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Clostridium difficile is a spore-forming bacillus that produces toxin-mediated enteric disease. C. difficile expresses two major
virulence factors, toxin A (TcdA) and toxin B (TcdB). Human and animal studies demonstrate a clear association between hu-
moral immunity to these toxins and protection against C. difficile infection (CDI). The receptor binding-domains (RBDs) of
TcdA and TcdB are known to be immunogenic. Here, we tested the immunoadjuvant properties of Salmonella enterica serovar
Typhimurium flagellin (FliC) subunit D1 as an innate immune agonist expressed as a recombinant fusion vaccine targeting the
RBDs of TcdA and TcdB in mice. Intraperitoneally immunized mice developed prominent anti-TcdA and anti-TcdB immuno-
globulin G in serum. The protective efficacy of the recombinant vaccines, with or without an adjuvant, was tested in a mouse
model of CDI that closely represents the human disease. Following intraperitoneal immunization equivalent to two doses of tox-
oid A and toxoid B vaccine adjuvanted with alum and oral challenge with C. difficile VPI 10463, C57BL/6 mice were able to
mount a protective immune response that prevented diarrhea and death compared to mice immunzed with alum alone. These
results are significantly different from those for control mice (P < 0.001). These results provide evidence that a recombinant
protein-based vaccine targeting the RBDs of the C. difficile toxins adjuvanted with S. Typhimurium flagellin can induce rapid,
high-level protection in a mouse model of CDI when challenged with the homologous strain from which the vaccine antigens
were derived and warrant further preclinical testing against clinically relevant C. difficile strains in the mouse and hamster mod-
els of CDI.

Clostridium difficile is a spore-forming bacillus that produces
toxin-mediated enteric disease. Broad-spectrum antibiotics

and the emergence of a hypervirulent strain of C. difficile (BI/
NAP1/027) have changed the epidemiology of C. difficile infection
(CDI) (1). C. difficile expresses two major virulence factors, toxin
A (TcdA) and toxin B (TcdB), which function as glucosyltrans-
ferases that inactivate RhoA, Rac, and Cdc42 within eukaryotic
target cells, ultimately causing cell death (2, 3). The toxins have
four functional domains: an enzymatically active glucosyltrans-
ferase N-terminal domain, an autocatalytic protease domain, a
central translocation section, and a C-terminal receptor-binding
domain (RBD), consisting of repeating units of 21, 30, or 50
amino acid residues (4, 5).

Antibodies against C. difficile are present in the sera of most
adults and older children, although fewer than 5% of individuals
are colonized (6, 7). Studies to date demonstrate a clear associa-
tion between humoral immunity to these toxins and protection
against CDI (7, 8, 9, 10). Protection against disease and relapse
correlates predominantly with the presence of host IgG responses
directed against TcdA and less strongly with response against
TcdB. While antibody responses to TcdA demonstrate the stron-
gest association with protection from disease in both animal mod-
els and human cohort studies, various lines of evidence suggest
that an effective vaccine will likely need to target both TcdA and
TcdB (11, 12). Epidemiologic data suggest that the development
of prophylactic and therapeutic vaccines against C. difficile may be

one of the ways to curtail the spread of this nosocomial disease,
although elderly high-risk patients are likely to have a reduced
response to active immunization at a critical time in their illness.

Protein as well as peptide vaccines targeting the RBDs, espe-
cially of TcdA, are immunogenic, capable of inducing neutralizing
antibodies in the murine model, and are partially protective in the
hamster challenge model although no human clinical trials have
been done (13, 14, 15, 16, 17). Parenteral immunization with a
recombinant protein expressing 33 of the 38 C-terminal repeats of
TcdA can generate a TcdA-neutralizing systemic antibody re-
sponse that partially protects against TcdA challenge (14). An-
other study has previously reported the use of an attenuated Sal-
monella enterica serovar Typhimurium aroA aroD vaccine strain,
BRD509, expressing 14 C-terminal repeats of TcdA as a fusion to
the immunogenic, nontoxic fragment C of tetanus toxin to target
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the mucosal immune system (16). Similar studies looking at the
immunogenicity of TcdB have not been performed.

Flagellin is a structural component of certain bacteria which, in
addition to conferring bacterial motility and pathogenicity, acti-
vates a number of host inflammatory signaling pathways that act
as a defense against the pathogen (18). Purified flagellin proteins
have adjuvant capabilities and can induce or boost adaptive im-
mune responses. These immune-modulating effects of flagellin
are mediated by the activation of antigen-presenting cells (APCs)
through binding to toll-like receptor 5 (TLR5), its cognate recep-
tor (19). TLRs are a family of pattern recognition receptors that
recognize structural components shared by bacteria, fungi, and
viruses. TLRs, when bound to their ligands such as FliC, both
trigger innate immune responses and facilitate the development of
adaptive immunity through various mechanisms, including acti-
vation and maturation of dendritic cells and expression of cyto-
kines and other costimulatory proteins (20). S. Typhimurium FliC
has previously been used with partial success as an adjuvant with
experimental vaccines against pathogens such as influenza virus
and Vibrio cholerae (18, 35). Recently it has been reported that S.
Typhimurium flagellin-mediated stimulation of TLR5 in mice
protects them from death during CDI by delaying C. difficile
growth and toxin production in the gut (21).

In this study we demonstrate that a recombinant protein vac-
cine incorporating the RBDs of TcdA (TcdARBD) and TcdB
(TcdBRBD) and the TLR5 agonist S. Typhimurium flagellin D1 is
immunogenic and protective in a murine C. difficile bacterial chal-
lenge model, following a simple prime-boost regimen.

MATERIALS AND METHODS
Bacterial strains and media. Escherichia coli DH5� was used for all sub-
cloning steps, and E. coli BL21(DE3)* was used for protein expression
(Invitrogen, Carlsbad, CA). S. Typhimurium LT2 (ATCC 15277) and E.
coli cultures were grown at 37°C with aeration. All strains were maintained
at �70°C in Luria-Bertani (LB) medium containing 15% glycerol. LB
medium contained ampicillin (100 �g/ml), kanamycin (50 �g/ml), X-Gal
(5-bromo-4-chloro-3-indolyl-�-D-galactopyranoside) (80 �g/ml), or
IPTG (isopropyl-�-D-thiogalactopyranoside) (0.1 mM) (Sigma-Aldrich,
St. Louis, MO). C. difficile strain VPI 10463 (ATCC 43255) was grown
anaerobically in Difco cooked-meat media (BD Diagnostic Systems,
Sparks, MD) for 36 h at 37°C as previously reported (22).

Genetic methods. Isolation of plasmid and bacterial chromosomal
DNA, restriction enzyme digestion, and agarose gel electrophoresis were
performed using standard biological techniques (23). DNA restriction
endonucleases, T4 DNA ligase, and calf intestinal alkaline phosphatase
were used according to manufacturer’s specifications (New England Bio-
Labs, Beverly, MA). Enzyme-digested products were separated on 1%
agarose gel and extracted using the Qiaex II gel extraction kit (Qiagen,Va-
lencia, CA).

Full-length protein sequences were obtained for TcdA (NCBI
M30307) and TcdB (NCBI P18177) from C. difficile strain VPI 10463
(ATCC 43255). This isolate is toxinotype 0, which accounts for a majority
of CDI episodes in the United States (24). The nontoxic carboxy-terminal
RBDs for TcdA and TcdB were identified, and nucleotides were synthe-
sized (Blue Heron Biotechnologies, Bothell, WA).

S. Typhimurium flagellin has a four-domain structure consisting of
D0 and D1 domains, which are largely helical and well-conserved (19),
and D2 and D3 domains, which are in the central portion of the protein
and are highly variable (Fig. 1). FliC is a conformational protein and is
formed when the N and C terminals of the D1 domain come together and
the D2-D3 regions are surface exposed. The TLR5-activating residues lie
in the conserved D1 domains. The coding sequences for the N terminus
D1 domain and the C terminus D1 domain of S. Typhimurium flagellin

(fliC NC) were amplified by overlapping PCR, thus allowing for the re-
moval of the variable D2-D3 domains while retaining TLR5 binding ac-
tivity.

Protein expression and purification. Nucleotide coding sequences for
TcdARBD and TcdBRBD were individually cloned into expression vector
pET19b, as were fusion constructs with fliC NC (encoding TcdARBDNC
and TcdBRBDNC) (Novagen) (Fig. 1). A histidine (His) tag was in-
corporated to facilitate purification. The expressed proteins were pu-
rified using Talon His tag purification resin according to the manufac-
turer’s specifications (Clontech Laboratories Inc., Mountain View,
CA). Protein was detected by immunoblotting using commercial poly-
clonal goat anti-toxin A (List Biological Laboratories, Campbell, CA)
and anti-His tag antibody (Invitrogen). Endotoxin was removed by
using Endotrap Blue columns according to the manufacturer’s speci-
fications (Hyglos GmbH, Bernried, Germany).

TLR5 bioassay. HEK293 cells stably expressing TLR5 were transfected
with a plasmid containing the NF-�B promoter driving the luciferase gene
(Invivogen, San Diego, CA) to measure concentration-dependent stimu-
lation of NF-�B production by flagellin. Reporter plasmid was cotrans-
fected into HEK293 cells with bacterial flagellin protein from C. difficile,
Bacillus subtilis, and S. Typhimurium and recombinant proteins
TcdARBDNC, TcdBRBDNC, and S. Typhimurium FliC NC, and lucifer-
ase activity (relative light units [RLU]) was measured 24 h posttransfec-
tion. Recombinant C. difficile FliC, full-length S. Typhimurium FliC (In-
vivogen), and Bacillus subtilis FliC (Invivogen) were also tested for TLR5
activity. Experiments were done in duplicate.

Immunization regimen. We immunized female, 3- to 5-week-old
Swiss Webster mice (Charles River Laboratories, Wilmington, MA). An-
imal work was approved by the Institutional Animal Care and Use Com-
mittee at the Rockefeller University, New York, NY, or Beth Israel Dea-
coness Medical Center, Boston, MA. In the first study, we immunized five
cohorts of 5 mice each by intraperitoneal (i.p.) injection with either 25 �g
of TcdARBD or TcdBRBD, 25 �g of TcdARBD fused with the FliC NC
(TcdARBDNC) or 25 �g of TcdBRBD fused with the FliC NC
(TcdBRBDNC), 25 �g of TcdARBD or TcdBRBD adjuvanted with either
2.5 �g of LT(r192g), 2.5 �g of recombinant FliC (rFliC; Invivogen), or
alum [Al(OH)3; 1:1 by volume] (Sigma-Aldrich). These mice were immu-
nized on days 0 and 7; we collected, processed, and stored blood samples
from mice on days 0, 7, and 14, as previously described (23).

In the second study, we immunized 3 cohorts of 5 mice each by i.p.
injection with 25 �g of TcdARBDNC or TcdBRBDNC adjuvanted with
either 2.5 �g of LT(r192g) or alum [Al(OH)3; 1:1 by volume], or both.
These mice were immunized on days 0 and 7; we collected, processed, and
stored blood samples from mice on days 0, 7, and 14.

To perform a direct comparison to the formalin-inactivated toxoid
vaccine currently in human clinical trials, we immunized one cohort of
mice with the toxoid preparation by the i.p. route using alum as the adju-
vant. Toxoid A and toxoid B from C. difficile strain VPI 10463 were pur-
chased from List Biological Laboratories.

Measurement of immune responses. To detect antibody responses to
TcdA or TcdB, we coated plates with 100 ng/well of purified TcdA or TcdB
in 50 mM carbonate buffer, pH 9.6 (List Biological Laboratories). We
blocked plates with phosphate-buffered saline (PBS)–1% bovine serum
albumin (BSA) (Sigma-Aldrich). To detect anti-TcdA and anti-TcdB IgG
or IgA in serum, we diluted sera 1:1,000 or 1:50 in PBS containing 0.05%
Tween 20 (PBS-T) (Sigma-Aldrich), respectively, and incubated the plates
at 37°C for 1 h. We detected bound antibodies using a 1:1,000 dilution in
PBS-T of either goat anti-mouse IgG conjugated with horseradish perox-
idase (HRP) (Southern Biotech, Birmingham, AL) or goat anti-mouse IgA
conjugated with HRP (Southern Biotech), incubating plates for 1 h at
37°C. We developed the plates with 2,2=-azinobis(3-ethylbenzthiazoline-
6-sulfonic acid) (ABTS) (Sigma-Aldrich) and 0.03% H2O2 (Sigma-Al-
drich) and determined optical density using a Vmax microplate reader
(Molecular Devices Corp., Sunnyvale, CA) at 405 nm kinetically for 5 min
at 14-s intervals as previously reported (23). To equilibrate, we divided
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readings of milliunits of optical density per minute for samples by those
for plate controls comprising pooled blood or stool standards from unre-
lated experimental cohorts and reported the results as enzyme-linked im-
munosorbent assay (ELISA) units.

Serum neutralization assay. To measure the neutralizing activity of
sera, MRC-5 (ATCC CCL-171) cells were plated in 96-well tissue culture
plates 24 h prior to the procedure at a density of 1 � 104 cells/well and
incubated at 37°C in 5% CO2. We incubated 2-fold serial dilutions of sera
from mice, starting at a 1:50 dilution, in minimal essential medium con-
taining 10% fetal bovine serum at 37°C for 1 h with either TcdA at 60
ng/well or with TcdB at 20 pg/well as described previously. We used four
times the minimal dosage of toxin A and toxin B required to cause 100%
cell rounding after 48 h in the absence of serum for each well (0.6-�g/ml
final concentration or 60 ng/well for toxin A or 200 pg/ml or 20 pg/well for
toxin B) (23, 25). We added the toxin-serum mixtures to MRC-5 cells,
incubated the plates overnight at 37°C in 5% CO2, and determined the
proportion of cell rounding. We defined the neutralization antibody titer
as the reciprocal of the highest serum dilution that inhibited cell rounding
�50% (25). C. difficile toxins can induce cell rounding in virtually 100%
of cells given adequate time and toxin concentrations. However, for
quantification of toxin effect variation, the midpoint of the curve (i.e.,
50% rounding) provides far greater accuracy of measurement than
either the uppermost (100%) or lowermost (0%) absolute plateaus.
We used commercially available goat anti-C. difficile toxin A (List
Biological Laboratories, Campbell, CA), toxin A alone, and medium
alone as controls. Experiments were performed in duplicate.

Mouse challenge model. A murine model of antibiotic-associated
CDI established recently in the Kelly laboratory was used to evaluate the
protective efficacy of our recombinant vaccine constructs (22). Five co-

horts of female, age-matched, 8- to 10-week-old C57BL/6 mice (Charles
River Laboratories) were immunized on days 0 and 10. Each cohort was
immunized with either TcdARBD and TcdBRDB, TcdARBDNC and
TcdBRBDNC, TcdARBDNC and TcdBRBDNC adjuvanted with alum, or
toxoid A and toxoid B adjuvanted with alum. Mice in each cohort were
administered a cocktail of antibiotics (kanamycin at 40 mg/kg of body
weight, gentamicin at 3.5 mg/kg, colistin at 4.2 mg/kg, metronidazole at
21.5 mg/kg, and vancomycin at 4.5 mg/kg) in their water daily for 3 days
starting on day 14. Two days later, mice received one dose of clindamycin
(10 mg/kg) given intraperitoneally. Twenty-four hours after intraperito-
neal injection, mice were challenged with a dose of 105 CFU of C. difficile
strain VPI 10463 (TcdA� TcdB� and a high toxin producer) and moni-
tored daily for 14 days for mortality, morbidity, weight, and diarrhea.
Additional serological assays were not performed in these mice.

Statistical analysis. For normally distributed data, we used an un-
paired Student t test analysis for comparison of means; for nonparametric
data, we used the Mann-Whitney U test. We performed statistical analyses
using Microsoft Excel 2002 and plotted graphs using Prism (GraphPad
Software, San Diego, CA). A P value of less than 0.05 was considered to
indicate statistical significance. Kaplan-Meier plots were used to analyze
survival in the challenged mice. The Mantel-Cox test for pairwise com-
parisons was used to assess statistical significance between the cohorts.

RESULTS
Recombinant S. Typhimurium flagellin D1 subunit protein
fused with C. difficile TcdARBD and TcdBRBD is a potent
agonist of TLR5. The S. Typhimurium FliC fusion constructs
TcdARBDNC and TcdBRBDNC demonstrated TLR5 bioactivity

FIG 1 (a) Schematic diagram of Salmonella Typhimurium FliC and modified FliC and Clostridium difficile toxin receptor binding domain constructs. (b)
Purified recombinant proteins expressed from recombinant E. coli strains were analyzed by SDS-PAGE on a gel stained with Coomassie blue. Lane 1, TcdARBD
(96 kDa); lane 2, TcdBRBD (68 kDa); lane 3, TcdARBDNC (130 kDa); lane 4, TcdBRBDNC (102 kDa); lane M, markers.
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in a cell-based TLR5-dependent NF-�B luciferase reporter assay
and are comparable to S. Typhimurium FliC NC and full-length S.
Typhimurium FliC (P not significant [NS]) (Fig. 2). Additionally,
we found that C. difficile FliC also activated TLR5 in vitro (Fig. 2).
C. difficile FliC consists of 290 amino acids and has the typical
structure of bacterial flagellin, including its conserved D1 region,
where the TLR5 activation domain resides (26).

Immunoadjuvant properties of TLR5 agonist S. Typhimu-
rium flagellin D1 subunit fused with C. difficile TcdARBD and
TcdBRBD in mice. Mucosal immune responses are highly depen-
dent upon the coadministration of mucosal adjuvants. Several
toxins such as ADP-ribosylating cholera toxin (CT) and heat-la-
bile enterotoxin (LT) have most commonly been used as mucosal
immunoadjuvants in experimental animal models (27). Recently,
several mutant derivatives of LT that retain the immunoadjuvant
properties of LT but have decreased enterotoxic activity have been
developed (28, 29). One such mutant, LT(r192g), has a single
point mutation that changes the proteolytic cleavage site, thus
rendering the toxin enzymatically inactive. We also tested the ad-
juvant properties of alum [Al(OH)3], which functions by absorb-
ing and concentrating antigens for delivery to APCs, thereby in-
creasing APC recruitment and activation (depot effect). Recently
it has been reported to act through the Nalp3 inflammasome.

Immunization of mice with TcdARBDNC and TcdBRBDNC
resulted in a significant anti-TcdA IgG response following the
boost, compared to immunization with only TcdARBD and
TcdBRBD, thus illustrating the adjuvant properties of FliC (P 	
0.05) (Fig. 3a). This cohort of mice also had a level of anti-TcdA
IgG responses comparable to the level for the cohorts of mice
receiving LT(r192g) (P 
 0.56) and rFliC (P 
 0.15) but a higher
anti-TCDA IgG response than that for the cohort receiving
alum (P 	 0.05) as the adjuvant. Immunization of mice with
TcdARBDNC and TcdBRBDNC also resulted in a significant level
of anti-TcdA IgA in stool following the boost, compared to levels
for cohorts that received TcdARBD and TcdBRBD (P 	 0.05) or
levels for those that received TcdARBDNC and TcdBRBDNC co-
administered with rFliC, alum, or LT(r192g) (P 	 0.05) (Fig. 4a).
All cohorts of mice produced comparable anti-TcdB IgG re-
sponses in serum and anti-TcdB IgA responses in stool (P NS).
The cohort of mice that received LT(r192g) as an adjuvant showed a
trend toward higher anti-TcdB IgG in serum and anti-TcdB IgA in
stool, although the results are not statistically significant (Fig. 3b).

Immunization of mice with TcdARBDNC and TcdBRBDNC
resulted in induction of C. difficile toxin A-neutralizing serum
antibodies in comparison to the response seen in mice immunized
with TcdARBD and TcdBRBD alone (P 	 0.001) (Fig. 5a). This
assay was performed using MRC-5 fibroblasts and was done in
duplicate. Immunization with TcdARBD and TcdBRBD with im-
munoadjuvant LT(r192g) resulted in an increased toxin A-neu-
tralizing response compared to immunizations adjuvanted with
alum or rFliC and compared to immunizations with no additional
adjuvants (P 	 0.001). Immunization with TcdARBD and Tcd-
BRBD comixed with rFliC resulted in the most prominent toxin
B-neutralizing response compared to immunization of most of

FIG 2 Concentration-dependent stimulation of NF-�B activity by flagellin.
Reporter plasmids were cotransfected into cells with the indicated bacterial
flagellin protein, and luciferase activity was measured 24 h posttransfection.
RLU, relative light units.

FIG 3 Serum anti-TCDA IgG (a) and anti-TCDB IgG (b) responses in mice
immunized on weeks 0 and 1. Cohorts of mice received TcdARBDNC and
TcdBRBDNC, TcdARBDNC and TcdBRBDNC, or TcdARBDNC and
TcdBRBDNC adjuvanted with rFliC, LT(r192g), or alum. Results were
determined by kinetic ELISA; the geometric mean plus standard error of
the mean for each cohort are shown.

FIG 4 Stool anti-TcdA IgA (a) and anti-TcdB IgA (b) responses in mice
immunized on weeks 0 and 1. Cohorts of mice received TcdARBDNC and
TcdBRBDNC, TcdARBDNC and TcdBRBDNC, or TcdARBDNC and
TcdBRBDNC adjuvanted with rFliC, LT(r192g), or alum. Results were
determined by kinetic ELISA; the geometric mean plus standard error of
the mean for each cohort are shown.
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the other cohorts, which failed to induce even low levels of anti-
toxin B antibodies in this assay (P 	 0.001) (Fig. 5b). Immuniza-
tion with TcdARBDNC and TcdBRBDNC resulted in moderate
levels of toxin B-neutralizing antibodies.

We also studied whether the combined effect of various ad-
juvants would significantly enhance the immunogenicity of the
vaccines. We immunized mice with the TcdARBDNC and
TcdBRBDNC proteins in the presence of one or two additional
adjuvants. Cohorts of mice that received TcdARBDNC and
TcdBRBDNC with LT(r192g) had the strongest anti-TcdA IgG
response in serum (P 	 0.05) and the strongest anti-TcdA IgA
response in stool (P 	 0.05) (Fig. 6a and 7a). Cohorts of mice

receiving alum or alum plus LT(r192g) developed comparable
anti-TcdA IgG and anti-TcdA IgA responses (P NS). In con-
trast, all cohorts of mice produced comparable anti-TcdB IgG
responses in serum and anti-TcdB IgA responses in stool
(P NS) (Fig. 6b and 7b).

Immunization with TcdARBDNC and TcdBRBDNC adju-
vanted with LT(r192g) resulted in the most prominent toxin A- as
well as toxin B-neutralizing responses compared to immunization
of the other cohorts (P 	 0.05) although levels of anti-toxin B-
neutralizing antibodies were present in very low levels in all co-
horts tested (Fig. 8 a and b).

Interestingly we also find that, in almost all experiments, mice
had a stronger immune response to TcdARBD than to TcdBRBD

FIG 5 C. difficile toxin A (a) and toxin B (b) neutralizing antibody titers in day
14 sera collected from mice. The neutralizing titers were determined by a
cell toxicity assay in MRC-5 cells. Cohorts of mice received TcdARBDNC
and TcdBRBDNC, TcdARBDNC and TcdBRBDNC, or TcdARBDNC and
TcdBRBDNC adjuvanted with rFliC, LT(r192g), or alum. Results are reported
as the geometric mean plus standard error of the mean of the reciprocal titer
for each cohort.

FIG 6 Serum anti-TcdA IgG (a) and anti-TcdB IgG (b) responses in mice
immunized on weeks 0 and 1. Cohorts of mice received TcdARBDNC and
TcdBRBDNC adjuvanted with LT(r192g) or alum or both. Results were deter-
mined by kinetic ELISA; the geometric mean plus standard error of the mean
for each cohort are shown.

FIG 7 Stool anti-TcdA IgA (a) and anti-TcdB IgA (b) responses in mice
immunized on weeks 0 and 1. Cohorts of mice received TcdARBDNC and
TcdBRBDNC adjuvanted with LT(r192g) or alum or both. Results were
determined by kinetic ELISA; the geometric mean plus standard error of
the mean for each cohort are shown.

FIG 8 C. difficile toxin A (a) and toxin B (b) neutralizing antibody titers in day
14 sera collected from mice. The neutralizing titers were determined by a cell
toxicity assay in MRC-5 cells. Cohorts of mice received TcdARBDNC and
TcdBRBDNC adjuvanted with LT(r192g) or alum or both. Results are re-
ported as the geometric mean plus standard error of the mean of the reciprocal
titer for each cohort.
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even though the proteins were administered in a 1:1 ratio. This
difference is most significant in the antitoxin IgA responses in
stool and in the antitoxin neutralization antibody levels (Fig. 7
and 8).

Protective efficacy of the recombinant protein vaccines con-
taining C. difficile TcdARBD and TcdBRBD adjuvanted with
the S. Typhimurium flagellin D1 subunit in a murine C. difficile
challenge model. One hundred percent of control animals receiv-
ing alum alone had symptomatic disease in the form of loose stool,
and 7 out of 8 animals died within 3 days of vegetative bacterial cell
challenge. By contrast, the cohorts of mice receiving TcdARBD
and TcdBRBD with or without adjuvants such as alum or flagellin
NC demonstrated 100% disease-free survival. Cohorts of mice
receiving toxoid A and toxoid B adjuvanted with alum also
showed 100% disease-free survival. These results indicate that im-
munization of mice with TcdARBD and TcdBRBD affords a ro-
bust protection comparable to alum-adjuvanted toxoids (P 	
0.001).

DISCUSSION

Infection of humans with the spore-forming bacillus C. difficile
can produce toxin-mediated enteric symptoms, ranging from
mild diarrhea to life-threatening pseudomembranous colitis. Al-
though a number of C. difficile vaccines are being developed, their
utility has been limited by the need for repetitive dosing, the use of
formalin-induced detoxification, and the stability of the vaccine
constructs (30, 31). For a vaccine to warrant clinical development
it must induce a strong protective immune response against au-
tologous and heterologous strains, requiring the fewest immuni-
zations with or without the added help of an adjuvant. Addressing
these issues will ensure the identification of a clinical vaccine can-
didate of sufficient efficacy and potency such that there can be
high confidence that the vaccine will be clinically and commer-
cially feasible for patients susceptible to C. difficile in a public
health setting, especially in older immunodeficient populations.

In our study we found that the recombinant fusion proteins
representing the RBDs of TcdA and TcdB are immunogenic in
mice, requiring a single prime-boost regimen, and that S. Typhi-
murium FliC has adjuvant properties when administered with
these antigens. The induction of anti-C. difficile toxin A-neutral-
izing antibody responses following a prime and boost regimen
occurred in all cohorts, and such responses were enhanced in the
presence of adjuvant compared to the responses to TcdARBD
alone. In contrast, we were unable to measure anti-C. difficile
toxin B-neutralizing antibody responses in certain cohorts of mice
that received TcdARBD and TcdBRBD either alone or adjuvanted.
It is possible that these vaccine constructs were unable to induce
anti-toxin B neutralization antibodies measurable by the in vitro
cell-based assay but were able to induce measureable anti-toxin B
binding antibodies as measured by ELISAs. It will be valuable to
better characterize neutralizing antibodies in additional assays
such as assays using IMR90 cells.

We also report that the induction of an immune response to
the RBDs of the toxins from C. difficile strain VPI 10463 is protec-
tive against challenge using the homologous strain. This approach
carries many substantial advantages over the toxoid-based C. dif-
ficile vaccine that is now in clinical trials and in active preclinical
development (32). Specifically, we use recombinant RBDs and not
holotoxins, which are difficult to purify and produce, require for-
malin inactivation, are unstable and degrade over time, and con-

tain contaminating proteins and antigens. Recombinant RBDs
may be as effective as protective antigens and are generally unen-
cumbered by the limitations imposed by holotoxins but also may
be less immunogenic than toxoids of whole toxin due to the lim-
itations of antigen selection, in this case RBDs.

Historically, hamsters have been used to investigate disease
pathogenesis and treatment in CDI but are not ideal models be-
cause of the lack of hamster-specific reagents and genetically mod-
ified animals (33). The newly established mouse model of antibi-
otic-induced CDI closely resembles some features of human
disease, including antibiotic-associated diarrhea; a predominately
colonic nature with minimal if any small intestinal disease; similar
histologies, including pseudomembrane formation; and a variable
disease severity depending on the challenge dose and strain of C.
difficile used for infection (22). Our challenge data show that the
RBDs of TcdA and TcdB not only are immunogenic but also af-
ford complete diarrhea-free protection against C. difficile chal-
lenge using the toxin-producing homologous strain VPI 10463;
these features are comparable to the toxoid vaccine adjuvanted
with alum. These results suggest that the inherent immunoadju-
vant properties of TcdA are able to induce a strong immune re-
sponse in mice that is protective at the dose that we have used (34).
Dose escalation studies and studies involving a shorter time to
challenge and additional adjuvants such as LT(r192g/l211a) are
needed to elucidate differences in the immunogenicity and pro-
tective efficacy between the various constructs. Additional exper-
iments are warranted in CDI models in mice and hamsters using
clinically relevant C. difficile strains as well as strains expressing
binary toxin. This mouse model has yet to be correlated with CDI
treatment and protection by antibody production.

Toll-like receptors (TLRs) detect microbial infection and play
an essential role in linking innate and adaptive immunity (20). It
has been reported that purified flagellin protein has adjuvant ac-
tivity capable of inducing or boosting adaptive immune responses
by specifically binding to TLR5 (18). Here we demonstrate that a
recombinant fusion protein incorporating both antigens of inter-
est and flagellin might have distinct advantages. Such a strategy
would target the antigen to the APCs, couple stimulation of APC
maturation with antigen uptake, and enhance processing and ul-
timately presentation. Various other studies have used S. Typhi-
murium flagellin as an adjuvant (18, 35).

Here we also demonstrate the important role of mucosal adju-
vants such as LT(r192g), which works well as an adjuvant when
combined with constructs expressing fusion FliC NC. LT(r192g)
is a potent mucosal adjuvant that has been rendered nontoxic by
mutating a proteolytic site and that has been shown to be associ-
ated with only mild self-limited diarrhea in adult volunteers re-
ceiving an oral inactivated Helicobacter pylori vaccine (36). This
nontoxic derivative is different from LTK63, a synthetic LT mol-
ecule which lacks ADP-ribosylating activity but which was associ-
ated with Bell’s palsy in a phase I trial of nasal subunit vaccines
against tuberculosis (37). Additional experiments with a double
mutant such as LT(r192g/l211a) may provide a safer alternative
with an even greater reduction in enterotoxicity (38). In addition
to alum, other mucosal adjuvants need to be studied in the context
of a mucosal vaccine.

In conclusion, we have demonstrated that a recombinant pro-
tein-based vaccine targeting the RBDs of the C. difficile toxins
adjuvanted with S. Typhimurium flagellin can induce rapid, high-
level protection against both toxins and bacterial challenge using
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the homologous strain. That this vaccine strategy was able to in-
duce complete protection in a mouse challenge model warrants
further study in the hamster model of CDI using clinically relevant
C. difficile strains such as BI/NAP1 strains expressing the binary
toxin. In the past few years the emergence of a “new” hyperviru-
lent strain has led to more-severe complications and an associated
increase in mortality. The target population is also broadening to
include a younger, community-based population. These chal-
lenges are even greater in the at-risk elderly population, who are
unable to mount adequate protective immune responses to infec-
tion, or in patients with fulminant or refractory CDI. Therefore,
there is a great need for a safe and immunogenic vaccine against C.
difficile which can potentially stop the spread of the CDAD epi-
demic.
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