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SUMMARY

The aim of the present study was to investigate whether the IL-1 family cytokines, in addition to IL-6

and IL-8, could be induced in normal human cortical epithelial cells in response to bacterial stimuli.

Human renal tissue was obtained from 9 patients undergoing elective tumour nephrectomy. Renal

cortical epithelial cells of tubular origin were prepared from the unaffected tissue. The proximal tubular

cells were stimulated for 2, 6 and 24 h with a heat-inactivated pyelonephritogenic Escherichia coli strain

DS-17. Cultured unstimulated tubular cells served as controls. IL-1a , IL-1b , IL-1 receptor antagonist,

IL-6, IL-8, IL-10, TNF-a , G-CSF and GM-CSF were analysed using immunohistochemistry at the

single cell level. The nonstimulated cells were found to express low levels of IL-6 and IL-8 (mean value

, 3% of total cells). In contrast, E. coli exposure resulted in significantly increased incidences of IL-6

and IL-8 expressing cells (mean values <18% of total cells) peaking within two hours of stimulation

(P , 0´008 and P , 0´02 versus non-stimulated cells, respectively). A gradual decrease was thereafter

observed at 6 and 24 h, respectively, although persistently higher compared to controls. A different

kinetic response was found for IL-1a , IL-1b and IL-1 receptor antagonist-expressing cells, which

peaked 24 h after E. coli stimulation (mean values 3±10%) (P , 0´008, P , 0´02, P , 0´02 versus

non-stimulated cells, respectively). Low levels of TNF-a and GM-CSF were found in 3 of the 9 donated

epithelial cells, peaking at 2 h, and IL-10 and G-CSF producing cells in 1 patient each. In conclusion we

found that heat-inactivated pyelonephritic E. coli induced a proinflammatory cytokine response in the

normal human proximal tubular cells including the IL-1 family, IL-6 and IL-8.
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INTRODUCTION

Gram-negative infections rapidly induce an inflammatory re-

sponse in which the cytokine network plays a major role.

Lipopolysaccharides (LPS) released from these bacteria may be

a major immunogen contributing to the cytokine burst by the

LPS±LPS binding protein (BP)±CD14 complex formation [1].

Despite the fact that epithelial cells in the urinary mucosa lack

CD14 expression, up-regulation of MHC class II and NO

production through iNOS activation has been reported consis-

tently following Escherichia coli infection. The altered NO

production by renal cells may contribute to the tubulointerstitial

inflammation found in these patients [2]. Most of these innate

responses are mediated by pro-inflammatory cytokine production.

Interleukin-1 (IL-1), IL-1 receptor antagonist (IL-1ra), tumour

necrosis factor-a (TNF-a ), IL-6 and IL-8 are predominantly

produced in granulocytes and macrophages. IL-1a and IL-1b are

both agonists and IL-1ra is an endogenously occurring competi-

tive antagonist. They bind to the same receptors, but despite the

similarity of IL-1a and IL-1b in size and function they have only

20% homology in the human amino acid sequences [3]. The

activity of IL-1 overlaps greatly with that of TNF in the induction

of the innate immune response [4]. IL-6, on the other hand, acts in

both pro- and counterregulating fashion [5,6], while the major

effect of the a -chemokine, IL-8, is chemoattractant on granulo-

cytes [7]. Both IL-6 and IL-8 have been shown previously to be

derived after stimulation with E. coli in transformed epithelial

cell-lines [8,9].

The aim of the present study was to investigate whether the

IL-1 family cytokines could be induced, in addition to IL-6 and

IL-8, by normal human renal cortical epithelial cells of tubular

origin in response to bacterial stimuli.
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MATERIALS AND METHODS

Bacteria

E. coli DS-17 was used to stimulate the human renal tubular cells.

The wild-type E. coli strain DS-17 was isolated originally during

an epidemic outbreak of pyelonephritis in a neonatal ward. It is of

serotype O6:K5:H-, expresses P-fimbriae with a Class II

G-adhesin and type 1 fimbriae but lacks S-fimbriae and Afa-1

adhesin. The strain produces haemolysin and the siderophore

aerobactin. It is resistant to ampicillin and trimethoprim-

sulphonamide but sensitive to ciprofloxacin.

The DS-17 strain was cultured overnight in 378C on colony

factor antigen agar. Bacterial colonies were suspended in

phosphate buffered saline (PBS), washed three times by repeated

cycles of centrifugation at 3500 r.p.m. (Wifug Lab centrifuge) for

15 min. Bacterial suspension was heat inactivated for 60 min at

708C. The DS-17 bacteria were finally resuspended in PBS to a

final concentration of 108 cells/ml. Efficacy of heat-inactivation

was controlled by culturing the bacterial suspension and no

bacterial growth was found.

Epithelial cell cultures

Human renal tissue was obtained from nine renal cell carcinoma

patients (median age 70, range 40±81 years, 6 women and 3 men)

undergoing elective tumour nephrectomy. Proximal tubular cells

were prepared as described previously [10]. In short, parts of the

outer cortex from morphologically unaffected tissue were excised,

decapsulated and minced to 1 mm fragments with a scalpel. The

parenchyma was incubated overnight in culture medium RPMI

1640 (Life Technologies, USA) supplemented with 2 mm

l-glutamine, 10 mm N 0-2-hydroxyetylpiperazine-N 0-2-ethanesul-

phonic acid (HEPES) (Gibco BRL, Gaithersburg, MD, USA),

bensylpenicillin (100 U/ml) and streptomycin (100 mg/ml), AB

serum 10% and during the first passage collagenase VIII (1 mg/

ml) (Sigma, St Louis, MO, USA) in 75 cm2 culture flasks (Nunc,

Roskilde, Denmark). Half of the medium was changed every

second day during the first week. The cells were incubated at 378C
in a humidified atmosphere containing 5% CO2295% O2. After

the first week, the cell cultures were fed with fresh culture

medium every third day and reached confluence in 10±14 days.

The cells exhibited an epithelial morphology with a central

nucleus, granular cytoplasm and cobblestone appearance in light

microscopy. In 3 weeks the monolayers formed domes, indicating

vectorial transport. In electron microscopy, numerous apical

microvilli were observed. Ninety-five per cent of the cells showed

positive cytokeratin staining (antipan cytokeratin clone C-11)

(Sigma). The renal cells were negative for factor VIII staining

(antivwf clone f8/86, Dako A/S, Glostrup, Denmark) indicating no

significant contamination by endothelial or glomerular cells

(, 5%).

Confluent monolayers of human proximal tubular cells were

washed in calcium-free phosphate buffer (pH 7´4) and passaged

by trypsinization with 0´25% trypsin and 0´02% versene (Life

Technologies). The trypsin was inactivated by addition of RPMI

1640 with 10% human AB serum. Detached cells were then

washed once in centrifugation tubes in RPMI 1640, counted in a

BuÈrker chamber and resuspended in culture medium (5 � 105

cells/ml). For cryopreservation, the cells were resuspended in

culture medium supplemented with 10% DMSO (dimethylsulph-

oxide) (Sigma), gradually frozen and stored at 2 1358C. For

recovery, the vials were thawed at 378C and washed once in RPMI

1640 with 10% human AB serum before reseeding. Viability was

assessed by trypan blue exclusion and by the CFDA method,

described elsewhere [11]. Briefly, cells were incubated with

carboxy fluorescein diacetate (CFDA)(10 mg/ml) (Becton and

Dickinson Immunocytometry Systems) for 15 min at room

temperature, followed by one wash in PBS. CFDA is retained

and hydrolysed by intracellular esterases, yielding green fluores-

cence. The fluorescence intensity was analysed with flow

cytometry (Epics XL, Beckman Coulter Inc., Hialeah, FL,

USA), and results are expressed as the percentage of CFDA

positive cells. Unlabelled cells were run in parallel to define the

cut-off for positive staining.

Bacterial stimulation of epithelial cells

The epithelial cells were cultured in 150 cm2 culture flasks

(Nunc) as above until subconfluenced, trypzinated, washed twice

in calcium-free phosphate buffer (pH 7´4) and resuspended into

RPMI 1640 with 10% human AB serum to a concentration of 106.

Heat inactivated E. coli strain DS-17, in a ratio of 100 bacteria per

cell, was added as stimuli to the epithelial cells. RPMI 1640 with

10% human AB serum was used as negative control. One sample

of non-stimulated cells was immediately harvested for fixation.

Stimulated cells and unstimulated cultured cells were incubated in

378C, 5% CO2, for 2, 6 or 24 h, respectively.

Table 1. Description of cytokine-specific antibodies used in the human epithelial cells

Cytokine Antibody Isotype Manufacturer

IL-1a 1277±89±7 Mouse IgG1 Immunokontakt, Switzerland

1277±82±29

1277±143±4

IL-1b 2-D-8 Mouse IgG1 Immunokontakt, Switzerland

IL-1ra (mix) 1384±92±17±19 Mouse IgG1 Biomedicals, Switzerland

IL-6 MQ2±6A3 Rat IgG2a PharMingen, CA, USA

IL-8 NAP-1 Mouse IgG1 M. Ceska, Sandoz, Vienna, Austria

IL-10 JES3±19F1 Rat IgG2A PharMingen, CA, USA

TNF-a MoAb 1 and 11 Mouse IgG1 PharMingen, CA, USA

G-CSF BVD13±3A5 1 Rat IgG1 PharMingen, CA, USA

BVD11±37G1 Rat IgG2a

GM-CSF BVD2±21C11 Rat IgG2A PharMingen, CA, USA
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Fixation and cytokine staining of the human renal proximal

tubular cells

Cultured cells were harvested after indicated periods of time and

washed with Earls buffer salt solution (EBSS, Gibco Ltd, Paisley,

UK) containing Ca21 and Mg21 supplemented with 0´01 m

HEPES buffer and transferred to adhesion slides (Bio-Rad,

GMBH, Munich, Germany). The method used for cytokine

staining at the single-cell level has been described previously

[12]. In short, viable cells were allowed to bind to the slide surface

for 15 min at room temperature, and fixed in 2% formaldehyde in

PBS, pH 7´4 (Sigma) for 15 min and stored in 2 208C until

assayed. Slides were rehydrated in EBSS and the endogenous

peroxidase activity was blocked by 30 min incubation of 1%

H2O2 in EBSS supplemented with 0´1% saponin. Saponin

permeabilizes the cell membrane and the Golgi complex.

Unspecific Fc receptor interactions were blocked with the

addition of 5% human AB-serum in EBSS for 5 min at 378C.

Presence of endogenous biotin was blocked with avidin/biotin

(Vector Laboratories Burlingame, CA, USA) supplemented with

0´1% saponin and incubated for 15 min each. Thereafter the cells

were incubated for 30 min with a panel of cytokine-specific

Fig. 1. (a) Photomicrograph illustrating morphological characteristics of

renal proximal tubular cell expression for IL-6, IL-8, IL-10, G-CSF, GM-

CSF and TNF-a following stimulation with heat-inactivated E. coli. The

picture shows the staining morphology of the juxtanuclear focal staining

signal with anti-IL-6 monoclonal antibodies. Original magnifica-

tion � 693. (b) Comparative pattern of renal proximal tubular cell staining

for the IL-1 family following stimulation with heat-inactivated E. coli. The

figure shows the diffuse staining morphology that occurs throughout the

cytoplasm as well as generating a perinuclear site with staining for IL-1

isotypes. Original magnification � 693.
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Fig. 2. (a) Kinetic response curve showing the incidence of IL-1a , IL-1b
and IL-1 receptor antagonist-expressing cells (percentage of positive cells,

mean values and s.e.m.) after challenge with E. coli DS-17. The incidence

of IL-1a , IL-1b and IL-1ra-expressing cells in the unstimulated cultured

epithelial cells were always below 1/1000 cells. The data are means of

experiments performed in the epithelial cells in nine donors. (b) The graph

illustrates the incidence of IL-6 expressing cells (percentage of positive

cells, mean values and s.e.m.) after challenge with E. coli DS-17 and a low

constitutive expression in non-stimulated cells. (c) The graph illustrates the

rapid induction of IL-8 expressing cells (percentage of positive cells, mean

values and s.e.m.) after challenge with E. coli DS-17 and a low constitutive

expression in non-stimulated cells.
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monoclonal antibodies (2±5 mg/ml) dissolved in EBSS and

0´1% saponin (Table 1). An isotype-specific control antibody

was used to confirm specificity of the staining. To prevent non-

specific hydrophobic interactions, the cells were incubated with

normal goat serum for 30 min. Biotinylated goat antimouse

immunoglobulin G1 (IgG1) and biotinylated goat antirat IgG

were used as secondary antibodies and incubated for 30 min.

Finally the cells were incubated with Vectastain avidin-biotin

horseradish peroxidase complex (Vector Laboratories) for

30 min and a colour reaction was developed during 8±10 min

by 3 0-diaminobenzidine tetrahydrochloride (DAB) (Vector La-

boratories) for peroxidase staining. The nucleated cells were

counterstained blue with Mayer's haematoxylin for 3 s. The

slides were then mounted with phosphate-buffered glycerol. We

have shown previously that cytokine positive cells had a specific

juxtanuclear staining pattern which was in total congruence with

the mRNA expression as measured by reversed transcriptase-

polymerase chain reaction (RT-PCR) and in situ hybridization

[13]. In addition two-colour staining combined with mRNA

detection by in situ hybridization and cytokine protein

expression with the saponin paraformaldehyde-based immunos-

taining induced a 98% colocalization of the cytokine both at the

messenger and protein levels [14].

Statistical method

Wilcoxon signed-rank test was used for comparison of cytokine

expressing cells in unstimulated versus stimulated cultured

epithelial cells.

RESULTS

Cytokine-producing human renal proximal tubular cells

Cytokine-producing renal tubular epithelial cells generated

different staining morphology depending on the type of cytokine

studied. Two different patterns of cytokine staining were

observed. TNF-a , IL-6, IL-8, IL-10, G-CSF and GM-CSF

generated a restricted staining to the juxtanuclear area of the

Golgi stacks (Fig. 1a). Exogenous addition of recombinant or

natural cytokines including TNF, IL-6 and G-CSF to these

epithelial cells never generated this specific perinuclear staining

pattern. In addition, two-colour staining confirmed that the

staining signal was localized to the Golgi endoplasmatic reticulum

[15]. All cytokines listed above have a leader sequence, which

directs their secretion through the Golgi-endoplasmatic pathway.

The identification of these types of cytokine-producing cells was

therefore facilitated by the localized reactivity to the Golgi

complex. In contrast, staining for IL-1a , IL-1b and IL-1ra

generated a diffuse cytoplasmic staining including the perinuclear

site (Fig. 1b). The identification of the IL-1 expressing cells thus

required both a diffuse cytoplasmic and a nuclear staining signal.

This may be explained by the absence of a leading sequence in the

IL-1 family [16]. Preincubation with recombinant or natural

cytokine with the cytokine-specific monoclonal antibody caused

total abolition of the staining signal. Renal epithelial cells were

also allowed to adhere to culture slides before E. coli stimulation.

Compared to stimulation of renal cells in suspension, no

significant differences regarding cytokine production was

observed (data not shown). Viability, judged as CFDA-positive

cells, was . 90% in cell cultures harvested at initiation of the cell

culture period, and 70±90% in cell cultures harvested after 24 h.

These figures were confirmed by trypan blue exclusion. Both

non-stimulated cells and cells stimulated with E. coli revealed the

same values.

Constitutive cytokine expression in cultured unstimulated

tubular epithelial cells

In non-stimulated cultured cells , 3% of the cells showed a

constitutive protein expression of IL-8 and even less for IL-6. The

IL-1 group of cytokines were not expressed at any time-point

(Fig. 2a,b,c). Nor could we detect any constitutive expression of

TNF-a , IL-10, G-CSF or GM-CSF.

E. coli-induced cytokine production in human renal proximal

tubular cells

After E. coli exposure we found that the frequency of IL-1a
producing epithelial cells gradually increased over time. A peak

incidence at 24 h was induced when 10% of all cultured cells

expressed IL-1a (P , 0´008 compared to non-stimulated cells)

(Fig. 2a). IL-1a was the most predominant cytokine in the IL-1

family. Four donor samples out of 9 expressed IL-1b at 2

and 6 hours, respectively, while eight samples had

detectable IL-1b -producing cells at 24 h (Fig. 2a). The mean

frequency of IL-1b -expressing cells increased to a maximum of

5% at 24 h (P , 0´02 at 24 h versus non-stimulated cells). A

similar kinetic response was observed for IL-1ra-synthesizing

cells with a peak level of 3%, P , 0´02 compared to non-

stimulated cells (Fig. 2a).

The number of IL-6 and IL-8-expressing cells after E. coli

exposure were more prominent and present in all tested samples

(Fig. 2b,c). Peak levels of expression were seen at 2 h with 18%

and 17% of the epithelial cells synthesizing each of these

cytokines (P , 0´008 and P , 0´02 versus non-stimulated cells,

respectively). A gradual decrease was thereafter observed at 6 and

24 h.

Low levels of TNF-a and GM-CSF-expressing cells were

detected in 3/9 donated epithelial samples each. A peak was seen

after 2 h, followed by a rapid decline and loss of expression at

24 h. In addition, in 1 out of 9, IL-10 and G-CSF-producing cells

were found at 6 h.

Similar results of cytokine production were achieved when

another E. coli strain was used to stimulate the renal epithelial

cells. Thus, the results found were not restricted to the strain E. coli

DS-17 (data not shown).

DISCUSSION

In this study we present evidence that human proximal epithelial

cells can synthesize IL-1a , IL-1b , IL-1ra, IL-6 and IL-8 at the

protein level following stimulation with the heat-inactivated E. coli

strain DS-17. Our study also shows that in cells from some of the

tested patients there was a low-level expression of TNF-a and

GM-CSF and also in a single patient of IL-10 and G-CSF. This is,

to our knowledge, the first time that E. coli-induced production of

the IL-1 cytokines has been reported in normal cells of renal

tubular origin.

Acute pyelonephritis is associated with increased secretion of

cytokines in the urine, which are most probably locally produced

in the kidneys. We have demonstrated previously mRNA for pro-

inflammatory and regulatory cytokines in the mouse kidney after

experimental acute pyelonephritis [17,18]. Furthermore, women

suffering of acute pyelonephritis have higher IL-8 in the urine

than in serum [19]. These findings support the hypothesis of a
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local renal cytokine production during acute pyelonephritis, but do

not explain the cellular source. In the present study the renal

cortical epithelial cells responded in a time-dependent manner to

the E. coli strain DS-17. IL-1a , IL-1b and IL-1 ra demonstrated

an initial and comparatively slower kinetic response within the

first 6 h and thereafter either levelled out or continued to increase.

The range of epithelial cells expressing the IL-1 family cytokines

after E. coli exposure was between 3% and 10%. It has been

shown previously that little of IL-1a is secreted but instead

generates intracellular signalling either in combination with an

intracellular receptor or directly [4,20,21]. In the current study we

found a similar kinetic response for IL-1b , known to be secreted

by cell-surface±ICE interactions [22±24] or via the alternative

non-ICE-dependent processing [22,25]. Over time we demonstrate

here an increased incidence of IL-1a , IL-1b and IL-1ra-

expressing cells reflecting an accumulation of the protein. A

different kinetic response was found for IL-6 and IL-8, where

peak levels were already reached at 2 h, whereafter they decreased

or remained stationary (Fig. 2b,c). Our results with regard to IL-6

and IL-8 are in concert with previous findings using transformed

cell lines, where a similar time-dependent response curve was

observed [26]. The observation of IL-1 production is especially

important since it can induce NO through iNOs and de novo

expression of endothelial cell±leucocyte adhesion molecules, such

as ICAM-1, which facilitates the adhesion and attachment of

polymorphonuclear leucocytes [27] recruited through the

production of IL-8. The activation of polymorphonuclear

leucocytes by IL-1, TNF-a and G-CSF play a central role in

acute pyelonephritis by activating their phagocytic function as

well as cytokine-producing capacity, thereby enhancing the

bacterial clearance. IL-1 and IL-6 may also be involved in the

regulation of endogenous antimicrobial peptides [28,29] of

importance for bacterial clearing in pyelonephritis. Endogenous

antimicrobial peptides are under NFkB-regulation [30]. Simi-

larly, IL-1 and IL-6 may up-regulate the constitutive production

through this route.

The current E. coli strain used expresses P-fimbriae, which has

been shown to enhance the IL-6 and IL-8 response in epithelial

cells independently of the endotoxic activity of its LPS [31], but

induction of the IL-1 family has not been demonstrated. Another

possible candidate that induces cytokine production is LPS±CD14

interactions. We could, however, not demonstrate cell-surface

CD14 expression (data not shown). In addition, culture of these

cells in the absence of serum, excluding soluble CD14 interactions

resulted in maintained IL-1 induction, indicating that other

pathways dominate in E. coli activation of epithelial cells. It

has been suggested that a signal transduction molecule in the

LPS receptor complex may belong to the IL-1 receptor/toll-like

receptor (TLR) superfamily, and that the LPS signalling

cascade uses an analogous molecular framework for IL-1

signalling in mononuclear phagocytes and endothelial cells [32].

It has been shown recently that although a coexpression of

CD14 synergistically enhances the LPS signal transmission

through TLR2, responsiveness to LPS at high concentrations

bypasses the requirement for LBP and CD14 [33]. However,

the relevant pathway for renal epithelial cells remains to be

elucidated.

We found a low incidence of G-CSF, GM-CSF and IL-10-

producing cells. These results are in line with our previous

analyses of urine samples from adult females with acute

pyelonephritis, where we found that only a few patients secreted

IL-10 or G-CSF in their urine [34]. The lack of cytokine response

in the current study is therefore not surprising, although the

reasons can not be explained.

In conclusion, we demonstrate E. coli-induced production of

IL-1a , IL-1b , IL-1ra, IL-6 and IL-8 and also occasionally

TNF-a and GM-CSF in human proximal tubular cells. This is

of importance for the understanding of local immunity to

bacterial infections in the urinary tract. Our results indicate that

the innate cytokine response occurs at the renal tubular

epithelial site.
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