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ABSTRACT: Infections with Clostridioides diff icile (formerly
Clostridium diff icile) have increased in incidence, morbidity,
and mortality over the past decade. Preventing infections is
becoming increasingly important, as frontline antibiotics
become less eﬀective and frequently induce recurrence by
disrupting intestinal microbiota. The clinically most advanced
vaccine approaches prevent symptoms once C. dif f icile
infection is established by inducing immunity to secreted
clostridial cytotoxins. However, they do not inhibit bacterial
colonization and thereby favor asymptomatic carriage.
Synthetic oligosaccharides resembling the C. diff icile surface glycans PS-I, PS-II, and PS-III are immunogenic and serve as
basis for colonization-preventing vaccines. Here, we demonstrate that glycoconjugate vaccine candidates based on synthetic
oligosaccharides protected mice from infections with two diﬀerent C. dif f icile strains. Four synthetic antigens, ranging in size
from disaccharides to hexasaccharides, were conjugated to CRM197, which is a carrier protein used in commercial vaccines. The
vaccine candidates induced glycan-speciﬁc antibodies in mice and substantially limited C. dif f icile colonization and colitis after
experimental infection. The glycoconjugates ameliorated intestinal pathology more substantially than a toxin-targeting vaccine.
Colonization of the gut by C. diff icile was selectively inhibited while intestinal microbiota remained preserved. Passive transfer
experiments with anti-PS-I serum revealed that protection is mediated by speciﬁc antiglycan antibodies; however, cell-mediated
immunity likely also contributed to protection in vivo. Thus, glycoconjugate vaccines against C. dif ficile are a complementary
approach to toxin-targeting strategies and are advancing through preclinical work.

■

immunity, but they do not prevent bacterial colonization.7 As
antitoxin IgG correlates with asymptomatic carriage, toxinbased vaccines may even expand the presence of C. diff icile in
the population.8,9 Vaccines targeting the bacterial surface, in
contrast, could limit the human reservoir.10 Recently, C.
dif f icile surface polysaccharides, PS-I, PS-II, and PS-III that are
essential for bacterial survival and virulence,11 emerged as
auspicious targets for colonization-preventing vaccines.8,12,13
Glycoconjugates (protein-linked glycans) with isolated PS-II
and PS-III were immunogenic in small animals.14,15 However,
the natural glycans are challenging to study, because of weak
and inconsistent expression in bacterial culture.8 We have

INTRODUCTION
Clostridioides dif ficile is the leading cause of antibiotic-induced
bacterial colitis and diarrhea worldwide.1,2 Risk factors for C.
diff icile infections (CDIs) include broad-spectrum antibiotic
use, hospitalization, and advanced age.3 Over 450,000 cases
cause about 30 000 deaths and over $4.8 billion medical costs
per year in the United States.2 Recent increases in incidence
and case-fatality rates have been partially attributed to
emerging hypervirulent strains with elevated production of
the virulence factors TcdA and TcdB that mediate CDI
pathology.1,3−5
The recommended ﬁrst-line treatment for CDIantibioticsparadoxically cause disease recurrence in ca. 20% of
patients by disrupting gut microbiota.1,5,6 As antibiotics reach
their limits, anti-CDI vaccine candidates have been pursued
and three are being clinically tested.7 All three induce antitoxin
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Figure 1. Preparation of vaccine candidates: (A) oligosaccharides used, (B) glycoconjugates prepared, and (C) two chemical conjugation strategies
to attach oligosaccharides to CRM197 are shown. (D) MALDI-TOF MS spectra of CRM197 and glycoconjugates. Average antigen loading (n) is
shown to the right. (E) SDS-PAGE gels of CRM197 and glycoconjugates; numbers shown to the left are marker sizes in kDa. See the Supporting
Information for full structures of oligosaccharides 1−11 and 12 as an exemplary glycoconjugate (Supplemental Figure S1).

(i) a CRM197 glycoconjugate with PS-III tetrasaccharide 10
elicited protective IgG in mice, and (ii) 4 is the minimal
epitope of 10.21 Although 4 may be less immunogenic than the
larger 10, charged oligosaccharides and even monosaccharides
can elicit strong IgG responses.14,24 Thus, here, we investigated
if 4 is also able to induce protection from CDI. The
lipopolysaccharide component 3-deoxy-D-manno-oct-2-ulosonic acid (Kdo) 5 served as a nonrelated control antigen.24 All
oligosaccharides were equipped with aminopentyl linkers.
Additional oligosaccharides of PS-I (6−9) and PS-III (10,
11) served to assess IgG speciﬁcities later. Cross-linking 1, 2,
and 4 to CRM197 was achieved with di-p-nitrophenyl adipate
(DNAP),20,25 whereas, for 3 and 5, di-N-succinimidyl adipate
(DSAP) was used, as coupling with DNAP was ineﬃcient
(Figure 1 B). Reaction products with both cross-linkers yielded
identical adipoyl linking moieties between oligosaccharides and
protein (Figure 1C). Mass increases of the glycoconjugates to
CRM197 determined by MALDI-TOF MS were used to
determine the oligosaccharide/carrier molar ratios (Figure
1D). Glycoconjugates 12 (prepared with 1/DNAP), 13 (2/
DNAP), 14 (3/DSAP), 15 (4/DNAP), and 16 (5/DSAP) had
average oligosaccharide/carrier ratios between 4 and 10, which
are loadings suitable to elicit antioligosaccharide IgG in
mice.16,19,21 Glycoconjugates 14a (3/DNAP) and 16a (5/
DNAP) with antigen loadings below 4 were not considered for
further experiments (Figure 1D). Mass increases to CRM197
were qualitatively conﬁrmed by SDS-PAGE (Figure 1E).
Immunogenicity Studies in Mice. Next, immune
responses to 12−16 were evaluated in mice. Mice were
selected as model animals because they allow for replication of
C. diff icile in the colon, similar to humans, and also develop an
inﬂammatory response upon infection.26 We supplemented 12
and 15 with the FDA-approved adjuvant aluminum hydroxide

previously reported that synthetic PS-I, PS-II, and PS-III
oligosaccharides (Figure 1A) are immunogenic in mice when
linked to the CRM197 carrier protein, which is a nontoxic
mutant of diphtheria toxin that allows for eﬃcient covalent
attachment of synthetic oligosaccharides and is used in
licensed glycoconjugate vaccines.16−23 In 2011, we reported
the synthesis of the hexasaccharide repeating unit of PS-II 3
that, when linked to CRM197, was immunogenic in mice and
was used to generate PS-II speciﬁc monoclonal antibodies
(mAbs).16 In the same year, we achieved the ﬁrst synthesis of
the pentasaccharide repeating unit of PS-I 1 that was likewise
immunogenic in mice when formulated as a glycoconjugate
with CRM197.17,19 Studying smaller substructures (2−9)
revealed the disaccharide 2 as the minimal epitope of PS-I,
which was able to induce antibodies in mice that cross-reacted
with the entire repeating unit.19 Furthermore, we generated
mAbs against PS-I that recognized both 1 and 2.20 In 2013, we
reported the ﬁrst synthesis and antigenicity of PS-III oligomers
(monomer 4, dimer 10, monomer with two linkers 11)18 and
subsequently showed that 10 was immunogenic as a
glycoconjugate with CRM197 and protected mice from
challenge with C. dif f icile.21 In the present study, we evaluated
the protective eﬃcacy of various glycoconjugates prepared by
linking synthetic glycans of PS-I (1 and 2), PS-II (3), and PSIII (4) to CRM197. We show that these semisynthetic vaccine
candidates protect from CDI in a murine challenge model
more eﬀectively than an antitoxin vaccine candidate.

■

RESULTS AND DISCUSSION

Preparation of Glycoconjugates. We prepared CRM197
glycoconjugates with the PS-I repeat unit 1,17,19 its minimal
epitope 2,19,20 the PS-II repeat unit 3,16 and PS-III
disaccharide 421 (Figure 1A). We have recently shown that
2721
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Figure 2. Vaccinated mice produce glycan-speciﬁc IgG. (A) Mice were immunized three times with glycoconjugates, CRM197 or PBS. Sera at
indicated time points were subjected to microarray-assisted IgG analysis. (B) Microarray spotting pattern. Oligosaccharides were spotted in
duplicates at 0.1 mM, proteins at 1 μM. (C−I) Serum IgG1 levels to indicated antigens expressed as MFI values. Diamonds represent individual
mice (white represents preimmune, black represents postimmune). Shown is the average of two independent experiments in duplicates. Bars show
median + interquartile range of ﬁve mice. Signiﬁcance was inferred by two-tailed Mann−Whitney U tests (preimmune versus postimmune) with
(*) P ≤ 0.05 and (**) P ≤ 0.01. Insets show exemplary microarray scans. (J) IgG2a:IgG1 ratios determined by dividing microarray-inferred MFI
signals of individual mice. Only mice with detectable IgG levels are represented. Bars show mean + SEM.

in humans,29 while 5 μg administered s.c. protected hamsters
from lethal C. dif f icile challenge30 ). Sera before ﬁrst
immunization and 13 days after the third injection were
subjected to microarray-assisted antibody analysis,18−21 with
slides presenting 1−11, CRM197, and TcdB. Oligosaccharides
were spotted in duplicates at 0.1 mM and proteins at 1 μM,
such that one slide contained 64 identical subarrays with 6 × 6
spots (Figure 2B). First, we measured IgG1, the predominant
subtype elicited against 1 previously,20 to the various antigens.
All mice that received either CRM197 or any glycoconjugate
mounted IgG1 to CRM197, as expected (see Figure 2C).
Similarly, 5/5 animals immunized with toxoid raised anti-TcdB
IgG1 (Figure 2D). All mice immunized with 12, 3/5 of mice
injected with 13, and 4/5 of mice immunized with 14 or 15
developed detectable IgG1 levels, relative to the respective
oligosaccharide immunogen (Figures 2E−H), and 16 elicited
IgG1 to 5 in all 10 animals with both adjuvants (see Figure 2I).

(Alum) that enhanced murine IgG responses to glycoconjugates with 1 and 10 previously.19,21 Since 2 requires a Th1directing immunostimulant to elicit IgG,19 we formulated 13
with AddaVax, which is a water-in-oil emulsion adjuvant
similar to MF59 used in licensed inﬂuenza vaccines.27 We also
used AddaVax for 14, because Alum or Freund’s adjuvant did
not support induction of detectable anti-3 IgG (Supplemental
Figures 2A and 2B in the Supporting Information). PBS,
CRM197, or 16 with Alum or AddaVax served as controls. A
toxin-based vaccine candidate consisted of Alum-adjuvanted
formalin-inactivated TcdB, similar to vaccines currently studied
in humans.7 A TcdA component was omitted since C. diff icile
strain M68 used for challenge expresses TcdB but not TcdA.28
Groups of ﬁve mice were immunized three times every two
weeks with glycoconjugates at doses corresponding to 1 μg
oligosaccharide (Figure 2A). Inactivated TcdB was administered at 75 μg per dose (100 μg induced 92% seroconversion
2722

DOI: 10.1021/acschembio.9b00642
ACS Chem. Biol. 2019, 14, 2720−2728

Articles

ACS Chemical Biology

Figure 3. Vaccination with glycoconjugates protects mice from C. dif ficile colonization and colitis. (A) Five days postchallenge feces were analyzed
for C. dif ficile and Enterococcus spp. CFUs and histopathological alterations. (B−D) Results of initial challenge studies with M68 (panel (B) shows
results of CFU plating assays, panel (C) shows inﬂammation scores, and (D) correlation of C. diff icile colonization (x-axis) and inﬂammation score
(y-axis). Symbols represent individual mice (R = Pearson coeﬃcient). Signiﬁcance in panels (B) and (C) was inferred by Dunn-corrected Kruskal−
Wallis tests [(*) P ≤ 0.05, (**) P ≤ 0.01, and (***) P ≤ 0.001; n.s. = not signiﬁcant (P > 0.05)].

that these isolates may be low producers of PS-II
polysaccharide in vitro.
CDI is facilitated by diminished gut bacteria, and antibioticinduced perturbations such as expanded Proteobacteria and
depleted Firmicutes/Bacteroidetes may favor recurrence.5,31 It is
thus desirable for an anti-C. dif f icile vaccine to preserve
intestinal microbiota. To address this, we subjected feces of
immunized mice to 16S rRNA gene analysis (Supplemental
Figure 5A in the Supporting Information). Species-level
diversity and richness were similar in vaccinated and control
mice (Supplemental Figure 5B in the Supporting Information).
Administration of any of the glycoconjugates preserved normal
bacterial communities seen in naı̈ve and sham-immunized
mice. Bacteroidetes and Firmicutes phyla were consistently
predominant, while Proteobacteria were of low abundance
(Supplemental Figure 5C in the Supporting Information),
characteristics of healthy microbiota.31 Similarities between
groups were also observed at the order, family, and genus
taxonomic levels (Supplemental Figures 5D−5F). In particular,
vaccination did not reduce Lachnospiraceae and Ruminococcaceae family members that contain the majority of beneﬁcial
anti-inﬂammatory butyrogenic bacteria31 (Supplemental Figure 5E in the Supporting Information). Thus, neither vaccine
candidate substantially altered the bacterial community
structure. In addition, we did not ﬁnd any evidence for
colonization of the mice by indigenous C. dif f icile, which has
been shown to sporadically contaminate mouse colonies and
protect against infection with pathogenic C. dif f icile.32 No
reads were assigned to the superordinate taxa of C. dif f icile,
genus Clostridioides and family Peptostreptococcaceae, in any of
the analyzed mice used for challenge experiments (Supplemental Table 1 in the Supporting Information).
Challenge Studies in Mice. To test if vaccination
protected from CDI and colitis, mice were challenged with 5
× 107 colony-forming units (CFUs) of the C. diff icile strains
M6828,33,34 or VPI 1046326,33 and analyzed 5 days later for

IgG1 raised with 15 recognized PS-III oligosaccharides 10 and
11, in addition to immunogen 4 (Figure 2H). IgG1 raised with
13 bound to immunogen 2 and 6 with an additional reducing
end glucose (Figure 2F). Antibodies did not cross-react
between the diﬀerent groups of antigens (e.g., IgG to 1 did not
bind to PS-II, PS-III, or Kdo oligosaccharides). One animal
that received 16 produced IgG1 to 4, and one mouse
immunized with CRM197, as well as two mice injected with
13, developed IgG1 to 5. These unexpected IgG responses
may have resulted from exposure to antigenically related
bacterial molecules. For instance, Kdo, which is a lipopolysaccharide component found in all Gram-negative
bacteria, is a potent immunogen,24 which may explain the
observed anti-5 IgG. Similar trends seen for IgG1 were also
observed for IgG2a (Supplemental Figures 3A−3G in the
Supporting Information), whereby one mouse immunized with
15 with undetectable anti-4 IgG1 exhibited a strong anti-4
IgG2a response (Supplemental Figure 3F in the Supporting
Information). Indeed, 15 elicited antiglycan IgG with higher
IgG2a:IgG1 ratios than the other glycoconjugates (Figure 2J).
Thus, as suggested previously,21 PS-III may skew IgG
responses to Th1, even when administered with the Th2directing Alum adjuvant. Overall, 17/20 mice vaccinated with
C. dif f icile-speciﬁc glycoconjugates developed detectable levels
of IgG to the respective oligosaccharides. No glycan-speciﬁc
serum antibody binding to inactivated bacteria was detected,
but it appeared that CRM197 reactive IgG bound nonspeciﬁcally to C. dif ficile to some degree (Supplemental Figures 4A−
4C in the Supporting Information). Glycan-speciﬁc binding
signals were likely undetectable, since polysaccharides were not
expressed and/or inaccessible in cultured C. dif f icile, as
observed previously for PS-I and PS-III in many C. diff icile
strains.8,14 While PS-II has been reported to be expressed by
most strains,8,12,14 PS-II hexasaccharide-speciﬁc IgG elicited by
14 did not bind to M68 or VPI 10463 more than did CRM197induced IgG (see Supplemental Figures 4A−S4C), indicating
2723

DOI: 10.1021/acschembio.9b00642
ACS Chem. Biol. 2019, 14, 2720−2728

Articles

ACS Chemical Biology

Figure 4. Challenge experiments in mice following serum transfer. (A) Mice (n = 8 per group) were immunized with CRM197 or 13 three times.
(B) 25 days after the third vaccination, sera were subjected to microarray IgG analysis. (C) 28 days after the third vaccination, mice were
challenged with VPI 10463 and intestinal colonization was analyzed. (D) Pooled sera from the same mice were used for transfer experiments into 3
recipient mice per group. (E) Mice (n = 10 per group) were immunized with CRM197, 13, or PBS as control. (F) Immune sera obtained 21 days
after the third vaccination were subjected to microarray IgG analysis. (G) Pooled sera from the same mice and mAbs were used for transfer
experiments into 6−8 recipient mice per group. Note that α-13 serum was pooled only from 9 of 10 mice with a signal against 2 by microarray (see
panel F that was performed at 1:100 serum dilution; three additional mice showed a signal at 1:10 serum dilution). Bars in all panels show median
+ interquartile range. Signiﬁcance in panels (B), (C), and (F) was inferred by two-tailed Mann−Whitney U tests [(*) P ≤ 0.05; n.s. = not
signiﬁcant (P > 0.05)]. Signiﬁcance in panel (G) was inferred by Dunn-corrected Kruskal−Wallis tests [(*)P ≤ 0.05; (**) P ≤ 0.01].

fecal C. diff icile CFUs counts and colon pathology (Figure
3A). This time point was chosen because mice exhibit the most
signiﬁcant C. diff icile-induced pathology 5 days post-infection
and naturally clear the pathogen about 10 days postinfection.35 Colonic colonization levels of C. diff icile M68 in
mice vaccinated with 12−15 were signiﬁcantly lower by up to
99.5%, compared to PBS control mice, whereas no diﬀerence
was observed for other bacteria, such as Enterococcus spp.
(Figure 2B). Immunization with 15 (glycoconjugate with PSIII disaccharide 4) led to a 96.8% reduction of C. dif f icile
colonization. This conﬁrmed our previous studies in which a
CRM197 glycoconjugate with PS-III tetrasaccharide 10 reduced
colonization with C. diff icile by 96% and 83.3%, compared to
nonimmunized and CRM197 immunized mice, respectively.21
Thus, both 4 and 10 can evoke protective IgG in mice, with 4
being easier to synthesize,19 which is an advantage toward costeﬃcient vaccines. Neither CRM197 nor 16 signiﬁcantly aﬀected
bacterial colonization, showing that protection from C. diff icile
was oligosaccharide-speciﬁc. Interestingly, the three mice
immunized with 13 or 14 without detectable antioligosaccharide IgG were also protected. Oligosaccharide-speciﬁc IgG3 and
IgM were similarly undetectable in these animals (see
Supplemental Figures 3D and 3E); perhaps they were too
scarce or of too low aﬃnity to be detectable by microarray. In
addition, antibody-independent mechanisms may have contributed to inhibition of bacterial colonization.36,37 Expectedly,
the TcdB vaccine did not signiﬁcantly reduce the recovery of
C. diff icile CFUs. Finally, we determined the degree of colon
pathology in the challenged mice with a cumulative
histopathologic score, taking into account the presence and

extent of inﬂammatory inﬁltrate, epithelial damage, and
submucosal edema, as well as the number of intraepithelial
lymphocytes, neutrophils, crypt abscesses, and lymph follicles
(Supplemental Figure 6A in the Supporting Information). We
did not take into account weight loss, which has been shown to
be minimal or undetectable in mice upon C. dif f icile
infection,38 nor stool consistency, as we focused on direct
signs of inﬂammation in the colon. Histopathology showed
mild (Supplemental Figure 6A, subpanel 1) to moderate
(Supplemental Figure 6A, subpanels 2−7) signs of colitis in
M68-infected and PBS-immunized mice. Moderate changes
included the following: diﬀuse inﬁltration of the lamina propria
by inﬂammatory immune cells (Supplemental Figure 6A,
subpanels 3 and 4), submucosal edema (Supplemental Figure
6A, subpanel 5 (denoted by an asterisk, *), crypt abscesses
(Supplemental Figure 6A, subpanel 6), and epithelial damage
(Supplemental Figure 6A, subpanel 7). Vaccination with 12−
15 signiﬁcantly ameliorated colitis; only mild signs were
detected in vaccinated mice upon M68 infection, such as small
localized inﬁltrates (subpanel 8, arrow) or lymph follicles with
hyperplasia (Supplemental Figure 6A, subpanel 9, denoted by
an arrow) at maximum. Examples for the detection of
intraepithelial lymphocytes (Supplemental Figure 6A, subpanel
10, denoted by an arrow) and tissue sections without
pathological signs from uninfected (Supplemental Figure 6A,
subpanel 11) and 15-vaccinated, infected mice (Supplemental
Figure 6A, subpanel 12) are also shown. Animals vaccinated
with 12−15 had signiﬁcantly lower inﬂammatory scores than
control mice, whereas CRM197 and 16 did not have a
signiﬁcant impact relative to PBS (Figure 3C). Inﬂammation
2724
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transfer experiments using pooled sera obtained from mice
immunized with CRM197 or 13 (Figure 4E). Mice that received
PBS only served as additional controls. Six of 10 mice that
received 13 mounted an IgG response against 2 detectable in
serum diluted 1:100 (Figure 4F). Three out of four of the
remaining animals had detectable anti-2 IgG signals when sera
were analyzed at 1:10 dilution (Figure S8 in the Supporting
Information). Pooled sera of mice immunized with 13
signiﬁcantly protected mice from colonization by VPI 10463
after serum transfer (Figure 4G). In addition, monoclonal
antibody (mAb) 2C5 against 120 signiﬁcantly protected from
colonization, whereas a mAb against a glycan epitope of
Streptococcus pneumoniae40 did not.
Employing a microarray protocol that we previously used to
identify secreted antibodies to C. diff icile glycans in human
stool,19 we did not detect glycan-speciﬁc IgG or IgA in feces of
immunized mice before challenge (Supplemental Figures 9A
and 9B in the Supporting Information). However, we
identiﬁed anti-CRM197 IgG in the same samples by ELISA
(Supplemental Figure 9C in the Supporting Information),
which is a more sensitive technique.41 This suggests that small
amounts of vaccine-induced protective antibodies were present
in the intestinal lumen before infection. In addition, antibody
transport through the epithelium may have been promoted by
toxin-induced tissue damage during infection, as shown
previously.42−44
Conclusions. In summary, we showed that semisynthetic
glycoconjugates protected mice, one of the most widely used
small animal models for C. dif f icile,26 from CDI more
eﬀectively than a toxoid-based vaccine. We selected the
mouse model, because, similar to humans, mice allow for
replication of C. dif f icile in the colon and develop an
inﬂammatory response.26 The degree of protection was
comparable for both tested strains: M68 and VPI 10463.
Most importantly, vaccination with glycoconjugates, but not
with toxoid, signiﬁcantly reduced intestinal colonization with
C. diff icile. Passive immunization studies with immune sera and
mAbs demonstrated that protection was, at least partially,
mediated by C. diff icile-speciﬁc antibodies. Of note, we did not
detect signiﬁcant binding of the raised polyclonal sera to
inactivated bacteria, as measured by ﬂow cytometry. This may
have been due to the weak and inconsistent polysaccharide
expression levels in vitro8, which may be lower than their in
vivo expression. In addition, inactivation of the bacteria with
formalin may have destroyed important epitopes. Another
possibility is that binding of the oligosaccharide-speciﬁc
antibodies may have been too weak to be detectable by the
experimental setup that was employed, but strong enough to
confer protection in vivo. Reﬁning the synthetic oligosaccharides, such as including a terminal phosphate group in the PS-II
hexasaccharide repeating unit, as previously reported,14 may
help to elicit antibodies that recognize the native polysaccharide with higher aﬃnity and to enhance antibodymediated protective eﬃcacy. Our data also suggests that
antibody-independent mechanisms, such as cellular cognate
immune responses, contribute to the protection against C.
dif f icile infection in the mouse model, since some mice
exhibited even clinical improvement in the absence of
detectable glycan-speciﬁc antibody titers.
Using synthetic oligosaccharides overcame the shortage of
natural polysaccharides due to weak in vitro expression,
particularly of PS-I and PS-III.8 Initially solely identiﬁed on
an isolate of ribotype 027 C. diff icile, PS-I was originally

was also reduced by the TcdB vaccine, but not as strongly as
with 12−15. A signiﬁcant correlation between C. diff icile
colonization and inﬂammation score suggested that reducing
colonization was the main factor preventing CDI-mediated
pathology in mice (Figure 3D).
We repeated challenge studies with strain M68 using mice
immunized with Alum-adjuvanted 12 or 15; controls included
mice treated with PBS, CRM197, or TcdB (seven mice per
group). IgG1 production (Supplemental Figure 7A in the
Supporting Information), inhibition of colonization (Supplemental Figure 7B in the Supporting Information) and
reduction of inﬂammation (Supplemental Figure 7C in the
Supporting Information) were comparable to the initial study.
Vaccination with 12 and 15 again signiﬁcantly reduced C.
diff icile colonization by 97.5 or 98.5%, respectively, relative to
the PBS group. In addition, colonization by VPI 10463, a
highly virulent ribotype 087 strain26,33 was signiﬁcantly
inhibited in mice vaccinated with 12 or 15 by 91.9% or
97.8%, respectively, relative to PBS, again with no impact on
other bacteria like enterococci (Supplemental Figure 7B). Since
VPI 10463 expresses both TcdA and TcdB, a group
immunized with TcdB was omitted. Signs of inﬂammation
caused by VPI 10463 were signiﬁcantly reduced by vaccination
with 12 and 15, compared to control groups (Supplemental
Figure 7C). Histopathology revealed consistent (subpanels 1−
3) signs of colitis in VPI 10463 infected mice ranging from
mild changes (subpanel 1) to more severe changes
(Supplemental Figure 7B, subpanel 3). Vaccination with 12
and 15 signiﬁcantly ameliorated colitis (subpanels 4 and 5);
colon sections showed either no pathological signs (subpanels
4, 10) or only mild signs of colitis such as small localized
inﬁltrates (subpanels 5, denoted by an asterisk, *).
Histopathological changes in control groups included the
following: focal mucosal lesions (subpanel 6, red arrowhead),
formation of apoptotic bodies in epithelial cells (subpanel 7,
black arrowheads), granulocyte inﬁltration (subpanel 7, green
arrowhead) and diﬀuse inﬁltration of the lamina propria by
inﬂammatory immune cells (subpanels 8 and 9).
Quantitative PCR (qPCR) using fecal DNA as a template
and primers speciﬁc for toxin and 16S rRNA genes showed
similar trends in intestinal colonization, as observed by
enumerating CFUs for both strains; however, diﬀerences
between vaccinated and control groups were not signiﬁcant
(Supplemental Figure 7D in the Supporting Information). As
qPCR and CFU plating assays are reported to correlate well
within the range of 100 and 105 bacteria,39 we conclude that,
despite methodic variations, vaccinations may not only inhibit
colonization with C. dif f icile, but also reduce bacterial viability.
To determine if protection was antibody-mediated and to
minimize potential nonspeciﬁc eﬀects by the vaccination, we
performed challenge experiments following serum transfer and
following active vaccination 4 weeks, instead of 2 weeks, after
the third immunization (Figure 4A). Mice that received 13
mounted signiﬁcant IgG responses to 2, whereas control mice
immunized with CRM197 did not (Figure 4B). As expected,
mice immunized with 13 were signiﬁcantly protected against
colonization by VPI 10463 (Figure 4C). Pooled sera from
these mice were transferred intraperitoneally into naı̈ve
animals that were challenged with VPI 10463. Pooled anti13 serum conferred substantial protection against colonization
by C. dif f icile, compared to mice that received anti-CRM197
serum (Figure 4D). However, the low number of mice (n = 3)
did not allow for statistical evaluation. Therefore, we repeated
2725
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suggested to be strain-speciﬁc.12 The subsequent detection on
other, nonribotype 027 strains45 and the frequent presence of
PS-I speciﬁc serum antibodies in horses46 and humans,19
however, indicates that PS-I is likely commonly expressed by
various C. diff icile strains in vivo. PS-II is recognized as a
ubiquitous polysaccharide that has been identiﬁed on all C.
diff icile isolates investigated so far.12,45 PS-III is likely also
commonly expressed by C. dif f icile, since antibodies raised
with this polysaccharide in rabbits recognized a wide range of
C. dif f icile strains.15 Importantly, our studies revealed that
vaccination with the various glycoconjugates of PS-I, PS-II, and
PS-III did not signiﬁcantly aﬀect the murine intestinal
microbiota, indicating that the elicited antibodies are highly
speciﬁc to C. dif f icile. We also demonstrated that the anti-PS-I
mAb 2C5 signiﬁcantly protected mice from C. dif f icile
colonization, which raises the possibility of their potential
therapeutic use, perhaps in combination with antitoxin mAbs
that have shown promise against CDI in clinical trials.8
The feasibility of large-scale production of glycoconjugate
vaccines with synthetic glycan antigens has been demonstrated
by the Qiumi-Hib vaccine against Haemophilus influenzae type
B marketed in Cuba.47 In addition, the carrier protein used
here, CRM197, is well-characterized, safe, and has been used in
various marketed glycoconjugate vaccines.23
Toxoid vaccines alone eﬃciently reduce CDI symptoms in
humans7,29 but could increase the number of asymptomatic
carriers that may spread C. dif f icile to vulnerable individuals.8,9
Combining both vaccine strategies may be the most eﬀective
measure to ﬁght CDI.48
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