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Our immune system has to constantly strike a balance between activation and inhibition of an inflammatory response to combat
invading pathogens and avoid inflammation-induced collateral tissue damage. Toll interleukin-1 receptor 8 (IL-1R-8)/single Ig
domain IL-1R-related molecule (TIR8/SIGIRR) is an inhibitor of Toll-like receptor (TLR)/IL-1R signaling, which is predomi-
nantly expressed in the kidney. The biological role of renal TIR8 during infection is, however, unknown. We therefore evaluated
renal TIR8 expression during Escherichia coli pyelonephritis and explored its role in host defense using TIR8�/� versus TIR8�/�

mice. We found that TIR8 protein is abundantly present in the majority of cortical tubular epithelial cells. Pyelonephritis re-
sulted in a significant downregulation of TIR8 mRNA in kidneys of TIR8�/� mice. TIR8 inhibited an effective host response
against E. coli, as indicated by diminished renal bacterial outgrowth and dysfunction in TIR8�/� mice. This correlated with in-
creased amounts of circulating and intrarenal neutrophils at the early phase of infection. TIR8�/� tubular epithelial cells had
increased cytokine/chemokine production when stimulated with lipopolysaccharide (LPS) or heat-killed E. coli, suggesting that
TIR8 played an anti-inflammatory role during pathogen stimulation by inhibiting LPS signaling. These data suggest that TIR8 is
an important negative regulator of an LPS-mediated inflammatory response in tubular epithelial cells and dampens an effective
antibacterial host response during pyelonephritis caused by uropathogenic E. coli.

The innate immune system employs Toll-like receptors (TLRs)
to sense a wide range of pathogen-associated motifs and to

trigger innate immune responses that eventually lead to the clear-
ance of pathogens from the host and the establishment of adaptive
immunity to control any subsequent infection (6). However, an
excessive and prolonged immune response may result in severe
collateral organ damage and even the risk of multiple-organ fail-
ure, shock, and death. This implies that the immune system has to
continuously find a balance between activation and inhibition of
TLRs to battle pathogens and to avoid harmful inflammation. To
achieve immune homeostasis, negative-feedback regulation of
TLR signaling is crucial. More than a decade ago, a negative reg-
ulator of TLR/interleukin-1 receptor 8 (IL-1R-8) signaling,
named TIR8 (Toll IL-1R-8) or SIGIRR (single immunoglobulin
domain IL-1R-related molecule) was discovered (35) and shown
to sequester the formation of TLR signaling complexes, leading to
dampening of an inflammatory response (28). TIR8 is highly con-
served among vertebrates (29), and its mRNA is predominantly
expressed in the kidney (14, 26, 38), especially in tubular epithelial
cells (TECs) (21, 26). This conservation and specific renal epithe-
lial expression pattern suggest that TIR8 is under strong evolu-
tionary pressure and, as such, is an important molecule in the
kidney. The biological role of renal TIR8 during renal infection,
however, remains unknown.

Renal epithelial cells are a crucial component of the innate
immune system as they are the first to encounter ascending patho-
gens and respond to microbial challenge by initiating an inflam-
matory response that leads to the recruitment and activation of
neutrophils. In addition to TIR8, renal epithelial cells constitu-
tively express TLR4 (36, 39). TLR4 signaling is negatively regu-
lated by TIR8 (28) and is essential for the innate resistance of the
urinary tract to invasion with uropathogenic Escherichia coli (4,
11, 15, 34). Mice deficient or mutant in TLR4 are highly suscepti-
ble to experimental urinary tract infection (UTI) and unable to
properly clear E. coli from the urinary tract (11, 15, 34). The sus-

ceptibility of these mice to UTI was related to an impaired influx
of neutrophils (31), and TLR4 on renal cells appeared to be in-
volved in the recruitment of these inflammatory cells to the pri-
mary site of infection (25). Children with and without anatomic
abnormalities who have a TLR4 Asp(299)Gly mutation are fur-
thermore at increased risk of UTI (19). Considering that TIR8 is
able to specifically inhibit TLR4-mediated signaling and inflam-
mation (28), this receptor could be crucial for host defense against
UTI and avoidance of harmful inflammation. UTIs are considered
one of the most common infections affecting mankind (10), with
a major health and economic burden (10). Therefore, novel in-
sights into the factors that contribute to the battle against UTIs are
warranted.

In the present project we investigated the role of TIR8 during
experimental UTI as TIR8 may be an important determinant of
whether renal host defense or injury prevails and as it might un-
ravel the reason for the conserved and high, organ-specific expres-
sion of this receptor.

MATERIALS AND METHODS
Bacteria. E. coli 1677 was isolated from a patient with UTI and donated by
W. J. Hopkins (University of Wisconsin Medical School, Madison, WI).
Virulence characteristics include type 1 and P fimbriae, hemolysin, aero-
bactin, and the O6 serotype (8). The strain was cultured for 16 h at 37°C in
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Trypticase soy broth (TSB). After dilution, the suspension was grown to
mid-logarithmic phase, washed, and resuspended in sterile phosphate-
buffered saline (PBS).

Mice. Pathogen-free, 8- to 10-week-old female C57BL/6 wild type
([wt] TIR8�/�) mice were purchased from Charles River Breeding Labo-
ratories. TIR8�/� mice were a kind gift of Alberto Mantovani and Cecilia
Garlanda (Istituto Clinico Humanitas, IRCCS, Rozzano, and University
of Milan, Italy); they were generated as described previously (14), back-
crossed to a C57BL/6 background six times, and bred in the animal facility
of the Academic Medical Center in Amsterdam, The Netherlands. Age-
and sex-matched mice were used in all experiments. The Animal Care and
Use Committee of the University of Amsterdam approved all experi-
ments.

Pyelonephritis. Pyelonephritis (upper UTI) was induced as described
before (7, 24). Under general anesthesia (0.07 ml/10 g of body weight of
FFM mixture, containing 1.25 mg/ml midazolam [Roche], 0.08 mg/ml
fentanyl citrate, and 2.5 mg/ml fluanisone [Janssen Pharmaceutica])
TIR8�/� and TIR8�/� mice (n � 7 to 11 per group) were administered via
the urethra 5 � 108 CFU per mouse in a volume of 100 �l, as assessed by
plating 10-fold serial dilutions of the suspension on blood agar plates.
Administering this volume did not lead to vesicoureteral reflux of bacte-
ria, as determined by plating kidney homogenate of 3 animals 10 min after
bacterial injection. Animals were sacrificed 4, 8, 24, and 48 h after inocu-
lation. Sham control mice underwent the same procedure with adminis-
tration of sterile PBS instead of bacterial suspension. At the time of sacri-
fice, blood was collected by heart puncture in heparin-containing tubes,
and kidneys were harvested for further analysis.

Bacterial outgrowth. Kidneys were homogenized in 4 volumes of ster-
ile saline with a tissue homogenizer (Polytron PT1300D homogenizer;
Kinematica AG), and 10-fold serial dilutions were plated onto blood agar
plates to determine bacterial loads. Colonies were counted 16 h after in-
cubation at 37°C.

Renal function. Renal function was determined by measuring creati-
nine in plasma samples by enzyme reactions involving creatinase and
using standard autoanalyzer methods by our hospital research services.
Systemic creatinine is used as a traditional biomarker of renal tubular
injury and renal dysfunction.

Oxidative burst. Oxidative burst of neutrophils was analyzed by flow
cytometry according to Kampen et al. (18). Whole blood (2.5 � 105 white
blood cells) of TIR8�/� and TIR8�/� mice was loaded with 1.5 mg/ml
dihydrorhodamine 123 (DHR; Sigma) for 30 min. Neutrophils in whole
blood were stimulated by the addition of 1.6 � 105 CFU of E. coli 1677 for
30 min, followed by staining with anti-mouse Ly6G-allophycocyanin
(APC) (BD Pharmingen) and red blood cell lysis for 10 min at 4°C with
160 mM NH4Cl, 10 mM KHCO3, and 0.1 mM EDTA (pH 7.4). Cells were
analyzed by fluorescence-activated cell sorting (FACS) (Becton Dickin-
son). Conversion of dihydrorhodamine in neutrophils was determined by
gating the Ly6G-positive (Ly6G�) population.

White blood cell count and differentiation. White blood cell (WBC)
counts in peripheral blood were determined using a Coulter counter
(Beckmann Coulter, Fullerton, CA). For differentiation, 2 �l of whole
blood was used for blood smear and stained with Giemsa (Diff-Quick;
Baxter, McGraw Park, Il). A total of 100 WBCs were counted in a high-
magnification (�400) field, (after which percentages of different cell types
were determined.

MPO ELISA. As the influx of granulocytes during pyelonephritis is
very focal, we used a myeloperoxidase (MPO) enzyme-linked immu-
nosorbent assay (ELISA) for quantification. For MPO measurements,
snap-frozen kidneys were diluted in lysis buffer containing 75 mM NaCl,
7.5 mM Tris, 0.5 mM MgCl2, 0.5 mM CaCl2, 0.5% Triton X-100, and 1%
protease inhibitor cocktail II (Sigma Chemical Co.); samples were ho-
mogenized and incubated at 4°C for 30 min. Homogenates were subse-
quently centrifuged at 10,000 � g at 4°C for 10 min, and MPO in the
supernatant was measured by ELISA according to the manufacturer’s pro-
tocol (Hycult Biotechnology).

Primary culture of mouse renal TECs. Primary mouse renal TECs
were isolated as described by Wuthrich et al. (41). Briefly, the renal cap-
sule was removed, and tissue from the outer cortex was cut into small
pieces. Then, single cortical tubular cell suspensions of freshly dissected
kidney cortices from TIR8�/� and TIR8�/� mice (5 mice per group) were
prepared by collagenase type 1A (Sigma Chemical Co.) dispersion at 37°C
for 1 h and washed in RPMI 1640 medium (Gibco-BRL). TECs were
subsequently grown in duplicates to 80% confluence on six-well plates in
Dulbecco’s modification of Eagle’s medium (DMEM)-Ham’s F12 50/50
mix supplemented with 10% fetal calf serum (FCS; Integro), 5 �g/ml
insulin, 5 �g/ml transferrin, 5 ng/ml sodium selenite, 20 ng/ml triiodo-
thyronine, 50 ng/ml hydrocortisone, 5 ng/ml prostaglandin E1 (all from
Sigma), 100 IU/ml penicillin, and 100 �g/ml streptomycin (both from
Life Technologies, Inc.). Cells exhibited the cobblestone morphology of
epithelial cells as seen by phase-contrast microscopy and were screened
positive for ZO-1 mRNA as assessed by reverse transcription-PCR (RT-
PCR). TECs were subsequently incubated for 24 h with either conditioned
medium, lipopolysaccharide (LPS; 10 ng/ml), or heat-killed E. coli 1677
(108 microorganisms/ml). Supernatants were subsequently collected and
stored at �80°C until ELISAs were performed. The number of viable cells
present in the wells after stimulation was determined by using trypan blue,
after which cells were counted. Possible contamination of leukocytes was
ruled out by RT-PCR for CD45 and CD11b with primary murine macro-
phages as a positive control.

ELISA. Cytokines and chemokines (tumor necrosis factor alpha
[TNF-�], IL-1�, IL-6, keratinocyte chemoattractant [KC], macrophage
inflammatory protein 2 [MIP-2] or CXCL2, and monocyte chemoattrac-
tant protein 1 [MCP-1] or CCL2) were measured in supernatants or renal
homogenate using specific ELISAs (R&D Systems) according to the man-
ufacturer’s instructions. The detection limits were 31 pg/ml for TNF-�, 8
pg/ml for IL-1, 16 pg/ml for IL-6, 12 pg/ml for KC, 94 pg/ml for CXCL2,
and 7 pg/ml for CCL2. Cytokine levels were corrected for the amount of
protein present using a Bio-Rad protein assay (Bio-Rad Laboratories)
with IgG as the standard.

Detection of TIR8 by immunohistochemistry. Kidneys were snap-
frozen in liquid nitrogen and stored at �80°C prior to use. For histological
detection of TIR8, kidneys were cut into 5-�m sections and fixed for 10
min with ice-cold acetone and air dried. The sections were incubated in
5% normal swine serum (Dako) for 10 min and then exposed overnight to
goat anti-mouse SIGIRR/TIR8 antibody (Ab) (R&D Systems) in PBS.
Endogenous peroxidase activity was quenched by a solution of 0.1%
NaN3/0.3% H2O2 (Merck) in PBS. Slides were incubated with swine anti-
goat-horseradish peroxidase (HRP) Ab (Biosource) with 5% normal
mouse serum, rinsed again, and developed using 0.015% H2O2 and di-
aminobenzidine (DAB; Sigma) in 0.05 M Tris-HCl (pH 7.9).

RT-PCR. Total RNA was extracted from renal tissue sections or
stimulated TECs with TRIzol reagent (Invitrogen) and converted to
cDNA. TIR8 and TLR4 gene expression was analyzed by RT-PCR using
SYBR green PCR master mix. Specific gene expression was normalized
to expression of the household gene hypoxanthine phosphoribosyl-
transferase (HPRT). SYBR green dye intensity was analyzed with linear
regression analysis. The following primer sequences were used: TLR4,
5=-GGACTCTGATCATGGCACTG-3= (forward) and 5=-CTGATCCAT
GCATTGGTAGGT-3= (reverse); TIR8, 5=-GTGGCTGAAAGATGGTCT
GGCATTG-3= (forward) and 5=-CAGGTGAAGGTTCCATAGTCCTCT
GC-3= (reverse); MyD88, 5=-TGGCCTTGTTAGACCGTGA-3= (forward)
and 5=-AAGTATTTCTGGCAGTCCTCCTC-3= (reverse); IRAK1, 5=-CA
CAAGGTGCAAAGACCAAGT-3= (forward) and 5=-CACAGAGTAGGCT
GGGTGCT-3= (reverse); TRAF6, 5=-AAGCCTGCATCATCAAATCC-3=
(forward) and 5=-GATTTTCCAGCAGTATTTCATTGTC-3= (reverse);
TAK1, 5=-CTGGGACAGAACCTGGTCA-3= (forward) and 5=-GTCCTG
AGGTAGTGATCATTCTGA-3= (reverse); ICAM-1, 5=-CTTCTGAGCG
GCGTCGAGCC-3= (forward) and 5=-GCCGAGGACCATACAGCACG
T-3= (reverse); CXCR2, 5=-CAATTACAGGGAGAAAGAGGTCA-3=
(forward) and 5=-TCAGTAGGCATACCAAGATGGA-3= (reverse);
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CCR2, 5=-ACCTGTAAATGCCATGCAAGT-3= (forward) and 5=-TGTC
TTCCATTTCCTTTGATTTG-3= (reverse); HPRT, 5=-TCCTCCTCAGA
CCGCTTTT-3= (forward) and 5=-CCTGGTTCATCATCGCTAATC-3=
(reverse).

Immunohistochemical detection of renal inflammatory infiltrate.
Sections of 5 �m were deparaffinized, and antigen retrieval was per-
formed by 0.25% pepsin digestion (Sigma) in 0.1 M HCl for granulocyte
detection. Slides were subsequently exposed to fluorescein isothiocyanate
(FITC)-labeled anti-mouse Ly6G monoclonal antibody (MAb; BD-Phar-
mingen) and rabbit anti-FITC antibody (Dako Cytomation), which was
followed by a further incubation with HRP-conjugated goat anti-rabbit
IgG (Immunovision Technologies Co.). The slides were developed using
1% H2O2 and DAB (Sigma-Aldrich) in 0.05 M Tris-HCl (pH 7.9) and
counterstained with methyl green (Sigma-Aldrich). The number of posi-
tive cells during renal ischemia-reperfusion was counted within 10 non-
overlapping fields (magnification, �400).

Plasma biochemical analysis. Renal function was determined by
measuring creatinine and urea in plasma samples by enzyme reactions
involving creatinase and urease and using standard autoanalyzer methods
by our hospital research services.

Statistics. All data are expressed as means� standard errors of the
means (SEM). Serial data were analyzed using a Kruskal-Wallis test. Dif-

ferences between TIR8�/� and TIR8�/� mice were analyzed by a Mann-
Whitney U test. Differences in survival between the groups of mice were
compared by a chi-square test. A P value of 	0.05 was considered to
represent a statistically significant difference.

RESULTS
TIR8 expression in the kidney during experimental upper UTI.
To determine whether TIR8 is modulated during pyelonephritis,
TIR8�/� mice were inoculated with uropathogenic E. coli and
killed at different time points after infection. Real-time quantita-
tive PCR revealed that TIR8 mRNA was constitutively present in
the kidneys and was altered during the course of infection
(Fig. 1a). Eight hours after bacterial inoculation, renal TIR8
mRNA was significantly downregulated while the mRNA levels
started to return to baseline levels after 24 h. Immunohistochem-
ical analysis of TIR8 protein demonstrated extensive TIR8 stain-
ing in kidneys of normal, healthy mice (Fig. 1b and c). TIR8 was
abundantly present in the majority of tubular epithelial cells of the
cortex. Expression was predominantly located at the apical side of
renal proximal tubules and extended into the cytoplasm (Fig. 1d).

FIG 1 TIR8 expression and localization in kidneys from TIR8�/� mice. (a) Renal TIR8 mRNA expression from TIR8�/� mice with upper urinary tract infection
as determined by semiquantitative PCR. Data are means and SEM of 6 to 8 mice per group. *, P 	 0.05. (b to e) Immunohistochemical analysis of TIR8 protein
in kidney from TIR8�/� mice (G, glomerulus; V, vessel). (f) Analysis of kidneys obtained from TIR8�/� mice, used as negative controls, confirmed the specificity
of the TIR8 staining. Magnifications, �20 (b), �100 (c and f), �400 (d), and �200 (e); scale bars, 5 �m (b), 100 �m (c and f), 20 �m (d), and 50 �m (e).
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Medulla, glomeruli (Fig. 1e, g), vessels (Fig. 1e, V), renal pelvis,
papilla, and ureter were all negative for TIR8 staining (Fig. 1b and
c). Analysis of kidneys obtained from TIR8�/� mice, used as neg-
ative controls, confirmed the specificity of the TIR8 staining (Fig.
1f). Kidneys from infected mice displayed the same patterns of
TIR8 positivity as kidneys from healthy TIR8�/� mice; i.e., TECs
stained positive for TIR8 (data not shown).

TIR8 impairs bacterial clearance and renal function during
experimental upper UTI. To investigate whether the profound
expression of renal TIR8 had an effect on the outcome of infec-
tion, we examined bacterial loads in kidneys from TIR8�/� and
TIR8�/� mice at 24 and 48 h after induction of UTI. One day after
inoculation, TIR8�/� mice had 4,200 times less bacterial load in
their kidney homogenates than TIR8�/� mice (P 	 0.01) (Fig. 2a).
At 48 h after induction of UTI, no differences could be found.
Sham control animals did not have bacteria in their kidneys. Mice
with UTI had impaired renal function 24 h after infection, as re-
flected by a modest elevation of serum creatinine levels (Fig. 2b).
Renal dysfunction, however, was significantly reduced in TIR8�/�

mice compared to TIR8�/� mice at 24 h after infection. After 48 h
UTI starts to resolve, as reflected by the complete recovery of
baseline renal function. These data demonstrate that TIR8 con-
veys early sensitivity to UTI.

TIR8 is not essential for neutrophil oxidative burst in re-
sponse to uropathogenic E. coli. Neutrophils are a requisite com-
ponent of the host defense against uropathogenic E. coli and ex-
press low levels of TIR8 mRNA (26). The improved bacterial
clearance from the urinary tract of TIR8�/� mice may, therefore,
be intrinsic to the neutrophil itself or may result from changes in
the number of available neutrophils. To establish if TIR8 is critical
for the antimicrobial mechanism of neutrophils, blood cells from
TIR8�/� and TIR8�/� mice were stimulated with uropathogenic

E. coli, and oxidative burst activity of neutrophils was analyzed
using a dihydrorhodamine-based flow cytometry assay. Neutro-
phils from both TIR8�/� and TIR8�/� mice had increased respi-
ratory burst responses when mice were challenged with E. coli (Fig.
3a and b). However, no differences were observed in the total
numbers of neutrophils undergoing burst activity in TIR8�/� and
TIR8�/� neutrophils (Fig. 3a). In addition, the levels of mean
fluorescence intensity (MFI), corresponding to the mean oxida-
tive burst activity per cell, were similar in stimulated TIR8�/� and
TIR8�/� neutrophils. These results suggest that the improved
bacterial clearance in TIR8�/� mice is not due to an abnormal E.
coli-stimulated oxidative burst response of neutrophils.

TIR8 impairs an early increase in circulating and intrarenal
recruitment of neutrophils during experimental upper UTI. We
next determined the impact of TIR8 deficiency on the number of
available neutrophils. For this, we infected TIR8�/� and TIR8�/�

mice with E. coli and sacrificed them 4 and 8 h thereafter. At these
early time points, the bacterial loads did not differ between the
mouse strains (data not shown), indicating that the improved bac-
terial clearance in TIR8�/� mice 24 h after infection might occur
due to an impact of TIR8 deficiency on the immune response in
the kidneys at this early phase. We first assessed whole-blood sam-
ples from infected TIR8�/� and TIR8�/� mice and found that
TIR8 deficiency was associated with an increased number of neu-
trophils in blood 4 h after infection (Fig. 4a), whereas no signifi-
cant differences were found in the amounts of lymphocytes (Fig.
4b). In addition, a moderate increase in circulating monocyte
numbers was seen in TIR8�/� mice compared to levels in TIR8�/�

mice at 4 h after infection (Fig. 4c). We next investigated whether
the enhanced number of neutrophils in the circulation corre-
sponded with an increase in tissue-associated neutrophils. Indeed,

FIG 2 Bacterial outgrowth and renal function. The effect of TIR8 deficiency
on outgrowth of uropathogenic E. coli in kidney homogenate (a) and on renal
function (b) at 24 and 48 h after transurethral bacterial challenge in TIR8�/�

and TIR8�/� mice. Data represent means � SEM of 8 mice per group. *, P 	
0.05. Ctrl, control.

FIG 3 Neutrophil respiratory burst activity in response to uropathogenic E. coli.
Oxidative burst of TIR8�/� and TIR8�/� granulocytes after infection with E. coli.
With the use of a dihydrorhodamine 123 (Rho123)-based flow cytometry assay,
the percentage of stimulated neutrophils undergoing oxidative burst (a) and the
mean fluorescence intensity (MFI) per cell (b) were measured in neutrophils from
blood of TIR8�/� and TIR8�/� mice. Data are means and SEM (n � 4 per group).
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we found that renal neutrophil influx, as measured by tissue MPO
activity, was more profound in TIR8�/� mice than in TIR8�/�

mice at 8 h after infection (Fig. 4d). In line with this observation,
we found that TIR8�/� mice had more granulocytes in the pyelum
region after infection than TIR8�/� mice (Fig. 4e). At the later
phases of UTI (24 and 48 h), TIR8�/� mice had lower MPO con-
centrations (ng/mg of protein) in their kidneys than TIR8�/�

mice (at time t � 24 h, 32.9 � 9.5 for TIR8�/� mice and 13.0 � 3.2
for TIR8�/� mice, P � 0.087; at t � 48 h, 42.0 � 10.9 for TIR8�/�

mice and 13.5 � 3.0 for TIR8�/� mice, P � 0.042), probably
reflecting the reduced bacterial load in these mice after 24 h. To-
gether, these data indicate that TIR8 deficiency is associated with
enhanced neutrophil mobilization and recruitment to the kidneys
in the early phase of the infection.

TIR8 expressed in renal epithelial cells functions as a nega-
tive regulator of a TLR4-mediated inflammatory response. To
further elucidate the mechanism underlying the enhanced in-

trarenal neutrophil recruitment in TIR8-deficient mice, we ana-
lyzed the inflammatory response of tubular epithelial cells to the
TLR4 ligand LPS and heat-killed uropathogenic E. coli. We found
that LPS and heat-killed E. coli led to a significant increase of the
proinflammatory molecules KC, CXCL2 (MIP-2), CCL2 (MCP-
1), and TNF-� in TIR8�/� TECs (Fig. 5b) and increased mRNA
levels of MyD88, IRAK1, IRAK4, and TAK1 (see Fig. S1 in the
supplemental material) that together indicate the activation of the
MyD88-dependent TLR4 signaling pathway. To study whether
TIR8 would modulate the MyD88-dependent inflammatory cyto-
kine response, we also stimulated TIR8�/� TECs, which revealed
that LPS-stimulated primary TECs of TIR8�/� mice produce sig-
nificantly more of the proinflammatory mediators KC, CXCL2,
CCL2, and TNF-� than TECs from TIR8�/� mice (Fig. 5b). In line
with this, we found increased levels of KC, CCL2, and TNF-� in
supernatants of TIR8�/� TECs when they were stimulated with
heat-killed E. coli compared with levels in TIR8�/� TECs (Fig. 5b).

FIG 4 Leukocyte dynamics in response to infection: neutrophil (a), lymphocyte (b), and monocyte (c) cell counts in blood, renal MPO levels (d), and neutrophil
influx in the renal pyelum region (e) after transurethral bacterial challenge in TIR8�/� and TIR8�/� mice. Data in panels a to d represent means � SEM of 6 to
8 mice per group. *, P 	 0.05.
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No difference could be observed in IL-6 production levels between
TIR8�/� and TIR8�/� TECs when they were stimulated with ei-
ther LPS or heat-killed bacteria (data not shown). Hence, TEC-
associated TIR8 functions as a negative regulator for the TLR4-
mediated inflammatory response against uropathogenic E. coli.

In support of this notion, we found increased levels of KC and
MCP-1 in TIR8�/� kidneys compared to levels in TIR8�/� kid-
neys at 8 h after infection (for KC, 27.1 � 0.7 pg/mg of protein in
TIR8�/� mice versus 76.4 � 49.9 pg/mg of protein in TIR8�/�

mice; for MCP-1, 1.6 � 0.2 pg/mg of protein in TIR8�/� mice
versus 3.1 � 1.8 pg/mg of protein in TIR8�/� mice). Unfortu-
nately, this difference did not reach statistical significance due to
high variations in the TIR8�/� group. No differences were found
between the control groups and the other groups at 4-h postinfec-
tion (data not shown). Moreover, we analyzed the expression of
intercellular adhesion molecule 1 (ICAM-1), which is a crucial
adhesion molecule for the migration of polymorphonuclear leu-
kocytes (PMNs) to the kidney during ascending pyelonephritis
(1). This revealed a trend toward increased ICAM-1/HPRT
mRNA expression in TIR8�/� kidneys at t � 8 compared to
TIR8�/� kidneys (TIR8�/�, 0.95 � 0.06 for TIR8�/� versus
TIR8�/� 1.78 � 0.74, ICAM-1/HPRT), while values for sham-
operated animals and animals at 4 h postinfection were similar
(data not shown). The expression levels of chemokine receptors
CXCR2 and CCR2 were not statistically different in all tested
groups and could not, therefore, explain the difference in PMN
influx levels (data not shown).

To study whether differences in bacterial clearance and inflam-
matory response can also be explained by a modulatory effect of
TIR8 on TLR4 expression, we next analyzed the expression of
TIR8 and TLR4 in stimulated TECs and kidneys from infected
mice. This revealed that TIR8 does not modulate the mRNA ex-
pression of TLR4 either in vitro (Fig. 6a) or in vivo (Fig. 6b).

DISCUSSION

To ensure that the host survives infections without inducing in-
flammation-driven collateral tissue damage and loss of vital organ
function, the immune system has to achieve and maintain a deli-
cate equilibrium between proinflammatory and anti-inflamma-

FIG 5 Inflammatory response of tubular epithelial cells. Graphs show levels of cytokines and chemokines in supernatants obtained from TIR8�/� and TIR8�/�

TECs after stimulation with LPS or heat-killed (HK) uropathogenic E. coli. Data are means � SEM (n � 5 per group). *, P 	 0.05.

FIG 6 TLR4 mRNA expression. (a) Expression of TLR4 mRNA by TECs from
TIR8�/� and TIR8�/� mice stimulated with LPS or heat-killed (HK) uro-
pathogenic bacteria. Data are means � SEM (n � 5 per group). (b) TLR4
mRNA expression in kidneys from TIR8�/� and TIR8�/� mice with upper
urinary tract infection as determined by semiquantitative PCR. Data are means
and SEM of 6 to 8 mice per group.
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tory processes. TIR8 is a key regulator in inflammation, cancer-
related inflammation, and autoimmunity as it has the ability to
inhibit TLR signaling by trapping TLR signaling complexes, which
leads to the diminishing of an inflammatory response (12). TIR8
mRNA is predominantly expressed in the kidney, in particular, in
TECs. As TLRs and renal epithelium control innate immunity
during UTI, we evaluated the expression of TIR8 during upper
UTI and explored its role in host defense by comparing TIR8�/�

to TIR8�/� mice. We found that renal epithelium-associated
TIR8 inhibits an efficient host response against uropathogenic E.
coli during UTI. TIR8 deficiency caused a decreased outgrowth of
bacteria in the kidney, which was associated with an enhanced
LPS-mediated inflammatory response of renal TECs, an early in-
crease of circulating and tissue-associated neutrophils, and re-
duced renal dysfunction during infection.

Data of the role of TIR8 in host defense against infection are
highly limited. In a murine model of pulmonary tuberculosis and
acute Pseudomonas aeruginosa lung infection, TIR8�/� mice were
shown to have increased mortality (13, 37). Huang et al. (16)
reported that mice treated with anti-TIR8 Ab had increased stro-
mal damage and bacterial load in the cornea in a model of Pseu-
domonas aeruginosa keratitis. Moreover, it was reported that
TIR8-deficient mice had a decreased survival and increased fungal
burden in response to candidiasis (2). To the best of our knowl-
edge, other investigations on the role of TIR8 in infection have not
been reported. The role of the predominant expression of TIR8 in
the kidney during infection remained unknown. The results of the
present study demonstrate a crucial role of TIR8 in the early host
defense against upper UTI. The lack of TIR8 led to an increase in
the amount of circulating and renal tissue-specific neutrophils
within a few hours after infection. Consequently, early host de-
fense against uropathogenic bacteria was strongly improved in
TIR8�/� mice, leading to an increase in bacterial clearance and a
more preserved renal function. Although TIR8�/� mice eventu-
ally recovered and overcame infection with uropathogenic E. coli
at almost the same level as TIR8�/� mice, early clearance of the
bacteria from the kidneys was highly inefficient. Conceivably, the
unfavorable effect of TIR8 during UTI depends on the stage of
the infection, becoming less important as the clearance of the bac-
teria is efficient. Alternatively, the absence of TIR8 in TIR8�/�

mice may be compensated for by other mechanisms at later stages
of infection.

What could be the mechanism by which TIR8 dampens an
inflammatory response during infection with uropathogenic E.
coli? We found that endogenous TIR8 on TECs plays an anti-
inflammatory role during pathogen stimulation by inhibiting LPS
signaling. This is reflected by increased cytokine (TNF-�) and
chemokine (KC, CCL2, and CCL3) production in TIR8�/� TECs
compared to TIR8�/� TECs when they are stimulated with LPS or
heat-killed uropathogenic E. coli. As these chemokines and cyto-
kines are well-known MyD88-dependent pathway molecules and
as other investigators have shown that TIR8 is involved in the
negative regulation of the MyD88-dependent TLR signaling (38),
it seems reasonable to suggest that the MyD88-dependent TLR4
signaling pathway was affected in TIR8�/� TECs after pathogenic
stimulation. These in vitro observations correspond to our in vivo
data, in which we found enhanced circulating leukocytes and in-
trarenal granulocytes in TIR8-deficient mice and a mild increase,
although not statistically different, in local chemokines and adhe-
sion molecule ICAM-1. Apparently, the small differences in

chemokines and ICAM-1 are large enough to lead to differences in
PMN influx levels in kidneys between TIR8�/� and TIR8�/�

mice. Alternatively, differences in other unidentified factors might
play an additional role in the difference in PMN influx levels.
Together, these results show that renal cells can modulate local
immune responses that are induced by the TLR4 signaling path-
way via TIR8. This ascribes a much more active role to epithelial
cells in the regulation of local immune responses than anticipated
so far. The Anders group previously showed that TIR8 suppresses
chemokine and cytokine production in renal resident myeloid
cells or CD45-positive cells (21, 33). It could therefore be that
some of the differences we found in inflammation and bacterial
clearance are mediated as well by leukocyte-associated TIR8. In
contrast to our results, the Anders group did not find a difference
in cytokine/chemokine responses in primary TECs, with or with-
out TIR8, that are exposed to LPS in vitro (21, 33). One plausible
explanation could be that in these studies the amounts of cyto-
kines and chemokine are not normalized to the amounts of (via-
ble) cells that were stimulated. Since TIR8 is involved in cell sur-
vival, proliferation, and apoptosis of epithelial cells (9, 42) and
since LPS can induce cell death in tubular epithelial cells (3), we
chose to correct the level of produced chemokines for the amount
of viable TECs. In line with our results, Wald et al. found that
TIR8-deficient primary renal epithelial cells had an increase in
their NF-
B DNA binding activities in response to IL-1 and LPS
(38). Accordingly, it was shown that the activation of NF-
B of
LPS-stimulated human alveolar epithelial cells was inhibited by
TIR8 overexpression (9) and that LPS-mediated IL-8 production
was significantly greater in intestinal epithelial cells transfected
with TIR8 small interfering RNA (siRNA) (17). However, one has
to keep in mind that using LPS and heat-killed E. coli as a cell
stimulus is a simplification of the system. Using living bacteria
carrying a heterogeneous and dynamic set of molecules might be
more suitable to dissect the response-inducing agonists or mech-
anisms, and this possibility warrants further investigation.

The differences that were found in microbial outgrowth be-
tween different infection models indicate that TIR8 has a patho-
gen- and organ-specific role in host defense against infection.
Studies on the expression of TIR8 demonstrate a highly conserved
pattern among different animal species from humans to ungu-
lates, birds, carnivores, and rodents (29). In a wide panel of organs
and tissues of these animal species, TIR8 mRNA is, overall, most
abundantly expressed in the kidney (14, 26, 29, 38), especially on
tubular epithelial cells (21, 26; also this study). This conservation
and organ-specific expression in different animal species suggest
that TIR8 is a crucial receptor in the kidney. Indeed, we found that
the level of TIR8 mRNA is altered in the kidney during infection,
suggesting that this receptor is important for regulating inflam-
matory responses in this organ. TIR8 mRNA was significantly
downregulated in the kidney at early time points and started to
increase toward baseline levels at later time points after UTI. It can
be speculated that this downregulation would enhance an inflam-
matory response directed against renal infection or elimination of
debris during tissue injury. Indeed, TIR8�/� mice with infected or
lethally injured kidneys had increased inflammatory responses
compared to TIR8�/� mice. The subsequent upregulation of TIR8
later during the infection could, in its turn, avoid the induction of
collateral damage due to an exaggerated or prolonged inflamma-
tory response. This corresponds with studies demonstrating that
TIR8 deficiency renders mice more susceptible to acute renal isch-
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emic injury (20), acute graft rejection, and tubular necrosis after
kidney allotransplantation (23), while mice with TLR4 and TLR2
deficiencies are less susceptible to acute renal ischemic injury (22,
27, 32, 40). The high level of constitutive TIR8 expression in the
kidney during homeostasis could be a mechanism by which or-
ganisms try to avoid the induction of a disproportional and detri-
mental inflammatory response when only few pathogens are pres-
ent. Although ascending bacteria (4, 5) and TIR8 expression (this
study) in the kidney seem to be located in different compartments
in the kidney, it might be envisioned that residual bacterial anti-
gens or tissue injury debris that persists subsequent to bacterial
killing is rapidly spread through the renal tissue and in this way
can reach and activate TLR4- and TIR8-positive tubular cells.

UTI is one of the most common infections afflicting man-
kind, with significant medical and financial implications. The
acute inflammatory response during UTI is decisive for an ef-
fective host defense but also for the development of renal dam-
age and scarring (30). Our findings imply an important role for
tubular epithelial cell-associated TIR8 in the regulation of mi-
crobial-mediated inflammatory responses and the host defense
against upper UTI.
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