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ABSTRACT Bacterial flagella are involved in infection through their roles in host cell
adhesion, cell invasion, auto-agglutination, colonization, the formation of biofilms, and
the regulation and secretion of nonflagellar bacterial proteins that are involved in the
virulence process. In this study, we constructed a fusion protein vaccine (FliCD) con-
taining the Clostridioides difficile flagellar proteins FliC and FliD. The immunization of
mice with FliCD induced potent IgG and IgA antibody responses against FliCD, pro-
tected mice against C. difficile infection (CDI), and decreased the C. difficile spore and
toxin levels in the feces after infection. Additionally, the anti-FliCD serum inhibited the
binding of C. difficile vegetative cells to HCT8 cells. These results suggest that FliCD
may represent an effective vaccine candidate against CDI.

KEYWORDS Clostridioides difficile infection (CDI), chimeric protein vaccine, FliCD,
hyperimmune serum

C lostridioides difficile (C. difficile) is an anaerobic, spore-forming, Gram-positive bac-
terium, and it is the leading cause of antibiotic-associated diarrhea and colitis (1,

2). C. difficile produces three protein toxins, including toxin A (TcdA), toxin B (TcdB),
and binary toxin (CDT). The first two are the major virulence factors of C. difficile that
cause C. difficile infection (CDI) symptoms (3, 4). CDI is spread by bacterial spores that
are found in the feces, and infections occur in all areas of the world (5, 6). In the United
States, there is an occurrence of 8.3 cases per 10,000 patient days, suggesting that CDI
is associated with a large burden on the health care system (7). Currently, few antibiot-
ics are available for the treatment of CDI, and none of them are fully effective (8).
Antibiotic treatment is often followed by recurrent infection, which leads to the use of
nontraditional therapies (9, 10).

The flagella of most pathogens increase the occurrence of interactions between the
pathogen and the epithelial mucosal surface by facilitating bacteria to chemotaxis to-
ward specific signals. Moreover, bacterial flagella are involved in infection through
their roles in host cell adhesion, cell invasion, auto-agglutination, colonization, the for-
mation of biofilms, and the regulation and secretion of nonflagellar bacterial proteins
that are involved in the virulence process (11). C. difficile flagellin FliC is the major struc-
tural component of the flagellar filament, and the assembly of a flagellum requires
other proteins, which are called hook-associated proteins (HAP1, HAP2, and HAP3). The
fliD gene encodes the structural component HAP2 of the flagellar cap at the distal end
of the filament (12–14). Both the FliC and FliD proteins are implicated in the attach-
ment of C. difficile to the mucus layer of the intestine (15). Researchers also found that
flagellated, motile C. difficile adheres more efficiently to the epithelium cell wall of
axenic mice than do nonflagellated strains of the same serogroup (16). Interestingly, a
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different study showed that both fliC and fliD mutant strains adhered better than did
the wild-type 630Derm strain to human intestine-derived Caco-2 cells, and they were
also more virulent in hamsters (17). These conflicting reports suggest a complex role
for flagella in CDI.

Previously, FliC immunization provided partial protection against CDI in mice and
hamsters (18). In this study, we constructed a fusion protein vaccine (FliCD) containing
FliC and FliD and evaluated its immunogenicity and protection in a mouse model of CDI.

RESULTS
Homology of FliC and FliD in major toxinotypes and ribotypes of C. difficile

strains. Bacterial flagellin is highly variable across species. An optional vaccine candidate
should be conserved. We investigated the homology of FliC and FliD proteins in major
toxionotypes, including A2B1CDT1, A1B1CDT2, A2B1CDT2, and A2B2CDT2, as well as
major ribotypes, including the RT027, RT078, RT017, RT012, RT003, and RT009 C. difficile
strains (Table 1). Maximum likelihood phylogenetic trees were generated using the FliC
(Fig. 1A) and FliD (Fig. 1B) amino acid sequences. Both the RT027 FliC and FliD sequences
cluster together, as do the RT017 FliC and FliD sequences. As shown more explicitly in
the MUSCLE alignments of FliC (Fig. 2A) and FliD (Fig. 2B), there are no sequence varia-
tions within either ribotype group. This is in line with a previous study that observed no
sequence differences between FliC and FliD sequences in RT027 and RT176 isolates (19).
There does not appear to be a strong correlation between toxinotype and either FliC or
FliD sequence relatedness among the strains that we selected.

To better illustrate the sequence diversity, FliC (Fig. 2A) and FliD (Fig. 2B) sequences

TABLE 1 C. difficile strains used for the homology analysis of FliC and FliD

Toxinotype Strain Ribotype Database Accession no./barcode Reference
A1B1CDT1 R20291 RT027 GenBank FN545816.1 30

CD196 RT027 GenBank FN538970.1 31
M120 RT078 GenBank FN665653.1 32

A1B1CDT2 VPI 10463 RT003 Enterobase CLO_AA6882AA 33
CD630 RT012 GenBank AM180355.1 34

A2B1CDT2 M68 RT017 GenBank NC_017175.1 35
DSM 29627 RT017 GenBank CP016102.1 36
Xy06 RT017 GenBank NZ_JANFNF000000000.1 GenBank
1470 RT017 GenBank NZ_OEZL00000000.1 38
8864 RT59 GenBank NZ_OEZE00000000.1 39
SUC36 RT078 GenBank NZ_OEZZ00000000.1 40
ES130 SLO101 GenBank NZ_OEZV00000000.1 40
WA151 SKO098 GenBank NZ_OEZY00000000.1 40
173070 RT015 GenBank NZ_OEZH00000000.1 40

A2B2CDT2 CD37 RT09 GenBank NZ_AHJJ00000000.1 41
CCUG37785 ND GenBank NZ_JAGKRT000000000.1 42

FIG 1 FliC and FliD phylogeny. The amino acid sequences of FliC (A) and FliD (B) were aligned with the
MUSCLE algorithm in MegaX before the computation of a maximum likelihood tree with 500 bootstrap
replicates (bootstrap values .50 displayed). Scale bars indicate 0.020 and 0.010 substitutions per site
for FliC and FliD, respectively.
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were aligned using MUSCLE and visualized in Jalview software. Most sequence variations
in FliC were observed between the amino acid positions 108 and 245 (using R20291 FliC
as a reference), which is in concordance with the results of a previous study that
reported the N terminus and C terminus of FliC to be more conserved than the center
region (20). Three strains, namely, R20291, CD196, and 173070, encode FliC proteins with
an additional 29 amino acid residues on their N termini. These residues were absent in
all of the other strains that were examined. The R20291 and CD196 sequences are identi-
cal on account of both strains being ribotype RT027, but these sequences are also quite
similar to the 173070 N terminus sequence (86% identical), despite strain 173070 being
classified as a singleton in the phylogenetic tree (Fig. 1A).

In FliD, a flagellar cap protein (21), sequence variations are distributed more widely
throughout the sequence (Fig. 2B). Flagellar caps assume a structural role by prevent-
ing the loss of flagellin monomers while also facilitating the excretion of various pro-
teins (22, 23). The exposure of FliD to the external environment, such as to immune
cells, may provide selective pressure for mutations throughout the protein that facilitate

FIG 2 FliC and FliD homology. Jalview software was used to visualize the MUSCLE alignments of the FliC (A) and FliD (B) sequences. Conservation scores between 0
(no agreement) and 11 (identical amino acids) were reported for each amino acid position, as determined through Jalview (see Materials and Methods).
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immune evasion. In strain VPI 10463, the fliD gene was unique among the strains exam-
ined, which accounts for the observation that the amino acid residues 286 to 295 of VPI
10463 FliD do not align with any of the other sequences that were examined. Upon view-
ing the annotated genome of VPI 10463, the fliD gene was found to be split roughly in
half between two adjacent open-reading frames (ORFs). The end of the amino acid
sequence that is encoded by the first ORF is highlighted in red in Fig. 2B, whereas the be-
ginning of the second translated ORF is highlighted in green. These two ORFs are not on
the same reading frame, but they do overlap at the highlighted regions. The fragmenta-
tion of the VPI 10463 fliD gene could potentially compromise the flagellin structure of
this strain. Overall, FliC and FliD are rather conserved among the selected C. difficile
strains, which is also in concordance with the results of previous studies (16, 20).

The immunization of mice with FliCD induces significant anti-FliCD responses
in mice. Gene sequences encoding full-length FliC and FliD from C. difficile R20291
were bridged with a linker (ggt ggc tct ggt), synthesized, and cloned into pHis1525 in
Bacillus megaterium (24).

Recombinant FliCD with a 6�His tag (97 kDa) was purified via Ni-NTA affinity chro-
matography to a purity of.95% (Fig. 3A).

The immunizations of mice with 10 or 20 mg FliCD with alum as an adjuvant via the
intraperitoneal (i.p.) route induced high levels of IgG and IgA antibody responses
against FliCD in sera (Fig. 3B and C) and in feces (Fig. 3D and E). However, no significant
increases of anti-FliCD antibodies were observed between the third and fourth immu-
nizations. Also, the titers were not significantly higher in the sera or feces of mice
immunized with 20 mg FliCD, compared to 10 mg FliCD, after the third and fourth
immunizations. To determine the natures of the anti-FliCD immune responses, we
determined an anti-FliCD IgG isotype (Fig. 4). Immunizations with FliCD induced signifi-
cantly high levels of IgG1, IgG2C, IgG2b, and IgG2a anti-FliCD isotypes, indicating bal-
anced Th2 (IgG1) and Th1 (IgG2a, IgG2b, IgG2C) immune responses.

Immunization with FliCD protects mice against C. difficile infections and
decreases the spore and toxin levels in their feces. The protection efficacy of FliCD
immunization was further evaluated in a mouse model of CDI. 3 groups of mice (n = 10)
were immunized thrice via the i.p. route with 10 mg/20 mg of FliCD or PBS with alum at

FIG 3 (A) Expression and purification of protein FliCD. The gene sequence encoding FliCD was synthesized and cloned in Bacillus
megatarium. FliCD was purified from bacterial lysate via Ni-affinity chromatography and analyzed via SDS-PAGE. (B–E) FliCD immunizations
via the intraperitoneal (i.p.) route induce anti-FliCD antibody responses. Groups of C57BL/6 mice (n = 10) were immunized 4 times at 12-day
intervals with 10 or 20 mg of FliCD with alum as an adjuvant. Sera and feces were collected, and anti-FliCD IgG/IgA titers were measured
via standard ELISA. The data are presented as the mean 6 SEM (*, P , 0.05; **, P , 0.01; ns, not significant).
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12-day intervals. After the third immunization, the mice were challenged with 106 spores
of C. difficile R20291, which is a hypervirulent strain of ribotype 027. The control (PBS-
immunized) mice exhibited significant disease symptoms, including weight loss (Fig. 5B)
and severe diarrhea (Fig. 3C and D). Approximately 60% of the mice succumbed by day 4
(Fig. 5A). In contrast, the FliCD-immunized mice developed much less severe disease
symptoms, including less weight loss (Fig. 3B) and lower diarrhea rates (Fig. 5C and D) as
well as a significantly higher survival rate (80% for the 10 mg FliCD-immunized mice and
90% for the 20 mg FliCD-immunized mice) (Fig. 5A). The FliCD-immunized mice excreted
significantly smaller amounts of TcdA (Fig. 6A) and TcdB (Fig. 6B) in their feces, compared
to the PBS group. The fecal samples of the FliCD-immunized mice contained significantly
fewer R20291 spores, compared to the control group (Fig. 6C).

FIG 5 Immunizations of mice with FliCD provide mice with significant protection against infection by
C. difficile strain R20291. Mice were challenged with C. difficile R20291 spores (106/mouse) 14 days
after the third immunization of the groups of mice (n = 10) with FliCD at 10 or 20 mg/mouse/
immunization or with PBS in the presence of alum. (A) Kaplan-Meier survival plots (P = 0.02 between
the R20291/PBS and R20291/FliCD 20 mg groups; P = 0.0628 between the R20291/PBS and R20291/
FliCD 10 mg groups). (B) Mean relative weight of all surviving mice (up to the day of death). The data
are presented as the mean 6 SEM (*, P , 0.05). (C and D) Frequency of diarrhea.

FIG 4 Anti-FliCD IgG isotypes of sera from mice immunized with FliCD. Mice were immunized with
FliCD three times, and serum samples were collected. The anti-FliCD IgG isotypes of the pooled serum
samples from the third immunization were measured via standard ELISA. The data are presented as the
mean 6 SEM (n = triplicate) (*, P , 0.05; **, P , 0.01; ns, not significant).
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Anti-FliCD serum protects mice against C. difficile infection and decreases the
spore and toxin levels in their feces. To elucidate how FliCD-immunized mice gain re-
sistance to CDI, we tested whether the hyperimmune serum (anti-FliCD serum) pro-
vides protection against infection. Anti-FliCD serum (IgG titer of 107) was collected
from mice that were immunized 4 times with 10 mg FliCD. 3 groups of mice (n = 10)
were i.p. administered 400 mL of anti-FliCD serum, preimmune serum, or PBS 4 h
before infection with C. difficile R20291 spores (106) in the mouse model of infection.
The majority of the PBS and preimmune serum groups developed diarrhea (90% in the
PBS group and 80% in the preimmune serum group) (Fig. 7C and D) and significant
weight loss (Fig. 7B), with survival rates of 20% and 40% being observed in the PBS
group and the preimmune serum group, respectively (Fig. 7A), whereas the mice that
were administered 400mL of hyperimmune serum developed much less severe disease
symptoms, including less weight loss (Fig. 7B) and a lower diarrhea rate (50%) (Fig. 7C)
as well as a significantly higher survival rate (80%) (Fig. 7A).

The mice that were administered the anti-FliCD serum excreted significantly smaller
amounts of TcdA (Fig. 8A) and TcdB (Fig. 8B) in the feces that were collected on days 1
to 7 postinfection, compared to those of the PBS and the preimmune sera groups. The
fecal samples that were collected from the mice that were administered the anti-FliCD
serum contained significantly fewer R20291 spores, compared to the PBS and the pre-
immune serum groups (Fig. 8C). High levels of anti-FliCD antibodies were also detected
in the sera and the feces that were collected from the mice that were administered the
anti-FliCD serum (Fig. 9). The third and fifth mice in this group, whose weight loss val-
ues were 20%, were among those with the lowest anti-FliCD titers in the sera and
feces, affirming the protection of the anti-FliCD antibodies against CDI in the mice.

Anti-FliCD serum inhibits the binding of C. difficile to HCT8 cells.When the anti-
FliCD serum was diluted 1 to 50 or 1 to 100 in the cell medium, the adherence rate of
the C. difficile R20291 vegetative cells to the HCT8 cells significantly decreased, com-
pared with that of HCT8 cells treated with preserum (5.0 6 0.7% or 7.5 6 0.9% versus
13.6 6 0.7%). When the serum was diluted 1 to 500, the adherence rate decreased to
10.9 6 0.6%, but this decrease is not statistically significant (Fig. 10).

DISCUSSION

Both FliC and FliD may play an important role in the cell adherence, colonization,
invasion and pathogenicity of C. difficile (15). In this study, we found that both FliCD
immunizations and hyperimmune anti-FliCD serum protected mice against C. difficile
infections in a mouse model (Fig. 5 and Fig. 7) and decreased the C. difficile spore and
toxin levels observed in the feces of mice that were challenged with C. difficile spores.
These results indicate that anti-FliCD antibodies from active or passive immunizations
may either decrease C. difficile toxin production and sporulation on a per cell basis or
reduce C. difficile colonization. Our further analyses support the later scenario. In vitro,

FIG 6 Immunizations of mice with FliCD decrease the C. difficile spores and toxins in feces after a challenge with C. difficile spores.
The TcdA (A) or TcdB (B) levels in feces were determined via ELISA. (C) R20291 spore concentrations in feces. The data are presented
as the mean 6 SEM (n = 10) (*, P , 0.05; **, P , 0.01 versus PBS).
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we found that anti-FliCD serum inhibited the adherence of C. difficile R20291 vegeta-
tive cells to HCT8 cells (Fig. 10). This was also supported by our in vivo experiment. We
found that the anti-FliCD titers in the sera and feces that were collected from the C. dif-
ficile-induced moribund mice were among the mice with lower titers (Fig. 9). However,
further experiments are needed to determine whether FliCD antibodies can affect C.
difficile toxin production and sporulation.

Interestingly, another study showed that both the fliC and fliD mutant strains of
CD630Derm lost flagella but adhered to human intestine-derived Caco-2 cells better than did
the wild-type strain, and they were also more virulent in hamsters (17), which might be par-
tially caused by the relatively increased toxin production in the mutant strains. Their data also
suggest that neither FliC nor FliD is required for the cecal colonization of hamsters. More
work is clearly needed to further understand the phenotypic differences between a complete
loss of flagella by gene silence and the direct binding of flagella proteins by antibodies.

FIG 8 Anti-FliCD titers in sera and feces from mice administered with anti-FliCD hyperimmune serum and challenged with R20291 spores. (A) Sera and (B)
feces were collected on day 4 postinfection, and the anti-FliCD IgG titers were measured via standard ELISA. The data are presented as the mean 6 SEM
(n = triplicate). (*, the sera and feces of the moribund mice were collected before the mice were euthanized).

FIG 7 Anti-FliCD hyperimmune serum provides mice with significant protection against infection by
C. difficile strain R20291. Three groups of mice (n = 10) were i.p. administered 400 mL of anti-FliCD
sera (IgG titer of 107), preimmune sera, or PBS 4 h before infection with C. difficile R20291 (107
spores) in the mouse model of infection. (A) Kaplan-Meier survival plots (P = 0.0079 between groups
R20291/PBS and R20291/anti-FliCD; P = 0.078 between groups R20291/PBS and R20291/preimmune
serum). (B) Mean relative weight of all surviving mice (up to the day of death). The data are
presented as the mean 6 SEM. (C and D) Frequency of diarrhea (*, P , 0.05).

Protein Vaccine Protects Mice against C. difficile Infection Infection and Immunity

April 2023 Volume 91 Issue 4 10.1128/iai.00169-22 7

https://journals.asm.org/journal/iai
https://doi.org/10.1128/iai.00169-22


In addition, it has been reported that C. difficile FliC can activate TLR5 in vitro (25–
27), indicating that it may stimulate the TLR5 pathway in vivo and thereby provide the
mice with additional protection by directly or indirectly affecting C. difficile colonization
and toxin production, as has been demonstrated by another study, which showed that
the activation of TLR5 pathway by Salmonella enterica serovar Typhimurium flagellin is
critical in protecting mice against CDI (28). Finally, it is reported that flagella produc-
tion is phase variable in C. difficile (29). Antibodies generated against flagellar compo-
nents presumably may not affect this flagella-off subpopulation.

In summary, we constructed a fusion protein vaccine, namely, FliCD, and showed its
potent efficacy as a new vaccine candidate in the mouse model of CDI. Our data
showed that not only did FliCD fusion protein represent an effective vaccine candidate
but also anti-FliCD serum may represent an alternative therapy against CDI.

MATERIALS ANDMETHODS
Homology analysis of FliC and FliD. C. difficile strains (Table 1) were chosen for analysis based on

the results of previous studies (30–42). The genomes of each strain were accessed through GenBank
(National Center for Biotechnology Information) or the Enterobase Clostridioides database (43). The
amino acid sequences for FliC and FliD were mined from each genome before the performance of
MUSCLE alignments in MegaX software (44) using the default parameters. Maximum likelihood phyloge-
netic trees were constructed in MegaX with 500 bootstrap replicates. The cluster patterns of the phylo-
genetic trees were used to order the sequences of FliC or FliD for a second MUSCLE alignment on the
MPI Bioinformatics Toolkit server (45, 46), as this application produces an output file that is suitable for

FIG 9 Anti-FliCD titers in the sera and feces from mice receiving anti-FliCD hyperimmune serum and being challenged
with R20291 spores. (A) Sera and (B) feces were collected on day 4 postinfection, and the anti-FliCD IgG titers were
measured via standard ELISA.The data are presented as the mean 6 SEM (n = triplicate). (*, the sera and feces of the
moribund mice were collected before the mice were euthanized).

FIG 10 Anti-FliCD serum inhibits the adhesion of C. difficile to HCT8 cells. C. difficile R20291 vegetative
cells (1.5 � 106) in 100 mL BHI were preincubated with anti-FliCD hyperimmune serum (IgG titer 107) at
different serum dilutions (1/50, 1/100, 1/500 and 1/1,000) or with PBS/preimmune serum (1/50) for
30 min before being added to confluent HCT-8 cells (1 � 105/well) in a 24-well plate in an anaerobic
chamber. The plate was incubated at 37°C for 100 min. After incubation, the cell-R20291 mixture was
washed three times with PBS via centrifugation to collect unbound R20291 cells. The percentage of
R20291 adhesion was calculated using the following formula: (initial CFU/mL 2 unbound CFU/mL)/
initial CFU/mL. The experiments were independently repeated thrice. The data are presented as the
mean 6 SEM. (*, P , 0.05, versus treatment with preimmune serum).
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visualization using Jalview (47). Jalview calculates conservation scores for MUSCLE alignments according
to a previously defined algorithm (48) that assesses both the amino acid identity as well as the physico-
chemical properties of the amino acids at a given position to produce a score between 0 (no similarities)
and 11 (identical amino acids).

Animals. The animal studies followed the Guide for the Care and Use of Laboratory Animals of the
National Institutes of Health and were approved by the Institute Animal Care and Use Committee (IACUC)
at the University of South Florida. Wild-type C57BL/6 mice were purchased from Charles River Laboratories.

Expression and purification of the recombinant fusion protein FliCD. Gene sequences encoding
FliC and FliD from C. difficile R20291 (49) were bridged with a linker (ggt ggc tct ggt) sequence, synthe-
sized by Geneart (Germany), and cloned between the BsrGI and EagI restriction sites of pHis1525 (24).
FliCD was expressed in B. megaterium and purified as described previously (50).

Preparation of C. difficile spores. The sporulation of the C. difficile R20291 strain was induced in
Clospore medium as described previously (51). Briefly, an overnight 20 mL C. difficile culture in Columbia
Broth was inoculated into 500 mL of Clospore medium and incubated for 1 to 2 weeks at 37°C in an an-
aerobic incubator. The spore suspension was centrifuged at 10,000 � g for 20 min, and the pellet was
washed 5 times with sterile water and suspended in 10 mL of sterile ddH2O. The spore suspension was
layered onto the top of 10 mL of 50% (wt/vol) sucrose in water in a 15 mL tube. The gradient was centri-
fuged at 3,200 � g for 20 min, after which the spore pellet at the bottom was washed five times with
ddH2O to remove the sucrose and was resuspended in sterile ddH2O. The spore preparations were
.99% pure (52), and the spore concentration was determined via serial dilution on TCCA or BHI plates.

Immunization and mouse model of CDI. Female C57BL/6 mice were housed under the same condi-
tions at a seminatural light cycle of 14 h:10 h (light:dark) in a specific pathogen-free (SPF) environment. 3
groups of mice (n = 10) were immunized via the i.p. route with 10 mg or 20 mg FliCD or PBS with alum as
an adjuvant 3 times at 12-day intervals. Sera were collected, and anti-FliCD IgG titers were determined via
ELISA. 7 days after the final immunization, the mice were given drinking water containing a mixture of 5
antibiotics, including kanamycin (40 mg/kg), gentamicin (3.5 mg/kg), colistin (4.2 mg/kg), metronidazole
(21.5 mg/kg), and vancomycin (4.5 mg/kg) for 4 days, and they then received autoclaved water for 2 days,
and this was followed by the i.p injection of a dose of clindamycin (10 mg/kg) before a challenge with 106

C. difficile R20291 spores/mouse via oral gavage as described previously (53). After infection, the mice were
monitored daily for a week for survival, weight changes, diarrhea, and other symptoms of the disease.
Diarrhea was defined as wet tails and loose or watery feces. The death count included the number of mice
that died after infection and the number of mice that were euthanized when their weight loss was.20%.

Evaluation of anti-FliCD serum in the protection of mice against CDI. Mice (n = 10) were immu-
nized 4 times at 12-day intervals via the i.p. route with 10 mg of FliCD in PBS with alum as an adjuvant. 14
days after the fourth immunization, serum was collected and defined as hyperimmune anti-FliCD serum
(IgG titer of 107). The mouse model of C. difficile infection was established as described above, except that
the mice were challenged with 107 C. difficile R20291 spores. 4 hours prior to infection with spores, 400 mL
of hyperimmune serum, preimmune serum, or PBS were administered (i.p.) to each mouse in 3 groups,
respectively.

ELISA for anti-FliCD IgG. ELISA was performed as previously described (50). Briefly, Costar 96-well
ELISA plates were coated with 100 mL/well of FliCD (0.5 mg/mL) at 4°C overnight. Following the washing
of the unbound material, the plates were blocked with 300 mL of blocking buffer (PBS 1 5% dry milk) at
room temperature for 2 h. After washing, 100 mL of 10-fold diluted sera or fecal samples were added
into each well of the plates and were incubated for 1.5 h at room temperature. Following washing with
PBS, 100 mL of mouse IgG-HRP (1:3,000) were added to each well and incubated for 30 min to 1 h. After
a washing step with PBS, substrate TMB was added to allow for color development at room temperature
for 5 to 30 min. The reaction was stopped via the addition of H2SO4 to each well, and the OD values at
450 nm were recorded using a spectrophotometer. The anti-toxin or anti-FliCD IgG titer of a given sam-
ple (a serum or fecal sample from an immunized mouse) is defined as the dilution factor at which the
OD450nm is greater than or equal to twice that of the serum or fecal samples that were collected from
mice before immunization.

Quantification of C. difficile spores in mouse feces. Fecal samples were collected on days 0, 1, 3, 5,
and 7 postinfection. 50 mg of feces were dissolved in 500mL of sterile water for 16 h at 4°C, and they were
then treated with 500mL of absolute ethanol (Sigma-Aldrich) for 1 h at room temperature to kill vegetative
cells. The samples were vortexed, serially diluted, and plated onto selective medium supplemented with
taurocholate (0.1% wt/vol), cefoxitin (8 mg/mL), and D-cycloserine (250mg/mL). The plates were incubated
anaerobically at 37°C for 48 h. The colonies were counted. The data are expressed as CFU/gram of feces.

Quantitation of C. difficile toxins in mouse feces. After a challenge with C. difficile spores, feces
were collected and dissolved in PBS (0.1 g/mL) containing a protease inhibitor cocktail. Supernatants
were collected after centrifugation and were used for the determination of the TcdA/TcdB concentra-
tions via ELISA. Briefly, 96-well Costar microplates were coated with 100 mL of the anti-TcdA antibody
(1 mg/mL) and the anti-TcdB antibody (1 mg/mL) overnight in phosphate-buffered saline (PBS) at 4°C.
The next day, each well was blocked with 300 mL of blocking buffer (PBS 1 5% dry milk) at RT for 2 h.
Next, standards and samples were added to each well (100 mL) in duplicate and incubated for 90 min at
25°C. After another set of washings, HRP-chicken anti-C. difficile TcdA/TcdB (1:5,000 dilution in PBS,
Gallus Immunotech, Shirley, MA) was added to the wells for 30 min at RT. A final set of 3-washing pre-
ceded the addition of the TMB microwell peroxidase substrate for 20 min at RT in the dark. The reaction
was stopped with 2 M H2SO4, and the absorbance was measured using a plate reader at 450 nm.

Adhesion inhibition assays. The adherence of C. difficile R20291 vegetative cells to human gut epi-
thelial cells was assessed as described previously (54). Briefly, HCT-8 cells were grown to 95% confluence

Protein Vaccine Protects Mice against C. difficile Infection Infection and Immunity

April 2023 Volume 91 Issue 4 10.1128/iai.00169-22 9

https://journals.asm.org/journal/iai
https://doi.org/10.1128/iai.00169-22


(1 � 105/well) in a 24-well plate and were then moved into an anaerobic chamber. This was followed by
infection with 1.5 � 106 log phase R20291 vegetative cells at a multiplicity of infection (MOI) of 15:1. The
plate was incubated at 37°C for 100 min in an anaerobic chamber. R20291 vegetative cells in 100 mL of
BHI medium were preincubated with hyperimmune serum (IgG titer of 107) at different serum dilutions
(1/50, 1/100, 1/500 and 1/1,000) for 30 min before being added to the cells. After incubation, the cell-C.
difficile mixture was washed three times with 1�PBS via centrifugation at 800 � g for 1 min to remove
any unbound R20291. The supernatants were collected after the centrifugation of each wash step to
enumerate any R20291 that did not adhere to the cells. The R20291 colonies in the supernatant were
enumerated on prereduced BHI agar. As a control, the R20291 strain was incubated with either PBS or
preimmune sera (1/50), and adhesion assays were performed in triplicate. The percentage of R20291 ad-
hesion was estimated using the following formula: (initial CFU/mL – eluted CFU/mL) / initial CFU/mL.

Statistical analysis. Survival curves were analyzed via Kaplan-Meier with a log-rank test of signifi-
cance. The data for comparisons between two groups were analyzed using Student’s unpaired t tests for
statistical significance. The data for comparisons between more than two groups were analyzed using a
one-way analysis of variance (ANOVA) with a post hoc analysis via Bonferroni tests. The data are expressed
as the mean6 the standard error of the mean (SEM). Differences were considered to be statistically signifi-
cant if P, 0.05 (*). All statistical analyses were performed using the GraphPad Prism software package.

Data availability. The accession numbers for sequences used in Table 1 are listed as follows:
CLO_AA6882AA, NZ_OEZL00000000.1, NZ_OEZE00000000.1, NZ_OEZZ00000000.1, NZ_OEZV00000000.1,
NZ_OEZY00000000.1, NZ_OEZH00000000.1, NZ_AHJJ00000000.1, NZ_JAGKRT000000000.1, NZ_JANFNF
000000000.1.
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