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Inhibition of Fibroblast Activation Protein and
Dipeptidylpeptidase 4 Increases Cartilage Invasion by

Rheumatoid Arthritis Synovial Fibroblasts
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Christoph Renner, and Stefan Bauer

Objective. Since fibroblasts in the synovium of
patients with rheumatoid arthritis (RA) express the
serine proteases fibroblast activation protein (FAP) and
dipeptidylpeptidase 4 (DPP-4)/CD26, we undertook the
current study to determine the functional role of both
enzymes in the invasion of RA synovial fibroblasts
(RASFs) into articular cartilage.

Methods. Expression of FAP and DPP-4/CD26 by
RASFs was analyzed using fluorescence-activated cell
sorting and immunocytochemistry. Serine protease ac-
tivity was measured by cleavage of fluorogenic sub-
strates and inhibited upon treatment with L-glutamyl
L-boroproline. The induction and expression of matrix
metalloproteinases (MMPs) and tissue inhibitors of
metalloproteinases (TIMPs) in RASFs were detected
using real-time polymerase chain reaction. Densitomet-

ric measurements of MMPs using immunoblotting con-
firmed our findings on the messenger RNA level. Stro-
mal cell–derived factor 1 (SDF-1 [CXCL12]), MMP-1,
and MMP-3 protein levels were measured using
enzyme-linked immunosorbent assay. The impact of
FAP and DPP-4/CD26 inhibition on the invasiveness of
RASFs was analyzed in the SCID mouse coimplantation
model of RA using immunohistochemistry.

Results. Inhibition of serine protease activity of
FAP and DPP-4/CD26 in vitro led to increased levels of
SDF-1 in concert with MMP-1 and MMP-3, which are
downstream effectors of SDF-1 signaling. Using the
SCID mouse coimplantation model, inhibition of enzy-
matic activity in vivo significantly promoted invasion of
xenotransplanted RASFs into cotransplanted human
cartilage. Zones of cartilage resorption were infiltrated
by FAP-expressing RASFs and marked by a significantly
higher accumulation of MMP-1 and MMP-3, when
compared with controls.

Conclusion. Our results indicate a central role for
the serine protease activity of FAP and DPP-4/CD26 in
protecting articular cartilage against invasion by syno-
vial fibroblasts in RA.

Rheumatoid arthritis (RA) is an inflammatory
disease of unknown etiology and is characterized by
progressive invasion of synovial fibroblasts into the
articular cartilage and erosion of the underlying bone,
leading to joint destruction (1). The major extracellular
proteolytic enzymes involved in cartilage resorption are
matrix metalloproteinases (MMPs) and serine proteases
(2). Among them, dipeptidylpeptidase 4 (DPP-4), also
designated as CD26, and fibroblast activation protein
(FAP) are type II transmembrane glycoproteins with
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extracellular proteolytic activity (3,4). Both enzymes are
members of the prolyl peptidase family cleaving
N-terminal dipeptides from polypeptides with proline or
alanine in the penultimate position and have been linked
to several diseases, including epithelial cancers and
arthritis (5).

DPP-4/CD26 is constitutively expressed by sev-
eral cell types, including fibroblasts, endothelial and
epithelial cells, leukocyte subsets, T lymphocytes, and
macrophages. A small proportion of DPP-4/CD26 circu-
lates as soluble protein in the blood. Its enzymatic
activity depends on homodimerization of 110-kd sub-
units or on heterodimerization with other prolyl pepti-
dase family members (6). In RA, the functional role of
DPP-4/CD26 has not been conclusively defined and may
depend on cell type– and compartment-specific expres-
sion. The number of peripheral T lymphocytes express-
ing DPP-4/CD26 is increased in the blood of RA pa-
tients (7). In contrast, the enzymatic activity and the
protein levels of DPP-4/CD26 are decreased in sera and
in synovial membranes from RA patients as compared
with those from healthy controls (8,9). In addition,
DPP-4/CD26 proteolytic activity is significantly lower in
RA synovial fluid than in osteoarthritis synovial fluid
(10,11).

In addition to the presence of DPP-4/CD26 in
RA, FAP is strongly expressed in the rheumatoid syno-
vium (12) and has been detected under conditions that
promote cartilage resorption (13). Furthermore, the
area of FAP-expressing RA synovial fibroblasts
(RASFs) has been characterized as the center of high
inflammatory activity in the RA synovium (12). FAP is a
homodimer of 97-kd subunits, and the soluble form of
FAP is termed “a2-antiplasmin cleaving enzyme” (14).
FAP is structurally very similar to DPP-4/CD26 (15) but
typically does not present in normal adult tissue (4). In
addition to being detected in RASFs, FAP is expressed
on activated fibroblasts associated with the granulation
tissue in healing wounds, desmoplastic reaction, and the
stroma of epithelial cancers (16). The morphologic
predominance of FAP at the invadopodia of migrating
fibroblasts further emphasizes a role in the remodeling
of extracellular matrix (ECM) (17). This is underlined by
the fact that FAP has both collagenolytic and gelatino-
lytic properties in addition to its “DPP-4–like activity,”
the term used herein to describe the integrated enzy-
matic activity of FAP and DPP-4. Among the prolyl
peptidase family members, FAP exclusively cleaves de-
natured type I collagen as the principal protein compo-
nent of ECM (18). However, the mechanistic role of

FAP in pathologic processes promoting ECM degrada-
tion, and especially in RA, is unknown.

Recent data demonstrate that FAP only digests
partially degraded or denatured type I collagen, thereby
indicating an essential initial role for other enzymes
(19). Indeed, several cytokines, chemokines, growth
factors, and hormones share the penultimate proline or
alanine motif, and their N-terminal truncation regulates
bioactivity and function (20). However, the biologic
relevance of FAP’s membrane-bound, DPP-4–like activ-
ity is not precisely defined, since its natural substrate is
still unknown. In addition, the impact of FAP’s proteo-
lytic activity on cartilage degradation remains unclear,
since the degradation of type II collagen, the major
protein constituent of cartilage, by FAP has not yet been
reported. In the present study we addressed these issues
by analyzing the influence of simultaneous modulation
of both FAP-and DPP-4–related prolyl peptidase activ-
ity on the proinvasive profile of human RASFs.

MATERIALS AND METHODS

Ethics approval. Animal experiments and human sam-
ple collection were approved by the Swiss veterinary office and
the Swiss ethics commission, respectively.

Cell culture. Synovial tissue was obtained from pa-
tients with RA diagnosed according to the American College
of Rheumatology (formerly, the American Rheumatism Asso-
ciation) criteria for RA (21) who underwent joint replacement
surgery. Data on patient characteristics are available online at
http://www.klinikum.uni-heidelberg.de/fileadmin/NCT/PDF/
PubLinks_NCT_SB_2009-10.pdf. After mincing, tissue was
digested in 150 mg/ml Dispase II (Roche) for 60 minutes at
37°C. The cell suspension obtained was grown in Dulbecco’s
modified Eagle’s medium (DMEM; Gibco Invitrogen) supple-
mented with 10% heat-inactivated fetal calf serum (FCS), 50
IU/ml penicillin/streptomycin with 0.2% fungicide, 2 mM
L-glutamine, and 10 mM HEPES (all from Gibco Invitrogen).
After 24 hours, only adherent cells were further cultured, and
cells from passages 4–8 were used in experiments.

Flow cytometry (fluorescence-activated cell sorting
[FACS]). RASFs were detached with Accutase (PAA Labora-
tories), washed with phosphate buffered saline (PBS)/1% FCS,
and incubated with 10 �g/ml of anti-FAP (22) or with 0.2 �g/ml
of anti-CD26 antibodies (Santa Cruz Biotechnology) for 30
minutes at 4°C. As a negative control, cells were incubated with
respective concentrations of matched IgG isotypes. Cells were
washed and subsequently incubated with fluorescein
isothiocyanate–labeled mouse anti-rat or donkey anti-human
IgG (both from Jackson ImmunoResearch) for 30 minutes at
4°C. Data were processed using CellQuest software (BD
Biosciences).

Immunocytochemistry. Detached RASFs were seeded
onto sterile histologic Superfrost Ultra Plus glass slides
(Menzel-Gläser), grown to confluence, and fixed in methanol
for 4 minutes at �20°C. Slides were blocked with 1% H2O2 and
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1% bovine serum albumin (BSA)/5% goat serum and incu-
bated overnight at 4°C, with or without mouse anti-human
FAP antibodies (22). Primary antibodies were detected with
horseradish peroxidase (HRP)–conjugated goat anti-mouse
antibodies (Jackson ImmunoResearch) and visualized using
aminoethylcarbazole (AEC) reagent.

Fluorogenic DPP-4–like activity assay. For enrichment
of membrane proteins, RASFs (106) were resuspended in 50
mM Tris HCl, 150 mM NaCl buffer, pH 7.4, 2% (weight/
volume) Triton X-114 and incubated on ice for 15 minutes.
Cellular debris was removed by centrifugation (14,000 revolu-
tions per minute for 5 minutes at 4°C). Supernatant was
warmed for 10 minutes at 30°C, and phase separation was
performed using centrifugation at room temperature. The
detergent phase was washed with 1 ml reaction buffer (100 mM
NaCl, 100 mM Tris, pH 7.8), phase-partitioned, and diluted
1:10 in reaction buffer. Diluted extracts were incubated with
0.5 mM Ala-Pro-7-amido-4-trifluoromethyl coumarin (Ala-
Pro-AFC; Bachem) in 96-well plates at 37°C, and release of
free AFC was measured using a Victor fluorescence reader
(395 nm/530 nm; PerkinElmer Wallac), as described previously
(23).

To measure enzymatic activity using immunoprecipi-
tated FAP or DPP-4/CD26, RASFs (5 � 106) were solubilized
in 5 ml lysis buffer (50 mM Tris HCl, 150 mM NaCl buffer, pH
7.4, 0.7% (w/v) �-octylglucopyranoside) by vortexing for 15
minutes at 4°C. Cell debris was removed by centrifugation, and
the supernatant was incubated for 4 hours at 4°C with 50 �l
protein A magnetic Dynabeads (Invitrogen) coated with either
anti-human CD26 or anti-human FAP antibodies (22). Beads
were removed from suspension using a magnetic rack, washed
with PBS containing 0.1% Tween 20, diluted 1:10 in AFC
reaction buffer (100 mM NaCl, 100 mM Tris, pH 7.8; Bachem),
incubated with Ala-Pro-AFC, and measured. DPP-4–like ac-
tivity was inhibited using L-glutamyl L-boroproline (PT-630;
kindly provided by Point Therapeutics). PT-630 does not
permeate cells and competitively inhibits extracellular dipep-
tidylpeptidases and structural homologs (50% inhibition con-
centration 2 nM) in a very selective manner (24). Daily dosing
ensures the chemical knockout of dipeptidylpeptidase activity,
since DPP-4 turnover is �90 hours and enzyme activity
remains inhibited at 80% for 48 hours after a single dose of
PT-630. PT-630 was incubated with membrane extracts for 15
minutes prior to the addition of Ala-Pro-AFC substrate (25).
Inhibition of DPP-4–like activity was measured as described
above.

Inhibition of extracellular DPP-4–like activity. Prior
to the inhibition experiments with PT-630, RASFs were
starved for 24 hours with DMEM containing 0.5% FCS.
PT-630 solutions were prepared according to the manufactur-
er’s instructions and added to the cell culture medium
(DMEM/0.5% FCS) every 24 hours at concentrations of 1 �M
and 1 nM.

RNA isolation, reverse transcription, and real-time
polymerase chain reaction (PCR). Cells were lysed in RLT
buffer, and total RNA was isolated using an RNeasy Mini kit
(Qiagen), including a DNA digestion step using RNase-free
DNase. Total RNA was reverse transcribed using random
hexamers and MultiScribe reverse transcriptase (both from
Applied Biosystems). Non–reverse-transcribed samples were
used as negative controls. Single-reporter real-time PCR was

performed using the ABI Prism 7700 Sequence Detection
system (Applied Biosystems). Eukaryotic 18S ribosomal RNA,
measured with a predeveloped primer/probe system (Applied
Biosystems), served as endogenous controls for relative quan-
tification. Fold differences were calculated as described previ-
ously (26). Primer sequences for MMPs and tissue inhibitors of
metalloproteinases (TIMPs) have been published previously
(27). Primer sequences for CXCL12, CD26, and FAP were as
follows: for CXCL12, forward 5�-AGA-GCC-AAC-GTC-
AAG-CAT-CT-3� and reverse 5�-AGG-GCA-CAG-TTT-
GGA-GTG-TT-3�; for CD26, forward 5�-CCG-TGG-TTC-
TGC-TGA-ACA-AAG-3� and reverse 5�-CTG-TCA-GCT-
GTA-GCA-TCA-TCA-TC-3�; and for FAP, forward 5�-CAA-
GAA-TGT-TTC-GGT-CCT-GT-3� and reverse 5�-GTC-TGC-
CAG-TCT-TCC-CTG-AA-5�. To exclude variances in the
amplification, efficiency analysis was performed as described
online at http://www3.appliedbiosystems.com/cms/groups/
mcb_upport/documents/generaldocuments/cms_040980.pdf.
The absolute value of the slope of log input amount versus �Ct
(FAP-CD26) was 0.06.

Immunoblotting. Cultured RASFs were lysed in
Laemmli buffer and boiled for 4 minutes. Equal volumes were
loaded onto 10% gels and subjected to sodium dodecyl
sulfate�polyacrylamide gel electrophoresis. Immunoblotting
was performed using mouse anti-human MMP-1 (2 �g/ml;
R&D Systems), mouse anti-human MMP-3 (2 �g/ml; Acris
Antibodies), and mouse anti-human MMP-13 (2 �g/ml; R&D
Systems) antibodies. After blotting proteins onto polyvinyli-
dene fluoride membranes (Amersham GE Healthcare), mem-
branes were blocked using 1% BSA (Sigma) for 1 hour at room
temperature. Primary antibodies were incubated overnight at
4°C. Membranes were washed in Tris buffered saline/0.05%
Tween 20 and incubated with HRP-conjugated goat anti-
mouse IgG (Jackson ImmunoResearch) for 1 hour at room
temperature. After repeated washes, bands were visualized
using an ECL antibody detection kit and Hyperfilm ECL (both
from Amersham GE Healthcare).

Enzyme-linked immunosorbent assay (ELISA). A
DuoSet ELISA development kit (R&D Systems) was used to
detect MMP-3 in cell supernatants. Antibodies in this kit
recognize proMMP-3, mature MMP-3, and TIMP-complexed
MMP-3. For the detection of proMMP-1 and active MMP-1,
the SensoLyte MMP-1 ELISA kit (Anaspec) was used. Human
stromal cell–derived factor 1 (SDF-1 [CXCL12]) was detected
using a DuoSet ELISA development kit (R&D Systems).

SCID mouse model and inhibition of extracellular
DPP-4–like activity in vivo. Healthy human cartilage was
obtained from a patient undergoing joint replacement due to
rotator cuff tear. The patient had no history of cartilage
pathologies, and radiography revealed no signs of chondropa-
thies. RASFs from passage 5 were trypsinized and added to
pieces of sterile inert gel sponge (3–4-mm3; Upjohn) at a
concentration of 1 � 105 cells/sponge. The sponges and pieces
of cartilage (1–2-mm3) were implanted under the adipose
capsule of the kidney in 4-week-old female SCID mice
(Charles River). For substance administration by gavage,
solutions of PT-630 were given orally twice daily over a period
of 60 days at doses of 25 �g or 50 �g per mouse (28). The
control group received only saline at the same volume (200 �l
per gavage). After 60 days, mice were killed, blood was
collected, and the implants were removed, fixed in 4% forma-
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lin, and embedded in paraffin. Every 40 �m, a 4-�m–thick
slide was mounted and stained with hematoxylin and eosin.
Invasion of RASFs into cartilage was evaluated by two observ-
ers, who were blinded to the source of the implants, using a
semiquantitative 5-point scale, as described previously (29).

Immunohistochemistry. Implants resected from SCID
mice were either formalin-fixed and paraffin-embedded
or were embedded in Tissue-Tek OCT compound (Sakura
Finetek) and kept at �80°C. Paraffin-embedded slides were
deparaffinized, pretreated in citrate buffer, and blocked with
1% H2O2, 1% BSA/5% goat serum. Slides were incubated
overnight with 10 �g/ml mouse anti-human MMP-1 antibody
(R&D Systems), 8.3 �g/ml mouse anti-human MMP-3 anti-
body, 4 �g/ml mouse anti-human prolyl 4-hydroxylase antibod-
ies (both from Acris Antibodies), or respective concentrations
of matched IgG isotypes (Dako). After washing with PBS/0.5%
Tween 20, slides were incubated with biotinylated goat anti-
mouse IgG (Jackson ImmunoResearch). The signal was am-
plified with HRP-conjugated streptavidin using a Vectastain
Elite ABC kit (Vector), developed with AEC (Sigma-Aldrich),
and counterstained with hematoxylin. Staining intensity was
assessed on a semiquantitative 5-point scale, where 0 � absent,
1 � weak, 2 � moderate, 3 � high, and 4 � very high. Frozen
slides were thawed at room temperature, fixed with acetone for

10 minutes at 4°C, air dried, and blocked with 0.1% H2O2,
1%BSA/5% goat serum. Slides were incubated with or without
mouse anti-human FAP antibodies (22) overnight at 4°C.
Primary antibodies were detected with HRP-conjugated goat
anti-mouse antibodies (Jackson ImmunoResearch). Sections
were developed with AEC and counterstained with hematoxy-
lin.

Statistical analysis. Values are presented as the
mean � SEM. GraphPad Prism software was used for statistics
and diagrams.

RESULTS

Synovial fibroblasts cultured from the synovium
of RA patients express FAP and DPP-4/CD26. An
association between FAP expression and arthritis is well
established, and we have previously demonstrated that
FAP is present on the surface of synovial fibroblasts in
the lining layer of the synovium in RA patients (12). In
the current study, we investigated surface expression of
FAP (n � 5 patients) and DPP-4/CD26 (n � 8 patients)
in cultured RASFs. As demonstrated using FACS ana-

Figure 1. Rheumatoid arthritis synovial fibroblasts (RASFs) express fibroblast activation protein (FAP) and CD26 and exhibit dipeptidylpeptidase
4 (DPP-4)–like activity in RASFs. A, The expression of FAP and CD26 was measured in cultured RASFs by fluorescence-activated cell sorting
analysis. Black lines with open areas represent negative controls, and black lines with solid gray areas represent positive cells. Results are
representative of 3 experiments. B, Single-reporter real-time polymerase chain reaction was used to assess FAP and DPP4/CD26 gene expression in
cultured RASFs. Low Ct values represent high expression rates. Horizontal lines indicate the mean. C, Cell membrane expression of FAP was
demonstrated by immunocytochemistry on covered slides. Bar � 10 �m. Irrelevant IgG was used as a negative control (inset) (original
magnification � 100). D, DPP-4–like activity of FAP and CD26 immunoprecipitated from RASFs (5 � 106) was demonstrated upon cleavage of
fluorogenic dipeptide substrate (Ala-Pro-7-amido-4-trifluoromethyl coumarin) (left), and attenuation of dipeptide hydrolysis was detected following
incubation of dilutions of membrane preparations from RASFs (1 � 106) with control (NaCl) or with 1 nM or 1 �M of L-glutamyl L-boroproline
(PT-630) (right). Values are the mean and SEM (n � 4).

INHIBITION OF FAP AND DPP-4 INCREASES CARTILAGE INVASION BY RASFs 1227



lysis, FAP was expressed on a mean � SEM of 94 � 1%
of RASFs (Figure 1A), while DPP-4/CD26 was more
variably expressed (46 � 11% of RASFs [range 13–
93%]) (Figure 1A). In addition, gene expression analysis
revealed higher expression levels of FAP gene tran-
scripts compared with levels of DPP4/CD26 gene tran-
scripts (Figure 1B). Immunohistochemical staining of
monolayer cultures revealed the dense expression pat-
tern of FAP, with IgG used as a negative control (Figure
1C).

FAP exhibits DPP-4–like activity on RASFs. FAP
is capable of cleaving N-terminal Xaa-Pro sequences,
and membrane extracts prepared from FAP-transfected
cells specifically cleaved the fluorogenic substrate Ala-
Pro-AFC (23). Membrane extracts prepared from
RASFs (n � 4 patients) consistently exhibited DPP-4–
like activity. Since DPP-4/CD26 is also integrated in the
cell membrane of RASFs, we used immunoprecipitates
to separate FAP from DPP-4/CD26, and we observed

concentration-dependent individual peptidase activity of
both FAP and DPP-4/CD26 immunoprecipitates (Figure
1D). DPPs can be inhibited by aminoboronic dipeptides,
e.g., PT-630. This substance does not readily permeate
cells, and its inhibiting function is restricted to the
inhibition of extracellular enzymatic activity. Incubation
of RASF membrane preparations with PT-630 prior to
the addition of the fluorogenic substrate efficiently
abrogated DPP-4–like activity (Figure 1D).

Inhibition of extracellular DPP-4–like activity of
cultured RASFs increases CXCL12 and MMP levels in
vitro. Serine proteases have been reported to be jointly
involved in cell invasion and migration on a collagenous
matrix in vitro (17). Since MMPs produced by RASFs
play a major role in the destructive process in RA joints,
we investigated whether modulation of extracellular
DPP-4–like activity induces changes in the expression of
MMP-1, MMP-3, and MMP-13. Expression levels of
MMP-1, MMP-3, and MMP-13 messenger RNA

Figure 2. Inhibition of DPP-4–like activity induces the expression of matrix metalloproteinase 1 (MMP-1) and MMP-3 mRNA,
but not MMP-13 mRNA or tissue inhibitor of metalloproteinases 1 (TIMP-1), TIMP-2, or TIMP-3 mRNA, in RASFs.
Induction of MMP-1, MMP-3, and MMP-13 mRNA (A) and TIMP-1, TIMP-2, and TIMP-3 mRNA (B) was measured using
real-time polymerase chain reaction after incubation with 1 nM or 1 �M of PT-630 for 24, 48, or 72 hours (n � 6 per condition),
and levels were compared with those in noninhibited controls (basal level, defined as 1). Data are presented as box plots, where
the boxes represent the 25th to 75th percentiles, the lines within the boxes represent the median, and the lines outside the boxes
represent the minimum and maximum values. � � P � 0.05 versus basal level, by Wilcoxon’s signed rank test. See Figure 1 for
other definitions.
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(mRNA) were not affected by incubation with PT-630
after 24 or 48 hours (n � 6). However, after 72 hours,
expression of MMP-1 and MMP-3 mRNA was signifi-
cantly increased when compared with expression levels
in untreated cells (n � 6) (Figure 2A). Expression of
MMP-1 mRNA was clearly increased (mean � SEM
4.3 � 1–fold) (P � 0.02), and although expression of
MMP-3 mRNA was changed only slightly (1.3 � 0.1–
fold), this change was statistically significant (P � 0.02).
Expression of MMP-13 mRNA remained unchanged
(Figure 2A). No change in the expression of mRNA for
the MMP inhibitors TIMP-1, TIMP-2, and TIMP-3 was
observed at 24, 48, or 72 hours (n � 6 for each) (Figure
2B).

Densitometric measurements of MMP-1,
MMP-3, and MMP-13 protein, as assessed using immuno-
blotting, were used to confirm the results observed on
the mRNA level. Treatment with PT-630 (1 �M) for 72
hours resulted in a 56% increase in intracellular MMP-1
levels in RASFs (n � 5) versus controls (mean � SEM

MMP-1/tubulin densitometry units 0.54 � 0.07 and
0.84 � 0.15, respectively) (Figure 3A). Moreover, intra-
cellular expression of MMP-3 was increased 45% in cells
treated with PT-630 (n � 6) versus controls (MMP-3/
tubulin densitometry units 0.38 � 0.06 and 0.55 � 0.08,
respectively) (Figure 3A). Expression of MMP-13 was
unchanged in cells treated with PT-630 (n � 3) versus
untreated controls (MMP-13/tubulin densitometry units
0.23 � 0.06 and 0.22 � 0.02, respectively) (data not
shown). Accordingly, 72 hours after the addition of
PT-630, levels of secreted MMP-1 and MMP-3 were
significantly higher, as measured by ELISA (Figure 3B).
After exposure to 1 �M PT-630 for 72 hours, the
mean � SEM expression levels of MMP-1 increased
from 802 � 229 pg/ml in untreated RASFs (n � 8) to
1,824 � 357 pg/ml, while expression levels of MMP-3
increased from 289 � 51 pg/ml in untreated RASFs (n �
7) to 469 � 48 pg/ml.

The delayed increase of MMPs upon inhibition of
DPP-4–like activity suggested an indirect mechanism

Figure 3. Inhibition of DPP-4–like activity induces matrix metalloproteinase 1 (MMP-1) and MMP-3 protein expression in
RASFs and increases stromal cell–derived factor 1 (SDF-1) protein levels. A, After incubation with 1 nM or 1 �M of PT-630
(n � 5 per condition), intracellular levels of MMP-1 and MMP-3 were assessed in native RASFs using densitometry and
immunoblotting, with �-tubulin (tub) used as a loading control. Values are the mean and SEM. B, Levels of secreted MMP-1
(n � 8) and MMP-3 (n � 7) in the supernatants of native (control [c]) RASFs and RASFs treated with 1 �M of PT-630 (n �
8) were measured by enzyme-linked immunosorbent assay (ELISA) after 72 hours. Values are the mean and SEM. � � P �
0.05 by Wilcoxon’s signed rank test. C, Release of SDF-1 (CXCL12) in the supernatants of cultured RASFs was measured by
ELISA (n � 4) (top). Values are the mean and SEM. � � P � 0.05 by repeated-measures analysis of variance and Bonferroni’s
multiple comparison test. SDF-1 mRNA levels were assessed using single-reporter real-time polymerase chain reaction (n �
6) (bottom). Levels were measured after addition of 1 nM or 1 �M of PT-630 and in untreated control RASFs (basal level,
defined as 1). Data are presented as box plots, where the boxes represent the 25th to 75th percentiles, the lines within the boxes
represent the median, and the lines outside the boxes represent the minimum and maximum values. See Figure 1 for other
definitions.
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Figure 4. Inhibition of DPP-4–like activity enhances invasion of RASFs and cartilage destruction in the SCID mouse
model. A–C, Hematoxylin and eosin–stained slides are representative of 6 control animals (A) and 5 animals treated with
PT-630 (B and C). D, Invasion scores in controls and in mice treated with 25 �g BD PT-630 or 50 �g BD PT-630 were
assessed. Mean � SEM invasion scores were 2.3 � 0.2 for controls, 2.8 � 0.3 for mice treated with 25 �g PT-630 twice
daily, and 3.1 � 0.3 for mice treated with 50 �g PT-630 twice daily. Each symbol represents the overall invasion score
of the implant taken from 1 mouse. Horizontal lines indicate the mean. See Figure 1 for definitions.

Figure 5. Invasive cells within cartilage degradation zones are FAP-expressing RASFs. Cartilage/sponge explants were
analyzed immunohistochemically for human prolyl 4-hydroxylase (A) and human FAP (B). Arrows show unstained mouse cells
and stained human RASFs. Positive signals appear in red. Nuclei were counterstained with hematoxylin. Insets show negative
control slides (original magnification � 100). See Figure 1 for definitions.
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and prompted us to investigate the triggering ligand.
Increases in collagenase and gelatinase activity in the
supernatants of cultured RASFs upon stimulation with
SDF-1 (CXCL12), interferon-�–inducible 10-kd protein
(CXCL10), RANTES, and monokine induced by
interferon-� (CXCL9) have been described previously
(30). These ligands share the X-Pro or X-Ala motif and
are potential substrates for DPP-4–like activity (31).
Isolation of N-terminally truncated chemokines from
natural sources mainly suggests truncation of SDF-1 and
RANTES in the presence of physiologic levels of DPP-
4–like activity (32). While the expression levels of
RANTES in the supernatants of cultured RASFs re-
mained below the detection limit (15 pg/ml), levels of
SDF-1 substantially increased after only 24 hours of
treatment with PT-630, and the increase reached statis-
tical significance after 48 hours (Figure 3C).

Inhibition of DPP-4–like activity promotes RASF
invasion and cartilage degradation in vivo. The SCID
mouse model of cartilage invasion is a unique in vivo
model used to selectively study the invasion of human
RASFs into human cartilage in a noninflammatory
environment (33). We chose this model for the current
study in order to determine whether inhibition of DPP-

4–like activity upon oral treatment with PT-630 would
also lead to the induction of MMPs in RASFs in vivo and
would have an impact on the invasive behavior of
implanted RASFs. After a treatment period of 60 days,
the implants consisting of an inert sponge filled with
RASFs and a piece of human cartilage were resected for
histologic examination. As expected, synovial fibroblasts
began to degrade the coimplanted cartilage of control
mice receiving saline. However, in animals orally treated
with PT-630, the cartilage was more strongly affected at
places facing the sponge filled with RASFs (Figures
4A–C). This finding was reflected by a significantly
higher invasion score of implants from mice treated with
50 �g PT-630 twice daily than from control mice (Figure
4D).

Immunohistochemical staining of the slides with
anti-human prolyl 4-hydroxylase–specific antibodies
confirmed that human RASFs invaded cartilage,
whereas mouse cells, although attaching to the cartilage,
were not invasive (Figure 5A). Additional staining re-
vealed that invading cells were strongly FAP-positive in
vivo (Figure 5B). Furthermore, consistent with our in
vitro observations, staining of human MMP-1 and
MMP-3 revealed significantly higher levels of matrix-

Figure 6. Inhibition of DPP-4–like activity enhances the release of matrix-degrading enzymes. Staining of matrix metallopro-
teinase 1 (MMP-1) (A) and MMP-3 (B) was assessed in controls (NaCl) and in mice treated with 50 �g PT-630 twice daily, and
immunohistochemistry (IHC) scores were determined. Horizontal lines indicate the mean. � � P � 0.05 by 1-sample t-test.
Photomicrographs are representative of experiments in 6 controls and in 5 PT-630–treated mice. Positive signals appear in red.
Nuclei were counterstained with hematoxylin. Insets show negative control slides (original magnification � 100). See Figure 1
for other definitions.
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degrading enzymes at regions of RASF invasion and
cartilage destruction following inhibition of serine pro-
tease activity, when compared with controls (Figures 6A
and B).

DISCUSSION

The expression of FAP and DPP-4/CD26 in the
RA synovium has begun attracting increased attention
among investigators, since novel functions of extracellu-
lar serine proteases in the regulation of cell signaling (5)
and modulation of inflammatory responses (34) have
been recognized. Studies of how serine proteases con-
tribute to the exacerbation of inflammatory processes in
RA have mainly focused on the impact of CD26-
dependent DPP activity associated with activated T cell
functions (35). However, RASFs express not only DPP-
4/CD26 but also FAP (12), and the peptidase activities
of DPP-4/CD26 overlap with those of FAP (36).

In the current study, we demonstrated that, on
cultured human RASFs, expression of FAP was stable
and much stronger than expression of DPP-4/CD26. The
fact that the cell surface expression pattern of DPP-4/
CD26 is highly variable despite its stable gene transcrip-
tion has been described previously (37) and is consistent
with our findings. It has also been observed that cyto-
kines regulate DPP-4/CD26 translation and maturation
but not gene transcription (38). As expected, cell
membrane–dependent serine protease activity of un-
stimulated RASFs could be detected for both FAP and
DPP-4/CD26. This is important since prolyl peptidase
activity is able to decrease the functionality of inflam-
mation mediators by N-terminal cleavage. The observa-
tion that DPP-4/CD26 protein levels in synovial fluid are
normal to low when compared with levels in controls (8)
implies a lack of regulation of local levels of inflamma-
tory cytokines by DPP-4/CD26 in RA patients. However,
the higher protein levels of FAP on the surface of
RASFs might compensate for lower levels of DPP-4/
CD26, and the common membrane-tethered DPP-4–
like activity might represent the supposed mechanism
for counterregulation of inflammatory processes in RA
synovium.

This is supported by our findings that inhibition
of DPP-4–like activity upon treatment of RASFs with
L-glutamyl L-boroproline (PT-630) increased levels of
SDF-1 (CXCL12) in a time-and dose-dependent man-
ner. Production of SDF-1 by RASFs has been reported
to be crucially involved in maintaining the inflammatory
process by recruitment of CXCR4-expressing T cells and
monocytes from the periphery into the rheumatoid

synovium (39). Furthermore, SDF-1 stimulates the re-
lease of MMP-3, MMP-9, and MMP-13 from chondro-
cytes that contribute to cartilage degradation (40,41).
The half-life of active SDF-1 is controlled by N-terminal
truncation in vivo (42). Cleavage of circulating active
SDF-1 leads to reduced inflammation and cellular infil-
tration of the rheumatoid synovium (42) and could
protect chondrocytes against cell death (43). However,
the impact of SDF-1 at autocrine chemokine levels on
the activation state and invasive behavior of RASFs was
unknown. Herein, we demonstrate that inhibition of
DPP-4–like activity increases autocrine SDF-1 levels, as
well as MMP-1 and MMP-3. It has been recently re-
ported that external stimulation of RASFs by SDF-1 at
concentrations of �100 ng/ml leads to increased colla-
genase activity. Irrespective of such high SDF-1 concen-
trations exceeding physiologic chemokine levels, total
collagenase activity was measured by zymography, which
does not differentiate between the activity of MMP-1
and MMP-13. Levels of MMP-3 were not investigated
(30).

MMP-3 is a known activator of MMP-1, and
up-regulation of both metalloproteinases resulting from
DPP-4–like inhibition suggested a more aggressive phe-
notype of RASFs that would possibly enhance the
degradation of cartilage collagen. To address this issue,
we chose the SCID mouse coimplantation model, since
the absence of inflammatory cells or inflammation me-
diators resulting from the SCID defect allowed us to
specifically determine the impact of DPP-4–like activity
on the invasive properties of RASFs (29,44). Invasion of
xenotransplanted human RASFs into coimplanted hu-
man cartilage was significantly higher upon DPP-4–like
inhibition, as compared with the invasion of RASFs with
unaffected extracellular DPP-4–like activity. Invasive
cells retaining FAP expression were of human origin.
Regions of cartilage destruction from PT-630–treated
mice were characterized by significantly higher accumu-
lations of MMP-1 and MMP-3, as compared with con-
trols. This is the first report describing the cartilage-
protecting potential of DPP-4–like activity on human
RASFs, and our findings highlight a substantial role of
FAP in this process.

Our data are supported by the observation that
antigen-induced arthritis is more severe in DPP-4�/�

mice (42). However, DPP-4/CD26 also regulates bio-
logic processes that are unrelated to its prolyl peptidase
activity (e.g., cellular adhesion, cell differentiation, and
apoptosis) (45). Consequently, DPP-4 gene silencing
provokes complex phenotypic changes that hamper find-
ing evidence of an exclusive linkage of the results gained
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in the DPP-4–knockout model with abrogated DPP-4–
like enzymatic activity. Above all, DPP-4–like activity
mediated by other serine protease family members,
particularly FAP, would remain unaffected in a DPP-
4�/� animal model. The same group that reported
findings from the DPP-4�/� mouse model also analyzed
circulating prolyl peptidase activity in plasma from RA
patients. Enzymatic activity levels in the plasma and
DPP-4/CD26 antigen levels in the blood were signifi-
cantly decreased in RA patients. Reduced levels nega-
tively correlated with levels of C-reactive protein, a
parameter for inflammatory disease activity in RA pa-
tients (42). However, that report focused on DPP-4/
CD26 prolyl peptidase activity and did not mention cell
membrane DPP-4–like activity of RASFs.

In contrast to our findings, competitive DPP-4/
CD26 inhibition has been reported to suppress arthritis
development in rat collagen-induced arthritis models.
However, the DPP-4/CD26 inhibitor used was also ef-
fective in DPP-4–deficient rats, which suggests varied
targeting for this drug (46). Similar effects have been
observed after administration of prolyl peptidase inhib-
itors for tumor therapy. A compound with potent activ-
ity against several tumor entities remained active in
DPP-4�/� mice (47) and is now known to inhibit cyto-
plasmic prolyl peptidases DPP-8 and DPP-9 as well,
thereby inducing a cytokine-mediated immunologic re-
sponse (48).

Consistent with our findings, increased expres-
sion of SDF-1 also promoted ECM degradation and
migration of tumor cells (49). Upon malignant transfor-
mation, down-regulation or even loss of DPP-4/CD26 on
tumor cells contributes to a more aggressive phenotype.
In contrast, restoration of neuroblastoma cells with
DPP-4/CD26 suppressed tumor growth in nude mice by
down-regulation of SDF-1 signaling (45). These data
support the notion of a potential inhibitory role for
prolyl peptidase activity on the progression of invasive
diseases. Independent of DPP-4–like activity, DPP-4/
CD26 and FAP display further activities within connec-
tive tissues. Of note, the interaction between collagen
and DPP-4/CD26 is mediated by residues in the
cysteine-rich region of the protein and not by the
catalytic domain (50). Coexpression of DPP-4/CD26 and
FAP results in the formation of heterodimeric com-
plexes on the cell surface (16), and complex formation at
invadopodia of migrating fibroblasts is required for cell
invasion on a type I collagen matrix (17). This highlights
the need for further investigations focusing on the
complex interaction of these proteases among them-
selves and with components of the ECM.

In summary, our results strongly support the
notion of a pivotal role for cell surface DPP-4–like
activity as a potential protective factor against invasion
by RASFs and degradation of joint cartilage. These
findings provide deeper insight into the spectrum of
DPP-4/CD26– and FAP-dependent activities upon their
expression in rheumatoid synovium. Moreover, our data
lay the groundwork for therapeutic strategies targeting
the noncatalytic functions of DPP-4/CD26 or FAP and
for the development of novel routes for treatment of
RA.
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