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Enteropathogenic Escherichia coli (EPEC) produces attaching and effacing (A/E) lesions and watery diar-
rhea, both of which are intimin and EspA dependent. In this work, we explored the mucosal immune response
by detecting cytokine induction in rabbits with diarrhea caused by rabbit EPEC (REPEC). Orally inoculated
rabbits exhibited weight loss and mucosal inflammation, developed watery diarrhea, and died (day 7). At day
6 postinoculation, animals were analyzed for the induction of proinflammatory cytokines in enterocytes. The
role of lymphocyte-dependent immunity was determined through the expression of proinflammatory cytokines
by lymphocytes from Peyer’s patches (PP) and the spleen. EspA and intimin mutants were used to explore the
role of A/E lesions in the expression of these cytokines. REPEC-infected rabbit enterocytes showed increased
interleukin 13 (IL-13), IL-6, IL-8, and tumor necrosis factor alpha (TNF-a) mRNA expression, but that of
anti-inflammatory IL-10 was increased only slightly. In contrast, intimin mutant-infected rabbits were unable
to produce this proinflammatory cytokine profile but did produce a remarkable increase in IL-10 expression.
Bacteria lacking EspA increased the expression of IL-8 and TNF-«, but that of IL-10 was increased only
slightly. PP lymphocytes also produced proinflammatory cytokines, which were dependent on EspA (except for
TNF-a) and intimin, while IL-10 was induced by EspA and intimin mutants. In contrast, spleen lymphocytes
(systemic compartment) were unable to produce IL-13 and TNF-«. These data show the importance of the
proinflammatory cytokines secreted by enterocytes and those expressed locally by PP lymphocytes, which can
activate effector mechanisms at the epithelium. Furthermore, this cytokine profile, including IL-6 and IL-1p3,

which may be involved in the diarrhea produced by EPEC, depends on intimin.

Infant intestinal infection by enteropathogenic Escherichia
coli (EPEC) is one of the major causes of severe diarrhea
disease and death in developing countries (35). EPEC is an
extracellular pathogen that colonizes the small intestinal mu-
cosa, damages intestinal epithelial cell function, and produces
a characteristic histopathological feature known as attaching
and effacing (A/E) lesions (26). A/E lesions are characterized
by the localized destruction of brush border microvilli, the
intimate attachment of the bacterium to the host cell mem-
brane, and the formation of an underlying pedestal-like struc-
ture (21).

EPEC directly injects virulence factors into the target cell
through its type III secretion system (TTSS) (9). In this way,
the bacterial proteins are translocated to the cytoplasm, where
they interact with host components and alter signaling path-
ways, resulting in disease (28). The EPEC TTSS is part of a
chromosomal pathogenicity island, designated the locus for
enterocyte effacement (LEE), which contains all of the genes
required to produce A/E lesions (25).

LEE has been completely sequenced and contains diverse
genes encoding secreted proteins for the TTSS, termed EPEC
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secreted proteins (Esp). These include EspA, EspB, EspD, and
EspF as well as adhesins, such as intimin, and its own translo-
cated receptor, Tir (39). EspA makes filamentous appendages
surrounding the bacteria, and these filaments are present in a
transient manner (21). These filamentous appendages form a
translocation tube that acts as a channel to deliver proteins
from the bacteria into the host (21). Intimate attachment of the
bacteria to host enterocytes is mediated through the bacterial
outer membrane protein intimin, which binds to bacterium-
derived receptor Tir embedded in the host cell surface (17).

Even though inflammation is one of the pathogenic features
induced by EPEC infection (13, 26, 37) and a well-known
interaction between EPEC protein effectors and epithelial cells
occurs during the initial processes of bacterium-host cell inter-
actions (reviewed by Clarke et al. [8]), the innate or specific
immune responses to EPEC are incipiently known in compar-
ison with the pathogenic factors involved in the infection. The
relationship between pathogenic mechanisms and the mucosal
immune response is a delicate balance which determines the
establishment of the disease.

Initial work related to histological specimens of intestines
from EPEC-infected animals have shown extensive infiltration
by inflammatory cells, mainly polymorphonuclear leukocytes,
in the lamina propria. Polymorphonuclear leukocytes have also
been seen crossing intact epithelial crypts and accumulating in
the intestinal lumen (26, 37). However, the expression of
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TABLE 1. Strains used in this study

Kanamycin

Strain Description resistant Reference

E22 REPEC 0103:K-H2, No 6
rhamnose-negative
strain

E22Aeae E22 eae::aphT; intimin Yes 29
negative

E22AespA E22 espA::aphT; EspA~ Yes 29

HB101 Laboratory K-12 strain No

proinflammatory cytokines in a natural model of infection by
EPEC, such as rabbit EPEC (REPEC), which also contains the
LEE pathogenicity island, has not been studied. Further, the
scarce data are mainly related to interleukin 8 (IL-8) in cul-
tured isolated cells or cell lines, such as epithelial cells, periph-
eral blood mononuclear cells, intestinal fibroblasts, or mucosal
mononuclear cells (7, 18, 19). However, the interaction be-
tween the bacteria and the host cells invariably results in the
release of more cytokines. The resulting cytokine network, of
course, constitutes an important part of the immune response
and represents the host’s attempt to deal with a particular
microorganism.

In this study, we analyzed the immune response to EPEC by
detecting cytokine expression in enterocytes by using a model
of experimental infection of rabbits by REPEC (strain E22) as
well as the expression of proinflammatory cytokines by lym-
phocytes from Peyer’s patches (PP) and the spleen (mucosal
and systemic compartments). We also analyzed the proinflam-
matory cytokine profiles in rabbits infected with two nondiar-
rheagenic mutants involved in intimate adherence, the inti-
mate adhesin mutant E22Aeae and the filamentous appendage
mutant E22AespA.

MATERIALS AND METHODS

Rabbit infection experiment. Two-month-old New Zealand White rabbits
weighing between 1.8 and 2.2 kg were anesthetized and inoculated via an oro-
gastric tube with 10° CFU of strain E22, E22Aeae, or E22AespA or an avirulent
laboratory strain, E. coli HB101. Five rabbits were challenged with the wild-type
strain or the mutants, while two control groups of five rabbits received either
HB101 or only phosphate-buffered saline (PBS). All of the animals from the
different groups were given water and fed with commercial feed. Each animal
was checked for clinical symptoms, diarrhea, and mortality daily for 6 days. The
animals were weighed twice, before the infection and before euthanasia at day 6
postinfection, when the diarrhea production was confirmed. For specific identi-
fication of the tested strains, fecal suspensions were spread on MacConkey plates
with or without kanamycin.

Bacterial strains. The bacterial strains used in this study are listed in Table 1.
Bacteria were grown in 10 ml of Luria-Bertani broth (with or without kanamycin
at 50 wg/ml) overnight at 37°C with shaking at 200 rpm.

Tissue preparation for light microscopy. A 5-cm piece of the distal small
intestine was washed in PBS (pH 7.3), fixed in 4% neutral buffered formalin, and
processed for paraffin embedding. Serial 5-pum-thick sections were cut, placed on
glass slides, and stained for comparative studies with hematoxylin and eosin
(H&E) and Alcian Blue. All intestinal samples were examined by light micros-
copy. Digital gel photographs of the stained tissues were analyzed for counting of
infiltrate cells by using Image-Pro Plus software. The filter ranges selected for
cell counting were area, density, diameter, and size of the cells.

Immunofluorescence staining. For immunofluorescence labeling, 5-pum-thick
tissue sections were stained simultaneously by using the fluorescence-actin stain-
ing assay with rhodamine-phalloidin to stain actin filaments (20) and the 4',6'-
diamidino-2-phenylindole (DAPI) technique to stain the DNA in the eukaryotic
nuclei and the bacterial DNA (33). The tissue sections from the intestinal
segments were deparaffinized, hydrated, permeabilized by adding 0.5% Triton
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X-100-PBS, and stained with 0.05 pg of tetramethyl rhodamine isothiocyanate-
phalloidin (Sigma Chemical Co., St. Louis, Mo.)/ml and with 1 ug of DAPI
(Sigma)/ml. Slides were mounted on Gelvatol (Sigma), covered with a glass
coverslip, and examined by fluorescence microscopy (Olympus BX40S4).

Lymphocyte isolation. Spleen samples and all of the small intestine PP samples
were minced with scalpel blades, and clumps were pushed through wire mesh and
washed in RPMI 1640 (GIBCO BRL, Grand Island, N.Y.) with 5% fetal calf
serum. Only the PP cell suspension was passed through organza to remove the
mucus. The whole-cell suspension was set over a Histopaque 1077 layer (Sigma)
and centrifuged at 515 X g for 30 min at 25°C. Mononuclear cells were aspirated,
washed in RPMI 1640, and centrifuged at 515 X g for 10 min at 4°C. The cell
preparation was suspended in RPMI 1640. The isolated population was sub-
jected to side and forward scatter analysis in a FACSort (Becton Dickinson) flow
cytometer and compared with a lymphocyte cell line (Jurkat). The samples were
95 to 97% pure. Viability, as determined by trypan blue exclusion, was 95%.

Enterocyte isolation. In order to examine cytokine production by the epithe-
lium alone, we modified the method reported by Lundqvist et al. (23). Ten
centimeters of the small intestine (ileum) was cut into small fragments and
inverted. To remove the enterocytes from the tissue fragments, the fragments
were incubated in RPMI 1640 with 1 mM dithiothreitol (Sigma) and 1.5 mM
EDTA (Sigma) with shaking at 200 rpm for 30 min at 37°C. The cell suspension
obtained was passed through organza to remove the mucus and centrifuged at
1,811 X g for 10 min at 4°C. The pellet was suspended in 15 ml of RPMI 1640,
passed through organza, and washed two times in 15 ml of RPMI 1640 by
centrifugation at 1,811 X g for 10 min at 4°C. The washed pellet was suspended
in 10% Percoll and centrifuged over a discontinuous Percoll gradient at 515 X g
for 30 min at 25°C. Enterocytes were recovered at the interphase between 20 and
44%. Enterocytes were washed in PBS and centrifuged as indicated above. The
cell preparation was suspended in RPMI 1640. The purity of the samples was
analyzed by light microscopy on the basis of the normal morphology for entero-
cytes; our samples contained up to 85% enterocytes. Viability, as determined by
trypan blue exclusion, was 90%.

RNA isolation. Total cellular RNA was obtained from enterocytes and spleen
and PP lymphocytes (7.5 X 107) with TRIZol (GIBCO BRL) and incubation at
room temperature for 5 min. RNA was extracted with chloroform (Sigma) and
then centrifuged at 10,000 X g for 15 min at 4°C. The aqueous phase was
precipitated with an equal volume of isopropanol and then centrifuged at 10,000
X g for 10 min at 4°C. The pellet was washed in 70% ethanol and suspended in
40 wl of diethyl pyrocarbonate-treated water. The total RNA concentration was
determined by spectrometric analysis.

RT-PCR. Specific cytokine mRNAs were examined by one-step reverse tran-
scription (RT)-PCR following the manufacturer’s instructions (GIBCO BRL). A
total of 1 pg (for IL-10 and IL-6) or 0.5 pg (for IL-18 and TNF-a) of total RNA
was reverse transcribed with Superscript II reverse transcriptase at 50°C for 30
min; this step was followed by amplification with the specific primers listed in
Table 2. Thirty-five amplification cycles consisting of 30 s of denaturation at
94°C, 30 s of annealing (at the temperatures listed in Table 2), and 1 min of
extension at 72°C were used. After amplification, RT-PCR products were ana-
lyzed on 2% agarose gels, and bands were visualized by ethidium bromide
staining.

Densitometry analysis. Digital gel photographs of the stained products were
taken under UV exposure by using Kodak Digital Science 1D. Cytokine cDNA
bands (8 pl of the RT-PCR products) were determined as the integrated area
(pixels) of the band intensities by densitometry analysis with SIGMA-GEL soft-
ware. The numerical values for cytokine cDNA band intensities were corrected
with the values for the housekeeping glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) bands. Figure 1A shows an example for IL-1B from PP lymphocytes.
To validate this quantitative method, titration of the RT-PCR products was
performed by densitometric analysis (Fig. 1B) and DNA (Fig. 1C) quantitation;
i.e., the initial 8 pl of the RT-PCR product was sequentially diluted 1:1, densi-
tometric analysis was performed as previously described (Fig. 1B), and DNA was
also measured at 260 nm (Fig. 1C). The quantitative data obtained showed
linearity. For comparison between treatments, the data are presented as cyto-
kine/GAPDH ratios.

Statistical analysis. All data are presented as the mean and standard deviation
(SD) from five rabbits per experimental condition. Comparisons of data were
made by using the Mann-Whitney U test. A P value of <0.05 was considered
statistically significant.

RESULTS

REPEC infection in rabbits. Before considering evaluation
of the in vivo immune response induced by REPEC in infected
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TABLE 2. Primers used in this study

GenBe_lnk Annealing temp . . b
Gene accession Product (bp) C) Oligonucleotide sequences'
no.
IL-1B“ M26295 354 60 TACAACAAGAGCTTCCGGCA
GGCCACAGGTATCTTGTCGT
TNF-o M12845 252 60 AGCCCACGTAGTAGCAAACCC
TTGATGGCAGAGAGGAGGTTGA
IL-6 AF169176 399 60 TCCGGATGTATCTCGAGCAC
CTAACGCTCATCTTCCTAGTTTCG
IL-10 AF068058 577 55 TACTAGTCTCTGCTATGTTGCCTGGTCTT
ATGATCAACTGATGTCCTAGACTCTAGCCGA
IL-8 M58021 989 55 GGCCGTAATGGAAGTAAACGT
GGAACTCCTTGCTAATAAGGCC
GAPDH* L23961 293 60 TCACCATCTTCCAGGAGCGA

CACAATGCCGAAGTGGTCGT

“ Data are from Reno et al. (32).
" Sense and antisense primers.

rabbits, the optimal conditions for rabbit infection were as-
sessed by testing different doses of bacteria. At day 2 after
infection, rabbits infected with 10'© CFU of REPEC 0103
(E22) developed mucoid bloody watery diarrhea and weight
loss, and they died at day 3. Rabbits infected with either 10® or
10”7 CFU of E22 developed the same clinical symptoms, but at
day 3, and they died at day 4 after infection. Finally, at 10°
CFU of E22, rabbits developed diarrhea at day 5 after infec-
tion and died at day 7. Thus, in the following experiments,
rabbits in all groups were infected with 10° CFU of the tested
strains and euthanatized at day 6, since a goal of this study was
to evaluate proinflammatory cytokine expression while diar-
rhea was present in REPEC-infected rabbits.

In the first group, five rabbits were infected with wild-type
strain E22 and euthanatized at day 6. All of the rabbits showed
mucoid bloody watery diarrhea and weight loss. To evaluate
the role of intimate adherence, two groups were inoculated
with the EspA mutant (E22AespA) and the intimin mutant
(E22Aeace). In contrast to animals inoculated with the wild-type
strain, these animals did not develop any clinical signs. Taking
advantage of the fact that the E22AespA and E22Aeae mutants
are kanamycin resistant, we measured the fecal shedding of
these mutants at day 6 and found an average of 10° to 10* CFU
per g of feces for both mutants. Another group of rabbits was
inoculated with HB101, a nonpathogenic E. coli strain, and the
negative control group was inoculated with PBS only. None of
the rabbits in these two groups developed clinical symptoms.

Control rabbits showed an average weight gain of 160 g over
the initial body weight during the 6-day study period. Rabbits
inoculated with the E22AespA and E22Aeae mutants showed
average weight gains of 210 and 160 g, respectively. In contrast,
rabbits infected with strain E22 showed a mean weight loss of
228 g at the day of euthanasia.

Mucus secretion and inflammation in response to REPEC
infection. Rabbits were euthanatized at day 6 postinfection,
and their small intestines were examined for signs of bacterial
colonization and by histopathological analysis. Ileal tissue sam-

ples from rabbits inoculated with strain E22 displayed classical
small intestinal atrophy; the villi were blunted, swollen, and
fused (Fig. 2I). Staining of these samples with H&E showed
the occurrence of extensive inflammation, i.e., mucosal infil-
trates (Fig. 3), compared to the results for PBS- and E. coli
HB101-treated rabbits (P < 0.01); these samples were charac-
terized by a general increase in the numbers of round cells
(Fig. 2I). The presence of bacterial microcolonies (Fig. 2K and
L) as well as pedestal formation by REPEC (Fig. 2L) was
evident. Alcian Blue staining was used to illustrate the physi-
ological distribution of goblet cells and the occurrence of a
continuous mucus layer covering the surface of the absorptive
villi. High levels of mucus secretion occurred in REPEC-in-
fected rabbits, and the presence of goblet cells was increased
compared to that in noninfected rabbits (Fig. 2J versus Fig.
2B). The nondiarrheagenic intimin mutant induced intermedi-
ate lesions at the microscopic level (Fig. 2G). In animals in-
fected with this mutant, the small intestinal villi were moder-
ately atrophic and focally scalloped (Fig. 2G), and more mucus
secretion and more goblet cells were seen in ileal tissue sam-
ples from these rabbits (Fig. 2H) than in those from E22-
infected rabbits (Fig. 2J). Similarly, EspA mutant-infected rab-
bits had higher levels of mucus secretion but moderate
numbers of goblet cells (Fig. 2F). The levels of cellular infil-
trates were higher in these animals than in the control group
animals (P < 0.01) but not significantly so in REPEC-infected
rabbits (P = 0.1745) (Fig. 3); in addition, the intestinal villi
showed pronounced tissue damage (Fig. 2E). Avirulent strain
HB101 induced only small numbers of goblet cells (Fig. 2D). In
contrast, uninfected tissue samples did not show any his-
topathological modifications (Fig. 2A and B).

Determination of proinflammatory cytokines. The cytokine
profiles of small intestinal enterocytes, spleen lymphocytes,
and PP lymphocytes in rabbits infected with E22, E22AespA,
E22Aeae, or HB101 were determined by RT-PCR. The entero-
cytes and mononuclear cells were obtained from various tis-
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FIG. 1. Validation of the quantitation of RT-PCR products. (A) Densitometry analysis. IL-13 RT-PCR products of PP lymphocytes from
rabbits in all treatment groups were analyzed on 2% agarose gels, and bands were visualized by ethidium bromide staining. Cytokine cDNA bands
(8 pl of the RT-PCR products) were determined as the integrated area (pixels) of the band intensities by densitometry. Numerical values for
cytokine cDNA band intensities are shown below the gels, as are the values for the housekeeping GAPDH bands used to normalize those cytokine
band values. (B) Titration of the RT-PCR products by densitometric analysis. Sequential dilutions of the RT-PCR products were quantified as
described for panel A. (C) Titration of the RT-PCR products by DNA quantitation. Sequential dilutions of the RT-PCR products were measured

at 260 nm. Error bars indicate SDs. See Fig. 4B for additional details.

sues of rabbits infected for 6 days, and their total cellular
RNAs were extracted.

(i) IL-1p mRNA expression. As shown in Fig. 4A, IL-1B
mRNA from spleen lymphocytes was detected in all groups of
treated rabbits, and there was not a significant difference in the
expression of this cytokine among the groups. In PP lympho-
cytes, wild-type strain E22 induced a significant increase (P <
0.01) in IL-18 mRNA expression compared to the expression
seen in rabbits infected with nonpathogenic E. coli HB101
(Fig. 4B). IL-18/GAPDH ratios in PP lymphocytes for EspA
mutant-, intimin mutant-, and PBS-treated rabbits were not
significantly different (Fig. 4B). In contrast, in enterocytes from
the small intestine, IL-13 mRNA expression was increased
only with strain E22 (Fig. 4C); moreover, the EspA and intimin
mutants induced a significant decrease in the level of this
messenger compared to the levels seen in HB101-treated (P <
0.03) and PBS-treated (P < 0.02) control rabbits (Fig. 4C).

(ii) TNF-a mRNA expression. In spleen lymphocytes,
TNF-a mRNA expression in rabbits infected with the wild-type
strain was not different from that in rabbits infected with the

EspA mutant or in control rabbits (Fig. 5A). Whereas in rab-
bits infected with the intimin mutant there was a small but
significant decrease (P < 0.02) in TNF-oo mRNA expression
(Fig. 5A) compared to that in PBS-treated rabbits, there was
none (P = 0.75) compared to that in nonpathogenic E. coli
HB101-infected rabbits. In PP lymphocytes, wild-type strain
E22 or the EspA mutant induced an increase (P < 0.05) in
TNF-a mRNA expression (Fig. 5B), but the level of this mes-
senger in rabbits infected with the intimin mutant was similar
to those in both rabbits infected with HB101 and rabbits
treated with PBS (negative control) (Fig. 5B). There was also
an increase (P < 0.03) in TNF-a mRNA expression in entero-
cytes from rabbits infected with strain E22 or the EspA mutant
(Fig. 5C). Interestingly, as in PP lymphocytes, TNF-o mRNA
expression in enterocytes from intimin mutant-infected rabbits
was similar to that in control rabbits (Fig. 5C).

(iii) IL-6 mRNA expression. For IL-6 mRNA expression, in
contrast to that of IL-13 and TNF-q, it was possible to detect
a difference at the systemic level among the different groups of
rabbits. In spleen lymphocytes, wild-type strain E22 induced a
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FIG. 2. Micrographs of rabbit distal ileum tissue sections at 6 days postinfection. Intestinal sections from a PBS-treated rabbit (A and B), from
an HB101-infected rabbit (C and D), from an E22AespA-infected rabbit (E and F), from an E22Aeae-infected rabbit (G and H), and from an
E22-infected rabbit (I, J, K, and L) are shown. Sections were stained with H&E (A, C, E, G, and I), Alcian Blue (B, D, F, H, and J), or
rhodamine-phalloidin and DAPI (K and L). Magnifications: A to F, X20; G, H, and J, X40; I, X10; and K and L, X100. Arrows indicate
microcolonies, and the arrowhead indicates a pedestal.
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FIG. 3. Cellular infiltrates in rabbit ileum tissue sections. At 6 days
postinfection, cellular infiltrates in six intestinal villi from five rabbits
infected with wild-type REPEC 0103 (E22), an EspA or intimin mu-
tant (E22AespA or E22Aeae), or E. coli HB101 or treated with PBS
were counted as described in Materials and Methods. Error bars in-
dicate SDs. An asterisk indicates a P value of <0.01 for a comparison
with the control group (PBS).

significant (P < 0.05) induction of this cytokine compared to
the results for rabbits infected with nonpathogenic E. coli
HB101 (Fig. 6A). Rabbits infected with the EspA mutant also
showed an increase in IL-6 mRNA expression, but it was sim-
ilar to that produced by HB101-infected rabbits. The increase
in IL-6 mRNA expression produced by the intimin mutant was
not significantly different from that in HB101-infected rabbits
or PBS-treated rabbits (negative control) (Fig. 6A). At the
local level, in PP lymphocytes, only the wild-type strain in-
creased IL-6 mRNA expression (Fig. 6B), while with the in-
timin mutant, it was significantly decreased (P < 0.01), com-
pared to the results for HB101-infected and PBS-treated
control rabbits (Fig. 6B). Furthermore, in enterocytes, only
strain E22 induced a notable increase in the level of this mes-
senger compared to the results for mutant-infected rabbits
(P < 0.02) and control rabbits (P < 0.01), in which the IL-6
mRNA levels were similar (Fig. 6C).

(iv) IL-8 mRNA expression. IL-8 mRNA expression in
spleen lymphocytes from rabbits infected with nonpathogenic
E. coli HB101 or the REPEC mutants (E22Aesp4 and
E22Aeae) was similar to that in PBS-treated rabbits (negative
control). However, wild-type strain E22 increased IL-8 mRNA
expression more than twofold (Fig. 7A). IL-8 mRNA expres-
sion in PP lymphocytes was similar to that in spleen lympho-
cytes; an increase (P < 0.01) in IL-8 mRNA expression was
induced only in rabbits infected with strain E22 (Fig. 7B).
However, there was a decrease (P < 0.05) in the expression of
this cytokine in PP lymphocytes from rabbits infected with the
intimin mutant (Fig. 7B). At the local level, in enterocytes, the
wild-type strain, the intimin mutant, and the EspA mutant
induced increases (P < 0.01) in the expression of this cytokine
over that seen in PBS-treated control rabbits, but these in-
creases were not significantly different from that induced by
HBI101 (Fig. 7C).

(v) IL-10 mRNA expression. Wild-type strain E22 induced
an increase (P < 0.02) in anti-inflammatory IL-10 mRNA
expression in spleen lymphocytes compared to the results for
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FIG. 4. REPEC infection induces IL-13 mRNA expression in the
intestinal mucosa but not in the spleen. Groups of rabbits were in-
fected with wild-type REPEC 0103 (E22), an EspA or intimin mutant
(E22AespA or E22Aeae), or E. coli HB101 and euthanatized at 6 days
postinfection. Total RNA was isolated from spleen lymphocytes (A),
PP lymphocytes (B), and small intestinal enterocytes (C). IL-18
mRNA expression was assessed by RT-PCR. RT-PCR products were
analyzed on 2% agarose gels, and bands were visualized by ethidium
bromide staining. The changes in band intensities for each treatment
(n = 5) were quantified by densitometric analysis as the integrated
area (pixels) and are shown below the bars. Data are presented as the
cytokine/GAPDH ratio; individual GAPDH bands (n = 5) are also
shown below the bars. Comparisons between two values were made by
using the Mann-Whitney U test. The results are expressed as the
means and SDs from five rabbits per experimental condition. An as-
terisk indicates a P value of <0.02 for a comparison with the control
group (PBS).

nonpathogenic E. coli HB101-infected rabbits (Fig. 8A). The
EspA mutant induced an important increase in IL-10 mRNA
expression; however, this increase was similar to that induced
by HB101. The levels of this cytokine in intimin mutant-in-
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FIG. 5. Infection with REPEC or the EspA mutant increases
TNF-a mRNA expression in the intestinal mucosa but not in the
spleen. Groups of rabbits were infected as described in the legend to
Fig. 4. Total RNA was isolated from spleen lymphocytes (A), PP
lymphocytes (B), and small intestinal enterocytes (C). TNF-a mRNA
expression was assessed by RT-PCR. Data analysis was performed as
described in the legend to Fig. 4. The results are expressed as the
means and SDs from five rabbits per experimental condition. Gel
bands are shown below the bars. Single and double asterisks indicate P
values of <0.05 and <0.03, respectively, for a comparison with the
control group (PBS).

fected rabbits were not significantly higher than those induced
by PBS and HB101 (Fig. 8A). In contrast, in PP lymphocytes,
strain E22 induced an increase in IL-10 mRNA expression
similar to that produced by HB101 but higher (P < 0.02) than
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FIG. 6. IL-6 mRNA expression is increased in spleen lymphocytes
and PP lymphocytes but reaches higher levels in enterocytes of
REPEC-infected rabbits. Groups of rabbits were infected as described
in the legend to Fig. 4. Total RNA was isolated from spleen lympho-
cytes (A), PP lymphocytes (B), and small intestinal enterocytes (C).
IL-6 mRNA expression was assessed by RT-PCR. Data analysis was
performed as described in the legend to Fig. 4. The results are ex-
pressed as the means and SDs from five rabbits per experimental
condition. Gel bands are shown below the bars. Single and double
asterisks indicate P values of <0.05 and <0.01, respectively, for a
comparison with the control group (PBS).

that seen in PBS-treated rabbits (negative control) (Fig. 8B).
Interestingly, the EspA and intimin mutants induced a signif-
icant pronounced increase (P < 0.03) in the expression of this
cytokine compared to the results obtained with strain E22 (Fig.
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FIG. 7. REPEC increases IL-8 mRNA expression in PP lympho-
cytes and spleen lymphocytes but only slightly increases it in entero-
cytes. Groups of rabbits were infected as described in the legend to Fig.
4. Total RNA was isolated from spleen lymphocytes (A), PP lympho-
cytes (B), and small intestinal enterocytes (C). IL-8 mRNA expression
was assessed by RT-PCR. Data analysis was performed as described in
the legend to Fig. 4. The results are expressed as the means and SDs
from five individual experiments. Gel bands are shown below the bars.
Single and double asterisks indicate P values of <0.05 and <0.01,
respectively, for a comparison with the control group (PBS).

8B). In enterocytes from PBS- or HB101-treated rabbits, it was
not possible to detect IL-10 mRNA. However, enterocytes from
rabbits infected with strain E22 and the EspA mutant showed
similar increases (P < 0.02) in the expression of this cytokine
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mRNA, but these increases were significantly (P < 0.03) lower
(three times) than that induced by the intimin mutant (Fig. 8C).

DISCUSSION

In our model, wild-type REPEC strain E22 (10° CFU) was
able to cause illness in 2-month-old rabbits (weighing about 2
kg) 5 days postinfection, producing a loss of body weight,
diarrhea, A/E lesions, mucus secretion, infiltration of inflam-
matory cells, and death, as previously reported (13, 30, 31).
Other authors have used infectious doses of REPEC 0103
strain E22 (1, 13, 24) which were higher than those used in the
present study. The use of our model for detecting cytokines
produces results that are more reliable than those obtained
with >10° CFU per cm of cultured cell lines; in addition, there
is no cross talk among the different cell lineages present in the
intestinal mucosa.

The intimate adhesin mutant (E22Aeae) and the filamentous
appendage mutant (E22AespA) produced no diarrhea or A/E
lesions but did produce mucus secretion which was similar to
that seen with the wild type and more marked than that seen
with E. coli HB101. The levels of inflammatory infiltrates
caused by E22AespA were slightly higher than those caused by
the wild type but not statistically significantly so, contrary to
data from a previous study suggesting that the inflammatory
response observed during REPEC 0103 infection required, at
least in part, the production of EspA and EspB (1).

We found differential cytokine expression by REPEC pro-
tein effectors related to adhesion to epithelial cells, such as the
EspA filament and the outer membrane adhesin intimin. Cy-
tokines are produced in response to microbes, and different
cytokines stimulate diverse responses of cells involved in im-
munity and inflammation. Proinflammatory mediators pro-
duced by host cells in response to bacteria are known to de-
termine the outcome of the inflammatory reaction occurring at
the local site of infection in the host (for instance, the immune
cell population residing in the lamina propria). However, in
REPEC infection, only IL-8 has been studied extensively in
cultured epithelial cells, even though it is not a unique factor
during the inflammatory reaction.

In this study, we demonstrate that REPEC activates in rabbit
enterocytes the expression of proinflammatory cytokines, such
as IL-1B, TNF-a, IL-8, and IL-6, and the anti-inflammatory
cytokine IL-10. Recently, another model of a pathogen causing
AJ/E lesions was widely used to study the immune response:
Citrobacter rodentium, a natural pathogen of mice. C. roden-
tium has many similarities to human EPEC or EHEC (11) but
also has some important differences: (i) it is not E. coli, (ii)
pathogenic characteristics (for instance, hyperplasia induced
by C. rodentium versus diarrhea induced by EPEC and the
presence of fimbria for adhesion), and (iii) the intestinal seg-
ment infected (small for EPEC versus large for C. rodentium).
This latter feature may be of vital importance, since it has been
reported that the mucosal immune responses in the small and
large intestines may be different (2, 4, 5). Nevertheless, like C.
rodentium infection, REPEC infection in rabbits appears to
induce a mucosal Thl cytokine response in purified entero-
cytes of the small intestine. In fact, the profiles for IL-1 and
TNF-«a induced by the wild type and the intimin mutant were
similar to those reported for C. rodentium in colonic mucosal
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FIG. 8. IL-10 mRNA expression appears to be downregulated by
intimin at the mucosal level. Groups of rabbits were infected as de-
scribed in the legend to Fig. 4. Total RNA was isolated from spleen
lymphocytes (A), PP lymphocytes (B), and small intestinal enterocytes
(C). IL-10 mRNA expression was assessed by RT-PCR. Data analysis
was performed as described in the legend to Fig. 4. The results are
expressed as the means and SDs from five individual experiments. Gel
bands are shown below the bars. Single and double asterisks indicate P
values of <0.05 and <0.02, respectively, for a comparison with the
control group (PBS).

tissue (15). Interestingly, the expression of IL-6, a cytokine not
previously tested in an infection with a pathogen causing A/E
lesions, was remarkably increased in enterocytes from rabbits
infected with REPEC only. Increased levels of IL-6 and the
soluble IL-6 receptor have been demonstrated in both serum
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and intestinal tissues from patients with active Crohn’s disease.
In animal model studies, an anti-IL-6 receptor monoclonal
antibody successfully prevented intestinal inflammation and
systemic wasting disease by suppressing adhesion molecule
expression by vascular endothelium. Moreover, the treatment
displayed therapeutic efficacy against established colitis
through the induction of lamina propria T-cell apoptosis (re-
viewed in reference 16).

Recently, it was found that early inflammation induced by
subchronic treatment with IL-18 and IL-6 caused changes in
mucosal ionic transport parameters, a reduction in the direct
contractile response, and an alteration in neurotransmission
(by an enhancing cholinergic component), which may affect the
physiological pattern of colonic motility and the sensory reflex
(27). Interestingly, in rabbits infected with wild-type REPEC
and not in those infected with an intimin or an EspA mutant,
there were increases in epithelial IL-1B and IL-6 levels, sug-
gesting their participation in the diarrhea produced by REPEC
and suggesting that their induction is related to A/E lesions
(AespA and Aeae). TNF-a and IL-8 levels were increased in
both wild-type- and EspA mutant-infected rabbits, suggesting
that they probably do not participate in the diarrhea produced
by REPEC because, as we showed above, an isogenic EspA
mutant was unable to produce diarrhea but was able to pro-
duce an inflammatory infiltrate. Moreover, Goncalves et al.
(12) explored the role of TNF-a in the immunopathology of
infectious colitis caused by C. rodentium because the neutral-
ization of TNF-a is of therapeutic benefit in patients with
Crohn’s disease. They found that TNF-« is not obligatory for
protective immunity to C. rodentium in mice but appears to
play some role in downregulating mucosal pathology and the
Th1 immune response. On the other hand, the increase in the
production of IL-8 was lower than that of the other proinflam-
matory cytokines. It is important to note the differences in IL-8
production by cultured epithelial cells because, in our model,
the immune elements in the lamina propria interact with en-
terocytes, suggesting regulation of the cytokines produced by
these immune elements and secreted locally. It is known that
cytokines rarely, if ever, act in isolation but rather act to induce
or inhibit other cytokines, creating a population or network of
cytokines to which cells respond (40).

The intimin mutant was unable to induce the expression of
TNF-a, IL-6, and IL-1B (the level of the latter was lower than
that in PBS- and E. coli HB101-treated control rabbits but
similar to that in rabbits infected with E22AespA). The findings
that the level of IL-8 in E22Aeae-treated rabbits was higher
(P < 0.01) than that in PBS-treated rabbits but similar (P >
0.5) to those in rabbits infected with E. coli HB101 and wild-
type strain E22 (Fig. 7C) suggest that the increase was due
mainly to lipopolysaccharide (LPS). Chakravortty and Kumar
(7) found that purified LPS from EPEC increased the produc-
tion of IL-8, other proinflammatory mediators, and adhesion
molecules in human small intestinal lamina propria fibroblasts.
All of these data suggest that intimin plays an important role in
inducing proinflammatory cytokines, while EspA is not needed
to induce TNF-a and IL-8.

Interestingly, the expression of IL-10, an anti-inflammatory
cytokine, was slightly increased in rabbits infected with wild-
type REPEC or the EspA mutant. Nevertheless, a remarkable
increase was seen in rabbits infected with the intimin mutant,
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strongly suggesting that intimin is able to downregulate IL-10
expression and thereby to upregulate the expression of muco-
sal proinflammatory cytokines, such as TNF-a, IL-1B, IL-6,
and IL-8. The important anti-inflammatory role of IL-10 in
animal models of inflammatory bowel disease is well known
and includes the earliest findings that IL-10"/~ mice sponta-
neously develop chronic colitis (22) and that it is associated
with aberrant cytokine production and CD4" Thi-like re-
sponses (3). Recently, De Winter et al. (10) provided evidence
for in vivo lymphoepithelial cross talk, in which IL-10 produced
locally by epithelial cells can regulate immune responses in the
intestine without systemic modifications.

The above information and recent data showing the impor-
tant role of lymphocytes in immunity to C. rodentium (36, 38)
led us to investigate cytokine expression by lymphocytes.
Proinflammatory cytokine expression by lymphocytes may be
an alternative pathway for reaching a protective immune re-
sponse against pathogens causing A/E lesions, as suggested by
Simmons et al. (36), since mucosal immunity is not clearly
restored by B cells (or convalescent-phase sera) in p.MT mice
infected with C. rodentium. Simmons et al. (36) also suggested
differential responses in the mucosal and systemic compart-
ments. Therefore, in the present study, we used lymphocytes
from the spleen and PP to test proinflammatory cytokines
induced as a result of cytokine networks secreted by different
cell lineages in the intestinal mucosa during REPEC infection.
We found different cytokine profiles at the systemic level (in
spleen lymphocytes) and at the mucosal level (in PP lympho-
cytes). This strategy allowed us to compare different responses
to infection with the same organism, since local and systemic
cytokine responses to gram-negative bacteria are differently
regulated (14). The expression of IL-1B and TNF-a mRNAs at
the systemic level was not different from the basal expression
of these messengers, but TNF-a mRNA expression showed a
small decrease that was dependent on intimin. Nevertheless,
the formation of A/E lesions and other virulence factors are
not inducers of these cytokines at this level. However, at the
mucosal level, in PP lymphocytes, there was an increase in the
induction of IL-1B dependent on the TTSS (no induction by
AespA and Aeae bacteria). This latter profile for IL-1B was
similar to that induced in enterocytes. In addition, at the mu-
cosal level, the increase in TNF-a mRNA expression was de-
pendent on intimin protein but not on EspA protein.

The increase in the expression of the multifunctional cyto-
kine IL-6 was dependent on intimin expression at the systemic
level and in PP but was dependent on the formation of A/E
lesions in enterocytes. In PP lymphocytes, intimin is important
in the induction of IL-6 mRNA, because its expression was
significantly diminished in intimin mutant-infected animals
compared to control animals. In PP, this cytokine might stim-
ulate the growth of B lymphocytes that have been differenti-
ated into antibody producers (i.e., anti-intimin secretory im-
munoglobulin A antibodies). Interestingly, the levels of IL-6
expression were higher in enterocytes than in spleen and PP
lymphocytes (Fig. 6), suggesting that IL-6 locally expressed by
epithelial cells may participate in intestinal inflammation
rather than switching of B cells into secretory immunoglobulin
A-producing plasma cells. Savkovic et al. (34) demonstrated
the induction of transepithelial migration of polymorphonu-
clear leukocytes in intestinal cells (T84) infected with EPEC,
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due in part to the chemotactic activity of IL-8. In our rabbit
model, at the systemic level and in PP, the increase in IL-8
mRNA expression was dependent on the formation of A/E
lesions. However, in enterocytes, there was an increase in the
induction of this cytokine independent of virulence factors of
REPEC, because even nonpathogenic E. coli induced this cy-
tokine. This latter finding could be related to results recently
reported by Zhou et al. (41), who demonstrated that FliC of
EPEC or of avirulent E. coli HB101 is sufficient to induce the
release of IL-8 in T84 cells.

The suppression of proinflammatory cytokine expression
may delay injury and sepsis, but reduced cytokine formation
may favor microbial invasion. The anti-inflammatory cytokine
IL-10 plays an important role in infection, since IL-10 inhibits
cytokine production and T-cell activation and terminates cell-
mediated immune reactions. At the systemic level, there was
an increase in the transcription of IL-10 mRNA which de-
pended on contact with bacteria (TTSS). At the PP level, IL-10
mRNA induction by REPEC was similar to that by nonpatho-
genic E. coli, but it is clear that intimin and EspA acted as
repressors in the expression of IL-10 mRNA.

Even though this study was carried out to determine which
proinflammatory cytokines are expressed while diarrhea is
present in rabbits infected with REPEC (diarrhea was guaran-
teed at 6 days after infection with REPEC, and mutants that
are unable to produce diarrhea were also tested), experiments
should be performed to explore a time course which allows full
appreciation of the molecular basis for the cytokine response.
Additionally, the development of immunological tools for de-
tecting rabbit cytokine proteins should allow us to confirm our
expression data by measuring protein expression in situ.

Nevertheless, the profiles of proinflammatory cytokines ex-
pressed in rabbits infected with REPEC are similar to those
characterized by Chakravortty and Kumar (7) for cultured
human small intestinal lamina propria fibroblasts in response
to LPS extracted from EPEC. These cells produced high levels
of proinflammatory mediators, such as IL-la, IL-1B, IL-6,
IL-8, and TNF-a. These results, taken together, indicate that
after EPEC colonization there is an immunological environ-
ment for a Thl immune response, even when the bacterium is
not intracellular. According to our findings and those reported
for the C. rodentium model (36, 38), immunity appears to be
dependent upon a population of CD4" T cells that produce
proinflammatory cytokines that activate effector mechanisms
at the epithelium. This cytokine-mediated inflammatory re-
sponse, which appears to be upregulated by the diminished
expression of IL-10, which is downregulated by intimin, can
also contribute to diarrhea caused by EPEC through IL-6 and
IL-1pB secretion.
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