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During bacterial infections at mucosal sites, neutrophils migrate to the mucosa and cross the epithelial
barrier. We have examined neutrophil migration across Escherichia coli-stimulated uroepithelial cell layers in
an attempt to more fully understand this process. Stimulation of uroepithelial cells with E. coli or interleu-
kin-1a (IL-1a) induced transepithelial neutrophil migration in a time- and stimulant dose-dependent manner.
Uroepithelial cell lines and nontransformed uroepithelial cells expressed intercellular adhesion molecule-1
(ICAM-1) but not ICAM-2, E-selectin, or P-selectin. Epithelial ICAM-1 expression was enhanced after stim-
ulation with E. coli or IL-1a. Anti-ICAM-1 antibody reduced transepithelial neutrophil migration by 61 to 85%,
indicating that neutrophils bound ICAM-1 on the epithelial surface. Antibodies to CD18 and CD11b reduced
migration by 70 to 79%, suggesting that CD11b/CD18 (Mac-1) was acting as the neutrophil receptor for
ICAM-1 in this process. Anti-CD11a antibodies had no effect on neutrophil migration. In conclusion, E. coli
induced ICAM-1- and Mac-1-dependent transepithelial neutrophil migration. Previous studies have shown
that urinary tract epithelial cells secrete IL-8 when exposed to E. coli or IL-1a. These observations suggest that
epithelial cells play an active role in neutrophil migration during urinary tract infections.

Neutrophils migrate to mucosal sites in response to bacterial
infection. This process involves the generation of a chemotac-
tic gradient from the site of infection, the adherence of neu-
trophils to the endothelial vessel wall, and their extravasation
into the lamina propria. During infections of the lung, the
intestine, and the urinary tract, neutrophils migrate across an
epithelial lining into the mucosal space (4, 37, 38).
Rapid advances have been made in characterizing the mol-

ecules involved in neutrophil adherence to and migration
across endothelial cell layers. E-selectin (ELAM-1, CD62E),
intercellular adhesion molecule-1 (ICAM-1, CD54) and inter-
cellular adhesion molecule-2 (ICAM-2, CD102) are expressed
at the endothelial cell surface (6, 20, 34). E-selectin binds to
sialylated, fucosylated lactosamine structures, notably sialyl-
Lewis X, on the neutrophil surface, causing these cells to roll
along the endothelial vessel wall (5, 17). ICAM-1 and ICAM-2
are ligands for the b2 integrins CD11a/CD18 (LFA-1) and
CD11b/CD18 (Mac-1), which are expressed on the neutrophil
surface (8, 21, 34). Integrin-ligand interactions mediate strong
adhesion of neutrophils to vascular endothelium and transen-
dothelial migration. The mechanisms of neutrophil migration
across mucosal epithelia are less well characterized. Neutro-
phil migration across intestinal T84 epithelial monolayers re-
quired the b2 integrin CD11b/CD18 (26). ICAM-1, a potential
ligand for CD11b/CD18, was not involved in neutrophil migra-
tion across these cells, indicating the presence of a previously
unrecognized ligand(s) for this integrin (7, 26).
Neutrophils migrate across urinary tract epithelium into the

urine during urinary tract infections (UTI). Neutrophil che-
moattractants such as interleukin-8 (IL-8) are produced by
urinary tract epithelial cells in response to Escherichia coli
stimulation (3). The interactions that occur between neutro-

phils and urinary tract epithelial cells, mechanisms of transuro-
epithelial migration, and the role of bacterial infection in these
events have not been determined.
In this study, we examined the ability of E. coli to induce

neutrophil migration across urinary tract epithelial cell layers.
In addition, we examined the expression of adhesion molecules
by urinary tract epithelial cells and their involvement in trans-
epithelial neutrophil migration.

MATERIALS AND METHODS

Stimulants. E. coli Hu734, a lac mutant of the wild-type pyelonephritis strain
GR12 (35), serotype O75:K5:H2, hly1 ColV1, is phenotypically positive for type
1 and P fimbriae. The strain was maintained on tryptic soy agar (Difco, Detroit,
Mich.) plates. For experiments, Luria broth was inoculated with colonies from
tryptic soy agar plates and incubated overnight at 378C. Fimbrial expression was
tested at regular intervals during the course of the study. E. coli Hu734 agglu-
tinated Gala1-4Galb latex beads and caused mannose-sensitive agglutination of
guinea pig erythrocytes. Lipopolysaccharide (LPS; E. coli serotype O111:B4) was
purchased from Sigma Chemical Co., St. Louis, Mo. Human recombinant IL-1a
was purchased from Genzyme Corporation, Boston, Mass., and diluted as de-
scribed in the manufacturer’s instructions.
Cells. The A-498 kidney (ATCC HTB44) and J82 bladder (ATCC HTB1)

epithelial cell lines were grown in culture medium (RPMI 1640; Flow, Gothen-
burg, Sweden) supplemented with gentamicin (0.05 mg/ml; Flow), glutamine (2
mM), and fetal calf serum (5%; Gibco Ltd., Paisley, Scotland) as described
previously (8).
Urinary tract epithelial cells were isolated from the urine of three healthy

female volunteers. Freshly voided urine was poured into 50-ml conical tubes
(Falcon, Lincoln Park, N.J.) and centrifuged for 15 min at 1,000 rpm (RP
centrifuge; Hettich Rotanta, Malmö, Sweden). The supernatants were removed,
and the cell pellets were pooled into a 1-ml plastic V-bottom tube (Eppendorf,
Hamburg, Germany). The cells were washed twice in culture medium and re-
suspended in a 10-ml round-bottom tube (Falcon) to a concentration of '104

cells per ml. One milliliter of cell suspension was then seeded onto each well of
a six-well plate (Falcon).
Neutrophils were isolated from peripheral blood obtained from healthy hu-

man volunteers. Briefly, heparinized blood was run on a Polymorphprep density
gradient (Nycomed Pharma AS, Oslo, Norway) as described in the manufactur-
er’s instructions. Osmolarity was restored to the neutrophil suspension by the
addition of an equal volume of 0.45% NaCl, and remaining erythrocytes were
removed by hypotonic lysis. The resulting cell suspension contained .97% neu-
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trophils as determined by Wright’s Giemsa stain and was 98% viable as deter-
mined by trypan blue exclusion.
Preparation of epithelial cell layers. A-498 or J82 epithelial cells were sus-

pended in culture medium at a concentration of 3 3 105 cells per ml, and 1 ml
was used to seed individual inverted transwell inserts (Costar, Cambridge, Mass.;
24.5-mm-diameter polycarbonate membrane with 3-mm pores). Cells were al-
lowed to settle onto the transwell membranes for 6 h at 378C in a 5% CO2
atmosphere. The remaining medium was then removed, and the wells were
placed into cluster plates in fresh medium. The plates were incubated at 378C in
a 5% CO2 atmosphere until the cell layers were fully confluent. Analysis of
Giemsa-stained filters showed confluent cell layers at 14 days.
For electron microscopy studies, the filters were fixed with 2.5% glutaralde-

hyde in phosphate-buffered saline for 15 min and postfixed in 1% OsO4 for 30
min. After successive dehydration in alcohol, the filters were embedded in Agar
100 (Agar Sci. Ltd., Essex, England), cut with a diamond knife (Reichert Jung
Super nova), placed on copper grids, and stained with 4% uranyl–0.5% lead
citrate. The filters were examined in a Geol 100C electron microscope at an
3700 magnification. Figure 1A and B show cross-sections of A-498 and J82
epithelial cell layers on polycarbonate filters. A-498 cells typically formed mul-
tilayers on the seeded sides of the filters and monolayers on the upper sides of
the filters. J82 cells formed monolayers on both sides of the filters.
For studies of filter permeability by 14C-labelled polyethylene glycol (PEG;

molecular weight, 4,000; Amersham, Solna, Sweden), transwell inserts were
transferred to new cluster plates. A 1.5-ml volume of PEG diluted in RPMI 1640
was added to the upper compartments, and 2.5 ml of RPMI 1640 was added to
the lower compartments. Samples (100 ml) were removed from the lower com-
partments after 90 and 180 min, and their radioactivity was measured in a beta
counter (Beckman LS1800). The migration of PEG across A-498 and J82 epi-
thelial layers is shown in Fig. 1C and D. The presence of E. coli or IL-1a in the
transwell chambers for 24 h had no effect on cell layer permeability by PEG. The
presence of gentamicin in the medium maintained epithelial cell layer integrity
by preventing bacterial growth. E. coli in the presence of gentamicin is known to
bind to uroepithelial cells and induce epithelial cytokine production (3).
Neutrophil transepithelial migration assay. At the start of each experiment,

transwell inserts were transferred to new cluster plates. Fresh medium was added
to the upper compartment (1.5 ml), and fresh medium or medium containing E.
coli or IL-1a (2.7 ml) was added to the lower compartment. The medium in the
upper compartment was removed after 0, 4, or 24 h and replaced by fresh
medium containing neutrophils (1.5 ml; 1 3 106 to 2 3 106 neutrophils per ml).

Samples of 100 ml were collected from the lower wells at 1, 2, and 3 h after
thorough mixing of the culture medium. Removal of the neutrophils from the
lower well surface was confirmed by light microscopy. Neutrophil numbers in the
samples were counted in a Bürker chamber and expressed as a percentage of the
neutrophils added to the upper compartment.
Expression of adhesion molecules by urinary tract epithelial cells. A-498 and

J82 epithelial cells were grown to confluency in 25-ml culture flasks (Falcon).
Medium was removed from the flasks and replaced with fresh medium or me-
dium containing E. coli (108 bacteria per ml), LPS (0.1 to 10 mg/ml), or IL-1a (1
ng/ml). The cells were incubated at 378C in a 5% CO2 atmosphere for 0, 4, 24,
or 48 h and detached from the flasks by incubation with 10 mM EDTA in RPMI
1640 for 20 min at 378C in a 5% CO2 atmosphere. A cell pellet was obtained by
spinning the cell suspension at 1,000 rpm (Hettich Rotanta RP centrifuge) for 10
min. Cells were then resuspended in ice-cold RPMI 1640 containing 0.3% bovine
serum albumin (RPMI-BSA).
Urinary tract epithelial cells isolated from freshly voided urine were incubated

at 378C in a 5% CO2 atmosphere with medium or medium containing E. coli (108

bacteria per ml) or IL-1a (1 ng/ml). The cells remained in suspension during the
course of the incubation. Cells were collected after 0 and 4 h of stimulation,
centrifuged at 1,000 rpm (Hettich Rotanta RP centrifuge) for 10 min, and
resuspended in ice-cold RPMI-BSA.
Immunofluorescence staining. Anti-ICAM-1 (anti-CD54; monoclonal anti-

body [MAb] LB-2 [27]), anti-ICAM-2 (anti-CD102; MAb IC2/2; Bender Med-
systems, Vienna, Austria [11, 31]), anti-E-selectin and -P-selectin (MAb BBA 1;
British Biotechnology, Oxon, England), and mouse immunoglobulin G (IgG)
negative control (MAb DAK-GO1; Dakopatts AB, Älvsjö, Sweden) antibodies
were used for immunofluorescence staining. Cells were suspended in 10 ml of
RPMI-BSA containing primary antibody and incubated for 30 min on ice. Pri-
mary antibodies were used at saturating concentrations for the adhesion mole-
cules. After two washes with ice-cold RPMI-BSA, the cells were reincubated for
30 min on ice in 50 ml of RPMI-BSA containing fluorescein-conjugated goat
F(ab9)2 antibody (anti-mouse Ig) (Dakopatts) at a 1/10 dilution.
The percentage of epithelial cells, obtained from freshly voided urine, was

determined by staining with anticytokeratin (MAb MNF116; Dakopatts) anti-
body. Briefly, cells were spun onto glass slides at 300 rpm in a cytocentrifuge
(Cytospin 2; Shandon Southern, Shandon, England), fixed with 4% paraformal-
dehyde, and incubated with primary anticytokeratin antibody and secondary
fluorescein-conjugated goat F(ab9)2 antibody (anti-mouse Ig) (Dakopatts) in the
presence of 0.1% saponin (Riedal de Haen AG, Seelze, Germany).

FIG. 1. Morphology of epithelial cell layers on transwell membranes. (A and B) A-498 kidney cell line (A) and J82 bladder cell line (B) after 14 days of growth
at 378C in 5% CO2; (C and D) migration of 14C-labelled PEG (C14 PEG) through confluent A-498 epithelial layers (C) and confluent J82 epithelial layers (D). Symbols:
h, filters; solid symbols, confluent cell layers pretreated for 24 h with medium (■), E. coli (å), or IL-1a (F). Results are the means (6 standard errors) of two
experiments.
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A-498 and J82 cells were examined by flow cytometry in an EPICS Profile II
(Coulter, Miami, Fla.). A total of 3,000 to 5,000 cells were counted for each
sample. Urinary tract epithelial cells isolated from fresh urine were examined
with a fluorescence microscope (Nikon) equipped with a 100-W mercury lamp
(Osram, Berlin, Germany) and a Ploem-pac with filter sets for fluorescein iso-
thiocyanate. To prevent UV light quenching, buffered glycerol (ACO, Stock-
holm, Sweden) containing 2% 1,4-diazabicyclo-[2.2.2]octane (Sigma) was used as
a mounting medium.
Role of adhesion molecules in transepithelial neutrophil migration. The

blocking antibodies, i.e., anti-CD18 (MAb IB4; provided by S. Wright [33]),
anti-CD11a (MAb H12; provided by H. Wigzell [9]), anti-CD11b (MAb 60.1;
provided P. Beatty [33]), anti-ICAM-1 (MAb BBA 4; British Biotechnology),
anti-ICAM-1 (MAb LB-2 [27]), and anti-ICAM-1 Fab fragments (MAb LB-2),
and control antibodies, i.e., anti-HLA-1 (BH-9; Serotec, Oxford, United King-
dom) and mouse IgG negative control, were used in the neutrophil migration
inhibition studies. A-498 cells were cultured on inverted transwell inserts as
described above and stimulated by the addition of E. coli (108 bacteria per ml) or
IL-1a (1 ng/ml) to the lower well 24 h prior to the addition of neutrophils. The
effect of anti-ICAM-1 antibody on neutrophil transmigration was examined by
incubating the epithelial cell layers with antibody for 30 min prior to the addition
of neutrophils. The medium was removed from the upper wells and replaced with
1.4 ml of fresh medium containing anti-ICAM-1 antibody, negative control
antibody, or medium alone. Subsequently, 100 ml of neutrophil suspension (1.5
3 107 to 3 3 107 neutrophils per ml) was added to the upper wells, giving a final
neutrophil concentration of 1 3 106 to 2 3 106 neutrophils per ml in a 1.5-ml
volume. Transmigration was quantitated as described above. The effect of anti-
bodies to CD11a, CD11b, and CD18 on transepithelial neutrophil migration was
examined by incubating neutrophils with antibody for 30 min prior to their
addition to the transwells. Neutrophils (1 3 106 to 2 3 106 neutrophils per ml)
were incubated with antibody (10 mg/ml) diluted in medium or with medium
alone. At time zero, the medium was removed from the upper wells and replaced
with 1.5 ml of the neutrophil suspension. Transmigration was quantitated as
described above.

FIG. 2. Role of epithelial cell prestimulation in transepithelial neutrophil
migration. Neutrophil migration (3 h) was measured across A-498 kidney epi-
thelial cell layers stimulated with E. coli for 0, 4, and 24 h. Results are the means
(6 standard errors) of four separate experiments.

FIG. 3. Kinetics of neutrophil migration across A-498 kidney epithelial cell
layers (A) and J82 bladder epithelial cell layers (B). Cells were prestimulated for
24 h with medium (h), E. coli (108 bacteria per ml) (å), or IL-1a (1 ng/ml) (F).
Results are the means (6 standard errors) of five or six separate experiments.

FIG. 4. Stimulant dose-dependent neutrophil migration (3 h) across A-498
kidney epithelial cell layers prestimulated for 24 h with E. coli or IL-1a. Results
are the means (6 standard errors) of five separate experiments.
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RESULTS

Stimulation of epithelial cell layers induces transepithelial
neutrophil migration. Transepithelial neutrophil migration
was examined by use of a modified transwell system. Epithelial
cells were grown to confluency on the underside of a transwell
membrane. Epithelial layers were stimulated by the addition of
E. coli or IL-1a to the lower compartment of the transwells.
Neutrophils were added to the upper compartment, and mi-
gration was recorded as the percentage of neutrophils passing
from the upper to the lower compartment.
Epithelial cell layers were exposed to E. coli (108 bacteria

per ml) for 0, 4, and 24 h prior to the addition of neutrophils.
Neutrophil migration across epithelial layers prestimulated for
24 h with E. coli was higher than migration across unstimulated
epithelial cells or migration across cells prestimulated for 4 h
(Fig. 2). Migration across epithelial layers prestimulated for 4
h was higher than that across unstimulated epithelial cells. The
addition of E. coli at the same time as that of neutrophils did
not induce neutrophil migration. This suggested that prestimu-
lation of the epithelial cells was required for neutrophil migra-
tion to occur. Subsequent experiments used epithelial layers
prestimulated for 24 h.

Kinetics of transepithelial neutrophil migration. The kinet-
ics of neutrophil migration across A-498 epithelial layers is
shown in Fig. 3A. Neutrophil migration across E. coli-stimu-
lated epithelial layers reached 20% by 1 h, 42% by 2 h, and
59% by 3 h. Neutrophil migration across IL-1a (1 ng/ml)-
stimulated epithelial layers reached 22% by 1 h, 38% by 2 h,
and 59% by 3 h. Ten percent of neutrophils moved across
unstimulated epithelial layers by 3 h. E. coli and IL-1a also
induced neutrophil migration across J82 bladder epithelial lay-
ers (Fig. 3B). Neutrophil migration across E. coli-stimulated
J82 epithelial layers reached 46% by 1 h, 57% by 2 h, and 82%
by 3 h. Neutrophil migration across IL-1a (1 ng/ml)-stimulated
J82 epithelial layers reached 33% by 1 h, 43% by 2 h, and 60%
by 3 h. In comparison, 33% of neutrophils moved across un-
stimulated J82 epithelial layers by 3 h. Neutrophil migration
across cell-free filters reached 10% by 1 h, 24% by 2 h, and
31% by 3 h. The presence of E. coli or IL-1a in the lower wells
had no effect on neutrophil migration across cell-free filters
(data not shown).
Transepithelial migration is stimulant dose dependent. The

influence of stimulant concentration on neutrophil migration is
shown in Fig. 4. A-498 epithelial layers were exposed to 108,

FIG. 5. ICAM-1 expression by the A-498 kidney epithelial cell line (A) and the J82 bladder epithelial cell line (B) as determined by flow cytometry analysis. Cells
were stimulated for 24 h with E. coli (108 bacteria per ml) or IL-1a (1 ng/ml). The numbers depict the mean fluorescence (units) of the cells from one representative
experiment of six. Of cells incubated with control antibody, 98% fell to the left of the dotted line.
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107, and 106 bacteria per ml. Neutrophil migration across the
epithelial layers reached 59, 34, and 25%, respectively. A-498
epithelial layers exposed to IL-1a at 10, 1, or 0.1 ng/ml induced
58, 59, and 43% of neutrophils to migrate, respectively.
Expression of adhesion molecules by urinary tract epithelial

cell lines. ICAM-1, ICAM-2, E-selectin, and P-selectin expres-
sion by A-498 and J82 epithelial cells was examined by indirect
immunofluorescence. The two epithelial cell lines constitu-
tively expressed ICAM-1 (99% positive cells) but not ICAM-2,
E-selectin, or P-selectin (data not shown). A-498 epithelial cells
expressed higher levels of ICAM-1 than J82 epithelial cells
(Fig. 5). The expression of ICAM-1 by the epithelial cell lines
increased within 4 h of stimulation with E. coli (108 bacteria per
ml) or IL-1a (1 ng/ml) (Fig. 6). A-498 cells expressed the
highest levels of ICAM-1 after 24 h of stimulation, and levels
remained high at 48 h (Fig. 6A). J82 cells expressed the highest
levels of ICAM-1 at 24 and 48 h of stimulation (Fig. 6B).
ICAM-2, E-selectin, and P-selectin expression was not induced
by either stimulant (data not shown).
Expression of adhesion molecules by urinary tract epithelial

cells. Epithelial cells isolated from freshly voided urine were
examined for ICAM-1, ICAM-2, E-selectin, and P-selectin ex-
pression. Cell viability ranged from 70 to 90% in individual
samples and did not decrease over a 4-h culture period. More
than 95% of cells isolated from the urine were epithelial, as
demonstrated by staining with anticytokeratin antibody (Fig.

7A). ICAM-1 expression was observed in 23 to 55% of the
epithelial cells (Fig. 7C). The percentage of ICAM-1-express-
ing cells did not increase after stimulation with E. coli or IL-1a.
Cells did not stain with anti-E-selectin/P-selectin (data not
shown), anti-ICAM-2, or control antibody (Fig. 7B and D).
Involvement of ICAM-1 in transepithelial neutrophil migra-

tion. Pretreatment of A-498 epithelial cells with anti-ICAM-1
antibody (BBA 4) reduced neutrophil migration across E. coli-,
IL-1a-, and medium-stimulated A-498 epithelial layers (Table
1). The effect of anti-ICAM-1 antibody was dose dependent. A
concentration of 1 mg of anti-ICAM-1 antibody per ml blocked
70% of the E. coli-induced neutrophil migration and 47% of
the IL-1a-induced migration. A concentration of 10 mg of
anti-ICAM-1 antibody per ml blocked 84% of the E. coli-
induced neutrophil migration and 74% of the IL-1a-induced
migration. The role of ICAM-1 in transepithelial neutrophil
migration was confirmed in studies with J82 bladder epithelial
layers (Table 1). A 1-mg/ml concentration of anti-ICAM-1 an-
tibody blocked 51% of E. coli-induced and 43% of IL-1a-
induced neutrophil migration. A 10-mg/ml concentration of
anti-ICAM-1 antibody blocked 66 and 61% of E. coli- and
IL-1a-induced neutrophil migration, respectively. Anti-
ICAM-1 MAb LB-2 and LB-2 Fab fragments blocked transepi-
thelial neutrophil migration by 60 to 80%. Anti-HLA-1 anti-
body (BH-9; Serotec) bound to the epithelial cells to a similar
degree as the ICAM-1 antibody LB-2 (data not shown) but had
no effect on neutrophil migration.
Involvement of b2 integrins in transepithelial neutrophil

migration. Pretreatment of neutrophils with anti-CD18 or an-
ti-CD11b antibody reduced neutrophil migration across E. co-
li-, IL-1a-, and medium-stimulated A-498 epithelial layers (Ta-
ble 2). Anti-CD18 antibody (10 mg/ml) blocked 74 and 79% of
the neutrophil migration across E. coli- and IL-1a-stimulated
epithelial layers, respectively. Anti-CD11b antibody (10 mg/ml)
blocked 71 and 75% of the neutrophil migration across E. coli-
and IL-1a-stimulated epithelial layers, respectively. Anti-
CD11a (10 mg/ml) antibody had no effect on neutrophil mi-
gration across stimulated or unstimulated epithelial cell layers.
LPS does not induce transepithelial migration. A-498 epi-

thelial layers were incubated with 10, 1, or 0.1 mg of LPS (E.
coli serotype O111:B4) per ml. These concentrations of LPS
did not induce transepithelial neutrophil migration or epithe-
lial ICAM-1 expression (Fig. 8). To examine the role of other
bacterial products in the induction of ICAM-1, medium pre-
conditioned with E. coli for 24 h was added as a stimulant to
the A-498 cells. Preconditioned medium stimulated ICAM-1
expression by the A-498 cells compared with medium alone;
however, bacteria stimulated higher levels of ICAM-1 expres-
sion than preconditioned medium, LPS, or medium alone.

DISCUSSION

This study demonstrated that E. coli or IL-1a can stimulate
neutrophil migration across urinary tract epithelial layers. Mi-
gration was ICAM-1 dependent: ICAM-1 expression was aug-
mented by E. coli or IL-1a, and neutrophil migration across
stimulated epithelial layers was blocked with anti-ICAM-1 an-
tibody. CD11b/CD18 (Mac-1) but not CD11a/CD18 (LFA-1)
was identified as a possible receptor for ICAM-1 in this process
because antibodies to CD11b and CD18 but not CD11a inhib-
ited neutrophil migration. The low level of neutrophil migra-
tion across unstimulated epithelial layers constitutively ex-
pressing ICAM-1 suggests that additional factors are also
involved in the induction of transepithelial neutrophil migra-
tion. We have reported previously that E. coli stimulates the
secretion of IL-8, a neutrophil chemoattractant, by urinary

FIG. 6. Kinetics of ICAM-1 expression by A-498 kidney epithelial cell lines
(A) and J82 bladder epithelial cell lines (B). Cells were stimulated with medium
(h), E. coli (108 bacteria per ml) (å), or IL-1a (1 ng/ml) (F) for the period of
time depicted on the x axis. Results are the mean fluorescence (6 standard error)
of the cells from flow cytometry analysis of four to six separate experiments.
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tract epithelial cells and that levels of this cytokine correlated
strongly with neutrophil influx during UTI (3). Polyclonal an-
tibodies to IL-8 completely block the E. coli- and IL-1-induced
transepithelial migration (1). Together, these results show that
stimulated epithelial cells can initiate two prerequisites for
neutrophil migration during mucosal infections, i.e., the re-
lease of neutrophil chemoattractants and the induction of ad-
hesion molecules. This evidence suggests that urinary tract
epithelial cells play an active role in directing neutrophil influx
into the urine during UTI.
A-498 kidney and J82 bladder cell lines were chosen for this

study because they have been used extensively to model uri-
nary tract epithelial responses to E. coli (2, 3, 12, 13, 15, 36).
Like normal urinary tract epithelial cells, they express surface
glycolipids and mannose-containing carbohydrates which me-
diate P fimbria- and type 1 fimbria-dependent binding of E.
coli, respectively (18, 36). A-498 and J82 cell lines secrete the
same cytokines as normal urinary tract epithelial cells and as
the human urinary tract mucosa after intravesical E. coli instil-
lation (3, 11a, 14, 15). In this study, A-498 kidney and J82 blad-

der epithelial cell lines expressed the same adhesion molecules
as those expressed by freshly isolated urinary tract epithelial
cells. The urinary tract cell lines formed confluent epithelial
layers which restricted PEG movement across polycarbonate
filters; however, they showed no evidence of polarization (to
our knowledge, a model for polarized human urinary tract
epithelial cells has not been published). In addition, neutrophil
movement was blocked with antibodies to adhesion molecules
expressed on both the epithelial and neutrophil surfaces, sug-
gesting the occurrence of specific epithelial-neutrophil inter-
actions in this model.
Previous studies have examined neutrophil migration across

intestinal T84 epithelial layers in response to N-formylmethio-
nylleucyl phenylalanine gradients (24, 26). Neutrophil migra-
tion was observed within 15 min and continued to increase over
a 1-h period (24). Recently, Salmonella typhimurium, but not E.
coli, was shown to induce neutrophil migration across T84 ep-
ithelial layers within 2 h (22). In the present study, E. coli failed
to induce neutrophil migration within 3 h when added at the
same time as neutrophils; however, neutrophils rapidly mi-

FIG. 7. Expression of adhesion molecules by urinary tract epithelial cells isolated from freshly voided urine. Cells were stained with anti-cytokeratin antibody (A),
negative control antibody (B), anti-ICAM-1 antibody (C), or anti-ICAM-2 antibody (D).
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grated across urinary tract epithelial layers prestimulated with
E. coli for 24 h. These observations suggested that urinary tract
epithelial cell activation was required for the induction of neu-
trophil migration.
Neutrophil extravasation is controlled by cell adhesion mol-

ecules expressed on endothelial cells lining the blood vessel
wall. ICAM-1 expression peaks at 18 to 24 h, ICAM-2 levels
remain constant, and E-selectin expression is induced maxi-
mally at 2 to 6 h after endothelial stimulation with inflamma-
tory cytokines such as IL-1a (25, 28, 29). Urinary tract epithe-
lial cells also express ICAM-1. Proliferating ureter epithelial
cells expressed ICAM-1, and LPS stimulation of these cells
induced ICAM-1 clustering at the cell surface (10). Kidney
tubular epithelial cells expressed ICAM-1 constitutively, and
expression was augmented by IL-1a (16). In the present study,
kidney and bladder epithelial cell lines and freshly isolated
urinary tract epithelial cells constitutively expressed ICAM-1
but not ICAM-2, E-selectin, or P-selectin. E. coli and IL-1a
augmented ICAM-1 expression; however, expression of
ICAM-2, E-selectin, or P-selectin was not induced. Antibodies
to ICAM-1 blocked from 61 to 85% of the neutrophil migra-
tion across E. coli- or IL-1a-stimulated urinary tract epithelial
layers. These results showed E. coli or IL-1a to be potent
stimulators of urinary tract epithelial ICAM-1 expression and
suggested a role for ICAM-1 in neutrophil migration across
urinary tract epithelial layers.
Previous reports have shown the importance of the b2 inte-

grin CD11b/CD18 in neutrophil migration across intestinal
epithelial cells (26). Neutrophils from leukocyte adhesion de-
ficiency patients, which lack CD11/CD18 surface expression,
failed to migrate across T84 epithelial layers in response to an
N-formylmethionylleucyl phenylalanine gradient. Moreover,
antibodies to CD11b, but not CD11a, blocked transepithelial

migration of normal neutrophils, indicating participation of
CD11b/CD18 at the neutrophil surface. The results of the
present study confirmed a role for CD11b/CD18 in transepi-
thelial neutrophil migration. Antibodies to CD18 and CD11b,
but not CD11a, blocked from 70 to 79% of neutrophil migra-
tion. In contrast to our results, neutrophil migration across T84
epithelial layers was ICAM-1 independent, suggesting the
presence of other ligands for CD11b/CD18 on the intestinal
epithelial surface.
The bacterial properties involved in E. coli-induced transepi-

thelial neutrophil migration and epithelial ICAM-1 expression
remain undefined. E. coli protein synthesis was not required
since gentamicin, an inhibitor of protein synthesis, was present
in the medium throughout the experiments. Furthermore, ep-
ithelial cell activation was not a result of LPS stimulation
alone. LPS was unable to stimulate transepithelial neutrophil
migration, and LPS and medium preconditioned with bacteria
were poor inducers of ICAM-1 expression. These results agree
with previous studies showing LPS to be a poor activator of

FIG. 8. LPS and preconditioned medium are less effective than E. coli as
inducers of ICAM-1 expression and neutrophil transmigration. (A) Neutrophil
migration (3 h) across A-498 kidney epithelial cell layers stimulated for 24 h with
LPS; (B) ICAM-1 expression by A-498 epithelial cell lines stimulated for 24 h
with LPS or preconditioned medium (PC*). Preconditioned medium was pre-
pared by suspending E. coli in culture medium containing gentamicin at a
concentration of 108 bacteria per ml. The medium was incubated overnight at
378C in a 5% CO2 atmosphere. Bacteria were removed by filtration through a
0.2-mm-pore-size filter (Schleicher & Schuell, Dassel, Germany), and the super-
natants were used as medium for the cells. Results are the means (6 standard
errors) of two separate experiments.

TABLE 1. Role of ICAM-1 in transepithelial neutrophil migration

Epithelial
cell type Antibody (concn)

% Neutrophil migration (SE)a

Medium E. coli IL-1a

A-498 None 9 (3) 56 (5) 53 (5)
Anti-ICAM-1 (1 mg/ml) 4 (2) 17 (5) 28 (9)
Anti-ICAM-1 (10 mg/ml) 2 (1) 9 (3) 14 (5)
Control (10 mg/ml) 9 (4) 52 (9) 52 (7)

J82 None 34 (6) 81 (6) 59 (8)
Anti-ICAM-1 (1 mg/ml) 23 (7) 40 (3) 34 (9)
Anti-ICAM-1 (10 mg/ml) 15 (5) 28 (2) 23 (7)
Control (10 mg/ml) 36 (5) 75 (2) 50 (7)

a Neutrophil migration (3 h) was measured across A-498 kidney and J82
bladder epithelial cell layers prestimulated for 24 h with E. coli (108 bacteria per
ml), IL-1a (1 ng/ml), or medium. Results are the means (6 standard errors) of
five (A-498 cells) and four (J82 cells) separate experiments.

TABLE 2. Role of b2 integrins in neutrophil migration across
A-498 cell layers

Antibody (10 mg/ml)
% Neutrophil migration (SE)a

Medium E. coli IL-1a

None 27 (5) 79 (5) 63 (4)
Anti-CD11a 27 (4) 73 (9) 53 (4)
Anti-CD11b 9 (2) 23 (4) 16 (5)
Anti-CD18 3 (3) 21 (3) 13 (3)

a Neutrophil migration (3 h) was measured across A-498 kidney epithelial cell
layers prestimulated for 24 h with E. coli (108 bacteria per ml), IL-1a (1 ng/ml),
or medium. Results are the means (6 standard errors) of four separate exper-
iments.
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uroepithelial cytokine production compared with whole bacte-
ria (15). E. coli strains that attached to the epithelial cell
surface induced a higher epithelial IL-6 and IL-8 response than
isogenic nonattaching E. coli strains (3, 15). E. coli Hu734,
used in this study, attached to J82 bladder and A-498 kidney
epithelial cells and stimulated higher levels of cytokine secre-
tion than nonattaching strains (15). It is likely that the induc-
tion of ICAM-1 and transepithelial neutrophil migration was
potentiated by the specific binding of E. coli Hu734 to the
urinary tract epithelial layers. The role of specific adhesins for
the activation of these responses is under further study.
Neutrophil migration to the urinary tract mucosa is a char-

acteristic of UTI. Once at the urinary tract mucosa, neutrophils
are thought to play an important role in the clearance of
infection. Intravesical inoculation of E. coli into the bladders of
C3H/HeN mice induced a rapid neutrophil influx into the
urine followed by a clearance of the infection. In contrast,
C3H/HeJ (LPS-low-responder) mice, which showed a reduced
neutrophil response to intravesical inoculation of E. coli, were
unable to clear the infection (32). The anti-inflammatory agent
dexamethasone reduced the neutrophil response of C3H/HeN
mice to UTI and reduced their ability to clear the bacteria (19).
In addition, in a rat UTI model, administration of antineutro-
phil serum led to a 1,000-fold increase in bacterial numbers in
the acute phase of the infection (23). A more selective blocking
of neutrophil influx may help provide direct evidence for the
role of neutrophils in the clearance of UTI. The importance of
ICAM-1 in transuroepithelial neutrophil migration suggests
that interference of ICAM-1 expression, either in ICAM-1
knockout mice or by using blocking antibodies to murine
ICAM-1 (30), may reduce neutrophil influx into the urine and
provide a useful tool in studying the role of neutrophils in the
clearance of UTI.
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