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ABSTRACT
Toll-like receptors (TLR) classically recognize pathogen-associated danger signals but are also activated
via endogenous ligands. For evaluation of their role in inflammatory kidney disease, the function of TLR
was analyzed in two mouse models of cryoglobulinemic membranoproliferative glomerulonephritis
(MPGN; mice transgenic for thymic stromal lymphopoietin [TSLP], with or without deletion of the Fc�

receptor IIb). Expression of TLR1 through 9 and TLR11 mRNA was detectable in whole kidneys and in
isolated glomeruli of wild-type mice, with TLR3 and TLR4 having the highest absolute levels of expres-
sion. TLR1, 2, and 4 were increased in TSLP transgenic mice and even higher in TSLP transgenic
Fc�RIIb-deficient mice. TLR5 through 9 and 11 were upregulated to similar degrees in TSLP transgenic
and TSLP transgenic Fc�RIIb-deficient mice. Immunohistochemical studies of nephritic glomeruli local-
ized TLR4 protein to podocytes. Cultured podocytes also expressed TLR4, and stimulation with TLR4-
specific ligands resulted in a marked induction of chemokines; this was reduced by specific knockdown
of TLR4 with siRNA. Fibrinogen, a potential endogenous TLR4 ligand, was shown to induce a similar
profile of chemokines. In conclusion, it was demonstrated that TLR4 is constitutively expressed by
podocytes and is upregulated in MPGN, where it may mediate glomerular injury by modulating expres-
sion of chemokines; therefore, TLR4 may link podocytes with the innate immune system to mediate
MPGN triggered by the deposition of immune complexes.
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Cryoglobulins are immunoglobulins or complexes
of immunoglobulins that circulate in the serum and
precipitate in the cold and redissolve after rewarm-
ing. Cryoglobulinemia is a systemic disease with a
wide spectrum of manifestations resulting from
deposition of cryoglobulins in various organs.1 Up
to 50% of patients with mixed cryoglobulinemia
develop renal involvement.2 The typical renal man-
ifestation of mixed cryoglobulinemia is a mem-
branoproliferative glomerulonephritis (MPGN)
induced by deposits of immune complexes in glo-
merular capillary walls and mesangial areas, mono-
cyte/macrophage infiltration, and sometimes intra-
capillary “thrombi” composed of cryoprecipitable

immune complexes.3 The pathogenesis of this im-
portant form of glomerular injury is still incom-
pletely understood.3

Toll-like receptors (TLR), sensors in the innate
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immune system, have been best characterized as a system to
recognize danger signals to the host arising from pathogen-
associated molecular patterns (e.g., microbial wall components
and nucleic acids).4,5 Eleven members of the TLR family (TLR1
through TLR11) have been identified so far in mice and 10 in
humans.6 Recent studies of autoimmunity suggest that activa-
tion of TLR also occurs with endogenous ligands, leading to
activation of intrinsic renal cells7; hence, they are candidate
mediators of inflammatory glomerular diseases. We therefore
analyzed the expression pattern of TLR in a mouse model of
chronic cryoglobulinemic glomerulonephritis (GN).

Mice overexpressing thymic stromal lymphopoietin
(TSLP), an IL-7–like cytokine with B cell–promoting proper-
ties, form large amounts of circulating cryoglobulins of mixed
IgG-IgM composition and develop a systemic inflammatory
disease that involves the kidneys, lungs, liver, spleen, and skin,
similar to what occurs in humans with cryoglobulinemia.8 Re-
nal involvement in TSLP mice is characterized by a MPGN
with monocyte/macrophage infiltration of glomeruli; marked
mesangial extracellular matrix expansion; increased glomeru-
lar cellularity; and prominent accumulation of subendothelial,
mesangial, and intracapillary immune complex deposits,
closely resembling the morphologic features of human
MPGN.9 Previously, this model was used to show the impor-
tance of regulation of effector leukocytes via Fc� receptors
(Fc�R). One of these, Fc�RIIb, protects from autoimmune
injury, and Fc�RIIb knockout mice transgenic for TSLP
(TSLP/Fc�RIIb� mice) show aggravation of MPGN com-
pared with TSLP-transgenic mice.10 We used these animal
models to demonstrate a possible and previously undescribed
role for the innate immune system, via TLR4, in mediation of
cryoglobulinemic MPGN.

RESULTS

Histopathology
The TSLP transgenic mice developed cryoglobulinemia, a sys-
temic inflammatory disease involving kidneys, lungs, liver,
spleen, and skin, and glomerular immune complex deposition
with MPGN as described previously.9 The renal injury was uni-
formly present in TSLP mice at day 30 and showed a marked
progression at day 120 in male mice. Glomerular lesions were
further exacerbated uniformly in TSLP mice with deletion of
normally inhibitory Fc�RIIb (Figure 1, A through D). Electron
microscopy revealed characteristic deposits of immune com-
plexes in mesangial regions and between split glomerular cap-
illary basement membranes, with relatively little damage to
podocyte foot processes (Figure 1E).

TLR Expression in the Kidney of TSLP-Transgenic Mice
and TSLP-Transgenic Fc�RIIb� Mice
Quantitative reverse transcriptase–PCR (RT-PCR) to assess
mRNA expression of TLR in total kidney and sieved glomeruli

of male wild-type (WT) control mice (aged 30 and 120 d),
TSLP mice (30 and 120 d), and TSLP/Fc�RIIb� mice (120 d)
revealed expression of TLR1 through TLR9 and TLR11 mRNA,
in both whole kidneys and isolated glomeruli of WT mice.
Absolute expression in WT kidneys was highest for TLR3 and
TLR4. Other receptors, notably TLR8 and TLR9, showed only
low absolute expression levels in WT mice. Comparison of
TLR mRNA WT with diseased mice relative to a standard (ex-
pression of cyclophilin) revealed prominent differences in the

Figure 1. TSLP transgenic mice as a model of MPGN. (A and B)
WT mice with normal renal histology at the age of 120 d (A, silver
stain; B, periodic acid-Schiff [PAS] stain). (C through E) TSLP
transgenic mice at the age of 120 d show typical signs of MPGN
as deposition of PAS-positive material (immune deposits includ-
ing the containing cryoglobulins) in peripheral capillaries and the
mesangium (D, PAS stain). The glomerular tuft shows prominent
increase of silver staining mesangial matrix (C, silver stain). (E)
Electron micrograph of a glomerulus depicting widespread dep-
osition of electron-dense immune complexes in mesangial areas
and in subendothelial portions of glomerular capillary walls.
Podocytes show focal effacement of foot processes, but many of
these are preserved (arrows). There are red blood cells in the
capillary lumen. (M, mesangium; D, deposits; CL, capillary lumen).
Magnification, �100.
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glomerular compartment (Figure 2, Table 1). TLR 1, 2, and 4
were upregulated in mice with MPGN (three-fold increase for
TLR4 in TSLP mice compared with WT mice at 30 d; a seven-
fold increase was seen in TSLP/RIIb� mice; Table 1) and
showed further upregulated expression in TSLP/Fc�RIIb-
mice. TLR5, 6, 7, 8, 9, and 11 also were upregulated in the TSLP
transgenic mice, but expression was not further induced in
TSLP/Fc�RIIb� mice. Only TLR3 showed no significant dif-
ferences between the study groups. These differences were ap-
parent only in the isolated glomerular compartment; such
changes were not apparent when mRNA from whole kidneys
of WT and diseased mice was examined. Some TLR exhibited a
very prominent fold change in expression relative to controls
as a result of the very low absolute levels of expression at base-
line to which disease mice were compared. Whereas the ma-
jority of regulated TLR showed a higher expression early dur-
ing the disease (day 30 versus day 120), the expression of TLR1
and TLR11 remained high at the later time point.

In Vivo Expression of TLR4 by Podocytes and Tubular
Epithelial Cells in Murine Kidneys
Because literature data for activation of TLR by endogenous
ligands were available for TLR4 (e.g., engagement by heat-
shock proteins, fibrinogen, heparan sulfate, hyaluronan, lung
surfactant protein), we further focused on TLR4. Immunohis-
tochemical studies of paraffin-embedded kidneys obtained
from WT mice using specific antibodies from three different
sources revealed expression of TLR4 in glomeruli (Figure 3, A
and B), in a distribution most consistent with a podocyte distri-
bution. The most discrete glomerular staining was obtained with
the Zymed antibody. Distal but not proximal tubular epithelial
cells also showed a specific staining pattern for TLR4, confirming
a previously published in vitro study11 (data not shown).

A critical control used kidney tissue from TLR4-deficient
mice, which showed no staining with these antibodies (data
not shown). To localize TLR4 expression within the glomeruli
to a specific cell population, we performed double immunola-
beling with glomerular cell–specific markers. To identify
podocytes, we used p27kip1, a cell-cycle inhibitor protein that is
expressed in mature podocytes and is not detectable in mesan-
gial or glomerular endothelial cells.12 Double immunolabeling
with TLR4 and p27kip1 confirmed expression of TLR4 by podo-
cytes (Figure 3A) and not by other glomerular cell types. Visual
estimation of TLR4 expression in podocytes as a gauge of rel-
ative differences between WT and diseased mice demonstrated
higher expression in TSLP mice compared with WT mice and
still further increase in TSLP/Fc�RIIb� mice (Figure 3B). Un-
fortunately, because of the lack of appropriate antibodies, con-
vincing and reproducible staining patterns for murine TLR
other than TLR4 could not be established in the tissue prepared
from our mouse model.

Expression of TLR4 Protein and mRNA by Podocytes
In Vitro
The immunohistochemical staining for TLR4 in normal and
diseased kidney tissue in a podocyte-specific pattern led us to

Figure 2. Glomerular TLR4 expression and regulation during
MPGN in vivo. Glomeruli were isolated by sieving from (WT),
TSLP, and TSLP/Fc�RIIb�, respectively, at the given time points.
Expression of TLR4 mRNA was analyzed by real-time PCR. At least
eight mice were investigated per experimental group and time
point. Relative expression values are depicted as means � SEM.

Table 1. Glomerular TLR mRNA expression during murine MPGN

TLR

WT TSLP
TSLP/Fc�RIIb�

30 D 120 D 30 D 120 D

Relative to
Cyclophilin

(%)

Relative to
WT Mice at

30 D

Relative to
Cyclophilin

(%)

Relative to
WT Mice at

30 D

Relative to
Cyclophilin

(%)

Relative to
WT Mice at

30 D

Relative to
Cyclophilin

(%)

Relative to
WT Mice at

30 D

Relative to
Cyclophilin

(%)

Relative to
WT Mice at

30 D

TLR1 0.49 (�0.30) 1 0.39 (�0.04) 0.80 3.30 (�1.50) 6.70 3.01 (�1.12) 6.11 4.77 (�1.43) 9.70
TLR2 0.54 (�0.04) 1 0.58 (�0.04) 1.07 3.13 (�1.28) 5.80 2.07 (�0.51) 3.83 4.44 (�1.24) 8.23
TLR3 2.92 (�0.25) 1 2.66 (�0.11) 0.91 3.68 (�0.61) 1.26 3.68 (�0.45) 3.47 4.24 (�0.55) 1.45
TLR4 1.25 (�0.19) 1 0.94 (�0.28) 0.75 3.82 (�0.71) 3.07 1.36 (�0.46) 1.09 8.50 (�1.52) 6.83
TLR5 0.20 (�0.07) 1 0.18 (�0.04) 0.90 4.28 (�2.30) 21.40 1.81 (�0.91) 9.05 1.32 (�0.55) 6.60
TLR6 0.22 (�0.12) 1 0.19 (�0.02) 0.86 3.73 (�1.67) 16.95 1.67 (�0.67) 7.59 2.07 (�0.79) 9.40
TLR7 0.87 (�0.15) 1 0.75 (�0.28) 0.86 3.83 (�1.98) 4.40 1.79 (�0.30) 2.06 2.72 (�0.45) 3.13
TLR8 0.03 (�0.001) 1 0.10 (�0.02) 3.33 2.27 (�1.44) 75.67 0.81 (�0.25) 27.00 0.67 (�0.22) 22.33
TLR9 0.06 (�0.008) 1 0.23 (�0.045) 3.83 4.88 (�2.93) 81.33 2.56 (�0.94) 42.67 0.58 (�0.16) 9.67
TLR11 0.07 (�0.008) 1 0.28 (�0.04) 4.00 2.43 (�0.04) 34.71 2.32 (�0.80) 33.14 0.40 (�0.09) 5.71
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examine cultured mouse podocytes for expression of TLR4. To
confirm expression of TLR4 by mouse podocytes, we con-
ducted Western blot analysis with a TLR4-specific antibody
and RT-PCR. Western blot analysis revealed a single band at
the known size of TLR4 (approximately 95 kD),13 (Figure 3C).
RT-PCR confirmed concurrent expression of TLR4 mRNA
(Figure 3D).

Activation of Cultured Podocytes with the TLR4
Ligands LPS and Lipid A Induces Chemokine
Expression
To demonstrate potential functionality of TLR4, we incubated
cultured podocytes with LPS, a well-established exogenous
TLR4 ligand. To test the specificity of TLR4 engagement, we
performed parallel experiments in which podocytes were stim-
ulated with Lipid A, which acts as the hydrophobic anchor of
LPS14 and is the only part of LPS that signals through TLR4.15

RNA was prepared from cells growing under standard condi-
tions, as well as from cells that had been stimulated with TLR4
ligands for different time intervals. By real-time RT-PCR, ex-
pression of specific chemokines was determined from both
unstimulated and stimulated cells under these conditions. A
strong induction of the chemokines CCL2, CCL7, CXCL1, and
CXCL5 and a moderate induction of CCL3, CCL5, CXCL7,
CXCL9, CXCL11, and CXCL13 could be demonstrated by
stimulation of cells with both LPS and Lipid A (Figure 4).

Effects of TLR4-Specific Small Interfering RNA
For demonstration that the podocyte response to LPS was
TLR4 dependent, TLR4-specific small interfering RNA
(siRNA) was generated to inhibit experimentally the expres-
sion of this receptor protein in cultured podocytes. Transient
transfection of cultured cells with TLR4-specific siRNA re-
sulted in a highly significant reduction of both TLR4 mRNA
(Figure 5A) and TLR4 surface protein (Figure 5B). Controls
were performed by using TLR9-specific siRNA, a nonsilencing
siRNA, and mock transfections, each showing no significant
changes in TLR4 expression (Figure 5A). Furthermore, TLR4-
specific siRNA-pretreated podocytes were markedly less re-
sponsive to Lipid A as compared with control podocytes (Fig-
ure 5C). Stimulation with LPS was much less affected by siRNA
pretreatment (Figure 5C), suggesting that additional TLR4-
independent pathways exist for activation of podocytes by
other components of LPS. Control experiments using a TLR9-
specific siRNA or nonsilencing siRNA had no influence on the
effects of LPS and Lipid A (data not shown).

Fibrinogen as Potential Endogenous Ligand for
Podocyte TLR4 Activation during MPGN
Because typical exogenous (i.e., infection-associated) ligands
were unlikely to be relevant in this model, in which mice were
kept under pathogen-free conditions, we approached identifi-
cation of potential pathophysiologically relevant endogenous
ligands of TLR4 in MPGN by microarray analysis of gene ex-
pression in the sieved glomeruli. This revealed the presence
and/or induction of heat-shock proteins, hyaluronic acid, and
fibrinogen as candidate endogenous TLR ligands (data not
shown). Of several candidate molecules tested for their ability
to activate cultured podocytes (e.g., heat-shock proteins, hyal-
uronic acid), only fibrinogen was found to activate several che-
mokines in a pattern similar to that of Lipid A. Pretreatment
with TLR4-specific siRNA significantly reduced the fibrino-
gen-dependent induction of these chemokines (Figure 6A).
Staining of kidney sections prepared from diseased TSLP mice
revealed significant glomerular deposition of fibrinogen dur-
ing the course of MPGN in vivo (Figure 6B). In control exper-
iments, TLR9-specific siRNA had no influence on the effects of
fibrinogen (data not shown).

DISCUSSION

In this study, we introduced a potential role for the innate
immune system through engagement of TLR4 in the amplifi-
cation phase of cryoglobulinemic MPGN. We demonstrated
that podocytes constitutively expressed TLR4, that podocyte
TLR4 was upregulated in cryoglobulinemic MPGN, and that
engagement of podocyte TLR4 led to release of chemokines,
which may promote the local recruitment of leukocytes and
amplification of glomerular injury characteristic of this model.

Podocytes are not usually thought to have a role in the me-
diation of inflammatory GN. Podocyte peptides may be an

Figure 3. Podocytes express TLR4 in vivo and in vitro. Immuno-
histochemical localization of TLR4 protein in glomeruli of WT mice
(A) and TSLP/Fc�RIIb� mice (B). (A and B) Double staining for
TLR4 (brown signal) and podocytes (identified by staining for
p27kip1; blue signal). TLR4 knockout mice served as control and
showed no staining for TLR4 (data not shown). (C and D) Cultured
primary murine podocytes show a constitutive expression of TLR4
by Western blot analysis (C) and RT-PCR (D). Size marker (M), lane
1; podocyte total RNA (Podo), lane 2; RT� control, lane 3. Mag-
nification, �100.
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antigenic target in cases of membranous glomerulopathy and
may be injured in a variety of noninflammatory glomerulopa-
thies but are not recognized as having active roles in mediation
of acute or chronic GN of immune complex origin; however,
data are emerging that podocytes may have immunomodula-
tory activities that contribute to renal injury.16 Our studies
showed that podocytes could have a novel proinflammatory
function during the course of GN. We showed that podocytes
react to immune complex–mediated damage to the glomerular
filtration barrier and upregulate innate immune receptors, es-
pecially TLR4. Activation of podocyte TLR4 led to the local

release of chemokines, which likely enabled recruitment of in-
flammatory leukocytes, which may exacerbate or ameliorate
the glomerulonephritic injury. This scenario is supported by
our in vitro studies showing that podocytes responded to TLR4
agonists by release of specific chemokines and that such a re-
sponse could be abolished by treatment with TLR4-specific
siRNA.

Our findings add to an emerging body of evidence that TLR
play a role in renal inflammation and GN, usually in settings
that may be triggered or augmented by infections. As exam-
ples, an aggravation of horse apoferritin–induced immune

Figure 4. Time course of chemokine induction in podocytes upon activation of TLR4. Cultured podocytes were stimulated with LPS
or Lipid A during the shown time range. Relative expression values were analyzed by real-time RT-PCR and normalized to the
housekeeping gene cyclophilin. Significant differences are indicated for P � 0.05 (*) or P � 0.01 (**). At least three independent
experiments were performed.
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complex GN by bacterial CpG-DNA via TLR9 was previously
reported.17 Studies in other models have characterized patho-
physiologic roles for TLR7 and TLR9 expressed by infiltrating
immune cells in the setting of infection-associated exacerba-

tion GN and for several TLR on glomerular mesangial cells in
murine lupus nephritis.18 –20 TLR9-binding CpG-DNA was
found to trigger the onset of diffuse proliferative lupus nephri-
tis in MRL(lpr/lpr) mice.21 A role for renal TLR expression was

Figure 5. Effects of TLR4-specific siRNA on cultured podocytes. (A) Reduction of TLR4 mRNA in podocytes after transfection with
TLR4-specific siRNA for 12 or 24 h (real-time RT-PCR); TLR9-specific siRNA and a nonsilencing siRNA served as controls. (B) Presence
of TLR4 protein on the surface of podocytes as detected by FACS analysis. (Left) Naive cells. (Right) Cells incubated with TLR4-specific
siRNA for 48 h. (C) Effect of pretreatment with TLR4-specific siRNA on chemokine induction by LPS and Lipid A (real-time RT-PCR). In
A and C, significant differences are indicated for P � 0.05 (*) or P � 0.01 (**).
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also described in models of infective murine pyelonephritis.22,23

Particularly relevant to our studies in cryoglobulinemic mice is
the recently described induction of TLR3 on glomerular mesan-
gial cells in human hepatitis C–associated MPGN accompanied
by locally increased mRNA expression of the chemokines CCL2
and CCL5.24 Unfortunately, suitable reagents to visualize directly
TLR3 in the mouse for direct comparisons between the murine
and human forms of MPGN are lacking; however, the absence of
upregulated mRNA for TLR3 in nephritic mouse glomeruli of

TSLP mice as detectable by RT-PCR analysis points to a poten-
tially important difference between hepatitis C–associated human
MPGN and the murine model, which does not require an infec-
tious stimulus. Expression of TLR4 or TLR other than TLR3 has
not yet been reported in human MPGN. In aggregate, these stud-
ies and our own point to multiple potential roles for TLR in the
induction and evolution of GN but are too preliminary at present
to permit unification of these observations into a sharply defined
mechanistic process.

Figure 6. Fibrinogen activates podocytes via TLR4. (A) Fibrinogen stimulation of cultured podocytes led to an induction of chemokines
that was inhibitable by transfection with TLR4-specific siRNA. Significant differences are indicated for P � 0.05 (*) or P � 0.01 (**). (B)
Deposition of fibrinogen (brown signal) in glomeruli of MPGN mice shown by immunohistochemistry. Magnification, �1000.
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The physiologic function of TLR4 in podocytes is unknown,
but we speculate that it may enable podocytes, by virtue of their
unique location in the urinary space, to perform surveillance
functions and respond to the presence of pathogens or proteins
normally foreign to this space by recruitment of leukocytes.
Such a function would support and extend a previous report by
Reiser et al.,16 who described an induced synthesis of the im-
mune co-stimulatory molecule B7–1 in podocytes after stim-
ulation with LPS. Here we explicitly demonstrated expression
and activation of podocyte TLR4 by both LPS and Lipid A.
Whereas the effects of Lipid A could be blocked nearly com-
pletely after prestimulation of cells with TLR4-specific siRNA,
LPS-induced changes were affected less prominently. These
findings point to the presence of other LPS-binding receptors,
such as TLR2, on podocytes. We further showed that in addi-
tion to these exogenous ligands, fibrinogen, a candidate glo-
merular endogenous ligand for TLR4 and known to contribute
to some pathologic manifestations of acute GN, induced the
TLR4-dependent expression of a variety of chemokines known to
be important in immune-mediated glomerular disease. Fibrino-
gen was previously identified as an endogenous ligand for TLR425

and is known to contribute to pathologic manifestations of acute
GN and is present in some severe types of GN at the time of TLR4
induction.26,27 Our results suggest that in glomerulonephritides in
which fibrinogen is present, it may have immunomodulatory ef-
fects that are mediated through TLR4. In contrast, in the podocyte
model system used here, other potential endogenous TLR4 li-
gands (i.e. heat-shock proteins, hyaluronic acid) did not signifi-
cantly activate TLR4; however, until tested further, we remain
cautious that these negative studies with endogenous TLR4 li-
gands other than fibrinogen may be a species-specific effect or
may depend on the experimental conditions tested.

In summary, we demonstrated a novel finding that podo-
cytes are a component of the innate immune system and that
engagement of podocyte TLR4 likely leads to recruitment of
inflammatory cells in glomerular injury. We recognize some
caveats in assessing of the importance of TLR4 engagement in
cryoglobulinemic MPGN. Critical details about the postulated
series of events remain to be elucidated, such as more specific
characterization of TLR4 ligands, in addition to fibrinogen, that
may initiate or propagate glomerulonephritic injury and specifi-
cation of downstream mediators (e.g., chemokines) of TLR4 en-
gagement that are induced in this model in vivo. The relative con-
tribution of TLR4 engagement versus that of other TLR that we
have shown to be upregulated in diseased glomeruli also needs
definition. This last characterization is well suited to future testing
by the use of mouse strains deficient in various TLR and compo-
nents of their downstream signaling pathways.

CONCISE METHODS

Animal Study and Experimental Design
The experimental protocol was approved by the Animal Care Com-

mittee of the University of Washington. Mice were housed under

specific pathogen-free conditions. We investigated three groups of

male mice: C57BL/6 WT, TSLP transgenic (TSLP) mice (in a C57/BL6

background as described previously9), and combined TSLP trans-

genic Fc�IIb receptor knockout mice (TSLP/Fc�RIIb�, on the same

C57/BL6 background as described previously10). Eighteen mice per

experimental group were killed at 30 d of age (i.e., early during the

disease [only the WT and TSLP transgenic mice group] and at 120 d of

age [all three groups]). At the end of the study, mice were anesthe-

tized, blood was drawn by cardiac puncture, and organs were col-

lected. Portions of renal tissue from six mice of each group were snap-

frozen in liquid nitrogen for further RNA isolation, and the remaining

tissue was fixed in 10% neutral buffered formalin for histology and

immunohistochemistry. Renal tissue from 12 mice of each group was

used for sieving of glomeruli following standard protocols.28 Paraffin-

embedded kidneys obtained from TLR4-deficient mice were obtained

from Dr. Kelly Smith, University of Washington, and used as a control

tissue for the TLR4 antibodies.29

Tissue Preparation and Histologic Stains
Fixed tissues were processed and embedded in paraffin, then sec-

tioned and stained with hematoxylin and eosin, periodic acid-Schiff

reagent, and periodic acid silver methenamine following standard

protocols.

Immunohistochemistry
Immunohistochemistry was performed as described previously.30,31

For TLR4 staining, antigen retrieval was done by steam -heating using

a decloaking chamber pro (Biocare Medical, Concord, CA). For all

samples, concurrent negative controls consisted of substitution of the

primary antibody with irrelevant rabbit or guinea pig mAb. Three

different specific TLR4 antibodies from Zymed Laboratories (Carls-

bad, CA), Santa Cruz Biotechnology (Santa Cruz, CA), and H.-J.

Gröne (German Cancer Research Center, Heidelberg, Germany) were

used to detect TLR4 in the mouse kidney sections. A p27kip1 antibody

from Labvision (Fremont, CA) was used to stain podocytes, as de-

scribed previously.12 A polyclonal rabbit antibody (Dako, Carpinte-

ria, CA) was used to stain fibrinogen.

RNA Isolation and Real-Time PCR
Sieved glomeruli were used for mRNA analysis. Extraction of total

RNA was performed using the RNeasy Midi Kit (Qiagen, Valencia,

CA). For cDNA synthesis, the Ambion RETROscriptTM kit (Ambion,

Austin, TX) was used. Parallel to each probe, 2 �g of isolated total

RNA was processed without reverse transcription to control for con-

taminating genomic DNA (RT� control).

Real-time RT-PCR was performed on a TaqMan ABI 7700 se-

quence detection system (PE Applied Biosystems, Darmstadt, Ger-

many) as described previously.32 Cyclophilin was used as a reference

gene. All water controls were negative for target and housekeeper.

Sequences of TLR primers are shown in Table 2.

Values relative to basal controls are provided as means � SEM.

Statistical analyses were performed by t test or ANOVA test, respec-

tively. Significant differences are indicated for P � 0.05 or P � 0.01.
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Protein Preparation and Western Blotting
Protein obtained frozen kidney tissue was minced and washed thor-

oughly in PBS, and Western blotting was performed using the Zymed

anti-TLR4 antibody. The Western blotting procedures were described

previously.30

Cell Culture Experiments
Immortalized mouse podocytes in culture were obtained from trans-

genic H-2Kb-tsA58 mice (ImmortoMouse; Jackson Laboratory, Bar

Harbor, ME) as described previously and characterized.33 Experi-

ments were performed using early passage growth-restricted, condi-

tionally immortalized mouse podocytes previously designated as

clone B6.34,35 Under growth-restricted conditions (absence of IFN-�,

culture at 37°C), proliferation was markedly reduced and cells under-

went cytoskeletal rearrangement with the formation of arborizing cel-

lular processes and expressed podocyte-specific proteins, resembling

the morphologic appearance of mature differentiated podocytes in

vivo. To test for functional responses, cultured podocytes were stim-

ulated with LPS extracted from Escherichia coli serotype O55:B5 (spe-

cific activity at least 500,000 endotoxin units/mg; Sigma, Hamburg,

Germany), with Lipid A prepared from Salmonella minnesota

(Sigma, Hamburg, Germany), or with fibrinogen from bovine plasma

(LPS-free; Sigma, Hamburg, Germany). Potential contamination of

fibrinogen with LPS was also experimentally excluded by incubation

with polymyxin B (which binds and inactivates any potential LPS

contamination) and by addition of heat denaturation, which inacti-

vates fibrinogen but not LPS and abolishes the observed fibrinogen

effect, as reported by others25 (data not shown).

Extraction of total RNA was performed using the RNeasy Mini Kit

(Qiagen, Hilden, Germany) with additional DNase digestion. Subse-

quent real-time PCR was performed as described previously.32

Treatment of Podocytes with siRNA
Podocytes (300,000 cells per/well, cultured in six-well plates) were

incubated with 25 nM siRNA for 24 to 48 h using HiPerfect Transfec-

tion Reagent (Qiagen, Hilden, Germany) for transient transfection.

Specific siRNA to silence selectively murine TLR4 or murine TLR9 as

well as appropriate control siRNA (Allstars negative control) was de-

signed and produced by Qiagen (Hilden, Germany). Fluorescence-

labeled siRNA was used in pilot experiments to determine optimal

transfection rates according to the manufacturer’s protocol.

FACS Analysis of Cultured Cells
For FACS analysis cultured podocytes were detached with Accutase

(PAA, Colbe, Germany) to preserve surface molecules. Flow cytom-

etry was performed as described previously36 using a monoclonal an-

ti-TLR4 antibody (clone MTS510; eBioscience, San Diego, CA) to

specifically detect murine TLR4.

Gene Expression Profiling with Affymetrix U133A
Arrays
Hybridization of RNA obtained from sieved glomeruli to mouse ge-

nome U133A arrays containing approximately 14,500 defined genes

was carried out according to the manufacturer’s instructions

(Affymetrix, Santa Clara, CA). The GeneChips were scanned by a

Hewlett Packard confocal laser scanner and visualized using the

Affymetrix GeneChip 5.0 software.

Data Collection and Analysis
Data normalization, log transformation, statistical analysis, and pat-

tern study were performed with the GeneSpring software. Raw data

were normalized using per-chip and per-gene two-step global nor-

malization methods to scale the expression levels around 1. We also per-

formed logarithmic transformation of the normalized data, yielding

more symmetric data for further parametric statistical analysis. Welch t

test was applied for statistical comparison among TSLP, TSLP/

Fc�RIIb�, and control mice. P value was set to �0.01. Finally, through

the NetAffx analysis center online, biologic roles of the significantly var-

ied genes in the glomerular gene expression profiles were annotated.

ACKNOWLEDGMENTS

This work was supported by grants from the Deutsche Forschungsge-

meinschaft (BA 2137) and the University of Regensburg (ReForM
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Table 2. Sequences of PCR primers

TLR Forward Primer Reverse Primer

mTLR1 5�-GGACCTACCCTTGCAACCAA 5�-GGTGGCACAAGATCACCTTT
mTLR2 5�-CGCCCTTTAAGCTGTGTCTC 5�-CGATGGAATCGATGATGTTG
mTLR3 5�-AGCATCAAAAGAAGCCGAAA 5�-CTTGCTGAACTGCGTGATGT
mTLR4 5�-CCTGATGACATTCCTTCT 5�-AGCCACCAGATTCTCTAA
mTLR5 5�-CTGGGGACCCAGTATGCTAA 5�-ACAGCCGAAGTTCCAAGAGA
mTLR6 5�-ACACAATCGGTTGCAAAACA 5�-GGAAAGTCAGCTTCGTCAGG
mTLR7 5�-ATTCCTTGCCTCCTGAGGTT 5�-GCTGAGGTCCAAAATTTCCA
mTLR8 5�-AGTTTGCACATTCCCTGGAG 5�-AGAGGAAGCCAGAGGGTAGG
mTLR9 5�-ACTGAGCACCCCTGCTTCTA 5�-GGCTCAGGCTAAGACACTGG
mTLR11 5�-GGGACTTTGGGATTGGAAAT 5�-CTAAGGCCTGTCCTGTGAGC
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