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Strains of Shiga toxin (Stx)-producing Escherichia coli, also called enterohemorrhagic E. coli (EHEC), are
important food-borne pathogens for humans. Most EHEC strains intimately adhere to the intestinal mucosa
in a characteristic attaching and effacing (A/E) pattern, which is mediated by the bacterial adhesin intimin.
Subsequent release of Stx1 and/or Stx2 leads to the frequent development of hemorrhagic colitis and, less
commonly, to hemolytic-uremic syndrome. The aim of the present study was to develop an attenuated A/E E.
coli strain for use as a vaccine against EHEC infection encoding a truncated intimin lacking adhesive capacity,
but which would still express somatic antigens, other products of the locus of enterocyte effacement pathoge-
nicity island, and an immunogenic remnant of the intimin molecule. A single-nucleotide deletion was generated
in the eae gene in the prototype rabbit A/E E. coli strain RDEC-1 (O15:H—), which resulted in truncation of
intimin by 81 C-terminal residues (860 to 939 amino acids) containing a disulfide loop. Inoculation of rabbits
with large doses of the truncated intimin mutant (RDEC-1Aeaegq, o3,) Was well tolerated, as observed by the
absence of clinical signs of disease or evidence of intestinal A/E lesions. The efficacy of RDEC-1Aeaegq,_o30 as
a vaccine was evaluated by orogastric inoculation of rabbits with RDEC-1Aeaeg, o3, followed by challenge with
the virulent strain RDEC-H19A, an Stx1-producing derivative of wild-type RDEC-1 capable of inducing
hemorrhagic colitis in rabbits. Following RDEC-H19A challenge, nonimmunized control rabbits exhibited
characteristic weight loss with watery to bloody diarrhea and demonstrated intimate bacterial attachment,
effacement of microvilli, submucosal edema, mucosal heterophile infiltrates, and Shiga toxin-induced vascular
lesions. In contrast, the RDEC-1Aeaegg,_o30,-immunized rabbits showed no clinical signs of disease, maintained
normal weight gain, had reduced fecal shedding of challenge organisms, and showed an absence of gross or
microscopic lesions in the intestinal mucosa. Serum antibodies specific to intimin were detected among rabbits
immunized with RDEC-1Aeaegg,_o39, indicating that truncation of the intimin functional domain not only
attenuated bacterial virulence, but also retained at least some of the immunogenicity of native intimin.
Although it is not possible to gauge the exact contribution of residual intimin immunity to protection, this
attenuation strategy for A/E E. coli strains shows promise for the development of effective vaccines to prevent

EHEC infection in humans and animals.

Strains of Shiga toxin (Stx)-producing Escherichia coli, or
enterohemorrhagic E. coli (EHEC), are important food-borne
pathogens for humans. The clinical manifestations of EHEC
infections range from watery diarrhea, bloody diarrhea, or
hemorrhagic colitis to life-threatening hemolytic-uremic syn-
drome (HUS) (29, 40). The majority of EHEC strains induce
attaching and effacing (A/E) lesions characterized by intimate
bacterial attachment to the epithelial cells with destruction of
microvilli. Genes encoding the A/E phenotype are clustered on
a pathogenicity island termed the locus of enterocyte efface-
ment (LEE), the complete nucleotide sequences of which have
been obtained for human EHEC O157:H7 strain EDL933
(43), and other related A/E organisms, including human en-
teropathogenic E. coli (EPEC) O127:H6 strain E2348/69 (17),
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rabbit EPEC (REPEC) O15:H— strain RDEC-1 (50), and
Citrobacter rodentium, associated with colonic hyperplasia in
mice (11). LEEs of EPEC, EHEC, RDEC-1, and C. rodentium
share a 34-kb conserved region containing 40 (RDEC-1) or 41
(EPEC, EHEC, and C. rodentium) open reading frames orga-
nized into five major polycistronic operons: LEEI, LEE2,
LEE3, LEE5(tir), and LEE4 (17). The LEE], LEE2, and LEE3
operons encode components of the type III secretion system
(esc and sep genes) and the ler (LEE-encoded regulator) gene.
The LEES operon encodes the adhesin intimin, Tir (translo-
cated intimin receptor), and CesT (the chaperone for Tir) (27,
31). The LEE4 operon encodes the secreted proteins EspA,
-D, and -B involved in delivering Tir and other proteins to host
cells, and EspF, which is translocated into host epithelial cells
and alters their tight junction permeability (37).

Intimin is the outer membrane protein (OMP) which is
crucial for the A/E phenotype because bacterial intimate ad-
herence to host epithelial cells is mediated by binding of in-
timin to Tir, which is delivered by A/E organisms to eukaryotic
cells (19-21, 24, 25, 31). All intimin alleles (1, 42, 45, 48)
currently known demonstrate high homology in their N-termi-
nal regions, but great diversity in their C-terminal regions,
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which are essential for binding to Tir. Intimins of A/E E. coli
(AEEC), including human EPEC O127:H6 (intimin-a), EHEC
O157:H7 (intimin-y), or REPEC O15:H— (intimin-f), show
greater than 94% amino acid (aa) identity over the N-terminal
two-thirds of the molecule while showing only 55% homology
over the remaining one-third at the C terminus (50), which
includes the region responsible for Tir binding. The crystal
structure of the EPEC intimin C-terminal fragment (residues
658 to 939) has been solved and reveals three adjacent domains
with separate functions (18, 34): the immunoglobulin (Ig)-like
D1 (residues 658 to 751) and D2 (residues 752 to 841) domains
and the C-type lectin-like D3 (residues 842 to 929) domain.
Binding of intimin to Tir is mediated primarily by interaction
of the lectin-like D3 domain of intimin with the intimin-bind-
ing domain of Tir (34). Within the Tir-binding region of in-
timin, two conserved cysteine residues (aa 860 and 937 of
EPEC intimin) form a disulfide loop essential for intimin func-
tion (18, 25, 34). This disulfide loop is conserved in Yersinia
invasin and all the intimin variants (17, 42, 45, 48, 50). The
immunodominant regions of the molecule have been demon-
strated to be in the domains D1 and D2, as shown by reaction
with intimin-specific antiserum (1).

Attenuation of virulence by deletion of intimin has been
demonstrated for human EPEC (O127:H6) (14), human
EHEC (0O157:H7) (15), REPEC (0103:H2) (35), and C. ro-
dentium (12). Further evidence of the crucial role of intimin in
bacterial virulence is provided by studies showing that anti-
intimin immune responses directed against the C-terminal Tir-
binding fragment can favorably modulate the outcome of in-
fection by A/E organisms (10, 23, 28). Such studies
demonstrating protection include active immunization of mice
with either an intimin C-terminal binding domain (Int280w)
from a human EPEC strain or the EHEC O157:H7 intimin
C-terminal domain expressed in transgenic tobacco plant cells
(28). Both strategies protected against infection with A/E or-
ganisms expressing the homologous intimin fragment. Passive
immunization of neonatal piglets (suckling colostrums from
dams immunized with an intact intimin molecule) was also
shown to protect against EHEC O157:H7 colonization and
intestinal damage (10). All of these studies used vaccines con-
taining the entire C terminus of intimin, including the D3
binding domain, suggesting that the binding domain might be
essential for the observed protective immunity.

We previously developed a rabbit model for EHEC infection
by introducing an Stxl-converting phage into a rabbit A/E
pathogen, RDEC-1, to obtain strain RDEC-H19A (46). Infec-
tion of rabbits with this strain reproduces both the A/E pathol-
ogy and the vascular damage and intestinal inflammation at-
tributable to Stx and is a suitable model for evaluating various
EHEC interventions (46). In this report, we constructed an eae
mutant of RDEC-1 and examined both the level of attenuation
in virulence and the effectiveness of this eae mutant as a vac-
cine candidate. We demonstrate that RDEC-1Aeaegg o309 iS
fully attenuated and well tolerated in rabbits. We further show
that immunization of rabbits with RDEC-1Aeaegg, 939 pro-
tected animals from occurrence of diarrhea, weight loss, and
tissue damage induced by virulent RDEC-H19A. Thus, the
attenuation of an AEEC strain by the truncation of intimin, as
we describe, shows promise as a means to provide an effective
vaccine for the prevention of EHEC infection.

REPECAeae VACCINE 6609

TABLE 1. Bacterial strains and plasmids used in this study

Strain or plasmid Relevant feature(s) ?:Ferrcecné)é
Strains
DH5a Laboratory E. coli strain
RDEC-1 O15:H—, Nal" 7
RDEC-HI19A RDEC-1 transduced with 46
phage H19A, Nal" Tet"
SM10 SM10 Apir, recipient for 13
suicide vector
pCVD442
TSAO01 SM10 containing pM381 This study
RDEC-1Aeaegq)_o930 RDEC-1Aeaeggy 939, Nal” This study
Plasmids
pALT417-3 pALTER-1::RDEC-1eae,
Amp*
p368 Derived from pALT417-3 This study
with 1-bp deletion in
eae, Amp"
pCVD442 Suicide vector, Amp”® 13
pM381 pCVD442::Acae, Kan" This study
Amp"

MATERIALS AND METHODS

Bacterial strains and culture conditions. Strains used in this study are listed in
Table 1. The prototype RDEC-1 (O15:H—) was originally isolated from rabbits
with diarrhea (7). Strain RDEC-H19A is an RDEC-1 derivative containing the
Stx1-producing phage HI19A from human 026 EHEC (46). The laboratory E.
coli strain DH5a was used for plasmid transformation, except in the case of
suicide plasmids (pCVD442 and its derivatives), which were maintained in E. coli
SY327 or SM10 (13). Bacterial strains were stored at —70°C in Luria-Bertani
(LB) broth containing 20% glycerol and grown on LB agar or broth unless
otherwise described. Appropriate antibiotics were added to the media when
needed at the following concentrations: ampicillin (Amp), 50 wg/ml; nalidixic
acid (Nal), 20 pg/ml; and tetracycline (Tet), 25 pg/ml.

Construction of an eae truncation mutation in RDEC-1. A 4.36-kb HindIII
DNA fragment containing the RDEC-1 eae gene (excluding the first 100 bp) and
downstream sequences was cloned into pALTER-1, and site-directed mutagen-
esis of the eae gene was achieved using the single-stranded phagemid protocol
and the mutant oligonucleotide 5'-GATGCCGAAAACAACTGTAAGACAA
ATAGCGCAA-3' following the manufacturer’s guidance (Promega Inc., Mad-
ison, WI) to obtain plasmid p368. This oligonucleotide contains a single-base-
pair deletion at the position of nucleotide (nt) 2565 in the eae coding sequence
(Fig. 1B), thus resulting in a frameshift which generates a stop codon 23 bp
downstream of the deletion (Fig. 1B). A DNA fragment containing the mutated
eae gene was excised from pALTER plasmid by Xbal digestion and cloned into
Xbal-digested suicide plasmid pCVD442, resulting in plasmid pM381. Plasmid
pM381 was transformed into E. coli strain SY327, and the resultant plasmid was
transformed subsequently into strain SM10 to obtain strain TSAO1 (Table 1). A
chromosomal eae mutation in RDEC-1 was generated by allelic exchange as
described by Donnenberg and Kaper (13). The Amp® Nal" sucrose-resistant
bacteria that underwent allelic exchange were screened for FAS (fluorescence
actin staining) activity on HEp-2 cells as previously described (30). Strains that
failed to induce actin aggregation on HEp-2 cells were further examined by
sequencing the intimin C-terminal portion, using PCR-amplified DNA with a
pair of primers (Aginl, 5'-CCAGTATTACTGAGATTAAG, nt 27351 to 27371;
Agin2, 5'-TCCGGGATTTGAGATGTAAT, nt 28223 to 28204) derived from
RDEC-1 LEE (GenBank accession no. AF200363) (50). Expression of the trun-
cated intimin by RDEC-1Aeaegg, 930 Was examined by separation of bacterial
outer membrane preparations by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis as described previously (49).

Examination of in vivo virulence of RDEC-1Aeaegq,_o30. The in vivo virulence
of RDEC-1Aeaegq 939 Was determined in 2-month-old New Zealand White
rabbits. Six animals were inoculated with the wild-type (WT) RDEC-1, and six
were inoculated with the truncated intimin mutant. Bacterial strains were
streaked onto MacConkey agar supplemented with Nal, and an individual colony
was then inoculated into 100 ml Penassay broth (antibiotic medium 3; Difco) and
cultured at 37°C overnight without shaking. Bacteria were washed once and
suspended in sterile phosphate-buffered saline (PBS) and adjusted to a concen-
tration represented by an optical density at 600 nm (ODgq,) of 0.70 (approxi-
mately 1 X 10 CFU/ml). Bacterial viable counts were determined by standard
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Nucleotide alignment:

RDEC-1: 2562 AAC AAA TGTAAG ACA AATAGC GCA AAT TTAG 2593
RDEC-1Aeae: 2562 AAC AA  TGT AAG ACA AAT AGC GCA AAT TTA G 2592
'y

RDEC-1 RDEC-1Aeae

116.0-

2 2

FIG. 1. (A) Schematic representation of RDEC-1 intimin C-terminal fragment (539 to 939 aa) showing Ig-like (Ig) and Tir-binding domains.
Numbers above the diagram represent the amino acid position of intimin deduced from RDEC-1 LEE (50). The residues of the intimin Tir-binding
domain (842 to 939 aa) and of the truncated intimin mutant are shown below the diagram. Asterisks indicate two conserved cysteine residues (aa
860 and 937) involved in the formation of a disulfide loop essential for intimin function. Identical amino acids in the mutant are shown by dots.
(B) DNA alignment of partial sequence of the eae gene and the mutant showing a single-base deletion (arrow) which introduced a stop codon
(underlined) 24 bp immediately after deletion. (C) Comparison of OMP profiles showing native intimin (denoted by a white arrowhead) produced
by RDEC-1 in the left panel or truncated intimin in the right panel (arrowhead) expressed by RDEC-1Aeaegq o30. Molecular mass markers are

indicated in kDa.

plating methods. Rabbits were fasted overnight, and unsedated animals were
inoculated intragastrically via a pediatric feeding tube with 10 ml 10% bicarbon-
ate solution to neutralize gastric contents followed by the inoculum. Inocula
consisted of a total volume of 3 ml of PBS containing RDEC-1 or its derivative
RDEC-1Aeaegq0_o39. The feeding tube was then flushed with 5 ml sterile PBS to
ensure that the total inocula were delivered into the stomach. Rabbits were
weighed daily and observed for clinical signs of illness and stool characteristics.
Stools were graded on a scale of 1 (normal, hard pellets), 2 (soft), 3 (mixed soft
and liquid), or 4 (completely liquid). Fecal shedding of the strains was deter-
mined semiquantitatively by culture of rectal swabs. In brief, rectal swabs were
rolled onto MacConkey plates (supplemented with Tet and Nal or Nal alone for
RDEC-H19A or RDEC-1Aeaegq o309, respectively), grown overnight at 37°C,
and graded as 0 (no CFU), 1+ (1 to 50 CFU), 2+ (50 to 200 CFU), 3+ (>200
CFU), or 4+ (confluent growth). Rabbits were sacrificed 14 days postinoculation
for histopathologic evaluation of bacterial mucosal adherence.

Examination of protection against RDEC-H19A challenge following immuni-
zation. To determine if RDEC-1Aeaegqy_g39 immunization would protect ani-
mals from experimental challenge with a virulent A/E strain producing Shiga
toxin, 12 rabbits were orogastrically inoculated with RDEC-1Aeaeggg_g39 as de-
scribed above and boosted with the same dose 14 days later. Six of these immu-
nized rabbits were sacrificed at day 28 for determination of biliary antibody and
histology postvaccination but prior to challenge. The remaining six rabbits, and
six rabbits orogastrically inoculated with PBS to serve as controls, were chal-
lenged with 5 X 107 CFU of RDEC-H19A, an Stx1-producing RDEC-1 deriva-
tive which is highly virulent in weanling rabbits (46).

Animals were observed daily for clinical signs of disease. Rabbit weights were
recorded, and stool consistency was scored daily. Fecal shedding of inoculated
bacteria was determined for each rabbit by semiquantitative cultures of rectal
swabs as described above (46). Rabbits were euthanized according to standard
protocols. At necropsy, the intestinal tract was inspected for serosal hemorrhage
and bowel edema and the degree of liquidity of cecal contents was observed and
recorded. Transmural sections from the ileum, cecum (the major site of mucosal
adherence and pathological changes), and colon were excised and fixed in 10%
buffered formalin for sectioning. Tissues were stained with hematoxylin and
eosin or with Giemsa stain. Microscopic examination of histopathology was
based on 10 sequential, well-oriented X400 fields from each sample. The fol-
lowing parameters, reflecting bacterial adherence and toxin-induced vascular
damage characteristic of RDEC-H19A infection (46), were evaluated. Bacterial
enteroadherence was graded as the percentage of surface area in the field that is
covered by closely adherent bacteria (46). Edema depth was quantitated with an
ocular micrometer by measuring the distance from the muscularis mucosa to the
muscularis propria and graded from 0 to 4 as previously described (46). Hetero-

philes were counted in the mucosa, in fields immediately adjacent to the mus-
cularis mucosa extending luminally to the limits of the 250-pm diameter field
(X40 objective). Counts from 10 fields were tabulated, averaged, and expressed
as the number of heterophiles per high-power field (HPF). Vascular changes,
defined as endothelial swelling, adherent heterophiles, endothelial denudation,
and thrombus formation, were graded separately in 10 sequential vessels in the
mucosal, submucosal, and serosal compartments and recorded on a scale from 0
to 4 as previously described (46). These parameters were separately analyzed and
also examined as a composite score for vascular changes based on summation of
the scores for the four individual parameters for each of the three tissue com-
partments (mucosa, submucosa, and serosa).

Detection of antibodies specific to RDEC-1 intimin. Serum was collected for
antibody detection prior to immunization (day 0), prior to the first booster
immunization (day 14), prior to challenge with RDEC-H19A (day 28), and at the
time of sacrifice (day 35). Bile was aspirated from the rabbit gall bladder for
determination of IgA antibody titers to intimin from a group of six immunized
animals which were euthanized at day 28 and from immunized and nonimmu-
nized groups of animals following challenge with RDEC-H19A (day 35). For
these assays, a maltose-binding protein (MBP)-intimin fusion protein was con-
structed by cloning a PCR-amplified 843-bp fragment containing the C-terminal
280-aa portion of RDEC-1 intimin into pMAL-p2 (New England Biolabs) ac-
cording to the manufacturer’s instructions. The MBP-intimin fusion protein was
isolated from E. coli periplasm by affinity chromatography (2). Serum IgG or bile
IgA specific to RDEC-1 intimin was determined by enzyme-linked immunosor-
bent assay as previously described (36). Briefly, microtiter wells were coated with
MBP-intimin fusion protein at a concentration of 4 pug/ml in bicarbonate buffer
at pH 9.6. Serial dilutions of rabbit sera or bile were added, and bound antibodies
were detected with horseradish peroxidase-conjugated sheep anti-rabbit IgG or
goat anti-rabbit IgA and developed with ABT peroxidase substrate (KPL, Gaith-
ersburg, MD). Serum and biliary antibody titers were determined by endpoint
dilutions subtracting a background OD value determined as 2 standard devia-
tions from the negative control. Twofold dilutions were used for serum, and
threefold dilutions were used for biliary samples.

Statistical analysis. Values for differences in rabbit weight gain, heterophiles/
HPF, bacterial adherence, and antibody titers between experimental groups were
compared by Student’s ¢ test. Because of the obvious non-Gaussian nature of
score data, a nonparametric test (Wilcoxon rank sum) was used to compare
scores for fecal bacterial shedding, stool consistency, edema, and microvascular
lesions in the tissue compartments (adherent heterophiles, endothelial swelling,
endothelial denudation, and thrombus formation) between experimental groups.
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FIG. 2. FAS tests (corresponding actin fluorescence [A and B] and phase-contrast micrographs [C and D]) showing adherence pattern to HeLa
cells of WT RDEC-1 (A and C) and RDEC-1Aeaegq 939 (B and D) following 5 h of incubation.

RESULTS

Frameshift mutation resulted in intimin truncation. A sin-
gle-nucleotide deletion was made at nucleotide 2565 in the eae
coding sequence of RDEC-1. As a result of the frameshift, a
stop codon was introduced 24 bp immediately after the dele-
tion (Fig. 1B). Thus, the intimin C-terminal portion was trun-
cated by 81 residues (860 to 939 aa) containing a disulfide loop
and replaced by a series of eight new residues (NVRGIAGI,
Fig. 1A). As a result, the predicted truncated intimin is com-
posed of 866 residues and is 73 aa shorter than the native
intimin molecule.

Conjugation of RDEC-1 with conjugative strain TSAO1
(SM10 containing suicide plasmid pCVD442) yielded numer-
ous colonies grown on LB agar supplemented with Amp and
Nal, one of which was then cultured overnight in LB broth
without antibiotics and subsequently plated on LB agar con-
taining 5% sucrose. Individual colonies grown on sucrose agar
were examined for antibiotic resistance profiles. The Amp-
resistant bacteria were further characterized by the FAS test
on HEp-2 cells (30). Among 60 colonies tested, we recovered
four isolates that were negative by FAS assay (data not shown).
Nucleotide sequencing of PCR amplicons using primers Agin1/
Agin?2 for the FAS-negative isolates showed a nucleotide de-
letion at the position of nucleotide 2565 in the eae gene. One
of these isolates was designated as RDEC-1Aeaegq, 930 and
used in the subsequent study. RDEC-1Aeaegq, o3 Was further
examined by FAS. The intimin C-terminal 76-aa disulfide loop

has been shown to be essential for Tir binding (18, 25, 34).
Thus, elimination of this disulfide loop was expected to abolish
the Tir-binding capacity of RDEC-1Aeaegq, o39. Compared to
the WT strain RDEC-1, which showed FAS-positive reactions
(Fig. 2A and B), RDEC-1Aeaeg,_o30 Was less adherent and
FAS negative (Fig. 2C and D).

Because the truncated intimin has 73 fewer residues than the
native intimin, a molecular mass shift is expected. The pre-
dicted sizes for the native and truncated intimins are 101.7 and
97.0 kDa, respectively. Since posttranslational modification of
intimin eliminates the signal peptide of 39 aa (49), the mature
intimins of RDEC-1 and RDEC-1Aeaegq, o3¢ are 97.1 kDa
and 89.2 kDa, respectively. Consistent with our previous ob-
servations (49), Coomassie brilliant blue staining of sodium
dodecyl sulfate-polyacrylamide gel electrophoresis-separated
OMP extracts from the WT strain RDEC-1 revealed an intimin
protein band with estimated molecular mass of 97 kDa (Fig.
1C). This 97-kDa protein band was absent in strain RDEC-
1Aeaegqy 930 and replaced with a protein band with an esti-
mated molecular mass of 90 kDa (Fig. 1C), showing a molec-
ular mass shift from native intimin expressed by the WT
RDEC-1 to the truncated intimin expressed by RDEC-
1Aeaeggo_o30-

Effect of the intimin mutation on in vivo pathogenicity. We
first compared the level of in vivo virulence of the WT RDEC-1
and its isogeneic intimin mutant, RDEC-1Aeaeg, o30. Rabbits
inoculated with RDEC-1Aeaegq, 3o remained clinically nor-
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FIG. 3. Clinical observations in rabbits inoculated with WT RDEC-1 (open circles) or its derivative eaze mutant (open triangles). Comparisons
of cumulative weight change (A) and semiquantitative determination of fecal bacterial shedding of the administered strain (B) are shown. Averages
were derived from six rabbits in each group. Bars designate standard errors.

mal, and they gained an average weight of 488 g by day 14
postinoculation (Fig. 3A). Fecal shedding of RDEC-1Aeaegg_o30
occurred within 24 h, peaked at day 2, and persisted in some
animals at very low levels for nearly 10 days (Fig. 3B). Light
microscopic examination of tissues from ileum, cecum, and
colon revealed no mucosally adherent bacteria and normal
morphology (data not shown).

All rabbits receiving WT RDEC-1 developed mild diarrhea
ranging from soft stools to watery discharge. These rabbits
initially gained weight at the same rate as those inoculated with
RDEC-1Aeaegq, o39. Beginning on day 3 postinoculation,
RDEC-1-infected rabbits continued to gain weight, but at a
significantly lower rate than RDEC-1Aeaegq,_o30-inoculated
rabbits. By day 14 postinoculation, the RDEC-1-inoculated
group had an average weight gain of only 220 g, which is
significantly (P < 0.006) less than the weight gain of 480 g in
the RDEC-1Aeaegq 930 group (Fig. 3A). Animals receiving
WT RDEC-1 had high scores for shedding of the inoculated
organisms during the whole observation period (Fig. 3B).

Consistent with previous studies, we observed typical A/E
lesions with epithelial cupping of adherent bacteria and efface-
ment of microvilli among rabbits inoculated with the WT
RDEC-1 (data not shown), but not in the rabbits inoculated
with the mutant strain. This initial comparison clearly indicates
the attenuated virulence of RDEC-1Aeaegg,_o30-

Immunization with RDEC-1Aeaegq,_o30. Further experi-
ments were carried out to determine the level of protection
provided by RDEC-1Aeaegq, o3 immunization against chal-
lenge with RDEC-H19A. Following vaccination, the pattern of
fecal bacterial shedding following prime vaccination was sim-
ilar to the pattern observed above in the pathogenicity study
(Fig. 3B). However, fecal shedding lasted for only 4 days fol-
lowing boost immunization, and rectal swabs from all the rab-
bits remained free of inoculated organisms thereafter. All im-
munized and nonimmunized rabbits gained the expected

amount of body weight and showed no signs of clinical illness,
as we previously observed in the pathogenicity study.

Protection of rabbits against challenge with RDEC-H19A
following RDEC-1Aeaeg, 930 immunization. Following
RDEC-H19A challenge, all RDEC-1Aeaegg_o30-immunized
rabbits consistently discharged stool of normal consistency
(Fig. 4A). In contrast, all nonimmunized rabbits manifested
abnormal stools ranging from soft stools to frank watery diar-
rhea (Fig. 4A). The Wilcoxon rank sum test confirmed (P <
0.01) that the mean measure of abnormal stool consistency was
higher for the nonimmunized group. Rabbits in the immunized
group demonstrated an average cumulative weight gain of
170 g by day 7 postchallenge (Fig. 4B). In contrast, the non-
immunized animals lost an average of 350 g body weight (50
g/day) during the same period (Fig. 4B). The differences be-
tween the groups were significant at the level of P < 0.01. We
observed fecal shedding of inoculated RDEC-H19A organisms
in rabbits in both RDEC-1Aeaegg, _o3o-immunized and PBS
control groups; however, this shedding was decreased in the
immunized group. While confluent growth of Nal* Tet" RDEC-
H19A was observed in fecal pellets of nonimmunized rabbits,
only an inoculation of approximately 50 CFU per swab was
seen for the RDEC-1Aeaegg_o30-immunized rabbits. A two-
sample Wilcoxon rank sum test indicated significantly lower
scores for fecal bacterial shedding of the challenge strain in
RDEC-1Aeaegq,_g30-immunized rabbits compared to those in
the nonimmunized group (P < 0.01) (Fig. 4C).

Major differences in gross appearance of the intestinal tis-
sues were observed between immunized and nonimmunized
rabbits challenged with virulent RDEC-H19A. All immunized
and challenged rabbits exhibited normal appearance of the
intestinal mucosa (ileum, cecum, and colon). However, non-
immunized, challenged rabbits showed various degrees of gross
pathological changes, including pale cecum and proximal co-
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lon, watery intestinal contents, and edematous and thickened
cecal walls.

Microscopically, mucosally closely adherent RDEC-H19A
organisms were seen covering 10% of the surface area of the
cecal mucosa (Fig. 5) of nonimmunized animals. The severity
of A/E lesions induced by RDEC-H19A varied from extensive
attachment and effacement to small scattered focal lesions with
a small cluster of adherent bacteria and irregularity of intesti-
nal mucosa. In areas of adherence, the epithelial cells became
irregular with reduced cytoplasm (Fig. 6A). Clusters of cells
could be observed desquamating from the mucosal surface
(Fig. 6A). The A/E lesions, when observed, were most severe
in the cecum and in the proximal colon (data not shown). In
contrast, less than 1% of the cecal surface had observable

associated bacteria among the RDEC-1Aeaegg, g3o-immu-
nized rabbits challenged with RDEC-H19A (Fig. 5).
RDEC-H19A challenge induced inflammatory infiltrates of
polymorphonuclear heterophiles in the nonimmunized rabbits,
but not the immunized ones (Fig. 7A). The degree of inflam-
matory infiltrate in immunized and challenged rabbits was in-
distinguishable from that seen in animals which were immu-
nized but not challenged. In all groups of animals, similar
degrees of submucosal edema were observed (Fig. 7B).
Microvascular changes, as measured by adherent hetero-
philes (Fig. 8A), endothelial denudation (Fig. 8B), and endo-
thelial swelling (Fig. 8C), expressed either as individual param-
eters or as a composite vascular score (Fig. 8E), were more
prominent among nonimmunized rabbits challenged with
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FIG. 5. Comparison of percentages of mucosal surface (cecum)
with adherent bacteria between RDEC-1Aeaegq, 3o-immunized and
nonimmunized groups following challenge with RDEC-H19A. Bars
designate standard errors.

RDEC-H19A than in those which were immunized. Consistent
with the results for the absolute heterophile counts (Fig. 7A),
heterophiles adherent to the microvascular endothelium (Fig.
8A) were greater in the mucosa of the nonimmunized and
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challenged animals (P < 0.01, Wilcoxon rank sum test) than in
the other two immunized groups. Such adherent cells were not
observed in the other two compartments. Similarly, frank en-
dothelial denudation (Fig. 8B) was seen more prominently in
the mucosal compartment of the nonimmunized, challenged
animals than in the immunized groups (P < 0.01). These
changes were not observed in the submucosa and serosa in any
groups. Endothelial swelling (Fig. 8C) greater than that seen in
immunized but unchallenged animals was present in all com-
partments of the nonimmunized and challenged animals. How-
ever the differences in this parameter between the challenged
animals, which were immunized or nonimmunized, were sta-
tistically different only in the submucosal and serosal compart-
ments (P < 0.01). Frank thrombus formation (Fig. 8D) was
rarely seen and did not serve to statistically distinguish the
groups. Thrombus formation was seen only in submucosa
among immunized rabbits following challenge with RDEC-
HI9A.

When the composite vascular score was examined (Fig. 8E),
immunized animals appeared completely protected against
vascular changes induced by the challenge strain in the sub-
mucosa and serosa. In the mucosa, immunized and challenged
animals also demonstrated reduced total vascular changes as
compared to those observed in the nonimmunized and chal-
lenged group, but the differences did not reach statistical sig-
nificance.

Immune responses. The intimin-specific serum antibody re-
sponses among nonimmunized animals maintained a low titer
during the sampling periods of 0, 14, and 28 days but rose 1
week following challenge with RDEC-H19A (day 35). In con-

FIG. 6. (A) Histological section from a nonimmunized rabbit challenged with RDEC-H19A showing intimate bacterial adherence and
effacement of microvilli. Bacteria are adhering to the cecal enterocytes, and the mucosal surface has become irregular with a cluster of
desquamating cells (white arrow). In comparison, the mucosa from an immunized and challenged animal remained normal (B). Hematoxylin and

eosin staining; magnification, X400.
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trast, the intimin-specific titers increased fourfold following
initial immunization with RDEC-1Aeaegg, o3 and remained
elevated but did not show significant additional increases fol-
lowing boost immunization or following challenge with RDE-
HI19A (Fig. 9). Immune responses to somatic antigens of the
vaccine strain or to other secreted proteins encoded on the
LEE were not measured in this study.

Because of our experimental design, biliary antibody re-
sponses specific for intimin were unable to be obtained in any
group prior to immunization; however, a group of six animals
which were immunized and boosted were sacrificed at day 28
to determine antibody titers following immunization, but prior
to challenge. These animals demonstrated a biliary antibody
titer of 1:60 (data not shown). Higher titers were found in
animals sacrificed at experimental day 35, 1 week following
challenge with RDEC-H19A, both in groups which had been
immunized (1:140) and in those which had not (1:170), but the
differences among these groups were not statistically signifi-
cant.

DISCUSSION

Interaction of intimin with its receptor, Tir, plays a key role
in intimate adherence of AEEC to the host intestinal mucosa
(27, 29, 31). Early studies demonstrated that the isogeneic
intimin mutants are deficient in virulence, as examined in hu-
man volunteers (14), in piglets (15), and in rabbits (35). Fur-
ther supporting this are the reports that intimin immune re-
sponses, directed against the C-terminal Tir-binding fragment
of intimin or the entire molecule, can modulate the outcome of
AJ/E organism infection (10, 23). These results strongly suggest
that intimin may serve as a candidate virulence factor for
attenuation of A/E organisms by deletion. Since intimin is also
likely a potentially important protein for inclusion as a protec-

tive antigen in a vaccine, we sought to retain as much of the
intimin molecule as possible in our vaccine strain by deleting
only the Tir-binding portion of the molecule located in the D3
region of native intimin.

We constructed in this study an eae mutant with a single-
nucleotide deletion, which truncates the native intimin by its
C-terminal 81 residues that include a disulfide loop essential
for intimin binding function. In our initial studies, we demon-
strated that RDEC-1Aeaegq,_o39 does not induce A/E lesions,
either in vitro or in vivo, indicating attenuation of virulence of
the WT RDEC-1 by our targeted deletion. Our results are in
full agreement with previous reports that defined mutations in
eae attenuated virulence of human EPEC, EHEC, and REPEC
strains (13-15, 35). Donnenberg and Kaper created an internal
1,848-bp deletion in the EPEC eae gene (13) and demon-
strated that while all of the human volunteers receiving WT
EPEC developed diarrhea, the isogeneic eae mutant caused
diarrhea among only 4 of 11 individuals (14). In a separate
study, the isogeneic eae mutant of EHEC strain 86-24 (O157:
H7), generated by replacing the internal 1.1-kb eae DNA with
a 2.9-kb NDA fragment containing a Tet marker, was unable to
colonize in experimentally inoculated piglets (15). In another
REPEC strain belonging to the serogroup O103:H2, an inser-
tion of aphT encoding Kan resistance in the eae gene (between
993 nt and 994 nt) disrupted the expression of intimin and
abolished bacterial virulence when tested by experimental in-
oculation of its natural rabbit host (35).

One of the unique features of the truncated eae mutant
constructed in the present study is the elimination of the in-
timin functional D3 domain with preservation of the remaining
intimin molecule unaltered. This novel strategy retains an im-
munogenic portion of intimin, which might represent an im-
portant component of an attenuated live bacterial vaccine. The
elevated serum IgG levels specific to intact intimin seen among
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lenge (day 35). Bars designate standard errors. *, statistically signifi-
cant difference between the nonimmunized, challenged group and the
immunized, challenged group.

rabbits immunized with the RDEC-1Aeaeg, o3 are an indi-
cation that the truncated intimin is immunogenic and retains
sufficient native structure to generate immune responses to
intimin.

Our experimental design did not permit us to determine the
contribution of the observed antibody to intimin in providing
the observed protection. Other studies from our laboratory
have shown that a mutant severely defective in intimin expres-
sion (a ler deletion mutant) also provided protection against
challenge with strain RDEC-H19A, although it did not induce
antibodies to intimin (C. Zhu and E. C. Boedeker, unpublished
data). This protection has been shown in our laboratory to be
serotype specific, indicating that a non-intimin-expressing mu-
tant can generate protective responses directed at REPEC
antigens other than intimin. In addition, in a study from an-
other laboratory, an intimin mutant of a REPEC strain pro-
tected against challenge with the virulent parent strain (35).

In future studies, we intend to explore the ability of our
truncated intimin mutant to protect against Shiga toxin-pro-
ducing REPEC strains of different serotypes, such as the O153
Stx1-producing strain recently reported by Garcia et al. (22).
This kind of study would help to determine the importance of
the anti-intimin antibody induced by our vaccine in providing
protection, since it would eliminate the effect of serotype-
specific immunity. However, such a study is beyond the scope
of the present report. All other reports demonstrating protec-
tion against infection induced by intimin have utilized vaccines
containing the D3 binding domain of the molecule (10, 23). We
speculate that the intimin-specific immunity induced by
RDEC-1Aeaegg_o39, combined with immune responses to se-
rotype-specific antigens, secreted virulence proteins, and other
as-yet-unidentified factors, may contribute to the protection of
rabbits from pathological effects caused by virulent A/E strain
RDEC-H19A.
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With respect to mucosal IgA responses, as represented by
biliary IgA, we immunized a separate group of animals and
sacrificed them prior to challenge to look for the presence of
intimin-specific IgA. In these animals, we detected a low but
measurable titer of IgA directed toward intimin. Since mea-
surement of a biliary IgA requires sacrifice of the animal, we
were unable to formally compare the observed antibody titers
to preimmune values in the same animals. However, the titer
was increased above background. Higher anti-intimin IgA ti-
ters were found in bile after RDEC-H19A challenge in both
immunized and nonimmunized animals. Since the postchal-
lenge titers in both groups were similar, these results did not
permit us to determine whether our immunization strategy
primed a subsequent response to intimin expressed by the
pathogen. Further studies will be required to determine con-
clusively whether our vaccination regimen induced a robust
mucosal IgA response to intimin, such as we observed for
serum IgG.

Although intimin mutation abolishes the capacity of
RDEC-1 to attach closely to intestinal epithelial cells, RDEC-
1Aeaegq,_o30 Organisms are still able to persist transiently in
the rabbit intestinal tract, albeit at low levels, for 10 days after
initial inoculation. The observed low-level shedding, apparent
after the first but not subsequent inoculation, suggests that
other adhesive factors, in addition to the intimin, are involved
in RDEC-1 interaction with the immune system. RDEC-1 cells
express plasmid-encoded AF/RI fimbriae which mediate a spe-
cies-specific mucosal attachment by interacting with a sialo-
glycoprotein complex on the microvillus (5, 8, 44) and also
mediate interaction with M cells overlying the Peyer’s patch. In
addition, in nearly all A/E E. coli strains, a large-molecular-
weight protein, Efal (EHEC factor for adherence)/LifA (lym-
phocyte inhibitory factor), has been shown to be an adhesive
factor (4, 32, 38). RDEC-1 cells express EspA and Efal/LifA
homologues (50). In a separate study, we have demonstrated
that LifA/Efal plays a crucial role in in vivo colonization of
RDEC-1 because deletion mutation in the lif4/efal gene re-
sulted in significantly reduced bacterial colonization by 100-
fold (Y. Mao, C. Zhu, and E. C. Boedeker, Abstr. 103rd Gen.
Meet. Am. Soc. Microbiol., abstr. B438, 2003). Studies also
implicate the filamentous EspA-containing surface append-
ages in attachment of A/E organisms (16). Collectively these
adhesive factors may contribute to the localization in the in-
testinal tract of the RDEC-1 intimin mutant and its interaction
with immune inductive sites, independent of intimin-Tir bind-
ing, which may be favorable to the development of systemic
and local immunity against subsequent infection.

Most importantly, our studies demonstrate that immuniza-
tion with the RDEC-1 intimin mutant strain was able to pre-
vent colonization and shedding of RDEC-H19A, a highly vir-
ulent A/E strain which produces Shiga toxin and causes
hemorrhagic colitis disease in rabbits. Immunization with the
attenuated strain protected rabbits from RDEC-H19A-in-
duced disease, as demonstrated by reduced colonization and
maintenance of normal clinical signs. Moreover, the immu-
nized rabbits were also protected from Shiga toxin-mediated
disease. In the immunized animals, there were reduced patho-
logical changes attributable to the interaction of Shiga toxin
with the intestinal microvasculature, including transmigration
of heterophiles and endothelial denudation and swelling. Since
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the vaccine strain contains no toxin components, it is likely that
the prevention of toxin-induced damage is secondary to the
prevention of A/E lesions by the vaccine, as we observed.

The hallmark of EHEC pathogenicity is the production of
Stx (29, 41). Another approach to prevent EHEC infection is
the neutralization of toxin activity, as represented by a number
of candidate toxin-based vaccines (6, 26, 33), DNA vaccine (9),
or toxin binding agents (3, 39, 47). Although approaches elic-
iting immunity neutralizing the toxin activity would protect
against severe complications caused by Stx(s) produced during
EHEC infection, they would not prevent the spread of infec-
tion. However, an attenuated live EHEC vaccine, such as the
eae mutant constructed in this study, may provide more effec-
tive protection against EHEC infection by preventing bacterial
colonization by a majority of clinically relevant EHEC strains
based on common intimin epitopes.

In summary the truncated attenuated eae mutant has fea-
tures that make it a safe and effective attenuated mucosal
vaccine prototype for A/E strains, including those producing
Shiga toxin. It is based on a mutation generated in a noninva-
sive enteric pathogen which has been well studied at the mo-
lecular level. It is not immediately cleared from the intestinal
tract after initial inoculation,, but induces neither clinical evi-
dence of disease nor pathognomonic A/E lesions. It induces
measurable intimin antibody, and it provides protection
against infection. Such a mutation, introduced into an A/E
strain of human or bovine origin, might provide a basis for
vaccine against EHEC infection.
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