HOST RESPONSE AND INFLAMMATION

1 e |INfection and
B camveer  rnunity® n

Check for
updates

Oral Immunization with Nontoxigenic Clostridium difficile
Strains Expressing Chimeric Fragments of TcdA and TcdB
Elicits Protective Immunity against C. difficile Infection in Both
Mice and Hamsters

Yuanguo Wang,? Shaohui Wang,? Laurent Bouillaut,” Chunhui Li,® Zhibian Duan,?< Keshan Zhang,® Xianghong Ju,®

Saul Tzipori,f Abraham L. Sonenshein,® Xingmin Sun2

2Department of Molecular Medicine, Morsani School of Medicine, University of South Florida, Tampa, Florida,
USA

bDepartment of Molecular Biology and Microbiology, Tufts University School of Medicine, Boston,
Massachusetts, USA

“Department of Clinical Veterinary Medicine, College of Animal Science and Technology, Shanxi Agricultural
University, Taigu, China

dState Key Laboratory of Veterinary Etiological Biology, National Foot and Mouth Disease Reference
Laboratory, Lanzhou Veterinary Research Institute, Chinese Academy of Agricultural Sciences, Lanzhou, China

eDepartment of Veterinary Medicine, Guangdong Ocean University, Zhanjiang, China

‘Department of Infectious Diseases and Global Health, Tufts University Cummings School of Veterinary
Medicine, North Grafton, Massachusetts, USA

ABSTRACT The symptoms of Clostridium difficile infection (CDI) are attributed
largely to two C. difficile toxins, TcdA and TcdB. Significant efforts have been de-
voted to developing vaccines targeting both toxins through parenteral immunization
routes. However, C. difficile is an enteric pathogen, and mucosal/oral immunization
would be particularly useful to protect the host against CDI, considering that the
gut is the main site of disease onset and progression. Moreover, vaccines directed
only against toxins do not target the cells and spores that transmit the disease. Pre-
viously, we constructed a chimeric vaccine candidate, mTcd138, comprised of the
glucosyltransferase and cysteine proteinase domains of TcdB and the receptor bind-
ing domain of TcdA. In this study, to develop an oral vaccine that can target both C.
difficile toxins and colonization/adhesion factors, we expressed mTcd138 in a non-
toxigenic C. difficile (NTCD) strain, resulting in strain NTCD_mTcd138. Oral immuniza-
tion with spores of NTCD_mTcd138 provided mice full protection against infection
with a hypervirulent C. difficile strain, UK6 (ribotype 027). The protective strength
and efficacy of NTCD_mTcd138 were further evaluated in the acute CDI hamster
model. Oral immunization with spores of NTCD_mTcd138 also provided hamsters
significant protection against infection with 2 X 10* UK6 spores, a dose 200-fold
higher than the lethal dose of UK6 in hamsters. These results imply that the geneti-
cally modified, nontoxigenic C. difficile strain expressing mTcd138 may represent a
novel mucosal vaccine candidate against CDI.
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lostridium difficile is a spore-forming, anaerobic, and toxin-producing bacillus. It is
the most common cause of nosocomial antibiotic-associated diarrhea and the
etiologic agent of pseudomembranous colitis, with about 453,000 cases and 29,000
deaths yearly in the United States as reported by CDC in 2015 (1). Furthermore, a
continual rise in severe C. difficile infections (CDI) has been observed worldwide (2, 3).
CDlI is transmitted through spores. C. difficile toxins (TcdA and TcdB) are the major
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virulent factors. The two toxins share similar domain structures, including the
N-terminal glucosyltransferase domain (GT), the autocatalytic cysteine proteinase
domain (CPD), the central translocation domain (TMD), and the C-terminal receptor
binding domain (RBD) (4, 5). Standard therapy depends on treatment with vanco-
mycin, metronidazole, or fidaxomicin. None of these is fully effective (6, 7). More-
over, an estimated 15 to 35% of those infected with C. difficile relapse following
treatment (8, 9). Treatment of recurrent CDI is one of the major challenges in the
field (10-12). Active vaccination is generally accepted as a logical and cost-effective
approach to prevent CDI, but no vaccine effective at preventing primary and
recurrent CDI is licensed (13, 14).

There are three C. difficile vaccines in different stages of clinical trials, including
toxoids A and B from Sanofi (15), fusion protein (IC84) from Valneva (16), and geneti-
cally modified TcdA and TcdB from Pfizer (17). All three vaccine candidates target TcdA
and TcdB or their RBDs and use parenteral routes for immunization. However, our
published data show that anti-TcdA IgG, but not IgA, dramatically enhances TcdA-
mediated cytotoxicity in vitro (18) and disease in vivo (19), raising safety concerns with
parenteral immunization. In addition, C. difficile is an enteric pathogen, and mucosal/
oral immunization would be particularly useful to protect the host against CDI, con-
sidering that the gut is the main site of disease onset and progression. Moreover,
vaccines directed only against toxins do not target the cells and spores that transmit
the disease and contribute to high-rate recurrent CDI.

Vaccination through the oral route has the advantage of inducing mucosal immu-
nity (20, 21) and other multifarious advantages over traditional parenteral vaccines,
including ease of administration, better patient compliance, needle-free painless de-
livery, and lower cost (22, 23). However, since the harsh acidic and proteolytic envi-
ronment in the stomach can cause the vaccine subunit proteins to degrade, subunit-
based oral vaccination is difficult to implement (24).

Previous studies have shown that asymptomatic colonization by nontoxigenic C.
difficile strains tends to decrease the risk of CDI in humans (25). Nontoxigenic C. difficile
strains have been shown to prevent fatal CDI in mice, hamsters, and piglets (26-28).
Recently, we reported a novel C. difficile vaccine candidate (mTcd138) that targets both
C. difficile toxins (29). To develop mucosal vaccines that can induce immune responses
against toxins and C. difficile colonization, we engineered a nontoxigenic C. difficile
strain to express mTcd138, i.e., strain NTCD_Tcd138, and our data indicate that
NTCD_Tcd138 is a promising oral vaccine candidate against CDI. This is the first report
on vaccines against CDI based on nontoxigenic C. difficile strains.

RESULTS

Expression of mTcd138 in NTCD. Previously, we generated a fusion protein
(mTcd138) that is comprised of the glucosyltransferase and cysteine domains of TcdB
and the receptor domain of TcdA. To ensure that mTcd138 is atoxic, two point
mutations were introduced into the glucosyltransferase domain of TcdB. Nontoxigenic
C. difficile strain CCUG37785 (here referred to as NTCD) is a nontoxigenic strain (data not
shown). To express mTcd138 in NTCD, the gene encoding mTcd138 was cloned in the
Escherichia coli-C. difficile shuttle vector pRPF144, generating the plasmid pBL139.
Plasmid pBL139 was further introduced into NTCD by conjugative transfer through an
intermediate host, E. coli HB101 pRK24, resulting in strain NTCD_mTcd138. Western blot
analysis showed that mTcd138 was expressed in NTCD_mTcd138 and was detected
intracellularly, as well as in the supernatant of the bacterial culture (Fig. 1A).

Oral immunization of mice with NTCD_mTcd138 spores induced mucosal and
systemic toxin-specific antibody responses. Oral immunization of mice with NTCD_
mTcd138 (2 X 10° spores per immunization, 3 times at 14-day intervals) induced both IgG
and IgA antibody responses specific for both toxins in serum, as well as IgA antibodies
specific for both toxins in feces (Fig. 1B). Most importantly, NTCD_mTcd138 immunization
also induced neutralizing antibodies against both toxins (Fig. 1D). To determine whether
NTCD or NTCD_mTcd 138 immunization can induce anti-C. difficile responses, we generated
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FIG 1 mTcd138 was expressed in nontoxigenic C. difficile CCUG37785 strain (NTCD), and oral immunization (IM) of mice with NTCD_
mTcd138 spores induced protective responses. (A) Western blot analysis of supernatants and pellets of strains NTCD_mTcd138 and NTCD
(mTcd138 as positive control) using anti-TcdA or anti-TcdB antibodies. (B) Oral immunization of mice with NTCD_mTcd 138 spores induced
mucosal and systemic toxin-specific antibody responses. Groups of C57 BL/6 mice (n = 10) were orally immunized with NTCD_mTcd138
(2 X 108 spores/immunization, 3 times at 14-day intervals). Sera and feces were collected after each immunization. Before use, feces were
dissolved (0.1g/ml) in PBS containing proteinase inhibitors. Anti-TcdA/anti-TcdB IgG titers in sera and anti-TcdA/anti-TcdB IgA titers in sera
or in feces were determined by ELISA (*, P < 0.05 versus 1st IM). (C) Oral immunization of mice with NTCD_mTcd138 or NTCD spores
induced mucosal and systemic antibody responses against FIiCD. Sera and feces were collected after each immunization. Anti-FliCD IgG
or IgA titers in sera or feces were determined by ELISA (*, P < 0.05 versus 1st IM). (D) Antitoxin neutralizing titers of sera or feces from
mice orally immunized with NTCD_mTcd138 spores. Vero cells were used to determine in vitro neutralizing activities of sera or feces. Bars
show means =+ standard deviations (SD). (*, P < 0.05 versus anti-TcdA; ns, no significance versus anti-TcdA). Student’s unpaired t test was

used for statistical significance.

a fusion protein containing the full lengths of C. difficile flagellin proteins FliC and FIiD
(designated FIiCD; data not shown), and measured anti-FIiCD antibody levels in sera and
feces from NTCD- or NTCD_mTcd138-immunized mice. Interestingly, we found that in
comparison with NTCD, NTCD_mTcd138 immunization could induce higher levels of
anti-FliCD IgG/IgA responses in both serum and feces (Fig. 1C).

Oral immunization with NTCD_mTcd138 spores provided full protection to
mice against infection with hypervirulent C. difficile strain UK6. Protection efficacy
of NTCD_mTcd138 was evaluated in a mouse model of CDI. After three oral immuni-
zations (2 X 10° spores per mouse per immunization, 3 times at 14-day intervals), mice
were challenged with 10° spores of C. difficile UK6, a hypervirulent strain of ribotype
027. In vehicle (phosphate-buffered saline [PBS])-immunized mice, significant disease
symptoms, including weight loss (Fig. 2B) and severe diarrhea (Fig. 2C), were evident in
all mice; 80% of mice succumbed by day 4 (Fig. 2A). In contrast, NTCD_mTcd138-
immunized mice were fully protected and showed no signs of disease at any stage
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FIG 2 Oral immunization with NTCD_mTcd138 spores provided full protection to mice against infection
with hypervirulent C. difficile strain UK6. Groups of mice (n = 10) were orally immunized with spores of
NTCD or NTCD_mTcd138 (2 X 106 spores in 200 ul PBS) or with PBS (200 ul) 3 times at 14-day intervals.
Seven days after the third immunization, mice were given an antibiotic mixture in drinking water for 4 days,
switched to regular water for 2 days, and given one dose of clindamycin (10 mg/kg) before infection with
10¢ C. difficile UK6 spores by gavage. Mice were monitored, and mouse survival (P = 0.495 between groups
PBS and NTCD; P = 0.0002 between groups PBS and NTCD_mTcd138; P = 0.002 between groups NTCD and
NTCD_mTcd138) (A), mean relative weight changes (P = 0.0004 between groups NTCD and NTCD_
mTcd138; P = 0.2366 between groups PBS and NTCD) (B), and frequency of diarrhea (C) of different groups
were recorded. Animal survivals were analyzed by Kaplan-Meier survival analysis with a log rank test of
significance. Bars show means * SD. (*, P < 0.05; ns, no significance, P > 0.05).

(Fig. 2). Interestingly, immunization with NTCD showed only slight, but not significant
protection (Fig. 2A and B) against C. difficile UK6 challenge. NTCD_mTcd138-immunized
mice secreted significantly smaller amounts of toxins compared to NTCD-only or PBS
immunization groups (Fig. 3A and B). Fecal samples of NTCD_mTcd138-immunized
mice contained significantly fewer UK6 spores than did PBS immunization groups (Fig.
3C). While spores of UK6 in feces of NTCD-immunized mice were fewer than those in
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FIG 3 Fecal toxin levels and amounts of C. difficile UK6 spores in mice orally immunized with NTCD,
NTCD_mTcd138 spores, or PBS followed by infection with C. difficile UK6 spores. Feces were collected on
postinfection days 0, 1, and 2 and then dissolved (0.1 g/ml) in PBS with proteinase inhibitors. TcdA (A)
or TcdB (B) levels in feces were determined by ELISA (¥, P < 0.05 versus PBS or NTCD). (C) Fecal samples
were collected at day 4 postchallenge for bacterial enumeration. An equal amount of 95% ethanol was
mixed with each fecal sample for 30 min. Ethanol was removed by centrifugation, and pellets were
diluted and spread on BHI-supplemented (BHIS) agar plates containing 10% taurocholic acid in an
anaerobic chamber. After incubation for 48 h, the colonies on each plate were counted. The tcdB gene
was amplified to distinguish toxigenic C. difficile (UK6) and nontoxigenic C. difficile strains. Bars represent
means *+ SD. (¥, P < 0.05 versus PBS; ns, P > 0.05, i.e., no significance versus PBS; P = 0.0687 between
groups NTCD and NTCD_mTcd138). Student’s unpaired t test was used for statistical significance.
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FIG 4 Oral immunization of hamsters with NTCD_mTcd138 spores induced protective responses. Groups of
golden Syrian hamsters (n = 10) were orally immunized with NTCD_mTcd138 at 2 X 10 spores 3 times at
14-day intervals. Sera and feces were collected after each immunization. Anti-TcdA/anti-TcdB IgG titers in
sera and feces were determined by ELISA. (A, B) Immunization with NTCD_mTcd138 induced systemic
toxin-specific antibody responses. (C, D) Immunization with NTCD_mTcd138 induced mucosal and systemic
antibody responses against FliCD. (E, F) Vero cells were used to determine in vitro neutralizing activities of
sera (E) or feces (F). The neutralizing titer is expressed as the maximum dilution of the sera that inhibits cell
rounding caused by toxin at a given concentration. This given concentration is the minimum toxin dose
causing cell rounding after a 16-hour of toxin exposure, i.e, 2.5 and 0.1 ng/ml for TcdA and TcdB,
respectively. Bars stand for means = SD. *, P < 0.05 versus 1st IM in panels A, B, C, and D; ns, no significance
versus anti-TcdA, P > 0.05 in panels E and F. Student’s unpaired t test was used for statistical significance.

PBS immunization control mice, there was a significant difference between the two
groups (P = 0.0687) (Fig. 3Q).

Oral immunization of hamsters with NTCD_Tcd138 spores induced protective
responses against both toxins and infection with hypervirulent C. difficile strain
UK6. We further evaluated the immunogenicity and protection efficacy of NTCD_
mTcd138 in hamsters. Oral immunization of hamsters with NTCD_mTcd138 (2 X 10°
spores per hamster per immunization, 3 times at 14-day intervals) induced similar levels
of anti-TcdA and anti-TcdB IgG antibodies in sera and feces (Fig. 4A and B). In addition,
NTCD_mTcd138 immunization also induced significant anti-FliCD IgG antibodies in sera
and feces. Similar to the results in mice, in comparison with NTCD, NTCD_mTcd138
immunization induced higher levels of anti-FliCD IgG responses in both sera and feces
(Fig. 4C and D). We could not measure anti-TcdA/TcdB/FIiCD IgA antibodies due to the
lack of hamster-raised anti-lgA antibodies. But, importantly, neutralizing antibodies
against both toxins were detected in both sera and feces (Fig. 4E and F). Hamsters are
extremely sensitive to C. difficile infection and usually die within 2 to 3 days of infection
at a dose of 100 spores. Therefore, the hamster is an ideal animal to test the strength
of vaccine candidates against CDI. To evaluate the protection strength of NTCD_
mTcd138, we challenged the immunized hamsters (2 X 10° spores of NTCD_mTcd138
or NTCD per hamster per immunization, 3 times at 14-day intervals) with C. difficile
strain UK6 at 2 X 10* spores/hamster, which is 200-fold higher than the lethal C. difficile
infection dose (100 spores). Oral immunization with NTCD_mTcd138 spores provided
significant protection to hamsters in survival against such a high challenge dose in
comparison with the PBS control group (P = 0.0458 between groups PBS and NTCD_
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FIG 5 Oral immunization with NTCD_mTcd138 spores provided significant protection to hamsters
against infection with virulent C. difficile strain UK6 at a dose 200-fold greater than the lethal infection
dose. Groups of hamsters (n = 10) were orally immunized with NTCD or NTCD_mTcd138 (2 X 106 spores
in 200 wl PBS) or PBS (200 wl) 3 times at 14-day intervals. Seven days after the third immunization,
hamsters were given clindamycin (i.p., 40 mg/kg/day for 2 days), followed by infection with 2 X 10* C.
difficile UK6 spores by gavage. Hamsters were monitored, and survivals (P = 0.0754 between groups PBS
and NTCD; P = 0.0458 between groups PBS and NTCD_mTcd138; P = 0.0899 between groups NTCD and
NTCD_mTcd138) (A) and diarrhea (B) were recorded. Animal survivals were analyzed by Kaplan-Meier
survival analysis with a log rank test of significance.

mTcd138) (Fig. 5). Interestingly, in agreement with the results in mice (Fig. 2A and B),
immunization of hamsters with NTCD-only spores also provided protection in survival,
though not significant compared with the PBS control group (P = 0.0754 between
groups PBS and NTCD) (Fig. 5A). Although the survival rate of the NTCD_mTcd138-
immunized group was higher than that of the NTCD-immunized group, there was no
significant difference in survival between the two groups (P = 0.089) (Fig. 5A). Both
NTCD_mTcd138- and NTCD-immunized groups showed lower diarrhea rates than those
in the PBS control group (Fig. 5B).

DISCUSSION

CDl is transmitted through bacterial spores. Prevention is by limiting antibiotic use,
hand washing, and terminal room cleaning in hospitals (30). Vaccination is a promising
intervention approach that can provide long-term protection against CDI (31). No
vaccine against CDI is currently licensed. Tremendous efforts have been devoted to
developing vaccines targeting both toxins (32-34). However, vaccines directed only
against toxins do not target the cells and spores that transmit the disease.

We recently reported a novel C. difficile vaccine candidate (mTcd138), which targets
both C. difficile toxins (29) and was effective in prevention of CDI in both mice and
hamsters through parenteral immunization routes. However, C. difficile is an enteric
pathogen, and CDI starts and progresses in the intestine. Therefore, mucosal and
especially oral immunization would be ideal. In addition, injectable vaccines induce
good systemic immunity, but mucosal responses are often unsatisfactory, whereas
mucosal vaccines provide both systemic and mucosal immunity (35). Oral vaccination
is considered the easiest way to deliver immunogens; also, it is more acceptable to
patients and reduces the need for highly trained personnel during mass immunization.

A major barrier for oral immunization is the harsh stomach and intestinal environ-
ment, which can degrade protein-based vaccines (24). C. difficile exists environmentally
as spore forms. The unique multilayered structure of spores can allow them to survive
under extreme temperatures, pHs, and humidity levels; in that regard, spores can serve as
an effective oral delivery vehicle (36-38). By engineering nontoxigenic C. difficile strains to
express mTcd138, i.e, NTCD_mTcd138, we combined two independent methods of CDI
prevention in one treatment. Our data showed that oral immunization of mice/hamsters
with NTCD_mTcd138 spores not only induced protective antibody responses to both toxins
(Fig. 1 and 4) but also induced antibody responses to C. difficile flagellin proteins (e.g., FliC
and FliD) (Fig. 1C and 4C and D), suggesting that NTCD_mTcd138 immunization could
induce a protective antibody response to colonization factors of C. difficile. In support of
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TABLE 1 Bacterial strains and plasmids

Infection and Immunity

Strain or plasmid Relevant details Reference or source
C. difficile VP 10463 A known very-high-level toxin producer 39
C. difficile R20291 Wild type; PCR ribotype 027 40
C. difficile UK6 An epidemic strain (provided by Dale Gerding and Abraham L. 44
Sonenshein) isolated in the United Kingdom
CD2001 Nontoxigenic C. difficile Michel R. Popoff, Institut Pasteur
CCUG37780 Michel Delmée (UCL, Belgium) to the Culture
CCUG37785 Collection of the University of Gothenburg
CCUG37787 (CCUG), Sweden
Vector pHis1525 Cloning vectors; the xylose operon is used as regulatory element 41
pRPF144 Based on the pMTL960 backbone, subcloned into pBL139 42
pBL139 E. coli-C. difficile shuttle vector 43

this, fecal samples from NTCD/NTCD_mTcd138-immunized mice contain fewer spores of
the infecting pathogenic strain than do a control (Fig. 3C).

Previous studies have shown that asymptomatic colonization by nontoxigenic C.
difficile strains tends to decrease the risk of CDI in humans (25). Nontoxigenic C. difficile
strains have been shown to prevent fatal CDI in mice, hamsters, and piglets (26-28),
presumably by competing with toxigenic strains for colonization in intestine. However,
it is not clear whether oral immunizations with NTCD/NTCD_mTcd138 spores provided
colonization resistance against infection with C. difficile UK6 spores. In order to establish
a mouse/hamster model of CDI, mice were pretreated with a mixture of six antibiotics
(kanamycin, gentamicin, colistin, metronidazole, vancomycin, and clindamycin), and
hamsters were pretreated with clindamycin, as described in Materials and Methods. We
determined susceptibility of NTCD/NTCD_mTcd138 vegetative cells to these antibiotics
as follows: the MICs of kanamycin, gentamicin, colistin, metronidazole, vancomycin, and
clindamycin are 64, 16, 32, 0.5, 1, and 1 ug/ml, respectively. In further studies, we will
evaluate whether NTCD/NTCD_mTcd138 survived in animals after antibiotic treatment.

In addition, in the hamster model of CDI, while immunizations with NTCD_mTcd138
provided significant protection against C. difficile UK6 challenge compared with the PBS
control group (Fig. 5), there was no significant difference between NTCD_mTcd138 and
NTCD groups (Fig. 5), which might be due to the high sensitivity of hamsters to CDI and
the high challenge dose used (2 X 104 spores/hamster, which is 200-fold higher than
the lethal C. difficile infection dose of 100 spores), which could hinder the effects of
NTCD-mTcd138 immunization in hamsters. In future studies, we will further optimize
the immunization dosages and examine immunization protection against other ri-
botypes of epidemic C. difficile strains, as well as whether the oral immunization alters
the intestinal microbiome.

In summary, NTCD_mTcd138 is a promising oral vaccine candidate against CDI. In
addition, the spore form of the immunogen is thermostable and does not need
cold-chain production, storage, and transportation.

MATERIALS AND METHODS

Animals. All studies conformed to the Guide for the Care and Use of Laboratory Animals of the
National Institutes of Health and were approved by the Institutes’ Animal Care and Use Committees
(IACUQ) at the University of South Florida and Tufts University. Wild-type C57BL/6 mice and Golden
Syrian hamsters were purchased from Charles River Laboratories.

Expression and purification of recombinant fusion protein mTcd138. Bacterial strains and
plasmids used in this study are detailed in Table 1. To generate mTcd138, the DNA sequences from C.
difficile VPI 10463 (39) encoding the glucosyltransferase (GTD, amino acids [aa] 1 to 543) with 2 amino
acid mutations (W102A and D288N) and cysteine proteinase (CPD, aa 543 to 767) domains of TcdB and
the receptor binding domain (RBD) of TcdA were bridged with a linker (GGT GGC TCT GGT) sequence,
synthesized by Geneart (Germany) and cloned between the BsrGl and Eagl sites of the vector pHis1525
(Boca Scientific). mTcd138 was expressed in Bacillus megaterium and purified as described previously
(29).

Expression and purification of recombinant fusion protein FliCD. Gene sequences encoding FIliC
and FIiD from C. difficile R20291 (40) were bridged with a linker (GGT GGC TCT GGT) sequence,
synthesized by Geneart (Germany) and cloned between the BsrGl and Eagl sites of the vector pHis1525
(41). FIiICD was expressed in B. megaterium and purified as described previously (29).
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Expression of mTcd138 in nontoxigenic strains. The mTcd138 gene was amplified using pMA-
mTcd138 as the template (synthesized by genscript), primers oND54 (CCCGAGCTCCTGCAGTAAAGGAG
GTTTTTATGAGTTTAGTTAATAAGAAAACAG) and oND55 (CGCGGATCCTTACCCATATATCCCAGGGCTTTT
TG), and Phusion Hi-Fidelity DNA polymerase (New England BioLabs). The fragment was cloned into
pRPF144 (42) (kindly provided by Robert Fagan from University of Sheffield) using Sacl and BamHl sites
resulting in pBL139. pBL139 was introduced into the C. difficile nontoxigenic strains CD2001, CCUG37780,
CCUG37785, and CCUG37787 by conjugation thorough an intermediate host, E. coli HB101 pRK24, as
previously described (43).

Western blotting. Nontoxigenic C. difficile strains were grown in brain heart infusion (BHI) medium
in an anaerobic chamber at 37°C for 24 to 48 h, after which supernatant fluids were collected. C. difficile
vegetative cell pellets were lysed in protein lysis buffer (distilled water [dH,0], 0.05 M Tris, 0.3 M NaCl,
0.5% Triton X-100, 2 mM EDTA, 04 mM Na,VO,, 2.5 mM leupeptin, 2.5 mM aprotinin, 2.5 mM
4-nitrophenyl 4-guanidinobenzoate hydrochloride [NPGB]). Protein concentration was measured using a
bicinchoninic acid (BCA) protein assay (Thermo Scientific, Suwanee, GA). Protein extracts were subjected
to 12% SDS-PAGE separation. Then, proteins were transferred onto the Nylon membrane. After blocking for
1 h at room temperature (RT) with 5% skim milk, the membrane was incubated overnight at 4°C with
anti-toxin A and anti-toxin B antibodies (1:1,000). After washing with PBST (PBS with 0.05% Tween), the
membrane was incubated with horseradish peroxidase-conjugated secondary goat anti-mouse antibody
(catalog number ab97023, IgG, 1:3,000; Abcam, Cambridge, MA), the antibody-reactive bands were revealed
by enhanced chemiluminescence detection on Hyperfilm (Thermo Fisher Scientific, Waltham, MA).

Preparation of C. difficile spores. Sporulation of the C. difficile UK6 (BI/NAP1/027) (44) and
NTCD_Tcd138 strains was induced in Clospore medium as described previously (45). Briefly, 20 ml of
Columbia broth culture medium was inoculated into 500 ml of Clospore medium overnight, and the
mixture was incubated without any agitation for 7 to 14 days at 37°C in an anaerobic incubator. The
spore suspension was centrifuged at 7,000 rpm for 30 min, and the pellet was washed 5 times with sterile
water and suspended in 10 ml of double-distilled water (ddH,0). The spore suspension was heated at
60°C for 20 min to kill vegetative cells and stored at 4°C. The spore concentration was determined by
serial dilution on taurocholate cycloserine cefoxitin fructose agar (TCCFA) or BHI plates (46).

Mouse immunization and mouse model of C. difficile infection. Western blot analysis showed that
mTcd138 was expressed in nontoxigenic C. difficile strains CD2001, CCUG37780, CCUG37785, and
CCUG37787 (data not shown). Strains CCUG37785, designated NTCD, and CCUG37785 expressing
mTcd138, designated NTCD_mTcd138, were used in immunization experiments in animals. Female
C57/BL6 mice were housed under the same conditions at a seminatural light cycle of 14 h/10 h
(light/dark) in a specific pathogen-free (SPF) environment. Mice received water and food ad libitum.
During immunizations and infection with C. difficile, mice were housed in infection rooms. Mice (n = 10)
were immunized 3 times at 14-day intervals via oral administration with 2 X 106/100 ul spores of NTCD
or NTCD_mTcd138. Control mice received the same amount of PBS. Sera were collected, and anti-TcdA/
TcdB IgG titers were determined by enzyme-linked immunosorbent assay (ELISA). Fourteen days after the
third immunization, immunized or control mice were given drinking water containing a mixture of six
antibiotics including kanamycin (40 mg/kg of body weight), gentamicin (3.5 mg/kg), colistin (4.2 mg/kg),
metronidazole (21.5 mg/kg), and vancomycin (4.5 mg/kg) for 5 days and then received autoclaved water
for 2 days, followed by a single dose of clindamycin (10 mg/kg) intraperitoneal injection before challenge
with 10° C. difficile UK6 spores/mouse via oral gavage as described previously (47). After infection, 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 data included the
numbers of mice who died after infection and those euthanized if the weight loss was greater than 20%.

Hamster immunization and hamster model of C. difficile infection. Golden Syrian female ham-
sters were housed individually in cages under the same conditions at a light cycle of 14 h/10 h
(light/dark) in an SPF environment. Hamsters received water and food ad libitum. During immunizations
and infection with C. difficile, hamsters were housed in infection rooms. Hamsters were orally immunized
with 2 X 10%/100 ul spores of NTCD or NTCD_mTcd138 3 times at 14-days intervals. Control hamsters
were immunized with the same volume of PBS. Sera were collected from the jugular vein, and
anti-TcdA/TcdB IgA or IgG titers were determined by ELISA. Two weeks after the third immunization,
hamsters were intraperitoneally (i.p.) administered one dose of clindamycin at 30 mg/kg followed by oral
challenge with 2 X 10* C. difficile UK6 spores 5 days later. The hamsters were monitored for 7 days for
diarrhea and other disease symptoms.

ELISA for determination of antitoxin and anti-FIliCD IgA and IgG. ELISAs were performed as
previously described (29). Briefly, Costar 96-well ELISA plates were coated with 100 wl/well of TcdA (0.5
ng/ml), TcdB (0.5 wg/ml), or FIiCD (0.5 wg/ml) at 4°C overnight. Following washing of the unbound
material, plates were blocked with 300 nl of blocking buffer (PBS + 5% dry milk) at room temperature
for 2 h. After washing, 100 ul of 10-fold diluted sera or fecal samples was added into each well of the
plates and incubated for 1.5 h at room temperature. Following washing with PBS, 100 wul of mouse
IgG-horseradish peroxidase (HRP) (1:3,000) or mouse IgA-HRP (1:3,000) was added to each well and
incubated for 30 min to 1 h. Subsequent to a washing step with PBS, substrate tetramethylbenzidine
(TMB) was added to allow color development at room temperature for 5 to 30 min. The reaction was
stopped by addition of H,SO, to each well, and the optical density (OD) values at 450 nm were recorded
by a spectrophotometer. Antitoxin and anti-FIiCD IgG or IgA titers of a given sample (the titer of serum
or fecal sample from immunized mice/hamsters was defined as the dilution factor at which the OD 5, .,
is greater than or equal to 2-fold that of serum or fecal sample from nonimmunized mice/hamsters).
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Quantification of C. difficile spores from mouse feces. Fecal samples were collected on day 4

postinfection. Fifty milligrams of feces was dissolved in 500 ul sterile MilliQ water for 16 h at 4°C and then
treated with 500 ul of purified ethanol (Sigma-Aldrich) for 1 h at room temperature to kill vegetative
cells. Samples were vortexed, serially diluted, and plated onto selective medium supplemented with
taurocholate (0.1%, wt/vol), cefoxitin (16 wg/ml), and L-cycloserine (250 wg/ml). The plates were incu-
bated anaerobically at 37°C for 48 h, colonies were counted, and results were expressed as the CFU/gram
of feces on day 4. The tcdB gene was amplified to distinguish toxigenic C. difficile UK6 and nontoxigenic
C. difficile strains.

Quantitation of C. difficile toxins in mouse feces. After challenge with C. difficile spores, feces were

collected and dissolved in PBS (0.1g/ml) containing a protease inhibitor cocktail, and the supernatants
were collected after centrifugation and used for determination of TcdA/TcdB concentrations by ELISA.
Briefly, 96-well Costar microplates were coated with 100 ul of anti-TcdA antibody (1 wg/ml) and anti-TcdB
antibody (1 pg/ml) overnight in PBS at 4°C. On the next day, each well was blocked with 300 ul of
blocking buffer (PBS + 5% dry milk) at RT for 2 h. Next, standards and samples were added to each well
(100 pl) 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 wells for 30
min at RT. A final set of 3 washings preceded the addition of the TMB microwell peroxidase substrate for
20 min at RT in the dark. The reaction was stopped with 2 N H,SO,, and the absorbance was measured
using a plate reader at 450 nm.

Neutralizing assays. Vero cells were used to assess neutralizing activities of serum samples. The

neutralizing titer is defined as the maximum dilution of the samples that blocks cell rounding caused by
toxin at a given concentration. This given concentration is the minimum dose of the toxin that causes
all cells to round after a 16-hour exposure to the toxin, i.e.,, 2.5 and 0.1 ng/ml for TcdA and TcdB,
respectively.

Statistical analysis. Animal survival was analyzed by Kaplan-Meier survival analysis with a log rank test

of significance. When comparing results for two groups, Student’s unpaired t test was used for statistical
significance; when comparing the results of more than two groups, one-way analysis of variance (ANOVA)
with post hoc analysis by Bonferroni tests was used. Results are expressed as means =+ standard errors of
means. Differences were considered statistically significant if P values were <0.05 (*). All statistical analyses
were performed using GraphPad Prism software.
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