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Botulinum neurotoxins are known to be among the most toxic known substances. They produce severe
paralysis by preventing the release of acetylcholine at the neuromuscular junction. Thus, new strategies for
efficient production of safe and effective anti-botulinum neurotoxin antisera have been a high priority. Here we
describe the use of DNA electrotransfer into the skeletal muscle to enhance antiserum titers against botulinum
toxin serotypes A, B, and E in mice. We treated animals with codon-optimized plasmid DNA encoding the
nontoxic but highly immunogenic C-terminal heavy chain fragment of the toxin. By employing both codon
optimization and the electrotransfer procedure, the immune response and corresponding neutralizing anti-
serum titers were markedly increased. The cellular localization of the antigen and the immunization regimens
were also shown to increase neutralizing titers to >100 IU/ml. This study demonstrates that DNA electro-
transfer is an effective procedure for raising neutralizing antiserum titers to remarkably high levels.

Botulinum neurotoxins (BoNTs) are among the most toxic
known substances and have been characterized as the most
potent substances known. They have accounted for several
food poisoning cases in humans and animals (1, 24). Among
the seven serologically distinct types of BoNTs (types A to G),
BoNT types A, B, E, and F are commonly linked to human
disease. BONT/A is the deadliest of the seven toxins, with a
very high potency; the theoretical lethal dose is estimated to
be on the order of 1 nanogram per kilogram of body weight
(1, 31).

BoNT consists of a poorly active single polypeptide chain of
150 kDa, which is proteolytically cleaved to an active double
chain comprised of a light subunit (about 50 kDa) and a heavy
subunit (about 100 kDa) linked by a disulfide bridge. The toxin
is composed of three functional domains (50). The C-terminal
half of the heavy chain (fragment C [Fc]) mediates binding to
the target neurons, which triggers the internalization of the
whole toxin into endocytic vesicles. The N-terminal half of the
heavy chain mediates the translocation of the light chain, which
is the intracellular active domain, into the cytoplasm of the
neuron. In motor nerve endings and autonomic cholinergic
junctions, BoNTs cleave one of three SNARE (soluble NSF
attachment protein receptor) proteins, synaptobrevin, SNAP-
25, and syntaxin, which constitute the synaptic fusion complex
and have a determinant role in neuroexocytosis. Thus, BONTs
block the release of acetylcholine, leading to flaccid paralysis
(36).

Botulism is naturally a relatively rare disease in humans.
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However, based on their high toxicity, BoNTs are considered
potential biological weapons via aerosols, which could raise the
necessity to develop a vaccine against these toxins. However,
on the other hand, BoNTs are currently used as FDA-ap-
proved therapeutic agents for the treatment of numerous dis-
eases, such as dystonias and strabismus, or for cosmetic surgery
(8); multiple novel applications (not FDA approved) are cur-
rently being used for the treatment of various disorders in a
variety of medical fields (26). Because of these implications,
the use of toxoid vaccine may not be suitable, and thus, better
strategies to neutralize BoNTs, including the production of
safe and effective anti-BoNT antisera, are needed.

Current therapies for botulism consist mainly of supportive
care, active vaccination, and passive immunization with anti-
BoNT antibodies. Although these antibodies will not reverse
existing paralysis, they prevent additional nerve intoxication if
given before all circulating toxins bind to the neuromuscular
junction. Antitoxin antibodies used in adults are of equine
origin, including the bivalent equine botulinum antitoxin for
serotypes A and B and equine botulinum antitoxin type E. The
U.S. Army has developed an investigational heptavalent botu-
linum antitoxin (serotypes A to G). However, its efficacy in
humans is not yet known (1).

Genetic immunization by intramuscular DNA electrotrans-
fer is a cost-effective and widely used technique involving the
application of electrical pulses after intramuscular injection of
plasmid DNA encoding antigens to enhance immunogenicity
and vaccine efficiency (3, 35, 48). This technique requires only
plasmid DNA, which can easily be produced under good man-
ufacturing production conditions. Furthermore, intramuscular
electrotransfer leads to sustained production in muscles for
more than several months, with secretion into the blood cir-
culation (5). Thus, long-lasting antibody production is ex-
pected in treated animals.
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In this study, we investigated the possibility of antiserum
production using in vivo intramuscular DNA electrotransfer.
We focused on the production of antisera against BoNT/A,
BoNT/B, and BoNT/E, which are the most potent forms of
BoNT identified so far (38). We treated animals with plasmid
DNA encoding the nontoxic C-terminal heavy chain fragment
of each toxin. This fragment is responsible for the interaction
of BoNTs with the extracellular membrane and has been de-
scribed as the best minimal part of the protein to elicit efficient
production of neutralizing antibodies (20, 47).

MATERIALS AND METHODS

Plasmids. All plasmids used in this study are based on a pVaxl vector back-
bone (Invitrogen) in which the original cytomegalovirus (CMV) promoter has
been replaced with the CMV promoter of the pCMVR plasmid (Clontech), as
already described (22).

Plasmid pVax-FcBoNT/A is an expression vector encoding the nontoxic C-
terminal fragment of BoNT/A (FcBoNT/A) under the control of a CMV pro-
moter. This fragment was obtained by PCR amplification from the complete
Clostridium botulinum A DNA (strain NCTC2916), using primers 5'-GGATCC
AATATTATTAATACTTCTATATTGAATTT-3' and 5'-GTCGACTTACAG
TGGCCTTTCTCCCCA-3'. All codon-optimized sequences were designed and
resynthesized chemically by Geneart. The secretion signal SecEpo sequence was
derived from GenBank (accession no. M12930), based on the erythropoietin
sequence, and was also synthesized by oligonucleotide assembly via Geneart
(together with the construction of the codon-optimized fragment). The final
fragment contained unique restriction sites (BamHI site at the 5 end, Xhol site
at the 3’ end, and EcoRI site between the secretion signal and the Fc fragment)
to facilitate subsequent cloning into the expression vector pVaxl.

Plasmid pVax-Fc*BoNT/A contains an optimized synthetic DNA sequence
encoding the C-terminal fragment of BONT/A (Fc*BoNT/A), based on mouse
high-frequency codons, under the control of the CMVB promoter (Clontech).
The Fc*BoNT/A sequence was synthesized chemically (Geneart) and cloned into
pVaxl. The encoded amino acid sequence is identical to the initial FcBoNT/A
sequence.

Plasmid pVax-SecEpo-Fc*BoNT/A contains an optimized synthetic DNA se-
quence encoding the C-terminal fragment of BoNT/A with an amino-terminal
fusion to the murine erythropoietin secretion signal (SecEpo). The resulting
fragment is under the control of the CMV promoter (Clontech).

Plasmids pVax-Fc*BoNT/B and pVax-Fc*BoNT/E are expression vectors con-
taining optimized synthetic DNA sequences encoding the C-terminal fragments
of BoNT/B and BoNT/E, based on mouse high-frequency codons (initial se-
quences were obtained from the genomic DNAs of strain 472.00 for BoNT/B
[from CNR BAT, Pasteur Institute] and strain P34 for BONT/E, and sequences
were resynthesized chemically by Geneart and named Fc*BoNT/B and
Fc*BoNT/E, respectively), under the control of the CMV promoter (Clontech).

Plasmids pVax-SecEpo-Fc*BoNT/B and pVax-SecEpo-Fc*BoNT/E encode
the synthetic C-terminal fragments of BoNT/B and BoNT/E, respectively,
with an amino-terminal fusion to the murine erythropoietin secretion signal
(SecEpo). The resulting fragments are under the control of the CMV promoter
(Clontech).

Plasmid DNAs were transformed into and produced in Escherichia coli strain
DH5a and then further purified using Qiagen Megaprep endotoxin-free Kits
(Qiagen). All dilutions were done in saline (0.9% NaCl).

In vitro expression. Expression of FcBoNT/A was demonstrated in vitro fol-
lowing transfection of B16 melanoma cells (mouse melanoma; ATCC RL-6323),
routinely used in the laboratory to check the expression of plasmid DNA vectors
because these cells are easy to transfect. Transfection was performed using
RPR209120 cationic lipid (6). Cells were analyzed for expression 24 h after
transfection, as described below. Cells were fixed in 4% paraformaldehyde for 30
min at room temperature, washed in phosphate-buffered saline (PBS), and in-
cubated for 30 min in PBS containing 0.2% bovine serum albumin and 0.05%
saponin. Primary antibody (2.16 mg/ml monoclonal anti-FcBoNT/A [TBS5]; a gift
from H. Volland, Commissariat a I’Energie Atomique) was diluted 1:200 in
PBS-bovine serum albumin-saponin and incubated for 2 h with fixed cells at
room temperature. After the cells were washed, anti-mouse immunoglobulin G
(IgG) conjugated to fluorescein (F2653; Sigma) was added, and the cells were
subjected to further incubation for 1 hour at room temperature. Finally, the cells
were washed and nuclei were stained with DAPI (4',6-diamidino-2-phenylin-
dole) for 30 min.
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RT-PCR. Total RNA (5 ng) was reverse transcribed in a final volume of 20 pl
containing 4 pl 5 reverse transcription (RT) buffer, 2 wl of 0.1 M dithiothreitol,
1 pl containing a 10 mM concentration of each deoxynucleoside triphosphate,
200 U Superscript IT (Gibco BRL, Life Technologies), and 500 ng of specific
primers. Specific primer sets were as follows: for the native FEBoNT/A sequence,
forward primer 5'-TGCATCACAGGCAGGCGTAG and reverse primer 5'-CC
CATGAGCAACCCAAAGTCC; and for the optimized Fc*BoNT/A sequence,
forward primer 5'-GCCTGAACTACGGCGAGATCATCTGG and reverse
primer 5'-GATCTCCAGGGCGCTCAGGATCTT. Reaction mixtures were in-
cubated at 42°C for 60 min, and reverse transcriptase was inactivated by being
heated at 70°C for 15 min and cooled at 4°C for 5 min. A PCR was then
performed on 2 pl cDNA: for each tube, 2.5 pl forward primer (20 nM), 2.5 pl
reverse primer (20 nM), 5.5 wl RNase-free DNase-free water, and 12.5 pl PCR
master mix (Applied Biosystems) were added.

Titration of FcBoNT/A protein in the supernatant. Microtiter plates were
coated with polyclonal rabbit anti-FcBoNT/A (1 pg/ml in PBS; 100 pl/well)
overnight at room temperature and were blocked with PBS-0.1% Tween 20—
0.2% gelatin (30 min, room temperature). The plates were washed three times
with PBS-0.1% Tween 20-0.2% gelatin, and dilutions of cell culture supernatant
in PBS-0.1% Tween 20-0.2% gelatin were then added (100 wl/well). The plates
were incubated for 2 h at 37°C and washed three times. Biotinylated rabbit
anti-FcBoNT/A diluted to 1 pg/ml in PBS-0.1% Tween 20-0.2% gelatin was
then added for 1 h at 37°C. The plates were incubated for 30 min with 1:400
streptavidin conjugated to peroxidase (ExtrAvidin; Sigma) in PBS. The revela-
tion was done with orthophenylenediamine (Sigma) and H,O,, and the reaction
was stopped with 3 M HCI (50 pl/well). The plates were read with a microplate
reader (490 nm).

Plasmid DNA injection and delivery of electrical pulses. In vivo experiments
were carried out on 6-week-old Swiss female mice (Janvier, France). Electro-
transfer experiments were carried out as previously described (33). Briefly, mice
were anesthetized by intraperitoneal injection of 0.3 ml of a mix of ketamine
(8.66 mg/ml) and xylazine (0.27 mg/ml) in 150 mM NaCl. Hind legs were shaved.
Forty micrograms of plasmid DNA in 30 wl 0.9% NaCl was injected longitudi-
nally, using a syringe, into the tibial cranial muscle. After injection, transcuta-
neous electrical pulses were applied by two stainless steel external plate elec-
trodes placed about 5 mm apart, at each side of the leg. Electrical contact with
the leg skin was ensured by application of conductive gel. Eight square-wave
electric pulses of 200 V/cm and 20-ms duration were generated at a frequency of
2 Hz by a Genetronix BTX ECM 830 instrument.

For multivalent serum production, mice were treated with 60 pg of DNA (20
pg of each construct) per leg in both legs.

Experiments were conducted according to the NIH recommendations for
animal experimentation.

Protein boosting. When necessary, mice were injected intraperitoneally with 1
g of recombinant protein (recombinant FcBoNTA was produced in E. coli
strain BL21 and homogenized in 1 mg aluminum hydroxide [Alugel; Serva]) (47).
Production of recombinant BoNT/A complex was performed according to a
procedure described by Shone and Tranter (42).

Titration of antibodies against FcBoNT/A in serum. To quantify antibody
responses, sera were collected at various time points by retro-orbital puncture
and stored at —20°C before being assayed.

Microtiter plates were coated with recombinant FcBoNTA, as previously de-
scribed (http://www.pasteur.fr/sante/clre/cadrecnr/anaer/anaer-rapport2006.pdf)
(1 pg/ml in 15 mM Na,CO3, 36 mM NaHCOj3, pH 9.8, 100 pl/well), overnight at
room temperature and were blocked with PBS-0.1% Tween 20-0.2% gelatin (30
min, room temperature). The plates were washed three times with PBS-0.1%
Tween 20-0.2% gelatin, and serial twofold dilutions of mouse serum samples in
PBS-0.1% Tween 20-0.2% gelatin (starting at 1:100) were then added (100
wl/well). The plates were then incubated for 2 h at 37°C and washed three times.
Peroxidase-conjugated anti-mouse immunoglobulin (1:2,000; 100 pl/well) (Am-
ersham Biotech) was added, and the plates were incubated for 1 h at 37°C and
washed. For IgG1 and IgG2a assays, biotin-conjugated anti-mouse IgG1 and
IgG2a (LO-MGI1-2 biotin and LO-MG2a-9 biotin, respectively; Abcys) were
used at 1:4,000 and 1:2,000 dilutions, respectively. The revelation was done with
orthophenylenediamine (Sigma) and H,O,, and the reaction was stopped with 3
M HCI (50 pl/well). The plates were read with a microplate reader (490 nm).

Absorbance readings were plotted against the reciprocal of the dilution. The
antibody titer of a serum was determined graphically and calculated as the
reciprocal of the dilution where the absorbance of the serum was 0.3 optical
density unit above that of the control serum.

The same protocol was used for titration of antibodies against FcBoNT/B and
FcBoNT/E.
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FIG. 1. (a) Immunofluorescence analysis of B16 melanoma cells transfected with either pVax-FcBoNT/A (A), pVax-Fc*BoNT/A (B), or
pVax-SecEpo-Fc*BoNT/A (C), stained as described in Materials and Methods, and visualized by fluorescence microscopy. (b) RT-PCR of
FcBoNT/A, Fc*BoNT/A, and SecEpo-Fc*BoNT/A mRNAs 48 h after transfection of B16 cells. Lane 1, FcBoNT/A; lane 2, Fc*BoNT/A; lane 3,
SecEpo-Fc*BoNT/A; lanes —, RNA alone; lanes C—, control PCR on water; lanes C+, control PCR on plasmid. Specific primers used were as
follows: for FcBoNT/A (259-bp product), 5'-TGCATCACAGGCAGGCGTAG-3' (forward) and 5'-CCCATGAGCAACCCAAAGTCC-3'; and
for Fc*BoNT/A and SecEpo-Fc*BoNT/A (703-bp product), 5'-GCCTGAACTACGGCGAGATCATCTGG-3' (forward) and 5'-GATCTCCAG
GGCGCTCAGGATCTT-3’ (reverse). The red arrows indicate the expected band size (259 bp or 703 bp).

Mouse protection assays. Sera (around 50 pl of serum from each mouse) were
pooled for mouse protection assays. Tenfold serial dilutions of these pooled sera
were made in the incubation buffer and were incubated for 30 min at 37°C with
BoNT/A at 10 mouse lethal doses/ml (MLD/ml). One milliliter of the diluted
toxin (corresponding to 10 MLD) was injected intraperitoneally into Swiss male
mice (20 to 25 g). The mice were observed for 4 days, and the total numbers of
deaths and survivors were recorded.

Statistical analyses. All results throughout the report are expressed as means =
standard errors of the means (SEM). The values of the measured parameters
were subjected to variance analysis, and comparisons between treatments were
analyzed with an analysis of variance (ANOVA) test, followed by Fisher’s test. In
the figures, the following symbols apply: *, P < 0.1; **, P < 0.01; and ***, P <
0.001.

RESULTS

In vitro expression of different forms of FcBoNT/A. Three
different plasmids were constructed to contain the following
different cDNAs encoding the C-terminal heavy chain frag-
ment of neurotoxin A: (i) the native cDNA sequence encoding
FcBoNT/A; (ii) a codon-optimized version of the antigen se-
quence, denoted Fc*BoNT/A; and (iii) a secreted form of
Fc*BoNT/A obtained by fusion of Fc*BoNT/A to the murine
erythropoietin secretion signal (SecEpo). These plasmids
were termed pVax-FcBoNT/A, pVax-Fc*BoNT/A, and pVax-
SecEpo-Fc*BoNT/A, respectively.

Detection of the antigen by immunostaining following trans-
fection of B16 melanoma cells confirmed the expression and
cellular localization of FcBoNT/A with the two codon-opti-
mized plasmids. Fc*BoNT/A expression was cytoplasmic, as
expected, whereas SecEpo-Fc*BoNT/A expression was
switched from the cytoplasm (Fig. la) to mainly the Golgi
apparatus (data not shown), which may indicate preparation
for subsequent extracellular secretion. None of the protein
could be detected after native FcBoNT/A ¢cDNA transfection,

although RT-PCR analysis confirmed the presence of both
plasmids, namely, the native and codon-optimized constructs,
at a transcriptional level (Fig. 1b). This suggests that the native
Clostridium botulinum codons are poorly translated in mam-
malian cells.

An enzyme-linked immunosorbent assay (ELISA) was per-
formed to assess the efficiency of the SecEpo secretion signal
and to quantify the amount of secreted antigen in the super-
natant of B16 cells after transfection with pVax-SecEpo-
Fc*BoNT/A. This secretion signal produced a basal secretion
level of 35.08 = 1.72 ng/ng total protein of FcBoNT/A. We
employed the current secretion signal sequence for our subse-
quent studies, based on a pilot experiment comparing it to a
previously reported sequence (derived from the human se-
creted alkaline phosphatase cDNA) which showed a signifi-
cantly lower concentration of FcBoNT/A (28.01 = 0.85 ng/ng
total protein; P < 0.001) by comparison.

Improvement of immunization with codon optimization and
electrotransfer procedure. To determine the effect of codon
optimization of the FcBoNT/A sequence, mice were immu-
nized with one intramuscular injection of the mentioned
sequence, followed by electrotransfer with either pVax-
FcBoNT/A or pVax-Fc*BoNT/A plasmid. Antibodies against
FcBoNT/A were detected in both groups of mice at 1 month
posttreatment (Fig. 2a); however, the antibody titer was 10-
fold higher for the codon-optimized sequence (2,518 + 315 at
1 month) than that obtained with the native sequence (210 =
210 at 1 month). Moreover, antibody titers remained stable for
more than 3 months after a single DNA treatment (324 = 197
with pVax-FcBoNT/A and 2,629 = 331 with pVax-Fc*BoNT/A
at 100 days).

In order to determine the effectiveness of the electrotransfer
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FIG. 2. (a) Antibody responses of mice injected with plasmid pVax-
FcBoNT/A or pVax-Fc*BoNT/A, with subsequent electrotransfer (b).
Antibody responses were measured in mice that were injected only
(Fc*BoNT/A) or injected followed by electrotransfer (Fc*BoNT/
A+ET) with plasmid pVax-Fc*BoNT/A. Swiss mice (n = 4) were
treated with 40 pg of plasmid DNA. Antibody titers were determined
by ELISA on serum samples at different time points after treatment.
Results show means = SEM. #%%, P < 0.001; #, the titer is below the
limit of detection.

procedure, we evaluated the antibody titer obtained after a
single intramuscular injection of pVax-FcBoNT/A or pVax-
Fc*BoNT/A without administration of any electrical pulses.
No antibody could be detected with a single injection of pVax-
FcBoNT/A (data not shown), although the antibody titers with
the codon-optimized sequence were detectable, but at a level
20-fold lower than that with electrotransfer (as shown in the
example of 125 = 96 at 100 days) (Fig. 2b).

Effect of secretion signal. We hypothesized that the addition
of a secretion signal to Fc*BoNT/A would enhance the im-
mune response. To test this possibility, mice were treated by
intramuscular injection followed by electrotransfer with the
codon-optimized constructs with and without a secretion signal
fused to the 5" end, i.e., pVax-Fc*BoNT/A and pVax-SecEpo-
Fc*BoNT/A, respectively (Fig. 3). Although antibodies against
FcBoNT/A could be detected in both groups of mice, both
titers were determined to be similar and there was no statistical
difference (1,800 = 265 with Fc*BoNT/A and 2,100 * 505 with
SecEpo-Fc*BoNT/A at 40 days). Both titers remained quite
stable for at least 6 months after a single treatment.

In order to verify that 40 pg was an optimal dose for injec-
tion, we performed a dose titration of 20 pg, 40 g, and 80 pg
per mouse with the pVax-SecEpo-Fc*BoNT/A construct. We
observed a corresponding trend showing response at 20 pg <
response at 40 pg < response at 80 g, although the immune
responses obtained were not statistically different (analysis of
variance; data not shown). Thus, we decided to continue using
40 pg per mouse for subsequent experiments. Based on our
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FIG. 3. Antibody responses of mice injected with plasmid pVax-
Fc*BoNT/A or pVax-SecEpo-Fc*BoNT/A, with subsequent electro-
transfer. Swiss mice (n = 4) were treated with 40 pg of plasmid DNA.
Antibody titers were determined by ELISA on serum samples at dif-
ferent time points after treatment. Results show means = SEM. N.S.,
no significant difference between the two groups.

experience with plasmid DNA electrotransfer and reports from
the literature (reviewed in reference 45), this amount of DNA
optimally yielded sustained expression of the encoded gene.

Characterization of antisera. To determine whether the
raised antibodies could passively protect against BONT/A, we
used the most sensitive and accurate in vivo mouse neutraliza-
tion assay to quantify the neutralizing titer. In this assay, 10
MLD of native BoNT/A-producing organisms were initially
preincubated with 10-fold serial dilutions of sera from immu-
nized mice, as already described (47), and we then challenged
naive Swiss mice via an intraperitoneal injection with this mix-
ture (Table 1).

Sera from mice immunized with the secretion signal-con-
taining pVax-SecEpo-Fc*BoNT/A construct showed much
higher levels of neutralizing antibodies, with a neutralization
titer of 8 IU/ml (n = 6 per dilution), than did sera from mice
immunized with pVax-Fc*BoNT/A, with a titer of 0.2 IU/ml
(n = 6 per dilution).

In order to better characterize the observed immune re-
sponse, we performed an ELISA for IgG1 and IgG2a levels.
We observed an IgG1 increase and an IgG2a decrease with the
secreted-form SecEpo-Fc*BoNT/A construct compared to the
non-secreted-form Fc*BoNT/A construct (Fig. 4). This sug-
gests a Th2-shifted response with a secreted antigen, which is
more similar to an immune response observed with a recom-
binant protein injection (Fig. 4, dotted lines).

Multivalent antiserum against BoNT/A, BoNT/B, and
BoNT/E after electrotransfer. Similar immunization experi-
ments were conducted with plasmids containing codon-opti-
mized antigen sequences encoding the C-terminal fragments
of neurotoxins B and E (Fc*BoNT/B and Fc*BoNT/E, res-
pectively). In comparing immunizations between pVax-
Fc*BoNT/B and pVax-SecEpo-Fc*BoNT/B and between
pVax-Fc*BoNT/E and pVax-SecEpo-Fc*BoNT/E, the results
were inconclusive. The antibodies against FcBoNT/B (Fig. 5a)
and FcBoNT/E (Fig. 5b) were detected in all groups of mice,
with similar titers, with or without a secretion signal. However,
this could be attributed to the limits of ELISA; since the
ELISA sensitivities for serotypes A, B, and E are different, only
antibody titers in response to the secreted and nonsecreted
forms of the same serotype, but not across serotypes, can be
distinguished.
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TABLE 1. Protection against BONT/A with antisera from mice treated with several plasmid constructs and/or several procedures®
No. of living mice/total no. of mice after 4 days for
. : o . N lizati
Expt Toxin construct antiserum dilution against 10 MLD tiiglt—rzllléz/l;(l))n
1/100 1/1,000 1/10,000 1/50,000 1/100,000
Single electrotransfer Fc*BoNT/A 6/6 0/6 ND ND ND 0.2
SecEpo-Fc*BoNT/A 2/2 6/6 3/6 ND ND 8
Multivalent antiserum Monovalent SecEpo-Fc*BoNT/A 2/2 2/2 12 ND ND 8
Multivalent SecEpo-Fc*BoNT/A, -B, and -E 2/2 2/2 1/2 ND ND 0.8
Double electrotransfer Fc*BoNT/A 2/2 2/2 2/2 ND 0/2 8
SecEpo-Fc*BoNT/A 2/2 2/2 2/2 ND 0/2 20
Protein boost Fc*BoNT/A ND 2/2 2/2 5/5 3/7 130
SecEpo-Fc*BoNT/A ND 2/2 2/2 5/5 3/7 142

“ Multivalent refers to the coinjection and electrotransfer of three plasmids, pVax-SecEpo-Fc*BoNT/A, pVax-SecEpo-Fc*BoNT/B, and pVax-SecEpo-Fc*BoNT/E.
Swiss mice were challenged with 10 MLD of BoNT/A mixed with serial dilutions of antiserum. The final neutralizing titer was determined by a mathematical formula
(barycenter calculation) using the two highest dilutions, knowing that 1 TU corresponds to neutralization of 5,000 MLD. ND, not done.

Ideally, it would be useful to have a single multivalent anti-
serum against fragments for all three toxins, i.e., FCBoNT/A,
FcBoNT/B, and FcBoNT/E. In order to test this possibility,
mice were immunized with a mixture of three plasmids, pVax-
SecEpo-Fc*BoNT/A, pVax-SecEpo-Fc*BoNT/B, and pVax-
SecEpo-Fc*BoNT/E, in both hind legs to limit the amount of
DNA injected per muscle. Antibodies against all FcBoNT/A,
FcBoNT/B, and FcBoNT/E fragments could be detected in the
sera of these mice. The average titers obtained in the multiva-
lent sera with respect to those obtained with the homologous
neurotoxins remained similar to those observed with a mono-
valent antiserum for FcBoNT/A or FcBoNT/B and lower than
those observed for FcBoNT/E (Table 2).

We then used a neutralization assay with native BoONT/A, as
described previously, to compare the neutralization titers of
monovalent and multivalent sera against BONT/A (Table 1).
The multivalent neutralization titer against BONT/A appeared
to be 10-fold lower (0.8 IU/ml; n = 2 per dilution) than the
corresponding monovalent neutralization titer (8 IU/ml; n = 2
per dilution).

Immunization regimens. In order to increase the antibody
response and the corresponding neutralizing antibody titer, we
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FIG. 4. IgG1 and IgG2a responses to FcBoNT/A in mice injected
with pVax-Fc*BoNT/A or pVax-SecEpo-Fc*BoNT/A, with subsequent
electrotransfer, or immunized with three intraperitoneal injections of
10 g of recombinant FcBoNT/A protein at 2-week intervals. Swiss
mice (n = 4) were treated with 40 ug of plasmid DNA or 1 pg of
recombinant FcBoNT/A homogenized in 1 mg aluminum hydroxide.
IgG1 and IgG2a responses were determined by ELISA on serum
samples at day 40. Results show means £ SEM. #x%, P < 0.001; =,
P < 0.01. OD, optical density.

evaluated various immunization regimens. We first tested the
effect of performing two DNA electrotransfers at 1-month
intervals. This showed that performing a second electrotrans-
fer increased the antibody response and the resulting neutral-
izing antibody titers (20 IU/ml [n = 2 per dilution] for SecEpo-
Fc*BoNT/A and 8 IU/ml [n = 2 per dilution] for Fc*BoNT/A)
(Table 1). We also tested the combination of one DNA elec-
trotransfer followed by a booster injection of the recombinant
protein (1 g of FcBoNT/A in 1 mg of Alugel, given intraperi-
toneally). With both pVax-Fc*BoNT/A and pVax-SecEpo-
Fc*BoNT/A constructs, the regimen of one DNA electrotrans-
fer followed by a protein boost dramatically increased antibody
titers 10 days after the protein injection (Fig. 6a). A neutral-
ization assay performed on both antisera at day 70 showed
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FIG. 5. Antibody responses of mice injected with plasmids pVax-
Fc*BoNT/B and pVax-SecEpo-Fc*BoNT/B (a) or pVax-Fc*BoNT/E
and pVax-SecEpo-Fc*BoNT/E (b), followed by electrotransfer. Swiss
mice (n = 4) were treated with 40 g of plasmid DNA. Antibody titers
were determined by ELISA on serum samples at different time points
after treatment. Results show means = SEM. N.S., no significant
difference between the two groups.
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TABLE 2. Antibody responses of mice injected with plasmids pVax-
Fc*BoNT/A, pVax-Fc*BoNT/B, and pVax-Fc*BoNT/E, with
electrotransfer, as a monovalent or multivalent serum®

Antibody titer at 45 days

Antigen
Multivalent Monovalent
FcBoNT/A 2,280 = 648 1,759 = 571 (NS)
FcBoNT/B 1,155 + 462 1,816 = 845 (NS)
FcBoNT/E 7,876 = 3,056 1,330 = 377%*

“ Multivalent refers to the coinjection and electrotransfer of three plasmids,
pVax-SecEpo-Fc*BoNT/A, pVax-SecEpo-Fc*BoNT/B, and pVax-SecEpo-
Fc*BoNT/E. Swiss mice (n = 4) were treated with 40 pg of each plasmid DNA.
Antibody titers were determined by ELISA on serum samples at day 45. Results
show means = SEM. #*, P < 0.01; NS, no significant difference between the two
groups.

increased neutralizing titers of 130 IU/ml (n = 5 or 7 per
dilution) for Fc*BoNT/A and 142 IU/ml (n = 5 or 7 per
dilution) for SecEpo-Fc*BoNT/A. This procedure allows up to
a 500-fold increase in neutralizing antibody titer compared to
that obtained with a single DNA electrotransfer procedure
(Table 1).

In another experiment, mice were treated with pVax-
SecEpo-Fc*BoNT/B plasmid and boosted with a recombinant
protein injection at day 30. Interestingly, very few antibodies
could be detected before the protein boost (Fig. 6b). However,
a high peak of anti-BoNT/B antibodies was detected 15 days
after the protein boost (day 45), which was similar to the
scenario for BONT/A 10 days after the protein boost. Two
additional samples, at day 60 and day 75, showed only about
50% of the maximum antibody titer. This titer was stabilized
for about 6 months (day 180) and then declined at day 180.

DISCUSSION

In the early 1990s, the administration of a naked DNA
plasmid encoding an antigen was shown to elicit both humoral
(46) and cellular (51) immune responses. Since then, numer-
ous publications have reported the effectiveness of DNA vac-
cines in a variety of preclinical models, including both infec-
tious (either viral, bacterial, or parasitic) and acquired
diseases, such as cancer (reviewed in references 19 and 44).
Although DNA vaccination results for small animals were ro-
bust, they were ineffective in nonhuman primates or clinical
trials. One possible explanation might be that the level of
protein expression is insufficient to elicit a strong immune
response. Consequently, a number of methods have been de-
veloped to increase DNA uptake efficiency in order to increase
antigen expression. Among the resulting innovative methods,
electrotransfer (or in vivo electroporation) has proven to be
one of the most efficient means for gene delivery, particularly
in skeletal muscle (48), where high levels of protein expression
can be achieved. The delivery of electrical pulses enhances
DNA uptake, resulting in a 100- to 1,000-fold increase in gene
expression (in comparison with naked DNA administration) as
well as an enhanced immune response toward the transgene,
including in large animals (5, 35, 40). DNA immunization in a
tissue rich in dendritic cells (for example, skin) leads more
toward a Th2-type immune response, whereas intramuscular
DNA immunization results in a more Th1 humoral response
(17). The latter provides another use of intramuscular DNA
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immunization (which is different from full protection, which
favors usage toward vaccination), namely, the production of a
high-titer neutralizing antiserum for protection against a par-
ticular toxin. This idea has been shown in the production of
specific antibodies against snake venom toxin (16). Plasmid-
based DNA immunization to protect mice from BoNT/A (9,
43) and BoNT/F (4, 18) has previously been evaluated in an
intramuscular administration protocol with naked DNA, but
the protective response obtained was highly variable, even af-
ter several high doses of DNA injections.

In the present study, we describe the use of DNA electro-
transfer into skeletal muscle to efficiently raise a high-titer
antiserum against various BoNT serotypes in mice. The en-
coded antigens are the nontoxic C-terminal fragments (Fc) of
the heavy chains of toxins A, B, and E; these regions are
responsible for the interactions of BONTs with receptors of the
motoneuron (27, 39). Fc has been described as the best mini-
mal part of the protein required to elicit efficient production of
neutralizing antibodies (20, 47). As largely reported in the
literature, the immune response is dependent on the level of
antigen expression (32). Therefore, prior to vaccination, it is
imperative that the best possible DNA expression vector is
engineered to yield a high level of antigen expression. Clos-
tridium botulinum has a very different codon bias from that for
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FIG. 6. (a) Antibody responses of mice injected with plasmid pVax-
Fc*BoNT/A or pVax-SecEpo-Fc*BoNT/A, with electrotransfer, at day
0 and boosted with a recombinant protein injection (prot.) at day 60.
Swiss mice (n = 4) were treated with 40 ug of plasmid DNA and 1 pg
of recombinant FcBoNT/A homogenized in 1 mg aluminum hydroxide.
Antibody titers were determined by ELISA on serum samples at dif-
ferent time points after treatment. Results show means = SEM. ##x*,
P < 0.001 (significant difference between day 70 and previous titers).
(b) Antibody responses of mice injected with plasmid pVax-SecEpo-
Fc*BoNT/B with electrotransfer at day 0 and boosted with a recom-
binant protein injection at day 30. Swiss mice (n = 4) were treated with
40 pg of plasmid DNA and 1 pg of recombinant FcBoNT/B homog-
enized in 1 mg aluminum hydroxide. Antibody titers were determined
by ELISA on serum samples at different time points after treatment.
Results show means = SEM.
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mammals. Using the Graphical Codon Usage Analyser (Ge-
neart), we observed that the difference between Mus musculus
and Clostridium botulinum codon usage was 28.8%, whereas
the difference between Escherichia coli and Mus musculus
codon usage was only 12.5% and that between Mus musculus
and Homo sapiens codon usage was 1.3%. This bias may result
in low expression of Clostridium botulinum genes in mamma-
lian cells by use of native DNA sequences. We therefore de-
signed a synthetic FcBoNT/A ¢cDNA by codon optimization,
retaining the natural amino acid sequences but using the pre-
ferred mouse codons. Such a strategy has already been shown
to enhance expression of Plasmodium falciparum-encoded pro-
teins in mammalian cells (34). It has also been employed for
vaccination purposes (10, 11), for optimal antigen expression
directly into targeted cells after “naked” DNA injection (4, 45),
and for antiserum production, such as the optimal E. coli
production of FcBoNT/A (9). We have observed that reengi-
neering the FcBoNT/A gene dramatically improved the expres-
sion of FcBoNT/A after transfection of B16 melanoma cells, as
shown in Fig. 1b. In contrast, no protein was detected by
immunostaining with the native cDNA sequence. Thus, codon
optimization appears to be necessary for this antigen.

We also hypothesized that the cellular localization and even-
tual extracellular secretion of the antigen might be crucial
parameters in controlling the magnitude of the immune re-
sponse, due to the influence of antigen presentation. Skeletal
muscle contains an abundant vascular supply (25), which facil-
itates the produced secreted proteins being transported easily
to the blood circulation (13). Strong immune responses have
been obtained with transmembrane, secreted, or intracellular
proteins. Several studies have indicated that a secreted form of
the antigen leads to a stronger immune response and more
neutralizing antibodies (2, 12), although conflicting results
have also been reported (43). Since the FcBoNT/A fragment is
not naturally secreted, we fused the murine erythropoietin or
human secreted alkaline phosphatase secretion signal 5’ of the
FcBoNT/A c¢cDNA sequence. Since the murine erythropoietin
secretion signal led to better expression than that with the
human secreted phosphatase alkaline, as revealed by an in
vitro ELISA (data not shown), only the former was considered
in this study.

The three plasmids encoding either the native antigen
FcBoNT/A, the codon-optimized version of the antigen
(Fc*BoNT/A), or a secreted form of Fc*BoNT/A with the
murine erythropoietin secretion signal were then evaluated for
the ability to elicit a humoral immune response in Swiss mice
after intramuscular immunization. Both codon optimization
and electrotransfer dramatically improved the blood antibody
titer for more than 3 months. While the explanation for the
codon optimization effect is most likely higher expression of
the antigen, the mechanism of enhanced ELISA titer in re-
sponse to electrotransfer might involve several factors, includ-
ing (i) more antigen expression in the tissue, (ii) the possibility
of transfecting resident mononuclear cells (antigen-presenting
cells) (15), and (iii) the effect of the related inflammatory
response induced by the electrotransfer procedure (37). Fur-
thermore, the electrotransfer procedure seems to play an ad-
juvant role in the Thl response, as reported by Grovenik et al.
(14).

Interestingly, while there was no difference in total antibody
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titers between the nonsecreted and secreted proteins (Fig. 3),
the neutralizing titers showed a higher level in the latter case
after a single immunization (titer of 8 IU/ml versus 0.2 IU/ml)
(Table 1). Immunization experiments conducted with the Fc
fragments of toxins B and E led to similar results with respect
to the antibody titers in blood for the secreted and nonsecreted
forms of each serotype (Fig. 5 and Table 2).

To better characterize the induced immune response, IgG1
and IgG2a titers in the blood of immunized mice were ana-
lyzed. It is agreed that high IgG1 induction is related to a
Th2-type immune response, while high IgG2a expression is
more related to a Thl response (7, 30). It appeared that the
cellular localization of the antigen influenced the immune re-
sponse (Fig. 4), as the secreted forms induced a strong Th2
response characterized by the main presence of IgG1, similar
to that obtained by immunization with the recombinant pro-
tein. In contrast, the nonsecreted form elicited a more bal-
anced immune response of both Thl and Th2 types. The two
immune responses are thus different, as shown by the IgG1/
IgG2a analysis and protective antibody titers. This may be due
to different presentation of the antigen or to an altered con-
formation with the secretion signal, which may have increased
the exposure of protective epitopes. However, our data do not
provide an explanation for this difference. The mechanism by
which DNA immunization elicits an efficient immune response
has not been elucidated and is currently under intense inves-
tigation. The current notion of how DNA immunization pro-
duces antigen-specific immunity has been described fully pre-
viously (19).

In order to increase the neutralizing antibody titers, addi-
tional regimens were evaluated; these consisted of a second
DNA electrotransfer boost or a recombinant protein boost
after the first DNA electrotransfer. Interestingly, the electro-
transfer boost increased the neutralizing titer from 0.2 TU/ml
to 8 IU/ml for the nonsecreted antigen FcBoNT/A and from 8
IU/ml to 20 IU/ml for the secreted form of the antigen, leading
to a highly neutralizing antiserum. A protein boost after DNA
electrotransfer has already been shown to improve the hu-
moral response in mice (21) and in nonhuman primates (23).
In this work, a single protein boost instead of an electrotrans-
fer boost dramatically increased the neutralizing titer, leading
to a titer of about 130 to 140 IU/ml for both the nonsecreted
and secreted proteins (Table 1). Focusing on the kinetics of
antibody production, the protein boost allows a transitory in-
crease of the antibody titer. A titer peak is observed from day
10 to day 15 after the boost, and then the titer stabilizes for
several months at about 50% of the maximum value. If a
maximal antibody titer is required, then a new protein boost
would be necessary at the desired time point.

Finally, it has been reported that coinjection and electro-
transfer of several plasmids into skeletal muscle are feasible for
the expressions of various transgenes (28, 49). We thus evalu-
ated the possibility of obtaining a multivalent neutralizing an-
tiserum against all three toxin serotypes via the electrotransfer
procedure. After coelectrotransfer of the three antigen-encod-
ing plasmids, we obtained an antiserum against serotypes A, B,
and E. The total antibody titers were equivalent to those ob-
tained with a one-plasmid treatment for toxins A and B but not
for toxin E (Table 2). In addition, the neutralizing titer against
toxin A was dramatically lower than that with the correspond-
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ing monovalent antiserum (0.8 IU/ml versus 8 IU/ml) (Table
1). This result is in accord with a recent report by Sedegah et
al. after coinjection of nine plasmids encoding nine different
antigens of Plasmodium falciparum. A dramatic decrease in the
immune response against each antigen, from 8- to 2,500-fold,
was observed compared to that obtained with individual injec-
tions (41). Several hypotheses were suggested to explain this
effect, such as lower expression of each antigen due to com-
petition at a transcriptional level or translational level in each
muscle cell or competition for antigen presentation.

In summary, this work confirms that the expression level, the
intracellular fate, and the method of DNA delivery are impor-
tant for optimizing DNA immunization. Though botulism is a
rare disease, BoNTs are commonly used for therapeutic and
cosmetic purposes and are known to present a potential threat
as a biological weapon. For these reasons, there is high de-
mand for the development of a prophylactic or therapeutic
treatment. Although several strategies can be developed to
counter these toxins, passive immunotherapy using botulinum
antitoxin is the only effective postexposure therapy (29). Pro-
ducing an antitoxin is a time-consuming and expensive process,
and a technique that would not require the production and
purification of a recombinant protein would thus be of great
importance.

In conclusion, we have shown in this work that the injection
and electrotransfer of an optimized DNA construct encoding
the Fc fragments of the heavy chains of BoNTs lead to a
sustainable high titer of neutralizing antiserum. These results
may be of interest for the production of anti-BoNT antisera in
larger animal species. Furthermore, since electrotransfer is a
fast and easy procedure, the proposed genetic immunization
procedure represents a useful tool to map a particular protein
and screen for immunodominant epitopes in order to acceler-
ate vaccine development.
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