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ABSTRACT
Diarrhea caused by enterotoxigenic Escherichia coli (ETEC) has a continuing impact on residents
and travelers in underdeveloped countries. Both heat-labile (LT) and heat-stable (ST) enterotoxins
contribute to pathophysiology via induction of cyclic nucleotide synthesis, and previous investi-
gations focused on intracellular signal transduction rather than possible intercellular second
messenger signaling. We modeled ETEC infection in human jejunal enteroid/organoid monolayers
(HEM) and evaluated cyclic nucleotide pools, finding that intracellular cAMP was significantly
increased but also underwent apical export, whereas cGMP was minimally retained intracellularly
and predominantly effluxed into the basolateral space. LT and virulence factors including EatA,
EtpA, and CfaE promoted ST release and enhanced ST-stimulated cGMP production. Intracellular
cGMP was regulated by MK-571-sensitive export in addition to degradation by phosphodiesterase
5. HEMs had limited ST-induced intracellular cGMP accumulation compared to T84 or Caco-2
models. Cyclic nucleotide export/degradation demonstrates additional complexity in the mechan-
ism of ETEC infection and may redirect understanding of diarrheal onset.
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Introduction

TheGlobal EntericMulti-Center Study (GEMS) iden-
tified enterotoxigenic Escherichia coli (ETEC) infec-
tion as one of the four leading causes of acute diarrhea
and associatedmortalities in developing countries.1As
the leading cause of traveler’s diarrhea, ETEC is also
a recognized burden on deployed U.S. military
personnel.2 The host diarrheal response is initiated
by the secreted peptide heat-stable enterotoxin (ST)
and/or the multi-subunit protein heat-labile entero-
toxin (LT) via induction of second messenger cGMP
and cAMP synthesis, respectively. ETEC strain
H10407, originally isolated from a patient in
Bangladesh with severe cholera-like diarrhea,3

employs additional factors to facilitate host interac-
tion, including but not limited to the secreted muci-
nase EatA4 and surface adhesins EtpA5,6 and CfaE.7

Strains expressing ST, alone or in combination with
LT, were more highly associated with diarrhea than
LT-only expressing strains,8 confirming the impor-
tance of ST in disease pathogenesis. As such, recent

renewed efforts to employ ST antigens for vaccine
development are under way.9,10

The mechanism of ST is characterized by intra-
cellular accumulation of cGMP and activation of
cGMP-dependent protein kinase 2 (cGKII) to
explain the disruption of intestinal fluid and ion
homeostasis.11 However, the anti-constipation
therapeutic linaclotide, a functional analog of ST,
has been additionally described to decrease noci-
ception via exported cGMP in rodent models and
has demonstrated clinical efficacy in alleviating
visceral pain in irritable bowel syndrome with
constipation (IBS-C).12,13 This suggests that the
effects of ST are similarly more complex than
currently appreciated, and likely include activities
linked to extracellular cGMP. In the case of both
ST and linaclotide, the intracellular and extracel-
lular cGMP pools have not been dissected to
deduce their relative magnitudes, nor have their
respective contributions to altered intestinal sig-
naling been analyzed. The potential for effluxed
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cGMP to impact immune response has also not
been evaluated. Preventive and therapeutic strate-
gies will be better informed by a more complete
understanding of how ST affects normal human
intestinal epithelia.

derived epithelial cultures, or enteroids, are an
untransformed, non-tumorigenic model that
retains segmental identity, epithelial differentia-
tion, and transcriptional profiles similar to native
intestinal epithelium.14,15 We and others have
shown that enteroids functionally mimic intestinal
ion transport regulation driven by elevated cAMP
signaling.16-18 However, the enclosed luminal sur-
face of three-dimensional enteroids is a distinct
caveat when considering their utility in modeling
infection by ingested pathogens. While microinjec-
tion of microbes into the lumen of enteroids/orga-
noids has been described,19 only a rough
quantitation of delivered material in relation to
luminal volume can be estimated. Discrete sam-
pling of apical, basolateral, and intracellular spaces
in the 3-D model is not easily accessible. Adoption
of the two-dimensional human enteroid mono-
layer (HEM) culture on permeable supports has
facilitated the modeling of numerous bacterial and
viral-mediated gastrointestinal diseases,20-23

including the specific affinity of ETEC H10407
for the blood group A antigen that enhances colo-
nization and diarrheal susceptibility.24 These find-
ings highlight the importance of evaluating human
biology using enteroids to better understand infec-
tious diarrheal diseases.

In this study, we describe the application of
HEMs to model ETEC H10407 infection by asses-
sing the cyclic nucleotide pools induced by ST and
LT. The importance of several virulence factors
(LT, EatA, EtpA, CfaE) in promoting ST delivery
by H10407 and subsequent cGMP production in
HEMs was also evaluated. Finally, we examined
the relative significance of host epithelial proteins
for cGMP export (multi-drug resistance protein 5,
MRP5) or degradation (phosphodiesterase 5,
PDE5) in regulating each cGMP pool. The HEM
model was found to be functionally responsive to
ETEC infection and demonstrated a behavioral
distinction from the cancer-derived intestinal
epithelial cell lines (Caco-2 and T84) routinely
used in mechanistic host–pathogen studies.

Results

ETEC/ST induces cGMP synthesis and efflux in
human enteroid monolayers (HEMs)

To establish the minimum bacterial concentration
and timing required for measurable effects related to
ST-stimulated cGMP synthesis, HEMs were subjected
to incubation periods of 4, 6, and 8 h at a high starting
concentration (108 cfu) applied to the apical epithelial
surface, and cGMP was measured in the apical, intra-
cellular, and basolateral pools by ELISA (Figure 1a).
The broad-spectrum PDE inhibitor IBMX (1 mM)
was present in all experiments, which yielded
a slightly increased cyclic nucleotide baseline mea-
surement in uninfected HEM cultures. cGMP was
below the limit of detection in the absence of IBMX.
Although 6 h exposure yielded a significant increase
in total cGMP over controls, the 8 h incubation gave
a significantly higher increase in cGMP. Strikingly,
most cGMP was detected in the basolateral pool
rather than the expected intracellular pool. The 8 h
infection period was used to evaluate bacterial con-
centrations of 106, 10,7 and 108 cfu for relative effi-
ciency in cGMP stimulation (Figure 1b), but only the
highest concentration was sufficient to induce mea-
surable cGMP synthesis. Trans-epithelial electrical
resistance (TER) was also measured at the initiation
and conclusion of the infection period to establish
epithelial barrier integrity, and no changes in TER
due to the presence of bacteria were noted.

To determine the equivalent synthetic ST dose
that would elevate cGMP levels similar to 108 cfu
infection for 8 h, HEMs were exposed to a range of
ST concentrations (0.01 nM, 0.1 nM, 1 nM) applied
to the apical surface for 8 h (Figure 1c). Infection
with WT H10407 was found to be within the range
of 0.1–1 nM ST exposure. Basolateral administration
of ST (1 nM) did not stimulate cGMP production
above baseline. Significant apical cGMP efflux
occurred only at ST concentrations ≥1 nM.

LT-induced cAMP synthesis and efflux
demonstrate the polar selectivity of cyclic
nucleotide secretion

We next tested the ability of recombinant LT, LT
mutant E112K (LT-E112K), or forskolin to stimu-
late cAMP synthesis and efflux (Figure 1d), with
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Figure 1. A HEM infection model for ETEC H10407 exhibits polarized efflux of cyclic nucleotides. (a) Exposure period required for
detectable cGMP readout. (b) Bacterial load necessary for detectable cGMP readout with 8 h exposure. (c) ETEC strain H10407-
stimulated (108 cfu, 8 h) cGMP synthesis compared to incubation with a range of synthetic ST applied to the apical epithelial surface.
Basolateral application of ST did not stimulate cGMP production. (d) Induction of cAMP synthesis after exposure to recombinant LT
(100 ng/mL), inactive LT mutant E112K (100 ng/mL) or forskolin (1 μM, 10 μM), each in the absence of PDE inhibitors, 8 h. Data
points are technical replicates from 3 to 4 independent experiments and graph bars are mean ± SEM. Statistical significance was
determined by ANOVA relative to the control/untreated condition. *p < .05; **p < .01; ***p < .001.
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the aim to compare the results to ST-induced
cGMP synthesis and secretion. LT and forskolin
are agonists of adenylate cyclase, but LT-E112K
lacks ADP-ribosylation activity necessary to ele-
vate cAMP. LT or forskolin exposure induced
intracellular cAMP elevation and selective export
from the apical side of HEM cultures, whereas the
basolateral secreted cAMP pool was not statisti-
cally significant. This contrasts with the selective
basolateral efflux and minor apical transport
observed when cGMP content was elevated. For
both cyclic nucleotides, agonist-induced intracel-
lular accumulation was regulated in part by efflux.

ST delivery by ETEC H10407 is dependent on the
expression of other virulence factors

The H10407 strain produces two ST variants, STh and
STp, initially distinguished by detection in human or
porcine isolates, respectively. Both ST subtypes con-
tribute to disease symptoms,25 although the relative
amounts produced by a particular ETEC strain may
vary.26 In the next assessment of the infection model,
we evaluated total ST secretion (STh and STp) and
subsequent induction of cGMP production in HEMs
following exposure to WT H10407 or mutant strains
deficient in STh, STp, LT, EatA, EtpA, or CfaE expres-
sion (Figure 2a). Each of the mutants (other than ST-
targeted mutations) secreted approximately equiva-
lent amounts of ST compared to WT, suggesting no
impairment in ST synthesis or release mechanisms.
The STh and STp mutant strains exhibited decreased
ST release, and ST was completely abolished in the
STh/STp double mutant. In the HEM ETEC infection
model, as expected, the STh/STp mutant did not
induce cGMP production above the baseline content
stabilized by IBMX in the bacteria-free control
(Figure 2b). However, the LT, EatA, EtpA, and CfaE
mutants each induced significantly less cGMP com-
pared to WT. The reduction in cGMP was approxi-
mately equivalent in each mutant and was most
evident in the basolateral pool.

cGMP efflux is mediated by MK-571-sensitive
transporters

Efflux of cGMP from ST-exposed HEMs was eval-
uated by targeting MRP5, a cGMP-selective multi-
drug resistance protein. A stable shRNA-mediated

MRP5 knockdown (KD) was identified by qRT-
PCR (Figure 3a) and assayed alongside the pan-
MRP inhibitor MK-571 (50 μM). MRP5 KD (60%
efficiency) afforded only partial inhibition of baso-
lateral cGMP efflux during ST exposure (1.3-fold
decrease), whereas MK-571 was sufficient to
return basolateral cGMP export to levels similar
to the absence of ST stimulation (Figure 3b). The
incomplete effect observed in the KD may be due
to the remaining MRP5 activity or the participa-
tion of another MK-571-sensitive transporter.
Surprisingly, the blockade of cGMP export was
not accompanied by increased intracellular or api-
cally effluxed pools, suggesting that an additional
mechanism contributed to limiting intracellular
cGMP.

Intracellular cGMP accumulation is limited by
PDE5

The previous experiment with inhibition or KD of
MRP5 suggested that intracellular cGMP accumula-
tion is regulated not only by export but also through
efficient degradation by intracellular PDEs. cGMP-
specific PDE5 was targeted by the addition of the
selective inhibitor vardenafil and compared to
a PDE5 KD (efficiency 80%, Figure 4a) generated
with shRNA in a manner similar to that carried out
for MRP5 KD. Upon ST stimulation, intracellular
cGMP was approximately 3-fold greater in the
PDE5 KD than in the scrambled shRNA control,
and approximately 5-fold greater in the presence of
vardenafil (Figure 4b). The basolateral secretion of
cGMP was also enhanced by the PDE5 KD or varde-
nafil (approximately 3-fold increase under each con-
dition). Combining vardenafil and the PDE5 KD did
not enhance intracellular or basolateral cGMP pools
beyond their respective independent contributions.

Different human intestinal epithelial models
demonstrate varying magnitude of ST-induced
cGMP production and distribution

To orient the HEMmodel in context with extensively
characterized human cell culture models of ST intox-
ication, we compared cGMP production in HEMs,
human colonoid monolayers (HCMs), Caco-2, and
T84 cell monolayers exposed to ST (Figure 5). HCMs
derived from normal ascending colon were included
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to determine if the cGMP distribution in Caco-2 or
T84 cells could be attributed to a specific colonic
phenotype not present in cells of small intestinal
origin. HEMs retained significantly less intracellular
cGMP than the othermodels (HEM<HCM<Caco-2

≪ T84), but demonstrated basolateral cGMP secretion
that was similar to Caco-2 and only slightly less than
HCMs (HEM ≈ Caco-2 < HCM ≪ T84). Caco-2
monolayers have a unique propensity toward apical
cGMP secretion given their total cGMP output eval-
uated across all three pools. T84 cells produced and
secreted substantially more total cGMP than each of

Figure 2. H10407 virulence factor mutants produce equivalent
amounts of ST but induce less cGMP production than WT. (a)
Quantitation of secreted ST from WT H10407 and mutant strains
deficient in STh (-STh), STp (-STp), both STh and STp (-STh/STp), LT (-
LT), EatA (-EatA), EtpA (-EtpA), or CfaE (-CfaE). Each strain was grown
in LB broth at 37°C with aeration/agitation to stationary phase, 16 h.
(b) cGMP measurements in HEM cultures exposed to WT, ST, LT,
EtpA, EatA, or CfaE mutants (108 cfu, 8 h). Data points are technical
replicates from 3 to 4 independent experiments and graph bars are
mean ± SEM. Statistical significance was determined by ANOVA
relative to the WT condition. *p < .05; **p < .01; ***p < .001.

Figure 3. Role of MRP5 in the regulation of ST-stimulated cGMP
compartmentalization in HEMs. (a) MRP5 KD efficiency screening by
quantitative RT-PCR in three different shRNA clones. Clone 192 was
used for all subsequent experiments. (b) cGMPquantitation in apical,
intracellular, and basolateral pools from ST-exposed HEMs (1 nM ST,
1 h) in the presence of the general PDE inhibitor IBMX (1 mM). Scr,
scrambled shRNA enteroid line; MRP5 KD, MRP5 shRNA-expressing
enteroid line. MK-571 (50 μM) was included in designated samples.
Data points represent technical replicates from three independent
experiments and graph bars are mean ± SEM. Statistical significance
was determined by ANOVA. *p < .05; ***p < .001.
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the other models. Overall, both HEMs and HCMs
retained less total cGMP than Caco-2 or T84 cells.

Discussion

In the normal human intestinal epithelial model, we
found that ST-induced elevation of intracellular

cGMP is limited by two factors: Export by MK-571-
sensitive cyclic nucleotide transporters, one of which
is MRP5 (also known as ABCC5), and degradation
via phosphodiesterase (PDE5). Notably, membrane
transporter selectivity promoted basolateral/serosal

Figure 4. Role of PDE5 in regulating the accumulation of ST-
stimulated cGMP in HEMs. (a) PDE5 KD efficiency screening by
quantitative RT-PCR in three different shRNA clones. Clone 330
was used in all subsequent experiments. (b) cGMP quantitation in
apical, intracellular, and basolateral pools from ST-exposed HEMs
(1 nM ST, 1 h). IBMX was not present in these experiments. Scr,
scrambled shRNA enteroid line; PDE5 KD, PDE5 shRNA-expressing
enteroid line. Vardenafil (10 μM) was included in designated sam-
ples. Data points represent technical replicates from three indepen-
dent experiments and graph bars are mean ± SEM. Statistical
significance was determined by ANOVA. *p < .05; ***p < .001.

Figure 5. cGMP production and distribution differ in ST-
stimulated human cancer-derived and non-cancerous primary
intestinal epithelial cell lines. Measurement of cGMP in apical,
intracellular, and basolateral pools obtained from human enter-
oid (HEM), human colonoid (HCM), Caco-2, and T84 monolayers
exposed to ST (1 nM, 1 h) in the presence of IBMX (1 mM). Data
points are technical replicates from three independent experi-
ments and graph bars represent the mean ± SEM. Statistical
significance was determined by ANOVA. *p < .05; **p < .01;
***p < .001.
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secretion of ST-induced cGMP, whereas LT-
stimulated cAMP was released to the apical/luminal
side. Total cGMP production was diminished when
stimulated by ST-expressingH10407 strains that lack
expression of LT or the virulence factors EtpA, EatA,
or CfaE. When compared to cancer-derived human
intestinal cell culture models T84 and Caco-2, HEMs
exhibited much less relative intracellular cGMP con-
tent after ST exposure. Together, these results sug-
gest that intracellular cGMP within normal human
intestinal epithelia is carefully restricted.

Measurement of intracellular cAMP and cGMP
in HEMs colonized by H10407 was recently
reported.24,26 However, the characterization of
infection-associated cyclic nucleotide efflux has
not been explored in the HEM model.
Additionally, evaluation of an approximate patho-
physiological ST concentration for experimental
reference has not been described. In the present
study, 108 cfu of log-phase H10407 were required
to produce between 0.1 and 1 nM ST over an 8 h
period, eliciting a modest cGMP response that is
near the lower limits of detection by ELISA.
Notably, earlier studies demonstrated that ST pro-
duction is sensitive to catabolite repression by
glucose27 and that ST production increases as the
bacteria enter a stationary phase of growth.28

Thus, it is likely that the use of log-phase bacteria
contributed to the inoculum required to elicit
measurable cGMP response in the target epithelia.
We verified that ST is unable to stimulate cGMP
synthesis if administered basolaterally, consistent
with apical localization of the receptor (guanylate
cyclase C) and demonstrates that ST is unable to
breach the mucosa from the serosal side. This
necessitates the use of HEMs to conduct ST
experiments and limits studies in 3-D enteroid
culture due to limited apical access.

After establishing initial conditions for ST-
mediated cGMP stimulation, we investigated the rela-
tive efficacy of cGMP stimulation by several mutant
H10407 strains. cGMP output was reduced by
approximately equivalent amounts in each mutant.
The adhesin protein EtpA and colonizing factor
CFA/I tip subunit CfaE contribute to host cell attach-
ment during infection. EatA is a secreted Serine
Protease Autotransporter of Enterobacteriaceae
(SPATE) with myriad functions including EtpA
degradation29 and mucinase activity.4 Previously,

H10407 mutants deficient in EtpA6 or CfaE7 were
demonstrated to exhibit decreased adherence to
human intestinal epithelial cells (Caco-2 and small
intestinal biopsy, respectively), whereas EatA loss
enhanced colonization on Caco-2 monolayers.29

Taken together, these results suggest that adherence
ability alone does not correlate with the ST delivery
and stimulated cGMP production observed in the
current study. The diminished cGMP response eli-
cited by the LT-deficient mutant, which otherwise
retains the full complement of colonization factors,
is also unclear. Prior observations found that LT-
lacking mutants are adherence-impaired.30 The role
of LT in enhancing ST promotion of cGMP synthesis
in T84 monolayers using purified toxins was pre-
viously noted,31 but the underlying mechanism is
not fully understood. It is possible that concomitant
cAMP and cGMP synthesis results in cross-talk for
PDE inhibition to protect cGMP from degradation
and will be a topic of future study.

To understand the mechanism restricting intra-
cellular cGMP accumulation, cyclic nucleotide
selective transporter MRP5 and cGMP-specific
phosphodiesterase PDE5 were each targeted by
both small molecule inhibitors and shRNA-
mediated KD. MRP5 has a low-affinity preference
for the export of cGMP over cAMP.32-34 MRP5
KD or MK-571 exposure was sufficient to block
ST-induced basolateral cGMP efflux but did not
account for diminished intracellular cGMP. PDE5
KD or inhibition with vardenafil demonstrated
that cGMP is degraded in the absence of expedient
export. We did not test alternative pools of cGMP
for their relative lifetimes, e.g., cGMP derived from
stimulation of soluble guanylate cyclase rather
than ST-stimulation of membrane-bound GCC.
Such information would be interesting but was
outside the context of the infection study at hand.

To place our observations from HEMs in con-
text with well-studied models of human intestinal
epithelia, we performed ST stimulation in Caco-2
and T84 monolayers, and also included HCMs to
account for potential differences in small intestinal
and colonic epithelial responses. Total cGMP in
HEM and HCM was less than Caco-2 output and
only a fraction of T84 production. Caco-2 has been
a preferred model for studying Na+/H+ exchanger
3 (NHE3) regulation, whereas T84 cells are stan-
dard for evaluation of activated fluid/anion
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secretion via the Cl−/HCO3
− conductance channel

CFTR. Both cell lines are derived from colon can-
cers, known to acquire abnormal chromosome
duplications/deletions and transcriptional profiles
that can affect downstream protein expression
levels and signal transduction. This set of experi-
ments demonstrates that each human intestinal
epithelial cell culture model is not necessarily
equivalent nor interchangeable, and critical eva-
luation of model features and limitations is of
importance for subsequent conclusions. In light
of these findings, the functional implication of
the ST-induced cGMP profile in HEMs, specifi-
cally whether ion transport through NHE3 and
CFTR is mechanistically regulated by the same
process defined in T84 or Caco-2, should be eval-
uated in future studies.

The function of cGMP as an extracellular second
messenger cannot be fully interrogated in epithelial-
only cultures and remains to be explored in models
involving additional human primary non-epithelial
cell types normally present in the submucosa, such as
immune cells, nerves, or other stromal populations.
Purkinje neurons respond to extracellular cGMP
through reduced activation of glycine receptors,
yielding voltage-gated calcium channel activation
and an increase in intracellular Ca2+.35 Whether
a similar mechanism or outcome exists in the enteric
nervous system remains to be tested. Effluxed cAMP
may function in regulating ETEC behaviors, as LT
production or exogenous cAMP application was
seen to augment host adherence30,36 in animal infec-
tion studies. Additionally, the expression of entero-
toxins is controlled by a bacterial cAMP receptor37

that may sense the extracellular host-provided pool.
Thus, cognizance of the roles cGMP and cAMP play
outside of intestinal epithelia should contribute to
mechanistic and therapeutic considerations for con-
trolling ETEC infection.

Materials and methods

Human specimens

De-identified human jejunal and colonic tissues
were obtained from healthy subjects provided
informed consent. All experimental methods
were approved by the Johns Hopkins University
Institutional Review Board (IRB# NA_00038329).

Reagents

Synthetic heat-stable enterotoxin (BA Chem,
Bubendorf, Switzerland) was resuspended in
100 mM acetic acid, 0.1% BSA, and frozen in single-
use aliquots. LT and LT-E112K were reconstituted in
water and stored at 4°C. IBMX, MK-571, vardenafil,
forskolin, and buffer components were acquired
from Sigma (St. Louis, Missouri). Tissue culture
media was obtained from ThermoFisher Scientific
(Waltham, Massachusetts)

Human enteroid culture

Crypt isolation and enteroid propagation were
described previously.17 One jejunal enteroid line of
blood group A genotype was used to evaluate the
bacterial infection parameters and to generate the
shRNA KD lines. Three jejunal lines were evaluated
in synthetic ST experiments to establish effects were
generalizable; results from one line are shown. One
jejunal and one colonoid line was used in the com-
parative study with T84 and Caco-2. The expansion
medium (EM) and differentiation medium (DM)
have been detailed previously.20 HEMs were estab-
lished using a published procedure.20 Transwells
(catalog number 3470, Corning Life Sciences,
Tewksbury, Massachusetts) were coated with
human collagen IV (Sigma) at 10 µg/cm2, 4°C over-
night, then were washed with ADF, plated with iso-
lated enteroid fragments, and fed with
Undifferentiated Monolayer medium (UDM, con-
sists of EM without A83-01 or SB202190) until con-
fluent. The medium was then replaced with DM for
5 d prior to experiments. Transepithelial electrical
resistance measurements (EVOM2, World Precision
Instruments, Sarasota, Florida) were used tomonitor
confluency.

ETEC strains

ETEC H10407 and derivative mutant strains were
described previously (Table 1). Cultures were inocu-
lated from glycerol stocks stored at −80°C and grown
in LB Miller broth at 37°C with agitation overnight,
including 10 µg/mL kanamycin and/or 25 µg/mL
chloramphenicol as required for mutant positive
selection. For infection experiments, an overnight
LB culture was diluted 1:50 into fresh LB and
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incubated at 37°C with agitation for 2 h to achieve
a log-phase culture.

Human intestinal epithelial cell lines

Caco-2/BBe1 cells (CRL-2102, ATCC, Manassas,
Virginia) were cultured in DMEM, 10% v/v FBS,
100 U/mL penicillin, and 100 μg/mL streptomycin at
37°C, 5% CO2. T84 cells (CCL-248, ATCC) were
maintained in DMEM/F12, 5% v/v FBS, 100 U/mL
penicillin, and 100 μg/mL streptomycin at 37°C, 5%
CO2. Cells were plated on 24-well plate Transwells
(3470, Corning Life Sciences) and cultured in their
respective growthmedia to confluency (T84) or for 12
d post-confluency (Caco-2) prior to use in ST stimu-
lation experiments.

Cyclic nucleotide ELISA

Incubations were conducted in Buffer A (138 mM
NaCl, 5.4 mM KCl, 1.3 mM CaCl2, 0.8 mM
MgSO4, 0.3 mM Na2HPO4, 0.4 mM KH2PO4,
25 mM NaHCO3, 10 mM HEPES, 25 mM glucose,
pH 7.4, 1 mM IBMX unless otherwise noted) at
37°C, 5% CO2. Bacteria from log-phase cultures in
LB broth were pelleted at 13,000 g for 5 min,
washed once in Buffer A, and then resuspended
in Buffer A at the designated cfu/mL. Bacteria or
toxins were added to the upper Transwell com-
partment unless otherwise noted. Inhibitors were
present in both upper and lower compartments. At
the end of each incubation, medium was collected,
centrifuged (13,000 g, 5 min) to pellet cell deb-
ris, and then acidified with concentrated HCl
(1:100) to inactivate phosphodiesterase activity.
Cells were washed with cold PBS, lysed in 0.1 M
HCl (300 μL), and centrifuged (13,000 g, 5 min) to

pellet insoluble material. cGMP was measured in
duplicate using the Direct cGMP ELISA Kit (Enzo
Life Sciences, Farmingdale, New York). Lysate
from each monolayer was divided between two
ELISA wells to achieve measurements within the
dynamic range of substrate detection. As such,
there was no additional lysate available from each
sample to measure total protein content and nor-
malizations were calculated based on the uniform
surface area of the Transwell. This approach was
validated by comparing total protein isolated from
several Transwell monolayers to represent each
cell line being tested. A 1.8% coefficient of varia-
tion in total protein content was calculated, sug-
gesting that normalization by monolayer did not
introduce major error in cyclic nucleotide mea-
surements. To further maximize sensitivity, sam-
ples were acetylated and incubated on ELISA
plates at 4°C overnight. Well absorbance at
405 nm was recorded on an EnVision plate reader
(PerkinElmer, Waltham, Massachusetts). The
manufacturer-specified limit of detection for
acetylated cGMP is 0.021 pmol/mL. cGMP con-
centrations were converted to absolute quantities
based on the fixed volumes in the upper (150 μL)
and lower (800 μL) Transwell chambers or the
volume of 0.1 M HCl used to prepare cell lysates.
Experiments were evaluated for cAMP by a similar
procedure using the Direct cAMP ELISA Kit
(Enzo Life Sciences), with the exception that
ELISA plates containing acetylated samples were
incubated room temperature for 2 h with shaking
at 300 rpm.

ST ELISA

ST competitive ELISA was based on the procedure
reported by Taxt and coworkers.39 Synthetic ST (BA
Chem) was conjugated to ovalbumin using glutar-
aldehyde, dialyzed against PBS, diluted to 50 ng/mL,
and used at 100 μL/well to coat a Maxi-Sorp 96-well
plate (catalog number 442404, Thermo Scientific,
Rochester, New York) at 4°C overnight. Plates were
blocked with 1% ovalbumin prior to adding samples
or standards mixed with ST antibody (0.1 μg/mL,
mouse monoclonal M120529, Fitzgerald Industries
International, Acton, Massachusetts) at 1:1.
Detection was carried out by incubation with goat
anti-mouse IgG-alkaline phosphatase conjugate

Table 1. Bacterial strains.
Strain Description Reference

H10407 Wild type ETEC O78:H11 CFA/I
LT+ STh+ STp+ EatA+ EtpA+

3

jf565 H10407 LT- (eltA::KmR) 38

jf2649 H10407 STh- (estH::KmR) 26

jf2656 H10407 STp- (estP::KmR) 26

jf2847 H10407 STh-/STp- (estH::CmR, estP::KmR) 26

jf3450 H10407 EatA- (eatA::KmR) 4

jf1667 H10407 EtpA- (etpA::CmR) 6

H10407Kan H10407 CfaE- (cfaE::KmR), resulting
phenotype is CFA/I null

7

KmR, kanamycin resistant; CmR, chloramphenicol resistant
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(ThermoFisher Scientific), followed by p-NPP solu-
tion (ThermoFisher Scientific). Well absorbance was
measured on an EnVision plate reader at 405 nm.

shRNA knockdown

Three-dimensional enteroids were treated with 10 μM
CHIR99021 for 2 d prior to transduction. Enteroids
were harvested from Matrigel and briefly digested
(~3 min) with TrypLE (ThermoFisher Scientific) at
37°C. Cells were washed with ADF, pelleted, and
resuspended in EM containing polybrene (10 μg/
mL) and lentivirus (GIPZ lentiviral shRNA, GE
Dharmacon, Lafayette, Colorado) listed in Table 2.
Cells were incubated at 32°C with shaking for 1 h,
then transferred to a tissue culture incubator at 37°C,
5% CO2, for an additional 4–5 h. Cells were pelleted
briefly at 300 g, plated in Matrigel, and fed with EM
following standard culture methods. At 2–3 d post-
transduction, puromycin selection (2.5 μg/mL) was
initiated. After at least 2 weekly passages, puromycin
was increased to 10 μg/mL.

Quantitative real-time PCR

Knockdown efficiency was assayed by quantitative
real-time PCR (qRT-PCR). After propagation
under puromycin selection (10 μg/mL) for at
least 3 passages, 3-D enteroids were isolated from
Matrigel with Cultrex Organoid Harvesting
Solution (R&D Systems, Minneapolis, Minnesota)
and total RNA was extracted using a PureLink
RNA Mini Kit (ThermoFisher Scientific). RNA
was transcribed to cDNA with SuperScript VILO
Master Mix (ThermoFisher Scientific). qRT-PCR
was performed on a QuantStudio 12 K Flex Real-
Time PCR instrument (Applied Biosystems, Foster
City, California) using Power SYBR Green Master
Mix (Applied Biosystems) and oligonucleotide pri-
mers specific for the targeted exon (Table 3). Each

sample was run in triplicate with 5 ng RNA-
equivalent cDNA per reaction. Relative fold-
changes in mRNA levels were determined using
18 S rRNA for internal normalization and the
2−ΔΔCT method.
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