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Podocytes are a crucial cell type in the kidney and play
an important role in the pathology of glomerular kid-
ney diseases like membranous nephropathy (MN). The
identification of new factors involved in the progres-
sion of glomerular kidney diseases is of great impor-
tance to the development of new strategies for the treat-
ment of renal injury. Here we demonstrate that CXCL16
and ADAM10 are constitutively expressed in human
podocytes in normal renal tissue. Proinflammatory cy-
tokines like interferon-� and tumor necrosis factor-�
induced the expression of cellular CXCL16 and the re-
lease of its soluble form from human podocytes. Using
different metalloproteinase inhibitors, we provide evi-
dence that ADAM10 is involved in the interferon-�- and
tumor necrosis factor-�-induced shedding of CXCL16
from human podocytes. In addition, ADAM10 knock-
down by siRNA significantly increased both CXCL16
levels and, surprisingly, its ADAM17-mediated release.
Notably, targeting of CXCL16 in human podocytes both
decreased the chemotaxis of CXCR6-expressing T cells
and strongly reduced oxidized low-density lipoprotein
uptake in human podocytes. Importantly, in kidney
biopsies of patients with MN, increased glomerular
CXCL16 expression was accompanied by high levels of
oxidized low-density lipoprotein and decreased expres-

sion of ADAM10. In addition, we found increased glo-
merular ADAM17 expression in patients diagnosed with
MN. In summary, we presume important roles for
CXCL16, ADAM10, and ADAM17 in the development of
MN, suggesting these proteins as new therapeutic tar-
gets in this glomerular kidney disease. (Am J Pathol

2009, 174:2061–2072; DOI: 10.2353/ajpath.2009.080960)

The podocyte is a highly specialized cell that constitutes
a crucial component of the glomerular filtration barrier.1

Podocyte damage leads to retraction of foot processes,
resulting in proteinuria.2 In many renal glomerular dis-
eases like diabetic nephropathy, minimal change, focal
segmental glomerulosclerosis and membranous ne-
phropathy podocytes are the primary target of injury.3

The precise mechanisms that lead to podocyte damage
and proteinuria are only roughly understood. It has been
suggested that (as yet unknown) circulating mediators
might affect podocyte function and cause the retraction
of foot processes and thus proteinuria.4 In this context
chemokines are an attractive family of molecules. They
are a group of primarily soluble molecules, which were
originally characterized by their ability to induce leuko-
cyte migration.5 Unlike the soluble chemokines, two
members, CX3CL1 (fractalkine) and CXCL16 are synthe-
sized as surface-expressed molecules.6

Expression of CXCL16 has been reported on immune
cells like dendritic cells, macrophages, B cells, T cells,
and on smooth muscle cells and endothelial cells.7–11 As
a transmembrane molecule CXCL16 can act as an ad-
hesion molecule for CXCR6 expressing immune cells12,13

or as a scavenger receptor for oxidized low-density li-
poprotein (oxLDL).14,15 Besides its surface-expressed
form, CXCL16 can be released from the cell membrane,
a process called ectodomain shedding. Inhibitor studies
revealed that the two disintegrin like metalloproteinases
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ADAM10 and ADAM17 are mainly involved in this re-
lease of CXCL16.16 –18 It has been already described
that the soluble form of CXCL16 participates in the
recruitment of CXCR6-expressing immune cells to sites
of inflammation.19 –21

Membranous nephropathy (MN) is a glomerular dis-
ease, which is characterized by an accumulation of im-
mune deposits on the outer aspect of the glomerular
basement membrane. The immune deposits consist of
IgG (often IgG4), thus far unidentified antigens, and the
membrane attack complex of complement C5b-9. Al-
though spontaneous remission of nephrotic syndrome
occurs in about a third of patients, MN ends for about
40% of patients in end-stage renal failure after 10 years
from the diagnosis of the disease.22 The treatment of MN
is often disappointing; therefore more specific, concept-
driven therapies are urgently needed.

Nothing is known about the expression of CXCL16 and
ADAM10 in membranous nephropathy and only a few
studies investigated the expression of CXCL16 and
ADAM10 in the kidney. Interestingly, elevated levels of
urinary CXCL16 have been observed in patients with
acute tubular necrosis23 or with lupus nephritis,24 which
suggest that CXCL16 may be a useful diagnostic biomar-
ker in these kidney diseases. In addition, we have re-
cently characterized the tubular expression of CXCL16
and ADAM10 in the healthy and transplanted human
kidney.23 Importantly, a variable CXCL16 expression and
an increased ADAM10 expression was observed in biop-
sies from kidney transplanted patients with the diagnosis
of acute interstitial rejection assuming an important role of
both molecules in the recruitment of T cells to sites of
injury in the kidney.23

In this study, we demonstrate that CXCL16 and
ADAM10 are expressed in human podocytes in vitro and
in vivo. Treatment with the proinflammatory cytokines tu-
mor necrosis factor (TNF)-� or interferon (IFN)-� in-
creased the metalloproteinase mediated shedding of
CXCL16 from human podocytes. Notably, supernatants
obtained from podocytes transfected with CXCL16-spe-
cific siRNA significantly reduced the chemotaxis of
CXCR6-expressing T cells. By using blocking antibodies
against CXCL16 we could show, that CXCL16 acts as a
scavenger receptor of oxidized LDL in human podocytes.
Importantly, in biopsies of patients with membranous ne-
phropathy increased glomerular CXCL16 expression was
accompanied with higher levels of oxLDL. In summary,
we assume an important role of CXCL16 and ADAM10 in
MN and therefore both proteins may function as new
therapeutic targets in the treatment of this glomerular
kidney disease.

Materials and Methods

Kidney Sections

Specimens were taken from healthy parts of renal tissue
from six different tumor nephrectomies (obtained from
two female and four male patients aged from 34 to 66
years), which were originally submitted for diagnostic

purposes and studied in accordance with national and
local ethical principles. The use of human tissue samples
has been approved by the local ethics committee (Ref.
No. 11/10/04). Tissue sections of nine patients diag-
nosed with MN were obtained from the Department of
Pathology, University of Erlangen-Nürnberg, Erlangen,
Germany.

Sera of Patients and Healthy Volunteers

Nine milliliters of sera from six patients with membranous
nephropathy, one patient with lupus nephritis, and seven
healthy controls have been collected at the nephrology
department at the university hospital Frankfurt am Main.
Proteinuria and serum creatinine of the patients have
been routinely determined and CXCL16 levels were
measured using a CXCL16-specific ELISA (PeproTech,
London, UK).

Cell Culture

Human conditionally immortalized podocytes were iso-
lated and cultivated as previously described.25 Cells
were grown in flasks either at the permissive temperature
of 32°C to promote cell propagation as a cobblestone
phenotype (undifferentiated) or at the nonpermissive
temperature of 37°C to inactivate the SV40 T antigen and
allow the cells to differentiate. The growth medium was
RPMI 1640 supplemented with nonessential amino acids,
fetal bovine serum (10%), Hepes (10 mmol/L) pH 7.4,
penicillin (100 U/ml), streptomycin (100 �g/ml), trans-
ferrin (5 �g/ml), and sodium selenite (5 ng/ml). Before
stimulation, cells were incubated for 16 hours in RPMI
1640 medium, supplemented with 0.1 mg/ml fatty acid-
free bovine serum albumin.

siRNA

For down-regulation of endogenous CXCL16, and ADAM10
and ADAM17 expression in human podocytes the following
duplexes (MWG Biotech AG, Ebersberg, Germany) were
used: CXCL16 construct, 5�-CAUGAAUCGUCUCCG-
GAAACATT-3�; ADAM10 construct, 5�-AGACAUUAU-
GAAGGAUUAUTT-3� and ADAM17 construct, 5�-GAGA-
AGCUUGAUUCUUUGCTT-3�. As a negative control an
unspecific scrambled siRNA duplex (5�-AGGUAGUGUAA-
UCGCCUUGTT-3�) was applied.

Transfection of siRNA

Twenty-four hours before transfection 5 � 104 cells were
seeded in six-well plates. Transfection of siRNA was per-
formed using Oligofectamine (Invitrogen, Karlsruhe, Ger-
many) and 10 nmol/L siRNA duplexes (MWG Biotech AG,
Ebersberg, Germany) per well. All cells were assayed 24
to 48 hours after transfection. Specific silencing of tar-
geted genes was confirmed by at least two independent
experiments using Western blot analysis. Conditioned
media were harvested and analyzed for the presence of
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released CXCL16 by enzyme-linked immunosorbent as-
say (ELISA).

Cytokines, Chemicals, and Antibodies

Recombinant human CXCL16, recombinant human IFN-�,
and the ADAM10 antibody used for immunofluorescence
staining were obtained from R&D Systems (Wiesbaden,
Germany). Unconjugated rabbit CXCL16 antibody used
for immunohistochemistry and double immunofluores-
cence analysis was from PeproTech EC (London, UK).
The ADAM10 antibody (11G2) for double immunofluores-
cence analysis on tissue sections was purchased from
Diaclone (Besancon, France). The WT1 (sc-846) anti-
body was obtained from Santa Cruz (Heidelberg, Ger-
many). DiI-oxLDL was from Intracel (Frederick, MD). The
polyclonal antibody to human CXCL16 used for Western
blot analysis was obtained from Acris (Acris Antibod-
ies, Hiddenhausen, Germany). The polyclonal rabbit
ADAM10 and oxLDL antibody for immunohistochemistry
and immunofluorescence analysis were from Chemicon
(Hampshire, UK). The monoclonal antibody (ab57484)
against ADAM17 used for immunofluorescence analysis
was purchased from Abcam (Cambridge, UK). The poly-
clonal ADAM17 antibody (14-6202) used for Western
blot was from Natutec (Frankfurt, Germany). The met-
alloproteinase inhibitors GI254023X and GW280264X
were kindly provided by Dr. Andreas Ludwig (Aachen,
Germany). The broad spectrum metalloproteinase inhib-
itors GM6001 and TAPI-2 were obtained from Calbio-
chem (Darmstadt, Germany).

CXCL16 Shedding Assays

Twenty-four hours before stimulation human podocytes
were seeded at a density of 4 � 105 cells in six-well
plates. Cells were washed with phosphate-buffered sa-
line (PBS) and 1 ml of fetal calf serum-free medium with or
without metalloproteinase inhibitors was added. After 15
minutes, the cells were stimulated with IFN-� (20 ng/ml)
or TNF-� (2 ng/ml) or left unstimulated for times indicated.
The conditioned media were harvested and cleared by
centrifugation. The presence of soluble CXCL16 in the
conditioned media was analyzed by ELISA (PeproTech,
London, UK) following the manufacturer’s instructions.
The expression of endogenous CXCL16 was controlled
by Western blot analysis of the cell lysates.

Protein Extraction and Western Blotting

Cell extracts were prepared and processed as described
recently at times indicated.26 Western blot membranes
were incubated with antibodies against CXCL16 (Acris
Antibodies, Hiddenhausen, Germany) and ADAM10
(Chemicon, Hampshire, UK). Blots were developed using
the ECL system (Amersham Pharmacia, Buckingham-
shire, UK). To confirm equal loading, blots were reprobed
with a �-actin antibody (Sigma, Deisenhofen, Germany).

Immunohistochemistry

Paraffin tissue sections were deparaffinized in xylene,
rehydrated through a graded ethanol series and washed
in 10 mmol/L phosphate-buffered 150 mmol/L saline, pH
7.4. Antigen retrieval was performed by incubating the
tissue sections for 20 minutes in 0.01 mol/L sodium citrate
buffer, pH 6.0, in a microwave oven (500 W). Tissue
sections were treated with 3% H2O2 in methanol for 30
minutes at room temperature. After blocking the sections
with PBS containing 10% horse serum, 1% bovine serum
albumin for 1 hour, the sections were incubated with an
avidin/biotin blocking kit (Linaris, Wertheim, Germany)
following the manufacturer’s protocol. The serial sections
were incubated overnight at 4°C with primary antibodies
as indicated. After washing the slides, the Universal
Quick Kit (Linaris) was used to stain the kidney sections.
As a substrate the AEC substrate kit from BioGenex (San
Ramon, CA) was used to detect the immune complexes.
The slides were incubated with hematoxylin (Roth,
Karlsruhe, Germany) to counterstain the sections.

For double immunohistochemistry analysis, sections
were incubated overnight in a mixture of CXCL16 and
WT1 antibodies or ADAM10 and WT1 antibodies, respec-
tively. CXCL16 and ADAM10 staining was developed as
described above to detect the WT1 antigen an alkaline
phosphatase-conjugated goat anti-rabbit antibody (Di-
anova, Hamburg, Germany) was added for 1 hour at
37°C. Before adding the substrate, the endogenous al-
kaline phosphatases were blocked with levamesole
(Sigma, Taufkirchen, Germany). Immune complexes
were detected by adding the Sigma fast BCIP/NBT sub-
strate (Sigma, Taufkirchen, Germany). The sections were
inspected with a Zeiss microscope coupled to a 12-bit
digital image camera.

Immunofluorescence Analysis of Tissue
Sections

For immunofluorescence analysis, tissue sections were
deparaffinized as described above and antigen retrieval
was performed incubating the tissue sections for 20 min-
utes in 0.01 mol/L sodium citrate buffer, pH 6.0, in a
microwave oven (500 W). After incubation with blocking
buffer (0.1% Triton X-100/PBS containing 1% bovine se-
rum albumin and 10% horse serum) for 1 hour, tissue
sections were incubated for two hours at 37°C and then
overnight at 4°C with the first antibodies (diluted in 1%
bovine serum albumin/10% horse serum/PBS/0.1% Triton
X-100) as indicated. Following washing, bound antibod-
ies were detected by Alexa 488 conjugated goat anti-
mouse (Molecular Probes, Karlsruhe, Germany) or goat
anti-rabbit Cy3 (Molecular Probes, Karlsruhe, Germany)
secondary antibodies. Nuclei were stained with 4�-6-dia-
midino-2-phenylindole (Sigma, Deisenhofen, Germany)
and slides were mounted in Fluoromount G (Southern
Biotech, Birmingham, AL). Evaluation was performed by
fluorescence microscopy and analyzed with an LSM 510
Meta confocal laser-scanning microscope (Carl Zeiss,
Jena, Germany).
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Uptake of DiI-Labeled Oxidized Human LDL

To analyze the uptake of Dil-labeled oxidized human LDL
in human podocytes, cells were grown on coverslips and
left unstimulated or treated with IFN-� in the absence or
presence of the metalloproteinase inhibitor GM6001. For
antibody blocking experiments, human podocytes were
incubated for 1 hour with or without 10 �g/ml CXCL16
antibody (R&D, Wiesbaden, Germany). After 4 hours of
incubation with 10 �g/ml DiI-oxLDL, media was gently
removed from cells and cells were washed three or four
times with serum-free media. Subsequently, cells were fixed
with methanol/0.01% EDTA for 20 minutes at �20°C, nuclei
were stained with 4�-6-diamidino-2-phenylindole (Sigma,
Deisenhofen, Germany) and slides were mounted in Fluoro-
mount G (Biozol, Eching, Germany).

Fluorescence Microscopy

Cells plated on coverslips were fixed with methanol/
0.01% EDTA for 20 minutes at �20°C. After fixation, cells
were blocked with 0.1% Triton X-100/PBS containing 5%
bovine serum albumin for 15 minutes at room tempera-
ture. Cells were then washed with PBS and incubated
with the primary antibody (diluted in 5% bovine serum
albumin/PBS/0.1% Triton X-100) as indicated. Following
washing, bound antibodies were detected by Alexa 488
conjugated goat anti-rabbit (Molecular Probes, Karlsruhe,
Germany) or goat anti-mouse Cy3 (Sigma, Deisenhofen,
Germany) secondary antibodies. To stain the nuclei cells
were incubated with 4�-6-diamidino-2-phenylindole (Sigma,
Deisenhofen, Germany) and slides were mounted in Fluoro-
mount G (Southern Biotech, Birmingham, AL). Evaluation
was performed by fluorescence microscopy (Keyence,
Neu-Isenburg, Germany) or with an LSM 510 Meta confocal
laser-scanning microscope (Carl Zeiss, Jena, Germany).

Fluorescence-Activated Cell Sorting Analysis

Human podocytes were incubated for 30 minutes with the
monoclonal antibody against ADAM10 or the polyclonal
antibody against CXCL16 (diluted 1:50). All steps were
performed as recently described.27

Chemotaxis Assay

The chemotaxis of Jurkat T cells in response to recombi-
nant CXCL16 or supernatants of siRNA-transfected hu-
man podocytes was measured across 8-�m pore size
polycarbonate filters (6.5 mm diameter) in 24-well Trans-
well chambers (Costar Corning Co., Cambridge, MA).
Transwells were pretreated with 10 �g/ml fibronectin
(Calbiochem, Darmstadt, Germany) and washed with
PBS. Jurkat T cells (1 � 105 cells in 100 �l of RPMI 1640)
were added to the upper chamber of each Transwell.
Recombinant CXCL16 (100 ng/ml) or serum free super-
natants of siRNA-transfected human podocytes were
added to the lower chamber in a volume of 600 �l. The
plates were incubated for 2 hours at 37°C in 5% CO2.
Non migrated cells were removed with a cotton swab, the

Transwell inserts were fixed with paraformaldehyde and
cells were stained with 4�-6-diamidino-2-phenylindole ac-
cording to the manufacturer’s recommendations. Mi-
grated cells were counted per visual field using inverted
microscopy at magnification of �400, and the experi-
ments were repeated twice in triplicate.

Statistical Analysis

Data were analyzed by unpaired two-tailed t-test or one-
way analysis of variance with the Tukey-Kramer test for
multiple comparisons using GraphPad InStat-2. A P value
of less than 0.05 was considered to show a significant
difference between two groups.

Results

CXCL16 and ADAM10 Are Expressed in Human
Podocytes

We have recently shown that CXCL16 and ADAM10 are
mainly expressed in distal convoluted tubule cells, in
connecting tubule cells, and in principal cells of the col-
lecting duct.23 Beside tubular expression of CXCL16 and
ADAM10, as also shown in Figure 1, A and C, constitutive
expression of both proteins was also detectable in glo-
meruli of human kidneys. To specify CXCL16- and
ADAM10-expressing cells in glomeruli of human kidneys
we performed double immunohistochemical analysis in
sections of normal renal tissue. As demonstrated in Fig-
ure 1, B and D, CXCL16 and ADAM10, respectively (both
red), were co-expressed with WT1 (blue), which has
been described to be only expressed in the nuclei of
podocytes in the human kidney.28 In summary, we can

Figure 1. CXCL16 and ADAM10 are constitutively expressed in podocytes in
human kidney sections. A: CXCL16 is constitutively expressed in tubular cells
and in the glomeruli of the healthy kidney. Paraffin sections of normal human
renal tissue were stained with a polyclonal antibody against CXCL16. B:
Double immunohistochemical staining revealed CXCL16 expression in podo-
cytes shown by colocalization of CXCL16 (red) with WT-1 (blue), a specific
marker for podocytes. C: In the overview picture, ADAM10 expression is
detectable in tubular and glomerular cells. D: Double immunohistochemical
staining of ADAM10 (red) and WT-1 (blue) display localization of ADAM10 in
podocytes.
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demonstrate that CXCL16 and ADAM10 are constitutively
expressed in podocytes of normal renal tissue.

IFN-� and TNF-� Increased the Expression and
Release of CXCL16 in Human Podocytes

The expression of many chemokines can be regulated
through proinflammatory molecules. Therefore we exam-
ined the influence of IFN-�, TNF-�, and angiotensin II on
the expression of CXCL16 in human podocytes. As
shown by immunofluorescence staining, the application
of IFN-� (Figure 2B) and TNF-� (Figure 2C) induced the
expression of CXCL16 compared with unstimulated
podocytes (Figure 2A). In contrast, treatment with angio-
tensin II (Ang II, Figure 2D) did not change the levels of
CXCL16 compared with unstimulated cells (Figure 2A).
Confocal microscopy (Figure 2, A–D) and fluorescence-
activated cell sorting analysis (Figure 2E) demonstrated
that beside cytoplasmic CXCL16 and ADAM10 expres-
sion, both proteins were also expressed on the cell sur-
face of human podocytes. It is known, that CXCL16 can
be released from the cell membrane through proteolytic
cleavage. To examine the influence of proinflammatory
cytokines on the release of CXCL16 from human podo-
cytes we analyzed supernatants of the cells in the pres-
ence or absence of IFN-�, TNF-� and angiotensin II (Fig-
ure 2F). CXCL16 was constitutively released into the

medium of human podocytes (Figure 2F). Furthermore,
IFN-� and TNF-� increased the shedding of CXCL16 from
human podocytes, whereas angiotensin II again did not
change the release of CXCL16 compared with untreated
cells (Figure 2F).

ADAM10 Is Involved in the Release of CXCL16
under Inflammatory Conditions

To determine the metalloproteinases involved in the
cytokine induced shedding of CXCL16 in human podo-
cytes, we first used different metalloproteinase inhibi-
tors to block the release of CXCL16 from human podo-
cytes. The broad spectrum metalloproteinase inhibitors
GM6001 and TAPI-2, the ADAM10-specific inhibitor
GI254023X, and the combined ADAM10 and ADAM17
inhibitor GW280264X significantly reduced the amount
of soluble CXCL16 in the presence of IFN-� (Figure 3A)
or TNF-� (Figure 3B). To confirm these results, we also
investigated cell-associated CXCL16 by Western blot
analysis (Figure 3, C and D) and by a CXCL16-specific
ELISA (Figure 3, E and F). As expected, the inhibition
of metalloproteinases reduced the cleavage of
CXCL16 and increased levels of cellular CXCL16 were
detectable in INF-�- (Figure 3, C and E) and TNF-�-
(Figure 3, D and F) stimulated cells.

Figure 2. Induction of cellular and soluble CXCL16 by proinflammatory cytokines in human podocytes in vitro. Cultured human podocytes were left unstimulated
(A) or stimulated with 20 ng/ml IFN-� (B), 2 ng/ml TNF-� (C), or 10 nmol/L angiotensin II (D). Immunofluorescence staining of ADAM10 (red fluorescence) and
CXCL16 (green fluorescence) was performed and inspected by confocal microscopy. Scale bars � 50 �m. E: Cell surface expression of CXCL16 and ADAM10 was
detected by fluorescence-activated cell sorting analysis. F: Conditioned media were harvested and analyzed for the presence of soluble CXCL16 by ELISA. Data
are presented as mean � SE from one representative of three independent experiments (n � 3). **P � 0.01 considered statistically significant compared with cells
grown in serum free medium (control).

CXCL16 and OxLDL 2065
AJP June 2009, Vol. 174, No. 6



As the metalloproteinase inhibitors GW280264X and
GI254023X showed a very similar influence on the pro-
cessing of CXCL16, we concluded that ADAM17 is not
involved in the cytokine-induced CXCL16 shedding.16 To
validate the involvement of ADAM10 in the constitutive
and cytokine-induced cleavage of CXCL16 we blocked
ADAM10 expression by specific siRNAs. As shown by
Western blot analysis transfection of ADAM10 siRNA re-
sulted in a full suppression of ADAM10 protein expres-
sion (Figure 4A). In addition, the application of ADAM10-
specific siRNA increased levels of cell-associated
CXCL16 in the presence or absence of IFN-� as shown
by Western blot (Figure 4A) and ELISA (Figure 4B), con-
firming the results obtained in our inhibitor studies. Un-
expectedly, knockdown of the ADAM10 protein further
augmented the release of soluble CXCL16 (Figure 4C). In
contrast to the metalloproteinase inhibitors, the knock-
down of ADAM10 with siRNA prevented ADAM10 protein
synthesis. Therefore we speculated that the loss of
ADAM10 proteins rather than the inhibition of the
ADAM10 activity can be compensated by another met-
alloproteinase. To investigate this hypothesis, we prein-
cubated podocytes with the metalloproteinase inhibitors
GW280264X or GM6001 before the siRNA transfection.
In the presence of TNF-� the preincubation with the
hydroxamate GW280264X significantly reduced the
amount of soluble CXCL16 in comparison with cells
treated with ADAM10 siRNA alone (Figure 4D). More-
over, the broad spectrum metalloproteinase inhibitor
GM6001 decreased the release of CXCL16 under
basal levels (Figure 4D). To further confirm that
ADAM17 may be involved in the shedding of CXCL16 in

the absence of ADAM10, we performed a double knock-
down of ADAM10 and ADAM17 in podocytes and deter-
mined the amount of soluble CXCL16 by ELISA. As
shown in Figure 4E, the knockdown of ADAM17 alone did
not reduce the constitutive as well the IFN-�-induced
shedding of CXCL16. In contrast, the double knockdown
of ADAM10 and ADAM17 reduced significantly the IFN-
�-induced shedding of CXCL16, assuming that ADAM17
can cleave CXCL16 in the absence of ADAM10. The
efficient knockdown of both ADAM proteases are dem-
onstrated by ADAM10- or ADAM17-specific Western blot
(Figure 4F).

CXCL16 Functions as a Scavenger Receptor for
OxLDL in Human Podocytes

OxLDL plays a major role in the pathogenesis of athero-
sclerosis and in the development of various glomerular
diseases.29–32 It has been described that CXCL16 func-
tions as a scavenger receptor for oxLDL in macro-
phages.10 To analyze oxLDL uptake in human podo-
cytes, we treated cells with IFN-� in the presence or
absence of the broad spectrum metalloproteinase inhib-
itor GM6001 (Figure 5A). As mentioned previously, IFN-�
increased the amount of cellular CXCL16, which could be
further potentiated by the application of GM6001 (Figure
5, A and C). This up-regulation of the cell-associated
CXCL16 was accompanied with a strong increase of
DiI-oxLDL uptake (Figure 5, A and B).

To demonstrate that CXCL16 is involved in the uptake
of oxLDL in human podocytes, we used antibodies to

Figure 3. Influence of metalloproteinase inhibitors on the expression of soluble and cellular CXCL16 in human podocytes in the presence of IFN-� or TNF-�. A:
Effects of different metalloproteinase inhibitors on the IFN-� release of CXCL16 (18 hours treatment). Fifteen minutes prior to IFN-� treatment, the cells were
preincubated with 3 �mol/L GW280264X (GW), 3 �mol/L GI254023X (GI), 50 �mol/L GM6001 (GM), or 20 �mol/L TAPI-2. All data were reproduced in three
independent experiments and are represented as mean � SE (n � 3). *P � 0.05 considered statistically significant compared with the control; #P � 0.05,
considered statistically significant compared with the IFN-� treated cells. B: Soluble CXCL16 was measured in supernatants of podocytes treated for 18 hours with
TNF-�. Fifteen minutes prior to TNF-� treatment, cells were preincubated with 3 �mol/L GW280264X (GW), 3 �mol/L GI254023X (GI), 50 �mol/L GM6001 (GM),
or 20 �mol/L TAPI-2. All data were reproduced in three independent experiments and are represented as mean � SE (n � 3). **P � 0.01 considered statistically
significant compared with the control; #P � 0.05, ##P � 0.01 considered statistically significant compared with the TNF-� treated cells. C and D: Western blot
analysis of cellular CXCL16 in human podocytes after the application of different metalloproteinase inhibitors in the presence of IFN-� (C) or TNF-� (D). E and
F: Cellular CXCL16 protein levels were determined by ELISA in podocytes treated with different metalloproteinase inhibitors in the presence of IFN-� (E) or TNF-�
(F). All data were reproduced in three independent experiments and are represented as mean � SE (n � 3). *P � 0.05 considered statistically significant compared
with the cells grown in serum-free medium (control). #P � 0.05 considered statistically significant compared with IFN-�- or TNF-�-treated cells.
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specifically block CXCL16 function. As shown in Figure 5,
D and E, the application of a CXCL16 blocking antibody
strongly reduced the amount of DiI-oxLDL uptake in hu-
man podocytes.

Knockdown of CXCL16 by siRNA Decreased the
Chemotaxis of CXCR6-Expressing Jurkat T Cells

The recruitment of leukocytes into the kidney has emerged
as a key event in the development of acute renal failure.33

CXCR6 is the only known receptor of CXCL16 and was first
discovered as a coreceptor for HIV/SIV.13,34 It is expressed
on CD4 positive effector memory T cell subsets and NKT
cells.19,34 We have recently shown that Jurkat T cells ex-
press transmembrane CXCR6.23 It is known that CXCR6-
expressing cells can be recruited by soluble CXCL16 to
sites of inflammation.21,35 To investigate the role of CXCL16
in the process of T cell recruitment, we inhibited CXCL16
expression in human podocytes using the RNA interference
technology. As shown in Figure 4C, transfection of CXCL16-
specific siRNA completely blocked the release of soluble
CXCL16 in the presence or absence of IFN-�. Applying this
CXCL16 deficient supernatant in a chemotaxis assay re-
sulted in a significant reduction of migrated Jurkat T-cells in
comparison with the control supernatants (Figure 6). To
further underline the role of CXCL16 in the migration of T
cells, we used recombinant CXCL16 in the chemotaxis as-
say, which resulted in an almost twofold induction of T cell
migration (Figure 6).

CXCL16 and ADAM17 Expression Is Increased
in Glomeruli of Patients with Membranous
Nephropathy

MN is an immune-mediated disease that is character-
ized by the accumulation of immune deposits leading

Figure 4. Effect of ADAM10, CXCL16 and ADAM17 knockdown on the consti-
tutive and IFN-�-induced CXCL16 shedding. A: Western blot analysis of CXCL16
and ADAM10 expression after the transfection of specific siRNAs in the presence
or absence of IFN-�. �-Actin was used as a loading control. B: The amount of
cellular CXCL16 was measured after specific siRNA transfection in the
presence or absence of IFN-� by a CXCL16-specific ELISA. All data were repro-
duced in three independent experiments and are represented as mean � SE
(n � 3). *P � 0.05 considered statistically significant compared with mock or
sc-siRNA- transfected cells. #P � 0.05 considered statistically significant com-
pared with sc siRNA transfected and IFN-� treated cells. C: Human podocytes
were transfected with CXCL16 and ADAM10-specific siRNA in the presence or
absence of IFN-� and supernatants were harvested. Supernatants were concen-
trated by centrifugation and soluble CXCL16 was measured by a CXCL16-specific
ELISA. All data were reproduced in three independent experiments and are
represented as mean � SE (n � 3). *P � 0.05 considered statistically significant
compared with the mock transfected cells. #P � 0.05, ##P � 0.01 considered
statistically significant compared with sc-siRNA-transfected cells. §P � 0.05, §§P �
0.01 considered statistically significant compared with sc siRNA-transfected cells
in the presence of IFN-�. D: Influence of ADAM10 knockdown on the release of
CXCL16 in the presence of TNF-� with or without preincubation with 3 �mol/L
GW280264X (GW) or 50 �mol/L GM6001(GM). All data were reproduced in
three independent experiments and are represented as mean � SE (n � 3). *P �
0.05 considered statistically significant compared with the sc-siRNA-transfected
cells. #P � 0.05 considered statistically significant compared with A10 siRNA-
transfected cells. §§P � 0.01 considered statistically significant compared with
A10 siRNA-transfected cells in the presence of TNF-�. E: Soluble CXCL16 was
measured with a CXCL16-specific ELISA after single or double knockdown of
ADAM10 and ADAM17 in the presence or absence of IFN-�. All data were
reproduced in three independent experiments and are represented as mean �
SE (n � 3). *P � 0.05 considered statistically significant compared with the
sc-siRNA-transfected cells. ##P � 0.01 considered statistically significant com-
pared with the A10 siRNA-transfected podocytes. §P � 0.05 considered statisti-
cally significant to A10 siRNA-transfected cells in the presence of IFN-�. F:
Western blot analysis with ADAM10- and ADAM17-specific antibodies in lysates
of podocytes transfected with specific siRNAs in the presence and absence of
IFN-�. ß-Actin Western blot has been performed to demonstrate equal loading.
A10, ADAM10; C16, CXCL16; A17, ADAM17; sc, scrambled.
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to complement activation and podocyte injury.36 To
study the expression of CXCL16 and ADAM10 in hu-
man glomerular diseases we performed immunohisto-
chemical and immunofluorescence analysis on tissue
sections of patients with MN. As shown in Figure 7A,
immunohistochemical analysis revealed that CXCL16
was dramatically up-regulated in the glomeruli of MN
patients compared with normal renal tissue. This up-
regulation of CXCL16 was confirmed by immunofluo-
rescence staining (Figure 7C). Interestingly, ADAM10
expression was down-regulated in glomeruli of MN

patients in comparison with normal kidneys (Figure 7, B
and C). The specificity of CXCL16 staining on biopsies
of MN patients was controlled by using CXCL16 pep-
tide blocking experiments (Figure 7D). To investigate if
increased glomerular CXCL16 expression correlated
with elevated oxLDL levels we performed immunofluo-
rescence analysis on tissue sections of patients with
MN. As documented in Figure 7F, glomerular oxLDL
levels in MN patients were significantly increased com-
pared with healthy kidneys (Figure 7E). To demonstrate
the specificity of our immunofluorescence staining re-
sults on biopsies of patients with MN, IgG control an-
tibodies were used for immunofluorescence analysis
and did not show any specific fluorescence patterns
(Figure 7G). In addition, we investigated the expres-
sion of ADAM17 in human podocytes (Figure 8A), in
normal kidney (Figure 8B), and in patients with mem-
branous nephropathy (Figure 8C). In contrast to ADAM10,
increased ADAM17 expression was detectable in glo-
meruli of patients diagnosed with MN. The glomerular
expression of CXCL16, ADAM10, ADAM17, and oxLDL
in biopsies of nine patients with MN are summarized in
Table 1. To investigate if increased CXCL16 levels are
detectable in sera of patients with membranous ne-
phropathy, we analyzed in a pilot study CXCL16 levels
in sera of seven patients and of seven healthy controls.
Interestingly, CXCL16 levels were found in controls
(mean 1400 pg/ml), but in sera of six patients in-
creased levels of CXCL16 were found (Table 2).

Figure 5. Involvement of CXCL16 in the uptake of ox-LDL in human podocytes. A: Dil-oxLDL uptake was analyzed in unstimulated (control), IFN-� (IFN-�), or
50 �mol/L GM6001 and IFN-� (GM � IFN-�) treated cells. After stimulation of human podocytes, cells were incubated for 4 hours with 100 �g/ml Dil-oxLDL and
subsequently washed with PBS and fixed in methanol/0.02% EDTA. B: Fluorescence intensities of Dil-oxLDL in untreated (control), IFN-�, or IFN-� and GM6001
(GM) treated human podocytes. ***P � 0.001 considered statistically significant compared to untreated cells. #P � 0.05 considered statistically significant compared
to the IFN-g and GM6001 (GM) treated cells. Dil-oxLDL uptake in the presence of control antibodies (C) or CXCL16 blocking antibodies (D) was analyzed by
immunofluorescence microscopy. E: Fluorescence intensities of Dil-oxLDL in human podocytes treated with control IgG antibodies (control) or CXCL16 blocking
antibodies (C16 Ab) were determined and represented in a graph. **P � 0.01 considered statistically significant compared to untreated cells.

Figure 6. Silencing of CXCL16 in podocytes significantly decreased the chemo-
taxis of Jurkat T cells. Loss of CXCL16 correlated with a reduced number of
migrated Jurkat T cells. Supernatants presented in Figure 5C were used for
chemotaxis assay (n � 4). Recombinant CXCL16 induced the migration of Jurkat
T cells approximately twofold. Data are means � SD. **P � 0.01 considered
statistically significant compared with mock treated cells; ##P � 0.01 considered
statistically significant compared with the IFN-� treated cells.
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Discussion
Chemokines are important chemotactic molecules that
control leukocyte trafficking and function. Recent studies
have shown that these molecules also play an important
role in several additional biological functions, such as
regulation of lymphocyte development, expression of ad-
hesion molecules, cell proliferation, angiogenesis, virus-
target cell interactions, and various aspects of cancer.37

Most of the over 40 known chemokines are dramatically
induced under inflammatory conditions and released as
soluble molecules.38 CX3CL1 and CXCL16 are two ex-
ceptional chemokines that are synthesized as transmem-
brane molecules and are known to be constitutively ex-
pressed in the absence of inflammation.6 Constitutive
expression of CXCL16 was already described on kera-

tinocytes, endothelial cells, smooth muscle cells, and
some cancer cells.7,16,39,40 CXCL16 does not only exist in
a transmembrane form, but can also be processed by
members of the ADAM (a disintegrin and metalloprotein-
ase) family, resulting in a soluble CXCL16 form.16–18 With
immunohistochemistry, Western blot, and immunofluo-
rescence analysis we provide conclusive evidence that
human podocytes constitutively express CXCL16 in vitro
and in vivo. Furthermore our in vitro results clearly dem-
onstrate that proinflammatory cytokines like TNF-� and
IFN-� can further increase cellular as well as soluble
CXCL16 in human podocytes. In addition, with metallopro-
teinase inhibitor studies we demonstrated that ADAM10 is
involved in the induced shedding of CXCL16. Surprisingly,
in contrast to the inhibitor studies, the knockdown of

Figure 7. Expression of CXCL16, ADAM10, and oxLDL in glomeruli of normal renal tissue and in tissue sections of patients with membranous nephropathy. A:
Immunohistochemical analysis of CXCL16 expression in tissue sections of healthy kidney (Normal) and in a patient with membranous nephropathy (MN). Results
were confirmed by immunofluorescence analysis of CXCL16 (red) and ADAM10 (green) expression in the normal human kidney (B) and in tissue sections of MN
patients (C). D: CXCL16 peptide competition assay was performed to demonstrate specificity of glomerular CXCL16 staining in MN patients. Left and middle panels
represent CXCL16 expression in normal kidney and in patients with MN, respectively. Right panel demonstrates no specific CXCL16 signal in glomeruli of MN
patients, if CXCL16 antibody was preincubated with 10 �g/ml recombinant CXCL16 peptide. Healthy renal tissue (E) and renal biopsies of patients diagnosed with
MN (F) were analyzed for oxidized LDL expression with immunofluorescence staining using antibodies against oxLDL followed by Cy3 coupled secondary
antibodies. G: Immunofluorescence staining with an IgG control antibody on biopsies of patients with MN did not show any specific immunofluorescence signal.

Figure 8. ADAM17 is expressed in podocytes
and increased glomerular ADAM17 expression
is detectable in patients with MN. A: Podocytes
were fixed with methanol and immunofluores-
cence analysis were performed using a mono-
clonal antibody against ADAM17 and Cy3 cou-
pled secondary antibody (red). B: ADAM17
expression in human normal kidney was visual-
ized by monoclonal antibody against ADAM17
and Cy3 coupled secondary antibody. C: The
expression of ADAM17 was visualized in biop-
sies of patients with MN by monoclonal
ADAM17 followed by Cy3 coupled secondary
antibody.
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ADAM10 by siRNAs increased not only cellular CXCL16
expression but unexpectedly also enhanced the release of
CXCL16 from human podocytes. Incubation of human
podocytes with the ADAM17/ADAM10-specific metallopro-
teinase inhibitor GW280264X after ADAM10 siRNA trans-
fection blocked the induced shedding of CXCL16, showing
that ADAM17 cleaves CXCL16 in the absence of ADAM10.
In addition, the double knockdown of ADAM10 and
ADAM17 by specific siRNA in the presence of IFN-� con-
firmed that ADAM17 (in the absence of ADAM10) is in-
volved in the release of CXCL16 under inflammatory condi-
tions. At first glance these findings seem to be in conflict
with previous publications. In keratinocytes the down-regu-
lation of ADAM10 by siRNAs resulted in a decrease of the
constitutive shedding of CXCL16.41 This difference could
be a cell-type specific effect, which may depend on the
availability of the specific protease. Tissue-specific varia-
tions in the molecular size of CXCL16 proteins expressed in
spleen and lymph nodes have been already described.8 It
has been recently shown that depending on the stimuli
used, different metalloproteinase can regulate the release
of CXCL16. In COS cells phorbol 12-myristate 13-acetate-
induced release of CXCL16 was primarily mediated by
ADAM17, whereas shedding induced by ionomycin was
independent of the proteolytic activity of ADAM17.42 The
discrepancy between the effects of the pharmacological
inhibition of ADAM10 versus the siRNA-mediated loss of
ADAM10 in human podocytes can be due to differences in
the way of action between these two methods. The appli-
cation of the metalloproteinase inhibitor GI254023X resulted

in the inhibition of ADAM10 activity. The protein is still
present in the cells in contrast to the treatment with
ADAM10-specific siRNA. In human podocytes it seems that
the loss of ADAM10 expression induced compensatory ef-
fects, whereas the blockage of ADAM10 activity did not.

As mentioned above, an important function of trans-
membrane CXCL16 is its activity as a scavenger receptor
for oxLDL.10,14 Accumulation of oxLDL has been re-
ported in the circulation and in the renal interstitium in
both experimental models and patients with chronic kid-
ney disease and end-stage renal disease. Interestingly,
in a mouse model of unilateral ureteral obstruction
CXCL16 expression was significantly increased in injured
tubules and interstitial cells.43 In addition, the authors
described a significant increase of renal tubulointerstitial
oxLDL in this animal model, but the potential role of
CXCL16 in the endocytosis of oxLDL was not further
investigated. In our study, treating human podocytes with
IFN-� with or without a metalloproteinase inhibitor signif-
icantly increased oxLDL uptake. Furthermore, with block-
ing antibodies against CXCL16 we significantly reduced
the oxLDL uptake in human podocytes, thus defining an
important role of CXCL16 as a scavenger receptor for
oxLDL on podocytes. Our data are consistent with a
recent publication demonstrating a CXCL16-mediated
uptake of oxLDL in endothelial cells.44 Importantly, the
deposition of atherogenic lipoproteins has been impli-
cated in the progression of glomerular injury.45 Scaven-
ger receptors are known to promote or attenuate athero-
genic effects in vivo through the endocytosis of oxLDL
and activation of proinflammatory cascades following li-
gand binding.46–48 Furthermore, it has been shown that
oxLDL induced apoptosis in mouse podocytes.49 In con-
trast, treatment of human podocytes with oxLDL did not
induce apoptosis (data not shown). Importantly, we found
in renal biopsies of MN patients displaying dramatic up-
regulation of CXCL16 increased levels of glomerular ox-
LDL. To further evaluate this important finding, siRNA
experiments or blocking antibodies against CXCL16
should be performed in animal models of membranous
nephropathy to clarify whether CXCL16 is also in vivo
responsible for the uptake of oxLDL in podocytes.

The role of CXCL16 in the progression of kidney dis-
eases has been recently described. So far, in humans an
important role of CXCL16 has only been suggested in
lupus patients and in kidney transplanted patients with

Table 1. Glomerular Expression of ADAM17, ADAM10,
CXCL16, and OxLDL in Kidney Biopsies of
Patients with Membranous Nephropathy

MN patient no. ADAM17 ADAM10 CXCL16 OxLDL

1 �/� � ��� ��
2 � � ��� ��
3 � � ��� ��
4 � � � �/�
5 �� � �� ��
6 �� � � �
7 �� � ��� ���
8 � � �� �
9 �� � �� ��

�/�, slightly induced expression; �, weak induction; ��, moderate
induction; ���, strong induction compared with expression in normal
kidney.

Table 2. CXCL16 Serum Levels and Clinical Parameters of Patients with Membranous Nephropathy or Lupus Nephritis

Patient
no. Diagnosis Age Sex

Proteinuria
(g/d)

Serum
creatinine

(mg/dl)
Immunosuppressive

therapy
Antihypertensive

therapy
CXCL16
(pg/ml)

1 MN 41 F 0, 4 0, 74 ACEI, BB 1870, 86
2 MN 20 F 0 1, 13 CSA ACEI, AT1RB 2392, 30
3 MN 53 M 0, 5 1, 15 CSA, S 1979, 66
4 MN 40 F 6, 8 0, 73 ACEI, AT1RB 1915, 83
5 MN 40 M 10 1, 21 ACEI, AT1RB, RI 1960, 46
6 MN 30 F 0 0, 78 ACEI, AT1RB 1344, 17
7 LN 55 F 0, 6 0, 84 MMF, S ACEI, AT1RB 3230, 50

MN, membranous necropathy; LN , lupus nephritis; ACE-I, angiotensin-converting enzyme inhibitor; AT1R-B, angiotensin receptor 1 blocker; BB,
� blocker; CSA, cyclosporine A; MMF, mycophenolate mofetil; RI, renin inhibitor; S, steroids.
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the diagnosis of acute interstitial rejection.23 Elevated
urinary CXCL16 amounts were found in several strains of
mice with spontaneous lupus nephritis and in patients
with lupus nephritis.24 In addition, in sera of lupus
nephritis patients with active renal disease elevated
levels of CXCL16 were found.24 We therefore investi-
gated CXCL16 levels in sera of patients with MN. Inter-
estingly, in five of six MN patients, elevated levels of
serum CXCL16 were detectable. In contrast to CXCL16
levels from the lupus nephritis patient, MN patients had
much lower CXCL16 levels. Further investigations should
be performed to evaluate whether CXCL16 in sera of MN
patients maybe an potential marker molecule to monitor
disease progression.

The cellular origin of CXCL16 in lupus patients has
been so far not identified. Our study is the first report
demonstrating increased CXCL16 expression in podo-
cytes of patients with membranous nephropathy. In the
same line, elevated CXCL16 mRNA levels were detected
in the glomeruli of a rat model of experimental glomeru-
lonephritis, thus demonstrating the relationship between
altered glomerular CXCL16 expression and progression
of kidney diseases.50 Furthermore, blocking CXCL16 in
the acute inflammatory phase of established glomerulo-
nephritis significantly attenuated monocyte/macrophage
infiltration and glomerular injury.50 Our results also dis-
played a chemoattractant activity of soluble CXCL16 re-
leased from human podocytes as CXCL16-deficient su-
pernatants of human podocytes displayed reduced
chemotaxis activity for CXCR6-expressing T cells.

To investigate the role of CXCL16 and ADAM10 in
patients with membranous nephropathy we performed
immunofluorescence analysis on biopsies of patients with
MN. Importantly, in patients with MN elevated levels of
CXCL16 were accompanied with decreased ADAM10
expression in podocytes. In contrast to ADAM10, we
found that ADAM17 was increased in glomeruli of MN
patients. An important role of ADAM17 in the progression
of chronic kidney diseases has been shown in experi-
mental model of renal injury.51 The authors demonstrated
that transforming growth factor-� and its sheddase
ADAM17 were induced by angiotensin II treatment.51 In
addition, angiotensin II-induced renal lesions were sub-
stantially reduced in mice lacking transforming growth
factor-� or in mice given a specific TNF-� converting
enzyme inhibitor.51 Beside CXCL16 and transforming
growth factor-�, ADAM17 has been shown to cleave
TNF-� and fractalkine, two molecules known to play im-
portant roles in the development of various kidney
diseases.52,53

MN is the most common cause of idiopathic nephritic
syndrome in white adults, accounting for about 20% of
cases.22,54 MN is characterized by an accumulation of
immune deposits on the outer aspect of the glomerular
basement membrane, which causes a membrane-like
thickening. The immune deposits consists of IgG, with a
predominance of IgG4,55,56 unidentified antigens, and
the membrane attack complex of complement C5b-9.
Therefore an applicable strategy to treat MN patients is to
target B-lymphocytes as a major cell type to prevent
disease progression. Interestingly, both B-lymphocytes

and bone marrow plasma cells express CXCR6, the sole
receptor for CXCL16.11,57 Therefore, the importance of
CXCL16, ADAM10, and ADAM17 needs to be further
investigated in an animal model of MN (Heymann nephri-
tis) to evaluate whether these proteins are useful target
molecules to overcome the currently existing disappoint-
ing treatment strategies of MN.
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