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Abstract

The potential use of biological agents has become a major public health concern worldwide. According to the CDC classifi-
cation, Bacillus anthracis and Clostridium botulinum, the bacterial pathogens that cause anthrax and botulism, respectively,
are considered to be the most dangerous potential biological agents. Currently, there is no licensed vaccine that is well suited
for mass immunization in the event of an anthrax or botulism epidemic. In the present study, we developed a dual-expression
system-based multipathogen DNA vaccine that encodes the PA-D4 gene of B. anthracis and the HCt gene of C. botulinum.
When the multipathogen DNA vaccine was administered to mice and guinea pigs, high level antibody responses were elicited
against both PA-D4 and HCt. Analysis of the serum IgG subtype implied a combined Th1/Th2 response to both antigens,
but one that was Th2 skewed. In addition, immunization with the multipathogen DNA vaccine induced effective neutral-
izing antibody activity against both PA-D4 and HCt. Finally, the protection efficiency of the multipathogen DNA vaccine
was determined by sequential challenge with 10 LDs, of B. anthracis spores and 10 LDs of botulinum toxin, or vice versa,
and the multipathogen DNA vaccine provided higher than 50% protection against lethal challenge with both high-risk bio-
threat agents. Our studies suggest the strategy used for this anthrax-botulinum multipathogen DNA vaccine as a prospective
approach for developing emergency vaccines that can be immediately distributed on a massive scale in response to a biothreat
emergency or infectious disease outbreak.

Key points

o A novel multipathogen DNA vaccine was constructed against anthrax and botulism.
® Robust immune responses were induced following vaccination.

o Suggests a potential vaccine development strategy against biothreat agents.
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Anthrax and botulism are serious infectious diseases caused
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are not treated, death occurs rapidly. LF in combination with
PA (lethal toxin, LeTx) impairs function of immune cells
and leads cell lysis. Inflammatory mediators released in
response to LeTx may contribute to the sudden death char-
acteristic of systemic anthrax. (Artenstein and Opal 2012;
Lowe and Glomski 2012).

Botulinum neurotoxin (BoNT) is produced by a rod-
shaped, gram-positive, and spore-forming anaerobic bacte-
rium called Clostridium botulinum (Simpson 2004). BoNT is
the most poisonous naturally occurring compound (Wheeler
and Smith 2013). The toxin causes a neuroparalytic syn-
drome characterized by descending, symmetric, and flaccid
paralysis of voluntary muscles, which leads to respiratory
arrest and death (Pirazzini et al. 2017).

The Centers for Disease Control and Prevention (CDC)
has classified the major biological agents into three catego-
ries based on their potential impact on public health (Jansen
et al. 2014). The CDC lists anthrax and botulism as category
A agents, which are the highest priority, because both are
highly lethal and are the most easily weaponized and dis-
seminated. Because they have the potential to cause mass
casualties that could provoke extensive social disruption,
they require broad-based public health preparedness sys-
tems. Several other agents are assigned lower priority for
specific preparations. These category B agents would have
lower morbidity and mortality as compared to category A.
Category C is the third highest priority and includes the
emerging pathogens that have a potential for availability,
production, and dissemination (Trull et al. 2007).

Vaccination is generally regarded as the best strategy to
protect the population from biothreat agents. PA has been
shown to be a key component of the currently licensed
anthrax vaccines (Clark and Wolfe 2020). However, with
this vaccine, multiple immunizations are required to evoke
and maintain protective immunity, and the vaccine also
shows considerable local and general reactogenicity. These
vaccines were prepared from PA-containing sterile filtrates
of culture supernatant from a non-capsulated B. anthracis
strain. These disadvantages, such as the limited immuno-
genicity, safety issues, and technical hurdles in production,
make the current licensed anthrax vaccines unsuitable for
clinical use as emergency vaccines against biothreat agents
(Greidanus and Honl 2002; Pittman et al. 2001; Wasserman
et al. 2003). Currently, no vaccine against botulism has been
licensed for general use. However, toxoid vaccines have been
developed against botulism that were administered to peo-
ple at risk for botulism, such as health care providers, first
responders, and military personnel. However, the CDC dis-
continued this vaccine program because of its low efficiency
(Sundeen and Barbieri 2017).

Among the many vaccine platforms, DNA vaccines are
especially attractive for the development of vaccines against
biothreat agents. Compared with the alternatives, the DNA
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platform is safe and stable, as DNA-based vaccines can be
stored and delivered without a cold chain. More importantly,
the development, manufacture, and scaling-up of these vac-
cines are simple and cost-effective (Dupuy and Schmaljohn
2009; Li and Petrovsky 2016). These characteristics favor
the use of DNA-based vaccines against biothreat agents, as
they would allow for rapid development and quick deploy-
ment in response to a biothreat emergency. Previous studies
have shown that DNA vaccines have the potential to induce
robust immunogenicity against both B. anthracis (Kim et al.
2015; Livingston et al. 2010) and C. botulinum (Kim et al.
2019; Scott et al. 2015; Trollet et al. 2009). In the case of B.
anthracis, protective immunity against B. anthracis spores
has been demonstrated in various animal models follow-
ing administration of a PA-DNA vaccine (Hermanson et al,
2004; Midha and Bhatnagar 2009). It also found that in addi-
tion to full-length PA, truncated PA such as domain 4 of
PA (PA-D4) plays an important role in generating immunity
(Park et al. 2008; Kim et al. 2015). In addition, plasmids
containing the gene encoding the BoNT heavy chains (HC)
are an attractive DNA vaccine platform, as high antibody
titers were obtained in rabbits using a BoNT HC-encoding
DNA vaccine, and the neutralizing antibody titers were high
enough to meet the criteria of the European Pharmacopeia
(Burgain et al. 2013).

The development of multivalent vaccines is a novel
approach for eliciting protection against several diseases.
Such vaccines are highly desirable for biothreat agent vac-
cine applications because they simplify the manufacturing
processes and reduce the number of required vaccinations,
making them more cost-effective. Therefore, in this study,
we constructed a multipathogen DNA vaccine against the
pathogens B. anthracis and C. botulinum and investigated
its immunogenicity using a dual challenge model in which
mice were sequentially challenged with a lethal dose of B.
anthracis and BoNT.

Materials and methods
Construction of a multipathogen DNA vaccine

The nucleotide sequences encoding B. anthracis PA-D4 and
the C. botulinum toxin type E C-terminal fragment of the
heavy chain (HCt/E) were obtained from GenBank (acces-
sion numbers MZ923834 and MZ923835, respectively). The
full nucleotide sequence of gene is given in Tables S1 and
S2. The monovalent DNA vaccine vector was constructed
as described in previous studies (Kim et al. 2015, 2019).
To generate a multipathogen DNA vaccine vector, the HCt
fragment containing the enhancer, promoter, signal pep-
tide, and poly A-tail was amplified from pHCt monovalent
vector using the following primer set (F: 5'-ATAGATCTG



Applied Microbiology and Biotechnology (2022) 106:1531-1542

1533

Fig.1 Construction and in vitro expression of a multipathogen »

anthrax-botulinum DNA vaccine. A Schematic diagram of the pD4/
HCt vaccine. Codon-optimized B. anthracis PA-D4 and C. botulinum
HCUE genes were cloned into a dual promoter plasmid for eukaryotic
expression to generate pD4/HCt. In vitro expression of the antigens in
the pD4/HCt vaccine in DNA-transfected 293 T cells by western blot
analysis. Antigen expression was detected with anti-PA-D4 (B) and
anti-HCt/E (C) antibodies

ATCTATGCTTTGCATA-3" and R: 5'-ATAGATCTGAAG
CCATAGAGCCCA-3"). Then, the amplified HCt fragment
was inserted into the pD4 monovalent vector at BglII site
and Nrul site. The resulting plasmid, which contains genes
encoding both the anthrax PA-D4 antigen and BoNT HCt/E
antigen, was named pD4/HCt (Fig. 1A). The accuracy of
all plasmid constructs was confirmed by restriction analysis
and by sequence analysis (Cosmogenetech, Seoul, Korea).

In vitro expression of the multipathogen DNA
vaccine

The generated plasmids were expressed in 293 T cells fol-
lowing transient transfection using VivaMagic (Vivagen,
Seoul, Korea), according to the manufacturer’s protocol.
Cells were harvested at 48 h post-transfection and lysed for
western blot analysis. Proteins were separated by 4-20%
SDS-PAGE and then transferred to polyvinylidene difluoride
(PVDF) membranes. The PA-D4 protein was detected using
a rabbit anti-PA-D4 antibody, and the HCt/E protein was
detected using a rabbit anti-HCt/E antibody (Cosmoge-
netech, Seoul, Korea). Horseradish peroxidase-conjugated
goat anti-rabbit IgG (31460, Invitrogen, Waltham, USA) was
used as the secondary antibody (dilution 1:5,000). Proteins
were visualized using Western Lighting Plus-ECL (Perkin
Elmer, Waltham, USA).

Animals and ethics statement

All the animals were maintained in a temperature
(22 +£0.5 °C)- and humidity (60 +2%)- controlled room on
a 12-h light/dark cycle (light on at 06:00). The animals had
free access to food and water. Animal care and experimen-
tal procedures were approved by the Institutional Animal
Care and Use Committee of Seoul National University,
Seoul, Korea (approval ID: SNU-190325-1), and Agency
for Defense Development, Daejon, Korea (approval ID:
ADD-IACUC-20-08).

Animal immunization

Female 6-8-week-old Balb/c mice and A/J mice were
obtained from Samtako (Osan, Korea) and immunized
(n=10 per group). The Balb/c mice demonstrated strong
immune response against pathogens such as B. anthracis
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and C. botulinum (Kim et al. 2015, 2019) and A/J mice
have been used as small animal models for anthrax vaccine
candidate screening (Flick-Smith et al. 2005). The mice
were acclimated for 1 week prior to the experiments. The
multipathogen DNA vaccine was administered by intra-
muscular electroporation as described in a previous study
(Kim et al. 2015). The immunization schedule for mice
and guinea pigs was based on previous our monovalent
DNA vaccine studies (Kim et al. 2015, 2019). Briefly,
50 pg of plasmid DNA suspended in PBS was injected
three times at 2-week intervals. As a control group, mice
were injected with pcDNA 3.1, the empty vector, as
described above. Before plasmid DNA injection, the mice
were anesthetized intraperitoneally with Zoletile (2 mg/kg
body weight) and the skin overlying the quadriceps mus-
cles was shaved. Immediately after the mice were injected
with the plasmid DNA, electroporation was performed
with two-needle array electrodes (BTX, Hollison, USA),
which were inserted into the muscle at the injection site.
The electrodes were placed longitudinally relative to the
muscle fibers at a 5 mm distance. Three electroporation
pulses of 90 V/mm, with a 20-ms pulse length and reversal
of polarity after each pulse, were administered with a BTX
ECM-830 electroporator.

To test the efficiency of the vaccine in a species with a
large body mass, guinea pigs were immunized. For guinea
pig immunization, groups of guinea pigs (3—4-week old,
female, 3 per group) were injected with 100, 200, 300,
and 500 pg of plasmid DNA into the muscle three times
at 3-week intervals. Immediately following plasmid DNA
injection, a needle array electrode, with a 10 mm electro
distance, was inserted into the injection site and a voltage
was applied (three pulses, 90 V/mm, 25-ms pulse length).
These electroporation protocols have been shown to induce
significant immunity following administration of a DNA
vaccine (Kim et al. 2015).

Antibody assessment

Serum was collected 2-week intervals and stored at —20 °C
until assay. To determine the PA-D4 and HCt/E-specific
antibody titers, sera were serially diluted in PBS contain-
ing 2% skim milk and added to 96-well plates, which were
coated with recombinant PA-D4 or HCt/E protein (1.0 pg/
ml) as previously described (Kim et al. 2015, 2019).
Bound antibodies were detected with HRP-conjugated
goat anti-mouse IgG (31,430, Invitrogen, Waltham, USA)
at dilution of 1:4,000 using a colorimetric assay with
3,3',5,5'-tetramethylbenzidine (TMB) substrate. Endpoint
titers were expressed as the highest dilution yielding an
absorbance > twofold higher than the background values.
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Determination of IgG subtype

IgG subtypes were identified using ELISA. A/J mouse serum
was collected at 2 weeks after the last immunization, and
the IgG subtypes were analyzed. An ELISA was performed
using serum samples (diluted 1:10,000) as the primary
antibody and goat anti-mouse IgG1-HRP (PA1-74421) or
IgG2a-HRP (A-10685) as the secondary antibody (1:4,000,
Invitrogen, Waltham, USA).

Anthrax lethal toxin neutralization assay

The anthrax lethal toxin neutralization assay was performed
as previously described (Kim et al. 2014) with minor modi-
fications. A/J mice were immunized three times at 2-week
intervals, and sera were collected at 2 weeks after the last
immunization. Briefly, 150 ng of PA and 50 ng of LF per
ml were prepared in RPMI medium, and sera were diluted
with the toxin mixture (1:20) and pre-incubated for 30 min
at 37 °C. Then, the toxin-sera mixtures were transferred to
J774A.1 macrophage cells grown to confluence in 96-well
plates at a density of 1x 10° cells/well and incubated for 3 h.
Cell viability was assessed by the MTT assay. Briefly, MTT
solution was added to each well at final concentration of
0.5 mg/ml. After incubating at 37 °C for additional 1 h, cell
culture medium was removed. The insoluble formazan was
dissolved in solubilization solution. Finally, the optical den-
sity was measured at 540 nm with a spectrometer (Molecular
Devices, San Jose, USA). The recombinant PA and LF were
purified from Escherichia coli as described previously (Wu
et al. 2010; Arora and Leppla 1994).

BoNT/E in vivo neutralization assay

To evaluate the neutralization capability of the HCt/E anti-
body, A/J mice (n=35 per group) were intraperitoneally
injected with BoNT/E toxin and serum mixture. Serum
was collected at 2 weeks after the final immunization. Fifty
microliters of serum from pD4/HCt-vaccinated mice was
added to mouse 10 LD5, of BoNT/E toxin in a total volume
of 0.2 ml of phosphate buffer and incubated at 25 °C for 1 h.
Then, the toxin-serum mixture was injected intraperitoneally
into mice. The mice were observed daily. Final survival was
determined at 10 days after injection. Serum from vector-
treated mice was used as a control. C. botulinum type E
(Alaska E43) was grown and BoNT/E toxin was purified as
described in the previous study (Gessler 2005).

Sequential mouse challenge
At 2 weeks after the last immunization, the immunized A/J

mice were challenged with 10 LDs, (1 LDs,=1.8 x 10°
spores) of B. anthracis Sterne (34F,) strain subcutaneously
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(Kim et al. 2015) and monitored daily for symptoms of
intoxication and mortality for 14 days post challenge. The
surviving mice were further challenged with 10 LD (1
LDs,=1.377 ng) of BoNT/E by intraperitoneal injection
and monitored for another 14 days for mortality and symp-
toms of intoxication. In a separate experiment, mice were
challenged sequentially with 10 LDy, of BoNT/E and then
10 LDs, of anthrax spores as described above. Mice in
the control group were injected with pcDNA 3.1 plasmid.
Anthrax spores were prepared as described previously
(Skoble et al. 2009).

Statistical analysis

Results are expressed as mean + standard deviation (SD).
To compare mouse antibody production at different time
points, Friedman test with Dunn’s correction for multi-
ple comparisons was used. Differences in antibody titers,
IgG types and neutralization activity were analyzed sta-
tistically using the Student’s 7-test. Statistical analyses for
guinea pig antibody production were performed using the
Kruskal-Wallis test. Mann—Whitney test was used to test
for differences in guinea pig body weight. The level of
significance was set at p <0.05.

Results

Construction and characterization
of the multipathogen anthrax-botulinum vaccine

To develop a multipathogen, anthrax-botulinum DNA vac-
cine, we constructed a dual promoter expression vector
that allows for simultaneous expression of two antigen
proteins. After confirming the correct orientation of the
cassettes in the recombinant vector by restriction enzyme
digestion and the sequences of the genes encoding the
antigens by sequencing, the plasmid was transfected into
293 T cells, and antigen expression was analyzed by west-
ern blotting with an anti-PA-D4 or anti-HCt/E antibody.
As shown in Fig. 1B, cells transfected with the pD4/HCt
plasmid expressed a protein of approximately 20 kDa,
which corresponds to the size of the PA-D4 domain fused
to a 20 amino acid IgM signal peptide. In the experiment
using the anti-HCt/E antibody, as expected, a higher
molecular weight of glycosylated protein band of HCt/E
was detected in cells transfected with the pD4/HCt plas-
mid (Fig. 1C). However, control cells that were transfected
with the pcDNA 3.1 empty vector failed to produce these
proteins.

Humoral immune responses in mice immunized
with the multipathogen vaccine

To examine whether inoculation with the multipatho-
gen DNA vaccine can induce an antigen-specific immune
response in vivo, Balb/c mice were immunized intramus-
cularly with pD4/HCt or pcDNA 3.1 (control). Mice were
immunized three times at 2-week intervals, and sera were
collected to analyze antigen-specific IgG levels by ELISA.
As shown in Fig. 2A, the levels of PA-D4- and HCt/E-spe-
cific IgG showed increasing trends after the second immu-
nization, reached the highest levels after the third immu-
nization, and then slowly declined. The level of IgG was
significantly higher at 6 weeks than at 2 weeks (p <0.05).
However, there was no significant difference in IgG level
between at 6 weeks and at 10 weeks (p > 0.05). To quantify
antibody production induced by pD4/HCt immunization, an
endpoint titer assay was performed. As shown in Fig. 2B,
at 2 weeks after all three doses of vaccines, PA-D4- or
HCUt/E-specific antibodies were detected in all Balb/c mice
immunized with pD4/HCt. The geometric mean titers of
the PA-D4- and HCt/E-specific antibodies induced by the
pD4/HCt vaccine were 3.6 x 10 and 2.8 x 10%, respectively,
which were significantly different from those in the control
group (p <0.001).

To further assess the immunogenicity of the multipatho-
gen DNA vaccine, A/J mice were immunized with pD4/
HCt, and the antigen-specific antibody titers were analyzed.
Similar to that observed in Balb/c mice, the antigens induced
high levels of antigen-specific IgG. As shown in Fig. 2C,
high levels of anti-PA-D4 antibodies were observed in the
immunized group, with a geometric mean titer of 2.6 x 10*,
while the geometric mean titer of anti-HCt/E antibodies in
the immunized group was 4.2 x 10°. There were significant
differences in the anti-PA-D4 or anti-HCt/E titers between
the immunized and control groups (p <0.001 and p <0.01,
respectively).

Antibody isotype profiles following immunization
with the multipathogen vaccine

To better understand the nature of the immune response elic-
ited by pD4/HCt, the IgG subclass distribution in immu-
nized mice was analyzed. The levels of the antigen-specific
IgG subclasses were determined by ELISA at 2 weeks
after the last immunization. It is well known that IgG1 and
IgG2a isotypes are associated with Th2 and Thl immune
responses, respectively. Immunized mice showed higher
levels of PA-D4-specific IgG1 and IgG2a than the control
mice (p <0.0001 and p <0.05, respectively; Fig. 3A). The
HCt/E-specific IgG1 and IgG2a responses were also signifi-
cantly greater than those in the control group (p <0.0001
and p <0.05, respectively; Fig. 3B). The IgG1/IgG2a ratio
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Fig.2 Generation of anti-PA-
D4 and anti-HCt/E IgG in
immunized mice (n=10). A
IgG production in Balb/c mice.
Sera were collected at indicated
time points, and IgG levels were
analyzed by ELISA. Titers of
anti-PA-D4 and anti-HCt/E
antibodies in Balb/c (B) and
A/J mice (C). Sera were col-
lected at 2 weeks after the last
immunization. Antibody levels
are expressed as the endpoint
titers. Statistical analysis was
conducted using the Friedman
test with Dunn’s correction for
multiple comparisons (A) and
t-test (B and C). *, p <0.05; **,
p<0.01; *** p<0.001. ns not
significant
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Fig.3 Determination of the A 40 ¢
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is used as an indicator of Th1 or Th2 skew. The immunized
mice showed a PA-D4-specific IgG1/IgG2a ratio of 3.99
and a HCt/E-specific antibody IgG1/IgG2a ratio of 7.77,
suggesting that immunization with pD4/HCt induced a bias
toward a Th2 immune response.

Immunization of guinea pigs
with the multipathogen vaccine

To further evaluate the efficiency of the pD4/HCt vaccine,
guinea pigs were immunized with different dose of the vac-
cine. As shown in Fig. 4A, guinea pigs immunized with
pD4/HCt produced high levels of anti-PA-D4-specific IgG
antibodies, and the endpoint titers in the immunized animals
were 1.0 x 10°-5.2 x 10°. Similar trends were observed for
anti-HCt/E-specific IgG antibodies; the endpoint titers in

the immunized animals were 1.7 x 10°-6.3 x 10 (Fig. 4B).
However, there were no significant differences in the anti-
PA-D4- or anti-HCt-specific titer levels among the different
dose groups.

Neutralization assay of multipathogen
vaccine-induced antibodies

Next, to determine the functionality of the anti-PA-D4 and
anti-HCt antibodies elicited by immunization with pD4/HCt,
in vitro and in vivo neutralization assays were performed. As
shown in Fig. 5, a 1:20 dilution of sera from pD4/HCt immu-
nized mice conferred 100% protection against the cytotoxic
effects of LeTx, suggesting that these anti-PA-D4 antibodies
can neutralize the toxicity of LeTx. The neutralization activ-
ity of anti-HCt/E antibodies was also evaluated in vivo using

@ Springer



1538

Applied Microbiology and Biotechnology (2022) 106:1531-1542

Fig.4 Antibody responses in
guinea pigs (n=3) immunized
with various doses of the pD4/
HCt DNA vaccine. Anti-PA-
D4 (A) and anti-HCt/E (B)
1gG levels are expressed as the
endpoint titers. Control guinea
pigs (0 pg) were injected with
pcDNA 3.1. Statistical analysis
was conducted using Kruskal—
Wallis test. ns not significant

Fig.5 Anthrax toxin LeTx
neutralization assay. J774A.1
macrophages were incubated
with anthrax lethal toxin (LeTx)
with or without sera from mice
taken at 2 weeks after the last
immunization. Statistical analy-
sis was conducted using 7-test.
** p<0.01
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a mouse assay in which pD4/HCt-immunized mouse serum
and toxin were premixed and injected, and the number of
surviving mice was evaluated. In this assay, 50 pl of serum
was mixed with 10 LDs, BoNT/E toxin and injected intra-
peritoneally. As shown in the results, all mice that received
the immunized mice serum-toxin mixture survived. In con-
trast, mice that were administered control mouse serum with
toxin died within 1 day after injection, indicating that the
anti-HCUE antibodies have potent neutralization activity
(Table S3).

Protection ability of the multipathogen vaccine
against challenge with anthrax spores and BoNT

Finally, to confirm the efficiency of our multipathogen

vaccine, its protective ability was tested by exposing ani-
mals to both pathogens. Two different sequential challenge

Fig.6 Survival of mice

immunized with the pD4/HCt 120
DNA vaccine against sequential
challenge with anthrax spores 100

and botulinum toxin. A/J mice
(n=6) were immunized and
challenged with sequentially
with 10 LDy, of anthrax spores
and 10 LDs;, of BONT/E. The
survival rates are shown as the
percentage of survivors

Survival rate (%)
3

studies were performed that differed regarding the order
of the challenge agents and are referred to as challenges
1 and 2.

In challenge 1, A/J mice were immunized and challenged
with agents. Two weeks after all three doses of vaccines,
mice were challenged with a 10 LDs, dose of B. anthracis
spores and then challenged with a 10 LD, dose of BoNT/E
on day 14 post-B. anthracis challenge. As shown in Fig. 6,
pD4/HCt protected up to 50% of the immunized mice,
whereas all mice in the vector control group died within
3 days post challenge. In the challenge 2 study, the mice
were challenged with BoNT/E first, followed by B. anthracis
14 days. In challenge 2, the results showed a similar trend
in protection to that observed in challenge 1. The protection
rate against both agents was 66% in the immunized mice
(Fig. 7). These results imply that the pD4/HCt vaccine can
provide partial protection against both anthrax and botulism.

E / B. anthracis challenge / BoNT/E challenge

—e— pD4/HCt —&— Control

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34

Fig.7 Survival of mice immu-
nized with the pD4/HCt DNA
vaccine against sequential chal- 120 ¢ /
lenge with botulinum toxin and

anthrax spores. A/J mice (n=6)
were immunized and challenged
with sequentially with 10 LDs
of BoNT/E and 10 LD, of
anthrax spores. The survival
rates are shown as the percent-
age of survivors

Survival rate (%)

BoNT/E challenge

Days post challnege

B. anthracis challenge

/

—a— Control

—e—pD4/HCt

4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34

Days post challenge
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Discussion

Multipathogen vaccines can elicit protection against mul-
tiple diseases with fewer injections over a short period of
time. The major benefits of this type of vaccine are sim-
plified vaccine administration and fewer visits to medical
institutions, resulting in reduced public health costs. Other
advantages of multipathogen vaccines include reduced
cost of stocking and facilitating the addition of new vac-
cines into immunization programs (Lauer et al. 2017).
Multipathogen vaccines are highly desirable for biodefense
applications because they reduce the number of vaccina-
tions an individual must obtain in a bioterrorism or other
emergency situation where vaccines should be rapidly
deployed on a massive scale. Anthrax and botulism are two
of the most dangerous bioterrorism agents and are a poten-
tial threat to both the military and civilians (Trull et al.
2007). There have been extremely limited studies on the
development of anthrax/botulism multipathogen vaccines.
However, those studies relied on a simple combination of
monovalent vaccine (Lee et al. 2006). In the current study,
we developed and evaluated a novel multipathogen vaccine
for B. anthracis and C. botulinum based on co-expression
DNA vaccine technology. We used the technique of elec-
troporation to facilitate DNA delivery in vivo. Prior and
current clinical studies have revealed that electroporation
can be successfully used in humans (ClinicalTrials.gov).
An ideal multipathogen vaccine should induce a balanced
immune response to all antigens. In the current study, the
antibodies induced by the pD4/HCt vaccine against PA-D4
and HCtE were preliminarily evaluated in Balb/c mice.
These mice responded well to the two antigens and pro-
duced high levels of antigen-specific antibodies, based on
the serum titers as measured by ELISA. In addition, com-
parison to our previous work (Kim et al. 2015, 2019) showed
that the endpoint titers of anti-PA-D4 and anti-HCt/E anti-
bodies in the pD4/HCt vaccine-immunized mice were
similar to those induced following vaccination with each
of the monovalent vaccines, indicating that the individual
antigens do not interfere with each other. A/J strain mice,
which are deficient in complement component C5, are more
susceptible to a variety of infectious diseases (Nesbitt and
Skamene 1999). Because of their susceptibility to uncapsu-
lated anthrax strains, which cause death in a dose-dependent
manner, A/J] mice are excellent small-animal models for the
screening of anthrax vaccines (Beedham et al. 2001; Kenney
et al. 2004). Therefore, the immunity of the pD4/HCt vac-
cines was also evaluated using A/J mice as a second mouse
strain. Antibody responses to both PA-D4 and HCt/E were
detected, with a stronger response to PA-D4 than to HCt/E.
Previous studies have shown that robust humoral
immunity was induced by inoculation with DNA vaccines
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expressing PA or recombinant BONT/A vaccines in guinea
pigs, which are a large mammalian animal model for eval-
uating vaccine efficiency (Chitlaru et al. 2007; Rosenthal
and Zimmerman 2006). In the present study, a strong
humoral immune response was also achieved when guinea
pigs were immunized with the pD4/HCt vaccine. In addi-
tion, vaccination of guinea pigs with this vaccine did not
result in significant weight loss, as confirmed by the body
weight monitoring study (Fig. S1), indicating that the pD4/
HCt vaccine was safe, which is a prerequisite for clinical
application. Taken together, these results indicate that both
antigens in the pD4/HCt vaccine formulation could elicit
robust humoral immune responses in three different animal
models, Balb/c mice, A/J mice, and guinea pigs, without
interference between the antigens, implying that it may be
possible to develop other multipathogen vaccines against
biothreat agents using this vaccine formulation.

Because the type of immune response is critical to the
effectiveness of a potential vaccine, a detailed analysis of
the overall immune responses is crucial. For example, a
Thl-type response indicates highly effective cell-mediated
immunity, whereas a Th2-type response promotes the pro-
duction of antibodies. Therefore, induction of both immune
responses by the pD4/HCt vaccine indicates that it may be
effective against B. anthracis and C. botulinum infections.
In mice, IgG1 is associated with a Th2-like response, while
induction of IgG2a is associated with a Th1 response (Hess
et al. 2000). Our data showed that immunized mice had sig-
nificantly higher levels of PA-D4- and HCt/E-specific IgG1
and IgG2a antibody titers when compared to the control
mice, with a bias toward IgG1, implying a strong humoral
response in the mice. These data indicate that the pD4/
HCt vaccine has the ability to induce both Th1- and Th2-
mediated immune responses, which will offer advantages
for protection against an anthrax or botulinum toxin attack.
Similarly, a Th1/Th2-mixed type of immune response has
been reported following immunization with a DNA plasmid
encoding PA (Gu et al. 1999) or HCt of BoNT/F (Jathoul
et al. 2004).

The induction of neutralizing antibodies is crucial for
the prevention of B. anthracis or C. botulinum infection.
Therefore, we assessed neutralizing antibody activity in
mice using an anthrax lethal toxin neutralization assay and
an in vivo BoNT/E protection assay. Anthrax lethal toxin
neutralizing activity was determined using a J774A.1 cell-
based assay. We found that sera collected from immunized
mice completely neutralized a lethal dose of anthrax toxin.
BoNT/E-specific neutralization activity was also assessed
using an in vivo protection assay in which sera from immu-
nized or control mice were mixed with a lethal dose of
BoNTY/E toxin and then injected into naive mice. The anti-
HCH/E IgG elicited by the pD4/HCt vaccine showed high
neutralization activity. Sera from vaccinated mice showed
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full protection against 10 LD5y/mouse of BONT/E. These
neutralization assay results provide evidence that our pD4/
HCt vaccine is immunogenic in animals and generates
PA-D4 and HCt/E-specific antibodies, which have high
functional affinity for the antigen.

Finally, to further investigate the potency of the mul-
tipathogen vaccine, the protective ability of the pD4/HCt
vaccine was examined using a sequential challenge model.
Immunized A/J mice that survived challenge with 10 LDj
of B. anthracis Sterne spores were then challenged 2 weeks
later with 10 LD, of BoNT/E. The immunized mice showed
100% survival against the primary anthrax spore challenge,
whereas they showed 50% survival (three out of six sur-
vived) against the secondary challenge with BONT/E. We
also performed experiments in which mice that had been
immunized with the pD4/HCt vaccine were first challenged
with BoNT/E and then secondarily challenged with anthrax
spores. As in the above challenge experiment, all immu-
nized mice survived the primary BoNT/E challenge, while
66% (four out of six) survived the secondary challenge
with anthrax spores, suggesting that our pD4/HCt vaccine
induced substantial, although incomplete, protection against
anthrax and BoNT sequential challenge.

Similar protection efficiency was reported in previous
research that has shown the effectiveness of anthrax/botu-
lism multivalent vaccine based on mixture of DNA (Lee
et al 2006). A study demonstrated that mixture of PA and
BoNT HCt/A viral replicon could protect 90% of mice from
a Stern challenge and that had survived the Stern challenge,
demonstrated that four of nine mice were protected from
a BoNT/A challenge. This and our studies indicated that
DNA-based anthrax/botulism multivalent vaccine is able to
provide an effective level of protection against both biothreat
agents. However, this strategy needs to be further optimized
to obtain complete immunity. Meanwhile, it is noteworthy
in our results that complete protection was obtained against
the primary challenge, while incomplete protection was
observed against the secondary challenge in both experi-
ments. One possible explanation for this is that because the
sequential challenges were only 2 weeks apart, this may be
insufficient time for the mice to recover fully before the sec-
ondary challenge.

In conclusion, we developed a multipathogen DNA vac-
cine that induces immune responses to two category A
biothreat agents, B. anthracis and C. botulinum. The pD4/
HCt vaccine generated high endpoint serum IgG antibody
titers to each antigen as well as toxin-neutralizing antibod-
ies, which is the crucial determinant of protective immu-
nity against anthrax and BoNT. In addition to inducing Th2
responses, the vaccine also elicited supportive Th1 immune
responses, indicating that pD4/HCt vaccines induced a
broad range of immune responses, which is advantageous
for developing prophylactic vaccines against other biothreat

agents. However, the partial protection suggests a need for
improvement in the vaccine strategy, including dendritic
cell-targeted vaccines and use of TLR ligands as adjuvants,
and experiments are currently being conducted to address
these issues in detail. Our approach may contribute to the
development of a multipathogen vaccine for emerging path-
ogens, such as coronaviruses and Zika virus. The lack of
available vaccines for many emerging infectious diseases
demands the development of new strategies for rapid devel-
opment and mass vaccination to prevent global pandemics.
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