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The C-terminal repeat domain of Clostridium difficile toxin A harbors toxin-neutralizing epitopes and is
considered to be a candidate component of a vaccine against C. difficile-associated disease (CDAD). Fourteen
of the 38 C-terminal toxin A repeats (14CDTA) were cloned into pTECH-1 in frame with the immunogenic
fragment C of tetanus toxin (TETC) to generate plasmid pS6TETC. Expression of the TETC-14CDTA fusion
protein was driven from the anaerobically inducible nirB promoter within attenuated Salmonella typhimurium
BRD509 (aroA aroD). The TETC-14CDTA fusion protein was purified and shown to bind to known toxin A
receptors found on the surface of rabbit erythrocytes. Intranasal (i.n.) and intragastric (i.g.) immunization
with 107 and 10'° CFU, respectively, of BRD509(pS6TETC) generated significant (P < 0.05) anti-toxin A serum
responses after a single dose. Antibody titers were elevated following a boosting dose with either live vaccine
or a subcutaneous injection of 0.5 pg of purified 14CDTA protein. Importantly, serum from mice immunized
with BRD509(pS6TETC) neutralized toxin A cytotoxicity. Both i.n. and i.g. immunizations also generated toxin
A-specific immunoglobulin A on the pulmonary and intestinal mucosa, respectively. Intranasal vaccination
induced consistently higher serum and mucosal anti-toxin A antibody responses. Significant anti-tetanus
toxoid serum and mucosal antibodies were also generated by both immunization routes. The availability of live
attenuated Salmonella typhi for human use may allow the development of a multivalent mucosal vaccine against

CDAD, tetanus, and typhoid.

Clostridium difficile-associated disease (CDAD) is a major
nosocomial health care problem which can lead to patient
isolation or even ward closures (3, 39). Disease is characteris-
tically preceded by broad-spectrum antibiotic use, with symp-
toms ranging from mild diarrhea to the life-threatening syn-
drome of pseudomembranous colitis (18, 32). The population
at risk includes all patients on antimicrobial agents, especially
the immunocompromised and the elderly (45). A relatively
high patient relapse rate of approximately 20% (55) coupled
with an ever-growing elderly population means that improved
immunoprophylactic treatments are required.

Common pathological features of CDAD include fluid ac-
cumulation, inflammation, and necrosis of the gastrointestinal
mucosa (40, 41). The main C. difficile virulence-associated de-
terminants which promote tissue damage are toxin A (308
kDa) and toxin B (270 kDa). Studies carried out in various
animal models of CDAD have shown toxin A, which can bind
to human intestinal epithelial cells (46), to be the primary
mediator of tissue damage within the intestine (34, 35, 38).
However, toxin B is extremely cytotoxic for several cell lines in
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vitro (20) and promotes colonic mucosal damage in organ
culture (43).

A striking feature of the predicted amino acid sequences of
both toxin A and toxin B is the repetitive nature of the C
termini (2, 12). In the case of toxin A, there are 38 tandem
repeat amino acid sequences classified on both size and se-
quence homology. These repeat sequences encode a receptor-
binding domain of toxin A (42) and harbor epitopes that can
induce antibodies that neutralize the cytotoxic activity of whole
toxin (33). A conserved decapeptide from one of these repeat
sequences, the class IIB repeat, can promote cellular attach-
ment and stimulate also the production of toxin-neutralizing
antibodies (56). Thus, the C-terminal repeat region appears to
be a candidate component of future CDAD vaccines.

Parenteral immunization with either small amounts of toxin
A (25) or a recombinant protein expressing 33 of the 38 C-
terminal repeats (33) can generate a toxin-neutralizing sys-
temic antibody response which will partially protect against
toxin challenge. The induction of a local anti-toxin A antibody
response at the site of action of the toxin, such as the intestinal
mucosa, could enhance the level of protection. Indeed, toxin-
specific immunoglobulin A (IgA) antibodies that inhibit toxin
A from binding to brush border membranes have been de-
tected on the human colonic mucosa (24).

The ability to induce a local immune response at mucosal
surfaces is compromised by the inherent unresponsiveness of
the mucosal immune system to most antigens (36). Vaccines
based on attenuated Salmonella typhimurium are capable of
delivering bacterial (9, 15), viral (5, 21), and protozoal (4, 26)
antigens to the mucosal immune system. In a previous study we
expressed 8, 14, 20, and 36 C-terminal toxin A repeats within
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an attenuated S. fyphimurium vaccine strain, BRD915 (53).
The construct containing the 14 toxin A repeats (14CDTA)
was shown to be optimum for retention of receptor-binding
function and also the induction of an anti-toxin A antibody
response in mice (53). In the present study, 14CDTA was
expressed in an attenuated S. typhimurium aroA aroD vaccine
strain, BRD509, as a fusion to the immunogenic, nontoxic
fragment C of tetanus toxin (TETC). This approach to protein
expression and mucosal delivery has been used by others to
promote stable heterologous antigen expression in vivo (6, 37)
and to potentially optimize antigen delivery to the mucosal
immune system (23, 27). Both intragastric (i.g.) and intranasal
(i.n.) results of immunization were shown to be efficient at
generating anti-toxin A antibodies that could neutralize the
cytotoxicity of whole toxin A. Importantly, mucosal local anti-
toxin A IgA responses were also induced by both immunization
routes.

MATERIALS AND METHODS

DNA manipulation. Restriction enzymes and DNA ligase were purchased
from Promega (Southampton, United Kingdom) and used according to the
manufacturer’s instructions. DNA which had been subjected to restriction en-
zyme treatment was purified by using either S-300 HR Microspin columns (Phar-
macia) or Prep-A-Gene purification resin (Bio-Rad, Hemel Hempstead, United
Kingdom). PCR was carried out with a Perkin-Elmer 9600 cycle sequencer and
Tag DNA polymerase used as described by the manufacturer (Appligene Oncor,
Watford, United Kingdom). DNA cycle sequencing was performed with an ABI
PRISM reaction kit (Perkin-Elmer Applied Biosystems, Warrington, United
Kingdom) and analyzed with an Applied Biosystems 373A DNA sequencer.
Chromosomal DNA was isolated from C. difficile VPI 10463 by the method of
Wren and Tabaqchali (57).

Bacterial strains, plasmids, and growth conditions. S. fyphimurium 1LB5010
(galE), S. typhimurium BRD509 (aroA aroD), and plasmid pTECH-1 have been
described elsewhere (27). Bacteria were routinely cultivated either in Luria broth
(LB) or on LB agar with or without ampicillin (100 pg/ml). For aerobic growth,
cultures were incubated for 18 h with shaking at 37°C. For anaerobic growth,
cultures were incubated for between 36 and 72 h in an atmosphere composed of
80% (vol/vol) N, and 10% (vol/vol) each CO, and H, (Mark IIT work station;
Don Whitley Scientific Limited, Shipley, United Kingdom).

The 14 C-terminal toxin A repeats (bp 7159 through 8118) were amplified
from chromosomal DNA isolated from C. difficile VPI 10463 on a 960-bp frag-
ment, using primers 5'-ACTTCTAGAGCCTCAACTGGTTATACAAGT-3'
(sense strand) and 5'-ATAACTAGTAGGGGCTTTTACTCCATCAAC-3' (an-
tisense strand), which were based on the published toxin A sequence (12).
Underlining denotes an Xbal restriction site in the sense-strand primer and a
Spel restriction site in antisense-strand primer. The amplified toxin A sequence
was subcloned into the pTAg cloning vector (R&D Systems Europe Ltd., Abing-
don, United Kingdom), excised with Xbal-Spel, and inserted into Spel-digested
pTECH-1 downstream of the TETC encoding sequence (27). The resulting
plasmid, named pS6TETC, was electroporated into S. typhimurium LB5010
(galE) (7) and then introduced into S. typhimurium BRD509 (aroA aroD) by P22
bacteriophage transduction (52).

SDS-PAGE and immunoblotting. Proteins were separated on 10% (wt/vol)
polyacrylamide gels and the discontinuous buffer system of Laemmli (31). Prior
to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) anal-
ysis, the protein content of samples was determined by the bicinchoninic acid
assay (Pierce & Warriner Ltd., Chester, United Kingdom). Proteins separated by
SDS-PAGE were transferred to Hybond C nitrocellulose membranes (Amer-
sham Life Science Ltd., Amersham, United Kingdom) and processed as de-
scribed previously (8). Membranes were probed with either monoclonal antibody
PCG-4, specific for the C-terminal repeat region of toxin A, or a polyclonal rabbit
anti-TETC antiserum.

Hemagglutination properties of cellular lysates. Recombinant S. typhimurium
BRD3509 strains were grown under anaerobic conditions, and the soluble mate-
rial was harvested by sonication and differential centrifugation as described by
Ward et al. (54). Fractions (50 wg) of soluble material were serially diluted
twofold in phosphate-buffered saline (PBS) in a 96-well U-bottomed plate (Steri-
lin) and reacted with 25 pl of a 2% (vol/vol) suspension of washed rabbit
erythrocytes at 4°C (TCS Microbiology, Botolph Claydon, United Kingdom).
Wells containing the highest dilution of protein able to promote 100% aggluti-
nation of erythrocytes were taken as the endpoint, and each assay was performed
in duplicate.

Animals and immunization. To generate the inoculum, bacteria were grown
statically for 16 h at 37°C in LB with or without ampicillin, washed twice with cold
PBS, and finally resuspended in sterile PBS to give a final concentration of
approximately 10'* CFU/ml. Six- to eight-week-old female BALB/c mice (Harlan
Olac, Bichester, United Kingdom) were randomized into groups of 10. For i.g.
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inoculation, each mouse received a 200-pl inoculum containing 1 X 10'%to 2 x
10'° CFU via gavage tube under anesthesia (Halothane; Rhone Merieux). For
i.n. inoculation, each mouse received 1 X 107 to 2 X 107 CFU in 30 pl via the
nares under slight anesthesia (Halothane; Rhone Merieux). Colony counts were
performed on all inocula to verify viable cell numbers. Five of the animals from
each immunization group were exsanguinated by cardiac puncture after 27 days,
while the remaining five animals received a second identical dose. After 64 days,
these animals were boosted subcutaneously (s.c.) with 0.5 wg of purified
14CDTA protein. The purified protein was generated by cloning the entire 14
C-terminal toxin A repeats into the pRSET-A vector (Invitrogen, De Schelp, The
Netherlands) and expressing them in Escherichia coli BL21(DE3) (Novagen)
with a polyhistidine N-terminal tag. The 14 toxin A repeats were then purified to
high levels by bovine thyroglobulin affinity chromatography as described by
Krivan and Wilkins (29). All surviving mice were killed after 83 days. Serum
samples were collected from the tail vein of each animal 1 day prior to immu-
nization. Nasal, lung, and intestinal lavage were carried out with 0.1% (wt/vol)
bovine serum albumin in PBS as described by Douce et al. (11) on all killed
animals. Intestinal lavage samples were stored with 1 mM phenylmethylsulfonyl
fluoride to inhibit intestinal proteases.

ELISA. Both the anti-toxin A and anti-tetanus toxoid (TT) antibody responses
in individual serum samples were determined as described by Douce et al. (10).
Serum samples were serially diluted fivefold in PBS and incubated in wells of an
enzyme immunoassay/radioimmunoassay 96-well plate (Corning Costar, High
Wycombe, United Kingdom) previously coated with either whole toxin A (0.15
wg/well in 0.1 M NaHCO; [pH 9.5]) or TT (0.5 pg/well in PBS [pH 7.2]). Bound
antibody was visualized by using a polyvalent anti-mouse immunoglobulin-horse-
radish peroxidase conjugate (Sigma) and o-phenylenediamine as a substrate.
Enzyme-linked immunosorbent assay (ELISA) titers were determined as the
reciprocal of the highest serum dilution which gave an absorbance value of 0.5 U
above the background for toxin A, and 0.3 U above the background for TT. All
titers were standardized against either monoclonal antibody PCG-4 or polyclonal
anti-TETC positive control antiserum.

Measurement of antitoxin antibody levels in mucosal secretions. The levels of
both anti-toxin A- and anti-TT IgA within the mucosal lavage samples were
determined by ELISA using the method of Douce et al. (11). After incubation of
the antigen-coated plates with diluted lavage samples, anti-mouse a-chain-spe-
cific biotin-conjugated antibody (Sigma) was incubated in the wells, and bound
antibody was detected with horseradish peroxidase-conjugated streptavidin
(Dako) and o-phenylenediamine. ELISA titers were calculated as the reciprocal
of the highest dilution which gave an absorbance 0.5 U above the background for
toxin A and 0.3 U above the background for TT. The total IgA content of each
lavage sample was also determined by using plates coated with anti-mouse
a-chain-specific immunoglobulin (0.25 pg/well; Sigma) and comparing endpoint
titers to known amounts of myeloma murine IgA (ICN Biomedicals) (11).
ELISA units were expressed as ELISA titer per microgram of total IgA per
sample.

Antibody-mediated toxin A neutralization. The toxin A-neutralizing properties
of serum antibody were determined by using CHO-K1 cells (51) and thyroglob-
ulin affinity-purified toxin A. Freshly trypsinized CHO-KI1 cells (passages 26 to
38) were seeded into 96-well trays (Corning Costar) at 3 X 10* cells per well and
allowed to recover for 24 h at 37°C in a 5% CO, (vol/vol) atmosphere. The sera
were serially diluted twofold in growth medium and allowed to react with toxin
A (0.6 pg/ml, final concentration) for 90 min at 37°C. The toxin A-antiserum
mixtures were then added to the CHO-K1 cells to give a final total volume of 100
wl, and the cellular morphology was noted after a 24-h incubation at 37°C and
5% (vol/vol) CO,. The neutralizing titer was taken as the highest dilution of
sample to prevent 100% cellular rounding. All samples were tested in duplicate,
and individual assays were standardized against a control antiserum specific for
toxin A (56).

Statistical analysis. Unpaired Student’s ¢ test was used to compare unrelated
groups of data. If the standard deviations (SD) were found to be significantly
different, the Mann-Whitney nonparametric test was used to determine the
statistical relatedness of the data groups. Probability values of <0.05 were taken
as significant. Statistical analysis was carried out with the InStat statistical pack-
age (Sigma).

RESULTS

Expression and in vitro characterization of the TETC-
14CDTA fusion protein. DNA encoding the 14 C-terminal
repeats of C. difficile toxin A was inserted into pTECH-1 down-
stream and in frame with the TETC coding sequence to gen-
erate pS6TETC. Transduction of pS6TETC into attenuated S.
typhimurium BRD509 generated recombinant bacteria with an
unaltered smooth lipopolysaccharide phenotype as determined
by SDS-PAGE and silver staining (data not shown). SDS-
PAGE analysis of cell lysates prepared from BRDS509
(pTECH-1) showed the presence of an additional polypeptide,
not present in similarly prepared BRD509 lysates, with an
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FIG. 1. (A) SDS-PAGE analysis (10% [wt/vol] polyacrylamide gel) of S.
typhimurium BRDS509 cellular lysates grown under aerobic and anaerobic con-
ditions and stained with Coomassie brilliant blue G. Sample 1, BRD509; sample
2, BRD509(pTECH-1); sample 3, BRD509(pS6TETC). Molecular weight mark-
ers (M) are also shown. Apparent molecular masses are shown in kilodaltons. (B
and C) Immunoblots of anaerobically grown BRD509 cellular lysates with toxin
A-specific monoclonal antibody PCG-4 (B) and anti-TETC polyclonal antiserum
(C). Approximately 40 pg of lysate was loaded per lane.

apparent molecular mass of 50 kDa within cells grown under
anaerobic conditions (Fig. 1A). This polypeptide migrated on
gels with purified TETC and was absent from lysates prepared
from bacterial cells grown under aerobic conditions, as ex-
pected for nirB-controlled heterologous protein expression. A
similar analysis of BRD509(pS6TETC) identified a unique
polypeptide within lysates prepared from anaerobically grown
cells with an apparent molecular mass of 80 kDa (Fig. 1A).
This band corresponded to the TETC-14CDTA fusion protein.

To validate the identity of the TETC-14CDTA protein, ly-
sates prepared from anaerobically grown bacterial cells were
subjected to immunoblotting with monoclonal antibody
PCG-4, which is specific for the toxin A repeat region. The
candidate TETC-14CDTA fusion protein of 80 kDa reacted
strongly with monoclonal antibody PCG-4 (Fig. 1B). No cross-
reaction was seen between PCG-4 and either S. typhimurium
cellular antigens or TETC. The 80-kDa TETC-14CDTA fusion
protein also reacted strongly with a polyclonal antiserum spe-
cific for TETC (Fig. 1C). A much weaker immunoreactive
band of 50-kDa apparent molecular mass was also seen. This
band corresponded to the TETC domain and probably re-
sulted from the translation machinery stalling at the hinge

SALMONELLA EXPRESSION OF C. DIFFICILE TOXIN A FRAGMENT 2147

A 6 T T B s T T
| I i [
L ]
| I I |
T Y 5 I Y
= [ ]
s < | E
= I | = | I
: - ]
u 44 I .o | & 44 e LY
= =
g [ | = e | — |
&) L
Q % | | Q | |
—_— —~ o
T T
L]
L]
o gl | | 8
oo | = | | I -
2 — — 2 — 2
1 DOSE 2 DOSE S.C.BOOST 1 DOSE 2DOSE  S.C.BOOST

FIG. 2. Anti-toxin A total immunoglobulin responses in sera of i.n. (A)- and
i.g. (B)-immunized BALB/c mice. Antibody titers were measured by ELISA in
serum taken after 1 dose (day 27) and 2 doses (day 63) of recombinant BRD509
and also after an s.c. boost (day 83) with 0.5 ug of purified 14CDTA protein.
Filled markers represent individual responses from mice immunized with
BRDS509(p56TETC); open markers represent responses from BRD509(pTECH-
1)-immunized mice. Each bar denotes the mean titer from five mice per group.

region built into pTECH-1, as has been previously reported
(27). Both the SDS-PAGE and immunoblot data showed the
pS6TETC fusion protein to be expressed at a lower level than
TETC alone in BRD509. To determine the solubility of TETC-
14CDTA, we fractionated BRD509(p5S6TETC) cells by differ-
ential centrifugation and analyzed by immunoblotting both the
soluble and insoluble, cell envelope-associated material. Using
these techniques, we found the TETC-14CDTA fusion protein
to be located in the soluble fraction (data not shown).

The TETC-14CDTA fusion protein was also analyzed for
the ability to bind to the Galal-3 GalBl-4 GIcNAc toxin A
receptor present on the surface of rabbit erythrocytes (28). The
soluble fraction of BRD509(pS6TETC) (50 wg of soluble cel-
lular protein serially diluted twofold in PBS and incubated with
25 wl of a 2% [vol/vol] solution of rabbit erythrocytes at 4°C for
18 h) was found to hemagglutinate rabbit erythrocytes even at
a dilution of 1:427 + 1:148, whereas the same amount of
material harvested from BRD509(pTECH-1) did not hemag-
glutinate. For toxin A (5 pg tested), hemagglutinating activity
was found at a dilution of 1:21 = 1:9. (Values represent
means * standard errors of the means from three separate
experiments, each performed in duplicate.)

Anti-toxin A serum responses after i.n. or i.g. immunization.
Groups of BALB/c mice were immunized i.n. with 10" CFU of
either BRD509(pS6TETC) or BRDS509(pTECH-1), and the
resulting antiserum was reacted with native toxin A in ELISA.
Mice immunized with BRD509(pS6TETC) generated an anti-
toxin A antibody response after one dose that was significantly
(P < 0.05) higher than the titers seen with the control mice
immunized with BRD509(pTECH-1) (Fig. 2A). Mice were
successfully boosted with a second in. dose of BRD509
(pS6TETC), generating antibody titers over 100-fold higher
than the control titers (P < 0.05). In an attempt to increase the
anti-toxin A response even further, all immunized mice re-
ceived a small s.c. dose of 0.5 pg of purified 14CDTA protein.
The s.c. boost was shown to be effective, significantly (P <
0.05) increasing the mean anti-toxin A titer a further sixfold.
All control mice immunized with BRD509(pTECH-1) did not
show any increase in anti-toxin A antibody levels after the s.c.
boost.

Similar groups of mice were also immunized i.g. with 10'°
CFU of the same recombinant vaccine strains. A single dose of
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FIG. 3. Toxin A-specific mucosal IgA responses in pulmonary lavage samples after i.n. immunization (A) or in intestinal lavage after i.g. immunization (B) with
BRDS509(pTECH-1) or BRD509(p5S6TETC). Mean titers = SD from five mice are shown after 1 dose (day 27) (hatched bars) or 2 doses and an s.c. boost with 14CDTA

protein (day 83) (filled bars).

BRDS509(pS6TETC) generated a mean anti-toxin A serum re-
sponse which was 120-fold higher than that for the control
group (P < 0.05) (Fig. 2B). Although this response was
boosted threefold with a second i.g. dose, the mean geometric
anti-toxin A titer generated (3,464) was not as high as that seen
after two i.n. doses (17,099). However, an additional s.c. boost
with 0.5 pg of purified 14CDTA protein raised the anti-toxin A
titers to a level which was statistically indistinguishable (P >
0.05) from that seen within i.n.-immunized mice, although the
levels of anti-toxin A antibodies in individual i.g.-immunized
mice were more varied than those for i.n.-immunized animals
(Fig. 2).

Toxin A-specific mucosal IgA responses following i.n. and
i.g. immunization. The ability of the recombinant Salmonella
strains to induce a toxin A-specific local IgA response at the
mucosal surface was also assessed. Pulmonary lavage samples
taken from mice immunized i.n. with BRD509(pS6TETC) har-
bored high levels of anti-toxin A IgA even after one dose (Fig.
3A). These responses were further elevated approximately
threefold with a second i.n. dose followed by an s.c. boost with
purified 14CDTA protein. In addition, BRD509(pS6TETC)
was also shown to stimulate toxin A-specific IgA responses at
the mucosa of the small intestine following a single i.g. dose
(Fig. 3B). There was no detectable difference in responses
induced by one or two doses followed by an s.c. boost with
purified protein.

Antibody-mediated toxin A neutralization. Postimmuniza-
tion sera were tested for the ability to neutralize the cytotoxic
activity of toxin A against CHO-KI1 cells in vitro. Sera of all
mice immunized i.n. with two doses of BRD509(p56TETC)
followed by an s.c. injection of purified 14CDTA protein con-
tained significant (P < 0.05) levels of toxin A neutralizing
antibody (Table 1). Similarly, mice immunized with BRD509
(pS6TETC) i.g. generated a mean neutralizing titer which was

comparable to that for the i.n.-immunized mice. However, not
all of the i.g.-immunized animals produced detectable levels of
neutralizing antibody. No toxin A-neutralizing activity was de-
tected in the sera of mice after a single dose of BRD509
(pS6TETC) given either i.n. or i.g. (data not shown).
Anti-TT responses in serum taken after i.n. or i.g. immuni-
zation. In addition to toxin A-specific responses, serum sam-
ples were also tested for anti-TT antibody. All mice immunized
in. with BRD509(pS6TETC) generated high anti-TT re-
sponses even after a single dose (Fig. 4A). Mean antibody
titers were comparable to those obtained with BRDS509
(pTECH-1) (P > 0.05). A second i.n. dose further increased
antibody levels, most notably in BRD509(pTECH-1)-immu-
nized mice. Similarly, i.g. immunization with BRD509

TABLE 1. Toxin A-neutralizing properties of day 83 serum
harvested from both i.g.- and i.n.-immunized mice®

i.n. immunization i.g. immunization

Immunogen Individual ~Mean neu- Individual Mean neu-
neutralization tralization neutralization tralization
titer titer titer titer
BRDS509(pS6TETC) 16 48
16 4
12 11+6 4 11 =20
6 0
4 0
BRD509(pTECH-1) 0 0 0 0

¢ Toxin-neutralizing titers were scored as the highest dilution of antiserum to
promote 100% neutralization of toxin A (60 ng/well) as measured against
CHO-KI1 cells in vitro. Individual neutralizing titers from each mice are shown
along with mean titers = SD for five mice.
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FIG. 4. Individual anti-TT total immunoglobulin responses in sera of i.n. (A)- and i.g. (B)-immunized BALB/c mice taken after 1 dose (day 27) and 2 doses (day
83) of BRD509, BRD509(pTECH-1), or BRD509(pS6TETC). Each bar denotes the mean titer from five mice per group.

(pS6TETC) also generated significant anti-TT responses after
one dose which were similar to those detected in BRD509
(pTECH-1)-immunized mice (P > 0.05) (Fig. 4B). However, in
contrast to the i.n.-immunized mice, antibody titers were not
increased with a second i.g. dose. In addition, the mean anti-
body titers seen with i.g.-immunized mice were at least three-
fold lower than those found in i.n.-immunized mice. Strikingly,
i.g. immunization also generated a wide range of individual
responses in the immunized group.

Anti-TT local IgA responses induced by i.n. or i.g. immuni-
zation. Anti-TT IgA was found in the nasal cavities of mice
immunized i.n. with BRD509(p56TETC) (Fig. 5A). However,
not all of the mice responded, even after two doses. In contrast,
all mice immunized i.n. with BRD509(pS6TETC) harbored
high levels of anti-TT IgA in the lung mucosa (Fig. 5B). These
mean antibody titers were significantly higher (P < 0.05) than
the responses detected with BRD509(pTECH-1) after one
dose and also significantly higher (P < 0.05) than those seen at
the nasal mucosa.

Four of the five mice immunized i.g. with BRDS509
(pS6TETC) were also shown to exhibit significant (P < 0.05)
anti-TT IgA responses at the intestinal mucosa after a single
dose (Fig. 5C). In contrast to BRD509(pTECH-1)-immunized
animals, these responses were not boosted with a second dose.

DISCUSSION

In this study, 14 of the 38 C-terminal repeats of C. difficile
toxin A were expressed as a fusion to the C terminus of TETC
in the attenuated S. typhimurium vaccine strain BRD509 (aroA
aroD). Expression of the pS6TETC fusion protein was under
control of the nirB promoter. The nirB promoter was selected
since it is optimally activated within the intracellular environ-
ment of epithelial cells and macrophages, therefore limiting
heterologous antigen expression to sites that are important in
stimulating the mucosal immune system (14). The production
of soluble recombinant protein in Salmonella cannot always be
achieved, as some highly expressed foreign antigens accumu-
late within the cell as inclusion bodies (1). This self-aggrega-
tion can alter or destroy protective epitopes within the heter-
ologous protein and severely reduce vaccine efficacy. The
TETC-14CDTA fusion protein was shown to accumulate
within E. coli BRD509 cells in a predominantly soluble form.
The 14 C-terminal toxin A amino acid repeats also appeared to

be folded in a conformation that facilitated binding to target
eukaryotic cells, as the TETC-14CDTA fusion bound effec-
tively to known toxin A receptors present on the surface of
rabbit erythrocytes.

Salmonella strains typically infect via the oral route, crossing
the intestinal epithelial layer through microfold or M cells
found within Peyer’s patches as well as enterocytes (22),
whence they disseminate into deeper lymphoid tissues such as
the liver and spleen. Thus, many studies using S. typhimurium
strain as vaccine delivery vehicles have utilized the oral route
of immunization. However, S. typhimurium can also gain entry
into the host through the nasal mucosa (16), and interestingly,
several recent reports have demonstrated immune responses
against guest antigen after immunization with recombinant
Salmonella strains via the i.n. route (9, 17, 21). Here, we com-
pared the in. and i.g. routes of immunization using TETC-
14CDTA as the guest antigen. Sera of mice immunized i.g. or
i.n. with BRD509(pS6TETC) exhibited significant anti-toxin A
antibody responses after a single dose. The serum antibody
titers detected in the i.n.-immunized mice following a second
boosting dose were significantly higher than in those immu-
nized i.g. In addition, the number of immunized animals which
seroconverted to TETC-14CDTA following i.n. vaccination
was higher, with all mice responding equally well. This was in
contrast to the large variation in endpoint titers seen in sera
from i.g.-vaccinated mice. Anderson et al. (1) showed that mice
primed with a single oral dose of BRD509 expressing P.69
pertactin from Bordetella pertussis could be boosted with an s.c.
injection of a small amount of purified P.69 pertactin protein.
In an attempt to maximize anti-toxin A antibody titers, we used
this approach and reimmunized both the i.n.- and i.g.-immu-
nized mice s.c. with 0.5 pg of purified 14CDTA protein. This
booster injection successfully raised anti-toxin A responses in
both immunized groups, particularly in i.g.-immunized ani-
mals.

The ability to stimulate a toxin A-neutralizing response may
be a key property of any future C. difficile toxin-based vaccine.
The importance of toxin A-neutralizing antibody has been
highlighted by Torres et al. (50), who have correlated protec-
tion against lethal C. difficile challenge in the hamster infection
model with the presence of neutralizing antibody. In this study,
we have shown toxin-neutralizing activity in sera from mice
which had received two doses of BRD509(pS6TETC), either
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FIG. 5. Individual anti-TT mucosal IgA responses from BALB/c mice after 1
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lavage samples taken from i.n.-immunized mice are shown, along with responses
from intestinal lavage samples collected from i.g.-immunized mice (C). Each bar
denotes the mean titer from five mice per group.
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in. or i.g., plus an s.c. boost with purified 14CDTA protein.
Mean neutralization titers were similar for i.n.- and i.g.-vacci-
nated groups. However, only in the i.n.-immunized group did
we detect responses in all animals. Serum samples which gave
the highest neutralization titers also contained the highest lev-
els of anti-toxin A antibody as measured by ELISA (data not
shown). Significant neutralizing responses were seen only after
two doses of BRD509(pS6TETC) followed by a boost with
14CDTA protein (data not shown).

Oral administration of attenuated Salmonella is known to be
an efficient way of stimulating intestinal mucosal immunity
against guest antigens (13, 21). Bacterial antigens sampled by
M cells interact with the B lymphocytes of the gut-associated
lymphoid tissue, which differentiate within the mesenteric
lymph nodes into plasma cells. These then seed the secondary
effector tissues of the body, such as the lamina propria of the
gut, where they produce IgA, which is subsequently trans-
ported to the mucosal surface (reviewed in reference 36). We
have shown that i.g. immunization with a single dose of
BRDS509(pS6TETC) is sufficient to stimulate significant levels
of toxin A-specific IgA on the intestinal surface. In a similar
fashion to the gut-associated lymphoid tissue GALT being the
major inductive site within the gut, the nasal-associated lym-
phoid tissue appears to be an important mucosal inductive site
for the upper respiratory tract (19, 30). Our results show sig-
nificant anti-toxin A responses on the lung mucosa following
i.n. vaccination with one dose of BRD509(pS6TETC). The
mucosal lymphoid tissues are interconnected to form a com-
mon mucosal immune system with antibody-secreting plasma
cells migrating from the immunization site to various effector
sites located throughout the host (47). However, we were un-
able to detect toxin A-specific IgA in either nasal or pulmonary
lavage samples following i.g. vaccination, nor did we detect it at
the intestinal mucosa in i.n.-immunized mice. This indicates a
preference of BRD509(pS6TETC)-primed B cells for coloniz-
ing effector sites adjacent to the induction site. Alternatively,
the levels of IgA at these distal sites may have been too low for
detection in our assay due to the sample dilution which is
inherent within the mucosal lavage procedure. Indeed, these
distal surfaces may well have been primed by our mucosal
immunization regimens. Not all studies on C. difficile vaccine
development have incorporated attempts to induce or monitor
mucosal antitoxin responses (25, 33, 50) even though toxin
A-specific mucosal IgA has been shown to neutralize the tis-
sue-damaging activity of toxin A at the intestinal surface (24).
We believe that the use of Salmonella-based mucosal delivery
systems may warrant more detailed investigations.

BRDS509(pS6TETC) was also assessed for the ability to gen-
erate serum antibodies against TETC. Significant anti-TT ti-
ters were detected after a single dose administered by both i.n.
and i.g. routes. These results are in line with those of other
studies using Salmonella-expressed TETC (6). As with anti-
toxin A responses, the antibody titers were higher after i.n.
immunization than after i.g. vaccination. In addition, the indi-
vidual antibody responses were also consistently greater in
i.n.-immunized mice. Significant anti-TT IgA responses were
also detected in the lungs of all i.n.-immunized mice after two
doses. The titers detected were similar to those generated
following immunization with BRD509(pTECH-1). In contrast,
much lower responses were detected at the intestinal mucosa
following BRD509(pS6TETC) i.g. immunization. In these ex-
periments, we have simultaneously immunized mice with anti-
gens derived from three different pathogens, opening up the
exciting possibility of developing multivalent mucosal vaccina-
tion regimens.

Ryan et al. (44) have expressed 33 of the 38 C-terminal toxin
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A repeats of C. difficile as a secreted protein from an attenu-
ated Vibrio cholerae strain. Although no significant local IgA
antibody responses were detected, oral immunization with
these derivatives did provide some protection against toxin
A-mediated damage of rabbit ileal loops. Our results show that
a smaller fragment of the C-terminal region expressed in S.
typhimurium BRDS509 can induce high levels of toxin A-specific
serum antibody and significant mucosal IgA responses. Impor-
tantly, the toxin-specific antibodies could neutralize the cyto-
toxicity of whole toxin A. Intragastric immunization was more
proficient in generating anti-toxin A IgA at the gut mucosa, the
site of action of C. difficile toxin A. However, i.n. immunization
generated higher titers of both serum antibody and toxin-spe-
cific IgA, especially in the lung. These findings could have
important implications for developing immunization strategies
to protect against other systemic or mucosal pathogens. An
attenuated Salmonella typhi vaccine expressing TETC is cur-
rently being evaluated in clinical trials as an oral vaccine
against both tetanus and typhoid (49). A novel mucosal tetanus
vaccine would be of value for immunizing populations in the
developing world (48). Our results suggest that a multivalent
antityphoid vaccine which will also protect against two clos-
tridial pathogens may be possible.
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