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This study examined the interleukin-8 (IL-8) response of the intestinal adenocarcinoma HCT-8 cell line to
infection with enteroaggregative and enterotoxigenic Escherichia coli pathotypes isolated from patients with
travelers’ diarrhea. Individual diarrheagenic E. coli strains (enteroaggregative E. coli [EAEC]; n � 30),
heat-stable enterotoxin (ST)-producing enterotoxigenic E. coli (ETEC ST; n � 11), heat-labile enterotoxin
(LT)-producing enterotoxigenic E. coli (ETEC LT; n � 10), and ST- and LT-producing enterotoxigenic E. coli
(ETEC ST:LT; n � 8) were coincubated with HCT-8 cells for 3 h. Tissue culture supernatants were assayed for
IL-8 content by enzyme-linked immunosorbent assay. Fifty percent of EAEC (72% of those EAEC carrying the
virulence factors aggR, aggA, and aspU and 40% of those EAEC not carrying virulence factors) and 64% of
ETEC ST elicited IL-8 production. In contrast, 10% of ETEC LT elicited the production of IL-8 above baseline.
These results suggest that (i) the HCT-8 cell line infection model can be used as a tool to differentiate
proinflammatory E. coli from noninflammatory isolates; (ii) EAEC has a heterogeneous ability to induce the
production of IL-8, and this may be associated with the presence of virulence factors; and (iii) ETEC ST can
elicit an inflammatory response and helps explain our earlier findings of increased fecal IL-8 in patients with
ETEC diarrhea.

Diarrheagenic Escherichia coli has been classified into at
least five pathotypes based on clinical associations, serotyping,
phenotypic assays, and virulence genes (19). These five patho-
types include enterotoxigenic E. coli (ETEC), enteroaggrega-
tive E. coli (EAEC), enteropathogenic E. coli (EPEC), entero-
hemorrhagic or Shiga toxin-producing E. coli (EHEC or
STEC), and enteroinvasive E. coli. However, under this clas-
sification, there is clinical overlap between the diarrheagenic E.
coli pathotypes isolated from patients with travelers’ diarrhea.
For example, ETEC, currently considered a cause of a secre-
tory diarrhea, has been shown to be associated with inflamma-
tory diarrhea in some cases (3). Previous studies have shown
that ETEC diarrhea is associated with increased levels of fecal
inflammatory cytokines (9). Also, EAEC, a common cause of
an inflammatory diarrhea, has been shown to produce secre-
tory noninflammatory diarrhea (9).

Interleukin-8 (IL-8) was selected for study because this
proinflammatory chemokine is a potent chemoattractant for
polymorphonuclear leukocytes and T lymphocytes and can be
identified as an inflammatory marker in stools of subjects with
diverse causes of diarrhea (9, 25). In the case of EAEC, flagel-
lin (the major structural protein of E. coli flagella) (6), other
virulence genes (11), and specific host genetic variants (13) are
all associated with IL-8 secretion in humans. The secretion of
IL-8 is mediated through toll-like receptors (TLRs), specifi-
cally TLR5 (6). TLRs play an important role in intestinal
innate immunity by recognizing microbial particles.

We hypothesized that a differential IL-8 response of an
intestinal adenocarcinoma HCT-8 cell line would occur to in-
fection with enteroaggregative and enterotoxigenic E. coli, in-
cluding ETEC isolates producing heat-stable enterotoxin
(ETEC ST).

MATERIALS AND METHODS

Isolates studied. EAEC (n � 30), ETEC ST (n � 11), heat-labile enterotoxin-
producing ETEC (ETEC LT; n � 10), and ST- and LT-producing enterotoxi-
genic E. coli (ETEC ST:LT; n � 8) isolates were recovered from 59 patients
experiencing acute travelers’ diarrhea during short-term stays in Guadalajara,
Mexico, in 2002 (11, 12, 27). Stool samples were collected and submitted to the
field laboratory, where they were examined for the presence of enteroaggregative
and enterotoxigenic E. coli. All samples were negative for all other conventional
enteric pathogens tested as previously described (11, 12, 27).

This study was approved by the Institutional Review Board of the University
of Texas—Houston Health Science Center.

Identification of enteroaggregative and enterotoxigenic E. coli isolates. (i)
ETEC. ETEC ST and ETEC LT isolates were identified by the use of oligonu-
cleotide probes labeled by T4 polynucleotide kinase and [32P]ATP as previously
described (17).

(ii) EAEC. EAEC was identified by the use of the HEp-2 cell adherence assay
(7). EAEC strain O42 and nonpathogenic strain HS were used as a positive and
negative control, respectively. An isolate was interpreted as positive for EAEC if
it showed the characteristic “stacked-brick” aggregative appearance with cul-
tured HEp-2 cells (20).

Identification of EAEC virulence factors. EAEC virulence factors were studied
in a subset of EAEC isolates by PCR. Specific primers and assays employed for
the detection of EAEC virulence factors aggA, aggR, and aspU have been pre-
viously described (5, 21). Briefly, an amplification mix of 98 �l of PCR mix (10
mM Tris-HCl [pH 8.3], 50 mM KCl, 2 mM MgCl2, 100 �M [each] dATP, dCTP,
dGTP, and dTTP, and 2.5 U of AmpliTaq polymerase [Perkin-Elmer, Norwalk,
Conn.]), 25 pmol of each primer, and 2 �l of DNA template were heated for 5
min at 94°C. The reaction mixture was then subjected to 35 cycles (94°C for 30 s,
50°C for 1 min, and 72°C for 45 s) and then to a final extension at 72°C for 7 min
in a DNA thermal cycler (Perkin-Elmer). Ten microliters of the amplified PCR
product was then separated on a 1% agarose electrophoresis gel along with a
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1-kb DNA molecular weight marker (Gibco BRL, Gaithersburg, Md.). A positive
result was determined by the presence of a PCR product of expected size.

Culture conditions. Four groups of diarrheagenic E. coli and reference strains
were studied. They are listed in Table 1. E. coli was grown in Luria broth at 37°C
overnight with shaking. EAEC 042 served as a positive IL-8 control, since this
strain is known to elicit high amounts of IL-8 from intestinal epithelial cells in
vitro (25, 26). Nonpathogenic E. coli strain HS served as a negative control. All
bacteria were harvested by centrifugation after 3 h as previously described (8).

HCT-8 cell culture assay. The HCT-8 cell line, a known human intestinal
adenocarcinoma cell line (4), has been shown to be of use as a model of enteric
pathogen infectivity (4, 24) and is easily adapted as a laboratory assay (10, 16,
22). Monolayers of the HCT-8 cells (ATCC CCL-244; American Type Culture
Collection, Rockville, Md.) were grown in a 24-well culture plate (Corning
Costar, Corning, N.Y.). Cells were cultured in RPMI 1640 medium (Sigma
Chemical Co., St. Louis, Mo.) supplemented with 100 U of penicillin per ml, 100
�g of streptomycin per ml, and 0.25 �g of amphotericin B per ml. Cell culture
growth medium was supplemented with 10% fetal bovine serum (HyClone,
Logan, Utah) for maintenance of uninfected cells and growth until confluency
with approximately 4 � 105 cells/well was achieved.

Bacterial infection. HCT-8 cells were infected with enteroaggregative and
enterotoxigenic E. coli isolates in triplicate at a 100:1 ratio, as described before
(8, 25), in antibiotic- and serum-free RPMI 1640 medium. Briefly, cells were
incubated in a humidified incubator at 37°C in an atmosphere containing 5%

CO2. After 3 h at 37°C in the 5% CO2 chamber, supernatants were collected and
frozen at �70°C. The IL-8 supernatant concentration for each well was deter-
mined by using a commercially available enzyme-linked immunosorbent assay
system for human IL-8 (Quantikine; R&D Systems, Minneapolis, Minn.) as
previously described (9). Results of cytokine concentration were expressed as
picograms per milliliter of culture medium. Each study run included wells with
no bacteria in the HCT-8 cell culture assay as a control as well as a negative and
a positive control (HS and EAEC O42, respectively). All samples were analyzed
in triplicate.

Statistical analysis. Mean elicited IL-8 levels from HCT-8 cells to infection
were reported. Significant amounts of IL-8 elicited in the tissue culture model
were defined as IL-8 levels of �100 pg/ml (mean IL-8 production of HCT-8 cells
to infection with the nonpathogenic HS strain plus 2 standard deviations). Com-
parisons between groups and levels of IL-8 secretion were done by analysis of
variance.

RESULTS

The inflammatory chemokine IL-8 response from HCT-8
intestinal epithelial cells infected with diarrheagenic E. coli
pathotypes is shown in Fig. 1. HCT-8 cells produced variable

TABLE 1. Characteristics of the diarrheagenic E. coli and control strains studied

Isolate No.
tested Characteristics References

EAEC O42 1 An EAEC clinical isolate from the stool of a child
with diarrhea in Peru; in published studies,
EAEC O42 stimulates IL-8 release

19, 26, 27

ETEC ST 11 ST probe-positive isolates from U.S. travelers to
Guadalajara, Mexico

12, 18

ETEC LT 10 LT probe-positive isolates from U.S. travelers to
Guadalajara, Mexico

12, 18

ETECT ST:LT 8 Both ST and LT probe-positive isolates from U.S.
travelers to Guadalajara, Mexico

12, 18

EAEC 30 E. coli strains, negative for ST or LT probes, that
adhere to HEp-2 cells in an aggregative pattern,
from U.S. travelers to Guadalajara, Mexico

12, 18

HS 1 Commensal reference strain obtained from an
asymptomatic adult that is nonpathogenic; it is
not EAEC, ETEC, or EPEC

FIG. 1. IL-8 response from intestinal epithelial HCT-8 cell line infected with diarrheagenic E. coli pathotypes. Abbreviations: VF�, virulence
factor positive for aggR, aggA, and aspU by PCR; VF-, virulence factor negative; (�), positive control (EAEC strain O42); (-), negative control (HS
commensal reference E. coli strain). Note: Data points do not appear to coincide with the number of strains tested due to overlapping values.
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levels of IL-8 in response to infection within and between the
different pathotypes studied when compared to E. coli strain
HS (negative control). Fifty percent of EAEC isolates caused
HCT-8 cells to produce IL-8 levels of �100 pg/ml (mean,
264.32 pg/ml; standard deviation, 89), which were significantly
higher than levels seen in response to infection with the HS
reference strain (P � 0.01). A subgroup of EAEC was studied
for the presence of the virulence factors aggR, aggA, and aspU.
Seventy-two percent of EAEC isolates possessing these genes
and 40% of EAEC isolates not possessing these genes elicited
an IL-8 response of �100 pg/ml. Eleven of 29 (38%) ETEC
isolates (7 of which were ETEC ST) also caused HCT-8 colonic
epithelial cells to produce IL-8 at levels that were comparable
to those seen in response to the EAEC strains. In contrast,
ETEC LT and ETEC ST:LT were less likely to cause HCT-8
colonic epithelial cells to produce increased levels of IL-8, at
41.13 pg/ml (�61) and 61.88 pg/ml (�129), respectively (P �
0.05 compared to ETEC ST or EAEC).

DISCUSSION

The intestinal epithelial cell likely acts as a sensor for bac-
terial invasion and provides early signals of the initiation of the
mucosal inflammatory response (15, 23). For instance, HCT-8
cells infected with Cryptosporidium parvum have been shown to
elicit C-X-C chemokines, including IL-8 and growth-related
oncogene 	. Both these chemokines play an important role in
the attraction of neutrophils to sites of inflammation and in the
activation of cells in the underlying intestinal mucosa (2). Once
IL-8 is released, this leads to the accumulation of neutrophils
in the intestinal mucosa, leading to tissue disruption and fluid
secretion. Upregulation of this proinflammatory response by
infected intestinal epithelial cells has also been reported with
gram-negative and gram-positive bacteria (8, 14, 23). Intestinal
epithelial cells infected with EAEC strain O42 are known to
elicit increased amounts of IL-8 release in vitro (25, 26).

In humans, bacterial diarrhea can be associated with mea-
surable increases in fecal IL-8. This has been observed in
persons infected with diarrheagenic EAEC possessing the vir-
ulence factors EAST-1, a homologue of ST, a secreted pro-
tease toxin called plasmid-encoded toxin (Pet), and aggR, a
plasmid-borne virulence factor (11).

The results of this study suggest that the HCT-8 cell line
allows for the detection of a differential IL-8 response to in-
fection with enteroaggregative and enterotoxigenic E. coli
strains and that the HCT-8 cell line can assist in the identifi-
cation of inflammatory E. coli pathotypes. An area of interest
to our lab is the replicability of this response using other
intestinal epithelial cell lines. These studies are currently on-
going.

In the case of EAEC, a heterogeneous response was seen to
the different isolates. Fifty percent of isolates elicited an IL-8
response. Isolates possessing virulence factors were more likely
to be associated with IL-8 production. This is in concordance
with our group’s previous studies that have shown high levels
of fecal IL-8 in subjects with diarrhea due to EAEC that
possess specific virulence factors (11). However, in that study
as well as in the present study, a proportion of isolates without
virulence factors were associated with elicited IL-8, suggesting
that additional virulence genes are involved in the epithelial

IL-8 response. This is also consistent with the heterologous
virulence of EAEC seen in patients with diarrhea (1, 21).

ETEC are considered the most common cause of diarrheal
illness in international travelers. These pathogens are thought
to be noninvasive without damage to the intestinal epithelial
cells and have traditionally been thought to cause noninflam-
matory diarrhea. ETEC are defined by the detection of ST or
LT enterotoxin. The ST enterotoxin is a methanol-soluble pep-
tide that binds and then activates a transmembrane guanylate
cyclase and increases intracellular levels of cyclic GMP. In this
study, purified ETEC ST was tested as a potential cause of IL-8
release, since 38% (11 of 29) of ETEC ST isolates caused
HCT-8 cells to produce increased levels of IL-8. We did not,
however, find IL-8 release from HCT-8 cells in response to the
addition of purified ETEC ST to HCT-8 cells (data not
shown). The LT enterotoxin, which is closely related to cholera
toxin, is a peptide that binds to a GM1 ganglioside receptor
that activates an adenylate cyclase and increases intracellular
levels of cyclic AMP. Both ST and LT enterotoxins cause fluid
and electrolyte secretion in the intestinal epithelium, which
contributes to the clinical features of ETEC infections. To the
authors’ knowledge, there are no previous reports on the abil-
ity of ETEC to elicit IL-8 production in vitro. In our group’s
earlier studies, we found that in naturally occurring ETEC ST
diarrhea, adult travelers often had high levels of fecal IL-8 (9).
It is unclear why ETEC isolates that produce ST enterotoxin
would elicit increased amounts of IL-8 and ETEC isolates that
possess both ST and LT enterotoxin do not. It is possible that
specific colonization factor antigens of ETEC associated with
ST-only or ST:LT strains may correspond to increased IL-8
production. Infection with ST-producing ETEC has tradition-
ally been thought of as causing secretory diarrhea with little or
no inflammatory response. However, in our experience, a sub-
set of individuals infected with ETEC ST have demonstrated
inflammatory markers in stools, such as the presence of fecal
leukocytes, lactoferrin, and occult blood (3). The mechanisms
responsible for this inflammatory response to ETEC ST have
not been well characterized. In our study, 7 of 11 (64%) ETEC
ST isolates elicited significant amounts of IL-8 in the tissue
culture model.

As mentioned, flagellin is a major determinant of IL-8 re-
lease. In our study, the differences in IL-8 release by HCT-8
cells may have been due to the studied virulence factors of
EAEC but may have also been due to differences in release of
flagellin or in other virulence genes not studied among the
different strains of EAEC and ETEC ST.

The present research describes an in vitro study of bacterial
enteropathogenesis. HCT-8 cells infected with various diar-
rheagenic E. coli strains elicit differential IL-8 responses and
may help us determine which bacterial enteropathogens pro-
duce an intestinal IL-8 response in natural illness (9). Use of
the HCT-8 cell line may also assist in the identification of E.
coli pathotypes that elicit an intestinal inflammatory response
and that currently do not fit the known pathotype definition. It
is likely, within each pathotype, that there is an existing spec-
trum of ability to elicit an intestinal inflammatory response.
Future work is needed to identify mechanisms responsible for
this proinflammatory effect and to determine the mechanisms
that can distinguish the proinflammatory isolates from those
that do not elicit IL-8.
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