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The formation of attaching and effacing (A/E) lesions on gut enterocytes is central to the pathogenesis of
enterohemorrhagic (EHEC) Escherichia coli, enteropathogenic E. coli (EPEC), and the rodent pathogen
Citrobacter rodentium. Genes encoding A/E lesion formation map to a chromosomal pathogenicity island termed
the locus of enterocyte effacement (LEE). Here we show that the LEE-encoded proteins EspA, EspB, Tir, and
intimin are the targets of long-lived humoral immune responses in C. rodentium-infected mice. Mice infected
with C. rodentium developed robust acquired immunity and were resistant to reinfection with wild-type C.
rodentium or a C. rodentium derivative, DBS255(pCVD438), which expressed intimin derived from EPEC strain
E2348/69. The receptor-binding domain of intimin polypeptides is located within the carboxy-terminal 280
amino acids (Int280). Mucosal and systemic vaccination regimens using enterotoxin-based adjuvants were
employed to elicit immune responses to recombinant Int280c from EPEC strain E2348/69. Mice vaccinated
subcutaneously with Int280c, in the absence of adjuvant, were significantly more resistant to oral challenge
with DBS255(pCVD438) but not with wild-type C. rodentium. This type-specific immunity could not be over-
come by employing an exposed, highly conserved domain of intimin (Int;gg ¢¢-) as a vaccine. These results show
that anti-intimin immune responses can modulate the outcome of a C. rodentium infection and support the use

of intimin as a component of a type-specific EPEC or EHEC vaccine.

Enteropathogenic Escherichia coli (EPEC) and enterohem-
orrhagic E. coli (EHEC) are important causes of severe infan-
tile diarrheal disease. EPEC and EHEC colonize the gastro-
intestinal mucosa and, by subverting intestinal epithelial cell
function, produce a characteristic histopathological feature
known as the attaching and effacing (A/E) lesion (35). The A/E
lesion is characterized by localized destruction (effacement) of
brush border microvilli, intimate attachment of the bacterium
to the host cell membrane, and the formation of an underlying
pedestal-like structure in the host cell. EPEC and EHEC are
members of a family of enteric bacterial pathogens which use
AJE lesion formation to colonize the host. E. coli cells capable
of forming A/E lesions have also been recovered from diseased
cattle (8), rabbits (24), pigs (2), and dogs and cats (6). Simi-
larly, the mouse pathogen Citrobacter rodentium causes colitis
in mice as a consequence of its ability to colonize murine large
intestinal enterocytes via A/E lesion formation (4, 41).

Genes implicated in A/E lesion formation map to a patho-
genicity island termed the locus of enterocyte effacement
(LEE) (16). The LEE pathogenicity island, which is present in
EPEC, EHEC, and C. rodentium, is regarded as being neces-
sary for bacteria to promote the induction of A/E lesions on
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epithelial cells. The LEE region encodes a type III secretion
system: the secreted proteins EspA, EspB, and EspD among
others; an outer membrane adhesin termed intimin; and a
translocated intimin receptor, Tir (44).

Studies on intimin in EPEC, EHEC, and C. rodentium have
demonstrated its importance in bacterial colonization and vir-
ulence (10, 12, 41). The receptor binding domain of intimin
molecules are localized to the C-terminal 280 amino acids of
intimin (Int280) (14). Furthermore, based on sequence varia-
tion within Int280, five distinct intimin subtypes (., B, v, 8, and
€) have been described (1, 36). Intimin o is specifically ex-
pressed by a group of EPEC clone 1 strains. Intimin  is mainly
associated with clone 2 EPEC and EHEC strains, C. rodentium
and rabbit-specific EPEC, while intimin <y is associated with
EHEC O157:H7 (34). Recently, the structure of Int280a com-
plexed with Tir was determined by X-ray crystallography (31).
The structure shows that Int280a comprises three separate
domains, two immunoglobulin (Ig)-like domains and a C-type
lectin-like module. Intimin is also the target of host immune
responses in infected animals (15) and humans (37, 40), al-
though little is known about the host immune response to
other LEE-encoded antigens. Intimin has also been promoted
as a potential candidate vaccine antigen based on the ability of
antiserum raised against intimin from EHEC O157:H7 to in-
hibit adherence of this strain to HEp-2 cells (17).

The absence of small animal models to study EPEC or
EHEC directly has made the study of host response to infec-
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tion problematic. In this case, conclusions about EPEC and
EHEC need to be drawn from studies of other pathogens that
colonize via A/E lesion formation. In this respect, C. rodentium
infection of mice offers an advantage because of the wide
availability of gene knockout strains and immunological re-
agents available for this species. While an imperfect model of
EPEC and EHEC infection, C. rodentium infection of mice
nevertheless represents the best small-animal model in which
to study luminal microbial pathogens relying on A/E lesion
formation for colonization of the host.

The AJE lesion induced by C. rodentium is ultrastructurally
identical to those formed by EHEC and EPEC in animals and
human intestinal in vitro organ culture, although the target
tissue specificity differs between the last two pathogens (38). In
experimentally or naturally infected mice, large numbers of C.
rodentium organisms can be recovered from the colon and
infection is associated with crypt hyperplasia and mucosal ero-
sion (3, 22, 25). Oral infection of mice with live wild-type C.
rodentium or intracolonic inoculation of dead bacteria induces
a CD3" and CD4™" T-cell infiltrate into the colonic lamina
propria and a strong T-helper type 1 immune response (21,
22). This response is not observed in mice inoculated with an
intimin mutant of C. rodentium but is seen in mice inoculated
with C. rodentium complemented with intimin « from EPEC
E2348/69 (22).

The aims of this study were to measure immune responses to
LEE-encoded antigens in mice infected with C. rodentium and
determine whether infected animals develop acquired immu-
nity. Furthermore, this study tested the hypothesis that an
intimin-based vaccination regimen may modulate the outcome
of a subsequent C. rodentium infection.

The results demonstrate that mice develop acquired immu-
nity to C. rodentium and that parenteral immunization of mice
with intimin can significantly limit colonization and disease
caused by experimental C. rodentium infection.

MATERIALS AND METHODS

Mice. Female, specific-pathogen-free C3H/Hej mice (6 to 8 weeks old) were
purchased from Harlan Olac (Bichester, United Kingdom). All mice were
housed in individual ventilated cages with free access to food and water.

Bacterial strains. A nalidixic acid-resistant isolate of C. rodentium (formerly C.
freundii biotype 4280) was used in these studies. The nalidixic acid-resistant
phenotype of this strain facilitates enumeration of the number of viable C.
rodentium cells present in colonic tissues of experimentally infected mice.
DBS255 is an eae mutant of C. rodentium and is avirulent in mice. Plasmid
pCVD438 is a recombinant plasmid containing the eae gene from EPEC strain
E2348/69 (intimin o). Thus, DBS255(pCVD438) is a C. rodentium eae mutant
complemented with the eae gene from EPEC strain E2348/69 (intimin «). This
strain expresses biologically active intimin and is virulent in mice (15).

Immunization and oral infection of mice. For intranasally (i.n.) immunized
mice, animals were lightly anesthetized with gaseous halothane and 30 pl of a
phosphate-buffered saline (PBS) solution containing antigen applied to the na-
res. Mice were i.n. immunized on days 0, 14, and 28 and orally challenged
between days 42 and 44. For subcutaneously (s.c.) immunized mice, animals
received s.c. injections with 150 wl of antigen mixture in PBS on the left side of
the abdomen. As per i.n. immunization, mice were s.c. immunized on days 0, 14,
and 28 and orally challenged between days 42 and 44. Bacterial inocula were
prepared by culturing bacteria overnight at 37°C in L broth containing nalidixic
acid (100 wg/ml) (C. rodentium) or L broth containing nalidixic acid (100 pg/ml)
plus chloramphenicol (50 pg/ml) [for DBS255(pCVD438)]. After incubation,
bacteria were harvested by centrifugation and resuspended in an equal volume of
PBS. A 1/10 dilution of bacteria in PBS was then prepared and mice were orally
inoculated, without anesthetic, using a gavage needle with 200 pl of the bacterial
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suspension. The viable count of the inoculum was determined by retrospective
plating on L agar containing appropriate antibiotics.

Enterotoxins and recombinant proteins. Recombinant porcine heat-labile
toxin (LT) and the mutant derivatives LTK63 and LTR72 were kindly provided
by M. Pizza and R. Rappuoli (Chiron Vaccines, Siena, Italy) and were prepared
as described previously (32). LT is a potent mucosal immunogen and has well-
described systemic and mucosal adjuvant properties (42). LTR72 and LTK63 are
derivatives of LT that have reduced (LTR72) or absent (LTK63) ADP-ribosyl-
transferase activity. Nevertheless, LTR72 and LTK63 act as mucosal adjuvants
for coadministered antigens (13, 18). Recombinant Int280«, which represents
the C-terminal 280 amino acids of intimin (Intyeg_o30) from EPEC strain E2348/
69, was purified as described previously (27). Intsgg_ 447, Which corresponds to two
putative Ig-like domains upstream of Int280«, was purified as a polyhistidine-
tagged polypeptide as described (5). EspA (28) and Tir-M, the intimin-binding
domain of Tir (20), were also purified as polyhistidine-tagged polypeptides. EspB
from EPEC strain E2348/69 and Int280B3 from EPEC strain O114:H2 were
expressed as maltose-binding protein (MBP) fusions in E. coli and purified by
nickel affinity chromatography as previously described (15, 28). Purified MBP
was purchased from Sigma (Poole, United Kingdom). A preparation of soluble
proteins from C. rodentium was generated by repeated sonication of a concen-
trated suspension of bacteria cultured overnight in L broth. Insoluble proteins
were removed by centrifugation at 20,000 X g for 5 min, and the supernatant
removed and stored at —20°C. The concentration of protein solutions was de-
termined using a bicinchoninic acid protein assay kit (Pierce, Rockford, IIL.).

Measurement of pathogen burden. At selected time points postinfection, mice
were killed by cardiac exsanguination under terminal anesthesia or by cervical
dislocation. Spleens, livers, and mesenteric lymph nodes (MLNs) were then
aseptically removed. The distal 6 cm of colon was also removed, and this piece
of tissue was weighed after removal of fecal pellets. Spleens, livers, lymph nodes,
and colons were then homogenized mechanically using a Seward 80 stomacher
(Seward Medical, London, England), and the number of viable bacteria in organ
homogenates was determined by viable count on medium containing appropriate
antibiotics.

Analysis of humoral immune responses. At selected times postimmunization,
0.2 ml of blood was collected from the tail vein of immunized mice, and sera were
collected and stored at —20°C until analyzed. For analysis of antigen-specific
antibody responses, wells of microtiter plates (Maxisorb plates; Nunc) were
coated overnight at 4°C with 100 pl of a bicarbonate solution (pH 9.6) containing
Int280« (2.5 pg/ml), EspA (1.5 pg/ml), EspB (1.5 pg/ml), Tir-M (1 pg/ml),
ovalbumin (Ova) (60 wg/ml), MBP (5 pg/ml), Intygg 467 (1.5 pg/ml), or C.
rodentium whole-cell lysate (20 wg/ml). After washing with PBS-Tween 20, wells
were blocked by addition of 1.5% (wt/vol) bovine serum albumin (BSA) in PBS
for 1 h. Plates were then washed twice with PBS-Tween 20 before sera from
individual mice were added and serially diluted in PBS-Tween 20 containing
0.2% (wt/vol) BSA, and then plates were incubated for 2 h at 37°C. For the
determination of IgA antibody titers, wells were washed with PBS-Tween 20
before addition of 100 wl of an IgA horseradish peroxidase (HRP) conjugate
(Dako, Ely, Buckinghamshire, United Kingdom) diluted 1/1,000 in PBS-Tween
20 containing 0.2% (wt/vol) BSA for 2 h at 37°C. For the determination of total
IgG responses, a 1/1,000 dilution of an HRP-conjugated rabbit anti-mouse IgG
polyclonal antibody was applied for 2 h. For the determination of antigen-specific
IgG1 and IgG2a antibody titers in mouse serum, biotinylated rat monoclonal
antibodies against IgG1 and IgG2a (Pharmingen, Hull, United Kingdom), used
at concentrations previously shown to give equivalent optical densities when
assayed against identical amounts of purified IgG1 or 1gG2a, respectively, were
used as secondary antibodies for 2 h. After washing with PBS/Tween-20, a
1/1,000 dilution of strepavidin-HRP was added for 2 h. Finally, after washing with
PBS-Tween 20, bound antibody was detected by addition of o-phenylenediamine
substrate (Sigma) and the A4 49, was measured. Titers were determined arbritarily
as the reciprocal of the serum dilution corresponding to an optical density of 0.3.
The minimum detectable titer was 100.

Statistical analysis. The nonparametric Mann-Whitney ¢ test or Student’s ¢
test was employed for statistical analysis.

RESULTS

Mice infected with C. rodentium mount immune responses to
LEE-encoded antigens. Proteins encoded by genes in the LEE
pathogenicity island are necessary for bacteria to attach and
induce A/E lesion formation on the surface of epithelial cells
(16). Serum antibody responses in mice infected with wild-type
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FIG. 1. Mice infected with C. rodentium mount IgG and IgA anti-
body responses to LEE-encoded virulence determinants. C3H/Hej
mice (n = 5) were orally infected with 10’ CFU of C. rodentium, and
sera were collected on days 14, 28, 42, and 56. The data depict the
mean serum IgG (A) and IgA (B) antibody titers to the LEE-encoded
antigens Int280«, Int280B, EspA, EspB, and TirM and to antigens
from a whole-cell (WC) lysate. Imnmune responses to the control an-
tigen, MBP, were not detected. The antibody titer was arbitrarily
defined as the reciprocal of the dilution giving an optical density of 0.3
at 490 nm.

C. rodentium were analyzed to determine if LEE-encoded pro-
teins were recognized by the host immune system. Mice in-
fected orally with C. rodentium mounted serum IgG (Fig. 1A)
and IgA (Fig. 1B) antibody responses that recognized antigens
in a whole-cell lysate of C. rodentium. Infected mice also
mounted serum IgG and IgA responses which cross-reacted
with EspA and EspB from EPEC 2348/69 (Fig. 1). TirM-
specific IgG (Fig. 1A), but not IgA responses (Fig. 1B), were
also detected in sera of infected mice. As expected, sera from
mice infected with wild-type C. rodentium (which expresses
intimin B) did not recognize Int280a from EPEC strain
E2348/69 but did cross-react with Int280p from EPEC 0114:H2
(Fig. 1). With the exception of TirM (the intimin binding
domain of Tir), serum IgG antibody responses to all antigens
were detectable 2 weeks postinfection and were maximal 4 to
6 weeks postinfection. IgG responses to TirM were of a lower
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titer and became undetectable 8 weeks postinfection (Fig. 1A).
These data imply that several LEE-encoded antigens are ex-
pressed in vivo during an infection with C. rodentium and are
targets of the host immune response.

Mice infected with C. rodentium develop acquired immunity.
The development of acquired immunity to enteric bacterial
pathogens which colonize via the formation of A/E lesions has
been implied (11) but never formally shown in animals or
humans. To address this, two groups of C3H/Hej mice were
orally infected with 7 X 107 CFU of C. rodentium. Three
months later, one group of convalescent mice was rechallenged
with 8 X 108 CFU of wild-type C. rodentium and the second
group was rechallenged with 2 X 10° CFU of a C. rodentium
strain expressing o intimin [DBS255(pCVD438)]. Age- and
sex-matched naive mice were orally challenged in parallel with
convalescent mice. Eleven days after challenge the pathogen
burden in mouse tissues was determined in all groups. Com-
pared to naive animals, convalescent mice harbored signifi-
cantly fewer challenge bacteria in colons (Fig. 2A) and drain-
ing lymph nodes (Fig. 2B). Furthermore, the colon weights of
challenged mice, a good indicator of the degree of infection-
driven pathology in the mucosa (22), were substantially lower
in convalescent mice compared to naive animals (Fig. 2C).
These data clearly show that mice infected with C. rodentium
develop acquired immunity to reinfection with C. rodentium
strains expressing either homologous or heterologous intimin
types.

Induction of Int280«-specific immune responses using mu-
cosal or parenteral immunization strategies. Intimin plays an
essential role in the formation of A/E lesions and an important
role in the pathogenesis of EPEC, EHEC, and C. rodentium
(10, 12, 15). The demonstrated importance of intimin in facil-
itating bacterial colonization in vivo led to the hypothesis that
an intimin-based vaccine may prevent infections caused by
bacteria which colonize the host via A/E lesion formation. To
address this hypothesis, a highly purified preparation of recom-
binant Int280a from EPEC E2348/69 was used as an immuno-
gen in mucosal and parenteral vaccination regimes. Mice were
vaccinated i.n. or s.c. with or without the use of E. coli LT or
mutant derivatives as adjuvants.

Mice were s.c. immunized three times, on days 0, 14, and 28,
with 10 pg of Int280a with or without adjuvant. Mice immu-
nized with Int280« in the absence of adjuvant mounted serum
IgG1 and IgG2a but not IgA antibody responses to Int280a
(Fig. 3A). The coadministration of LT or LTR72 with Int280a
prompted a more rapid Ig response to Int280a (data not
shown) but did not, however, increase the magnitude of the
final Int280a-specific IgG1 or IgG2a titer compared to that
obtained in mice s.c. immunized with Int280a alone (Fig. 3A).
Surprisingly, s.c. coadministration of LT or LTR72 with
Int280cc prompted a weak Int280a-specific serum IgA re-
sponse, although this occurred in only a small number of mice.
Int280a-specific IgG1 was the predominant IgG subclass elic-
ited by parenteral vaccination, although the ratio of IgG1 to
IgG2a was reduced when Int280a was coadministered with the
adjuvant LT or LTR72 (Fig. 3A).

In mucosal immunization regimes, mice were immunized i.n.
three times, on days 0, 14, and 28, with 10 pg of Int280a with
or without an enterotoxin-based adjuvant. Mice i.n. adminis-
tered 10 pg of Int280a mounted serum IgG1 and IgG2a, but
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FIG. 2. Mice infected with C. rodentium develop acquired immu-
nity. C3H/Hej mice (n = 16) were orally infected with 7 X 107 CFU of
C. rodentium. Three months later, half the convalescent mice were
rechallenged with 8 X 10 CFU of wild-type C. rodentium, and the
other half were challenged with 2 X 10° CFU of DBS255(pCVD438).
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not IgA, antibody responses to Int280a. Codelivery of 1 mg of
LT, LTR72, or LTK63 with Int280« significantly increased the
serum IgG1 and IgG2a antibody response to Int280a. More-
over, the addition of a mucosal adjuvant resulted in the induc-
tion of Int280a-specific serum IgA responses (Fig. 3B). Anal-
ysis of Int280a-specific IgG subclasses in i.n. immunized mice
showed a predominance of IgG1 over IgG2a. As occurred in
s.c. immunized mice, the ratio of IgG1 to IgG2a was reduced
when Int280a was coadministered with an enterotoxin-based
adjuvant (Fig. 3B).

Collectively, these data show that Int280« is immunogenic in
vivo and that enterotoxin-based adjuvants can modulate the
kinetic and isotype of the elicited humoral immune response.

Efficacy of Int280«a-based vaccination strategies for the pre-
vention of C. rodentium colonization in C3H/Hej mice.
DBS255(pCVD438), a recombinant C. rodentium strain which
only expresses intimin «, is virulent in mice, and induces mu-
cosal pathology in the distal colon similar to that induced by
wild-type C. rodentium (22). To determine whether vaccination
with Int280a could modulate the outcome of infection with
DBS255(pCVD438), mice were i.n. or s.c. immunized three
times, on days 0, 14, and 28, with 10 pg of Int280a with or
without adjuvant. In separate experiments, mice were orally
challenged with between 2 X 107 to 3 X 107 CFU of
DBS255(pCVD438) 13 or 16 days after the last immunization.
Mice were killed 14 days postchallenge, the colon of each
mouse was weighed and homogenized, and the pathogen bur-
den was determined by viable count. Mice immunized s.c. with
PBS or adjuvant alone had uniformly high C. rodentium counts
in the colon (Fig. 4A). In contrast, the colons of mice immu-
nized s.c. (Fig. 4A) with Int280« alone harbored significantly
fewer challenge bacteria than the colons of naive or control
animals. Surprisingly, mice immunized with Int280«a together
with a mucosal adjuvant were more susceptible to colonic in-
fection than mice which received Int280a alone (Fig. 4A).
Similar results were obtained in i.n. immunized mice. Mice
immunized i.n. with PBS or an adjuvant had uniformly high C.
rodentium counts in the colon (Fig. 4B). The pathogen burden
was reduced, however, if mice were immunized in. with
Int280a alone. As occurred in s.c. immunized animals, the
addition of a mucosal adjuvant with Int280« negated some of
the protective efficacy of i.n. vaccination using Int280« alone
(Fig. 4B).

Colitis in C. rodentium-infected mice is characterized by
crypt hyperplasia and an increase in colon weight per unit
length (22). One effect of limiting DBS255(pCVD438) infec-
tion in the colon of Int280a-immunized mice was to diminish

The data depict the mean number of wild-type (w.t.) C. rodentium or
DBS255(pCVD438) (error bars, standard deviation) recovered from
the colons (A) or the MLNs (B) of convalescent mice or age-matched
naive mice 11 days after oral challenge. Significantly fewer wild-type C.
rodentium or DBS255(pCVD438) organisms were recovered from the
colons of convalescent mice (*, P < 0.05). (C) Immunity to C. roden-
tium also prevents colonic pathology. The data depict the mean colon
weights (error bars, standard deviation) of convalescent mice or age-
matched naive 11 days after oral rechallenge. The mean colon weight
of rechallenged convalescent mice was significantly less than that of
naive mice (*, P < 0.05). These data reflect one of two separate
experiments which gave similar results.
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FIG. 3. Humoral immune responses to Int280a in mice immunized
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in. (n = 5) (B) with 10 pg of Int280a plus or minus 1 pg of the
indicated enterotoxin-based mucosal adjuvant. Mice were immunized
on three separate occasions, 2 weeks apart. Serum antibody responses
were measured 12 days after the last immunization. The ratio of IgG1
to IgG2a is shown above the respective columns. The dashed line
represents the limit of detection.

the severity of colitis as measured by colon weight. Mice im-
munized s.c. with Int280a alone had significantly lower colon
weights per unit length than animals immunized with PBS, LT,
or LTR72 (Fig. 4C).

Taken together, these data show that an appropriately ad-
ministered Int280a-based vaccine modulates the severity of a
C. rodentium infection and, correspondingly, the extent of co-
litis in infected animals.

An Int280«-based vaccination strategy limits systemic dis-
semination of C. rodentium. The vaccine efficacy attained by s.c.
immunization with Int280a alone was verified in a further
experiment. Groups of C3H/Hej mice (n = 5) were vaccinated
s.c. three times, 2 weeks apart, with 10 pg of the irrelevant
antigen Ova, 10 pg of Int280c, or 10 pg of PBS. All mice were
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FIG. 4. Vaccination using Int280a alone protects mice from C.
rodentium colonization. C3H/Hej mice were immunized three times, 2
weeks apart, and orally challenged with 2 X 107 to 3 X 10’ CFU of
DBS255(pCVD438) 13 or 16 days after the last immunization. Mice
were killed 14 days after challenge, and the number of viable
DBS255(pCVD438) organisms present in colonic tissue was deter-
mined by viable count. The data depict the number of challenge bac-
teria recovered from the colons of individual mice immunized either
s.c. (A) or i.n. (B) with 10 pg of Int280« plus or minus 1 pg of an
enterotoxin-based mucosal adjuvant. In the group immunized s.c., sig-
nificantly fewer C. rodentium cells were recovered from the colons of
mice vaccinated with Int280a compared to PBS-immunized mice (%,
P < 0.05 [Mann-Whitney ¢ test]). In i.n. immunized mice, significantly
fewer C. rodentium cells were recovered from the colons of mice
vaccinated with Int280« plus or minus LT compared to PBS-immu-
nized mice (*, P < 0.05 [Mann-Whitney ¢ test]). The dashed line
represents the limit of detection. These data are pooled from two
separate experiments. (C) Mice immunized with Int280« s.c. also de-
veloped less severe colitis. The data depict the individual colon weights
of s.c. vaccinated mice 14 days after challenge. The colon weights of
Int280a-immunized mice were significantly less than those of PBS-,
LT-, or LTR72-immunized mice (P < 0.05 [Student’s ¢ test]) and not
significantly different from those observed for uninfected controls.
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TABLE 1. s.c. vaccination with Int280« limits systemic
dissemination of DBS255(pCVD438)

No. of DBS255(pCVD438) MLNs/tissue”
Immunization

Spleen MLN Colon
Ova 3.04 = 1.7 427 £0.6 8.13 £ 0.7
PBS 272 = 1.85 3.07 = 1.13 7.78 = 2.05
Int280a 1.12 £ 0.95¢ 1.6 = 1.24¢ 1.58 + 1.24°

“ Values are geometric means * standard deviations.

® Significantly different from Ova- or PBS-immunized mice (P <0.05 [Stu-
dent’s ¢ test]).

¢ Significantly different from Ova-immunized mice (P < 0.05 [Student’s ¢ test]).

orally challenged with 3 X 107 CFU of DBS255(pCVD438) 14
days after the last immunization. C3H/Hej mice which received
10 pg of Int280« s.c. had significantly fewer challenge bacteria
in colons (Table 1) compared to either PBS or Ova immunized
mice. In addition, there were significantly fewer challenge bac-
teria in spleens and MLNs of Int280a-immunized mice com-
pared to Ova-immunized mice.

Specificity of immunity elicited by Int280« vaccination. Five
distinct intimin subtypes («, B, v, 8, and €) have been described
based on sequence variation within the C-terminal 280 amino
acids. These intimin subtypes are also antigenically different
(1). Therefore, a vaccine based on Int280a may not necessarily
protect against infections caused by E. coli strains expressing a
heterologous intimin type. To address this hypothesis in the
context of C. rodentium infection, C3H/Hej mice were vacci-
nated s.c. three times with 10 g of Int280a or PBS and then
orally challenged with 10® CFU of DBS255(pCVD438) or 10°
CFU of wild-type C. rodentium (which expresses intimin ().
Mice vaccinated with Int280a were resistant to DBS255
(pCVDA438) infection but not to wild-type C. rodentium infec-
tion. Mice vaccinated with PBS were susceptible to infection
with both DBS255(pCVD438) and wild-type C. rodentium (Fig.
5). These data imply that immunity elicited by Int280a vacci-
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FIG. 5. Vaccination using Int280a alone does not prevent colonic
colonization by C. rodentium expressing Int2803. C3H/Hej mice (n =
8/group) were immunized s.c. with 10 pg of Int280« alone, three times,
2 weeks apart, and orally challenged with 10° CFU of DBS255
(pCVD438) or 10® CFU of wild-type (w.t.) C. rodentium. The data
depict the numbers of challenge bacteria recovered from the colons of
individual mice 15 days later. Fewer DBS255(pCVD438) cells were
recovered from the colons of mice immunized with Int280a alone
compared to the number recovered from naive mice (P = 0.05 [Mann-
Whitney ¢ test]). The data are pooled from two separate experiments.
The dashed line represents the limit of detection.
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nation is specific for this intimin type and does not offer cross-
protection against strains bearing a heterologous intimin type.

An approach which bypasses the apparent specificity of
Int280c vaccination is to use domains of intimin that are con-
served between intimin subtypes; this type of vaccine might
evoke protective immunity against a range of pathogenic E.
coli strains possessing diverse intimin types. To address this
hypothesis in the context of C. rodentium, mice were vacci-
nated with a recombinant polypeptide corresponding to amino
acids 388 to 667 of the mature intimin molecule. The amino
acid sequence of this region of intimin, which corresponds to
two putative surface-exposed Ig-like domains, is highly con-
served across all intimin types. Mice were vaccinated s.c. three
times, 2 weeks apart, with Intsgg ¢4, in the presence of the
adjuvant Al(OH);. In parallel, mice were vaccinated s.c. with
Int280a plus or minus Al(OH),. Control groups of mice re-
ceived the irrelevant antigen, Ova, in the presence or absence
of Al(OH);. Measurement of serum IgG antibody responses to
the three different antigens demonstrated the induction of
robust humoral immune responses to each antigen (Fig. 6A).
The coadministration of alum with Int280« or Ova did not,
however, increase the final magnitude of the IgG response
(Fig. 6A). All mice were orally challenged with 6 X 10" CFU of
DBS255(pCVD438) 12 days after the last immunization. The
number of viable DBS255(pCVD438) cells in the colons (Fig.
6B), spleens and draining lymph nodes (data not shown) of
challenged mice was determined 12 days later. As previously
shown (Fig. 4A), mice immunized s.c. with Int280a were sig-
nificantly more resistant to DBS255(pCVD438) challenge
compared to PBS-immunized mice (P = 0.03 for Int280« s.c.
versus PBS s.c.; P = 0.02 for Int280«a-alum s.c. versus PBS s.c.).
Resistance to challenge in mice vaccinated with Int280a was
independent of the use of AI(OH); as an adjuvant. In contrast,
mice immunized with Intyge ., were as susceptible to
DBS255(pCVD438) colonization as PBS-immunized mice or
mice immunized with Ova (Fig. 6B). These results imply that
Intsgq 467 1S DOt a protective antigen or alternatively that the
method of Intsgg 447 vaccination evoked immune responses
which were not sufficiently robust or of an inappropriate
type to offer protection to mice challenged with DBS255
(pCVDA438).

DISCUSSION

The host immune response to pathogens that colonize the
gut via formation of A/E lesions is poorly described. Here we
show that the LEE-encoded antigens intimin, EspA, EspB,
and, to a lesser extent, TirM are the targets of significant and
long-lived humoral immune responses in mice infected with C.
rodentium. Furthermore, our data show that mice previously
infected with C. rodentium develop acquired immunity to re-
infection with a C. rodentium strain expressing either a homol-
ogous or heterologous intimin type. This is the first study to
definitively demonstrate acquired immunity to a pathogen that
colonizes the host via the formation of A/E lesions. C. roden-
tium infection of mice can also be employed as a model system
in which to test LEE-encoded proteins as candidate vaccine
antigens. In this system, Int280a was used as a vaccine to
ameliorate the severity of an infection caused by a recombinant
C. rodentium strain expressing intimin o. This represents the
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FIG. 6. s.c. administration of Intsgg 447 elicits immune responses
but does not prevent colonic colonization by C. rodentium. C3H/Hej
mice (n = 5/group) were immunized s.c. three times, 2 weeks apart,
with 10 pg of Int280a alone or Int280« emulsified in alum. Similarly,
mice were immunized with 10 pg of Intsgg 46, emulsified in alum.
Control mice were immunized with PBS, 10 g of Ova, or 10 pg of Ova
emulsified in alum. (A) The data depict the mean (error bars, standard
deviation) serum IgG antibody titers specific for Int280c, Intsgg 47 OT
Ova after three immunizations. All mice were orally challenged with
6 X 107 CFU of DBS255(pCVD438) 12 days after the last immuniza-
tion. (B) The data depict the numbers of challenge bacteria recovered
from the colons of individual mice 14 days later. There were signifi-
cantly fewer challenge bacteria in colons of mice immunized with
Int280a alone (*, P < 0.05 versus PBS group [Mann-Whitney ¢ test])
or Int280a emulsified in alum (* P < 0.05 versus PBS group [Mann-
Whitney ¢ test]) compared to PBS-immunized mice.

first in vivo evidence to support the use of defined intimin
domains as candidate EPEC or EHEC vaccine antigens.
Rapid and significant progress has been made defining the
molecular basis of EPEC- and EHEC-host cell interactions in
vitro (reviewed in reference 44). Conversely, however, immu-
nological responses during and after in vivo infection have
been poorly described. IgG antibodies against bundle-forming
pili, EspB, EspA, and intimin have been detected in the sera of
many but not all Brazilian children naturally infected with
EPEC (33). The same antigens are also recognized by IgA
antibodies in the colostrum of mothers in Mexico (37). The
intimin binding domain of Tir, TirM, is also recognized by
serum IgG and colostrum IgA antibodies from Brazilian moth-
ers (40). Children infected with EHEC also mount serum Ig
responses to intimin, Tir, EspA, and EspB (23, 29). These data
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from humans match the spectrum of antibody responses de-
tected in sera of mice infected with C. rodentium. Infected mice
develop serum IgG and IgA antibody responses to Int2808,
TirM, EspB, and EspA. These studies complement existing
data demonstrating the induction of mucosal IgA responses to
intimin and EspB in C. rodentium-infected mice (15). Collec-
tively, these data are consistent with the hypothesis that the
LEE-encoded antigens TirM, EspB, EspA, and intimin are
expressed in vivo and are exposed to B cells in the gut-associ-
ated lymphoid tissue and/or lamina propria of humans infected
with EPEC or mice infected with C. rodentium. In turn, im-
mune responses to these antigens may potentially contribute to
immune-mediated resolution of infection.

The development of acquired immunity to EPEC infection
in humans has been alluded to (11) but not convincingly
shown. In this study, animals previously infected with C. ro-
dentium were highly resistant to rechallenge with either wild-
type C. rodentium or DBS255(pCVD438). Resistance to bac-
terial colonization also prevented the development of
infectious colitis in these mice. These data demonstrate that
the immune response which develops during C. rodentium in-
fection or subsequent to resolution of infection is of an appro-
priate magnitude, type, and specificity to prevent reinfection.
This is an important observation and should, in the future,
allow a dissection of the components of the acquired immune
response which mediate immunity. These kinds of studies will
help facilitate the rational design of vaccines to prevent infec-
tions caused by pathogens that induce A/E lesions.

Intimin is an essential virulence determinant of C. rodentium
in mice (41) and EHEC in gnotobiotic pigs (12). Intimin also
contributes markedly to the virulence of EPEC in humans (10).
In these pathogens, intimin most likely contributes to virulence
by facilitating tight binding of the bacterium to the epithelial
cell membrane via intimin-Tir interactions. The aim of the
studies described here was to determine whether vaccine-in-
duced immune responses to Int280a could modulate or pre-
vent in vivo bacterial colonization by C. rodentium strains ex-
pressing either homologous or heterologous intimin types.
Surprisingly, the most efficacious routes of vaccination for the
prevention of C. rodentium colonization in mice were s.c. and
i.n. delivery of Int280« in the absence of a mucosal adjuvant.
This vaccination regimen significantly reduced the number of
viable DBS255(pCVD438) cells but not wild-type C. rodentium
recovered from colonic and systemic tissue of orally challenged
mice. Vaccination by s.c. or i.n. administration of Int280« also
reduced the severity of the colitis that is a characteristic hall-
mark of C. rodentium infection in the murine colon.

Vaccination using Int280« clearly imparted a degree of type-
specific protective immunity to mice. However, the anatomical
location and immunological mechanisms through which vacci-
nation confers resistance to DBS255(pCVD438) colonization
remains unknown. Indeed, few clues are provided by compar-
ing immune responses elicited by s.c. or in. administered
Int280a with those of other, less efficacious vaccination meth-
ods. Vaccination by s.c. or i.n. administration of Int280a elic-
ited strong Int280a-specific serum IgG responses, with a bias
towards IgG1 over IgG2a, and T cells which produced gamma
interferon upon antigen restimulation (data not shown). A
similar spectrum of responses was elicited in mice immunized
parenterally or mucosally with Int280« in the presence of a
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mucosal adjuvant, although the bias towards IgG1 over 1gG2a
was typically less pronounced in these animals. Additionally,
the use of a mucosal adjuvant with Int280a evoked serum IgA
responses in mucosally immunized mice. Despite the absence
of an immunological correlate of protection in appropriately
immunized animals, the concept of efficacious vaccination
against mucosal pathogens by parenteral immunization is not
new. For example, mice immunized parenterally with urease
admixed with LT or the nontoxic B subunit as adjuvant were as
protected from Helicobacter pylori challenge as orally immu-
nized mice (45). Furthermore, numerous parenteral vaccines
used in humans, including the Salk polio vaccine and the pneu-
mococcal, Haemophilus influenzae type b, and shigella O-spe-
cific polysaccharide conjugates, have proven efficacious (9, 26,
39).

The anatomical location in which vaccine-elicited Int280a-
specific immune responses mediate their effect on C. rodentium
is unknown. Potentially, Int280a-specific IgG may have an
opsonic role for bacteria which translocate across the epithe-
lium. Additionally, Int280a-specific antibodies which have
translocated from the serum to the gut lumen via transhepatic
delivery mechanisms (7) may interact with luminal C. roden-
tium and exhibit antiadhesin properties.

One aspect of the humoral immune response to Int280c
which was not examined in this study is the avidity of the
antigen-specific antibody response. Potentially, administration
of Int280a evokes specific antibody responses which are of
higher avidity than those elicited by administration of Int280«
with an enterotoxin-based mucosal adjuvant. Biologically, rel-
atively high-avidity Int280a-specific antibody may have re-
duced opsonic activity or blocking capacity and may thereby
have a reduced ability to inhibit or limit colonization of
DBS255(pCVD438) on the colonic epithelium. The relation-
ship between antibody avidity and biological activity has been
clearly demonstrated for vaccine-elicited antibody responses to
the capsular polysaccharides from pneumococci and H. influ-
enzae (19, 30, 43).

Collectively, the results presented here support the inclusion
of intimin as a component of a type-specific vaccine against
pathogens like EPEC and EHEC. Other bacterial proteins
shown to be critical for A/E lesion formation and which are
recognized by the immune system of infected hosts (e.g.,
EspA) may also represent attractive candidate vaccine anti-
gens. In addition, this study highlights the usefulness of the C.
rodentium mouse model for studying host responses and nat-
urally acquired or vaccine-elicited immunity to a pathogen
which uses A/E lesion formation for host colonization.
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