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Gingipain cysteine proteases are considered key virulence factors of Porphyromonas

gingivalis. They significantly influence antibacterial and homeostatic functions of

macrophages, neutrophils, the complement system, and cytokine networks. Recent

data indicate the role of P. gingivalis in T cell differentiation; however, the involvement

of gingipains in this process remains elusive. Therefore, the aim of this study was

to investigate the contribution of danger signals triggered by the gingipains on the

generation of Th17 cells, which play a key role in protection against bacterial diseases

but may cause chronic inflammation and bone resorption. To this end we compared

the effects of the wild-type strain of P. gingivalis (W83) with its isogenic mutant devoid

of gingipain activity (1K1RAB), and bacterial cells pretreated with a highly-specific

inhibitor of gingipains activity (KYTs). Antigen presenting cells (APCs), both professional

(dendritic cells), and non-professional (gingival keratinocytes), exposed to viable bacteria

expressed high amounts of cytokines (IL-6, IL-21, IL-23). These cytokines are reported

to either stimulate or balance the Th17-dependent immune response. Surprisingly, cells

infected with P. gingivalis devoid of gingipain activity showed increased levels of all tested

cytokines compared to bacteria with fully active enzymes. The effect was dependent

on both the reduction of cytokine proteolysis and the lack of cross-talk with other

bacterial virulence factors, including LPS and fimbriae that induce de novo synthesis of

cytokines. The profile of lymphocyte T differentiation from naive T cells showed enhanced

generation of Th17 in response to bacteria with inactive gingipains. Moreover, we found

that gingipain-dependent induction of Th17 cells was highly specific, since other T

cell-subsets remained unchanged. Finally, inhibition of IL-6 signaling in dendritic cells

led to a significant depletion of the Th17 population. Cumulatively, this study revealed

a previously undisclosed role of gingipain activity in the process of Th17 differentiation

reliant on blocking signaling through IL-6. Since inactivation of gingipains accelerates the

skewing of T cells toward Th17 cells, which are detrimental in periodontitis, IL-6 signaling

may serve as an attractive target for treatment of the disease.
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INTRODUCTION

Periodontitis is a chronic inflammatory disease affecting tissues
surrounding and supporting the teeth, called the periodontium.
The disease is initiated by pathogenic bacteria proliferating
in a biofilm below the gum line, which stimulate a local
inflammatory reaction. Deregulation of the immune system
leads to sustained inflammation, tissue destruction, and gradual
degradation of the tooth-supporting alveolar bone (Di Benedetto
et al., 2013). Among over 500 bacterial species that inhabit
the oral cavity, only a handful are associated with periodontitis
and can be defined as periodontal pathogens. These include
Porphyromonas gingivalis (Socransky et al., 1998), which together
with Treponema denticola and Tannerella forsythia form “the
red complex” that is strongly implicated in the initiation
and progression of chronic periodontitis (Holt and Ebersole,
2005). P. gingivalis expresses a variety of virulence factors,
including fimbriae, lipopolysaccharide, and cysteine proteases—
gingipains. The latter are considered major contributors to
the pathogenic potential of P. gingivalis (Guo et al., 2010).
Moreover, gingipains have been identified in all clinical isolates,
and their expression level correlates with exacerbation of
the disease. Gingipains strongly influence components of the
innate and adaptive immune system (Ismail et al., 2015).
For example gingipains contribute to hyporesponsiveness of
macrophages during infection, reducing the expression of CD14
molecules and diminishing bacterial recognition (Wilensky
et al., 2015). Moreover, gingipains’ proteolytic activity-dependent
modification of the neutrophil surface leads to impaired
clearance of these cells once they become apoptotic (Guzik et al.,
2007). Together, such effects on phagocytic cells augment the
inflammatory reaction in the periodontium, which is further
enhanced by de-regulation of complement system activation
and function (Popadiak et al., 2007; Potempa et al., 2009), and
modification of activity of some cytokines, such as IL-8, INF-γ,
TNF-α, IL-1, CXCL8, andCXCL10 (Yun et al., 2001; Uehara et al.,
2008; Moelants et al., 2014). Finally, gingipains also affect the
adaptive immune system as exemplified by modulation of T cell
function due to hydrolysis of CD4 and CD8molecules (Kitamura
et al., 2002) and efficient cleavage of antibodies (Vincents et al.,
2011).

The chronic inflammatory reaction observed in periodontitis
patients is supported by the altered activation of T lymphocytes,
thus influencing the production of antibodies by B cells.
CD4+ Th cells are major regulators of the adaptive immune
system. They can differentiate into a variety of effector T
cell subsets, such as Th1, Th2, and Th17. Their phenotype
depends on the presence of stimulatory ligands and the
cytokine milieu. A critical role for IL-17 and Th17 cells
in some pathologies is illustrated in autoimmune diseases
such as psoriasis, psoriatic arthritis, or rheumatoid arthritis
(Tesmer et al., 2008). Furthermore, an increasing body of
evidence indicates that Th17 lymphocytes can efficiently promote
osteoclastogenesis and bone resorption in periodontitis (Gaffen
and Hajishengallis, 2008; Okamoto and Takayanagi, 2011;
Moutsopoulos et al., 2012). The major cytokine secreted by Th17
cells is IL-17, which influences both immune and non-immune

cells. This consequently activates proinflammatory signaling
pathways, along with the production of cytokines, chemokines
and matrix metalloproteinases (Witowski et al., 2004; Kramer
and Gaffen, 2007). Moreover, an interaction of IL-17 and Del-1
plays an important role in the recruitment of neutrophils, that
contributes to bone destruction (Eskan et al., 2012). Together
these findings expand the classical framework of the Th1/Th2
paradigm in describing the pathogenesis of periodontitis (Gaffen
and Hajishengallis, 2008).

The differentiation of human naive CD4+ T cells into the
population of Th17 cells is regulated by polarizing cytokines,
such as IL-1, IL-6, IL-21, and IL-23 (Manel et al., 2008). These
cytokines are secreted by antigen-presenting cells in response to
pathogen-associated microbial patterns (PAMPs). Among them,
IL-6 plays a critical role in the differentiation of Th17 cells with
simultaneous inhibition of regulatory T cells (Treg; Kimura and
Kishimoto, 2010). Importantly, IL-6 is also one of the major
target-cytokines for IL-17 signaling, which amplifies the effects
of IL-17 mediated pathology and supports maintenance of Th17
cells by up-regulating expression of IL-23, IL-21, IL-23R, and
RANKL (Scheller et al., 2011). In line with this, several studies in
humans have shown elevated levels of IL-6 and IL-17 in inflamed
gingiva, gingival crevicular fluid and plasma in patients with
periodontitis (Loos, 2005). Due to the crucial role of IL-6 in
skewing lymphocytes toward Th17 phenotype, blocking of IL-6
functionmay become an attractive target for treatment of chronic
inflammatory disease such as periodontitis. Therefore, taking
into account the important role of the gingipains secreted by P.
gingivalis in the pathogenesis of periodontitis, here we studied
their contribution to regulation of the IL-6-Th17 axis.

MATERIALS AND METHODS

Cell Preparation and Cultures
Monocyte-derived dendritic cells (moDCs) were obtained from
PBMCs, which were isolated from human peripheral blood by
using density gradient centrifugation. Monocytes were purified
from the mononuclear cell layer using BD Human Monocyte
Enrichment Set—DM (BD IMag). Cells (2× 106 cells suspended
in 2ml) were cultured in RPMI 1640medium (Life Technologies)
supplemented with 10% FBS (Life Technologies) and 100
U/ml Penicillin-Streptomycin (Life Technologies). moDCs were
generated by adding 10 ng/ml GM-CFS and 500 U/ml IL-4.
Cultures were fed every 2 days by replacing medium with the
fresh supplemented with a full set of cytokines.

Lymphocytes were isolated from the PBMC fraction by using
the BD Human Naive CD4+ T Cell Enrichment Set—DM (BD
IMag) and cultured in RPMI 1640 medium (Life Technologies)
supplemented with 10% FBS (Life Technologies) and 100 U/ml
Penicillin-Streptomycin (Life Technologies). Blood was collected
at the Regional Blood Center, Krakow, Poland, from healthy
donors who provided written informed consent for the collection
of samples and subsequent cell isolation and analysis. For
human subject confidentiality assurances, blood material was de-
identified thus this manuscript adheres to appropriate exclusions
from human subject approval. TIGKs (telomerase-immortalized
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gingival keratinocytes; Moffatt-Jauregui et al., 2013), were
routinely cultured in KBM-Gold TM keratinocyte basal medium
supplemented with Single Quotes TM (Lonza).

Bacterial Growth
P. gingivalis W83, and 1K1RAB were grown under anaerobic
conditions (90% N2, 5%CO2, 5%H2) at 37

◦C on blood (5% v/v
sheep blood) agar plates or in liquid Scheadler broth (BTL, Lodz,
Poland) supplemented with haemin (5 µg/ml; Sigma Aldrich),
L-cysteine (50 µg/ml; Sigma Aldrich), menadione (0.5 µg/ml;
Sigma Aldrich), and in case of 1K1RAB, additionally with
tetracycline (1 µg/ml). Bacteria from an overnight culture were
centrifuged (4500 g, 10min), the bacterial pellet was washed three
times with phosphate-buffered saline (0.14M NaCl, 0.0026M
KCl, 0.01M Na2HPO4, 0.002M KH2PO4), pH 7.4 (PBS), and
resuspended in PBS. Bacterial cell counts were standardized to
an optical density of 1.0 at 600 nm corresponding to 1 × 109

CFU/ml.

Stimulation of moDCS and Keratinocytes
with P. gingivalis
Dendritic cells and keratinocytes (at a concentration of 0.6
× 106/ml) were left untreated (control) or infected with P.
gingivalis W83 or 1K1RAB at multiplicity of infection MOI
1:25, 1:50, 1:100, 1:200 (human cells/P. gingivalis) in the presence
or absence of KYT-1 and KYT-36 (each at 1 µM), specific
inhibitors of gingipains (Peptide Institute Inc.) (Kadowaki et al.,
2004). The inhibitors were added to cultures 15 min before
stimulation of cells. Infected moDCs were cultured for 6 and
24 h, and then used for experiments with T lymphocytes.
Both moDCs and TIGKs infected with P. gingivalis were
cultured for 2, 6, and 24 h, followed by harvesting for RNA
isolation, or collection of culture medium for assay of cytokine
levels.

Gingipain Activity Measurement
After 2, 6, and 24h of stimulation of moDC with P. gingivalis,
a sample of conditioned medium was withdrawn, centrifuged
(12000 × g; 5 min) and 10 µl of supernatant was added
to 90 µl TNCT buffer (50 mM Tris pH 7.5, 150 mM
NaCl, 5 mM CaCl2, 0.05% Tween-20) with 20 mM L-cysteine
followed by 100 µl of 0.2 mM substrate solution. Arginine-
and lysine-specific and gingipain activities were determined
with L-BApNa and N-(p-Tosyl)-Gly-Pro-Lys-4-nitroanilide as
substrates, respectively. Substrate hydrolysis was recorded at
405 nm for 40min and activity expressed as mOD/min/1 µl of
supernatant.

Activation and Inactivation of Gingipain
HRgpA was activated in TNC buffer (50 mMTris, 150 mMNaCl,
5 mM CaCl2, pH 7.5) supplemented with 20 mM L-cysteine
for 15 min in 37◦C. To test the effect of inactivated gingipains,
enzyme samples were treated with specific gingipain inhibitors
KYT-1 and KYT-36 (each at 1 µM) for 15 min in 37◦C before
stimulation of the cells. Cultured media for the cells stimulated
with gingipains contained 10 mM L-cysteine.

Stimulation of moDCS with Virulence
Factors from P. gingivalis
Dendritic cells at a concentration of 0.6 × 106/ml were left
untreated (control) or stimulated with Ultra Pure LPS from P.
gingivalis (InvivoGen) [2.5 µg/ml], FimA purified from ATCC
33277 [10 µg/ml] or both together. Additionally, active or
inhibitor-treated HRgpA [2 nM] was mixed with LPS or FimA
and applied to moDC. Cells were stimulated for 4 h before
culture medium was collected for assay of IL-6 levels and the cells
harvested for RNA isolation.

Quantitative Reverse Transcription PCR
Total cellular RNA was extracted from moDCs, TIGK, and
T cells using TRIzol Reagent, according to the manufacturer’s
instructions. cDNA was prepared by reverse transcription
(RT) using the High-Capacity cDNA Reverse Transcription
Kit (Applied Biosystems). Seven hundred nanograms of RNA
from each sample was used for cDNA synthesis with oligo
(dT) primers, according to the manufacturer’s instructions. The
quantitative PCR (qPCR) reaction was performed with a SYBR
Green method in a reaction volume of 20 µl, containing 0.3
µl (moDC, T cells) or 1 µl (TIGKs) of cDNA sample, 10 µM
of each primer and 1 × SYBR Green JumpStart Taq Ready
Mix. qRT-PCR was performed by using forward and reverse
primers for transcripts of listed genes (Table 1), and for the
housekeeping EF2 gene (used for normalization). After 5 min of
initial denaturation at 95◦C, reactions were carried out for 40
cycles, followed by a final elongation step at 72◦C for 10 min.
Primer sequences and conditions for denaturation (1), annealing
(2), and extension (3) for each pair of primers are provided in
Table 1. Means for threshold cycle (Ct) values were calculated
and analyzed using the “1-1Ct” quantification method (Livak
and Schmittgen, 2001).

Cytokine Assay
The level of IL-6, IFNγ, TNF (BD Bioscience), and IL-23 (Novex
Invitrogen) was determined by using a commercially available
ELISA kit, according to the manufacturer’s instructions. IL-1β,
IL-12p70, IL-8, and IL-10 was determined by using the CBA
Human Inflammatory Cytokine Kit (BD Bioscience) according
to the manufacturer’s instructions and results were analyzed by
FCAP Array v2.0.2.

Proliferation of T Cells
For a proliferation assay, lymphocytes were stained with CSFE
according to the CellTraceTM CFSE Cell Proliferation Kit
Protocol (Molecular Probes). Lymphocytes (at a concentration
of 1.7 × 105/ml) were added to the moDCs cells (0.5 × 105/ml),
which were previously non-infected or infected with P. gingivalis.
Proliferation was evaluated on day 1, 3, 5, and 7 after co-culturing
with moDCs. Data were acquired by the FACSCalibur system
(Becton Dickinson) and analyzed by FlowJo V10 software.

Differentiation of Th Cells
After 3, 5, or 7 days co-culture of moDCs with lymphocytes, T
cells were stimulated with PMA (50 ng/ml) and ionomycin (500
ng/ml) in the presence of Golgi Stop (BD Biosciences),
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TABLE 1 | Oligonucleotide sequences used in the quantitative reverse

transcription polymerase chain reaction (qRT-PCR).

Oligonucleotide Sequence Program

EF2 F 5′-GACATCACCAAGGGTGTGCAG-3′ (1) 95◦C, 30s

(2) 56◦C, 30s

(3) 72◦C, 45s
EF2 R 5′-TTCAGCACACTGGCATAGAGGC-3′

IL-6 F 5′-AAATTCGGTACATCCTCGACGGCA-3′

IL-6 R 5′-AGTGCCTCTTTGCTGCTTTCACAC-3′

IL-21 F 5′-GACTTGGTCCCTGAATTTCTGC-3′

IL-21 R 5′-CCTGCATTTGTGGAAGGTGG-3′

IL-23 F 5′-GCTTTCACAGAAGCTCTGCAC-3′

IL-23 R 5′-AGACCCTGGTGGATCCTTTG-3′

IL-1β F 5′-GATGTCTGGTCCATATGAACTG-3′

IL-1β R 5′-TTGGGATCTACACTCTCCAGC-3′

IL-12p35 F 5′-ATGATGGCCCTGTGCCTTAG-3′

IL-12p35 R 5′-TCCGGTTCTTCAAGGGAGGA-3′

IL-12p40 F 5′-ATTCTGCGTTCAGGTCCAGG-3′

IL-12p40 R 5′-AGAACCTAACTGCAGGGCAC-3′

TNF F 5′-GTCAGATCATCTTCTCGAACCCCGA-3′

TNF R 5′-CAGGGCAATGATCCCAAAGTAGA-3′

IL-6R F 5′-AGCCTCCCAGTGCAAGATTC-3′

IL-6R R 5′-GCATGCTTGTCTTGCCTTCC-3′

IL-1R F 5′-AGGTAGACGCACCCTCTGAA-3′

IL-1R R 5′-GCATTTATCAGCCTCCAGAGAAG-3′

TGFβR F 5′-AGCGGTCTTGCCCATCTTC-3′

TGFβR R 5′-GGGGCCATGTACCTTTTTGTT-3′

RORC F 5′-GACAGGGCCCCACAGAGA-3′

RORC R 5′-GAAGAAGCCCTTGCACCCC-3′

RORα F 5′-AGCCAGGCAGCAGCG-3′

RORα R 5′-AAAAAGCCCTTGCAGCCTCC-3′

STAT3 F 5′-GAAACAGTTGGGACCCCTGA-3′

STAT3 R 5′-AAGCGGCTATACTGCTGGTC-3′

RUNX1 F 5′-GGTTTCGCAGCGTGGTAAAA-3′

RUNX1 R 5′-TGGCATCGTGGACGTCTCTA-3′

IRF4 F 5′-CCATGACAACGCCTTACCCT-3′

IRF4 R 5′-CCTGTCACCTGGCAACCATT-3′

BATF F 5′-CCCTGGCAAACAGGACTCAT-3′

BATF R 5′-GATCTCCTTGCGTAGAGCCG-3′

IFNγ F 5′-GGCTTTTCAGCTCTGCATCG-3′ (1) 95◦C, 30s

(2) 60◦C, 60s

(3) 72◦C, 45s
IFNγ R 5′-TTCTGTCACTCTCCTCTTTCCAA-3′

IL-8 F 5′ -ATGACTTCCAAGCTGGCCGTGGCT-3′

IL-8 R 5′ -TCTCAGCCCTCTTCAAAAACTTCT-3′

and collected for staining. For intracellular staining, a
cytofix/cytoperm kit was used (Becton Dickinson) with
fluorescently labeled antibodies against transcription factors: T-
bet—Alexa Fluor R©488, GATA3- Alexa Fluor R©488, ROR-γt-PE,
Fox-P3-Alexa Fluor R©488, and cytokines: INF-γ-Alexa Fluor R©

647, IL-4-APC, IL-17A-PerCP-Cy5.5. Data were acquired by the
FACSCalibur system (Becton Dickinson) and analyzed by FlowJo
V10 software.

Evaluation of Th17 Signaling Pathway
Molecules Gene Expression
Dendritic cells (0.6 × 106/ml) were stimulated for 6 h with
P. gingivalis strains at MOI 1:50. Lymphocytes (2 × 106/ml)

were added, and after 1, 2, and 3 days of co-culture they
were gently collected, centrifuged (280 × g, 10 min), and
lysed with TRIzol Reagent. RNA was isolated and the relative
expression of genes IL-6R, IL-1R, TGFβ , RORc, RORα, STAT3,
RUNX1, IRF4, BAFT to the reference house-keeping gene
EF2 was measured by using the qRT-PCR method described
above.

Evaluation of STAT3 and IRF4 Activation
Three, 4 and 5 days after co-culture of moDCs with lymphocytes,
T cells were stimulated with PMA (50 ng/ml) and ionomycin
(500 ng/ml) in the presence of Golgi Stop (BD Biosciences),
and collected for staining. For intracellular staining, a
cytofix/cytoperm kit was used (Becton Dickinson) with
fluorescently labeled antibodies against transcription factors:
Alexa Fluor R©488 Mouse Anti-Stat3 (pY705; BD Biosciences)
and PE-IRF4 Monoclonal Antibody (3E4)(eBioscience). Data
were acquired by the FACSCalibur system (Becton Dickinson)
and analyzed by FlowJo V10 software.

Statistical Analysis
All experiments were performed at least in triplicate, and results
were analyzed for statistical significance using Student’s t-tests or
ANOVA. All values are expressed as means± SD, and differences
were considered significant at p < 0.05.

RESULTS

IL-6 Expression Induced by P. gingivalis
Depends on Activity Status of Gingipains
In response to danger signals expressed by a pathogen,
antigen presenting cells, including dendritic cells (DCs), produce
inflammatory cytokines. Among them, IL-6 plays a critical role in
Th17 differentiation and IL-17 signaling. Since an elevated level
of IL-6 was previously reported in inflamed gingiva (Imamura,
2003), we decided to investigate the extent to which DCs-
specific cytokine pattern depends on expression and/or activity
of gingipains. For that purpose, we used an in vitro model
of primary human dendritic cells differentiated from blood
monocytes (moDCs) as described in the Section Materials and
Methods. Briefly, cells were infected with wild-type (WT) P.
gingivalis W83 expressing gingipains (HRgpA, RgpB, and Kgp)
in the presence or absence of KYTs, specific inhibitors of
gingipains (Kadowaki et al., 2004), at a multiplicity of infection
(MOI) of 1:25, 1:50, 1:100, and 1:200. In parallel, cells were
infected with the gingipain-null isogenic mutant (1K1RAB).
The expression of IL-6 transcript was measured 2 h post
infection (p.i.), whereas the level of secreted IL-6 in conditioned
culture media was measured at 2, 6, and 24 h p.i. In this
experimental setup P. gingivalis was a potent and rapid inducer
of IL-6 mRNA expression (2 h) in a MOI-dependent manner
for all tested strains and conditions. Surprisingly, the most
potent inducers were the gingipain-null strain (1K1RAB) and
bacteria with ablated gingipain activity (W83/KYT; Figure 1).
The level of secreted IL-6 only weakly corresponded to changes
in IL-6 expression observed at the mRNA levels (Figure 2).
P. gingivalis was a potent inducer of IL-6 secretion in a
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FIGURE 1 | Expression of interleukin 6 in human monocyte-derived dendritic cells in response to Porphyromonas gingivalis infection. Monocyte-derived

dendritic cells (moDC) were untreated or exposed to P. gingivalis W83 in the presence or absence of specific protease inhibitors (KYT-1 and KYT-36, each at a

concentration of 1 µM) or the isogenic gingipain-null mutant ∆K∆RAB for 2 h. After stimulation, cells were lysed with TRIzol, RNA was isolated and reverse

transcriptase PCR was performed. Relative expression of IL-6 was measured by using the Real-Time PCR method. A representative qRT-PCR from three separate

experiments performed on moDCs derived from different donors is shown. Data are presented as means ± standard deviations of triplicate assays, and were

analyzed with the one-way ANOVA with the Bonferroni post-test correction (#P < 0.05, ##P < 0.01 vs. control, *P <0.05 to P. gingivalis treated cells).

MOI- and time-dependent manner (Figures 2A–C) but only if
gingipain activity was entirely absent (1K1RAB, Figures 2D–I).
In cultures infected with WT P. gingivalis at a MOI range
from 1:25 to 1:200 we found no accumulation of IL-6 in
the conditioned medium (Figures 2A–C) apparently due to
gingipain activity, which degrades the cytokine (Figures 2D–I).
This contention was confirmed by observation of the transient
increase of the IL-6 level at 6 h p.i. in cells infected in the
presence of KYTs (Figure 2B). At 24 h p.i., however, together
with the increase of gingipains’ activity (Figures 2D–I), the
concentration of IL-6 in the medium dropped to the level
detected in non-infected control cells (Figures 2A–C). Taken
together, accumulation of IL-6 in conditioned medium of cells
infected with P. gingivalis was inversely dependent on the
presence of active gingipains. Consistent with this, deletion of
all three genes encoding gingipains notably up-regulated the
IL-6 transcript, when compared to the parental strain with
fully active enzymes. To further analyze the mechanism of our
observation we estimated the role of both active and inactive
enzymes on moDCs activation induced by other P. gingivalis
virulence factors, such as: LPS and fimbriae. The analysis of IL-6
expression at mRNA and protein levels revealed that synthesis of
the cytokine upon stimulation with each cell wall component was
strongly inhibited by active gingipains. This indicates that active
gingipains interfere with an upstream pathway of stimulation
of IL-6 expression (Figures 3A,B). The effect was abrogated
when inactive enzymes were used. Cumulatively, the data not
only confirm proteolytic degradation of the cytokine (Banbula
et al., 1999), but also supports a contribution of gingipains
to modulation of immune responses to otherwise stimulatory
P. gingivalis antigens. Moreover, the results indicate that IL-6

production strongly depends on both gingipain expression and
activity.

The Profile of Cytokine Expression That
Promotes Th17 Differentiation Depends on
Gingipains
It is suggested that the high level of IL-6 documented in the
inflamed periodontal tissue contributes to deregulation of the
immune system, which then promotes tissue destruction and
disease progression. The detrimental effect of IL-6 can be partly
explained by the induction of naive T cell differentiation toward
the Th17 phenotype. Since we found that IL-6 upregulation is
inversely dependent on activity of gingipains, we decided to
estimate the level of other cytokines (IL-23 and IL-1β) known
for their regulatory effect on the differentiation of Th17 cells.
Infection of moDCs with P. gingivalis stimulated secretion
of IL-23 and increased accumulation of this cytokine in the
conditioned medium but only in the presence of bacteria devoid
of gingipain activity (Figure 4A). In the case of IL-1βwe observed
a similar trend, however the amount of the protein was close
to the limit of detection (Figure 4A). Since P. gingivalis was
described as a pathogen that promotes skewing of T cells into
Th1 phenotype (Stashenko et al., 2007; Zeituni et al., 2009), we
estimated the level of cytokines critical for that process. The
analysis of IL-12 and IFNγ revealed no accumulation of either
cytokine in conditioned media (Figure 4A). Further, extended
analysis of other pro- and anti- inflammatory cytokines showed
upregulation of IL-10, IL-8, and TNFα in moDCs infected with
P. gingivalis. Interestingly, the levels of IL-8 and IL-10 were
inversely dependent on activity of gingipains as we observed
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FIGURE 2 | Interleukin 6 production induced by P. gingivalis is inversely dependent on gingipain activity. Monocyte-derived dendritic cells (moDC) were

untreated or exposed to P. gingivalis W83 in the presence or absence of specific protease inhibitors (KYT-1 and KYT-36, each at 1 µM concentration) or isogenic

P. gingivalis gingipain-null mutant 1K1RAB for 2 h (A,D,G), 6 h (B,E,H), and 24 h (C,F,I). (A–C) Supernatants were collected and the concentration of IL-6 was

determined by ELISA. (D–F) Arginine-specific and (G–I) Lysine-specific gingipain activity was determined using L-BApNa and N-(p-Tosyl)-Gly-Pro-Lys-4-nitroanilide

acetate salt (200 µM) as a substrate, respectively. Data are presented as means ± standard deviations of assays performed in triplicate using three independent

donors, and were analyzed by one-way ANOVA with the Bonferroni post-test correction (#P < 0.05, ##P < 0.01, ###P < 0.001 vs. control, *P < 0.05, **P <

0.01, ***P < 0.001 to P. gingivalis treated cells).

for IL-6. Transcriptome analysis revealed an increase in mRNA
of all tested cytokines, however only in case of IL-6, INFγ,
IL-8, and TNFα was the expression reversely correlated with
the activity of gingipains (Figure 4B). The expression of IL-6
was also verified in non-professional antigen presenting cells,
human immortalized gingival keratinocytes (TIGKs). Infection
of these cells with viable bacteria induced the strong upregulation
of the IL-6 transcript (Supplementary Figure 1) that inversely
correlated with gingipain activity. Of note, we observed no
influence of KYT inhibitors at the applied concentration on cell
morphology, viability, proliferation, differentiation, and cytokine
expression (data not shown). Taken together, these data indicate
that inhibition of gingipains during periodontitis may strongly
enhance the secretion of a set of cytokines required for Th17
differentiation in tissues infected with P. gingivalis.

The Differentiation of T Cells into Th17
Phenotype Is Regulated by Gingipains
Based on the finding that gingipains play an important role in
the regulation of cytokine expression that promotes induction
and/or maintenance of Th17 population, we investigated the

potential of these enzymes to influence the proliferation and
differentiation of other CD4+ T helper effector cells. To this
end, we determined the potential of gingipains to drive T cell
proliferation and shift into other Th phenotypes. We infected
moDC with WT P. gingivalis in the absence and the presence
of KYTs to inactivate gingipains. Cells were also infected with
the gingipain-null isogenic mutant (1K1RAB). Naive CD4+ T
cells were labeled with CSFE and cultured with moDCs 6 h post
P. gingivalis infection. The proliferation of CD4+ T cells was
significantly induced after 1 day of lymphocyte co-culture with
moDCs, when compared to the control population of CD4+ T
cells, and an increased division rate of cells was sustained up to
day 5 (Figures 5A,B). There was no difference in proliferation
between cells exposed to moDCs infected with WT P. gingivalis

or the inhibitor-treated bacteria, whereas the rate of CD4+T cells
proliferation exposed to moDCs infected with the gingipain-null
isogenic mutant was significantly reduced, when compared to the
WT strain (Figure 5A).

Next, we analyzed co-culture of T cells with P. gingivalis
infected moDCs for CD4+ T cell differentiation at day 3 and
5. At day 3 only slight changes in the profile of the CD4+
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FIGURE 3 | The role of gingipains in the regulation of cell responses to

LPS and fimbriae. Monocyte-derived dendritic cells (moDC) were untreated

or exposed to P. gingivalis LPS (2.5 µg/ml), FimA (10 µg/ml) or mixed LPS with

FimA. Additionally, cells were co-stimulated with HRgpA (2 nM) in the presence

or absence of specific protease inhibitors (KYT-1 and KYT-36, each at a

concentration of 1 µM). Four hours after stimulation, culture media were

collected and cells were lysed with TRIzol. RNA was isolated and reverse

transcriptase PCR was performed. Relative expression of the cytokine gene

IL-6 to the reference house-keeping gene EF2 was measured by Real-Time

PCR. Data show representative fold increase in expression compared to

control levels, which were arbitrarily set at 1 (A). Concentration of IL-6 in

collected medium was evaluated by standard ELISA method (B); Data are

presented as mean ± standard deviation of duplicates from three independent

assays and were analyzed with a Student’s t-test (#P < 0.05, ##P < 0.01,

###P < 0.001 vs. control, *P <0.05, **P < 0.01 to P. gingivalis treated cells).

T cell phenotype were observed when compared to control
cells (Figure 5C). However, at day 5 a potent induction of Th1
and Th17 populations of CD4+ T helper cells was observed
in contrast to the Th2 population, which remained unaffected
(Figure 5C). Notably, the highest polarization toward the Th17
phenotype in the population of CD4+ T cells co-cultured with
moDCs occurred when the cells were infected with P. gingivalis
devoid of gingipain activity (Figure 5C).

Detailed analysis of the Th17 differentiation process revealed
robust induction of the Th17 specific transcription factor RORγt
(Figure 6), which was observed by day 3 following co-culture.
Interestingly, this effect was detected only with bacteria deficient
in gingipain activity. The further increase of RORγt positive cells
was observed 2 days later (day 5) reaching 2- and 3-fold higher
induction levels (over the base line) in the case of infection
with the WT strain or with bacteria deficient in gingipains,

respectively (Figure 6). The expression of IL-17 was detected
at day 5 post co-culture of T-cells with infected moDCs. The
highest level of IL-17 positive cells was observed for infections
with bacteria that were devoid of gingipain activity (Figure 6),
thus corresponding to the activation of the transcription factor.

To expand our studies, we evaluated some of the discrete
events in the Th17 signaling. Firstly, we estimated the expression
of positive regulators of the IL-17 in T cells, including
receptors, adapter molecules, and transcription factors. The
dynamic changes in the expression of particular molecules
were observed between the first to the third day after T
cells were exposed to moDCs infected with P. gingivalis. The
most interesting finding was the initial upregulation of IRF-
4 and BATF (day 1, 2), with subsequent induction of RORc,
RORα and receptor for IL-1β (day 3; Figure 7). The highest
expression was observed in infection with the P. gingivalis
strain devoid of gingipains. Further analysis revealed activation
of STAT3 and IRF-4, two transcription factors that play a
major role in Th17 differentiation (Figures 8A,B). IRF-4 activity
dominated in early post T cells co-culture with infected
moDCs (day 3), whereas STAT-3 activity was delayed and its
maximal effect was detected 2 days later (day 5). In both
cases the activation level negatively correlated with gingipain
activity. Collectively, we documented that the process of Th17
differentiation induced by P. gingivalis is negatively regulated by
active gingipains.

Inhibition of IL-6 Signaling Prevents
Gingipain-Derived Th17 Generation
IL-6 is one of the major and crucial cytokines responsible for
generation of Th17 cells. IL-6 expression leads to cell activation
via JAK kinases, and IL-6 mediated JAK2 phosphorylation
activates STAT3, which stabilizes the transcription factor RORγt
and promotes IL-17 expression. Therefore, we investigated the
impact of IL-6 function on Th17 differentiation by selective
blocking of the IL-6 signaling pathway. Ruxolitinib, an inhibitor
of JAK kinases, was added to moDCs infected with P. gingivalis
just before co-culturing with CD4+ T cells. Analysis for the
Th17 phenotype revealed the ablation of their differentiation
from naïve T lymphocytes, but only in the case of cells cultured
with moDCs infected with the gingipain-null mutant or in
the presence of KYTs (Figure 9A). The role of IL-6 signaling
in gingipain-dependent differentiation of CD4+ T-cells was
confirmed using antibody blocking of the IL-6 receptor that
prevents formation of the IL-6/IL-6R complex (Figure 9B).

Collectively, our data revealed for the first time, that
the process of Th17 differentiation induced by P. gingivalis
is gingipain-dependent and is mediated via IL-6 expression.
Moreover, we documented the role of enzymatically active
gingipains from P. gingivalis in the negative regulation of the
phenotype switch of CD4+ T helper effector cells and Th17
differentiation. Taken together, the inhibition of IL-6 signaling
rather than gingipain activity might be a more appropriate target
of treatment of chronic periodontitis since it leads to restoration
of the low level of Th17 and regulation of its biological activity.
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FIGURE 4 | Gingipain activity differentially determines the mRNA expression and final secretion of cytokines. (A) Monocyte-derived dendritic cells (moDC)

were untreated or exposed to P. gingivalis W83 in the presence or absence of specific protease inhibitors (KYT-1 and KYT-36, each at a concentration of 1 µM) or the

isogenic gingipain-null mutant 1K1RAB at MOI (multiplicity of infection) 1:50. (A) Concentrations of cytokines in collected medium were evaluated by ELISA (IL-6,

IL-23, TNF, IFNγ) or by using BD CBA Human Inflammatory Kit (IL-1β, IL-12p70, IL-8, IL-10). A representative result from three separate experiments performed on

moDCs derived from different donors is shown. Data are presented as mean ± standard deviation of duplicates from three independent assays and were analyzed

with a Student’s t-test (#P < 0.05, ##P < 0.01, ###P < 0.001 vs. control, *P < 0.05, **P < 0.01, ***P < 0.001 to P. gingivalis treated cells). (B) The expression of

mRNA for cytokines was evaluated 2 and 6 h post P. gingivalis infection by RT-PCR. Data are representative result of fold increase in expression compared to control

levels, which were arbitrarily set at 1.

DISCUSSION

Th17 lymphocytes play an important role in the regulation of
the immune response and bone resorption in a number of
chronic diseases, such as rheumatoid arthritis and osteoarthritis
(Wang et al., 2013). Recently, Th17 differentiation was also
identified in periodontitis, the most prevalent form of bone
pathology in humans afflicting up to 40% of the population in
developed countries (Eke et al., 2012). Several clinical studies of
chronic periodontitis have shown the presence of Th17 cells in
the inflamed gingiva (Moutsopoulos et al., 2012). Interleukin-
17 (IL-17) is a signature cytokine of Th17 cells. The IL-17
family of cytokines consists of several members such as IL-
17A-F, which has emerged as key component of host defense
responses and inflammatory diseases (Weaver et al., 2007).

Although a substantial amount of data indicate that IL-17 plays
a protective role in host defense against bacterial infections, it is
also clear that excessive activation of the IL-17 pathway mediates
connective tissue destruction and bone resorption (Lubberts,
2008). For instance, elevated levels of IL-17 were reported in
human chronic periodontitis (Gaffen and Hajishengallis, 2008;
Ohyama et al., 2009). Moreover, studies performed using amouse
model of periodontitis have revealed the significance of IL-17
for pathological bone loss (Eskan et al., 2012). It was found that
upon aging, excessive expression of IL-17 led to spontaneous
development of periodontitis, which was not observed in IL-
17R–/– mice. The critical role of IL-17 in mediating bone loss
was confirmed using a ligature model of periodontitis where
local administration of mAbs to IL-17A or IL-17F inhibited bone
destruction (Eskan et al., 2012).
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FIGURE 5 | Proliferation and differentiation of CD4+ T cells mediated by gingipains from P. gingivalis. Monocyte-derived dendritic cells (moDC) were

untreated or exposed to P. gingivalis W83 in the presence/absence of specific protease inhibitors (KYT-1 and KYT-36, each at a concentration of 1 µM) or the isogenic

gingipain-null mutant 1K1RAB for 6 h at MOI (multiplicity of infection) 1:50. Naive CD4+ T cells stained with CFSE were added and co-stimulated for 5 days.

Proliferation of lymphocytes was measured at day 1, 3, and 5. (A) Completed results of proliferation on day 1, 3, and 5 as a percentage of CFSE low cells. Data are

presented as a mean ± standard deviation of assays performed in triplicate using four independent donors, and were analyzed with a two way ANOVA with the

Bonferoni’s posttest correction (#P < 0.05, ###P < 0.001 vs. control, **P < 0.01 to P. gingivalis treated cells) (B) Gating strategy for evaluation of T cell proliferation by

CFSE dilution. All CD4+ cells having a lower CFSE intensity than intact control lymphocytes were treated as proliferating cells. Data represent the proliferation of

lymphocytes on day 5 and show percentage of CFSE low cells. A representative dot plot out of three separate experiments performed on lymphocytes derived from

different donors is shown. (C) After stimulation with bacteria, the naive CD4+ cells were added and co-cultured for an additional 3 or 5 days. At the end of each

period, T cells were stimulated with PMA and ionomycin for 4 h in the presence of GolgiStop. For the evaluation of the Th population, cells were stained for intracellular

IFN-γ, T-bet (Th1), IL-4, GATA-3 (Th2), IL-17A, RORγt (Th17), and analyzed by flow cytometry. Data show fold increase of the transcription factor and the cytokine

positive population, relative to the appropriate control set at 1. Data are presented as a mean ± standard deviation of assays performed in triplicate using cells from

three different donors, and were analyzed with a Student’s t-test (#P < 0.05, ##P < 0.01 vs. control, ###P < 0.001, *P < 0.05 to P. gingivalis treated cells).

Despite the undeniable role of IL-17 in the development of
periodontitis, the molecular mechanism of Th17 differentiation
underlying this phenomenon is not known. It is very likely

that P. gingivalis, the major periodontal pathogen present in
circa 73% of patients suffering from chronic periodontitis,
is involved in Th17-dependent pathology. All characterized
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FIGURE 6 | Th17 cells differentiation depends on gingipain activity. Monocyte-derived dendritic cells were untreated or exposed to P. gingivalis W83 in the

presence/absence of specific protease inhibitors (KYT-1 and KYT-36, each at the concentration of 1 µM) for 6 h. Naive CD4+ cells were added and co-cultured for an

additional 3 or 5 days. At the end of each period, T cells were stimulated with PMA and ionomycin for 4 h in the presence of GolgiStop. For evaluation of the Th17

population, cells were stain for intracellular IL-17A andRORγt, and were analyzed by flow cytometry. Data show a representative dot blot selected from three separate

experiments presenting percent of RORγt+, IL-17+, RORγt+ IL-17+ after 3 and 5 days of co-stimulation of naive CD4+ T cells with moDC pulsed with P. gingivalis.

strains of P. gingivalis, as well as clinical isolates, produce
gingipains (Ismail et al., 2015), which are major virulence
factors capable of manipulation of a large number of defense
and homeostatic mechanisms in infected tissue. Therefore,
these cysteine proteases play a crucial role in progression of
inflammation of the gingiva and tissue destruction (Guo et al.,
2010; Ismail et al., 2015); however, their involvement in the
regulation of Th17 differentiation has not been addressed.

The process of differentiation of naive CD4+ T cells into
a particular subset of lymphocytes is regulated by cytokines
expressed by activated antigen presenting cells (Luckheeram
et al., 2012). Previous studies in humans have shown that
elevated levels of some cytokines, such as IL-1β, IL-6, IL-21,
and IL-23, are necessary for promoting Th17 differentiation
and maintenance during the destructive phase of periodontitis
(Takahashi et al., 2005; Moutsopoulos et al., 2012; Rao et al.,
2015). Additionally, in vitro studies have reported the production
of these Th17 supporting cytokines in cell cultures infected with
P. gingivalis (Moutsopoulos et al., 2012). However, there are
no data clearly showing the contribution of gingipains to this
process. In the current study, we performed a complex analysis
of the expression of Th17 relevant cytokines, both at the mRNA
and protein levels, in cells exposed to P. gingivalis. To examine
the role of gingipains in this process we stimulated professional
(dendritic cells) and non-professional (gingival keratinocytes)
antigen presenting cells with vital P. gingivalis in the presence or
absence of specific inhibitors of gingipains (KYTs), as well as with

an isogenic gingipain-null mutant entirely devoid of cysteine
proteases (1K1RAB). Surprisingly, we found that the inhibition
of gingipain activity and deletion of all of the gingipain genes
led to a significant increase of transcripts encoding IL-6, IL-21,
and IL-23, which are crucial for Th17 polarization. The high
levels of the IL-6 transcript correlated with the accumulation
of the mature cytokines in conditioned medium but only in
cultures infected with P. gingivalis depleted of gingipain activity
by inhibitor treatment or genetic manipulation. Similar results
were obtained with IL-8 and TNFα. These findings corroborate
previous observations showing that heat-killed bacteria elicited
production of a number of cytokines (Stathopoulou et al.,
2009; Palm et al., 2013). Clearly, the proteolytically active
gingipains strongly diminished the expression of cytokines at
the transcriptional level. This down-regulatory effect of active
gingipains on cytokine expression can be explained by their
newly discovered ability to selectively proteolytically inactivate
RIPK1, TAK1, and AKT kinases, which consequently impairs the
immune response (Barth andGenco, 2016).Moreover, gingipains
are known for their direct ability to degrade cytokines as IL-1β,
IL-12, IL-6, and IL-8 (Banbula et al., 1999; Stathopoulou et al.,
2009; Moutsopoulos et al., 2012), thus the lower level of the tested
cytokines in the conditioned medium of cultures infected with
untreated WT P. gingivalis can be explained by this mechanism.
In fact, our data confirm that proteolytic activity of gingipains
results in degradation of IL-6 (Banbula et al., 1999), which
was clearly demonstrated using a reversible inhibitor of their
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FIGURE 7 | Activation of Th17 signaling pathway in CD4+ naïve lymphocyte depends on gingipain activity. Monocyte-derived dendritic cells (moDC) were

untreated or exposed to P. gingivalis in the presence or absence of specific protease inhibitors (KYT-1 and KYT-36, each at a concentration of 1 µM). After 6 h, CD4+

naïve lymphocytes were added and co-stimulated for 3 consecutive days. At day 1, 2, and 3 after co-incubation, cells were collected and lysed with TRIzol, RNA was

isolated and reverse transcriptase PCR was performed. Relative expression of cytokine genes IL-6R, IL-1R, TGFβR, RORc, RORα, STAT3, RUNX1, IRF4, BATF to the

reference house-keeping gene EF2 was measured by Real-Time PCR. Data represent fold increase in expression compared to control levels, which were arbitrarily set

at 1 and were analyzed with a Student’s t-test (#P < 0.05, ##P < 0.01, ###P < 0.001 vs. control, *P < 0.05, **P < 0.01, ***P < 0.001 to P. gingivalis treated

cells).
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FIGURE 8 | Activation of STAT3 and IRF4 is dependent on gingipain activity. At the end of each period, T cells were stimulated with PMA and ionomycin for 4 h

in the presence of GolgiStop. Cells were stained for intracellular (A) IRF4 and (B) pSTAT3 (pY705), and IRF4, and analyzed by flow cytometry. Data show fold increase

of the transcription factor positive population, relative to the appropriate control set at 1. Data are presented as a mean ± standard deviation of triplicate assays and

were analyzed with a Student’s t-test (#P < 0.05, ##P < 0.01, ###P < 0.001 vs. control, *P < 0.05, **P < 0.01, ***P < 0.001 to P. gingivalis treated cells).

activity (KYTs). Collectively, the data revealed that inactivation
of gingipains led to strong upregulation of the Th17 relevant
cytokines by at least a two pronged protease activity-dependent
mechanism: inactivation of regulatory kinases and degradation
of secreted cytokines. In this manner, gingipains strongly down-
regulate the local inflammatory reaction. Conversely, gingipain
inactivation strongly promotes activation of signaling pathways
leading to expression of IL-6, IL-21, and IL-23 and thus the
development of Th17 cells. Together, the results of our studies
argue that the mechanism of Th17 differentiation in the gingiva
should be more carefully studied. Although gingipains are
not inhibited by any of human protease inhibitors, they are
cysteine proteases and thus activity is dependent on a reducing
environment. Therefore, it is conceivable that while diffusing
away from the anoxic environment of periodontal pockets into
oxygenated tissues they become enzymatically inactive due to
oxidation of the thiol group of the catalytic cysteine residue, thus

promoting the Th17 phenotype. The presence of gingipains in
the deep in the gingival tissue (O-Brien-Simpson et al., 2003)
lends support to this hypothesis. The balance of active and
inactive gingipain may thus determine the composition of the
local inflammatory milieu and have a strong influence on the
scale of Th17 differentiation and progression of periodontitis.

In previous studies on the role of P. gingivalis in the
differentiation of Th17, it was found that supernatants collected
from P. gingivalis-infected myeloid APC were capable of
expanding the Th17 population of CD4+ T cells, but not
the Th1 population. Among all tested APCs, dendritic cells
stimulated with P. gingivalis were the most effective in inducing
Th17-differentiation (Moutsopoulos et al., 2012). To extend
our findings, we also used monocyte-derived dendritic cells to
explore the role of gingipains in Th17 differentiation. Moreover,
in a deaparture from previous work (Moutsopoulos et al.,
2012) we co-cultured infected moDC with a purified fraction
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FIGURE 9 | Blocking the IL-6 signaling pathway results in reduction of the Th17 population stimulated by gingipains. Monocyte-derived dendritic cells

were untreated or exposed to P. gingivalis W83 in the presence/absence of specific protease inhibitors (KYT-1 and KYT-36, each at a concentration of 1 µM) for 6 h.

Cultures were treated with the inhibitor of JAK1/JAK2 (Ruxolitinib [1 µM]) (A) or antibodies against the IL-6 receptor [10 µg/ml]) (B) for 2 h then naive CD4+ cells were

added and cells were co-cultured for 5 or 7 days. At the end of each period, T cells were stimulated with PMA and ionomycin for 4 h in the presence of GolgiStop. For

the evaluation of the Th17 population, cells were stained for IL-17A and RORγt, and analyzed by flow cytometry. Data show transcription factor and cytokine positive

cells (RORγt+ IL-17A+) and are presented as a mean ± standard deviation of assays performed using three independent donors. Data were analyzed with a

Student’s t-test (*P < 0.05, **P < 0.01, ***P < 0.001 to P. gingivalis treated cells).

of naive CD4+ T cells. In this system more closely resembling
situation in vivo, we observed that bacterial infection significantly
increased proliferation of lymphocytes. However, the rate of
this process was substantially lower when the gingipain-null
mutant (1K1RAB) was used. In contrast to the previous
observation (Moutsopoulos et al., 2012), we observed the
induction of all tested CD4+ T cells subsets including Th1,
Th2, and Th17. Notably, only the expansion of the Th17 cells
population inversely correlated with the activity of gingipains,
apparently related to the higher production of IL-6 and other
related cytokines in co-cultures infected with the gingipain
devoid bacteria. This is further augmented by the effect of
inactive gingipains on several signaling components promoting
IL-17/Th17 expression. Thus, it can be postulated that in contrast
to inactive forms of gingipains, which are likely present in

tissues distant from the periodontal pocket, enzymatically active
gingipains in the anoxic tissue proximal to subgingival biofilm
do not support maturation and differentiation of naive CD4+
lymphocytes into the Th17 population.

It is well-established that gingipains are primary virulence
factors of P. gingivalis (Potempa et al., 2003) which determine
disease progression in a murine model of alveolar bone loss
(Pathirana et al., 2007; Wilensky et al., 2013). It is postulated
that suppression of gingipain activity may reduce availability of
nutrients and growth factors necessary for bacterial proliferation
(Sroka et al., 2001; Imamura et al., 2003). In addition, it is
generally accepted that inhibition of gingipains would render
P. gingivalis susceptible to clearance by host defenses in the
periodontal tissues (Olsen and Potempa, 2014). Therefore, these
proteases seem to be a perfect target for development of novel
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therapeutics for periodontitis and associated systemic disorders,
including cardiovascular disease, aspiration pneumonia, or pre-
term birth low birth weight delivery (Olsen and Potempa, 2014).
However, in light of our finding presented here it is clear that
blocking the activity of gingipains with specific inhibitors may
result in local up-regulation of immune responses and increased
promotion of Th17 lymphocyte differentiation, which are
associated with bone loss and chronic inflammatory responses.
Importantly, our data evidently showed that IL-6 production was
inversely correlated with the activity of gingipains. The presence
of this cytokine is considered to be a marker of many chronic
and autoimmune diseases such as Castleman disease, asthma, or
multiple sclerosis (Yao et al., 2014). It is also well-defined that IL-6
plays a pivotal role in the bone pathology by its ability to promote
the Th17 differentiation observed in rheumatoid arthritis and
periodontitis (Yao et al., 2014). Together, these findings indicate
caution in treatment of periodontitis by inhibition of gingipains,
as this might have undesirable side effects.

Results of intensive studies on the biological activities of IL-6
and its pathological role imply that abrogation of IL-6 function
and/or blockade of cytokine signaling pathways is a promising
therapeutic strategy in inflammatory and autoimmune diseases
(Yao et al., 2014). Thus, blocking of IL-6 signaling should be
also considered as a potential strategy to treat periodontitis
fueled by the inflammatory reactions propagated by periodontal
pathogens. Indeed, Kobayashi et al. demonstrated recently
that periodontal patients treated with Tocilizumab (TCZ), a
recombinant humanized anti-human IL-6 receptor monoclonal
antibody, displayed decreased inflammation in periodontal tissue
(Kobayashi et al., 2015). This observation is in line with our
finding here that antibodies against the IL-6 receptor significantly
reduced the Th17 population. Moreover, IL-6 signaling activates
the receptor-associated kinases JAK1, JAK2, and TYK2, which
are responsible for the phosphorylation of STAT1 and STAT3.
Activated STATs translocate to the nucleus and regulate the
expression of numerous genes (Xiong et al., 2014). STAT3 is
known as a crucial regulator of anti-apoptotic genes, and plays an
important role in tumor growth, survival, and angiogenesis (Yu
et al., 2009). In the case of the bone pathology, STAT3 is necessary
for differentiation of Th17 cells, and regulates the expression of
RORγt related to this population of lymphocytes. Furthermore,
deficiency in STAT3 results in a decrease in RORγt expression
and leads to increased levels of the T-bet and Foxp3 transcription
factors which are characteristic for Th1 and Treg subpopulations,
respectively (Yang et al., 2007).

Knowing that the JAK/STAT signaling pathway is involved
in the regulation of CD4+ T cells we investigated the role
of blocking JAK1/2 kinases on Th17 development induced
by P. gingivalis. We applied Ruxolitinib, a newly discovered
inhibitor of JAK1/JAK2 previously used in the treatment of
myelofibrosis. Yajnanarayana et al. showed that Ruxolitinib
is a potent inhibitor of Th1, Treg, and Th17 differentiation
(Parampalli Yajnanarayana et al., 2015). In our model, we tested
whether this inhibitor can abolish Th17 differentiation induced
by an elevated level of IL-6 generated in response to P. gingivalis.
Our data demonstrated that Ruxolitinib significantly reduced the
percentage of RORγt and IL-17 positive cells, and thus IL-6might

be taken into consideration as a possible therapeutic agent for
preventing bone loss during periodontitis.

In conclusion, this study revealed for the first time the
complex role of cysteine proteases from P. gingivalis in IL-
6 expression and Th17 differentiation. Active gingipains are
modulators of immune responses significantly affecting the
production of pro-inflammatory cytokines induced by other P.
gingivalis virulence factors. On the other hand, the differentiation
of naive CD4+ cells into the Th17 subpopulation is strongly
enhanced by inactivation of gingipains, and promotes the
development of the T lymphocyte phenotype typical of bone
pathology. Taken together we propose that selective targeting
of the IL-6 signaling pathway, rather than gingipain inhibition,
might have a potential therapeutic value in treatment of
periodontitis.
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Supplementary Figure 1 | Gingipain activity differentially determines the
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transcriptase PCR was performed. Relative expression of cytokine genes IL-6,

IL-21, IL-23 to the reference house-keeping gene EF2 was measured by using

Real-Time PCR. Data represents fold increase in expression compared to control
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levels, which were arbitrarily set at 1. Data are presented as mean ± standard

deviation of assays performed three times, and were analyzed with a Student’s

t-test (#P < 0.05, ##P < 0.01 vs. control, ∗P < 0.05, ∗∗P < 0.01 to P. gingivalis

treated cells).

REFERENCES

Banbula, A., Bugno, M., Kuster, A., Heinrich, P. C., Travis, J., and Potempa, J.

(1999). Rapid and efficient inactivation of IL-6 gingipains, lysine- and arginine-

specific proteinases from Porphyromonas gingivalis. Biochem. Biophys. Res.

Commun. 261, 598–602. doi: 10.1006/bbrc.1999.1075

Barth, K., and Genco, C. A. (2016). Microbial degradation of cellular kinases

impairs innate immune signaling and paracrine TNFα responses. Sci. Rep.

6:34656. doi: 10.1038/srep34656

Di Benedetto, A., Gigante, I., Colucci, S., and Grano, M. (2013). Periodontal

disease: linking the primary inflammation to bone loss. Clin. Dev. Immunol.

2013:503754. doi: 10.1155/2013/503754

Eke, P. I., Dye, B. A., Wei, L., Thornton-Evans, G. O., and Genco, R. J. (2012).

Prevalence of periodontitis in adults in the United States: 2009 and 2010. J.

Dent. Res. 91, 914–920. doi: 10.1177/0022034512457373

Eskan, M. A., Jotwani, R., Abe, T., Chmelar, J., Lim, J.-H., Liang, S., et al. (2012).

The leukocyte integrin antagonist Del-1 inhibits IL-17-mediated inflammatory

bone loss. Nat. Immunol. 13, 465–473. doi: 10.1038/ni.2260

Gaffen, S. L., and Hajishengallis, G. (2008). A new inflammatory cytokine

on the block: re-thinking periodontal disease and the Th1/Th2 paradigm

in the context of Th17 cells and IL-17. J. Dent. Res. 87, 817–828.

doi: 10.1177/154405910808700908

Guo, Y., Nguyen, K.-A., and Potempa, J. (2010). Dichotomy of gingipains action

as virulence factors: from cleaving substrates with the precision of a surgeon’s

knife to a meat chopper-like brutal degradation of proteins. Periodontol. 2000

54, 15–44. doi: 10.1111/j.1600-0757.2010.00377.x

Guzik, K., Bzowska, M., Smagur, J., Krupa, O., Sieprawska, M., Travis, J., et al.

(2007). A new insight into phagocytosis of apoptotic cells: proteolytic enzymes

divert the recognition and clearance of polymorphonuclear leukocytes by

macrophages. Cell Death Differ. 14, 171–182. doi: 10.1038/sj.cdd.4401927

Holt, S. C., and Ebersole, J. L. (2005). Porphyromonas gingivalis, Treponema

denticola, and Tannerella forsythia: the “red complex,” a prototype polybacterial

pathogenic consortium in periodontitis. Periodontol. 2000 38, 72–122.

doi: 10.1111/j.1600-0757.2005.00113.x

Imamura, T. (2003). The role of gingipains in the pathogenesis of periodontal

disease. J. Periodontol. 74, 111–118. doi: 10.1902/jop.2003.74.1.111

Imamura, T., Travis, J., and Potempa, J. (2003). The biphasic virulence activities of

gingipains: activation and inactivation of host proteins. Curr. Protein Pept. Sci.

4, 443–450. doi: 10.2174/1389203033487027

Ismail, F. B., Ismail, G., Dumitriu, A. S., Baston, C., Berbecar, V., Jurubita, R., et al.

(2015). Identification of subgingival periodontal pathogens and association

with the severity of periodontitis in patients with chronic kidney diseases:

a cross-sectional study. Biomed. Res. Int. 2015:370314. doi: 10.1155/2015/

370314

Kadowaki, T., Baba, A., Abe, N., Takii, R., Hashimoto, M., Tsukuba, T.,

et al. (2004). Suppression of pathogenicity of Porphyromonas gingivalis

by newly developed gingipain inhibitors. Mol. Pharmacol. 66, 1599–1606.

doi: 10.1124/mol.104.004366

Kimura, A., and Kishimoto, T. (2010). IL-6: regulator of treg/th17 balance. Eur. J.

Immunol. 40, 1830–1835. doi: 10.1002/eji.201040391

Kitamura, Y., Yoneda, M., Imamura, T., Matono, S., Aida, Y., Hirofuji, T., et al.

(2002). Gingipains in the culture supernatant of Porphyromonas gingivalis

cleave CD4 and CD8 on human T cells. J. Periodontal Res. 37, 464–468.

doi: 10.1034/j.1600-0765.2002.01364.x

Kobayashi, T., Ito, S., Kobayashi, D., Kojima, A., Shimada, A., Narita, I., et al.

(2015). Interleukin-6 receptor inhibitor tocilizumab ameliorates periodontal

inflammation in patients with rheumatoid arthritis and periodontitis as

well as tumor necrosis factor inhibitors. Clin. Exp. Dent. Res. 1, 63–73.

doi: 10.1002/cre2.11

Kramer, J. M., and Gaffen, S. L. (2007). Interleukin-17: a new paradigm in

inflammation, autoimmunity, and therapy. J. Periodontol. 78, 1083–1093.

doi: 10.1902/jop.2007.060392

Livak, K. J., and Schmittgen, T. D. (2001). Analysis of relative gene expression

data using real-time quantitative PCR and the 2(-Delta Delta C(T)) method.

Methods 25, 402–408. doi: 10.1006/meth.2001.1262

Loos, B. G. (2005). Systemic markers of inflammation in periodontitis. J.

Periodontol. 76(11 Suppl.), 2106–2115. doi: 10.1902/jop.2005.76.11-s.2106

Lubberts, E. (2008). IL-17/Th17 targeting: on the road to prevent chronic

destructive arthritis?. Cytokine 41, 84–91. doi: 10.1016/j.cyto.2007.09.014

Luckheeram, R. V., Zhou, R., Verma, A. D., and Xia, B. (2012). CD4 +

T cells: differentiation and functions. Clin. Dev. Immunol. 2012:925135.

doi: 10.1155/2012/925135

Manel, N., Unutmaz, D., and Littman, D. R. (2008). The differentiation of human

TH-17 cells requires transforming growth factor-β and induction of the nuclear

receptor RORγt. Nat. Immunol. 9, 641–649. doi: 10.1038/ni.1610

Moelants, E. A., Loozen, G., Mortier, A., Martens, E., Opdenakker, G.,

Mizgalska, D., et al. (2014). Citrullination and Proteolytic processing of

chemokines by Porphyromonas gingivalis. Infect. Immun. 82, 2511–2519.

doi: 10.1128/IAI.01624-14

Moffatt-Jauregui, C. E., Robinson, B., de Moya, A. V., Brockman, R. D., Roman,

A. V., Cash, M. N., et al. (2013). Establishment and characterization of a

telomerase immortalized human gingival epithelial cell line. J. Periodontal. Res.

48, 713–721. doi: 10.1111/jre.12059

Moutsopoulos, N. M., Kling, H. M., Angelov, N., Jin, W., Palmer, R.

J., Nares, S., et al. (2012). Porphyromonas gingivalis promotes Th17

inducing pathways in chronic periodontitis. J. Autoimmun. 39, 294–303.

doi: 10.1016/j.jaut.2012.03.003

O-Brien-Simpson, N. M., Veith, P. D., Dashper, S. G., and Reynolds, E. C.

(2003). Porphyromonas gingivalis gingipains: the molecular teeth of a microbial

vampire. Curr. Protein Pept. Sci. 4, 409–426. doi: 10.2174/1389203033487009

Ohyama, H., Kato-Kogoe, N., Kuhara, A., Nishimura, F., Nakasho, K., Yamanegi,

K., et al. (2009). The involvement of IL-23 and the Th17 pathway in

periodontitis. J. Dent. Res. 88, 633–638. doi: 10.1177/0022034509339889

Okamoto, K., and Takayanagi, H. (2011). Osteoclasts in arthritis

and Th17 cell development. Int. Immunopharmacol. 11, 543–548.

doi: 10.1016/j.intimp.2010.11.010

Olsen, I., and Potempa, J. (2014). Strategies for the inhibition of gingipains for the

potential treatment of periodontitis and associated systemic diseases. J. Oral

Microbiol. 6:24800. doi: 10.3402/jom.v6.24800

Palm, E., Khalaf, H., and Bengtsson, T. (2013). Porphyromonas gingivalis

downregulates the immune response of fibroblasts. BMC Microbiol. 13:155.

doi: 10.1186/1471-2180-13-155

Parampalli Yajnanarayana, S., Stübig, T., Cornez, I., Alchalby, H., Schönberg, K.,

Rudolph, J., et al. (2015). JAK1/2 inhibition impairs T cell function in vitro and

in patients with myeloproliferative neoplasms. Br. J. Haematol. 169, 824–833.

doi: 10.1111/bjh.13373

Pathirana, R. D., O’Brien-Simpson, N. M., Brammar, G. C., Slakeski, N., and

Reynolds, E. C. (2007). Kgp and RgpB, but not RgpA, are important for

Porphyromonas gingivalis virulence in the murine periodontitis model. Infect.

Immun. 75, 1436–1442. doi: 10.1128/IAI.01627-06

Popadiak, K., Potempa, J., Riesbeck, K., and Blom, A. M. (2007). Biphasic effect of

gingipains from Porphyromonas gingivalis on the human complement system.

J. Immunol. 178, 7242–7250. doi: 10.4049/jimmunol.178.11.7242

Potempa, J., Sroka, A., Imamura, T., and Travis, J. (2003). Gingipains, the

major cysteine proteinases and virulence factors of Porphyromonas gingivalis:

structure, function and assembly of multidomain protein complexes. Curr.

Protein Pept. Sci. 4, 397–407. doi: 10.2174/1389203033487036

Potempa,M., Potempa, J., Kantyka, T., Nguyen, K. A.,Wawrzonek, K.,Manandhar,

S. P., et al. (2009). Interpain A, a cysteine proteinase fromPrevotella intermedia,

inhibits complement by degrading complement factor C3. PLoS Pathog.

5:e1000316. doi: 10.1371/journal.ppat.1000316

Rao, S. R., Lavu, V., and Chitrapriya, M. N. (2015). Interleukin-17 and interleukin-

18 levels in different stages of inflammatory periodontal disease. J. Indian Soc.

Periodontol. 19, 14. doi: 10.4103/0972-124x.145798

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 15 April 2017 | Volume 7 | Article 140

https://doi.org/10.1006/bbrc.1999.1075
https://doi.org/10.1038/srep34656
https://doi.org/10.1155/2013/503754
https://doi.org/10.1177/0022034512457373
https://doi.org/10.1038/ni.2260
https://doi.org/10.1177/154405910808700908
https://doi.org/10.1111/j.1600-0757.2010.00377.x
https://doi.org/10.1038/sj.cdd.4401927
https://doi.org/10.1111/j.1600-0757.2005.00113.x
https://doi.org/10.1902/jop.2003.74.1.111
https://doi.org/10.2174/1389203033487027
https://doi.org/10.1155/2015/370314
https://doi.org/10.1124/mol.104.004366
https://doi.org/10.1002/eji.201040391
https://doi.org/10.1034/j.1600-0765.2002.01364.x
https://doi.org/10.1002/cre2.11
https://doi.org/10.1902/jop.2007.060392
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1902/jop.2005.76.11-s.2106
https://doi.org/10.1016/j.cyto.2007.09.014
https://doi.org/10.1155/2012/925135
https://doi.org/10.1038/ni.1610
https://doi.org/10.1128/IAI.01624-14
https://doi.org/10.1111/jre.12059
https://doi.org/10.1016/j.jaut.2012.03.003
https://doi.org/10.2174/1389203033487009
https://doi.org/10.1177/0022034509339889
https://doi.org/10.1016/j.intimp.2010.11.010
https://doi.org/10.3402/jom.v6.24800
https://doi.org/10.1186/1471-2180-13-155
https://doi.org/10.1111/bjh.13373
https://doi.org/10.1128/IAI.01627-06
https://doi.org/10.4049/jimmunol.178.11.7242
https://doi.org/10.2174/1389203033487036
https://doi.org/10.1371/journal.ppat.1000316
https://doi.org/10.4103/0972-124x.145798
http://www.frontiersin.org/cellular_and_infection_microbiology
http://www.frontiersin.org
http://www.frontiersin.org/cellular_and_infection_microbiology/archive


Glowczyk et al. The Role of Gingipains in Th17 Differentiation

Scheller, J., Chalaris, A., Schmidt-Arras, D., and Rose-John, S. (2011). The pro- and

anti-inflammatory properties of the cytokine interleukin-6. Biochim. Biophys.

Acta Mol. Cell Res. 1813, 878–888. doi: 10.1016/j.bbamcr.2011.01.034

Socransky, S. S., Haffajee, A. D., Cugini, M. A., Smith, C., and Kent, R. L. (1998).

Microbial complexes in subgingival plaque. J. Clin. Periodontol. 25, 134–144.

doi: 10.1111/j.1600-051X.1998.tb02419.x

Sroka, A., Sztukowska, M., Potempa, J., Travis, J., and Genco, C. A. (2001).

Degradation of host heme proteins by lysine- and arginine-specific cysteine

proteinases (gingipains) of Porphyromonas gingivalis. J. Bacteriol. 183,

5609–5616. doi: 10.1128/JB.183.19.5609-5616.2001

Stashenko, P., Gonçalves, R. B., Lipkin, B., Ficarelli, A., Sasaki, H., and

Campos-Neto, A. (2007). Th1 immune response promotes severe bone

resorption caused by Porphyromonas gingivalis. Am. J. Pathol. 170, 203–213.

doi: 10.2353/ajpath.2007.060597

Stathopoulou, P. G., Benakanakere, M. R., Galicia, J. C., and Kinane, D.

F. (2009). The host cytokine response to Porphyromonas gingivalis

is modified by gingipains. Oral Microbiol. Immunol. 24, 11–17.

doi: 10.1111/j.1399-302X.2008.00467.x

Takahashi, K., Azuma, T., Motohira, H., Kinane, D. F., and Kitetsu, S. (2005). The

potential role of interleukin-17 in the immunopathology of periodontal disease.

J. Clin. Periodontol. 32, 369–374. doi: 10.1111/j.1600-051X.2005.00676.x

Tesmer, L. A., Lundy, S. K., Sarkar, S., and Fox, D. A. (2008). Th17 cells in human

disease. Immunol. Rev. 223, 87–113. doi: 10.1111/j.1600-065X.2008.00628.x

Uehara, A., Naito, M., Imamura, T., Potempa, J., Travis, J., Nakayama, K., et al.

(2008). Dual regulation of interleukin-8 production in human oral epithelial

cells upon stimulation with gingipains from Porphyromonas gingivalis. J. Med.

Microbiol. 57, 500–507. doi: 10.1099/jmm.0.47679-0

Vincents, B., Guentsch, A., Kostolowska, D., von Pawel-Rammingen, U., Eick,

S., Potempa, J., et al. (2011). Cleavage of IgG1 and IgG3 by gingipain K

from Porphyromonas gingivalis may compromise host defense in progressive

periodontitis. FASEB J. 25, 3741–3750. doi: 10.1096/fj.11-187799

Wang, M., Tian, T., Yu, S., He, N., and Ma, D. (2013). Th17 and Treg cells in bone

related diseases. Clin. Dev. Immunol. 2013:203705. doi: 10.1155/2013/203705

Weaver, C. T., Hatton, R. D., Mangan, P. R., and Harrington, L.

E. (2007). IL-17 family cytokines and the expanding diversity of

effector T cell lineages key words. Annu. Rev. Immunol 25, 821–852.

doi: 10.1146/annurev.immunol.25.022106.141557

Wilensky, A., Polak, D., Houri-Haddad, Y., and Shapira, L. (2013). The role

of RgpA in the pathogenicity of Porphyromonas gingivalis in the murine

periodontitis model. J. Clin. Periodontol. 40, 924–932. doi: 10.1111/jcpe.12139

Wilensky, A., Tzach-Nahman, R., Potempa, J., Shapira, L., and Nussbaum,

G. (2015). Porphyromonas gingivalis gingipains selectively reduce CD14

expression, leading to macrophage hyporesponsiveness to bacterial infection.

J. Innate Immun. 7, 127–135. doi: 10.1159/000365970

Witowski, J., Ksiazek, K., and Jörres, A. (2004). Interleukin-17: a

mediator of inflammatory responses. Cell. Mol. Life Sci. 61, 567–579.

doi: 10.1007/s00018-003-3228-z

Xiong, A., Yang, Z., Shen, Y., Zhou, J., and Shen, Q. (2014). Transcription Factor

STAT3 as a novel molecular target for cancer prevention. Cancers (Basel). 6,

926–957. doi: 10.3390/cancers6020926

Yang, X. O., Panopoulos, A. D., Nurieva, R., Chang, S. H., Wang, D., Watowich, S.

S., et al. (2007). STAT3 regulates cytokine-mediated generation of inflammatory

helper T cells. J. Biol. Chem. 282, 9358–9363. doi: 10.1074/jbc.C600321200

Yao, X., Huang, J., Zhong, H., Shen, N., Faggioni, R., Fung, M., et al. (2014).

Targeting interleukin-6 in inflammatory autoimmune diseases and cancers.

Pharmacol. Ther. 141, 125–139. doi: 10.1016/j.pharmthera.2013.09.004

Yu, H., Pardoll, D., and Jove, R. (2009). STATs in cancer inflammation

and immunity: a leading role for STAT3. Nat. Rev. Cancer 9, 798–809.

doi: 10.1038/nrc2734

Yun, P. L., Decarlo, A. A., Collyer, C., and Hunter, N. (2001). Hydrolysis

of interleukin-12 by Porphyromonas gingivalis major cysteine proteinases

may affect local gamma interferon accumulation and the Th1 or

Th2 T-cell phenotype in periodontitis. Infect. Immun. 69, 5650–5660.

doi: 10.1128/IAI.69.9.5650-5660.2001

Zeituni, A. E., Jotwani, R., Carrion, J., and Cutler, C. W. (2009). Targeting of DC-

SIGN on human dendritic cells by minor fimbriated Porphyromonas gingivalis

strains elicits a distinct effector T cell response. J. Immunol. 183, 5694–5704.

doi: 10.4049/jimmunol.0901030

Conflict of Interest Statement: The authors declare that the research was

conducted in the absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Copyright © 2017 Glowczyk, Wong, Potempa, Babyak, Lech, Lamont, Potempa and

Koziel. This is an open-access article distributed under the terms of the Creative

Commons Attribution License (CC BY). The use, distribution or reproduction in

other forums is permitted, provided the original author(s) or licensor are credited

and that the original publication in this journal is cited, in accordance with accepted

academic practice. No use, distribution or reproduction is permitted which does not

comply with these terms.

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 16 April 2017 | Volume 7 | Article 140

https://doi.org/10.1016/j.bbamcr.2011.01.034
https://doi.org/10.1111/j.1600-051X.1998.tb02419.x
https://doi.org/10.1128/JB.183.19.5609-5616.2001
https://doi.org/10.2353/ajpath.2007.060597
https://doi.org/10.1111/j.1399-302X.2008.00467.x
https://doi.org/10.1111/j.1600-051X.2005.00676.x
https://doi.org/10.1111/j.1600-065X.2008.00628.x
https://doi.org/10.1099/jmm.0.47679-0
https://doi.org/10.1096/fj.11-187799
https://doi.org/10.1155/2013/203705
https://doi.org/10.1146/annurev.immunol.25.022106.141557
https://doi.org/10.1111/jcpe.12139
https://doi.org/10.1159/000365970
https://doi.org/10.1007/s00018-003-3228-z
https://doi.org/10.3390/cancers6020926
https://doi.org/10.1074/jbc.C600321200
https://doi.org/10.1016/j.pharmthera.2013.09.004
https://doi.org/10.1038/nrc2734
https://doi.org/10.1128/IAI.69.9.5650-5660.2001
https://doi.org/10.4049/jimmunol.0901030
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/cellular_and_infection_microbiology
http://www.frontiersin.org
http://www.frontiersin.org/cellular_and_infection_microbiology/archive

	Inactive Gingipains from P. gingivalis Selectively Skews T Cells toward a Th17 Phenotype in an IL-6 Dependent Manner
	Introduction
	Materials and Methods
	Cell Preparation and Cultures
	Bacterial Growth
	Stimulation of moDCS and Keratinocytes with P. gingivalis
	Gingipain Activity Measurement
	Activation and Inactivation of Gingipain
	Stimulation of moDCS with Virulence Factors from P. gingivalis
	Quantitative Reverse Transcription PCR
	Cytokine Assay
	Proliferation of T Cells
	Differentiation of Th Cells
	Evaluation of Th17 Signaling Pathway Molecules Gene Expression
	Evaluation of STAT3 and IRF4 Activation
	Statistical Analysis

	Results
	IL-6 Expression Induced by P. gingivalis Depends on Activity Status of Gingipains
	The Profile of Cytokine Expression That Promotes Th17 Differentiation Depends on Gingipains
	The Differentiation of T Cells into Th17 Phenotype Is Regulated by Gingipains
	Inhibition of IL-6 Signaling Prevents Gingipain-Derived Th17 Generation

	Discussion
	Author Contributions
	Funding
	Supplementary Material
	References


