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Enterotoxigenic Escherichia coli (ETEC) is a common cause of travelers’ and postweaning diarrhea in
humans and swine, respectively. The extent to which ETEC damages host cells is unclear. Experiments are
presented that probe the ability of porcine ETEC isolates to induce apoptosis and cell death in porcine
intestinal epithelial cells. Quantification of host phosphatidylserine exposure following ETEC infection sug-
gested that ETEC induced changes in plasma membrane asymmetry, independent of the expression of the
heat-labile enterotoxin. Significant host cell death was not observed. ETEC infection also caused a drastic
inhibition of host esterase activity, as measured by calcein fluorescence. While ETEC infection resulted in
activation of host caspase 3, terminal deoxynucleotidyltransferase-mediated dUTP-biotin nick end labeling of
DNA double-strand breakage, indicative of late stages of apoptosis, was not observed. Camptothecin-induced
apoptosis markedly increased subsequent ETEC adherence. Transfer of cell-free supernatants from apoptotic
cells to bacterial inocula prior to infection of naïve cells increased the transcriptional activity of the regulatory
region upstream of the K88ac operon and promoted subsequent adherence to host cells.

Enterotoxigenic Escherichia coli (ETEC) causes childhood
mortality and travelers’ diarrhea in humans (36) and postwean-
ing diarrhea in pigs (32). ETEC adherence to intestinal cells is
mediated by proteinaceous, species-specific colonization fac-
tors (25). ETEC induces water and electrolyte loss from the
intestine due to the activities of several enterotoxins, including
the heat-labile enterotoxin (LT), the heat-stable toxins (ST),
and the enteroaggregative E. coli heat-stable enterotoxin 1
(32).

Bacterial pathogens often induce host cell apoptosis to pro-
mote their survival and dissemination (16, 30). While several
E. coli serotypes (1, 4, 9, 15) and toxins (3, 19) have been shown
to induce apoptosis of epithelial cells, the extent to which
ETEC damages host cells is unclear. The prototypic ETEC
isolate H10407 was cytotoxic to but failed to induce apoptosis
in the macrophage cell line J774 (as measured by DNA frag-
mentation) (24). The extent to which LT induces apoptosis has
also received considerable attention due to interest in the
receptor-binding subunit (LT-B) as a mucosal adjuvant. LT-B
induces apoptosis of CD8� but not CD4� T cells (37). Some
studies indicate that binding of LT-B to GM1 may be sufficient
for triggering apoptosis of CD8� T cells (33), while others
suggest that modified LT-B constructs (e.g., H57S) still able to
bind GM-1 may fail to trigger apoptosis (14). Yet other studies
suggest that LT-mediated apoptosis requires the ADP-ribosy-
lation activity of the LT-A subunit (41).

Overall, the roles of ETEC and LT in mediating apoptosis
have not been defined clearly and remain somewhat contro-
versial. The goals of this study were therefore to quantify the
ability of ETEC to damage porcine intestinal epithelial cells, to

clarify the role of LT in these processes, and to measure any
resultant increases in ETEC adherence.

MATERIALS AND METHODS

Chemicals. All chemicals were obtained from Sigma-Aldrich, unless otherwise
indicated.

Bacterial strains. Bacterial plasmids and strains used in this study are de-
scribed in Table 1.

Mammalian cell culture. IPEC-J2 cells are undifferentiated porcine intestinal
epithelial cell lines derived from the small intestines of 1-day-old piglets (35) and
were maintained in a humidified incubator in an atmosphere of 5% CO2 at 37°C
and cultured in Dulbecco’s modified Eagle’s medium-F12 supplemented with 5%
fetal bovine serum (Atlanta Biologicals), insulin (5 �g/ml), transferrin (5 �g/ml),
selenium (5 ng/ml), and epidermal growth factor (5 ng/ml).

Purification of LT. LT was extracted from E. coli C600, a derivative of E. coli
K-12 containing the EWD299 plasmid (6), and purified by one-step chromatog-
raphy with an immobilized D-galactose column, using the protocol described by
Uesaka et al. (43).

Purification of OMVs. Outer membrane vesicles (OMVs) were harvested from
culture supernatants of bacteria grown overnight in 50 ml LB at 37°C with
shaking (150 rpm) according to the method of Kesty et al. (21). Bacteria were
pelleted by centrifugation (10,000 � g, 10 min, 4°C), and the supernatant was
decanted and passed through a 0.2-�m filter. OMVs were collected by ultracen-
trifugation (150,000 � g, 3 h, 4°C) and resuspended to 1.0 mg/ml in water.

Quantification of IPEC-J2 PS exposure. Exposure of phosphatidylserine (PS)
on the outer leaflet of IPEC-J2 cells was quantified by staining with Alexa fluor
488-annexin V, using a Vybrant apoptosis assay kit as described by the manu-
facturer (Invitrogen). Propidium iodide (PI) uptake was quantified as a measure
of cell death. Where indicated, cells were infected for 4 h with ETEC (multi-
plicity of infection [MOI], �10) or treated with 100 ng/ml LT, 1 �g/ml OMVs
(21), or 100 �M camptothecin (7), with or without 100 �M Ac-DEVD-CHO
(39). For all flow cytometric analyses, 20,000 events were collected and analyzed
with a FACScan flow cytometer (Becton Dickinson).

Quantification of IPEC-J2 esterase activity. Intracellular esterase activity was
quantified by staining cells with calcein-acetoxymethyl ester (calcein-AM) and
measuring the resultant conversion to fluorescent calcein, using a Live/Dead
viability/cytotoxicity kit as described by the manufacturer (Invitrogen). Where
indicated, cells were treated with 100 �g/ml gentamicin to remove extracellular
bacteria.

Quantification of IPEC-J2 DNA fragmentation. DNA fragmentation resulting
from ETEC infection was quantified by terminal deoxynucleotidyltransferase-
mediated dUTP-biotin nick end labeling (TUNEL) staining, using an in situ cell
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death detection kit as described by the manufacturer (Roche), at different time
intervals for up to 24 h postinfection.

Immunoblot analyses. IPEC-J2 cells were seeded in six-well plates (�3.0 �
105 cells/well) and infected with the indicated ETEC strains at an MOI of �10
for 4 h. After infection, cells were washed with phosphate-buffered saline (PBS),
scraped into 1 ml PBS, pelleted by centrifugation (8,000 � g, 2 min, 4°C), and
lysed in 1% sodium dodecyl sulfate, 10% glycerol, 10% �-mercaptoethanol,
0.01% bromophenol blue, 50 mM Tris, pH 6.8. Equivalent amounts of proteins
were resolved through sodium dodecyl sulfate–12% polyacrylamide gels, trans-
ferred to nitrocellulose, blocked for 1 h in Odyssey blocking buffer (Li-Cor
Biosciences), and incubated overnight with a rabbit anti-active-caspase-3 primary
antibody (1:1,000; BD Biosciences). Secondary anti-rabbit IRDye 680 was used
at a 1:15,000 dilution in Odyssey blocking buffer containing 0.2% Tween 20
(vol/vol) (Li-Cor) for 30 min at room temperature. After washing of the
samples in PBS, images were obtained using an Odyssey infrared imaging
system (Li-Cor).

CAT assays. Chloramphenicol acetyltransferase (CAT) assays were performed
as described previously (38), using ETEC 2534-86 grown to an optical density at
600 nm of 0.4 to 0.6 in CFA medium (1% Casamino Acids, pH 7.4, 0.08% yeast
extract, 0.4 mM MgSO4, 0.04 mM MnCl2), supplemented where indicated with
cell-free supernatants (3% [vol/vol]) derived from donor cells treated with 100
�M camptothecin, with or without 100 �M Ac-DEVD-CHO, for 1 h.

Quantitative bacterial adherence assays. IPEC-J2 cells were seeded in 24-well
plates (�1.0 � 104 cells/well), grown overnight, and infected with �1.0 � 105

CFU/well (MOI, �10). After 4 h of incubation, samples were processed for
enumeration of adherent bacteria by being washed extensively with PBS and
treated with 0.25% trypsin (5 min, 37°C). Trypsinized cells and adherent ETEC
were centrifuged (1,000 � g, 5 min), resuspended in 1 ml PBS, serially diluted,
plated on LB, and incubated overnight at 37°C. The number of CFU was mea-
sured, and data were normalized to the CFU/ml of the bacterial inoculum.
Where indicated, cells were treated with 100 �M camptothecin, with or without
100 �M Ac-DEVD-CHO, for 1 h prior to ETEC infection.

For experiments involving pretreatment of ETEC prior to adherence assays,
bacteria were grown overnight, subcultured 1:20, and grown for 2 h in the
presence of filtered cell supernatants obtained from cells treated with 100 �M
camptothecin, with or without 100 �M Ac-DEVD-CHO. Naïve cells were then
infected for 4 h with �1.0 � 105 CFU/well.

Statistical methods. Experiments were performed in duplicate on at least
three separate occasions. Flow cytometry data are presented as means � stan-
dard deviations (SD) and were analyzed with unpaired Student’s t tests. Bacterial
adherence assays were analyzed by calculating the median number of CFU in
each treatment group and were compared with the Mann-Whitney test to de-
termine significant differences among treatments. P values of �0.05 were con-
sidered significant.

RESULTS AND DISCUSSION

ETEC induces an increase in PS exposure. We tested the
hypothesis that ETEC alters host membrane asymmetry in
intestinal epithelial cells by quantifying changes in annexin V
staining (a measure of PS outer leaflet exposure) and PI stain-
ing (a measure of cell death) following infection or intoxication
of IPEC-J2 cells (Fig. 1A). Infection with wild-type (wt) ETEC
2534-86 (2) significantly increased PS exposure (23.4% � 2.3%
versus 5.2% � 1.7%; P � 0.02) (Fig. 1B, open bars). Infection
with both 2534-86 	eltAB (the 	eltAB strain), an isogenic mu-
tant deficient in LT expression, and a mutant complemented
by plasmid-based eltAB expression (the 	eltAB/pLT strain)
also increased PS exposure to similar magnitudes (20.2% �
2.2% and 25.1% � 4.2%; P � 0.05 and 0.04, respectively). In
contrast, infection with G58-1, an E. coli strain originally iso-
lated from swine feces that lacks any known plasmids, produces
no known enterotoxins (12), and is considered to be a com-
mensal strain (5), did not significantly alter PS exposure (4.3% �
1.2%; P � 0.58). Administration of 100 ng/ml LT only mod-
estly increased PS exposure relative to that in untreated cells
(11.8% � 2.0%; P � 0.20) (Fig. 1B).

Infection with wt ETEC slightly, but statistically insignifi-
cantly, increased cell death (as inferred by PI uptake) com-
pared to that of uninfected cells (7.2% � 2.1% versus 3.9% �
0.5%; P � 0.21) (Fig. 1B, shaded bars). Infection with both the
	eltAB and 	eltAB/pLT strains also modestly increased cell
death.

To determine the time course over which PS exposure oc-
curred during ETEC infection, we quantified annexin V and PI
staining as a function of time following inoculation with wt
2534-86. The percentage of IPEC-J2 cells that stained positive
for annexin V increased as a function of time, from 6.6% �
1.4% (1 h) to 23.4% � 2.3% (4 h). The extent of PI staining
was not significantly different as a function of time (Fig. 1C).

To determine if PS exposure was due to a secreted factor
versus dependent upon ETEC binding to host cells, we intox-
icated host cells with OMVs purified from ETEC possessing or
lacking LT. LT is highly enriched in OMVs when ETEC is
grown to high density in liquid culture (18). Incubation of
IPEC-J2 cells with 1.0 �g/ml OMVs purified from 2534-86
significantly increased PS exposure, irrespective of the pres-
ence of LT (19% to 23%; P � 0.03) (Fig. 1D). Neither purified
LT (Fig. 1B) (P � 0.17) nor OMVs (Fig. 1D) (P � 0.09)
significantly increased cell death. These data suggest that por-
cine ETEC induces alterations in intestinal epithelial cell
membrane structure commonly associated with apoptosis (8)
and further suggest that LT is unlikely the primary determi-
nant of this activity.

ETEC inhibits host calcein-AM degradation. We next
sought to determine if ETEC might also alter the metabolic
activity of infected cells. We therefore quantified host calcein
fluorescence following ETEC infection and subsequent incu-
bation with calcein-AM, a nonfluorescent lipophilic ester that
penetrates cellular membranes. Rapid degradation of cal-
cein-AM by cytosolic esterases generates calcein, a fluorescent,
non-membrane-permeative molecule (42). Quantification of
calcein fluorescence following calcein-AM uptake therefore
provides a convenient assay of cell viability and metabolic
activity (11).

TABLE 1. Bacterial strains used in this study

Strain Relevant genotype or characteristics Source or
reference

G58-1 O101:K28:NM 13
2534-86 WAM2317 (O8:K87:NM) K88ac

LT STb
2

2534-86 	eltAB WAM2317 	eltAB 2
2534-86 	eltAB/pLT Complemented version of 2534-86

	eltAB
2

2534-86/pKK232-8 Promoterless CAT plasmid 38
2534-86/pK88ac-

CAT
K88ac promoter-CAT fusion This study

3030-2 K88ac LT STb 13
B41M F41 K99 STa 31
06-10167 Unknown M. Zhao
06-10457 Unknown M. Zhao
06-14529 K88ac LT STb M. Zhao
NADC 1477 987P K88ac LT STa STb M. Zhao
NADC 2456 F18 STa STb Stx2e M. Zhao
06-7728 K88ac LT STb M. Zhao
06-6988 F18 LT STb M. Zhao
06-547 F18 STa STb Stx2e M. Zhao
06-641 K88ac LT STb M. Zhao
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ETEC infection, irrespective of eltAB expression, signifi-
cantly inhibited the conversion of calcein-AM to fluorescent
calcein compared to that in uninfected cells (80.9% versus
2.2%; P � 0.004) (Fig. 2A, lower left quadrants). We observed

a particularly intriguing phenotype, as a large percentage of
infected cells failed to stain with PI yet had only limited calcein
fluorescence (Fig. 2A). We gated these cells to quantify calcein
fluorescence in live (able to exclude PI) cells. Only 4.4% �
1.1% of live, uninfected cells failed to exhibit intense green
fluorescence, whereas 62.0% � 3.8% of cells infected with the
wt strain were markedly reduced in calcein fluorescence (Fig. 2B)
(P � 0.001), suggesting a loss of cell viability and/or esterase
activity. Infection with both the 	eltAB (P � 0.003) and 	eltAB/
pLT (P � 0.01) strains also significantly inhibited calcein flu-
orescence. Neither intoxication with LT (Fig. 2B) or guanylin,
an agonist of the guanylyl cyclase C (GC-C) receptor targeted
by ST (10; data not shown), nor infection with G58-1 or heat-
killed ETEC significantly altered calcein fluorescence (Fig.
2B). To determine the time course over which host calcein
fluorescence was diminished as a result of ETEC infection, we
quantified calcein fluorescence as a function of time following
inoculation with wt 2534-86. The percentage of calcein-nega-
tive cells increased from 4.2% � 0.8% to 62.0% � 3.8% from
1 to 4 h postinoculation (Fig. 2C). In contrast to the ability of
OMVs to induce PS exposure, incubation of IPEC-J2 cells with
OMVs purified from ETEC possessing or lacking LT did not
alter calcein fluorescence (Fig. 2D).

To determine if host calcein fluorescence would recover
following removal of ETEC, we treated host cells with genta-
micin to kill any extracellular ETEC and then quantified cal-
cein fluorescence as a function of time after gentamicin treat-
ment. The percentage of calcein-negative cells decreased from
62.0% � 3.8% to 14.3% � 0.6% over 1 h following the addi-
tion of gentamicin (Fig. 2E), suggesting that host metabolic
activity recovers rapidly following removal of ETEC.

Together, these data indicate that porcine ETEC profoundly
modulates the membrane asymmetry and metabolic activity of
infected host cells. Notably, the observed phenotypes are
unlikely to be attributable to either CD14 or the lipopolysac-
charide-binding protein (40) because OMVs (rich in lipopoly-
saccharide) from a nonpathogenic strain (G58-1) had no mea-
surable activity in annexin V assays. In addition, heat-killed
ETEC did not alter PS exposure or calcein fluorescence.

ETEC does not induce host DNA double-strand breaks. To
determine if ETEC and/or LT induces double-strand DNA
breakage, which typically occurs in the late stages of apoptosis,
we employed a TUNEL assay to quantify DNA strand break-
age at the single-cell level (24). As shown in Table 2, no
significant difference in TUNEL staining was observed as a
function of ETEC infection, even at incubation times of up to
24 h postinfection, in agreement with earlier studies of ETEC
H10407 infection of J774 macrophages (24), or following in-
cubation with LT. Together, these data suggest that while
ETEC may induce changes to host cells that are commonly
associated with the early stages of apoptosis, subsequent signal
transduction events may be inhibited at a later point in the
pathway.

Diversity in porcine ETEC propensity to induce host cell
damage. To determine if other ETEC isolates of proven sig-
nificance to porcine postweaning diarrheal disease are able to
induce host cell damage, we infected IPEC-J2 cells with 11
other ETEC strains with diverse toxin and adhesin profiles
(Table 1) and then quantified PS exposure and calcein fluo-
rescence. These strains were selected from recent porcine di-

FIG. 1. ETEC induces PS exposure in IPEC-J2 cells. (A) Flow cytom-
etry analysis of PI (y axis) versus annexin V (x axis) staining of IPEC-J2
cells following infection (4 h) with the bacterial strains G58-1, wt 2534-86,
2534-86 	eltAB, and 2534-86 	eltAB/pLT or intoxication with 100 ng/ml
LT. (B) Quantification (% positive cells) (means � SD; n � 4) of annexin
V (open bars) and PI (shaded bars) staining from flow cytometry exper-
iments. (C) Quantification (means � SD; n � 4) of annexin V (open bars)
and PI (shaded bars) staining as a function of time (1 to 4 h) following
inoculation of IPEC-J2 cells with wt 2534-86. (D) Quantification
(means � SD; n � 4) of annexin V (open bars) and PI (shaded bars)
staining following intoxication of IPEC-J2 cells (4 h) with OMVs
(100 ng/ml) purified from the indicated bacterial strains.
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arrheal disease isolates characterized by the South Dakota
Animal Disease Research & Diagnostic Laboratory and/or be-
cause they had been examined in experiments probing ETEC
virulence in livestock (13, 31). Three strains, 3030-2, 06-7728,
and 06-6988, induced PS exposure in 
20% of IPEC-J2 cells
(Fig. 3A), a level equivalent to that for 2534-86 (Fig. 1B). Two
strains, B41M and 06-14529, induced PS exposure in 10 to 15%

of IPEC-J2 cells, whereas the remaining six strains did not
induce significant host PS exposure.

Similarly, significant diversity was observed in the ability of
porcine ETEC strains to alter host calcein fluorescence. Four
strains (3030-2, B41M, 06-14529, and 06-6988) reduced host
calcein fluorescence to levels (�60% of cells were calcein
negative) equivalent to that in 2534-86 (Fig. 3B). Three strains

FIG. 2. ETEC infection inhibits calcein-AM conversion in IPEC-J2 cells. (A) Flow cytometry analysis of PI staining (y axis) versus calcein
fluorescence (x axis) in IPEC-J2 cells following infection with the bacterial strains G58-1, wt 2534-86, 2534-86 	eltAB, and 2534-86 	eltAB/pLT or
intoxication with 100 ng/ml LT. (B) Quantification (means � SD; n � 4) of the percentages of calcein-negative cells from flow cytometry
experiments. (C) Quantification (means � SD; n � 4) of the percentages of PI-positive (open bars) and calcein-negative (shaded bars) cells as a
function of time (1 to 4 h) following inoculation of IPEC-J2 cells with wt 2534-86. (D) Quantification of the percentages of PI-positive (open bars)
and calcein-negative (shaded bars) cells following intoxication of IPEC-J2 cells (4 h) with 100 ng/ml OMVs purified from the indicated bacterial
strains. (E) Quantification of calcein fluorescence as a function of time after gentamicin treatment (0 to 60 min) of IPEC-J2 cells infected with
wt 2534-86.
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(NADC 1477, 06-7728, and 06-641) had an intermediate phe-
notype (�40% of cells were calcein negative), whereas the
remaining four strains did not induce significant changes in
host calcein fluorescence.

All ETEC strains that induced significant PS exposure and
reduced calcein fluorescence, except for 06-6988, display either
K88ac or F41 fimbriae and efficiently bind to IPEC-J2 cells
(23). The strains that failed to induce significant changes in PS
exposure and host calcein fluorescence display F18 or un-
known fimbria phenotypes yet still possess various enterotox-
ins. This observation suggests that ETEC enterotoxins do not
play a significant role in mediating early apoptotic changes in
these cells and that efficient adherence to host cells is required.

Host cell damage increases ETEC adherence. To determine
if host caspases are activated in response to ETEC infection,
we assayed for the presence of active caspase 3 in IPEC-J2 cells
following infection with ETEC or intoxication with LT. Both

the wt and 	eltAB strains activated host caspase 3, whereas
infection with G58-1 or intoxication with LT did not (Fig. 4A).

We next tested the hypothesis that inducing host cell apop-
tosis would increase ETEC adherence. IPEC-J2 cells were
treated with 100 �M camptothecin for 1 h, a concentration and
time previously shown to promote significant levels of apopto-
sis (7). Cells were then infected with ETEC, and subsequent
adherence was quantified. Pretreatment of host cells with
camptothecin significantly increased adherence of both the wt

TABLE 2. ETEC does not induce DNA double-strand breaks in
IPEC-J2 cells

Treatment % TUNEL-positive
cellsa

No treatment ........................................................................ 2.7 � 0.4
DNase ....................................................................................88.9 � 2.7
wt 2534-86 ............................................................................. 2.9 � 0.5
	eltAB strain ......................................................................... 5.9 � 0.7
	eltAB/pLT strain................................................................. 6.0 � 0.5
LT (1 �g/ml)......................................................................... 1.0 � 0.2

a The percentage of cells staining positive by TUNEL (mean � SD; n � 3) was
quantified by flow cytometry.

FIG. 3. Diversity of porcine ETEC strains in inducing host cell dam-
age. (A) Quantification of annexin V-positive cells (y axis) (means � SD;
n � 4) following a 4-h infection with the indicated bacterial strains (x axis).
(B) Quantification of calcein-negative cells (means � SD; n � 4).

FIG. 4. Host cell damage promotes ETEC adherence. (A) Immu-
noblot of IPEC-J2 cells after 1 h of treatment with 100 ng/ml LT or
after 4 h of infection with E. coli G58-1 or wt or 	eltAB ETEC at an
MOI of 10. Blots were probed with rabbit polyclonal antisera against
active caspase 3. (B) ETEC adherence (mean CFU/ml � SD) follow-
ing treatment of IPEC-J2 cells with 100 �M camptothecin (campt),
with or without 100 �M Ac-DEVD-CHO, for 1 h prior to ETEC
infection. (C) ETEC adherence (mean CFU/ml � SD) to naïve host
cells following prestimulation of bacterial inocula with sterile cell-free
supernatants derived from donor cells treated with camptothecin, with
or without Ac-DEVD-CHO. (D) Relative expression of K88ac-CAT in
the presence of supernatants derived from host cells treated with
camptothecin, with or without Ac-DEVD-CHO. Data are plotted as
relative CAT activities versus that of the bacterial culture additive.
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and 	eltAB strains (Fig. 4B, gray bars) (P � 0.02), suggesting
that the observed phenotype is independent of LT expression.

To determine if adherence promotion was dependent upon
activation of host caspases, we cotreated cells with camptothe-
cin and Ac-DEVD-CHO, an inhibitor of caspase 3-dependent
pathways (39). Treatment of cells with Ac-DEVD-CHO re-
stored subsequent bacterial adherence to near basal levels
(Fig. 4B, black bars). These data indicate that inducing apop-
tosis in IPEC-J2 cells is sufficient to promote subsequent
ETEC adherence and that this phenomenon may require the
activity of caspase 3 and/or the downstream effectors of this
enzyme.

Since chemical induction of apoptosis increased ETEC ad-
herence, we also tested the hypothesis that ETEC might sense
a factor secreted from apoptotic cells to upregulate processes
associated with adherence to host cells. We treated IPEC-J2
cells with camptothecin, with or without Ac-DEVD-CHO, ob-
tained and filtered the supernatants from these donor cells,
and then added these supernatants to log-phase ETEC cul-
tures. After 2 h of incubation, these ETEC inocula were used
in bacterial adherence assays on naïve host cells.

Both the wt and 	eltAB ETEC strains incubated with super-
natants from apoptotic IPEC-J2 cells were enhanced in their
subsequent adherence to naïve cells (Fig. 4C, gray bars) (P �
0.02). Cotreatment of donor cells with camptothecin and Ac-
DEVD-CHO abolished the adherence-promoting ability of
these supernatants (Fig. 4C, black bars). These data raise the
possibility that a factor released from host cells following the
induction of caspase 3-dependent apoptotic pathways may play
a role in regulating gene expression of pathways associated
with ETEC adherence. We did not observe an increase in the
binding of heat-killed ETEC to apoptotic host cells (data not
shown).

To determine if ETEC gene expression was altered in the
presence of supernatants from apoptotic IPEC-J2 cells, we
measured the transcriptional activity of the regulatory region
upstream of the K88ac operon by constructing a fusion to CAT
and performing CAT activity assays with ETEC 2534-86 grown
in CFA medium supplemented with supernatants derived from
IPEC-J2 cells that had been treated with camptothecin, with or
without Ac-DEVD-CHO. Notably, transfer of supernatants
(3% [vol/vol]) from IPEC-J2 cells treated with camptothecin
(Fig. 4D, gray bars), but not those treated with camptothecin
plus Ac-DEVD-CHO (Fig. 4D, black bars), resulted in a sig-
nificant increase in CAT activity.

Concluding remarks. We have described the preliminary
characterization of changes to intestinal cell pathways associ-
ated with apoptosis induced by porcine ETEC isolates. ETEC
infection, independent of LT, rapidly induces the loss of
plasma membrane asymmetry (as measured by annexin V
staining) and results in a significant reduction in host metabolic
activity (as measured by calcein fluorescence). We found no
evidence for host cell DNA fragmentation, in agreement with
earlier studies of ETEC infection of J774 macrophages (22),
despite our observation of host caspase 3 activation. In con-
trast to the ability of purified OMVs to stimulate PS exposure,
bacterial binding was necessary to reduce calcein fluorescence.
While it is likely that this intriguing phenotype is due to re-
duced intracellular esterase activity, it is also possible that
activation of the multidrug resistance transporter (17) or a

depletion of intracellular ATP associated with epithelial hy-
perpermeability (29) might also contribute to these observa-
tions.

We did not observe a role for guanylin in inducing apoptosis
of IPEC-J2 cells. Others have examined the GC-C receptor,
which is activated by ST (27). The addition of exogenous gua-
nylin causes apoptosis in T84 cells (26), and the absence of
GC-C in a mouse model of intestinal neoplasia results in in-
creased apoptosis (27). However, other studies have shown
that ST causes a delay in cell cycle progression in the absence
of apoptosis (34).

It is remarkable that both inducing apoptosis in IPEC-J2
cells and the transfer of apoptotic cell supernatants to ETEC
promote subsequent bacterial adherence. Invasive enteric
pathogens induce apoptosis in human colon epithelial cells, but
with a significant delay (12 to 18 h) (22) compared to the time
in our studies. While apoptosis may provide the host with a
mechanism to delete damaged epithelial cells (22), it may also
benefit pathogens by allowing more time for adaptation to host
defenses and by promoting penetration of the protective gly-
cocalyx (28) and sampling of limited receptor epitopes (20).
Our observation that ETEC may promote changes in host cells
typically associated with the initial but not later stages of apop-
tosis raises the intriguing possibility that ETEC may modulate
epithelial cell viability to promote its adherence and dissemi-
nation.
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