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Enteropathogenic Escherichia coli (EPEC) and enterohemorrhagic E. coli are noninvasive attaching and
effacing (A/E) bacterial pathogens that cause intestinal inflammation and severe diarrheal disease. These
pathogens utilize a type III secretion system to deliver effector proteins into host epithelial cells, modulating
diverse cellular functions, including the release of the chemokine interleukin-8 (IL-8). While studies have
implicated the effectors NleE (non-locus of enterocyte effacement [LEE]-encoded effector E) and NleH1 in
suppressing IL-8 release, by preventing NF-«kB nuclear translocation, the impact of these effectors only
partially replicates the immunosuppressive actions of wild-type EPEC, suggesting another effector or effectors
are involved. Testing an array of EPEC mutants, we identified the non-LEE-encoded effector C (NleC) as also
suppressing IL-8 release. Infection by AnleC EPEC led to exaggerated IL-8 release from infected Caco-2 and
HT-29 epithelial cells. NleC localized to EPEC-induced pedestals, with signaling studies revealing NleC
inhibits both NF-kB and p38 mitogen-activated protein kinase (MAPK) activation. Using Citrobacter rodentium,
a mouse-adapted A/E bacterium, we found that AnleC and wild-type C. rodentium-infected mice carried similar
pathogen burdens, yet AnleC strain infection led to worsened colitis. Similarly, infection with AnleC C.
rodentium in a cecal loop model induced significantly greater chemokine responses than infection with wild-type
bacteria. These studies thus advance our understanding of how A/E pathogens subvert host inflammatory

responses.

Enteropathogenic Escherichia coli (EPEC) and enterohem-
orrhagic E. coli (EHEC) are among the most widespread bac-
terial causes of infantile diarrhea in both developing and de-
veloped countries (47). Despite the health risks posed by these
attaching and effacing (A/E) pathogens, there are few effective
therapies to prevent or treat their infection. To develop im-
proved therapies, we need a clearer understanding of how
these bacteria successfully infect their hosts, particularly in the
face of the varied host defenses found within the mammalian
gastrointestinal (GI) tract. Like other bacteria, EPEC and
EHEC are recognized by innate host receptors such as Toll-
like receptors (TLRs) and nucleotide-binding oligomerization
domain protein (NOD)-like receptors that detect conserved
microbial molecular patterns (1, 32, 43). This initial recogni-
tion enables the host to quickly respond to infectious threats by
producing inflammatory cytokines and antimicrobial peptides
(6, 31, 40, 57). In fact, these host inflammatory and immune
responses to infection lead to intestinal tissue damage, includ-
ing inflammatory cell infiltration into the infected mucosa and
damage to the gut epithelium. Much of this pathology has been
linked to inflammatory responses initiated by the infected ep-
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ithelium, including the production of the chemokine interleu-
kin-8 (IL-8), an important neutrophil chemoattractant. Not
surprisingly, enteric pathogens have evolved diverse and ele-
gant strategies to avoid and suppress intestinal defenses in
order to colonize and survive within the host’s GI tract. A
common strategy involves the injection of bacterial proteins
into host cells through a type III secretion system (T3SS) (7,
22, 26, 34), with these effector proteins subverting key aspects
of host cell function (47, 48).

The mouse pathogen Citrobacter rodentium bears many sim-
ilarities to EPEC (28), being noninvasive, infecting its hosts by
attaching to the apical surface of intestinal epithelial cells
(IECs), effacing their microvilli, and creating pedestal-like
structures, as well as causing colitis and mild diarrhea (21, 50).
It also shares a similar array of translocated effectors with
EPEC and EHEC. The main pathogenicity island of EPEC
and C. rodentium, termed the locus of enterocyte effacement
(LEE) region, encodes six different T3SS-dependent effectors,
including translocated intimin receptor (Tir), mitochondrial-
associated protein (Map), and EPEC-secreted proteins F, G,
H, and Z (EspF, -G, -H, and -Z, respectively). Additional
effector proteins have also been identified outside the LEE-
encoded region. These non-LEE encoded effector (Nle) genes
are located within six pathogenicity islets scattered throughout
the EPEC and C. rodentium genomes (13, 23). The complete
effector repertoire and their currently identified virulence
functions have recently been reviewed elsewhere (8, 11) and
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involve pedestal formation, actin rearrangement, and microtu-
bule and epithelial barrier disruption, as well as the modula-
tion of inflammatory responses.

Several reports have shown that EPEC suppresses innate
immune responses from infected epithelial cells through the
actions of its effectors (25, 42, 46). These studies have demon-
strated that intestinal epithelial cells infected with wild-type
(WT) EPEC produce lower levels of IL-8 as well as other
inflammatory mediators compared to cells infected by EPEC
strains lacking a functional T3SS. The reduction in IL-8 release
occurred in association with impaired NF-kB and p38 mitogen-
activated protein kinase (MAPK) signaling. In part the sup-
pression of IL-8 release appears to be mediated by the effec-
tors NleE and NleB, which were recently shown to inhibit
NF-«B activation during EPEC infection (36), whereas the
effector NleH1 was also found to subvert NF-«kB function by
preventing translocation of the NF-«kB subunit ribosomal pro-
tein S3 (15, 52). Since these effectors have only been shown to
affect NF-kB signaling, we suspected that additional EPEC
effectors were involved in inhibiting proinflammatory re-
sponses by targeting p38 MAPK signaling pathways.

Recently several studies have identified NleC as another
effector that suppresses inflammatory response through inhi-
bition of NF-«B (3, 35, 38, 56). These studies showed that NleC
also suppressed IL-8 release and NF-«kB activation by cultured
epithelial cells, specifically through the degradation of the
NF-«B p65 subunit. NleC is a zinc protease that cleaves NF-«kB
p65 subunit (3, 35, 38, 56). Curiously, despite the prominent
immunosuppressive role attributed to NleC in vitro, no studies
have yet examined the potential for NleC to modulate inflam-
mation in vivo. In addition, despite considerable evidence that
ectopic NleC suppresses IL-8 release by degrading the NF-«B
p65 subunit, at least in vitro (3, 35, 38, 56), attempts to localize
the NleC protein within host cells have yielded conflicting
results. While several studies identified ectopically expressed
NleC as predominantly localized to the nucleus, where it could
potentially access the NF-kB p65 subunit (3, 35, 38), another
study found that EPEC-derived NleC was predominantly lo-
calized to the site of bacterial attachment, at the host cell
membrane (56). This discrepancy in NleC’s localization raised
the possibility that NleC may impact other host signaling path-
ways, along with NF-«B.

In this study, by screening an array of EPEC and C. roden-
tium mutants, we confirmed NleC as a novel effector protein
involved in restraining epithelial inflammatory responses dur-
ing infection, by suppressing NF-kB. We also found that it
impacts p38 MAPK signaling, and we demonstrate that NleC
plays a significant role in suppressing the colitis triggered by C.
rodentium infection, as well as having an impact on the com-
petitiveness of this pathogen in vivo.

MATERIALS AND METHODS

Cell culture, bacterial strains, growth conditions. Caco-2 intestinal epithelial
cells and HT-29 intestinal epithelial cells were obtained from the American Type
Culture Collection (ATCC) and grown in Dulbecco’s modified Eagle’s minimal
essential medium (DMEM) with 4.5 g/liter p-glucose, 1X nonessential amino
acids, 2 mM glutamine, penicillin (100 U/ml), and streptomycin (100 pg/ml), and
10% fetal bovine serum (Gibco). Cells were seeded at high density in polystyrene
T75 culture flasks, 6-well plates (6WP), or 12-well plates (12WP) and used for
experiments at confluence 4 days after seeding. Cultured cells were used between
passages 6 and 20. The bacterial strains used in this study are listed in Table 1.
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TABLE 1. EPEC and Citrobacter rodentium strains
used in this study

Strain or genotype Deficiency Source or reference
EPEC E2348/69
(serotype O127:H6)
WwT None 27
AescN T3SS 16
AescF T3SS 14
AescU T3SS 14
AescV T3SS 14
Atir Tir 26
AespF EspF 53
AespG EspG 21
AespH EspH 41
AespZ EspZ 45
Amap Map 24
AnleA NleA 20
AnleB2 NleB2 14
AnleC NleC This study
AnleD NleD 14
AnleE NleE This study
AnleH1 NleH1 This study
AnleC/nleC (MCE003) None This study
AnleC/nleC-HA NleC This study
(MCE004)
AfliC Flagella 28
AfliC AescN T3SS and flagella 28
AfliC AnleC FliC and NleC This study
AfliC AnleC/nleC Flagella This study
C. rodentium DBS 100
WwT None 44
AnleC NleC 51
AnleC/nleC-2HA NleC This study

The EPEC in-frame deletion mutants were generated using the suicide vector
pREL112 via sacB-based allelic exchange (14), while the C. rodentium nleC dele-
tion mutant was created using the lambda Red recombinase system (10). All
strains were grown from single colonies on Luria-Bertani (LB) plates in LB broth
at 37°C overnight with shaking.

Generation of nleC complemented and nleC-HA strains. Complementation of
nleC was achieved by chromosomal insertion with Tn7 into an EPEC AnleC
mutant. A chloramphenicol-marked Tn7 delivery vector was created by subclon-
ing a Sacl-fit-cat-frt, Klenow-end-filled fragment from pFCM1 into the EcoRV
site of pUCIS8R6KT-mini-Tn7T (5), yielding pMACS, and transformed into
DHS5a Npir. The orientation of the cat cassette was confirmed with EcoRI/Ncol
restriction digests. The nleC complementation construct was made by fusing the
nleBCD operon promoter to nleC that contained 19 nucleotides (nt) upstream of
the predicted start site. A 348-bp region containing the nleBCD promoter was
PCR amplified with oligonucleotides nleBCD-f (TCAGAATTCCCAAGCTAT
ATGTTAACTGC) and nleBCDp-r (GTTTATCCATATTTTCTTCACAAC). A
1,033-bp PCR product that contains the nleC gene, with 19 bp of sequence
upstream of the ATG, was amplified with oligonucleotides nleC19-f (GTTG
TGAAGAAAATATGGATAAACCAGGGTATTAGATATAAACATG) and
nleC-r (CGACGGATCCTCATCGCTGATTGTGTTTGTC). The promoter
and nleC gene were fused by splicing by overlap extension (SOEing) PCR, using
1 ng of each PCR product as a template in a single PCR as previously described
(9), using oligonucleotides nleBCD-f and nleC-r. A hemagglutinin (HA)-tagged
nleC gene (nleC-HA) was also amplified using the same templates and the
SOEing PCR protocol, except using oligonucleotide nleCHA-r (CGACGGAT
CCTAAGCGTAATCTGGAACATCGTATGGGTATCGCTGATTGTGTTTGT
CCAC) instead of nleC-r. Both PCR products were sequenced at Nucleic Acid
Protein Service (NAPS) Unit (University of British Columbia, Vancouver, Brit-
ish Columbia, Canada) and subcloned as an EcoRI/BamHI fragment into a
similarly cut plasmid, pMACS, yielding pMAC5/19nleC and pMAC5/19nleCHA,
and transformed into EC100Dpir". The complementing constructs were mobi-
lized into the EPEC AnleC strain by mating with w7249 (2) harboring the Tn7
helper plasmid, pTNS2 (5) and either pMACS5/19nleC or pMAC5/19nleCHA.
Transconjugants were selected on LB containing chloramphenicol, and the
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proper Tn7 insertion was checked as previously described (5). The resulting com-
plementing strains were designated MCEO003 (nleC) and MCEO004 (nleC-HA).

Infection protocol. Caco-2 and HT-29 cells cultured in 6WP and 12WP were
infected by different strains of EPEC in DMEM nutrient mixture F-12 (DMEM
F-12) for 4 h. At least 30 min before infection, the medium in 6WP or 12WP was
replaced by DMEM F-12 (without supplements). Overnight bacterial culture
with an optical density at 600 nm (ODg) of approximately 0.5 was used for
infection. After infection, cells were washed twice with 2 ml of phosphate-
buffered saline (PBS) and the medium was replaced by DMEM growth medium
containing gentamicin (1 pg/ml) in order to prevent host cell death and the
overgrowth of extracellular bacteria. At different time points postinfection, su-
pernatants were collected for sandwich enzyme-linked immunosorbent assay
(ELISA) (24 h), or cell lysates (2 to 6 h) were prepared for Western blotting. For
infections using AfliC EPEC strains, Caco-2 cells were infected with the bacterial
cultures for 3 h as described above. Cells were washed with PBS, which was
replaced by 2 ml of DMEM F-12. Purified FliC (100 wg) was added for 30 min
to 1 h, and cell lysates were prepared for Western blotting.

Measurement of IL-8 secretion levels. The level of IL-8 released into the
supernatant was assessed using an ELISA kit (BD Bioscience) following the
manufacturer’s instructions.

Assessment of bacterial adherence to Caco-2 cells. To assess bacterial adhe-
sion, Caco-2 cells were infected with bacteria for 4 h. Cells were then washed
with warm PBS three times and finally scraped into warm PBS and mixed by
pipetting. Serial dilutions were performed, aliquots of the scraped cells were
streaked onto agar plates, and the plates were incubated in 37°C overnight.
Bacterial colonies (CFU) were counted the next day.

NF-kB activity assay. Caco-2 cells were seeded into 24WP at 2.5 X 10°
cells/well in 1 ml of medium and incubated overnight in a 37°C 5% CO, incu-
bator. One hour prior to transfection, cells were washed with sterile PBS, and 0.5
ml of prewarmed low-serum medium (0.5% fetal bovine serum [FBS], 1% non-
essential amino acids, 1% GlutaMax) was added to each well. Per well, 25 ng
pNF-«kB Luc (luciferase) vector (Clontech Labs) was mixed with 75 ng phRL-TK
(Renilla) vector (Promega Corporation) and topped up to 500 ng of total DNA
with pCMV4a vector (Stratagene). DNA was diluted in 50 wl DMEM, and 3 pl
of GenJet for Caco-2 cells (SignaGen Laboratories) was diluted in 50 pl DMEM
in a separate tube. Diluted GenJet was added directly to diluted DNA and
mixed. The transfection mixture was incubated at room temperature for 15 min
prior to addition of 100 pl to each well of Caco-2 cells. Twenty-four hours
posttransfection, medium was aspirated from Caco-2 cells and replaced with 0.5
ml prewarmed serum-free DMEM. Cells were infected with 1 pl of overnight-
standing EPEC cultures as indicated. Infections were performed in triplicate for
each strain used. For uninfected cells, 1 pl of uninoculated LB medium was
added to Caco-2 cells. At 2, 3, or 4 h postinfection, medium was aspirated and
replaced with fresh DMEM supplemented with 100 pg/ml gentamicin and 5 ng
of recombinant human IL-1B per well for 3 h. The dual-luciferase reporter assay
(Promega Corporation) was used according to the manufacturer’s instructions.
Briefly, infected Caco-2 cells were washed with 500 pl of sterile PBS —/—, and
100 ! of passive lysis buffer was added, followed by 15 min of incubation at room
temperature with rocking. Twenty microliters of cell lysate was used for lucifer-
ase quantification. Data were plotted as a ratio of firefly/Renilla luciferase activity
to enumerate NF-«kB activity relative to a constitutive CMV promoter, and
NF-kB activities resulting from all infections were plotted relative to that in
uninfected cells, which was set at 100%.

Western blotting. Following infection with EPEC, Caco-2 cells were washed
twice with 2 ml of PBS (Gibco). Cells were then lysed in 100 pl of lysis buffer
(Promega) on ice for 5 to 10 min and then scraped into microcentrifuge tubes.
The tubes were centrifuged at 13,000 X g for 12 min to pellet debris, and the
supernatant was transferred to another tube for Western blots. Caco-2 proteins
(50 pg in cleared cell lysate) were resolved by 9 to 11% SDS-PAGE and trans-
ferred to 0.2 pm polyvinylidene fluoride (PVDF) membranes. Blots were then
blocked for 1 h with 5% bovine serum albumin (BSA) in Tris-buffered saline with
0.05% Tween 20 (TBST). Membranes were then incubated with primary anti-
body in TBST overnight at 4°C and probed with the respective secondary anti-
body for 1 h at room temperature. Rabbit polyclonal phospho-p38 MAPK (Cell
Signaling) and phospho-NF-«B p65 (Cell Signaling) antibodies were used in this
study.

Mouse infections and the cecal loop experiment. Female C57BL/6 mice (8 to
12 weeks) were purchased from Charles River and housed at the Child and
Family Research Institute. All mouse experiments were performed according to
Canadian Council on Animal Care (CCAC) guidelines (3a). Cecal loop experi-
ments were adopted from the ileal loop experiments previously described (4). In
brief, mice were anesthetized by intraperitoneal injection of ketamine and xyla-
zine diluted in sterile PBS. Following a midline abdominal incision, the cecum
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was exposed, and the proximal colon close to the cecum was ligated twice, while
the ileocecal valve prevented backflow into the ileum, thus isolating the cecum.
Bacteria were prepared from overnight cultures in LB medium and diluted (1:50)
in DMEM and left at 37°C in a 5% CO, atmosphere for 3 h to preactivate the
bacteria (12). Three hundred microliters of the preactivated cultures containing
approximately 1 X 10’CFU of C. rodentium was injected into the cecal loop. The
intestine was then returned to the abdominal cavity, and the incision was closed
with discontinuous sutures. The mice were euthanized at 12 h, and tissues and
stool contents were collected for bacterial counts and immunofluorescence.

Tissue collection and bacterial counts. Tissue collection and bacterial counts
were performed as described previously (28). Briefly, mice were euthanized over
the course of infection and dissected, and their large intestines, including the
cecum, were collected in 10% neutral buffered formalin (Fisher) for histological
analyses or processed for tissue pathology assays. For viable cell counts, colon
tissues and stool pellets were collected separately and homogenized in PBS (pH
7.4), with dilutions plated onto LB agar or MacConkey agar plates.

RNA extraction and semiquantitative and quantitative real-time PCR. Fol-
lowing the euthanizing of the mice, colonic tissues were immediately transferred
to RNA-later (Qiagen), frozen in liquid N,, and stored at —20°C. Total RNA was
purified using Qiagen RNeasy kits (Qiagen) according to the manufacturer’s
instructions. cDNA was synthesized with the Omniscript reverse transcription
(RT) kit (Qiagen) and oligo(dT) (ABM, Inc.) followed by quantitative real-time
PCR techniques. Quantitative PCR was carried out on a Bio-Rad MJ Mini-
Opticon real-time PCR system (Bio-Rad) using IQ SYBR green supermix (Bio-
Rad) and macrophage inflammatory protein 2 (MIP-2), MIP-3a, and B-actin
primers with the sequences and conditions previously described (25). Quantifi-
cation was carried out using Gene Ex Macro OM 3.0 software (Bio-Rad), with
which PCR efficiencies for each of the primer sets were incorporated into the
final calculations.

Immunofluorescence staining. Immunofluorescence staining of control and
infected tissues was performed using previously described procedures (28). In
brief, tissues were rinsed in ice-cold PBS, embedded in OCT (optimal cutting
temperature) compound (Sakura, Finetech), frozen with isopentane (Sigma) and
liquid N,, and stored at —70°C. Serial sections were cut at a thickness of 6 um
and directly blocked with an endogenous biotin blocking kit (Invitrogen) and 1%
bovine serum albumin, followed by the addition of polyclonal rat antisera gen-
erated against Tir (1:8,000); the biotinylated anti-HA antibody (Covance) was
used at 1:500. Following extensive washing with Tris-buffered saline, Alexa 488-
or Alexa 568-conjugated goat anti-rat IgG antibodies, or Alexa 488- or Alexa
568-conjugated streptavidin (1:300 dilutions; Molecular Probes) was added. Fol-
lowing extensive washing, the cells were then stained with 1 pug ml~! of 4',6'-
diamidino-2-phenylindole (DAPI; Sigma) at 1:15,000 for 10 min and washed with
PBS before the coverslips were mounted on glass slides in Mowiol (Aldrich) and
sealed with nail polish. Sections were viewed at 350, 488, and 568 nm with a Zeiss
Axiolmager microscope, and images were obtained using an AxioCam HRm
camera operating through AxioVision software (version 4.4).

Statistical analysis. All of the results are expressed as the mean value =*
standard error of the mean (SEM). Nonparametric Mann-Whiney ¢ tests were
performed using GraphPad Prism version 4.00 for Windows (GraphPad Soft-
ware, San Diego, CA). A P value of 0.05 or less was considered significant.

RESULTS

Suppression of IL-8 secretion by EPEC is T3SS dependent.
EPEC is known to suppress IL-8 secretion by epithelial cells in
a T3SS-dependent manner (25, 42). We confirmed this obser-
vation using the AescN, AescF, AescU, and Aescl T3SS mu-
tants, which lack critical T3SS components and are unable to
secrete translocator and effector proteins. After infecting
Caco-2 cells with WT EPEC, we recovered 775 * 70 pg/ml of
1L-8, whereas all T3SS mutants induced more than 2-fold-
higher (P < 0.05) levels of IL-8 (AescN, 1,591 = 190 pg/ml;
AescV, 1,816 = 203 pg/ml; and AescU, 2,119 = 600 pg/ml) (Fig.
1A) that were all statistically similar.

NleC inhibits IL-8 secretion by EPEC-infected cells. Given
the T3SS dependency, EPEC mutants with single gene dele-
tions within the LEE (Atir, AespF, AespG, AespH, AespZ, and
Amap) and non-LEE-encoded regions (AnleA, AnleB2, AnleC,
AnleD, AnleE, and AnleHT) were screened. We confirmed (Fig.
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FIG. 1. NleC suppresses EPEC-induced intestinal epithelial IL-8
responses. (A) Caco-2 cells were infected with wild-type (WT) EPEC
and T3SS EPEC mutants (AescN, AescF, AescU, and Aescl) for 4 h.
Supernatants were collected 24 h later and subjected to IL-8 ELISA.
All T3SS mutants induced significantly higher IL-8 release than WT-
infected cells. (B) Caco-2 cells were infected with mutants with single-
gene deletions in the LEE- and non-LEE-encoded regions as de-
scribed above. AescN, AnleC, AnleE, and AnleH mutants induced
significantly higher IL-8 release than WT-infected cells. (C) Comple-
mentation of AnleC EPEC by chromosomal insertion is seen in Caco-2
cells infected as described above. Complementation of AnleC restores
the suppressive phenotype. There is no significant differences between
WrT-infected cells and cells infected with complemented strain. Error
bars for all panels represent the standard error of the mean from at
least three independent experiments. *, P <0.05.

1B) that most mutants were as effective as WT EPEC at in-
hibiting IL-8 secretion (36), whereas the AnleE and AnleC
mutants induced significantly greater levels of IL-8 (P < 0.05
and P < 0.01, respectively). TheAnleH] strain also induced
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elevated IL-8 levels (P < 0.05), reflecting the ability of NleH1
to prevent translocation of the newly identified NF-«B subunit
RPS3 (15, 52).

We previously showed that B-defensin-2 expression was also
suppressed by EPEC’s T3SS (25), and we found it was signif-
icantly elevated in Caco-2 cells infected with AnleC EPEC
compared to WT EPEC (data not shown). To address whether
the exaggerated IL-8 response to AnleC EPEC could be seen in
another intestinal epithelial cell line, we infected HT-29 co-
lonic epithelial cells. Similar to Caco-2 cells, AnleC and
AescN EPEC infection led to significantly higher levels of IL-8
(3,853 = 238 pg/ml and 3,397 = 211 pg/ml, respectively) com-
pared to WT EPEC (2,366 = 206 pg/ml) (P < 0.05).

We next tried to complement the nleC mutation in EPEC by
introducing the nleC gene on the pACYC184 vector (pnleC) to
create the AnleC pnleC strain. Unfortunately complementation
was not achieved, potentially due to changes in the secretion of
other effector proteins from EPEC. Since the nleC gene is
located in an operon along with nleB, nleH, and nleD (30), its
overexpression could alter its transcriptional control, disrupt-
ing normal T3SS functioning, as we recently found with the
effector EspZ (45). To overcome these issues, chromosomal
insertion of the full nleC gene was used to create the AnleC/
nleC EPEC strain (Fig. 1C). Chromosomal insertion of the
nleC gene did not alter effector secretion profiles (data not
shown), but statistically lower IL-8 release was seen with
Caco-2 cells infected with the AnleC/nleC strain (808 = 50
pg/ml) compared to cells infected by AnleC EPEC (1,181 * 94
pg/ml) (P = 0.02), whereas the response was not significantly
different from that seen with WT EPEC (777 = 70 pg/ml).

EPEC NleC inhibits NF-kB activation. NleC has been pro-
posed to directly cleave the NF-kB p65 subunit (3, 35, 38, 56).
To test this in our system, Caco-2 cells were infected for 3 h
with WT, AescN, AnleC, or AnleC/nleC EPEC. Signaling pro-
teins were quantified by Western blot analysis. NF-kB phos-
phorylation was inhibited by WT EPEC compared to that with
the AescN strain (Fig. 2A). In contrast, NF-«kB phosphorylation
in cells infected by AnleC EPEC was similar to that in WT
EPEC cells. Compared to earlier findings, this lack of an effect
on NF-kB was surprising; however, we decided to use a stron-
ger NF-kB stimulation by infecting Caco-2 cells for 3 h with
several EPEC strains followed by 3 h of gentamicin treatment
and then stimulation with interleukin (IL-18). We measured
NF-kB activity using Caco-2 cells transfected with plasmids
containing firefly and Renilla luciferase genes, which provided
us with a quantitative readout of NF-kB activity. Data are
shown as firefly/Renilla luciferase levels and plotted relative to
uninfected and IL-1B-stimulated cells set to 100% NF-«B ac-
tivity. As shown in Fig. 2B, NF-kB activation decreased fol-
lowing WT EPEC infection, yet NF-kB activation was signifi-
cantly greater in cells infected with either AescN or AnleC
EPEC (P < 0.01 and P < 0.001, respectively) 3 h postinfection.
Moreover, complementation of the nleC deletion, as assessed
by the AnleC/nleC and AnleC/nleC-HA EPEC strains, normal-
ized NF-kB activation to WT levels.

NleC localizes to the EPEC-induced pedestal. We next ex-
amined the cellular localization of NleC within infected epi-
thelial cells, using a strain of EPEC (AnleC/nleC-HA) that
contained a chromosomal insertion of NleC tagged with two
hemagglutinin (HA) epitopes at the C terminus of the NleC
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FIG. 2. NleC suppresses epithelial inflammatory responses by im-
pairing phosphorylation of NF-kB and p38 MAPK. (A) Caco-2 cells
were infected with the WT or AescN, AnleC, or AnleC/nleC strain for
3 h. Cells infected with bacteria washed in PBS to remove flagellin in
the supernatant are marked with “+” in the “Washed” column. At the
end of the infection, cells were lysed, and NF-kB p65 subunit phos-
phorylation was examined by Western blotting. Lane 9 contains the
uninfected control. At the same time point, AescN (lane 3, bottom)
strain-infected cells had greater I-kB degradation. (B) NF-«B activity
assay at 3 h postinfection using a dual-luciferase reporter system.
Caco-2 cells transfected with the constitutively expressed Renilla lucif-
erase gene and firefly luciferase gene under the control of the NF-xB
enhancer were infected with the indicated strains or left uninfected
(UI). Luciferase activity was quantified postinfection and following
treatment with IL-1B (see Materials and Methods). Data are plotted as
firefly/Renilla luciferase activity, and 100% NF-«B activity was set for
uninfected, IL-1B-treated cells. Stars denote statistical significance
compared to NF-«B activity from cells infected with WT EPEC at the
same time point *, P < 0.01; and =, P < 0.001.

protein. The resulting strain produced high levels of HA-
tagged NleC that was secreted in a T3SS-dependent manner
(data not shown). Following standard EPEC infection and
effector staining protocols (45), we identified strong HA stain-
ing within the EPEC-induced pedestal (Fig. 3A and B) under-
lying the adherent EPEC, similar to the observation by Yen et
al. (56). In fact, the HA staining partially overlapped with
staining for the translocated effector Tir, indicating NleC is
translocated into host cells, where it predominantly resides at
the tip of the EPEC-induced pedestal. The specificity of the
staining for HA was confirmed, as no HA staining was detected
in cells infected with WT EPEC (lacking HA-tagged NleC)
(Fig. 3A and B). Since the localization of NleC near the host
cell membrane would not fit with NleC’s role in degrading the
p65 subunit of NF-kB, this prompted us to examine whether
other inflammatory signaling pathways were also suppressed by
NleC.

EPEC NleC inhibits p38 MAPK phosphorylation. Aside
from NF-«kB, WT EPEC has been shown to also affect inflam-
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wild type NleC-2HA

wild type

FIG. 3. The HA-tagged effector NleC localizes to the host cell
membrane underlying adherent EPEC. (A). Immunofluorescence
staining of HeLa cells infected with either WT EPEC or AnleC/
nleC-HA EPEC. (B) Inset from panel A. Bacteria were preactivated in
DMEM, and cells were infected for 3 h after preactivation. NleC-2HA
is stained in red, Tir is stained in green, and DAPI is blue. Note in the
merged image that the HA staining overlaps with the Tir staining, and
both are found underlying the adherent AnleC/nleC-HA EPEC.

matory signaling by inhibiting the phosphorylation of p38
MAPK (42). Through infection with Caco-2 cells as described
above, our blotting revealed a modest increase in p38 MAPK
phosphorylation, although densitometry analysis revealed it
was not significantly different from WT EPEC (Fig. 4A). Based
on this response, we addressed whether NleC could also be
playing a role modulating p38 MAPK signaling, as this pathway
is known to play an important role in the production of IL-8 in
our system. Notably, TLRS recognition of FliC causes phos-
phorylation of p38 MAPK within 30 min of stimulation, pos-
sibly prior to the actions of T3SS effectors like NleC and
thereby limiting our ability to assess the roles of specific T3SS
effectors (25). To overcome this obstacle and better define the
signaling pathways altered by NleC, we washed the EPEC
cultures before adding them to the epithelial cell cultures.
While this would remove shed flagella within the culture, the
bacteria would remain flagellated. As shown in Fig. 4A, we
detected a stronger and significant effect of NleC on p38
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FIG. 4. NleC suppresses epithelial inflammatory responses by impairing phosphorylation of p38 MAPK. (A) Caco-2 cells were infected with
the WT or AescN, AnleC, or AnleC/nleC mutant for 3 h. Cells infected with bacteria that were washed in PBS to removed flagellin are marked
with + in the “Washed” column. At the end of the infection, cells were lysed, and p38 MAPK phosphorylation was examined through Western
blotting. Lane 9 contains the uninfected control. At 3 h postinfection, AescN (Washed —) and AnleC (Washed —) induced significantly higher p38
MAPK phosphorylation. (B) Caco-2 cells were infected with AfliC, AfliC AescN, AfliC AnleC, AfliC AnleC/nleC EPEC for 3 h, followed by 30 min
of FliC stimulation or just received the FliC stimulation (FliC). At the end of the infection, phosphorylation of NF-kB and p38 MAPK was probed
in the lysate through Western blotting. Ctrl, control. (C) Densitometric analysis of phosphorylated p38 MAPK (phospho p38/p38) following
infection and stimulation as outlined in panel C. Stimulation with the AfliC AescN and AfliC AnleC strains as well as FliC stimulation on its own
induced significantly higher phosphorylation of p38 MAPK compared to that in the AfliC and AfliC AnleC/nleC-infected cells. *, P < 0.05.

MAPK signaling in these samples. To further address whether
the initial stimulation with FliC was interfering with the func-
tion of NleC, we infected Caco-2 cells with EPEC mutants
lacking FliC (AfliC, AfliC AescN, AfliC AnleC, and AfliC AnleC/
nleC EPEC). Cells were infected for 3 h followed by 30 min of
FliC stimulation. After stimulation, cells were lysed and pro-
teins were quantified by Western blotting followed by densito-
metric analysis. At 30 min post-FliC stimulation, NF-kB phos-
phorylation following AfliC AnleC infection was similar to that
seen following AfliC infection, suggesting that this approach
did not alter general proinflammatory signaling (Fig. 4B). In
contrast, both AfliC AescN and AfliC AnleC EPEC induced
significantly (P < 0.05) higher levels of p38 MAPK phosphor-
ylation compared to cells infected with the AffiC and AfliC
AnleC/nleC EPEC strains (Fig. 4C). Densitometry revealed
approximately 2-fold-higher phosphorylation of p38 MAPK in
cells infected with AfliC AnleC EPEC compared to cells in-
fected with AfliC EPEC (Fig. 4C). Overall, these data suggest
that NleC affects p38 MAPK signaling in host cells.

The C. rodentium AnleC mutant shows no defects in coloni-
zation but causes exaggerated colitis. Based on our observa-
tion that EPEC NleC plays an important role in suppressing
epithelial inflammatory responses in vitro, we next tested
whether NleC expressed by C. rodentium had similar effects in
vivo. We infected C57BL/6 mice with either WT or AnleC C.
rodentium and enumerated the pathogen burdens found within
the ceca and colons of infected mice at day 6 (D6) and D10.
Interestingly, C. rodentium numbers were similar between the
two groups in both the cecum and the colon at both time points
(in the cecum at D6, WT, 2.0 = 1.7 X 10”7 CFU/g, and AnleC
mutant, 4.3 + 1.4 X 10° CFU/g; at D10, WT, 6.6 = 3.6 X 10°
CFU/g, and AnleC mutant, 9.1 = 5.2 X 10 CFU/g; in the colon
at D6, WT, 6.3 = 1.8 X 10® CFU/g, and AnleC mutant, 2.9 =

0.9 X 10® CFU/g, at D10, WT, 5.2 = 1.7 X 10® CFU/g, and
AnleC mutant, 1.8 = 0.6 X 108 CFU/g) (Fig. 5A). We also
assessed the tissue pathology suffered by these mice, blindly
scoring histological sections for edema, goblet cell depletion,
hyperplasia, and tissue integrity, as well as inflammatory cell
infiltration, as previously described (17). We found that at D6,
the mean histological score for the AnleC C. rodentium-in-
fected ceca was 2.58 = 0.20, a level significantly higher than the
score of 0.68 = 0.28 obtained for WT C. rodentium-infected
cecal tissues (Fig. 5B). The AnleC score reflected worsened
edema, hyperplasia, and increased inflammatory cell infiltra-
tion. At D10, the elevated pathology scores were maintained in
the ceca of AnleC C. rodentium-infected mice at 2.60 = 0.40, a
level still significantly higher than the score of 1.10 % 0.40
obtained for WT C. rodentium-infected cecal tissues (Fig. 5B).
Specifically, at D10 we observed more inflammatory cell infil-
tration and goblet cell depletion in the AnleC C. rodentium-
infected cecal tissues. While the scores for the colons of the
AnleC C. rodentium-infected mice were also elevated at both
D6 and D10, they did not reach statistical significance (data
not shown). As bacterial colonization did not differ between
the infection groups at either D6 or D10 postinfection (p.i.),
the increased damage suffered following AnleC C. rodentium
infection appears to reflect the actions of NleC.

The C. rodentium AnleC mutant outcompetes WT C. roden-
tium in CI studies. Considering the impact of NleC in limiting
IL-8 release in vitro as well as its role in controlling host
pathology in vivo, we found it surprising that AnleC C. roden-
tium showed no defects in colonization levels compared to WT
C. rodentium. However, comparing colonization levels in sep-
arate hosts is a relatively insensitive measurement of virulence,
and in fact, previous studies using this approach found only
modest colonization defects in C. rodentium strains lacking
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FIG. 5. Impact of NleC on C. rodentium colonization and colitis.
C57BL/6 mice were infected with WT or AnleC C. rodentium for 6 and
10 days. AnleC C. rodentium outcompeted WT C. rodentium in com-
petitive index studies. (A) Bacterial numbers were enumerated, and
there were no significant differences in bacterial colonization in the
cecum and colon at these time points. (B) Histological scoring analysis
of hematoxylin-and-eosin-stained tissues revealed worsened histology
scores in the ceca of mice infected with AnleC C. rodentium at both
time points.

NleE or NleH (3, 15, 54). This may reflect that C. rodentium is
a highly adapted murine pathogen and can readily colonize
mice, even when it is lacking important virulence factors. We
therefore tested the AnleC mutant using the competitive index
(CI) assay, a more sensitive measure of virulence that we have
repeatedly used in the past. After infecting C57BL/6 mice with
equal numbers of WT and AnleC C. rodentium cells and col-
lecting tissues at D4, we found the AnleC strain to have a
surprisingly high CI of 4.41 = 0.98 (Fig. 6A), indicating that
the mutant strain significantly outcompeted WT C. rodentium
in colonizing the murine GI tract. Two different wild-type
strains transformed with the same plasmid with resistance to
different antibiotics had a CI of 1.01 = 0.08. The determination
that the C. rodentium AnleC strain can outcompete WT C.
rodentium when coinfected in vivo was highly reproducible, and
interestingly, the competitive advantage displayed by the
AnleC strain was maintained, albeit at a slightly lower level at
D7 (Fig. 6A). To better define the basis for the high CI, in
additional mice, we separated the luminal stool contents from
the gut tissues, and we collected the stool as well as the cecal
and colonic tissues separately. When the CI was calculated for
these different isolates, the CI for tissue adherent AnleC C.
rodentium in the cecum was 1.06 = 0.19. In contrast, the CI in
the stool was 2.68 = 0.91, while the CI in the distal colon was
9.54 = 4.06 (Fig. 6B). Overall, these data show that AnleC C.
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FIG. 6. (A) C57BL/6 mice were infected with WT C. rodentium and
AnleC C. rodentium for 4 and 7 days, and cecal plus colonic tissues were
collected for bacterial enumeration. At both time points, AnleC C.
rodentium outcompeted WT C. rodentium with CIs of 4.41 = 0.98 (P <
0.05) and 2.13 = 0.88, respectively. The dotted line indicates a CI of 1.
Error bars indicate the standard error of the mean values obtained
independently from at least six mice. (B) CI for luminal content,
cecum, and colon at D4 postinfection. Shown are the CIs for AnleC C.
rodentium in the cecum (1.06 = 0.19), stool (2.68 = 0.91), and distal
colon (9.54 = 4.06).

rodentium colonizes the cecum at roughly equal efficiency with
the WT strain, but the mutant outcompetes WT C. rodentium
in spreading down the GI tract to colonize the distal colon.
Cecal loop infection shows NleC translocates into intestinal
epithelial cells in vivo. The increase in inflammatory cell infil-
tration and tissue damage seen in the intestines of mice in-
fected by AnleC C. rodentium (alone) at D6 and D10 demon-
strates that NleC modulates inflammatory responses in vivo;
however, the severity of the resulting colitis was less than
expected, compared to the dramatic effect that NleC plays in
suppressing IL-8 release from IECs. In part, the impact of
NleC on the colitic response may have been mitigated by the
involvement of inflammatory responses from uninfected IECs,
as well as macrophages and other cell types that were not
directly infected, but instead were stimulated by shed bacterial
products that activate innate receptors, including TLR2 and
TLR4 (18-20). To more accurately assess the impact of NleC
or other T3SS effectors on epithelial cell-derived inflammatory
responses in vivo, we hypothesized that the analysis needed to
occur very early during infection, to limit the contribution of
uninfected IECs and other cells. Unfortunately, very few C.
rodentium cells initially colonize the murine GI tract following
oral gavage, with heavy colonization of the epithelium not
occurring until D4 or D6 (28), too late for our purposes. To
overcome this problem, we utilized a recently developed cecal
loop model, by which we inject a large number of preactivated
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C. rodentium cells into the cecum. C. rodentium cells were
incubated with DMEM for 3 h to induce type III secretion
(13). This approach allows us to synchronize their arrival and
subsequent direct infection of large regions of the cecal epi-
thelium (see Materials and Methods).

To test the efficacy of the model, we first assessed whether
we could detect NleC within the intestinal epithelium of mice
following infection of the cecal loop. We generated a plasmid
expressing NleC tagged with two hemagglutinin (HA) epitopes
at the C terminus of NleC protein. After incorporating this
construct into AnleC C. rodentium, the resulting strain (AnleC/
nleC-2HA) produced high levels of HA-tagged NleC that was
secreted in a T3SS manner (data not shown). We infected cecal
loops with AnleC/nleC-2HA C. rodentium or WT C. rodentium,
and after 12 h, the tissues were collected and stained for HA,
as well as the translocated effector Tir, to identify the sites of
C. rodentium attachment to host cells (Fig. 7A). Tir staining
was seen on the apical surface of infected epithelial cells, lying
beneath the adherent bacteria (Fig. 7B). Similar to our in vitro
assessment, the HA signal was found to overlap with Tir on the
surface of cells infected with AnleC/nleC-2HA C. rodentium.
Notably, HA staining was not seen in uninfected (Tir-negative)
cells or in IECs infected by WT C. rodentium (Fig. 7A and B).

C. rodentium AnleC strain infection induces significantly
higher chemokine expression. Since the cecal loop model per-
mitted effective and rapid infection of the cecal epithelium,
with subsequent translocation of C. rodentium effectors into
infected host cells, we next used this model to compare the
inflammatory responses elicited by WT and AnleC C. roden-
tium. Twelve hours following injection, cecal loops were dis-
sected, and tissue samples were homogenized and plated to
enumerate C. rodentium, while other samples were collected
for RNA extraction. C. rodentium colonization in the cecum
did not differ significantly between mice infected with the WT
([7.5 £ 2.9] X 107 CFU/g) and AnleC C. rodentium ([8.7 =
4.6] X 107 CFU/g). After isolation of mRNA, quantitative
RT-PCR was performed to examine the expression of MIP-2,
MIP-3a, and keratinocyte chemoattractant (KC). All three of
the MIP-2, MIP-3«, and KC genes encode chemokines that are
expressed by IEC and can putatively attract macrophages, den-
dritic cells, and/or neutrophils to the site of infection. In com-
parison to cecal tissues taken from mice infected with WT C.
rodentium, cecal tissues taken from mice infected with AnleC
C. rodentium expressed significantly higher mRNA levels (P <
0.05) of MIP-2 (5.2-fold), MIP-3a (2.9-fold), and KC (5.8-fold)
compared to mice infected with WT C. rodentium (Fig. 8),
confirming that AnleC C. rodentium triggers a significantly
greater inflammatory response than WT C. rodentium.

DISCUSSION

Following their ingestion, enteric bacterial pathogens must
not only survive the harsh environment of the host’s GI tract
but also avoid or overcome an array of mucosal defenses in
order to replicate and successfully colonize their hosts. Unlike
the pathogens Shigella and Salmonella, which invade the intes-
tinal epithelium, thereby escaping the gut and its luminal de-
fenses, the diarrheagenic pathogens EPEC and EHEC colo-
nize the mucosal surface by attaching to the apical surface of
epithelial cells. How these pathogens remain at the mucosal
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FIG. 7. (A) Cecal loop model permits observation of NleC trans-
located into intestinal epithelial cells in vivo. Ceca of C57BL/6 mice
were surgically ligated and injected with preactivated AnleC/nleC-2HA
C. rodentium for 12 h. At the end of the infection, ceca were collected
for immunostaining. (A) AnleC/nleC-2HA C. rodentium-infected cecal
epithelium (original magnification, 1,000X). (B) Inset from panel A
showing that HA signal (green) overlaps with Tir (red) on the surface
of cells infected with AnleC/nleC-2HA C. rodentium. Nuclei of cells and
bacteria were stained with DAPI (blue).

surface, surviving and multiplying within the luminal environ-
ment while being exposed to all of the antimicrobial responses
elicited by the underlying epithelial cells, remains obscure.
However, recent studies have found that aside from subverting
the host cell cytoskeleton and modulating host cell apoptosis,
A/E pathogens also suppress inflammatory signaling, presum-
ably as a means to create a protected niche on the surface of
the infected epithelium.

This virulence strategy has been demonstrated through sev-
eral studies showing that WT EPEC infection suppresses the
expression of the chemokine IL-8 and several other epithelial
cell-derived mediators, including MIP3a and B-defensin-2.
Moreover, this suppression was shown to occur in a T3SS-
dependent manner and was linked to the inhibition of several
signaling pathways, including NF-kB and p38 MAPK. Simi-
larly, in an earlier study examining IEC responses during C.
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FIG. 8. Impact of NleC on bacterial colonization and inflammatory
cytokine production in the cecal loop model. qPCR was performed to
examine the gene expression of the chemokines MIP-2, MIP-3«, and
KC. Tissues infected with AnleC C. rodentium expressed significantly
higher mRNA levels of MIP-2, MIP-3«, and KC compared to those of
mice infected with WT C. rodentium. Error bars represent the standard
error of mean from at least three independent experiments. *, P<<0.05.

rodentium infection in mice, we found that expression of the
inducible nitric oxide synthase (iNOS) enzyme was dramati-
cally upregulated in the colonic epithelium during later stages
of C. rodentium infection (49). Interestingly, further examina-
tion revealed that the iNOS expression was almost solely lo-
calized to uninfected IECs, whereas infected cells showed little
if any expression of this proinflammatory enzyme. Since C.
rodentium strains lacking a T3SS are unable to colonize the
intestines of mice, we were unable to address whether the
inhibition of iNOS was T3SS dependent; however, these find-
ings indicate that A/E pathogens do subvert epithelial inflam-
matory responses in vivo.

Until recently, the T3SS-dependent effectors that mediate
this suppression have remained undefined; in this study, we
confirmed the T3SS effector NleC plays an important role in
suppressing IL-8 release from infected IECs. NleC is encoded
on the same operon as the effectors NleG, NleB, NleH, and
NleD, all of which are found on the PP4 lambda-like prophage
in the EPEC genome (23). A 330-amino-acid protein with a
molecular mass of 36 kDa (30), NleC is a homolog of the
apoptosis-inducing effector AIP56, encoded by Photobacterium
damselae. EPEC’s NleC shares 100% and 95% identity with
NleC from EHEC and C. rodentium, respectively, suggesting
the effector’s function is likely conserved among A/E patho-
gens. Modulation of inflammatory signaling is the first role
attributed to NleC, as it was not found to be involved in either
AJE lesion formation or adherence (30).

We and others have previously shown that EPEC induces
IL-8 expression in IEC through MAPK and NF-«B activation
in response to TLR5-dependent recognition of FliC. In this
study, we demonstrated that NleC interferes with both NF-«B
and p38 MAPK signaling, resulting in heightened IL-8 release
from infected IECs. Interestingly, while the impact of NleC on
IL-8 release was dramatic, its effects on the proinflammatory
signaling pathways were subtle. We were unable to detect an
overt difference in NF-«kB activation following infection by the
AnleC EPEC strain alone and only detected such an effect after
stimulation by IL-1B. Similarly, Baruch et al. recently demon-
strated that NleC suppresses NF-kB activation in IECs in re-
sponse to tumor necrosis factor alpha (TNF-o)-induced IL-8
secretion; however, they did not examine whether NleC had an
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impact on MAPK activation, perhaps because MAPKs do not
play a major role in TNF-a-induced signaling (3). In contrast,
we detected significantly elevated p38 MAPK phosphorylation
following AnleC EPEC infection, but only by delaying FliC
stimulation until 3 h postinfection. The subtle nature of these
changes may reflect the actions of other T3SS effectors playing
compensatory roles, as well as the nature of the assays and the
proinflammatory stimuli used. We also showed for the first
time that NleC impacts on intestinal inflammatory responses in
vivo. While little is known about the role of NF-«B in deter-
mining the contribution of IECs to C. rodentium colitis, we and
others recently showed that IEC-specific p38 MAPK signaling
plays a major role in the immune and inflammatory response
to C. rodentium infection (25, 42), in keeping with our findings
that the AnleC strain triggered greater chemokine responses in
vivo. It has been recently reported that p38 MAPK modulates
NF-«B signaling during C. rodentium infection (4), and both of
these signaling pathways are important in MIP-2, MIP-3q, and
KC production by epithelial cells (33, 39, 51). By suppressing
both NF-kB and p38 MAPK activation, C. rodentium likely
suppresses the local inflammatory response, creating a pro-
tected niche in the intestine.

Previously, NleC was shown to translocate into host cells but
its localization within the host cell remain controversial (30), as
Baruch et al. recently showed ectopically expressed NleC lo-
calizing to the host cell nucleus (3), whereas Yen et al. showed
NleC localized near the pedestal (56). Through the use of HA
tags, our data align with the observations made by Yen et al.
(56), as we localized NleC primarily to the sites of pathogen
attachment, both in vitro and in vivo. This was seen in both
EPEC- and C. rodentium-induced pedestals. The staining of
the HA tag partially overlapped with staining for the T3SS
effector Tir, potentially indicating that it is found at the apical
cell membrane, just beneath the bacterium, although it is cer-
tainly possible that NleC ultimately reaches other sites in the
host cell, including the nucleus, where it may be too diffuse to
detect by immunofluorescence. While the binding partner of
NleC has not been identified, recent studies have indicated
NleC functions as a metalloprotease and can cleave p65 (3),
potentially explaining how it impacts NF-«B function. In sup-
port of this finding, we also observed an increase in total p65
abundance following AnleC EPEC infection (data not shown);
however, our findings that bacterially delivered NleC has an
impact on MAPK signaling and predominantly localizes to the
pedestal suggest it may have other roles, potentially at the host
membrane. By localizing to the host membrane, NleC could
potentially suppress inflammatory responses by interfering
with upstream events involved in multiple signaling pathways.

Over the last 2 years, other EPEC T3SS-dependent effectors
have been identified as suppressing IL-8 release and modulat-
ing NF-kB activation in epithelial cells. Both NleE and NleB
were shown to bind to NF-kB, and in their absence, NF-xB
signaling in HelLa cells was increased 20-fold. This was asso-
ciated with increased levels of IL-8 mRNA in infected HeLa
cells (36, 37). Similarly, NleH1 has been reported to bind
ribosomal protein S3 to subvert NF-kB function and infection
by an nleH1 mutant induced higher levels of IL-8 gene tran-
scription than WT EPEC (15). Curiously, none of these effec-
tors were tested using epithelial cells of intestinal origin.
Therefore, we tested EPEC strains lacking these effectors and
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confirmed both NIeE and NleH1 suppress IL-8 secretion in
IEC lines, in concert with NleC. Interestingly, the AnleB mu-
tant was not found to induce more IL-8 from infected cells,
whereas the AnleE mutant did induce a greater response. This
difference may reflect previous studies in that, in the absence
of both effectors, restoration of NIeE but not NleB expression
partially restored EPEC’s capacity to stabilize IkB (36). This
suggests that unlike NleB, NleE is both required and sufficient
to suppress NF-«B activation and IL-8 release. Taken to-
gether, it appears that A/E pathogens use at least these four
effectors to inhibit inflammatory responses by suppressing both
NF-kB and p38 MAPK signaling pathways.

In keeping with its immunosuppressive role in vitro, NleC
also inhibited C. rodentium-induced colitis following oral
gavage. However, this route of infection is not an ideal system
to address C. rodentium effector functions as it has frequently
proven difficult to show significant attenuation in colonic pa-
thology, even with bacterial strains lacking important virulence
factors. We believe this lack of concordance between in vitro
and in vivo actions reflects the initially low pathogen burden
seen during the first 4 days of C. rodentium infection, resulting
in very little intestinal inflammation. By 4 to 6 days postinfec-
tion, when the infection has widely spread throughout the
lower bowel and inflammation is evident, we estimate at most,
only 20% of IECs are actually directly infected, and presum-
ably A/E pathogens can only suppress the responses of cells
they directly infect. Moreover, the resulting inflammatory re-
sponses seen during these infections are not solely arising from
the infected epithelium, but also from uninfected IECs and
immune cells exposed to shed bacterial products such as flagel-
lin. These complications likely explain why NleC was found to
play only a modest role in modulating the colitis caused by C.
rodentium infection, yet had a striking effect on chemokine
responses in a cecal loop model, where we maximized IEC
infection, prior to the recruitment of significant numbers of
inflammatory cells. Our in vivo results also raise a question
concerning our in vitro findings that over a 4-h time course,
NleC was unable to block flagellin-induced epithelial p38
MAPK signaling that occurred prior to the injection of NleC.
This finding is likely of little relevance to an in vivo setting,
where the epithelium targeted by A/E pathogens is covered by
a mucus layer that would limit exposure to shed bacterial
products prior to direct infection. Moreover, in an in vivo
setting, A/E pathogen infection of specific epithelial cells could
possibly last for days, meaning that translocated effectors like
NleC would be present and presumably abrogating inflamma-
tory signaling for hours or days after the initial infection.

While we demonstrated the impact of NleC on host inflam-
matory responses and pathology, curiously we saw no signifi-
cant attenuation in the ability of the AnleC strain to colonize
the colonic epithelium of murine hosts when given as a single
infection. This may not be surprising, since comparing single
strain infections is not a highly sensitive measure of virulence,
as C. rodentium is a highly successful pathogen with a multi-
tude of compensatory virulence strategies. Strikingly, however,
we did identify a robust and significant CI of 4.4 for the mu-
tant, indicating that the AnleC strain outcompeted the WT
strain by more than 4-fold during the infection. This advantage
was most evident at D4 p.i., with the advantage modestly re-
duced by D7 of the infection. The basis for this advantage is
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unclear, but host inflammatory responses have been previously
shown to aid C. rodentium, as well as other enteric pathogens,
including Salmonella enterica serovar Typhimurium, in their
colonization of the murine lower bowel (29, 55). Since C.
rodentium appears to initially colonize the intestine in a clonal
fashion, localized differences in inflammation and pathological
changes in the gut mucosa could provide the mutant with a
competitive advantage over the WT strain, promoting its
spread through the host’s intestines. Alternatively, aside from
inflammation, NF-kB and p38 MAPK-dependent signaling
also affects other host processes such as cell death and tissue
repair. Localized changes in epithelial cell sloughing, for ex-
ample, could also prove selectively beneficial to the mutant
strain. In contrast, previous studies have shown that C. roden-
tium mutants lacking either of the other two effectors (i.e.,
NleE and NleH1) are outcompeted by WT C. rodentium. It is
unclear why such divergent competitiveness is seen between
AnleC, AnleE, and AnleH mutants, since they all cause exag-
gerated release of IL-8 in vitro. However, it may reflect that
NleE and NleH1 primarily target NF-kB signaling, whereas
NleC also targets p38 MAPK. Aside from affecting inflamma-
tion, NF-kB also plays an antiapoptotic role in the intestinal
epithelium; therefore, while NleC, NleE, and NleH may all
suppress inflammatory responses, the loss of NIeE or NleH
may limit C. rodentium’s ability to subvert other key functions
of epithelial cells, such as apoptosis, which could significantly
impair their competitive fitness. Taken together, this study
suggests that NleC is a unique virulence factor that impacts
several aspects of inflammatory signaling. Additional studies
are needed to address the probable multivalent actions of
NleC and how it and other T3SS effectors work together to
modulate host inflammatory responses.
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