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Background: The dermatan sulfate proteoglycan decorin modulates delayed-type hypersensitivity, leading to reduced
edema.
Results:Decorin deficiency leads to a reduced infiltration ofCD8� leukocytes and deregulated cytokine expression.Decorin can
stabilize IFN-� and potentiate its signaling by activating STAT-1.
Conclusion: Decorin is a novel modulator of proallergic signal transduction.
Significance: Decorin is part of a signaling network that regulates cytokine expression in acute inflammation.

The proteoglycan decorin modulates leukocyte recruitment
during delayed-type hypersensitivity responses. Decorin-defi-
cient (Dcn�/�) mice show reduced edema formation during the
first 24 h with a concurrent attenuated recruitment of CD8�

leukocytes in the inflamed Dcn�/� ears. The aim of this study
was to elucidate the molecular pathways affected by the loss of
decorin. In vivo, reduced numbers of CD8� cells inDcn�/� ears
correlated with a reduced interferon-� (Ifn-�) and CXCL-10
expression. In vitro,Dcn�/� lymphocytes displayed an increased
adhesion to brain microvascular (bEnd.3) endothelial cells.
Decorin treatment of bEnd.3 increased Icam1 and down-regu-
lated Vcam1 expression after TNF-� stimulation. However,
Dcn�/� and wild-type lymphocytes produced IFN-� after acti-
vation with CD3�. Upon incubation with decorin, endothelial
cells and fibroblasts responded differently to IFN-� and TNF-�;
CCL2 in bEnd.3 cells was more prominently up-regulated by
TNF-� compared with IFN-�. Notably, both factors were more
potent in the presence of decorin. Compared with TNF-�,
IFN-� treatment induced significantlymoreCXCL-10, andboth
factors increased synthesis of CXCL-10 in the presence of
decorin. The response to IFN-�was similar inDcn�/� andwild-
type fibroblasts, an additional source of CXCL-10. However,
addition of decorin yielded significantly more CXCL-10. Nota-
bly, decorin increased the stability of IFN-� in vitro and poten-
tiated IFN-�-induced activation of STAT-1. Furthermore, only
dermatan sulfate influenced IFN-� signaling by significantly
increasing CXCL-10 expression in contrast to decorin protein

core alone. Our data demonstrate that decorin modulates
delayed-type hypersensitivity responses by augmenting the
induction of downstream effector cytokines of IFN-� and
TNF-�, thereby influencing the recruitment of CD8� lympho-
cytes into the inflamed tissue.

Delayed-type hypersensitivity (DTH)3 is a model of cell-me-
diated acute allergic inflammation (1). Small organic molecules
are one of the important clinical categories of contact allergens
that undergo haptenization. During the sensitization with the
hapten oxazolone, two populations of reactive T cells are
primed. CD8� cells mediate the inflammatory reaction and
produce IFN-�, 8–24 h after elicitation, to promote the killing
of the haptenized cells resulting in the inflammatory reaction
similar to allergic contact dermatitis (2). In chemical hapten-
induced DTH, early up-regulation of TNF-� precedes IFN-�
production. TNF-� induction depends on ICAM1 expression
and endothelial presentation of the hapten to CD8� cells (3). In
contrast, CD4� cells limit the magnitude and duration of the
reaction by producing IL-4 and IL-10 (4–6). The intensity of
neutrophil infiltration controls the number of antigen-primed
CD8� T cells recruited into cutaneous antigen challenge sites
(7). In addition, mast cells regulate themagnitude and the cyto-
kine microenvironment of the contact hypersensitivity
response (8). Given themultitude of cell types involved inDTH,
it is not surprising that this response is orchestrated by a com-
plex network of cytokines and their receptors. For example, the
DTH reaction depends on the activity of cytokines and chemo-
kines such as TNF-� (9, 10), IL-1� (10), IL-5 (11), IL-6 (12),
IL-18 (13), CXCL-9 and CXCL-10 (14), and TGF�/Smad3 (15)
or cytokine receptors such as CXCR4 (16, 17), TLR2 (18), and
TLR4 (19).
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The dermatan sulfate (DS) proteoglycan decorin is involved
in regulating some of these inflammatory processes. (i) It can
bind to TLR2 and TLR4 followed by inducing NF-�B signaling
(20). (ii) It is capable of sequestering TGF-� under fibrotic con-
ditions (21, 22). It enhances the IFN-�-induced expression of
inducible NO synthase, TNF-�, IL-1�, and IL-6 (23). (iv)
Decorin is capable of binding to TNF-� (24). (v) Decorin defi-
ciency results in reduced IL-5 production in an experimental
model of asthma (25). During inflammation monocytes are
recruited from the circulation to the endothelium by the
chemokine CCL2/MCP-1, which is increased in Dcn�/� mice
(26).
It is well established that proteoglycans are capable of specif-

ically binding to a variety of ligands relevant to allergic inflam-
mation, either via their protein cores or the GAG side chains
(27, 28). This leads to a modulation of signaling function of
cytokines and chemokines and of the adhesive properties of cell
adhesion molecules and integrins (27, 26). Indeed, proteogly-
cans and their GAGs can play a role in DTH. For example, the
application of heparin or inhibition of the heparan sulfate-de-
grading enzyme heparanase and reduction of endothelial
heparan sulfation inhibit oxazolone-mediated murine DTH
(29–31). Regarding specific proteoglycans, we recently demon-
strated that mice deficient in the cell surface heparan sulfate
proteoglycan syndecan-1 exhibit increased integrin-dependent
leukocyte recruitment and increased and prolonged edema for-
mation during DTH, which was accompanied by increased
expression of proinflammatory cytokines and ICAM1 (32).
Apart from heparan sulfate proteoglycans, small leucine-rich
proteoglycans can modulate various aspects of both innate and
acquired inflammatory responses (33). Whereas lumican pro-
motes neutrophil migration via binding to �2 integrins (34),
biglycan promotes proinflammatory signaling via TLR2/TLR4
(35, 36). However, little is known about the involvement of
these proteoglycans in DTH responses. The DS proteoglycan
decorin can be detected in the plasma of patients suffering from
Gram-negative or Gram-positive infections as well as healthy
control persons (20, 37).
Notably, DS is required for IFN-� presentation by mast cells

to other immune cells (38), and injection of mice with DS
increases the soluble levels of circulating ICAM1 (39), two pro-
cesses highly relevant to the DTH response. Using an oxa-
zolone-evoked contact allergy model in a genetic background
lacking endogenous decorin, we recently reported that absence
of this proteoglycan results in reduced edema formation,
increased adhesion of granulocytes to endothelial cells, and
concurrent reduced extravasation of leukocytes into the
inflamed tissue (26). Although the early cytokine Ccl2 was
increased, the amount of TNF-� was significantly reduced in
oxazolone-stimulated ears of Dcn�/� mice. This led us to
hypothesize that decorin would affect CD8� adhesion to endo-
thelial cells, thereby influencing the biology of adhesion mole-
cules and cytokine expression during early allergic reactions.
In this study, we address themolecular impact of decorin and

its dermatan sulfate chain on regulating the expression of
IFN-� in endothelial cells and fibroblasts and downstream
effector molecules during orchestration of the acute contact
allergic response in vitro and in vivo.

EXPERIMENTAL PROCEDURES

Materials and Animals—The following primary antibod-
ies were used: rat anti-mouse Ki67 (clone TEC-3, Dako-
Cytomation, Switzerland) and rat anti-mouse CD8� (Ly-2;
Pharmingen); and donkey anti-rat immunoglobulin G (IgG;
H�L)-Cy3 (Dianova). For FACS, the following were used: anti-
CD4-FITC (clone YTS 191.1.2), anti-CD8�-phycoerythrin
(clone YTS 169.4) (EuroBioSciences), and anti-CD183
(CXCR3)-allophycocyanin (eBiosciences). DS was generated
from purified human skin fibroblast decorin (40) by �-elimina-
tion. Purification and characterization of the biologically active
decorin protein core were described before (41). Samples were
analyzed as described before and had no detectable levels of
endotoxins (42). The following substances were used: CS4S and
CS6S (Sigma), murine recombinant cytokines IFN-� and
TNF-� (R&D Systems), and mrCXCL-10 (eBiosciences). The
decorin-deficient mice (Dcn�/�) (43) and decorin/syndecan-1
double-deficient (Dcn�/�/Sdc1�/�) (26) mice were bred in the
animal facility in accordance with the German Animal Protec-
tion Act and were approved by the Ethics Review Committee
(8.87–50.10.36.08.299) for laboratory animals of the District
Government of Münster, Germany.
Delayed-type Hypersensitivity Assay—DTH was carried out

with 8–12-weeks-old maleDcn�/�,Dcn�/�/Sdc1�/� mice and
the respective controls as described previously (26, 32). Briefly,
mice were sensitized on the abdominal shaved skin with 150 �l
of 2.5% oxazolone (Sigma) dissolved in acetone/ethanol (3:1
(v/v)). Mice were challenged 7 days later with 10 �l of 1% oxa-
zolone topically administered to the ear twice. Thickness of a
constant area (1 cm2) of the ear was measured with a Mitutoyo
engineer’s micrometer. Decorin expression is not obviously
affected in wild-type ears by oxazolone treatment (supplemen-
tal Fig. 1, A and B).
Isolation of Primary Decorin-null Fibroblasts and Lympho-

cytes—Skin fibroblasts were obtained from 1-day-old Dcn�/�

mice (43) or wild-type C57BL/6 mice as described previously
(44, 45). Cells were cultured in modified Eagle’s minimum
essential mediumwith Earle’s salts and supplementedwith 10%
fetal calf serum (FCS) (Biochrom, Germany), 2 mM glutamine,
and 100 units/ml penicillin, 0.1 mg/ml streptomycin (PAA,
Austria). Cells were used for the subsequent experiments at
passage 3. Inguinal, axillary, brachial, and cervical lymph nodes
were isolated from 8-week-old male wild-type and Dcn�/�

mice. After separation with a cell strainer (70 �m; Falcon),
lymph node cells were cultured in RPMI 1640 medium (PAA,
Austria) with 5% FCS, 100 units/ml penicillin, and 0.1 mg/ml
streptomycin for 1 h.Nonadherent lymphocytes of supernatant
were used for further experiments.
Endothelial bEnd.3 Cell Line—The bEnd.3 cell line was gen-

erated frommurine brain endothelial cells (46). Cells were cul-
tured in Dulbecco’s modified Eagle’s medium (PAA, Austria)
supplemented with 10% FCS, 100 units/ml penicillin, and 0.1
mg/ml streptomycin in an incubator with 7.5% CO2.
Activation of Primary Lymphocytes—Wild-type and Dcn�/�

primary lymphocytes (2 � 106 cells/24-well) were activated
by cultured the cells on anti-CD3�-coated plates (10 �g/ml) for
6 h in complete RPMI 1640 medium (47). To increase stimula-
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tion, lymphocytes were additionally treated with 10 ng/ml
mrCXCL10 (48). Resting lymphocytes were cultured on non-
coated plates for 6 h.
Adhesion Assays—bEnd.3 cells were used for static lympho-

cyte adhesion assays, as described previously (26, 49). Approx-
imately 2 � 104 endothelial cells/well were cultured in 96-well
plates overnight, followed by treatment with 85 �g/ml TNF-�
to stimulate endothelial cells. After overnight stimulation,
TNF-� was removed from bEnd.3 cells by washing with PBS. A
total of 2.5 � 106 cells/ml lymphocytes in PBS, 1% FCS was
incubated with 1 �M fluorescent marker 2�,7�-bis(2-carboxy-
ethyl)-5-carboxyfluorescein acetoxymethyl ester (Molecular
Probes, Eugene, OR) in DMSO for 20 min at 37 °C. Equal label-
ing efficiency was controlled using standard curves. Labeled
samples were centrifuged for 5 min at 1500 rpm, and the pellet
was resuspended in FCS-free medium. Thereafter, endothelial
cells were incubated with resting, activated � CXCL-10 lym-
phocytes (2 � 106/ml, 50 �l/well) for 15 min at 37 °C. Wells
were washed two times with PBS, and adherent lymphocytes
were lysedwith lysis buffer (10mMTris/HCl, 0.1%SDS, pH8.5).
The fluorescence signal was quantified in a Spectramax fluo-
rimeter (excitation, 485 nm; emission, 535 nm). The adhesion
was reported as the number of adherent cells. The results were
expressed as mean � S.E.
Production and Purification of Human Decorin—Decorin

was purified from conditioned medium of human skin fibro-
blasts as described before (50). The purity of decorin was veri-
fied by silver staining after SDS-gel electrophoresis. Decorin
protein core purification and characterization were described
previously (41).
Dermal Sheet Staining and Analysis of T Cells by FACS—A

modified protocol for whole ear staining was used (51). Briefly,
ears were cut off and split into two halves. The dorsal ear sites
(without cartilage) were incubated in PBS, 1% FCS, 2mMEDTA
for 3–3.5 h at 37 °C. Dermal sheets were separated from the
epidermis and fixed in acetone. Ear sheets were blocked in PBS,
1% FCS for 1 h at RT and immunolabeled with rat anti-mouse
CD8� (625 ng/�l) overnight at 4 °C. Primary antibody was
detected with donkey anti-rat immunoglobulin G-Cy3 (0.3
�g/ml). For quantification, positive cells were counted in 15–20
HPF (magnification �40) per ear by using fluorescence micro-
scope Imager.M1 (Zeiss, Jena) and Velocity 3D Image Analysis
software (Improvision/PerkinElmer Life Sciences).
For the FACS assays, cervical lymph nodes and spleen were

removed and passed through cell strainers in PBS, pH 7.4, con-
taining 2% FCS. Blood samples were taken from heart and
cleared of erythrocytes using distilled H2O, 155 mM NH4Cl, 10
mM KHCO3 lysis buffer for 10 min on ice. Cells were washed in
cold PBS, 2% FCS and stained with anti-CD4-FITC (1:200), anti-
CD8�-PE (1:200), and anti-CD183 (CXCR3)-APC (1:400) for 30
min on ice. FACS analysis was performed on a FACSCalibur
(BD Biosciences) and analyzed with CellQuest software (BD
Biosciences). Data were compared by nonparametric analysis
(GraphPad Prism software) using theMann-WhitneyU test for
independent groups. p values �0.05 were considered as statis-
tically significant.
Histology and Immunohistochemistry—After euthanasia of

the animals, ear samples were embedded in Tissue-Tek OCT

compound (Sakura Finetek, Japan). Frozen tissue blocks were
cut into 5-�m sections by using a Microm HM560 (Microm
International GmbH, Waldorf, Germany). Sections were fixed
with methanol for 10 min at �20 °C, blocked with 1% BSA
(Serva, Heidelberg, Germany)/PBS for 30 min at RT, followed
by incubation with rat anti-mouse Ki67 (6.2 ng/ml) for 1 h at
RT. Positive cells were detected using Cy3-labeled donkey anti-
rat IgG. To rule out unspecific binding of antibodies, negative
controls without primary and/or secondary antibodies were
performed, respectively. Positively stained cells were counted
on five slices in five high power fields (HPFs) at �20 magnifi-
cations and expressed as cells per HPF.
Quantitative TaqMan Real Time PCR—After euthanasia of

the animals, ears were excised and snap-frozen in liquid nitro-
gen, followed by preparation of total RNA using the RNeasy kit
(Qiagen, Hilden). 1�g of total RNAwas transcribed into cDNA
using Omniscript RT kit (Qiagen, Hilden, Germany) reagents
according to the manufacturer’s guidelines, and cDNA corre-
sponding to 25 ng of total RNA was used as a template in PCR.
Real time PCRwas performed to analyze Ifn-� expression in ear
tissue using the 7300 real time PCR system (Applied Biosys-
tems,Heidelberg, Germany) andTaqMan reagents (mastermix
and probe Ifn-� (Mm00801778_m), reference genemammalian
18 S rRNA (Hs99999901_s1) Applied Biosystems). PCR condi-
tions were as follows: 95 °C for 10 min, followed by 40 cycles of
95 °C for 15 s and 60 °C for 1min. Expression relative to endog-
enous 18 S control was determined using the ��Ct method
as described elsewhere (52). The decorin expression in
bEnd.3 and wild-type fibroblasts was determined by quanti-
tative RT-PCR using the following primers: decorin forward
5�-TGAGCTTCAACAGCATCACC-3� and decorin reverse 5�-
AAGTCATTTTGCCCAACTGC-3�; actin forward 5�-GGCT-
GTATTCCCCTCCATCG-3� and actin reverse 5�-CCAG-
TTGGTAACAATGCCATGT-3�. For statistical analysis,
Mann-Whitney U test was used. A p � 0.05 was considered
statistically significant.
ELISA—The Quantikine ELISA kit (R&D Systems) was used

tomeasure IFN-� in protein lysates of ear tissue, as indicated by
the manufacturer. For equal protein loading, a bicinchoninic
acid protein assay kit (Pierce) was used to calculate protein
concentration in each sample. Optimal protein concentrations
were determined for IFN-� (1.5mg/ml). Samples were stored at
�80 °C until the time of ELISA. All samples were run in tripli-
cate. A multidetection Microplate Reader Synergy HT (Bio-
Tek) was used for measurement of absorbance at 450 nm. A
four-parameter curve was generated for calculation of the
actual cytokine concentration. To analyze the influence of
decorin on the stability of IFN-�, FCS-free MEM was loaded
with 0.5 �g/ml mrIFN-� with/without 5 �g/ml (�100 nM)
decorin. After 72 h at 37 °C, IFN-� concentrationwasmeasured
by ELISA.
Stimulation of Primary Fibroblasts—Wild-type and Dcn�/�

primary fibroblasts were seeded at a density of 2.5 � 104 cells/
96-well and cultured overnight. 24 h prior to the experiment,
the 90–95% confluent cells were starved in FCS-free MEM fol-
lowed by incubation for 24 h in FCS-free MEM in the presence
of 0.5 �g/ml mrIFN-� or 85 ng/�l mrTNF-� and additional
treatment of 5 �g/ml decorin, decorin core, DS, CS4S, or CS6S,
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respectively. Cell culture supernatants were stored at �20 °C
until analysis of CXCL-10 by ELISA.
CXCL-10 Expression of Primary Fibroblasts—CXCL-10 was

detected in supernatant of stimulated fibroblasts by an ELISA
according to the manufacturer’s instructions (RayBiotech). 30
�l of fibroblast supernatant were used for CXCL-10 measure-
ment. All samples were run in triplicate. Data were analyzed by
a two-tailed paired t test (GraphPad Prism software). p � 0.05
was considered as statistically significant.
Stimulation of Endothelial bEnd.3 Cell Line—Approximately

2 � 105 bEnd.3 cells/24-well plate were cultured in FCS-free
DMEM for 24 h and stimulated 0.5�g/mlmrIFN-� or 85 ng/ml
mrTNF-� �decorin.DMEMwas supplementedwith penicillin
and streptomycin. Cell culture supernatants were stored at
�20 °C until analysis of CXCL-10 andCCL2 by ELISA. Because
bEnd.3 cells expressed decorin mRNA under our culture con-
ditions, we performed decorin siRNA knockdown followed by
CXCL-10 ELISA. For siRNA transfection, bEnd.3 cells were
plated in a 24-well plate 1 day prior to transfection to reach 80%
confluency after 24 h. Transfection was performed using Dhar-
mafect reagent (Dharmacon Lafayette, CO) in Opti-MEM
medium (Invitrogen) and Silencer Select siRNA s64858, target-
ing the coding region of Dcn (20 nM) and negative control
siRNA 1 (20 nM) (Applied Biosystems, Darmstadt, Germany)
according to the manufacturer’s instructions. 24 h after trans-
fection, Opti-MEM was replaced by DMEM. CXCL-10 ELISA
was performed 24 h after transfection as indicated under
“Results.”
CXCL-10 and Ccl2 Expression of Stimulated bEnd.3 Cell

Line—CXCL-10 was detected by ELISA in the supernatant of
stimulated bEnd.3 cells (RayBiotech), according to the manu-
facturer’s instructions. 20 �l of bEnd.3 cell supernatant were
used for toCXCL-10measurement. CCL2 expression of bEnd.3
cells was determined by the Quantikine ELISA kits (R&D Sys-

tems). Cell supernatant was diluted 1:150. All samples were run
in triplicate. Data were analyzed by a two-tailed paired t test
(GraphPad Prism software). p � 0.05 was considered as statis-
tically significant.
Peroxidase Activity Assay—As ameasure of total granulocyte

infiltration, we determined peroxidase activity of protein sam-
ples as described previously (53). Briefly, 3,3�,5,5�-tetramethyl-
benzidine (Sigma) was used as a sensitive chromogen substrate
for peroxidase. 24 h after DTH induction ears of wild-type,
Dcn�/�, Sdc1�/�, and Dcn�/�/Sdc1�/� mice were taken and
lysed. 15�g of protein lysates and 100�l of 3,3�,5,5�-tetrameth-
ylbenzidine solution were added to a microtiter plate to start
the reaction. After 20 min of incubation at room temperature,
the reaction was stopped with 50 �l of 2 M H2SO4. Absorbance
was measured at 450 nm.

RESULTS

Recently, we could show that the loss of decorin leads to a
reduced allergic reaction during DTH (26). To elucidate the
underlying mechanism, we analyzed the cytokine expression
profile in vivo and confirmed these results in vitro using endo-
thelial cells and fibroblasts, which are involved in the DTH.
Differential Expression of Proinflammatory Cytokines Evoked

by Decorin—TaqMan low density array analysis (mouse
immune panel from Applied Biosystems) of ear tissue of wild-
type and Dcn�/� mice subjected to oxazolone-mediated DTH
reactions showed that several cytokines out of 96 genes were
differentially regulated at themRNA level by the loss of decorin
during DTH (Table 1). 6.7% of the genes were up-regulated;
23.2% were down-regulated, and 64.4% were not altered. Look-
ing at effector cell markers of DTH, Cd8awas markedly down-
regulated in the decorin-deficient background in contrast to
Cd4, which was not altered. Additional genes negatively
affected by the lack of decorin included IFN-�, synthesized by

TABLE 1
TaqMan low density array data of DTH-induced expression of proinflammatory genes in treated ear tissue of Dcn�/� mice
Total mRNA was isolated from treated ear tissue of two wild-type and two Dcn�/� mice 24 h after DTH induction. Values shown are the fold increase or decrease in the
expression level of the indicated gene in ear tissue from Dcn�/� mice related to the expression in control/wild-type mice.

Relative expression �Ct
Probe no. Gene name Wild type Dcn�/� -Fold increase -Fold decrease

Cell surface marker
Mm00442754_m1 CD4 antigen (Cd4) 11.28 11.12 1.12
Mm01182107_g1 CD8 antigen, � chain (Cd8a) 10.16 12.56 5.29

Interferon pathway
Mm00801778_m1 Interferon, � (Ifng) 7.46 12.98 45.74
Mm00439518_m1 Signal transducer and activator of

transcription1 (Stat1)
4.68 6.29 3.06

Chemokines and chemokine receptor
Mm00443258_m1 Tumor necrosis factor (Tnfa) 6.75 8.99 4.71
Mm00441724_m1 Transforming growth factor, �1 (Tgfb1) 6.57 7.27 1.62
Mm00445235_m1 Chemokine (CXC motif) ligand 10 (Cxcl10) 3.14 7.05 14.99
Mm00444662_m1 Chemokine (CXC motif) ligand 11 (Cxcl11) 5.25 9.7 21.93
Mm00439620_m1 Interleukin 1,� (Il1a) 7.90 8.20 1.24
Mm00434228_m1 Interleukin 1,� (Il1b) 4.19 5.31 2.17
Mm00445259_m1 Interleukin4 (Il4) 10.53 10.64 1.09
Mm00439616_m1 Interleukin 10 (Il10) 11.60 9.76 3.58
Mm00439619_m1 Interleukin 17 (Il17) 16.34 13.91 5.35
Mm00440485_m1 Nitric-oxide synthase 2, inducible,

macrophage (Nos2)
6.74 13.38 99.78

Mm00438259_m1 Chemokine (CXC motif) receptor 3 (Cxcr3) 11.19 12.91 3.29
Adhesion molecules
Mm00441278_m1 Selectin, endothelial cell (Sele) 11.41 9.4 4.01
Mm00441295_m1 Selectin, platelet (Selp) 11.15 10.66 1.41
Mm00449197_m1 Vascular cell adhesion molecule1 (Vcam1) 9.30 10.31 2.00
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CD8� cells and NO synthase (Table 1). CD8� cells are an
important component in the response to hapten-mediated
allergic reactions (3). To independently confirm the expression
results obtained by the array, we analyzed CD8� cells on a cel-
lular level.
CD8� Cells Are Reduced in Dcn�/� Ears during DTH—The

down-regulation of Cd8 mRNA is in line with our previous
results of a reducedCD8� immunostaining in the inflamed ears
of Dcn�/� mice. However, this difference was not significant
(26). This could be related to a significant increase in CD8�

cells in the blood of naiveDcn�/� mice (Fig. 1, A and B; n 	 9).
Twenty four h after oxazolone treatment, Dcn�/� blood
showed also more CD8� cells (not significant) (Fig. 1B),
whereas after 48 h the difference in CD8� cells was again sig-
nificantly higher inDcn�/�mice comparedwithwild-type (Fig.
1B; n 	 9; p � 0.01). Therefore, we analyzed the oxazolone-
treated ears again using improved methodology. Dermal sheet
staining allowed for a more sensitive detection of CD8� cells
compared with staining of cryosections. Interestingly, CD8�

leukocytes were significantly reduced inDcn�/�-inflamed ears
compared with wild-type (Fig. 1, C and D; n 	 6; p � 0.01). To
exclude the possibility that this reductionwas due to changes in
proliferation, we immunostained for the proliferation marker
Ki67, and we found no differences between the two genotypes
(supplemental Fig. 2).
IFN-� Expression Is Affected by the Loss of Decorin during

DTH at Early Time Points—First, we evaluated the results
obtained for Ifn-� by the immune panel array that showed an
�46-fold reduction of this cytokine in the decorin-null back-
ground tissue (Table 1). Next, we validated these changes by
quantitative PCR and confirmed that the Ifn-� mRNA expres-
sion was significantly reduced in Dcn�/� mice (Fig. 2A). Fur-
thermore, this could be confirmed by a significant and substan-
tial reduction of IFN-� protein in Dcn�/� ear tissue (Fig. 2B).
We note that this is a dynamic process insofar as at 48 h both
mRNA and protein levels of IFN-� returned to basal levels (Fig.
2, A and B).
As CD8� cells produce IFN-�, we tested whether lympho-

cytes ofDcn�/� mice were able to synthesize IFN-�, one of the
key cytokines mediating DTH (54). For this purpose, Dcn�/�

andwild-type lymphocytes were stimulated for 24 hwith either
concanavalin A or decorin followed by an IFN-� ELISA. As
expected, exogenous decorin did not induce IFN-� in both
strains of lymphocytes (Fig. 2C, n 	 3). In contrast, the lectin
concanavalin A triggered Ifn-� expression in wild-type and
Dcn�/� cells to the same extent. No obvious difference in
lymph node morphology was observed between 8-week-old
wild-type and Dcn�/� mice (supplemental Fig. 1C).
To detect lymphocyte activation, we next used a CD3� anti-

body that reacts with the 25-kDa chain of the T cell receptor-
associated CD3 complex (47). We found that Ifn-� expression
increased in bothDcn�/� and in wild-type cells (Fig. 2D, n 	 3,
p 	 0.4), indicating that Dcn�/� lymphocytes are able to
express IFN-�. Apart from IFN-�, expression of the Th2 cyto-
kine IL-10 was changed according to the TaqMan array data.
However, at the protein level, there were no significant changes
between oxazolone-stimulated Dcn�/� and wild-type mouse
ears (data not shown).

Endothelial Adhesion of Dcn�/� Lymphocytes is Increased
under Basal, but Not under CD3�/CXCL-10-induced Con-
ditions—Aswe showedpreviously thatDcn�/�neutrophils and
polymorphonuclear cells display an increased adhesion to

FIGURE 1. Distribution of CD8� cells in blood and ear tissue of Dcn�/� and
wild-type mice during DTH. A, upper panel displays a representative FACS
staining for CD8� cells in blood of naive wild-type and Dcn�/� (numbers in
%). B, quantification shows a significant increase of CD8� cells in blood of
naive Dcn�/� mice even after 48 h of DTH induction (n �6; ***, p � 0.005; *,
p � 0.05; mean � S.D.). C, to analyze CD8� cell infiltration into inflamed tissue,
whole ears of wild-type and Dcn�/� mice were fluorescence-stained for CD8;
bar, 25 �m. D, quantification shows that the total amount of CD8� cells is
reduced in Dcn�/� mice compared with wild type 24 h after DTH induction
(n 	 6; **, p � 0.01; mean � S.D.).
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endothelial cells, we next analyzed adhesiveness of lympho-
cytes.We first examined the influence of activation by CD3� on
adhesion of lymphocytes toTNF-� stimulated bEnd.3 endothe-
lial cells.We found a significantly increased adhesion of resting
Dcn�/� lymphocytes to TNF-�-stimulated endothelial cells as
compared with wild type (Fig. 3A). Interestingly, CD3� activa-
tion of lymphocytes differentially affected adhesion of Dcn�/�

cells as compared with wild-type cells. Lymphocyte activation
resulted in an increased adhesion of wild-type cells but not for
Dcn�/� cells. Using the chemokineCXCL-10 as a co-stimulant,
wild-type but not Dcn�/� lymphocyte adhesion significantly
increased further. Notably, we obtained a significant decrease
compared with Dcn�/� resting lymphocytes (Fig. 3A; n 	 5, *,
p� 0.05; ***, p� 0.001), indicating that under static conditions
Dcn�/� lymphocytes behave differently than the wild-type
cells.
Cytokine Receptor Expression Is Not Altered in Dcn�/� Mice—

These results presented above raise the possibility that the ex-
pression of cytokine receptors could be affected by the genetic
ablation of Dcn. To address this point, we analyzed the expres-
sion of CXCR3, the receptor for CXCL-10, CXCL-9, and
CXCL-11, as its mRNA was reduced by �3-fold in the array
(Table 1). FACS analysis of circulating leukocytes revealed that
the amount of double-positive CD4�/CXCR3� and CD8�/
CXCR3� leukocytes was not significantly altered in Dcn�/�

mice under neither naive nor inflammatory conditions (Fig. 3,
B–E, n 	 3). Furthermore, the expression of Ifn-� receptor 1
and 2 in ear tissue showed no differences between the two
strains under neither inflammatory nor control conditions
(data not shown). Dcn�/� mice showed several alterations in
the cytokine profile according to theTaqMan lowdensity array,

which could only partially be confirmed at the protein level. For
the expression for CXCL-10 protein, the downstream cytokine
induced by IFN-�, we could confirm a significant reduction by
the loss of decorin (Fig. 3F, n 	 6; *, p � 0.05).
Sdc1 Deficiency Rescues the Cd8� Phenotype of Dcn�/�

Mice—The results above suggested that decorin could affect
adhesion and/or cytokine expression during hapten-induced
contact allergy. We have previously demonstrated that loss of
Sdc1 in aDcn�/� background rescues theDTHphenotype (26).
Therefore, we analyzed the distribution of theCD8� cells in the
Dcn�/�/Sdc1�/� mice. We discovered that the number of
CD8� cells was increased by �3-fold in the double knock-out
mice as compared with Dcn�/� mice (Table 2), indicating that
the loss of Sdc1 rescues the CD8� phenotype of the Dcn�/�

mice. Interestingly, the Dcn�/�/Sdc1�/� mice had the same
amount of Ifn-� as theDcn�/� mice but significantly less com-
pared with wild-type mice (Table 2). Collectively, these results
suggest that the loss of Sdc1 cannot compensate for the effects
of decorin on IFN-�. However, the inflammatory response to
oxazolone can be explained by a significant compensatory
increase in neutrophils detected by peroxidase activity in the
Dcn�/�/Sdc1�/� mice (Table 2), but not in the Dcn�/� mice
(Fig. 3G, n 	 3; **, p � 0.01).
DecorinModulates Production of theCytokines CXCL-10 and

CCL2 in b.End3 Endothelial Cells—As the array analysis was
based on whole ear tissue composed of several cell types, we
decided to determine cell type-specific effects of decorin in a
less complex in vitro system using an endothelial cell line and
primary fibroblasts. Because of high variability of CXCL-10
expression within the ear tissue, and the altered adhesion of the
leukocytes, we analyzed the impact of decorin on adhesionmol-

FIGURE 2. IFN-� expression is affected by the loss of decorin during DTH at early time points. At the mRNA level, Dcn�/� mice show significantly decreased
Ifn-� expression in ear tissue 24 h after DTH induction (A, n 	 4, **, p � 0.01). This also results in a reduced amount of IFN-� protein (B, n 	 4, **, p � 0.01). To
test whether Dcn�/� lymphocytes are capable of synthesizing IFN-� to the same extent as the wild type, we cultured lymph node cells in the presence of
concanavalin A (C) and on anti-CD3�-coated plates (D). The subsequent measurement of IFN-� shows no difference between the two strains. C shows one
example out of three independent experiments, and D is the summary of three independent experiments. Values shown are in mean � S.D. (n 	 3, p 	 0.4).

Decorin Affects Cytokine Expression

12704 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 288 • NUMBER 18 • MAY 3, 2013



ecules and chemokine expression in stimulated endothelial
cells in vitro. Interestingly, decorin treatment significantly
increased Icam1 expression in bEnd.3 cells but had no additive
effect because TNF-� treatment alone showed the same 5-fold
increase as combined decorin and TNF-� treatment (Fig. 4A;
n 	 3; **, p � 0.01). Furthermore, Vcam1 expression was also
significantly increased by decorin or TNF-� treatment (Fig. 4B,
n 	 3; **, p � 0.01). Surprisingly, decorin � TNF-� led to a
significant reduction in Vcam1 mRNA compared with TNF-�

alone, indicating that decorin negatively regulated the expres-
sion of adhesive proteins (Fig. 4B; n 	 3).

To determine whether endothelial cells produce more CCL2
in the presence of exogenous decorin, bEnd.3 cells were either
treated with TNF-� or IFN-� and in the presence of 5 �g/ml
(�100 nM) decorin. TNF-�-inducedCCL2 synthesis was signif-
icantly increased compared with IFN-� (Fig. 4C). TNF-�-in-
duced CCL2 synthesis was significantly inhibited by decorin or
the decorin protein core (Fig. 4E). To exclude that endogenous

FIGURE 3. Loss of decorin affects lymphocyte adhesion. Lymphocytes of wild-type and Dcn�/� mice were isolated, partly activated by anti-CD3�, and
stimulated with CXCL-10. Adhesion of resting Dcn�/� lymphocytes was significantly increased compared with the wild-type analyzed by static adhesion
experiments (black bars) (A, mean � S.E.). This was not observed with activated lymphocytes (white and gray bars). After activation and activation � CXCL-10
stimulation, wild-type lymphocytes are increasing their adhesion to bEnd.3 cells. Interestingly, activated Dcn�/� lymphocytes show a significantly decreased
adhesion. B–E, blood cells from wild-type and Dcn�/� mice (24 h) were co-stained for CD4, CD8, and CXCR3. B–D show the FACS strategy used to analyze CXCR3
expression of T cells in blood. First, blood cells were gated by their size (forward scatter, FSC) and their granularity (side scatter, SSC) (B). Subsequently, CD4� (C)
and CD8� (D) cells were gated, and these populations were analyzed for the percentage of CXCR3� cells. Quantification of CD4� and CD8� cells (E) exhibits no
difference between CXCR3� T cells from wild-type and Dcn�/� blood 24 h after DTH induction (mean � S.D., pCD4 	 0.662 and pCD8 	 0.082). Calculated to all
blood leukocytes, 2–3% were found to be double-positive for CD4�/CXCR3� or CD8�/CXCR3�. F, CXCL-10 expression (mean � S.D.) in treated ear tissue of
wild-type and Dcn�/� mice was analyzed by ELISA where a significant reduction was determined. (n 	 6, *, p � 0.05). Peroxidase activity was measured in
protein lysates as marker for neutrophil infiltration into the ears (G, mean � S.D.). An increased infiltration of neutrophils was detected in ears of the
Dcn�/�/Sdc1�/� mice compared with wild-type, Dcn�/�, and Sdc1�/� mice (n �3, *, p � 0.05; **, p � 0.005; ***, p � 0.001).

TABLE 2
Leukocyte infiltration and expression of proinflammatory cytokine IFN-� and TNF-� in oxazolone-treated ear tissue 24 h after DTH induction
Infiltration of CD4� cells and macrophages was analyzed on cross-section of inflamed ear tissue. CD8� cells were detected by whole mount staining of the dermis
form-treated ears. Peroxidase activity as marker for the neutrophil infiltration was measured in protein lysates of ear tissue. Peroxidase activity in treated ears was related
to untreated wild-type samples (mean � S.D., n �3). AU means arbitrary units.

Wild type Dcn�/� p value Dcn�/�/Sdc1�/� p value

CD4� cell infiltration (cell/HRP) 11.49 � 2.28a 10.80 � 2.98a 0.758 10.92 � 3.27 0.687
CD8� cell infiltration (cell/HRP) 18.64 � 2.2 8.53 � 1.13 b 21.69 � 2.74 0.730
Peroxidase activity (AU) 1.56 � 0.23 1.67 � 0.19 0.612 3.31 � 0.35 b

TNF-� (pg/ml) 39.0 � 11.9a 18.1 � 4.0a c 17.7 � 5.8 c

IFN-� (pg/ml) 307.4 � 338.9 17.5 � 6.6 b 19.9 � 5.5 c

a Data are from Ref. 26.
b p � 0.005. The p values compare wild type and the respective knock-out.
c p � 0.05.
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decorin expressed by bEnd.3 cells is influencing the results, we
determined that decorin synthesis was not influenced by either
TNF-� or IFN-� (supplemental Fig. 3A). In contrast to DS from
skin fibroblast decorin, CS6S and CS4S significantly inhibited
TNF-�-induced CCL2 synthesis (Fig. 4E). It is well established
that one of the key downstream factors induced by IFN-� is
CXCL-10 (54). In agreement with these findings, we found that
bEnd.3 cells produced CXCL-10 after IFN-� treatment (Fig.
4D). The impact of TNF-� on the synthesis of CXCL-10 is
smaller compared with IFN-� (Fig. 4D). In contrast, treatment
with decorin alone only slightly increasedCXCL-10 above basal

levels. Furthermore, IFN-� � decorin but not IFN-� � decorin
protein core treatment showed the same effect on CXCL-10
synthesis as IFN-� alone (Fig. 4F); however, DS derived from
skin fibroblast decorin and IFN-� significantly induced
CXCL-10 levels compared with IFN-�. CS6S and CS4S did not
show an effect (Fig. 4F). CXCL-10 expression was not influ-
enced by the presence of endogenous decorin, because we
determined a similar expression in bEnd.3 upon siRNA knock-
down of decorin (supplemental Fig. 3, B and C).

Next, as we observed an increased adhesion in Dcn�/� cells,
we analyzed the impact of TNF-� and decorin on adhesion

FIGURE 4. Expression of adhesion molecules and cytokines is differentially altered by decorin in the bEnd.3 endothelial cell line. Icam1 mRNA expres-
sion is induced by decorin and TNF-�. Decorin and TNF-� together show no additive effects (A). Vcam1 mRNA expression is also induced by decorin or TNF-�
alone. Interestingly, Vcam1 expression is inhibited by decorin � TNF-� co-treatment (B). C and D, bEnd.3 cells were stimulated with either IFN-� or TNF-� for
24 h after 24 h of starvation. Cells were harvested and analyzed by an ELISA for CCL2 (C) or CXCL-10 (D). C, basal expression of CCL2 was very low. Both IFN-� and
TNF-� significantly induced the CCL2 production; however, TNF-� to a higher extent compared with IFN-�. D, CXCL-10 expression was significantly increased
by IFN-� as well as TNF-�; however, the effect was much more prominent by IFN-�. Data are the mean � S.D. (n 	 5; *, p � 0.05; **, p � 0.01). E shows
TNF-�-stimulated bEnd.3 cells co-cultured with 5 �g/ml (protein concentration) decorin, core protein, or GAGs; subsequently, CCL2 was measured. CCL2 was
significantly decreased by treatment with decorin, core protein, CS4S, or CS6S compared with cells only stimulated with TNF-�. CCL2 reduction of DS cultured
cells was not significant. F shows CXCL-10 expression of IFN-� stimulated bEnd.3 cells co-cultured with decorin, core protein, or GAGs. Core protein, CS4S-, or
CS6S-treated cells show no significant decrease in CXCL-10 expression compared with cells only stimulated with IFN-�, whereas CXCL-10 production was
slightly increased by decorin and significantly by DS treatment compared with IFN-�-stimulated bEnd.3 cells (n �3, *, p � 0.05; **, p � 0.01; ***, p � 0.005,
mean � S.D.). n.s., not significant.
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molecule expression by endothelial cells. To exclude changes in
the Ifn-� receptor expression, mRNA was analyzed in stimu-
lated and unstimulated bEnd.3 cells. There was no difference in
the expression of the two Ifngr1 and Ifngr2 in bEnd.3 cells
treated with decorin, IFN-�, or IFN-� � decorin and the
respective controls (data not shown).
Fibroblasts ProduceMoreCXCL-10 in the Presence ofDecorin

orDermatan Sulfate—Todemonstrate that fibroblasts can pro-
duce the downstream cytokine CXCL-10 after stimulationwith
either TNF-� or IFN-�, cells were cultured for 24 h in the pres-
ence of the two cytokines, andCXCL-10was detected by ELISA
(Fig. 5A). IFN-� and, to a lesser extent, TNF-� induced
CXCL-10 synthesis in cultured fibroblasts. To determine the
influence of endogenous decorin inwild-type fibroblasts, quan-
titative RT-PCR was performed. There is a basal decorin
expression that is up-regulated by TNF-� but not by IFN-�
treatment (supplemental Fig. 3A). Furthermore, fibroblasts
derived from wild-type and Dcn�/� mice expressed similar
amounts of CXCL-10 after treatment with either TNF-� or
IFN-�. However, only the effect of IFN-� stimulation on
CXCL-10 up-regulation was significantly enhanced by decorin,
whereas the stimulatory effect of TNF-� was not influenced by
this proteoglycan (Fig. 5A). The expression for the Ifngr1 and -2
showed no changes between wild-type and Dcn�/� fibroblasts
(data not shown). To evaluate which constituent (protein core
versus GAG) of decorin was responsible for this stimulatory
effect, we tested fibroblasts for their biochemical response to
combined treatments with IFN-� and different GAGs, purified
from skin fibroblast decorin (DS) or obtained from Sigma
(CS6S, CS4S). We discovered that only the combination of

IFN-� �DS significantly enhanced the expression of CXCL-10
inDcn�/� but not in wild-type fibroblasts (Fig. 5B). In contrast,
decorin protein core, CS6S and CS4S, had no effect. To test
whether the DS proteoglycan decorin would influence the sta-
bility of IFN-�, FCS-freeMEM containing IFN-� was analyzed.
The medium was supplemented with/without decorin and
incubated for 72 h. IFN-� ELISA showed that the proteoglycan
decorin increased the stability of IFN-� (Fig. 5C). To demon-
strate that decorin-evoked stabilization of IFN-� would affect
the cytokine signaling pathway, we determined the status of the
transcription factor STAT-1 in fibroblasts exposed to the con-
ditioned medium. Although IFN-� treatment resulted in a sig-
nificant increase in total STAT-1 levels compared with the
untreated fibroblasts, decorin treatment had no impact. Anal-
ysis of STAT-1 activation, however, showed that combined
decorin � IFN-� treatment significantly increased STAT-1
phosphorylation as comparedwith IFN-� alone (Fig. 5D).Nota-
bly, the levels and phosphorylation status of STAT-3, a tran-
scription factor that can form heterodimers with STAT-1, were
not influenced by decorin (supplemental Fig. 4). Moreover, no
significant influence of decorin on NF-�B activation was
observed in our experimental system (supplemental Fig. 5).

DISCUSSION

We have previously demonstrated that loss of decorin leads
to a reduced DTH response in vivo (26), suggesting a novel and
important role for this proteoglycan in modulating allergic
inflammation. In this study, we have identified multiple mech-
anistic components of the allergic response that are modulated
by decorin. Our current working model is depicted in Fig. 6.

FIGURE 5. Fibroblasts produce more CXCL-10 in the presence of decorin or DS. Wild-type and Dcn�/� fibroblasts were cultured for 24 h under serum-free
conditions in the presence of TNF-� or IFN-� (A). TNF-� is inducing CXCL-10 in fibroblasts but to a lesser extent compared with IFN-�. Furthermore, both cell
types, wild-type and Dcn�/�, express similar amounts of CXCL-10 after treatment with either TNF-� or IFN-�. However, only IFN-� stimulation is increased if 5
�g/ml (protein concentration) decorin is present. To evaluate which part of decorin is responsible for the increased CXCL-10 expression, fibroblasts were
treated with IFN-� and different GAGs (5 �g/ml). B shows that only DS is increasing the amount of CXCL-10 in IFN-�-stimulated fibroblasts. In contrast, neither
CS4S, CS6S, nor the core protein increased CXCL-10 expression. CXCL-10 data are the mean � S.D. (n 	 5; *, p � 0.05; **, p � 0.01; ***, p � 0.005).
C, IFN-�-containing conditioned medium was incubated with/without decorin for 72 h followed by an ELISA for IFN-�. The proteoglycan decorin significantly
increases the stability of IFN-�. D, wild-type fibroblasts treated for 24 h with IFN-� were analyzed by Western blot for the transcription factor STAT-1 and
pSTAT-1. STAT-1 is induced by IFN-� but not by decorin. However, IFN-� � decorin treatment leads to a significant pSTAT-1 increase compared with IFN-�
alone. E and F, Densitometric quantitation of Western blots for pSTAT1 (E) and STAT-1 (F). Data are the mean � S.D. (n 	 3; *, p � 0.05).
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Accordingly, within the 1st h after DTH induction the expres-
sion of adhesion molecules and leukocyte-recruiting chemo-
kines is increased (phase 1). At this stage, no appreciable alter-
ation of leukocyte recruitment is observed between wild-type
and Dcn�/� mice; however, Dcn�/� mice show an increased
expression of adhesion molecules and SDC1. In the following
stage, �24 h after DTH induction (phase II), CD8� T cells, the
main source of the proinflammatory cytokine IFN-� during
hapten-inducedDTH reaction, enter the inflamed tissue. Nota-
bly, inDcn�/�mice there is a specific lownumber ofCD8� cells
in contrast to the detectable number of other immune cells
such as CD4� cells, macrophages, and neutrophils. The
reduced numbers of CD8� cells inDcn�/� mice contribute to a
further attenuation of IFN-� levels. Additionally, the IFN-�
seems to be less stable in the tissue of Dcn�/� mice. Thus, we
conclude that a combination of decreased infiltration of CD8�

cells and IFN-� expression can mechanistically explain the
reduced DTH response in Dcn�/� mice.

Notably, CD8� cells were only partially able to extravasate
into the skin after oxazolone treatment. These CD8� cells
mediate theDTH reaction by producing IFN-� (3) that is barely
detectable in oxazolone-treatedDcn�/� mouse ears, indicating
that the loss of decorin not only inhibits the extravasation but
also the synthesis of IFN-�. These findings may represent a
secondary consequence of altered lymphocyte recruitment, as
CD8� cells are the major source of IFN-� production during
allergic reactions (3, 4), and because Dcn�/� lymphocytes can
synthesize this cytokine upon in vitro stimulation. In accord-
ance with our findings regarding CD8� cells, adhesion of
Dcn�/� PMNs to endothelial cells is increased in vivo and in
vitro (26). Moreover, peritoneum-derived PMNs deficient in
the decorin-related proteoglycan lumican show differential
adhesion compared with bone marrow PMNs (37). In contrast
to these cell types, CD8� cells are not affected in Dcn�/� mice

(26). Trans-endothelial CD4� and CD8� recruitment relies on
differentmechanisms and depends on the presence of recycling
receptors such as CLEVER-1 (55) and hepatocyte growth fac-
tor, a cytokine modulated by decorin (56, 57). In vitro, Dcn�/�

lymphocyte adhesion to bEnd.3 endothelial cells is also
increased relative to wild type. As a potential modulator of
inflammation, decorin can affect the expression of proteins in
endothelial cells (58). Decorin treatment increased Icam1
expression in bEnd.3 cells and differentially up-regulated
Vcam1 expression. Under TNF-�-stimulated conditions,
decorin treatment reduced Vcam1 expression, which could
explain the increased adhesion of Dcn�/� cells like PMNs or
even fibroblasts (26, 59). Although a potentially altered micro-
vascular development in the absence of decorin may influence
CD8� extravasation, we did not observe obvious changes in the
diameter of the blood vessels (26). Bone marrow transplants
demonstrated that Dcn�/� leukocytes in a wild-type environ-
ment also show an increased adhesion and a reduced transmi-
gration (26) indicating that a wild-type endothelium is not suf-
ficient to support the transmigration.
We have previously discovered that decorin loss affects Sdc1

expression and that the Dcn�/�/Sdc1�/� mice behave like the
wild type in the hapten-induced contact allergy model (26).
This is not due to the CD8� cells, as the loss of Sdc1 can com-
pensate for the transmigration defect of the Dcn�/� cells in
Dcn�/�/Sdc1�/� mice. Indeed, Sdc1�/� mice show the same
edema formation as wild type, 24 h after DTH induction (32).
Mechanistically, the Dcn�/�/Sdc1�/� mice show the same
amount of Icam1 compared with wild-type mice (26). The
inflammatory response in theDcn�/�/Sdc1�/�mice appears to
be similar to the wild-type response due to a compensatory
increase in infiltrating neutrophils. Along these lines, PMNs
derived from thismouse show increased adhesion to blood ves-
sels during intravitalmicroscopy (26).Whereas the decorin-de-

FIGURE 6. Working model depicting the potential role of soluble decorin during phases of acute inflammation. The middle panel shows the sequential
steps of leukocyte recruitment and diapedesis during inflammation (27). For additional details refer to the text.
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pendent CD8� transmigration phenotype could be compen-
sated by deletion of Sdc1, decorin is still required for
maintaining IFN-� function. The finding of low levels of IFN-�
in Dcn�/�/Sdc1�/� mice suggests a difference in activation or
stability of the cytokine.
The recruitment of CD8� cells depends on the expression of

CXCL-10 (60). Interestingly, Dcn�/� lymphocytes stimulated
with CXCL-10 and CD3� show a reduced adhesion to endothe-
lial cells in contrast to wild-type. One might speculate that
Dcn�/� lymphocytes have a different adhesion receptor profile
compared with wild type, as reported for Dcn�/� fibroblasts
(42, 59). The CD3� stimulation may lead to changes on the cell
surface that result in a decrease of activity. This might explain
why the Dcn�/� leukocytes do not undergo transmigration
(26). As Ccl2 mRNA is up-regulated in inflamed Dcn�/� ears
(26), it is unlikely that this chemokine may play a role in the
reduced diapedesis in Dcn�/� mice. However, this might
explain the increased recruitment of lymphocytes and
increased amount of adhesion molecules. Collectively, our
results suggest that decorin deficiency influences adhesion
ligand expression viamodulation of cytokine signaling in endo-
thelial cells.
In bEnd.3 cells, TNF-� stimulation in the presence of DS

decorin or protein core treatment leads to a significant inhibi-
tion of CCL2 in contrast to TNF-� alone. This might explain
why Dcn�/� mice express increased levels of CCL2 promoting
the recruitment of leukocytes. IFN-� treatment of bEnd.3 cells
shows an up-regulation of CXCL10 without any influence of
decorin. Furthermore, the synthesis of CXCL-10 in vitro is
dependent on the specific GAG chain as DS, but not chondroi-
tin sulfate, is necessary for efficient IFN-� signaling and induc-
tion of CXCL-10 in bEnd.3 cells. For chondroitin sulfate and
heparin, it has been shown before that these GAGs can inhibit
the binding of IFN-� to COLO-205 cells (61). This would
explain that the reduced amount of CD8� cells produced less
IFN-� and that the second influence is the lack of decorin and
DS that prevents the synthesis of CXCL-10 by endothelial cells
for the first 24 h (38). In fibroblasts derived from Dcn�/� or
wild-type mice, decorin, but not the decorin core, induced an
increase in CXCL-10 expression after IFN-� treatment. CS4S
and CS6S show no effect. In contrast, in DS an �50% epimeri-
zation isolated from skin fibroblast-derived decorin (40)
increases CXCL-10 expression after IFN-� treatment exclu-
sively in Dcn�/� fibroblasts. CXCL-10 is also affected in vivo.
The loss of the DS proteoglycan decorin in the skin leads to a
significantly reduced amount CXCL-10 protein during 24 h of
DTH.The amount synthesized inDcn�/� ears can be explained
by the fact that in skin TNF-� is inducing the chemokine (10),
too.
It is well established that GAGs can stabilize chemokines and

cytokines (62, 63). In this study, we observed that decorin also
enhances IFN-� stability, which could explain, at least in part,
the increased IFN-� levels and edema formation in wild-type
mice. Proteoglycans can influence not only the stability but also
potentiate signaling events. There are two major signaling
pathways induced by IFN-�, NF-�B, and STAT-1 (64). In con-
trast to the role of decorin in septic inflammation (20), NF-�B
signaling is not affected in our model. However, because of

increased stability of IFN-�, the levels of STAT-1, a key tran-
scription factor involved in IFN-� signaling (65), were
increased in wild-type cells. Of note, interference with STAT-1
function has previously been shown to reduce DTH responses
in an experimental model of arthritis and in contact hypersen-
sitivity, underscoring the pre-clinical relevance of our findings
(66, 67).
In summary, our data indicate a novel role for decorin and its

DS chain in orchestrating the allergic inflammatory response
(Fig. 6). Decorin-induced stabilization of IFN-� results in
increased activation of STAT-1, a transcription factor regulat-
ing the expression of a variety of inflammatory factors. In turn,
the absence of decorin leads to a deregulation of cytokine
expression, resulting in altered leukocyte adhesion receptor
expression and defects in leukocyte diapedesis. The anti-adhe-
sive function of decorin, deregulated expression of CXCL-11
and iNOS2, as identified in the TaqMan low density array anal-
ysis (Table 1), and stability of additional cytokines may have
further promoted the anti-inflammatory phenotype. Our data
may stimulate new research on nonsteroidal anti-inflammatory
treatment approaches of contact hypersensitivity responses,
marking decorin and its DS chain as attractive novel therapeu-
tic targets.
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