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Hepatitis C virus (HCV) infection is frequently
complicated by glomerulonephritis with immune
complexes containing viral RNA. We examined the
potential influence of Toll-like receptors (TLRs), spe-
cifically TLR3 recognition of viral dsRNA exemplified
by polyriboinosinic:polyribocytidylic acid [poly(I:C)
RNA]. Normal human kidney stained positive for TLR3
on mesangial cells (MCs), vascular smooth muscle
cells, and collecting duct epithelium. Cultured MCs
have low TLR3 mRNA levels with predominant intra-
cellular protein localization, which was increased by
tumor necrosis factor-� , interleukin (IL)-1� , inter-
feron (IFN)-� , and the TLR3 ligand poly(I:C) RNA.
Poly(I:C) RNA stimulation of MCs increased mRNA
and protein synthesis of IL-6, IL-1� , M-CSF, IL-8/
CXCL8, RANTES/CCL5, MCP-1/CCL2, and ICAM-I; it
also increased anti-proliferative and proapoptotic ef-
fects, the latter of which was decreased by inhibiting
caspase-8. In microdissected glomeruli of normal and
non-HCV membranoproliferative glomerulonephritis
biopsies, TLR3 mRNA expression was low. In contrast
TLR3 mRNA expression was significantly increased in
hepatitis C-positive glomerulonephritis and was asso-
ciated with enhanced mRNA for RANTES/CCL5 and
MCP-1/CCL2. We hypothesize that immune com-
plexes containing viral RNA activate mesangial TLR3
during HCV infection, thereby contributing to chemo-
kine/cytokine release and effecting proliferation and
apoptosis. Thus, TLR3 expression on renal cells, and
especially MCs, may establish a link between viral
infections and glomerular diseases. (Am J Pathol 2006,
168:370–385; DOI: 10.2353/ajpath.2006.050491)

Hepatitis C virus infection (HCV) is a major problem
worldwide, frequently complicated by a virus-associated
glomerulonephritis. During the course of infection, im-
mune complexes and viral RNA reach the mesangium.1,2

The recent identification of Toll-like receptors (TLRs) has
shown that the innate immune system can recognize
conserved pathogen-associated molecular patterns
through TLRs expressed on immune cells but also on a
number of nonimmune cells.3–5 TLRs recognize molecu-
lar patterns associated with microbial pathogens and
induce an immune response.3,4,6 Eleven members of the
TLR family (TLR1 to TLR11) have so far been identified in
mice and 10 in humans, each recognizing a distinct
component of infectious agents.7–9 TLR3 recognizes
dsRNA of viral origin as exemplified by polyriboinosinic:
polyribocytidylic acid [poly(I:C) RNA], a synthetic analog
of viral dsRNA.10,11 Human TLR3 is expressed in den-
dritic cells (DCs), fibroblasts, and intestinal epithelial
cells, playing physiological roles in anti-viral innate im-
munity.10,12–14 In contrast to most TLRs, signaling of
TLR3 is independent of the common TLR adaptor protein
MyD88 and involves the adaptor protein Trif (TICAM-1).
The identification of the TLR3-TICAM-1 pathway in mam-
malian cells provides a link between dsRNA and inflam-
matory cytokine production, including interferons, inter-
leukin (IL)-6, and IL-12, some of which participate in
anti-viral response.9,15 Furthermore IL-6 and IL-12 influ-
ence numerous aspects of the immune response. In con-
trast to TLR2 and TLR4, TLR3 is a predominantly intra-
cellular endosomal receptor in DCs16 but is also
expressed on the surface of fibroblasts and intestinal
epithelial cells.13,16 In addition to the anti-viral immune
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responses,17 TLR3 activation can induce apoptosis in
293 cells by recruiting RIP kinases and caspases.18,19

Early organ screens by Zarember and Godowski20

showed that TLR3 expression is not restricted to leuko-
cytes but also occurs in nonimmune organs, including
the kidney. We have found a robust expression of TLR3 in
mesangial cells (MCs) in vivo and in culture and have
demonstrated TLR3 to activate MCs in response to
poly(I:C) RNA resulting in the production of chemokines
and cytokines but also in considerable MC apoptosis—
depending on cytokine prestimulation. We postulate that
TLR3 may be important for the clearance of viral RNA
reaching the glomerular mesangium, possibly serving in
a housekeeping manner under normal conditions. During
pathological conditions such as viral infections, viral RNA
alone or as part of immune complexes could reach the
mesangium and trigger glomerular inflammation, result-
ing, eg, in HCV-associated glomerulonephritis.2,21 In
support of this hypothesis, we found increased mRNA
levels for TLR3 and for proinflammatory cytokines and
chemokines in microdissected glomeruli from biopsies of
hepatitis C-associated but not idiopathic membranopro-
liferative glomerulonephritis and propose that TLR3 ex-
pression in MCs may play a role in some forms of
glomerulonephritis.

Materials and Methods

Preparation of Human Tissue

Human tissue was used following the guidelines of the
Ethics Committee of the Medical Faculty of the Univer-
sity of Heidelberg (Heidelberg, Germany). The selec-
tion criteria for biopsies with membranoproliferative
glomerulonephritis were as follows. All archival biop-
sies with the histopathological diagnosis of membrano-
proliferative glomerulonephritis, known HCV status,
and sufficient available material for mRNA expression
analysis were obtained from a European multicenter
study for gene expression analysis (the European Re-
nal cDNA Bank) and from the Department of Cellular
and Molecular Pathology at the German Cancer Re-
search Center collected in the years 1999 to 2004. The
histological and mRNA expression analyses were per-
formed in a blinded manner without knowledge of a
concomitant HCV infection. Subsequently, the results
were grouped according to the HCV status, and sta-
tistical evaluation was performed.

Immunohistochemistry

Immunohistochemistry for TLR3 was conducted on 5-�m
frozen tissue sections from tumor nephrectomies after
fixation in acetone at �10°C for 10 minutes as described
previously.22 Staining for TLR3 was performed using a
mIgGIk antibody (Ab) specific for human TLR3, obtained
from eBioscience (San Diego, CA). Tissue sections were
incubated with the mIgGIk Ab for 18 hours at 4°C. A
rabbit anti-mouse IgG Ab (Z259, diluted 1:40; DAKO,
Glostrup, Denmark) was applied at 22°C for 1 hour, and

alkaline phosphatase-specific mouse mAb (diluted 1:40)
was then applied at 22°C for 1 hour. All dilutions were
performed in phosphate-buffered saline (PBS) (pH 7.6).
For staining, sections were exposed for 15 minutes to a
solution of sodium nitrite (28 mmol/L), new fuchsin (basic
fuchsin, 21 mmol/L), naphthol-AS-B1-phosphate (0.5
mol/L), dimethylformamide (64 mmol/L), and levanisol (5
mmol/L) in 50 mmol/L Tris-HCl buffer (pH 8.4) containing
164 mmol/L NaCl. Negative controls generated with non-
immune control Ab and without primary Ab did not show
any staining (data not shown).

Eight biopsies from HCV-positive membranoprolifera-
tive glomerulonephritis and nine biopsies from HCV-neg-
ative membranoproliferative glomerulonephritis were
available for CD68 immunohistochemistry. Immunohisto-
chemical staining for CD68-positive cells was performed
on 3-�m sections of formaldehyde-fixed and paraffin-
embedded tissue. The tissues were deparaffinized with
xylene and rehydrated through graded concentrations of
ethanol. After rehydration, pretreatment with 0.05% pro-
tease XXIV (Sigma-Aldrich, Taufkirchen, Germany) at
37°C for 20 minutes was performed. The primary Ab
obtained from DAKO was a mouse anti-human mAb di-
rected against the CD68-positive subpopulation of mac-
rophages. An alkaline phosphatase anti-alkaline phos-
phatase detection system was applied for visualization.
Controls, omitting the first Ab or replacing the first Ab by
a nonimmune IgG for each paraffin block tested, were
negative.

Glomerular Sclerosis Index

As previously described23 a semiquantitative score was
used to evaluate the degree of glomerular sclerosis on
periodic acid-Schiff-stained sections. Glomerulosclerosis
was defined as follows: 0, no sclerosis; 0.5, sclerosis of
less than 25% of capillary loops; 1, sclerosis of 26 to 50%
of the capillary loops; 2, sclerosis of 51 to 75% of the
capillary loops; 3, sclerosis of more than 75% of the
capillary loops. Glomerulosclerosis score was calculated
as the sum of all specific injury indices, whereby the
index of glomeruli with degree 0.5 was multiplied by 0.5,
that of degree 1 � 1, that of degree 2 � 2, and that of
degree 3 � 3.

Cell Culture of Human MCs

Immortalized human MCs were grown as described pre-
viously.24 For enzyme-linked immunosorbent assay
(ELISA) and RNA extraction, MCs were incubated with or
without tumor necrosis factor (TNF)-� (25 ng/ml), IL-1�
(10 ng/ml), and interferon (IFN)-� (20 ng/ml) alone or in
combination for 24 hours, washed with PBS, incubated in
culture medium (containing 10% fetal calf serum) for 6
hours and washed again with PBS. Subsequently, MCs
were incubated with culture medium alone (control) or
culture medium containing poly(I:C) RNA, poly(I:C) DNA,
or CpG oligonucleotide as indicated. Aliquots of the su-
pernate culture medium were removed for ELISA analysis
at the times indicated. For analysis of mRNA levels, ex-
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traction of total RNA was performed using an RNeasy
Mini Kit (Qiagen, Hilden, Germany) with additional DNase
digestion.

Quantitative Reverse Transcriptase-Polymerase
Chain Reaction (RT-PCR) Analysis

Semiquantitative and quantitative RT-PCR analysis was
done as described.25 Manual microdissection of fresh
human biopsies or laser microdissection of glomerular
tissue from formalin-fixed archival biopsies was per-
formed as described before.26 For quantitative RT-PCR,
2 �g of isolated total RNA underwent random primed
reverse transcription using a modified Moloney murine
leukemia virus reverse transcriptase (Superscript; Life
Technologies, Karlsruhe, Germany). In parallel, 2-�g ali-
quots were processed without reverse transcription to
control for contaminating genomic DNA. Real-time RT-
PCR was performed on a TaqMan ABI 7700 sequence
detection system (PE Applied Biosystems, Weiterstadt,
Germany). GAPDH was used as reference gene. All wa-
ter controls were negative for target and housekeeper.
Sequences, with the following gene bank accession num-
bers, served for the design of the predeveloped TaqMan
assay reagents (PDAR) or primers and probe, purchased
from Applied Biosystems: NM�003265/U88879 (human
TLR3), NM�000600 (human IL-6), XM�010760 (human IL-
1�), Z11686 (human IL-8/CXCL8), AF043341 (human
RANTES/CCL5), X14768 (human MCP-1/CCL2), and
M33197 (human GAPDH).

RNase Protection Assay

Protection assays were performed as previously de-
scribed.24 As specific probe for human TLR3, a 350-bp
fragment of human TLR3 cDNA (NM�003265) was am-
plified using the primer 5�-CGG GAT CCC TAAAGG
GTC TGT CTC AC-3� (sense) and 5�-GGA ATT CTG
GCT TGA CAG CTC AGGG-3� (anti-sense) and cloned
into the pCR2.1-TOPO vector (Invitrogen, Karlsruhe,
Germany). Linearization of the plasmid with EcoRV al-
lowed labeling of a 426-bp-long TLR3 probe. Total
RNA (25 �g) from human MCs were used to analyze
the expression of TLR3 mRNA by MCs. After polyacryl-
amide gel electrophoresis, protected fragments were
analyzed using a Storm 840 PhosphorImaging system
(Amersham Biosciences Corp., Arlington Heights, IL)
and ImageQuant software (version 5.2; Molecular Dy-
namics, Sunnyvale, CA).

Fluorescence-Activated Cell Sorting (FACS)
Analysis

MCs were cultured under standard conditions or stimu-
lated with a combination of the proinflammatory cytokines
TNF-� (25 ng/ml), IL-1� (10 ng/ml), and IFN-� (20 ng/ml)
for 24 hours. For FACS analysis human MCs were de-
tached with PBS and 10 mmol/L ethylenediaminetet-
raacetic acid (pH 8) and stained for TLR3 using a specific

mouse mAb (eBioscience) and a phycoerythrin-conju-
gated rabbit polyclonal secondary Ab against mouse
F(ab)2 fragment (R0439; DAKO, Carpinteria, CA) as de-
scribed.27 For intracellular staining, MCs were treated
with Cytofix/Cytoperm reagent (Pharmingen, La Jolla,
CA) followed by mAb against TLR3 and secondary Ab
incubations in saponin buffer. The TLR3 signal was ana-
lyzed using a FACSCalibur with CellQuest analysis soft-
ware (Becton-Dickinson, Heidelberg, Germany). Appro-
priate IgG isotype preparations (mouse IgG1 clone
MOPC 21; Sigma-Aldrich, Germany) were used to control
for nonspecific staining.

Inflammation Microarray Analysis

Total RNA was isolated from cultured human MCs us-
ing a commercially available silica-gel based isolation
protocol (RNeasy Mini kit, Qiagen). RNA quantity was
controlled by OD measurement, and RNA quality was
visualized on a 1% MOPS agarose gel. Total RNA (5
�g) was reverse-transcribed in a 20-�l reaction with 1
�l of SuperScript II (200 U/�l, Invitrogen) and 10 pmol
of T7-(dT)24 primer (5�-GGCCAGTGAATTGTAATAC-
GACTCACTATAGGGAGA-(dT)24 –3�) in 5� first-
strand buffer (Invitrogen), 2 �l of 100 mmol/L dithio-
threitol (Invitrogen), 1 �l of 10 mmol/L dNTP
(Invitrogen), 1 �l of RNase inhibitor (RNasin, 40 U/�l;
Promega, Mannheim, Germany) at 42°C for 1 hour. The
second-strand synthesis was performed at 16°C for 2
hours in the presence of Escherichia coli enzymes, DNA
polymerase I (10 U, Invitrogen), DNA ligase (10 U,
Invitrogen), RNase H (2 U/�l; Roche, Basel, Switzer-
land), and 1� second-strand buffer (Invitrogen). The
double-stranded cDNA was blunt-ended using 10 U of
T4 DNA polymerase (Invitrogen), purified by phenol/
chloroform extraction and transcribed in the presence
of unlabeled-ribonucleotides using the Ambion
MEGAscript T7 kit (Ambion, Huntington, UK). The
cRNA was purified using RNeasy minicolumn (RNeasy
kit, Qiagen) followed by an OD quantity measurement.
Quality of the amplified products was examined by 1%
agarose gel. Amplified RNA (20 �g) was used for
chemical labeling of random guanosine nucleotides
using the Bio-ULS (Universal Linkage System) Blitz
reagents (MetriGenix, Gaithersburg, MD). Here, biotin
is chemically attached to the RNA in a 30-minute la-
beling procedure at 80°C. Afterward unincorporated
biotin label is removed using proprietary biotin affinity
columns (KREApure columns, MetriGenix). Biotin-la-
beled RNA (10 �g) was applied for hybridization in a
volume of 70 �l. The MGX-4D inflammation array was
loaded and hybridized for 4 hours at 42°C. Incubation,
hybridization, and washing procedures were per-
formed on the MGX2000 hybridization station, and
chemiluminescent images were captured on the
MGX1200CL charge-coupled device-camera detec-
tion station (MetriGenix). The array contains 80 oligo-
nucleotide probes associated to inflammatory pro-
cesses and 40 to 50 bases in length, eight
housekeeping genes, and eight hybridization and
staining controls.
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Normalization of the spot signal values was performed
automatically after background correction by comparison
with the values obtained from a spike-in control (Atcab1 �
Arabidopsis thaliana Cab mRNA for photosystem I chloro-
phyll A/B-binding protein) as described previously by
Kessler and co-workers.28 Before hybridization, the product
from the amplified sample was mixed with spike-in controls
(for sample normalization) in sample dilution buffer and
denatured for 5 minutes at 90°C. The normalized values

were calculated as ratios of the total signal for each individ-
ual gene and the mean value of the total signal intensity for
the gene selected as normalization gene.

ELISA

ELISA for IL-6, IL-1�, IL-8/CXCL8, RANTES/CCL5, MCP-
1/CCL2, and IFN-� were performed on cell culture super-

Figure 1. Immunohistochemistry for TLR3 in human kidney. A: Immunohistochemistry for TLR3 in frozen sections of human kidney show a positive signal in
glomeruli, vascular smooth muscle cells, and distal-collecting tubules. B: Glomeruli show a positive mesangial staining for TLR3 with a predominant intracellular
pattern. C and D: Smooth muscle cells of mid-sized arteries (C) and luminal epithelial cells of collecting tubules (D) stain positive for TLR3, in the latter with a
luminal membrane localization. Original magnifications: �100 (A); �400 (B).
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natants using commercial assay kits (Quantikine; R&D
Systems, Minneapolis, MN) and following the manufac-
turer’s instructions.

Proliferation Assays

To assess the proliferative activity of human MCs, MTT
assays were performed as described.29 Aliquots of
20 � 103 cells in 100 �l of culture medium were cul-
tured in 96-well microtiter plates for 24 hours under
standard conditions to yield firmly attached and stably
growing cells. After discarding the supernatants, 100
�l of culture medium with or without a combination of
TNF-� (25 ng/ml), IL-1� (10 ng/ml), and IFN-� (20
ng/ml) were added, and the cells were incubated for 24
hours, washed with PBS, incubated in culture medium
for 6 hours, and washed again with PBS. Subsequently,
MCs were stimulated with or without poly(I:C) RNA in
different concentrations for 24 hours. The supernatants
were removed, and 50 �l of a 1 mg/ml solution of MTT
(Sigma-Aldrich) were added. After a 3-hour incubation
at 37°C, formazan crystals were dissolved by the ad-
dition of 50 �l of isopropanol. Absorbance was mea-
sured at 550 to 630 nm as a reference using a Dyna-
tech (Denkendorf, Germany) MR7000 ELISA reader.
For each experiment at least five wells were analyzed
per experimental condition.

Cell Death Assays

For analysis of effects of poly(I:C) RNA on apoptosis of
MCs, cells were pretreated as above for 24 hours, washed
with PBS, incubated in culture medium for 6 hours with or
without caspase-8 inhibitor Ac-IETD-CHO (5 �g/ml; Biomol,
Hamburg, Germany), and washed again with PBS. Subse-
quently, MCs were stimulated with or without poly(I:C) RNA
(5 �g/ml) with or without caspase-8 inhibitor (5 �g/ml) or
with poly(I:C) DNA (5 �g/ml) for 24 hours. To determine the
percentage of apoptotic cells, flow cytometric cell cycle
analysis using propidium iodide staining was performed as
described.30 Caspase-8 assays were performed using
commercial assay kits (Promega, Madison, WI) and follow-
ing the manufacturer’s instructions.

Statistical Analysis

Values are provided as mean � SEM. Statistical anal-
ysis was performed by unpaired t-test and Mann-
Whitney U-test for biopsy data. Significant differences
are indicated for P values �0.05 (*) or 0.01 (**),
respectively.

Results

TLR3 Is Expressed in Normal Human Kidney

Frozen sections obtained from unaffected areas of kid-
neys removed for renal tumors stained positive for TLR3
in glomeruli, in distal-collecting tubules, and in vascular

smooth muscle cells (Figure 1A). TLR3 staining followed
a predominant intracellular localization (Figure 1B). In
addition smooth muscle cells of arterioles and mid-sized
arteries (Figure 1C) and epithelium of the collecting tu-
bules (Figure 1D) showed a positive signal for TLR3. The
signal in the collecting tubules was most consistent with
luminal membrane localization.

Figure 2. Expression of TLR3 by human MCs. Human MCs were cultured
under standard conditions (basal) or after stimulation with proinflammatory
cytokines TNF-�, IL-1�, and IFN-� for the time indicated before RNA extrac-
tion. Real-time RT-PCR was performed using primers specific for human
TLR3 as indicated in Materials and Methods. A: Basal expression of TLR3 was
increased after stimulation with IFN-�, TNF-�, IL-1�, the combination of
these cytokines (comb), and poly(I:C) RNA (5 �g/ml) for 24 hours. B: TLR3
expression of human MCs. Results are mean � SEM of two independently
performed experiments and rRNA served as the reference gene. C: TLR3
expression of human MCs determined by RNase protection assay with 20 �g
of total RNA used for each reaction as described in Materials and Methods.
Under basal conditions (basal) a weak band for TLR3 was detectable, which
increased markedly after stimulation for up to 48 hours with the cytokine
combination (comb). The probe used exceeds the actual band for TLR3
because of the flanking sequences of 426 bp. The size of the bands is
indicated on the right. Semiquantitative PCR showed only one isoform for
TLR3 in MCs (data not shown).
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Cultured Human MCs Express TLR3

Because MCs play a role in glomerular disease pro-
cesses and staining for TLR3 resulted in a mesangial
pattern, we examined cultured human MCs for expres-
sion of TLR3. RNA was prepared from cells growing
under standard conditions as well as from cells that had
been stimulated with the cytokines TNF-�, IL-1�, and
IFN-� for different time intervals (12, 24, 48 hours) to
simulate a proinflammatory milieu as would occur during
immune-mediated glomerular disease. By quantitative
RT-PCR, specific products for TLR3 mRNA were ampli-
fied from both unstimulated and stimulated cells. The low
basal expression for TLR3 could be increased with each
of the cytokines TNF-�, IL-1�, and IFN-� alone or in
combination (Figure 2A). The combination of the three
cytokines was essentially equipotent to individual com-
ponents. Furthermore, the TLR3 ligand poly(I:C) RNA (5
�g/ml) also up-regulated the mRNA of TLR3 (Figure 1A).
The expression of mRNA for TLR3 on cultured MCs in-
creased with time of stimulation up to 48 hours (Figure
2B). To confirm the quantitative RT-PCR data for TLR3,
RNase protection assays were performed, and expres-

sion of TLR3 was found to be low under basal conditions
and increased after stimulation for up to 48 hours with
proinflammatory cytokines (Figure 2C). Semiquantitative
PCR with primer sequences for TLR3 to detect splicing
isoforms31 showed one single band under basal condi-
tions and after cytokine treatment for 24 hours (results not
shown). To test whether the human MC line might ex-
press other TLRs, we screened for mRNA of TLR1
through TLR10 by real-time RT-PCR under basal and
cytokine-treated conditions. In addition to the expression
of TLR3, human MCs expressed TLR1 and TLR4, mostly
after stimulation with proinflammatory cytokines (results
not shown). The expression for TLR2, TLR5, TLR6, TLR7,
and TLR9, at basal conditions and after stimulation, was
too low to allow evaluation, and no expression was found
for TLR8 and TLR10 (data not shown).

Expression of TLR3 Protein on MCs

To confirm expression of TLR3 protein on human MCs,
FACS analysis was conducted with a TLR3-specific
mAb.10 A barely detectable surface staining for TLR3

Figure 3. Expression of TLR3 protein on MCs. The localization of TLR3 protein on cultured MCs was analyzed by flow cytometry without and with prior
permeabilization. A weak surface TLR3 signal was found on MCs under basal conditions (A) that increased after preincubation with a combination of the cytokines
TNF-�, IL-1�, and IFN-� for 24 hours (B). A stronger signal for TLR3 was detected after the cells were permeabilized under basal conditions with a further increase
after the combined TNF-�, IL-1�, and IFN-� treatment (B). Open histograms represent the fluorescence activity after incubation with monoclonal anti-TLR3 Ab.
Filled histograms demonstrate the signal of the appropriate isotype control. Results shown are from one of three independent experiments that showed
reproducible staining patterns.
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was found on MCs under basal conditions (Figure 3A)
and TLR3 staining increased after a 24-hour cytokine
stimulation (Figure 3B). Because TLR3 has been de-
scribed as an intracellular receptor,16 MCs were per-
meabilized before TLR3 staining and FACS analysis.
This resulted in a robust TLR3 staining of MCs under
basal conditions (Figure 3A) and a further enhance-
ment after prestimulation with cytokines (Figure 3B).
Comparable results were obtained with poly(I:C) RNA
stimulation for intracellular TLR3 by FACS analysis (re-
sults not shown).

Effect of TLR3 Ligand Poly(I:C) RNA on
Chemokine and Cytokine mRNA Levels
To test the effect of TLR3 activation by poly(I:C) RNA
mimicking viral RNA, we performed an mRNA expression
screen using a microchip analysis containing 80 probes
for inflammation-associated genes. MCs were pretreated
with the cytokine combination of TNF-�, IL-1�, and IFN-�
for 24 hours to up-regulate TLR3 expression. After wash-
ing-off the cytokine-containing culture medium, MCs
were left in culture medium for 6 hours, washed again,
and then incubated with or without addition of poly(I:C)
RNA (5 �g/ml) to the culture medium before extraction of
RNA and expression analysis of the 96 gene probes
present on the microchip (inflammatory plus housekeep-
ing genes). Thirty-one genes showed a signal above
background. The results are shown in Table 1. The genes
for IL-6, IL-1�, IL-8/CXCL8, M-CSF, and ICAM-1 were
up-regulated whereas the signal for the genes transform-
ing growth factor-�1, transforming growth factor-�R2,
STAT1, MHC class I, CD27BP, interferon �-inducible pro-

tein 27, �-actin, dynamitin, glyceraldehyde-3-phosphate
dehydrogenase (GAPDH), hypoxanthine phosphoribo-
syltransferase 1 (HPRT-1), peptidylprolyl isomerase A,
ribosomal s5, and K-ALPHA-1 decreased after poly(I:C)
RNA treatment. The up-regulated genes comprise mostly
proinflammatory cytokines and adhesion molecules,
whereas those down-regulated include cell cycle-asso-
ciated molecules as well as so called housekeeping
molecules.

We confirmed the effects of poly(I:C) RNA on se-
lected chemokine and cytokine mRNA levels by real-
time RT-PCR. MCs showed barely detectable basal
expression for IL-6 mRNA. Expression was induced by
stimulation with proinflammatory cytokines. Incubation
with poly(I:C) RNA increased IL-6 expression under
basal conditions, an effect that was markedly potenti-
ated when MCs were pretreated with proinflammatory
cytokines (Figure 4A) to enhance their TLR3 expres-
sion. Similar results were obtained for IL-1� (Figure
4B). As to be expected basal expression for mRNA of
IL-8/CXCL8 (Figure 4C), RANTES/CCL5 (Figure 4D),
and MCP-1/CCL2 (Figure 4E) was low and was mark-
edly increased after stimulation with proinflammatory
cytokines. Exposure of MCs maintained under basal
conditions to poly(I:C) RNA also increased mRNA lev-
els for IL-8/CXCL8, RANTES/CCL5, and MCP-1/CCL2.
Although RANTES/CCL5 mRNA levels were further en-
hanced by pretreatment followed by poly(I:C) RNA
levels of mRNA for IL-8/CXCL8 and MCP-1/CCL2
showed little additional increase with poly(I:C) RNA
when cells had been pretreated with the combination
of cytokines. Our data suggest a positive effect on
cytokine and chemokine synthesis after poly(I:C) RNA
stimulation. However, we cannot differentiate if this
represents a synergistic or only additive effect.

Effect of Poly(I:C) RNA on Cytokine and
Chemokine Release by MCs

When MCs were incubated with poly(I:C) RNA (5 �g/
ml) for up to 48 hours, release of IL-6 (Figure 5A), IL-1�

(Figure 5C), IL-8/CXCL8 (Figure 5E), RANTES/CCL5
(Figure 5G), and MCP-1/CCL2 (Figure 5I) increased
both under basal conditions and further after prestimu-
lation with proinflammatory cytokines. Stimulation of
MCs with poly(I:C) RNA (5 �g/ml) led to an increase in
synthesis of IL-6, IL-1�, and RANTES/CCL5 under
basal conditions with further enhancement when MCs
were pretreated with TNF-�, IL-1�, and IFN-�. MCP-1/
CCL2 synthesis was lower when MCs were pretreated
with cytokines. Stimulation with the TLR3 ligand
poly(I:C) RNA for 24 hours increased IL-6 (Figure 5B),
IL-1� (Figure 5D), IL-8/CXCL8 (Figure 5F), RANTES/
CCL5 (Figure 5H), and MCP-1/CCL2 (Figure 5J) re-
lease of human MCs in a concentration-dependent
manner in a range from 2.5 to 20 �g/ml poly(I:C) RNA,
an effect enhanced by pretreatment with the cytokine

Table 1. Expression Screen for mRNA in Cultured MCs
Using a Microchip Analysis Containing 80 Probes
for Inflammation Associated Genes

Genes

Up-regulated Down-regulated

IL-6 (�26 %) TGF-�1 (�73 %)
IL-8 (�629 %) TGF-�R2 (�64 %)
IL-1� (�260 %) STAT1 (�70 %)
CSF-1 (�101 %) MHC, class I, A (�45 %)
ICAM-1(�41 %) CD27BP (�66 %)

Interferon, �-inducible protein 27
(�60 %)

Actin � (�64 %)
Dynamitin mRNA (�68 %)
GAPDH (�49 %)
HPRT-1 (�59 %)
Cyclophilin A (�68 %)
Ribosomal s5 (�49 %)
Tubulin, �, ubiquitous (�76 %)

MCs were pretreated with the cytokine combination of TNF-�, IL-1�,
and IFN-� for 24 hours to up-regulate TLR3 expression. After washing-
off the cytokine-containing culture medium, MCs were left in culture
medium for 6 hours, washed again, and then incubated for 24 hours
with or without addition of poly(I:C) RNA (5 �g/ml) to the culture
medium before extraction of RNA and expression analysis of the gene
probes present on the microchip. The genes indicated on the left side
are up-regulated; the genes on the right side are down-regulated. The
genes indicated in italics are housekeeping genes. The changes in
mRNA level after poly(I:C) RNA treatment as compared to the control
are given as percentage.
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combination. MCP-1/CCL2 synthesis in response to
increasing concentrations of poly(I:C) RNA was lower
when MCs were pretreated with cytokines. This is con-
sistent with the observation that MCP-1 stimulation (in
contrast to for example RANTES stimulation) in MCs is
a rapid (30 minutes) and short-lived (24 hours) effect.
In contrast, the regulation of RANTES in MCs occurs
slower and peaks much later (24 to 48 hours).24

No IFN-� release was observed, both under basal and
prestimulation conditions and after stimulation with
poly(I:C) RNA (data not shown). Incubation with poly(I:C)
DNA (5 �g/ml), both without and with cytokine pretreat-
ment or CpG DNA (2 �mol/L), had no effect on cytokine
and chemokine release (data not shown). The effect of a
blocking anti-TLR3 Ab10 was tested for IL-6, RANTES/
CCL5, and MCP-1/CCL2. Poly(I:C) RNA-induced cyto-

Figure 4. Effect of incubation with poly(I:C) RNA on chemokine and cytokine
mRNA levels. MCs were preincubated with or without a combination of
proinflammatory cytokines (IFN-�, TNF-�, IL-1�) for 24 hours, washed with
PBS, incubated in culture medium for 6 hours, washed again with PBS, and
incubated with or without poly(I:C) RNA (5 �g/ml) for 24 hours before RNA
extraction. Levels of mRNA expression for IL-6 (A), IL-1� (B), IL-8/CXCL8 (C),
RANTES/CCL5 (D), and MCP-1/CCL2 (E) were analyzed by real-time RT-PCR.
Poly(I:C) DNA (5 �g/ml) had no effect on cytokine and chemokine mRNA
levels (data not shown).
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kine and chemokine release after prestimulation with the
cytokine combination was reduced when MCs were in-
cubated with an anti-TLR3 Ab (10 �g/ml) 6 hours before
and during poly(I:C) RNA stimulation (IL-6, �90% inhibi-
tion; RANTES/CCL5, �75%; MCP-1/CCL2, �65%; data
not shown).

Effect of Poly(I:C) RNA on MC Proliferation and
MC Apoptosis

The microchip analysis indicated that genes associated
with cell proliferation were down-regulated after exposure
of MCs to poly(I:C) RNA. We therefore examined MC
proliferation under the different experimental conditions.
As shown in Figure 6, exposure of MCs maintained under
basal conditions to increasing concentrations of poly(I:C)
RNA only resulted in a modest (20%) decrease in cell
proliferation as determined by the MTT assay. In contrast
pretreatment of MCs with the cytokine combination fol-
lowed by exposure to poly(I:C) RNA markedly reduced
cell proliferation (�60%).

Because of the decreased cell proliferation, the poten-
tial role of TLR3 for MC survival was studied in cell death
assays using flow cytometric cell-cycle analysis with pro-
pidium iodide staining (Table 2; results are means � SEM
of three individual experimental series). Cell-cycle anal-
ysis revealed a background of 12.8 � 4.6% apoptotic
cells under basal conditions. When MCs were incubated
in culture medium and subsequently stimulated with
poly(I:C) RNA (5 �g/ml) for 24 hours, the percentage of
apoptotic cells was increased to 28.4 � 6.5%. After pre-

incubation with the cytokine combination for 24 hours,
15.5 � 6.1% of the cells belonged to a population with a
sub-G1 DNA content that was not different from the
12.8 � 4.6% under basal conditions. Preincubation with
cytokines for 24 hours and subsequent stimulation with
poly(I:C) RNA (5 �g/ml) for 24 hours increased the
amount of MCs displaying a sub-G1 DNA content to
34.5 � 9.6%, consistent with a marked increase in apo-
ptosis. When MCs were incubated with caspase-8 inhib-
itor (5 �g/ml) 6 hours before and during poly(I:C) RNA
stimulation, the proapoptotic effect of poly(I:C) RNA was
mitigated [basal � poly(I:C) RNA � caspase-8 inhibitor,
18.1 � 3.9%; comb � poly(I:C) RNA � caspase-8 inhib-
itor, 21.3 � 5.1%]rsqb] (Table 2). Stimulation with
poly(I:C) DNA (5 �g/ml) revealed 15.4 � 3.6% apoptotic
cells under basal conditions and 16.4 � 6.2% after cyto-
kine pretreatment and showed no difference to untreated
cells. Caspase-8 activity was indeed increased by the
cytokine combination and increased further by poly(I:C)
RNA, an effect that dose dependently was prevented by
the caspase-8 inhibitor at 0.5 �g/ml, 2.5 �g/ml, 5 �g/ml,
and 10 �g/ml (data not shown).

Expression of TLR3 and Chemokine mRNA in
Microdissected Glomeruli from Human Kidney
Biopsies

Because MCs express TLR3 and activation of TLR3 by
poly(I:C) RNA up-regulates proinflammatory chemokines
and cytokines, we used quantitative RT-PCR to assess
mRNA expression of TLR3 and of selected chemokines,
ie, RANTES/CCL5 and MCP-1/CCL2, in manually or laser-
microdissected glomeruli from biopsies of patients with
hepatitis C-positive and hepatitis C-negative membrano-
proliferative glomerulonephritis. Hepatitis C infection was

Figure 6. Effect of poly(I:C) RNA on MC proliferation. Exposure of MCs to
poly(I:C) RNA in increasing concentrations (5, 10, 20 �g/ml) resulted in a
decrease in MC proliferation. Pretreatment with the cytokine combination
followed by exposure to poly(I:C) RNA markedly reduced cell proliferation
(filled bars). MCs were analyzed for cell proliferation with the MTT assay as
described in Materials and Methods. Each bar represents the mean � SEM of
five parallel incubations for each condition. Comparable results were ob-
tained in three series of independent experiments.

Table 2. Effect of Poly(I:C) RNA and Poly(I:C) DNA on MC
Apoptosis

Percentage of apoptotic cells

Without With

Poly (I:C) RNA Poly (I:C) RNA Poly (I:C) DNA
Caspase-8 inhibitor
� 12.8 � 4.6 Basal 28.4 � 6.5* 15.4 � 3.6
� 12.7 � 3.9 18.1 � 3.9
� 15.5 � 6.1 Comb 34.5 � 9.6 16.4 � 6.2
� 16.3 � 4.3 21.3 � 5.1

DNA profiles of human MCs were analyzed by flow cytometry after
staining with propidium iodide. Table 2 shows the percentage of
apoptotic cells containing subG1 DNA without or with stimulation with
poly(I:C) RNA without or with caspase-8 inhibitor or poly(I:C) DNA and
without or with prior treatment with the combination of cytokines. The
results shown are mean � SEM of three independently performed
series of experiments.

Figure 5. Time- and concentration-dependent influence of poly(I:C) RNA on release of IL-6, IL-1�, IL-8/CXCL8, RANTES/CCL5, and MCP-1/CCL2 by MCs. MCs
were pretreated under basal (squares) or cytokine combination conditions (triangles) as described in Materials and Methods and after washing they were
incubated with (filled symbols, discontinued line) or without (open symbols, continuous line) poly(I:C) RNA (5 �g/ml) for different time intervals (6, 12,
24, or 48 hours). The concentrations of IL-6, IL-1�, IL-8/CXCL8, RANTES/CCL5, and MCP-1/CCL2 were determined by ELISA. Incubation of MCs with poly(I:C)
RNA results in a concentration-dependent increase of IL-6 (A, B), IL-1� (C, D), IL-8/CXCL8 (E, F), RANTES/CCL5 (G, H), and MCP-1/CCL2 (I, J) release under
both basal (open bars) and combination prestimulation (filled bars). No IFN-� release was observed (data not shown). Poly(I:C) DNA (5 �g/ml) had no effect
on cytokine and chemokine release (data not shown). Values are means � SEM of two independently performed series of experiments.
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confirmed or excluded by serological testing for HCV Ab
and antigen in all analyzed patients with the histopatho-
logical diagnosis of membranoproliferative glomerulone-
phritis. In the cases with positive HCV serology, the
presence of the virus was confirmed by PCR. Cryoglob-
ulinemia was detectable in 5 of 10 HCV-positive patients
(patients 1, 3, 5, 7, and 9; Table 3) and in 1 of 9 HCV-
negative patients (patient 8) with membranoproliferative
glomerulonephritis.

Information on patient characteristics and biopsy pa-
thology are provided in Table 3. Consistent with the re-
sults obtained with cultured MCs and with immunohisto-
chemistry of normal kidney, mRNA for TLR3 was present
in glomeruli from normal human kidneys, ie, pretransplant
donor biopsies (n � 6). Glomerular expression of TLR3
was significantly increased in biopsies from patients with
hepatitis C-positive membranoproliferative glomerulone-
phritis (n � 10) as compared to controls or hepatitis
C-negative membranoproliferative glomerulonephritis
(n � 9) (Figure 7A). Low levels of mRNA for RANTES/
CCL5 (Figure 7B) and MCP-1/CCL2 (Figure 7C) were
detectable in microdissected glomeruli of healthy donor

kidneys and hepatitis C-negative membranoproliferative
glomerulonephritis and were up-regulated in patients
with hepatitis C-positive membranoproliferative glomeru-
lonephritis. Thus glomeruli from hepatitis C-positive mem-
branoproliferative glomerulonephritis showed signs of
activation of TLR3 and of chemokines and such activation
was not present in HCV-negative forms of membranopro-
liferative glomerulonephritis despite comparable degrees
of glomerular pathology (Table 3).

To further assess if the renal pathology was compara-
ble in both groups, we performed an immunohistochem-
ical staining for CD68-positive cells in the glomeruli and
examined the glomerulosclerosis scores in all available
biopsies, as previously described in detail.23 A total of 17
paraffin-embedded sections (eight HCV-positive; nine
HCV-negative) was available for this analysis. The de-
tailed histopathological analysis (included in Table 3)
revealed no significant differences between both groups:
immunohistochemical staining for CD68-positive cells
showed 25.36 � 4.25 CD68-positive cells/glomerulus in
the HCV-positive and 15.87 � 3.99 CD68-positive cells/
glomerulus in the HCV-negative biopsies (P � 0.074); the

Table 3. Clinical Data at Biopsy and Glomerular Histopathological Findings of Microdissected Kidney Biopsies

Biopsy
group

Patient
number

Age
(years)

Gender
(f/m)

Serum
creatinine

(mg/dl)
at biopsy

Proteinuria
(g/d)

at biopsy
Glomerular

histopathology
CD68� cells/
glomerulus

Glomerulo-
sclerosis

index

Pretransplant donor biopsies
1 26 m 0.9 �0.2 normal n.a. n.a.
2 49 m �1.1 �0.2 normal n.a. n.a.
3 53 f �1.1 �0.2 normal n.a. n.a.
4 66 m �1.1 �0.2 normal n.a. n.a.
5 50 m 0.9 �0.2 normal n.a. n.a.
6 51 f 0.73 �0.2 normal n.a. n.a.

Means � SEM 49 � 12 2:4 0.9 � 0.1 �0.2

HCV-positive MPGN
1 28 m 1.5 3.4 MPGN type I 35 0
2 56 m 1.6 23 MPGN type I n.a. n.a.
3 19 f 0.6 n.d. MPGN type I n.a. n.a.
4 62 f 1.6 1.2 MPGN type I 19.8 0
5 61 f 1.2 4 MPGN type I, segmental

necrosis and GS
16.5 49.98

6 48 m 1.3 5.5 MPGN type I 39.2 0
7 50 f 2.4 1.5 MPGN type I, reactive FSGS 12.7 15.3
8 63 f 1.2 1 MPGN type I 12.3 0
9 39 f 1.3 0.3 MPGN type I, reactive FSGS 25.1 58.32

10 41 m 2.7 2.5 MPGN type I, reactive FSGS 42.3 33.33
Means � SEM 46 � 14 6:4 1.5 � 0.6 4.7 � 6.6 25.36 � 4.2 22.42 � 9.4

HCV-negative MPGN
1 34 f n.a. 9.9 MPGN type I, reactive FSGS 36.1 78.54
2 82 f 2.88 0.3 MPGN type I, reactive FSGS 9.5 129.97
3 36 m 2.55 0.3 MPGN type I, reactive FSGS 9.5 18.18
4 68 f 3.5 n.d. MPGN type I 12.5 37.5
5 52 m 2.25 2.5 MPGN type I, reactive FSGS 5.8 126.64
6 63 m 1.6 18 MPGN type I, reactive FSGS 9.1 30.76
7 52 f 1.9 11 MPGN type I 27.2 0
8 53 f 1.4 0.4 MPGN type I 30.2 0
9 55 m 2.2 2.9 MPGN type I, focal global GS 2.9 153.32

Means � SEM 55 � 13 5:4 2.2 � 0.6 5.0 � 5.9 15.87 � 3.9 71.86 � 20.69

Patient’s age, sex, serum creatinine (mg/dl), and proteinuria (g/day) at biopsy as well as histopathological findings of glomerular lesions are
summarized. Microdissected glomeruli from pretransplant living donor biopsies were compared with glomeruli from hepatitis C-positive or hepatitis C-
negative membranoproliferative glomerulonephritis. Mean values � SEM for each group are provided. MPGN, membranoproliferative
glomerulonephritis; FSGS, focal and segmental glomerulosclerosis; n.a., no tissue available; n.d., not determined.
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glomerulosclerosis index was 22.42 � 9.4 in HCV-posi-
tive biopsies and 71.86 � 20.7 in HCV-negative biopsies
(P � 0.09).

The small and not statistically significant differences
in glomerular CD68-positive cell infiltrate cannot ex-
plain the differences in mRNA levels for TLR3 because
there was no correlation between these parameters
(coefficient of determination, R2 � 0.1077; data not
shown). The differences could perhaps be due to per-
formance of renal biopsies at an earlier stage in pa-
tients with known HCV infection compared to patients
with idiopathic membranoproliferative glomerulone-
phritis. However, we have no information on the dura-
tion of renal disease before biopsy in the patient
groups analyzed.

Discussion

Viral dsRNA has been recognized as a major ligand for
TLR3 on DCs and is considered to serve as an anti-viral
system by generating �- and �-interferons. In addition
TLR3 has also been linked to induction of autoimmune
disease via activation of DCs and macrophages. TLR3
is, however, also expressed in nonimmune cells such
as intestinal epithelial cells and fibroblasts.13,16 Fur-
thermore, an initial organ expression screen showed
TLR3 mRNA in kidney,20 and Tsuboi and colleagues32

showed TLR3 expression in cultured murine tubular
epithelial cells. In this context our finding of TLR3
immunostaining in normal human kidney is of special

interest. Immunohistochemistry showed TLR3 expres-
sion in glomeruli with a mesangial pattern and in vas-
cular smooth muscle cells of preglomerular vessels.
This is of interest because MCs are considered to be
modified vascular smooth muscle cells.33 In MCs and
vascular smooth muscle cells, the pattern of cellular
staining is consistent with a predominant intracellular
localization of TLR3. Furthermore, specific staining for
TLR3 was also noted in collecting duct epithelial cells.
Interestingly in this polarized epithelium, the staining
pattern for TLR3 was most consistent with tubular lu-
minal membrane localization where it might serve as a
defense mechanism against ascending viral infections.
This would be a function similar to that of TLR4 and
TLR11 in bacterial urinary infections, a hypothesis de-
serving further investigations.

Because MCs play a role in a variety of glomerular
diseases and especially in immune-mediated forms, we
concentrated on TLR3 in MCs. The mesangium is only
separated from the glomerular capillary blood flow by a
fenestrated endothelium and thus is percolated by
plasma, including larger blood components such as lip-
ids and immune globulins, immune complexes as well as
DNA and RNA fragments. Thus, during viral and bacterial
diseases, viral or bacterial components including RNA
or DNA could reach MCs either alone or in the form
of immune complexes. For example, such immune
complexes containing viral RNA play an important role
in triggering the glomerulonephritis and vasculitis of
hepatitis C.2,21

Figure 7. Levels of mRNA for TLR3 and for chemokines in microdissected glomeruli from human kidney biopsies. Expression of mRNA for TLR3 (A) and selected
chemokines, ie, RANTES/CCL5 (B) and MCP-1/CCL2 (C), was analyzed in microdissected glomeruli from human biopsies obtained for routine diagnosis from
patients with hepatitis C-positive membranoproliferative glomerulonephritis. Biopsies from living kidney transplant donors served as controls and showed a basal
level of mRNA for TLR3. Glomerular expression of TLR3 was significantly increased in most biopsies from patients with hepatitis C-positive membranoproliferative
glomerulonephritis. In contrast TLR3 mRNA levels were not increased in glomeruli from hepatitis C-negative idiopathic membranoproliferative biopsies. Low levels
of mRNA for RANTES/CCL5 and MCP-1/CCL2 were detectable in microdissected glomeruli of healthy donor kidneys and hepatitis C-negative membranoprolif-
erative glomerulonephritis and were up-regulated in patients with hepatitis C-positive membranoproliferative glomerulonephritis (open symbols, manual
microdissection; filled symbols, laser microdissection; controls, living kidney transplant donors (n � 6); HCV�GN, hepatitis C-positive membranoproliferative
glomerulonephritis (n � 10), HCV�GN, hepatitis C-negative membranoproliferative glomerulonephritis (n � 9). P values refer to group comparison by unpaired
t-test.
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First, we examined if TLR3 mRNA and protein could be
induced on MCs by a combination of proinflammatory
cytokines. TNF-�, IL-1�, and IFN-� were chosen because
these cytokines are up-regulated during glomerular dis-
eases.34 Indeed, these cytokines alone and their combi-
nation resulted in a time-dependent up-regulation of
TLR3 mRNA and protein expression. This is consistent
with the IFN-mediated up-regulation of TLR3 in macro-
phages, DCs, and epithelial cells.35–37 Furthermore, the
TLR3 ligand poly(I:C) RNA increased mRNA and protein
expression of TLR3 on the MCs. These findings are in
agreement with similar results reported by Alexopoulou
and colleagues11 and indicate that TLR3 ligands can
up-regulate their own receptors. By immunohistochemis-
try and by FACS analysis, TLR3 was localized mostly
intracellularly but also to a small extent on the cell surface
of MCs. The surface TLR3 staining could be clearly dis-
tinguished from the appropriate isotype Ab control. In
DCs TLR3 has been localized almost exclusively to intra-
cellular compartments, especially endosomes.12,16 Con-
siderable surface expression has, however, also been
described in fibroblasts and intestinal epithelial cells.13,16

To test the functionality of TLR3 on MCs we exposed
them to poly(I:C) RNA as a mimetic for viral dsRNA. For
an initial screen we used an inflammation microchip
containing 80 genes associated with an inflammatory
response. Interestingly most of the genes up-regulated
on the chip belong to proinflammatory cytokines and
chemokines that have been previously shown to be
regulated in MCs and to play a role in response to
various glomerular injuries.38 – 40 Also ICAM-1 was up-
regulated in MCs by poly(I:C) RNA, a finding of interest
because this adhesion molecule is up-regulated and
plays a significant role in glomerulonephritis.41 Further-
more, M-CSF mRNA levels were increased by poly(I:C)
RNA exposure of MCs. M-CSF generation by MCs un-
der basal and immune complex-stimulated condi-
tions42,43 and glomerular CSF expression glomerulone-
phritis44 have been reported in and correlate with renal
macrophage accumulation as well as glomerular injury
and proteinuria.45 Furthermore recent studies support
the importance of M-CSF in the generation of immu-
necomplex-mediated glomerulonephritis.44 – 46 In this
context the increase in mRNA for M-CSF in MCs ex-
posed to poly(I:C) RNA may be of interest for viral
disease-induced glomerulonephritis.

We confirmed the increase of selected cytokines (IL-6
and IL-1�) and chemokines (IL-8/CXCL8, MCP-1/CCL2,
and RANTES/CCL5) by quantitative RT-PCR and by
ELISA, with the exception of MCP-1. The difference for
MCP-1 is most likely due to the rapid down-regulation of
this early response gene on stimulation.24 These genes
are up-regulated by poly(I:C) RNA under basal condi-
tions and even further when MCs were prestimulated with
the cytokine combination of TNF-�, IL-1�, and IFN-�. As
to be expected the cytokine combination alone already
increased mRNA levels for IL-6, IL-1�, IL-8/CXCL8,
RANTES/CCL5, and MCP-1/CCL2 with a further increase
by poly(I:C) RNA exposure, data also supported by
ELISA determinations. Poly(I:C) DNA or CpG-DNA did
not stimulate any of the cytokines or chemokines arguing

in favor of a TLR3-mediated effect by poly(I:C) RNA. The
absence of a response to CpG-DNA is consistent with the
failure to demonstrate TLR9 in human MCs (present re-
sult) and in murine MCs.47 Finally mediation of the
poly(I:C) RNA effects by TLR3 is supported by our ob-
servation that a blocking Ab for TLR3 markedly reduced
the effects of poly(I:C) RNA on cytokine generation. All of
the cytokines and chemokines up-regulated by poly(I:C)
RNA in MCs have been implicated in viral disease asso-
ciated forms of glomerulonephritis.38,48–51

The effects of poly(I:C) RNA were not restricted to the
stimulation of proinflammatory genes but also included
an anti-proliferative, proapoptotic response. Such a pro-
apoptotic effect of TLR3 activation by poly(I:C) RNA has
also been reported by Zhang and colleagues19 in 293
cells. In this context it may be of interest that signaling of
TLR3 differs from that of other TLRs in that it is indepen-
dent of the adaptor protein MyD88 but dependent on the
adaptor protein Trif.18 Three signaling endpoints for
TLR3-Trif signaling are recognized at present. These in-
clude: 1) activation of AP-1 and nuclear factor-�B and
expression of a wide variety of proinflammatory
genes18,52; 2) activation of the transcription factor IRF-3
resulting in expression of type I interferons52; and 3) a
pathway leading to apoptosis,52 involving caspase-8
activation.53

Our data provide evidence that at least two of these
signaling pathways are activated by poly(I:C) RNA in
MCs. The proinflammatory genes that we found elevated
are all regulated in a major way by the transcription
factors AP-1 and nuclear factor-�B. The second pathway
involving IRF-3 and generation of type I interferons could
not be evaluated because MCs do not generate type I
interferons. The third pathway leading to apoptosis of
TLR3 signaling was activated by poly(I:C) RNA in MCs as
evidenced by the down-regulation of various proliferation
genes in the microchip analysis and the direct demon-
stration of apoptosis, which could be mitigated by
caspase-8 inhibitor. Both, the anti-proliferative and pro-
apoptotic effects of poly(I:C) RNA depended on preincu-
bation of the MCs with the cytokines. These results pro-
vide further evidence that the effects of poly(I:C) RNA on
proliferation and apoptosis may be mediated by TLR3. In
the context of the MCs in vivo this could indicate that
dsRNA by itself—without a proinflammatory cytokine mi-
lieu—would not influence MC survival but that MC apo-
ptosis might occur after exposure of MCs to proinflam-
matory cytokines, as would be the case during viral
diseases.

How could all these in vitro findings potentially relate to
the in vivo situation under either normal physiological
conditions or during diseases with circulating viral RNA
or immune complex-containing viral RNA, such as hepa-
titis C-triggered glomerulonephritis? The physiological
role of TLR3 on MCs could be that of a housekeeper
removing viral RNA that reaches the mesangium. The
expression of TLR3 would be low, as would be the
amount of viral RNA reaching the mesangium and only
negligible amounts of potentially proinflammatory cyto-
kines and chemokines would be generated. Under
conditions of viral infection with immune stimulation, en-
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hanced levels of IFN-�, TNF-�, and IL-1� would up-reg-
ulate TLR3 on MCs, and the increased amounts of viral
RNA reaching MCs would result in the generation of
chemokines such as IL-8/CXCL8, RANTES/CCL5, and
MCP-1/CCL2. The chemokines would initially attract
neutrophils (IL-8/CXCL8),54 followed by macrophages
(RANTES/CCL5, MCP-1/CCL2).50 M-CSF would sustain
and activate the monocytes46 to macrophages and
ICAM-1 favor their glomerular infiltration.41 The potential
role of IL-6 in this hypothetical scenario is less clear but
could influence the overall immune response and espe-
cially the Th2 response and determine potential
chronicity.55–57

Although the effects of poly(I:C) RNA on chemokine
and cytokine generation by cytokine-conditioned MCs
would fit into the general scheme of glomerular immune
injury, how about the anti-proliferative, proapoptotic ef-
fects of poly(I:C) RNA observed in our study? Whether or
not apoptosis prevails in vivo is dependent on the local
balance of pro- and anti-apoptotic factors present in the
mesangium at any given time during the glomerular dis-
ease process and cannot be conclusively evaluated in
cell culture. In any case MC apoptosis plays an important
role in glomerulonephritis in vivo.58

Intrigued by our results on TLR3 expression in MCs
and the effects of poly(I:C) RNA on MCs in culture, we
wondered whether TLR3 was also regulated in glomeruli
isolated from human renal biopsies. Unfortunately, the
available TLR3 Ab only worked on frozen kidney tissue,
which was not available from routine biopsies. We there-
fore used real-time RT-PCR for TLR3 on either microdis-
sected glomeruli or on laser-microdissected glomerular
tissue from formalin-fixed biopsies.26 Furthermore, we
checked for IL-8/CXCL8, RANTES/CCL5, and MCP-1/
CCL2 because these had been up-regulated by poly(I:C)
RNA in cultured MCs. The validity of these methods has
been carefully established by our group.26 We have cho-
sen biopsies from living kidney transplant donors as con-
trols, from hepatitis C-negative idiopathic membrano-
proliferative glomerulonephritis and from patients with
hepatitis C-associated glomerulonephritis. Consistent
with the results obtained with cultured MCs and by im-
munohistochemistry of normal kidney, mRNA for TLR3
was present in glomeruli from pretransplant donor biop-
sies and was increased in most biopsies from patients
with hepatitis C-positive membranoproliferative glomeru-
lonephritis but not from hepatitis C-negative membrano-
proliferative glomerulonephritis. This could not be related
to differences in the degree of histopathological changes
between the hepatitis C-positive and -negative mem-
branoproliferative glomerulonephritis (Table 3).

Because we observed poly(I:C) RNA stimulation of cyto-
kines and chemokines in MC culture, we evaluated mRNA
levels for RANTES/CCL5 and MCP-1/CCL2 in parallel in the
microdissected glomeruli. Intriguingly these chemokines
were also up-regulated in microdissected glomeruli from
hepatitis C-positive membranoproliferative glomerulone-
phritis as compared to either transplant donor biopsies and
or biopsies from patients with hepatitis C-negative mem-
branoproliferative glomerulonephritis. These results would
be consistent with the hypothesis that glomerular/mesangial

TLR3 could be activated by viral RNA in the course of viral
infection and could thereby contribute to the disease pro-
cess by chemokine/cytokine release, enhanced ICAM ex-
pression and effects on proliferation and apoptosis. Al-
though our results only show an association, we consider
this a novel and attractive hypothesis for viral disease-as-
sociated glomerulonephritis or even for viral disease-trig-
gered exacerbation of other forms of glomerular injury, eg,
systemic lupus erythematosus. The latter hypothesis is sup-
ported by data from our laboratory showing a marked wors-
ening of the chronic lupus-like nephritis of MRL-Fas(lpr)
mice injected with poly(I:C) RNA.59 TLR3 could also play a
role in other forms of viral disease-associated glomerulone-
phritis and vasculitis, eg, IgA nephritis, a hypothesis that
deserves further evaluation. The presence of TLR3 by im-
munohistology on vascular smooth muscle cells of arterial
vessels raises the interesting question of their role and
potential contribution to vasculitis and perhaps even athero-
sclerosis. In any case the novel finding of functional expres-
sion of TLR3 on intrinsic renal cells, and especially on MCs,
may indicate a different role of TLR3 in these cells and
establish a novel link between viral infections and glomer-
ular diseases.
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