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Abstract

Dendritic cells (DCs) have been shown to express matrix metalloproteinase 13 (MMP-13), but little
is known about its specific function in DCs and its role in inflammatory conditions. In the present
study, we describe a novel role of MMP-13 in regulating the immunostimulatory function of murine
DCs through moderating MHC-I surface presentation, endocytosis and cytokine/chemokine
secretion. MMP-13 expression was confirmed in bone marrow-derived DCs at both the mRNA

and the protein level and, furthermore, at the activity level. Remarkably, LPS treatment strongly
enhanced MMP-13 mRNA expression as well as MMP-13 activity, indicating an important role

of MMP-13 in inflammatory processes. Functionally, MMP-13 inhibition did not influence the DC
migratory capacity, while endocytosis of ovalbumin was significantly decreased. Inhibition of MMP-
13 lowered the capability of murine DCs to activate CD8* T cells, apparently through reducing MHC-I
surface presentation. Decreased surface expression of CD11c on DCs, as well as changes in the
DC cytokine/chemokine profile after MMP-13 inhibition, emphasizes the influence of MMP-13 on DC
function. Moreover, T-cell-targeting cytokines such as IL-12, IL-23 and IL-6 were significantly reduced.

Collectively, our data reveal a novel involvement of MMP-13 in regulating DC immunobiology
through moderating MHC-I surface presentation, endocytosis and cytokine/chemokine secretion.
Furthermore, the reduced MHC-I surface presentation by DCs resulted in a poor CD8* T-cell response
in vitro.This novel finding indicates that MMP-13 might be a promising target for therapeutic

intervention in inflammatory diseases.
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Introduction

Matrix metalloproteinases (MMPs) belong to the family of
zinc endopeptidases that are involved in many different cel-
lular processes (1, 2). Beyond their main activity as enzymes
degrading extracellular matrix proteins, recent reports further
indicate a role in immunological processes (3-6). MMP-13is a
member of the collagenase subfamily and is mainly expressed
in chondrocytes and osteoblasts as well as in a variety of neo-
plastic cells (7-9). Moreover, recent studies show that MMP-
13 is also expressed in murine bone marrow-derived dendritic
cells (DCs) (10) as well as in murine pulmonary DCs (11).
Nevertheless, very little is known about the specific function of
MMP-13 in DCs and its role in inflammatory conditions.

DCs are professional antigen-presenting cells that link
innate and adaptive immunity (12, 13). During their life cycle,

DC precursors migrate into tissue where they act as sentinel
cells against intruders. After antigen uptake and processing,
DCs migrate to the draining lymph nodes where they activate
T lymphocytes. There are three main pathways to present
peptides to T cells. Endogenous proteins are presented on
MHC-I to CD8* T cells, whereas exogenous proteins, internal-
ized by endocytosis and degraded in endosomal compart-
ments, are loaded onto MHC-II and activate CD4* T cells
(14). The third mechanism called cross-presentation refers to
the process where exogenous proteins are also presented on
MHC-I and stimulate CD8* T cells. This procedure is thought
to be crucial for the defense against viruses and tumor cells
(15, 16). Another important feature of DCs is the release of
cytokines and chemokines to skew the T-cell response to a
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specific type (T, 1/T,2) or to bait other immune cells. During
maturation, DCs undergo dramatic morphological changes
that enable them to optimally pursue their different functions.
As immature cells, DCs strongly express receptors required
to capture antigens, whereas mature DCs down-regulate
these receptors and up-regulate co-stimulatory and MHC
molecules for efficient T-cell activation (17, 18).

For specific peptidases, a participation in diverse pro-
cesses such as in migration, cytokine regulation and receptor
cleavage has been reported (1, 4, 5); however, in DC biol-
ogy, the function of MMPs, especially of MMP-13, is largely
unknown.

Dysregulation of DCs or MMPs is reported in a wide range
of diseases such as in graft dysfunction (bronchiolitis oblit-
erans syndrome) and in inflammatory diseases (e.g. multiple
sclerosis and arthritis) (19-29). A deeper understanding of
DC biology with regard to MMP regulation will facilitate the
specific targeting of DCs to possibly countervail DC dys-
regulation and ameliorate disease pathology. MMP-13 is of
specific interest for two reasons: firstly, the availability of MMP-
13-specific small molecule inhibitors and secondly, its more
DC-restricted expression pattern compared to other MMPs
(i.,e. MMP-2 and -9), which are widely expressed across all
leukocyte subpopulations. Therefore, inhibiting MMP-13 may
allow us to target DC dysregulation more precisely leaving
other immunological processes largely unaffected. Here, we
provide for the first time a comprehensive analysis of MMP-13
involvement in DC biology and the moderation of DC function
under specific MMP-13 inhibition, including in vitro migration,
endocytosis, maturation, antigen presentation and cytokine/
chemokine release.

Methods

Mice

Female C57BI/6 mice were obtained from Jackson
ImmunoResearch Laboratories and used at the age of 8-10
weeks. All experiments were conducted according to the
guidelines of the Ethics Committee of the Helmholtz-Center
Munich and approved by the local government authority
(Regierung von Oberbayern, Bavaria, Germany).

Primary cells

DCs were generated as described by Brinker et al. (30).
with some modification. Briefly, bone marrow cells were col-
lected from C57BI/6 mice. Then, 0.75x 108 cells per ml were
cultured in DC medium [RPMI 1640 with 10% heat-inacti-
vated fetal bovine serum (FBS)], L-glutamine (500 ng ml-),
100U ml~" penicillin—streptomycin, 1mM sodium pyruvate,
1x non-essential amino acids, 10mM HEPES (all from PAA
Laboratories) and 50 pM 2-mercaptoethanol (Invitrogen,
Life Technologies, Carlsbad, CA, USA). Fresh medium with
GM-CSF (1 pg ml-', PreproTech, Hamburg, Germany) was
provided every second day. On day 6, non-adherent cells
were seeded in new plates and, 24 h later, non-adherent cells
were harvested. Cells were analyzed on day 7 for the surface
expression of MHC-I, MHC-II, CD80, CD86, CD40 and CD11c
(BioLegend, Fell, Germany). The purity of CD11c* DCs was
more than 70% with a homogenous maturation state. If not

MMP-13 regulates immunostimulatory function of DCs

stated otherwise, the following concentrations were used for
the treatment of DCs with LPS (Escherichia coli K-235, Sigma-
Aldrich, Taufkirchen, Germany), ovalbumin (OVA; grade
VI, Sigma-Aldrich), or MMP-13 inhibitor (CL82198, Tocris
Bioscience/Biozol, Eching, Germany): LPS (10 ng mI-"), OVA
(1mg mi-") and CL82198 (10, 50, 100, 200, 500 uM).

Cell lines

The CD8+ T-cell line B3Z was used which is specific for
OVA,,, .,-peptide (SIINFEKL) and has B-galactosidase
expression controlled by the IL-2 promoter, kindly provided
by Nilabh Shastri’s group (Department of Molecular and Cell
Biology, University of California) (31). Additionally, the CD4*
T-cell line DOBW was used which is specific for OVA,,, ...-
peptide (32), kindly provided by CIliff Harding's group
(Department of Pathology, Washington University School of
Medicine). Cells were cultured in IMDM with 10% heat-inacti-
vated FBS, L-glutamine and penicillin-streptomycin.

Flow cytometry and surface expression of DCs

If not stated otherwise, cells were washed with PBS sup-
plemented with 2% FBS, blocked with F_-blocker (1%
Gamunex®, Grifolds, Barcelona, Spain) and incubated on
ice for 30min in the dark with the respective antibodies, fol-
lowed by multiple washing steps. Data were collected on LSR
Il (BD Biosciences, Heidelberg, Germany) and analyzed with
FlowdJo software (Tree Star, Ashland, OR, USA).

To determine the surface expression of CD80 (Pacific
blue, #104723), CD86 (PE, #105007), CD40 (PE/Cy7,
#124621), CD11c (APC, #117310), H-2k® MHC-I (PE
#116507) and MHC-II (PerCP/Cy5.5, #107626; antibodies all
from BiolLegend, Fell, Germany), cells were pretreated with
MMP-13 inhibitor (CL82198 hydrochloride, Tocris) and sup-
plemented with LPS overnight. In case of the surface expres-
sion of H-2k® MHC-I (PE #116507) and MHC-II (PerCP/Cy5.5,
#107626), cells were additionally supplemented with OVA. To
determine total H-2k® MHC-I, cells were permeabilized after
CD11c staining using Cytofix/Cytoperm™ according to the
intracellular staining protocol of BD Biosciences, followed by
H-2k° MHC-I staining. To determine the presentation of the
specific SIINFEKL peptide on MHC-I, DCs, generated from
bone marrow, were pretreated with the indicated amounts
of CL82198 for 1h and pulsed with 1mg ml-' soluble OVA
for 3h, followed by washing and further cultivation for 6h in
DC medium supplemented with CL82198. SIINFEKL peptide
(1 pg ml-") was used as a positive control. Afterward, DCs
were washed and stained for H-2K® combined SIINFEKL
(PerCP/Cy5.5 anti-mouse H-2KP bound to SIINFEKL #141610,
BiolLegend). For flow cytometry, cells were selected by for-
ward and side scatter, followed by exclusion of cell doublets
and live—dead staining with propidium iodide (PI). Afterward,
the remaining cells were gated on CD11c* cells, and fur-
ther gating was performed as required for the respective
experiments.

mRNA isolation and gRT-PCR

Total RNA was extracted using pepGold total RNA kit (PegLab,
Erlangen, Germany), according to the manufacturer’s protocol.
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Subsequently, reverse transcription was performed using the
GeneAMP PCR kit (Invitrogen, Life Technologies) together with
random hexamers and 1 pg of isolated mRNA per reaction.
gRT-PCR reactions were performed with SYBR Green | Master
in a LightCycler® 480ll (Roche Diagnostics, Mannheim,
Germany) with standard conditions. Target genes were nor-
malized to a-enolase expression. Mouse primer sequences
were as follows: MMP-13_Fwd: ATCCCTTGATGCCATTACCA,
MMP-13_Rev: AAGAGCTCAGCCTCAACCTG; MMP-2_Fwd:
TGATGCTTTTGCTCGGGCCTTA,MMP-2_Rev: TTTACGCGGA
CCACTTGTCCTT;, MMP-9_Fwd: CGTCGTGATCCCCACTT
ACT, MMP-9_Rev: AACACACAGGGTTTGCCTTC; MMP-12_
Fwd: TGATGCAGCTGTCTTTGACC, MMP-12_Rev: GTGGAA
ATCAGCTTGGGGTA; TIMP-1_Fwd: GGCATCCTCTTGTTG
CTATCACTG, TIMP-1_Rev: GTCATCTTGATCTCATAACGCT
GG; TIMP-2_Fwd: GGCGTTTTGCAATGCAGACGTA, TIMP-2
_Rev: ATCTTGCACTCACAGCCCATCT; TIMP-3_Fwd: TTCT
GCAACTCCGACATCGTGA, TIMP-3_Rev: CAGGCGTAGTGT
TTGGACTGAT; IL-12p35_Fwd: ACTAGAGAGACTTCTTCCA
CAACAAGAG, IL-12p35_Rev: GCACAGGGTCATCATCAAA
GAC; IL-12p40_Fwd: GGAAGCACGGCAGCAGAATA, IL-12p
40_Rev: AACTTGAGGGAGAAGTAGGAATGG; IL-23_Fwd:
CAGCAGCTCTCTCGGATTCTC, IL-23_Rev: TGGATACGGGC
CACATTATTTTT;CXCL2_Fwd: TCCAGAGCTTGAGTGTGACG,
CXCL2_Rev: TCCAGGTCAGTTAGCCTTGC; a-enolase_Fwd:
TTGCTTTGCAGGGATCCTACT, a-enolase_Rev: GATCATCAG
CTTGTCAATCTT.

Western blot analysis

DCs were harvested. Cell lysates containing equal amounts
of total proteins were mixed with 50mM Tris-HCI, pH 6.8,
100mM dithiothreitol, 2% SDS, 1% bromophenol blue and
10% glycerol, separated in a 10% SDS-PAGE and blotted
onto a nitrocellulose membrane. After blocking with 5% milk
in Tris-buffered saline (TBS) with Tween 20 (0.1% Tween 20/
TBS), membranes were incubated with anti-MMP-13 anti-
body (ab75606, Abcam, Cambridge, UK) overnight, fol-
lowed by HRP-conjugated secondary antibodies overnight
at 4°C. The protein bands were detected by enhanced
chemiluminescence.

Zymography assay

Cross-activity of the MMP-13 inhibitor toward MMP-2 and -9
was controlled by zymography. Briefly, substrate-specific
zymography for MMP-2 and -9 activities was performed with
supernatant of LPS-stimulated DCs that had been treated
with different concentrations of MMP-13 inhibitor. Nine micro-
litres of a 6x concentrated non-reducing loading buffer (0.6 g
SDS, 1mg bromophenol blue, 3ml 1M Tris-HCI (pH 6,8), 5ml
glycerol added to 10ml H,0) was mixed with 45 ul of super-
natant. Proteins were separated by electrophoresis in a 10%
SDS-PAGE gel containing 1% gelatin (Invitrogen) at 110V.
Recombinant MMP-2 and -9 proteins were run in parallel
with the samples. After electrophoresis, gels were incubated
in renaturing buffer containing 1x developing buffer (10x
developing buffer: 60.6g Tris-base [0.5M, pH 7.5], 1179
NaCl (2M), 7.4 g CaCl, (50mM) and adjust to pH 7.5 by add-
ing H,0 to 1000ml) with 2.5% Triton X-100 for 1h. Afterward,
gels were washed two times in 1x developing buffer and
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incubated at 37°C with 1x developing buffer overnight.
Gels were heated in PageBlue™ protein staining solution
(Invitrogen, Life Technologies), then cooled while shaking.
Finally, gels were washed with distilled H,0, and enzymatic
bands were visualized using the ChemiDoc imaging system
(BioRad, Hercules, CA, USA)PeproTech.

MMP-13 activity assay

DCs were cultured with CL82198 for 24 h, followed by treat-
ment with LPS. Active MMP-13 in the supernatant of DCs was
measured 3h after LPS treatment using the SensolLyte® Plus
520 specific MMP-13 assay (AnaSpec, Seraing, Belgium). To
quantify the efficacy of CL82198 to inhibit murine MMP-13,
recombinant murine MMP-13 protein (EMELCA Biosciences,
Breda, Netherlands) was activated by 4-aminophenylmercu-
ric acetate for 40min at 37°C, incubated with CL82198 and
quantified by the SensolLyte® 520 MMP-13 assay (AnaSpec)
at Ex/Em = 490 nm/520 nm. The amount of recombinant MMP-
13 protein used for this assay was 5ng (100ng ml-'), which
is much more than the amount measured in the supernatants
of DCs treated with LPS (20-60ng ml-') to ensure that the
determined efficacy range of the inhibitor is sufficient to also
block the amount of MMP-13 in the experimental samples.

MMP-12 activity assay

Cross-activity of the MMP-13 inhibitor toward MMP-12 was
controlled by an MMP-12 activity assay that also detects
MMP-3 activity. DCs were cultured with CL82198 for 24h, fol-
lowed by treatment with LPS. Active MMP-12 and -3 in the
supernatant of DCs was measured 3h after LPS treatment
using the SensolLyte® 520 MMP-12 assay (AnaSpec) accord-
ing to the manufacturer’s instructions (extinction = 490nm;
emission = 520nm). The SensolLyte® 520 MMP-12 assay is
based on the same method as described for the SensolLyte®
Plus 520 specific MMP-13 assay but without the usage of the
specific anti-MMP antibody.

Cell viability

First, 1x10° DCs, 0.5x 108 B3Z cells or 1x 106 DOBW cells per
ml were treated with the indicated amounts of MMP-13 inhibitor
for 24h. WST-1 reagent and PI/Annexin staining were used to
determine the toxic effect of CL82198 for the different cell types.
WST-1 (Roche) was used according to the manufacturer’s
instructions with a 30-min incubation step. For live—-dead stain-
ing, DCs, B3Z and DOBW cells were treated as described
above, washed two times with cold PBS and stained with 5 ql
Annexin V-FITC antibody and PI (BD Biosciences) for 15min
at room temperature. Cells were diluted in 400 pl 1x binding
buffer (0.1M HEPES, pH 7.4; 1.4M NaCl; 26mM CaCl,) and
measured by flow cytometry within 1h. Cells were analyzed for
percentages of dead and apoptotic cells using an LSR Il (BD
Biosciences) and analyzed with FlowJo software (Tree Star).

Migration assay

Collagen gel was prepared according to the manufacturer’s
instructions (Biochrom AG/Merck, Grafing, Germany). Each
transwell (PC membrane, 5.0 um pore size, Corning, Thermo
Fisher Scientific, Schwerte, Germany) was filled with 50 ul gel,
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polymerized for 2h at 37°C and placed in 600 ul RPMI/0.5%
BSA supplemented with CCL19 (10 ng ml-', PeproTech,
Rocky Hill, NJ, USA). DCs were pretreated with CL82198 for
1h in RPMI/0.5% BSA. Afterward, 2x 10° DCs were seeded
on top of the collagen-filled transwells, treated with LPS or left
untreated. Twenty-four hours later, 500 pl of cell suspension
from each bottom chamber was harvested and stained for
CD11c and MHC-II. CountBright™ absolute counting beads
(Invitrogen, Life Technologies) were used without any further
washing steps to count the CD11c* DCs by flow cytometry.

Endocytosis assay

DCs (2 x 10°) were pretreated using CL82198 for 1h at 37°C,
cooled down on ice and incubated with OVA,_ . ., (10 ng
ml-, Invitrogen, Life Technologies) for 1h at 4°C (control) or
37°C. Cells were washed and stained for CD11c and MHC-II.
DCs were divided in different analysis groups based on their
expression intensity of MHC-II. The intensity of OVA uptake
was analyzed by flow cytometry.

T-cell activation assay

CD8+ T-cell activation via MHC-| presentation was detected
using the CD8* T-cell line B3Z. Then, 2x10° DCs per 96-well
plate were either not treated (group 1) or pretreated with
CL82198 for 1h at 37°C (group 2). Subsequently, cells were
pulsed with soluble OVA or 1 ng mil=' SIINFEKL peptide for
3h. DCs were washed and cultured with fresh CL82198 over-
night in the presence of 1x10% B3Z cells. Cell supernatant
was harvested, and the remaining cells were incubated for 3h
with LacZ buffer [B-mercaptoethanol, 4.5mM MgCl,, 0.065%
NP40, 0.046 mg ml-' chlorophenol red-p-p-galactopyranoside
(Roche) in PBS] at 37°C. Activation of B3Z cells was monitored
by measuring IL-2 accumulation in the cells by a colorimetric
LacZ assay (absorbance 570/620nm) and in the supernatant
by an IL-2 ELISA (R&D Systems; Wiesbaden-Nordenstadt,
Germany). To exclude direct influences of CL82198 on B3Z
cells, untreated DCs were pulsed with SIINFEKL for 2h, fixed
in 1% paraformaldehyde (PFA) for 30min and co-incubated
with B3Z cells supplemented with CL82198. Activation of CD4*
T cells through MHC-II presentation pathway was detected
using the CD4+* T-cell line DOBW. Experiments were performed
as described for B3Z cells with slight variations. Then, 1x 10°
DCs were co-incubated with 2x 10° DOBW cells. As positive
control and to detect the influence of CL82198 on DOBW cells,
OVA,,, ..,-Peptide (AnaSpec) was used. Activation of DOBW
cells was monitored using an IL-2 ELISA. Note, the CD4+* T-cell
line secreted less IL-2 (mean value: 9 pg ml-') than the CD8*
T-cell line (mean value: 300 pg ml-").

Cytokine and chemokine measurement

DCs were cultured with CL82198 for 24h, followed by LPS
treatment for 3h. Cytokine and chemokine profiles were ana-
lyzed in the supernatant using a luminex bead-based multiplex
screening assay (R&D) that screens the following chemokines/
cytokines: CCL2/JE/MCP-1, CCL3/MIP-1a, CCL4/MIP-1p,
CCL5/RANTES, CCL20/MIP-3a,, CXCL1/KC, CXCL2/MIP-2,
CXCL10/IP-10/CRG-2, IFN-y, IL-1B, IL-6, IL-10, IL-12 p70,
IL-13, IL-23 p19, CXCL5/LIX, TNF-0. and CXCL12/SDF-1a.

MMP-13 regulates immunostimulatory function of DCs

Statistics

Statistical analysis was performed using GraphPad Prism4
(GraphPad software). Data are presented as mean = SD or
median with min. to max. (box plot) using one-way ANOVA with
Dunnett's multiple comparison test or one-way ANOVA with
Kruskal-Wallis Dunn’s comparison test, or one-sample f-test.

Results

Expression of MMP-13 in DCs is increased by LPS
stimulation

We first examined the expression of MMP-13 and the natural
inhibitors [tissue inhibitor of metalloproteinases (TIMPs: TIMP-
1, -2, -3)] in untreated DCs derived from bone marrow. MMPs
and TIMPs were detected via gRT-PCR (Fig. 1A). Western
blot analysis confirmed the presence of the different forms
of the MMP-13 protein, proenzyme, active form and cleaved
fragments (Fig. 1B). To determine the expression of MMP-
13 during inflammatory conditions, DCs were treated with
LPS. Treatment with LPS significantly increased the MMP-13
mRNA level (Fig. 1C). Additionally, we investigated whether
the activity state of MMP-13 changed during inflammatory
conditions. Three hours after LPS treatment, active MMP-13
increased with absolute values of active MMP-13 ranging
from 20 to 60ng ml-" (Fig. 1D). Taken together, these results
confirmed the expression of MMP-13 under baseline condi-
tions and showed significant up-regulation in response to an
inflammatory stimulus.

To clarify the importance of MMP-13 for the phenotype and
function of DCs, including migration, endocytosis, cytokine
release, antigen presentation and T-cell activation, we used
the specific small molecule MMP-13 inhibitor CL82198.
First, we verified the efficacy of inhibition for murine MMP-
13 using a recombinant murine protein. As demonstrated
in Supplementary Figure 1A, available at International
Immunology Online, MMP-13 inhibitor CL82198 decreased
active recombinant murine MMP-13 dose dependently.

To exclude the toxic effects of CL82198 on DCs and T cells
(B3z, DOBW), cells were treated with inhibitor, followed by cell
viability assays. CL82198 did not show toxic effects on DCs as
revealed by measuring metabolically active cells by the WST
assay (Supplementary Figure 1B, available at International
ImmunologyOnline)and by Annexin/Pl staining (Supplementary
Figure 1C, available at International Immunology Online). More
than 80% of cells were still metabolic, active at the highest
inhibitor concentration (Supplementary Figure 1B, available at
International Immunology Online) and no increase in apopto-
sis could be detected (Supplementary Figure 1C, available at
International Immunology Online).

The cross-activity of CL82198 toward MMP-2, -9 and -12,
which are also expressed in DCs (Supplementary Figure 2A,
available at International Immunology Online), was controlled.
A zymography assay for MMP-2 and -9 activities showed no
decrease in MMP-9 activity in DCs treated with the MMP-13
inhibitor (Supplementary Figure 2B, available at International
Immunology Online). MMP-2 activity was below the detection
limit of the assay. A potential effect of the MMP-13 inhibitor
towards MMP-12 was evaluated using a fluorescence reso-
nance energy transfer-based activity assay (AnaSpec). In
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Fig. 1. MMP-13 expression is up-regulated in response to inflammatory stimulus in DCs in vitro. (A) Total cell lysates of DCs were analyzed on
day 7 by gRT-PCR for the presence of MMP-13 in relation to TIMPs. Data are illustrated in a box plot (min. to max.) as ACT values (n = 13). (B)
The different forms of MMP-13, proenzyme (60kDa), active form (54kDa) and cleaved fragments (48/34kDa) were validated by western blot.
Molecular weights are indicated in kilodaltons. Results are representative of five independent experiments. (C) DCs were cultured with LPS for
3h. Expression of MMP-13 was analyzed by gRT-PCR. Data are shown as AACT values of LPS-treated DCs normalized to PBS-treated cells of
11 independent experiments (box plot with min. to max.). (D) Active MMP-13 in the supernatant of DCs was validated 3 h after LPS treatment by
Sensolyte® Plus 520 specific MMP-13 assay. Data are displayed as box plot (min. to max.) with relative values of LPS-treated cells normalized
to PBS-treated cells in percentages (n = 6). Statistical analysis: one-sample t-test. *P < 0.05 and ***P < 0.001.

addition to MMP-12, this assay also detects MMP-3 activity. As
shown in Supplementary Figure 2C, available at International
Immunology Online, no inhibition of MMP-3/-12 activity was
observed in MMP-13 inhibitor-treated DCs.

MMP-13 does not regulate the migratory capacity of DCs

The capability to migrate is a central function of DCs: in the pro-
cess of host defense, DCs must leave the periphery to reach
the area of infection and then move on to the lymph nodes.
To investigate whether MMP-13 plays a role in DC migration,
we performed a 3D-collagen migration assay with CCL19 as
chemoattractant using LPS-stimulated and non-stimulated
DCs in response to MMP-13 inhibition. As demonstrated in
Fig. 2(A), no migration was detected without the chemoat-
tractant CCL19 in the LPS-stimulated and unstimulated DCs.
LPS-stimulated DCs showed a higher percentage of migrated
cells compared with unstimulated DCs (Fig. 2A). With regard
to MMP-13 inhibition, CL81298 treatment did not inhibit the
migration of LPS-stimulated (Fig. 2B) or unstimulated DCs
(data not shown). A slight increase in migration was observed
at 200 uM inhibitor, which did not reach significance.

MMP-13 is involved in OVA endocytosis by DCs

To determine whether MMP-13 influences antigen uptake
by DCs, we exposed DCs to fluorochrome-labeled OVA. As

shown in Fig. 3(A), soluble OVA was efficiently captured by
CD11c* DCs. After application of CL82198, the mean fluo-
rescence intensity (MFI), which visualizes the amount of cap-
tured OVA, decreased dose dependently. The summary of
nine independent experiments clearly demonstrates a sig-
nificant decline in the capability of DCs to endocytose OVA
in the presence of CL82198 (Fig. 3B). To further determine
whether the observed effect can be correlated to a specific
DC phenotype, CD11c* cells were grouped according to their
MHC-II surface expression profile and subgroups were com-
pared for their OVA uptake intensity. In line with other stud-
ies (33), immature DCs with low MHC-II surface expression
showed the strongest capability to capture OVA compared
with MHC-II"s" DCs (data not shown), but the reduction in the
OVA uptake intensity was observed in all subgroups.

MMP-13 is required for the activation of CD8* T cells
by DCs

Another fundamental ability of DCs is the processing and
presentation of antigen on MHC molecules and, thereafter,
the activation of the adaptive immune response. DCs treated
with soluble OVA can either activate CD4+* T cells via the
MHC-II pathway or CD8* T cells by cross-presentation via the
MHC-I pathway.

To elucidate the role of MMP-13 in CD8* T-cell activation, we
used CL82198-pretreated DCs, pulsed them with OVA, followed
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Fig. 2. MMP-13 does not regulate migratory capacity of DCs. LPS-stimulated or unstimulated DCs were seeded overnight on collagen-filled
transwells. DCs that migrated into the bottom chamber to CCL19 as chemoattractant were stained for CD11c and MHC-II and counted by flow
cytometry. (A) Comparison of DCs without and with CCL19 in the bottom chamber as well as DCs stimulated with LPS and without LPS (PBS).
Data are shown as relative values between LPS/PBS-treated groups without CCL19 and with CCL19 as well as between LPS-stimulated and
unstimulated groups (both times supplemented with CCL19; mean + SD; n = 4). (B) LPS-stimulated DCs were pretreated with different concen-
trations of CL82198 or left untreated. Data are shown as relative values between inhibitor-treated (inh.) and untreated (no inh.) groups (mean =+
SD; n = 5-6). Statistical analysis: ANOVA with Dunnett’s multiple comparison test. ***P < 0.001; n.s. = non-significant.
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Fig. 3. MMP-13 is involved in endocytosis of soluble OVA by DCs. DCs were pretreated with MMP-13 inhibitor at 37°C or left untreated, cooled down
onice, incubated with OVA, .. at 4°C (control) or 37°C, stained for CD11¢ and MHC-II and analyzed by flow cytometry. Data represent uptake of
OVA,....es Py CD11c* DCs. (A) Representative result of nine independent experiments. (grey area = control on 4°C, black line = no CL82198 at 37°C,
dashed lines = 100 uM, grey line = 200 uM CL82198 at 37°C). (B) Summary of nine experiments illustrated in a box plot (min. to max.) as relative
MFI values between treated (inh.) and untreated (no inh.) groups. Statistical analysis: ANOVA with Dunnett’s multiple comparison test. **P < 0.01

and P < 0.001.

by cocultivation with B3Z cells (CD8* T cells), in the presence
of CL82198. As readout for T-cell activation, IL-2 production
was measured. Quantifying IL-2 production by ELISA and LacZ
assay, we observed a reduced capability of DCs to activate
CD8* T cells in the presence of CL82198 in a dose-dependent
manner (Fig. 4Ai and ii). To determine whether the observed
effect is due to the reduced endocytic capability shown in
Fig. 3, we applied CL82198 exclusively after OVA pulsing. As
depicted in Fig. 4(Aiii and iv), a similar reduction in T-cell activa-
tion was detected, indicating that the reduction of OVA uptake
did not significantly influence B3Z cell activation. To control
that the inhibitor does not act directly on the CD8* T cells and
thereby inhibits the IL-2 secretion, we used SIINFEKL-pulsed
and fixed DCs without inhibitor pretreatment and co-incubated
them with CD8* T cells in the presence of CL82198. Notably,
no reduction in IL-2 secretion was detected (Fig. 4Av and vi),
excluding a direct effect of CL82198 on CD8* T cells.

To further elucidate a potential role of MMP-13 in the classi-
cal MHC-II pathway, we performed similar experiments using

CD4+ T cells (DOBW cells). We observed a slight reduction
in CD4* T-cell activation by DCs, measuring IL-2 secretion
by ELISA (Fig. 4Bi). To exclude a direct effect of CL82198
on CD4* T cells, we used OVA,,, ..,-peptide pulsed and
fixed DCs without inhibitor pretreatment and co-incubated
them with T cells in the presence of CL82198. We observed
a reduction in IL-2 secretion comparable to that seen with
DCs that were treated with CL82198, indicating that CL82198
might directly affect CD4* T cells (Fig. 4Bii). Indeed, low lev-
els of MMP-13 transcript (Fig. 4C) as well as active MMP-13
(data not shown) were detected in DOBW cells.

In summary, these results suggest that MMP-13 plays a
crucial role in CD8* T-cell activation in murine DCs.

MMP-13 is involved in MHC-I surface expression
To further investigate the mechanism leading to reduced

CD8* T-cell activation, we considered the possibility of
reduced peptide presentation by DCs. To analyze this, DCs
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Fig. 4. MMP-13 inhibition decreases the capacity of DCs to activate CD8* T cells via MHC-I molecules. (Ai and ii) 2x 10° DCs were pretreated
with the indicated amounts of CL82198 or left untreated, followed by protein pulsing with OVA or PBS (as control), washed and cultured with the
indicated amounts of CL82198 overnight in the presence of 1x 10° CD8* T cells (B3Z cells). (Ai) Activation of B3Z cells was monitored by measur-
ing IL-2 accumulation in a colorimetric LacZ assay (n = 6) or (Aii) IL-2 secretion in the supernatant by an ELISA (n = 5). (Aiii and iv) The experi-
ment was performed as described above with only a slight variation: DCs were treated after the protein pulsing with OVA was already completed
(Aiii: n =6, Aiv: n = 3). (Av and vi) To exclude influences of CL82198 on B3Z cells, untreated DCs were pulsed with SIINFEKL, washed, fixed in
1% PFA, washed and co-incubated with the indicated amounts of MMP-13 inhibitor and B3Z cells. (Av: n = 4, Avi: n = 3). (B) Activation of CD4*
T cells via MHC-II molecules was detected by IL-2 ELISA, performing similar experiments as described in (A) with slight variations: (Bi) 1x10°
DCs were pretreated with the indicated amounts of MMP-13 inhibitor, followed by protein pulsing with OVA or PBS and cultured with the indicated
amounts of CL82198 overnight in the presence of 2x 10° CD4* T cells (DOBW; n = 5). (Bii) To exclude influences of CL82198 on DOBW cells,
untreated DCs were pulsed with OVA,, ...-peptide, washed, fixed in 1% PFA, washed and co-incubated with the indicated amounts of MMP-13
inhibitor and DOBW cells (n = 3). Data are illustrated as relative values between CL82198-treated (inh.) and -untreated (no inh.) groups (mean
+ SD). (C) gRT-PCR analyses of MMP-13 expression in B3Z, DOBW and DCs treated with LPS or left untreated. Data are shown as ACTaeno‘asei

g Values. Statistical analysis: ANOVA with Dunnett's multiple comparison test. *P < 0.05, **P < 0.01, ***P < 0.001 and n.s. = non- S|gnn‘|cant

were treated with CL82198 and OVA overnight, followed by
staining for CD11c¢ and SIINFEKL bound to H-2K" of MHC-I.

As depicted in Fig. 5(A), SIINFEKL presentation on MHC-I
was slightly reduced in the presence of CL82198 at the

highest inhibitor concentration. To further clarify whether this
observation was due to a general reduction of MHC-I sur-
face expression or an OVA-peptide-specific effect, we per-
formed surface stainings for MHC-I and MHC-II molecules.
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Fig. 5. MHC-I but not MHC-II is decreased on the surface of DCs after MMP-13 inhibition. (A) DCs were pretreated with the indicated amounts
of CL82198, followed by treatment with OVA or PBS (control), washed and cultured for 5h in the presence of CL82198. Cells were washed and
stained for CD11c and SIINFEKL bound to H-2K® of MHC-I. (Left) Representative result of 10 independent experiments, (grey area = isotype,
grey dashed lines =PBS, black line = without CL82198, black dotted line = 200 pM, grey line = 500 pM CL82198). (Right) Data summary is
illustrated as relative MFI values between inhibitor-treated (inh.) and -untreated (no inh.) DCs (mean + SD). (B) DCs were pretreated with the
indicated amounts of CL82198, followed by treatment with OVA and cultivation overnight. Cells were washed and stained for CD11c, followed
by staining of (i) surface MHC-I, (ii) surface MHC-II and (iii) total MHC-I using permeabilized DCs. Expression was analyzed by flow cytometry
(n =4, MHC-II: n = 9). Data are shown as relative MFI values between inhibitor treated (inh.) and untreated (no inh.) OVA-stimulated CD11c*
DCs and between unstimulated (no OVA) and untreated (no inh.) OVA-stimulated DCs (mean + SD). Statistical analysis: ANOVA with Dunnett’s
multiple comparison test. **P < 0.01 and ***P < 0.001, n.s. = non-significant.

In line with the T-cell activation assay, surface expression of To gaininsight into the mechanism that leads to the reduced
MHC-I was significantly reduced on DCs treated with inhibi- MHC-I surface expression, the total amount of MHC-I was
tor (Fig. 5Bi), whereas MHC-II was not significantly changed determined by staining permeabilized cells. As shown in
(Fig. 5Bii). Fig. 5(Biii), in contrast to surface MHC-I (Fig. 5Bi), total MHC-I
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was largely unchanged with a moderate decrease only at the
highest inhibitor concentration. As the strong decline in the
MHC-I surface expression after MMP-13 inhibition is not reca-
pitulated at the total MHC-I protein level, one might speculate
that the surface presence is reduced due to altered MHC-I
trafficking or MHC-I cycling.

MMP-13 inhibition decreases CD11c while preserving
DCs’ maturation profile

T cells are activated by DCs through the recognition of spe-
cific peptides on MHCs together with the help of co-stimula-
tory molecules, such as CD40, CD80, and CD86, which are
up-regulated during DC maturation. To determine whether
MMP-13 has an influence on the maturation profile of DCs, we
next analyzed CL82198-treated DCs after LPS stimulation. As
expected, CD40, CD80 and CD86 were strongly up-regulated
by DCs during LPS treatment compared with the untreated
controls. This up-regulation occurred similarly when MMP-13
was inhibited (Fig. 6Ai-iii). This implies that MMP-13 does not
alter this process of DC maturation in murine DCs.

Next, we analyzed the surface expression of the a-integrin
CD11c. Previous reports suggested that CD11c might be
involved in antigen presentation by DCs (34). Remarkably,
MMP-13 inhibition diminished the intensity of CD11c surface
expression dose dependently (Fig. 6B).

Ai .

Nn.s.

50 +

relative MFI CD80
[%]

100 e ile_zn. ol o

0 L L 1 T L]
0 50 100 200 500

|
150 - n.s.

50 +

relative MFI CD40
[%]

0 T T T T T

0 50 100 200 500
MMP-13 inhibitor [uM]

Page 9 of 15

MMP-13 maintains the cytokine profile of mature DCs

A fundamental characteristic of DCs is the ability to release
cytokines that determine the polarization of the innate and
adaptive immune response. Therefore, we next addressed
the role of MMP-13 in regulating the cytokine profile of DCs,
especially with regard to cytokines that influence T-cell-
mediated immune responses. We measured the release of
18 different cytokines/chemokines in response to the inflam-
matory stimulus LPS. Consistent with the literature (35), all
detectable cytokines/chemokines were increased upon
inflammatory stimulus (Fig. 7; Supplementary Figure 2C,
available at International Immunology Online). IL-13, CCL20,
CXCL12, IL-10, IL-1p and IFN-y were below the detection
limit. Therefore, the effect of MMP-13 inhibition could not be
determined. IL-12p70, IL-23p19 and IL-6, which are known
to moderate the polarization of T-cell response, were signifi-
cantly decreased by MMP-13 inhibition in a dose-depend-
ent manner (Fig. 7Ai-iii). Especially IL-12p70 (Fig. 7Ai) and
IL-23p19 (Fig. 7Aii) were strongly decreased to around 50%
compared with untreated cells. On the contrary, CXCL10, a
T-cell-targeting chemokine, was increased after MMP-13 inhi-
bition (Fig. 7Aiv), while chemokines CCL5, CXCL1, CXCLS5,
CCL3, CCL4 and CXCL2, which are mainly chemoattract-
ants and activators of neutrophils, basophils and eosinophils,
remained unchanged after MMP-13 inhibition (Fig. 7Bi-vi).
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Fig. 6. MMP-13 does not regulate the maturation process of DCs, while MMP-13 inhibition decreases CD11c surface expression. DCs were
pretreated with the indicated amounts of CL82198, followed by stimulation with LPS and cultivation overnight. Cells were stained for CD11c,
MHC-II, CD80, CD86 and CD40. Data are illustrated as relative MF| values between inhibitor treated (inh.) and untreated (no inh.) CD11c*
DCs. (Ai-Aiii) Maturation markers. (B) CD11c. Statistical analysis: ANOVA with Dunnett's multiple comparison test (mean + SD). *P < 0.05,

***P < 0.001, n.s. = non-significant.
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Fig. 7. Inhibition of MMP-13 in LPS-stimulated DCs leads to a different cytokine profile of typical T-cell affecting cytokines, showing decreased
amounts of IL-12, IL-23 and IL-6 and increased CXCL10. DCs were cultured with CL82198 for 24 h, followed by treatment with LPS or PBS as
control. The supernatant of DCs was harvested 3h after LPS stimulation. The following cytokines and chemokines were analyzed using Luminex
screening assay (R&D): CCL2/JE/MCP-1, CCL3/MIP-1a, CCL4/MIP-1f, CCL5/RANTES, CCL20/MIP-3a, CXCL1/KC, CXCL2/MIP-2, CXCL10/
IP-10/CRG-2, IFN-y, IL-1B, IL-6, IL-10, IL-12 p70, IL-13, IL-23 p19, CXCLS5/LIX, TNF-a and CXCL12/SDF-1a. LPS-stimulated DCs treated with dif-
ferent concentrations of CL82198 or DCs treated with PBS instead of LPS (PBS) as unstimulated control are illustrated as relative values normal-
ized to DCs treated with LPS without inhibitor (n = 9). (Ai-Av) IL-12p70, IL-23p19, IL-6, CXCL10 and TNF-a are typical cytokines/chemokines that
target T cells. (Bi) CCL5 functioned as a chemoattractant for T cells as well as for basophils, neutrophils, monocytes, macrophages and immature
DC cells. (Bii—vi) CXCL1, CXCL5, CCL3, CCL4 and CXCL2 are cytokines/chemokines that target neutrophils, subpopulations of T cells, mono-
cytes and macrophages. (C) CCL2 belongs to the chemokines that recruits monocytes, memory T cells and DCs. Statistical analysis: ANOVA
with Dunnett’'s multiple comparison test (mean + SD). *P < 0.05, **P < 0.01 and ***P < 0.001, n.s. = non-significant.

CCL2, a chemokine that recruits monocytes, memory T cells To define whether the reduction in the amount of secreted
and DCs to areas of infection, was also unchanged by MMP- cytokine was due to reduced transcription, gRT-PCR of
13 inhibition (Fig. 7C). selected genes was performed. As shown in Fig. 8, tran-

These results suggest that MMP-13 plays a crucial role in script levels of the two cytokines IL-12p35 and IL-23, whose
shaping the cytokine profile of DCs. secreted levels were dramatically reduced by MMP-13
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Fig. 8. Inhibition of MMP-13 in LPS-stimulated DCs reveals no or only minor alterations of I1L-12p35, IL-12p40, IL-23 and CXCL2 on the tran-
scriptional level. DCs were cultured with CL82198 for 24 h, followed by treatment with LPS or PBS as control. Cells were harvested 3h after LPS
stimulation and total cell lysates of DCs were analyzed by gRT-PCR for alterations in IL-12p35, IL-12p40, IL-23 and CXCL2. Data are illustrated

as AACT(

X — LPS control)

values with x being DCs treated with PBS or LPS in combination with indicated inhibitor concentrations. Statistical analysis:

ANOVA with Dunnett’'s multiple comparison test (mean + SD). *P < 0.05, ***P < 0.001 and n.s. = non-significant.

inhibition, were largely unaltered with a moderate decline
only seen at the highest inhibitor concentration (Fig. 8i and
iii). Transcript levels of IL-12p40, the subunit shared by IL-12
and IL-23, were unaltered as was the transcript level of the
chemokine CXCL2, which was also not affected on the level
of secretion (Fig. 8ii and iv). These results indicate that MMP-
13 acts more dominantly on processes of protein secretion
than on transcription. The observation that MMP-13 inhibition
manipulates mainly T-cell-targeting cytokines further sug-
gests that MMP-13 can change the polarization of the adap-
tive immune response through modulating the capacity of
DCs to secrete specific cytokines.

Discussion

In the present study, we analyzed the expression of MMP-
13 in DCs during inflammatory conditions and evaluated
the role of MMP-13 in essential immunological functions of
DCs. We reported a novel role of MMP-13 in OVA endo-
cytosis, MHC-I presentation and T-cell targeting cytokine
release of DCs. Moreover, we discovered that MMP-13 inhi-
bition diminishes the DCs’ capacity of T-cell activation via
the MHC-I pathway.

Recently, it has been demonstrated that LPS-treated DCs
exhibit increased expression of MMP-13 at the mRNA level
(10). We confirmed this result and, moreover, demonstrate
that active MMP-13 increased in response to LPS treatment
(Fig. 1). These results suggest that, under inflammatory con-
ditions, DCs need MMP-13 for specific functions to fully act
as antigen-presenting cells. To substantiate this hypothesis,
we performed various functional assays in the presence of
the specific MMP-13 inhibitor CL82198. We analyzed the
involvement of MMP-13 in migration, endocytosis, antigen
presentation, cytokine release and T-lymphocyte activation
and, thereby, identified novel roles of MMP-13 in DC biology.

For the functional assays, we used a specific MMP-13
inhibitor (CL82198). This inhibitor was developed for human
MMP-13 but was demonstrated in the current study to also
react with murine MMP-13, albeit with lower activity. Cross-
species application has been described for other human
MMP inhibitors, such as the MMP-12 inhibitor MMP408,
again with the requirement to use higher concentrations.
For the MMP-13 inhibitor CL82198, we tested a concentra-
tion range between 50 and 500 pM in the murine system and
could confirm efficient inhibition of murine MMP-13 using this
concentration range (Supplementary Figure 1, available at
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International Immunology Online). Notably, we tested the effi-
cacy of inhibition against a high concentration (100ng mi-) of
murine recombinant MMP-13, which is much higher than the
concentration of MMP-13 secreted by DCs after LPS stimu-
lation. Thus, the determined effective range of the inhibitor
should well suffice to inhibit MMP-13 in our assay systems.
Using zymography and a MMP-3/-12 activity assay, it was
determined that the MMP-13 inhibitor did not cross-inhibit
MMP-9 or MMP-3/-12, respectively, in the concentration as
applied (Supplementary Figure 2, available at International
Immunology Online). The observation that MMP-13 inhibi-
tion does not cross-inhibit MMP-9 can be further deduced
from the observed lack of inhibition of DC migration, which is
known to involve MMP-9 (36).

Therefore, these assays provided evidence that the MMP-
13 inhibitor CL82198 does not exhibit overt cross-activity
against two of the highest expressed MMPs (MMP-9 and
-12) in murine DCs. At the highest inhibitor concentration, a
slight increase of MMP-3/-12 was detected (Supplementary
Figure 2C, available at International Immunology Online),
which might be a compensation effect due to the inhibition of
active MMP-13 protein.

Several previous studies delineated an involvement of
MMPs in cell migration and their contribution to various dis-
eases such as cancer, myocardial infarction and hyperten-
sion (36-42). MMP-13 has already been intensively studied in
keratinocyte (7) and fibroblast migration (43, 44). In DC biol-
ogy, different groups reported that MMP-9 is crucial for migra-
tion, studied in murine Langerhans cells (45) and DCs (36),
as well as in human DCs (39), by performing MMP-9 blocking
studies. In the present study, we observed that MMP-13 inhi-
bition does not alter the migration behaviour of DCs through
collagen | (Fig. 2).

To date, nothing is reported about the involvement of
MMPs in endocytosis. We observed that MMP-13 inhibi-
tion decreased the capability of DCs to capture soluble
OVA (Fig. 3). The uptake of large amounts of soluble OVA
(MFIMan) in DCs is mainly executed by the mannose receptor
that mediates cross-presentation of OVA peptides via MHC-
I, whereas the uptake of small amounts of OVA (MFI") via
macropinocytosis drives OVA into the classical MHC-II path-
way (33, 46-50). We observed a significant reduction in the
OVA uptake, but how exactly MMP-13 is involved in antigen
uptake remains to be clarified. No downstream effects of
the reduced endocytosis on T cells could be substantiated,
since no cumulative effect was seen when DCs were treated
with CL82198 before plus after the OVA uptake (Fig. 4A).
Obviously, despite reduced uptake through MMP-13 inhibi-
tion, enough OVA can still be captured by DCs to provide suf-
ficient antigen presentation to OVA-specific T cells. As this is
the first time showing an involvement of MMPs in the process
of endocytosis, it will be of interest in the future to determine
the relevance of MMP-13 for other antigens, including those
with low expression levels.

While the downstream effects of MMP-13-regulating endo-
cytosis in the OVA system remain to be determined, our fur-
ther findings clearly demonstrate that CD8* T-cell activation
was reduced when DCs were treated with MMP-13 inhibitor
in a manner that was obviously independent of endocytosis
(Fig. 4A).

MMP-13 regulates immunostimulatory function of DCs

To identify why CD8* T-cell activation was decreased,
we investigated whether MMP-13 inhibition influenced the
amount of H-2k°® MHC-I surface molecules. We detected
decreased H-2k° MHC-I surface expression on inhibitor-
treated DCs (Fig. 5B). The immunological synapse between
T lymphocytes and DCs is critical for successful T-cell acti-
vation. As synapse formation requires the recognition of the
peptide-MHC complex by the specific T-cell receptor (51),
the observed reduced MHC-I surface expression could be
sufficient to impair the formation of a fully functional immu-
nological synapse that may explain the decreased T-cell
activation. The reduction in H-2k® MHC-| surface molecules
could be due to alteration in the MHC-I trafficking and cycling
process since we observed that the total amount of MHC-I
(surface plus intracellular amount) was largely the same in
untreated and inhibitor-treated DCs (Fig. 5Biii). Hence, appar-
ently, an involvement of MMP-13 in transcription or protein
synthesis of MHC-I molecules cannot or cannot fully explain
the observed reduction of surface MHC-I. The reduced sur-
face presence of MHC-I might be due to retention of MHC-I
on the way to the cell surface or enhanced removal from the
cell surface because of recycling. Cleavage from the cell sur-
face is unlikely since this would reduce the surface as well
as the total amount of MHC-I. Trafficking to the cell surface
is only permitted for fully assembled MHC-I/32-microglobulin/
peptide complexes. This assembly occurs in the endoplas-
mic reticulum (ER) and is regulated by the so-called load-
ing complex. This multiprotein complex consists at least of
TAP, tapasin, ERp57 and calreticulin, (52) of which the latter is
known as a target substrate of MMP-2 (53). Therefore, MMPs
might control MHC-I assembly by interfering with the MHC-I
loading complex. However, in our assay, we used an antibody
that detects only the fully assembled H-2K° molecule. Thus,
an involvement of MMP-13 in the MHC-I assembly process is
unlikely, leaving the post-ER trafficking and recycling as sites
of MMP-13 intervention in MHC-I surface expression.

As B3Z cells need neither co-stimulatory molecules nor
cytokine stimulation by DCs, the reduced T-cell activa-
tion in our system is likely caused by the reduced MHC-I
presentation.

Co-stimulatory molecules, such as CD80, CD86 and CD40,
which are required for efficient T-cell activation by DCs under
physiological conditions (17, 18) were not changed by MMP-
13 inhibition (Fig. 6A). In contrast, a clear decrease in the
surface expression of CD11c was observed (Fig. 6B). It is
known that CD11c binds to complement fragment (iC3b),
adhesion molecules and matrix proteins and might, therefore,
be involved in antigen presentation and inflammation (54). As
a strong CD11c reduction could only be detected with high
inhibitor concentrations, it is unlikely to affect antigen presen-
tation in our system.

Beside MMP-13 regulating MHC-I and CD11c surface
expression, we observed that MMP-13 inhibition changed the
cytokine profile of DCs which could in vivo lead to altered
T-cell polarization. Using a Luminex screening assay for 18
different targets, cytokines that regulate T,1/T 17 cell polari-
zation such as IL-12p70, IL-23p19 and and IL-6 were strongly
decreased by MMP-13 inhibition, whereas cytokines that
affect mainly neutrophils remained unaffected (Fig. 7). In par-
ticular, IL-12 is known as a pivotal pro-inflammatory cytokine
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that serves as a critical mediator of CD8* T-cell activation
by driving the necessary help of CD4* T cells toward a T, 1
phenotype (55-58). Moreover, IL-12 is reported to increase
the expansion and survival of effector/memory T-cell popu-
lations by reducing apoptosis in CD8* T cells (59). IL-23, a
potent pro-inflammatory cytokine, was similarly reduced due
to MMP-13 inhibition. Although IL-23 is closely related to
IL-12, the dominant role of IL-23 is to stimulate a unique T-cell
subset to produce IL-17. Therefore, IL-23 plays an important
role in memory T-cell responses and in autoimmune diseases
(60, 61). IL-23p19 and IL-12p70 share the same p40 subu-
nit, which they require for secretion (56). Along this line, IL-6,
another pro-inflammatory cytokine homologous to IL-12p35/
IL-23p19 subunits and a downstream factor of IL-23, was also
significantly reduced. The homology of these cytokines might
explain their concerted reduction upon MMP-13 inhibition as
they might exhibit a joint processing site. Notably, previous
reports have linked IL-12 and IL-23 to specific MMPs. One
study demonstrated an indirect effect of MMP-2 on IL-12p70
via degradation of the type-I IFN receptor that inhibited STAT1
phosphorylation and thereby reduced IL-12p35 production
(62). In line with this, another study reported MMP-9 as an
indirect regulator of IL-23 via membrane stem cell factor and
receptor tyrosine kinase c-kit ligation (63). To gain more insight
into the mechanism that led to the reduced cytokine detec-
tion of IL-12p70 and IL-23p19 in the current study, transcript
levels of selected genes were analyzed. In contrast to the
strong inhibition of secreted protein, marginal inhibition only
at the highest inhibitor concentration was observed (Fig. 8),
suggesting that MMP-13 moderates the amount of secreted
cytokines/chemokines at the protein level. This suggestion is
further supported, as the alterations in the cytokine secre-
tion occurred very quickly within 3h after the LPS-induced
DC activation.

Considering the observed increase of CXCL10 (Fig. 7), an
inhibitor for neovascularization and hematopoietic progeni-
tor cells, through MMP-13 inhibition, one might speculate an
ensuing weakening of the immune response by reducing vas-
cularization and immune cell supply (64, 65). As CXCL10 is
also reported to recruit T and NK cells, (66) the downstream
effect of increased CXCL10 by MMP-13 inhibition has to be
investigated in future.

In summary, our data reveal a new role of MMP-13 in
MHC-I presentation, endocytosis and cytokine/chemokine
release of DCs. While the reduction of MHC-I molecules led
to a reduced T-cell activation, the downstream effects of the
diminished endocytosis remain to be identified. Furthermore,
we could exclude a participation of MMP-13 in the migra-
tion process of DCs as well as in their maturation process.
The altered cytokine profile gives rise to interesting future
research, denoted toward elucidating the exact downstream
effect on T cells in a more physiological system.

Regarding therapeutic intervention, inhibition of MMP-13
is particularly interesting, as it allows a more specific target-
ing of DCs compared with the inhibition of other MMPs that
are more broadly expressed in the immune system. The data
shown here provide evidence that the targeting of MMP-13
with a small molecular inhibitor profoundly affects diverse DC
functions with consequences for memory T cells, NK cells, T,
cells and cytotoxic T lymphocytes through the reduced MHC-|
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presentation capability and through changes in the cytokine
profiles of DCs. In particular, the alteration in pro-inflammatory
T-cell addressing cytokines could be an interesting aspect of
therapeutic intervention in diseases with pathogenic T, 1/T 17
inflammation. These could be autoinflammatory diseases or
graft dysfunction after transplantation, such as in bronchiolitis
obliterans, where the immune system must be attenuated.

Considering future clinical application, we have intention-
ally chosen the inhibitor approach and avoided the utilization
of DCs from knockout mice to investigate the role of MMP-13
and its effect on DC function. In a clinical setting, small mol-
ecules inhibitors are attractive. Thereby, MMP-13 activity will
be reduced but never completely blocked as found in MMP-
13 knockout cells. Another argument against using knockout
cells is that these cells might exhibit compensatory changes
that alter their phenotype and function. Indeed, we observed
alterations in the phenotype of MMP-12 knockout cells com-
pared with wild type (data not shown).

Unfortunately, CL82198 was the only specific MMP-13
inhibitor that was soluble in water or saline; all other inhibitors
were either not specific for only MMP-13 or required DMSO,
which itself had an impact on cross-presentation and thus
could not be used in our experiments. We acknowledge the
limitations of our study due to utilization of only one MMP-
13 inhibitor. Nevertheless, based on our observations, new
therapeutic approaches to counteract pathogenic T,1/T 17
inflammation represent logical extensions of our study.

With the intention to move toward in vivo models, we per-
formed our analysis with murine bone marrow-derived DCs.
Indeed, using a bronchiolitis obliterans mouse model, we
obtained preliminary evidence that MMP-13 might be involved
in the progression of obliterative bronchiolitis and that inhibi-
tion of MMP-13 might attenuate the bronchiolitis obliterans
phenotype (data not shown). While these observations have
to be substantiated with larger mouse numbers, they do pro-
vide first evidence that MMP-13 inhibitors could be promising
new therapeutics in bronchiolitis obliterans.

Supplementary data

Supplementary data are available at International Immunology
Online.

Acknowledgements

The authors express their gratitude to Heidrun Villena-Hermoza for
her excellent technical assistance. J.B. performed experiments, ana-
lyzed results, made the figures and wrote the manuscript. J.B. and
W.v.W. designed experiments. M.F., W.v.W, C.N., O.E. and E.N. pro-
vided crucial experimental and scientific advice.

Conflict of interest statement: The authors declared no competing
financial interests.

References

1 Sternlicht, M. D. and Werb, Z. 2001. How matrix metalloprotein-
ases regulate cell behavior. Annu. Rev. Cell Dev. Biol. 17:463.

2 Werb, Z., Vu, T. H., Rinkenberger, J. L. and Coussens, L. M. 1999.
Matrix-degrading proteases and angiogenesis during develop-
ment and tumor formation. APMIS 107:11.

3 Elkington, P. T., O’'Kane, C. M. and Friedland, J. S. 2005. The para-
dox of matrix metalloproteinases in infectious disease. Clin. Exp.
Immunol. 142:12.

9T0Z ‘6 A2 N UO UBYDUSN | WNNUBZ Z1joyw pH 18 /B10°S [euno[pio o wiwnuiy/:dny wodj papeojumod


http://intimm.oxfordjournals.org/

Page 14 of 15

4 Parks, W. C., Wilson, C. L. and Lépez-Boado, Y. S. 2004. Matrix
metalloproteinases as modulators of inflammation and innate
immunity. Nat. Rev. Immunol. 4:617.

5 Nissinen, L. and K&héri, V. M. 2014. Matrix metalloproteinases in
inflammation. Biochim. Biophys. Acta. 1840:2571.

6 Nelson, A. R., Fingleton, B., Rothenberg, M. L. and Matrisian, L.
M. 2000. Matrix metalloproteinases: biologic activity and clinical
implications. J. Clin. Oncol. 18:1135.

7 Hattori, N., Mochizuki, S., Kishi, K., Nakajima, T., Takaishi, H.,
D'Armiento, J. and Okada, Y. 2009. MMP-13 plays a role in
keratinocyte migration, angiogenesis, and contraction in mouse
skin wound healing. Am. J. Pathol. 175:533.

8 Botos, |., Meyer, E., Swanson, S. M., Lemaitre, V., Eeckhout, Y. and
Meyer, E. F. 1999. Structure of recombinant mouse collagenase-3
(MMP-13). J. Mol. Biol. 292:837.

9 Leeman, M. F, Curran, S. and Murray, G. |. 2002. The structure,
regulation, and function of human matrix metalloproteinase-13.
Crit. Rev. Biochem. Mol. Biol. 37:149.

10 Chen, Z., Gordon, J. R., Zhang, X. and Xiang, J. 2002. Analysis

of the gene expression profiles of immature versus mature bone

marrow-derived dendritic cells using DNA arrays. Biochem.

Biophys. Res. Commun. 290:66.

Zaslona, Z., Wilhelm, J., Cakarova, L., Marsh, L. M., Seeger, W.,

Lohmeyer, J. and von Wulffen, W. 2009. Transcriptome profiling of

primary murine monocytes, lung macrophages and lung dendritic

cells reveals a distinct expression of genes involved in cell traf-

ficking. Respir. Res. 10:2.

12 Banchereau, J., Briere, F., Caux, C. et al. 2000. Immunobiology of
dendritic cells. Annu. Rev. Immunol. 18:767.

13 Banchereau, J. and Steinman, R. M. 1998. Dendritic cells and the
control of immunity. Nature 392:245.

14 Mellman, |. and Steinman, R. M. 2001. Dendritic cells: specialized
and regulated antigen processing machines. Cell 106:255.

15 Norbury, C. C., Basta, S., Donohue, K. B. et al. 2004. CD8+ T
cell cross-priming via transfer of proteasome substrates. Science
304:1318.

16 Sigal, L. J., Crotty, S., Andino, R. and Rock, K. L. 1999. Cytotoxic
T-cell immunity to virus-infected non-haematopoietic cells requires
presentation of exogenous antigen. Nature 398:77.

17 Sallusto, F. and Lanzavecchia, A. 1994. Efficient presentation of
soluble antigen by cultured human dendritic cells is maintained
by granulocyte/macrophage colony-stimulating factor plus inter-
leukin 4 and downregulated by tumor necrosis factor alpha. J.
Exp. Med. 179:1109.

18 Steinman, R. M., Pack, M. and Inaba, K. 1997. Dendritic cell
development and maturation. Adv. Exp. Med. Biol. 417:1.

19 Takaishi, H., Kimura, T., Dalal, S., Okada, Y. and D’Armiento, J.
2008. Joint diseases and matrix metalloproteinases: a role for
MMP-13. Curr. Pharm. Biotechnol. 9:47.

20 Vincenti, M. P. and Brinckerhoff, C. E. 2002. Transcriptional regu-
lation of collagenase (MMP-1, MMP-13) genes in arthritis: inte-
gration of complex signaling pathways for the recruitment of
gene-specific transcription factors. Arthritis Res. 4:157.

21 Kouwenhoven, M., Ozenci, V., Tjernlund, A., Pashenkov, M.,
Homman, M., Press, R. and Link, H. 2002. Monocyte-derived den-
dritic cells express and secrete matrix-degrading metalloprotein-
ases and their inhibitors and are imbalanced in multiple sclerosis.
J. Neuroimmunol. 126:161.

22 Gao, A., Kantarci, A., Herrera, B. S., Gao, H. and Van Dyke, T.
E. 2013. A critical role for suppressors of cytokine signaling 3 in
regulating LPS-induced transcriptional activation of matrix metal-
loproteinase-13 in osteoblasts. PeerJ 1:e51.

23 Taghavi, S., Krenn, K., Jaksch, P., Klepetko, W. and Aharinejad,
S. 2005. Broncho-alveolar lavage matrix metalloproteases as a
sensitive measure of bronchiolitis obliterans. Am. J. Transplant.
5:1548.

24 Smith, G. N., Jr, Mickler, E. A., Payne, K. K. et al. 2007. Lung trans-
plant metalloproteinase levels are elevated prior to bronchiolitis
obliterans syndrome. Am. J. Transplant. 7:1856.

25 Fernandez, F. G., Campbell, L. G., Liu, W. et al. 2005. Inhibition of
obliterative airway disease development in murine tracheal allo-
grafts by matrix metalloproteinase-9 deficiency. Am. J. Transplant.
5:671.

1

—

MMP-13 regulates immunostimulatory function of DCs

26 Leonard, C. T., Soccal, P. M., Singer, L. et al. 2000. Dendritic cells
and macrophages in lung allografts: A role in chronic rejection?
Am. J. Respir. Crit. Care Med. 161:1349.

27 Yousem, S. A, Ray, L., Paradis, I. L., Dauber, J. A. and Giriffith, B.
P. 1990. Potential role of dendritic cells in bronchiolitis obliterans
in heart-lung transplantation. Ann. Thorac. Surg. 49:424.

28 Chen, Q., Jin, M., Yang, F, Zhu, J., Xiao, Q. and Zhang, L. 2013.
Matrix metalloproteinases: inflammatory regulators of cell behav-
iors in vascular formation and remodeling. Mediators Inflamm.
2013:928315.

29 Rodriguez-Fernandez, J. L. 2013. Antigen presentation by den-
dritic cells in rheumatoid arthritis. Curr. Top. Med. Chem. 13:712.

30 Brinker, K. G., Garner, H. and Wright, J. R. 2003. Surfactant
protein A modulates the differentiation of murine bone marrow-
derived dendritic cells. Am. J. Physiol. Lung Cell. Mol. Physiol.
284:1.232.

31 Karttunen, J., Sanderson, S. and Shastri, N. 1992. Detection of
rare antigen-presenting cells by the lacZ T-cell activation assay
suggests an expression cloning strategy for T-cell antigens. Proc.
Natl Acad. Sci. U. S. A. 89:6020.

32 Harding, C. V., Collins, D. S., Kanagawa, O. and Unanue, E. R.
1991. Liposome-encapsulated antigens engender lysosomal pro-
cessing for class Il MHC presentation and cytosolic processing
for class | presentation. J. Immunol. 147:2860.

33 Watts, C. and Amigorena, S. 2000. Antigen traffic pathways in
dendritic cells. Traffic 1:312.

34 Meunier, L., Bohjanen, K., Voorhees, J. J. and Cooper, K. D. 1994.
Retinoic acid upregulates human Langerhans cell antigen pres-
entation and surface expression of HLA-DR and CD11c, a beta 2
integrin critically involved in T-cell activation. J. Invest. Dermatol.
103:775.

35 Morelli, A. E., Zahorchak, A. F, Larregina, A. T. et al. 2001.
Cytokine production by mouse myeloid dendritic cells in relation
to differentiation and terminal maturation induced by lipopolysac-
charide or CDA40 ligation. Blood 98:1512.

36 Ichiyasu, H., McCormack, J. M., McCarthy, K. M., Dombkowski,
D., Preffer, F. I. and Schneeberger, E. E. 2004. Matrix metallo-
proteinase-9-deficient dendritic cells have impaired migration
through tracheal epithelial tight junctions. Am. J. Respir. Cell Mol.
Biol. 30:761.

37 Giannelli, G., Falk-Marzillier, J., Schiraldi, O., Stetler-Stevenson,
W. G. and Quaranta, V. 1997. Induction of cell migration by matrix
metalloprotease-2 cleavage of laminin-5. Science 277:225.

38 Westermarck, J. and Kahari, V. M. 1999. Regulation of matrix met-
alloproteinase expression in tumor invasion. FASEB J. 13:781.

39 Chabot, V., Reverdiau, P., lochmann, S. et al. 2006. CCL5-
enhanced human immature dendritic cell migration through the
basement membrane in vitro depends on matrix metalloprotein-
ase-9. J. Leukoc. Biol. 79:767.

40 Zozulya, A. L., Reinke, E., Baiu, D. C., Karman, J., Sandor, M.
and Fabry, Z. 2007. Dendritic cell transmigration through brain
microvessel endothelium is regulated by MIP-1alpha chemokine
and matrix metalloproteinases. J. Immunol. 178:520.

41 Creemers, E. E., Cleutjens, J. P, Smits, J. F. and Daemen, M. J.
2001. Matrix metalloproteinase inhibition after myocardial infarc-
tion: a new approach to prevent heart failure? Circ. Res. 89:201.

42 Castro, M. M. and Tanus-Santos, J. E. 2013. Inhibition of matrix
metalloproteinases (MMPs) as a potential strategy to ameliorate
hypertension-induced cardiovascular alterations. Curr. Drug
Targets. 14:335.

43 Burgstaller, G., Oehrle, B., Koch, I., Lindner, M. and Eickelberg,
0. 2013. Multiplex profiling of cellular invasion in 3D cell culture
models. PLoS One 8:e63121.

44 |Lecomte, J., Masset, A., Blacher, S. et al. 2012. Bone marrow-
derived myofibroblasts are the providers of pro-invasive matrix
metalloproteinase 13 in primary tumor. Neoplasia 14:943.

45 Kobayashi, Y., Matsumoto, M., Kotani, M. and Makino, T. 1999.
Possible involvement of matrix metalloproteinase-9 in Langerhans
cell migration and maturation. J. Immunol. 163:5989.

46 Engering, A. J., Cella, M., Fluitsma, D., Brockhaus, M., Hoefsmit,
E. C., Lanzavecchia, A. and Pieters, J. 1997. The mannose recep-
tor functions as a high capacity and broad specificity antigen
receptor in human dendritic cells. Eur. J. Immunol. 27:2417.

9T0Z ‘6 A2 N UO UBYDUSN | WNNUBZ Z1joyw pH 18 /B10°S [euno[pio o wiwnuiy/:dny wodj papeojumod


http://intimm.oxfordjournals.org/

MMP-13 regulates immunostimulatory function of DCs

47 Sallusto, F., Cella, M., Danieli, C. and Lanzavecchia, A. 1995.
Dendritic cells use macropinocytosis and the mannose receptor
to concentrate macromolecules in the major histocompatibility
complex class Il compartment: downregulation by cytokines and
bacterial products. J. Exp. Med. 182:389.

48 Regnault, A., Lankar, D., Lacabanne, V. et al. 1999. Fcgamma
receptor-mediated induction of dendritic cell maturation and
major histocompatibility complex class I-restricted antigen
presentation after immune complex internalization. J. Exp. Med.
189:371.

49 Burgdorf, S., Kautz, A., Béhnert, V., Knolle, P. A. and Kurts, C.
2007. Distinct pathways of antigen uptake and intracellular rout-
ing in CD4 and CD8 T cell activation. Science 316:612.

50 Burgdorf, S., Lukacs-Kornek, V. and Kurts, C. 2006. The mannose
receptor mediates uptake of soluble but not of cell-associated
antigen for cross-presentation. J. Immunol. 176:6770.

51 Bromley, S. K., Burack, W. R., Johnson, K. G. et al. 2001. The
immunological synapse. Annu. Rev. Immunol. 19:375.

52 Paulsson, K. M. and Wang, P. 2004. Quality control of MHC
class | maturation. FASEB J. 18:31.

53 Hughes, B. G., Fan, X., Cho, W. J. and Schulz, R. 2014. MMP-2 is
localized to the mitochondria-associated membrane of the heart.
Am. J. Physiol. Heart Circ. Physiol. 306:H764.

54 Sadhu, C., Ting, H. J., Lipsky, B., Hensley, K., Garcia-Martinez,
L. F, Simon, S. |. and Staunton, D. E. 2007. CD11¢/CD18: novel
ligands and a role in delayed-type hypersensitivity. J. Leukoc.
Biol. 81:1395.

55 Trinchieri, G. 2003. Interleukin-12 and the regulation of innate
resistance and adaptive immunity. Nat. Rev. Immunol. 3:133.

56 Trinchieri, G., Pflanz, S. and Kastelein, R. A. 2003. The IL-12 fam-
ily of heterodimeric cytokines: new players in the regulation of T
cell responses. Immunity 19:641.

Page 15 of 15

57 Del Vecchio, M., Bajetta, E., Canova, S., Lotze, M. T., Wesa, A.,
Parmiani, G. and Anichini, A. 2007. Interleukin-12: biological
properties and clinical application. Clin. Cancer Res. 13:4677.

58 Lee, J. B, Lee, K. A. and Chang, J. 2007. Phenotypic changes
induced by IL-12 priming regulate effector and memory CD8 T
cell differentiation. Int. Immunol. 19:1039.

59 Chang, J., Cho, J. H., Lee, S. W., Choi, S. Y., Ha, S. J. and Sung,
Y. C. 2004. IL-12 priming during in vitro antigenic stimulation
changes properties of CD8 T cells and increases generation of
effector and memory cells. J. Immunol. 172:2818.

60 Hunter, C. A. 2005. New IL-12-family members: IL-23 and IL-27,
cytokines with divergent functions. Nat. Rev. Immunol. 5:521.

61 Parham, C., Chirica, M., Timans, J. et al. 2002. A receptor for the
heterodimeric cytokine IL-23 is composed of IL-12Rbetal and a
novel cytokine receptor subunit, IL-23R. J. Immunol. 168:5699.

62 Godefroy, E., Manches, O., Dreno, B. et al. 2011. Matrix metal-
loproteinase-2 conditions human dendritic cells to prime inflam-
matory T(H)2 cells via an IL-12- and OX40L-dependent pathway.
Cancer Cell 19:3383.

63 Oriss, T. B., Krishnamoorthy, N., Raundhal, M. et al. 2014. Cutting
edge: MMP-9 inhibits IL-23p19 expression in dendritic cells by tar-
geting membrane stem cell factor affecting lung IL-17 response.
J. Immunol. 192:5471.

64 Farber, J. M. 1997. Mig and IP-10: CXC chemokines that target
lymphocytes. J. Leukoc. Biol. 61:246.

65 Angiolillo, A. L., Sgadari, C., Taub, D. D. et al. 1995. Human inter-
feron-inducible protein 10 is a potent inhibitor of angiogenesis in
vivo. J. Exp. Med. 182:155.

66 Dufour, J. H., Dziejman, M., Liu, M. T., Leung, J. H., Lane, T. E.
and Luster, A. D. 2002. IFN-gamma-inducible protein 10 (IP-10;
CXCL10)-deficient mice reveal a role for IP-10 in effector T cell
generation and trafficking. J. Immunol. 168:3195.

9T0Z ‘6 A2 N UO UBYDUSN | WNNUBZ Z1joyw pH 18 /B10°S [euno[pio o wiwnuiy/:dny wodj papeojumod


http://intimm.oxfordjournals.org/

