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Abstract

Discoidin domain receptors (DDRs), DDR1 and DDR2, are non-integrin receptor tyrosine kinases for collagen in many cell types. In
this study, we investigated the contributions of DDRs to the activation of mouse bone marrow-derived dendritic cells (DCs) by type I
collagen (Coll). Our data showed that transcript and protein of DDR2 were expressed constitutively in immature DCs and upregulated
in TNF-a-stimulated mature DCs. Coll treatment induced DDR2 phosphorylation and subsequently induced the upregulation of IL-12
production, CD86 expression, and antigen uptake activity by immature DCs. Depletion of DDR2 by specific siRNA attenuated signif-
icantly an increase in expression of IL-12 and CD86 in Coll-treated DCs. Additionally, DDR2-Coll interaction upregulated the ability
of mature DCs to activate allogeneic T cells. These findings suggest that DDR2 is a critical collagen receptor for DC activation and that
DDR2-collagen interaction plays an important role in the functional capacity of DCs regulating immune responses.

© 2006 Elsevier Inc. All rights reserved.
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Dendritic cells (DCs) are the most central player in the
initiation and direction of immune responses as effective
antigen-presenting cells (APCs). In general, DCs have been
found in the immature state in epithelia and interstitial
space of most tissues. In the presence of tissue damage,
inflammatory cytokines or pathogens, immature DCs start
a differentiation process called maturation and than
migrate to lymph nodes, to present the encountered antigen
to T cells, thereby inducing a primary or secondary
immune response [1-3]. Hallmarks of this maturation pro-
cess to induce T cell responses are the upregulation of cell
surface major histocompatibility complex class I and II and
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co-stimulatory molecules, such as CD80, CD86, and CDS§3.
Several cytokines, including IL-12, TNF-a, and IL-10 are
released by DCs during maturation [4-6]. In most tissues,
DCs are present in immature state that lacks the requisite
accessory signals for T cell activation [7]. Thus, under-
standing of DC maturation signals is important for immu-
notherapeutic protocols of a variety of immune diseases.
The inflammatory stimuli, including TNF-o, IL-1B, and
lipopolysaccharide (LPS), have been known to enhance
antigen presenting ability of T cells in the maturation pro-
cess of DCs and upregulate production of cytokines,
including IL-12 [8-10]. In addition, various factors, such
as CD40 ligand, CpG motifs in bacterial DNA, haptens,
and apoptotic cells, also have been known to promote
the expression of MHC and costimulatory molecules and
are responsible for DC maturation [11-14].
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Adhesion molecules play an important role in DC adhe-
sion and migration through receptors [15]. Connective tis-
sue DCs accumulate at sites of extracellular matrix
(ECM) deposition and exhibit the binding of ECMs, such
as fibronectin, laminin, and collagen through members of
integrins [16,17]. Several studies have shown that collagen
accumulated at the inflammatory areas may play a critical
role in regulating the function of DCs. Especially, the
engagement of type I collagen (Coll) promotes the expres-
sion of co-stimulatory molecules and secretion of cytokines
in murine and human DCs [18,19]. However, the mecha-
nism of collagen-mediated DC maturation remains to be
understood. Although, bone marrow-derived DCs express
a typical collagen receptor VLA-2, their maturation by
Coll is not inhibited by blocking antibody against Bl-inte-
gins [20,21], suggesting that the activating effect of collagen
is mediated by the different receptors. Recently, Discoidin
domain receptors (DDRs), DDR1 and DDR2, have been
identified as a novel family of tyrosine kinase receptors
for collagen [22]. These receptors are expressed in early
embryonic development and many adult tissues. Both
receptors are activated by fibrillar collagens (types I, II,
and III), but DDR1 can be activated by nonfibrillar colla-
gens (type 1V). DDRI1 has been found in lung, kidney,
breast, and brain tissue, while DDR2 is expressed at high-
est levels in skeletal muscle, skin, kidney, and lung tissue.
DDR1 appears to be a key regulator of cell morphogenesis,
differentiation, and proliferation in several organs [23], and
DDR2 is involved in ECM remodeling during morphogen-
esis and tissue repair [24]. However, the DC activation
event mediated by DDRs is not well-understood.

In the present study, we investigated whether collagen
receptors DDR1 and DDR?2 are involved in Coll-mediated
maturation of mouse bone marrow-derived DCs.

Materials and methods

Animals and reagents. Female 8- to 10-week-old C57BL/6 mice (H-2K"
and I-A®) were obtained from the Damool Science Animal Facility
(Gyeonggi, Korea). Recombinant murine GM-CSF, TNF-o, and IL-4
were purchased from Biosource (Camarillo, CA). Purified anti-mouse 1
mADb (Ha2/5) and control IgM were from BD Pharmingen (San Diego,
CA) and anti-phospho-tyrosine mAb (p-Tyr-100) from Cell Signaling
(Beverly, MA). Anti-DDRI1 (C-20), anti-DDR2 (C-19), DDR2-specific
siRNA, and scrambled control siRNA were from Santa Cruz Biotech-
nology (Santa Cruz, CA). All reagents were from Sigma Co. (St. Louis,
MO).

Generation of bone marrow-derived DCs. Dendritic cells (DCs) were
established from the bone marrow of C57BL/6 mice as described by Inaba
et al. [25]. Briefly, bone marrow cells were harvested from the femur and
tibia of sacrificed mice, depleted erythrocytes with 0.14 M NH,4CI buffer
(pH 7.2), and then laid carefully on two volumes of Opti-Prep solution
(Oxis-Shied, Oslo, Norway). After centrifugation (500g) for 5 min, the
cells collected from the interface were cultured in RPMI1640 (Gibco,
Carlsbad, CA) containing 10% FBS, 50 uM of 2-mercaptoethanol, 10 ng/
ml GM-CSF, and 10 ng/ml IL-4. Medium exchange was carried out every
2 days by gently swirling the plates. On day 6, nonadherent and loosely
adherent cells consisting of immature DCs were CD11c positive (>90%).
DCs were incubated with serum-free medium containing 10 ng/ml rmGM-
CSF, on Coll-coated or non-coated plates (10.5 pg/cmz) until the indi-
cated time points. For DDR2 depletion, DDR2-specific siRNA (2 pg) was

transfected into DCs (1 x 10°) using Effectene transfection reagent (Qia-
gen, Valencia, CA) according to the manufacturer’s protocol. The
scrambled siRNA was used as a negative control. Depletion of target
protein in transfectants was analyzed by Western blot analysis.

ELISA of cytokines. Levels of IL-12 (p40/p70), IL-2, and IFN-y were
measured using a commercial ELISA kit (Biosource) according to the
manufacturer’s instructions. Briefly, the capture Ab-coated plates were
blocked with ELISA buffer containing 50 mM Tris—-HCI (pH 7.2), 0.5%
BSA, 2mM EDTA, 150 mM NacCl, 0.05% Tween 20 for 1 h. Samples
(50 ul) were added into Coll-coated microtiter plates and incubated
overnight at 4 °C. Plates were stained with biotinylated detection antibody
and streptavidin-HRP for 1 h, washed with ELISA buffer and then TBA
substrate, and 0.04% H,O, in PBS were added to the plates. Reaction was
stopped by adding 4 M H,SO,4 and then optical density at 405 nm was
measured using a microplate reader.

RT-PCR. Total RNA was extracted using TRIzol reagent (Invitrogen,
Carlsbad, CA). For cDNA synthesis, RNA (2 pg) was reverse-transcribed
in a reaction buffer containing oligo(dT) and MMLYV reverse transcriptase
(iINtRON, Korea) for 1 h at 42 °C. Specific primers were synthesized as
follows: DDRI1 forward 5-ACCAACTTCAGCAGCTTGGAGCTG-3’
and reverse 5'-atcttgcgggtcctctacttca-3’ (618 bp of DDR1a, 729 bp of
DDRI1b); DDR2 forward 5-CAAGGACCCAAACATCATCC-3' and
reverse 5'-GATGCATCATCACTCGGCTCC-3’ (619 bp); integrin o2
forward 5-AGAACCCACTCCTGTATCTGAC and reverse 5'-5'-GA
GTTCTGTGGTCTCATCCATC (520 bp); GAPDH forward 5'-GAAG
GGCTCATGACCACAGTCCATG-3' and reverse 5'-tgttgctgtagecgtatt
cattgtc-3’ (450 bp). PCR amplification was performed as follows:
denaturation (94 °C, 30 s), annealing (60 °C, 30 s), and extension (72 °C,
50s). Final PCR products were separated on a 1.2%-agarose gel and
photographed.

FACS analysis. Cells (1 x 10°) were washed in PBS containing 0.1%
sodium azide and incubated with anti-FcyRIIb (2.4G2) to block non-
specific binding of IgG on ice for 10 min and then with specific mAb
(BioLegend, San Diego, CA) on ice for 30 min. FITC- or PE-conjugated
mADbs used to detect I/A® (AF6-120), CD80 (16-10A1), CD86 (GL-1), and
CDllc (N418). Cells were also stained with an appropriate isotype-mat-
ched Ig as negative control. The cells (1 x 10%) were analyzed using the
FACS Calibur (Becton-Dickinson, San Diego, CA). Data were presented
as histograms and mean-fluorescence intensity (MFI).

Western blot analysis. Cells were lysed in ice-cold lysis buffer (iNtRON
Biotech, Korea) for 20 min and centrifugated (12,000g) for 20 min. The
protein concentrations in cell extracts were measured using a bicinchoninic
acid. Lysates (25 pg/lane) were separated by 8% SDS-PAGE and trans-
ferred to PVDF membranes. After blocking with 5% skimmed milk for
1 h, the membranes were incubated with anti-DDR2 or anti-p-Tyr Ab at
4 °C, washed in TBS containing 0.1% Tween 20, and incubated with HRP-
conjugated secondary antibody for 45 min. Finally, proteins were visual-
ized using an enhanced chemiluminescence WB detection kit (Amersham
Pharmacia Biotech).

Antigen uptake activity. For measurement of antigen uptake activity of
immature DCs, dextran—FITC was used as antigen. Cells (1 x 10°) seeded
on Coll-coated or non-coated plates were treated with dextran-FITC
(100 pg/ml) for 90 min at either 37 °C or 4 °C, as negative control of
endocytosis. The excess dextran—FITC was washed with ice-cold washing
buffer (PBS containing 0.1% sodium azide) and the cells were stained with
PE-conjugated anti-CDI11c for 20 min on ice. The stained cells were
washed and then analyzed using FACS Calibur. Data were presented as
the mean-fluorescence intensity (MFI) + SEM of triplicate.

Mixed Iymphocyte reaction (MLR). For allogeneic MLR, CD3"
responder T cells (purity >95%) were purified from splenocytes of C57BL/
6 mice by MACS column (Miltenyi Biotec, Germany) according to
manufacturer’s instruction. Immature DCs were cultured on Coll-coated
plates for 48 h. Allogeneic T cells (1 x 10%) were placed in 96-well plates
with Coll-treated DCs (10,000 cells) as stimulators. On day 4, 2 uCi/well
[*H] thymidine was added and incubated for 16 h and incorporation of
radioactivity was measured using liquid scintillation counter (TRI-CARB
2300TR, Packard Co., Meriden, CT). To measure the release of 1L-2 and
IFN-y by activated T cells, the levels released after co-culture for 3 days
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were analyzed using ELISA kit. To examine the effect of DDR?2 depletion
in MLR, DCs transfected with DDR2-siRNA and incubated for 48 h,
were used as stimulators. All data are presented as means of triplicate.
Statistical analysis. All values are presented as means + SEM. Statis-
tical significance was determined using the Student’s #-test. All p-values
<0.05 were considered to reflect a statistically significant difference.

Results
Collagen induces DDR2 phosphorylation in BM-derived DCs

We first examined whether BM-derived DCs express
DDR1 and DDR2 by RT-PCR. As shown in Fig. 1A, dur-
ing DC development from BM cells, transcripts of DDR2
and integrin o2 were detected after 30 cycles of PCR ampli-
fication, while DDRI1 transcripts (DDR1a and b) were
after 35 cycles. Moreover, the level of DDR2 transcript
was upregulated in DCs stimulated with TNF-o, whereas
transcripts of integrin o2 and DDR1 were rapidly down-
regulated (Fig. 1B). We also found that BM-derived DCs
express DDR2 protein and the level of DDR2 protein
was upregulated in immature DCs stimulated with TNF-
a (Fig. 1C), whereas DDR1 proteins were not detected in
both immature and activated DCs (data not shown). Next,
to examine DDR?2 activation by Coll, immature DCs were
incubated on Coll-coated culture plates. As shown
Fig. 1D, Coll induced DDR2 phosphorylation in DCs
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Fig. 1. Expression and phosphorylation of DDR2 collagen receptor on
BM-derived DCs and TNF-a-stimulated DCs. (A) BM cells were
incubated in the presence of GM-CSF and IL-4 during development of
DCs. (B) Immature DCs established by culturing for 6 days were
stimulated with TNF-o (20 ng/ml) for 9 and 18 h. Total RNA was
extracted to analyze transcripts of DDR1, DDR2, and VLA2 (integrin 02)
by RT-PCR. GAPDH was analyzed as constitutive control. (C) Immature
DCs were treated with TNF-o for 1 and 2 days. Cell lysates were separated
by SDS-PAGE and the level of DDR2 proteins was analyzed by Western
blot analysis. (D) DCs were incubated on Coll-coated plates for indicating
times (minute). Cell lysates were immunoprecipitated with anti-DDR2 Ab
and immunoblotted with anti-phospho-Tyr mAb (P-Tyr-100) or anti-
DDR2 Ab to analyze DDR2 phosphorylation.

and the level of DDR2 phosphorylation reached a peak
at 1 h. These results suggest that DDR2 is a collagen recep-
tor expressing in both immature and mature DCs.

Collagen enhances IL-12 production by DCs via DDR2

Since Coll has been known to promote cytokine produc-
tion by BM-derived immature DCs [26], we examined the
contribution of DDR2 to IL-12 production by DCs.
TNF-a was used as an activating control to activate DCs
[27]. To eliminate bacterial LPS contamination, Coll-coat-
ed plates were treated with polymycin B for 2 h. As shown
in Fig. 2A, Coll treatment increased significantly I1.-12 pro-
duction by immature DCs and the level of IL-12 reached a
peak at 16 h. The level of IL-12 produced by Coll was 2-fold
higher than that of TNF-a and the combination of TNF-a
and Coll upregulated synergistically IL-12 production by
DCs. Moreover, Coll-induced upregulation of I1L-12 was
also observed in DCs maturated by TNF-a (Fig. 2B). To
examine whether DDR2 is involved in Coll-induced 1L-12
production, DDR2-specific siRNA or control siRNA was
transfected into DCs to deplete DDR2. However, we found
that most protocols for siRNA transfection caused the mat-
uration of DCs. Therefore, the mature DCs induced by siR-
NA transfection were used for the following experiments.
Coll-induced IL-12 production was attenuated significantly
in DCs transfected with DDR2-siRNA, but not in control
siRNA (Fig. 2C). In addition, Coll-induced IL-12 produc-
tion was not affected by pretreatment of blocking antibody
against integrins (Fig. 2D). These results indicate that Coll-
induced DC activation is mediated through DDR2, but not
through integrins.

Collagen enhances the expression of CD86 by DCs via
DDR2

The costimulatory molecules, such as MHC II, CDS8O0,
and CD86, have been known to be associated with matura-
tion of DCs. We examined the role of DDR2 on the cell
surface phenotype of DCs stimulated with Coll. The
expression of costimulatory molecules was analyzed in
CDl1Ic¢ high-expressing DCs by flow cytometry. We con-
firmed that MHC II, CD80 and CD86 were expressed on
the surface of DCs in response to Coll (data not shown).
Interestingly, the expression of CD86, but not CD80, and
MHC 11, was upregulated significantly in response to Coll
compared to that of TNF-a as activating control (Fig. 3A).
To examine whether DDR2-Coll interaction regulates
CD86 expression, DDR2 siRNA or control siRNA was
transfected into DCs. Although siRNA transfection proce-
dure resulted in the maturation of DCs, the level of CD86
was upregulated by Coll. Moreover, Coll-induced expres-
sion of CD86 was attenuated significantly by DDR?2 deple-
tion, but not by tansfection of control siRNA (Fig. 3B).
These results indicate that DDR2 is involved in upregula-
tion of CD86, a costimulatory molecule, in Coll-stimulated
DCs.
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Fig. 2. Enhanced IL-12 production in Coll-stimulated DCs via DDR2. (A) BM-derived immature DCs (5 x 10* cells/well) were stimulated with Coll,
TNF-a (20 ng/ml) or Coll plus TNF-o in a time-dependent manner. (B) To examine the effect of collagen on mature DCs, immature DCs were stimulated
with TNF-a for 48 h. The activated cells were treated with Coll in a time-dependent manner. (C) For DDR2 depletion, DDR2-siRNA or control siRNA
was transfected into immature DCs. After 48 h, cells were treated with Coll for 16 h. (D) DCs were pretreated with anti-p1 integrins mAb or control IgM
for 10 min and then stimulated with Coll for 16 h. All supernatants were collected and levels of IL-12 (p40/p70) were measured by ELISA. Each data

represents means + SEM of three independent experiments (*p < 0.05).
Collagen enhances the antigen uptake activity by DCs

To examine whether Coll regulates the antigen uptake
activity of DCs, immature DCs were cultured on Coll-
coated or non-coated plates in the presence of dextran—
FITC for 90 min at 37 °C or 4 °C as a negative control of
endocytosis. Dextran-FITC uptake activity of DCs was
upregulated by treatment of Coll (Fig. 3C) at 37 °C, but
not at 4 °C. We next analyzed Coll-induced antigen uptake
activity of DDR2-depleted DCs. However, processing for
siRNA transfection caused DC maturation and attenuated
Dextran-FITC uptake of DCs. Thus, Coll treatment did
not enhance antigen uptake activity of siRNA transfectants
(data not shown). Although we could not found a direct
involvement of DDR2 in regulating antigen uptake of
immature DCs, our results support that DDR2-Coll inter-
action might enhance the antigen uptake activity of DDR2-
expressing immature DCs.

Collagen enhances the allogeneic T cell reaction by DCs via
DDR2

It has been known that antigen uptake activity of DCs
regulates their potential ability to stimulate T cells through

antigen presentation. We therefore examined the effect of
DDR2-Coll interation on the capacity of DCs to stimulate
naive T cells. DCs stimulated with Coll for 48 h were
cocultured with allospecific CD3 + T cells purified from
splenocytes for 3 days. As reported previously, Coll-stimu-
lated DCs prominently enhanced proliferation and cyto-
kine release of allogeneic T cells [18]. Although
processing for siRNA transfection caused DC maturation
and depletion of DDR2 significantly reduced Coll-induced
ability of DCs upregulating allogeneic T cell proliferation
(Fig. 4A). In addition, Coll-treated DCs augmented the
production of IL-2 and IFN-y by allogenic T cells, and
these abilities also were significantly attenuated by DDR2
depletion (Fig. 4B and C). These results indicate that Coll
might upregulate T cell activation through increasing the
functional activity of DCs via DDR2.

Discussion

In the present study, we demonstrated that a novel col-
lagen receptor DDR2 plays a critical role in the activation
of DCs stimulated with Coll. Our data showed that DDR?2
was expressed constitutively in BM-derived immature DCs
and upregulated prominently in TNF-a-stimulated mature
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Fig. 3. Enhanced CD86 expression and antigen uptake activity in Coll-
stimulated DCs via DDR2. (A) DCs (1 x 10°) were stimulated with Coll or
TNF-a for 48 h and immunostained with directly FITC-conjugated anti-
CD86 or control IgM. Live cells were gated to separate CDllc high-
expressing DCs and presented as open histogram for CD86 expression or
solid for control IgM. (B) For DDR2 depletion, DCs were transfected
with DDR2-specific or nonspecific siRNA (2 pg/well) and incubated for
48 h. Transfectants were incubated on Coll-coated or noncoated plates for
48 h and immunostained with FITC-conjugated anti-CD86 to be analyzed
by flow cytometry. (C) To test antigen uptake activity, immature DCs
were cultured with FITC-dextran for 90 min at 37 °C (open) or 4 °C
(black). The cells were analyzed using FACS Calibur. Each data
represents one of the mean-fluorescence intensity (MFI) of three
independent experiments (*p < 0.05).

DCs, whereas other collagen receptors were downregulated
rapidly by the activation. Previous work has shown that
interaction of murine DCs with collagen upregulated allo-
stimulatory capacity and release of IL-6 by allogeneic T
cells [18]. It implicates that DDR2 may be a major collagen
receptor for upregulating ability of DCs. Our data also
showed that Coll could enhance IL-12 release, CD86
expression, and allogeneic T cell reaction of DCs through
DDR2. Although we could not find the direct effect of
DDR2-Coll interaction on the activation of immature
DCs because of undesirable DC maturation caused by siR-
NA transfection procedure, our findings that Coll treat-
ment induces DDR2 phosphorylation only in immature
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Fig. 4. Enhanced allogeneic mixed T cell reaction by Coll-stimulated DCs
via DDR2. (A) For allogeneic T cell proliferation, CD3 + T cells (1 x 10%)
purified from splenocytes were cocultured with Coll-treated DCs (1 x 10%)
for 3 days and then pulsed with 2 nCi [*H]thymidine for an additional
16 h. [PHlthymidine incorporation in harvested cells was measured by
liquid scintillation counter. To assess cytokine production of T cells by
Coll-stimulated DCs, T cells were cocultured with Coll-treated DCs. After
3 days, levels of IL-2 (B) and IFN-y (C) in the supernatant were measured
by ELISA. For DDR2 deletion, DCs (1 x 10° cells) were transfected with
specific or nonspecific siRNA (2 pg) and incubated for 48 h. The cells were
stimulated with Coll for 24 h and used as stimulator of T cells. All data
represent means + SEM of three independent experiments (*p < 0.05).

DCs and enhances their functional ability ultimately sup-
port the involvement of DDR2 in the activation of DCs
regardless of maturation.

In addition to DDR2, we cannot exclude the involve-
ment of DDR1 in the Coll-induced activation of immature
DCs, since DDRI1 transcripts were detected in immature
DCs, but not mature DCs. A recent study has reported that
DDRI1 was expressed in human monocyte-derived imma-
ture DCs and phosphorylated by anti-DDR1 mAb to
enhance the activation of DCs, but anti-DDR1 mAb alone
was not sufficient to induce full maturation of immature
DCs into mature DCs [28]. Therefore, it is possible that
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Coll can respond at least partially to BM-derived imma-
ture DCs via DDRI1.

Little is known about the regulation of DDR?2 activa-
tion in cellular responses. Studies of the role of DDR2 in
cellular function have primarily focused on regulation of
MMP expression and collagen remodeling. Enhanced
DDR?2 expression has been found in activated cells, includ-
ing vascular smooth muscle cells, fibroblasts, and chondro-
cytes [29-31]. Additionally, DDR2 phosphorylation was
detected only in injury tissues, accompanying increased col-
lagen deposition [32] and resulted in the production of
matrix metalloproteinases (MMPs), which mediate colla-
gen degradation during pathophysiological events, such
as skeletal formation, cellular migration, inflammation,
wound healing, arthritis, and cancer [30-34]. MMP-1
exhibits an unique ability to cleave the major fibrillar colla-
gens (types I, 11, and III), which are DDR2 ligands [35],
and regulate cell migration through binding to Coll during
wound healing [36]. In particular, MMP-9 enhances migra-
tion of DCs through the basement membranes [37]. Taken
together, these findings indicate that DDR2 activation in
injury may play an important role in DC migration to
homing sites through collagen degradation by MMP pro-
duced by collagen—cell interaction.

In conclusion, we have demonstrated that DDR2 may
be a major collagen receptor mediating DC activation
and that DDR2-Coll interaction upregulates the function-
al activity of DCs. Our findings thus provide novel evi-
dence that DDR2 plays an important role in DC
activation regulating cellular immunity. However, further
studies should be necessary to elucidate the role of
DDR?2 in the activation of human DCs for understanding
the regulation of DC functions in immune diseases.
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