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Enteropathogenic Escherichia coli Inhibits Type I Interferon- and
RNase L-Mediated Host Defense To Disrupt Intestinal Epithelial Cell
Barrier Function

Tiha M. Long,? Shahista Nisa,® Michael S. Donnenberg,? Bret A. Hassel®

Graduate Program in Molecular Medicine,® Department of Medicine,” Marlene and Stewart Greenebaum Cancer Center, and Department of Microbiology and
Immunology,® University of Maryland School of Medicine, Baltimore, Maryland, USA

Enteropathogenic Escherichia coli (EPEC) primarily infects children in developing countries and causes diarrhea that can be
deadly. EPEC pathogenesis occurs through type III secretion system (T3SS)-mediated injection of effectors into intestinal epithe-
lial cells (IECs); these effectors alter actin dynamics, modulate the immune response, and disrupt tight junction (TJ) integrity.
The resulting compromised barrier function and increased gastrointestinal (GI) permeability may be responsible for the clinical
symptoms of infection. Type I interferon (IFN) mediates anti-inflammatory activities and serves essential functions in intestinal
immunity and homeostasis; however, its role in the immune response to enteric pathogens, such as EPEC, and its impact on IEC
barrier function have not been examined. Here, we report that IFN-f is induced following EPEC infection and regulates IEC T]
proteins to maintain barrier function. The EPEC T3SS effector NleD counteracts this protective activity by inhibiting IFN-f in-
duction and enhancing tumor necrosis factor alpha to promote barrier disruption. The endoribonuclease RNase L is a key medi-
ator of IFN induction and action that promotes TJ protein expression and IEC barrier integrity. EPEC infection inhibits RNase L
in a T3SS-dependent manner, providing a mechanism by which EPEC evades IFN-induced antibacterial activities. This work
identifies novel roles for IFN-f3 and RNase L in IEC barrier functions that are targeted by EPEC effectors to escape host defense

mechanisms and promote virulence. The IFN-RNase L axis thus represents a potential therapeutic target for enteric infections

and GI diseases involving compromised barrier function.

nteropathogenic Escherichia coli (EPEC) is an important and

deadly cause of diarrhea among infants in developing coun-
tries (1). EPEC infects host intestinal epithelial cells (IECs)
through a multistep attaching and effacing process, which results
in loss of microvilli, disrupted gastrointestinal (GI) barrier func-
tion, and increased water and ion permeability (2—4). Intestinal
barrier function is regulated by tight junctions (TJs), apical pro-
tein complexes that seal the intercellular space between IECs and
allow selective permeability. Disruption of TJ organization or
function is a critical feature of EPEC infection, as well as chronic
GI disorders, including inflammatory bowel disease (IBD) and
celiac disease (5, 6). Furthermore, some studies have reported an
increased incidence of mucosally adherent E. coli, including
EPEC, in IBD patients (7). TJs are comprised of the transmem-
brane proteins occludin (OCLN) and claudins and the cytoplas-
mic adaptor proteins zonula occludins 1, -2, and -3 (ZO-1/2/3)
(8), which link transmembrane proteins with the actin cytoskele-
ton (9). In the first step of infection, adhesive type IV bundle-
forming pili allow EPEC to bind IECs and form aggregates. Inti-
mate attachment of EPEC to the IEC membrane initiates the
formation of actin-rich pedestals and disrupts TJ function (10).
Specifically, ZO-1 is dislocated, causing endocytosis and dephos-
phorylation of occludin (11) and contraction of the perijunctional
actin-myosin ring (12). Retraction of the pili facilitates injection
of type III secretion system (T3SS) effector proteins directly into
the cytosol (10). T3SS effectors mediate sustained loss of barrier
function by targeting TJs and subvert the host immune response
via multiple mechanisms (13). For example, several EPEC effec-
tors converge on nuclear factor kappa light chain enhancer of
activated B cells (NF-kB), a central signaling molecule and tran-
scription factor in the host response to diverse pathogens. Non-
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locus of enterocyte effacement effector C (NleC) is a metallopro-
tease, targeting the NF-kB subunits p65, p50, and c-Rel (14).
NleB1 inhibits NF-kB expression in response to tumor necrosis
factor alpha (TNF-a) (15). NIeE also functions to inhibit NF-kB
signaling, as it blocks translocation of the p65 subunit to the
nucleus (15). NleD is a metalloprotease that specifically cleaves
Jun-N-terminal-kinase (JNK) and p38 mitogen-activated pro-
tein kinases (MAPKs) that mediate signaling in response to inflam-
matory stimuli (14). Thus, EPEC effectors mediate pleiotropic activ-
ities to perturb host defense mechanisms and promote infection.
Consistent with this critical role for effectors in pathogenesis, a mu-
tant EPEC strain that is unable to deliver T3SS effectors is far less
virulent in volunteers than wild-type (WT) EPEC (16).

The increased GI permeability following EPEC infection ex-
poses host pattern recognition receptors (PRRs) located on the
basolateral surfaces of IECs to EPEC-derived pathogen-associated
molecular patterns (PAMPs). Stimulation of PRRs by EPEC
PAMPS activates downstream signaling through NF-kB and
MAPK pathways. Major EPEC PAMPs include flagellin, which is

Received 22 January 2014 Returned for modification 16 February 2014
Accepted 10 April 2014

Published ahead of print 14 April 2014
Editor: A. J. Baumler
Address correspondence to Bret A. Hassel, bhassel@som.umaryland.edu.

Supplemental material for this article may be found at http://dx.doi.org/10.1128
/IAL00105-14.

Copyright © 2014, American Society for Microbiology. All Rights Reserved.
doi:10.1128/IA1.00105-14

July 2014 Volume 82 Number 7


http://dx.doi.org/10.1128/IAI.00105-14
http://dx.doi.org/10.1128/IAI.00105-14
http://dx.doi.org/10.1128/IAI.00105-14
http://iai.asm.org

recognized by Toll-like receptor 5 (TLR5) during attachment to
IECs (17), and lipopolysaccharide (LPS), which stimulates TLR4
in lamina propria immune cells (18). Studies of the host immune
response to attaching and effacing bacteria have been performed
in vivo using the mouse pathogen Citrobacter rodentium, which is
an attaching and effacing bacterium similar to EPEC. Infection of
mice with C. rodentium has been shown to activate Nod-like re-
ceptors (NLRs) and induce inflammasome assembly as part of the
innate immune response (19). TLR and NLR activation leads to
the induction of proinflammatory cytokines, including TNF-a,
gamma interferon (IFN-y), and interleukin 18 (IL-1), that mod-
ulate intestinal permeability and thus play an important role in
EPEC pathogenesis (13, 20). Importantly, TNF-a induces in-
creased permeability in both cultured IECs and mouse intestine
(8, 21), and inflammatory cytokines can induce T] remodeling,
during which claudins are selectively endocytosed (22). Although
EPEC-derived PAMPS can initiate inflammatory immune re-
sponses, several T3SS effectors are capable of inhibiting these re-
sponses (23). For example, NleB, NleC, NleD, and NIeE directly or
indirectly block activation of the NF-kB pathway that mediates
induction of proinflammatory cytokines (14, 24-26). These op-
posing effects of EPEC on inflammatory mediators result in lim-
ited inflammation that is thought to enhance virulence by reduc-
ing barrier function without inducing a robust host immune
response.

The modulation of proinflammatory mediators by EPEC is
well studied; however, less is known about the effect of EPEC
infection on host anti-inflammatory mechanisms and how this
effect may impact pathogenesis. In this regard, type I interferons
(primarily IFN-a and IFN-B) mediate anti-inflammatory activity
through multiple mechanisms that include the enhanced induc-
tion of IL-10 and maintenance of regulatory T cells (Tregs) ina T
cell adoptive-transfer model of colitis (27), inhibition of inflam-
masome activity and IL-1f production in human primary mono-
cytes (28), and suppression of IL-17A in mice (29). Furthermore,
several lines of evidence have established IFNs as critical compo-
nents of host-microbiome interactions in the GI tract (30, 31).
Tonic IFN signaling in the GI tract was recently shown to mediate
an optimal immune response to systemic pathogen infection (32,
33). In addition, IEN- has been shown by several groups to be
protective against experimental colitis (34-37) and has been used
as a therapeutic agent in IBD patients with some efficacy (38, 39).
Consistent with its important roles in GI functions, dysregulation
of upstream regulators and downstream effectors of IFN is asso-
ciated with human GI disorders (e.g., nucleotide-binding oli-
gomerization domain-containing protein 2 [NOD2]) (40,41) and
mouse models of GI diseases (42, 43). IFN mediates its biologic
activities through the induction of IFN-stimulated genes (ISGs)
(44); accordingly, ISGs that function in GI immune and homeo-
static activities have been identified (36, 37, 45, 46). Among the
gene products, the endoribonuclease RNase L mediates the bio-
logic activities of the IFN-regulated 2-5A pathway and functions
as an upstream regulator of IFN induction (47) and a downstream
effector of IFN action (48-51). Therefore, RNase L may contrib-
ute to IFN-mediated GI functions by multiple mechanisms. In
support of this view, we previously identified a role for RNase L in
antibacterial immunity (52) and recently reported a protective
role for RNase L in the immune response to commensal bacteria
following GI injury in a mouse colitis model (45). This protective
effect corresponded to an RNase L-dependent increase in IFN
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induction, suggesting that RNase L is an important mediator of
IFN functions in the GI tract.

The roles of IFN in GI immunity and homeostasis and the
essential involvement of barrier function in these activities sug-
gested that IFN may regulate IEC barrier function as a host defense
mechanism against enteric pathogens that disrupt barrier integ-
rity. Indeed, IFNs promote barrier function in brain endothelial
cells (53), and IFN enhanced barrier function in lung epithelium
to confer protection from pneumococcal infection (54). However,
the regulation and role of IFN in the host response to enteric
pathogens and its impact on IEC barrier function have not been
examined. Here, we report that IFN-{ is induced following EPEC
infection and regulates TJ proteins to maintain barrier function.
We further show that the EPEC T3SS effector NleD counteracts
this protective activity by inhibiting IFN-f induction to promote
barrier disruption and evade IFN-mediated antibacterial activi-
ties. We determined that RNase L contributes to the IFN-medi-
ated host response to EPEC by stimulating IFN-f induction,
downregulating TNF-a, and regulating T] proteins and barrier
integrity. Furthermore, EPEC infection inhibited RNase L activity
in a T3SS-dependent manner, providing the first example of
RNase L-targeted immune evasion by a bacterial pathogen. Con-
sistent with an important role for RNase L in protection from
EPEC pathogenesis, RNase L knockdown dramatically increased
EPEC translocation across IEC monolayers, demonstrating its
functional impact on permeability. Together, our study identifies
IFN-B and RNase L as novel mediators of IEC barrier function
that are targeted by EPEC effectors to escape host defense mech-
anisms and promote virulence. In light of these novel roles, the
IFN-RNase L axis represents a potential therapeutic target for en-
teric infections and GI diseases in which compromised barrier
function contributes to pathogenesis.

MATERIALS AND METHODS

Cell culture, treatment, and TEER. Caco-2 cells were purchased from the
American Type Culture Collection (ATCC) (Manassas, VA) and cultured
in Eagle’s minimum essential medium (EMEM) (Quality Biological, Inc.,
Gaithersburg, MD) with 20% heat-inactivated fetal bovine serum (FBS)
(SAFC, St. Louis, MO) and penicillin-streptomycin diluted 1:100 (Gibco,
Life Technologies, Carlsbad, CA) used at passages 10 to 25. Stable Caco-2
transfectants expressing nonspecific (shNS) or RNase L-targeted (shRNase L)
short hairpin RNA (shRNA) were created by transducing cells with
pGIPZ-shRNA lentiviral particles (Thermoscientific, Rockville, MD) fol-
lowing the manufacturer’s protocol. Stable transfectants were selected by
growth in 9 pg/ml puromycin prior to evaluation of knockdown effi-
ciency and specificity by Western blotting. HT-29 and T84 cells were
cultured in media and under conditions recommended by the ATCC. For
transepithelial electrical resistance (TEER) experiments, Caco-2 cells were
seeded at a density of 0.1 X 10° cells/well onto collagen-coated, 12-mm
polycarbonate permeable support cell culture inserts that have a pore size
of 0.4 wm in Transwell plates (Costar Corning, Inc., Corning, NY) for 25
to 28 days to form a differentiated monolayer. The medium was changed
every 1 to 2 days. TEER was measured using an Evom ohmmeter with the
Endohm 12 and STX2 electrodes (World Precision Instruments, Inc.,
Sarasota, FL). For cytokine treatment, Caco-2 cell monolayers were
treated apically with IFN- (PBL Assay Science, Piscataway, NJ) or IFN-y
(Genscript, Piscataway, NJ) and TNF-a (InvivoGen, San Diego, CA) at
the concentrations and times indicated prior to analysis of gene expres-
sion, TEER, or EPEC infection.

Construction of strains and plasmids. The referenced strains, includ-
ing E2348/69 Nal" and the EPEC deletion mutants listed in Table 1, were
described previously (2, 55-57). The AnleC and AnleD EPEC strains were
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TABLE 1 Strains used in this study”

E. coli strain Description Reference
E2348/69 Nal" E2348/69 Str" containing plasmid pE2348-2 gyrA ftsK hflD-purB; 55¢
resistant to nalidixic acid

UMD731 AescF; lacks functioning T3SS 554
UMD762 AnleD; lacks zinc metalloprotease that degrades JNK and p38 This study,” 14
UMD761 AnleC; lacks zinc metalloprotease that cleaves NF-kB subunit RelA This study,” 14
UMD874 AespF; EspF inhibits internalization of nonopsinized EPEC 27
E2348C_3232a AnleEI; lacks methyltransferase that inhibits NF-«B activation 567
ICC-250 AnleBI; lacks glycosyltransferase that inhibits NF-«B activation 57¢
ICC-251 AnleB2; lacks a homolog of NleB1 57¢

AescF escF; T3SS restored This study”

AnleD nleD; zinc metalloprotease that degrades JNK and p38 restored This study”

“ Initial study using the strain.
b Nal", nalidixic acid resistant; Str”, streptomycin resistant.

created using a previously described protocol (58). Briefly, the nleC and
nleD genes of EPEC strain E2348/69 were replaced with a 75-bp scar using
the phage lambda red recombination method with the following primers:
NleC_F1 (5'-ATAAATGATTTGCAGGGTATTAGATATAAACATGAA
AATTCCCTCAGTGAAGGCTGGAGCTGCTTC-3" and NleC_R1 (5'-
AATAGTAACCTTATGTCACTGCAAAGACGAATCATCGCTGATTG
TGATCCTCCTTAGTTCCTATTCC-3'), and NleD_F1 (5'-CTGCTAAT
AAGTAGCATTCTCAGGAGTCCTGATGCGCCCTACGTCCGTGAAG
GCTGGAGCTGCTTC-3") and NleD_R1 (5'-ACCAATATATATTCAGC
ACAAGAAACACAGCTAAAGCAATGGATGATCCTCCTTAGTTCCT
ATTCC-3"), respectively. The NleD complementation plasmid was con-
structed by amplifying the nleD gene from the genomic DNA of E2348/69
using primers NleD_F3 (5'-CTAGGAATTCATGCGCCCTACGTCC-3")
and NleD_R3 (5'-CTAGTCTAGACTAAAGCAATGGATGCAGTCTTA
C-3') and cloned into the pTrc99a plasmid. The NleD complementation
plasmid was then used to transform AnleD EPEC by electroporation, and
the transformed bacteria were selected by growth in Luria-Bertani me-
dium (LB) with 200 pg/ml ampicillin. The EscF complementation plas-
mid was constructed by amplifying the escF gene from the genomic DNA
of E2348/69 using primers EscF_F1 (5'-GGGGGGTACCTTTAAGAAGG
AGATATACATATGAATTTATCTGAAATTACTCAACAAATGGGTGA
AGTAG-3') and EscF_R3 (5'-GGGGTCTAGATTAAAAACTACGGTTA
GAAATGGTTGAGACCAG-3'); it was cloned into the pBad24 vector and
was then used to transform AescF EPEC by electroporation, and the trans-
formed bacteria were selected using LB with 200 p.g/ml ampicillin.

Bacterial infections. Wild-type EPEC and deletion mutants were cul-
tured on LB agar plates. Single colonies were selected and grown in LB
broth at 37°C overnight. The cultures were diluted 1:50 in Dulbecco’s
modified Eagle’s medium (DMEM)/Ham’s f12 and grown to an optical
density at 600 nm (ODg,) of 0.3 to 0.6. The ODg, of the medium was
used to determine the number of CFU per ml broth. EPEC was added to
the apical side of the transwell inserts at a multiplicity of infection (MOI)
of 50 or 100. For the NleD-complemented strain, single colonies were
selected and grown in LB with 200 pg/ml ampicillin and induced with 1
mM IPTG 3 h prior to infection. For the EscF-complemented strain, sin-
gle colonies were selected and grown in LB with 200 g/ml ampicillin and
induced with 0.2% L-arabinose 3 h prior to infection.

Apoptosis assay. Apoptosis of Caco-2 cells following EPEC infection
was determined using the Vybrant FAM Caspase —3 and —7 Assay kit
(Invitrogen, Carlsbad, CA). Briefly, Caco-2 cells were harvested from
Transwell plates 2 h postinfection. The cells were then resuspended, incu-
bated with fluorescence-conjugated antibodies, rinsed, and analyzed by
flow cytometry following the manufacturer’s instructions. Analysis was
performed by the University of Maryland Greenebaum Cancer Center
Flow Cytometry Core Facility.

ELISA. Single enzyme-linked immunosorbent assay (ELISA) for hu-
man [FN-@ was performed using the Pestka Biomedical Laboratories, Inc.
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(PBL) (Piscataway, NJ), Verikine-HS Human IFN-3 Serum ELISA kit
following the manufacturer’s suggested protocol. Briefly, 50 .l of super-
natant was incubated with diluted antibody in precoated microtiter plates;
then, the supernatant was aspirated, and horseradish peroxidase (HRP)
solution was added. The signal was then developed using 3,3',5,5'-tetram-
ethylbenzidine (TMB) substrate. Finally, the OD ,5, was measured, and
the concentration was determined using a standard curve.

Immunofluorescence. Caco-2 cells were grown on chamber slides
with covers (Lab-Tek, Naperville, IL) to confluence. The cells were fixed
and permeabilized using 4% formaldehyde followed by 0.1% Triton
X-100 (Sigma, St. Louis, MO). To detect occludin, cells were incubated
with 1:500 rabbit anti-OCLN antibody (Zymed, Carlsbad, CA), followed
by incubation with 1:500 fluorescence-labeled goat anti-rabbit secondary
antibody (Life Technologies, Carlsbad, CA). Cell nuclei were stained us-
ing Hoescht dye (Axxora, Farmingdale, NY). The cells were mounted
using medium for fluorescence microscopy from KPL (Gaithersburg,
MD) and Corning (Corning, NY) coverslips.

Western blot analysis. Whole-cell lysates were prepared using RIPA
lysis buffer supplemented with 10 wg/ml protease inhibitor cocktail
(Sigma, St. Louis, MO) and 10 pg/ml leupeptin (Sigma, St. Louis, MO).
Protein concentrations were measured by the Bradford method using
Bio-Rad Protein Assay Dye Reagent (Bio-Rad, Hercules, CA). Samples
were resolved by SDS-polyacrylamide gel electrophoresis and transferred
to polyvinylidene difluoride (PVDF) transfer membranes (ThermoScien-
tific, Rockville, MD) using a Bio-Rad transfer apparatus. The blots were
blocked as previously described (52), and specific proteins were detected
with the following primary antibodies: anti-RNase L clone 2e9 (1:2,000)
(Enzo, Farmingdale, NY), anti-claudin 1 (1:500) (Cell Signaling, Danvers,
MA), anti-ZO-1 (1:1,000) (Cell Signaling, Danvers, MA), anti-occludin
(1:1,000) (BD Transduction Laboratories, San Jose, CA), actin (1:10,000)
(Abcam, Cambridge, United Kingdom), and glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) (1:5,000) (Abcam; Cambridge, United King-
dom). The membranes were then washed in Tris-buffered saline with
Tween, reacted with HRP-conjugated secondary antibody, and developed
with SuperSignal West Pico Chemiluminescent Substrate (ThermoScien-
tific, Rockville, MD). Signals from immunoreactive complexes were visu-
alized by autoradiography (HyBlot CL, Metuchen, NJ) and quantified by
densitometry using Image] software (NIH).

RNA isolation and qQRT-PCR. Total RNA was isolated from cells using
TRIzol Reagent (Ambion, Life Technologies, Carlsbad, CA), and 50 ng
was used for each reverse transcription (RT) reaction. For analysis of 16S
rRNA in the permeability assay (see Fig. 7), 2 pl of medium from the
basolateral chamber was used for quantitative RT-PCR (qRT-PCR). The
sequences of the primers used for real-time PCR are as follows: IFN- F,
5-TGGGAGGCTTGAATACTGCCTCAA-3',and IFN-B R, 5'-TCTCAT
AGATGGTCAATGCGGCGT-3'; TNF-a F, 5'-CCCAGGGACCTCTCT
CTAATCA-3’, and TNF-a R, 5'-GCTTGAGGGTTTGCTACAACATG-
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FIG 1 WT and AescF EPEC infections have opposing effects on cytokine
expression. Caco-2 cells were grown on transwell plates for 28 days to form
differentiated monolayers. The cells were apically infected with either WT or
AescF EPEC at an MOI of 50 for 3 h. Total RNA was analyzed by qRT-PCR for
IFN-B (A) and TNF-a (B) expression using GAPDH as a control. The data are
the means of three separate experiments. The error bars indicate standard
deviations. P values were calculated using the Student # test. *, P < 0.05; 3,
P <0.01.

3’; OCLN F, 5'-GCGAGCGGATTGGTTTATCT-3’, and OCLN R, 5'-T
GGACTTTCAAGAGGCCTGG-3'; CLDN1 F, 5'-TTTACTCCTATGCC
GGCGAC-3', and CLDNI R, 5-GTTGCTTGCAATGTGCTGCT-3;
GAPDH F, 5'-TTCTTTTGCGTCGCCAGCCG-3', and GAPDH R, 5'-G
CGCCCAATACGACCAAATCCGT-3';16SF, 5'-ACTCCTACGGGAGG
CAGCAG-3’,and 16S R, 5'-ATTACCGCGGCTGCTGG-3'. The primers
were synthesized by IDT Technologies (Coralville, IA). Samples were run
on 96-well plates in triplicate using the iScript One-Step RT-PCR kit with
SYBR green (Bio-Rad, Hercules, CA), following the manufacturer’s pro-
tocol. Samples were processed using the CFX96 Real-Time System (Bio-
Rad, Hercules, CA).

rRNA analysis. rRNA and cleavage products were measured from 500
ng of total RNA using an Agilent Bioanalyzer in the Biopolymer-Genom-
ics Core Facility at the University of Maryland, Baltimore, MD.

RESULTS

IFN- is induced by EPEC infection and inhibited by the T3SS
effector NleD. Type I IFNs are induced as a primary response to
diverse microbial infections (31, 44, 59). In the GI tract, IFNs play
integral roles in monitoring commensal bacteria and in regulating
the immune response to luminal microbes when intestinal barrier
function is compromised (30, 31, 45). EPEC is an important en-
teric pathogen that disrupts IEC barrier function as a key compo-
nent of its pathogenesis. A central role for proinflammatory cyto-
kines in EPEC-induced loss of barrier integrity is well established;
however, less is known about the impact of anti-inflammatory
mediators, such as type I IFNs, on IEC function. Therefore, we
investigated the regulation and potential protective role of IFN-3
in the host response to EPEC. Caco-2 cells are colon cancer cells
that differentiate to form a polarized monolayer with functional
TJs and are a well-established model for studies of IEC immune
and barrier functions. Accordingly, we chose the Caco-2 cell sys-
tem to assess the regulation and role of IFN in response to chal-
lenge with WT EPEC (strain E2348/69). EPEC infection of Caco-2
cells resulted in a modest 2.5-fold induction of IFN-B8 mRNA at 3
h (Fig. 1A). To determine whether EPEC effectors impacted
IFN-B induction, Caco-2 cells were infected with a T3SS-deficient
(AescF) EPEC strain (Table 1) that is competent for adherence and
viability but cannot inject effectors that mediate pathogenesis
(16). Remarkably, nonpathogenic AescF EPEC induced dramati-
cally higher levels of IFN-3 mRNA than the WT bacteria (Fig. 1A).
Increased induction of IFN-f by AescF compared to WT EPEC
was also observed in HT29 colon cancer cells (see Fig. S1 in the
supplemental material), suggesting that T3SS effectors function to
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FIG 2 The T3SS-injected EPEC effector nleD inhibits IFN-f expression.
Differentiated Caco-2 cell monolayers were infected with deletion mutant
EPEC strains that are deficient in the indicated effectors (A) and that had
been complemented with escF and nleD (B and C) at an MOI of 50 for 3 h.
Total RNA was analyzed by qRT-PCR for IFN- with GAPDH as a control.
The data points shown are the means of three separate experiments. (C)
Secreted IFN-f was measured by ELISA analysis of the supernatant. The
error bars indicate standard deviations. P values were calculated using the
Student ¢ test. *, P < 0.05.

inhibit IFN-B induction as a conserved mechanism by which
EPEC evades host defenses. Consistent with this T3SS-dependent
inhibition of IFN- induction, infection with an EscF-comple-
mented (AescF escF) strain reduced IFN- induction to a level
comparable to that observed with WT EPEC (Fig. 2B and C). In
contrast to the T3SS-mediated reduction in the anti-inflamma-
tory cytokine IFN-f3, a functional T3SS was required for optimal
induction of the proinflammatory cytokine TNF-a (Fig. 1B). To-
gether, the diminished induction of IFN-B and enhanced induc-
tion of TNF-a may serve to promote barrier disruption as a com-
ponent of EPEC pathogenesis.

To identify specific T3SS effectors that are responsible for in-
hibiting IFN- induction, we chose EPEC deletion mutants that
are deficient in effector proteins known to target components of
the innate immune response that may impact IFN-B induction
(Table 1) for infection of Caco-2 monolayers. Comparison of
IFN-B mRNA induction by WT and AescF EPEC with that ob-
served following infection with effector deletion strains revealed
that nleD deletion mimicked the enhanced IFN-f3 induction seen
with AescF EPEC (Fig. 2A). Consistent with this finding indicating
a critical role for NleD in inhibiting IFN- induction, infection
with an NleD-complemented (AnleD nleD) strain reduced IFN-3
induction to nearly the level observed with WT EPEC (Fig. 2B).
Anincrease in secreted IFN-[3, as detected by ELISA, paralleled the
increased IFN-B mRNA observed following infection with AescF
and AnleD EPEC compared to WT EPEC, and complementation
of EscF or NleD inhibited IFN- production (Fig. 2C). These data
identify NleD as a key effector that inhibits IFN-@ induction in the
course of EPEC infection. Deletion of other T3SS effector genes
(e.g., nleEl) resulted in partial restoration of IFN-f induction,
suggesting additional mechanisms may contribute to the inhibi-
tion of IFN- induction by EPEC.
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FIG 3 IFN- protects from EPEC-induced loss of TEER. (A and B) Differentiated Caco-2 monolayers were apically infected with EPEC strains as indicated at
an MOI of 50 for 1,2, and 3 h (A) or 3 h (B), and permeability was measure by TEER. (C) Caco-2 monolayers were treated with IFN-f for 16 h prior to infection
with WT or AescF EPEC at an MOI of 50; TEER was measured at 3 h postinfection. The data points shown are the means of three separate experiments. The error
bars indicate standard deviations. P values were calculated using the Student # test. *, P < 0.05; **, P < 0.01.

IFN-B protects from EPEC-induced barrier disruption and
regulates TJ proteins. EPEC infection results in loss of IEC barrier
function (13,23, 60, 61). The subsequent stimulation of [IEC TLRs
by PAMPs, demonstrated by both EPEC infection of human IECs
and C. rodentium infection of mice, induces proinflammatory cy-
tokines to maintain GI tract permeability and promote pathogen-
esis (17, 18). Type I IFNs promote barrier integrity in endothelial
cells (53, 62) and following pneumococcal infection of lung epi-
thelium (54) and may thus serve a protective role to maintain IEC
barrier function in the host response to EPEC. Therefore, we in-
vestigated the functional consequences of T3SS-mediated inhibi-
tion of IFN-f induction for IEC barrier function. Caco-2 mono-
layers were infected with WT and AescF EPEC, and barrier
function was measured by TEER. An early decrease in TEER was
observed in response to both WT and AescF EPEC; however, AescF
EPEC-infected cells subsequently recovered to uninfected levels,
whereas WT EPEC-infected cells continued to decline through
later times postinfection (Fig. 3A). These data confirmed previous
reports of EscF-dependent loss of barrier function (2). The dimin-
ished induction of IFN-[3 thus corresponded to decreased TEER, sug-
gesting that IFN-[ functions to protect IEC from EPEC-induced loss
of barrier integrity. Consistent with this interpretation, and a critical
role for NleD in regulating IFN-@ induction (Fig. 2), Caco-2 TEER
values were increased following infection with AnleD EPEC that in-
duces high levels of IFN-B. Infection with the NleD-complemented
AnleD EPEC strain in which IFN- induction is inhibited resulted in
decreased TEER values, thus supporting an important role for NleD
in mediating reduced TEER that is associated with decreased IFN-[3
induction (Fig. 3B). These data further suggest that other T3SS effec-
tors that are known to function in EPEC-induced loss of barrier func-
tion but did not impact IFN- induction (e.g., espF) (2) function via
IFN-independent mechanisms.
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To determine if IFN-B, as opposed to other T3SS-regulated
host components, mediated protection from EPEC-induced bar-
rier disruption, TEER was measured in Caco-2 monolayers that
had been pretreated with IFN-B and then infected with WT or
AescF EPEC. Exogenous IFN treatment resulted in a significant
increase in TEER values following EPEC infection (Fig. 3C). Spe-
cifically, treatment with 100 U/ml IFN-B followed by WT EPEC
infection increased TEER values to the same level observed follow-
ing infection with AescF EPEC, in which endogenous IFN is in-
duced. This finding suggested that this dose of exogenous IFN-[3
was comparable to the endogenous IFN-[3 secreted by AescF-in-
fected cells and is physiologically relevant. Infection with AescF
induced IFN-B and increased TEER to values that ranged from 80
to 100% of those of uninfected cells (Fig. 2 and 3); this variation
may reflect small passage-associated differences in the cells used in
different experiments. Exogenous IFN enhanced TEER values
above the already elevated levels in AescF EPEC-infected cells (Fig.
3C). This protective activity of exogenous IFN was independent of
an effect on EPEC-induced apoptosis (see Fig. S2 in the supple-
mental material). Together, these data are consistent with our
model, in which EPEC infection results in the T3SS-mediated in-
hibition of IFN- induction that, in turn, contributes to decreased
barrier function, as indicated by TEER. An increase in endogenous
IFN-f induction following infection with AescF or AnleD EPEC,
or treatment with exogenous IFN-, protects from EPEC-induced
loss of barrier function.

Epithelial barrier function is mediated through tight junction
proteins that are dysregulated following EPEC infection to pro-
mote GI permeability and pathogenesis (13, 23, 60, 63, 64). This
altered TJ function occurs through direct effects of EPEC infection
on the IEC cytoskeleton (10, 65) and via the indirect action of
EPEC-induced proinflammatory cytokines (17, 66). In light of
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FIG 4 Infection with AescF EPEC or IFN-f treatment induces the expression
of TJ proteins occludin and claudin 1. (A and B) Caco-2 monolayers were
infected with WT or AescF EPEC atan MOI of 50 for 3 h (A) or treated with 100
U/ml or 500 U/ml IEN- for 3 or 16 h (B). The cell lysates were then collected
and analyzed for ZO-1, occludin (OCLN), and claudin 1 (CLDN1) expression
by Western blotting. 3-Actin served as a loading control and was used for
normalization of densitometric analysis of the Western blot signals (bottom).
The Western blot data are representative of 3 separate experiments. (C and D)
RNA was isolated from Caco-2 monolayers treated as for panel B and analyzed
for occludin (C) and claudin 1 (D) mRNAs by qRT-PCR. GAPDH mRNA
served as a control. The data points shown are the means of three separate
experiments. The error bars indicate standard deviations. P values were calcu-
lated using the Student ¢ test. *, P < 0.05; ##, P < 0.01.

our data indicating that induction of endogenous IFN-f or treat-
ment with exogenous IFN resulted in protection from EPEC-in-
duced barrier disruption (Fig. 3), we determined if IFN-[ induced
TJ proteins to promote IEC barrier integrity. Analysis of TJ pro-
teins revealed a marked increase in occludin and claudin 1 follow-
ing infection with AescF compared to WT EPEC. EPEC infection
is known to alter the subcellular distribution of ZO-1; accordingly,
ZO-1 expression was unchanged (Fig. 4A). The increase in T]
proteins in response to AescF corresponded to enhanced induc-
tion of IFN-B (Fig. 1A) and suggested that endogenous IFN-f3
induced TJ proteins in IECs. Consistent with this interpretation,
treatment with exogenous IFN dramatically upregulated occludin
and claudin 1 proteins (Fig. 4B) and increased occludin accumu-
lation at the cell periphery (see Fig. S3 in the supplemental mate-
rial). IFN treatment also induced occludin (Fig. 4C) and claudin 1
(Fig. 4D) mRNAs, albeit to a lesser extent than was observed for
their corresponding proteins. Our findings thus identify the TJ
proteins occludin and claudin 1 as targets of IFN regulation in
IECs and provide a potential mechanism by which IFN protects
from EPEC-induced barrier disruption.
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RNase L-mediated cytokine regulation is inhibited by EPEC.
Our data demonstrate that EPEC infection inhibited IFN-f in-
duction and decreased IEC barrier function in a T3SS-dependent
manner (Fig. 1A and 3A and B), whereas enhanced induction of
endogenous IFN-B by AescF EPEC, or treatment with exogenous
IEN, increased T] protein expression and promoted barrier integ-
rity (Fig. 1A and 3). These findings suggested that both upstream
regulators of IFN induction and downstream mediators of IFN
action are impacted by EPEC infection. The 2-5A pathway is
among the best-characterized IFN-regulated effector mechanisms
(67, 68). RNase L is the terminal component of this pathway that
functions in IFN induction in response to microbial infections
(47, 69) and is a key downstream mediator of IFN-induced activ-
ities (48-50, 70). Furthermore, RNase L functions in the innate
immune response to bacteria in the GI tract (45) and thus may be
a mechanism by which IFN-B mediates host defense from EPEC
infection. To examine a role for RNase L in response to EPEC infec-
tion, Caco-2 cells were stably transfected with control (nonspecific
sequence; shNS) or RNase L-targeted (shRNase L) shRNA. Analysis
of RNase L protein demonstrated efficient knockdown in the
shRNase L cells, and no off-target effect on RNase L expression
was detected in the shNS cells (see Fig. 6B). Infection of shRNase L
and shNS cells with WT EPEC revealed that RNase L knockdown
did not significantly alter IFN-B induction, which is efficiently
reduced by the presence of NleD (Fig. 2). However, IFN-f induc-
tion was markedly compromised in response to AescF EPEC in-
fection of shRNase L compared to shNS cells, indicating that this
induction is mediated, in part, by RNase L (Fig. 5A). In contrast to
the diminished induction of IFN-3 by AescF EPEC in shRNase L
cells, RNase L knockdown significantly enhanced induction of
TNF-a by WT EPEC (Fig. 5B). RNase L thus acts as a positive
regulator of IFN-@ induction and a negative regulator of TNF-a,
thereby opposing the T3SS-mediated effects on these cytokines.
Accordingly, RNase L knockdown mimicked the T3SS-dependent
regulation of IFN- and TNF-«. For example, the enhanced in-
duction of IFN-B by AescF EPEC was reversed by either the pres-
ence of T3SS in WT EPEC infection or the absence of RNase L in
AescF EPEC-infected cells (Fig. 5A). Similarly, the diminished in-
duction of TNF-a by AescF EPEC was reversed by the presence of
T3SS in WT EPEC-infected shNS cells, with even more TNF-«
induced following WT EPEC infection of shRNase L cells (Fig.
5B). Together these data suggested that T3SS effectors inhibit
RNase L activity to modulate cytokine expression and promote
EPEC pathogenesis. To test this hypothesis, cellular RNA was an-
alyzed for the presence of discrete RNase L-generated rRNA cleav-
age products as a measure of enzyme activity (71). RNA from
control uninfected Caco-2 cells displayed intact 28S and 18S
rRNA bands, and this pattern did not change following WT EPEC
infection (Fig. 5C). In contrast, infection with AescF EPEC pro-
duced readily detectable rRNA cleavage products identical to
those generated following transfection with poly(I - C) to induce
the production of 2-5A and activation of RNase L as a positive
control for rRNA cleavage. These data provide evidence that EPEC
infection inhibits RNase L in a T3SS-dependent manner. To our
knowledge, this is the first example of RNase L inhibition medi-
ated by a bacterial pathogen and supports a model in which eva-
sion of RNase L-mediated cytokine regulation promotes EPEC
pathogenesis.

RNase L modulates barrier function, T] proteins, and IEC
permeability. To assess the functional consequences of RNase
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FIG 5 RNase L regulates cytokine induction by EPEC. (A and B) Caco-2 cells stably transfected with nonspecific (shNS) or RNase L-targeted (shRNase L) shRNA
were differentiated for 28 days on transwell plates, and monolayers were infected with WT or AescF EPEC at an MOI of 50 for 3 h. RNA was isolated and analyzed
by qRT-PCR for IEN- (A) and TNF-a (B), and GAPDH was utilized as a control. The data points shown are the means of 3 separate experiments. The error bars
indicate standard deviations. P values were calculated using the Student ¢ test. *, P < 0.05. (C) rRNA cleavage was analyzed in the indicated samples using an
Agilent Bioanalyzer; RNA from cells transfected with poly(I - C) to produce endogenous 2-5A served as a positive control (+con). Arrows indicate bands which

represent rRNA cleavage products. Shown is a representative image from 3 separate experiments.

L-dependent cytokine regulation and its inhibition by EPEC, we
measured barrier function in the presence and absence of RNase L
knockdown. Infection of shRNase L cells with either WT or AescF
EPEC resulted in decreased TEER compared with that observed
following infection of shNS cells (Fig. 6A). The most potent re-
duction in TEER was observed in shRNase L cells infected with
WT EPEC, which likely reflected the knockdown of RNase L ex-
pression and inhibition of residual RNase L activity by T3SS effec-
tors. In contrast, sustained RNase L expression in the absence of
T3SS-mediated inhibition of its activity in AescF EPEC-infected
shNS cells resulted in the highest TEER values, which were similar
to those in uninfected cells. Inhibition of RNase L activity alone
(WT EPEC-infected shNS cells) or RNase L knockdown alone
(AescF EPEC-infected shRNase L cells) gave intermediate, but
nonidentical, TEER values, suggesting that T3SS effectors may
modulate barrier function via RNase L-independent mechanisms
and that RNase L may contribute to barrier function through ac-
tivities that are not affected by T3SS effectors.

The effect of RNase L on TEER in EPEC-infected cells (Fig. 6A)
correlated with its regulation of cytokine induction (Fig. 5A and
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B) and represented a potential mechanism by which RNase L im-
pacts IEC barrier function. RNase L also protected from IEC bar-
rier disruption by exogenous treatment with the proinflammatory
cytokines TNF-a and IFN-y (see Fig. S4 in the supplemental ma-
terial), indicating that RNase L may modulate barrier function
through mechanisms that are both upstream and downstream of
cytokine induction. Furthermore, RNase L protein was induced
during the differentiation of Caco-2 and T84 cell lines to form
polarized monolayers with functional TJs (see Fig. S5A in the
supplemental material), and basal TEER was reduced by 25% in
shRNase L compared to shNS cells (see Fig. S5B in the supplemen-
tal material). These findings suggested that RNase L may serve a
broader function in IEC barrier integrity. Therefore, we examined
a role for RNase L in the regulation of TJ components in EPEC-
infected and uninfected cells. Basal levels of occludin protein were
comparable in shNS and shRNase L cells; however, RNase L
knockdown dramatically reduced occludin induction following
infection with WT or AescF EPEC (Fig. 6B). Though the induction
of claudin 1 following WT or AescF EPEC infection was less dra-
matic, RNase L knockdown also reduced the protein levels follow-
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FIG 6 RNase L deficiency promotes barrier dysfunction following EPEC in-
fection. Caco-2 cells stably transfected with shNS or shRNase L were differen-
tiated for 28 days on transwell plates, and monolayers were infected with WT
or AescF EPEC at an MOI of 50 for 3 h. (A) TEER was measured at 3 h
postinfection, and the data shown are representative of three independent
experiments. The data points are the means of three replicate samples. TEER
values indicate the percent uninfected control for each cell line independently
to measure the impact of RNase L on EPEC-induced changes in TEER inde-
pendent of basal differences in the cell types (see Fig. S5 in the supplemental
material). The error bars indicate standard deviations. P values were calculated
using the Student  test. *, P < 0.05. (B) Cell lysates were analyzed for RNase L,
OCLN, and CLDNI1 protein expression by Western blotting. 3-Actin served as
aloading control and was used to normalize signals analyzed by densitometry
(bottom). The Western blot results are representative of 3 separate experi-
ments.

ing infection. These findings identify the RNase L-dependent reg-
ulation of TJ components as a potential mechanism by which it
impacts IEC barrier function following EPEC infection.

TEER is a measure of barrier function that correlates with the
permeability of IEC monolayers to luminal components and
pathogens; accordingly, TEER provides a model of this key feature
of GI physiology that is disrupted by enteric pathogens and in GI
diseases. Since RNase L knockdown reduced TEER following
EPEC infection (Fig. 6A), we directly assessed its impact on IEC
permeability. Specifically, we first used qPCR to measure 16S bac-
terial rRNA that had translocated through Caco-2 monolayers
and was present in the basolateral chamber of transwell culture
plates. This analysis revealed a dramatic increase in 16S rRNA
translocation in EPEC-infected shRNase L compared to shNS cells
(Fig. 7A). The increase in permeability of shRNase L monolayers
to 16S rRNA reflected a similarly enhanced translocation of viable
EPEC to the basolateral chamber (Fig. 7B). AescF EPEC did not
exhibit significant basolateral translocation consistent with the
impaired capacity of that strain to disrupt barrier function. Al-
though WT EPEC is known to disrupt barrier function and in-
crease permeability, 16S rRNA and bacteria were not detected in
the basolateral chamber following infection of control shNS sam-
ples with WT EPEC. This finding suggested that RNase L knock-
down potently enhanced permeability under the infection condi-
tions used and that EPEC-induced permeability in control cells
may require an increased MOL.

Together, these data identify roles for RNase L in regulating
cytokine induction, barrier function, and TJ proteins in IECs
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FIG 7 RNase L deficiency increases Caco-2 monolayer permeability and bac-
terial translocation. (A and B) Differentiated shNS and shRNase L monolayers
were infected with WT or AescF EPEC at an MOI of 50 for 3 h. The superna-
tants were collected from the basolateral chambers of transwell plates and
analyzed by qRT-PCR to detect EPEC 16S rRNA (A) and by culturing over-
night to determine the presence of viable bacteria (B). The data points shown
are the means of 3 separate experiments. The error bars indicate standard
deviations. P values were calculated using the Student # test. #*, P < 0.01. (C)
Model depicting the roles of IFN-B and RNase L in the regulation of IEC
barrier function following EPEC infection. EPEC infection disrupts barrier
integrity, leading to activation of PRRs and induction of cytokines, including
IFN-B and TNF-a. Injection of T3SS effectors, including nleD, inhibits RNase
L, leading to diminished induction of IFN-@ and enhanced TNF-a. The op-
posing effects of these cytokines on IEC barrier function occur through cyto-
kine-mediated regulation of the T] proteins OCLN and CLDN1. Additional
mechanisms that contribute to the regulation of cytokine induction and bar-
rier function are discussed in the text.

(Fig. 7C). Inhibition of RNase L following EPEC infection coun-
teracts these protective activities as a novel mechanism by which it
evades the host immune response.

DISCUSSION

The GI tract is the site of critical interactions between intestinal
microbes and the host that are key determinants of physiological
and pathological activities (72, 73). IECs that line the intestine
play important roles in maintaining a barrier to the potentially
pathogenic contents of the GI lumen and in regulating the im-
mune response to microbes that have breached this barrier. Type
I IFNSs serve essential functions in GI immunity and homeostasis
(30, 31) and promote barrier integrity in endothelial cells (53, 62)
and following bacterial infection in the lung (54). Therefore, we
investigated the regulation of IFN-3 and its role in host defense
from EPEC, an important human pathogen that disrupts barrier
function as a key component of pathogenesis. Our study revealed
that IFN-B induction was inhibited and TNF-a was increased in a
T3SS-dependent manner following EPEC infection. The regula-
tion of IFN-B and TNF-a by WT EPEC corresponded to reduced
barrier function that was not observed following infection with
T3SS-deficient EPEC. These findings suggest that the T3SS-de-
pendent inhibition of the anti-inflammatory cytokine IFN- and
induction of TNF-q, a potent proinflammatory cytokine, repre-
sent important mechanisms by which EPEC subverts the host im-
mune response to promote pathogenesis. Consistent with this
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model, exogenous IFN conferred protection from EPEC-induced
barrier disruption, providing the first evidence of this role for
IFN-f in IECs. Importantly, treatment with 100 U/ml exogenous
IFN-, followed by infection with WT EPEC, which inhibits the
induction of endogenous IFN, resulted in TEER values compara-
ble to those observed following infection with T3SS-defective
AescF EPEC that induce higher levels of endogenous IFN-[. This
finding suggested that physiologically attainable amounts of IFN-3
mediate protection from EPEC-induced barrier disruption. Indeed,
the concentrations of secreted IFN-f3 detected by ELISA following
AescF EPEC infection (100 pg/ml) are sufficient to mediate diverse
IFN-induced activities. For example, recent studies have revealed the
importance of low, basal IFN expression and tonic IFN signaling in
GI homeostasis and host defense (32, 33).

The inhibition of IFN-3 and enhanced induction of TNF-a by
EPEC required a functional T3SS, suggesting that EPEC effectors
that are injected into IECs by the T3SS are responsible for this
regulation. T3SS effectors modulate the host response to EPEC via
multiple mechanisms. Several effectors (e.g., NleC, E1, and B1)
inhibit NF-kB (14, 15, 23-26, 74, 75), a key transcription factor in
the induction of pro- and anti-inflammatory cytokines, including
IFN-B and TNF-a. We identified NleD, a zinc metalloprotease
that degrades the MAP kinases JNK and p38, as the major T3SS
effector responsible for the diminished induction of IFN- (Fig.
2); this finding provided the first example of an EPEC effector
mechanism that targets IFN-f. Like NF-«kB, JNK and p38 contrib-
ute to the induction of both IFN-$ and TNF-« in response to
bacterial pathogens (76-78). The NleD-mediated downregulation
of JNK/p38 and inhibition of NF-kB by other T3SS effectors are
predicted to diminish induction of both IFN-B and TNF-a and
may account, in part, for the reduced induction of IFN-B by
EPEC. However, the contrasting effect on TNF-a, in which a func-
tional T3SS is required for optimal induction, indicated that ad-
ditional targets of T3SS regulation may be involved.

RNase L, an endoribonuclease that functions to regulate IFN
induction and as a downstream mediator of IFN action (47, 51, 69,
79, 80), is implicated in IEC activities (45). Therefore, RNase L
represented a candidate target of EPEC effectors that may account
for the observed T3SS-dependent effects on cytokine induction
and barrier function. Consistent with this prediction, RNase L
activity was inhibited in a T3SS-dependent manner following
EPEC infection (Fig. 5C). Reports from our laboratory and others
have demonstrated that RNase L regulates the induction of IFN-3
and TNF-« in response to microbial stimuli (45, 47, 52, 69, 81)
and suggested a potential mechanism in which the T3SS-depen-
dent regulation of these cytokines is mediated, in part, through
RNase L. In support of this model, inhibition of RNase L activity
by WT EPEC corresponded to diminished IFN-f induction and
increased TNF-a, whereas infection with T3SS-deficient EPEC
resulted in an RNase L-dependent increase in IFN- induction
and decrease in TNF-a (Fig. 5A and B). RNase L-mediated
changes in IFN-3 and TNF-a were correlated with sustained
TEER values (Fig. 6A) and reduced IEC permeability (Fig. 6A and
B) following EPEC infection, demonstrating the functional signif-
icance of this regulation. These findings indicate that RNase L
functions to increase IFN- induction and to reduce TNF-q; thus,
the inhibition of RNase L by WT EPEC is an important mecha-
nism by which it modulates host cytokine expression. Further-
more, while viruses have evolved multiple strategies to evade the
antiviral activities of RNase L (67, 82), to our knowledge, this is the
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first example of RNase L inhibition mediated by a bacterial patho-
gen and supports an important role for RNase L in antibacterial
immunity (45, 51, 52).

Regulation of IFN-3 by RNase L is thought to occur through an
indirect mechanism in which RNase L cleaves host and viral RNAs
to produce PAMPs that activate RIG-I-like receptors, cytosolic
RNA sensors that, in turn, activate a signaling pathway leading to
IFN-B transcription (47, 69). The activation of RNase L-mediated
rRNA cleavage and enhanced induction of IFN-f suggested that
this pathway is operative following T3SS-deficient EPEC infec-
tion. However, the mechanism of RNase L activation and the
identities of its RNA substrates in the context of a bacterial infec-
tion are not known. In this regard, the interaction of RNase L with
the scaffold protein IQGAPI provides a potential link to EPEC
infection (83). IQGAPI mediates diverse functions, including ac-
tin polymerization and is recruited to sites of EPEC attachment to
stimulate pedestal formation (84). IQGAP may thus recruit RNase
L to sites of EPEC attachment to sense infection and initiate im-
mune signaling. Further studies are required to assess the role of
this interaction in the context of EPEC infection. As EPEC infec-
tion inhibits RNase L in a T3SS-dependent manner, the estab-
lished activities of specific EPEC effectors provide another poten-
tial source of insight into the pathways involved in RNase L
activity. Specifically, JNK is a target of the metaloprotease NleD
and is activated downstream of RNase L-mediated rRNA cleavage
in the response to picornavirus infection (85, 86). Therefore,
RNase L-mediated activities following infection with T3SS-defi-
cient EPEC may similarly involve JNK signaling, and JNK cleavage
by NleD may contribute to the T3SS-dependent inhibition of
RNase L. Infection with a proteolysis-deficient mutant of NleD
may help assess the role of JNK regulation in RNase L-mediated
activities (14). However, additional studies are required to dissect
how JNK proteolysis by NleD and other EPEC effector mecha-
nisms impacts RNase L activity.

In contrast to IFN-3, RNase L negatively regulated TNF-o ex-
pression, suggesting that TNF-o mRNA may be a direct RNase L
substrate. The posttranscriptional regulation of TNF-o mRNA
stability is known to be a critical mechanism by which its expres-
sion is regulated and is mediated by tristetraprolin (TTP) (87).
TTP is an RNA binding protein that binds A-U-rich elements in
the 3" untranslated regions of mRNAs encoding TNF-« and other
proinflammatory mediators to stimulate their degradation (88).
Consistent with a role for RNase L in this regulation, the RNase L
protein interacts with TTP and downregulates a subset of TTP
targets, suggesting that TTP directs RNase L to cleave specific
mRNAs (89). The EPEC-induced inhibition of RNase L and en-
hanced expression of TNF-a support this model; however, RNase
L negatively regulates TTP mRNA as part of an autoregulatory
loop (90), and TTP activity is posttranslationally regulated by p38
in response to inflammatory stimuli (91, 92), indicating that a
complex regulatory network functions to tightly regulate TNF-a.
In addition, the T3SS effector NleD cleaves p38 protein and thus
may affect TTP activity as a strategy by which EPEC modulates
TNF-a expression. In light of this multifaceted regulation; the
potential inhibition by T3SS effectors; and the dynamic nature of
RNase L, TTP, and TNF-« expression and activity in the course of
an inflammatory response (93), additional studies are required to
dissect the roles and mechanisms by which RNase L and TTP
regulate TNF-a in the context of EPEC infection. Alternatively,
RNase L may regulate TNF-a as a secondary effect of its role in
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regulating IFN-[3. Specifically, IFN-@ has been reported to down-
regulate TNF-a (94, 95); therefore, the T3SS-mediated inhibition
of RNase L activity and IFN- induction may contribute to the
observed increase in TNF-a expression. RNase L can thus impact
gene expression via direct and indirect mechanisms and repre-
sents a potent target for EPEC to reprogram the IEC gene expres-
sion profile and modulate the host immune response.

The disruption of IEC barrier integrity by WT EPEC infection
occurs through the downregulation and altered organization of T]
proteins that mediate barrier function (13, 60, 64, 96, 97). In con-
trast, infection with T3SS-deficient EPEC resulted in enhanced
IFN-B induction (Fig. 1A) and RNase L activity (Fig. 5C), which
corresponded to sustained barrier function (Fig. 3A and 6A) and
increased expression of the T] components claudin 1 and occludin
(Fig. 4A and 6B), providing a potential mechanism by which
IFN-B and RNase L exert their protective effects. Both the claudin
1 and occludin proteins were dramatically induced following
treatment of IECs with exogenous IFN that also resulted in an
accumulation of occludin at the cell periphery (see Fig. S3 in the
supplemental material). The marked induction of claudin 1 and
occludin by IEN corresponded to modest increases in claudin 1
and occludin mRNAs, suggesting that posttranslational mecha-
nisms may be involved (Fig. 4B to D). Consistent with this inter-
pretation, IFN-stimulated response elements have not been iden-
tified in the promoters of claudin 1 and occludin genes, and their
transcripts are not included in a comprehensive database of
known ISGs (98). A potential mechanism by which type I IFNs
upregulate T] proteins was revealed in a recent study describing
the interaction of TJ proteins, including occludin and claudin 1,
with IFN-induced transmembrane protein 1 (IFITM-1) (99) in
hepatocytes. Specifically, IFN induction of IFITM-1 is thought to
stabilize components of T] complexes to inhibit hepatitis C virus
entry. IFN induction of TJ proteins was also reported in lung
epithelium, indicating that this regulation may be a critical feature
in the control of host-microbe barrier function in multiple tissues
(54). Thus, like other stimuli that target T] complexes, IFN may
impact T] function via modulation of protein expression or
through the indirect regulation of TJ protein stability and organi-
zation. RNase L deficiency markedly reduced expression of clau-
din 1 and occludin (Fig. 6B and C). Interestingly, this RNase L-de-
pendent regulation did not directly correspond to its regulation of
IFN-B (compare Fig. 5A and 6B and C), suggesting that RNase L
contributes to expression of these T] proteins via mechanisms in
addition to its regulation of IFN-f3.

Together, these findings significantly increase our understand-
ing of the host response to EPEC infection and the mechanisms by
which it subverts these protective activities. Specifically, we iden-
tified IFN- and RNase L as novel mediators of IEC barrier func-
tion that are targeted by EPEC effectors to evade host defense
mechanisms and promote pathogenesis. Future in vivo studies will
reveal the full impact of these innate immune effectors in EPEC
infection. Consistent with their important functions in the GI
tract, defects in IFN-3, RNase L, and their upstream regulators
and downstream effectors are associated with GI pathologies in
mouse models and human diseases (27, 34-37, 45, 59, 100-104).
In light of these findings, the IFN-RNase L axis represents a po-
tential therapeutic target and susceptibility biomarker for enteric
pathogens and diseases that disrupt GI barrier function, such as
IBD and associated cancers.
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