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Summary

Enteroaggregative Escherichia coli (EAEC) induces release of pro-inflammatory markers and
disruption of intestinal epithelial barriers in vitro suggesting an inflammatory aspect to EAEC
infection. However, the mechanisms underlying EAEC-induced mucosal inflammatory responses
and the extent to which these events contribute to pathogenesis is not well characterized.
Employing an established in vitro model we demonstrated that EAEC prototype strain 042 induces
migration of polymorphonuclear neutrophils (PMNs) across polarized T84 cell monolayers. This
event was mediated through a conserved host cell signaling cascade involving the 12/15-LOX
pathway and led to apical secretion of an arachidonic acid-derived lipid PMN chemoattractant,
guiding PMNSs across the epithelia to the site of infection. Moreover, supporting the hypothesis
that inflammatory responses may contribute to EAEC pathogenesis, we found that PMN
transepithelial migration promoted enhanced attachment of EAEC 042 to T84 cells. These
findings suggest that EAEC-induced PMN infiltration may favor colonization and thus
pathogenesis of EAEC.
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Introduction

Enteroaggregative Escherichia coli (EAEC) are increasingly recognized as a cause of
diarrheal illness in diverse populations in both industrialized and developing countries
(Nataro, 2005). The pathogen is characterized by its ability to adhere to the laryngeal
epithelial cell line HEp-2 in an aggregative adherence (AA) pattern described as a ‘stacked-
brick’ formation (Nataro and Kaper, 1998). Symptoms of EAEC disease include
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inflammatory, watery diarrhea accompanied by vomiting, nausea and fever (Harrington et
al., 2006; Huppertz et al., 1997; Steiner et al., 1998). Studies also link EAEC infection to
growth impairment in children (Steiner et al., 1998).

EAEC pathogenesis is believed to be initiated by adherence of the bacteria to the intestinal
mucosa of the ileum and colon which requires expression of aggregative adherence fimbrae
(AAF) encoded on 60-65 MDa EAEC virulence plasmids designated pAA (Czeczulin et al.,
1997; Knutton et al., 1992). A bacterial biofilm is then formed and subsequent release of
enterotoxins causes mucosal damage and secretion of fluids (Hicks et al., 1996; Nataro,
2005; Sheikh et al., 2001).

Several indications suggest that EAEC infection is associated with inflammation of the gut
mucosa. EAEC strains have been shown to induce barrier disruption of intestinal epithelial
cells as well as basolateral release of the potent neutrophil chemokine interleukin (IL)-8
(Steiner et al., 1998; Strauman et al., 2010). Furthermore, epidemiological studies have
documented increased levels of fecal lactoferrin, IL-8 and IL-18 in infected individuals
(Bouckenooghe et al., 2000; Jiang et al., 2002; Steiner et al., 1998). Neutrophil infiltration
at the site of insult is a hallmark of the host inflammatory response to infection with several
enteric pathogens (Bétis et al., 2003; McCormick et al., 1993; McCormick et al., 1998;
Murphy et al., 2011; Savkovic et al., 1996). However, the extent to which inflammatory
responses contribute to EAEC pathogenesis is not well understood.

Ongoing studies using a well-established in vitro model for polymorphonuclear neutrophil
(PMN) transepithelial migration has led to much insight into the molecular and cellular
events underlying PMN infiltration induced by enteric pathogens such as Salmonella
enterica serotype Typhimurium (S. Typhimurium) and Shigella flexneri both of which evoke
potent inflammatory diarrhea (Bennish et al., 1991; McCormick et al., 1993).

S Typhimurium-induced PMN transmigration is triggered by the type 111 secretion system
(T3SS) effector protein SipA, which activates a host cell ADP-ribosylation factor 6- and
phospholipase D-dependent signaling cascade recruiting cytosolic protein kinase C a (PKC-
a) to the apical membrane (Criss et al., 2001, Lee et al., 2000, Silva et al., 2004). In a less
understood process activated PKC-a then phosphorylates downstream targets leading to
activation of calcium-independent phospholipase A, (iPLA,) (McCormick, 2007; Mumy et
al., 2008).

S flexneri-associated PMN transmigration is initiated by activation of a mitogen-activated
protein kinase (MAPK) signal transduction pathway involving extracellular signal-regulated
kinase (ERK1/2) and the upstream ERK kinase (MEK) (K&hler et al., 2002). This activation
is facilitated in part by the T3SS effector proteins OspF and OspC1 (Zurawski et al., 2006).
Based on these observations, the ERK1/2 signaling cascade is infered to be involved in
activation of cytosolic PLA, (cPLAy) (Mumy et al., 2008; Slomiany and Slomiany, 2006;
Su et al., 2004).

The mechanisms underlying S. Typhimurium- and S. flexneri-induced PMN transmigration
converge at the point of release of arachidonic acid from cellular membranes by iPLA,- and
cPLA-activity, respectively. Subsequent metabolism of arachidonic acid through a pathway
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involving 12/15-lipoxygenase (12/15-LOX) leads to synthesis of the eicosanoid hepoxilin
Az (HXAg; 8-hydroxy-11,12-epoxy-eicosatetranenoic acid), a potent PMN chemoattractant
(Mrsny et al., 2004; Mumy et al., 2008; Sutherland et al., 2000). The apically restricted
efflux ATP-binding cassette (ABC) protein transporter multidrug resistance-associated
protein 2 (MRP2) then facilitates secretion of HXAg to the apical surface from where HXA3
establishes a paracellular chemotactic gradient through the tight junctional complex, guiding
PMN movement from the submucosa across epithelia to the luminal site of infection (Chan
et al., 2004; Mrsny et al., 2004; Pazos et al., 2008).

The objective of this study was to investigate the role of PMN infiltration in EAEC
pathogenesis, employing our in vitro host inflammatory model system and focusing on the
non-invasive EAEC prototype strain 042, a proven human pathogen (Nataro et al., 1995).
We demonstrate that EAEC 042 induces significant PMN transepithelial migration and that
this event is mediated through the conserved signaling cascade involving the 12/15-LOX
pathway. Furthermore, we provide data suggesting that host inflammatory responses can be
beneficial to EAEC colonization and survival.

Apical infection of intestinal cells by EAEC prototype strain 042 induces basolateral-to-
apical directed PMN transepithelial migration

We initially examined EAEC 042 for its ability to induce PMN transepithelial migration in
the physiological basolateral-to-apical direction using our in vitro inflammatory model
system. Polarized T84 colonic epithelial monolayers were infected apically with 042 or one
of the commensal E. coli strains HS, MG1655 or F-18. Imposed gradients of the potent
PMN chemoattractant N-formylmethionyl-leucyl-phenylalanine (fMLP) served as the
positive control. fMLP-induced PMN transmigration occurs by a mechanism that is
independent of pathogen-induced signaling (McCormick et al., 1993). We found that unlike
any of the commensal E. coli strains tested, EAEC 042 induced significant PMN
transepithelial migration, suggesting a possible role for PMNs in EAEC pathogenesis (Fig.
1).

EAEC 042-induced PMN transepithelial migration does not involve the MEK/ERK pathway

Having established the PMN in vitro model for EAEC, we next sought to determine the
signaling pathways underlying this inflammatory response to EAEC 042 infection. We
focused on the MAPK pathways, which constitute three parallel cascades: ERK, p38 and
JNK. Pathogenic E. coli are commonly known to induce MAPK-dependent inflammatory
responses (Bétis et al., 2003; Savkovic et al., 2001). Notably, EAEC infection of intestinal
epithelial cells has been shown to stimulate activation of MAPK pathways, mediating
induction of the transcription factors nuclear factor kappa-B (NF-xB) and activator protein 1
(AP-1), resulting in IL-8 production and secretion (Khan et al., 2010). Moreover, ERK1/2
has been demonstrated to play a key role in triggering PMN transmigration induced by S.
flexneri as well as by diffusely adherent E. coli (DAEC) and in the latter case, p38 has also
been shown to be involved (Bétis et al., 2003; Kohler et al., 2002). We investigated the
extent to which ERK1/2 is involved in EAEC 042-associated PMN transmigration and
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found that 042 promotes a significant increase in phosphorylated ERK1/2 in the Triton
X-100-soluble cytosolic fractions compared to an uninfected buffer control (data not
shown). However, pretreatment of T84 cells with PD98059 or SB203580, inhibitors
selective for MEK and p38, respectively, had no effect on 042-induced PMN transepithelial
migration (data not shown), indicating that ERK1/2 and p38 signaling is not involved in this
aspect of the inflammatory response to EAEC 042 infection.

PKC-8 is involved in the regulation of EAEC 042-induced PMN transepithelial migration

We next examined the possibility that PKC activation is involved in regulating the pathway
leading to PMN transepithelial migration. Since activation of PKC has been associated with
inflammatory disease, as demonstrated in animal models as well as in response to enteric
pathogens (Chang et al., 2000; Jacobsen et al., 1995; Savkovic et al., 2003), we first
examined whether EAEC 042 induces translocation of this enzyme to the host cell
membrane. As shown in Fig. 2A, 042 promotes a significant increase in PKC in the Triton
X-100-insoluble membrane fractions compared to an uninfected buffer control or the
commensal E. coli strain F-18. We next evaluated the effect of the pan-PKC inhibitor
chelerytherine chloride (CCI) on the ability of EAEC 042 to induce PMN transmigration.
We found that pretreatment of T84 cell monolayers for 1 hour with 5 uM CCI significantly
attenuated 042-induced PMN transmigration by ~80% while not affecting the fMLP-
imposed PMN response (Fig. 2B).

Five specific PKC isoforms (a, Bll, 8, € and ) are known to be expressed in T84 cells, and
PKC-a has been shown to play a pivotal role in triggering S Typhimurium-induced PMN
transmigration (Silva et al., 2004). We assessed the effect of PKC-a, -6 and -C inhibition on
EAEC 042-induced PMN transmigration by pre-treating T84 cell monolayers for 1 hour
with one of the PKC-a inhibitors HBDDE or G 6976, the PKC-8 inhibitor rottlerin, or the
PKC-C inhibitor myristoylated PKC-{ pseudosubstrate. While none of the PKC-a or PKC-{
inhibitors had any effect (data not shown), 10 uM of rottlerin significantly reduced 042-
induced PMN transmigration without affecting the PMN response to the imposed fMLP
gradient (Fig. 2C). Confirming the results from our PKC-6 drug study, we determined that
EAEC 042 promotes a significant increase in phosphorylated PKC-8 in the Triton X-100-
insoluble membrane fractions compared to controls (Fig. 2D). These results imply that PKC-
& plays a role in mediating the cellular response leading to EAEC-induced PMN
transmigration.

An arachidonic acid-derived metabolite generated through the 12/15-LOX pathway plays a
role in regulating EAEC 042-induced PMN transepithelial migration

PKC isoforms have been shown to activate PLA, which in turn plays a key role in
inflammatory responses by facilitating release of arachidonic acid from membrane
phospholipids (Mumy et al., 2008; van Rossum and Patterson, 2009; Steer et al., 2002).
Mobilized arachidonic acid serves as a precursor for the eicosanoid class of lipids with
distinct roles as pro-inflammatory or anti-inflammatory mediators (Serhan and Savill, 2005).
To determine whether arachidonic acid is also involved in the events underlying
inflammatory responses to EAEC 042, we investigated the potential involvement of PLA, in
042-induced PMN transmigration. We found that a 3 hour pre-treatment of T84 cells with 20
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UM of the pan-PLA; inhibitor ONO-RS-082 significantly reduced 042-induced PMN
transmigration by ~80% without affecting fMLP-induced PMN transmigration (Fig. 3A).

We next sought to confirm these findings by a more selective, non-inhibitor-based approach.
We employed previously generated HCT-8 cells expressing a plasmid generating small
interfering RNAs (SiRNAs) against mRNA of PLA,G6, encoding human iPLA; (Mumy et
al., 2008). HCT-8 cells were more suitable for this particular procedure since, similar to T84
cells, they are a polarizing human intestinal transformed cell line and PMNs are able to
traverse HCT-8 monolayers in response to infection with low background levels. However,
unlike T84 cells, the HCT-8 cell line is easily and highly transfectable by standard methods.
Consistent with the drug study results, we found that PMN transmigration in response to
EAEC 042 infection was reduced by ~70% across HCT-8 monolayers expressing siRNA
against PLA,G6 mRNA in comparison to what was observed for monolayers expressing
nonspecific sSIRNA (Fig. 3B). Although the commensal E. coli strain F-18 did elicit modest
levels of PMN migration across the HCT-8 monolayers, this response was not affected by
reduction in iPLA; activity. These findings suggest a regulatory role for iPLA,-released
arachidonic acid in the inflammatory response to EAEC 042 infection.

Among the eicosanoids derived from arachidonic acid are the potent PMN chemoattractants
leukotriene B4 (LTB,4) and HXAg3, respectively generated through the 5-LOX and 12/15-
LOX pathways (Funk, 2001; Mrsny et al., 2004). Having demonstrated the involvement of
arachidonic acid in EAEC 042-induced inflammation, we next investigated the extent to
which the specific 5-LOX or 12/15-LOX pathways are involved. We found that pre-
treatment of T84 cells with 2 pM of the 12/15-LOX inhibitor baicalein resulted in a
significant ~50% reduction in 042-induced PMN transepithelial migration (Fig. 3C) whereas
pre-treatment of T84 cells with the 5-LOX inhibitor caffeic acid failed to inhibit this
inflammatory response (48.6 + 12.2 vs. 45.4 + 16.9 x 10* PMNs for monolayers pre-treated
with DMSO or 2 uM caffeic acid, respectively (not significantly different)). In addition,
neither inhibitor significantly affected fMLP-induced PMN transmigration.

To substantiate our drug study findings, we took advantage of previously generated HCT-8
cells expressing a plasmid encoding siRNAs against mMRNA of ALOX15, encoding human
12/15-LOX (Mumy et al., 2008). There are four enzymes known to possess 12-LOX activity
in humans: platelet-type, 12R, epidermal, and 12/15-LOX (Yamamoto et al., 1997;
Yamamoto et al., 1999; Yoshimoto and Yamamoto, 1995). Since previous studies using
mouse leukocyte type 12-LOX showed that intestinal epithelial cells selectively express
epithelial 12-LOX during active states of inflammation (Shannon et al., 1993), we choose to
generate siRNA constructs using the mRNA sequence for ALOX15, which encodes for 12/15
LOX, the human homologue of murine leukocyte type 12-LOX (Mumy et al., 2008). We
found that decreased expression of 12/15-LOX significantly attenuated (~70% inhibition)
EAEC 042-induced PMN transmigration compared to control monolayers (Fig. 3D). The
lower levels of PMN transmigration observed by E. coli F-18 infection were not affected by
the reduction in 12/15-LOX activity.

Thus far, our observations suggest that an arachidonic acid-derived lipid generated through
the 12/15-LOX pathway is involved in the inflammatory response to EAEC 042 infection.
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To quantify the relative amounts of various arachidonic acid metabolites in response to
EAEC 042 infection we used commercially available ELISA-based assays (Enzo Life
Sciences, Inc.). Since 12/15-LOX was found to play a crucial role in EAEC 042-induced
PMN transepithelial migration, we examined the relative amounts of 12-S-HETE and 15-S-
HETE given that 12/15-LOX-1 is a complex enzyme that produces primarily 15-S-HETE,
but can also produce 12-SHETE (Kuhn et al., 2002; Kuhn and Borngraber, 1999). As shown
in Fig. 4, we found that levels of 12-S-HETE (used as a biomarker for the activation of the
12-LOX pathway) and 15-S-HETE (used as a biomarker for the activation of the 12/15-LOX
pathway) were significantly elevated following infection with EAEC 042 compared to the
buffer (HBSS*) control. By contrast, analysis of metabolites involved in prostanoid
synthesis (PGE») or leukotriene synthesis (LTB,4) showed no difference when compared to
negative controls.

EAEC 042-induced PMN transepithelial migration is facilitated by the MRP2 efflux

transporter

Expression of the ABC efflux transporter MRP2, which is localized on the apical surface, is
upregulated in states of epithelial inflammation and the 12/15-LOX pathway has been
implicated as a requirement for maximal induction of this MRP2 upregulation (Pazos et al.,
2008). MRP2 plays a key role in facilitating S Typhimurium-induced PMN transmigration
by functioning as an efflux pump for the vectoral release of HXAg to the apical surface
(Pazos et al., 2008). Having demonstrated the involvement of the 12/15-LOX pathway in
PMN inflammatory responses to EAEC 042 infection we sought to determine the extent to
which MRP2 also plays a role. We tested whether infection with 042 alters expression levels
of MRP2 on the apical surface. Selective cell surface biotinylation of T84 cell monolayers
revealed that 042 does indeed upregulate expression of MRP2 to the apical surface
compared to an uninfected buffer control (Fig. 5A). To determine the functional relevance of
MRP2, we next examined the effect of the MRP2 inhibitor probenecid on the ability of 042
to cause PMN transmigration. We found that pre-treatment of T84 cell monolayers for 24
hours with 100 uM probenecid significantly reduced 042-induced PMN transmigration by
~70% while the fMLP-induced PMN response was unaffected (Fig. 5B). However,
inhibition of another intestinal apical efflux transporter, P-glycoprotein, did not result in a
corresponding decrease in PMN migration (data not shown). We next applied previously
generated HCT-8 cells generating siRNAs against mMRNA of MRP2 (Pazos et al., 2008).
Validating our MRP2 drug study data, we observed a ~60% reduction in 042-induced PMN
transepithelial migration across monolayers with decreased MRP2 expression compared to
control monolayers, whereas the lower levels of F-18-induced PMN migration were
unaffected by reduced MRP2 expression (Fig. 5C). Together, these results suggest that
MRP2 plays a key role in facilitating the inflammatory response to EAEC 042 infection.

Since we have determined that the potent PMN chemoattractant, HXA3 is a substrate for
MRP2 we next investigated the possible involvement of this eicosanoid in EAEC 042-
induced PMN transepithelial migration. Using an established protocol (McCormick et al.,
1993; Mrnsy et al., 2004), semi-purified fractions of HXA3 were collected from T84
monolayers infected with 042 in the absence (HBSS™) and presence of probenecid treatment
(100 uM for 24 hours at 37°C). We assessed the semi-purified HXAg fractions for
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bioactivity and found that the control extract collected from 042 infected cells, but not from
infected cells pre-treated with probenecid, was able to significantly induce PMN
transmigration (Fig. 6). These results not only indicate that EAEC 042 induces the apical
release of the PMN chemoattractant HXA3 but also strongly suggest that such secretion is
facilitated by MRP2.

PMN transepithelial migration promotes enhanced adherence of EAEC 042

Having established the ability of EAEC to induce PMN transmigration, we next sought to
determine if PMN migration is critical to this organism's pathogenic potential. This inquest
is founded on studies showing that the adherence of DAEC to intestinal epithelial cells is
significantly increased upon PMN infiltration (Bétis et al., 2003). To determine whether a
similar effect could be observed for EAEC, we assessed the attachment of EAEC 042 to T84
cell monolayers following PMN transmigration. Treatment of cells with Ca?*-depleted
HBSS served as a control for the effect of the loosening of the tight junctions with
impairment to transepithelial electrical resistance (TEER), and hence barrier function. We
found that fMLP-induced PMN transmigration prior to infection resulted in a significant
50% increase in the number of adhering bacteria compared to control infected cells (Fig.
7A). Moreover, while treatment of cells with Ca2*-depleted HBSS resulted in TEER
decreases to the same extent as observed for PMN transmigration (Fig. 7B), this did not
affect bacterial attachment. Thus, our data suggest that the increase in bacterial attachment is
not due to loss of barrier integrity caused by PMN transmigration but rather a consequence
of PMN-mediated modulation of host cell signaling following the migratory event. These
results imply that PMN infiltration, itself, can also contribute to EAEC pathogenesis by
favoring colonization of the bacteria.

Discussion

The role of inflammation in response to infection with the diarrheal pathogen EAEC is an
area of ongoing investigation. EAEC strains have been shown to induce release of pro-
inflammatory markers such as IL-8 from cultured intestinal epithelial cells suggesting an
involvement of PMNs (Steiner et al., 1998). Here, we demonstrate for the first time that
EAEC prototype strain 042 induces PMN transepithelial migration across monolayers of
polarized T84 colonic epithelial cells, suggesting that host inflammatory responses could be
contributing to EAEC pathogenesis.

The objective of this study was to investigate the role of PMNs in response to EAEC
infection by probing into the host signal transduction pathways underlying EAEC 042-
induced PMN transmigration using an established in vitro model. We discovered that the
process of EAEC 042-induced PMN transmigration is mediated, in part, by secretion of
HXAg, a potent PMN chemoattractant, from the apical surface of infected model intestinal
epithelia. In particular, EAEC 042 utilizes a conserved pathway involving iPLA,-mediated
release of arachidonic acid from the host cell membrane. HXAg, an arachidonic acid
metabolite produced by the 12/15-LOX pathway, is subsequently released to the apical
surface via the membrane transporter MRP2. Secreted HXA3 then forms a chemotactic
gradient across the tight junctional complex directing PMN paracellular transit across the
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epithelia to the luminal site of insult. Applying methods we have used previously to semi-
purify HXAgz (Mrsny et al., 2004), we provide evidence to suggest that this eicosanoid is
involved in the PMN recruitment response induced by EAEC. Although this fraction did not
include LTB,, another PMN chemoattractant, there is still a remote possibility that another
lipid-based chemoattractant might be involved in PMN transmigration, and further
investigation is ongoing to reconcile this possibility.

Furthermore, we demonstrated the involvement of PKC-8, the precise role of which remains
to be determined. Interestingly, PKC-6 has been suggested to regulate translocation of
MRP2, and in addition, PKC isoforms have been shown to activate PLA, (van Rossum and
Patterson, 2009; Schonhoff et al., 2008; Steer et al., 2002). Thus, it is likely that PKC-8
plays a key regulatory role in the process of EAEC-induced PMN transmigration. Moreover,
we were able to confirm previous findings that EAEC 042 induces basolateral but not apical
secretion of IL-8 (data not shown) (Harrington et al., 2005). Thus, it is expected that IL-8
works in concert with HXAg by causing recruitment of PMNSs through the subepithelial
matrix to the subepithelial space upon EAEC infection.

In view of our findings, we propose a model of inflammatory response to EAEC infection in
which two distinct PMN chemoattractants, HXAg and IL-8, acting in concert are required
(Fig. 8). Key elements of this signal transduction pathway are conserved among EAEC, S
Typhimurium and S flexneri as well as Campylobacter species, and have also been observed
in alveolar epithelial cells in response to infection with Pseudomonas aeruginosa (Hurley et
al., 2004; Hurley et al., 2006; Murphy et al., 2011). Thus, our findings in this study give
further strength to our hypothesis that HXAs-dependent inflammatory responses play a
significant role in the mucosal inflammatory responses induced by distinct enteric and lung
pathogens.

An important aspect yet to be determined is how EAEC triggers PMN infiltration.
Distinguishing it from S Typhimurium, PMN transmigration across epithelial monolayers
induced by EAEC 042 does not involve PKC-a, nor does it appear to rely on MAPK
pathways as is the case for S. flexneri and DAEC. Moreover, EAEC 042 does not possess
any of the T3SS-secreted effector proteins SipA or OspF/OspC1 demonstrated to play key
roles in initiating inflammatory responses by S. Typhimurium or S. flexneri, respectively
(Kohler et al., 2002; Lee et al., 2000). The AAF/11 organelle expressed by EAEC 042 has
been shown to be required for basolatereal I1L-8 secretion as well as for intestinal epithelial
barrier disruption induced by this strain (Harrington et al., 2005; Strauman et al., 2010).
Epithelial barrier disruption could be contributing to EAEC-induced PMN transmigration as
is the case for S Typhimurium (Kd&hler et al., 2007). Furthermore, AafA, the major pilin
protein of AAF/II, has been shown to bind to fibronectin (Fn) and it is speculated that this
binding event could mediate signaling transduction pathways by triggering the Fn receptor
integrin asP, (Farfan et al., 2008). This could potentially lead to events triggering
inflammatory responses. We are currently studying the role of AAF as well as other EAEC
virulence factors in our in vitro host inflammatory model system.

Several enteric pathogens have evolved strategies for modulating or utilizing host
inflammatory responses to their own benefit. For instance, S. Typhimurium is capable of
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exploiting a virulence factor-induced electron receptor generated by reactive oxygen species
during inflammation, thus gaining a growth advantage over the protective gut microbiota
(Winter et al., 2010). In another example, PMN transepithelial migration induced by
Afa/Dr-expressing DAEC causes enhanced expression of brush border-associated decay-
accelerating factor (DAF/CD55), the receptor for Afa/Dr adhesins, in turn promoting
enhanced adherence of these organisms (Bétis et al., 2003). Moreover, Afa/Dr DAEC has
been shown to induce an increased rate of apoptosis of PMNs and diminish their phagocytic
abilities, thereby increasing bacterial virulence (Brest et al., 2004).

The extent to which host inflammatory responses contribute to EAEC pathogenesis and
whether this pathogen exploits such events is an area of ongoing investigation. During active
intestinal inflammation, PMNSs transmigrate into the lumen and release adenosine 5’-
monophosphate (5’-AMP), which can be converted to adenosine by ecto-5’nucleotidase
(CD73) expressed on the surface of intestinal epithelial cells (Madara et al., 1993,;
Strohmeier et al., 1997). Adenosine stimulation of epithelial cells triggers fluid secretion, in
turn potentially leading to diarrhea (Madera et al., 1993). In that regard, inflammation could
be contributing to enhanced transmission of EAEC via the fecal-oral route. Notably,
adenosine stimulation of epithelial cells also triggers secretion of Fn (Walia et al., 2004),
and pre-treatment of T84 monolayers with adenosine has been shown to enhance attachment
of EAEC 042, likely via enhanced AAF/II-Fn binding (Farfan et al., 2008). Thus, it is
hypothesized that EAEC-induced inflammatory responses might favor colonization of the
pathogen through binding to Fn or other extracellular matrix proteins (Farfan et al., 2008).
Supporting this hypothesis, we demonstrated increased attachment of EAEC 042 to T84
monolayers following fMLP-mediated PMN transmigration. This increase was not due to
loss of barrier integrity of the monolayers, suggesting instead that post-transmigratory PMN-
mediated events altering host cell signaling are involved. We are currently investigating the
possible involvement of PMN-derived 5’-AMP, adenosine and Fn in this regard. Moreover,
EAEC 042 secretes Pic, a serine protease autotransporter (SPATE) found commonly among
strains of EAEC and Shigella flexneri (Boisen et al., 2009). This mucinolytic protease was
recently demonstrated to impair chemotaxis and transendothelial migration of PMNSs, induce
PMN oxidative burst, and induce apoptosis of activated T cells (Ruiz-Perez et al., 2011).
These findings suggest a profound role for Pic in modulation of innate immune responses.

Increasing evidence suggests that the major inflammatory bowel diseases (IBDs), Crohn's
disease and ulcerative colitis, are triggered by host responses to intestinal bacteria,
particularly mucosa-associated E. coli pathotypes (Rhodes, 2007; Rolhion and Darfeuille-
Michaud, 2007; Sepehri et al., 2010). Notably, a recent study demonstrated a high
prevalence of aggregative adherent E. coli among IBD patients, suggesting a role for EAEC
in IBDs (Thomazini et al., 2011). In this perspective, probing further into the mechanisms
underlying EAEC-induced PMN transmigration could potentially contribute to an increased
understanding of IBD development. Moreover, a further elucidation of the virulence
mechanisms triggering EAEC-induced inflammatory responses will contribute to our overall
understanding of EAEC pathogenesis.

Cell Microbiol. Author manuscript; available in PMC 2014 July 09.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Boll et al.

Page 10

Experimental procedures

Bacterial strains and growth conditions

Cell culture

The bacterial strains used in this study are listed in Table 1. Overnight cultures of bacteria
grown in Luria-Bertani (LB) broth at 37°C were diluted 1:100 in Dulbecco's Modified Eagle
Medium (DMEM) with 4500 mg glucose/L and incubated 4 hours to exponential phase
under static conditions at 37°C.

The human colon cancer derived cell lines T84 (passages 57 to 77) and HCT-8 (passages 30
to 40) were maintained in a 1:1 mixture of DMEM (Invitrogen) and Ham's F-12 medium
(Invitrogen) supplemented with 15 mM HEPES, 14 mM NaHCOg3, 40 pg/ml penicillin, 80
ug/ml ampicillin, 90 pg/ml streptomycin and 7.5 % fetal calf serum. Polarized monolayers
were grown on 0.33-, 4.5- or 44.2-cm? suspended collagen-coated permeable
polycarbonated filters (Costar, Cambridge, MA). Inverted monolayers were constructed as
previously described (McCormcik et al., 1993; Parkos et al., 1992). Monolayers were
utilized after 7 to 14 days, by which time they had reached a confluent, polarized, and
differentiated state. For PMN transepithelial migration assays, steady-state TEER was
measured using a Millicell ERS voltohmmeter and values of at least 1,200 2 per cm? were
reached for all monolayers used.

PMN transepithelial migration assay

The PMN transepithelial migration assay was performed as previously described with some
modifications (McCormick et al., 1993, Parkos et al., 1992). Briefly, inverted polarized T84
monolayers seeded on 0.33-cm? filters were apically infected with 25 pl bacterial
suspensions at 37°C for 90 min at a multiplicity of infection (MOI) of approximately 100
bacteria per epithelial cell. After infection, the cells were washed and transferred to fresh 24-
well plates containing 1 ml of Hank's balanced salt solution (HBSS*) in the bottom chamber
(apical side). 100 pl of HBSS* was placed on the basolateral surface of the monolayers
followed by 20 ul of prepared PMNs (1 x 108 PMNSs). The monolayers were incubated at
37°C and 5% CO, for 2% hours after which the monolayers and non-migrating PMNs were
gently removed leaving only those PMNs that had migrated through the monolayers. As a
positive control for PMN transmigration 0.2 UM of the potent PMN chemoattractant fMLP
(Sigma, St. Louis, MO) was added to the apical chamber. Transmigration was quantified by
assaying for the PMN azurophilic granule marker myeloperoxidase as previously described
(Parkos et al., 1992).

Inhibitor treatments

Inhibitor treatments used in this study are described in Table 2. For all treatments, T84
monolayers were incubated in the presence of the inhibitor in either HBSS™ or cell culture
medium. For inhibitors not diluted in HBSS*, identical monolayers were incubated in the
presence of the diluent at the same concentration as during treatment to serve as vehicle
controls. Following 5-LOX, 12/15-LOX and MRP2 inhibition treatments, inhibitors/media
were thoroughly washed away and monolayers were equilibrated in HBSS* for 20 min at

Cell Microbiol. Author manuscript; available in PMC 2014 July 09.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Boll et al. Page 11

37°C prior to infection. For all other treatments the inhibitor remained present until the end
of 90 min infection period. All inhibitors were purchased from Enzo Life Sciences.

Adhesion assays

Inverted polarized T84 monolayers seeded on 0.33-cm? filters were subjected to fMLP-
induced PMN transepithelial migration for 2% hours as described above after which the cells
were washed and transferred to fresh plates containing HBSS* and incubated for 5 hours.
After incubation, the cells were infected apically as described above. After infection, non-
adhering bacteria were removed by washing with cold HBSS™ and the monolayers
transferred to empty plates and lysed with 0.5% Triton X-100 in LB broth for 90 min. Serial
dilutions of lysed cells and adhering bacteria were then plated and colony counted the
following day.

PKC translocation and ERK1/2 phosphorylation assays

Polarized T84 monolayers seeded on 4.5-cm? filters were apically infected with 1 ml of
bacterial suspensions at 37°C for 90 min at an MOI of approximately 100. Translocation of
PKCs to Triton X-100-insoluble membrane fractions and phosphorylation of ERK1/2 in
Triton X-100-soluble cytosolic fractions was assayed as previously described (Silva et al.,
2004). 30 ug of fractions were separated on 4-20% polyacrylamide gels (Bio-Rad),
transferred to nitrocellulose, and immunoblotted for pan-PKC (Santa Cruz), PKC isoforms
(Cell Signaling), phosphorylated ERK1/2 (Santa Cruz) or actin (Sigma) and then for
horseradish peroxidase (HRP)-conjugated goat-anti-rabbit or -goat-anti-mouse (Santa Cruz).
The presented results are representative immunoblots from at least three independent
experiments.

MRP2 biotinylation assay

Polarized T84 monolayers seeded on 44.2-cm? filters were apically infected with 5 ml of
bacterial suspensions at 37°C for 90 min at an MOI of approximately 100. Apical cell
surface biotinylation was assayed as described by Strohmeier et al., 1997, with some
modifications (Strohmeier et al., 1997). After infection, non-adhering bacteria were
removed by washing with HBSS* and the cells were incubated for an additional 60 min.
After two biotinylation steps (20 min each at pH 9.0 and pH 8.5, respectively) with 0.5
mg/ml Sulfo-NHS biotin (apical) and 0.5 mg/ml Sulfo-NHS acetate (basolateral; Pierce), the
cells were incubated with quenching buffer (50 mM NH,4CI in HBSS*) for 20 min at 4°C.
The proteins were extracted following 30 min of incubation at 4°C with lysis buffer
containing 150 mM NacCl, 50 mM Tris-HCI (pH 8), 5 mM EDTA, 1% Triton X-100, 5 mM
NazVOy, 20 mM NaF, 0.8 mM PMSF and complete protease inhibitor cocktail tablets. The
extracted proteins were centrifuged at 14,000 g for 5 min at 4°C, and the supernatant
exposed to streptavidin beads (Sigma) pre-washed with high salt buffer (500 mM NacCl, 5
mM EDTA, 50 mM Tris-HCl at pH 7.5 and 0.1 % Triton X-100) and then to lysis buffer.
Following overnight incubation at 4°C with slight agitation, the beads were collected by
centrifugation and boiled 5 min in tricine sample buffer (Bio-Rad).
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25 pl of apical membrane proteins were separated on 4-20% polyacrylamide gels (Bio-Rad),
transferred to PVDF membranes, and immunoblotted for MRP2 (Santa Cruz) and then for
HRP-conjugated goat anti-rabbit-HRP (Santa Cruz).

Semi-purification of HXAg3

T84 monolayers seeded on 162-cm? flasks were infected with 20 ml of bacterial suspensions
at 37°C for 90 min at an MOI of approximately 1. After infection, non-adhering bacteria
were removed by washing with HBSS* followed by 3 hours of additional incubation. The
HBSS™* was then collected, acidified to pH 3-4 and passed through a Discovery DSC-18
column (Supelco) primed with HPLC grade methanol and dH,0. The column was then
washed with dH,0 and the lipids eluted with HPLC grade methanol. This extraction method
enriches for the presence of HXAg in the absence of LTBy.

ELISA Assays

Polarized T84 monolayers seeded on 44.2-cm? filters were apically infected with 5 ml of
bacterial suspensions at 37°C for 90 min at an MOI of approximately 100. After infection,
non-adhering bacteria were removed by washing with HBSS*. Following washing, 2 ml
HBSS™* was added to the apical side of the filters and they were incubated at 37°C for 2
hours, after which the apical HBSS™ was collected. This was repeated twice more for a total
of three collections over 6 hours. The T84 monolayers were then scraped and collected in 10
ml of 66% methanol and placed at —20°C for a minimum of 30 min. Upon completion of the
—-20°C incubation, the T84 extracts were centrifuged at 4°C for 10 min at 4,000 rpm and the
supernatants were collected and diluted 1:10 in dH,0. Both the T84 extracts and the apical
HBSS™* samples were acidified to pH 3-4 and passed through a Discovery DSC-18 column
(Supelco) primed with HPLC grade methanol and dH,0O. The column was then washed with
dH,0 and eluted with HPLC grade methanol. After elution, the methanol was dried off
using compressed nitrogen gas and the samples were resuspended into ELISA assay buffer.
ELISA's were carried out for 12-S-HETE, 15-S-HETE, LTB,, and PGE; as per
manufacturers protocol (Enzo Life Sciences, Inc. Farmingdale NY 11735).

Data Presentation

Since variation exists in both transepithelial resistance between groups of monolayers
(baseline resistance range (1,200-2,500 ohm x cm?)) and in PMNs obtained from different
donors, individual experiments were performed using large numbers of monolayers
performed in triplicate and PMNs from single blood donors on individual days. PMN
isolation was restricted to 10 different donors (repetitive donations) over the course of these
studies. Values are expressed as the mean + SD of an individual experiment performed in
triplicate repeated at least three times. Data were compared by Student's t-test and p values
<0.05 were considered statistically significant.
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FIG. 1.
EAEC 042 induces PMN transepithelial migration. T84 cell monolayers were infected
apically with EAEC 042 or one of the commensal E. coli strains HS, MG1655 or F-18. The
ability to induce PMN transepithelial migration was assessed 90 min later (see Experimental
procedures). HBSS* buffer (-) and the PMN chemoattractant fMLP were included as
negative and positive controls, respectively. The data are expressed as the mean + standard
deviation (SD) for triplicate samples and represent one of at least three independent
experiments performed with similar results. ***, p < 0.001. N.S., not significantly different
from buffer control.
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FIG. 2

PKC-§ is involved in regulation of EAEC 042-induced PMN transepithelial migration. A
and D: Polarized T84 cell monolayers were infected apically with EAEC 042 or commensal
E. coli strain F-18 for 90 min and then lysed and enriched for Triton X-100-insoluble
membrane fractions (see Experimental procedures). HBSS*-treated cells served as a
negative control (-). 30 pg protein samples were separated on gradient polyacrylamide gels
and immunoblotted using a pan-PKC (A) or phosphorylated PKC-8, p-PKC-8, (D) antibody
diluted 1:1,000. Detection of actin levels served as an internal control for protein loading
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conditions. B and C: T84 monolayers were pretreated with the pan-PKC inhibitor
chelerytherine chloride, CCl, (B) or the PKC-6 inhibitor rottlerin (C) for 1 hour and assessed
for effect on 042-induced PMN transepithelial migration. fMLP was included as a positive
control. The data are expressed as the mean + SD for triplicate samples and represent one of
at least three independent experiments performed with similar results. ***, p < 0.001.
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FIG. 3.

PLA, and 12/15-LOX are involved in regulation of EAEC 042-induced PMN transepithelial
migration. A and C: T84 monolayers were pretreated with the pan-PLA, inhibitor ONO-
RS-082 for 3 hours (A) or with the 12/15-LOX inhibitor baicalein for 48 hours (C) and
assessed for effect on EAEC 042-induced PMN transepithelial migration. fMLP was
included as a positive control. B and D: Monolayers of HCT-8 cells transfected with a
vector control or a vector modified to generate siRNAs aimed at decreasing the expression
of PLA,G6 (B) or ALOX15 (D) were assessed for their effect on EAEC 042- or E. coli F-18-
induced PMN transepithelial migration. The data are expressed as the mean * SD for
triplicate samples and represent one of at least three independent experiments performed
with similar results. ***, p < 0.001; **, p< 0.01.
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FIG. 4.
Activation of the 12/15-LOX pathway after infection with EAEC 042 as demonstrated by

quantification of arachidonic acid metabolites 12-S-HETE, 15-S-HETE, LTBy,, and PGE,.
ELISA's were performed on cell extracts collected from T84 cells (see Experimental
procedures). Data represents the ratio of each metabolite from 042 infected samples to a
baseline (set to one) from negative HBSS* controls. Data are expressed as mean + SD of
duplicate samples from at least three experiments performed. Raw means of each 042
infected metabolite are as follows, 12-S-HETE: 25.2 ng, 15-S-HETE: 16.5 ng, LTB,: 0.232
ng, PGE: 0.216 ng.
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FIG.5.
MRP2 expression is upregulated in response to EAEC 042 infection and plays a key role in

regulating 042-induced PMN transepithelial migration. A: Following apical infection with
EAEC 042, the apical side of polarized T84 cell monolayers was coated with biotin and the
cells were then lysed and biotin-coated proteins immunoprecipated with streptavidin-beads
(see Experimental procedures). HBSS*-treated cells served as a negative control (-). 25 ug
protein samples were separated on gradient polyacrylamide gels and immunoblotted using
an MRP2 antibody diluted 1:500. B: T84 monolayers were pretreated with the MRP2
inhibitor probenecid for 24 hours and assessed for effect on 042-induced PMN
transepithelial migration. fMLP was included as a positive control. C: Monolayers of HCT-8
cells transfected with a vector control or a vector modified to generate siRNAs aimed at
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decreasing the expression of MRP2 were assessed for their effect on EAEC 042- or E. coli
F-18-induced PMN transepithelial migration. The data are expressed as the mean £ SD for
triplicate samples and represent one of at least three independent experiments performed
with similar results. ***, p < 0.001; **, p< 0.01.
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FIG. 6.
EAEC 042 induces secretion of PMN-chemoattractive bioactive lipids through MRP2. T84

cell monolayers grown on plastic flasks were pretreated with HBSS™ or 100 uM probenecid
(Prob) for 24 hours and then infected with EAEC 042. Uninfected cells served as a negative
control (-). Following infection, crude preparations collected from cell culture medium of
the monolayers were collected and lipids present in the media extracted from it. The lipids
were then added to the apical chambers of polarized T84 cells monolayers and assessed for
their ability to induce PMN transepithelial migration. The data are expressed as the mean +
SD for triplicate samples and represent one of at least three independent experiments
performed with similar results. ***, p < 0.001.
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FIG. 7.
PMN transepithelial migration enhances adherence of EAEC 042 to T84 cell monolayers.

Inverted T84 cell monolayers were treated with HBSS*, Ca2*-depleted HBSS (HBSS™) or
subjected to fMLP-induced PMN transepithelial migration (PMN) for 2% hours and
subsequently incubated for 5 hours. The cells were then infected for 90 min with EAEC 042
followed by cell lysis and quantification of attaching bacteria by colony counting (A).
Measurement of TEER was carried out before treatment and again prior to infection and the
TEER decreases calculated (B). The data are expressed as the mean £ SD for triplicate
samples and represent one of at least three independent experiments performed with similar
results. ***, p < 0.001.
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FIG. 8.
Model of inflammatory response to EAEC. Adherence of EAEC to the apical site of the

epithelium and possibly other contributing factors triggers activating of PKC-8 which upon
translocation to the host cell membrane participates in activation of iPLA,. Upon activation,
iPLA, then facilitates release of arachidonic acid from the membrane to the cytosol from
where it is metabolized into HXA3 through the 12/15-LOX pathway. The signal
transduction cascade culminates in MRP2-facilitated apical release of HXA3 which forms a
chemotactic gradient causing migration of I1L-8-recruited PMNs across the epithelium to the
site of infection.
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Table 1
Strains used in this study
Strain Description Reference
042 Wild-type EAEC strain expressing AAF/Il  Nataro et al., 1985
HS Commensal E. coli strain Levine et al., 1978
MG1655 Commensal E. coli K-12 strain Blattner et al., 1997
F-18 Commensal E. coli strain Cohen et al., 1983
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Table 2
Inhibitor treatments used in this study
Target Inhibitor Diluent Incubation period
Pan-PKC Chelerytherine chloride HBSS* 1lh
PKC-a HBDDE HBSS* 1h
PKC-a Go 6976 DMSO 1h
PKC-§ Rottlerin DMSO 1lh
PKC-¢ Myristoylated PKC-{ pseudosubstrate HBSS* 1h
MEK PD98059 DMSO 1lh
P38 SB203580 DMSO 1lh
Pan-PLA, ONO-RS-082 DMSO 3h
5-LOX Caffeic acid DMSO 24h
12/15-LOX  Baicalein DMSO 48 h
MRP2 Probenecid PBS,pH7 24 h
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