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Porphyromonas gingivalis cysteine proteinases (gingipains) have been associated with virulence in destructive
periodontitis, a disease process variously considered to represent an unregulated stimulation of either T helper
type 1 (Th1)- or Th2-type cells. Critical in maintaining Th1 activity is the response of T lymphocytes to
environmental interleukin 12 (IL-12) in the form of up-regulation of gamma interferon (IFN-g) production.
Here we demonstrate that in the presence or absence of serum, gingipains were able to hydrolyze IL-12 and
reduce the IL-12-induced IFN-g production from CD41 T cells. However, the induction of IL-12 receptors on
T cells by gingipains did not correlate with the enhancement of IFN-g production. The gingipains cleaved IL-12
within the COOH-terminal region of the p40 and p35 subunit chains, which leads to IL-12 inactivity, whereas
IL-2 in these assays was not affected. Inactivation of IL-12 by the gingipains could disrupt the cytokine balance
or favor Th2 activities in the progression of periodontitis.

Porphyromonas gingivalis has been implicated as a major
etiological agent in periodontitis, with the cysteine proteinases
having received considerable attention due to their ability to
activate and/or degrade a broad range of host proteins and
cytokines (11, 17, 23, 32, 61). The mechanisms used by the
pathogen and its cellular constituents to evade the immune
response include modulation of the host cytokine signaling
networks, for instance, by the induction of antiinflammatory
mediators, such as interleukin 1 (IL-1) receptor antagonist
(60), at the site of periodontal infection. Further, major proin-
flammatory cytokines have recently been shown to be suscep-
tible to degradation and inactivation by P. gingivalis cysteine
proteinases, including gamma interferon (IFN-g) (61), IL-1b
(18), IL-6 (1), tumor necrosis factor alpha (6), and IL-8 (37).
The cysteine proteinases referred to as gingipains cleave syn-
thetic and natural substrates after arginine (gingipain R, RgpA
or RgpB) (42) or lysine residues (gingipain K, Kgp) (41). The
major forms of high-molecular-mass gingipain (RgpA or Kgp)
released by P. gingivalis are purified as noncovalent complexes
of the catalytic domain with several polypeptide chains (GP44,
GP15, GP17, and GP27) derived from the nascent hemagglu-
tinin domain via putative autocatalytic processing (12, 23, 43).

Antigen-specific immune responses tend to be categorized
as T helper type 1 (Th1)- and Th2-type activities, each gov-
erned by the set of cytokines produced by the T cells involved.
Based on the dominance of immunological parameters per-
taining to stages of the disease process (40, 48), Gemmell and
Seymour (22) proposed that the predominant lymphocytes in

the stable lesion are CD41 Th1 cells, while the progressive
lesion involves Th2 cells which secrete cytokines acting mainly
on B cells. In contrast, Ebersole and Taubman (15, 52) have
proposed that Th1 cells are involved in destructive lesions,
while Th2 cells are rather protective. Their concept has been
supported by the demonstration that adoptive transfer of Th2
cells into rats infected with Actinobacillus actinomycetemcomi-
tans improved the outcome of experimental periodontitis (59).
These studies suggested that an imbalance of selected cyto-
kines derived from Th1 and/or Th2 cells may be responsible for
periodontal destruction through cellular and/or humoral hy-
perimmune responses.

The single major factor known for the efficient differentia-
tion of naive CD41 T cells towards the Th1 phenotype is IL-12,
which induces production of IFN-g and consequent develop-
ment of a cell-mediated immune response (34, 36). IFN-g is
considered to account for an important characteristic of the
Th1 response (4) and has a positive feedback effect by enhanc-
ing the production of IL-12 by monocytes and macrophages
(31). Evidence indicates that IFN-g favors induction of Th1-
type isotype balance (low immunoglobulin E [IgE] and IgG1
levels and high IgG2a levels) (29). The induction of IFN-g by
IL-12 is characterized by a synergistic effect with IL-2, an
important autocrine growth factor for T-cell proliferation and
cytokine production (57). Possible lower IFN-g and IL-2 levels
in periodontitis suggest a depression of Th1 responses (21, 22).
However, there are reports of high levels of IFN-g mRNA in
inflamed gingival tissue (49, 52), suggesting that Th1 cells were
prominent in the diseased sites.

IL-12 is a proinflammatory heterodimer with a mass of 70
kDa, consisting of disulfide-linked glycosylated chains of 35
kDa (p35) and 40 kDa (p40) encoded by separate and unre-
lated genes (14, 56, 57). The p35 chain is significantly homol-
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ogous to the helical cytokines IL-6 and granulocyte colony
stimulating factor (34), whereas the p40 chain subunit is ho-
mologous to the extracellular portions of the receptors for
ciliary neurotrophic factor and IL-6 (20). Both units are re-
quired for biological activity of IL-12 (24). IL-12, which is
produced by antigen-presenting cells such as monocytes/mac-
rophages, dendritic cells, and B cells, has pleiotropic effects on
T cells and natural killer (NK) cells, including enhancement of
cell-mediated cytotoxicity and comitogenic effects on resting T
cells (30, 55, 56). Decreased IL-12 levels at sites of periodontal
disease have been reported (16). IL-12 exerts its pleiotropic
effects through binding to specific IL-12 receptors (IL-12R)
that are expressed on T and NK cells (19). IL-12R has been
shown to contain at least two protein subunits, IL-12Rb1 and
IL-12Rb2 (8, 46, 50). Coexpression of both human IL-12R b1
and b2 subunits results in both high-affinity (Kd of about 50
pM) and low-affinity (Kd of about 5 nM) IL-12 binding sites
(46, 58).

Costimulation signals are essential to induce maximal T-cell
cytokine secretion, proliferation, and induction of effector
function (10). A role for vascular endothelial cells in the prim-
ing of CD41 T cells for costimulatory effects of IL-12 has been
reported (35). In this context, the leukocyte function-associ-
ated antigen 3 has been identified in human umbilical vein
endothelial (HUVE) cells as the major ligand for CD2 ex-
pressed on all T cells (5) and has been shown to augment
IFN-g production.

Although studies aimed at determining the possible associ-
ation between the Th1 and Th2 lymphocyte phenotype ratios
and disease status have been performed, the results are not
conclusive. In earlier studies we showed that a preparation of
gingipains from P. gingivalis was able to cleave and inactivate
IFN-g at a single site at the carboxyl terminus (61). The results
in the present study demonstrate (i) that RgpA induces IL-12R
but the presence of the active gingipains suppresses the accu-
mulation of IFN-g in stimulated T-cell cultures, (ii) that the
gingipains are capable of hydrolyzing IL-12, (iii) that both the
p40 and p35 subunits of IL-12 are affected by the gingipains,
and (iv) that hydrolysis of IL-12 by the gingipains leads to
IL-12 inactivity by removal of the COOH terminus.

MATERIALS AND METHODS

Chemicals and reagents. Ficoll-Hypaque was purchased from Pharmacia,
Uppsala, Sweden. Collagenase type 1A, endothelial cell growth factor, leupeptin,
L-arginine, L-lysine, L-cysteine, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazo-
lium bromide (MTT), N-a-tosyl-L-lysyl chloromethyl ketone (TLCK), phytohe-
magglutinin (PHA), polymyxin B, propanol, sodium dodecyl sulfate (SDS), tosyl-
Gly-L-Pro-L-Arg p-nitroanilide, tosyl-Gly-L-Pro-L-Lys p-nitroanilide, Trizma
base, Tris-HCl, and trypsin were purchased from Sigma (St. Louis, Mo.). Tryp-
ticase soy broth was purchased from Difco (Detroit, Mich.). Tween 20, RPMI,
and M199 medium were obtained from ICN Biochemicals (Irvine, Calif.). 3-[(3-
Cholamidopropyl)dimethylammonio]-1-propanesulfonate (CHAPS) was pur-
chased from Calbiochem (La Jolla, Calif.). Phosphate-buffered saline (PBS) was
purchased from Oxoid (Basingstoke, United Kingdom). All reagents for electro-
phoresis and Western blotting were from Bio-Rad (Richmond, Calif.).

Recombinant cytokines and antibodies. Recombinant human interleukin-12
(rIL-12) expressed in a eukaryotic baculovirus system and IL-2 expressed in
Escherichia coli were obtained from R&D Systems (Minneapolis, Minn.). Re-
combinant human IFN-g was purchased from Endogen (Cambridge, Mass.).
Goat polyclonal antibodies (Abs) specific for human IL-12 and IL-2 were pur-
chased from R&D Systems. Monoclonal and polyclonal rabbit anti-human IFN-g
Abs were purchased from Endogen. Monoclonal Ab specific for human CD25
was obtained from PharMingen (San Diego, Calif.). Monoclonal Ab specific for

human HLA-DR b-chain was purchased from Dako (Glostrup, Denmark). Af-
finity-purified goat Abs specific for the human IL-12 p35 and p40 subunits and
rabbit polyclonal IgG Abs specific for IL-12R were purchased from Santa Cruz
Biotechnology (Santa Cruz, Calif).

RgpA and Kgp isolation. P. gingivalis (ATCC 33277) cells were grown in
enriched Trypticase soy broth under anaerobic conditions for 48 h as described
previously (61). Briefly, the bacterial pellet was then extracted in a buffer con-
taining 0.05 M Tris and 1 mM CaCl2, pH 7.5 (Tris buffer) with 1% CHAPS, a
nondenaturing zwitterionic detergent, by gentle mixing for 2 h (9). Gingipain R
(or RgpA) and gingipain K proteinase-adhesin complexes were then isolated by
the sequential use of a Mono-Q fast-protein liquid chromatography column and
arginine-Sepharose chromatography (61).

Cell isolation and preparation. HUVE cells were isolated and cultured as
previously described (53, 61). Briefly, the cells were obtained by treatment of
fresh human umbilical cord with collagenase type 1A and then serially cultured.
Cells used in these experiments were confluent and at passage levels 4 through
6. HUVE cells were identified by reaction with Ulex agglutinin (Dako). Human
peripheral blood mononuclear cells (PBMC) from healthy volunteers (Blood
Bank, Red Cross Transfusion Service, New South Wales, Australia) were sepa-
rated using Ficoll-Hypaque gradients (3). CD41 T cells were obtained from
PBMC by positive selection using magnetic beads coated with anti-CD4 Ab
(Dynal Inc., Lake Success, N.Y.). Briefly, PBMC were incubated with Ab-coated
beads for 1 h at room temperature, and CD41 T cells were selected using a
magnet. The magnetic beads were finally removed from the CD41 T cells using
Detachabead (Dynal) (5). The purity of the CD41 T cells isolated by this method
was .99% with ,1% monocytes as analyzed by flow-cytometric (fluorescence-
activated cell sorter) analysis (data not shown); the cells were not activated as
analyzed by the lack of major histocompatibility complex class II antigen and
CD25 expression. CD41 T cells were cultured in complete medium (RPMI 1640
containing 10% fetal calf serum [FCS], 1% penicillin-streptomycin, 2 mM glu-
tamine, and 50 mM 2-mercaptoethanol) in a humidified atmosphere with 5%
CO2 at 37°C. T-cell populations were used within 4 h of isolation.

Biological assay for IL-12 with gingipains. Tissue culture flat-bottom 96-well
plates were coated with gelatin and then seeded with HUVE cells at a density of
105 cells/cm2 in 200 ml of supplemented M199 media containing 20% FCS for 2 h
before coculture. Upon removal of 100 ml from each well, purified T cells (2 3
104/well) in RPMI medium were added to each well for a final volume of 200 ml.
PHA was further added at a final concentration of 1 mg/ml. In all experiments,
the RgpA or Kgp preparations were pretreated with polymyxin B (final concen-
tration, 10 ng/ml) for 30 min at room temperature to inhibit activity of potentially
contaminating lipopolysaccharide (LPS) (38). RgpA or Kgp was then incubated
for 15 min at 37°C with 5 mM L-cysteine. rIL-12 (10 pg/ml) and RgpA or Kgp at
various concentrations were added simultaneously to the wells after the PHA,
and the cultures were then incubated for 48 h. Cell coculture supernatants (100
ml each) were taken and assayed for IFN-g after 48 h. Total viable cell numbers
in coculture were assessed at 48 h by colorimetric MTT (tetrazolium) assay.
Briefly, 50 ml of a 1-mg/ml solution of MTT in RPMI-phenol red free medium
was added to the cells in each well, and plates were incubated at 37°C for 3 h.
Propanol (50 ml) was added to all wells. After a few minutes at room temperature
in order to ensure solubilization of the blue formazan, the reactions were ana-
lyzed using a Titertek Twinreader PLUS photometer (Flow Lab, Sydney, Aus-
tralia), with a 560-nm test wavelength and a 690-nm reference wavelength (13).

Analysis of IL-12R expression. Tissue culture flat-bottom 12-well plates
(Corning, Corning, N.Y.) were seeded with HUVE cells at a density of 105

cells/cm2 for 2 h before coculture. CD41 T cells (105/well) were cocultured
without PHA in the absence or presence of RgpA preparation (13.3 nM) or
TLCK-inhibited RgpA or with PHA (2 mg/ml) in the absence or presence of
RgpA preparation (13.3 nM), TLCK-inhibited RgpA, IL-12 (10 pg/ml), RgpA
preparation (13.3 nM), or TLCK-inhibited RgpA plus IL-12. Supernatants were
isolated at 48 h and analyzed for IFN-g by specific enzyme-linked immunosor-
bent assay (ELISA). Samples containing T cells cocultured with HUVE cells
were further purified with immunomagnetic beads specific for CD41 T cells.
Purified T cells were washed and then incubated with primary rabbit anti-human
IL-12R polyclonal antibody, followed by the addition of fluorescein isothiocya-
nate-conjugated mouse anti-rabbit IgG1 (Dako), and quantitated as described
above.

Proteolytic digestion of IL-12. RgpA or Kgp was preincubated for 15 min at
37°C with 5 mM L-cysteine. Activated RgpA (61) or Kgp was incubated with
IL-12 at a final substrate-to-enzyme (S/E) ratio of 100:1 in the absence of serum
(35 nM IL-12 with 0.35 nM RgpA or Kgp) or 1:1 (35 nM IL-12 with 35 nM RgpA
or Kgp) in the presence of 20% FCS. Both reaction mixtures were then incubated
at 37°C for a time course study. Reactions were stopped at various times with
TLCK (2 mM final concentration). Aliquots were then resolved on 12% poly-
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acrylamide gels (SDS–12% polyacrylamide gel electrophoresis [SDS–12%
PAGE]) (33) and transferred to polyvinylidene difluoride membranes (54). IL-12
was detected with goat anti-human IL-12 polyclonal antibody. The p35 and p40
subunits were detected with affinity-purified goat anti-human IL-12 p35 and p40
accordingly specific for amino acids mapping at the COOH-terminal domain of
the human p35 chain or p40 chain. Alkaline phosphatase rabbit anti-goat (Dako)
was used as the secondary antibody. Color was developed in a solution containing
nitroblue tetrazolium chloride (1.65 mg) and 5-bromo-4-chloro-3-indolylphos-
phate p-toluidine salt (0.8 mg) in 5 ml of 100 mM Tris-HCl (pH 9.5). Membranes
were washed three times in Tris-buffered saline–0.1% Tween between each step
(61).

Measurement of kinetic constants for Arg-gingipain and Lys-gingipain. Ex-
periments were conducted in which RgpA or Kgp was preincubated in Tris buffer
containing 5 mM L-cysteine for 15 min at 37°C. The activated RgpA or Kgp (0.7
nM each) was then added to the stock IL-12 substrate solution (70 nM) at 37°C
for 10 min, and the reaction was stopped in aliquots with TLCK (2 mM). The
reaction with Lys-gingipain was carried out in the presence of 0.1 mM leupeptin
to compensate for the percentage of RgpA in the Kgp preparations. Aliquots
were resolved on 12% polyacrylamide gels by SDS-PAGE for immunoblot anal-
ysis with goat anti-human IL-12 polyclonal antibodies (R&D Systems). Hydro-
lysis of IL-12 was measured by densitometry as the fraction degraded from the
native 70-kDa IL-12 molecule.

Cytokine assays. IFN-g was determined by specific ELISA. Briefly, monoclo-
nal antibody was used as a capture antibody to coat 96-well flat-bottom ELISA
plates (Sarstedt, Sydney, Australia) overnight at room temperature. Blocking was
performed with 0.1% Tween in PBS for 2 h at room temperature. Subsequently,
neat coculture supernatants or standards were added to wells overnight at room
temperature, and secondary polyclonal anti-IFN-g antibody was added to wells
for 3 h at room temperature. Between each step, the plates were washed twice in
PBS with 0.1% Tween. The ELISA was developed using alkaline phosphatase
(Dako) and phosphatase substrate (Bio-Rad, Richmond, Calif.). Plates were
read at 405 nm in a Titertek ELISA plate reader.

Statistics. Data are presented as means 6 standard errors. Statistical analysis
was performed by Student t testing using SigmaStat software (Jandel Corp.), and
P values less than 0.05 were considered significant.

RESULTS

Effect of the cysteine proteinases on IL-12-induced T-cell
IFN-g production. PHA-activated CD41 T cells produced lit-
tle IFN-g (;300 pg/ml) in the absence of accessory cells (Fig.
1). Coculturing of PHA-treated CD41 T cells with HUVE cells
slightly increased levels of IFN-g (;600 pg/ml) in the presence
of PHA (1 mg/ml). As IL-12 is a potent inducer of IFN-g
production and Th1 differentiation, addition of IL-12 (0.01 to
10,000 pg/ml) to cocultures for 48 h greatly enhanced the
production by CD41 T cells of IFN-g in a dose-dependent
manner as expected (Fig. 1).

In order to evaluate the ability of gingipains to modify the
biological activity of IL-12, the IL-12-enhanced T-cell IFN-g
production was measured following incubation with RgpA or
Kgp. The purity and biological activities of the gingipains were
characterized as previously described (61). In the absence of
exogenous IL-12, activated RgpA or Kgp reduced the limited
IFN-g accumulation in the PHA-activated T-cell cultures (Fig.
2A and B). In cocultures stimulated to express IFN-g by IL-12
(10 pg/ml), the addition of catalytically active gingipain prep-
arations (0.4 to 13.3 nM) reduced the accumulation of IFN-g
measured in the wells up to 2.5-fold in a dose-dependent man-
ner. TLCK inactivation of the gingipain proteolytic activity in
this assay suppressed the inhibitory effect, indicating that the
effect was dependent on the catalytic actions of RgpA or Kgp
(Fig. 2C and D). The suppressive effects of active gingipains
were not associated with significant changes in numbers of
viable cells during the assay as determined by MTT assay (data
not shown).

Gingipain-R affects the PHA-induced up-regulation of IL-
12R on CD41 T cells. Determination of IL-12 as a critical
monocyte-derived cofactor in IFN-g secretion by T cells
prompted investigation into the regulation of IL-12R during
these experiments. The addition of catalytically active RgpA to
unstimulated CD4 T-cell cocultures produced an increase in
IL-12R in the presence or absence of endothelial costimulation
(Fig. 3A). Treatment of the cell cultures with IL-12 in the
presence of RgpA also stimulated relatively high levels of IL-
12R, but little IFN-g was detected within the wells (Fig. 3A and
B). RgpA did not, however, stimulate a detectable accumula-
tion of IFN-g, and the addition of activated RgpA to cocul-
tures stimulated by IL-12 reduced the levels of accumulated
IFN-g. Up-regulation of IL-12R was not dependent upon pro-
teolytic activity of RgpA, since TLCK-inhibited RgpA was
effective in IL-12R stimulation, as well.

Cleavage of IL-12 by purified RgpA and Kgp in the absence
or presence of serum. To investigate whether proteolysis of the
critical soluble mediator IL-12 could have a role in the sup-
pressive effect of RgpA, purified IL-12 was incubated with the
activated gingipains; IL-12 degradation in the presence or ab-
sence of serum was assessed by Western blot analysis (Fig. 4
and 5). The cleavage of IL-12 by RgpA and Kgp as a function
of enzyme concentration was tested at the range of an enzyme-
substrate (E/S) molar ratio of 1:100. In the absence of serum,
both RgpA and Kgp were capable of degrading IL-12 effi-
ciently (Fig. 4). As the serum proteins competed for gingipain
activity, more gingipain was added in serum-inclusive condi-

FIG. 1. Effect of IL-12 on HUVE cell costimulation of IFN-g pro-
duction by human CD41 T cells. Freshly isolated human CD41 T cells
were cultured with various concentrations of IL-12 in the absence or
presence of HUVE cells in medium containing PHA (1 mg/ml). Cul-
ture supernatants were taken after 48 h, and the IFN-g concentration
was assessed by ELISA. Error bars show the means and standard
errors derived by pooling data from three independent experiments.
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tions (Fig. 5). IL-12 was incubated with gingipains at an E/S
molar ratio of 1:1 at 37°C for up to 100 min. The results
indicated that both RgpA and Kgp were capable of cleaving
IL-12 in serum, and the intensity of the band at 70 kDa (under

nonreducing conditions) was decreased in a time-dependent
manner (Fig. 5A and B). Peptides with molecular masses of
less than 35 kDa were not detected. Incubation with either
RgpA or Kgp gave similar results. Separation of the IL-12 p40

FIG. 2. Inactivation of IL-12-inducing activities on T lymphocyte IFN-g production by RgpA or Kgp cocultured with HUVE cells. (A and B)
RgpA and Kgp preparations were preincubated for 15 min at 37°C with 5 mM L-cysteine. HUVE cells were seeded to confluence. Purified CD41

T-cell preparations were then cultured with PHA at a concentration of 1 mg/ml and a range of concentrations of activated RgpA (A) or Kgp (B)
in the absence or presence of IL-12 (10 pg/ml). (C and D) RgpA (C) and Kgp (D) were preincubated with thiol-protease inhibitor TLCK (2 mM
final concentration) for 1 h at 37°C, dialyzed, and cocultured in the absence or presence of IL-12 (10 pg/ml). Controls were CD41 T cells in medium
containing PHA. The production of IFN-g was measured by ELISA after 48 h. Error bars show the means and standard errors derived by pooling
data from three independent experiments.
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FIG. 3. Up-regulation of the expression of IL-12 receptors resulting from binding of RgpA to T cells. (A) CD41 T cells (105/well) were
cocultured without PHA (unst.) in the absence or presence of RgpA preparation (13.3 nM) or TLCK-inhibited RgpA, or with PHA (st.) (2 mg/ml)
in the absence or presence of RgpA preparation (13.3 nM) or TLCK-inhibited RgpA, IL-12 (10 pg/ml), or RgpA preparation (13.3 nM) or
TLCK-inhibited RgpA plus IL-12 for 48 h. Supernatants were assessed at 48 h for IFN-g by specific ELISA. Samples were stained with anti-IL-12R
after 48 h in culture followed by flow-cytometric analysis as described in Materials and Methods. EC, endothelial cells. Error bars show the means
and standard errors derived by pooling data from three independent experiments. (B) Results are parallel to studies shown in Fig. 4A. Supernatants
(100 ml each) were assessed at 48 h and analyzed for IFN-g by specific ELISA. EC, endothelial cells. Error bars show the means and standard errors
derived by pooling data from three independent experiments. The difference between the unstimulated or stimulated samples with or without
RgpA or RgpA (TLCK), IL-12, and RgpA or RgpA (TLCK) plus IL-12 was significant by Student’s t test (p, P , 0.05; pp, P , 0.01; ppp, P , 0.001).

5654 YUN ET AL. INFECT. IMMUN.



and p35 subunits by boiling and reduction of reaction products
prior to electrophoresis demonstrated the partially degraded
products of both the 40- and the 35-kDa immunoreactive
bands by RgpA or Kgp (Fig. 5C).

Interactions between IL-12 and RgpA or Kgp in the pres-
ence of leupeptin: kinetic characteristics. To evaluate the rel-
ative roles of RgpA and Kgp in IL-12 degradation, reactions
with RgpA and Kgp were carried out in the presence of 5 mM
cysteine and with or without 0.1 mM leupeptin, a known in-
hibitor of RgpA and not Kgp. Although the RgpA preparation

contained a low level of Kgp (L. W. P. Yun, A. A. DeCarlo, C.
Collyer, and N. Hunter, unpublished data), addition of leupep-
tin to the RgpA preparation significantly reduced IL-12 deg-
radation, indicating that RgpA degrades IL-12 (Fig. 6). As for
Kgp, almost complete cleavage of IL-12 occurred within 60
min in the presence of 0.1 nM leupeptin, showing that Kgp also
degrades IL-12. IL-12 degradation was also almost completely
blocked by the cysteine proteinase inhibitor TLCK (at 2 mM)
for low levels of gingipain-R and gingipain-K (0.35 nM each) in
the absence of serum, demonstrating that the cleavage of IL-12
was due to the enzymatic activity of gingipains.

In the absence of serum, both RgpA and Kgp were capable
of degrading IL-12 efficiently. The Km and Vmax values for
Arg-gingipain and Lys-gingipain were determined by measur-
ing the fraction degraded from the 70-kDa IL-12 substrate in
Western blot analysis. The Km values for the conversion of the
IL-12 70-kDa molecule were 240 nM for Arg-gingipain and 10
nM for Lys-gingipain. The Vmax values for Arg-gingipain and
Lys-gingipain were 6 and 1 fM/s, respectively. (The reaction
with Lys-gingipain was carried out in the presence of 0.1 mM
leupeptin to compensate for the percentage of RgpA in the
Kgp preparation.) Kgp exhibited a higher affinity for IL-12 as
supported by a lower Km value, while RgpA degraded the
IL-12 more efficiently, with a higher Vmax value.

Loss of IL-12 COOH-terminal epitope by RgpA or Kgp. We
next investigated whether the gingipains might cleave near
these Arg or Lys sites of the COOH-terminal regions of the
p40 and p35 subunits. Western blot analysis using affinity-
purified antibodies specific for the C terminus of p40 or p35
subunits was performed (Fig. 7). After 30 min of incubation in
the absence of serum at 37°C, both RgpA and Kgp completely
eliminated detection of the COOH-terminal regions of the p40
and p35 subunits (E/S ratio of 1:100).

Western blot analysis of IL-2. As IL-2 has been demon-
strated to augment IL-12 in the activation of T cells, we also
assessed whether the gingipains degraded IL-2. Supernatants
of activated T-cell cocultures containing RgpA in the presence
of IL-12 were examined by Western blotting. IL-2 produced in
the cocultures appeared to be resistant to proteolytic degrada-
tion by various concentrations of RgpA in the presence of
serum (data not shown).

To evaluate whether the gingipains might modify the activity
of IL-2 in its purified state, IL-2 was incubated with activated
gingipains at an E/S ratio of 1:100 under serum-free conditions
(Fig. 8). The polyclonal antibody preparation reactive with
IL-2 did not recognize the carrier protein bovine serum albu-
min or the RgpA or Kgp preparations but detected human
IL-2 as an ;15-kDa band under nonreducing conditions (Fig.
8A and B). Under serum-free conditions, within 10 min of
incubation with either RgpA or Kgp, additional bands at ;17
and ;30 kDa were evident (Fig. 8A and B). Following more
prolonged incubation with RgpA, these bands faded coincident
with reduction of the 15-kDa peptide (Fig. 8A). The higher-
molecular-mass peptides were more persistent following ex-
tended incubation with Kgp with lower-molecular-mass frag-
ments (,15 kDa) indicative of further cleavage of IL-2 (Fig.
8B). Incubation of IL-2 with Kgp for 40 to 60 min yielded a
lower-mass immunoreactive fragment of ;13 kDa in the pres-
ence of a reducing agent (Fig. 8C). The IL-2 degradation was
specific to the gingipains and not to contaminant, since the

FIG. 4. Time course of IL-12 degradation by gingipains in the ab-
sence of serum. RgpA (A) or Kgp (B) was preincubated for 15 min at
37°C with 5 mM L-cysteine. Preactivated RgpA or Kgp was incubated
with IL-12 at a final S/E ratio of 100:1 in the absence of serum (35 nM
IL-12 with 0.35 nM RgpA or Kgp in each reaction). Both reaction
mixtures (A and B) were then incubated at 37°C for a time course
study. Reactions were stopped at the indicated time with TLCK (2 mM
final concentration). Control samples incubated without RgpA or Kgp
are labeled IL-12. Aliquots were resolved by SDS–12% PAGE for
Western blot analysis with polyclonal antibodies against IL-12 as de-
scribed in Materials and Methods. Control samples incubated without
gingipains are labeled IL-12. Data are representative of three separate
experiments.
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cleavage was completely blocked by TLCK, an inhibitor spe-
cific for both RgpA and Kgp, after 60 min of incubation (data
not shown). However, no hydrolysis of IL-2 was observed when
RgpA or Kgp was mixed with an equal molar ratio of IL-2 in
a final fetal bovine serum concentration of 20% and up to 80
min of incubation (data not shown).

DISCUSSION

The mechanism for the preferential activation of either Th1
or Th2 pathways during progression of periodontitis is unde-
termined. Th0 cells express some differentiated effector func-
tions that are characteristic of both the inflammatory and the
helper T cells. Several lines of evidence have demonstrated
that IL-4 stimulates differentiation into Th2 cells, whereas
IFN-g, IL-12, and TGF-b enhance Th1 development (39). The
cytokines present during T-cell expansion influence the ability
of Th cells to differentiate into Th1 cells, which produce IL-2,
IFN-g, and lymphotoxin and favor cell-mediated responses, or
Th2 cells, which produce IL-4, IL-5, IL-6 and IL-10 and favor
the induction of the humoral response. IL-12 is known as a
potent inducer of IFN-g, and interference with Th1 differen-
tiation by hydrolysis and inactivation as demonstrated herein
may have a significant role in the pathogenesis of periodontal
disease. We will continue to investigate the interactions of the
gingipains with other cytokines involved with T-cell differenti-
ation.

Expression of IL-12R was up-regulated by activated or pro-
teolytically inhibited gingipains (Fig. 4), possibly as a result of
binding by the gingipains to the T-cell surface (data not
shown). This effect was not due to potentially contaminating
traces of LPS in these experiments, since LPS activity was
sufficiently inhibited by the addition of polymyxin B. Purified
LPS did not affect IL-12R levels (Yun et al., unpublished).

Further, these data suggest that the gingipains do not de-
grade IL-12R, although this was not measured directly. Up-
regulated expression of the IL-12R in the presence of IL-12
was futile, however, since IL-12 was degraded and inactivated
by gingipain proteolytic activity. Expression of high-affinity
IL-12 receptors is required for IL-12-mediated IFN-g produc-
tion. Activation of this pathway has been shown to be critical in
generating optimal cell-mediated immunity. Therefore, in-
creased IL-12 receptor expression might be expected in the
host response after infection by a bacterial pathogen. The
results suggest that gingipains can enhance an optimal host
immune response by inducing the expression and activity of
high-affinity IL-12 receptors. Therefore, the net outcome with
respect to Th1 activity would depend on the balance of the
induction of IL-12 receptor expression versus inactivation of

Western blot analysis with polyclonal antibodies against IL-12 as de-
scribed in Materials and Methods. (C) Cysteine-activated RgpA or
Kgp was combined with whole bovine serum and combined with an
equimolar ratio of IL-12 as in panel A or B, and digestion mixtures
were incubated at 37°C for various times and then stopped in aliquots
with TLCK (2 mM final concentration). The samples were then boiled
under reducing conditions for 10 min, and aliquots were resolved by
SDS–12%. PAGE for Western blot analysis with polyclonal antibodies
against IL-12 as described in Materials and Methods. Control samples
incubated without gingipains are labeled IL-12. Data are representa-
tive of three separate experiments.

FIG. 5. Cleavage of IL-12 by RgpA or Kgp in the presence of
serum. Cysteine-activated (5 mM final concentration) RgpA (A) or
Kgp (B) was mixed with whole bovine serum and combined with an
equimolar ratio of IL-12 (35 nM gingipains with 35 nM IL-12 in each
reaction) for a final serum concentration of 20%. Digestions were
incubated at 37°C for various times then stopped in aliquots with
TLCK (2 mM final concentration). Unboiled aliquots (with nonre-
duced sample buffers added) were resolved by SDS–12% PAGE for
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IL-12 by the gingipains within microenvironments. Also, the
IL-12 produced by the small percentage of monocytic cells
within the T-cell culture (,0.5%) in response to T-cell IFN-g
was significant enough to increase IFN-g secretion through a
feedback regulatory cycle (data not shown). In a complex en-
vironment such as the periodontium, hydrolysis and inactiva-
tion of IL-12 (this report) and of IFN-g (61) by gingipain

proteolytic activity could play a very significant role in mini-
mizing Th1 T-cell switching and development.

Gingipain hydrolysis of IL-12 was demonstrated to occur in
the presence of serum, which is significant considering that the
periodontium and inflamed periodontal pocket contain serum
components and protease inhibitors. Previous studies have re-
ported decreased levels of IL-12 at sites of active periodontal
disease (16). The catalytic efficiency of the gingipains has been
demonstrated to be quite high (43, 45), suggesting that they are
highly disruptive of many processes related to cellular ho-
meostasis, immunity, and structural integrity (32).

Cleavage rates of IL-12 by RgpA and Kgp are similar and do
not follow significantly different kinetics. Considering the high
conservation of the noncatalytic regions of these enzymes, the
detected differences are potentially attributable to structural
heterogeneity within the catalytic domains.

Immunoblot analysis using polyclonal antibody to detect the
RgpA or Kgp effect on IL-12 under reducing conditions dem-
onstrated that the partially degraded products were derived
from both the p40 and p35 subunit chains of IL-12. Antibodies
specific for COOH termini of the p40 and p35 subunit chains
failed to detect either of these two bands after prolonged
incubation with the gingipains, indicating that the partially
cleaved fragments from p40 and p35 chains lack the COOH-
terminal epitopes. There are 21 Arg-X and 39 Lys-X bonds in
the IL-12 amino acid sequence, which are possible sites of
cleavage by RgpA and Kgp (57). Given the acidic nature of the
gingipains, it is notable that human p40 possesses near its C
terminus a cluster of six basic residues within a nine-amino-
acid sequence (Lys258 to Arg266). This unusually dense basic
sequence is a crucial candidate for a gingipain binding site.

IL-12 provides a link between natural resistance mediated by
phagocytic cells or NK cells and adaptive immunity mediated
by T-helper cells, cytolytic T cells, and B cells (56). The early

FIG. 6. Degradation of IL-12 by the gingipains is thiol mediated. RgpA or Kgp was preincubated with the thiol-protease inhibitors TLCK (2
mM final concentration) or leupeptin (0.1 mM final concentration) for 1 h at 37°C and then dialyzed against PBS. TLCK- or leupeptin (leup.)-
treated RgpA or Kgp was then mixed with IL-12 at a final S/E ratio of 100:1 (35 nM IL-12 with 0.35 nM RgpA or Kgp in each reaction), and the
samples were incubated for 10 min and 1 h in the absence of serum. Aliquots were resolved by SDS–12% PAGE for Western blot analysis with
polyclonal antibodies against IL-12 as described in Materials and Methods. Control samples incubated without gingipains are labeled IL-12.

FIG. 7. Gingipain treatment induces loss of the COOH-terminal
epitopes of the p40 and p35 subunits of IL-12. Cysteine-activated
gingipains were incubated in serum-free medium at a final E/S ratio of
1:100 (0.35 nM gingipains with 35 nM IL-12 in each reaction) at 37°C
for 1 h. Digestion mixtures were incubated at 37°C for various times
and then stopped in aliquots with TLCK (2 mM final concentration).
The samples were then boiled under reducing conditions for 10 min,
and aliquots were resolved by SDS–12%. PAGE for Western blot
analysis with polyclonal antibodies specific for the COOH terminus of
the p40 (A) or p35 (B) subunit of IL-12. Data are representative of
multiple experiments.
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FIG. 8. Time course of IL-2 degradation by gingipains in the absence of serum. RgpA (A) or Kgp (B and C) was preincubated for 15 min at
37°C with 5 mM L-cysteine. The reaction with Kgp was carried out in the presence of 0.1 mM leupeptin to compensate for the percentage of RgpA
in the Kgp preparation. In panels A and B, preactivated RgpA or Kgp was incubated with IL-2 at a final S/E ratio of 100:1 in the absence of serum
(35 nM IL-2 with 0.35 nM RgpA or Kgp in each reaction). Both reactions were then incubated at 37°C for a time course study. Reactions were
stopped at the indicated time with TLCK (2 mM final concentration). Control samples are labeled IL-2. Reactions were carried out with RgpA
or Kgp alone, RgpA or Kgp with bovine serum albumin (BSA), or BSA alone (0.1% in PBS). Unboiled aliquots (with nonreduced sample buffers
added) were resolved by SDS–14% PAGE for Western blot analysis with polyclonal antibodies against IL-2. (C) Cysteine-activated Kgp was
combined with IL-2 at a final S/E ratio of 100:1 in the absence of serum (35 nM IL-2 with 0.35 nM Kgp in each reaction). Following timed
incubation aliquots containing gingipains were inhibited with TLCK (2 mM final concentration). The samples were then boiled under reducing
conditions for 10 min, and aliquots were resolved by SDS–14% PAGE for Western blot analysis with polyclonal antibodies against IL-2. Control
samples incubated without gingipains are labeled IL-2. Data are representative of three separate experiments.
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production of IL-12 represents a key process in natural killer
activation and innate resistance. NK cells can influence the
pathway of Th1 or Th2 development when antigen-specific T
cells commence clonal expansion and differentiation. NK cells
may represent an early source of IFN-g, which would contrib-
ute to the development of a Th1 response. Lower levels of
IFN-g and IL-2 have been shown to occur in periodontal dis-
ease lesions (21, 22). The pattern of IL-2 peptides detected
after incubation with either RgpA or Kgp suggests the spon-
taneous formation of disulfide-linked products of hydrolysis,
and in this context, there is an unpaired cysteine at position 124
of the processed peptide. This was confirmed by the treatment
with the reducing agent. In the experimental system in the
presence of fetal bovine serum, there was no evidence for
hydrolysis of IL-2. The capacity of gingipains to cleave and
inactivate IL-12 and IFN-g (Yun et al., unpublished) may
represent the disruption of the early inflammatory responses in
the affected periodontal site and could contribute to the de-
velopment of a Th2 response. This is consistent with the find-
ings that the predominant infiltration of chronically inflamed
tissues of adult periodontitis is generally characterized as a
hyperresponsiveness of B-lineage cells (40, 48). The finding of
higher proportions of T cells expressing mRNA for IL-2 and
IFN-g in a study of cells extracted from periodontitis sites is of
interest in this context (51). However, in this case patients had
been treated prior to surgery, with the implication that cells
were extracted for analysis from healing sites rather than giving
a representation of the natural history of the disease.

In addition to dysregulation of cytokine networks, P. gingi-
valis and its components, such as LPS, can induce the host to
express a variety of cytokines. We have recently demonstrated
that P. gingivalis LPS could upregulate IFN-g and IL-12
through a synergistic feedback regulatory loop cycle that was
not related to induction of IL-12 receptor expression (Yun et
al., unpublished) and which may contribute to the increased
inflammation at disease sites. In contrast, gingipains from P.
gingivalis down-regulate these activities by hydrolysis. Apart
from disruption of cytokine networks, P. gingivalis proteinases
have also been reported to exhibit enzymatic activity against a
broad range of host proteins, including host proteinase inhib-
itors (7, 44), immunoglobulin (2), matrix metalloproteinases
(11), and proteins involved in the complement (28), coagula-
tion (47), and kallikrein/kinin cascades (25–27). Hence, com-
bined action of the gingipains and LPS which are colocated in
outer membrane vesicles released from this pathogenic organ-
ism would provide a mechanism for inappropriate stimulation
of CD41 T cells related to the development of destructive
periodontitis.
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