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Uropathogenic Escherichia coli (UPEC), the most frequent cause of urinary tract infection (UTI), is asso-
ciated with an inflammatory response which includes the induction of cytokine/chemokine secretion by urothe-
lial cells and neutrophil recruitment to the bladder. Recent studies indicate, however, that UPEC can evade the
early activation of urothelial innate immune response in vitro. In this study, we report that infection with the
prototypic UPEC strain NU14 suppresses tumor necrosis factor alpha (TNF-�)-mediated interleukin-8
(CXCL-8) and interleukin-6 (CXCL-6) secretion from urothelial cell cultures compared to infection with a type
1 piliated E. coli K-12 strain. Furthermore, examination of a panel of clinical E. coli isolates revealed that 15
of 17 strains also possessed the ability to suppress cytokine secretion. In a murine model of UTI, NU14
infection resulted in diminished levels of mRNAs encoding keratinocyte-derived chemokine, macrophage
inflammatory peptide 2, and CXCL-6 in the bladder relative to infection with an E. coli K-12 strain. Further-
more, reduced stimulation of inflammatory chemokine production during NU14 infection correlated with
decreased levels of bladder and urine myeloperoxidase and increased bacterial colonization. These data
indicate that a broad phylogenetic range of clinical E. coli isolates, including UPEC, may evade the activation
of innate immune response in the urinary tract, thereby providing a pathogenic advantage.

Urinary tract infections (UTI) are most frequently caused by
an ascending colonization of the bladder and/or kidneys by
Escherichia coli (9, 33). Infection of the urinary tract results in
an inflammatory response characterized by increased levels of
urinary cytokines and neutrophil influx (1, 13–15). The innate
immune response to infection by uropathogenic E. coli
(UPEC) depends upon activation of host pattern recognition
receptors of the Toll-like receptor pathway, including Toll-like
receptor 4 (TLR4) (5, 16, 37–39). Recognition of E. coli lipo-
polysaccharide (LPS) by urothelial cells that express TLR4
results in activation of the proinflammatory and prosurvival
NF-�B pathway and secretion of chemokines/cytokines, includ-
ing CXCL-6 and CXCL-8 (2). The resulting accumulation of
inflammatory chemokines in the bladder mucosa and urine
during UTI induces the recruitment of neutrophils, which
leads to the clearance of bacteria and resolution of infection.
Infection of the urinary tract by UPEC also induces adaptive
immune responses characterized by humoral and cell-medi-
ated responses which protect against future infection (42).

Many pathogenic bacterial species possess the ability to
modulate the innate immune response to evade host defenses
and promote colonization, including several that block the
activation of the NF-�B pathway (7, 31, 32, 35, 36). We previ-

ously reported that UPEC strain NU14 blocks activation of the
NF-�B pathway and thereby promotes apoptosis (26, 27).
Insertional mutation of the genes encoding the periplasmic
chaperone SurA or the LPS biosynthetic operons rfa or rfb
abolished cytokine-suppressive activity of a UPEC isolate, sug-
gesting that UPEC-specific modification of LPS prevents rec-
ognition by urothelial TLR4/CD14 or inhibits NF-�B activa-
tion (20). Similarly, E. coli strain RS218 (O18:K1:H7) was
found to suppress the secretion of inflammatory chemokines
by blocking the activation of the NF-�B and mitogen-activated
protein kinase pathways in THP-1 monocytes (41).

Two potential mechanisms may underlie the suppression of the
innate immune response by NU14: either NU14 fails to induce
urothelial proinflammatory responses or NU14 actively modu-
lates proinflammatory signals. We and others have shown that
NU14 suppresses both TNF-�- and LPS-mediated NF-�B activa-
tion and interleukin-6 (IL-6) (CXCL-6) secretion in urothelial
cell cultures (20, 27). NU14 can suppress LPS-mediated CXCL-6
secretion but not IL-1�-mediated CXCL-6 secretion from
urothelial cell cultures (20). Additionally, UPEC can inhibit
CXCL-6 secretion induced by a nonsuppressor K-12 strain from
urothelial cultures in a mixed infection (20). The mechanism by
which UPEC suppresses inflammatory responses in urothelial
cultures is dependent upon a heat-labile factor, as suppression of
LPS-induced NF-�B activation and suppression of nonsuppres-
sor-strain-mediated CXCL-6 secretion were abolished by heat
treatment of UPEC suppressor strains (20, 27).

Here, we report that the prototypic cystitis strain NU14 sup-
presses TNF-�-mediated activation of urothelial CXCL-8 secre-
tion. We also show that this suppressive activity is broadly distrib-
uted across a panel of clinical isolates representing the different
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phylogenetic groups of E. coli. Furthermore, in a mouse model of
UTI, the induction of keratinocyte-derived chemokine (KC),
macrophage inflammatory peptide 2 (MIP-2), and CXCL-6
mRNA in the bladder was lower in NU14-infected mice than in
mice infected with strain MG1655. Reduced cytokine/chemokine
production also correlated with decreased recruitment of neutro-
phils into the bladders and urine of NU14-infected mice and
increased bladder colonization by NU14.

MATERIALS AND METHODS

Bacterial strains and culture. E. coli strains were cultured at 37°C in LB-Miller
broth under static conditions for 48 h to promote the surface expression of type
1 pili (8). HB101, a nonpiliated K-12 strain, was transformed with the plasmid
pWRS1-17 encoding type 1 pili and maintained in 40 �g/ml kanamycin (for
convenience, this strain is referred to as “p1-17” in Fig. 1 through 3) (40). NU14
(O18:K1:H7) is a streptomycin-resistant E. coli strain isolated from a cystitis
patient, and strain NU14-1 carries an insertional mutation in fimH, the gene
encoding the adhesive subunit of type 1 pili (19, 28). Strain MG1655 is a
laboratory strain of E. coli which is a type 1 piliated K-12 strain (6). Fecal and
clinical strains were selected from the ECOR panel to represent a diversity of
known virulence factor genes (21, 30). Type 1 pilus expression was confirmed by
a mannose-sensitive hemagglutination assay using guinea pig erythrocytes
(Cleveland Scientific, OH) (10, 19).

Cell lines and culture. The urothelial cell line TEU-1 was established by
generating a primary epithelial culture from normal human ureter followed by
immortalization as previously described (27). Once established, immortalized
cells were maintained in a 5% CO2/37°C atmosphere in keratinocyte serum-free
medium (KSFM) (Invitrogen) supplemented with bovine pituitary extract (50
mg/ml), epidermal growth factor (5 �g/liter), and penicillin-streptomycin. Tissue
for this procedure was obtained in accordance with the guidelines of the Insti-
tutional Review Board of Northwestern University.

Cytokine secretion assays. TEU-1 cells were cultured in six-well plates in
KSFM without antibiotics approximately 16 h prior to infection with bacteria.
Bacterial suspensions containing E. coli in antibiotic-free KSFM were added to
each well, and cells were then returned to the incubator. Urothelial CXCL-8
secretion was determined following 4 h of infection with increasing multiplicities
of infection (MOI) of 50:1, 100:1, 250:1, and 500:1 (bacterium:cell ratio) with
NU14 or HB101/p1-17. In the time course experiments, cell culture supernatants
were collected from cells incubated with either NU14 or HB101/p1-17 by use of
an MOI of 250:1 every 30 min from 0 to 4.5 h. In the TNF-� suppression and
clinical panel experiments, TEU-1 cells were infected using an MOI of 250:1, and
sample supernatants were collected after 4 h. Where noted, media were supple-
mented with 1.5 ng/ml recombinant human TNF-� (Calbiochem/Biosource).
Culture supernatants were cleared by centrifugation and assayed for secreted
CXCL-8 or CXCL-6 by enzyme-linked immunosorbent assay (ELISA) (Phar-
mingen).

Mouse infection experiments. The mouse infection model was adapted from
previous studies (11, 18). Briefly, 6- to 8-week-old female C57BL/6 mice were
instilled via transurethral catheter with a volume of 10 �l containing 1 � 106

CFU of the appropriate bacterial strain while under isoflurane anesthesia. This
minimal inoculum volume prevents reflux into the kidneys (18). Bacterial inocu-
lants were prepared from 40 ml of bacterial culture grown for 48 h in the
presence of appropriate antibiotics. The bacterial suspensions were then har-
vested by centrifugation and resuspended and diluted to the final concentration
in phosphate-buffered saline. For the colonization studies, 1 � 108 CFU of each
strain was instilled into the bladder. Bladders were harvested 24 h postinfection,
homogenized, and plated on eosin methylene blue agar with the appropriate
antibiotics. All experiments were approved by the Animal Care and Use Com-
mittee at Northwestern University.

RNA isolation and quantitative real-time PCR. Four hours postinoculation,
mouse bladders were harvested and frozen in liquid nitrogen. Total mRNA was
extracted from the bladders by using TRIzol (Invitrogen) according to the man-
ufacturer’s instructions. Reverse transcription of mRNA was performed using an
iScript cDNA synthesis kit (Bio-Rad) according to the manufacturer’s instruc-
tions. Quantitative real-time PCR was performed using iQ SYBR green super-
mix (Bio-Rad) with gene-specific primers for mouse L19 (forward, 5�-CCATG
AGTATGCTCAGGCTTCAGA-3�; reverse, 5�-TACAGGCTGTGATACATG
TGGCGA-3�), KC (forward, 5�-AGAAGACAGACTGCTCTGATGGCA-3�;
reverse, 5�-TCCCACACATGTCCTCACCCTAAT-3�), CXCL-6 (forward, 5�-A
TCCAGTTGCCTTCTTGGGACTGA-3�; reverse, 5�-TGGTACTCCAGAAGA

CCAGAGGAA-3�), and MIP-2 (forward, 5�-AACTGCGCTGTCAATGCCT
GAAGA-3�; reverse, 5�-TCCAGGTCAGTTAGCCTTGCCTTT-3�) in an MJ
Research Chromo 4 thermocycler. Change (n-fold) in mRNA abundance was
determined using the 2�		CT method by normalizing cycle threshold (CT) values
to each sample’s CT values for the ribosomal protein L19 followed by normal-
ization of CT to the average of two uninfected control mouse bladder CT values
for the corresponding mRNA (29).

Neutrophil myeloperoxidase ELISA. Mice were instilled with 1 � 106 CFU of
either NU14 or MG1655. Eight hours postinfection, urine and bladders were
harvested. Bladder homogenates and urine were prepared according to manu-
facturer’s recommendations and assayed for neutrophil myeloperoxidase by
ELISA (HyCult Biosciences).

Statistical analysis. Results were compared with Student’s t test or one-way
analysis of variance followed by Bonferroni’s multiple-comparison posttest using
Prism software from GraphPad, Inc., as appropriate. Differences in the data were
considered significant for P values less than or equal to 0.05.

RESULTS

UPEC isolate NU14 induces less CXCL-8 secretion from
urothelial cell culture than a type 1 piliated K-12 strain. We
demonstrated previously that UPEC strain NU14 suppresses the
activation of the proinflammatory NF-�B pathway, whereas the
type 1 piliated laboratory strain HB101/pWRS1-17 does not (27).
In order to determine if NU14 similarly modulates inflammatory
chemokine secretion, we infected urothelial cell cultures with
UPEC and K-12 strains and quantified IL-8 (CXCL-8) secretion
by ELISA. Culture supernatants were harvested from TEU-1
urothelial cell cultures infected with NU14 or HB101/pWRS1-17
for 4 h at various MOI (Fig. 1A). Unstimulated urothelial cells
secreted minimal CXCL-8 into the cell culture supernatant, while
TNF-�, a known activator of NF-�B, induced robust secretion.
Infection of urothelial cultures with HB101/pWRS1-17 resulted
in a dose-dependent increase in CXCL-8 secretion. In contrast,
NU14 induced significantly less CXCL-8 secretion than HB101/
pWRS1-17 at all MOI (P � 0.0001). We also monitored CXCL-8
secretion as a function of time in cultures infected with NU14 or
HB101/p1-17 (Fig. 1B). Infection with NU14 induced significantly
less CXCL-8 secretion than HB101/p1-17 or TNF-� from 150 min
to 270 min (P � 0.03). The magnitudes of CXCL-8 secretion from
TEU-1 cells varied in response to the same stimuli between ex-
periments (Fig. 1A and B, NU14 at 250:1 MOI and 4 h, respec-
tively); however, these experiments consistently show that NU14
induces significantly lower levels of CXCL-8 secretion from
urothelial cells than the nonsuppressor strains.

NU14 suppresses TNF-�-mediated CXCL-8 secretion from
urothelial cultures. To determine whether NU14 could also
block TNF-�-induced CXCL-8 secretion, cell cultures were
infected with NU14 in the presence of 1.5 ng/ml TNF-�.
NU14-infected cultures secreted significantly less CXCL-8
than cells incubated with TNF-� alone (P � 0.01). In contrast,
HB101/p1-17 did not suppress TNF-�-mediated CXCL-8 se-
cretion from urothelial cell cultures, suggesting that NU14
actively modulates cytokine secretion.

Multiple clinical E. coli isolates also suppressed CXCL-8
secretion from urothelial cells. Genetic analyses of bacterial
isolates from patients indicate that E. coli represents a diverse
species capable of causing infection at many sites in the human
body (34). To determine the extent to which modulation of
urothelial CXCL-8 responses is shared by diverse E. coli
strains, we examined a panel of strains selected from the
ECOR reference collection (Table 1). Strains were chosen
from the four major phylogenetic groups of E. coli, with an
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emphasis on the phylogenetic group B2, which is most com-
monly associated with community-acquired UTI and other ex-
traintestinal infections (22). Specific strains were isolated from
either human feces or patients with cystitis or pyelonephritis
and were chosen so that the panel represented a diversity of
known virulence factor genes (Table 1) (30). We compared the
levels of secretion of CXCL-8 from urothelial cultures exposed
to each of these 18 isolates. Secretion of CXCL-8 was induced
by the type 1 piliated K-12 strain HB101/p1-17, as well as by

clinical strains ECOR14 and ECOR51. NU14 and the other
clinical isolates induced far less CXCL-8 secretion than
HB101/p1-17 (P � 0.01) (Fig. 2B).

Poor stimulation of CXCL-8 secretion was not mediated by
adherence via type 1 pili or due to the onset of apoptosis
caused by expression of type 1 pili, for the isogenic FimH�

mutant NU14-1 also elicited significantly reduced CXCL-8 se-
cretion relative to HB101/p1-17 (Fig. 2B) (27). This is consis-
tent with previous reports that NU14-1 also suppresses both

FIG. 1. UPEC isolate NU14 induces less urothelial CXCL-8 secretion than a piliated lab strain. (A) TEU-1 cultures were incubated with media
only (Control), 1.5 ng/ml recombinant human TNF-�, or increasing amounts of either NU14 or the type 1 piliated lab strain HB101/p1-17. Cells
were incubated with either bacterial strain at an MOI of 50:1, 100:1, 250:1, or 500:1. Supernatants were collected after 4 h, and CXCL-8 secretion
was determined by ELISA. NU14 induced significantly less CXCL-8 secretion than HB101/p1-17 at all MOI. (B) TEU-1 cells were incubated with
media alone (Control), 1.5 ng/ml TNF-�, NU14, or HB101/p1-17 for various times (MOI of 250:1), and CXCL-8 secretion was determined by
ELISA. TNF-� and HB101/p1-17 elicited increased CXCL-8 secretion relative to control or NU14 at 3 or more hours of incubation. Data represent
the means 
 standard deviations of three separate infections, and each experiment was performed in duplicate. Asterisks indicate statistically
significant differences between NU14 and HB101/p1-17.

TABLE 1. Clinical and fecal E. coli isolates

Isolatea Originb PGc

Result ford:

MSHA ExPEC CS pap sfa foc focG afa dra iha fim hly cnf cdt fyu iroN iut
kpsMT

rfc ibe cva traT ompT malX
IIp IIb III K1

NU14 C B2 ��� � � � � � � � � � � � � � � � � � � � � � � � �
8 F A � � � � � � � � � � � � � � � � � � � � � � � � �
10 F A �� � � � � � � � � � � � � � � � � � � � � � � � �
11 C A � � � � � � � � � � � � � � � � � � � � � � � � �
13 F A � � � � � � � � � � � � � � � � � � � � � � � � �
14 P A � � � � � � � � � � � � � � � � � � � � � � � � �
51 F B2 � � � � � � � � � � � � � � � � � � � � � � � � �
53 F B2 � � � � � � � � � � � � � � � � � � � � � � � � �
54 F B2 � � � � � � � � � � � � � � � � � � � � � � � � �
59 F B2 ��� � � � � � � � � � � � � � � � � � � � � � � � �
60 C B2 �� � � � � � � � � � � � � � � � � � � � � � � � �
61 F B2 �� � � � � � � � � � � � � � � � � � � � � � � � �
62 P B2 �� � � � � � � � � � � � � � � � � � � � � � � � �
63 F B2 � � � � � � � � � � � � � � � � � � � � � � � � �
64 C B2 � � � � � � � � � � � � � � � � � � � � � � � � �
40 P D � � � � � � � � � � � � � � � � � � � � � � � � �
41 F D � � � � � � � � � � � � � � � � � � � � � � � � �
49 F D � � � � � � � � � � � � � � � � � � � � � � � � �
50 P D � � � � � � � � � � � � � � � � � � � � � � � � �

a See references 17 and 21 for isolate NU14 and references 19 and 26 for all other isolates.
b F, feces; C, cystitis; P, pyelonephritis.
c PG, phylogenetic group.
d MSHA, mannose-sensitive hemagglutination (a measure of type 1 piliation) (�, exhibits no MSHA; �, relative MSHA levels, where � � �� � ���); ExPEC

�, classified as ExPEC; ExPEC �, not classified as ExPEC; CS, cytokine suppression (this study) (�, presence of CS; �, absence of CS). The remaining characteristics
represent the presence (�) or absence (�) of genotypic markers identified by PCR: pap, P fimbria structural and adhesive subunits; sfa foc, S and F1C fimbriae; focG,
F1C fimbriae; afa dra, Dr adhesins; iha, adhesin siderophore; fim, type 1 fimbriae; hly, hemolysin; cnf, cytotoxic necrotizing factor; cdtB, cytolethal distending toxin; fyu,
yersiniabactin receptor; iroN, siderophore receptor; iut, aerobactin; kpsM II, group 2 capsule (K1 and K2 variants); kpsMT III, group 3 capsule; rfc, O4 lipopolysac-
charide; ibe, invasion of brain endothelium; cva, colicin V; traT, serum resistance associated; ompT, outer membrane protease T; malX, pathogenicity island marker.
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TNF-�- and LPS-mediated NF-�B activation as well as LPS-
induced CXCL-6 secretion (20, 27). Furthermore, ECOR
strain piliation status did not correlate with suppression of
chemokine secretion (Table 2).

To determine whether those ECOR strains which failed to
induce urothelial CXCL-8 secretion also possessed the capac-
ity to suppress proinflammatory signals, we evaluated inducing
strains for the ability to suppress TNF-�-induced CXCL-8 se-
cretion (Fig. 2C). All clinical isolates which failed to induce
also suppressed TNF-�-mediated urothelial CXCL-8 secretion
(Fig. 2C), consistent with our previous finding that NU14 sup-
pressed NF-�B activation (27). We also measured the secre-
tion of CXCL-6, another NF-�B-dependent cytokine released
by urothelial cells in response to infection during UTI (20). All

TABLE 2. Summary of modulation by E. coli

Source or group
No. of strains exhibiting

cytokine suppression/
total no. of strains

Feces....................................................................................... 9/11
Cystitis .................................................................................... 4/4
Pyelonephritis ........................................................................ 3/4
ECOR group A..................................................................... 4/5
ECOR group B2 ................................................................... 8/10
ECOR group D..................................................................... 4/4
Type 1 fimbria positive.........................................................10/12
Type 1 fimbria negative ....................................................... 6/7

Total .......................................................................................17/19

FIG. 2. NU14 and clinical E. coli isolates suppress urothelial CXCL-8 and CXCL-6 secretion. (A) TEU-1 cells were treated with E. coli strain
NU14 or HB101/p1-17 in the presence (�) or absence (�) of 1.5 ng/ml TNF-�. Following culture for 4 h, culture supernatants were harvested,
and CXCL-8 secretion was measured by ELISA. (B) TEU-1 cells were treated for 4 h with TNF-�, NU14, HB101/p1-17, or clinical isolates 8 to
64 from the ECOR panel (MOI of 250:1), culture supernatants were harvested, and CXCL-8 secretion was measured by ELISA. (C and D) TEU-1
cells were treated for 4 h with E. coli strain NU14, HB101/p1-17, or various clinical isolates (8 to 64) in the presence (�) or absence (�) of 1.5
ng/ml TNF-�, and CXCL-8 (C) or CXCL-6 (D) secretion was measured by ELISA. Error bars reflect the standard deviations of triplicate samples.
Asterisks indicate statistically significant differences between (A) TNF-�-treated and NU14-infected and (B) NU14- and ECOR strain 14- and
51-infected TEU-1 cells.

5356 BILLIPS ET AL. INFECT. IMMUN.



clinical strains which suppressed CXCL-8 secretion, including
NU14, also suppressed TNF-�-mediated CXCL-6 release (Fig.
2D). In all, 16 of 18 ECOR panel isolates suppressed CXCL-8
release from urothelial cell cultures. No significant correlations
were found between suppressive activity and clonal group,
clinical origin, or known virulence factors (as identified by
PCR) in the ECOR strains or NU14 (Tables 1 and 2). Fur-
thermore, the ability to suppress chemokine secretion does not
correlate with the extraintestinal pathogenic E. coli (ExPEC)
classification, which is defined by the presence of two or more
genes highly correlated with pathogenesis in vivo (Table 1).
This suggests the presence of novel virulence factors which
mediate suppression of urothelial chemokine secretion.

Infection with UPEC results in less chemokine mRNAs in a
mouse model of UTI. Suppression of CXCL-8 secretion by
multiple clinical E. coli isolates in vitro suggests a pathogenic
mechanism for modulating host inflammatory responses. To
determine whether infection with UPEC results in reduced
activation of innate immune responses in vivo, we utilized a
murine UTI model. The mouse genome does not contain any
direct homologues of the human CXCL-8 gene. Instead, the
C-X-C family chemokines MIP-2 and KC play similar physio-
logical functions in the mouse and are induced during exper-
imental murine UTI (12). We compared the levels of induction
of the NF-�B-dependent inflammatory chemokine/cytokine
KC, CXCL-6, and MIP-2 mRNAs in the mouse bladder fol-
lowing infection with either NU14 or the K-12 strain MG1655.
For in vivo experiments, MG1655 was used as a representative
nonsuppressor strain instead of the laboratory strain HB101/
p1-17 because MG1655 is a well-characterized isolate that en-
codes type 1 pili from a chromosomal locus rather than on a
plasmid that could be lost in vivo in the absence of selection.
MG1655, as with HB101/p1-17, induced robust CXCL-8 secre-
tion from urothelial cell cultures and failed to inhibit TNF-�-
mediated CXCL-8 secretion (Fig. 3A). At 4 h after infection,
bladders of infected mice were harvested for RNA extraction.
Reverse transcription and quantitative real-time PCR were
used to quantify expression of KC, CXCL-6, and MIP-2 during
infection. Infection of the mouse bladder with NU14 resulted
in reduced induction of the mRNAs encoding KC, CXCL-6,
and MIP-2 relative to infection with MG1655 (Fig. 3B to D)
(P � 0.009, P � 0.05, and P � 0.04, respectively).

Infection with NU14 resulted in reduced urine myeloperox-
idase. To determine whether modulation of bladder KC,
CXCL-6, and MIP-2 mRNAs by NU14 resulted in functional
differences in neutrophil recruitment to the bladder, we in-
fected mice with either NU14 or MG1655 and quantified my-
eloperoxidase in bladder homogenates and urine by ELISA
(Fig. 4A and B). Eight hours after infection, bladder homog-
enates and urine from mice challenged with MG1655 con-
tained significantly increased levels of myeloperoxidase
(12.48 
 3.117 and 1,128 
 398.7 ng/ml, respectively) com-
pared to levels for untreated control mice (0.5443 
 0.03504

FIG. 3. NU14 suppresses chemokine expression in murine UTI.
(A) TEU-1 cells were treated with NU14 or MG1655 (MOI of 250:1).
Following 4 h of culture, culture supernatants were harvested and
CXCL-8 secretion was determined by ELISA. The asterisk indicates
statistically significant differences between NU14 and MG1655. Error
bars reflect standard deviations of triplicate samples. (B, C, and D)
C57BL/6 mice (controls, n � 2; infected, n � 5) were catheterized, and
1 � 106 CFU of either NU14 or MG1655 was instilled into the bladder.
After 4 h, the mice were sacrificed and the bladders were harvested for
mRNA isolation. Quantitative real-time PCR was used to determine
the changes in gene transcript levels by comparing the relative changes

in KC (B), CXCL-6 (C), and MIP-2 (D) in infected mouse samples
normalized to levels in uninfected controls. Asterisks indicate statisti-
cally significant differences between samples infected with NU14 and
samples infected with MG1655.
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and 116.4 
 18.22 ng/ml, respectively) (P  0.05) (Fig. 4A and
B). Bladder homogenates and urine from NU14-infected mice
showed no significant increase in myeloperoxidase (4.960 

2.162 and 311.7 
 93.36 ng/ml, respectively) relative to levels
for untreated mice, suggesting reduced or delayed neutrophil
recruitment during infection (P � 0.05) (Fig. 4A and B). Re-
duced neutrophil recruitment into the bladder tissue and urine
also correlated with reduced levels of chemokine mRNAs in
the bladders of mice infected with NU14 compared to levels
for the MG1655-infected counterparts (Fig. 3B to D). The
finding that NU14 infection resulted in lower bladder and
urine myeloperoxidase levels suggests that modulation of
urothelial chemokine secretion is targeted at the level of neu-
trophil migration into the bladder and urine. These data also
suggest that UPEC modulates the urothelial inflammatory re-
sponse in vivo.

NU14 infection results in higher bacterial colonization than
infection with MG1655. We compared levels of colonization of
the bladder by strains NU14 and MG1665 in a murine model
of UTI. Mice were infected with either NU14 or MG1655 via
transurethral catheter. After 24 h, the bladders of mice in-
fected with UPEC strain NU14 retained approximately 16-fold
more bacteria (33,200 
 7,011 versus 2,090 
 486.6 CFU) than
mice infected with strain MG1655 (Fig. 5). Therefore, the
increased bladder colonization by NU14 relative to MG1655

correlates with the ability to modulate innate immune re-
sponses in vivo.

DISCUSSION

In this study, we examined the actions of the prototypic
UPEC isolate NU14 and a panel of diverse E. coli strains on
urothelial cytokine secretion. We found that, in contrast to a
laboratory strain, NU14 elicited a reduced CXCL-8 response
and suppressed urothelial secretion of CXCL-8 in response to
stimulation with TNF-�. We also tested a panel of diverse E.
coli strains representing clonal groups commonly associated
with UTI and including cystitis, pyelonephritis, and fecal iso-
lates and found that the majority of strains in the panel failed
to induce urothelial CXCL-8 and were also capable of inhib-
iting TNF-�-induced CXCL-8 and CXCL-6 secretion. The
ability of UPEC and other clinical E. coli strains to inhibit
inflammatory chemokine secretion in vitro suggests that the
capacity to modulate immune responses is common among
pathogenic E. coli strains.

Recently, transposon mutagenesis of the UPEC strain
UTI89 revealed that suppression of chemokine/cytokine secre-
tion is mediated by the LPS biosynthetic operons rfa and rfb
along with the periplasmic membrane chaperone SurA in vitro
(20). These results suggest that modification to the bacterial
LPS core O antigen may play a role in suppression of TLR4-
mediated cytokine secretion. Salmonella species are known to
modify the O antigen, thereby escaping TLR4/CD14 activation
of the NF-�B pathways, suggesting the possibility of a con-
served mechanism between these closely related pathogens
(17).

Similarly, Selvaraj and Prasadarao found that RS218, a
strain homologous to and of the same serotype as UPEC iso-
late NU14 (22), was able to suppress chemokine/cytokine se-
cretion from human monocytes (41). These investigators also
found that suppression of chemokine secretion was heat labile
and dependent upon expression of OmpA and IbeA. The cel-
lular mechanisms underlying suppression by RS218 in mono-
cytes and by NU14 in urothelial cells both involve decreased
I�B phosphorylation (27, 41). These similarities suggest that
NU14 and RS218 target similar cellular pathways in monocytes
and urothelial cells to inhibit NF-�B activation and that this

FIG. 4. Quantitation of myeloperoxidase (MPO) in mouse urine
and bladder homogenates during experimental UTI by ELISA. Infec-
tion with NU14 results in less MPO in mouse bladder homogenates
and urine than infection with MG1655. Mice were infected with 1 �
106 CFU NU14 or MG1655 via catheter (for bladder experiments, four
control mice and nine infected mice; for urine experiments, 10 control
mice, eight NU14-infected mice, and 10 MG1655-infected mice).
Urine samples were collected, and the bladders were removed and
homogenized 6 h postinfection. Bladder (A) and urine (B) MPO levels
were determined by ELISA. Asterisks indicate statistically significant
differences between uninfected controls and samples infected with
strain MG1655.

FIG. 5. Infection with NU14 results in greater bladder coloniza-
tion. Female C57BL/6 mice (n � 21) were catheterized and instilled
with 1 � 108 CFU of NU14 or MG1655 via transuretheral catheter.
After 24 h, the mice were sacrificed, and the bladders were homoge-
nized and plated to determine colonization. The asterisk indicates a
statistically significant difference between samples infected with NU14
and samples infected with MG1655 (P � 0.0001).
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suppression requires several components of the bacterial outer
membrane.

The stimulation of urothelial chemokine secretion, whether
by E. coli or by TNF-�, LPS, or IL-1�, occurs in an NF-�B-
dependent manner through signaling pathways that result in
I�B phosphorylation. UPEC suppression of these NF-�B stim-
uli suggests that the cellular target of suppression occurs either
at a common signaling pathway component upstream of I�B
phosphorylation or through activation of an inhibitory pathway
which is capable of inhibiting I�B phosphorylation by these
stimuli. Future studies to identify the precise host cell target(s)
of the NF-�B-suppressive activity of UPEC and other clinical
E. coli isolates may also shed light upon the identities of the
bacterial effectors and their mechanisms of action.

We also report that UPEC can suppress inflammatory re-
sponses in a murine model of early stages in UTI. Our exper-
imental observations suggest that UPEC inhibits the transcrip-
tion of inflammatory chemokines in the bladder relative to the
nonpathogenic K-12 strain MG1655. Inhibition of the NF-�B-
regulated KC, MIP-2, and CXCL-6 genes was determined us-
ing whole-bladder samples. Thus, it is possible that along with
urothelial cells, other cell types, such as neutrophils, may be
targets of UPEC suppression of chemokine secretion. Another
clinical UPEC isolate, 1177, induces MIP-2 secretion from
urothelial cells in a mouse model of UTI (12). Peak MIP-2
secretion, however, originated from recruited neutrophils,
which required MIP-2 to cross the urothelial cell layer into the
bladder lumen (12). Our data are consistent with a require-
ment for MIP-2 secretion in neutrophil recruitment into the
urine, as indicated by the correlation between reduced MIP-2
levels in the bladders and urine of mice infected with NU14
and low myeloperoxidase levels relative to levels in mice in-
fected with MG1655.

Ultimately, UPEC does stimulate inflammatory responses in
the urinary tract. Infection with UPEC results in net secretion
of CXCL-8 from urothelial cells, but the kinetics and magni-
tude of this induction are diminished relative to levels follow-
ing infection with the same dose of nonsuppressor E. coli
strains. Our models of early events in the pathogenesis of UTI
by UPEC indicate that modulation of urothelial innate im-
mune responses may be important in delaying or diminishing
neutrophil influx to the bladder lumen. Modulation of chemo-
kine secretion may allow additional time for invasion of
urothelial cells by UPEC, where UPEC has been shown to
form intracellular bacterial communities (IBC) in a mouse
model of UTI (23). IBC may provide an early refuge from
phagocytosis by neutrophils and later serve as latent reservoirs
which are a potential source of recurrent UTI (3, 4, 23–25).
This ability may underlie the increased colonization of the
mouse bladder by strain NU14 compared to colonization by
MG1655, which is unable to form IBC.

In summary, we demonstrated that clinical E. coli isolates
possess the capacity to modulate urothelial cytokine expression
in vitro. This capacity is shared among strains from diverse
phylogenetic groups and different clinical origins. In vivo in-
fection with NU14 results in reduced induction of inflamma-
tory chemokines and cytokines, which correlates with de-
creased recruitment of neutrophils into the bladder and urine
and increased bacterial colonization in a mouse model of UTI.
Modulation of cytokine secretion is independent of the pres-

ence of type 1 pili and 21 other known virulence factors, sug-
gesting that novel virulence factors mediate pathogenesis in
the urinary tract by ExPEC.
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