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Botulinum neurotoxins (BoNTs) are deadly, toxic proteins produced by the bacterium Clostridium botulinum that can
cause significant diseases in humans. The use of the toxic substances as potential bioweapons has raised concerns by
the Centers for Disease Control and Prevention and the United States Military. Currently, there is no licensed vaccine to
prevent botulinum intoxication. Here we present an immunogenicity study to evaluate the efficacy of novel
monovalent vaccines and a trivalent cocktail DNA vaccine targeting the heavy chain C-terminal fragments of
Clostridium botulinum neurotoxin serotypes A, B, and E. These synthetic DNA vaccines induced robust humoral and
polyfunctional CD4C T-cell responses which fully protected animals against lethal challenge after just 2 immunizations.
In addition, na€ıve animals administered immunized sera mixed with the lethal neurotoxin were 100% protected against
intoxication. The data demonstrate the protective efficacy induced by a combinative synthetic DNA vaccine approach.
This study has importance for the development of vaccines that provide protective immunity against C. botulinum
neurotoxins and other toxins.

Introduction

The neurotoxin produced by the bacterium Clostridium botu-
linum can cause death or paralysis in humans. In the U.S. there
are approximately 145 cases of intoxication reported each year.1

In addition, the threat of the use of weaponized Clostridium botu-
linum neurotoxin as a biowarfare agent has caused concerns.2-4

However, there is currently no licensed vaccine to prevent botuli-
num poisoning.

There are 8 antigenically distinct serotypes (A–H) of C. botuli-
num.2,5 The toxin types are identified serologically by neutraliza-
tion with their specific antitoxin.6 Five of the 8 serotypes,
botulinum neurotoxin type A (BoNT/A), BoNT/B, BoNT/E,
BoNT/F, and BoNT/H are known to cause human disease.5,7

However, the highest incidences of human botulism are associ-
ated with BoNT/A, BoNT/B, and BoNT/E.8 The botulinum
toxins are produced as single-chain polypeptides which undergo
cleavage by bacterial proteases to yield di-chain structures linked
by a disulfide bond.9 The molecule consists of a 50 kDa

N-terminal light chain (LCN) metalloprotease, which is responsi-
ble for toxic activity and a 100 kDa non-toxic heavy chain (HC).
The heavy chain comprises the receptor binding domain at the
C-terminus (HC) and the translocation domain at the N-termi-
nus (HN). Upon exposure, the toxin binds to receptors on
peripheral nerve endings and is endocytosed into nerve cells.9 In
the acidic pH of the endosome, the N-terminal heavy chain
(HN) aids in the translocation of the light chain (LC) across the
endosomal membranes and into the cytosol.9,10 The toxin then
causes the proteolytic degradation of the proteins [vesicle associ-
ated membrane protein (VAMP; synaptobrevin), syntaxin, and
the synaptosomal-associated protein (SNAP-25)] responsible for
the release of the neurotransmitter, acetylcholine.9 The preven-
tion of neurotransmitter release at the presynaptic nerve terminals
results in muscular paralysis.10

Currently, the only treatments for botulinum intoxication are
post-exposure antibody-based therapies. A licensed botulinum
heptavalent (A, B, C, D, E, F, G) equine antitoxin (HBAT) and
serotype-specific human hyperimmune globulin are being used
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to treat adult and infant botulism, respectively.2,11-13 However,
treatment with antitoxin requires rapid identification of BoNT
poisoning to be effective as well as weeks to months of supportive
care post-treatment. In addition, antitoxin therapy is only effec-
tive for treating the small number of life-threatening botulinum
cases currently reported13 and would not be an effective prophy-
lactic strategy to prevent intoxication of mass populations threat-
ened with weaponized C. botulinum toxin.

The effectiveness of BoNT antiserum demonstrates that a
BoNT vaccine inducing neutralizing antibodies can prevent dis-
ease upon exposure. However, since the CDC recently discontin-
ued its use of the experimental pentavalent toxoid (A, B, C, D,
and E) vaccine due to limited effectiveness and tolerability issues,
there is currently no licensed vaccine to prevent botulinum poi-
soning.2,14 In this regard, the DNA vaccine platform is an effec-
tive vaccine modality to prevent botulinum toxin poisoning.
DNA vaccines are designed to specifically target antigens of inter-
est and induce strong humoral and cellular immune responses in
vaccinated hosts, providing protection from infectious chal-
lenge.15-18 In addition, DNA vaccines have an unparalleled safety
profile and are likely more economical to produce conceptually
making them important potential experimental vaccines. The
fact that DNA vaccines have been well tolerated further support
the development for use anywhere a bioterrorist attack against
military or civilian targets may occur.

DNA vaccines targeting the receptor-binding domain (HC)
might represent an effective prophylactic vaccine to prevent botu-
linum poisoning. Due to its immunogenicity, the BoNT HC

domain has been targeted as a recombinant antigen to generate
neutralizing antibodies in DNA vaccination.19-22 In addition,
DNA vaccines targeting the BoNT HC fragment of serotypes A,
B, and E were providing positive neutralization results.23

Although protective immunity against botulinum neurotoxin
poisoning is primarily antibody mediated, an evaluation of the
DNA vaccine-induced CD4C T cell response may further eluci-
date the mechanisms of B cell activation required to produce
antigen- specific antibodies and generate memory B cell
responses. However, a comprehensive study evaluating the
humoral and cellular immune responses induced by a trivalent
DNA vaccine targeting the BoNT HC fragments of the C. botuli-
num serotypes (A, B, and E) most responsible for human disease
has not been reported.

Here we present an immunogenicity study to evaluate the effi-
cacy of novel monovalent vaccines and a trivalent cocktail DNA
vaccine targeting the heavy chain C-terminal fragment of C. botu-
linum neurotoxin serotypes A, B, and E. We show that these syn-
thetic DNAs induced robust humoral and polyfunctional CD4C

T-cell responses and provided 100% protection against lethal
challenge with the respective neurotoxin in mice. In addition,
serum antibodies induced by our trivalent vaccine formulation
provided 100% protection to na€ıve animals upon lethal toxin
challenge. To our knowledge, this is the first report describing
the humoral and cellular immune response generated by a BoNT
trivalent DNA vaccine delivered with electroporation. In addi-
tion, this is the first report to show the ability of immunized sera
from HC vaccinated animals to fully protect na€ıve animals from

challenge with 100 LD50 BoNT/A, BoNT/B, and BoNT/E fol-
lowing 2 immunizations with DNA. This study has importance
for the development of synthetic DNA vaccines that provide pro-
tective immunity against C. botulinum neurotoxins and other dis-
eases caused by toxins.

Results

In vitro expression of BoNT/Hc/A, BoNT/Hc/B, and
BoNT/Hc/E DNA vaccines

We designed 3 plasmids to target the heavy chain C-terminal
fragment of BoNT serotypes A, B, and E. All heavy chain sequen-
ces were synthetically codon and RNA-optimized. We also modi-
fied potential glycosylation sites. The three components targeting
the heavy chains of BoNT/A, BoNT/B, and BoNT/E were
named pBoNT/Hc/A, pBoNT/Hc/B, and pBoNT/Hc/E, respec-
tively. These BoNT/Hc/A, BoNT/Hc/B, and BoNT/Hc/E refer
to the monovalent vaccine preparations (Fig. 1A). We evaluated
cellular expression of each plasmid by transfecting Rhabdomyo-
sarcoma (RD) muscle cells with hemagglutinin (HA)-tagged
BoNT/Hc/A, BoNT/Hc/B, and BoNT/Hc/E plasmids. As a neg-
ative control, we transfected RD cells with an empty vector back-
bone, pVAX. After 48 hr post-transfection, we evaluated
expression using immunofluorescence analysis and a HA-tag anti-
body. Plasmid expression was confirmed with a FITC-labeled
secondary antibody (green staining) (Fig. 1B). All BoNT Hc
vaccine constructs were expressed in vitro (Fig. 1).

Monovalent DNA vaccination induces strong antibody
responses

To determine the ability of the monovalent vaccines (BoNT/
Hc/A, BoNT/Hc/B, and BoNT/Hc/E) to induce humoral immu-
nity, BALB/c mice (n D 15/group) received 2 intramuscular
DNA vaccinations followed by in vivo electroporation as outlined
in Figure 2. A preliminary study determined that a 10 mg dose of
DNA for each vaccine resulted in consistent humoral responses.
Therefore for these studies, 3 separate groups of mice were immu-
nized with 10 mg of either pBoNT/Hc/A, pBoNT/Hc/B, or
pBoNT/Hc/E. Three weeks after the final vaccination, sera were
collected and 5 sera samples per group were used to determine
binding antibody titers by ELISA. Vaccination with all monova-
lent antigens induced high titer antibodies (Fig. 3A, B, and C).
The group geometric mean anti-neurotoxin-specific endpoint
titers (with 95% confidence intervals) induced by BoNT/Hc/A,
BoNT/Hc/B, and BoNT/Hc/E were 1.3 £ 105 (9.7 £ 103, 1.6
£ 106), 2.0 £ 105 (1.5 £ 104, 2.6 £ 106), 1.3 £ 106 (2.6 £
105, 6.0 £ 106), respectively. These results demonstrate the ability
of the monovalent vaccine formulations to elicit high-titer anti-
bodies after a total administration dosage of 20 mg of DNA.

Monovalent DNA vaccination provides complete protection
against lethal challenge with 102 LD50 of pure C. botulinum
neurotoxin

After determining that monovalent vaccination induced high,
toxin-specific antibody titers, we evaluated whether vaccinated
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animals directly administered 102 LD50 of pure homologous
neurotoxin would be protected from intoxication. To accomplish
this evaluation, animals (n =15/group) that received monovalent
DNA and their respective na€ıve group, were i.p. injected with
200 ml of 102 LD50 of their assigned homologous neurotoxin.
Animals were monitored for survival for 7 d. All vaccinated ani-
mals survived lethal neurotoxin challenge and all na€ıve animals
succumbed to intoxication within 6 hours post-challenge
(Table 1).

Monovalent antisera completely protects na€ıve mice from
lethal BoNT challenge

After determining that vaccinated animals were completely
protected from lethal toxin challenge, we wanted to assess
whether the monovalent antisera contained antibodies potent
enough to prevent intoxication of na€ıve mice. For this study,
BALB/c mice sera from na€ıve and monovalent vaccinated ani-
mal groups were pooled separately and mixed 1:1 with 102

LD50 of homologous toxin repre-
senting the vaccinated antigen.
Na€ıve BALB/c mice (n D 5/
group; 6 groups total) received i.
p. injections of 200 ml of the
assigned sera/toxin mixture. As
an experimental control, an addi-
tional 3 groups of mice (n D 5/
group), received only the toxin
diluent (Gel-NaH2PO4) as a neg-
ative control (data not shown).
All animals were monitored for
survival for 7 d post-challenge.
Animals that received immune
sera and homologous toxin mix-
tures were 100% protected
against botulinum poisoning.
However, animals that received
na€ıve sera and toxins succumbed
to botulinum poisoning within
6 hours (Table 2). Toxin diluent
was not harmful to animals. The
data demonstrate that the anti-
bodies induced by monovalent
vaccination are capable of neu-
tralizing 100X the lethal dose of
botulinum neurotoxin thereby
rendering the lethal toxin no
more harmful to animals than
the background levels induced
by a simple non-toxic diluent
(Gel-NaH2PO4).

Trivalent DNA vaccination
induces strong antibody
responses

Since an ideal vaccine candi-
date for botulinum neurotoxin

would likely need to provide protection against multiple anti-
gen serotypes, we wanted to evaluate the immunogenicity
induced by trivalent vaccination. For this study, BALB/c
mice (n D 5/group) received two 30 mg intramuscular DNA
vaccinations (10 mg of each BoNT Hc construct) followed by
in vivo electroporation. There were 3 groups of mice that
received this trivalent BoNT/Hc/ABE formulation. Sera were
collected 3 weeks after the final vaccination and ELISA was
used to determine the binding antibody titers for each anti-
gen. Vaccination with the trivalent vaccine formulation
induced high anti-toxin-specific antibody titers (Fig. 3D, E,
and F). As shown in Figure 3, group geometric mean anti-
toxin-specific endpoint titers (with 95% CI) were 2.0 £ 105

(4.2 £ 104, 9.5 £ 105), 8.0 £ 104 (7.2 x103, 8.7 £ 105),
and 8.0 £ 104 (2.2 £ 104, 2.8 £ 105) against botulinum
neurotoxin types A, B, and E, respectively. These data show
that our trivalent DNA vaccine cocktail is highly
immunogenic.

Figure 1. Construction and representative in vitro expression of BoNT/Hc/A, BoNT/Hc/B, and BoNT/Hc/EDNA
vaccine constructs. (A) Schematic of BoNT/Hc/A, B, or E genes cloned into the pVAX1 mammalian expression
vector. The CMV promoter, BoNT Hc gene(s), BGH poly A signal, kanamycin resistance gene, and pUC origin
are shown. (B) Representative in vitro expression of the hemagglutinin-tagged BoNT Hc plasmids. Expression
was confirmed using transfected RD cells and a HA-tagged antibody. An empty vector (pVAX) was used as a
negative control. Results were analyzed with confocal imaging. Scale bar D 100 mm.
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Trivalent DNA vaccination provides complete protection
against lethal challenge with pure C. botulinum homologous
neurotoxin

After determining that trivalent DNA vaccination induced
high-titer toxin-specific antibodies, we next wanted to determine
whether the humoral response induced was capable of protecting
animals from intoxication. To evaluate protection, animals from
the trivalent study described in the previous section, received i.p.
injections of 200 ml of 102 LD50 of either C. botulinum neuro-
toxin type A, B, or E along with their respective na€ıve group. Ani-
mals were monitored for survival for 7 d. Similar to the
monovalent study, all vaccinated animals survived lethal neuro-
toxin challenge whereas all na€ıve animals succumbed to intoxica-
tion within 6 hours post-challenge (Table 3).

Monovalent and trivalent vaccination induces robust and
specific humoral immunity against botulinum A, B, and E
antigens

As a final evaluation of humoral immunogenicity, we wanted
to compare the immune responses generated against each toxin

Figure 2. Monovalent and trivalent study outlines. To evaluate vaccine-
induced immune responses following immunization, BALB/c mice
received the treatments listed at the weeks indicated for the monovalent
and trivalent studies. Separate groups of animals were used in the analy-
sis of humoral immunogenicity/challenge and cellular immunogenicity.

Figure 3. Monovalent and trivalent vaccination with BoNT/Hc/A, BoNT/Hc/B, and BoNT/Hc/E induces strong humoral immunity in mice. For the monova-
lent study, BALB/c mice received two 10 mg DNA immunizations spaced 3 weeks apart and sera were collected 3 weeks post-final immunization. Anti-
botulinum neurotoxin titers against serotypes A (A), B (B), and E (C) for 5 animals per group were measured by ELISA. For the trivalent study, BALB/c
mice (n D 5/group) received two 30 mg DNA immunizations (10 mg of each BoNT Hc construct) spaced 3 weeks apart and sera were collected 3 weeks
post-final immunization. Anti-botulinum neurotoxin titers against serotypes A (D), B (E), and E (F) were measured by ELISA. Geometric mean and 95%
confidence intervals are shown.
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antigen when animals were administered the monovalent vaccine
versus the trivalent cocktail. This comparison of anti-botulinum
neurotoxin endpoint titers is shown in Figure 4. Here we report
that although the average anti-toxin endpoint titers decreased
when animals were administered the trivalent cocktail, these dif-
ferences were not significant for neurotoxin serotype A (P D
0.49), serotype B (P D 0.38), or serotype E (P D 0.09) when
compared to titers from animals administered the monovalent
formulation.

Trivalent vaccination with BoNT/Hc/ABE induces antigen-
specific polyfunctional CD4C T cell immunity

Given the importance of CD4C T helper 1 (Th1) cells in the
activation of B cells to produce antigen-specific antibodies, we
wanted to evaluate the cytokine frequencies and phenotypic pro-
files of specific CD4C T cells following trivalent DNA immuni-
zation. To accomplish this, we vaccinated 3 separate groups of
BALB/c mice (n D 5/group) with the trivalent BoNT/Hc/ABE
formulation following the previously described regimen (Fig. 2).
Three weeks after the final vaccination, we measured the ability
of vaccine-induced Ag-specific T cell populations to secrete IFN-
g, TNF-a, and IL-2 in response to ex vivo Hcs BoNT/A, BoNT/
B, or BoNT/E peptide stimulation in the harvested splenocytes.
Our gating strategy for intracellular cytokine flow cytometry

analysis is depicted in Figure 5A. Trivalent vaccination induced
toxin-specific CD4C T cells producing total IFN-g (BoNT/Hc/
A: 0.37%; BoNT/Hc/B: 0.38%; BoNT/Hc/E: 0.20%), total
TNF-a (BoNT/Hc/A: 0.51%; BoNT/Hc/B: 0.49%; BoNT/Hc/
E: 0.28%), total IL-2 (BoNT/Hc/A: 0.37%; BoNT/Hc/B:
0.32%; BoNT/Hc/E: 0.17%), and dual IFN-g/TNF-a (BoNT/
Hc/A: 0.36%; BoNT/Hc/B: 0.36%; BoNT/Hc/E: 0.18%)
(Fig. 5B). Overall, we observed that antigen stimulation with
Hcs BoNT/A, BoNT/B, or BoNT/E resulted in the production
of multifunctional CD4C T cell cytokines.

Discussion

In 2011, the CDC discontinued its use of the investigational
pentavalent (ABCDE) botulinum toxoid (PBT) vaccine. As a
result, there is no licensed vaccine to prevent intoxication from
the botulinum serotypes most responsible for human disease,
serotypes A, B, and E.24 However, the threat of the use of weap-
onized C. botulinum neurotoxin remains a concern. Although
post-exposure delivery of antitoxins is effective for the treatment
of rare cases of life-threatening botulism, such therapies would be
inadequate to prevent intoxication of large populations threat-
ened by the dissemination of botulinum toxins during a bioter-
rorism event. Therefore, there is a need to proactively develop
new therapies and vaccination strategies that can prevent intoxi-
cation. Although multiple botulinum toxin vaccines are currently
in development,25-28 the safety, immunogenicity, and stability of
DNA make this vaccine platform an additional option to specifi-
cally target botulinum antigens and allow for stable delivery any-
where a bioterrorist attack may occur. In addition, the use of
DNA vaccines targeting the HC of botulinum neurotoxin sero-
types A, B, and E has shown positive neutralization results.23

The present study was initiated to expand upon this initial
study23 of a BoNT DNA vaccine and further evaluate the DNA
vaccine-induced humoral and cellular responses generated by
monovalent and trivalent vaccination with BoNT HC fragments
of C. botulinum serotypes A, B, and E. By evaluating the CD4C

T cell response, we wanted to clarify the mechanisms of B cell
activation required to produce antigen-specific neutralizing anti-
bodies and generate memory B cell responses. In addition, by tar-
geting the BoNT HC of the serotypes most responsible for

Table 1. Protective immune responses to monovalent vaccination with BoNT Hc vaccines

Group (n D 15) Dose
Number of
vaccinations

Total amount of
DNA administered

C. botulinum
neurotoxin serotype
used for challengea

Survival against challenge
with 102 LD50 C. botulinum

neurotoxin (%)b

Na€ıve N/A N/A N/A BoNT/A 0
BoNT/Hc/A 10 mg 2 20 mg BoNT/A 100
Na€ıve N/A N/A N/A BoNT/B 0
BoNT/Hc/B 10 mg 2 20 mg BoNT/B 100
Na€ıve N/A N/A N/A BoNT/E 0
BoNT/Hc/E 10 mg 2 20 mg BoNT/E 100

aAnimals were challenged 4 weeks post-final immunization with 200 ml of the respective toxin delivered by intraperitoneal injection.
bAnimals were monitored for survival up to 7 d post-challenge.

Table 2. In vivo evaluation of protection against C. botulinum neurotoxin
serotypes A, B, and E with antisera from mice vaccinated with the Hc mono-
valent vaccines

Group (n D 5)

Anti-serumaC C. botulinum
neurotoxin serotype used

for challengeb

Survival against challenge
with 102 LD50 C. botulinum

neurotoxin (%)c

1 Na€ıve C BoNT/A 0
2 BoNT/Hc/A C BoNT/A 100
3 Na€ıve C BoNT/B 0
4 BoNT/Hc/BC BoNT/B 100
5 Na€ıve C BoNT/E 0
6 BoNT/Hc/E C BoNT/E 100

aAntisera were from na€ıve or vaccinated animals from the monovalent
study.
bAnimals were challenged with 200 ml of the respective toxin delivered by
intraperitoneal injection.
cAnimals were monitored for survival for up to 7 d post-challenge.
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human disease, we wanted to determine if the DNA vaccine
modality would be effective as a prophylactic botulinum toxin
vaccine.

We generated 3 DNA vaccine constructs targeting the botuli-
num neurotoxin heavy chain C-terminal fragment of serotypes
A, B, and E and named the constructs pBoNT/Hc/A, pBoNT/
Hc/B, and pBoNT/Hc/E, respectively. Vaccine groups were
named based upon the single construct administered. Using a
previously determined optimal dosage (data not shown), we vac-
cinated groups of animals with each construct. All immunized
animals produced high-titer antigen-specific antibodies and were
completely protected against a lethal dose of toxin. The data
show that DNA antisera neutralized the lethal toxin dose.

Since the current treatments for botulinum poisoning involve
the delivery of antibodies to neutralize circulating toxins,
we wanted to evaluate if our DNA antisera could neutralize the
lethal dose of toxin and provide na€ıve animals protection from
intoxication. By setting up an in vivo mouse protection assay in
which na€ıve or immune sera were mixed in a 1:1 ratio with anti-
gen specific neurotoxins and then injected into a na€ıve host, we
were able to determine that sera collected from immunized mice
were capable of completely neutralizing a lethal dose of toxin.
Our results build on prior work in this area with EP delivered
DNA23 with some differences. We used a lower vaccine dose in
the present studies, and we also report for the first time the T cell
responses important in the generation of immunity to these vac-
cines. Furthermore the challenge doses for toxin were higher in
this present study than in the prior report. In the present study
however, due to limited amounts of sera collected from vacci-
nated animals for this monovalent study, serum neutralization
titers were not determined. Since we have determined that
immunization with BoNT Hcs A, B, and E results in the produc-
tion of antisera that can effectively neutralize 100 LD50 BoNT
holotoxin, future studies will involve the measurement of serum
neutralizing antibody titers and the incremental increase of toxin
dose to determine the highest efficacy achieveable with this DNA
vaccine approach.

From our monovalent study, we determined that the heavy
chain C-terminal fragment of botulinum serotypes A, B, and
E are immunogenic and vaccination with DNA constructs
expressing each serotype results in high-titer, toxin-neutraliz-
ing antibodies. Since an ideal vaccine candidate for botulinum

neurotoxin would likely need to provide protection against
multiple antigens, we wanted to evaluate the effectiveness of a
trivalent formulation of our vaccines. For the trivalent study,
6 groups of mice were vaccinated with a cocktail containing
10 mg of each construct and the resulting cocktail was named,
BoNT/Hc/ABE. After two immunizations with BoNT/Hc/
ABE, 3 groups of mice were evaluated for humoral immuno-
genicity and challenge and 3 groups of mice were evaluated
for T cell responses.

Similar to the monovalent study, animals vaccinated with
the trivalent vaccine produced high-titer antigen-specific anti-
bodies and were 100% protected against the lethal challenge
dose of serotype-specific holotoxin. Given the protective effi-
cacy we observed for our monovalent and trivalent DNA vac-
cines, we wanted to compare the antitoxin specific endpoint
titers for each antigen. Similar to other reports of the BoNT
HC,

23,29,30 we report that antitoxin titers for each antigen
decreased when antigens were delivered in the trivalent formu-
lation although this difference was not significant. The decrease
in antigen endpoint titers could indicate the presence of antigen
competition in the trivalent vaccine preparation. However,
although there was a decrease in antitoxin titer for each antigen
in the trivalent vaccine, this decrease was not significant enough
to affect the overall level of protective efficacy of the vaccine.
We concluded that our monovalent and trivalent vaccine for-
mulation could be used as an efficient vaccine modality to
induce botulinum toxin-specific neutralizing antibodies and
provide 100% protection from lethal challenge. In the current
study, this multivalent formulation did not target botulinum
serotype F. A recent report evaluating Semliki Forest virus rep-
licon vectors targeting botulinum serotypes A, B, E, and F
along with tetanus toxin has shown complete protection against
100 LD50 of toxins.31 For the present studies, we did not
include serotype F as the highest incidences of human botulism
are associated with the more potent serotypes (A, B, and E)8

and these serotypes would likely be the focus for weaponization
in the event of bioterrorism.

Although it is currently accepted that the correlate of protec-
tive immunity against botulinum neurotoxin is primarily anti-
body mediated, we also investigated the percentages of CD4C T
cells induced by our trivalent vaccine. CD4C T cells may contrib-
ute to the activation of B cells to produce antigen specific

Table 3. Protective immune responses to trivalent vaccination with BoNT Hc vaccines

Group (n D 5) Dose
Number of
vaccinations

Total amount of
DNA administered

C. botulinum neurotoxin
serotype used for challengea

Survival against challenge
with 102 LD50 C. botulinum

neurotoxin (%)b

Na€ıve N/A N/A N/A BoNT/A 0
BoNT/Hc/AC BoNT/Hc/BC BoNT/Hc/E 10 mg (each) 2 60 mg BoNT/A 100
Na€ıve N/A N/A N/A BoNT/B 0
BoNT/Hc/AC BoNT/Hc/BC BoNT/Hc/E 10 mg (each) 2 60 mg BoNT/B 100
Na€ıve N/A N/A N/A BoNT/E 0
BoNT/Hc/AC BoNT/Hc/BC BoNT/Hc/E 10 mg (each) 2 60 mg BoNT/E 100

aAnimals were challenged 4 weeks post-final immunization with 200 ml of the respective toxin delivered by intraperitoneal injection.
bAnimals were monitored for survival up to 7 d post-challenge.
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antibodies and more importantly is required for a long lasting
memory B cell response. For this study, we evaluated the ability
of Ag-specific T cell populations to secrete IFN-g, TNF-a, and
IL-2. We determined that each antigen in our trivalent cocktail
induced all 3 cytokines. To our knowledge, this is the first report
describing the polyfunctionality of CD4C T cells induced by a
trivalent DNA vaccine targeting the heavy chain C-terminal frag-
ment of botulinum neurotoxin antigens A, B, and E. The high
percentages of CD4C T cells secreting IFN-g, TNF-a, and IL-2
may explain how our DNA vaccines were able to induce high
titers of antigen-specific antibodies. The high frequencies of Th1
cells secreting antitoxin cytokines provide further evidence that
our DNA vaccines are capable of producing broad antigen-spe-
cific toxin immunity. By characterizing the response of cytokines
associated with the activation and maintenance of humoral
immunity, we can further define how the vaccines induce and
mediate protection against botulinum intoxication.

The need for new, prophylactic vaccines is often not realized
until there is a present threat of disease outbreak. The lack of
available vaccines has recently contributed to the Ebola, Severe
acute respiratory syndrome (SARS), and Middle East respiratory
syndrome coronavirus (MERS-CoV) epidemics. These disease
cases highlight the need to develop new, mass vaccination strate-
gies to prevent disease threats.

In the present study, we proactively developed DNA vaccines
that are potential candidate vaccines to provide protection from
intoxication with weaponized C. botulinum in the event of a bio-
terrorist threat. Our study demonstrates that the synthetic DNA
vaccine platform has an advantage as a vaccine strategy for gener-
ating robust and protective immunity in the context of botuli-
num poisoning. We show that vaccination with DNA targeting
the heavy chain C-terminal fragment of botulinum serotypes A,
B, and E results in vaccinee antisera that can effectively neutralize
toxin. In addition to inducing humoral immunity and supportive
cellular responses, the vaccine elicited protection after just 2
immunizations, indicating that the DNA formulation induces
optimal protective responses with minimal boosting. Further
study of these DNA vaccines is needed to determine the kinetics
of the protective immune response post-vaccination.

Materials and Methods

Construction and expression of BoNT/Hc/A, BoNT/Hc/B,
and BoNT/Hc/E monovalent DNA vaccines

Clostridium botulinum neurotoxin heavy chain C-terminal
(Hc) fragment sequences for serotypes A (YP_001386738.1), B
(YP_001693307), and E (YP_001920504) were obtained from
GenBank and synthetically designed and codon and RNA opti-
mized for expression in mammals. The Hc sequences were syn-
thesized into separate pUC57 vectors with an IgE leader
sequence to increase secretion and a poly A tail to end translation.
Each insert was cloned into a pVAX expression promotor
between the BamHI and Not1 sites (Fig. S1). The DNA con-
structs were cloned by GenScript (Piscataway, NJ) and amplified
by Aldevron (Fargo, ND). The resulting purified DNA plasmids

Figure 4. Comparison of anti-botulinum neurotoxin antibody endpoint
titers induced by monovalent and trivalent vaccination. Endpoint titers
obtained after 2 DNA immunizations with the monovalent and trivalent
vaccines are compared. The geometric mean and 95% confidence inter-
vals are shown. Significance was measured at P< 0.05.
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were formulated with sterile water and used in animal
vaccinations.

To confirm expression of each of the monovalent BoNT
DNA vaccines, Rhabdomyosarcoma (RD) cells (2 £ 105 cells)
(ATCC, CCL-136) were seeded in 2-chamber tissue culture
treated glass slides (BD Falcon) and transfected with hemaggluti-
nin (YPYDVPDYA)-tagged BoNT/Hc/A, BoNT/Hc/B, or
BoNT/Hc/E using Turbofectin (Origene, TF81001). RD cells
were used as an experimental control and were transfected with
pVAX. Transfected cells were maintained in culture in
Dulbecco’s Modified Eagle’s Medium (DMEM; Gibco-Invitro-
gen, 11965–084) supplemented with 10% fetal calf serum (FBS)
(Atlas Biologicals, Inc.., F0500-A) and 1% penicillin-

streptomycin solution (10,000 U/ml) (Invitrogen, Inc.., 15140–
122). Forty-eight hours post-transfection, cells were fixed with
2% paraformaldehyde, washed in 1X phosphate buffered saline
(PBS) (Gibco-Invitrogen, 14190–136) and incubated with goat
anti-mouse HA tag antibody (Abcam, ab18181) 1:100 dilution
in primary standard solution (PSS) (0.1% BSA, 0.2% saponin,
and 0.02% sodium azide in PBS) (37�C, 1.5 h). Cells were
washed in PBS and incubated with goat polyclonal secondary
antibody to mouse IgG conjugated to fluorescein isothiocyanate
(FITC) (Abcam, ab6785) 1:100 dilution in PSS for 1 h at room
temperature. After washing, cell nuclei were counterstained with
Hoechst reagent (Sigma-Aldrich, H6024) and slides were
mounted with fluoromount G (Electron Microscopy Sciences,

Figure 5. Cytokine frequencies and phenotypic profiles of specific CD4C T cells following DNA immunization. Cytokine recall responses to BoNT/Hc/ABE
were measured 3 weeks after the last immunization by ICS and flow cytometry. (A) The gating strategy used to analyze the frequency of CD4C T cells
positive for IFN-g, TNF-a, and IL-2 cytokines. (B) Multiparameter flow cytometry was used to determine the percentages of multifunctional CD4C T cell
cytokine profiles of BoNT/Hc/ABE. The bar chart shows the percentage of specific CD3CCD4C T cells displayed as IFN-g, TNF-a, and IL-2 triple, double, or
single positive CD4C T cells. Pie charts show the relative proportion of each cytokine subpopulation to BoNT/Hc/A, B, and E stimulation. Background
staining from cells stimulated with medium alone was subtracted. Data represent the mean § SEM of 5 mice per group with CP< 0.01 using Student’s
t-test compared to the na€ıve group.
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17984–25). Expression of the BoNT constructs was confirmed
by confocal imaging. Confocal images were acquired using the
Zeiss LSM 510 NLO/META Confocal Microscope at the Cell
and Developmental Biology Microscopy Core, University of
Pennsylvania, PA, USA.

Neurotoxins for challenge
Purified Clostridium botulinum holotoxin for serotypes A (Lot

#061013–01), B (Lot #061013–01), and E (Lot #061013–01)
were purchased from Metabiologics, Inc.. (Madison, WI). Stan-
dard toxin preparations for BoNT/A, BoNT/B, and BoNT/E
were produced from C. botulinum "Hall," "Okra," and "Alaska"
strains, respectively. The toxicity of each toxin was tested by
mouse bioassays and the identity of each toxin was confirmed by
antitoxin neutralization (Metabiologics, Inc.). Toxin purity was
confirmed by SDS-PAGE (Metabiologics, Inc.). Holotoxin type
E was activated by treatment with 10% (wt/vol) trypsin (37�C,
1 h) prior to use. Specific toxin activities for type A, B, and E
holotoxins were 2.5 £ 108 MLD50/mg, 8 £ 107 MLD50/mg,
and 6.0 £ 107 MLD50/mg (QC sample activated with trypsin),
respectively, as reported by Metabiologics. Toxin samples were
diluted in phosphate-gelatin buffer [30 mM sodium phosphate,
(pH 6.2), 2% gelatin] and immediately used in animal challenge
studies.

Animals and vaccinations
Female BALB/c mice (6 to 8 weeks of age) were purchased

from Jackson Laboratories (Bar Harbor, ME). All mice were
housed in a temperature-controlled, light-cycled facility and
received food and water ad libitum. All experiments were per-
formed in accordance with the guidelines of the National Insti-
tutes of Health (NIH) (Bethesda, MD) and the University of
Pennsylvania (Philadelphia, PA) Institutional Animal Care and
Use Committee (IACUC #804951).

For the monovalent study, mice were divided into 6 groups
(n D 15 / group). Each vaccinated group was assigned an age-
matched na€ıve group. The vaccinated groups received 2 immuni-
zations spaced 3 weeks apart with 10 mg of either BoNT/Hc/A,
BoNT/Hc/B, or BoNT/Hc/E via intramuscular injection into
the tibialis anterior muscle. Intramuscular injection was immedi-
ately followed by electroporation (EP). Briefly, mice received 2
constant-current pulses of 0.2 A delivered through a triangular 3-
electrode array consisting of 26-gauge solid stainless steel electro-
des. Pulses were 52 ms in length separated by a one second delay.
All in vivo electroporation procedures were performed using the
CELLECTRA� 3P electroporation device (Inovio Pharmaceuti-
cals, Inc.., Plymouth Meeting, PA). Sera samples were collected
3 weeks after the last immunization and 5 samples from each
group were used to evaluate humoral immune responses.

For the trivalent study, mice were divided into 6 groups (n D
5 / group). Each vaccinated group was assigned an age-matched
na€ıve group. The vaccinated groups received a cocktail vaccine
(BoNT/Hc/ABE) containing 10 mg of BoNT/Hc/A, 10 mg of
BoNT/Hc/B, and 10 mg BoNT/Hc/E. Mice received 2 immuni-
zations spaced 3 weeks apart via intramuscular injection into the
tibialis anterior muscle. Intramuscular injection was immediately

followed by EP using the CELLECTRA� 3P device. Sera sam-
ples were collected 3 weeks after the last immunization and used
to evaluate humoral immune responses.

Antitoxin serum antibody endpoint titer measurements
To determine antitoxin-specific sera antibody titers, C. botuli-

num type A, B and E neurotoxin coated plates were obtained
from Metabiologics, Inc.. (Madison, WI). The coated plates were
absorbed with the respective purified botulinum neurotoxin and
the non-specific binding sites were pre-blocked according to estab-
lished methods.32 Plates were incubated with serial dilutions of
immunized and na€ıve sera (37�C, 1.5 h). Plates were washed with
PBS-T (0.05% Tween 20 in PBS) and incubated with goat anti-
mouse IgG-HRP (Santa Cruz Biotechnology, Inc.., sc-2055) at a
1:5000 dilution in 1% FBS in PBS-T (0.05% Tween 20 in PBS).
After washing, the enzyme substrate SigmaFAST O-phenylenedi-
amine dihydrochloride (OPD) (Sigma-Aldrich, P1987) was
added. The development was stopped with the addition of 100 ml
1N H2SO4 and optical density was determined at 450 nm. End-
point titers were determined as previously described.33 Endpoint
titers are reported as the reciprocal of the last dilution that had an
absorbance above the upper prediction limit.

Determination of vaccine efficacy
Four weeks after the last vaccination, mice were challenged

with 102 LD50 (100 LD50) of the respective activated homolo-
gous neurotoxin. Mice received the challenge dose of toxin in a
final volume of 200 ml via intraperitoneal (i.p.) injection. All
mice were challenged along with their assigned na€ıve group and
survival was monitored for 7 d. Surviving animals were humanely
euthanized after one week.

Neurotoxin neutralization assay
To determine if antibodies induced by vaccination with the

monovalent vaccines, BoNT/Hc/A, B, or E, were capable of neu-
tralizing a lethal dosage of toxin, pooled-immunized antisera
from 2X vaccinated animals and na€ıve animals were mixed 1:1
with 100 LD50 of the respective homologous neurotoxin. Sera/
toxin mixtures were incubated at 37�C, 1 hr. Na€ıve animals were
then administered 200 ml of the sera/toxin mixtures via (i.p.)
injection. Survival was monitored for 7 d and surviving animals
were humanely euthanized after one week.

Splenocyte harvest
To evaluate the cellular immune response to each antigen,

separate groups of mice (3 groups; n D 5/group) administered
the trivalent vaccine, BoNT/Hc/ABE, were humanely euthanized
3 weeks after the final immunization and spleens were harvested
from each animal. Spleens were placed in RPMI 1640 medium
(Mediatech, MT10–040-CM) supplemented with 10% fetal calf
serum (FCS), 1% penicillin-streptomycin (10,000 U/ml) (Invi-
trogen), and 1X b-mercaptoethanol (Invitrogen, 21985–023).
Spleens were disrupted using a Stomacher machine (Steward
Laboratory Systems, Bohemia, NY) and the cellular product was
strained using a 40 mg cell strainer (BD Biosciences). Red blood
cells were lysed with ACK lysis buffer (Lonza, 10–548E). The
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remaining cells were washed with 1X PBS, resuspended in sup-
plemented RPMI medium, restrained using a cell strainer, and
used in intracellular cytokine staining (ICS) assays.

Intracellular cytokine staining
Lymphocytes were isolated and processed from the spleen and

intracellular staining was performed as previously described.34

The following antibodies were used for surface staining: LIVE/
DEAD Fixable Violet Dead Cell stain kit (Invitrogen), CD19
(V450; clone 1D3; BD Biosciences), CD4 (FITC; clone RM4–
5; BD Biosciences), and CD8 (APC-Cy7; clone 53–6.7; Abcam).
For intracellular staining the following antibodies were used:
IFN-g (APC; clone XMG1.2; Biolegend), TNF-a (PE; clone
MP6-XT22; ebioscience), IL-2 (PeCy7; clone JES6-SH4; ebio-
science), and CD3 (PerCP/Cy5.5; clone 145–2C11; Biolegend).
All data were collected using a LSRII flow cytometer (BD Bio-
sciences) and analyzed using FlowJo software (Tree Star, Ashland,
OR) and SPICE v5.2 (free available from http://exon.niaid.nih.
gov/spice/). Boolean gating was performed using FlowJo software
to examine the polyfunctionality of the T cells from vaccinated
animals. For flow cytometry, cells were gated on singlets using
SSC-H by SSC-A followed by gating on LIVE-DEAD (dump
channel), CD3C CD4C CD8¡ T and CD3C CD8C CD4¡ T
cells to examine the CD4C and CD8C T-cell populations secret-
ing IFN-g, TNF-a, and IL-2 cytokines. Cells 2 £ 106/wells cells
were stimulated with their respective botulism pooled peptide for
5 hours and 500,000 events were collected by the LSRII.

Statistical analysis
Data were analyzed using a Student’s t-test. All statistics

were performed with GraphPad Prism� v. 5.0b program
(GraphPad Software, Inc..). Significance was measured at
P � 0.05.
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