
Toll-like receptor 4 on stromal and hematopoietic
cells mediates innate resistance to uropathogenic
Escherichia coli
Joel D. Schilling*, Steven M. Martin*, Chia S. Hung*, Robin G. Lorenz†‡§, and Scott J. Hultgren*¶

Departments of *Molecular Microbiology, †Pathology and Immunology, and ‡Internal Medicine, Washington University School of Medicine, 660 South
Euclid Avenue, St. Louis, MO 63110

Edited by John J. Mekalanos, Harvard Medical School, Boston, MA, and approved February 12, 2003 (received for review October 24, 2002)

Innate host defenses at mucosal surfaces are critical in the early
stages of many bacterial infections. In addition to cells of the
traditional innate immune system, epithelial cells can also produce
inflammatory mediators during an infection. However, the role of
the epithelium in innate host defense in vivo is unclear. Recent
studies have shown that lipopolysaccharide (LPS) recognition is
critical for bladder epithelial cells to recognize and respond to
Escherichia coli. Moreover, the LPS-nonresponsive mouse strain
C3H�HeJ, which has a mutation in the primary LPS receptor,
Toll-like receptor 4 (TLR4), is extremely susceptible to infection
with uropathogenic strains of E. coli. In this study, a bone marrow
transplant approach was used to investigate the specific contribu-
tions of the bladder epithelium (and other stromal cells) in the
TLR4-mediated innate immune response to the invading E. coli
pathogen. Mice expressing the mutant TLR4 in the epithelial�
stromal compartment were not able to mount a protective inflam-
matory response to control the early infection even when their
hematopoietic cells expressed wild-type TLR4. However, the pres-
ence of TLR4� epithelial�stromal cells was not sufficient to activate
an acute inflammatory response unless the hematopoietic cells
were also TLR4�. These results demonstrated that bladder epithe-
lial cells play a critical role in TLR4-mediated innate immunity in
vivo during a mucosal bacterial infection.

The early recognition of pathogens by cells of the innate
immune system is critical to the survival of the host. To

facilitate this process, host organisms have evolved a series of
germ line-encoded pathogen-pattern recognition receptors ca-
pable of recognizing a broad spectrum of pathogen-associated
molecular patterns. The discovery of the Toll-like receptor
(TLR) family has significantly enhanced our understanding of
this process. TLRs recognize a variety of microbial products
including lipopolysaccharide (LPS), lipoprotein, peptidoglycan,
and bacterial DNA, and stimulation of these receptors leads to
the induction of acute inflammatory responses and enhances the
capacity of professional antigen-presenting cells to stimulate T
cells (1, 2). Thus, TLRs may play a critical role in both the local
control of pathogens early in infection and also the induction of
an adaptive immune response.

The traditional innate immune system consists of cells from
the hematopoietic lineage. With respect to the role of TLRs in
innate host defense, macrophages and dendritic cells (DCs) are
the hematopoietic cells that have been the focus of most
investigations. However, it has been demonstrated, primarily by
using cell lines in vitro, that a variety of other cell types, including
epithelial cells, also express TLRs (3–6). The epithelial surfaces
that line mucosal compartments traditionally have been consid-
ered barriers to pathogen entry, not contributors to active innate
host defenses. However, several studies, primarily in vitro, have
demonstrated that epithelial cells can produce cytokines, che-
mokines, and antimicrobial peptides after bacterial stimulation
(7), suggesting that these cells have the capacity to influence
acute inflammatory responses. Despite evidence that epithelial

cells can be activated by bacterial pathogens, the role of these
cells in innate host defense during in vivo infections is less clear.

The presence of established in vitro and in vivo assays in the
urinary tract infection (UTI) model system has proved to be
useful in dissecting many aspects of bacterial–epithelial inter-
actions. Escherichia coli is responsible for the vast majority of
UTIs. To establish infection the microbes must be able to adhere
to bladder epithelial cells (8). Type 1 pili are expressed by the
majority of uropathogens and have been shown to facilitate early
interactions with the bladder epithelium, including attachment
to and invasion of the superficial bladder epithelial cell layer
(9–11). The interaction between adherent�invasive E. coli and
the bladder epithelium results in the induction of a vigorous
inflammatory response. The activation of bladder epithelial cells
by type 1-piliated E. coli occurs through an LPS-dependent
recognition pathway that is enhanced by bacterial invasion
mediated by the adhesin of the type 1 pilus FimH (4, 6, 11).

Host-cell recognition of LPS, a primary component of Gram-
negative bacterial outer membranes, is mediated primarily by
TLR4. However, other proteins such as CD14 and MD-2 sig-
nificantly enhance LPS-mediated activation of TLR4 (12). C3H�
HeJ mice have an inactivating point mutation in the cytoplasmic
tail of TLR4, rendering them nonresponsive to LPS (13). These
mice are classically designated Lpsd (for defective response to
LPS) and can be considered TLR4 null. In addition, C3H�HeJ
mice are unable to control acute infections with uropathogenic
E. coli (UPEC) (4, 14, 15), defining a role for TLR4-mediated
signaling in acute cystitis. However, the contribution of epithelial
cells in innate defense could not be evaluated in C3H�HeJ mice,
because both epithelial cells and bone marrow-derived cells were
Lpsd. In this study a reciprocal bone marrow transplantation
approach between LPS-responsive (Lpsn; C3H, TLR4 wild type)
and Lpsd (C3H�HeJ) mice was used to investigate the separate
contributions of TLR4 on hematopoietic cells and on stromal
cells during an acute UTI.

Materials and Methods
Irradiation and Reconstitution. Female C3H.SW-H2b�SnJ (H-2b,
Lpsn) and C3H�HeJ (H-2k, Lpsd) mice were obtained from The
Jackson Laboratory. Six-week-old mice were lethally irradiated
with 9 Gy of total-body irradiation. Bone marrow was obtained
from the femurs of donor mice and collected in RPMI medium
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1640 (Life Technologies, Rockville, MD) � 10% FBS (Sigma)
containing 0.5% gentamycin, 1% penicillin�streptomycin, 1%
Glutamax (stabilized glutamine), 1% sodium pyruvate, 0.1%
2-mercaptoethanol, 1% nonessential amino acids, and 1% so-
dium bicarbonate (all supplements from Life Technologies). T
cell-depleted bone marrow was prepared by incubating the cells
with anti-Thy1 antibody (kind gift of Osami Kanagawa, Wash-
ington University) and rabbit Low-Tox-M complement (Accu-
rate Chemicals) at 37°C for 45 min. The cells were subsequently
washed twice, counted, and resuspended in sterile PBS at a
concentration of 1.0 � 107 cells per ml. Irradiated recipient mice
were reconstituted with 200 �l of the appropriate cell suspension
via the tail vein. The reconstituted mice were maintained in a
clean facility for 8 weeks to allow for complete engraftment with
donor bone marrow. To assay bone marrow reconstitution,
spleens were harvested from infected mice, and single cell
suspensions of splenocytes were prepared in Hanks’ balanced
salt solution (Life Technologies) � 25 mM Hepes (Life Tech-
nologies)�1% FBS (Sigma)�1% penicillin/streptomycin. Tissue
clumps were removed by filtration through a 0.22-�m filter, and
the cell suspensions were pelleted by centrifugation. The spleno-
cytes were resuspended in lysis buffer (9:1, 140 �M NH4CL�17
�M Tris) and incubated for 5 min at room temperature. After
this incubation, the cells were pelleted by centrifugation, washed
with the Hanks’ balanced salt solution medium, and resuspended
in RPMI medium 1640 � 10% FBS containing 1% Glutamax
and 0.5% gentamycin at a concentration of 5 � 106 cells per ml.
Cells (1 � 106) were stained with �-H2-Kk-FITC and �-H2-Kb-
phycoerythrin antibodies (BD PharMingen) and analyzed by
flow cytometry to determine donor�recipient chimerism of the
hematopoietic compartment.

Mouse Inoculations. A 48-h standing culture of E. coli UTI89, a
cystitis isolate, was pelleted and resuspended in sterile PBS at a
concentration of �2 � 109 colony-forming units (cfu)�ml. Mice
were infected via intraurethral inoculation with 50 �l of the
bacterial suspension (1 � 108 cfu). Forty-eight hours after
infection, mice were killed by cervical dislocation, and the
bladders, kidneys, and spleens were harvested. Bladders were
bisected, and one half was either fixed in neutral buffered
formalin for histological analysis or quick-frozen in OCT com-
pound (VWR Scientific) for immunohistochemical analysis. The
remaining half-bladder was homogenized in sterile 0.025%
Triton X-100�PBS and titered for surviving bacteria. For histo-
logical analysis, the formalin-fixed bladders were embedded in
paraffin, and sections were stained with hematoxylin�eosin.

Inflammatory Scores. To assess the degree of inflammation,
hematoxylin�eosin-stained sections from neutral buffered for-
malin-fixed tissue were scored in a blinded fashion by using a
five-point scale as described (15): 0, no inflammatory changes;
1, focal and diffuse subepithelial inflammatory cell infiltrate; 2,
edema and subepithelial inflammatory cell infiltrate; 3, neutro-
phils in and on the bladder epithelium, edema, and subepithelial
inflammatory cell infiltrate; 4, neutrophils in and on the bladder
epithelium, edema, and subepithelial inflammatory cell infiltrate
extending into the muscle; 5, loss of surface epithelium (necrosis
with full-thickness inflammatory cell infiltration).

Immunohistochemistry. For immunohistochemical analysis of
bladder tissue, 7-�m-thick sections were prepared from frozen
tissue and fixed in acetone (�20°C) for 10 min. After rehydration
in PBS for 5 min, endogenous peroxidase activity was quenched
by treatment with 0.3% H2O2 for 10 min. After PBS washing
(three times, 5 min each), tissue sections were blocked with 1%
BSA and 0.2% milk in PBS (PBS-BB). Biotin-conjugated pri-
mary antibody was added in PBS-BB and incubated overnight at
4°C. After PBS washing (three times, 5 min each), tissue was

incubated with streptavidin-conjugated horseradish peroxidase
(HRP) in PBS-BB for 1 h at room temperature. After PBS
washing (three times, 5 min each), Cy3-tyramide (NEN�Life
Sciences) was deposited for visualization of antibody staining.
Tissue was counterstained with bis-benzimide (Sigma) to reveal
nuclear morphology. For dual labeling of CD11c and MHC class
II, tissue sections were treated with 0.3% H2O2 and PBS-BB as
described above. Tissue sections were incubated with biotin-
conjugated anti-MHC II (I-A) in PBS-BB for 1 h at room
temperature. After PBS washing, tissue was incubated with
streptavidin-conjugated HRP in PBS-BB for 1 h at room tem-
perature. After PBS washing, FITC-tyramide was deposited to
visualize antibody staining. Tissue sections were incubated in 3%
H2O2 for 10 min to quench HRP activity and then incubated with
hamster anti-CD11c in PBS-BB overnight at 4°C. After PBS
washing, tissue sections were incubated with HRP-conjugated
anti-hamster antibody in PBS-BB for 1 h at room tempera-
ture. After PBS washing, tissue sections were treated with
Cy3-tyramide followed by bis-benzimide. Biotin-conjugated
anti-Gr-1, intercellular adhesion molecule (ICAM)-1, MHC II
(I-A), and purified hamster anti-CD11c antibodies were
purchased from BD PharMingen. HRP anti-hamster and
streptavidin-conjugated HRP were purchased from Jackson
ImmunoResearch.

Statistical Analysis. Bladder and kidney titers were analyzed with
the Mann–Whitney nonparametric test by using the PRISM
statistics program (GraphPad, San Diego).

Results
Generation of Chimeric Mice. To assess the donor�recipient chi-
merism of the hematopoietic system after bone marrow trans-
plantation in C3H mice, C3H.SW-H2b�SnJ mice, which are
congenic at the MHC I locus [H-2b instead of H-2k (C3H)], were
used as the TLR4 wild-type (Lpsn) control for these experiments.
The C3H.SW-H2b�SnJ mice were shown to have similar bacterial
clearance and inflammatory profiles as Lpsn C3H�HeN mice
after infection with UPEC (data not shown). After lethal
irradiation, the C3H mouse strains were reconstituted with
either bone marrow from the same strain or from the opposite
strain. In this way four mouse strains were created: C3H.SW-
H2b�SnJ into C3H.SW-H2b�SnJ (Lpsn3Lpsn), C3H�HeJ into
C3H�HeJ (Lpsd3Lpsd), C3H�HeJ into C3H.SW-H2b�SnJ
(Lpsd3Lpsn), and C3H.SW-H2b�SnJ into C3H�HeJ
(Lpsn3Lpsd). Importantly, Lpsd3Lpsn mice have an Lpsn stro-
mal compartment but an Lpsd hematopoietic compartment; and
the Lpsn3Lpsd mice have an Lpsd stromal compartment and an
Lpsn hematopoietic compartment. After bone marrow reconsti-
tution occurred, the mice were infected intraurethrally with
UPEC and analyzed 48 h after infection. Flow-cytometric anal-
ysis of splenocytes stained with �-H-2Kb antibodies or �-H-2Kk

antibodies demonstrated that the hematopoietic compartment of
all the mice consisted of at least 80%, and in most cases �90%,
donor-derived cells (data not shown). Donor bone marrow-
derived H-2Kb�H-2Db MHC class I molecules could be detected
by immunofluorescence in the bladders of infected Lpsn3Lpsd

mice but not the bladders of Lpsd3Lpsd mice (data not shown).

Bladder Colonization of Chimeric Mice After Infection with UPEC. As
described previously for the parental strains, the absence of a
functional TLR4 rendered the Lpsd3Lpsd mice significantly
more susceptible to infection in the bladder than Lpsn3Lpsn

mice. At 48 h after infection, bacterial titers were 9.4 � 107 cfu
per gram of bladder tissue in Lpsd3Lpsd mice and 9.6 � 104 cfu
per gram of bladder tissue in Lpsn3Lpsn mice (P � 0.0079; Fig.
1A). Interestingly, both the Lpsd3Lpsn and Lpsn3Lpsd mice
were also impaired significantly in their ability to control infec-
tion with UPEC in the bladder as compared with Lpsn3Lpsn
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mice with median bacterial titers of 1.5 � 107 cfu per gram of
bladder tissue (P � 0.0016) and 1.3 � 107 cfu per gram of bladder
tissue (P � 0.0173), respectively. Although slightly lower in
median bacterial titer, neither Lpsd3Lpsn nor Lpsn3Lpsd mice
were significantly different from Lpsd3Lpsd mice. Thus, innate
control of UPEC infection in the bladder requires Lpsn cells in
both the stromal and hematopoietic compartments. Trends in
bacterial titers from the kidney were the same; however, the
phenotype was less pronounced (data not shown).

Histologic Evaluation of UPEC-Infected Bladders from Chimeric Mice.
To gain more insight regarding the specific function of stromal
vs. hematopoietic cells in the induction of a local inflammatory
response, bladder tissue from each of the four mouse strains was
analyzed by light microscopy of hematoxylin�eosin-stained tis-
sue sections. Two independent scorers assessed the degree of
inflammation in each of the samples in a blinded fashion [scoring

was performed as described in Materials and Methods on a scale
of 0–5, with 5 representing the highest degree of inflammation
and 0 representing no inflammation (15)]. The average scores for
the four mouse strains were 4.85 for Lpsn3Lpsn (n � 2), 1.0 for
Lpsd3Lpsn (n � 4), 2.7 for Lpsn3Lpsd (n � 5), and 0.83 for
Lpsd3Lpsd (n � 3) (Fig. 1B). The fact that Lpsn3Lpsn mice had
a robust inflammatory response (Fig. 2 A and B), whereas
Lpsd3Lpsd mice had only minimal inflammation (Fig. 2 C and
D), confirms previous observations that TLR4 is required for the
induction of an inflammatory response after UPEC challenge (4,
16). Moreover, the absence of an inflammatory response in the
Lpsd3Lpsn mice (Fig. 2 E and F) indicates a critical role for Lpsn

hematopoietic cell type(s) in the induction of an inflammatory
response in the bladder after bacterial challenge. The reduced
level of inflammation in the Lpsn3Lpsd mice (Fig. 2 G and H)
argues that stromal cells are required for an efficient inflam-
matory response after UPEC challenge; however, the presence
of inflammation in some of these mice indicates that TLR4-
mediated epithelial activation is not absolutely required to
induce an innate response. The variability in inflammatory
scores observed in Lpsn3Lpsd mice is not related to the level of
bone marrow reconstitution. This was demonstrated by showing
that mice with similar degrees of reconstitution showed different
levels of inflammation (data not shown). We also showed that
donor MHC-expressing cells could be detected in inflamed
bladders from Lpsn3Lpsd mice. The observed variability is likely
the result of analyzing a dynamic inflammatory process at a
single cross-sectional time point.

Immunohistochemical Evaluation of UPEC-Infected Bladders. The
recruitment of neutrophils to the epithelium is a hallmark of
acute UTIs. To visualize the level of neutrophilic inflammation
in the bladder mucosa, bladder tissue from each of the mouse
strains was stained with antibody to Gr-1, a cell-surface marker
of granulocytes, including neutrophils. Gr-1� cells were absent
in uninfected Lpsn mice as well as in infected Lpsd mice (Fig. 3
A and C) but were abundant in infected Lpsn mice (Fig. 3B). In
Lpsd3Lpsn mice it was very difficult to find Gr-1� cells (Fig. 3D),
whereas in the Lpsn3Lpsd mice some Gr-1� cells were present
(Fig. 3E) but at levels lower than those seen in Lpsn mice (Fig.
3B). These results further demonstrate that an Lpsn hematopoi-
etic cell type(s) is required for the recruitment of Gr-1� cells to
the bladder and that Lpsn stromal cells seem to help facilitate this
process.

Macrophages and DCs are cells of the innate immune system
that can respond rapidly to bacterial products and are known to
populate a variety of tissues in the absence of infection, making
these hematopoietic cells prime candidates for initiating an
inflammatory response. To analyze the distribution of these cell
types in the mouse bladder before and after infection, bladder
tissue sections were stained with antibodies against CD11c and
MHC class II molecules. Cells that were CD11c�MHC II double-
positive were denoted as activated DCs, whereas MHC II
single-positive cells were considered to be tissue-resident mac-
rophages. In uninfected mice CD11c�, MHC II� cells could be
detected, and the majority of these cells resided at the junction
of the epithelium and the lamina propria (Fig. 3F). Interestingly,
it has been reported that DCs also reside in this location in the
human bladder (17). In addition, a few CD11c�, MHC II� cells
as well as CD11c�, MHC II� cells, which potentially represent
unactivated DCs, could be seen scattered throughout the lamina
propria. After infection, CD11c�, MHC II� double-positive cells
remained at the junction between the epithelium and the
underlying connective tissue (Fig. 3G) either as single cells or in
clusters. Only rarely did these cells appear to enter the epithe-
lium. There were no significant differences in the number or
distribution of CD11c�, MHC II� double-positive cells or MHC
II� cells in infected Lpsn, Lpsd, Lpsd3Lpsn or Lpsn3Lpsd mice

Fig. 1. Bladder colonization and histology scores of infected bone marrow
chimeras. (A) Bladder tissue (cfu�g) from infected bone marrow chimeras 48 h
postinfection in the Lpsn3Lpsn mice is identical to wild-type C3H.SW-H2b�SnJ
and C3H�HeN mice (data not shown). Increased titers are seen in the
Lpsd3Lpsd as well as the Lpsd3Lpsn and Lpsn3Lpsd mice. (B) Inflammatory
scores for bladders from infected mice. Scores for Lpsn3Lpsn mice are identical
to wild-type C3H.SW-H2b�SnJ and C3H�HeN mice (data not shown). Decreased
inflammatory scores are seen in the Lpsd3Lpsd as well as the Lpsd3Lpsn and
Lpsn3Lpsd mice.
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(Fig. 3 G–J). In addition to activating naive T cells in the lymph
node, DCs challenged with E. coli or E. coli LPS produce
numerous acute inflammatory mediators including the neutro-
phil chemokines IL-8 in humans and MIP-2 in mice, suggesting
that DCs could contribute to the induction of an inflammatory
response (18, 19).

To assess the activation status of the epithelium in the various
mouse strains at 48 h after infection we analyzed ICAM-1
expression by bladder epithelial cells by using an immunohisto-
chemical approach. Activated epithelial cells up-regulate
ICAM-1 expression on their cell surface either as a consequence
of direct bacterial stimulation or after contact with cytokines
such as IL-1, tumor necrosis factor, or IFN-� (20). Moreover, the
expression of ICAM-1 on bladder epithelial cells facilitates
transepithelial neutrophil migration (20). In the absence of

infection or functional TLR4, ICAM-1 was not detected on the
epithelium (Fig. 3 K and M). However, in infected Lpsn and
Lpsd3Lpsn mice, ICAM-1 expression could be readily demon-
strated (Fig. 3 L and N). Some ICAM-1 staining was also present
in the bladder epithelium of mice lacking functional TLR4 on
epithelial cells (Lpsn3Lpsd); however, this staining was less
intense than that observed for the Lpsn or Lpsd3Lpsn mice (Fig.
3O). Thus, UPEC infection induces the expression of ICAM-1
on bladder epithelial cells via a TLR4-dependent mechanism.
The induction of ICAM-1 can occur either as a consequence of
direct stimulation of TLR4 on epithelial cells (Lpsn or
Lpsd3Lpsn) or, to a lesser extent, indirectly via TLR4-dependent
activation of hematopoietic cells (Lpsn3Lpsd). These results
argue that activation status of the epithelium in vivo can be
modified from both the luminal (by bacteria) and basal (by
hematopoietic innate immune cells) sides.

Fig. 2. Histology of infected bone marrow chimera bladders. Low- and high-power magnifications of infected bladder tissue from chimeric mice are shown.
(Magnification: A, C, E, and G, �5; B, D, F, and H, �60.) Lpsn3Lpsn mice after infection have edema (A) and lymphocytic infiltrates (A and B). Infected Lpsd3Lpsd

mouse bladders show minimal pathology (C) and infiltrating lymphocytes (C and D). Infected Lpsd3Lpsn mouse bladders have similar histology to Lpsd3Lpsd

mouse bladders (E and F). Bladders from infected Lpsn3Lpsd mice show some edema (G) and lymphocytic infiltration (H).
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Discussion
The interaction between bacteria and epithelial cells defines the
initial stage of many infectious diseases. Recently epithelial cells
were proposed to be a component of the innate immune system
by virtue of their ability to produce cytokines, chemokines, and
antimicrobial substances after contact with bacteria (7). Al-
though significant progress has been made regarding epithelial
cell pathogen recognition, the consequences of epithelial acti-
vation in vivo are less well understood. In the UTI experimental
system, it has been shown that activation of bladder epithelial
cells infected with E. coli occurs through an LPS-dependent
recognition event (4, 6). Furthermore, the Lpsd mouse strain,

C3H�HeJ, fails to initiate an inflammatory response or clear
bacteria from the bladder after an infection with UPEC (4, 14,
15). Based on these observations, we performed reciprocal bone
marrow transplants between TLR4 wild-type and TLR4 mutant
mouse strains to separate the contribution of epithelial�stromal
cells to innate defense from those of hematopoietic cells. By
using this approach, it was demonstrated that bacterial clearance
from the bladder during an acute UTI requires TLR4 on cells
from both stromal and hematopoietic lineages.

The observation that mice lacking either stromal or hemato-
poietic TLR4 are more susceptible to UPEC infection argues
that these compartments must fulfill nonredundant and com-

Fig. 3. Fluorescent immunohistochemical analysis of infected bone marrow chimera bladders. Immunofluorescent analysis of bladder tissue is shown. (A–E)
Gr-1 (Ly-6G) expression by neutrophils is shown in red. (F–J) CD11c (DC marker) staining is shown in red, and MHC II (macrophage�activated DC marker) is shown
in green; coexpression of CD11c and MHC II by activated DCs appears in orange. (K–O) ICAM-1 expression by activated epithelium is shown in red. Bladder tissue
was analyzed from uninfected Lpsn (A, F, and K), UPEC-infected Lpsn (B, G, and L), infected Lpsd (C, H, and M), Lpsd3Lpsn (D, I, and N), and Lpsn3Lpsd mice (E,
J, and O). Nuclear morphology in all fields is shown in blue. The dashed line represents the basement membrane. Expression of functional TLR4 on the
epithelial�stromal compartments (Epi) or on the bone marrow-derived compartment (BM) is indicated on the right. Neutrophils are present in UPEC-infected
Lpsn (B) and, to a lesser degree, in infected Lpsn3Lpsd mice (E). (D) Occasionally, neutrophils could be seen in infected Lpsd3Lpsn mice. (F–J) DCs (red),
macrophages (green), and activated DCs (orange) could be seen in all mice regardless of infection status. ICAM-1 expression could be clearly seen when infected
mice express functional TLR4 on the epithelium [Lpsn (L) and Lpsd3Lpsn (N) mice]. (O) Weak ICAM-1 expression could be detected in the infected Lpsn3Lpsd mice.
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plementary functions that result in the efficient clearance of
UPEC from the bladder during the acute phase of the infection.
This result clearly demonstrates a critical role for epithelial cells
in the control of acute infections. Insight into the respective roles
of hematopoietic and stromal cells came from analysis of the
inflammatory responses in mice lacking TLR4 in either of these
compartments.

The induction of an inflammatory response required the
presence of wild-type TLR4 on hematopoietic cells. Thus, it
seems that hematopoietic cells must directly recognize a TLR4
ligand such as bacterial LPS to initiate the inflammatory cas-
cade. In light of this observation, it is intriguing that CD11c�,
MHC II� DCs are present just below the epithelium where they
could potentially make contact with pathogens early in the
course of the infection. Another hematopoietic cell type that
resides in the bladder mucosa is the mast cell (21, 22). Interest-
ingly, TLR4 on mast cells has been implicated in neutrophil
recruitment in other infection models (23, 24). Both DCs and
mast cells produce cytokines and chemokines after activation
and therefore can drive an immune response. Additional studies
will be necessary to determine which components of the hema-
topoietic system are required for the initiation of the local
inflammatory response.

Although some inflammation can be induced in the absence
of TLR4 on the epithelium, TLR4 wild-type epithelial�stromal
cells are still required to clear bacteria from the bladder during
an acute infection. This result argues that rather than initiating

an inflammatory response, the epithelial�stromal cells provide
an additional source of cytokine production and adhesion-
molecule expression, leading to an augmentation of the immune
response. Future experiments may address the kinetics of the
inflammatory response in the mice lacking TLR4 on the epi-
thelium to determine whether the onset of inflammation is
delayed or impaired.

During a UTI, E. coli invade into superficial umbrella cells of
the bladder and replicate into large masses of bacteria. The
regulation of cytokine and ICAM expression in a TLR4-
dependent manner in the epithelium may be required for the
efficient homing of neutrophils to the bacterial foci for decreases
in bacterial number to occur. Alternatively, epithelial cells could
contribute to pathogen clearance independent of influencing
local inflammation, possibly by induction of inducible NOS and
other enzymes. The findings presented in this article identify
unique roles for both bone marrow-derived cells and epithelial
cells in the recognition and control of pathogenic bacteria on
uroepithelial cells as a model surface epithelium. Additional
studies using other infection systems should be performed to
determine the role of other mucosal epithelial surfaces in
recognizing pathogens and initiating immune responses.
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