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ABSTRACT Clostridium difficile infection (CDI) is a leading cause of nosocomial and
antibiotic-associated diarrhea. A vaccine, based on formalin-inactivated toxins A and
B purified from anaerobic cultures of C. difficile strain VPI 10463 (toxinotype 0), has
been in development for the prevention of symptomatic CDI. We evaluated the breadth
of protection conferred by this C. difficile toxoid vaccine in cross-neutralization assess-
ments using sera from vaccinated hamsters against a collection of 165 clinical isolates.
Hamster antisera raised against the C. difficile toxoid vaccine neutralized the cyto-
toxic activity of culture supernatants from several toxinotype 0 strains and heterolo-
gous strains from 10 different toxinotypes. Further assessments performed with puri-
fied toxins confirmed that vaccine-elicited antibodies can neutralize both A and B
toxins from a variety of toxinotypes. In the hamster challenge model, the vaccine
conferred significant cross-protection against disease symptoms and death caused
by heterologous C. difficile strains from the most common phylogenetic clades, in-
cluding the most prevalent toxinotypes.

KEYWORDS Clostridium difficile, Clostridium difficile toxoid vaccine, protection,
toxin-variant strains, efficacy

Clostridium difficile, a Gram-positive, spore-forming anaerobic bacterial pathogen, is
a leading cause of nosocomial and antibiotic-associated diarrheal disease world-

wide (1). The pathogen is responsible for 10% to 25% of antibiotic-associated diarrhea
and for almost all cases of pseudomembranous colitis (2). A vaccine that protects
against C. difficile infection (CDI) is needed given its increasing incidence, the substan-
tial health care burden, and the limited treatment options (3, 4). CDI pathogenicity is
mainly mediated by two exotoxins termed TcdA and TcdB (toxins A and B, respectively)
(5–7), which makes them suitable targets for vaccine development; both toxins are
monoglycosyl transferases, capable of causing cytoskeleton disorganization, via inac-
tivation of Rho family GTPases. These toxins are responsible for the loss of epithelial
barrier function, leading to increased intestinal permeability and fluid accumulation
followed by the onset of diarrhea, a key characteristic feature of CDI (5–7).

TcdA and TcdB are encoded by a 19.6-kb chromosomal region termed the patho-
genicity locus (PaLoc). C. difficile strain variants are commonly grouped by toxinotype,
according to variations in the organization and sequence of their PaLoc compared to
the reference strain, VPI 10463, in which the toxin genes were first sequenced and were
designated toxinotype 0 (8, 9). A total of 34 different toxinotypes have been identified
so far (9). The vast majority of pathogenic C. difficile strains express both TcdA and TcdB
(8, 9) and are denoted phenotype A�B�. However, as a result of variations in the
PaLoc, some prevalent pathogenic strains produce only TcdB (phenotype A�B�). In
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addition to expressing TcdA and TcdB, some epidemic strains produce a third toxin, C.
difficile binary toxin (CDT) (10), and are denoted A�B�CDT�.

Molecular epidemiology studies conducted across several countries (North America
and Europe [11–16], Latin America [17], and Asia [18]) over the last decade have
identified seven prevalent toxinotypes (toxinotypes 0, III, IV, V, VIII, IX, and XII).
Fluoroquinolone-resistant strains belonging to toxinotype III (A�B�CDT� strains), also
known as PCR ribotype (RT) 027 strains, have been identified as hypervirulent epidemic
strains responsible for CDI outbreaks with high mortality (19). Toxinotype V/RT 078
(A�B�CDT�) strains are also hypervirulent strains associated with severe disease (20,
21). Toxinotype IV/RT 023 (A�B�CDT�) strains have emerged recently in various
countries (20), and toxinotype VIII/RT 017 (A–B�CDT–) strains are highly prevalent in
the Asia-Pacific region (18).

A C. difficile toxoid vaccine, based on formalin-inactivated toxins A and B purified
from anaerobic cultures of C. difficile reference strain VPI 10463 (toxinotype 0), was
shown to induce a robust dose-dependent anti-toxin A and B IgG response leading to
protection in preclinical CDI models (22), with serum toxin-specific neutralizing anti-
body (Ab) titers correlating with protection (23). Phase I and II studies (24–26) have
shown that the candidate vaccine has an acceptable safety profile and is immunogenic,
with a robust immune response to both toxins observed in vaccinated healthy adults
aged 18 to 55 years or �65 years, as well as in “at-risk” adults and elderly. The vaccine
has recently undergone phase III assessment (ClinicalTrials registration no. NCT01887912).

In light of the evolving molecular epidemiology of CDI, it is important to evaluate
the breadth of protection conferred by the candidate vaccine. With this aim, we
assembled a collection of 165 clinical isolates and prototype strains of 11 different
toxinotypes that are broadly representative of recent prevalent circulating strains in
Europe, North America, Latin America, and the Asia-Pacific region. To ensure the
representativeness of the collection, some of the isolates within each prevalent toxi-
notype group were further characterized by sequencing of both toxin genes and
compared to the toxinotype 0 vaccine strain. We investigated whether polyclonal
antibodies elicited by the vaccine could neutralize toxins secreted in culture by the
whole collection of heterologous C. difficile isolates, and we purified toxin A or toxin B
from the most prevalent toxinotypes. We also investigated whether the vaccine con-
ferred cross-protection in the hamster model against lethal challenge with prototype
variant strains from the most common phylogenetic clades, including the most prev-
alent toxinotypes (0, III, IV, V, and VIII).

(All or part of the information was presented at the 5th International Clostridium
difficile Symposium, Bled, Slovenia, May 2015; at Nosocomial Infection Days, 7th edition,
Lyon, France, December 2015; and at Vaccinology Symposium, Lyon, France, March
2017.)

RESULTS
C. difficile strains assessed. The large collection of 165 C. difficile strains assessed,

including 153 recent clinical isolates, was selected to be representative of the current
molecular epidemiology worldwide (see the supplemental material). The geographical
origins and molecular profiles of the isolates, including the toxinotypes, toxin produc-
tion phenotypes, and ribotypes, are summarized in Table 1. Eleven different toxino-
types were represented, including the most prevalent toxinotypes from the most
common phylogenetic clades, i.e., clades 0, III, IV, V, and VIII. More than 23 different RTs
were represented. Interestingly, the toxinotype of two isolates collected in the Asia-
Pacific region, RT 046 and RT 369, has yet to be defined. Twelve prototype strains across
four toxinotypes were also included.

Genome sequencing and phylogenetic analysis. Whole-genome sequencing,
which included genes encoding toxins A and B, was established for 49 of the C. difficile
clinical isolates, representing eight different toxinotypes (Table 1). Repeats in the toxin
A receptor-binding domain caused breaks in the de novo assembly and thus prevented
full sequence determinations for the toxin A gene of 10 of these isolates. Pairwise
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sequence comparison at the amino acid level among strains within the same toxino-
type revealed a high degree of sequence conservation (�98% sequence identity
among strains of toxinotypes 0, III, and IV). Similar results were observed for toxin B,
with �99% amino acid sequence identity among strains within toxinotypes 0, III, IV, and
VIII. Phylogenetic analysis showed that the protein sequences for toxins A and B
clustered with already-published sequences in a toxinotype-specific manner, indicating
that the isolates analyzed harbored representative toxin A and B sequences of the
known toxinotypes (data not shown). Amino acid sequence comparisons between
strains of different toxinotypes and the reference toxinotype 0 strain, VPI 10463,
revealed that there was a high degree of sequence conservation between the two toxin
types across toxinotypes 0, I, and XII (Table 2). However, the degree of sequence

TABLE 1 Summary of C. difficile clinical isolates and prototype strainsa

Toxinotype
Toxin production
phenotype PCR RT(s)

No. of isolates by geographical origin
(n � 165)

Prototype strain(s)
No. of strains
sequencedEuropeb USA Argentina

Asia-
Pacificc

0 A�B�CDT� 087 2 VPI 10463 1
012 3 630 1
001 5 1 NCTC11204, NCTC11209 4
002 5 2 5 NCTC12729 3
014 5
020 4 1
014, 020 5 2
014, 020, 077 3 1
106 2 2
018 1 2 3
053 1
Others 37 5 2 3 5

I A�B�CDT� NDd 1 0 1

III A�B�CDT� 027 5 4 IPP40348, CDC13695,
ATCC BAA-1870,
R20291, CD196

11

075 1
Others 1

IV A�B�CDT� 023 4 (NK91) 3

V A�B�CDT� 078 3 2 ATCC BAA-1875 3
079 1
122 1
126 4 0
078, 126 2 1
ND 1

VI A�B�CDT� 127 2 2 1

VIII A�B�CDT� 017 7 1 2 5 ATCC 43598 4

IX A�B�CDT� 019 1 1

XII A�B�CDT� 056 1
ND 1 1

Others 046 5
369 3

Total 102 15 4 32 12 49
aStrains indicated in bold were used as the prototypes for in vivo cross-protection studies. RT, ribotype.
bThe countries of Europe included Belgium, France, Germany, Ireland, Hungary, Italy, Netherlands, Poland, Spain, Switzerland, Sweden, Turkey, Greece, and the United
Kingdom.

cThe countries of Asia-Pacific included Japan, South Korea, Singapore, Taiwan, and Australia.
dND, PCR ribotype unknown.
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conservation was lower for toxin B from toxinotypes III, V, and VI. Notably, genomic
sequencing of toxinotype VIII strains confirmed deletion of the toxin A gene and
revealed lower sequence identity for toxin B compared to VPI 10463 than was seen with
toxinotype 0 and XII strains.

Cytotoxic activity of secreted toxins. Secretion of both toxins A and B was
detected in culture supernatant for the majority of C. difficile isolates assessed, with a
good correlation between the concentrations of detected toxins A and B (R � 0.86) and
with more toxin A than toxin B secreted (Fig. 1A). As expected, toxinotype VIII strains
produced high levels of toxin B but no toxin A (27, 28). The levels of toxins secreted
differed greatly between the different isolates, even among those of the same toxino-
type. Overall, no distinct pattern of toxin production could be established for the

TABLE 2 Toxin sequence identity to the reference strain VPI 10463

Toxinotype

% toxin sequence identity to strain VPI
10463

TcdA TcdB

0 99.8 99.9
III 98.1 92.2
IV 98.4 98.2
V 98.2 96.1
VIII 93.7
I NDa 99.9
VI ND 96.1
XII 99.7 99.8
aND, not determined.

FIG 1 Toxin production and cytotoxicity of clinical isolates from different toxinotypes. Concentrations of secreted
toxin A and B in the bacterial supernatant of clinical isolates were quantified by ELISA. (A) Toxicity of the bacterial
supernatant was evaluated on IMR-90 cells in a toxin (Tox) cross-neutralization assay, and CD50 dilution values were
calculated as described in Materials and Methods. (B and C) CD50 dilution against toxin A concentration (B) or toxin
B concentration (C). Each data point represents a value from an individual clinical isolate. Data points are grouped
by toxinotypes. Values below the lower limit of quantification, indicated by the vertical dotted lines, were replaced
by values corresponding to half of the limit of quantification. Prototype strains used in the hamster challenge
studies are identified by arrows.
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different toxinotypes, although that might have been related to the capacity of each
strain to grow and/or secrete toxins under the culture conditions used (conditions were
not optimized for any isolate).

The levels of cytotoxic activity of the secreted toxins also differed among the strains;
there was a wide range in the values of the concentrations of toxins inducing 50%
cytotoxicity (CD50) for culture supernatants across toxinotypes (Fig. 1B and C). Cyto-
toxicity was correlated with the concentration of toxins A and B in the culture
supernatants (correlation coefficients of 0.88 and 0.93, respectively).

Cross-neutralization of clinical isolates from different toxinotypes. The neutral-
izing capacity or relative efficacy (RE) (the two terms are used interchangeably) of
vaccine-generated antibodies was determined by comparing the CD50 values deter-
mined for each individual bacterial culture supernatant in the presence of either sera
from vaccine-immunized hamsters or sera from placebo-immunized hamsters (see
Materials and Methods). This is illustrated for the bacterial supernatant from the ATCC
43255 strain, which corresponds to the homologous vaccine strain (Fig. 2). Pooled sera
from 12 hamsters vaccinated with the C. difficile toxoid vaccine neutralized the cyto-
toxic activity of culture supernatants from the 165 strains assessed—the calculated RE
values were all above the statistical threshold (Fig. 3). Interestingly, the neutralizing
activities of serum antibodies were similar against culture supernatants from isolates of
the same toxinotype, despite the broad cytotoxicity range among isolates. For toxino-
types III, V, and VI, the neutralization capacity was above the threshold but was
significantly lower (P value � 0.00001 Dunnett’s test) than that determined for toxi-
notype 0 (Fig. 3). Whether the lower neutralization capacity was related to binary toxin
activity also produced by these toxinotypes could not be determined, as the IMR90 cells
used in the assay were not sufficiently sensitive to purified binary toxin (data not
shown). However, a high neutralizing capacity was observed against toxinotype IV or
VIII isolates, which are also binary toxin positive (i.e., either not statistically significantly
different from the mean RE of toxinotype 0 or with a significantly higher result with a
P value of �0.00001 [Dunnett’s test], respectively). For toxinotype VIII and RT 369, the
neutralization capacity was significantly higher than for toxinotype 0 (P value, �0.00001

FIG 2 Determination of cytotoxic activity (CD50) and neutralization capacity. Determinations of CD50 and
relative efficacy (RE) values are represented for the bacterial supernatant from the ATCC 43255 strain,
corresponding to the homologous vaccine strain. Duplicated serial dilutions of preparations containing
toxins were preincubated with sera from hamsters injected with the vaccine or placebo before transfer
onto the IM90 cells. The remaining toxic effect on cells was measured by cell index analysis. Each of the
data points corresponds to vaccine and placebo cell indices and was plotted according to log10-
transformed reciprocal dilutions. The 50% cytotoxic dose (CD50) was calculated from the four-parameter
logistic regression as described in Materials and Methods. The shift between vaccine and placebo cell
index curves is defined as the RE. The RE represents the capacity of vaccine-specific antitoxin antibodies
to neutralize the toxin-cytotoxic activity.
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[Dunnett’s test]). For the other toxinotypes assessed, the neutralizing capacity was
comparable with that determined for toxinotype 0.

Cross-neutralization of purified toxins from different toxinotypes. The levels of
cytotoxic activity of purified A toxins from the prevalent C. difficile toxinotypes assessed
ranged from 4.4 to 15.9 ng/ml (Table 3); in contrast, there was a 10,000-fold difference
in the levels of cytotoxic activity (0.2 ng/ml to 6.2 �g/ml) of purified toxin B. Sera from
vaccinated hamsters were able to neutralize all purified A and B toxins assessed (RE, �5.4).
Interestingly, the range of neutralizing activities against B toxins was broader than for A
toxins, consistent with the variations in cytotoxic activity observed for the toxins. These
results corroborate those observed with toxins secreted in culture supernatants from the

FIG 3 Cross-neutralization of clinical isolates from different toxinotypes. Bacterial supernatants from recent clinical
isolates were evaluated for their toxic potency. The relative efficacy (RE) levels of vaccine-specific antitoxin
antibodies with respect to neutralization of the cytotoxic activity of secreted toxins from clinical isolates were
calculated as described in Materials and Methods. Each data point represents a value from an individual clinical
isolate. Data points are grouped by toxinotypes. The dotted line indicates the threshold of statistically significant
RE. Significant differences (P � 0.0001) are indicated by four asterisks (****). Nonsignificant differences are indicated
by “NS.” Prototype strains used in the hamster challenge studies are identified by arrows.

TABLE 3 Cytotoxic activity of purified toxins from prevalent C. difficile toxinotypes and
relative efficacy of neutralization by sera from vaccine-immunized hamsters

Toxinotype PCR ribotype

Value for purified native toxina:

A B

CD50 (ng/ml) RE CD50 (ng/ml) RE

0 087 4.4 52.3 0.2 38.1
001 15.9 24.4 108.0 818.5
002 5.8 44.4 98.1 387.4
014 8.9 68.3 6,220.0 95.7

III 027 5.4 17.8 3.5 9.3

IV 023 9.4 15.4 ND ND

V 078 6.9 14.1 4.5 13.1

VIII 017 ND ND 17.1 149.7
aCD50, concentration of toxin inducing 50% cytotoxicity; RE, relative efficacy of neutralization, considered
statistically significant if above the threshold value of 5.4; ND, not determined. Data represent geometric
means of results from 3 independent experiments.

Quemeneur et al. Infection and Immunity

June 2018 Volume 86 Issue 6 e00742-17 iai.asm.org 6

http://iai.asm.org


different isolates and suggest an important role for vaccine-induced antibodies in
protecting against the cytotoxic activities of toxins A and B from different toxinotypes.

Vaccine-induced cross-protection against prototype strains in the hamster
challenge model. Since sera from vaccinated hamsters exhibited a homogeneous

neutralization capacity (RE) for isolates of the same toxin variant type in vitro, only one
prototype strain was selected as representative of each prevalent toxinotype (Table 1)
in the hamster lethal infection challenge model. The vaccine provided significant
protection against lethal infection and disease symptoms caused by the five most
prevalent toxinotypes (Table 4; see also Fig. S1 in the supplemental material), encom-
passing toxin-producing phenotypes A�B�CDT–, A–B�CDT–, and A�B�CDT�.

TABLE 4 C. difficile hamster challenge model using five of the most prevalent representative toxin variant strains

Challenge prototype strain,
toxin production profile (spore
inoculum used for challenge)

Resulta

Between-group
statistical analysesb

Placebo C. difficile toxoid vaccine

Observations (symptoms) Lethality rate
Observations
(symptoms) Lethality rate

Toxinotype 0 strain 630 (RT 012),
A�B�CDT� (3,700 CFU)

Onset of diarrhea (score 1)
after 3 days with severe
diarrhea (score 3) within
8 days after challenge

8/9 (89) by 13
days

Very limited change
in feces (score 1,
loose stool)

0/9 (0) Symptoms, P � 0.0001
(Wilcoxon two-
sample test);
lethality, P � 0.0004
(Fisher exact test),
P � 0.0001 (Kaplan-
Meier log rank test)

Toxinotype III strain IPP40348
(RT 027), A�B�CDT� (5,000
CFU)

Onset of diarrhea (score 1)
after 2 days with severe
diarrhea (score 3) within
3 days after challenge

12/12 (100) by
4 days

2 with moderate
diarrhea (score 2;
wet tail and
perianal region)
within 3 days
that died 6 days
after challenge

2/12 (17) by 2 days Symptoms, P � 0.0001
(Wilcoxon two-
sample test);
lethality, P � 0.001
(Fisher exact test),
P � 0.025 (Kaplan-
Meier log rank test)

Toxinotype IV strain NK91 (RT
023), A�B�CDT� (1,200 CFU)

Onset of diarrhea (score 1)
within 1 day with
severe and acute
diarrhea (score 3) within
3 days after challenge

12/12 (100) by
6 days

Mild and transient
diarrhea (score 1)
which resolved
within 13 days

0/12 (0) Symptoms, P � 0.0001
(Wilcoxon two-
sample test);
lethality, P � 0.001
(Fisher exact test),
P � 0.001 (Kaplan-
Meier log rank test)

Toxinotype V strain BAA-1875
(RT 078), A�B�CDT� (6,380
CFU)

Severe acute diarrhea
(score 3) in 50% of
hamsters within 2 days
with rapid lethality
onset

12/12 (100) by
3 days

No disease
symptoms

0/12 (0) Symptoms, P � 0.0001
(Wilcoxon two-
sample test);
lethality, P � 0.0001
(Fisher exact test),
P � 0.0001 (Kaplan-
Meier log rank test)

Toxinotype VIII strain ATCC
43598 (RT 017), A�B�CDT�
(9,400 CFU)

Severe diarrhea (score 3)
within 3 to 13 days
after challenge

7/12 (58) within
10 days

No disease
symptoms

0/12 (0) Symptoms, P � 0.0001
(Wilcoxon two-
sample test);
lethality, P � 0.0046
(Fisher exact test),
P � 0.0020 (Kaplan-
Meier log rank test)

aFor observations (symptom) data, diarrheal disease was reported as a group median score representing individual illness scores defined as follows: 0, no disease; 1,
loose feces; 2, wet tail and perianal region; 3, wet perianal region, belly, and hind paws; 4, death. For lethality rate data, values represent the number of hamsters
that died/total number of hamsters assessed (percent total deaths).

bThe area under the curve of the diarrheal disease scores over time was calculated for each animal. The effect on diarrheal disease symptoms (vaccine versus placebo)
was analyzed using an exact Wilcoxon two-sample test. Protection efficacy was assessed as the difference between the survival kinetic percentages (Kaplan-Meier log
rank test) and as the difference between the survival percentages 17 days after challenge (Fisher exact test). Both statistical tests were performed with a margin of
error of 5%.
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DISCUSSION

The evolving genetic diversity of C. difficile, its worldwide distribution, and the
emergence of hypervirulent strains have implications for disease control and make
vaccine development more challenging, given the importance of ensuring broad
protection against all prevalent strains (11–21). Despite the existence of at least 12
different toxinotypes, extensive genetic analysis of C. difficile indicates that there is a
high degree of sequence conservation between exotoxins A and B, the major bacterial
virulence factors, which suggests that a vaccine composed of these toxoids could
provide broad protection against circulating virulent strains. Preclinical studies per-
formed with the C. difficile toxoid vaccine in the hamster model have shown that the
vaccine elicits systemic toxin A- and B-neutralizing antibodies and provides protection
against C. difficile lethal challenge with a number of toxinotype strains (23). We have
significantly expanded on this body of work by investigating the capacity of sera from
vaccinated hamsters to neutralize toxins from a wide variety of C. difficile toxinotypes,
as well as the efficacy of the vaccine in the hamster model to protect against the most
prevalent toxinotypes worldwide.

The pattern of toxin A and B secretion from our large collection of C. difficile toxin
variants under anaerobic culture conditions was broadly as expected for all strains, i.e.,
was dependent on the toxinotype. Although the stoichiometries of toxin A and B
secretion differed greatly among strains and toxinotypes, toxin A levels were consis-
tently higher than toxin B levels. In addition, the cytotoxic activities of secreted toxins
differed greatly but were nonetheless correlated closely with the concentrations of
toxin A and B detected, suggesting that the secreted toxins were largely biologically
active. Sera from hamsters vaccinated with the vaccine consistently neutralized the
cytotoxic activity of culture supernatants from all 165 strains evaluated, albeit with
variable levels of relative efficacy for strains of different toxinotypes. In contrast, the
neutralizing capacities of the sera were relatively uniform for isolates of the same
toxinotype. These results might be linked to differences in the affinity of vaccine-
specific antibodies for particular toxin types, as seroneutralization was measured under
conditions where the toxin-specific antibody concentration was not limiting relative to
the concentration of toxin. Studies performed with monoclonal antibodies (MAbs) have
shown that neutralization potency correlates with antibody-toxin binding affinities and
that they were protective against a broad range of genetically diverse C. difficile strains
(29–32).

We found a larger disparity in the levels of cytotoxic activity of purified toxin B from
prevalent C. difficile toxinotypes than in those seen with purified toxin A. This disparity
may have been associated with the differential affinities of the toxin variants for the
toxin receptor in IMR-90 cells or with other differences in the endocytic pathways used
during the intoxication process (33). Of note, although toxin B appears to be more
cytotoxic than toxin A in cell culture (34), the latter is more enterotoxic in animal oral
intoxication models (35). Nonetheless, purified toxins A and B from all isolates assessed
were effectively neutralized by sera from vaccinated hamsters, confirming the broad
neutralizing capacity observed with culture supernatants. Overall, cross-neutralization
was shown for purified toxins A and B or culture supernatants from all prevalent
toxinotypes (0, III, IV, V, and VIII), as well as for culture supernatants of the other
commonly circulating toxinotypes worldwide (I, VI, IX, and XII). Of note, the neutraliza-
tion assay was highly sensitive in evaluating C. difficile cytotoxicity, which enabled us to
demonstrate homogeneous neutralization capacities among several isolates from the
same toxinotype and thus to select representative prototypes from the five most
prevalent toxinotypes for the in vivo studies.

The C. difficile toxoid vaccine conferred significant protection against disease symp-
toms and death caused by representative prototype strains from the most prevalent
toxinotypes in the hamster challenge model. The protection observed against the
toxinotype III/RT 027 challenge is of particular interest, as these strains are hypervirulent
and are known to produce more toxin than the reference strain. Although results of an
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earlier study had suggested that a vaccine containing toxin A and B as well as binary
toxin improved efficacy against challenge with toxinotype III/RT 027 compared with the
bivalent vaccine (36), our candidate vaccine nonetheless provided protection against
strains that additionally expressed binary toxin (toxinotypes III, IV, and V). The difference
in vaccine effectiveness could be explained by differences in toxin production. Our
vaccine candidate contains native toxins detoxified with formalin, whereas the vaccine
tested in the earlier study contained recombinant molecularly detoxified toxins (5 point
mutations) that had been produced in a baculovirus expression system and then
additionally detoxified with formalin. In addition, differences in the way the hamster
model was conducted, such as in clindamycin pretreatment, the strain used for
challenge, and spore preparation, could have had an impact on the effectiveness of the
vaccine candidate. In accordance with our approach, other vaccines using recombinant
fragments of toxins A and B were shown to protect against challenge with toxinotype
III/RT 027 strains in the hamster challenge model (37, 38). In one study, ovine toxin
A/toxin B antibodies were demonstrated to be effective against challenge with proto-
type strains of toxinotypes 0, III, and V in the hamster challenge model (39). In humans,
targeting of both toxins A and B with humanized MAbs actoxumab and bezlotoxumab,
respectively, was effective in protecting against CDI recurrence, including infection with
the epidemic 027 strain (40). These results are encouraging, as numerous studies have
suggested a correlation between binary toxin-positive strains and increased mortality
rates in CDI patients, but it remains unclear whether the binary toxin is responsible for
increased disease severity (10). CDT induces formation of microtubule-based protrusion
and increases adherence of bacteria to intestinal epithelium (41, 42); A–B–CDT� strains,
including toxinotype XI/RT 033 or RT 033-like strains, have been isolated only sporad-
ically (43). The vaccine also protected against challenge with strains of toxinotype
VIII/RT 017, phenotype A–B�CDT–, emphasizing the important role of toxin B neutral-
ization in protection and consistent with observations corresponding to the use of
bezlotoxumab against recurrent CDI in a recent clinical study (44).

Our study results show that sera from hamsters vaccinated with the candidate C.
difficile toxoid vaccine neutralized the cytotoxic activity of secreted and purified C.
difficile variant toxins A and B and conferred protection against disease symptoms and
death in the hamster model against a broad range of clinically relevant toxinotype
strains. In humans, the vaccine candidate has also been found to generate a strong
toxin-neutralizing response (as demonstrated in phase I and II studies in human
volunteers [24–26]). However, recent observations in a phase III clinical study in older
adult volunteers (�50 years of age) failed to provide evidence of its protective efficacy,
and subsequent development of the candidate vaccine has ceased (45). Additional
research is therefore needed to determine the predictive value, if any, of the hamster
model described here (i.e., acute primary infection of young animals) with regard to
vaccine-mediated protection in a natural infection setting, as well as with regard to the
role of toxin-neutralizing antibodies in protection against CDI in humans.

MATERIALS AND METHODS
C. difficile clinical isolates and prototype strains. The 165 C. difficile clinical isolates and prototype

strains used in the neutralization assessments are summarized in Table 1; origins and sources are
described in the supplemental material.

Genome sequencing and phylogenetic analysis. Whole-genome sequencing of 49 strains (Table 1)
was performed using Illumina HiSeq, MiSeq, and NextSeq platforms (Illumina San Diego, CA), generating
2 � 100-bp, 2 � 300-bp, and 2 � 150-bp paired-end reads, respectively. Sequence reads were trimmed
and assembled de novo with CLC Genomics Workbench 8.5 (Qiagen Bioinformatics, Hilden, Germany).
Toxin A and toxin B gene sequences were extracted from the de novo contigs and translated. Published
protein sequences were retrieved from Uniprot database (http://www.uniprot.org/). Multiple-sequence
alignment was performed with the MUSCLE algorithm (46). Pairwise sequence comparison was per-
formed with CLC Genomics Workbench 8.5. The phylogenetic tree was constructed with the FastTree
algorithm (47) and visualized with Dendroscope (48).

Secreted toxins from bacterial culture supernatants. C. difficile isolates and prototype strains were
grown anaerobically in soy-yeast extract-salt (SYS) medium for 16 h and then in SYS medium supple-
mented with sorbitol for 72 h. Bacterial culture supernatants were harvested by filtration through
0.22-�m-pore-size filters, supplemented with anti-proteases and 30% glycerol, and stored at �80°C until

C. difficile Vaccine Confers Broad Protection Infection and Immunity

June 2018 Volume 86 Issue 6 e00742-17 iai.asm.org 9

http://www.uniprot.org/
http://iai.asm.org


analysis. Quantitation of toxins A and B present in the supernatants was performed using a commercial
enzyme-linked immunosorbent assay (ELISA) method (tgcBIOMICS GmbH, Bingen, Germany) according
to the manufacturer’s instructions. The detection limit was 0.31 ng/ml.

Purified toxins A and B. Purified toxins A and B from strain VPI 10463 (toxinotype 0/RT 087) were
prepared as described elsewhere (49). Purified toxins A and B from toxinotype 0/RT 001, 002, 014, and
106; toxinotype III/RT 027; toxinotype IV/RT 023; and toxinotype V/RT 078 and purified toxin B from
toxinotype VIII/RT 017 were purchased from tgcBIOMICS GmbH (Bingen, Germany).

Cell-based cytotoxicity and cross-neutralization assays. The cytotoxicity activities of secreted or
purified toxins and the neutralization capacities of serum antibodies were assessed on IMR-90 cells by
monitoring changes in cellular electrical impedance using the RCTA xCELLigence system (ACEA Biosci-
ences Inc., Ozyme, Saint-Quentin-en-Yvelines, France) as described elsewhere (34). Sera used for in vitro
cross-neutralization assay were either pooled vaccine sera or pooled placebo sera from 12 hamsters that
received three intramuscular injections of either vaccine at a dose of 5 �g toxoid (1/20 of the human
dose) in the presence of aluminum hydroxide or placebo, respectively. Serum raised against the vaccine
was known to neutralize cytotoxic activity of purified toxins of bacterial supernatant from the vaccine
strain. Briefly, a predetermined dilution (1/400) of either hamster placebo serum or serum raised against
the vaccine was preincubated for 60 min with serial dilutions of secreted toxins from the isolates or
purified toxin A or toxin B. The selection of the serum dilution was based on results of testing performed
with serial dilutions of bacterial supernatant from the vaccine homologous strain to obtain sigmoidal
dose-response curves and a resultant shift to the right in the sigmoid dose-response curves from
comparisons of vaccine serum to placebo serum. The serum-toxin mixture was then added onto IMR-90
cells, which were preseeded onto E-Plates (ACEA) to reach confluence and attachment on the electrodes.
Plates were then incubated at 37°C for 21 h before cellular electrical impedance assessment; rounding
of IMR90 cells induced by active toxin led to a decrease in electrode impedance, displayed as cell index
values.

C. difficile hamster model. (i) Ethical use of animals. All animal experiments were performed in
compliance with European Directive 2010/63 and national regulations. Studies were conducted in animal
facilities accredited by the Association for Assessment and Accreditation of Laboratory Animal Care
International. The protocols were approved by the committee on the ethics of animal experiments at
Sanofi Pasteur, France, and all efforts were made to reduce the use of animals and to minimize pain and
distress.

(ii) Animals. Female Golden Syrian hamsters (Mesocricetus auratus; Charles River Laboratories,
Germany) (70 to 90 g) were used for immunization and challenge studies. The hamsters were randomly
distributed within groups and housed 3 per 800-cm2 cage (Serlab); they were housed individually with
isocaps after C. difficile challenge.

(iii) C. difficile toxoid vaccine and placebo. The C. difficile toxoid vaccine (highly purified toxins A
and B from C. difficile reference strain VPI 10463) was presented as a freeze-dried preparation that was
reconstituted with diluent and mixed with aluminum hydroxide adjuvant as described elsewhere (49).
Aluminum hydroxide adjuvant in diluent buffer was used as the placebo control.

(iv) C. difficile spore-enriched preparation for challenge. C. difficile strains were anaerobically
grown in thioglycolate medium for 24 h at 37°C. The culture was then inoculated onto anaerobic blood
agar plates (CDC, Becton Dickinson, Sparks, MD, USA) and incubated at 37°C for 7 days to induce spore
formation. Spores were then harvested into phosphate-buffered saline (PBS) without Ca2� or Mg2�,
washed twice, and then heat shocked at 57°C for 10 min to kill the vegetative cells. The spore suspension
was centrifuged at 500 � g for 30 min, resuspended in 20% glycerol–phosphate-buffered saline (PBS),
and then frozen at below �70°C for long-term storage. Viable spore counts were assessed by performing
serial 10-fold dilutions in water, and the reaction mixtures were plated in triplicate onto brain heart
infusion medium (with yeast extract) agar plates (Becton Dickinson) in the presence of 0.1% of
taurocholate (Sigma, Saint-Quentin-Fallavier, France) to enhance spore recovery. Plates were incubated
under anaerobic conditions at 37°C for at least 48 h before the colonies were quantified as CFU counts
per milliliter.

(v) C. difficile vaccination and challenge. The hamsters (9 to 12 per group) received three
intramuscular injections of either vaccine (at a dose of 5 �g toxoid [1/20 of the human dose] in the
presence of aluminum hydroxide) or placebo 2 weeks apart. On day 35, sera were collected for
seroneutralization assessment. On day 41, clindamycin-2-phosphate antibiotic solution (Sigma-Aldrich)
(10 mg/kg of body weight) was administered intraperitoneally to disrupt the gut microbiota and to
render the animals susceptible to subsequent lethal challenge. After 24 h, the hamsters were challenged
intragastrically, using a feeding needle, with a predetermined lethal dose of a live C. difficile spore-
enriched preparation (prepared as described above) of each of the selected prototype strains (Table 1).
The animals were monitored postchallenge at least twice daily for morbidity and mortality. Body weight
was also monitored prior to the clindamycin injection and then 1 to 3 times per week for the study
duration.

Statistical analysis. (i) Determination of cytotoxic activity. Duplicated serial dilutions of bacterial
supernatant containing secreted toxins from each clinical isolate or purified toxin were preincubated
with pooled sera from 12 hamsters injected with either the vaccine or placebo (1/400), respectively,
before transfer onto the IM90 cells. Corresponding vaccine and placebo cell indices were plotted
according to the log10-transformed reciprocal dilutions and modeled using a four-parameter logistic
regression and in-house software as follows:
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cell indexi � A �
B � A

�1 � 10{�slope�[log �1⁄dilutioni��log C]}� (1)

where A � lower asymptote and B � higher asymptote. The C parameter of the logistic regression
corresponds to the reciprocal dilution of the bacterial supernatant or the concentration of purified toxins
that induced 50% of the maximum cell index, defined as the 50% cytotoxic dose (CD50) (Fig. 2).

(ii) Determination of seroneutralization capacity. The shift between the vaccine and placebo cell
index curves was defined as the relative efficacy (RE) and calculated as the ratio between vaccine CD50

values and placebo CD50 values as follows:

RE �
CD50 placebo

CD50 vaccine
(2)

RE represents the capacity of vaccine-specific antitoxin antibodies to neutralize the toxin-cytotoxic
activity either from purified toxins or from supernatant from clinical isolate cultures (Fig. 2). The threshold
value for the RE level considered statistically significant was established by the determination of 95%
intermediate precision confidence intervals, using either specific antitoxin antibodies or irrelevant
antibodies against placebo, and was defined as 5.4.

The mean RE obtained with the different toxinotypes from isolates was compared to that
determined for toxinotype 0 using a pairwise two-way analysis of variance (ANOVA) with a Dunnett
adjustment at an alpha level of 5% in GraphPad Prism v 6.7 (GraphPad Software, Inc., San Diego,
California). All data were log10 transformed to normalize distribution values prior to statistical
analyses. Data from toxinotypes I, IX, and XII were not taken into account in these analyses due to
the low number of strains per group.

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at https://doi.org/10.1128/IAI
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