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Abstract Enterohemorrhagic Escherichia coli (EHEC)
O157:H7 infections cause serious public health problems
worldwide. The translocation intimin receptor (Tir) is
responsible for adhesion and attaching and effacing lesions.
In the current study, we used a mitomycin-treated mouse
model to evaluate the efficacy of subcutaneous vs intra-
nasal administration of the recombinant Tir as vaccine.
Following immunization, mice were infected with E. coli
O157:H7 and faces were monitored for shedding. Mice
immunized intrasally with purified Tir proteins produced
higher IgG and IgA titers in serum and feces, resulting in
significant reductions in fecal shedding of EHEC O157 and
higher a survival rate (92.9%), compared with subcutane-
ous or control immunizations. These results demonstrate
the potential for the use of Tir proteins in mucosal vaccine
formulations to prevent colonization and shedding of
E. coli O157:H7. Therefore, purified Tir protects mice
against EHEC challenge after intranasal immunization and
is worth further clinical development as a vaccine
candidate.
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Introduction

Enterohemorrhagic Escherichia coli (EHEC) causes hem-
orrhagic colitis (HC) and, on occasion, hemolytic-uremic
syndrome (HUS), a life-threatening condition in humans
[1-4]. Infection with the EHEC O157:H7 serotype is
highly pathogenic and fatal. Currently, there are few
effective interventions to reduce the risk of this infection.
Therefore, the prevalent EHEC infections in humans have
become a global public health problem [5]. While antibi-
otics are still the most effective treatment for O157
infection, their use promotes release of EHEC Shiga toxins
(Stx), which increases the chance of complicating HUS [6,
7]. Thus, finding alternative means to controlling these
infections is a high priority. Vaccination is one of the most
promising approaches against EHEC O157 infection [8],
although there is currently no successful vaccine that can
be used clinically.

The road to successful development of an EHEC vac-
cine is long and tedious. At present, the most common
vaccines are recombinant vector vaccines and genetically
engineered vaccines that are being stringently tested
[9-19]. However, these potential vaccines may cause
unacceptable side effects. LPS vaccines induce the for-
mation of antibodies which worsen the disease by pro-
moting the release of Shiga toxins. In addition, transgenic
plant vaccines induce weak immune responses, while oral
plant-based vaccines are prone to the problem of immune
tolerance. Antigens in bacterial ghost vaccines are complex
and has many antigens that are in common with E. coli
which can easily cause side effects. On the other hand,
genetically engineered subunit vaccines have many
advantages. For example, it is safe and suitable for mass
industrial production, and the antigen structure is simple.
This type of vaccine not only avoids the risk of
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pathogenicity that vaccines derived from whole organisms
could potentially cause, but also reduces or eliminates
pyrogens, allergens, immune-suppression and other viru-
lence factors associated with live attenuated vaccines.

EHEC produces several recently described virulence
determinants, which enables it to colonize the large bowel
and cause disease [20, 21]. Several of its virulence factors
are secreted by a type III secretion system which delivers
virulence factors directly into host cells [22]. These factors
include EspA, which forms filamentous structures on the
bacterial surface bridging to the host cells’ surface [23].
EspB is delivered primarily into the host cell membrane,
where it becomes an integral membrane protein [24]. EspB,
along with EspD, probably forms a pore structure through
which other bacterial effectors are transported. Tir is a
bacterial molecule that uses the type III secretion system,
EspA, EspB, and EspD for delivery into the host cell
membrane. Once translocated into the host cell, Tir then
functions as the receptor for intimin, which is an integral
outer membrane protein of EHEC [25]. Tir-intimin binding
attaches EHEC to the intestinal cell surface and triggers
actin cytoskeletal rearrangements beneath the adherent
EHEC, resulting in formation of a pedestal and a charac-
teristic pattern referred to as an attaching and effacing
(A/E) lesion [26]. It has been demonstrated that interrupt-
ing the interaction between Tir and intimin can prevent
AJE lesions. The majority of present studies select intimin
over Tir as a candidate antigen [27-30]. However, Tir is a
strong immunogen, and compared with intimin, EspA and
EspB, Tir induces an earlier antibodies response, and
higher and longer duration of antibody titers.

Previous work by our laboratory [31] and others [27]
have suggested that the Tir protein may be a good vaccine
candidate. In this study, based on the structural and func-
tional analysis of the EHEC O157:H7 Tir full-length cDNA
sequence via pre-bioinformatics analysis [31], we con-
structed a recombinant plasmid pET-30a(+)-tir for pro-
duction and purification of the Tir protein from
transformed E. coli BL21(DE3). In the present study, a
mitomycin-treated mouse E. coli O157:H7 colonization
model was used and given the Tir recombinant protein via
the nasal cavity and subcutaneous routes to determine the
immunogenicity and protective ability of this candidate
vaccine against EHEC O157:H7 challenge.

Materials and methods
Mice, bacterial strains, plasmids and media
Specific-pathogen-free (SPF) BALB/c mice at 8 weeks of

age were purchased from the Animal Center of Sun
Yat-Sen University. Bacterial strains and plasmids used in
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this study are listed in Table 1. Bacteria were grown in
Luria—Bertani (LB) broth or on LB agar (Oxoid Ltd.,
Basingstok, Hampshire, England) supplemented with
50 pg/ml of kanamycin as needed for selection of recom-
binant plasmids. LB broth or LB agar without kanamycin
was used for culturing O157:H7.

Plasmid construction

The genomic DNA of EHEC O157 GZ246 was prepared
using a Takara kit (Takara, Japan) according to the man-
ufacturer’s instructions. The extracted genomic DNA was
then used as the template for amplification of the Tir pro-
tein coding region using a Taq DNA polymerase PCR kit
(Takara, Japan). Two primer sequences corresponding to
the 5’ end of the rir gene (Pl: 5-GCACATATGAT-
GCCTATTGGTAACCTT-3'; P2: 5-ATACTCGAGGAC-
GAAACGATGGGAT CC-3') were used which introduced
the Nde 1 and Xho 1 recognition sites (underlined) for
subcloning.

The tir PCR product was ligated into pET-30a (4) and
transformed into the E. coli strain DH5« for amplification
and confirmation by sequencing. The resulting recombinant
plasmid and the pET-30a (+) vector were digested with the
Nde 1 and Xho 1 restriction enzymes, and the Tir coding
fragment was ligated with the expression vector to form the
plasmid pET-30a(4)-tir, which was again confirmed by
sequencing (Invitrogen Biotechnology Co. Ltd., ShangHai).

Expression and purification of recombinant proteins

The expression vector pET-30a(+)-tir was transformed
into E. coli strain BL21/DE3 and Tir protein expression
was induced with 1 mM isopropyl-f-D-1-thiogalactopy-
loranoside (IPTG) when the cells were grown at log phase
at 37°C. After 6 h, the cells were harvested by centrifu-
gation and washed with ice-cold PBS containing 5 mM
EDTA and 2 mM PMSF. All subsequent procedures were
performed at 4°C.

To purify the expressed Tir proteins, the cells were
resuspended in PBS (containing 5 mM EDTA and 2 mM
PMSF) and lysed by sonication on ice, followed by cen-
trifugation at 10,000 rpm for 20 min to sediment the cell
debris. The supernatant was applied to a glutathione
Sepharose 4B column (Pharmacia, Sweden) to purify the
Tir proteins according to the manufacturer’s instructions.
The Tir samples were analyzed by electrophoresis on a
12% SDS-polyacrylamide gel and purified using Ni-IDA
agarose (Novagen, Germany). The total proteins in the gels
were stained with 0.25% Coomassie Blue or transferred to
a nitrocellulose membrane (Millipore Co., Bedford, MA,
USA) for Western blot analysis. The recombinant protein
was detected on the membranes using the anti-6 x His
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Table 1 Bacterial strains and plasmids used in this study

Strain or plasmid

Relevant characteristics

Source

E. coli strain
0157:H7 GZ246
0157:H7 EDL933

Mice challenge

Produce tir

Maintained by our lab
Maintained by our lab
Maintained by our lab

Maintained by our lab

DH5« F- ¢80d lacZAMI15A (lacZyA-argF)U169
endAl recAl hsdR17 (tk—,mK+) deoRthi-1
phoA supE44 2-gyrA96 relAl

BL21(DE3) F- ompThsdSB (rg-mp-) gal dcm (DE3)

Vectors

pET-30a(+) E. coli cloning and expression vector (kan")

Recombinant plasmid
pET-30a(+)-tir

Tir cloned into pET-30a(+)

Maintained by our lab

Produced in this study

monoclonal antibody (1:1000) as the primary antibody, and
goat anti-mouse IgG conjugated with horseradish peroxi-
dase (1:2000) (Sigma, USA) as the secondary antibody.
The immunoreactive signals were developed by staining
with DAB (Boster, China) as a chromogen.

Immune protection by Tir recombinant protein
immunizations in mice

Immunization and challenge

In order to determine the optimal route of immunization,
8-week old BALB/c mice (Mice were given drinking water
containing mitomycin (2.5 g/l) to reduce the normal bac-
terial flora of the mice.) were divided randomly into four
groups (28 mice per group, half male and half female): (1)
The intranasal immunization group was immunized with
30 pg of antigens emulsified with 3 pg Cholera toxin B
subunit (CTB) and diluted up to 10 pl with PBS. (2) The
intranasal mock-immunized group was given PBS with
3 pg Cholera toxin B subunit. (3) The subcutaneous
immunization group was immunized with 100 pg of anti-
gens which was emulsified with an equal amount of com-
plete Freund’s Adjuvant (CFA) (Sigma) or Freund’s
incomplete adjuvant (IFA) (Sigma). (4) The subcutaneous
mock-immunized group was given PBS only. All immu-
nizations were given three times 2 weeks apart.

The blood and fecal pellets were collected both prior to
and 10 days after the last injection from 10 randomly
selected mice in each group. Sera and feces samples were
separated and stored at —20°C until used.

1gG and IgA determination
For measurement of anti-Tir antibodies, an enzyme-linked

immunosorbant assay (ELISA) was developed. For that
purpose, 96-well costar plates were coated with purified Tir

protein (1 pg per well) overnight at 4°C. Serum samples
were serially diluted from 1:100 to 1:25,600 and fecal
pellet extracts were diluted from 1:2 to 1:64 and incubated
overnight at 4°C. The plates were washed, and horseradish
peroxidase goat anti-mouse IgG (1:2000) or horseradish
peroxidase goat anti-mouse IgA (1:2000) conjugated to
alkaline phosphatase was added to the appropriate plates.
The plates were incubated at room temperature for 1 h,
then freshly prepared TMB substrate solution was added
for 10 min at 37°C in the dark. The reaction was stopped
by the addition of 2 M H,SO,, and the absorbance was
measured at 450 nm using an ELISA reader (Bio-TekEL
x 800, USA). All samples were run in triplicate.

Protection against exposure to EHEC O157:H7

At 20 days after the last immunization, the immunized
mice were challenged by transesophageal infusion with
LD50 doses (1 x 10" CFU/ml, 0.3 ml) of lysed EHEC
O157:H7 strain EDL933, LD50 which was calculated by
the Karber method. Twelve hours post-infection the mice
resumed a normal diet, and clinical symptoms were
observed and animal deaths were recorded daily. Bacteria
in feces were detected by plating on Sorbitol MacConkey
agar for colony counting, and fecal shedding of EHEC
0157 was compared between the immune and non-immune
groups. After 15 days, surviving mice were sacrificed and
dissected for observation of pathological changes.

Histopathological examinations

Mice kidney, small intestine and colon tissue samples were
fixed in 10% formalin solution, paraffin-embedded, sec-
tioned, and stained with hematoxylin and eosin (H&E).
Pathological changes were observed under a light
microscope.
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Fig. 1 Expression and purification of Tir expressed from pET-30a(+)-
tir analyzed by SDS-PAGE. M Protein Marker. Lane 1 PET-30a(+)
transformants without IPTG induction. Lane 2 PET-30a(+)transfor-
mants with IPTG induction. Lane 3 pET-30a(+)-tir transformants
without IPTG induction. Lane 4 pET-30a(+)-tir transformants with
IPTG induction. Lane 5 purified soluble proteins of pET-30a(+4)-tir
tranformants

Statistical analysis

All data were processed and analyzed using the SPSS 16.0
Data Editor. Differences between groups were considered
significantly different if P < 0.05. Mice survival differ-
ences between different immunization groups were per-
formed by one-sided Fisher’s exact test.

Results
Expression and purification of recombinant proteins

To construct an expression plasmid for the Tir protein of
the E. coli strain of EHEC O157, the tir gene was obtained
by PCR amplification. The expression of the recombinant
Tir protein from pET-30a (+)-tir expressed in E. coli
BL21(DE3) was examined by SDS-PAGE. A prominant
band with an approximate molecular weight of 60 kDa
appeared in the supernatant of the lysed cells after the
induction but not in the control cells, suggesting that the
Tir protein was successfully expressed in the bacterial cells
(Fig. 1). The Tir protein was expressed with a C-terminal
6-His tag which facilitated purification over NI*"-coupled
resins. The purity of the recombinant Tir proteins was
determined by SDS-PAGE analysis (Fig. 1, lane 5). The
identity of the purified Tir protein was further confirmed by
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Western blotting (Fig. 2), which showed that bacteria
transformed with empty vector pET-30a (+) did not pro-
duce proteins reactive to the anti-6 x His monoclonal
antibody, while IPTG-induced bacteria transformed with
pET-30a (+)-tir produced a reactive product of about
60 kDa.

Antibody responses to immunization

We tested the antibody titers of mice sera and fecal pellets
after immunization with the Tir protein. The serum IgG,
IgA and fecal IgA ELISA results are summarized in Fig. 3.
The mice were able to produce a high serum IgG antibody
titer after both subcutaneous (6400) and intranasal (3200)
immunizations. Meanwhile, the intranasal immunization
induced serum IgA antibody titer (6400) was significantly
higher than that of the subcutaneous immunization group
(200). Fecal extracts from mice immunized intranasally
produced sIgA antibody titer of 16, which was also higher
than that in the subcutaneous immunization group (4).

Immune protection in mice
Survival rate of mice after bacteria challenge

After the immunized BALB/c mice were infected with
transesophageal EHEC O157: H7 EDL933, the mice in each

kDa
95 gl
72 | e

55

43

34

26

Fig. 2 Expression and purification of Tir expressed from pET-
30a(+)-Tir analyzed by Western blot using anti-6 x His monoclonal
antibody. M Protein Marker. Lane 1 PET-30a(+) transformants with
IPTG induction. Lane 2 purified soluble protein of pET-30a(+4)-tir
transformants. Lane 3 pET-30a(+)-tir transformants with IPTG
induction
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Fig. 3 ELISA assay for detection of a serum 1gG, b serum 1gA, and c¢ fecal IgA Data presented as mean + SEM

group moved slowly, appeared anorexic, lethargic, had
scruffy fur, or even died on the following day. However, no
hematochezia or diarrhea symptoms were observed. After
the following 15 days observation period, the survival rate
of both the subcutaneous control group and the intranasal
control group was 50% (14/28). Meanwhile, the subcuta-
neously immunized group had a survival rate of 64.3% (18/
28), and the intranasal immunization group had a survival
rate of 92.9% (26/28). The )(2 tests and analysis determined
that there was a significant difference in survival between
the intranasal immunization group and the corresponding
control group (P = 0.033) (Table 2). However, the subcu-
taneous immunization group and its control group had no
significant difference (P = 0.704) (Table 3).

Fecal shedding of O157 post-infection
After challenge by EHEC O157 EDL933, fecal shedding of

bacteria was detected from the immunization and control
groups, the shedding results are summarized in Fig. 4. The

Table 2 The survival of BALB/c mice after intranasal immunization

results showed that large amounts of bacteria was shed, and
the duration of the shedding in the control group lasted up to
or longer than 13 days. In addition, we could not detect O157
shedding 5 days after challenge of the intranasal immuni-
zation group, while we could detect O157 shedding from the
subcutaneous immunization group until 9 days later. These
results showed that immunizing animals with Tir recombi-
nant proteins reduced EHEC colonization in animal intes-
tines, especially through the intranasal immunization route.

Histopathological examinations of immunized
and challenged mice

The severity of pathological changes in the experimental
mice kidneys and colons were associated with the immune
protection. As shown in Fig. 5, the renal biopsies showed
that the pathological changes of glomeruli, cortex and
medulla, interstitial congestion of the intranasal immuni-
zation group were more mild than that of other groups. The
colon biopsies also showed that in the intranasal

Deaths at various times post-infection

Group Total mice (n) 1 day 2 days 3 days 4-15 days No. surviving mice Protection rate (%)
Intranasal immunization 28 0 2 0 0 26 929
Intranasal control® 28 0 14 0 0 14 50.0

4 LD50 of O157:H7 EDL933 was equal to 3 x 109 CFU organisms. Survival rate compared with control group was significantly different,

P = 0.033
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Table 3 The survival of BALB/c mice after subcutaneous immunization

Deaths at various times post-infection

Group Total mice (n) 1 day 2 days 3 days 4-15 days No surviving mice Protection rate (%)
Intranasal immunization 28 0 10 0 18 64.3
Intranasal control® 28 0 8 0 14 50.0

# LD50 of 0157:H7 EDL933 was equal to 3 x 109 CFU organisms. Survival rate compared with control group was not significantly different,

P =0.704

Faecal shedding

Total CFU recovered

v
[
"
o
o
¥
o
w
"
=1

Davs post infection

Ocontrol group
O subcutaneous immunization

B intranasal immunization ‘

Fig. 4 Fecal shedding of E. coli O157:H7 post infection

immunization group, the pathological changes including
submucosal glands and interstitial vascular congestion,
inflammatory cell infiltration, and hydropic degeneration of
renal tubular cells occurred to a lesser extent than in the
other groups.

Discussion

As the infection of EHEC O157:H7 is highly pathogenic
and fatal, and the use of antibiotic can even promote
release of EHEC Shiga toxin (Stx), the prevalence of
EHEC infections in humans has become a global public
health problem. Therefore, we are in dire need of a suc-
cessful vaccine. Unfortunately, no effective vaccine is
available for clinical use. Meanwhile whole bacterial vac-
cines can cause side effects because of complex antigens of
EHEC. Currently, the most promising approach to a suc-
cessful vaccine is development of a genetically engineered
subunit vaccine by selecting a candidate antigen and
determining the route of administration which can induce a
strong immune response.

Since the Tir protein causes A/E lesions and its inter-
action with intimin is an important virulence factor, we
chose Tir as a candidate antigen. Previous research has
shown that many functional and immunobiological char-
acteristics of Tir make it a good potential target for the
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design of a vaccine. As mentioned earlier, Tir is a strong
immunogen compared with intimin, EspA and EspB. Tir
induces an earlier antibody response with high titers and
long duration. Because it has also been reported that that
the mother’s colostrum contains pathogenic E. coli Tir
specific IgA antibody, successful antibody responses to this
vaccine can potentially provide protection to nursing
infants as well. Furthermore, Sanches et al. found that IgG
against Tir are present in infected patient sera [32].

Aside from the choice of immunogen, the route of
administration is also key for developing a successful
vaccine. In this study, we chose to test intranasal and
subcutaneous immunizations. The result showed that with
subcutaneous immunization, only high serum IgG antibody
titers could be obtained, whereas intranasal immunization
resulted in not only high titers of serum IgG antibody but
also in high titers of IgA antibody in mice serum and feces
(Fig. 3). By inoculating mice with E. coli O157:H7, we
found high percentages of protected mice (92.9%) in the
intranasal immunization group, significantly higher than in
the subcutaneous immunization group (64.3%) and control
group (50%) (Tables 2, 3). We detected fecal shedding of
EHEC 0157 to determine the influence of Tir immuniza-
tion on the colonization in mice. The data showed that after
infection with EHEC, the period of time that the mice shed
bacteria in the feces of the immune group was shorter than
the non-immune group. Reduction in the duration of
shedding indicated that the EHEC O157 colonization of
mice intestine was blocked, and the infecting bacteria were
eradicated quickly. The data in this study was consistent
with the one reported by Babiuk et al. [33]. In our study,
the vaccine immunogen of purified Tir protein that
expressed by the recombinant plasmid pET-30a(+)-tir
reduced the amount and duration of shedding of EHEC
O157. In addition, histological studies showed that the
pathological changes in the intranasal immunization group
were slighter than the other groups. Except for the intra-
nasal immunization group, the liver surfaces of the dead
mice were dull red, showing various degrees of congestion.

The subcutaneous administration approach to immuni-
zation could induce strong humoral immunity (IgG) but
cannot effectively prevent intestinal infection. The reason
that the subcutaneous immunization could not protect mice
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Fig. 5 H&E stained
histopathology sections.

a Kidney tissue intranasal
immunization group (left) and
control group (right). b Colon
tissue intranasal immunization
group (left) and control group
(right). ¢ Kidney tissue
Subcutaneous immunization
group (left) and control group
(right). d Colon tissue
Subcutaneous immunization
group (/eft) and control group
(right)

from EHEC challenge may be that EHEC O157 only
adheres to mucosal epithelial cells, rather than invading
epithelial cells. Furthermore, epithelial cells only actively
transport secretory IgA antibodies but not IgG antibodies.
Therefore, mucosal immunity studies have achieved
increasing attention. The common mucosal immunity

system (CMIS) is an important component of the body’s

immune system. Mucosal immunization stimulates
immune responses at remote sites, and produces sIgA prior
to preventing bacterial colonization. Zhang et al. [34]
challenged mice with EHEC O157: H7 outer membrane
protein by the intranasal route and then detected the
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bacteria in mouse feces and intestinal lavage. Their results
also showed that intranasal immunization can protect mice
from infection which correlated with high IgA titers
detected in feces and intestinal lavage.

In summary, the purified Tir protein of EHEC O157 is
highly immunogenic and can induce protective immune
responses via intranasal immunization. Therefore, Tir is an
attractive vaccine candidate. In our future work, we will
transform the recombinant plasmid into probiotic bacteria
such as Lactobacillus acidophilus to establish an oral live
vector vaccine which can produce intestinal immunity in
humans or animals. Ruminants like cattle and sheep are the
main sources of EHEC O157 infection. We hope to show
that vaccination of these animals can reduce the number of
EHEC O157 colonization and the duration of colonization
in the intestine. Our long-term goal is to reduce transmis-
sion of EHEC O157 from ruminants to humans in order to
control and prevent this infection from food sources.
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