ug/ml). The plate was then washed once with blocker
solution followed by a total of six washes with PBST (PBS, 0.05% Tween 20). Bound
phage clones were then eluted and used to infect 5 mL of logarithmic-phase TG1 strain E.
coli (Lucigen, Middleton, WI, USA). Two additional panning rounds were conducted (for
the 2nd and 3rd rounds respectively) using 10 and 10° phage clones as input, while
antigen incubation time was reduced to 30 and 15 min, phage blocking buffer was
alternated (between 3% BSA to 3% Skim milk in PBS) and the PBST washing steps were
raised to include 9 or 15 washes with PBST (0.1%).

Production of Chimeric Antibodies
Phagemid DNA of the desired clones was isolated using QIAprep spin Miniprep kit
(Qiagen, GmbH, Hilden, Germany), and the entire scFv was cloned into a mammalian

immunoglobulin-based expression vector [32]. The vector was modified based on a
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published work [33], providing the scFv with the human constant Hc gene (1gGl),
resulting in chimeric rabbit-human Fc-scFv antibody. FreeStyle Max 293 cells (Thermo
Scientific, Waltham, MA, USA) were transiently transfected with the vector, and after a
week, the supernatant was collected and the antibodies were purified on a HiTrap
Protein-A column (GE healthcare, Little Chalfont, UK).

ELISA

Maxisorp 96-well microtiter plates were coated overnight with 5 pg/mL streptavidin (50
uL/well) in NaHCO3 buffer (50 mM, pH 9.6), washed and blocked with PBST buffer
(0.05% Tween 20, 2% BSA in PBS) for one hour. Synthetic primers Bio-P1 or Bio-P2 (2
ug/ml) were then loaded on the plate for 30 minutes. Rabbit sera, individual phage clones
or purified antibodies were added to the plates for a one-hour incubation; the plates were
then washed with PBST and incubated with the detecting antibody: alkaline phosphatase
(AP)-conjugated goat anti rabbit for rabbit serum (Sigma-A8025), horseradish peroxidase
(HRP)-conjugated anti-M13 antibody (GE healthcare, Little Chalfont, UK) for phage
clones and AP-conjugated anti-human 1gG (Sigma-A3187) for Fc-scFv antibodies.
Detection of HRP conjugates was carried out with 3,3',5,5'-tetramethybenzidine (TMB/E,
Millipore, Billerica, MA, USA). Detection of AP conjugated antibodies was carried out
with SIGMAFAST p-nitrophenyl phosphate tablets (Sigma-N2770).

Affinity and Specificity M easurements

Binding studies were carried out using the Octet Red system (ForteBio, Version 8.1,
Menlo Park, CA, USA, 2015) that measures biolayer interferometry (BLI). All steps were
performed at 30 °C with shaking at 1500 rpm in a black 96-well plate containing 200 pL
solution in each well. Streptavidin-coated biosensors were loaded with biotinylated
peptides Bio-P1 or Bio-P2 (5 pg/mL) for 300 s followed by a wash. The sensors were
then reacted for 300 s with increasing concentrations of antibody and then moved to
buffer-containing wells for another 300 s (dissociation phase). Binding and dissociation
were measured as changes over time in light interference after subtraction of parallel

measurements from unloaded biosensors. Sensorgrams were fitted with a 1:1 binding
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model using the Octet data analysis software 8.1 (Fortebio, Menlo Park, CA, USA,
2015), and the presented values are an average of several repeated measurements.

Wester n-blot

Chimeric MADb and rabbit sera were tested for specificity by western blot. Accordingly,
SiMa cells (5x10* cells/well) were cultured in serum-free Minimum Essential Medium
(MEM) with Earls salts and Glutamax supplemented with N-2 (x1), B-27 (x1), and 25
mg/ml GT1b, as previously described [24], and differentiated for 48 hours in 96-well
plates coated with poly-D-lysine. Cells were then exposed to 0, 400 or 4000 LDso/ml of
BONT/E, washed after 24 hours, and lysed by incubation with a cold solution of 0.1%
Triton X-100, 150 mM NaCl, 1.5 mM MgCI2, 1 mM EGTA, 50 mM HEPES, and
protease inhibitor cocktail (EDTA-free cOmplete tabs, Roche Diagnostics GmbH,
Manheim, Germany) in water for 30 minutes. Lysates were loaded to a NUPAGE 10%
Bis-Tris Gel (Invitrogen, CA, USA) and electrophoresed proteins were transferred to an
Amersham Protran Premium 0.45 pm nitrocellulose membrane (GE Healthcare
10600096). The membrane was then blocked (1% skim milk in PBS) and probed with the
chimeric MAb or immunized rabbit sera. Rabbit anti-SNAP-25 polyclonal antibody
raised against a synthetic peptide corresponding to the N-terminus of human SNAP-25
(Sigma S9684), was used as a positive control to detect both cleaved and intact SNAP-25.
AP-conjugated anti-human 1gG (Sigma A3187) and AP-conjugated anti-rabbit IgG
(Jackson 711-066-152) were used as secondary antibodies for chimeric MAb and rabbit
sera, respectively. 5-Bromo-4-Chloro-3-Indolyl-phosphate (BCIP, Sigma B8503) was
used as the chromogenic substrate.
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Results

I mmunization and characterization of the elicited antibody response

Successful isolation of specific high affinity antibodies from phage-display “immune-
libraries” depends largely on the effectiveness of the immunization regimen. To elicit a
polyclonal antibody response that will enable specific recognition of BoNT/E cleaved
SNAP-25, mice and rabbits were immunized with an eight-residue synthetic peptide,
coupled to KLH via an added cysteine residue (Table 1 and FiglA), representing the
resulting C-terminal end of SNAP-25 after BONT/E activity. The immunization process
included a prime injection and two monthly boosts, followed by two additional injections,
given after two and three months respectively (Fig. 1B). Antibody titers were determined
by ELISA against the specific synthetic peptide (Bio-P1), representing the resulting
cleavage site of SNANP-25 after BoNT/E activity. Interestingly, while all immunized
animals developed a significant antibody titer against the Bio-P1 peptide, the rabbits’
response was about 10 fold higher than that of the mice (Fig. 1C). Specificity was
determined by comparing the response on the specific peptide (Bio-P1) to that attained on
the non-specific peptide (Bio-P2), representing the non-cleaved SNAP-25 (Fig. 1C). Out
of the five immunized mice, only one (m4) developed a specific response. In marked
contrast, the two rabbits developed a highly specific antibody response toward Bio-P1,
with no cross reactivity observed on Bio-P2. As the two rabbits' antibody titers were
similar to each other and about 10-fold higher than mouse m4, we decided to continue

characterizing the rabbits’ sera.
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Figure 1. Peptide design, rabbit immunization and antibody serum levels. A. SNAP-25 protein
sequence highlighting BoNT/E cleavage site and the peptides used in this study. B. Animal immunization
regimen using KLH-P1 in either CFA (priming) or IFA (boosting). ELISA binding curves of serum of (C)
immunized mice or (D) rabbits against Bio-P1 (circles) or Bio-P2 (squares). Lines represents non-linear
regression fit and in (D) points are the mean = STD of duplicates.

While specific recognition of the "cleaved" peptide was demonstrated, it was important to
further verify that these antibodies can also specifically recognize the BoONT/E mediated
cleaved SNAP-25. We previously demonstrated that SNAP-25 cleavage by BoNT/A can
be monitored in intoxicated SiMa cells, using a specific antibody [25]. Here, cells were
first incubated with 1000 LDso/ml of BoNT/E, washed and lysed 24 hours later. The cell
lysate was resolved on SDS-PAGE and probed with an antibody directed against the N-
terminus of the human SNAP-25. As expected, this antibody recognized both the intact
(25 kDa) and the cleaved (23 kDa) SNAP-25 (Fig. 2). Next, the serum of each
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immunized rabbit was reacted with lysates of cells that were exposed to either 400 or
4000 LDso/ml of BONT/E. Indeed, the sera of both animals specifically recognized only
the cleaved SNAP-25, even at 400 LDso/ml, whereas no interaction was observed in the
control cells. Taken together, these results clearly indicate that the immunization process
elicited a strong and specific response, thus making the rabbits promising candidates for

the isolation of the desired monoclonal antibodies.

Antibody: aSNAP-25 R1 R2
BoNT/E doae (LD;e/ml): = 1000 - 400 4000 - 400 4000 KDs
=37
SNAP-26-» =25
BoNT/E cleaved SYAP-25 -»
=20

Figure 2: Specificity of theimmunized rabbit’s sera. Differentiated SiMa cells were exposed to 0, 400 or
4000 LDsg/ml of BONT/E and lysed 24 hours after intoxication. Lysates were subjected to SDS-PAGE and
Western-blotted using either anti-SNAP-25 polyclonal antibody or Bio-P1 immunized rabbits (R1 and R2).

Library Construction and Panning

To ensure the highest level of antigen specific B cells, rabbits were sacrificed 10 days
after the last boost [34-37]. A set of degenerate primers [29] was used to amplify rabbit
VH and Vk sequences from the spleen, bone marrow and peripheral blood of both
rabbits. The VH and V« gene pools were then assembled by PCR to obtain combinatorial
scFv fragments, which were than inserted into a phagemid vector resulting in the
construction of two large (3x10° pfu) phage-display libraries. To maximize the possibility
of isolating a variety of antibodies, the libraries were subjected (separately) to three
enrichment (panning) rounds, using streptavidin plates coated with Bio-P1 (Table 1). An
additional enrichment course, carried-out with the combined libraries, included a
depletion step, where a synthetic peptide (P3, Table 1), representing the intact SNAP-25,

was diluted into the phage blocking buffer. At the end of the panning process, individual
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clones from each panning strategy were screened against adhered specific and non-
specific peptides (Bio-P1 and Bio-P2 respectively, Table 1). Around 50% of the analyzed
clones specifically recognized Bio-P1, for both enrichment processes involving the
separate libraries. The 3" route, where a negative selection was applied, resulted in only
3% positive clones. Despite the different efficiencies, sequence analysis of the VH-V«
genes revealed the emergence of only one antibody clone in each panning process
(SNAP1, SNAP2, SNAP3). These were highly similar in their complementarity-
determining regions (Table 2). Overall, the three antibodies shared 78% identical residues
with additional 14% similar residues (conservative and semi-conservative homology) in
their heavy chains and 87% identity and 8% similarity in their light chains. As the
frameworks and CDRs of antibodies SNAP2 and SNAP3 shared the highest similarity, it

is logical to assume that both originated from rabbit 1.

Table 2: Amino-acid sequences of HCDRsand LCDRs

Heavy Chain Light Chain
Ab Source CDR1 CDR2 CDR3 CDR1 CDR2 CDR3
SNAP1 Rabbit 2 GIDLSDSA  IYIGSGSA  ARAWDI | ENIYNN RAS  QSSYVGTHVNYGND
SNAP2 Rabbit 1 GINLSSSA  IYAGSGNT ATAWDI QSIGSN RAS QSSYVGTHINYGNG
SANP3 Rabbits 1+2 ~ GIDFSDNA  TYVGSGRT  ARTWDI | ENIYNN RAS  QSSYVGTTINYGNG

CDRs are determined according to International ImMunoGeneTics (IMGT) annotation

Another interesting characteristic of all three isolated antibodies, is an uncommonly short
heavy chain CDR3 (HCDR3, Table 3). While rabbit CDR3 heavy chains usually contain
12-13 residues [38, 39], the BoNT/E-cleaved SNAP-25 antibodies contain 6-residue
CDR3s. This feature is nearly unique, as antibodies containing such short HCDR3 are
expressed in less than 2.5% of sequenced rabbit antibodies [38, 39]. In addition, the
apical region of the HCDR3 in rabbits is usually rich in glycine, erine and tyrosine, which
are completely absent from this antibody. Instead, the HCDR3 contains a tryptophan, a
bulky aromatic amino acid which is present in less than 2% of rabbit antibody HCDR3s
[39]. To gain structural insight into this novel antibody, we used the AbPredict variable-
domain structure prediction algorithm using default parameters [40] to generate three
model structures (Fig. 3A). The three conformations are quite similar to one another and

HCDRS3 forms a groove, that probably mediates the specific binding to the cleaved
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SNAP-25. The model suggests that the tryptophan amino acid protrudes into the binding
pocket where it may interact with the hydrophobic region of the neo-epitope (Fig. 3B).

Figure 5: Superposition of the predicted structures of the variable regions of SNAP1, SNAP2 and
SNAP3. Structure models were generated using AbPredict. Heavy chains are in blue shades, light chains
are in green shades and HCDR3 is indicated in red. A. Ribbon representation of the three aligned antibody

structures. B. The tryptophan is highlighted in sticks.

Characterization of the Chimeric SNAP1 Antibody

Further characterization of binding and specificity requires a full-length antibody. As the
three antibodies exhibited similar activities (determined by ELISA; unpublished data),
SNAP1 was reformatted as a Fc-scFv antibody [29]. The specificity of the SNAP1
antibody was first demonstrated using ELISA, with plates coated with increasing
concentrations of either the Bio-P1 or the Bio-P2 peptides. As expected, the antibody
bound only the "cleaved"” Bio-P1 peptide without any interaction with the Bio-P2 peptide
(Fig. 4A).

The affinity of SNAP1 towards Bio-P1 was next determined using the Octet Red biolayer
interferometry (BLI) system. Classical affinity measurements are generally carried out
with a sensor-immobilized antibody (ligand) interacted with an analyte (peptide) in
solution [31]. However, the use of small peptides as analytes is not recommended as they

do not induce sufficient interference, thus limiting the accuracy of affinity measurments.
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We therefore immobilized the biotinylated peptides to the sensors and measured affinity
using the antibody as the analyte. In order to minimize avidity effects, the peptides were
loaded on the sensor ensuring low surface density (minimal wavelength shift, nm). To
ensure assay specificity, the interaction of SNAP1 antibody was initially monitored
against both Bio-P1 or Bio-P2 peptides. Indeed, the antibody specifically recognized the
immobilized Bio-P1 and did not interact with Bio-P2 (Fig. 4B).

In order to determine SNAP1’s affinity towards cleaved SNAP-25, the Bio-P1 coated
sensors were incubated with increasing concentrations of the antibody (the association
phase) followed by a wash step (dissociation phase) (Fig. 4C). The sensorgrams were
fitted with a 1:1 binding model, in order to determine the Ky, and Ko rates. While the
association rate of the antibody could be measured (5.8x10° 1/Ms), the dissociation rate
was extremely slow (below the Octet Red detection limit, 1x10" s™*) and could not be

measured indicating that SNAP1’s affinity is in the sub-pM range.
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Figure 4: Specificity and affinity of SNAP1. A. Streptavidin-coated ELISA plates were loaded with
increasing concentrations of either Bio-P1 (circles) or Bio-P2 (squares) peptides and the binding of SNAP1
antibody was determined. B. Octet Red BLI sensors were loaded with either Bio-P1 (black line) or Bio-P2
(Blue line) peptides. SNAP1 antibody was interacted with the sensors for 300 sec followed by wash (200
sec). C. Bio-P1 peptide was immobilized on a streptavidin-biosensor and reacted for 300 sec (association
phase) with increasing concentrations of SNAP1 antibody (black lines; from bottom up: 6.7 nM, 20 nM,
and 60 nM). The sensors were then immersed in buffer for another 900 sec (dissociation phase). Red lines:

curve fitting of the 1:1 binding model.

Selective detection of BONT/E mediated cleavage of SNAP-25
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As the major goal of this study was to develop a method that would enable the selective
detection of the BONT/E mediated cleaved SNAP-25 (SNAP-25;.1g0), We next tested
whether the novel SNAP1 antibody is suitable for such an assay. Differentiated SiMa
cells were exposed to BONT/E at a concentration of either 400 or 4000 LD50/ml and
SNAP-25 and the cell lysates were analyzed by SDS-PAGE. As a positive control, the
anti-SNAP-25 antibody directed against the N-terminus protein region was applied and
demonstrated a dose dependent cleavage of SNAP-25 by the toxin (Fig. 5). Next, cell
lysates were incubated with SNAP1 antibody and indeed, a selective recognition of only
the newly formed SNAP-25;.1g0 was achieved. To further demonstrate the specificity of
the novel antibody, SiMa cells were exposed to BoNT/A which cleaves SNAP-25
between residues 197 and 198 (rather than between residues 180 and 181 by BoNT/E).
The intoxication process by BoNT/A was verified using the anti-SNAP-25 N-terminus
antibody, demonstrating the appearance of the expected cleaved product (Fig. 5).
However, the BoNT/A cleaved SNAP25 could not be detected by the SNAP1 antibody,
attesting to its high specificity toward the cleaved product of BoNT/E.

Antibody: aSNAP-25 SNAP1
EONT: E A E A
Toxin dose (LDg/ml): 4000 400 4000 = 4000 400 4000 = KDa
= 37
SNAP-25-p =25
BoNT/A oleaved SNAP-26-»
BaNT/E claaved SNARP-25-» 20

Figure 5: Specific detection of cleaved SNAP-25 neoepitope by SNAPL antibody. Differentiated SiMa
cells were exposed to the indicated doses of either BoNT/A or BoNT/E and lysed 24 hours after
intoxication. Lysates were subjected to SDS-PAGE and Western-blotted using either anti-SNAP-25
polyclonal antibody or SNAP1.


https://doi.org/10.1101/2021.09.16.460610
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.09.16.460610; this version posted September 16, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Discussion

In this work we describe the isolation of three scFv antibodies directed against a peptide
that mimics the product of SNAP-25 following the enzymatic activity of BONT/E. One of
these clones (SNAP1) was further reformatted into a scFv-Fc antibody and was shown to
bind the peptide with extremely high affinity and to specifically recognize the product of
BONT/E cleaved SNAP-25.

In the course of this study we immunized both mice and rabbits, aiming to broaden
antibody repertoire. Results indicated that the humoral response of the immunized rabbits
was both more robust and more specific than that observed in the immunized mice.
Several reports have suggested that rabbits can develop antibodies against unique
epitopes on human antigens that are not immunogenic in rodents [41] and to elicit strong
immune responses against small molecules and haptens, which is rare in rodents [42-46].
These results may stem from the fact that rabbits belong to the taxonomic order
Lagomorpha which is evolutionary distinct from the order Rodentia to which mice belong
[47].

Another interesting finding was that the three isolated clones, originating from two
different rabbits, share very high similarity in their sequence and structure. These unique
features, including the short HCDR3 and the presence of the Trp amino acid in the
HCDR3, most probably contribute to the high affinity and specificity of the SNAP1
antibody. Ig-blast analysis of these three clones revealed that their heavy chains share a
common VH germline origin (IGHV1S69-1). In a previous work that performed next-
generation sequencing (NGS) of the antibody repertoire in bone marrow and spleen of a
naive rabbit revealed that this germline is quite rare (0.01% or 0.05% respectively) [38].
However, in the same study, following immunization using a KLH-conjugated 16-mer
peptide, the same germline gene was found to comprise 40% of the rabbit's antibody
repertoire [38]. In addition, a study of 235 cDNA clones from human peripheral blood
suggested that a smaller CDR3 may create a unique "binding pocket" that allows better
interactions between the antigens and CDRs 1 and 2 (Rosner Immunology 2001). It
should also be noted that a similar, uncommonly short HCDR3 was observed in a mouse
monoclonal antibody that specifically recognizes the cleavage site of SNAP-25 by
BONT/A [48]. As with the rabbit antibodies, this antibody contained a 5-residue HCDRS,
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whereas mouse antibodies most frequently contain 9-residue HCDR3s (6-residues
HCDR3s manifest in less than 1% of the antibodies) [39]. Thus, it is suggested that the
unique features of the SNAP1 antibody, namely its extremely high affinity and specificity
towards the cleaved peptide, are derived from tight interactions in the formed unique
pocket.

To summarize, by combining immunization and selection procedures we have isolated a
novel, specific and highly potent antibody against the BONT/E derived SNAP-25
neoepitope. This antibody can be further used to develop an in vitro cell-based assay to
diagnose BONT/E intoxication and to characterize antitoxin preparations, thus eliminating
the use of animals in the standard mouse bioassay.
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