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Abstract: One of the characteristic manifestations of Shiga-toxin-producing Escherichia coli (E. coli)
infection in humans, including EHEC and Enteroaggregative E. coli O104:H4, is watery diarrhea.
However, neither Shiga toxin nor numerous components of the type-3 secretion system have
been found to independently elicit fluid secretion. We used the adult stem-cell-derived human
colonoid monolayers (HCM) to test whether EHEC-secreted extracellular serine protease P (EspP),
a member of the serine protease family broadly expressed by diarrheagenic E. coli can act as an
enterotoxin. We applied the Ussing chamber/voltage clamp technique to determine whether
EspP stimulates electrogenic ion transport indicated by a change in short-circuit current (Isc).
EspP stimulates Isc in HCM. The EspP-stimulated Isc does not require protease activity, is not cystic
fibrosis transmembrane conductance regulator (CFTR)-mediated, but is partially Ca**-dependent.
EspP neutralization with a specific antibody reduces its potency in stimulating Isc. Serine Protease A,
secreted by Enteroaggregative E. coli, also stimulates Isc in HCM, but this current is CFTR-dependent.
In conclusion, EspP stimulates colonic CFTR-independent active ion transport and may be involved
in the pathophysiology of EHEC diarrhea. Serine protease toxins from E. coli pathogens appear to
serve as enterotoxins, potentially significantly contributing to watery diarrhea.

Keywords: EHEC; serine protease EspP; human colonoid monolayers; SPATESs; diarrhea; short circuit
current; CFTR; intracellular CaZ*

Key Contribution: The serine protease EspP, secreted by EHEC, alters colonic active electrolyte
transport to act as an enterotoxin, which potentially contributes to the diarrheal disease.

1. Introduction

There are several E. coli pathotypes that can cause enteric disease in humans, including
enterohemorrhagic E. coli (EHEC), enteropathogenic E. coli (EPEC), enteroaggregative E. coli (EAEC),
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and enterotoxigenic E. coli (ETEC). Shiga toxin (Stx)-producing EHEC is one of the major agents
of foodborne diarrheal disease in the US, producing ~265,000 illnesses, ~3000 hospitalizations,
and ~30 deaths annually [1,2]. EHEC colonization of the human colon leads to watery diarrhea often
followed by hemorrhagic colitis and, in ~10% of patients, life-threatening extra-intestinal complications
that include hemolytic uremic syndrome (HUS). While Stx1 and 2 contribute to the development of
hemorrhagic colitis and HUS, these virulence factors have never been shown to directly stimulate
colonic water secretion [3,4].

EPEC has many similarities with EHEC, including the production of the attaching and effacing
(A/E) histopathology on intestinal epithelial cells, which is characterized by intimate attachment of
bacteria to the host cell plasma membrane via F-actin pedestals. The A/E lesions are mediated
by the type-3 secretion system (T3SS) common to EPEC and EHEC. EPEC also causes watery
diarrhea, although not hemorrhagic colitis and HUS, which is due to the lack of Stx production.
Both EHEC and EPEC affect intestinal ion transporters, including Downregulated-in-adenoma (DRA),
Sodium-hydrogen antiporter 3 (NHE3), and sodium-glucose linked transporter 1 (SGLT-1), all of
which contribute to human diarrheal diseases. Several T3SS effector proteins have been implicated
in these effects [3,5]; however, EHEC T35S-negative strains also cause watery diarrhea [6]. Thus,
the mechanism of EHEC-induced watery diarrhea has not been well defined and no enterotoxin has
been identified.

A common feature among EHEC, EPEC, as well as the majority of other enteropathogenic
E. coli and Shigella species is that they express the type-V secretion system involved in secretion of
high-molecular-weight serine protease autotransporters of Enterobacteriaceae (SPATEs). A role for
SPATE:s in active electrogenic ion transport has been described for the EPEC Extracellular Serine
Protease C (EspC), a highly potent enterotoxin that significantly increases Isc in the rat jejunum [7].
Phylogenetic analysis of the SPATEs revealed that the EHEC SPATE, EspP, is most closely related
to EspC [8,9]. Sequence alignment of EspC and EspP indicates 48% amino acid identity and 65%
similarity in the protease domain, as well as 45% identity and 62% similarity for the rest of the proteins
including an identical catalytic site (GDSGS). This high sequence similarity between EspP and EspC
predicts that EspP may also act as an enterotoxin and affect colonic epithelial ion and water transport,
similar to that reported for EspC.

Recently, adult stem-cell-derived HCM have been introduced as a relevant human model to
study host—pathogen interactions. HCM derived from normal human colonic crypt stem cells
and grown on Transwell permeable supports allow apical exposure to enteric pathogens [10-13].
HCM in the undifferentiated state represent a deep crypt-like epithelium with a mixture of Leucine
rich repeat containing G protein-coupled receptor 5 (LGR5)-enriched stem cells, transit amplifying
cells and immature enterocytes and some secretory cells. Differentiated HCM contain all major
cell types normally present in the colonic epithelium, including colonocytes, entero-endocrine
and mucus-producing goblet cells. HCM allow controlled access to both apical and basolateral
surfaces. These HCM features facilitate highly reproducible measurements of microbe-human epithelial
interactions that are not achieved with 3D spherical Matrigel-embedded cultures due to variability in
size/number of cells in each colonoid, limited luminal volume, and restricted luminal access. The HCM
model has already provided new insights into the human pathophysiology of EHEC and EPEC [10-13]
infections, whereas previous studies primarily used human colon cancer cell lines and/or animal
intestinal models [14,15].

The goal of the current studies was to determine whether the EHEC serine protease, EspP,
and several other SPATEs secreted by other diarrheagenic E. coli pathotypes, including Protease
involved in colonization (Pic) and Serine protease A (SepA) of EAEC and ETEC autotransporter A
(EatA), alter colonic active electrolyte transport thus potentially contributing to the diarrhea.
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2. Results

2.1. EspP Demonstrates Enterotoxic Activity

Enterocytes of colonic crypts are considered the main contributors to changes in ion and
water transport leading to diarrhea [16-18]. To determine whether EspP might act as enterotoxin,
the undifferentiated (UD) crypt-like HCM were treated apically with recombinant EspP [19,20] and
changes in electrogenic ion transport were studied by the Ussing chamber/voltage clamp technique.
EspP caused a rapid and significant increase in Isc (Figure 1A), indicating stimulation of active
electrogenic intestinal ion transport. Apical EspP also induced an increase in Isc in differentiated (DF)
HCM that was similar to the increase in UD HCM (Figure 1B). These results suggest that both crypt
and colonic surface enterocytes likely contribute to EspP-induced changes in active colonic electrolyte
transport in disease.
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Figure 1. EspP stimulates Isc in proximal colonic HCM and its action is independent of its serine
protease activity. (A,B) Representative Isc traces show that apically added EspP increases active ion
transport in (A) undifferentiated and (B) differentiated HCM. (C) Representative Isc trace shows that
EspP S263A also stimulates active ion transport in HCM. (D) Quantitative analysis of the increase in
Isc shows that both EspP and EspP S263A—stimulated currents are of similar magnitude regardless of
HCM differentiation status. Blue arrows indicate time that EspP or EspP S263A were added. N is the
number of monolayers studied.
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2.2. EspP Enterotoxic Activity is Independent of its Serine Protease Activity

EspP is a very potent cytotoxin and damages the intestinal epithelial cell brush border as well
as causes cell death [20-22]. The cytotoxicity of EspP is due to its serine protease activity. We used
the EspP serine protease-inactive mutant, EspP S263A, described previously in detail [10,23], to test
the role of EspP enzymatic activity on Isc stimulation. Surprisingly, apical treatment of HCM with
EspP S263A caused a rapid and significant increase in Isc in both UD (Figure 1C) and DF cultures
(Figure 1D). The Alsc was similar in both EspP and EspP S263A treatments and independent of HCM
differentiation. These data demonstrate that EspP enterotoxic activity might affect both colonic crypt
and surface epithelia and is independent of its cytotoxic and protease activity.

2.3. EspP Specifically Alters Isc in a Concentration-Dependent Manner

EspP-stimulated Isc increased with increasing concentrations of apically added EspP (Figure 2A).
To further test whether the EspP- or EspP S263A-stimulated increase in Isc in HCM is specific and
not induced by other factors secreted by the AD202 E. coli strain, from which the recombinant EspP
or EspP S236A were harvested [19], HCM were apically exposed to either detergent-free lysate of
EspP-expressing AD202 bacteria or to lysate of the parental AD202 strain lacking either EspP or
EspP S263A plasmid. The lysate from the EspP-expressing AD202 bacteria, but not from the parental
strain, stimulated the Isc with a magnitude less than that stimulated by recombinant purified EspP
(Figure 2B). Also, EspP toxin pre-incubated with a specific anti-EspP antibody [10,19] substantially
decreased the Isc in HCM (Figure 2C), further confirming that EspP, is the main contributor to the
increased ion transport.
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Figure 2. Isc stimulated by EspP in proximal HCM is concentration dependent and EspP-specific.
(A) EspP-stimulated Isc increases with each sequential 6 ug/mL apical addition of EspP (blue arrows).
(B) Representative Isc traces show that apically added purified recombinant EspP (6 pg/mL; red traces)
as well as lysate from AD202 bacteria containing EspP plasmid (30 uL, blue traces), but not lysate from
AD202 parental strain lacking either EspP or EspP S263A plasmid (30 uL, black traces), rapidly increase
Isc. (C) Representative Isc traces show that pre-absorbing EspP toxin with specific anti-EspP antibodies
reduced the EspP-increase in Isc by ~70% (red traces); black trace—time control; blue trace—purified
EspP. Blue arrows indicate the time point when toxins or lysates were added apically.

2.4. EspP-Stimulated Current is CEFTR-Independent

The molecular mechanisms of many acute secretory diarrheas caused by bacterial enterotoxins,
including cholera toxin, is due to activation of CFTR, the main epithelial C1~ channel expressed at
the apical membrane of enterocytes or colonocytes. Next, we tested whether the EspP-stimulated
Isc is CFTR-mediated. We used two different CFTR inhibitors, a widely used specific inhibitor
CFTRyh-172 alone or in combination with CFTR inhibitor BPO-27 [24-26], that was recently reported
to be more potent and specific than CFTR,,-172. Neither inhibitor affected the EspP-(Figure 3A) or
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EspP 5263 A-stimulated Isc (Figure 3B) in either DF or UD HCM, indicating that the EspP-stimulated
Isc is CFTR independent.
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Figure 3. EspP-stimulated Isc in proximal HCM is CFTR-independent. Representative (A) trace of
EspP-stimulated Isc shows that apical addition of CFTR inhibitor CFTR;,,-172 (25 uM) neither inhibits
Isc nor prevents further Isc increase following second EspP addition (each EspP additionis 6 pg/mL).
(B) Traces of Isc increase following the escalating apical addition of EspP S263A (each addition is
6 pg/mL) in the presence (red) and the absence of (blue) combination of CFTR inhibitors, CFTR;,-172
(25 pM) and BPO-27 (5 uM). Time control (black) in the absence of toxin. (C) Forskolin (10 uM) rapidly
generates Isc, which is completely inhibited by a combination of CFTR inhibitors, used in (B). Blue
arrows in all panels indicate the time-point of corresponding apical treatment.

Like EspP, the effect of the EspP S263A mutant on Isc was also concentration dependent.
Moreover, the presence of CFTR inhibitors did not prevent toxin concentration-dependent increase
in Isc. To confirm the presence of functional CFTR in our proximal colonoid cultures, we used
forskolin, a classical CFTR activator that elevates intracellular cAMP concentrations via adenylyl
cyclase activation [27]. Forskolin generated a rapid increase in Isc, which was completely inhibited by
a combination of CFTR inhibitors, CFTR;,-172 and BPO-27 (Figure 3C), as expected, indicating that
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HCM express functional CFTR. Taken together, these data demonstrate that CFTR is not responsible
for EspP-induced changes in active electrogenic ion transport in proximal HCM.

2.5. EspP-Induced Isc is Partially Ca®* Dependent

We next tested the hypothesis that EspP-induced changes in active ion transport could be Ca?*

dependent. Indeed, pretreatment of HCM with the cell-permeable calcium chelator BAPTA-AM
significantly (~60%) inhibited the Isc generated by EspP S263A (Figure 4A,B). These data indicate
that Ca®*-activated chloride channels (CaCC) may mediate EspP response [28]. However, the CaCC
inhibitor, CaCCj,,-A01 failed to inhibit EspP stimulated Isc (Figure 4C). Furthermore, treatment of
HCM with EspP in Cl~-free solution did not prevent the EspP effect on Isc (Figure 4D), indicating
that EspP-stimulated current is not Cl~-dependent. Thus, CaCCs are not mediating EspP-stimulated
secretion even though EspP stimulates a Ca?*-dependent change in active ion transport in HCM.
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Figure 4. EspP S263A-stimulated Isc in proximal HCM is Ca?*-dependent. (A) Representative traces
and (B) quantitative analysis of BAPTA-AM effect on EspP S263A-stimulated Isc. BAPTAM-AM
(25 uM pretreatment for up to 30 min) significantly inhibits EspP S263A-stimulated Isc. (C) EspP
5263A-stimulated Isc is not inhibited by CaCC;,,-A01. (D) Esp S263A-stimulated Isc is similar in
the buffer containing C1~ (black trace) and without CI~ (red trace). The inset shows that Alsc is
quantitatively similar in C1~ and Cl~-free buffer; n is the number of monolayers studied.

2.6. Effects of Class-2 SPATEs on Ion Secretion by Human Intestinal Epithelial Cultures

The general structure of SPATESs is comprised of three functionally different domains: the signal
peptide, which targets the protein to the bacterial periplasm; the pore-forming C-terminal translocator
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domain, which targets the protein to the bacterial outer membrane; and the N-terminal passenger
domain, which encodes the characteristic serine protease motif (GDSGS) on SPATE proteins along with
the residues involved in the formation of the catalytic triad (His, Asp and Ser) [29-31]. Phylogenetic
analysis of the amino acid sequence of the SPATE passenger domain reveals two distinct classes of
SPATE proteins: class-1, cytotoxic; and class-2, lectin-like immunomodulators.

Both EHEC-secreted EspP and EPEC-secreted EspC that stimulate intestinal epithelial ion
secretion belong to class-1 cytotoxins, while the EAEC-secreted Pic and SepA and ETEC-secreted
EatA are of the immunomodulatory class-2 SPATEs. We next tested whether Pic, SepA and EatA also
exert effects on ion transport in human colonoid cultures. Similar to EspP, apical treatment of HCM
with recombinant SepA (10 pg/mL) rapidly and significantly increased Isc (Figure 5A). Unlike EspP,
the Alsc reached a maximum response at 10 pg/mL SepA. Importantly, the SepA-stimulated current
was a Cl~ secretory process via CFTR activation and was completely inhibited by CFTR;;,-172.
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Figure 5. Effect of other SPATEs on active ion transport in HCM and human enteroid monolayers
(HEM). (A) SepA—stimulated ion secretion is CFTR-mediated and completely inhibited by CFTR;,;,-172
(25 uM). Blue arrows show the time points of each SepA addition (10 ug/mL) as well as addition of
CFTRjyh-172. Neither Pic (10 pg/mL) (B) nor EatA (10 pg/mL) (C) stimulated Isc in proximal UD
HCM or jejunal HEM, respectively. Blue arrows indicate the time points of Pic or EatA addition.

In contrast to SepA, recombinant Pic failed to induce Isc in UD HCM (Figure 5B). Similarly,
treatment of human enteroid monolayers (HEM) derived from the jejunum, the major intestinal site of
ETEC infection, with EatA did not alter Isc (Figure 5C). We conclude that both Pic and EatA failed to
directly stimulate Isc when added to the apical surfaces of HCM and HEM, respectively. In contrast,
SepA significantly contributed to Cl1~ secretion in a CFTR-dependent manner, and thus may contribute
to EAEC-induced diarrhea.

3. Discussion

Despite significant efforts to eradicate infectious diarrheal diseases, large-scale epidemics and the
emergence of novel mutant strains continue to affect populations worldwide. Recent major incidents
include the 2010 cholera outbreak due to Vibrio cholerae in Haiti and the 2016 outbreak in Yemen [32,33],
and foodborne illnesses across Europe in 2011 caused by a novel EAEC O104:H4 strain that had
acquired Stx2a [34,35]. Although antibiotic treatment is usually the first and most effective therapy
for bacterial GI infections, such measures against STEC infection can exacerbate disease, yielding
extra-intestinal complications such as hemolytic uremic syndrome [14,36-40]. In addition, anti-motility
agents such as loperamide are also contra-indicated for STEC infection. Thus, the only treatment
option currently available is non-specific rehydration therapy and other supportive therapies.

A limitation in developing new therapeutic options to treat diarrhea due to EHEC is a full
understanding of the bacterial factors that contribute to diarrhea. Here we used the human adult stem
cell- derived ex vivo colonic epithelium cultures termed colonoids as a novel model to test the role of
SPATES, a class of bacterial effectors that share the property of having serine protease activity, in the
development of watery diarrhea. Compared to well characterized colonic carcinoma- derived intestinal
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epithelial cell lines, colonoids provide many advantages [11,41]. They are established from biopsies
obtained from healthy donors and the resulting cultures preserve the donor’s genotype/phenotype
as well as intestinal segmental specificity. Colonoid cultures include a mixture of all types of
intestinal epithelial cells at close to physiologic ratios, including LGR5* stem cells, colonocytes,
goblet, and enteroendocrine cells [42,43]. Transcriptome and immunofluorescence analyses show that
undifferentiated cultures grown in the presence of high concentrations of wingless-related integration
site (Wnt) 3A, R-spondin-1 and Noggin represent crypt-like epithelium, while differentiated cultures
maintained in the absence of Wnt3A and R-spondin-1 develop into surface-like epithelium with a
thick layer of attached mucus [10,11,42,43]. Thus, colonoids are a physiologically relevant human
intestinal epithelial model to determine the contribution of colonic crypt-like epithelium vs. surface-like
epithelium to the net ion secretion in physiologic and pathophysiologic conditions, as in diarrhea
induced by pathogenic microbes. Importantly, when maintained in an appropriate mixture of growth
factors, these UD cultures propagate indefinitely allowing multiple experimental repetitions [11,42—44].

Using this HCM model, we show that EHEC-secreted EspP acts as an enterotoxin and stimulates
Isc in a toxin concentration-dependent manner. Pre-absorption with a specific antibody significantly
reduced EspP-dependent stimulation of Isc, further indicating the specificity of EspP-induced
transepithelial current. Surprisingly, EspP-induced Isc was not mediated by CFTR or CaCCs, but was
partially Ca?*-dependent. Further studies are needed to determine the specific active transport process
affected by EspP and cellular transporter(s) involved in EspP-stimulated transepithelial current.

The EspP protein motif responsible for enterotoxigenic activity remains to be identified, because
EspP-stimulated Isc did not require its protease activity. These data indicate that SPATEs are
multifunctional virulence factors and that protease activity is not always the dominant function
in pathogenetic mechanisms attributed to these proteins [29-31]. Indeed, EAEC O104:H4, in addition
to Stx, acquired a rare combination of SPATEs genes, sepA, sigA, and pic [45,46]. Although Pic did
not exhibit enterotoxigenic activity in our studies, confirming published observations [47], SepA
stimulated Cl~ secretion in a CFTR-dependent manner in HCM. Thus, SepA may contribute to EAEC
0104:H4-induced diarrhea in patients. Additionally, EAEC SPATEs were shown to be important for
robust colonization and subsequent induction of diarrheal disease in an infant rabbit model of EAEC
0104:H4 infection [48] further indicating the multi-functionality of this class of bacterial proteins.
Since diarrhea producing bacteria often make multiple SPATEs, studies of their contributions both
alone and in combination will be required to better understand the pathophysiology of diarrhea; and
it is expected that systems such as the human enteroid monolayers, as used here, will allow such
experimental approaches to be successfully undertaken.

The clinical manifestation of watery diarrhea in EHEC patients is substantially milder (both stool
volume and number of bowel movements) compared to Vibrio cholera-induced massive water diarrhea,
which can reach up to 1 L per hour. V. cholera-induced rate of fluid loss is not typically observed
in other cases of diarrheal illness [49]. Thus, our data that the Isc amplitude generated by EspP is
substantially lower compared to the Isc generated by forskolin, which functions similarly to cholera
toxin activation of CFTR, correctly reflects the clinical differences between EHEC and V. cholera-induced
watery diarrhea.

The significant difference in water loss between V. cholera and EHEC-induced watery diarrhea
is also reflected in disease management. Rehydration is the first line of treatment in the case of V.
cholera-induced diarrhea, but currently not in the case of EHEC-infected patients. However, this small
dehydration may have severe consequences in EHEC-induced disease progression. Recent clinical data
analysis shows that the hydration status of EHEC-infected patients has a significant effect on disease
outcome. Dehydration is associated with worse outcomes, including the development of oligo-anuric
renal failure in children with HUS, need for renal replacement therapy, central nervous system
involvement and death [50]. Thus, understanding the molecular mechanisms of EHEC-induced watery
diarrhea, including the role of EspP in this process, may provide a better outcome for EHEC-caused
systemic diseases.
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In addition, it is known that increases in second messengers in intestinal cells have synergistic
effects on Cl-secretion. We hypothesize that the small increase in Isc caused by EspP is probably only a
component that drives fluid secretion in EHEC diarrhea, although the additional complexity of the
effects of multiple secretagogues, including EspP, has not been evaluated.

4. Conclusions

EHEC-secreted virulence factor EspP acts as an enterotoxin and causes change in active
ion transport in HCM in a toxin concentration-dependent manner. EspP-induced current is not
mediated by CFTR, is not Cl~-secretory, but it is partially Ca?*-dependent and may contribute to
the pathophysiology of EHEC diarrhea. This is the first enterotoxin identified in EHEC and a newly
recognized function of EspP, which is independent of its protease activity.

5. Materials and Methods

5.1. Reagents

All reagents, unless otherwise specified, including CFTR inhibitor CFTRinh172, CaCC inhibitor
and BAPTA-AM were purchased from Sigma-Aldrich (St. Louis, MO, USA). CFTR inhibitor BPO-27
was a generous gift from Dr. Alan Verkman, USCFE. Anti-EspP antibody was a generous gift from Dr.
Harris D. Bernstein, NIDDK.

5.2. Purification of EspP and EspP S263A

Genes encoding full-length EspP and serine protease mutant EspP S263A were cloned into
the pRLS5 plasmid under the control of an IPTG-inducible promoter as previously described [51].
The plasmids were transformed into the E. coli strain AD202. Colonies from the EspP- or
EspP S263A—containing AD202 bacteria were inoculated into Luria Broth (LB) with 100 pg/mL
ampicillin for overnight cultures. The cultures were spun down and cells washed twice in fresh LB.
The resuspended bacteria were transferred to LB media and EspP or EspP S263A was expressed upon
IPTG induction. The proteins were precipitated from the supernatant with 60% ammonium sulfate.
The recombinant proteins were concentrated by centrifugation (Amicon Ultra 15 mL, MWCO 30 kDa;
Millipore Sigma, St. Louis, MO, USA), solubilized in PBS and filtered using 0.22 pm syringe filters.
Final protein concentration was determined by Bradford protein assay (Bio-Rad, Hercules, CA, USA).
Serine protease activity of recombinant EspP and lack of activity of EspP S263A was verified by pepsin
cleavage assay [52]. Small aliquots were stored at —80 °C.

For EspP neutralization by antibody, 100 pL of purified EspP toxin was incubated with 20 pL of
specific anti-EspP antibodies overnight at 4 °C. Antibody-EspP complexes and excess EspP antibodies
were removed with Protein A/G Plus Agarose (Santa Cruz sc-2003, Paso Robles, CA, USA) by
incubating the solution for 2 h and centrifugation at 1000 g for 5 min. The EspP depleted supernatant
was used for Isc studies. The levels of EspP depletion by antibody were visualized by Coomassie Blue
staining of the pre-depleted and post-depleted solutions subjected to SDS/PAGE (data not shown).

5.3. Purification of Pic and SepA

Expression and purification of Pic and SepA proteins from minimal clones in E. coli HB101 have
been described previously [28]. Briefly, overnight Luria broth cultures of E. coli HB101 expressing
SepA or Pic clones were centrifuged at 7500 x ¢ for 10 min. Culture supernatants were passed through
a 0.22 um-pore size filter to remove residual bacteria and concentrated with 30-kDa-cutoff spin filter
devices (Millipore, Bedford, MA, USA). The supernatants were then separated by anion exchange
chromatography using Sepharose Q resin and stepwise elution. Fractions containing SPATEs were
again concentrated as described above with spin filters. Anion-exchange purified proteins were
treated with Endo-Trap-Blue (Hyglos GmbH, Bernried am Starnberger See, Germany) to remove LPS
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accordingly to the manufacturer’s specifications, dialyzed in 1 x PBS pH 7.0, and stored in small
aliquots at —80 °C.

5.4. Human Colonoid and Enteroid Cultures

Human colonoid and enteroid cultures were established from de-identified tissue samples
obtained after endoscopic or surgical procedures from four different subjects that provided informed
consent utilizing the previously described methods [10,44]. All experimental protocols were approved
by the JHU Institutional Review Board (IRB# NA_00038329, approval date: 27 February 2014).
All methods were carried out in accordance with approved guidelines and regulations. Briefly,
human cultures were generated from isolated intestinal crypts embedded in Matrigel (Corning,
Tewksbury, MA, USA) in 24-well plates and cultured in the presence of Wnt3A, R-spondi-1 and Noggin
containing undifferentiated media (UDM), as previously described in detail [10,12]. Matrigel cultures
in UDM media were used for the propagation of colonoids and enteroids. To generate the monolayer
cultures, colonoids or enteroids were triturated in Cultrex Organoid Harvesting Solution (Trevigen,
Gaithersburg, MD, USA), and the fragments were collected by centrifugation and resuspended in
UDM. Enteroid fragments (100 uL) were seeded onto 0.4 um pore polyester (PET) membrane 24-well
cell culture inserts (Transwell; Corning, Tewksbury, MA, USA) pre-coated with human collagen IV
(34 ug/mL; Millipore Sigma, St. Louis, MO, USA). Monolayers were cultured in UDM at 37 °C, 5%
CO,. Under these conditions, cultures reached confluency in 7-14 days. Confluent monolayers were
differentiated for 5 days in media free of Wnt3A and R-spondin-1.

5.5. Short-Circuit Current Measurements with the Ussing Chamber/Voltage Clamp Technique

Short-circuit current (Isc) in HCM was measured as previously described [25,26]. Unless indicated
otherwise, the concentration of EspP and EspP S263A added to apical surfaces was 6 pg/mL.
Transwell inserts seeded with human colonoid and enteroid monolayers were mounted in Ussing
chambers (Physiological Instruments, San Diego, CA, USA). The apical and basolateral hemichambers
were filled with Krebs-Ringer bicarbonate (KBR) buffer that was gassed continuously with 95%
0,/5% CO,, maintained at 37 °C, and connected to a voltage-current clamp apparatus (Physiological
Instruments) via Ag/AgCl electrodes and 3 M KCl agar bridges. The KRB buffer was made of 115 mM
NaCl, 25 mM NaHCOj3, 0.4 mM KH,POy, 2.4 mM K,HPOy, 1.2 mM CaCl,, 1.2 mM MgCl,, pH 7 4.
To make Cl™-free buffer, C1~ in KRB buffer was replaced with equimolar gluconate. C1~-free buffer
was supplemented with additional 5 mM calcium gluconate to maintain the level of free calcium.
Additionally, buffer in the basolateral hemichamber was supplemented with 10 mM glucose as an
energy substrate; buffer in the apical hemichamber was supplemented with 10 mM mannitol to
maintain the osmotic balance. Current clamping was employed and short-circuit current was recorded
every 20 s by the Acquire & Analyze software 2.2.2 (Physiological Instruments, San Diego, CA, USA).
To investigate cAMP-stimulated anion secretion, 10 uM of forskolin was added to the basolateral
hemichamber, followed by addition of the CFTR inhibitors.

Author Contributions: Conceptualization, O.K., J.GI, CM.T., M.D. (Mark Donowitz), J.BK., and J.PN.;
Methodology, O.K., CM.T,, ].G.L, and M.D. (Mark Donowitz); Validation, C.M.T.,, ].G.I,, and J.Y.; Formal Analysis,
CM.T, and ].Y,; Investigation, CM.T., ].G.I,, ER.-P, ].E-A., M.D. (Mark Donowitz) and O.K.; Resources, O.K., M.D.
(Mark Donowitz); Data Curation, C.M.T,, ].G.I,, and ].Y.; Writing-Original Draft Preparation, O.K.; Writing-Review
& Editing, O.K,, ].G.I,, CM.T., M.D. (Mark Donowitz), ] E-A., ER.-P, ].BK., N.C.Z,, ].Y., M.D. (Michele Doucet),
and J.PN.; Supervision, M.D. (Mark Donowitz), and N.C.Z.; Project Administration, M.D. (Michele Doucet);
Funding Acquisition, O.K,, ].B.K,, ].PN., N.C.Z., and M.D. (Mark Donowitz).

Funding: This research was funded by NIH grants P01 AI-125181, P30 DK-089502, and K01 DK-106323.

Acknowledgments: We thank Harris Bernstein (NIH) for providing the EspP plasmids and the antibody for the
EspP passenger domain, and James Fleckenstein (Washington University, St. Louis, MO, USA) for the gift of
purified recombinant EatA. We acknowledge the Integrated Physiology Core and the Imaging Core of the Hopkins
Conte Digestive Disease Basic and Translational Research Core Center.



Toxins 2018, 10, 351 110f13

Conflicts of Interest: The authors declare no conflicts of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, and in the decision to
publish the results.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

Scallan, E.; Hoekstra, R.M.; Angulo, EJ.; Tauxe, R.V.; Widdowson, M.-A ; Roy, S.L.; Jones, ].L.; Griffin, PM.
Foodborne illness acquired in the United States—Major pathogens. Emerg. Infect. Dis. 2011, 17, 7-15.
[CrossRef] [PubMed]

Kaper, J.B.; Nataro, J.P.; Mobley, H.L.T. Pathogenic Escherichia coli. Nat. Rev. Microbiol. 2004, 2, 123-140.
[CrossRef] [PubMed]

Viswanathan, V.K.; Hodges, K.; Hecht, G. Enteric infection meets intestinal function: How bacterial pathogens
cause diarrhoea. Nat. Rev. Microbiol. 2009, 7, 110-119. [CrossRef] [PubMed]

Thomas, D.E.; Elliott, E.J. Interventions for preventing diarrhea-associated hemolytic uremic syndrome:
Systemic review. BMC Public Health 2013, 13. [CrossRef] [PubMed]

Li, Z.; Bell, C.; Buret, A.; Robins-Browne, R.; Stiel, D.; O’Loughlin, E. The effect of enterohemorrhagic
Escherichia coli 0157:H7 on intestinal structure and solute transport in rabbits. Gastroenterology 1993, 104,
467-474. [CrossRef]

Karmali, M.A.; Griffin, PM. Emerging public health challenges of Shiga toxin-producing Escherichia coli
related to changes in the pathogen, the population, and the environment. Clin. Infect. Dis. 2017, 64, 371-376.
[PubMed]

Mellies, J.L.; Navarro-Garcia, E; Okeke, L.; Frederickson, J.; Nataro, J.P.; Kaper, ].B. espC pathogenicity island
of enteropathogenic Escherichia coli encodes an enterotoxin. Infect. Immun. 2001, 69, 315-324. [CrossRef]
[PubMed]

Guignot, J.; Segura, A.; Tran Van Nhieu, G. The serine protease EspC from enteropathogenic Escherichia coli
regulates pore formation and cytotoxicity mediated by the type III secretion system. PLoS Pathog. 2015, 11,
€1005013. [CrossRef] [PubMed]

Dautin, N. Serine protease autotransporters of enterobacteriaceae (SPATEs): Biogenesis and function. Toxins
2010, 2, 1179-1206. [CrossRef] [PubMed]

In, J.; Foulke-Abel, J.; Zachos, N.C.; Hansen, A.-M.; Kaper, ].B.; Bernstein, H.D.; Halushka, M.; Blutt, S.;
Estes, M.K.; Donowitz, M.; et al. Enterohemorrhagic Escherichia coli reduce mucus and intermicrovillar
bridges in human stem cell-derived colonoids. Cell. Mol. Gastroenterol. Hepatol. 2016, 2, 48-62. [CrossRef]
[PubMed]

In, ].G.; Foulke-Abel, J.; Estes, M.K.; Zachos, N.C.; Kovbasnjuk, O.; Donowitz, M. Human mini-guts: New
insights into intestinal physiology and host-pathogen interactions. Nat. Rev. Gastroenterol. Hepatol. 2016, 13,
633-642. [CrossRef] [PubMed]

Noel, G.; Baetz, N.W.; Staab, J.F.; Donowitz, M.; Kovbasnjuk, O.; Pasetti, M.F.; Zachos, N.C. A primary
human macrophage-enteroid co-culture model to investigate mucosal gut physiology and host-pathogen
interactions. Sci. Rep. 2017, 7, 45270. [CrossRef] [PubMed]

VanDussen, K.L.; Marinshaw, J.M.; Shaikh, N.; Miyoshi, H.; Moon, C.; Tarr, PI; Ciorba, M.A,;
Stappenbeck, T.S. Development of an enhanced human gastrointestinal epithelial culture system to facilitate
patient-based assays. Gut 2015, 64, 911. [CrossRef] [PubMed]

Nguyen, Y.; Sperandio, V. Enterohemorrhagic E. coli (EHEC) pathogenesis. Front. Cell. Infect. Microbiol. 2012,
2,90. [CrossRef] [PubMed]

Pacheco, A.R.; Sperandio, V. Shiga toxin in enterohemorrhagic E. coli: Regulation and novel anti-virulence
strategies. Front. Cell. Infect. Microbiol. 2012, 2. [CrossRef]

Thiagarajah, J.R.; Donowitz, M.; Verkman, A.S. Secretory diarrhoea: Mechanisms and emerging therapies.
Nat. Rev. Gastroenterol. Hepatol. 2015, 12, 446-457. [CrossRef] [PubMed]

Kopic, S.; Geibel, ].P. Toxin mediated diarrhea in the 21st century: The pathophysiology of intestinal ion
transport in the course of ETEC, V. cholerae and rotavirus infection. Toxins 2010, 2, 2132-2157. [CrossRef]
[PubMed]

Navaneethan, U.; Giannella, R.A. Mechanisms of infectious diarrhea. Nat. Clin. Pract. Gastroenterol. Hepatol.
2008, 5, 637-647. [CrossRef] [PubMed]


http://dx.doi.org/10.3201/eid1701.P11101
http://www.ncbi.nlm.nih.gov/pubmed/21192848
http://dx.doi.org/10.1038/nrmicro818
http://www.ncbi.nlm.nih.gov/pubmed/15040260
http://dx.doi.org/10.1038/nrmicro2053
http://www.ncbi.nlm.nih.gov/pubmed/19116615
http://dx.doi.org/10.1186/1471-2458-13-799
http://www.ncbi.nlm.nih.gov/pubmed/24007265
http://dx.doi.org/10.1016/0016-5085(93)90415-9
http://www.ncbi.nlm.nih.gov/pubmed/27986670
http://dx.doi.org/10.1128/IAI.69.1.315-324.2001
http://www.ncbi.nlm.nih.gov/pubmed/11119520
http://dx.doi.org/10.1371/journal.ppat.1005013
http://www.ncbi.nlm.nih.gov/pubmed/26132339
http://dx.doi.org/10.3390/toxins2061179
http://www.ncbi.nlm.nih.gov/pubmed/22069633
http://dx.doi.org/10.1016/j.jcmgh.2015.10.001
http://www.ncbi.nlm.nih.gov/pubmed/26855967
http://dx.doi.org/10.1038/nrgastro.2016.142
http://www.ncbi.nlm.nih.gov/pubmed/27677718
http://dx.doi.org/10.1038/srep45270
http://www.ncbi.nlm.nih.gov/pubmed/28345602
http://dx.doi.org/10.1136/gutjnl-2013-306651
http://www.ncbi.nlm.nih.gov/pubmed/25007816
http://dx.doi.org/10.3389/fcimb.2012.00090
http://www.ncbi.nlm.nih.gov/pubmed/22919681
http://dx.doi.org/10.3389/fcimb.2012.00081
http://dx.doi.org/10.1038/nrgastro.2015.111
http://www.ncbi.nlm.nih.gov/pubmed/26122478
http://dx.doi.org/10.3390/toxins2082132
http://www.ncbi.nlm.nih.gov/pubmed/22069677
http://dx.doi.org/10.1038/ncpgasthep1264
http://www.ncbi.nlm.nih.gov/pubmed/18813221

Toxins 2018, 10, 351 12 0f13

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.
38.

Pavlova, O.; Peterson, ].H.; Ieva, R.; Bernstein, H.D. Mechanistic link between 3 barrel assembly and the
initiation of autotransporter secretion. Proc. Natl. Acad. Sic. USA 2013, 110, E938-E947. [CrossRef] [PubMed]
In, J.; Lukyanenko, V.; Foulke-Abel, J.; Hubbard, A.L.; Delannoy, M.; Hansen, A.M.; Kaper, ].B.; Boisen, N.;
Nataro, ].P; Zhu, C.; et al. Serine protease Espp from enterohemorrhagic Escherichia coli is sufficient to induce
Shiga toxin macropinocytosis in intestinal epithelium. PLoS ONE 2013, 8, €69196. [CrossRef] [PubMed]
Brockmeyer, J.; Bielaszewska, M.; Fruth, A.; Bonn, M.L.; Mellmann, A.; Humpf, H.-U.; Karch, H. Subtypes of
the plasmid-encoded serine protease EspP in Shiga toxin-producing Escherichia coli: Distribution, secretion,
and proteolytic activity. Appl. Environ. Microbiol. 2007, 73, 6351-6359. [CrossRef] [PubMed]

Weiss, A.; Brockmeyer, J. Prevalence, biogenesis, and functionality of the serine protease autotransporter
EspP. Toxins 2012, 5, 25-48. [CrossRef] [PubMed]

Weiss, A.; Joerss, H.; Brockmeyer, J. Structural and functional characterization of cleavage and inactivation
of human serine protease inhibitors by the bacterial SPATE protease EspPa« from enterohemorrhagic E. coli.
PLoS ONE 2014, 9. [CrossRef] [PubMed]

Thiagarajah, J.R.; Song, Y.; Haggie, PM.; Verkman, A.S. A small molecule CFTR inhibitor produces cystic
fibrosis-like submucosal gland fluid secretions in normal airways. FASEB ]. 2004, 18, 875-877. [CrossRef]
[PubMed]

Cil, O.; Phuan, P-W.,; Gillespie, A.M.; Lee, S.; Tradtrantip, L.; Yin, J.; Tse, M.; Zachos, N.C.; Lin, R;;
Donowitz, M.; et al. Benzopyrimido-pyrrolo-oxazine-dione CFTR inhibitor (R)-BPO-27 for antisecretory
therapy of diarrheas caused by bacterial enterotoxins. FASEB J. 2017, 31, 751-760. [CrossRef] [PubMed]
Yin, J.; Tse, C.-M.; Avula, L.R,; Singh, V.; Foulke-Abel, J.; Jonge, H.R.D.; Donowitz, M. Molecular basis and
differentiation-associated alterations of anion secretion in human duodenal enteroid monolayers. Cell. Mol.
Gastroenterol. Hepatol. 2018, 5, 591-609. [CrossRef] [PubMed]

Dekkers, J.F; Wiegerinck, C.L.; Jonge, H.R.D.; Bronsveld, I, Janssens, HM.; Groot, KM.D.W.;
Brandsma, A.M.; Jong, NNWM.D.; Bijvelds, M.].C.; Scholte, B.J.; et al. A functional CFIR assay using
primary cystic fibrosis intestinal organoids. Nat. Med. 2013, 19, 939-945. [CrossRef] [PubMed]

Namkung, W.; Phuan, PW.; Verkman, A.S. TMEM16A inhibitors reveal TMEM16A as a minor component of
calcium-activated chloride channel conductance in airway and intestinal epithelial cells. J. Biol. Chem. 2011,
286, 2365-2374. [CrossRef] [PubMed]

Dutta, P.R.; Cappello, R.; Navarrogarcia, F; Nataro, J.P. Functional comparison of serine protease
autotransporters of enterobacteriaceae. Infect. Immun. 2002, 70, 7105-7113. [CrossRef] [PubMed]
Ruiz-Perez, F.; Nataro, J.P. Bacterial serine proteases secreted by the autotransporter pathway: Classification,
specificity, and role in virulence. Cell. Mol. Life Sci. 2013, 71, 745-770. [CrossRef] [PubMed]

Ayala-Lujan, J.L.; Vijayakumar, V.; Gong, M.; Smith, R.; Santiago, A.E.; Ruiz-Perez, F. Broad spectrum activity
of a lectin-like bacterial serine protease family on human leukocytes. PLoS ONE 2014, 9, €107920. [CrossRef]
[PubMed]

Chin, C.S.; Sorenson, J.; Harris, J.B.; Robins, W.P,; Charles, R.C.; Jean-charles, R.R.; Bullard, J.; Webster, D.R.;
Kasarskis, A.; Peluso, P; et al. The origin of the haitian cholera outbreak strain. N. Engl. . Med. 2011, 364,
33-42. [CrossRef] [PubMed]

Camacho, A.; Bouhenia, M.; Alyusfi, R.; Alkohlani, A.; Naji, M.; De, X.R.; Radigues, X.D.; Abubakar, A.M.;
Almoalmi, A.; Seguin, C.; et al. Cholera epidemic in Yemen, 2016-18: An analysis of surveillance data.
Lancet Glob. Health 2018, 6, €680-e690. [CrossRef]

Group SWR. Experiences from the Shiga toxin-producing Escherichia coli O104:H4 outbreak in Germany and
research needs in the field, Berlin, 28-29 November 2011. Eur. Surveill. 2012, 17. [CrossRef]

Andresen, V.; Léwe, B.; Broicher, W.; Riegel, B.; Fraedrich, K.; Wulffen, M.V.; Gappmayer, K.; Wegscheider, K.;
Treszl, A.; Rose, M.; et al. Post-infectious irritable bowel syndrome (PI-IBS) after infection with shiga-like
toxin-producing Escherichia coli (STEC) O104:H4: A cohort study with prospective follow-up. United Eur.
Gastroenterol. J. 2016, 4, 121. [CrossRef] [PubMed]

Bielaszewska, M.; Idelevich, E.A.; Zhang, W.; Bauwens, A.; Schaumburg, F; Mellmann, A.; Peters, G.;
Karch, H. Effects of antibiotics on Shiga toxin 2 production and bacteriophage induction by epidemic
Escherichia coli O104:H4 strain. Antimicrob. Agents Chem. 2012, 56, 3277-3282. [CrossRef] [PubMed]

Tarr, P.I; Christie, D.L. Antimotility agents and E. coli infection. CMAJ 1999, 160, 984-986. [PubMed]

Tarr, P.I; Watkins, S.L.; Neill, M. A. Risk of hemolytic uremic syndrome from antibiotic treatment of Escherichia
coli O157:H7 colitis. JAMA 2002, 288, 3111-3112. [CrossRef] [PubMed]


http://dx.doi.org/10.1073/pnas.1219076110
http://www.ncbi.nlm.nih.gov/pubmed/23431155
http://dx.doi.org/10.1371/journal.pone.0069196
http://www.ncbi.nlm.nih.gov/pubmed/23874912
http://dx.doi.org/10.1128/AEM.00920-07
http://www.ncbi.nlm.nih.gov/pubmed/17704265
http://dx.doi.org/10.3390/toxins5010025
http://www.ncbi.nlm.nih.gov/pubmed/23274272
http://dx.doi.org/10.1371/journal.pone.0111363
http://www.ncbi.nlm.nih.gov/pubmed/25347319
http://dx.doi.org/10.1096/fj.03-1248fje
http://www.ncbi.nlm.nih.gov/pubmed/15001557
http://dx.doi.org/10.1096/fj.201600891R
http://www.ncbi.nlm.nih.gov/pubmed/27871064
http://dx.doi.org/10.1016/j.jcmgh.2018.02.002
http://www.ncbi.nlm.nih.gov/pubmed/29930980
http://dx.doi.org/10.1038/nm.3201
http://www.ncbi.nlm.nih.gov/pubmed/23727931
http://dx.doi.org/10.1074/jbc.M110.175109
http://www.ncbi.nlm.nih.gov/pubmed/21084298
http://dx.doi.org/10.1128/IAI.70.12.7105-7113.2002
http://www.ncbi.nlm.nih.gov/pubmed/12438392
http://dx.doi.org/10.1007/s00018-013-1355-8
http://www.ncbi.nlm.nih.gov/pubmed/23689588
http://dx.doi.org/10.1371/journal.pone.0107920
http://www.ncbi.nlm.nih.gov/pubmed/25251283
http://dx.doi.org/10.1056/NEJMoa1012928
http://www.ncbi.nlm.nih.gov/pubmed/21142692
http://dx.doi.org/10.1016/S2214-109X(18)30230-4
http://dx.doi.org/10.25646/1053
http://dx.doi.org/10.1177/2050640615581113
http://www.ncbi.nlm.nih.gov/pubmed/26966532
http://dx.doi.org/10.1128/AAC.06315-11
http://www.ncbi.nlm.nih.gov/pubmed/22391549
http://www.ncbi.nlm.nih.gov/pubmed/10207332
http://dx.doi.org/10.1001/jama.288.24.3111-JLT1225-2-3
http://www.ncbi.nlm.nih.gov/pubmed/12495389

Toxins 2018, 10, 351 13 of 13

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Davis, TK.; Mckee, R.; Schnadower, D.; Tarr, PI. Treatment of Shiga toxin-producing Escherichia coli infections.
Infect. Dis Clin. N. Am. 2013, 27, 577-597. [CrossRef] [PubMed]

Nelson, J.M.; Griffin, PM.; Jones, T.E.; Smith, K.E.; Scallan, E. Antimicrobial and antimotility agent use in
persons with Shiga toxin—producing Escherichia coli O157 infection in FoodNet sites. Clin. Infect. Dis. 2011,
52, 1130-1132. [CrossRef] [PubMed]

Zachos, N.C.; Kovbasnjuk, O.; Foulkeabel, J.; In, J.; Blutt, S.E.; Jonge, H.R.D.; Estes, M.K.; Donowitz, M.
Human enteroids/colonoids and intestinal organoids functionally recapitulate normal intestinal physiology
and pathophysiology. J. Biol. Chem. 2015, 291, 3759-3766. [CrossRef] [PubMed]

Sato, T.; Clevers, H. Growing self-organizing mini-guts from a single intestinal stem cell: Mechanism and
applications. Science 2013, 340, 1190-1194. [CrossRef] [PubMed]

Zou, W.Y,; Blutt, S.E.; Crawford, S.E.; Ettayebi, K.; Zeng, X.L.; Saxena, K.; Ramani, S.; Karandikar, U.C;
Zachos, N.C.; Estes, M.K. Human intestinal enteroids: New models to study gastrointestinal virus infections.
Methods Mol. Biol. 2017, 1-19. [CrossRef]

Sato, T.; Stange, D.E.; Ferrante, M.; Vries, R.G.].; Es, ] H.V,; Brink, S.V.D.; Houdt, W.]J.V.; Pronk, A;
Gorp, J.V,; Siersema, P.D; et al. Long-term expansion of epithelial organoids from human colon, adenoma,
adenocarcinoma, and Barrett’s epithelium. Gastroenterology 2011, 141, 1762-1772. [CrossRef] [PubMed]
Rasko, D.A.; Webster, D.R.; Sahl, ].W.; Bashir, A.; Boisen, N.; Scheutz, E,; Paxinos, E.E.; Sebra, R.; Chin, C.-S.;
Iliopoulos, D.; et al. Origins of the e. coli strain causing an outbreak of hemolytic-uremic syndrome in
germany. N. Engl. ]. Med. 2016, 187, 709-717.

Scheutz, F; Nielsen, E.M.; Frimodtmeller, J.; Boisen, N.; Morabito, S.; Tozzoli, R.; Nataro, ].P.; Caprioli, A.
Characteristics of the enteroaggregative Shiga toxin/verotoxin-producing Escherichia coli O104:H4 strain
causing the outbreak of haemolytic uraemic syndrome in Germany, May to June 2011. Eurosurveillance 2011,
16, 46—64. [CrossRef]

Navarro-Garcia, F; Eslava, C.J.; Lopez-Revilla, R.; Czeczulin, |.; Srinivas, S.; Nataro, J.; Cravioto, A. In vitro
effects of a high-molecular-weight heat-labile enterotoxin from enteroaggregative Escherichia coli. Infect.
Immun. 1998, 66, 3149-3154. [PubMed]

Munera, D.; Ritchie, ].M.; Hatzios, S.K.; Bronson, R.; Fang, G.; Schadt, E.E.; Davis, B.M.; Waldor, M.K.
Autotransporters but not pAA are critical for rabbit colonization by Shiga toxin-producing Escherichia coli
0104:H4. Nat. Commun. 2014, 5, 3080. [CrossRef] [PubMed]

Harris, J.B.; Larocque, R.C.; Qadri, F; Ryan, E.T.; Calderwood, S.B. Cholera. Lancet 2012, 379, 2466-2476.
[CrossRef]

Grisaru, S.; Xie, J.; Samuel, S.; Hartling, L.; Tarr, P1.; Schnadower, D.; Freedman, S.B.; for the Alberta
Provincial Pediatric Enteric Infection Team. Associations between hydration status, intravenous fluid
administration, and outcomes of patients infected with Shiga toxin-producing Escherichia coli: A systematic
review and meta-analysis. JAMA Pediatr. 2017, 171, 68-76. [CrossRef] [PubMed]

Szabady, R.L.; Peterson, J.H.; Skillman, K.M.; Bernstein, H.D. An unusual signal peptide facilitates late steps
in the biogenesis of a bacterial autotransporter. Proc. Natl. Acad. Sic. USA 2005, 102, 221-226. [CrossRef]
[PubMed]

Brunder, W.; Schmidt, H.; Karch, H. EspP, a novel extracellular serine protease of enterohaemorrhagic
Escherichia coli O157:H7 cleaves human coagulation factor V. Mol. Microbiol. 1997, 24, 767-778. [CrossRef]
[PubMed]

® © 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/j.idc.2013.05.010
http://www.ncbi.nlm.nih.gov/pubmed/24011831
http://dx.doi.org/10.1093/cid/cir087
http://www.ncbi.nlm.nih.gov/pubmed/21467017
http://dx.doi.org/10.1074/jbc.R114.635995
http://www.ncbi.nlm.nih.gov/pubmed/26677228
http://dx.doi.org/10.1126/science.1234852
http://www.ncbi.nlm.nih.gov/pubmed/23744940
http://dx.doi.org/10.1007/7651_2017_1
http://dx.doi.org/10.1053/j.gastro.2011.07.050
http://www.ncbi.nlm.nih.gov/pubmed/21889923
http://dx.doi.org/10.2807/ese.16.24.19889-en
http://www.ncbi.nlm.nih.gov/pubmed/9632579
http://dx.doi.org/10.1038/ncomms4080
http://www.ncbi.nlm.nih.gov/pubmed/24445323
http://dx.doi.org/10.1016/S0140-6736(12)60436-X
http://dx.doi.org/10.1001/jamapediatrics.2016.2952
http://www.ncbi.nlm.nih.gov/pubmed/27893870
http://dx.doi.org/10.1073/pnas.0406055102
http://www.ncbi.nlm.nih.gov/pubmed/15615856
http://dx.doi.org/10.1046/j.1365-2958.1997.3871751.x
http://www.ncbi.nlm.nih.gov/pubmed/9194704
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	EspP Demonstrates Enterotoxic Activity 
	EspP Enterotoxic Activity is Independent of its Serine Protease Activity 
	EspP Specifically Alters Isc in a Concentration-Dependent Manner 
	EspP-Stimulated Current is CFTR-Independent 
	EspP-Induced Isc is Partially Ca2+ Dependent 
	Effects of Class-2 SPATEs on Ion Secretion by Human Intestinal Epithelial Cultures 

	Discussion 
	Conclusions 
	Materials and Methods 
	Reagents 
	Purification of EspP and EspP S263A 
	Purification of Pic and SepA 
	Human Colonoid and Enteroid Cultures 
	Short-Circuit Current Measurements with the Ussing Chamber/Voltage Clamp Technique 

	References

