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CD26/dipeptidyl peptidase IV (DPPIV) is a cell surface ectoenzyme which participates in immune and
inflammatory reactions. We found that CD26 was only partially expressed on human fibroblasts from peri-
odontal tissues, whereas fibroblasts from lung and skin expressed CD26 constitutively as revealed by flow
cytometry. We examined the possible upregulation of CD26 expression on human gingival fibroblasts in
response to various stimulants. Interleukin-1a (IL-1a); tumor necrosis factor alpha; gamma interferon;
lipopolysaccharide from Porphyromonas gingivalis, Prevotella intermedia, and Escherichia coli; and Prevotella
glycoprotein augmented CD26 expression on gingival fibroblasts. Among the stimulants, IL-1a exhibited the
most potent activity. Enzymatic activity of CD26 induced by IL-1a on fibroblasts was determined colorimetri-
cally in terms of Gly-Pro hydrolysis of a synthetic chromogenic substrate, Gly-Pro p-nitroanilide. Among
various inhibitors tested, diprotin A and phenylmethylsulfonyl fluoride inhibited the enzymatic activity,
suggesting that the enzyme induced by IL-1a was DPPIV. The upregulation of CD26 mRNA expression upon
stimulation with IL-1a was also revealed by a quantitative reverse transcription-PCR assay. In the kinetic
experiment, 48 h and several days were required for maximum CD26 mRNA accumulation and CD26 molecule
expression on the cell surface, respectively. The addition of cycloheximide at 2 h before IL-1a stimulation
almost completely inhibited the accumulation of CD26 mRNA. These results suggested that induction of CD26
on human gingival fibroblasts is regulated at the transcriptional level and is also dependent on a de novo-
synthesized protein factor(s).

Fibroblasts are the predominant cell type in the connective
tissues of various organs. They are considered to function in
the support of frameworks by synthesis of extracellular matrix
such as collagens and in tissue turnover and repair. Recent
studies have suggested that fibroblasts actively participate in
inflammatory and immune responses. Fibroblasts produce var-
ious inflammatory cytokines such as interleukin-1 (IL-1) and
IL-6 and chemokines such as IL-8, which in turn influence
other cells (30, 31, 33, 34), and conversely, fibroblasts are
regulated by inflammatory cytokines such as IL-1, tumor ne-
crosis factor alpha (TNF-a), and gamma interferon (IFN-g), as
well as bacterial components (8, 23, 26). Furthermore, fibro-
blasts are known to be heterogeneous in function and mor-
phology (7).

Recently, it has been reported that cell surface ectoenzymes
play an important role in inflammatory and immunological
responses and in cell differentiation by extracellular degrada-
tion or modification of biologically active peptides, cytokines,
and other cell surface proteins (16, 28). CD26 is a cell surface
ectoenzyme, dipeptidylpeptidase IV (DPPIV) (EC 3.4.14.5),
and is a highly glycosylated type II membrane sialoglycoprotein
comprising two identical subunits of approximately 110 kDa.
CD26/DPPIV has a unique specificity: it cleaves dipeptides
from the N terminus of a polypeptide if proline is at the
penultimate position. Peptides are also cleaved if alanine or
hydroxyproline occupies the next (P1) position (28). Since N

termini containing Xaa-Pro are not easily cleaved by other
proteinases, the action of DPPIV is a rate-limiting step in the
degradation of polypeptides. The only other proteinase with a
similar specificity, DPPII (EC 3.4.14.2), has a lysosomal local-
ization (6). CD26/DPPIV was originally characterized as a
T-cell differentiation antigen and was reported to be expressed
on various cell types, such as renal proximal tubules, intestinal
epithelial cells, biliary caniliculae, alveolar pneumocytes, and
skin fibroblasts (6, 28).

Many biologically active polypeptides have the sequence
Xaa-Pro at the N terminus; therefore DPPIV may be essential
for determining their biological half-lives. These substrates
include substance P, chorionic gonadotropin, monomeric fi-
brin, and several releasing hormones which could regulate the
biological reactions (40). Recently, it was reported that CD26/
DPPIV was able to induce the N-terminal truncation of several
chemokines, including RANTES (for regulated on activation,
normal T-cell expressed and secreted) and stromal cell-derived
factor-1 (SDF-1). CD26-mediated processing of these chemo-
kines resulted in the alteration of chemokine receptor speci-
ficity (19) or abrogation of chemotactic activities (27). Further-
more, truncated RANTES inhibited infection of mononuclear
cells by a macrophage-tropic human immunodeficiency virus
type 1 (HIV-1) strain (19, 21). In contrast to truncated
RANTES, truncated SDF-1 diminished the potency to inhibit
HIV-1 infection (27). These findings suggest that CD26/
DPPIV regulates inflammatory and immunological responses.

In this study, we compared CD26/DPPIV expression in var-
ious human fibroblasts from different tissues. We found that
fibroblasts from periodontal tissues only partially expressed
CD26/DPPIV on their surfaces, in contrast to those from skin
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and lung, which expressed this molecule constitutively. We
then investigated possible upregulation of CD26/DPPIV ex-
pression on human gingival fibroblasts (HGF) in response to
inflammatory cytokines and cell surface components from peri-
odontal disease-associated bacteria. We also investigated the
characteristics of this enzyme and the regulatory mechanisms,
and we discuss possible involvement of the enzyme in the
pathogenesis of periodontal diseases.

MATERIALS AND METHODS

Reagents. Glycyl-prolyl p-nitroanilide (Gly-Pro-pNA), p-nitroanilide (pNA),
diprotin A, phorbol 12-myristate 13-acetate (PMA), phenylmethylsulfonyl fluo-
ride (PMSF), leupeptin, pepstatin A, bestatin, aprotinin, 1,10-phenanthroline,
bovine serum albumin (BSA), and cycloheximide (CHX) were obtained from
Sigma Chemical Co. (St. Louis, Mo.). a-Minimum essential medium (a-MEM)
and 0.25% trypsin–1 mM EDTA were from Gibco BRL (Rockville, Md.). Fetal
calf serum (FCS) was obtained from Flow Laboratories (McLean, Va.). Anti-
CD26 monoclonal antibody (MAb) (M-A261; mouse immunoglobulin G1
[IgG1]) was purchased from Pharmingen (San Diego, Calif.). Anti-CD14 MAb
(MEM-18; mouse IgG1) was purchased from Monosan (Uden, The Nether-
lands). Isotype control antibody (Ab) (679.1Mc7; mouse IgG1) was purchased
from Coulter (Miami, Fla.). Human natural IFN-g (antiviral activity, 8.0 3 106

IU/mg of protein) was kindly provided by the Hayashibara Bioscience Institute
(Okayama, Japan). Human recombinant IL-1a, anti-human IL-1a rabbit serum,
and human recombinant TNF-a were obtained from Dainippon Pharmaceutical
Co. Ltd. (Osaka, Japan).

Cells and cell culture. HGF were prepared from the explants of normal
gingival tissues of 8- to 25-year-old patients, with informed consent, as described
previously (31). Human periodontal ligament (PDL) fibroblasts were prepared
from the root surfaces of healthy human erupted third molars. Ligamental tissues
were obtained by scraping the root surface. Both explants were cut into pieces
and cultured in 100-mm-diameter tissue culture dishes (Falcon; Becton Dickin-
son Labware, Lincoln Park, N.J.) in a-MEM supplemented with 10% FCS with
a medium change every 3 days for 10 to 15 days until confluent cell monolayers
were formed. The cells were detached with 0.25% trypsin–1 mM EDTA, washed
with phosphate-buffered saline (PBS), and subcultured in plastic flasks (Corning
Coster, Acton, Mass.). After three or four subcultures by trypsinization, homo-
geneous, slim, spindle-shaped cells grown in characteristic swirls were obtained.
The cells were used as confluent monolayers at subculture levels 5 through 15.
Human skin fibroblasts (SF-MA) and human lung fibroblasts (WI-38, MRC-5,
and IMR-90) were obtained from the Japanese Cancer Research Resources
Bank (Tokyo, Japan). Human skin fibroblasts (FS-4) were generously supplied
by M. Kohase, National Institute of Infectious Diseases (Tokyo, Japan). These
fibroblasts were maintained in a-MEM supplemented with 10% FCS.

Preparations of bacterial components. Lipopolysaccharide (LPS) was pre-
pared from Porphyromonas gingivalis 381 and Prevotella intermedia ATCC 25611
by the hot phenol-water extraction method as described previously (14, 32). LPS
was also extracted from P. intermedia ATCC 25611 by use of a phenol-chloro-
form-petroleum ether mixture (PCP) (14). Hot phenol-water-extracted LPS
from Escherichia coli (O127:B8) was purchased from Sigma Chemical Co. Pre-
votella glycoprotein (PGP), which has been reported to show stimulatory activity
on HGF and to possess no Limulus activity, was prepared as described previously
(14). Fimbriae prepared from P. gingivalis 381 (18) were generously supplied by
T. Ogawa (Asahi University Dental School, Gifu, Japan).

Stimulation of fibroblasts. Fibroblasts were cultured in 96-well multiplates for
enzyme assay, in 24-well multiplates for flow cytometry, and in 6-well multiplates
for reverse transcription-PCR (RT-PCR). The final volumes were 200 ml, 1 ml,
and 5 ml of 10% FCS–a-MEM, respectively. When the cultured cells were almost
confluent, the culture media were renewed and various stimulants were added
and then incubated for the indicated times.

Immunostaining. Fibroblasts were collected by trypsinization, washed with
PBS (pH 7.2), and used for staining. To determine the expression of CD26 and
CD14, 105 fibroblasts were incubated at 4°C for 30 min with 1 mg of anti-CD26
MAb (M-A261) and anti-CD14 MAb (MEM-18) diluted in 0.1% NaN3–0.1%
BSA in PBS. After being washed twice with 0.1% NaN3–0.1% BSA in PBS, the
cells were stained with fluorescein-conjugated goat anti-mouse Igs (Biosource
International, Camarillo, Calif.) at 4°C for a further 30 min and then washed
twice more. Staining was analyzed on a FACScan fluorescence-activated cell
analyzer (Becton Dickinson, Mountain View, Calif.). Data were collected for
5,000 events, which were stored in list mode and then analyzed with Lysis II
software (Becton Dickinson).

Assay for DPPIV activity. DPPIV activity was assayed by using a chromogenic
substrate, Gly-Pro-pNA, as described previously (22). HGF (104) were seeded
into 96-well flat-bottomed plates (Nunc, Roskilde, Denmark) in 200 ml of
a-MEM with 10% FCS until confluent cell monolayers formed. Confluent HGF
were stimulated with various cytokines and bacterial components for 6 days
before being washed with PBS three times and used for enzyme assay. Proteolytic
activity was determined by measurement of the amount of pNA formed in the
supernatant at 405 nm. The confluent monolayer in the 96-well flat-bottomed

plate was incubated at 37°C for the indicated times with 2 mM Gly-Pro-pNA in
100 mM HEPES buffer (pH 7.6) containing 0.12 M NaCl, 5 mM KCl, 1.2 mM
MgSO4, 8 mM glucose, and 10 mg of BSA per ml. The plate was covered with an
adhesive plate cover during the culture, and the final volume of the incubation
mixture was 100 ml. Tests were run in triplicate; cell-free and substrate-free
blanks were run in parallel. The results were expressed as nanomoles of pNA
formed per hour per confluent-monolayer cell at 37°C. To examine the effects of
potential inhibitors, cells were preincubated with inhibitors for 15 min at 37°C
before addition of the substrate to the incubation mixture. To examine the effect
of anti-CD14 MAb on DPPIV induction, the HGF monolayer in the 96-well
plate was incubated with dialyzed anti-CD14 MAb (MY4, mouse IgG2b;
Coulter) at 10 mg/ml or with dialyzed isotype control mouse IgG2b (Becton
Dickinson) at 10 mg/ml at 37°C for 30 min. Antibody-treated cells were stimu-
lated with 10 mg of E. coli LPS per ml for 6 days. To examine the effect of
anti-IL-1a Ab on DPPIV induction by LPS, the HGF monolayer in the 96-well
plate was incubated with 10 mg of E. coli LPS per ml for 6 days with addition of
anti-IL-1a Ab at a 1:100 dilution at days 0, 1, and 2.

Real-time quantitative PCR. The RNAgents Total RNA Isolation System
(Promega Corporation, Madison, Wis.) was used for the extraction of total RNA
from cultured fibroblasts according to the manufacturer’s instructions. The ap-
plication volume for RT-PCR was determined by electrophoresis. RT and real-
time quantitative PCR were performed (9, 13) with use of EZ RT-PCR Core
reagents (PE Applied Biosystems, Foster City, Calif.). Briefly, 100 ng of RNA
was subjected to quantitative RT-PCR. The primers used for PCR had the
following sequences: forward primer, 59-GCTTGTCACCATCATCACCGT-39,
and reverse primer, 59-AGTGTAAGTTTTGCGACTGTCAGC-39. The reac-
tion produced an 85-bp PCR product. The RT-PCR mixture (50 ml) contained
Taq Man buffer A, 12.5 U of Tth DNA polymerase, a 300 nM concentration of
each primer, 1.25 U of AmpliTaq Gold DNA polymerase, 5.5 mM MgCl2, 300
mM dATP, 300 mM dCTP, 300 mM dGTP, and 600 mM dUTP. The reaction
mixture contained the following detection probe (200 nM): 59-(FAM)TCTGCT
GAACAAAGGCACAGATGATGCTAC(TAMRA)-39, where FAM is 6-car-
boxyfluorescein and its emission spectrum is quenched by the second fluorescent
dye, TAMRA (6-carboxy-tetramethylrhodamine). The nuclease degradation of
the hybridization probe releases the quenching of the FAM fluorescent emission,
resulting in an increase in peak fluorescent emission at 518 nm. All reactions
were performed in an ABI Prism 7700 sequence detector (PE Applied Biosys-
tems), which allows measurement of the fluorescent spectra of the 96 wells of the
thermal cycler continuously during PCR amplification. The thermal cycler con-
ditions were as follows: 35 cycles of denaturation at 94°C for 20 s, annealing at
55°C for 20 s, and extension at 72°C for 30 s. Reaction conditions were pro-
grammed on a Mac Power PC 7200/120 linked directly to the model 7700
sequence detector. Analysis of data was performed with ABI Prism 7200/7700
sequence detection system software version 1.6.3. Briefly, DRn (reporter dye
emission/quencher dye emission) was plotted on the y axis, and the PCR cycle
number was plotted on the x axis. The threshold was determined from the data
points collected from the baseline of the amplification plot. The point at which
the amplification plot crosses the threshold was defined as the Ct value (cycle
number at this point). Ct can be used as a quantitative measurement of the input
target number with 105-order linearity. Because PCR products theoretically
double in number every cycle, the difference between the target number can be
calculated to be 2x in the case that the difference of the Ct value is x (9, 13).

Statistical analysis. Most of the experiments were carried out in triplicate
assays. The statistical significance between two means was analyzed by Student’s
unpaired t test. All experiments in this study were repeated to test the repro-
ducibility of the results.

RESULTS

Expression of CD26/DPPIV on fibroblasts derived from var-
ious organs. CD26 expression on fibroblasts derived from var-
ious organs was investigated by flow cytometry (Table 1). The
number of cells expressing CD26 among fibroblasts from lung
and skin was very high, with the averages being 94.7 and 84.1%,
respectively. These results were consistent with previous re-
ports (22) which stated that most dermal fibroblasts (more
than 70%) expressed CD26. However, few fibroblasts from
periodontal tissue (gingiva and periodontal ligaments) ex-
pressed CD26, with the averages being 20.8 and 17.5%, respec-
tively. The mean fluorescence values were also correlated to
the percent positivity of CD26. It has been reported that the
phenotypic characteristics of fibroblasts depend on the organs
or tissues from which the fibroblasts are derived (1, 2, 29, 31).
These results suggested organ specificity in respect to CD26
expression on fibroblasts.

Induction of CD26 expression on the surface of HGF in
response to cytokines and bacterial components. The differ-
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ence in CD26 expression on fibroblasts between periodontal
tissues and lung or skin moved us to investigate whether CD26
expression was inducible on periodontal tissue fibroblasts upon
stimulation with various materials. HGF and PDL fibroblasts
were stimulated with IL-1a, PMA, IFN-g, TNF-a, and E. coli
LPS for up to 6 days and then stained with anti-CD26 MAb for
flow cytometry. Figure 1A shows that a marked increase of
CD26 expression on HGF was observed upon stimulation with
IL-1a compared with controls at day 6 (78.1% expression after
stimulation versus 31.2% for the control), and the other stim-
ulants, i.e., PMA, IFN-g, TNF-a, and E. coli LPS, also upregu-
lated the CD26 expression on HGF significantly (P , 0.05)
compared with the control at day 6 (50.5, 47.4, 48.7, and 44.2%
expression, respectively). In regard to the kinetics of CD26
expression upon stimulation, the upregulation was a slow re-
sponse, with expression increasing gradually upon each stimu-
lation and reaching a plateau at around day 6 after stimulation.
On the other hand, as shown in Fig. 1B, only slight induction
of CD26 expression on PDL fibroblasts was observed upon
stimulation with IL-1a and IFN-g. To represent the amount of
CD26 expression more accurately, the mean fluorescence
channel values of CD26 before stimulation and after stimula-
tion for 6 days are shown in Table 2. The mean fluorescence
value and percent positivity of CD26 were almost correlated.
E. coli LPS did not exhibit activity on PDL fibroblasts. It must
be noted here that HGF expressed CD14 on the cell surface at
a high level, whereas PDL fibroblasts expressed it at a low level
(Table 1). These findings suggested the heterogeneity of fibro-
blasts even within periodontal tissues. In the following studies,
HGF were used because of their high responsiveness.

CD26-associated DPPIV activity on HGF stimulated with
cytokines and bacterial components. HGF were cultured for 6
days with or without stimulants, and confluent-monolayer cells
were subjected to DPPIV assay with Gly-Pro-pNA as a sub-
strate. Figure 2 shows that all stimulants induced the enzymatic

activities on HGF significantly (P , 0.01) compared with un-
stimulated HGF. Among the stimulants, IL-1a had the most
potent effect on the induction of DPPIV activity on HGF.
Since CD26 is an ectoenzyme, it is natural that this observation
was consistent with that of CD26 expression analyzed by flow
cytometry (percent positivity and mean fluorescence value of
CD26) (Fig. 1). It has been reported that LPS from oral black-
pigmented bacteria (BPB) exhibits atypical biological activi-
ties, unlike the common LPS from Enterobacteriaceae (11, 39).
We examined the response of HGF to various cell surface

TABLE 1. Expression of CD26 (DPPIV) and CD14 on human
fibroblasts of various organsa

Fibroblasts Origin

% Positive cells (mean
fluorescence value)

CD26 CD14

MH-12 Gingiva 32.5 (15.0) 56.1
KEK Gingiva 32.9 (11.1) 42.3
NIK Gingiva 5.2 (5.6) 61.3
YS-G Gingiva 22.6 (5.7) 69.9
AK-G Gingiva 5.2 (4.2) 58.6
FE Gingiva 26.1 (8.4) NDb

AK Periodontal ligament 19.7 (3.8) 24.9
TT Periodontal ligament 7.7 (5.2) ND
YS Periodontal ligament 11.1 (7.9) 14.6
KS Periodontal ligament 18.1 (4.5) 10.9

IMR-90 Lung 96.9 (51.9) 1.1
WI-38 Lung 88.1 (94.5) 3.9
MRC-5 Lung 99.2 (95.4) 0.5

FS-4 Skin 87.2 (88.4) 0.7
SF-MA Skin 80.9 (96.8) 1.9

a Fibroblasts derived from various organs were maintained in a-MEM supple-
mented with 10% FCS. Cells were collected from confluent monolayers with
trypsin-EDTA, and CD26 and CD14 antigens on the cell surface were assessed
by flow cytometry with indirect staining as described in Materials and Methods.
Isotype-matched Abs were used as negative controls.

b ND, not done.

FIG. 1. Induction of CD26 on cell surfaces of HGF and PDL fibroblasts in
response to various stimulants. Confluent HGF (donor, YS-G) (A) and PDL
fibroblasts (donor, AK) (B) were stimulated with IL-1a (10 ng/ml), PMA (100
ng/ml), IFN-g (200 U/ml), TNF-a (40 ng/ml), or E. coli LPS (10 mg/ml) for the
indicated times (A) and for 6 days (B) in a-MEM supplemented with 10% FCS.
After being harvested by trypsinization, cells were stained with anti-CD26 MAb
and analyzed by fluorescence-activated cell sorting. The results in panels A and
B are representative of four different experiments with four different donors
(YS-G, NIK, AK-G, and KEK) and three different experiments with three
different donors (AK, TT, and YS), respectively. Triplicate (A) and single (B)
assays were carried out, and differences from the control were significant at P ,
0.01 (pp) and P , 0.05 (p).
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components from BPB in respect to DPPIV activity induction.
Figure 3 shows that the phenol-water-extracted LPS from P.
intermedia and P. gingivalis induced the DPPIV activity with
dose dependency and that the activities were slightly weaker
than those of E. coli LPS. In contrast, the PCP-extracted LPS
from P. intermedia was scarcely active in induction of DPPIV
activity, whereas PGP exhibited a definite ability to induce
DPPIV activity. The activity of PGP was the strongest among
the bacterial components so far examined. P. gingivalis fim-
briae, another possible HGF activator, exhibited only weak
activity at the highest concentration (10 mg/ml). Gingival fibro-
blasts release IL-8 in response to LPS in a CD14-dependent
manner (31). We examined whether the mechanism by which
CD26/DPPIV is induced on gingival fibroblasts after stimula-
tion by LPS could depend on membrane CD14. Figure 4 shows
that anti-CD14 MAb (MY4) only slightly inhibited the induc-
tion of CD26/DPPIV stimulated by LPS. These results indi-
cated that induction of CD26/DPPIV by LPS was in part CD14
dependent.

Characterization of CD26-associated DPPIV activity. DPPIV
was reported to be a serine protease (22), and diprotin A

(Ile-Pro-Ile) is specifically used to inhibit DPPIV activity (37).
We examined whether the enzyme expressed on HGF stimu-
lated with IL-1a was sensitive to such inhibitors. As shown in
Table 3, diprotin A strongly inhibited Gly-Pro-pNA hydrolysis
(88.2% inhibition). A serine protease inhibitor, PMSF, inhib-
ited Gly-Pro-pNA hydrolysis partially. By flow cytometry, we
also confirmed that 1 mM PMSF had no effect on CD26 ex-
pression on gingival fibroblasts during 1 h of culture (data not
shown). The other inhibitors, bestatin (aminopeptidase inhib-
itor), aprotinin (trypsin inhibitor), pepstatin A (aspartic and
acid protease inhibitor), leupeptin (serine and thiol protease
inhibitor), 1,10-phenanthroline (metalloprotease inhibitor),
and EDTA (metalloprotease inhibitor), had no effects on Gly-
Pro-pNA hydrolysis. Although DPPIV activity on HGF was
low without stimulation, the activity on unstimulated HGF had
a sensitivity to inhibitors similar to that of IL-1-stimulated
HGF (data not shown). These results indicated that DPPIV
activity was induced in HGF in correlation with CD26 expres-
sion.

Cell surface DPPIV activity on HGF induced by IL-1a. We
further examined whether the degradation of the substrate by
the cell suspension resulted from enzymatic activity of DPPIV
on the cell surface. It is possible that incorporation of a sub-
strate by HGF followed by intracellular degradation and re-
lease of pNA could occur or that intracellular enzymes were
secreted. We carried out the following experiments. IL-1a-
stimulated HGF were incubated at 37°C for 1 h with the sub-
strate, and then the supernatants were harvested from mono-
layer cells. The harvested supernatants were incubated for an
additional 90 min without addition of any reagents, and mono-
layer cells in enzyme assay buffer without substrate were incu-
bated for an additional 90 min. As shown in Fig. 5A, during
this 90 min, the control group (without separation of cells from
substrate) exhibited an enzymatic response that was linear and
time dependent. On the other hand, neither additional degra-
dation of the substrate by the supernatant nor pNA release
from the cell suspension was observed during 90 min after the
separation of cells from substrate. These results excluded the
possibility that the secretion of intracellular enzyme or degra-
dation of the substrate inside cells was responsible for the
degradation of the substrate in the cell suspension. Further-
more, the possibility that enzymatic activity could be released
by lysed cells could be ruled out, since fewer than 3% of the
cells died during the experiment (Fig. 5B).

Induction of CD26/DPPIV mRNA expression in HGF in
response to IL-1a. To determine whether the induction of
CD26 by IL-1a was due to a change in gene expression, as
distinct from translation, posttranslational degradation, or
modulation of the protein, the level of CD26 mRNA was
assessed by real-time quantitative PCR. Total RNA was ex-

TABLE 2. Mean channel fluorescence of CD26 before and after stimulationa

Cells

Mean channel fluorescence value (SD)

Day 0
(control)

Day 6

Control IL-1a TNF-a IFN-g PMA LPS

HGF 5.66 (0.42) 9.29 (0.47) 26.36 (5.35) 15.77 (0.8) 14.67 (0.92) 17.70 (1.71) 12.94 (1.91)
PDL fibroblasts 5.30 5.58 6.33 NDb 9.35 ND 4.07

a Induction of CD26 on the cell surfaces of HGF and PDL fibroblasts in response to various stimulants is shown. Confluent HGF (donor, YS-G) and PDL fibroblasts
(donor, AK) were stimulated with IL-1a (10 ng/ml), TNF-a (40 ng/ml), IFN-g (200 U/ml), PMA (100 ng/ml), or E. coli LPS (10 mg/ml) for 6 days in a-MEM
supplemented with 10% FCS. After being harvested by trypsinization, cells were stained with anti-CD26 MAb and analyzed by fluorescence-activated cell sorting. The
results are representative of four different experiments with four different donors (YS-G, NIK, AK-G, and KEK) for HGF and three different experiments with three
different donors (AK, TT, and YS) for PDL fibroblasts. Triplicate (HGF) and single (PDL fibroblasts) assays were carried out.

b ND, not done.

FIG. 2. Induction of DPPIV activity in HGF stimulated with various stimu-
lants. Confluent HGF (donor, MH-12) were stimulated with IL-1a (10 ng/ml),
PMA (100 ng/ml), IFN-g (200 U/ml), TNF-a (40 ng/ml), or E. coli LPS (10
mg/ml) for 6 days in a-MEM supplemented with 10% FCS in 96-well plates and
then washed with PBS three times, and confluent-monolayer cells in the plates
were examined by DPPIV assay with Gly-Pro-pNA as a substrate. The results are
representative of four different experiments with four different donors (MH-12,
NIK, FE, and YS-G). Differences from the control were significant at P , 0.001
(pp) and P , 0.01 (p).
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tracted from IL-1a-stimulated HGF at 0, 6, 12, 24, 48, and 96 h
of culture. Table 4 shows the Ct value (see Materials and
Methods) at each point. Evaluation of the Ct value for the
measurement makes it possible to quantify at the range of 105,

compared with evaluation of the end point, which has a linear
range of two orders of magnitude (9, 13). Figure 6 shows the
relative expression of CD26 mRNA in HGF for control cells
and upon IL-1 stimulation. An increase in CD26-specific
mRNA was observed at 6 h (P , 0.001) after addition of IL-1a
to the culture, reached a maximum at 48 h, and decreased
thereafter. Quantitative analysis of CD26 mRNA levels re-

FIG. 3. Induction of DPPIV activity in HGF stimulated with various bacterial components. Confluent HGF (donor, NIK) were stimulated with various concen-
trations of bacterial components for 6 days in a-MEM supplemented with 10% FCS in 96-well plates and then washed with PBS three times, and confluent-monolayer
cells in 96-well plates were examined by DPPIV assay with Gly-Pro-pNA as a substrate. E. coli LPS extracted with phenol-water, P. gingivalis (P.g.) LPS extracted with
phenol-water, P. intermedia (P.i.) LPS extracted with phenol-water (PW), P. intermedia LPS extracted with PCP, PGP, and P. gingivalis fimbriae were used. The results
are representative of two different experiments with two different donors (NIK and AK-G). Differences from the control were significant at P , 0.01 (pp) and P , 0.05
(p).

FIG. 4. Partial inhibition of LPS-induced CD26/DPPIV by anti-CD14 MAb.
Confluent HGF (donor, NIK) were stimulated with E. coli LPS (10 mg/ml) for 6
days along with anti-CD14 MAb (MY4; 10 mg/ml) or isotype control mouse
IgG2b (10 mg/ml), and then DPPIV assay was performed. The results are rep-
resentative of two different experiments with two different donors (NIK and
YS-G). Differences were significant at P , 0.05 (p).

TABLE 3. Effect of protease inhibitors on DPPIV activity on
IL-1-stimulated fibroblastsa

Inhibitor Concn % Inhibitionb

Diprotin A 1 mM 88.2
PMSF 1 mM 42.9

0.5 mM 26.9
Bestatin 1 mM 5.1
Aprotinin 10 mg/ml ,1
Pepstatin 10 mg/ml ,1
Leupeptin 20 mg/ml ,1
1,10-Phenanthroline 1 mM ,1
EDTA 5 mM 7.6

a Confluent HGF (donor, FE) were stimulated with 10 ng of IL-1a per ml for
6 days in 96-well plates and then washed with PBS three times, and confluent-
monolayer cells were examined by DPPIV assay in the presence or absence of the
indicated inhibitors.

b Percent inhibition was calculated as [(DPPIV activity on IL-1-stimulated
HGF in the absence of inhibitor) 2 (DPPIV activity on IL-1-stimulated HGF in
the presence of inhibitor)]/(DPPIV activity on IL-1-stimulated HGF in the ab-
sence of inhibitor) 3 100. DPPIV activities of fibroblasts stimulated with or
without IL-1a were 33.4 and 9.3 nmol/60 min/culture, respectively. The results
are representative of three different experiments with three different donors (FE,
NIK, and MH-12).
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vealed an approximately 150-fold increase of CD26 mRNA
after 48 h of culture with IL-1a compared with the control. The
relative expression of CD26 mRNA was approximately 90-fold
greater than that of the control at 96 h. In the control culture
without stimulation, CD26 mRNA accumulation was scarcely
observed during the 96 h. Thus, the changes in relative mRNA

levels analyzed by real-time quantitative PCR were consistent
with the changes in protein levels analyzed by flow cytometry.

Induction of CD26 mRNA requires de novo protein synthe-
sis. When HGF were stimulated with IL-1a, the induction of
CD26 at both the mRNA and protein levels was slow (Fig. 1
and 6). These observations raise the question of whether the
CD26 mRNA requires de novo protein synthesis for induction.
We examined the effect of the protein synthesis inhibitor CHX
on IL-1-induced accumulation of CD26 mRNA in HGF. Fig-
ure 7 shows that CHX (10 mg/ml) added at 2 h before IL-1a
blocked the induction of CD26 mRNA completely, indicating
that de novo protein synthesis was required for CD26 mRNA
induction.

DISCUSSION

Since CD26 was identified as DPPIV in T cells, its biological
function has been investigated. In T cells, CD26 is capable of
transmitting signals to activate cytotoxicity, IL-2 secretion, and
proliferation (6). CD45 is comodulated with CD26 and is co-
precipitated in T-cell lysates (36). Furthermore, CD26 was
reported to bind to HIV-1 Tat protein (10). However, the
enzymatic activity is not absolutely required for such functions
of CD26. On the other hand, several functions which require

FIG. 5. Cell surface enzyme is responsible for the degradation of substrates
by cells. (A) Confluent HGF (donor, MH-12) were stimulated with IL-1a (10
ng/ml) for 6 days in a-MEM supplemented with 10% FCS in 96-well plates and
then washed with PBS three times, and confluent-monolayer cells were examined
by DPPIV assay. Monolayer cells were incubated with 2 mM substrate for
DPPIV assay as described in Materials and Methods. After a 60-min incubation,
the supernatant and the corresponding monolayer cells, which were resuspended
in peptidase medium, were incubated for an additional 90 min without addition
of the substrate. h, pNA formed by intact fibroblasts; {, pNA formed by super-
natant resulting from 60 min of preincubation of cells with the substrate; E, pNA
released by cells preincubated for 60 min with the substrate. (B) The percentage
of lysed fibroblasts was determined by trypan blue exclusion at each time point.
The results are representative of three different experiments with three different
donors (MH-12, KEK, and NIK).

TABLE 4. Induction of CD26 mRNA expression upon stimulation with IL-1aa

Sample
Mean Ct value (SD) at h:

0 6 12 24 48 96

IL-1a 31.75 (0.08) 28.69** (0.13) 27.43* (0.41) 26.71** (0.12) 24.50** (0.11) 25.17** (0.09)
Control 31.75 (0.08) 30.78 (0.12) 29.33 (0.74) 29.27 (0.25) 29.24 (0.25) 27.95 (0.11)

a Confluent HGF (donor, NIK) were stimulated with or without IL-1a (10 ng/ml) for the indicated times, and then the total RNA was extracted for real-time
quantitative PCR. The Ct value is defined in Materials and Methods. The results are representative of two different experiments with two different donors (NIK and
FB). Differences from the respective controls were significant at P , 0.001 (pp) and P , 0.02 (p).

FIG. 6. Induction of CD26/DPPIV mRNA expression in response to IL-1a in
HGF. HGF (donor, NIK) were stimulated with or without IL-1a (10 ng/ml) for
the indicated times, and then total RNA was extracted for real-time quantitative
PCR. The Ct value is defined in Materials and Methods. The relative difference
in CD26 mRNA expression was calculated according to the Ct value (Table 3).
The relative value of mRNA expression at day 0 was converted to 1. The results
are representative of two different experiments with two different donors (NIK
and FB). Differences from the respective controls were significant at P , 0.001
(pp) and P , 0.02 (p).
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the enzymatic activity have been postulated. For example, the
proliferation of T cells stimulated with mitogen was inhibited
with a DPPIV-specific inhibitor (25), as was IL-2 and IFN-g
production from T cells (24). Other studies showed that sub-
stance P, chorionic gonadotropin, monomeric fibrin, and sev-
eral releasing hormones were hydrolyzed by DPPIV (40). Re-
cently, several chemokines, including RANTES and SDF-1,
which attract inflammatory cells to the inflamed lesion, have
been revealed to be substrates for CD26/DPPIV (19, 27), and
the specificity of chemokine receptors was altered after degra-
dation of chemokines by CD26/DPPIV, resulting in regulation
of inflammatory responses. Furthermore, alteration of the
specificity of truncated RANTES for chemokine receptor
causes the inhibition of HIV infection (19, 21). On the other
hand, truncated SDF-1 had diminished potency to inhibit
HIV-1 infection (27). These results suggested that CD26/
DPPIV actively participates in inflammatory and immunolog-
ical responses.

In this study, we first investigated whether CD26 was ex-
pressed on fibroblasts from various tissues and the regulation
of CD26 expression on fibroblasts. Recent studies suggested
that fibroblasts play an important role in the regulation of
inflammatory and immunological responses as well as support
frameworks for other cells (31, 33, 34); i.e., fibroblasts are able
to function as antigen-presenting cells in immunological reac-
tions (8, 26), to produce cytokines (such as IL-1, IL-6, TNF-a,
and granulocyte-macrophage colony-stimulating factor) and
chemokines (such as IL-8, RANTES, eotaxin, and monocyte
chemoattractant protein-1) in inflammatory responses (20, 30,
33, 34), and to express various adhesion molecules upon acti-
vation (4). Here, we found that CD26 was induced on gingival
fibroblasts upon stimulation both at the protein level as deter-
mined by flow cytometry (Fig. 1) and at the mRNA level as
determined by real-time quantitative RT-PCR (Fig. 6). In local
infection with periodontal disease-associated bacteria, HGF
should be exposed to inflammatory cytokines and various bac-

terial components. We used cytokines (IL-1a, IFN-g, and
TNF-a), a protein kinase C activator (PMA), and bacterial
components such as LPS fractions, PGP, and fimbriae for
activation of fibroblasts. All were able to induce CD26/DPPIV
on the cell surface. However, IL-1a had the most potent effect
for induction of CD26/DPPIV on the cell surface (Fig. 1A and
2).

Although bacterial components had less of an effect than
IL-1a on the induction, at a high concentration (10 mg/ml),
bacterial components significantly enhanced the induction. It
has been reported that the activities of LPS differed among
sources, probably because of differences in chemical structures
(11, 39). In fact, P. intermedia LPS (PCP extract) had practi-
cally no ability to induce DPPIV, whereas the PGP fraction
exhibited strong activity. The phenol-water-extracted LPSs
tested here apparently exhibited similar activity with regard to
the induction of DPPIV activity. It is possible, however, that
the activity of phenol-water-extracted LPSs from P. gingivalis
and P. intermedia in this study was derived mainly from PGP in
the LPS fraction, as suggested by Iki et al. (14). If so, the
activity of the BPB LPS by itself was considerably weaker than
that of E. coli LPS. The HGF used in this study generally
expressed membrane CD14 (mCD14) on the cell surface at
high levels. A recent report by Sugawara et al. (31) demon-
strated that E. coli LPS activated HGF to release IL-8 in an
mCD14-dependent manner. In this study, E. coli LPS activated
HGF to induce CD26/DPPIV in an mCD14-dependent man-
ner in part (Fig. 4). This is also supported by the fact that PDL
fibroblasts expressing low levels of CD14 on the cell surface did
not respond to E. coli LPS for CD26 induction (Fig. 1B). Given
the previous report by Takada et al. (33) demonstrating that
BPB LPS induced cell-associated IL-1a in gingival fibroblasts
in culture, CD26/DPPIV may be induced by LPS in an auto-
crine manner. We set up an experiment using anti-IL-1a Ab,
which blocked the CD26/DPPIV induction stimulated by 1 ng
of IL-1a per ml. Anti-IL-1a Ab had no effect on the CD26/
DPPIV induction stimulated by 10 mg of E. coli LPS per ml
when added on days 0, 1, and 2 (data not shown), suggesting
that induction of CD26/DPPIV by LPS is not via IL-1a in an
autocrine manner.

We also showed that induction of CD26/DPPIV upon stim-
ulation occurred on the cell surfaces of fibroblasts (Fig. 5) by
demonstrating that the degradation of the substrate resulted
from DPPIV activity on the cell surface and not from activity
inside the cells. Furthermore, we clearly identified the enzyme
induced on fibroblasts as DPPIV by experiments using various
inhibitors, among which diprotin A (Ile-Pro-Ile) and PMSF (a
serine protease inhibitor) inhibited the enzymatic activity (Ta-
ble 3). DPPIV was reported to be a serine protease; thus,
PMSF inhibited DPPIV activity partially (17). Diprotin A is
specifically used to inhibit DPPIV activity (37), since diprotin
A is a tripeptide which cannot be hydrolyzed by DPPIV and
which competes with the substrate for the active site of DPPIV.
These characteristics were consistent with our results (Table
3). Interestingly, while CD26/DPPIV was only partially ex-
pressed on HGF and PDL fibroblasts, the fibroblasts from lung
and skin expressed CD26/DPPIV on the cell surface constitu-
tively (Table 1). The CD26/DPPIV expression in HGF was
upregulated by various stimulants, whereas that in PDL fibro-
blasts was only slightly upregulated (Fig. 1A). These findings
are supported by the evidence that fibroblasts differ in mor-
phology and function within or between tissues and/or organs
(7). The findings in this study further suggested that CD26/
DPPIV on fibroblasts plays important roles in inflammatory
reactions and that these roles differ between organs.

Several days were required for the expression of CD26 on

FIG. 7. Inhibition of CD26 mRNA accumulation in HGF by CHX. HGF
(donor, NIK) were preincubated with or without CHX (10 mg/ml) for 2 h and
stimulated with or without IL-1a (10 ng/ml) for 24 h, and then the total RNA was
extracted for real-time quantitative PCR. The relative difference in CD26 mRNA
expression was calculated according to the Ct value as described in Materials and
Methods. The relative value of mRNA expression at day 0 was converted to
100%.
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the cell surface following stimulation (Fig. 1A). This slow re-
sponse was also demonstrated at the transcriptional level (a
maximum at around 48 h) by real-time quantitative RT-PCR,
an extremely sensitive technique for quantifying mRNA; un-
like other quantitative PCR methods, whose linear dynamic
range is approximately two orders of magnitude, this method
has a very large dynamic range of starting target molecule
determination (at least five orders of magnitude) (9, 13). We
demonstrated that the induction of CD26 mRNA was com-
pletely blocked when cells were pretreated with CHX at 2 h
before addition of the inducer. This result suggested that the
requirement of de novo protein synthesis can be attributed to
the slow response for induction of CD26 on the cell surface. It
is of interest to identify the de novo-synthesized protein which
induces CD26 on the cell surface directly, and investigations to
find the protein are under way. This slow induction of CD26
suggested that CD26 on fibroblasts in periodontal tissue might
function at a late stage of inflammation or to repair the dam-
aged tissues.

Different patterns of CD26/DPPIV expression on fibroblasts
have been reported for several diseases, such as rheumatoid
arthritis, psoriasis, lichen planus, and systemic sclerosis (2, 22).
CD26/DPPIV is downregulated on skin fibroblasts in vivo and
in vitro in systemic sclerosis (scleroderma), which is an auto-
immune disease characterized as fibroblast activation and en-
dothelial cell damage (2, 29), leading to the overproduction of
extracellular matrix and the development of fibrotic lesions.
On the other hand, CD26/DPPIV is upregulated on fibroblasts
in psoriasis and rheumatoid arthritis (22), both of which are
associated with inflammatory and immunological characteris-
tics in which extracellular matrix breakdown is an important
part of the disease process (12, 38). Specific DPPIV inhibitors
suppress collagen-induced and alkyldiamine-induced arthritis
in vivo (35). In periodontal tissue, CD26/DPPIV is localized in
gingival tissue from chronic periodontitis patients by immuno-
histochemical analysis (15). The CD26/DPPIV level in gingival
crevicular fluid correlates positively with clinical indications of
disease severity in untreated patients and is reduced after peri-
odontal treatment (3, 5).

These findings suggest that CD26/DPPIV on fibroblasts is
associated with the regulation of inflammatory and immuno-
logical responses by regulation of chemokines and biologically
active peptides or by binding to the ligands on other cells and
that it is possibly associated with the onset and course of
dermatological, rheumatic, and periodontal diseases.
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