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Clostridium difficile-associated disease (CDAD) constitutes a large majority of nosocomial diarrhea cases in industrialized na-
tions and is mediated by the effects of two secreted toxins, toxin A (TcdA) and toxin B (TcdB). Patients who develop strong anti-
toxin antibody responses can clear C. difficile infection and remain disease free. Key toxin-neutralizing epitopes have been
found within the carboxy-terminal receptor binding domains (RBDs) of TcdA and TcdB, which has generated interest in devel-
oping the RBD as a viable vaccine target. While numerous platforms have been studied, very little data describes the potential of
DNA vaccination against CDAD. Therefore, we created highly optimized plasmids encoding the RBDs from TcdA and TcdB in
which any putative N-linked glycosylation sites were altered. Mice and nonhuman primates were immunized intramuscularly,
followed by in vivo electroporation, and in these animal models, vaccination induced significant levels of both anti-RBD anti-
bodies (blood and stool) and RBD-specific antibody-secreting cells. Further characterization revealed that sera from immunized
mice and nonhuman primates could detect RBD protein from transfected cells, as well as neutralize purified toxins in an in vitro
cytotoxicity assay. Mice that were immunized with plasmids or given nonhuman-primate sera were protected from a lethal chal-
lenge with purified TcdA and/or TcdB. Moreover, immunized mice were significantly protected when challenged with C. difficile
spores from homologous (VPI 10463) and heterologous, epidemic (UK1) strains. These data demonstrate the robust immunoge-
nicity and efficacy of a TcdA/B RBD-based DNA vaccine in preclinical models of acute toxin-associated and intragastric, spore-
induced colonic disease.

Clostridium difficile infection (CDI) is the leading cause of nos-
ocomial antibiotic-associated diarrhea in developed coun-

tries, with 500,000 new infections and 20,000 deaths occurring
annually in the United States alone (1). The primary cause of C.
difficile-associated disease (CDAD) is antibiotic disruption of the
gastrointestinal microflora, followed by overgrowth of C. difficile.
Morbidity and mortality associated with CDAD have risen over
the past decade (2–4), due most likely to an increased prevalence
of relapsing disease and emerging hypervirulent strains (2, 3).
CDAD is mediated by the effects of two secreted toxins, toxin A
(TcdA) and toxin B (TcdB), both of which disrupt the actin cyto-
skeleton in the gastrointestinal epithelium, leading to fluid accu-
mulation and inflammation (5). Treating the disease is inherently
difficult, given the persistence of C. difficile spores within the hos-
pital environment and the lack of standard and effective therapy
for recurrent disease. Therefore, preventing morbidity and mor-
tality associated with new infections and recurrent disease may
require a prophylactic treatment that can effectively prevent tox-
in-mediated cytopathology.

Expression of either TcdA or TcdB alone can cause CDAD in
hamsters (6, 7); however, the majority of clinical isolates of C.
difficile express both TcdA and TcdB (8). Consequently, the out-
come of CDAD in hamsters and humans correlates well with the
development of host-antibody responses to both TcdA and TcdB

(9–11). In the hamster model, moreover, immunotherapy with
antibodies recognizing both toxins reduces CDAD more effec-
tively than antibodies targeting the toxins individually (10, 12,
13). Therefore, a vaccine that targets both virulence factors is most
desirable.

TcdA and TcdB share functionally similar C-terminal receptor
binding domains (RBDs) that mediate the binding of toxins to
carbohydrate receptors on the surfaces of epithelial target cells
(14). Toxins lacking the RBD are not cytopathic in vitro (15), and
antibodies recognizing epitopes within the RBD are capable of
neutralizing the toxin in vitro and in vivo (12, 16, 17). Several
studies have identified the RBD as a suitable target for a vaccine or
immunotherapy. Parenteral delivery of TcdA RBD protein, or a
monoclonal antibody directed against the region, protected mice
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from a lethal dose of TcdA (18). Second, human RBD-specific
monoclonal antibodies prevented C. difficile-induced mortality in
hamsters (12) and reduced the number of recurrent infections in
humans (19). Despite their efficacy, these approaches have draw-
backs that may limit their usefulness in the clinic. For example,
protein-based vaccines may suffer from shorter in vivo half-lives,
while monoclonal antibodies are expensive and time-consuming
to mass produce.

These drawbacks highlight the need to develop alternative
vaccines strategies, such as DNA-based immunization against
C. difficile toxins. Advantages supporting this platform as an alter-
native vaccine strategy include ease of manipulation, low produc-
tion costs, stability, and lack of a cold-chain requirement (20, 21).
Moreover, DNA vaccines can induce robust humoral responses,
in addition to strong cellular responses, with the use of appropri-
ate adjuvants or delivery techniques. Taken together, these advan-
tages make newer, synthetic DNA-based immunizations a desir-
able vaccine modality for C. difficile. In support of this idea,
optimized plasmids encoding the C-terminal RBD from TcdA
(22) or the N-terminal enzymatic domains of TcdA and TcdB (23)
have been reported to be immunogenic and to protect mice from
lethal toxin challenges. In the latter study, however, a plasmid
encoding the RBD from TcdB failed to elicit an antigen-specific
humoral response. Considering that TcdB is essential for C. diffi-
cile virulence (7) as well as the strong association between recur-
rent disease and low serum aTcdB RBD antibodies (11), we believe
it to be imperative to develop a vaccine that contains both TcdA
RBD- and TcdB RBD-expressing plasmids.

In the present study, synthetic inserts encoding the RBD of C.
difficile TcdA and TcdB were evaluated for the ability to elicit
toxin-specific neutralizing antibodies (nAbs). Our findings show
that the RBD vaccine induces a robust multi-isotype humoral re-
sponse in mice and nonhuman primates (NHPs) that is able to
neutralize toxin in vitro. Mice that were immunized with our plas-
mids or NHP sera were protected from C. difficile toxin and spore
challenges. Overall, our work demonstrates that a synthetic DNA
vaccine encoding the toxin RBDs is able to provide robust neu-
tralizing and protective immune responses in small- and large-
animal models.

MATERIALS AND METHODS
Ethics statement. In vivo electroporation of DNA vaccines in mice was
conducted in accordance with the guidelines set forth by the National
Institutes of Health and performed under protocols approved by the In-
stitutional Animal Care and Use Committee (IACUC) at Drexel Univer-
sity College of Medicine (IACUC and Biosafety protocol 18489). Indian
rhesus macaques (Macaca mulatta) were housed at the Tulane National
Primate Research Center (Covington, LA) according to the standards and
guidelines set forth in the Animal Welfare Act of 1966 and the AAALAC
Guide for the Care and Use of Laboratory Animals, in addition to the animal
care standards deemed acceptable by the Association for the Assessment
and Accreditation of Laboratory Animal Care International (TNPRC IA-
CUC P0040R). All animal work was carried out in accordance with the
guidelines of and was approved by the Army Medical Research and Ma-
teriel Command (USAMRMC) Animal Care and Use Review Office
(ACURO), as required by the U.S. Department of Defense.

Cell culture. HEK-293T/17 (American Type Culture Collection
[ATCC] CRL-11268) and Vero 76 (ATCC CRL-1587) cells were cultured
in complete growth medium (Dulbecco’s modified Eagle medium supple-
mented with 10% fetal bovine serum and 1% antibiotic-antimycotic).
Cells were incubated in a 5% CO2 humidified incubator at 37°C.

DNA vaccine construction and confirmation of antigenic protein
expression. Plasmids expressing the TcdA RBD or TcdB RBD were con-
structed as described previously (23). Sequences for the TcdA RBD (resi-
dues 1848 to 2710) and TcdB RBD (residues 1851 to 2366) from C. difficile
strain VPI 10463 were obtained from GenBank (accession numbers
P16154.2 and P18177.3, respectively). RBD sequences underwent RNA
optimization in order to enhance protein expression and were con-
structed with a Homo sapiens codon bias (GeneArt; Life Technologies,
Carlsbad, CA). Within the RBD sequence, putative N-linked glycosylation
sites were disrupted by substituting a glutamine for the initial asparagine
residue at each site. Therefore, two constructs were synthesized for each
RBD antigen: unmodified (wild type [wt]) and modified (N¡Q). Con-
structs for TcdA RBD and TcdB RBD were independently inserted into
the pVAX1 expression vector (GeneArt). The resulting constructs are re-
ferred to as pARBD-wt, pARBD-NQ, pBRBD-wt, and pBRBD-NQ.

In vitro expression of plasmids was verified by transfecting HEK-293T
cells (3.0 � 105 cells) using Lipofectamine 2000 (Life Technologies). For-
ty-eight hours after transfection, cellular lysates and supernatants were
harvested and fractionated using sodium dodecyl sulfate-10% polyacryl-
amide gel electrophoresis (SDS-PAGE) and transferred to polyvinylidene
fluoride membranes (Millipore, Billerica, MA). Immunodetection of vac-
cine antigens in vitro was performed with specific mouse antiserum, and
the expressed proteins were visualized with horseradish peroxidase
(HRP)-conjugated rabbit anti-mouse IgG (Santa Cruz Biotechnology,
Santa Cruz, CA) using an enhanced-chemiluminescence detection system
(Pierce, Rockford, IL). For analysis of glycosylation status, aliquots of
lysates and supernatants were digested with 500 U of the peptide N-gly-
cosidase F (PNGase F) (New England BioLabs, Ipswich, MA) for 1 h at
37°C and deactivated at 65°C for 15 min. Samples were subjected to SDS-
PAGE and immunodetection as described above.

Generation of recombinant TcdA RBD and TcdB RBD for use as
coating antigens in enzyme-linked immunosorbent assays (ELISAs).
The RBD regions of TcdA and TcdB were amplified from either
pARBD-NQ or pBRBD-NQ using primers designed to facilitate subclon-
ing into the ligation-independent cloning prokaryotic expression vector
pETHSUL as described previously (24). TcdA and TcdB RBD proteins
were overproduced in Escherichia coli and purified using the subtractive
purification strategy outlined by Zentner et al. (25).

Mouse strains, plasmid immunization, and in vivo electroporation
in mice. Six- to 8-week-old female C57BL/6 mice (Jackson Laboratories,
Bar Harbor, ME) were housed in a temperature-controlled, light-cycled,
specific-pathogen-free facility at Drexel University College of Medicine.
Plasmids were formulated in 0.25% bupivacaine-HCl (Sigma, St. Louis,
MO) in isotonic citrate buffer. Initial dosing experiments consisted of
groups containing either (i) 25 �g of the control plasmid (pVAX1), (ii) 25
�g of antigenic plasmid (pARBD-NQ or pBRBD-NQ), or (iii) a mixture
of 10 �g of antigenic plasmid and 15 �g of pVAX1, so that each group
received a total of 25 �g DNA. Later experiments involved 10 �g of each
plasmid, delivered either independently or in combination. The vaccine
was administered to isoflurane-anesthetized mice (n � 5/group) (the im-
munizations were 2 weeks apart for a total of 3 immunizations). All im-
munizations (volume � 20 �l) were administered into the right tibialis
anterior muscle using an insulin syringe needle (28 gauge), immediately
followed by in vivo electroporation (Cellectra 2000; Inovio Pharmaceuti-
cals, Blue Bell, PA), which entails placing a triangular, three-pronged ar-
ray directly into the tibialis anterior muscle, followed by two pulses of 0.2
A each delivered for 52 ms/pulse and separated by 1 s.

Splenocyte isolation and enzyme-linked immunospot (ELISpot) as-
says. At endpoints designated in the figure legends, animals were sedated
using isoflurane. Following sacrifice, spleens from each mouse were har-
vested and crushed into a single-cell suspension using a Stomacher 80
(Seward Laboratory Systems, Inc., Bohemia, NY). The resultant suspen-
sion was filtered through a 40-�m cell strainer (BD Biosciences, Franklin
Lakes, NJ), washed, and incubated for 5 min at room temperature in
ammonium-chloride-potassium lysing buffer (Gibco, Life Technologies)
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to induce hemolysis. All cells were washed, resuspended in medium
(RPMI 1640 plus 10% fetal bovine serum and 1% antibiotic-antimycotic),
and counted (cell viability was determined using trypan blue stain) using
a Countess automated cell counter (Life Technologies).

B cell ELISpots were carried out as described previously (26–29) with
some modifications as described below. Briefly, 96-well plates (Mabtech,
Inc., Cincinnati, OH) were coated with 0.5 �g/ml of toxoid A or toxoid B
(List Biological Laboratories, Inc., Campbell, CA) overnight at 4°C. The
following day, the plates were washed and blocked for at least 2 h with 1%
bovine serum albumin (BSA). For detection of antigen-specific spots,
5.0 � 104 splenocytes from each group of mice were added to each well in
triplicate and incubated for 5 h at 37°C, 5% CO2. The plates were then
washed and incubated with anti-mouse IgG-biotin overnight at 4°C. The
following day, the plates were washed and incubated with streptavidin-
alkaline phosphatase for 1 h at room temperature. The plates were washed
and developed using the substrate 5-bromo-4-chloro-3-indolyl-phos-
phate–nitroblue tetrazolium (BCIP-NBT) until distinct spots emerged.
The plates were then rinsed with distilled water and dried overnight at
room temperature, and the spots were enumerated using an automated
ELISpot reader (Cellular Technology Limited, Shaker Heights, OH). The
data are represented as the number of antigen-specific spots, or antibody-
secreting cells (ASCs), per million splenocytes.

Processing of fecal pellets. Fecal pellets were collected from vacci-
nated mice. Stool was dissolved in the following buffer at a specific weight/
volume ratio: 1 g of thawed stool was dissolved with 4 ml of phosphate-
buffered saline (PBS), pH 7.5, supplemented with 0.05% Tween 20, 0.1%
BSA, 0.02% sodium azide, and a cocktail of protease inhibitors (Complete
protease inhibitor tablets; Roche, Nutley, NJ). The suspension was incu-
bated for 15 min with frequent vortexing, and the sediment was pelleted
by centrifugation at 1,200 rpm for 5 min. The fecal supernatant was cen-
trifuged again at 16,000 � g for 15 min. The cleared supernatants were
either immediately used for ELISA or frozen at �80°C.

Analysis of antigen-specific IgG in the sera of immunized animals.
An ELISA was used to determine levels of antigen-specific IgG in mouse
serum, as described previously (30, 31). Mouse blood samples were har-
vested by submandibular bleeding, and subsequently, the sera were ana-
lyzed individually within each experimental group. Ninety-six-well en-
zyme immunoassay/radioimmunoassay plates (Costar; Fisher Scientific,
Waltham, MA) were coated for 2 h at room temperature or overnight at
4°C with 0.5 �g/ml of coating antigen (toxoid A or toxoid B [List Biolog-
icals] or recombinant TcdA RBD or TcdB RBD [produced as described
above]). The plates were washed and blocked against nonspecific bind-
ing with 3% bovine serum albumin for at least 2 h at room tempera-
ture. Sera from immunized mice were diluted in blocking buffer,
added to wells in duplicate, and incubated at room temperature for 2 h
or overnight at 4°C. Bound antibodies were detected with horseradish
peroxidase-labeled goat anti-mouse IgG, IgG1, IgG2a, IgG2b, IgG3,
IgA, and IgM (all from Santa Cruz Biotechnology) and developed with
the substrate 3,3=,5,5=-tetramethylbenzidine (TMB) H2O2 (Pierce).
The color reaction was stopped with 2 N H2SO4, and the absorbance at
450 nm was read using an EL312 Bio-Kinetics microplate reader
(BioTek Instruments, Inc., Winooski, VT).

Nonhuman-primate husbandry and specimen collection schedule.
Rhesus macaques (M. mulatta) were housed at the Tulane National Pri-
mate Research Center in accordance with the standards of the American
Association for Accreditation of Laboratory Animal Care. The animals
were allowed to acclimate for at least 30 days in quarantine prior to any
immunization. All protocols were approved by the Tulane National Pri-
mate Research Center Animal Care and Use Committee.

Plasmid immunization and in vivo electroporation delivery in non-
human primates. Groups of female rhesus macaques (M. mulatta) of
Indian origin aged 4 to 8 years (n � 4 per group) were used in the study.
For immunizations, animals were anesthetized with ketamine (0.1 ml/kg
of body weight) or tiletamine/zolazepam (0.06 to 0.10 ml/kg) and immu-
nized at weeks 0, 6, 12, and 18 with 1.0 mg per construct of pTcdA RBD

and pTcdB RBD. DNA was formulated in sterile water for injection and
delivered into the quadriceps muscle in a total volume of 0.75 ml per
injection, followed by in vivo electroporation using the constant current
Cellectra device (Inovio Pharmaceuticals, Inc., Blue Bell, PA).

Collection of peripheral blood from nonhuman primates. Animals
were bled every 2 weeks starting 2 weeks prior to the first immunization.
The animals were anesthetized with ketamine (0.1 ml/kg) or tiletamine/
zolazepam (0.06 to 0.10 ml/kg), and blood samples were collected from
the femoral vein using the Sarstedt S-Monovette collection system
(Sarstedt, Nümbrecht, Germany) and placed into serum gel tubes to allow
whole blood to coagulate. Specimens were shipped on cool packs over-
night to Drexel University College of Medicine. Upon receipt, the serum
gel tubes were spun at 2,000 � g for 15 min to separate the serum from the
coagulated blood plug. Serum obtained after centrifugation was aliquoted
and frozen until it was tested in ELISAs.

Detection of nonhuman-primate serum anti-toxin IgG by ELISA.
To determine serum antibody titers against TcdA and TcdB, 96-well high-
binding polystyrene plates (Corning, Lowell, MA) were coated overnight
at 4°C with 0.5 �g/ml of coating antigen (toxoid A or toxoid B [List
Biologicals] or recombinant TcdA RBD or TcdB RBD [produced as de-
scribed above]). The plates were washed and blocked against nonspecific
binding with 3% bovine serum albumin for at least 2 h at room temper-
ature. Then, sera from immunized rhesus macaques were diluted in
blocking buffer, added to wells in duplicate, and incubated at room tem-
perature for 2 h or overnight at 4°C. Bound IgG antibodies were detected
with goat anti-macaque IgG-HRP (Nordic) at a dilution of 1:10,000 and
developed with the substrate TMB H2O2 (Pierce). The color reaction was
stopped with 2 N H2SO4, and the absorbance at 450 nm was read using an
EL312 Bio-Kinetics microplate reader (BioTek Instruments, Inc., Win-
ooski, VT).

In vitro toxin neutralization. Before each experiment, the dose of
purified toxin (List Biologicals) that induced 100% cell rounding was
determined using Vero cells. The Vero cells (5.0 � 104) were seeded into
96-well plates 24 h before the beginning of the assay. The next day, serial
dilutions of mouse serum were made in growth medium. To each dilu-
tion, toxin was added so that the final concentration of toxin was twice
that which was needed to yield 100% cell rounding. This mixture was
placed at 37°C, 5% CO2 for 1 h before being applied to the Vero cell
monolayer. After 20 to 24 h, cell rounding was visualized using phase-
contrast microscopy, and the data were represented as the percentage of
total cells displaying cytopathic effects (CPE) averaged from five separate
fields per well. All samples were tested in duplicate.

Challenge studies in mice. For challenge studies involving purified C.
difficile toxin, mice were immunized with pARBD-NQ or pBRBD-NQ (10
or 25 �g) as described above. Five weeks after the final immunization, the
mice were challenged intraperitoneally with 200 �l of toxin diluted in 1�
Hanks’ buffered saline solution (HBSS). pARBD-NQ-immunized mice
received 300 ng of TcdA, while pBRBD-NQ-immunized mice received
150 ng each of TcdA and TcdB. Alternatively, a 1:20 dilution of sera from
immunized NHPs was diluted in sterile HBSS and heat inactivated at 55°C
for 30 min. This was added to lethal amounts of TcdA plus TcdB (the
100% lethal dose [LD100] determined prior to the experiment) as de-
scribed above and delivered intraperitoneally to naive mice. All chal-
lenged mice were monitored daily for signs of morbidity (hunched pos-
ture, ruffled fur, abdominal hardening, and hypothermia) and were
sacrificed when at least three signs of morbidity were observed.

For challenge studies involving C. difficile spores, mice were immu-
nized with both pARBD-NQ and pRBD-NQ either twice or four times
(see Fig. 7A). Control animals were either naive or immunized with an
equivalent amount of empty vector (pVAX1). After resting, the animals
were made susceptible to C. difficile infection by treatment with a broad-
spectrum antibiotic cocktail (32) for 7 days and subsequently challenged
via oral gavage with 105 CFU of spores of strain VPI 10463, a ribotype 087
strain, or UK1, a ribotype 027 strain, prepared as described previously
(33). The infected animals were monitored daily for signs of sickness (e.g.,
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diarrhea, hunched posture, lethargy, and weight loss), and moribund an-
imals were euthanized based on a rubric developed and approved by the
IACUC. Therefore, death was not an endpoint, as animals were eutha-
nized if they displayed signs of disease/distress as determined by the ru-
bric, although in rare cases, animals might succumb to infection prior to
our twice-daily checks for signs of rubric morbidity.

Statistical analysis. Statistical comparisons were performed using
PASW SPSS v20 (IBM Corporation, Armonk, NY). All data were non-
parametric; therefore, statistical differences were assessed between immu-
nization groups using either a Mann-Whitney U or Kruskal-Wallis test.
To assess differences within groups over time, we applied a Wilcoxon
matched-pairs test. A log rank analysis was performed to determine sig-
nificant differences between groups within the challenge studies. All data
are presented as the median plus the range calculated from the averages of
duplicate or triplicate wells for each animal. A P value of �0.05 was con-
sidered to be significantly different.

RESULTS
Construction and expression of synthetic DNA vaccines ex-
pressing the RBDs from TcdA and TcdB. The C-terminal RBDs
of TcdA and TcdB are important for receptor-mediated endocy-
tosis of the toxins (34, 35), and several studies have demonstrated
the utility of the RBD as a vaccine candidate (12, 18, 19). In this
study, we designed highly optimized plasmids based on the DNA
sequence that defines the RBDs of TcdA and TcdB (36, 37) from
the reference strain of C. difficile (VPI 10463). This was backtrans-
lated in silico with the objective of introducing gene modifications
that would enhance protein expression, including RNA and
codon optimization (for H. sapiens), introduction of both a Kozak
element and an N-terminal IgE leader sequence, and removal of

cis-acting motifs/RNA secondary structures that impede transla-
tion (21).

In order to avoid glycosylation of the expressed antigens, which
could potentially mask key neutralization epitopes, we disrupted
any putative N-linked glycosylation sites by introducing an
Asn¡Gln substitution at each site. This yielded totals of eight and
three alterations within the TcdA RBD and TcdB RBD sequences,
respectively (Fig. 1A). These modified sequences were submitted
for commercial synthesis and ligated into a pVAX1 vector, yield-
ing plasmids that contained RBD inserts with either wild-type
(RBD-wt) or altered (RBD-NQ) sequences (Fig. 1B). The expres-
sion of RBD-NQ antigens was verified in transiently transfected
293T cells, where RBD protein was detected in both cell lysates and
supernatants (albeit at a lower level than for the wild-type protein)
using antiserum raised against ARBD-wt or BRBD-wt (Fig. 1C).
To assess the glycosylation status of RBD-NQ protein in vitro, we
transfected 293T cells with either pARBD-NQ, pBRBD-NQ,
pARBD-wt, or pBRBD-wt, and the cell lysates were collected (Fig.
1D). Digestion with PNGase F, which cleaves posttranslational
sugar modifications, resulted in a decreased molecular weight for
RBD-wt but not for RBD-NQ protein. Taken together, these data
demonstrate that pARBD-NQ and pBRBD-NQ are well expressed
in a mammalian cell line and that the Asn¡Gln substitution does
not interfere with recognition by polyclonal RBD-wt serum.
Moreover, RBD-NQ protein is not sensitive to N-linked glycosy-
lation in vitro.

Expression and immunogenicity of pARBD-NQ and
pBRBD-NQ in mice. The immunogenicity of pARBD-NQ and

FIG 1 Construction and expression of a DNA vaccine encoding the RBDs from TcdA and TcdB. (A) ARBD-NQ and BRBD-NQ constructs contain a
cytomegalovirus promoter with a Kozak sequence, a human IgE leader, and either the TcdA RBD or TcdB RBD followed by two stop codons. Within the RBD
sequence, the black lines indicate putative N-linked glycosylation sites that were altered. Black lines and asterisks refer to putative N-linked glycosylation sites. (B)
The inserts were cloned into pVAX1, creating four plasmids: pARBD-wt, pARBD-NQ, pBRBD-wt, and pBRBD-NQ. MCS, multiple cloning site. (C) pARBD-NQ
and pBRBD-NQ expression was confirmed in transfected HEK-293T cells. Forty-eight hours after transfection, immunodetection of RBD protein was performed
on the lysates (30 �g) and supernatants (100 �g for TcdA RBD and 150 �g for TcdB RBD) using mouse RBD antiserum. (D) Similar amounts of lysates and
supernatants were treated with PNGase F and subjected to SDS-PAGE in order to assess the glycosylation of RBD proteins in vitro. M, mock.
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pBRBD-NQ constructs was verified by analysis of sera from mice
that were immunized three times intramuscularly, followed by
electroporation (IM-EP) (Fig. 2A). Following the third IM-EP
immunization, all mice displayed elevated levels of RBD-specific
serum IgG (Fig. 2B), demonstrating increases over controls as
high as 30- and 55-fold for pARBD-NQ and pBRBD-NQ, respec-
tively (Fig. 2C). As expected, animals immunized with empty
vector (pVAX1) displayed negligible antigen-specific re-
sponses. Because lower titers of TcdA-specific IgM, IgG2, and
IgG3 are characteristic of patients who have relapsing CDAD
(38, 39), we investigated the isotype of the humoral immune
response. Of note, a significant increase in absorbance for an-
tigen-specific IgM, IgG1, IgG2a, and IgG2b, but not IgG3 or
IgA, was observed in the sera of immunized mice compared
with controls (Fig. 2D). To further confirm the immunogenic-
ity of the constructs, we screened for RBD-specific ASCs in the

spleens of immunized animals. After three IM-EP immuniza-
tions, there was a significant increase in the number of antigen-
specific ASCs compared with control-immunized animals (Fig.
2E). Considering that toxin nAbs are thought to be important
for the control of CDAD (19), we tested the abilities of vaccine-
induced antibodies to neutralize toxin. Importantly, sera from
immunized mice neutralized the cytopathic effects of TcdA and
TcdB in a sensitive in vitro neutralization assay (Fig. 3). Taken
together, these data demonstrate that immunization with ei-
ther pARBD-NQ or pBRBD-NQ elicits antigen-specific and
toxin-neutralizing humoral immune responses.

Protection of immunized mice following toxin challenge.
Given that hyperimmune serum could neutralize C. difficile tox-
ins in vitro, we next addressed whether immunization with
pARBD-NQ and/or pBRBD-NQ could confer protective immu-
nity in vivo. A lethal toxin challenge model was employed to di-

FIG 2 RBD DNA vaccination induces strong humoral responses in mice. (A) C57BL/6 mice (n � 5) were immunized three times (via intramuscular electro-
poration) with 10 or 25 �g of either pARBD-NQ (denoted A) or pBRBD-NQ (denoted B). Animals immunized with pVAX-1 are referred to as “control.” (B and
C) After the third immunization, total serum anti-RBD IgG responses were measured by ELISA. (C) Fold change in OD450 values were compared at a 1/4,500
dilution. (D) An ELISA was used to determine the isotypes of vaccine-induced RBD-specific antibodies; post-third-immunization sera were subjected to a similar
analysis. (E) Spleens from immunized animals were isolated 10 days after the third immunization. Pooled splenocytes were added to RBD- or IgG-coated ELISpot
plates, and the numbers of antigen-specific ASCs were determined. The bars (B and D) and horizontal lines (C and E) indicate the medians of the groups. OD450,
optical density at 450 nm. *, P � 0.05; **, P � 0.01.
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rectly assay for toxin-neutralizing antibodies within the serum.
TcdA and/or TcdB was delivered intraperitoneally to naive mice,
and a lethal dose of TcdA was determined (LD100 � 300 ng [un-
published data from our laboratory]). No mortality was observed
when the same dose of TcdB was administered alone, which is in
accordance with previously published data (40). However, com-
bining two sublethal doses of TcdA and TcdB (150 ng each) was
lethal, and this regimen was used to challenge immunized mice.

Toxin-challenged mice were monitored daily for 7 days after

the challenge, and the outcome was based on morbidity (e.g., leth-
argy and hunched posture) and mortality associated with the chal-
lenge model (32). Acute morbidities were observed in the majority
of challenged animals within 72 h of challenge. Compared with
controls, all of which succumbed to challenge, 10/10 (100%) of
the animals immunized with 10 or 25 �g of pARBD-NQ were
protected against TcdA challenge (Fig. 4A). Interestingly, only
those animals that received 25 �g of pBRBD-NQ were protected
completely (10/10) from the dual-toxin challenge (Fig. 4B).

FIG 3 Induction of toxin-neutralizing antibodies in mice. (A) Systemic TcdA-specific and TcdB-specific nAbs from immunized mice assessed using an in vitro
toxin neutralization assay. Vero cells were exposed to mouse sera preincubated with either TcdA or TcdB, and the average CPE across two wells was assessed
under �10 magnification. “Media” represents the effect of toxin in the absence of serum. The bars indicate the medians for the groups. (B) Representative images
displaying immune serum neutralization of the cytopathic effect of toxin. ***, P � 0.001.
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Immunogenicity of DNA vaccination in nonhuman pri-
mates. To determine whether pA/B RBD vaccination is immuno-
genic in a larger-animal model, we performed NHP studies to
detect postvaccination humoral immune responses. Four rhesus
macaques were immunized IM-EP with both pARBD-NQ and
pBRBD-NQ (Fig. 5A). Compared with their respective baseline
time points, all four animals showed detectable levels of RBD-
specific IgG in the serum as measured by ELISA (Fig. 5B and C).
Moreover, robust nAb responses to both TcdA and TcdB were

observed in the sera (Fig. 6, bottom left). In contrast, all control
animals remained negative throughout the course of the study.

We next tested the ability of the NHP immune sera to passively
protect mice in an in vivo toxin neutralization assay. Sera collected
2 weeks after the fourth immunization were preincubated with a
lethal dose of C. difficile toxin and delivered intraperitoneally to
naive mice. As seen in Fig. 6, bottom right, 56.5% (n � 13/23) of
mice survived challenge compared with controls. These data indi-
cate that coimmunization with pARBD-NQ and pBRBD-NQ
constructs is immunogenic in NHPs and that serum antibodies
can neutralize toxin and protect mice from toxin-associated mor-
tality.

Protection of immunized mice following spore challenge. In-
ducing CDAD in mice and hamsters requires pretreatment of the
animals with a cocktail of broad-spectrum antibiotics (32). This
model mimics the fecal-oral route of transmission through intra-
gastric delivery of purified C. difficile spores. Similar to what is
observed during human infection, sickly mice display symptoms
of CDAD (e.g., watery stool and intestinal pathology) that may
require euthanasia if the symptoms become too severe. To test our
vaccine against a spore challenge using a clinically applicable vac-
cination schedule, we immunized animals twice and administered
a lethal dose of spores from the homologous vaccine strain (VPI
10463). We found that after two immunizations with pARB-NQ
and pRBD-NQ (10 �g each), we could detect robust RBD-specific
IgG responses within the blood (Fig. 7A) and stool (Fig. 7B) that
could neutralize toxin cytopathology in vitro (data not shown).
After treating these mice with antibiotics, we observed 90% (n �
9/10) protection from a homologous challenge compared with
naive controls (Fig. 7D). All surviving animals experienced acute
weight loss, peaking between days 3 and 5, followed by weight gain
that stabilized by day 8 (Fig. 7C). Finally, we were unable to pre-
vent the onset of CDAD in antibiotic-treated mice by increasing
the amount of DNA/immunization (data not shown).

Because various toxin isoforms have been identified within
clinical isolates, and given the increasing prevalence of infections

FIG 4 Survival of immunized mice challenged with TcdA and TcdB. (A) An
immunization and challenge schedule for mice is shown. C57BL/6 mice (n �
10/group) were immunized as described in the text and rested for 8 weeks
before being challenged intraperitoneally with a lethal dose of C. difficile toxin.
(B and C) Animals immunized with pARBD-NQ (B) or pBRBD-NQ (C) were
challenged with 300 ng of TcdA or 150 ng of both TcdA and TcdB, respectively.
i.p., intraperitoneal; ctrl, control. *, P � 0.05; ***, P � 0.001.

FIG 5 pRBD-NQ immunization elicits strong humoral responses in nonhuman primates. (A) An immunization schedule for NHPs is shown. Female rhesus
macaques (n � 4) were given 1.0 mg of both pARBD-NQ and pBRBD-NQ by IM-EP. NHPs received four immunizations spaced 6 weeks apart. (B and C)
RBD-specific IgG was analyzed in post-fourth-immunization sera (post 4th imm) (B) and IgG responses at week 20 and week 0 were compared at a 1/5,000
dilution 2 weeks after each immunization (C). The bars (B) and horizontal lines (C) indicate the medians for the groups. ***, P � 0.001.
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with hypervirulent strains, we thought to test our DNA vaccine
against a clinically relevant, heterologous strain (UK1; B1/NAP1/
027). As expected, pVAX-immunized mice, which were seroneg-
ative for RBD IgG (Fig. 7E), responded poorly to challenge with
UK1 spores. All the animals developed signs of disease, and 14.3%
(n � 1/7) of the animals were euthanized before the end of the
experiment (Fig. 7F and G). In contrast, after four immunizations
with RBD-NQ plasmids, we observed RBD-specific serum anti-
body and 50% survival (n � 4/8) after challenge. All animals in
this experiment lost weight, but unlike the controls, weight loss in
pRBD-immunized animals had either stabilized or begun to re-
verse by day 7 postinfection. Importantly, the protection observed
in these experiments was seen at least 4 months after the final
immunization, indicating that a strong neutralizing memory re-
sponse is maintained for at least several months using the DNA/
electroporation platform.

DISCUSSION

C. difficile-associated disease has emerged as a primary health con-
cern worldwide (41). Recently, an increased prevalence of infec-
tions has been observed among traditionally low-risk people,
which is potentially attributable to the emergence of hypervirulent
strains (42, 43). Considering that the majority of C. difficile clinical
isolates express both TcdA and TcdB (44), the presence of both

anti-TcdA and anti-TcdB antibodies would be optimal for provid-
ing robust protection from CDAD. Indeed, lower anti-toxin anti-
body responses are associated with an elevated risk of infection
and greater disease severity. Providing a strong humoral immune
response has been the focus of several active and passive immuni-
zation approaches that are currently in clinical development.
However, cost and stability issues limit their effectiveness in do-
mestic and foreign clinical settings. Alternative vaccination plat-
forms, such as DNA vaccination, which are cost-effective and
demonstrate a favorable safety profile in humans, should be the
focus of current and future efforts to prevent CDAD.

In the current study, we designed plasmids expressing the C-
terminal RBD regions of both toxins. In order to improve immu-
nogenicity, the antigens were modified to disrupt putative
N-linked glycosylation sites that could mask key neutralizing
epitopes within the RBD. A key finding from our study is that
these modified RBDs can serve as excellent immunogens, effective
at producing a strong neutralizing antibody response that can pre-
vent toxin-associated cytopathology in vitro, as well as provide
both active and passive protection of mice from challenges with
lethal doses of TcdA and TcdB. Furthermore, our group is the first
to report on a modified TcdB RBD-expressing plasmid that is
immunogenic in both small- and large-animal models. We believe
this discovery will not only enhance the success of these plasmids

FIG 6 Sera from immunized nonhuman primates neutralizes toxin in vitro and protects mice from a lethal intraperitoneal toxin challenge. (Bottom left)
Systemic TcdA-specific and TcdB-specific nAbs from immunized mice assessed using an in vitro toxin neutralization assay. The abilities to neutralize TcdA and
TcdB were assessed independently. The bars indicate the medians for the groups. (Top) Sample images of neutralization. (Bottom right) NHP sera harvested after
the final immunization were diluted (1/20), heat inactivated, and combined with a lethal dose of TcdA plus TcdB. This was delivered intraperitoneally to naive
animals, and survival was measured over the course of 5 days. Control animals received baseline NHP sera. **, P � 0.01; ***, P � 0.001.
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in future clinical trials, but also improve the efficacy of any current
or next-generation vaccines and therapies for CDAD.

Other groups have described plasmids expressing optimized
TcdA RBDs with an N-terminal tissue plasminogen activator
(tPA) signal peptide sequence (22, 23). As expected, our plasmids,
which encode N-linked-glycan-null RBDs located downstream of
a human IgE leader sequence, were expressed well based on ELISA
and Western blot analysis. RBD proteins generated from plasmids
expressing wild-type inserts resolved at a higher molecular weight,
which decreased upon treatment with PNGase F. Thus, wild-type
RBD proteins possess bona fide N-linked glycosylation sites; how-
ever, due to the lower relative expression of RBD-NQ constructs,
some of these sites may be needed to maintain a native structural
conformation. Immunization with either construct elicited a
multi-isotype antigen-specific antibody response. A wider range
of toxin-specific isotypes is advantageous for a C. difficile vaccine,
considering that a multi-isotype response may be more prevalent
in asymptomatic carriers or nonrecurrent cases (1). Interestingly,
we noticed significant induction of antigen-specific IgG2a for
both constructs. The presence of antigen-specific IgG2a suggests
the involvement of a T cell component, given that gamma inter-
feron (IFN-�) is required to drive IgG2a class switching in acti-
vated murine B cells (45). Cellular immunity, however, is not
known to be essential for control of CDAD, and future studies will
be required to better understand the importance of T cells during
infection. We do not believe that this response is due to an inher-
ent quality associated with the RBD antigen. Instead, it is most
likely a result of the potent adjuvant properties of either EP, which
can promote a broader range of isotypes to various antigens (46–
49), or plasmid-incorporated cytosine phosphate guanosine nu-
cleotide sequences, which signal through Toll-like receptor 9 and
scavenger receptors.

In agreement with the ELISA data, we noticed that across all

doses, sera from pARBD-NQ-immunized animals contained a
more impressive level of toxin nAbs than sera from pBRBD-NQ-
immunized animals. The lower immunogenicity observed for
pBRBD-NQ may be a result of lower secretion of BRBD-NQ pro-
tein (Fig. 1C, supernatant); however, this was not reflected in the
sera of immunized mice. In order to assess the effectiveness of an
RBD DNA vaccine, a challenge model is needed. To this end,
delivery of purified C. difficile toxins intraperitoneally, either in-
dividually or in combination, is lethal in mice (50). However,
systemic toxin is not indicative of a normal infection scenario,
since the majority of clinical manifestations of CDAD are self-
limiting within the intestine (51). In life-threatening cases, how-
ever, systemic complications have been documented (52–56), and
entry of the toxin into circulation is thought to be a possible cause
(57). Therefore, challenging immunized mice with intraperito-
neal toxin represents a stringent method for assaying the nAb
response. Immunization with pARBD-NQ, at both doses, elicited
sterilizing immunity to TcdA challenge, which is consistent with
survival data for a previously described TcdA RBD DNA vaccine
(22). In contrast, immunization with 25 �g of pBRBD-NQ was
required to elicit significant protection from challenge compared
to controls. This may be reflective of the higher nAb response
observed for animals in this immunization group. Therefore, ad-
ministration of a higher dose of pBRBD-NQ may be required to
generate a titer of nAbs comparable to that of pARBD-NQ immu-
nization.

In both mouse and hamster infection models of CDI, prevent-
ing infection-associated mortality is seen as an important metric
of vaccine efficacy (12, 13, 22, 23, 58–66). Upon challenging
pRBD-NQ-immunized animals with a lethal dose of spores, we
observed 90% and 50% protection against homologous and het-
erologous strains, respectively. The partial protection seen with
the heterologous UK1 challenge is likely due to a strain-dependent

FIG 7 (A) Mice were immunized at days 0 and 14 with 10 �g each of pRBD-NQ constructs, and anti-RBD IgG levels were measured in the serum and stool 10
days after the final immunization by ELISA. (B) Mice were challenged 4 months following the last immunization with C. difficile strain VPI 10463, and relative
weight loss (left) and survival (right) are shown. (C) Mice were immunized with pRBD-NQ at days 0, 14, 28, and 403 with 10 �g each of pRBD-NQ constructs,
and anti-RBD IgG levels were measured in the serum after the final immunization. Experiments were performed with 7 to 10 mice/group, and circles represent
means � standard errors of the means from one experiment. (D) Mice were challenged 4 months later with C. difficile strain UK1, and relative weight loss (left)
and survival (right) are shown. Statistical differences were determined using a log rank test. P values of �0.05 were considered to be significant.
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variation in toxin sequences. In fact, sequence alignments between
VPI 10463 and hypervirulent strains (e.g., UK1) reveal that TcdA
remains relatively well conserved while the majority of heterology
exists within the RBD of TcdB (67, 68). This creates a pattern of
unique neutralizing epitopes, so that polyclonal serum raised
against TcdB RBD from VPI 10463 cannot cross-neutralize TcdB
from UK1 in vitro (67). Although our challenge data do not agree
with this report, we believe that during an ongoing UK1 infection
within our immunized animals, either (i) TcdA is neutralized,
leaving insufficient TcdBto cause lethal disease, or (ii) TcdA and
TcdB are both sufficiently neutralized, indicating that in vitro
toxin neutralization assays do not accurately represent toxin-as-
sociated pathology within the infected intestinal environment.
Since the individual roles of TcdA and TcdB during a UK1 infec-
tion are unknown, future studies utilizing genetically modified
UK1 will aid in answering this question.

Because we noticed a strong neutralizing antibody response
and protection in mice, we next wanted to assess whether the RBD
DNA vaccines were immunogenic in NHPs. After four immuni-
zations, the NHP cohort displayed a robust level of RBD-specific
serum IgG, similar to mice. Serum nAb responses for TcdA RBD
were similar to what was observed in mice. Importantly, in NHP
serum compared with mouse serum, TcdB RBD nAbs seemed to
prevent more CPE at similar dilutions (Fig. 6). We further tested
the nAb response of the NHPs in an in vivo toxin neutralization
assay. Hyperimmune NHP sera that were preincubated with toxin
protected a significant portion of mice (14/23) from challenge.
While these challenge studies were performed with immune sera
taken after four immunizations, high RBD-specific IgG levels were
noted as early as two immunizations, which may be important for
clinical translation. Taken together, these data demonstrate that
our RBD DNA vaccine is immunogenic in an NHP model and that
it can produce titers of nAbs that are protective in mice.

The ability of TcdA and TcdB to independently cause disease in
animal models of infection has highlighted the importance of tar-
geting both toxins to prevent CDAD. Since this discovery, several
groups have attempted to incorporate both toxins in various vac-
cine modalities. Recently, Jin et al. attempted to create a TcdB
RBD-expressing plasmid, but it failed to elicit immune responses
after four immunizations with electroporation and 100 �g/mouse
(23). There are several differences in the design and delivery of
pBRBD-NQ that may account for differences in antigen expres-
sion: (i) inclusion of a larger segment of the TcdB C terminus (526
amino acids [aa] versus 515 aa), (ii) use of different N-terminal
signal peptide sequences (IgE versus tPA), and (iii) use of different
in vivo electroporation delivery systems. Since the crystal structure
of the TcdB RBD has not been resolved and there is a lack of
comparative studies between the leader sequences and electropo-
ration devices used in these studies, it is difficult to discern why
BRBD-NQ is more immunogenic. However, we feel that the use of
both a human IgE leader sequence and a potentially superior elec-
troporation system, which have been proven clinically (69), will
increase the success of these plasmids in future clinical trials. Spe-
cifically, utilizing the Cellectra 2000 in vivo electroporation deliv-
ery method (Inovio Pharmaceuticals, Inc.), a DNA vaccine deliv-
ery platform that is currently being used in phase I clinical trials
for HIV (PENNVAX) and influenza prophylactic strategies and in
phase II clinical trials for HPV therapy (VGX-3100), is a strength
of the work presented here.

The results from this study establish the immunogenicity and

protective efficacy of RBD-NQ and demonstrate that the immu-
nogenicity of both ARBD-NQ and BRBD-NQ can be improved
through codelivery. In particular, levels of total antigen-specific
and nAb responses to RBD-NQ were higher than in previously
described RBD DNA vaccines (22, 23). This is especially impor-
tant for preventing primary CDAD, which can manifest within 2
to 4 days after infection in animal models. For this reason, a
shorter vaccination regimen, reliant upon boosting through either
immunization or natural infection, would be ideal for preventing
the onset of CDAD in high-risk patients. Such a vaccine strategy
may be more attainable by utilizing a DNA prime-heterologous
boost strategy, which has demonstrated superior immunogenicity
profiles for several antigens in animal models and humans (70).
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