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DNA electroporation in rabbits as a method for
generation of high-titer neutralizing antisera
Examples of the botulinum toxins types A, B, and E
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Raising high titer antibodies in animals is usually performed by protein immunization, which requires the long and
sometimes difficult step of production of the recombinant protein. DNA immunization is an alternative to recombinant
proteins, only requiring the building of an eukaryotic expression plasmid. Thanks to efficient DNA delivery techniques
such as in vivo electroporation, DNA vaccination has proven useful the last few years. In this work, we have shown that it is
possible to raise very high antibody titers in rabbit by DNA electroporation of an antigen encoding plasmid in the skeletal
muscle with the right set of electrodes and rabbit strain. In a model of botulinum toxins types A and E, the neutralizing
titers obtained after three treatments were high enough to fit the European Pharmacopeia, while it did not for type B
toxin. Furthermore, the raised antibodies have high avidity and are suitable for in vitro and in vivo immunodetection of

proteins.

Introduction

The botulinum neurotoxins (BoNTs) have been characterized to
be the most potent toxic substances identified so far. They have
been accounted for several food poisoning in human and animal
cases."* Among the seven serologically distinct types of BoNTs
(A to G), BoNTs type A, B, E, and F are commonly linked to
human disease, BONT/A being the deadliest of all with an esti-
mated lethal dose of a nanogram per kilogram of body weight."?

Botulinum neurotoxin consists of a poorly active, single poly-
peptide chain of 150 kDa, which is posttranslationnaly cleaved
to an active disulfide-linked double-chain. This double chain
comprises of a light subunit (LC, about 50 kDa) and a heavy
subunit (HC, about 100 kDa). The toxin is composed of three
functional domains. The C-terminal half of HC (fragment C,
noted Fc) mediates the binding to the target neurons, which
triggers the internalization of the whole toxin into endocytic
vesicles. The N-terminal half of HC mediates the translocation
of LC, which is the intracellular active domain into the cyto-
plasm of the neuron. In motor nerve endings and autonomic
cholinergic junctions, BoNTs cleave one of the three proteins
SNARE (Soluble NSF Attachment Protein Receptor), synap-
tobrevin, SNAP-25, or 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.®
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Botulism is naturally a relatively rare disease in humans.
However, based on their high toxicity, BoNTs are considered as
potential biological weapons via aerosols, which could raise the
necessity to develop a vaccine against these toxins. Furthermore,
BoNTs are currently used as FDA approved therapeutic agents
for the treatment of numerous diseases such as dystonias or
strabismus, or for cosmetic surgery.® Moreover, multiple novel
applications (non FDA approved) are currently being used for
the treatment of various disorders in a variety of medical fields.
Because of these implications, the use of toxoid vaccine may not
be suitable and thus, better strategies to neutralize botulinum
toxins, including the production of safe and effective anti-BoNT
antisera are in need to be devised.

There is currently no cure for botulism after the beginning
of the symptoms. Although some efficient neutralizing monoclo-
nal antibodies start to be studied at the laboratory level,” current
therapies for botulism consist mainly of supportive care, active
vaccination and passive immunization with antiBoNT antisera
which are supposed to eliminate the circulating toxin before
binding to the neuromuscular junction, thus reducing the dura-
tion and the severity of the disease. The most clinically used anti-
toxin antibodies are the botulinum immunoglobulin BabyBIG
which is a human polyclonal antibody of very limited supply used
to treat infants,® and an equine polyclonal antisera.! Different
strategies have been used for inducing immune response against
botulinum toxin (see ref. 9 for a review). Neutralizing antisera are
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generally raised after animal immunization with formalin-detox-
ified toxins or more recently recombinant or chemically-altered

derivatives of the toxins,!*!

which requires recombinant protein
purification or handling of the full toxins. Genetic immuniza-
tion is an effective alternative to recombinant proteins immuni-
zation to raise an efficient immune response against an antigen.
Actually, genetic immunization through an adenoviral vector led
protective immunity in mice against botulinum toxin type C."

Particularly, genetic immunization by the non-viral intra-
muscular DNA electroporation technique is cost-effective and
is widely used in the fields of infectious diseases vaccination or
cancer immunotherapy, see refs. 15-17 for reviews. It involves
the application of electric pulses after intramuscular injection of
an antigen-coding plasmid DNA, which enhances plasmid cellu-
lar uptake and hence the immunogenicity and vaccine efficiency.
This technique requires only plasmid DNA, which can be eas-
ily produced under good manufacturing production conditions.
Furthermore, intramuscular electroporation leads to sustained
protein production in muscles for more than several months, and
secretion into the blood circulation. Thus, long-lasting antibody
production is expected in the treated animals. We have previously
shown that it was possible to raise high titer neutralizing antibod-
ies against botulinum toxins A, B, and E in mice using this tech-
nique and plasmids containing codon-optimized sequences of the
non-toxic Fc fragments of these toxins." However, efficiency in
larger animals is required if one wants to produce large amounts
of antibodies. We have previously shown that DNA electropora-
tion in rabbits may lead to functional antibodies against malaria
antigens.” In this article, we investigated the possibility of raising
high titer antiserum against botulinum toxins A, B, and E in rab-
bits using in vivo intramuscular DNA electroporation technique.
Rabbit may be used to produce physiologically active polyclonal
antibodies, as attested by the clinically used Thymoglobulin
(Genzyme). Thymoglobulin (antithymocyte globulin) is a rabbit
polyclonal anti-T-cell antibody preparation obtained by immuni-
zation with human thymocytes. Thymoglobulin is widely used
for the treatment of rejection after organ transplantation.? In the
present work, after the set-up of the optimal immunization pro-
cedure in mice, we show that DNA immunization by electropor-
ation in rabbits leads to high-titer antiserum against botulinum
toxins A and E, but not B. Furthermore, the raised antibodies
have proven useful for immunodetection both in vitro in trans-
fected cells and in vivo in skeletal muscle sections. This is to our
knowledge the first report of very high neutralizing antiserum
production in rabbit after DNA electroporation. DNA electro-
poration might then be a viable alternative to classical protein
immunization for antibody production, not only against botuli-
num toxins, but for a wide range of antigens.

Results

Improvement of immunization protocol in mice. Three
different plasmids were used in the present work and encode
respectively the Fc C-terminal heavy chain fragment of
neurotoxins A, B and E (plasmids pVax-FcBoNT/A, pVax-
FcBoNT/B and pVax-FcBoNT/E). These coding sequences
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have been codon-optimized to fit the mouse usage of the genetic
code and fused to the mouse erythropoietin secretion signal as
described in ref. 18. In this previous study, we have shown that
immunizing mice by electroporating these DNA plasmids into
the skeletal tibialis anterior skeletal muscle led to generation
of high titer total antibodies in mice against botulinum toxins
types A, B, and E. The best neutralizing titer against type A toxin
was 20 international units/ml (IU/ml) after two electroporation
treatments, knowing that 1 IU corresponds to neutralization
of 5000 mouse lethal dose (MLD). To investigate whether a
better protocol could be set up to generate higher neutralizing
antiserum or not, the antibody induction in mice was measured
after different immunization regimens. Groups of 4 mice were
immunized with 40 pg of pVax-FcBoNT/A plasmid at day 0, 30,
and 60 if required, and the antibody production was measured
15 d after the second and third immunization. All plasmid DNA
electroporation in mice were performed using the electrical
conditions usually used in our group and already described in
ref. 18, i.e., eight square wave electric pulses of 200 V/cm and
20 ms duration at a frequency of 5 Hz, using plate electrodes.
Neutralizing titers were determined by mouse protection assay at
day 75. Results are shown in Figure 1. As already shown in ref.
18, animals treated with two electroporation of plasmid led to a
neutralizing titer of 20 IU/ml. When a third immunization boost
was performed, the total antibody titer increased from 2800 to
5500 if this third treatment was a DNA plasmid electroporation
boost, and to 10900 if it was a recombinant FcBoNT/A protein
boost (1 pg in alum, intraperitoneally). More importantly, by
using a third immunization boost whether DNA or protein, the
neutralizing titersagainstbotulinum toxin Aatday 75 dramatically
increased from 20 IU/ml to 100 IU/ml. Thus, although the total
antibody titer was higher with a recombinant protein boost, this
did not improve the neutralizing titer compared with a 3 DNA
plasmid electroporation treatment. For comparison, a classical
immunization with the recombinant FcBoNT/A protein (3
immunizations at 30 d interval) led to the highest total antibody
titer (18000), but no significant improvement of the neutralizing
titer was observed (100 IU/ml). A fourth treatment at day 90
either by DNA electroporation or recombinant protein boost did
not improve the total and neutralizing antibody titers (data not
shown).

Upscale of immunization protocol in rabbits. We then
investigated if the DNA electroporation technique could be
scaled-up to rabbits for induction of neutralizing antibodies
against botulinum toxin type A. Experiments were performed at
first on New-Zealand rabbits from Hypharm/Groupe Grimaud,
with 2-needle electrodes from the BTX Company. As the
electric field pattern varies upon the tissue and the electrode
type, resulting in a varying effective intensity of the field (in V/
cm) in the treated area, we also had to set up efficient conditions
for plasmid DNA electroporation in the skeletal muscle of rabbit
with two needle electrodes. Unpublished preliminary studies
allowed us to set up these electroporation conditions to be eight
square wave electric pulses of 120 V/cm and 20 ms duration at a
frequency of 5 Hz. These conditions were then used for all rabbit
immunizations. More preliminary experiments on different
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rabbit muscles showed that the longissimus dorsi muscle and
the thigh muscle led to the highest immune response (data not
shown). Two rabbits (one male, one female) were treated by 4
pVax-FcBoNT/A plasmid electroporations in each lumbar muscle
at days 0, 30, and 60. Blood samples were collected by central
artery ear bleed, and total antibody titer and toxin neutralizing
titer were followed over time for about 6 mo, starting at day 30
(Fig. 2A). Total antibody titers against botulinum toxin A rose
after each electroporation treatment, reaching a maximum of 3500
one month after the third treatment, then decreased over time but
remained detectable at day 175. Neutralizing titer was about 0.2 TU/
ml one month after the first treatment, then reached 10 ITU/ml 15
d after the second treatment, and decreased to 2 IU/ml one month
after this treatment. After the third electroporation treatment, the
neutralizing titer reached again 10 IU/ml at days 75 and 90, and
then decreased to a stable level of 2 IU/ml for the three following
months. Increasing the DNA plasmid dose to 1.5 mg per treatment
in two other rabbits (one male, one female, Fig. 2B) in the same
conditions led to an increase in total antibody titer at day 45, and
an increased up to 20 IU/ml in the neutralizing titer at days 75 and
90, where the experiment was terminated. A fourth electroporation
treatment did not improve either the total antibody titer or the
neutralizing titer. For comparison, one male and one female were
also immunized intramuscularly with 400 g of the FcBoNT/A
recombinant protein emulsified in Freund’s complete adjuvant for
the initial dose at day 0 and in Freund’s incomplete adjuvant for
the day 30 and day 60 boosts. Although the total antibody titer
was higher at day 45 compared with the electroporation treatments
(9800 vs. 5800, p < 0.05), the neutralizing titers at day 75 and 90
were also 20 TU/ml.

Further improvements in our electroporation protocol,
obtained by modulating the delivered plasmid dose and the
electrodes allowed us to set up our best conditions: three
electroporation treatments of rabbits at days 0, 30, and 60 with a
total of 3.5 mg of plasmid DNA per treatment, and using 3-needles
electrodes (gift of Sphergen). DNA delivery was performed by
injecting 100 pl of the plasmid solution in 4 different sites of each
lumbar muscle, plus two sites in each thigh. Using this protocol,
the highest neutralizing titer against botulinum toxin A obtained
with the BTX electrodes was 50 IU/ml, while it reached 200 TU/
ml with the Sphergen electrodes, leading to use these latter device
in further experiments (data not shown). To assess whether it
was possible to raise neutralizing antibodies against other
botulinum toxin serotypes in rabbits or not, we applied these best
conditions to rabbits treated with plasmids encoding FcBoNT/B
and FcBoNT/E, respectively. Three rabbits were treated for each
antigen, and total antibody titers and neutralizing titers were
followed over time. Results are shown in Figure 3. With pVax-
FcBoNT/B plasmid, the total antibody titers remained at low
levels (below 1000) even at day 75 which usually leads to the
highest titer value, and neutralizing titers reached a maximum
of 1 IU/ml at day 75 (Fig. 3A) compared with a titer of 200
IU/ml obtained with pVax-FcBoNT/A. With pVax-FcBoNT/E,
total antibody titer was about 2000 at days 45 and 75, and the
neutralizing titers ranged from 2 IU/ml to 20 IU/ml according
to the rabbit (Fig. 3B).
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Figure 1. Antibody responses of mice injected with pVax-FcBoNT/A
with subsequent electroporation, or recombinant protein A, at day 0
and boosted with plasmid pVax-FcBoNT/A with electroporation or a
recombinant protein injection at day 30 and day 60. The immunization
regimen are indicated below the figure in the immunization section
and the days of treatment appear in bold characters. DNA means a
pVax-FcBoNT/A electroporation treatment and protein means a recom-
binant protein immunization. Swiss mice (n = 4) were treated with 40
g of plasmid DNA or 1 g of recombinant FcBoNT/A homogenized in 1
mg aluminum hydroxide. Total antibody titer was determined by ELISA
of serum samples at different time points of the treatment at days 30,
45,60, and 75 and represented as histograms. Results show mean + SEM
values. ***(p < 0.001) indicates a significant difference between total an-
tibody titers obtained with protein injections and those obtained with
plasmid electroporation. The neutralizing titers at day 75 are indicated
in bold characters above the bars for each immunization regimen.
Swiss mice (n = 5) were challenged with 10 MLD of BoNT/A mixed with
serial dilutions of antiserum collected at day 75. The final neutralizing
titer was determined by a mathematical formula (barycenter calcula-
tion) using the two highest dilutions, knowing that 1 U corresponds to
neutralization of 5000 MLD.

High-titer neutralizing antiserum in rabbits. The European
Pharmacopoeia corresponds to 500 IU/ml for botulinum toxins A
and E, and 50 IU/m for botulinum toxin B. In order to investigate
whether our protocol could lead to neutralizing antiserum fitting
the requirements of the European Pharmacopoeia, New-Zealand
white rabbits selected for a high antibody response were used
(HYO7 rabbits from Hypharm/groupe Grimaud). Four rabbits per
group were treated by DNA electroporation of 3.5 mg of antigen
encoding plasmid, or with intramuscular injection of 400 g of
the corresponding recombinant protein for each botulinum toxin
type A, B, or E. Four rabbits were also electroporated with a mix
of the three antigens. Treatments were performed at days 0, 30
and 60. Blood samples were harvested at day 75 for total antibody
titer and neutralizing titer determination. The results are shown
in Figure 4. For FcBoNT/A antigen, the recombinant protein
treatment led to a neutralizing titer of 400 IU/ml, although the
total antibody titer was quite low (about 1000). In contrast, the
DNA electroporation treatment led to a very high total antibody
titer at day 75 (15000), and to a neutralizing titer of 2000 IU/ml.
Similarly, treatment with the recombinant FcBoNT/E antigen
led to a low total antibody titer (2000) and a neutralizing titer
of 40 IU/ml while the DNA electroporation treatment led to
a total antibody titer of 14000 and a neutralizing titer of 200
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Figure 2. (A) Antibody responses of rabbits injected with plasmid pVax-FcBoNT/A with electroporation using BTX electrodes at days 0, 30 and 60 as
indicated by the arrows. New Zealand white rabbits (n = 2) were treated with 600 g of plasmid pVax-FcBoNT/A by four electroporation treatments
in each lumbar muscle (100 wl per site). Total antibody titers were determined by ELISA of serum samples at the indicated different time points of the
treatment (days 30, 45, 60, 75, 90, 120, 145, and 175) and represented as histograms. Results show mean + SEM values. The neutralizing titers at the
different time points are indicated in bold characters above the corresponding histogram. (B) Antibody responses of rabbits treated with plasmid
pVax-FcBoNT/A with electroporation using the BTX electrodes or recombinant protein FcBoNT/A respectively at days 0, 30, and 60 as indicated by
the arrows. New Zealand white rabbits (n = 4) were treated with 1.5 mg of plasmid DNA (four electroporation treatments in each lumbar muscle,

100 pl per site) or with 400 pg of recombinant FcBoNT/A homogenized in 0.5 ml of Freund’s complete adjuvant (first treatment) or Freud’s incomplete
adjuvant (2nd and 3rd treatments) delivered intramuscularly in the lumbar muscle. Total antibody titers were determined by ELISA of serum samples
at different time points of the treatment (days 30, 45, 60, 75, and 90) and represented as gray histograms for the DNA electroporation treatment and
black histograms for the recombinant protein immunization. Results show mean + SEM values. *(p < 0.05) indicates a significant difference between
total antibody titers obtained with protein injections and those obtained with plasmid electroporation. The neutralizing titers at the different time
points are indicated in bold characters above the corresponding histogram.

were transfected with pVax-FcBoNT/A. B16 melanoma cells
(mouse melanoma, ATCC RL-6323) is routinely used in our

IU/ml. However, in the case of the FcBoNT/B antigen, all total
antibody titers were low (under 1000), and the neutralizing titer

was higher when the recombinant protein was used (20 IU/ml)
than with the DNA electroporation treatment (only 5 IU/ml).

When rabbits were immunized by DNA electroporation of a
mix of the three antigen encoding plasmids in the hope of raising
a trivalent neutralizing antiserum, all neutralizing titers dropped
as compared with the single antigen treated rabbits: 200 IU/ml, 2
IU/ml and 5 IU/ml, respectively, for botulinum toxins A, B and
E data not shown.

Immunodetection of FcBoNT/A in transfected cells
and electroporated mouse muscle. To investigate whether
the antibodies raised in rabbits would be valuable tools for
immunohistochemistry analysis, B16 mouse melanoma cells

2150 Human Vaccines & Immunotherapeutics

laboratory to check the expression of plasmid DNA vectors,
as these cells are easy to transfect. Twenty-four hours after
transfection, cells were fixed, and the immunized rabbit serums
were used as primary antibodies for detection of the FcBoNT/A
protein expression. Control experiment with the day 0 serum that
does not contain any anti-toxin antibody showed no background
labeling (Fig. 5A, panel 2) while using the day 75 serum allowed
strong labeling of the transfected cells (Fig. 5A, panel 4). To
assess the efficacy of the rabbit polyclonal serum in vivo, mice
were electroporated with pVax-FcBoNT/A, and sacrificed at
day 3. Muscles were harvested and sliced, and the rabbit serums
were used for detection of the FcBoNT/A expressing myofibers
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(Fig. 5B). While the control experiment with non-electroporated
muscle (panel 1) or electroporated muscle with a day 0 serum (not
shown) showed no labeling, FcBoNT/A was nicely detected with
the day 75 serum (panel 2). Therefore, not only the rabbit serums
are highly neutralizing against botulinum toxin A, but they are
also suitable for in vitro and in vivo immunohistochemistry.

Discussion

Botulinum neurotoxins are considered the most potent toxins
in humans. Besides their clinical use for a variety of chronic
222 they can be lethal if ingested accidently with
contaminated food and are also classified by the Centers
for Disease Control and Prevention (CDC) as Category A
biothreat agents. As no therapeutic drugs are available, the most

conditions,

suitable current treatment is based on a passive immunotherapy
using toxin neutralizing antibodies.” Although monoclonal
neutralizing antibodies might be a viable alternative and
have shown some efficacy in mouse protection assays,**° the
current treatments rely on the use of polyclonal antibodies
generally produced by immunization of animals (or humans
for BabyBIG) with toxoids, which requires the handling of the
botulinum toxins and a whole process of formalin detoxification.
However, the 50 kDa non-toxic C-terminal part of the heavy
chain has been shown to be very immunogenic and able to elicit
a protective immune response in animals immunized with the

recombinant protein,?°

making it an excellent candidate for
producing neutralizing antibodies. It still needs the production
of the corresponding recombinant protein. In the early 1990s, the
administration of a naked DNA plasmid encoding an antigen was
shown to elicit both humoral® and cellular’? immune responses.
Since then, DNA immunization has been largely used in a
variety of preclinical models, including both infectious (either
viral, bacterial or parasitic) or acquired diseases, such as cancer
> and

Intramuscular DNA electroporation has been shown

(reviewed in refs. 17, 33-34) or autoimmune diseases’
allergy.®
to greatly enhance the immunogenicity and vaccine efficiency,
including in large animals.?”3® It allows a sustained production
in muscles for more than several months, so that long-lasting
antibody production is expected in the treated animals. DNA
immunization has already been used in mice to elicit an immune
response against botulinum toxins F, A or C,**% but with
relatively modest neutralizing titers.

DNA immunization is usually used for classical vaccination,
aiming at inducing both the humoral and the cellular responses,
but rarely focuses on the production of high antibody titer serum.
In chis article, we have investigated the possibility of high titer
neutralizing antiserum production using in vivo intramuscular
DNA electroporation in rabbits. We have 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 for
humans. We have previously shown that treating mice twice with
optimized plasmid DNA encoding the non-toxic C-terminal
heavy chain fragment of each toxin fused to a secretion signal
would lead to induction of high titer neutralizing antibodies in
mice against botulinum toxins A, B and E."® However, upscale
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Figure 3. Antibody responses of rabbits treated with plasmid pVax-
FcBoNT/B or pVax-FcBoNT/E followed by electroporation at days 0, 30
and 60 as indicated by the arrows using the Sphergen power supply
device. New Zealand white rabbits from Hypharm/Groupe Grimaud (n
= 3) were treated three times with 3.5 mg of plasmid pVax-FcBoNT/B
(A) or with 3.5 mg of plasmid pVax-FcBoNT/E (B). Total antibody titers
were determined by ELISA of serum samples at days 15, 30, 45, 60, and
75 of the treatment and represented as histograms. Results show mean
+ SEM values. The neutralizing titers at day 75 are indicated in bold
characters.

to larger animals is necessary if a large amounts of antibodies
is needed. We first optimized our immunization protocol
in mice and set up our best conditions to be three plasmid
electroporation treatments (8 square wave pulses, 20 ms, 200 V/
cm, 5 Hz) spaced by 30 d. When used with the pVax-FcBoNT/A
plasmid, neutralizing titers against botulinum toxin A as high as
100 IU/ml were obtained at day 75, which is comparable to what
was obtained by a classical recombinant protein immunization
(Fig. 1). We then decided to upscale the immunization process
to rabbits from Hypharm/Groupe Grimaud, France, using
commercial 2-needles electrodes from BTX, USA, using a
similar treatment. We first demonstrated that a 3-electroporation
immunization (8 square wave pulses, 20 ms, 120 V/cm, 5 Hz)
with 600 pg of plasmid injected in 8 sites of the lumbar muscle
elicited a long-term humoral immune response in the rabbits,
as antibodies against the antigen could be detected 4 mo after
the last treatment (Fig. 2A). Furthermore, the raised antiserum
showed a neutralizing activity against botulinum toxin A of 10
[U/ml, which we believed was too low for a high titer antiserum
production. Increasing the plasmid dose to 1.5 mg per treatment
(still in 8 injection sites) allowed an increase of the total antibody
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Figure 4. Antibody responses of Hypharm/Groupe Grimaud rabbits immunized with plasmid pVax-FcBoNT/A with electroporation or recombinant
protein A, pVax-FcBoNT/B with electroporation or recombinant protein B, pVax-FcBoNT/E with electroporation or recombinant protein E, at days 0, 30,
and 60. New Zealand white rabbits (Hypharm/Groupe Grimaud, France, n = 4) were treated with 3.5 mg of plasmid pVax-FcBoNT with electroporation,
or intramuscularly with 400 p.g of the corresponding recombinant FcBoNT homogenized in 0.5 ml of Freund’s complete adjuvant (first treatment)

or Freud's incomplete adjuvant (2nd and 3rd treatments). Antibody titers were determined by ELISA of serum samples at day 75 after treatment and
represented as histograms. Prot A, prot B and prot E means immunization with the recombinant protein respectively corresponding to FcBoNT/A
FcBoNT/B and FcBoNT/E antigens. DNA means a DNA electroporation treatment with the corresponding plasmid. Results show mean + SEM values.
The neutralizing titers were also determined at day 75 and are indicated in bold above the corresponding histogram.

titer and in the neutralizing titer up to 20 IU/ml at days 75 and
90. This was comparable to a classical protein immunization
with 400 pg of the recombinant protein administered
intramuscularly. A dose study led us to determine that the best
DNA plasmid dose was 3.5 mg per treatment (data not shown).
In this case, the plasmid was administered in four different sites
of each lumbar muscle and in two sites of each thigh, for a total
of 12 sites per rabbit. The neutralizing titer then increased to
50 IU/ml. However, we estimated that the BTX electrodes were
not very suitable for this rabbit treatment for two reasons: first,
they are too thin to pierce the rabbit skin, which makes a skin
incision necessary before the treatment. Second, they are only
20 mm long, and of very small diameter, which results in a very
local electric field and a reduced transfected area in the muscle.
We then moved to three-needle electrodes (gift of Sphergen)
made of 50 mm long regular 21G syringe needles. These needles
are strong enough to avoid the need of rabbit skin incision, and
allow a much larger electric field. We then believed that the
muscle transfected area would be larger, resulting in a higher
antigen expression and an improved humoral response. When
the immunization protocol was repeated with this new device
on one rabbit in a preliminary experiment, the total antibody
titer was 4000, and the neutralizing antibody titer reached
as high as 200 IU/ml against botulinum toxin A, showing
that the choice of the electrodes is definitely an important
parameter to consider for increasing both the total antibody
titer and the neutralizing titer (data not shown). When applied
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to the Fc fragments of botulinum toxins B and E (n = 3), the
same immunization protocol resulted in a lower total antibody
titer, and a lower neutralizing titer, compared with botulinum
toxin A: no more than 20 IU/ml for botulinum toxin type E,
and no more than 1 IU/ml for botulinum toxin B (Fig. 3). A
lower neutralization titer has already been reported after 3
immunizations of recombinant Fc fragment type E than with
type A,"" and eliciting a highly neutralizing immune response
against botulinum toxin B has already proven problematic.*’
The promising neutralizing titers obtained against botulinum
toxins A and E particularly led us to perform a pilot study at the
Industrial Centre de Bioexpérimentation Valbex, France. In this
new study, HY07 New-Zealand rabbits that have been selected
for the quality of their antibody response were used (personal
communication, Hypharm). Four rabbits per group were treated,
either with three intramuscular injection of recombinant protein
or with 3 electroporation of the antigen encoding plasmid. As
compared with the regular New-Zealand rabbits from Hypharm/
Groupe Grimaud, we observed a dramatic increase in the total
antibody titer (15000 and 14000, respectively, for toxins type
A and E, vs. 4000 and 2000). Accordingly, the neutralizing
titers determined by the mouse lethal assay also dramatically
increased and reached 2000 IU/ml against botulinum toxin A
and 200 IU/ml against botulinum toxin E (Fig. 4), showing
that not only the electrodes, but also the animal strain is a key
factor. Comparatively, the neutralizing titers obtained with the
corresponding recombinant proteins led to neutralizing titers
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A

DAPI staining

BoNT/A detection

Day 0 serum

Day 75 serum

Figure 5. Antibody detection of FcBoNT/A in transfected cells and electroporated mouse muscles. (A) B16 melanoma cells were transfected with
pVax-FcBoNT/A and fixed 24 h post transfection. Nuclei DAPI staining of the cells is shown in blue (A1 and A3). Immunodetection of FcBoNT/A was
performed with naive rabbit serum (day 0, A2) or immunized rabbit antiserum at day 75 (A4) as primary antibodies. The labeled secondary antibody
used for evelation is a goat anti-rabbit IgG conjugated to Alexa Fluor® 488 and appears in green. (B) Immunodetection of FCBoNT/A in a naive mouse
skeletal muscle (1) and a pVax-FcBoNT/A electroporated mouse muscle at day 3 (2) with a day 75 rabbit antiserum used as primary antibody. The
labeled secondary antibody used for revelation is a goat anti-rabbit IgG conjugated to Alexa Fluor® 488 and appears in green.

of 400 IU/ml against botulinum toxin A and 40 IU/ml against
botulinum toxin E. Therefore, DNA immunization is a viable
alternative for producing high titer antiserum, and the extremely
high titers obtained in this experiment indicate that these
antibodies have therapeutic potential, and meet the requirement
of the European Pharmacopeia.®* The case of botulinum toxin B
is quite different: the total antibody titers remained low (1,000),
and unlike toxins A and E, the neutralizing titer was higher
with the recombinant protein immunization than with the
electroporation treatment. Indeed, the neutralizing titer obtained
after DNA immunization was only 5 IU/ml while it reached 20
IU/ml with the recombinant protein treatment. For comparison,
a titer as high as 220 IU/ml has been reported against toxin B
in the rabbit after alkylated toxoid immunization.”® Although it
is known that it is difficult to induce a strong immune response
against botulinum toxin B, this does not explain the difference we
observed between the recombinant FcBoNT/B fragment and the
DNA immunization. The reason why the botulinum toxin B Fc
fragment has a different behavior than the two other fragments of
toxins A and E after genetic immunization remains unclear and
needs further investigation. In order to better characterize the
antibodies raised in rabbits, an avidity test measuring the overall
strength of binding to the antigen was performed in presence
of the ammonium thiocyanate chaotropic agent, revealing high
avidity antibodies against botulinum toxins A and E, and low
avidity antibodies against botulinum toxin B (data not shown), in
agreement with the difference observed in the neutralizing titers.
Finally, the high avidity of the antibodies against FcBoNT/A led
us to use them as primary antibodies for immunodetection of
FcBoNT/A in transfected cultured cells and in electroporated
muscle. Figure 5 shows that these antibodies are very suitable for
both types of detection, with no background.

To conclude, we have demonstrated in the present work that
DNA immunization mediated by electroporation performed in

www.landesbioscience.com

rabbits with the right combination of electrodes and animal strain
may lead to the induction of a very high titer antibody response.
In the case of botulinum toxins A and E, the high neutralizing
titers obtained may be compatible with clinical applications. The
raised antibodies have also proven useful for immunodetection of
protein in transfected cells and in vivo. We then believe that this
technique could be used for a wide range of antigen for raising
high titer antibodies.

Materials and Methods

Plasmids. All plasmids used in this study are based on a pVaxl
vector backbone (Invitrogen), in which the original CMV pro-
moter has been replaced with the CMV promoter of the pPCMV
plasmid (Clontech), and have been already described in detail.'®
Briefly, all plasmids contain codon optimized sequences based
on mouse high frequency codons, and encode the C-terminal
fragment of respectively, botulinum toxin A (pVax-FcBoNT/A),
botulinum toxin B (pVax-FcBoNT/B) and botulinum toxin E
(pVax-FcBoNT/E), fused to the mouse erythropoietin secretion
signal.

Plasmids DNA were transformed and produced in E. Coli
DH5a strain, and then further purified using Qiagen Megaprep
Endo-free kits (Qiagen). All dilutions were done in saline (NaCl
0.9%).

Animal immunization. In vivo mice experiments were
performed on 6-week-old SWISS female mice (Janvier, France).
Electroporation experiments were performed as previously
described.' Briefly, mice were anaesthetized by intraperitoneal
injection of a mix of ketamine (100 mg/kg) and xylazine
(10 mg/kg) in 150 mM NaCl. Hind-legs were shaved. 40 g of
plasmid DNA in 30 pl NaCl 0.9% was injected longitudinally,
using a syringe into the tibial cranial muscle. After injection,
transcutaneous electric pulses were applied by two stainless steel
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external plate electrodes 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 5 Hz by a Sphergen power supply. For protein immunization,
mice were injected intraperitoneally with 1 pg of recombinant
FcBoNTA protein (produced in BL21 E. coli strain as exposed
in ref. 27) homogenized in 1 mg aluminum hydroxide (Alugel,
Serva) ina 100 pl saline volume. Groups of 5 mice were treated at
day 0, 30, and 60. Blood samples were collected by retro-orbital
bleeding at the desired time points.

Rabbit experiments were conducted on 14-weeks-old New-
Zealand male and female rabbits either from Hypharm/Groupe
Grimaud, France or HYPHARM/ Groupe GRIMAUD, France.
Two types of electrodes were used: 2-needle electrodes from BTX,
USA and 3-needle electrodes from Sphergen, France. Rabbits were
anaesthetized by intramuscular injection of a ketamine (35 mg/
kg) —xylazine (5 mg/kg) mix in 150 mM NaCl, and legs and back
were shaved. For BTX electrodes, the skin was incised, and the
required amount of DNA plasmid in saline was injected directly
in 4 different sites of each longissimus dorsi muscle, and in 2 sites
of each thigh if necessary, with a 1 ml syringe (100 pl per site).
Electrical pulses (8 pulses, 120 V/cm, 20 ms, 5 Hz) were then
delivered at each injection site with the BTX electrodes. These
electroporation parameters have been determined in unpublished
preliminary experiments to lead to the highest expression in the
rabbit muscle. For Sphergen electrodes, the same procedure was
performed, except that no skin incision was needed. For protein
immunization, 400 g of the relevant recombinant protein
FcBoNT were mixed with 500 wL of Freund’s adjuvant in a total
volume of 1 ml. 0.5 ml of this mix was injected intramuscularly
into the longissimus dorsi muscle. Groups of 4 rabbits were treated
at days 0, 30, and 60. Blood samples were collected from the
central ear artery at the desired time points.

All experiments were conducted according to the NIH rec-
ommendations for animal experimentation. The experiment
with the Freres Grimaud Sélection rabbits was performed in the
Centre de Bio-experimentation Valbex, France.

Titration of antibodies against FcBoNT in serum. To
quantify the antibody responses, serum was collected at various
time points by retro-orbital puncture in mice or ear bleed in
rabbits and stored at 4°C before assaying. Microtiter plates
were coated overnight at +4°C with the relevant recombinant
FcBoNT as previously described'® and were blocked with PBS-
0.1% Tween20-2% BSA (30 min, at room temperature). The
plates were washed three times with PBS-0.1% Tween20 and
serial 2-fold dilutions of serum samples in PBS-0.1% Tween20—
1% BSA (starting at 1:100) were then added (100 pL/well). The
plates were incubated for 1 h 30 min at room temperature under
agitation and washed three times. Peroxidase-conjugated anti-
mouse immunoglobulin (1:2000; 100 pl/well) for mouse sera, or
peroxidase-conjugated protein A (1:5000; 100 pwl/well) for rabbit
sera, was added. The plates were incubated at room temperature
for 1 h and washed three times with PBS-0.1% Tween20. The
revelation was done with orthophenylenediamine (Sigma) and
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0.2% H,0,. The reaction was stopped with 3 M HCI (50 nL/
well) and the absorbance was read at 490 nm with a microplate
reader.

Absorbance readings were plotted against the reciprocal of the
dilution. The antibody titer of a serum was determined graphi-
cally and calculated as the reciprocal of the dilution where the
absorbance of the serum was 50% below that of the maximal
absorbance.

Mouse protection assays. The neutralizing capacity of mice
and rabbit antisera was evaluated in the in vivo mouse lethal toxin
challenge assay. Neutralizing tests were performed using botuli-
num neurotoxin, type A, B, or E purchased from Metabiologics,
USA. The LD50 of each toxin was experimentally determined.
Mice sera were pooled in equal volumes prior to the test. 10-fold
serial dilutions of these pooled sera were made in the incubation
buffer and were incubated for 30 min at 37°C with the relevant
botulinum toxin A, B or E (which was diluted in 50 mM phos-
phate buffer pH 6.5 containing 1% gelatin) at a dose of 10 mouse
lethal dose/ml (MLD/ml). One ml of the diluted toxin (corre-
sponding to 10 MLD) was injected intraperitoneally into groups
of 5 SWISS male mice (20-25 g). The mice were observed for
4 d and the total deaths and survivals were recorded as already
described.'® The same test was performed for each rabbit serum.

Detection of FcBoNT-A protein in transfected cells. B16
mouse melanoma cells grown on 15 mm coverslips were trans-
fected with pVax-FcBoNT/A. 24 h after transfection, cells were
washed in phosphate-buffered saline (PBS), fixed with 4% para-
formaldehyde for 15 min at room temperature, and permeabi-
lized with 0.05% saponin in PBS containing 0.2% bovine serum
albumin overnight at 4°C. IgGs from serums of immunized rab-
bits were purified with the Melon Gel IgG Purification System
(Thermo Scientific) and were used as primary antibodies. Rabbit
immunoglobulin G (IgG) were diluted 1:100 in PBS-bovine
serum albumin-saponin and incubated for 1 h with fixed cells
at room temperature. After washing to remove unbound anti-
body, cells were incubated for 1 h at room temperature with goat
anti-rabbit IgG conjugated to Alexa Fluor® 488 (A-11008, Life
Technologies) diluted 1:500. Cells were washed and nuclei were
stained with DAPI (4',6-diamidino-2-phenylindole) for 15 min.
Finally coverslips were mounted in Mowiol.

Detection of FcBoNT-A protein into the muscle of immu-
nized mice. Tibial cranial muscles of mice were harvested, fro-
zen into a cold isopentan solution and sliced with a cryostat
into 10 pm sections. The muscle sections were fixed with 4%
para-formaldehyde for 15 min and permeabilized with PBS 1%
tritonX100 for 30 min at room temperature. Then, the sections
were washed with PBS and incubated with a PBS-5% milk solu-
tion for 1 h at room temperature and in a wet chamber. Slices
were washed with PBS, and incubated with purified anti-rab-
bit immunoglobulin (10 times dilution in PBS-1% milk) for
1 h at room temperature in a wet chamber. Next, the slices
were washed 3 times for 5 min with PBS, and incubated with a
FITC-conjugated rabbit anti-immunoglobulin (1:500 in PBS-
1% milk) for 1 h at room temperature in a dark wet cham-
ber. The slides were washed with PBS, stained for 5 min with a
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DAPI solution, washed again 5 times for 5 min with PBS. The

slices were observed with a fluorescence microscope (Axiphot,
Zeiss) coupled with a cooled CCD camera (Hamamatsu) and
picture software (Samba, Unilog, Meylan).

Statistical analyses. All the results throughout the manuscript
are expressed as mean + SEM (Standard Error of the Mean).

Values of the measured parameters were subjected to the variance

analysis, and the comparison between treatments was analyzed
with an analysis of variance (ANOVA) test, followed by the
Fisher’s test. *p < 0.1; **p < 0.01; ***p < 0.001.
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