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A promising approach to developing a vaccine against O111 strains of diarrheagenic Escherichia coli that
exhibit different mechanisms of virulence is to target either the core or the polysaccharide chain (O antigen)
of their lipopolysaccharide (LPS). However, due to structural variations found in both these LPS components,
to use them as antigen targets for vaccination, it is necessary to formulate a vaccine able to induce a humoral
immune response that can recognize all different variants found in E. coli O111 strains. In this study, it was
demonstrated that, despite differences in composition of oligosaccharide repeat units between O111ab and
O111ac LPS subtypes, antibodies against one O111 subtype can recognize and inhibit the adhesion to human
epithelial cells of all categories of O111 E. coli (enteropathogenic E. coli [EPEC], enterohemorrhagic E. coli
[EHEC], and enteroaggregative E. coli [EAEC]) strains regardless of the nature of their flagellar antigens,
mechanisms of virulence, or O111 polysaccharide subtypes. These antibodies were also able to increase the
clearance of different strains of O111 E. coli by macrophages. PCR analyses of the pathways involved in O111
LPS core biosynthesis showed that all EAEC strains have core type R2, whereas typical EPEC and EHEC have
core type R3. In contrast, atypical EPEC strains have core types R2 and R3. In summary, the results presented
herein indicate that the O111 polysaccharide and LPS core types R2 and R3 are antigen targets for panspecific
immunotherapy against all categories of O111 E. coli.

Pathogenic strains of O111 Escherichia coli exist as three
distinct categories of diarrheagenic organisms, namely, entero-
pathogenic E. coli (EPEC; typical and atypical), enterohemor-
rhagic E. coli (EHEC), and enteroaggregative E. coli (EAEC)
(7). In developing countries, diarrhea induced by these patho-
gens is a serious illness that inflicts a huge health and economic
burden on the population (46, 48). Despite the fact that sani-
tation and clean water can markedly reduce the cases of diar-
rhea in areas of endemicity, surveillance studies have demon-
strated that in Latin America alone more than 80% of the
population has no access to sewage systems or treated water
(44). Different serotypes of Shiga toxin-producing E. coli
pathogens (O111:H�, O111:H8, and O111:H2) are also a pub-
lic health problem in developed countries worldwide, where
they have been responsible for outbreaks of bloody diarrhea
and cases of hemolytic-uremic syndrome (HUS) (4, 12, 14, 21,
28, 32, 35, 55). One of the worst outbreaks of O111 E. coli
happened in August 2008 in Oklahoma, where 341 people
become ill, 70 people were hospitalized, 17 people developed
HUS, and 1 person died (5, 8). In addition, other pathogens
such as Salmonella enterica subsp. enterica serovar Adelaide
and Salmonella enterica subsp. enterica serovar 50:z:e,n,x also
have the same lipopolysaccharide (LPS) polysaccharide struc-
ture as that found in O111 E. coli (29).

Because of the impact that O111 E. coli strains have on
public health, a lot of effort has been devoted to developing a
safe, cheap, and effective vaccine to prevent diarrheagenic
diseases caused by these pathogens.

The best approach to constructing a vaccine capable of pro-
tecting against a wide range of different strains of O111 E. coli
is to target the LPS polysaccharide chain (O antigen), since
75% of the outer membrane of all Gram-negative bacteria is
covered by LPS (38, 50). This approach is supported by the fact
that conjugated vaccines against polysaccharides have been
used successfully against polysaccharide-encapsulated organ-
isms such as Streptococcus pneumoniae and Haemophilus influ-
enzae type b in clinical practice (42). However, to use the O111
polysaccharide chain as an antigen target for the construction
of a universal vaccine against enteric O111 E. coli pathogens,
the antigenic variation of O111 subtypes between different E.
coli strains has to be taken into account (7, 33, 59). In addition,
although the O111 polysaccharides that compose their cap-
sules are identical to the ones present on their external mem-
branes (17, 53, 54), it has been demonstrated by Goldman and
coworkers that the capsules of O111 bacteria are poorly recog-
nized by antibodies raised against O111 LPS derived from the
bacterial membrane (17), indicating that immunization with cap-
sulated bacteria induces antibody responses different from those
induced by immunization with noncapsulated bacteria.

In addition, the O111 E. coli strains can be either naked or
capsulated, although the O111 polysaccharides that compose
their capsules are identical to the ones present on their exter-
nal membranes, except for the absence of a lipid A core (17,
53, 54).
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The LPS core can also be targeted for vaccination or immu-
notherapy (11, 19, 39). It is not considered a virulence factor,
although its involvement in bacterial adhesion has been re-
ported (24). Structural variations are also found in the external
part of the LPS core (37), and they have to be considered in
order to generate antibodies capable of identifying all anti-
genic variants encountered within O111 bacteria.

Another element of the humoral immune response involved
in clearance of pathogens is the complement system, which,
independently of antibody, can be activated by pathogens in
the initial stages of infection and, by itself, can kill pathogens
directly. However, it is not effective in recognizing or eliminat-
ing all bacteria in samples (3, 30, 43, 45). The complement
system can also promote bacterial uptake and destruction by
macrophages by interacting with both the pathogen and the
complement receptors present on the macrophage membrane.
However, when complement activation is not enough to pro-
mote bacterial killing by macrophages, antibodies are required
(25, 26, 34).

To investigate whether the O111 LPS polysaccharide of E.
coli is a good antigen candidate for the formulation of a uni-
versal vaccine capable of preventing infection by O111 patho-
gens, electrophoretic, molecular, serological, and immunolog-
ical analyses were conducted in order to determine whether
antibodies against O111 polysaccharides can recognize O111
EHEC, EPEC, and EAEC, can inhibit their adhesion to hu-
man epithelial cells, and can stimulate their clearance by mac-
rophages.

In addition, the compositions of the cores of 73 samples of
all categories of O111 bacteria were characterized by PCR
analysis of the enzymes responsible for the biosynthesis of all
five types of LPS core: R1, R2, R3, R4, and K12.

MATERIALS AND METHODS

Bacterial strains. The strains used in this study are listed in Table 1. The
prototype EPEC strain E2348/69 was kindly donated by James B. Kaper (Uni-
versity of Maryland School of Medicine, Baltimore, MD) (23). The study is based
on the analysis of 74 E. coli strains of the O111 serogroup, most of which were
originally isolated from children with diarrhea in Brazil and whose virulence
properties were characterized by Campos et al. (6, 7). Stocks derived from the E.
coli collection of the Instituto Butantan, Laboratory of Bacteriology, São Paulo,
Brazil, were utilized in this work. For comparative purposes, we included two E.
coli strains of the O111 serogroup isolated from a cat and a dog in Brazil (36).

Cell lines. The HEp-2 cell line used in this study was obtained from the
Instituto Adolfo Lutz, São Paulo, Brazil; it was previously acquired from the
American Type Culture Collection (CCL 2). Cell line J774A.1 (murine macro-
phage) was purchased from the European Collection of Cell Cultures (ECACC)
and kindly donated by Roger R. C. New. Both cell lines were grown in Dulbec-
co’s modified Eagle medium (DMEM) supplemented with 10% calf serum, 1
mM L-glutamine, and 50 IU/ml penicillin-streptomycin.

Extraction and purification of LPS by gas chromatography (GC). LPS (20%
[wt/vol] of bacterial mass) derived either from O111ac:H8 EHEC or typical
O111ab:H2 EPEC was extracted using phenol-EDTA-TEA buffer (0.25 M
EDTA and 5% phenol adjusted to pH 6.9 with triethylamine). The cell suspen-
sions were incubated at 37°C with constant agitation for 1 h and centrifuged at
10,000 � g for 1 h. The supernatants were collected and dialyzed in dialysis
tubing with a 2,000-molecular-weight (MW) cutoff against running water for 3
days and for 1 day against deionized water. After dialysis, the samples were
concentrated using a rotary evaporator, clarified by centrifugation at 5,000 � g
for 20 min, and lyophilized. For purification, the LPS extracts were solubilized in
distilled water and centrifuged at 45,000 � g for 6 h at 4°C. The pellets containing
purified LPS were solubilized in distilled water and lyophilized.

Derivatization prior to GC analysis. LPS (500 �g) was methanolyzed with 0.5
M HCl in methanol by incubation for 18 h at 37°C. The methanolyzed products
were extracted with hexane, and the methanolic phase was neutralized by addi-
tion of silver carbonate. The methyl glycosides were N acetylated with acetic
anhydride and then trimethylsilylated by the addition of bis(trimethylsilyl)-tri-
fluoracetamide (BSTFA; BSTFA/pyridine ratio, 1:1 [vol/vol]) and incubation at
room temperature for 1 h. The trimethylsilylated methylglycosides were analyzed
by gas-liquid chromatography coupled with mass spectrometry (GC-MS) (52).

Bacterial suspension for the production of serum against capsulated O111 E.
coli. To generate IgG antibodies against O111 capsular polysaccharide, rabbits
were immunized independently with either capsulated O111ab:H2 (EPEC) or
O111ac:H� (EHEC) strains. For immunization, bacterial colonies grown over-
night in LB agar were homogenized in 0.5 ml of 0.5% Formol saline solution
(85%) to fix the capsulated material. The fixed capsulated bacterial suspensions
were then centrifuged in an Eppendorf 5804 centrifuge (rotor number F 34-6-38)
for 20 min at 5,000 � g, and the supernatants were discarded. The pellets
containing the capsulated bacteria were resuspended in saline to achieve a
concentration of 9 � 108 cells/ml on the McFarland scale.

Bacterial suspension for the production of serum against naked O111 E. coli.
To generate serum against the O111 LPS polysaccharide present on the bacterial
outer membrane, the O111ab:H2 (EPEC) or O111ac:H� (EHEC) strain was
utilized. For immunization, bacteria were treated as described above with the
exception that, after being formalinized, they were heated at 100°C for 2 h to
release the pseudocapsule. Subsequently, the bacterial suspensions were centri-
fuged in an Eppendorf 5804 centrifuge (rotor number F 34-6-38) for 20 min at
5,000 � g, and the supernatants containing the pseudocapsule were discarded.
The pellets containing naked bacteria were resuspended in saline until they
achieved a concentration of 9 � 108 cells/ml on the McFarland scale.

Immunization protocol. New Zealand White male rabbits (60 days old) were
immunized intravenously with either naked or capsulated formalinized bacterial
suspensions to obtain serum against membrane O111 polysaccharide (O antigen)
or serum against capsular O111 polysaccharide (OK antigen), respectively. For
this, increasing volumes, 0.5, 1, 2, 3, and 4 ml of the bacterial samples described
above, were used for each successive immunization, with an interval of 4 days
between each. Blood samples were collected 7 days after the last immunization,
and the sera obtained by centrifugation at 500 � g for 10 min in an Eppendorf
5804 R centrifuge were stored at �20°C until use.

LPS extracts for immunoelectrophoresis. LPS extracts were prepared accord-
ing to the methodology described by Hitchcock and Brown (22) with a few
modifications. Bacterial samples were grown in 3 ml of LB broth at 37°C for 18 h.
After incubation, 1 ml of each culture 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 cen-
trifuge (rotor 46) at 17.3 � g for 5 min. The pellets were resuspended in 50 �l 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 the samples were cooled down, 20 �l of
proteinase K solution (2.5 mg/ml) was added to each of the samples, which were
then incubated in a water bath at 60°C for 1 h. After incubation, the samples were
kept at 4°C until use.

Immunoblotting analysis. Extracts of LPS derived from different strains of
pathogenic O111 E. coli were solubilized in a nonreducing sample buffer and run
on a 15% (22) SDS-PAGE gel (31). Gels were stained with silver or blotted onto
nitrocellulose. After transfer, the membranes were blocked with 1% bovine

TABLE 1. Strains and categories of diarrheagenic E. coli

Serotype Pathotypea Reference

E2348/69-O127:H6 t-EPEC 23
O111ab:H2 t-EPEC 6
O111ab:H� t-EPEC 6
O111ab:H9 a-EPEC 6
O111ab:H� a-EPEC 6
O111ac:H9 a-EPEC 7
O111ab:H25 a-EPEC 6
O111ac:H8 EHEC 7
O111ac:H� EHEC 6
O111ab:H12 EAEC 6
O111ab:H10 EAEC 7
O111ab:H21 EAEC 7
O111ac:H4 EAEC 6
O111:H25 (2) EPEC 36

a t-EPEC, typical EPEC; a-EPEC, atypical EPEC.
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serum albumin (BSA) in phosphate-buffered saline (PBS) for 2 h at room
temperature. The membranes were then washed three times with PBS and
incubated for 2 h at room temperature with rabbit serum against either mem-
brane or capsular LPS O111 polysaccharides from O111ab:H2 EPEC or
O111ac:H� EHEC diluted 1/10 in PBS–1% BSA. After incubation, the mem-
branes were washed 3 times with PBS plus 0.05% Tween 20 for 10 min and
incubated with a goat anti-rabbit IgG–alkaline phosphatase conjugate diluted
1/5,000 in PBS-BSA for 1 h at room temperature. The membranes were washed
once more, and the reaction was developed using as the substrate 5-bromo-4-
chloro-3-indolylphosphate–nitroblue tetrazolium tablets (Sigma) dissolved in 10
ml of distilled water.

Dot blot technique. Strips of nitrocellulose membrane were coated with live,
naked, capsulated, or free-capsule samples of the following strains of E. coli:
O111ab/H12 (EAEC), O111ab:H2 (typical EPEC), O111ab:H9 (atypical EPEC),
O111:H25 (atypical EPEC derived from cats and dogs), and O127:H6 (typical
EPEC). Live bacterial samples were previously grown in tryptic soy broth (TSB)
at 37°C for 18 h before being added to the strips. Capsulated and naked samples
were obtained as described previously. To obtain free-capsule samples, live
bacterial suspensions were heated at 100°C for 10 min and centrifuged at 5,000 �
g for 20 min. The pellets were discarded, and the supernatants containing free
capsules were kept for dot blot analysis. Briefly, 100 �l of each live, naked,
capsulated, or free-capsule sample of the O111 E. coli strains described above
was used to directly coat strips of nitrocellulose membranes. Subsequently, the
strips were washed three times with PBS–0.05% Tween 20 for 10 min each. After
being washed, the strips were incubated with 1% BSA in PBS for 1 h at room
temperature. After incubation, the strips were washed and incubated with rabbit
serum against O111ac:H� EHEC diluted 1/500 in PBS–1% BSA for 2 h at room
temperature. After subsequent washing, the strips were incubated for 1 h at room
temperature with goat anti-rabbit IgG conjugate labeled with alkaline phos-
phatase diluted 1/5,000 in PBS–1% BSA. The strips were washed once more, and
the enzymatic reaction was developed using as the substrate 5-bromo-4-chloro-
3-indolylphosphate–nitroblue tetrazolium tablets (Sigma) dissolved in 10 ml of
distilled water.

Agglutination assay. The titer of the antibodies against O111ac:H� EHEC
generated in rabbits was determined by the test tube agglutination method as
described by Ewing (13). Briefly, bacterial samples derived from humans, dogs,
and cats were grown in TSB at 37°C for 18 h. The following day, rabbit serum
against O111ac:H� EHEC was diluted 1/50 in 3 ml of bacterial culture. The tube
was homogenized, and serial doubling dilutions in tubes, each containing 3 ml of
bacterial sample, were performed for titration. Subsequently, the tubes were
incubated at 37°C, and the reading was performed after 30, 60, and 120 min of
incubation. The titer was determined as the last serum dilution which visually
induced agglutination.

Inhibition of bacterial adhesion to epithelial cells. HEp-2 cells were grown to
70% confluence on circular coverslips in wells of 24-well tissue culture plates. In
parallel, 40-�l samples of O111ab:H2 (typical EPEC) and O127:H6 (atypical
EPEC) at a concentration of 105/ml were incubated for 1 h at 37°C with 1 ml of
rabbit serum against O111ac:H� (EHEC) diluted 1/10 in 1 ml of DMEM con-
taining 1% D-mannose and 2% bovine fetal serum without antibiotic. Subse-
quently, the samples were added in triplicate to the wells containing the HEp-2
cells 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 rabbit
antibodies against O111ac:H� EHEC. After incubation, the monolayers were
washed six times with sterile PBS and then fixed with 100% methanol for 10 min,
stained for 5 min with May-Grunwald stain (Merck) diluted 1:2 in Sorensen
buffer, and finally stained for 20 min with Giemsa stain (Merck) 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 micros-
copy (eyepiece, �10; objective, �100).

Phagocytosis. J774A.1 macrophages at a concentration of 105 cells/ml in
DMEM containing 10% fetal bovine serum were seeded in 24-well cell culture
plates (1 ml/well) and incubated for 48 h at 37°C in a 5% CO2 incubator. In
parallel, 40-�l bacterial samples containing 107 cells were incubated for 1 h at
37°C with rabbit anti-O111ac:H� serum diluted 1/10 in 1 ml of DMEM without
antibiotic and containing 10% noninactivated or inactivated fetal bovine serum
purchased from Cultilab. After incubation, the samples were added in triplicate
to the cells. Control samples in which antibody was omitted were also set up. The
cells were incubated for 3 h at 37°C in a 5% CO2 incubator. After incubation, the
cells were washed 6 times with sterile PBS. The cells were then treated with 50
�g/ml of gentamicin for 30 min and subsequently washed 6 times with PBS. After
being washed, the macrophages were lysed by incubating each well with 1 ml of
Triton X-100 (Merck) diluted 1/10 in PBS for 10 min at room temperature. After
incubation, 400 �l of PBS was added to each well and the lysate was resuspended.

Subsequently, 100 �l of each lysate was 10-fold serially diluted in saline starting
with a dilution of 1 in 10. One hundred microliters of each dilution was then
added in triplicate to an LB agar plate and spread with a loop. The plates were
then incubated overnight at 37°C, and the number of CFU was determined.

PCR amplification of core-type-specific fragments from chromosomal waa
loci. Chromosomal DNA was prepared by using DNA preparation kits (Qiagen,
CA; DNA minikit). The waa gene, which encodes the enzymes responsible for
the biosynthesis of the LPS cores R1, R2, R3, R4, and K12 from E. coli (1), was
PCR amplified by using the primers described in Table 2. The PCR was per-
formed in a 50-�l (total volume) mixture by using Taq polymerase. The PCR was
run in 35 cycles as follows: 94°C for 1 min, 94°C for 20 s, 50°C for 30 s, 72°C for
2 min 15 s, and 72°C for 2 min. The PCR products were analyzed by electro-
phoresis on agarose gel (0.7%).

Statistical analysis. Results were expressed as means � standard deviations
(SD). Single-criterion analysis of variance (ANOVA) followed by Bonferroni’s
test was used to analyze data using SigmaStat 3.0 software. Values for which P
was �0.05 were considered statistically significant.

RESULTS

Gas chromatography analysis. In order to determine
whether there was any difference between the number of oli-
gosaccharide units present in O111ab and O111ac polysaccha-
ride subtypes, O111ab:H2 EPEC and O111ac:H8 EHEC sam-
ples were analyzed by gas-liquid chromatography to determine
the molar ratio of 3,6-dideoxyhexose, galactose, glucose, and
N-acetylglucosamine present in each strain. The results
showed that, quantitatively, both samples have the same chro-
matographic profile (Fig. 1). However, the molar ratios for
colitose, galactose, glucose, and N-acetylglucosamine in each
sample were, respectively, 2.0:2.4:1.0:2.0 for O111ac:H8
(EHEC) and 1.3:1.5:1.0:2.2 for O111ab:H2 (EPEC), indicating
that the numbers of colitose and galactose oligosaccharide
units present in the O111ac:H8 sample are almost twice those
detected in the O111ab:H2 sample (Table 3).

Immunoblotting analysis. Immunoblotting analysis was per-
formed to determine whether antibodies against capsulated or
naked bacteria were able to recognize extracts of O111 LPS
derived from different categories of O111 E. coli, regardless of
their O111ab or O111ac subtype. Accordingly, LPS ex-
tracts of O111ab:H2 (typical EPEC), O111ab:H12 (EAEC),
O111ac:H� (EHEC), and O111ac:H9 (atypical EPEC) strains
were run on polyacrylamide gel, transferred to nitrocellulose
membranes, and incubated with antibodies against O111ac:H�

(EHEC) or O111ab:H2 (typical EPEC) derived from the im-
munization with either naked or capsulated bacteria. The re-
sults showed that antibodies against O111ab:H2 (typical
EPEC) or O111ac:H� (EHEC) bacteria derived from immu-

TABLE 2. Sequences of oligonucleotide primers related to the
biosynthesis of LPS core

Primer
name Sequence (5�–3�) Size

(bp)
Type of

core

R1C3 GGG ATG CGA ACA GAA TTA GT
R1K15 TTC CTG GCA AGA GAG ATA AG 651 R1
R2C4 GAT CGA CGC CGG AAT TTT TT
R2K9 AGC TCC ATC ATC AAG TGA GA 1,141 R2
R3C2 GGC CAA AAC ACT ATC TCT CA
R3K13 GTG CCT AGT TTA TAC TTG AA 1,785 R3
R4C4 TGC CAT ACT TTA TTC ATC A
R4K14 TGG AAT GAT GTG GCG TTT AT 699 R4
K12-1 TTC GCC ATT TCG TGC TAC TT
K12-2a TAA TGA TAA TTG GAA TGC TGC 916 K12
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nization with either naked or capsulated bacteria recognize the
same fractions of LPS extracts in all categories tested regard-
less their O111ab or O111ac subtype or origin (capsule or
membrane) (Fig. 2).

Dot blot analysis. In order to verify the ability of antibodies
against capsulated O111ac:H� EHEC to recognize live, naked,
capsulated, or free-capsule samples of different categories of
diarrheagenic O111 E. coli, the dot blot technique was utilized.

The results obtained in this experiment showed that anti-
bodies against capsulated O111ac:H� EHEC are able to rec-
ognize naked, capsulated, and free-capsule samples of all cat-
egories of O111 E. coli strains tested, regardless their O111
subtype, flagellar antigen, or mechanism of virulence. How-

ever, O127:H6, a strain from an unrelated serogroup, was
barely recognized (Fig. 3).

Titer of O111ac:H� antibodies against different categories
of O111ab bacterial samples. The test tube agglutination assay
was used to determine the titers of the rabbit anti-O111ac:H�

EHEC antibodies against other categories of O111 E. coli
strains: typical and atypical EPEC and EAEC. Accordingly,
rabbit antibodies against O111ac:H� EHEC were incubated
with live samples of the following strains: O111ab:H12
(EAEC), O111ab:H2 (typical EPEC), O111ab:H9 (atypical
EPEC), and O111:H25 (atypical EPEC derived from cats and
dogs). The O127:H6 bacterial sample derived from typical
EPEC was used as a control. The bacterial samples were in-
cubated with different dilutions of rabbit antibodies against
O111ac:H� (EHEC). The titer was determined as the last
serum dilution which visually still induces agglutination.

The results showed that rabbit antibodies against
O111ac:H� EHEC (titer against homologous bacteria,
1/8,000) are able to recognize and aggregate all bacterial sam-
ples tested regardless of their category, the nature of their

FIG. 1. Gas chromatography analysis of O111ab and O111ac poly-
saccharides of E. coli. O111ab and O111ac polysaccharides derived
from EHEC O111ac:H8 EHEC (A) and O111ab:H2 EPEC (B) were
extracted with phenol-EDTA-TEA. Peaks 1, 2, 3, and 4 are 3,6-
dideoxyhexose, galactose, glucose, and N-acetylglucosamine, respec-
tively.

TABLE 3. Oligosaccharide units of 0111ac:H8 EHEC and O111ab:
H2 EPEC quantified by gas chromatography

Saccharide GC peak
Oligosaccharide units for:

EHEC O111ac:H8 EPEC O111ab:H2

3,6-Dideoxyhexose 1 2.0 1.3
Galactose 2 2.4 1.5
Glucose 3 1.0 1.0
N-Acetylglucosamine 4 2.0 2.2

FIG. 2. Recognition of O111ab and O111ac LPS extracts by anti-
bodies against O111ab and O111ac subtypes generated by the immu-
nization of rabbits with naked or capsulated bacteria. LPS extract of
O111ab:H2 (typical EPEC) (lanes 1), O111ab:H12 (EAEC) (lanes 2),
O111ac:H� (EHEC) (lanes 3), and O111ac:H9 (atypical EPEC) (lanes
4) were run on polyacrylamide gel, transferred to nitrocellulose mem-
branes, and incubated with antibodies against O111ab OK polysaccha-
ride (A), O111ab membrane polysaccharide (B), O111ac OK polysac-
charide (C), or O111ac membrane polysaccharide (D). The results
were developed using 5-bromo-4-chloro-3-indolylphosphate–nitroblue
tetrazolium substrate for goat anti-mouse IgG labeled with alkaline
phosphatase.
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flagellar antigen, or their O111 polysaccharide subtypes. In
contrast, they did not recognize a bacterial sample derived
from a different serogroup, as demonstrated in the case of the
O127:H6 bacterial sample (Fig. 4).

Inhibition of bacterial adhesion. To determine whether rab-
bit antibodies against O111ac:H8 EHEC polysaccharides were
able to inhibit the adhesion of other categories of O111 E. coli
to human epithelial cells, HEp-2 cells were incubated with an
O111ab:H2 bacterial sample in either the presence or absence
of antibodies.

The results showed that antibodies against O111ac:H�

EHEC are able to inhibit the adhesion of the O111ab:H2
typical EPEC sample but not the adhesion of unrelated bac-
terium O127:H6 (Fig. 5).

Antibodies against O111ac:H� EHEC were also able to
inhibit the adhesion of O111ab:H12 (EAEC), O111ab:H2
(atypical EPEC), and the homologous sample O111ac:H�

(EHEC) to human epithelial cells (data not shown).
Influence of antibodies against O111 E. coli on bacterial

clearance by macrophages. Macrophages were incubated with
O111ab:H12 (EAEC), O111ab:H9 (atypical EPEC),
O111ab:H2 (typical EPEC), and O127:H6 bacterial samples
with or without antibodies against O111ac:H� EHEC to de-
termine the ability of these antibodies to increase bacterial
clearance. Noninactivated and inactivated fetal bovine sera
were used as sources of noninactivated and inactivated com-
plement, respectively. Both sera were received frozen and kept
at �20°C until use.

The results obtained in this experiment show that, after 3 h
of incubation, the macrophages are not able to completely
eliminate the O127:H6 bacteria taken up by them when they
are incubated in the presence of inactivated fetal bovine se-
rum, either with or without antibodies against O111ac:H�

EHEC. However, when the cells are incubated with O127:H6
bacteria in the presence of noninactivated fetal bovine serum
alone, they are able to eliminate all bacteria ingested by them.
It was also observed that the presence of noninactivated serum
increases the clearance of O111ab:H2 (typical EPEC),
O111ab:H9 (atypical EPEC), and O111ab:H12 (EAEC) by

macrophages. However, macrophages are able to eliminate
completely all O111 bacteria only in the presence of antibodies
against O111ac:H� EHEC (Fig. 6).

Determination of O111 LPS core type by PCR analysis. To
determine which types of core are present in EHEC, EAEC,
and EPEC belonging to the serogroup O111, the waa gene,
which encodes the enzymes responsible for the biosynthesis of
the LPS cores (R1, R2, R3, R4, and K12) from E. coli, was
amplified in 73 samples of O111 E. coli by PCR using the
respective sequence for each type of core. The results obtained
in this experiment showed that all EAEC samples have core
type R2 whereas all EHEC and typical EPEC samples have
core type R3. Atypical EPEC samples, however, have core
types R2 and R3 (Table 4). Core types R1 and K12 were not
found in any of the samples tested.

DISCUSSION

It is well documented that antibodies against O111 polysac-
charides are able to recognize homologous E. coli (20, 40).
However, the ability of O111 polysaccharides when used as
vaccine antigens to induce antibodies able to prevent infection
by O111 E. coli strains with different clinical, epidemiological,
and pathogenic profiles has not been evaluated. This study
investigated whether O111 polysaccharides could be used as an
antigen target for the development of a universal vaccine
against all categories (EPEC, EHEC, and EAEC) of O111
pathogenic E. coli. The results obtained in this work demon-
strated that some strains of O111 E. coli have twice as many
colitose units as others, making these polysaccharides espe-
cially suitable for use as antigens in vaccine formulations, since
colitose is the major antigenic determinant of the molecule
(17).

It was also observed in this study that, despite all antigenic
variations found in the O111 polysaccharide, antibodies raised
against a particular category of O111 E. coli strain (O111ac:H�

EHEC) can recognize and inhibit the adhesion of different

FIG. 4. Recognition of live O111ab E. coli strains by rabbit anti-
bodies against O111ac:H� EHEC. Different dilutions of rabbit anti-
bodies against O111ac:H� EHEC were incubated with live bacterial
samples of other categories of diarrheagenic O111 E. coli (typical and
atypical EPEC and EAEC), as determined by the test tube agglutina-
tion method (11). The titer was determined as the last serum dilution
which visually showed a positive reaction. This experiment was re-
peated on three subsequent occasions, and similar observations were
made.

FIG. 3. Recognition of O111ab:H12 (EAEC), O111ab:H9 (atypical
EPEC), O111ab:H2 (typical EPEC), and O111:H25 (atypical EPEC
derived from cats and dogs) by rabbit antibodies against formalinized
capsulated O111ac:H� (EHEC). Lane 1, live bacteria; lane 2, capsu-
lated bacteria; lane 3, naked bacteria; lane 4, free capsules.
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bacterial strains regardless of their category, their mechanism
of virulence, the nature of their flagellar antigen, or their O111
polysaccharide subtype. In contrast, they were not able to rec-
ognize or inhibit the adhesion of a bacterial sample from a
heterologous serogroup. The same results were obtained with
the serum absorbed with E2348/69 (data not shown).

These results are in accord with previous studies which dem-
onstrated that the adherence to human intestinal epithelial
cells of Shiga toxin-producing E. coli of O111 and O157 sero-
groups was 95% inhibited by homologous, but not heterolo-
gous, antibodies (41).

It was also demonstrated in this work that normal fetal
bovine serum, as a source of complement, increased bacterial
clearance by macrophages, although complete elimination of
O111 bacteria was achieved only in the presence of homolo-
gous antibodies. This result indicates that the presence of spe-
cific antibodies at the initial phase of infection is essential to
prevent diarrheal diseases, since Gram-negative bacteria, in-

cluding O111 E. coli strains, are in general resistant to the
direct action of the complement system (18, 27, 43, 47).

It is reasonable to suppose that the LPS core can also be
used as an antigen target for immunotherapy or vaccination (2,
10, 11, 51, 57). In the case of E. coli, this hypothesis is sup-
ported by studies which demonstrated that human antibodies
against the LPS core of the Escherichia coli J5 strain, whose
core is devoid of O antigen, were able to protect human pa-
tients against death from bacteremia due to Gram-negative
bacteria (58) and sepsis when given passively as treatment for
neutropenic rats (9). However, in order to construct a universal
vaccine against all categories of O111 E. coli using the LPS
core as an antigen, it is necessary to know which subtypes of
core are the most appropriate to target all O111 E. coli strains.
The results obtained in this study suggest that core type R2 can
be used as an antigen target against all O111 EAEC strains
whereas core type R3 is the best choice to target EHEC and
typical EPEC but that antibodies against core types R2 and R3

FIG. 5. Determination of the capacity of O111ac:H� antibodies to inhibit the adhesion of O111ab:H2 typical EPEC and O127:H6 typical EPEC
to human epithelial cells. HEp-2 cells were incubated for 3 h with O111ab:H2 alone (A) or in the presence of rabbit antibodies against O111ac:H�

EHEC (B) or with O127:H6 alone (C) or in the presence of rabbit antibodies against O111ac-H� EHEC (D). An Ocular 10 objective (�100) was
used.
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would be required to recognize all atypical EPEC strains. It is
interesting to note that core type R1, which is the most
prevalent in clinical isolates (1, 15, 16), was not detected in
any of the O111 samples tested. On the other hand, core
type R3, which in this work was detected in all O111 EHEC
samples, is also the most prevalent type of core in Shiga
toxin-producing E. coli strains regardless of their serogroup
(1). It is interesting to note that core type R4, which in
healthy humans and cattle induces the highest level of cir-
culating antibodies, was not detected in any of the O111
samples tested. Core type K12 was not detected in any
sample either, which is in accord with other reports in the
scientific literature indicating that, along with core type R4,
it is the least prevalent in E. coli (1).

In summary, the data presented here suggest that the O111
polysaccharide of LPS and its core are potential antigen can-
didates for the construction of a universal vaccine against O111
pathogens capable of preventing adherence and the establish-
ment of infection in humans by food-borne pathogens (56) and
of preventing the development of diarrhea and acute renal

FIG. 6. Influence of complement and antibodies against O111 E. coli on bacterial clearance by macrophages. J774A.1 cells were incubated
with the following bacterial samples: O111ab:H9 (atypical EPEC) (A), O111ab:H2 (typical EPEC) (B), O111ab:H12 (EAEC) (C), and
O127:H6 (atypical EPEC) (D). The incubation was performed in the presence of inactivated fetal bovine serum (FBS), noninactivated fetal
bovine serum, inactivated fetal bovine serum plus antibodies against O111ac:H� EHEC, or noninactivated fetal bovine serum plus antibodies
against O111ac:H� EHEC. After incubation the cells were washed and lysed and the numbers of colony formation units (CFUs) were
determined. �, statistically significant (P � 0.05) difference between the group of macrophages incubated with bacteria in the presence of
inactivated FBS and the other experimental groups.

TABLE 4. Types of LPS core found in different categories of O111
E. coli

O111 category Serotype

No. of samples with
core type: Total

R1 R2 R3 R4 K1

EAEC O111ab:H12 17 17
EAEC O111ab:H10 2 2
EAEC O111ac:H4 1 1
EAEC O111ab:H21 2 2
Typical EPEC O111ab:H2 17 17
Typical EPEC O111ab:H� 15 15
EHEC O111ac:H8 3 3
EHEC O111ac:H� 7 7
Atypical EPEC O111ac:H9 1 2 3
Atypical EPEC O111ab:H9 1 1
Atypical EPEC O111ab:H� 1 2 3
Atypical EPEC O111ab:H25 2 2
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failure, which in children can lead to the need for chronic renal
replacement therapy (49).
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