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E. coli O111 strains are responsible for outbreaks of blood diarrhea and hemolytic uremic syndrome throughout the
world. Because of their phenotypic variability, the development of a vaccine against these strains which targets an
antigen that is common to all of them is quite a challenge. Previous results have indicated, however, that O111 LPS is
such a candidate, but its toxicity makes LPS forbidden for human use. To overcome this problem, O111 polysaccharides
were conjugated either to cytochrome C or to EtxB (a recombinant B subunit of LT) as carrier proteins. The O111-
cytochrome C conjugate was incorporated in silica SBA-15 nanoparticles and administered subcutaneously in rabbits,
while the O111-EtxB conjugate was incorporated in VaxcineTM, an oil-based delivery system, and administered orally in
mice. The results showed that one year post-vaccination, the conjugate incorporated in silica SBA-15 generated
antibodies in rabbits able to inhibit the adhesion of all categories of O111 E. coli to epithelial cells. Importantly, mice
immunized orally with the O111-EtxB conjugate in VaxcineTM generated systemic and mucosal humoral responses
against all categories of O111 E. coli as well as antibodies able to inhibit the toxic effect of LT in vitro. In summary, the
results obtained by using 2 different approaches indicate that a vaccine that targets the O111 antigen has the potential
to prevent diarrhea induced by O111 E. coli strains regardless their mechanism of virulence. They also suggest that a
conjugated vaccine that uses EtxB as a carrier protein has potential to combat diarrhea induced by ETEC.

Introduction

Diarrheal diseases kill more children than do malaria or tuber-
culosis, 6 times more than armed conflicts and 5 times more
than AIDS.1 Annually, nearly 5 billion cases of diarrhea are
reported around the world leading to 760 thousand deaths per
year in under-fives.2 Approximately 20 to 60 % of travelers to
developing countries contract diarrheal disorders, Escherichia coli
being the etiological agent responsible for most of them.3 In
addition, a surveillance study in Mexico, Brazil and South Africa
demonstrated that diarrheagenic strains of E. coli are responsible
for approximately 40% of all cases of diarrhea, in some places
exceeding the numbers induced by rotavirus.4

Only a few serogroups of E. coli are responsible for the major-
ity of diarrheal diseases, including outbreaks of blood diarrhea
and hemolytic uremic syndrome (HUS) in developed coun-
tries.5-7 One of these serogroups is O111,5-9 whose strains can be
categorized as enteropathogenic E. coli (EPEC), shiga-producing
toxins E. coli (STEC) and enteroaggregative E. coli (EAEC),

reflecting the fact that E. coli O111 strains themselves have a vari-
ety of different mechanisms of virulence.10,11 Furthermore, sev-
eral strains of E. coli O111 are considered emerging pathogens
with the potential to cause serious outbreaks.12-19 Also needing
to be taken into consideration is the fact that these pathogens can
survive in cattle stools for up to 8 weeks in temperatures ranging
from 5�C to 28�C.20 This is a situation that is of great concern
since cattle are the main reservoir of these pathogens.21

Despite the economic burden that E. coliO111 inflicts on gov-
ernmental funds and the severe repercussions caused by them on
public health, there is no vaccine available against these pathogens.

It has been shown previously that the O111 LPS is a promis-
ing antigen candidate for the formulation of a vaccine against
O111 pathogens since antibodies raised against them are able to
recognize and inhibit the adhesion of all 3 categories of O111 E.
coli to human epithelial cells.22 However, there are problems
associated with the use of LPS as an antigen in vaccine formula-
tions23-25 relating to the high level of toxicity of this material.
Therefore, intact LPS is not appropriate for human use.
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An alternative route is to use the polysaccharide part of the LPS
as an antigen. However, because most B cells of children under 2 y
old are immature, their immune response to polysaccharides is
weak with no immunological memory 26. In spite of this,
response to polysaccharides in young children can be achieved by
the conjugation of polysaccharides to a carrier protein. However,
to improve the efficacy of polysaccharide-conjugated vaccines in
newborns, the use of an adjuvant may be required.27 Unfortu-
nately, alum, the adjuvant most commonly used in routine medi-
cal practice, does not have a major adjuvant effect against Type II
independent antigens such as carbohydrates and polysaccharides
antigens.28 In addition, alum can increase IgE responses and
induce local reactions such as granulomas.29,30 Therefore, there is
a continued search to find an adjuvant that can increase the anti-
body response induced by polysaccharide conjugated vaccines in
young children.

In order to select an adjuvant appropriate for a given vaccine
formulation, certain factors such as the route of administration
and specific properties of the adjuvant must be considered. It has
been demonstrated that several adjuvants such as the mesoporous
silica SBA-15 nanoparticles exhibit very high adjuvant property
via the parenteral route.31,32 Although such materials are highly
efficacious when injected, in the case of enteric pathogens such as
O111 E. coli, the preferred method of administration of the vac-
cine is the oral route, since this may be easier to distribute and
administer in populations in developing countries, and can stim-
ulate strong immunity in the intestine itself. However, oral anti-
gen administration can lead to tolerance, for this reason, it is
necessary to include in the oral vaccine formulation an adjuvant
able to generate mucosal and systemic antibody responses against
the co-administered antigen.33 The most potent mucosal adju-
vants described so far are LT, the Heat Labile Toxin from entero-
toxigenic E. coli and CT, Cholera toxin from V. cholerae, but in
their native form they are too toxic and consequently forbidden
for human use. Therefore, mutants of CT and LT with low or
no toxicity have being formulated. A good example of such a
molecule is EtxB, a recombinant B subunit of LT which is able
to induce mucosal and systemic immune response to the co-
administered antigen via the oral route.34

Another important aspect of oral vaccines is the requirement
to incorporate the antigen into a delivery system, in order to pro-
tect it during its passage through the gastro-intestinal tract. Lipo-
somes or oil-based carriers have been commonly used as oral
antigen delivery systems.35,36 One oil based carrier that has been
successfully used to deliver antigens via the oral route is Vaxci-
neTM. This delivery system has 2 potentially important features,
(i) it can be taken up by the M cells of the Peyer’s patches which

are the immune competent sites of the intestine and it can protect
antigens from attack by degradative actions of the gut milieu such
as proteases.35

Despite all the technology accessible for the construction of
oral vaccines against enteric pathogens, only a few products are
so far available in the market. One of them is Dukoral, for pre-
vention of cholera.37 It has been found however, that Dukoral
can also be used to prevent traveler’s diarrhea induced by entero-
toxigenic E. coli,37 and this gives encouragement that the analo-
gous approach employed here may be successful in protecting
against other E. coli pathogenicities.

In view of the fact that there is no vaccine available against the
highly virulent O111 E. coli strains, this work was conducted in
order to determine whether conjugated polysaccharide vaccines
have the ability to generate mucosal and systemic immune
response against these pathogens, and the results obtained dem-
onstrate that this is indeed the case.

Results

Analysis of the conjugates
In order to confirm that O111 polysaccharides were bound to

the carrier proteins, both conjugates (O111-cytochrome C and
O111-EtxB) were analyzed by SDS-PAGE and Western-blotting
techniques. The results demonstrated that there was formation of
matrix type complexes of O111 polysaccharides and cytochrome
C with different molecular mass. The same was not observed in
the free cytochrome c, free EtxB and O111-EtxB conjugate sam-
ples (Figs. 1A, C) The results also showed that antibodies against
O111 polysaccharides were able to recognize only the conjugate
samples and the native O111 LPS used as control in place of
O111 detoxified polysaccharide whose molecular mass obtained
by SDS-PAGE was very low �20 kDa. However, the antibodies
against O111 polysaccharides were not able to recognize the car-
rier protein samples (Figs. 1A, C). Size-exclusion chromatogra-
phy results showed, in the cytochrome C conjugate sample, the
presence of molecules with molecular mass higher than those
observed in the O111-ADH polysaccharide sample. (Fig. 1B).
The analyses of the EtxB- conjugate sample showed that a large
portion of free O111-ADH polysaccharides was eliminated from
the O111-EtxB conjugate after its purification on a 30.000 MW
cut-off Minicon centrifugal concentrator (Fig. 1D).

Immune response generated in rabbits after subcutaneous
immunization with O111-cytochrome C conjugate incorporated
in S�ılica SBA-15 nanoparticles.

Results obtained by ELISA showed that one year after immu-
nization, the immune response induced in rabbits by the O111-
cytochrome C conjugate incorporated in silica SBA-15 nanopar-
ticles was equivalent to the response generated in rabbits immu-
nized either with whole formalinized bacteria or with intact LPS
extract (Fig. 2A).

The results also demonstrated that rabbits immunized with the
conjugate O111-cytochrome C in PBS or with detoxified O111
polysaccharide alone incorporated in silica SBA-15 did not generate
antibody response against O111 polysaccharide (Fig. 2A).

Table 1. Strains and categories of diarrheagenic E. coli

SOROTYPE PATHOTYPE REFERENCE

O127:H6 t-EPEC 10
O111:H- EHEC 10
O111:H12 EAEC 10
O111:H25 a-EPEC 10
O111:H2 t-EPEC 10
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Results obtained
using the agglutination
tube assay showed that
the IgG antibodies gen-
erated in rabbits by the
conjugate were able to
recognize live O111 E.
coli strains with mecha-
nisms of virulence dif-
fering from each other
(Fig. 2B). Furthermore,
they were also able to
inhibit the adhesion of
all categories of O111
E. coli (EHEC, EPEC e
EAEC) to human epi-
thelial cells (Fig. 3).

Immune response
generated in mice after
oral immunization with
the conjugates
incorporated in Vaxcine

Since successful
results were obtained by
subcutaneous immuni-
zation of rabbits with
the O111-cytochrome
C conjugate, this conju-
gate was incorporated in
Vaxcine, a carrier which
has been proved to be
an effective vehicle as an
oral antigen delivery sys-
tem in vaccine formula-
tions.35,36 However, the
results obtained from
mice immunized orally
with O111-cytochrome
C conjugate incorporated into VaxcineTM showed that this for-
mulation generated neither systemic nor mucosal humoral
immune responses against O111 polysaccharides (Fig. 4). There-
fore, O111 polysaccharides were conjugated to EtxB, since it has
been demonstrated previously that this recombinant protein has
the property to abrogate oral tolerance to co-administered anti-
gens.34 Subsequently, the O111-EtxB conjugate was incorpo-
rated in Vaxcine and administered orally to mice. ELISA results
demonstrated that mice immunized orally with the O111-EtxB
conjugate either free or incorporated in Vaxcine generated IgG
and IgA responses against O111 polysaccharides detected in the
blood and stools; however, the level of both isotypes was higher
in animals immunized with the conjugate incorporated in Vax-
cine (Fig. 4).

The results also showed that antibodies present in the stools
and serum of mice immunized orally with the conjugate O111-
EtxB incorporated in Vaxcine were able to recognize all categories

of O111 E. coli tested. In contrast, they were not able to recog-
nize an E. coli strain derived from an unrelated serogroup
(O127H6) (Fig. 5).

It was also observed that the O111-EtxB conjugate generated
in mice an antibody immune response against EtxB higher than
the one generated in the group immunized with the conjugate in
PBS (Fig. 6). These antibodies were also able to inhibit the cyto-
toxic effect of LT in Y-1 cells (Fig. 6).

Discussion

It has been demonstrated previously that the O111 polysac-
charide is an excellent candidate to be used as an antigen in a uni-
versal vaccine formulation against all categories of O111 E. coli.22

However, children under 2 y old, who are the ones most affected
by diarrhea induced by these pathogens, do not produce

Figure 1. Characterization of the conjugates. (A): 15 % SDS PAGE analysis of O111-cytochrome C conjugate (Lane 1); in
comparison with horse heart derived cytochrome C (Lane 2); Immunoblot analysis of O111-cytochrome C conjugate
(Lane 3), in comparison with horse heart derived cytochrome C. (Lane 4); O111 LPS extract (Lane 5). The bands were rec-
ognized by serum from rabbits immunized against purified O111 LPS. (B) Analysis of the O111-cytochrome C conju-
gate by size exclusion chromatography in a TSK gel Super SW2000 (TOSOH Bioscience 4,6 mm x 30,0 cm) using
absorbance wavelength of 220 nm. O111-cytochrome C conjugate (blue), O111-ADH polysaccharide (black). (C) 15 %
SDS PAGE analysis of O111-EtxB conjugate (Lane 2) in comparison with recombinant EtxB, (Lane 1). Immunoblot analysis
of O111-EtxB conjugate (Lane 3) in comparison with recombinant EtxB (Lane 4), O111 LPS extract (Lane 5). The bands
were recognized by serum from rabbits immunized against purified O111 LPS. (D) Analysis of the O111-EtxB conju-
gate by size exclusion chromatography was performed as described above. O111-ADH polysaccharides (black); O111-
EtxB conjugate after purification in centricon 30 MW cut off (dark blue),
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antibodies against polysaccharides efficiently.26 In addition, even
mature B cells can become unresponsive or anergic through
excessive receptor cross-linking in the presence of high concentra-
tions of polysaccharides, whereas at too low a concentration,
there is insufficient receptor cross-linking to activate the cells.26

To overcome these problems and induce an effective antibody
response against O111 polysaccharides, they have to be

conjugated to a carrier
protein. However, the
method utilized to
obtain detoxified O111
polysaccharides from
native LPS has to be
chosen carefully, since
usual treatments such as
the use of acetic acid can
remove some of the coli-
tose, which is the major
antigenic determinant
of the molecule.38

Accordingly, the O111
LPS used in the present
work was detoxified by
alkaline hydrolyses,39

which removes ester-
linked fatty acids from
lipid A and eliminates
many toxic effects of
LPS.

Another aspect that
must be taken into
account is the method

for conjugation, since it can interfere with the final structure of
the conjoined molecules. For instance, it has been demonstrated
by Gupta and co-workers that the use of ADH as a linker for the
conjugation of detoxified O111 LPS with tetanus toxoid gives
better results than the use of SPDP.38 They observed that using
ADH as a linker, TT binds throughout the polysaccharide chain,
whereas using SPDP as a linker, the attachment of TT was only

through the terminal
amino group at the
nonreducing end of the
polysaccharide. For this
reason, ADH was used
as a linker in the present
work.

However, in order to
prevent the formation
of large matrix-type
polysaccharide-protein
complexes when using
cytochrome c as a car-
rier protein, the poly-
saccharides were not
oxidized with periodic
acid to produce
aldehydes.

For several reasons,
in the present work,
cytochrome C was the
first carrier protein uti-
lized for conjugation.
First, it is a

Figure 2. Humoral response induced by the O111-cytochrome C conjugate in rabbits. (A) Antibody detection. Rabbits
were immunized 6 times by the subcutaneous route either with O111-cytochrome C conjugate (incorporated or not in
silica SBA-15 nanoparticles) or formalinized O111:H2 E. coli or intact O111:H2 LPS extract or O111 polysaccharide in silica
SBA-15. Serum samples collected before immunization and one year after the last injection were tested by ELISA for the
presence of IgG antibodies against O111 E. coli. The optical density is extrapolated from a 1/100 dilution. (B) Recognition
of live E. coli by O111 polysaccharide antibodies as determined by the test-tube agglutination assay.41 Different dilutions
of O111 polysaccharide antibodies generated in rabbits by immunization either with O111-cytochrome C conjugate
incorporated in Silica SBA-15 nanoparticles, or formalinized O111:H2 E. coli or intact LPS extract of O111:H2 E. coli or
O111 polysaccharide incorporated in silica SBA-15 were incubated with different categories of live E. coli samples. The
titer was determined as the last serum dilution which visually showed a positive reaction. The error bar is related to the
mean of the ELISA determinations, which were performed in triplicate

Figure 3. Determination of the capacity of the antibodies generated by the O111-cytochrome C conjugate to inhibit bac-
terial adhesion. Hep-2 cells were incubated for 3 hours with bacterial sample either alone (a) or in the presence of serum
from rabbits immunized with the O111-cytochrome C conjugate incorporated in silica SBA-15 nanoparticles (b). Ocular
10 Objective (100 £).
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commercially available well-characterized monomer, with 18
lysine and 13 carboxyl residues on its surface which are easily
accessible to modifying agents. In addition, because of its orange
color it can be visually tracked and assayed
spectrophotometrically.

In the present work, the results obtained by staining the SDS-
PAGE gel for polysaccharides showed that during conjugation
there was the formation of polymeric cytochrome c and polysac-
charide matrix type complexes, as is commonly observed in prep-
arations that use cytochrome C as a carrier protein.40 The
presence of O111 polysaccharides and cytochrome C matrix type
complexes in the conjugate has an advantage because cytochrome
c polymers are much more immunogenic than their monomeric
forms.41 Despite that, O111 polysaccharides are still poor immu-
nogens. For this reason the O111-cytochrome C conjugate was
incorporated in silica SBA-15 nanoparticles as an adjuvant. The
results obtained from subcutaneously immunized rabbits showed

that in the presence of SBA-15 nanoparticles, the conjugate
induced a humoral immune response against the polysaccharide
after the second immunization (data not shown). The response
increased after the third (data not shown) and remained the same
up to one year after the last (sixth) immunization maintaining its
ability to recognize and inhibit the adhesion of O111 (EPEC,
EHEC and EAEC) to human epithelial cells. These results are of
great significance in terms of vaccination for 2 reasons: first, bac-
terial adherence and colonization precedes invasion; second, a
persistent humoral immune response is fundamental to protec-
tion of children under 2 y old against capsulated bacteria regard-
less of the presence of immunological memory.42-44

In the case of O111 E. coli, the ability of the conjugate to gen-
erate antibodies able to inhibit the adhesion of pseudo-capsulated
strains to epithelial cells is also extremely important, since it has
been shown that antibodies generated by membrane O111 poly-
saccharides do not recognize effectively pseudo-capsulated O111

Figure 4. Antibody response against O111 polysaccharides after oral immunization. Mice were immunized orally 3 times either with the O111-EtxB con-
jugate or O111-Cytochrome C conjugate (free in PBS or incorporated in Vaxcine). Ten days after the last immunization, blood (A, B) and stool (C, D) sam-
ples were collected and analyzed by ELISA for the presence of IgG (A, C) and IgA (B, D) antibodies against O111 polysaccharides. To calculate the
absolute concentration (mg/ml) of IgG and IgA in the blood and stools against O111 polysaccharides, a standard curve was created by coating wells with
different concentrations of mouse IgG and IgA. The error bars are standard deviations of the mean of 5 mice per group.
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E. coli, notwithstanding
the fact that the pseudo-
capsule of these patho-
gens has the same con-
stituents as the O-chain
unit of the LPS present
on their membrane.45

Although the results
obtained with the O111-
cytochrome c conjugate
in rabbits were positive,
the antibodies were gen-
erated by parenteral
immunization, which in
the case of enteric patho-
gens is not considered
the best route for vacci-
nation, because it does
not induce a protective
immune response in the
mucosa against diarrhea
disease-causing agents.46

Nevertheless, there are
available on the market 2
parenteral vaccines

against enteric pathogens licensed for
human use, Typherix (Glaxo SmithK-
line) and Typhim Vi (Sanofi Pasteur Pty
Ltd), both against Typhoid fever.47,48

However, despite their efficacy, they are
not recommended for children under 2
years old given that they are not conju-
gated vaccines.46 To overcome this
problem, the possibility has been raised
of vaccinating pregnant mothers in
order to transfer protection against
enteric pathogens by breast feeding.
Guidance from Departments of Health
in UK and US has confirmed that
maternal immunityagainst diseases such
as influenza can protect newborns.49-52

All the other vaccines against enteric
pathogens approved for human use such
as cholera, ETEC, Shigella and rotavirus
are administered orally, which is
accepted as the ideal route.53 Accord-
ingly, another conjugate was con-
structed, using EtxB as a carrier protein,
since it has been proved that EtxB is
able to abrogate oral tolerance and gen-
erate systemic and mucosal immune
responses against the co-administered
antigen after oral immunization34

The results obtained by oral immuni-
zation of mice with the O111-EtxB con-
jugate demonstrated that the conjugate,

Figure 5. Recognition of live O111 E. coli by antibodies generated by oral immunization with the O111-EtxB conjugate.
Different dilutions of serum from mice orally immunized with the O111-EtxB conjugate incorporated in Vaxcine were
incubated with different categories of live E. coli samples as determined by the test-tube agglutination method.41 The
titer was determined as the last serum dilution which visually showed a positive reaction. As control, the bacterial sam-
ple were incubated with serum from mice immunized with O111 polysaccharide incorporated in Vaxcine or immunized
with Vaxcine alone. This experiment was performed in triplicate, repeated on 3 subsequent occasions and similar results
were obtained.

Figure 6. Antibody response against EtxB. (A) Detection of IgG against EtxB in the blood after oral
immunization. Balb/c female mice were immunized 3 times by gavage with the conjugate O111-EtxB
incorporated in Vaxcine. Blood samples were collected before immunization and 21 d after the last
one. EtxB. (B) Determination of the capacity of the antibodies generated by the O111-EtxB conjugate
to inhibit the cytopathic effect of LT. Y-1 cells were incubated in 96 well plates for 1 hour with 1 mg/
ml (100 ml/well) of LT either in the presence of serum from mice immunized with the O111-EtxB con-
jugate incorporated in Vaxcine or in the presence of serum from mice immunized with the O111 poly-
saccharide in Vaxcine. Ocular 10 Objective (100 £).
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either free or incorporated in Vaxcine as an oral delivery system,
was able to abrogate oral tolerance and induce systemic and
mucosal antibody responses against O111 E. coli. However, the
presence of VaxcineTM resulted in a significant increase in the
antibody response. This adjuvant effect of VaxcineTM is probably
related to its ability to protect the conjugate from degradation
during its passage through the gastric intestinal system and its
potential for targeting the M cells.35,36

It was also observed that the antibodies generated by the
O111-EtxB conjugate in the presence of Vaxcine were able to
recognize all 3 categories of O111 E. coli. In addition, they were
able to inhibit, the cytotoxic effect of LT on Y1-cells, indicating
that a conjugated vaccine that uses EtxB as a carrier protein is
also able to generate protection against ETEC, as is the case with
DUKORAL that uses CTB (B subunit of Cholera Toxin) in its
formulation.37

It is worth noting that the O111-EtxB conjugate was the only
one among several others tested by ourselves with the ability to
induce both systemic and mucosal humoral responses against
O111 E. coli. These results indicate that the O111-EtxB conju-
gate is able to generate 2 lines of defense against O111 E. coli,
one at the local site and another that mediates the elimination of
the pathogen that breaches the mucosal barrier. In terms of pro-
tection, a systemic humoral immune response is extremely
important, since it seems that the majority of intestinal IgG is
derived from blood transudate.54 In the case of shiga-producing
toxin strains, this humoral immune response reinforcement is
very significant, given that there is no treatment available against
hemolytic uremic syndrome induced by these pathogens.55

In addition, the following aspects are worth emphasizing:
Firstly, all the components utilized in VaxcineTM as a delivery
system are GRAS-listed or pharmacopeial; secondly, EtxB has
been used in human vaccination trials against Neisseria meningiti-
dis group B (NmB)63; finally, a protocol for the utilization of sil-
ica SBA-15 nanoparticles as an adjuvant has been submitted for a
phase 1clinical trial. Thus, we consider that in the near future the
findings presented in this work have the potential to be translated
into a human testable vaccine against O111 E. coli which is capa-
ble of preventing the establishment of infection by inhibiting
local bacterial adherence to epithelial cells and by reinforcing the
immune response with a second line of defense represented by
the systemic immune response.

Material and Methods

Material
intact purified O111 LPS extract from O111:B4 E. coli (L30–

24), purified detoxified O111 LPS fromO111:B4 E. coli (L3023),
ADH (Adipic Acid Dihydrazide) (217824), JandaJel -1-(3 dime-
thylaminopropyl)-3-ethylcarbodiimide, (EDAC resin) (587248),
Cytochrome C (C7752), Bovine Serum Albumin (BSA)
(A2153), Sephadex G25 column (G25150), Goat anti-rabbit IgG
alkaline phosphatase conjugate (A3812), Goat anti-mouse IgG
alkaline phosphatase conjugate (A2179), Goat anti-mouse
IgA alkaline phosphatase conjugate (A4937), ELISA alkaline

phosphatase substrate (N2640), SIGMA FAST BCIP/NBT sub-
strate (B5655), Bicinconinic Acid (B9643), copper sulfate solu-
tion (C2284), BSA Protein Standard (P0914), were all purchased
from Sigma. Tryptic Soy Broth (211825), LB-Agar (244520), LB
Broth (244620), were obtained from Becton Dickenson. Inacti-
vated Fetal Bovine Serum and DMEM without antibiotics
(D0017) were purchased from Cultilab. Giemsa (1092041002)
and May-Grunwald’s eosin methylene Blue solution
(1014241002) were purchased from Merck and agarose was
obtained from Invitrogen. The mesoporous silica SBA-15 nano-
particles were obtained from Dr. Osvaldo A. Santana in the
Immunochemistry Laboratory of the Butantan Institute. Recom-
binant EtxB was provided by Prof. Neil Williams, Department of
Cellular and Molecular Medicine, Bristol University. The LT
toxin was kindly donated by Dr John Clements from Tulane Uni-
versity Health Sciences Center (USA). The Vaxcine(TM) oil-
delivery carrier was provided by Dr Roger New at Proxima Con-
cepts, London, UK.

Bacterial strains
The strains used in this study are listed in Table 1. Stocks

derived from the E. coli collection of the Instituto Butantan, lab-
oratory of bacteriology, S~ao Paulo, Brazil were utilized in this
work.

Cell line
The HEp-2 and Y1 cell lines used in this study were obtained

from the Instituto Adolfo Lutz, S~ao Paulo, Brazil. They were pre-
viously acquired from the American Type Culture Collection
(CCL 2). The cells were grown in Dulbecco’s Modified Eagle
Medium (DMEM) supplemented with 10% calf serum, 1 mM
L-glutamine.

Animals
Swiss male rabbits (60 d old) and Balb/c female mice (6–8

weeks old) were supplied by The Animal Research Facilities of
the Butantan Institute. All procedures involving the use of ani-
mals were performed according to the Care and Use of Labora-
tory Animal Guidelines (1996) and were approved by the Ethical
Committee of the Butantan Institute (certificate 663/09).

’Polysaccharide O-antigen isolation’
O111 LPS detoxified by alkaline reaction39 was obtained from

Sigma (L3023). According to the product specification only
traces of lipid A were detected (�1000 EU/mg).

Polysaccharide – cytochrome C conjugation
Detoxified LPS polysaccharide derived from O111:B4 E. coli

was conjugated to the carrier protein via multiple ligation points
using ADH as cross-linking agent. Briefly, 2 mg of O111 detoxi-
fied polysaccharides was dissolved in phosphate buffer pH 7.5
(0.4 ml). Subsequently, 44 mg of ADH was added to the poly-
saccharide solution and incubated for 30 minutes at room tem-
perature in low speed rotation on a tube roller. After incubation,
the polysaccharide was purified by passing through a Sephadex
G25 column swollen with distilled water to get rid of free ADH
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molecules. The purified polysaccharide solution was lyophilized
for 18 h. The lyophilized material was then weighed and added
to 200 ml solution containing 7 mg of Cytochrome C in 0.2 M
phosphate buffer pH 7.5. EDAC resin (10 mg) was added to the
solution and incubated for 3 h at room temperature at low rota-
tion in a tube mixer. The EDAC resin was then removed, and
the conjugate kept at 4�C until use.

Polysaccharide – EtxB conjugation
Detoxified LPS polysaccharides were conjugated to the carrier

protein by multiple ligation points using ADH as cross-linking
agent. Briefly, 2 mg of O111 detoxified polysaccharide derived
from O111:B4 E. coli was dissolved in phosphate buffer pH 7.5
(0.4 ml). Subsequently, 44 mg of ADH was added to the poly-
saccharide solution and then incubated overnight at 60�C. After
incubation, the polysaccharide solution was purified in a Sepha-
dex G25 column with distilled water to get rid of free ADH mol-
ecules. EtxB (2 mg) and EDAC resin (20 mg) were added to the
polysaccharide solution and subsequently incubated for 4 hours
at room temperature at low rotation in a tube mixer. To separate
both EDAC and unbound polysaccharides from the protein-
polysaccharide conjugate, the conjugate solution was diluted in
15 ml of PBS and concentrated on a 30,000 MWt cut-off Mini-
con centrifugal concentrator. After discarding the filtrate, the
concentrated conjugate solution was diluted once more in 15 ml
of PBS and concentrated again. The purified conjugate solution
was then stored at 4�C until use.

Protein quantification
The protein concentration of EtxB and LT was determined by

the bicinchoninic acid methodology using bovine serum albumin
as standard.56

Electrophoresis profile of the conjugates
Electrophoresis was performed accordingly to Laemmli et al,

1970.57 and the gel was stained with silver either for polysaccha-
ride visualization58 or for protein visualization.59

Western Blotting
Western Blotting was performed according to Towbin and

coworkers.60

Size-exclusion chromatographic analysis of the O111
polysaccharide-EtxB conjugate

In order to determine the conjugate molecular mass profile
liquid chromatography (AKTA purifier GE Healthcare, Sweden)
was used, employing a Sepharose TSKgel TOSOH BIO-
CIENCE column of 4.6mm £ 3.6 cm. The column was eluted
at a constant flow rate of 0.2 mL min¡1 with 0.2 M phosphate
buffer over 40 min. The column eluents were monitored by a
Shimadzu SPDM20A PDA detector at 280 and 490 nm.

Formalinized bacterial suspension for immunization
To generate IgG antibodies against O111 polysaccharide, rab-

bits were immunized with a O111:H2 EHEC strain sample. For
immunization, bacterial colonies grown overnight in LB agar

were homogenized in 0.5 ml of 0.5% formol saline solution
(85%) to fix the capsulated material. The fixed bacterial suspen-
sion was then centrifuged in an Eppendorf 5804 centrifuge (rotor
number F 34–6–38) for 20 min at 5,000£ g, and the superna-
tant was discarded. The pellet containing the encapsulated bacte-
ria was resuspended in saline to achieve a concentration of 9 £
108 cells/ml on the McFarland scale.

Processing of LPS extracts for immunization
LPS extracts were prepared according to the methodology

described by Hitchcock and Brown58 with a few modifica-
tions. Samples of O111:H2 E. coli were grown in 3 ml of LB
broth at 37�C for 18 h. After incubation, 1 ml of each cul-
ture was added to 5 ml of LB broth and kept in agitation at
37�C until an optical density of 0.4 at 530 nm was achieved.
Subsequently, 1.5 ml of each culture was centrifuged in a
Hitachi CR21E centrifuge (rotor 46) at 12000 rpm for
5 min. The pellets were resuspended in 50 ml of lysis buffer
(0.5 M Tris-HCl [pH 6.8]–4% SDS–2 ml mercaptoethanol–
0.05% bromophenol blue in double-distilled water to a final
volume of 100 ml) and incubated for 10 min at 100�C. After
incubation, the samples were run in a SDS-PAGE 15% gel.
The gel was cut into strips of one cm in diameter each. Sub-
sequently, each strip was macerated in 2 ml of PBS.

Preparation of Vaxcine(TM) formulation
The incorporation of the conjugates into oil was performed by

using the Vaxcine(TM) methodology that allows hydrophilic
molecules and other complexes to be incorporated stably in drop-
lets of oil, either in the form of reverse micelles or as water-in-oil
microemulsions.61 In this case, a self-emulsifying preparation of
mineral oil containing a combination of non-ionic and nega-
tively-charged pharmacopoeial amphiphiles was combined with
antigen in aqueous solution in a volume-volume ratio of 20:1
oil/water. A clear single phase microemulsion preparation was
obtained. The antigen concentration was adjusted so that 10 mg
was contained in 0.2ml of oil.

Immunization of Rabbits
Two rabbits were immunized subcutaneously 6 times within a

period of one year with 5 mg/ml of O111-Cytochrome C conju-
gate incorporated in S�ılica SBA-15 nanoparticles (1/25), to
obtain serum against O111 polysaccharides. Four other rabbits
divided in groups of 2 each were immunized 6 times within a
period of one year with either formalinized bacterial suspension
or intact O111 LPS. As controls, 2 rabbits were also immunized
6 times within a period of one year with either the conjugate
O111-cytochrome C in PBS or with O111 detoxified polysac-
charides incorporated in silica SBA-15. For immunization, the
animals were shaved on the back, and independently injected
with the samples (2ml/per animal) at 4 different sites on the
shaved area.

Blood samples were collected before immunization, 30 d after
the first one, 10 d after each subsequent immunization and one
year after the last one.
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Immunization of mice
Twenty BALB/c female mice (6–7 weeks old) divided in

groups of 5 mice each were immunized orally with 0.2 ml of
O111-EtxB conjugate either in PBS or in VaxcineTM, and con-
trol animals were immunized with 0.2 ml of either the O111
polysaccharide in Vaxcine or with Vaxcine alone. The animals
were immunized 3 times with an interval of 30 d between each
immunization. Blood samples were collected before and 10 d
after the last immunization.

Collection of blood samples
Murine and rabbit blood samples were collected by tail or ear

vein puncture respectively into Eppendorf tubes. The samples
from each group were collected individually centrifuged at 500 g
for 10 minutes in an Eppendorf 5804 R centrifuge and the sera
were then stored at ¡20�C until use.

Antibody detection
Antibodies were detected by enzyme-linked immunosorbent

assay (ELISA). For the detection of antibodies against O111 pol-
ysaccharides, plates (100 ml/well) were coated overnight at 4�C
with a 1/10 dilution in Tryptic Soy Broth (TSB) of an O111:
H21 E. coli culture previously grown in TSB for 18 hours at
37�C. The following day the bacterial cells were fixed by empty-
ing the plates, filling each well with 100 ml of methanol and
incubating for 1 hour at room temperature. After incubation the
plates were emptied and blocked for 2 hours at 37�C by incubat-
ing the wells with a solution of 3% BSA in PBS (0.2 ml/well).
The plates were then washed 3 times with PBS containing
0.05% Tween 20. After washing the wells, serum samples were
dispensed in triplicate into individual wells of the plates and
diluted in doubling dilutions starting from 1/100. The samples
were then incubated overnight at 4�C. After incubation the plates
were washed again and goat anti-mouse IgG alkaline phosphatase
conjugate in PBS with 1 % BSA (1/5000 dilution) was added to
the plates (100ml/well) and incubated for 90 minutes at 37�C.
The plates were washed once more, and then the enzymatic reac-
tion was developed with 5 mg/ml of p-nitrophenyl phosphate in
diethanolamine buffer (0.1 ml/well).

The optical density was read at 405 nm in a Titertek plate
reader after 15 and 30 minutes of incubation at room
temperature.

To calculate the absolute concentration (mg/ml) of IgG and
IgA in the blood and stools against O111 polysaccharides, a stan-
dard curve was created by coating wells with different concentra-
tions of mouse IgG and IgA, which were then incubated with
anti-Ig enzyme conjugate. The values of the samples were read
off from the regression line obtained from the standard curve.

For the detection of antibodies against EtxB, the same proce-
dure described above was used, except for the fact that the plates
were coated with 5 mg/ml (100 ml/well) of EtxB in PBS instead
of 100 ml/well of O111:H21 E. coli culture.

Agglutination assay
The titers of rabbit and murine antibodies against different

strains of live O111 E. coli were determined by the test tube
agglutination method as described by Ewing and coworkers.62

The titer was determined as the last serum dilution which
induced visible agglutination. This test was performed in
triplicate.

Inhibition of bacterial adhesion to epithelial cells
HEp-2 cells were grown to 70% confluence on circular cover-

slips in wells of 24-well tissue culture plates in the presence of
DMEM without antibiotics. In parallel, 40 ml of O111 and
O127 E. coli samples at a concentration of 105/ml were incu-
bated for 1 h at 37�C with 1 ml of rabbit serum samples diluted
1/10 in 1 ml of DMEM without antibiotics containing 2% fetal
bovine serum. After incubation, the samples were added in tripli-
cate to the wells and incubated for 3 h at 37�C in 5% CO2. As a
positive control for bacterial adhesion, the cells were incubated
only with bacteria in the absence of antibodies. After incubation,
the monolayers were washed 6 times with sterile PBS and then
fixed with 100% methanol for 10 min, stained for 5 min with
May–Grunwald stain diluted 1:2 in Sorensen buffer, and finally
stained for 20 min with Giemsa stain diluted 1:3 in Sorensen
buffer. The excess stain was discarded, and the coverslips with
the stained cells were affixed to microscope slides for visualization
by light microscopy (eyepiece, £10; objective, £100).

Inhibition of the cytotoxic effect of LT on Y-1 cells
Y-1 cells were grown to 60% confluence on 96-well tissue cul-

ture plates in the presence of DMEM without antibiotics. In par-
allel, 1 mg/ml of LT was incubated for 1 hour with serum of
mice immunized orally with the conjugated O111-EtxB incorpo-
rated in Vaxcine or serum of mice immunized orally with O111
polysaccharides incorporated in Vaxcine. After incubation, LT
pre-incubated with the antibodies was added in triplicate to the
plates (100 ml/well) and incubated for 1 hour at 37�C in a CO2

incubator. As a control, 1 mg/ml of LT in DMEM (100 ml/well)
was added in triplicate to the plates. After incubation, cells were
visualized by light microscopy and pictures were taken after
1 hour of incubation (eyepiece, £10; objective, £100).
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