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Recombinant fimbriae protein of Porphyromonas gingivalis
induces an inflammatory response via the TLR4/NF-kB signaling
pathway in human peripheral blood mononuclear cells
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Abstract. Porphyromonas gingivalis (P. gingivalis) is a peri-
odontal pathogen that may accumulate with other organisms
in subgingival plaque biofilms and is associated with peri-
odontal disease. P. gingivalis fimbriae (FimA) is a filamentous
structure on the surface of bacteria that is closely associated
with bacterial adhesion to and colonization of host tissues, and
serves an essential role in biofilm formation. The present study
aimed to construct P. gingivalis FimA prokaryotic expression
plasmids, purify a FimA fusion protein and explore the effect
of a recombinant FimA protein on the inflammatory response
in human peripheral blood mononuclear cells (PBMCs).
P. gingivalis FimA prokaryotic expression plasmids were
constructed by gene cloning and recombination technology.
SDS-PAGE was used to evaluate the purified recombinant
FimA protein. The cell proliferation rate and inflammatory
cytokine expression of PBMCs treated with the FimA fusion
protein with or without transfection with toll-like receptor 4
(TLR4) small interfering (si) RNA were detected by CCK-8
assays and ELISAs, respectively. The expression levels of
TLR4, nuclear factor kappa-light-chain-enhancer of activated
B cells (NF-«B) and myeloid differentiation primary response
88 (MyD88) in PBMCs were detected by western blot analysis
and reverse transcription quantitative polymerase chain
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reaction. A FimA fusion protein with high purity was obtained.
FimA fusion protein treatment significantly increased PBMC
proliferation and promoted the release of tumor necrosis
factor-a (TNF-a), interleukin (IL)-6, matrix metalloproteinase
(MMP)-8 and MMP-9 in PBMCs. TLR4 interference reversed
the effects of the FimA fusion protein on PBMC proliferation
and inflammatory cytokine release. The expression levels
of TLR4, NF-kB and MyD88 in PBMCs were significantly
increased following treatment with the FimA fusion protein,
while the expression levels of these genes at the mRNA and
protein levels decreased significantly in PBMCs following
FimA fusion protein treatment and TLR4 interference. The
FimA fusion protein increased PBMC proliferation and
promoted the release of the inflammatory cytokines TNF-a,
IL-6, MMP-8 and MMP-9 via the TLR4/NF-«B signaling
pathway. FimA may serve as a promising therapeutic strategy
for periodontal disease.

Introduction

Periodontal disease is a chronic inflammatory disease in
which periodontal tissue is infected with pathogenic micro-
organisms (1). The incidence of chronic periodontal disease,
which is the leading cause of tooth loss in adults, is as high as
85% (2-4). Although clinical treatment technology is becoming
increasingly sophisticated, controlling the occurrence of peri-
odontal disease and understanding its pathogenesis remain
challenging. Bacteria serve a particularly important role in
the search for effective therapeutic targets for the treatment of
periodontal disease (5).

Porphyromonas gingivalis is a well-known periodontal
pathogen that accumulates in subgingival plaque biofilms and
invades periodontal tissue (6-8). In addition, P. gingivalis may
release a variety of virulence factors, including cysteine prote-
ases, hemagglutinins, lipopolysaccharides and P. gingivalis
fimbriae (FimA). FimA is important for the invasion of tissue
structures, and P. gingivalis FimA, a filamentous structure
identified on the surfaces of these bacteria, is closely asso-
ciated with bacterial adhesion to and colonization of host
tissues, and serves an essential role in biofilm formation (9,10).
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The major gene coding for the P. gingivalis pilin locus is the
FimA gene, which serves a decisive role in the pathogenicity
of P. gingivalis (11,12). The invasion of periodontal tissue
by inflammatory cells and the inflammatory response are
major factors in the development of periodontal disease (13).
However, the detailed mechanism by which P. gingivalis
FimA is closely associated with the inflammatory response
in periodontal disease development has not been completely
elucidated.

Mononuclear/macrophage cells, as a crucial type of
peripheral blood mononuclear cells (PBMCs), serve an impor-
tant role in the development of periodontal disease (14). When
mononuclear/macrophage cells are stimulated, the immune
response may be mediated via the secretion of cytokines,
but excessive amounts of cytokines may destroy the peri-
odontal tissue and aggravate the progression of periodontal
disease (15). The cytokine tumor necrosis factor (TNF)-a is a
low-molecular-weight protein with a wide range of biological
activities. This cytokine is secreted in large quantities during
the early stages of inflammation and is a trigger factor for
inflammation (16). The cytokine interleukin (IL)-6 is a proin-
flammatory factor that regulates the production of proteins
in the acute phase, induces and aggravates the inflammatory
response, weakens periodontal tissue repair capacity and
accelerates the maturation of osteoclasts, resulting in destruc-
tion of the alveolar bone (17). MMP-8 is a type of interstitial
collagenase, and MMP-9 is a type IV collagenase. Matrix
metalloproteinase (MMP)-8 and MMP-9, secreted by neutro-
phils, may break down collagen, gelatin and elastin, which
serve an important role in the process of periodontal tissue
destruction (18). A previous study has indicated that FimA may
regulate the inflammatory reaction mediated by PBMCs (19).

The present study aimed to construct P. gingivalis FimA
prokaryotic expression plasmids by gene cloning and recom-
bination technology, in order to purify FimA fusion proteins
and investigate the effects of these proteins on inflammatory
cytokines in PBMCs, to study the pathogenic mechanism of
P. gingivalis and further the development of clinical treatments
for periodontal disease.

Materials and methods

Subject recruitment, blood sampling and culturing of PBMCs.
A total of 12 healthy volunteers with good periodontal health
(37.5+6.3 years) with no known periodontal pocket forma-
tion or attachment loss, no alveolar bone resorption and no
systemic disease were selected from the Second Affiliated
Hospital of Jinzhou Medical University from September 2017
to December 2017. Additional exclusion criteria were presence
of gingivitis, periodontal disease, orthodontic treatment or
a history of long-term use of antibiotics or other drugs. All
subjects participating in the experiment were subjected to
periodontal examination by the same dentist. The subjects
clearly understood the purpose of the experiment, agreed to
participate and provided written informed consent. The collec-
tion of specimens was approved by the Ethics Committee of
the Second Affiliated Hospital of Jinzhou Medical University
(Jinzhou, China). A total of 10 ml venous blood was collected
from each volunteer and stored in EDTA anticoagulant tubes
(BD Biosciences, San Jose, CA, USA). PBMCs were isolated
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by the Ficoll-Paque density gradient centrifugation method
(650 x g; 18°C for 20 min) and cultured in RPMI-1640 medium
(Thermo Fisher Scientific, Inc., Waltham, MA, USA) supple-
mented with 10% fetal bovine serum (FBS; Gibco; Thermo
Fisher Scientific, Inc.). All cells were grown in an incubator
containing 5% CO, at 37°C in 100% humidity.

P. gingivalis culture and genome extraction. A frozen (-80°C)
liquid culture of the P. gingivalis 33277 strain [American Type
Culture Collection (ATCC), Manassas, VA, USA] was thawed
at room temperature and inoculated on a petri dish containing
brain heart infusion (BHI) agar with 1 mg/l vitamin K, 1 g/l
yeast extract and 5 mg/l hemin (China Medical University,
Shenyang, China). The cells were cultured under anaerobic
conditions at 37°C for 4 days. The surface colonies were
scraped off with sterile loops on a sterile, ultraclean bench and
inoculated in BHI liquid culture medium. Cells were grown
for ~24 h, until the bacterial growth reached the logarithmic
phase. Then, the supernatant was discarded following centrifu-
gation at 4,000 x g for 15 min at 4°C to obtain the bacteria, and
the P. gingivalis genomic DNA was extracted. Genomic DNA
was extracted using the Wizard Genomic DNA Purification
Kit (Promega Corporation, Madison, WI, USA), following the
manufacturer's instructions.

Semi-quantitative polymerase chain reaction (PCR) ampli-
fication of target genes. Based on the P. gingivalis ATCC
33277 FimA sequence available in the National Center for
Biotechnology Information GenBank database (http:/www.
ncbi.nlm.nih.gov/protein/), primers (forward, 5'-ATTAGG
ATCCATGGTGGTATTGAAGACCAGC-3"; reverse, 5'-ATA
TCTCGAGCCAAGTAGCATTCTGACCAACGAG-3") were
designed using Premier 5.0 software (Premier Biosoft
International, Palo Alto, CA, USA) to remove the stop codon
from the original sequence and add a start codon. The primers
were synthesized by Nanjing GenScript Biotechnology
Corporation (Nanjing, China). The FimA gene was amplified
by LA Taq enzyme (Takara Biotechnology Co., Ltd., Dalian,
China). The cycling conditions included 94°C for 5 min,
followed by 25 cycles of 94°C for 30 sec, 58°C for 30 sec, and
72°C for 2 min, with a final extension at 72°C for 10 min. The
PCR products were identified by 1% agarose gel electropho-
resis in Tris-acetate buffer (40 mM Tris acetate, | mM EDTA;
pH, 8.0). The products were visualized with ethidium bromide
by UV transillumination.

Plasmid construction. The purified PCR product was ligated
to the PMDI9-T vector at 16°C overnight. The next day, 10 ul
ligation reaction mixture was added to 200 1 BL21 (DE3)
competent cells. The cells were mixed thoroughly, placed
in an ice bath for 30 min, heat-shocked at 42°C for 1 min
and the placed in an ice bath for an additional 2 min. Then,
400 ul antibiotic-free lysogeny broth (LB) liquid medium
(Becton, Dickinson and Company, Franklin Lakes, NJ, USA)
was added at room temperature, and the cells were shaken
gently at 3°C for 60 min. Then, the mixture was added to an
ampicillin-containing LB solid medium plate, and the plate
was incubated at 37°C overnight. The next day, a single white
colony was selected from the petri dish and inoculated in 5 ml
LB liquid medium containing 100 mg/ml ampicillin, and the
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culture was shaken at 37°C until the logarithmic phase [optical
density (OD) 0.6-0.8]. The cells were centrifuged at 1,000 x g
for 3 min at 4°C, and the supernatant was discarded. A small
amount of plasmid DNA was extracted, and the plasmid
concentration was measured by UV absorption at 260 nm. The
recombinant plasmid was digested with Xhol/BamH I at 37°C
and visualized by 1% agarose gel electrophoresis and stained
with ethidium bromide. An appropriate amount (200 ul) of
plasmid DNA was sent to the Beijing Boao Medical Laboratory
(Beijing, China) for sequencing. The recombinant plasmid
was named PMD19-T-FimA. The verified PMDI9-T-FimA
plasmid and the empty PGEX-6P-1 plasmid were digested
with Xhol/BamH 1, and the target fragments were recovered.
The recovered products were ligated in a fragment:vector
ratio of 7:3. The ligated product was uniformly mixed with
Escherichia coli BL21 (DE3) competent cells for transforma-
tion. The cells were subjected to plasmid miniprep according
to the aforementioned method, and the extracted DNA was
analyzed by 1% agarose gel electrophoresis and stained with
ethidium bromide. The recombinant plasmid was named
PGEX-6P-FimA.

Expression and purification of the FimA fusion protein. A
single white colony of cells harboring PGEX-6P-FimA was
selected and inoculated in 30 ml LB medium containing ampi-
cillin (100 mg/ml), and the culture was shaken at a constant
speed of 180 r/min at 37°C. The OD of the broth was monitored
with a wavelength of 600 nm, and when the OD value reached
between 0.6-0.8, isopropyl p-D-1-thiogalactopyranoside
(IPTG) was added at different concentrations (0, 0.1, 0.3, 0.5,
0.7 and 1 mmol/l) to induce expression for different time inter-
vals (4, 6, 8, 12 and 16 h). A total of 2 ml culture from each
induction temperature (16, 20, 25, 30 and 37°C) was collected
and centrifuged at 6,000 x g for 4 min at 4°C, and the super-
natant was discarded. The pellet was resuspended in 200 ul
PBS and sonicated in an ice bath (3 pulses; 5 sec; 100 W)
until the broth was clear. The cells were then centrifuged at
6,000 x g for 10 min at 4°C. The supernatant and precipitate
were collected and stored at -20°C. The optimal conditions
for induction were determined by 12% SDS-PAGE and were
stained with 0.1% Coomassie brilliant blue R250 (in 50%
ethanol and 10% acetic acid) for 2 h followed by visualization
of the protein bands after destaining using 3% NaCl. Based
on a comparison of the aforementioned experimental results,
600 ml culture at OD(600) of 0.74 was induced for 12 h at 16°C
with an IPTG concentration of 1 mmol/l. Following centrifu-
gation at 6,000 x g for 10 min at 4°C, the supernatant was
discarded and the cells were resuspended in 20 ml PBS. A total
of 200 ul phenylmethylsulfonyl fluoride (1:100 dilution) was
added to the precipitate, which was then ultrasonicated in an
ice bath (3 pulses; 5 sec; 100 W) for 5-8 cycles, until the bacte-
rial solution became clear. The solution was then centrifuged
at 4°C at 6,000 x g for 40 min. The supernatant was discarded,
and the precipitate was fully dissolved with 20 ml GuMCAC-0
wash buffer (20 mmol/l Na;PO512H,0, 0.5 mmol/l NaCl,
6 mol/l guanidine hydrochloride; pH 7.9) and kept overnight
at 4°C. The following day, following centrifugation at 4°C
at 6,000 x g for 30 min, the oily supernatant was collected,
poured into an ultrafiltration centrifuge tube and centrifuged
at 4°C at 6,000 x g for 10 min again, gradually replacing the
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buffer with an imidazole-free MCAC-0 buffer (20 mmol/I
Na;PO;12H,0, 0.5 mmol/l NaCl; pH 7.9). Subsequent to the
liquid becoming clear, the clear solution containing the target
protein was added to a glutathione S-transferase (GST) gel
chromatography column. The solution was passed through the
column at a slow flow rate of 0.3 ml/min, which was followed
by addition of an extraction/equilibration buffer (140 mmol/l
NaCl, 10 mmol/lI Na,HPO, and 1.8 mmol/l K,HPO,; pH 7.5).
The gel with the adsorbed protein was washed thoroughly
until no protein was present in the eluate. Finally, elution was
performed with 5-10 gel volumes of elution buffer (50 mmol/l
Tris-HCI, 33 mmol/] glutathione; pH 8.0). The flow rate was
controlled, and the eluates were collected and stained with
0.1% Coomassie brilliant blue R250 (in 50% ethanol and 10%
acetic acid) for 2 h followed by visualization of the protein
bands after destaining using 3% NaCl.

RNA interference assay. Small interfering (si)RNA targeting
toll-like receptor 4 (si-TLR4) and negative siRNA with a
random sequence were synthesized by Shanghai GenePharma
Co., Ltd., (Shanghai, China). The target sequences for TLR4
were: Sense, 5-GGGCUUAGAACAACUAGAATT-3"; and
antisense, 5S-UUCUAGUUGUUCUAAGCCCTT-3', and the
sequences for the negative siRNA were: Sense, 5'-UUCUCC
GAACGUGUCACGUTT-3"; and antisense, 5'-ACGUGACAC
GUUCGGAGAATT-3". The concentration used was 20 nM.
All plasmids and oligonucleotides were transfected using
Lipofectamine® 2000 (Invitrogen; Thermo Fisher Scientific,
Inc.) according to the manufacturer's instructions. After
48 h, the cells were collected and subjected to subsequent
experimentation.

Cell proliferation assay. PBMCs (1x10° cells/well) were seeded
into 96-well plates and treated with FimA fusion protein (2, 4
and 6 pug/ml) with or without transfection with siTLR4 at 37°C
and 5% CO, for 12,24 and 48 h. Cell proliferation was detected
using a Cell Counting Kit-8 (CCK-8; Dojindo Molecular
Technologies, Inc., Kumamoto, Japan). A 10 ul aliquot of
CCK-8 solution was added to the treated PBMCs and incubated
at 37°C for an additional 4 h. The cells were washed twice with
PBS and then incubated at 37°C for 1-4 h. The absorbance value
at 450 nm of each well was measured by a 96-well plate reader
(Bio-Rad Laboratories, Inc., Hercules, CA, USA).

ELISA. PBMCs were evenly seeded in 6 wells at a density of
1x109 cells/ml and treated with FimA fusion protein (2, 4 and
6 ug/ml) with or without transfection with siTLR4 at 37°C and
5% CO, for 12, 24 and 48 h. The cell culture media of all
groups were collected and centrifuged at 8,000 x g for 20 min
at 4°C to remove debris. The supernatant (400 ul) of the PBMCs
was collected to measure the concentrations of TNF-a, IL-6,
MMP-8 and MMP-9 with an ELISA-based capture assay, using
commercial TNF-a (cat. no. PT518) and IL-6 (cat. no. PI330)
ELISA kits (Beyotime Institute of Biotechnology, Haimen,
China), and MMP-8 (cat. no. DMP800B) and MMP-9 (cat.
no. DMP900) ELISA kits (R&D Systems, Inc., Minneapolis,
MN, USA) according to the manufacturers' instructions. The
absorption was measured at 450 nm. The concentration of
inflammatory cytokines was determined by comparing the
relative absorbance of the samples with the standards.
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Reverse transcription quantitative PCR (RT-qPCR). Total
RNA was extracted from PBMCs treated with the FimA
fusion protein with or without transfection with siTLR4
using TRIzol® reagent (Thermo Fisher Scientific, Inc.). The
extracted RNA was then transcribed into double-strand
cDNAs using a commercial Reverse Transcription kit
(Invitrogen; Thermo Fisher Scientific, Inc.). The cDNA
was amplified using the following primers: TLR4 forward,
5'-CCGCTTTCACTTCCTCTCAC-3'; TLR4 reverse,
5'-CATCCTGGCATCATCCTCAC-3"; nuclear factor
kappa-light-chain-enhancer of activated B cells (NF-«xB)
forward, 5'-CTTGCTTAGTTGGTCCTC-3'; NF-«xB
reverse, 5'-ACCCGAAGAGAAACGA-3'; myeloid differ-
entiation primary response 88 (MyD88) forward, 5'-AGA
TGGACCTCGGGAG-3'; MyDS88 reverse, 5'-ATCAATCAC
GCACGATTT-3"; p-actin forward, 5'-TCCCTGTATGCC
TCTG-3'; p-actin reverse, 5'-ATGTCACGCACGATT-3".
The reaction system contained cDNA template (1 ul),
primers (1 pul), 2X SYBR Green Mix (10 ul; Shanghai
GeneCore BioTechnologies Co., Ltd., Shanghai, China)
and RNase-free water (8 pl), with a total volume of 20 ul.
PCR was performed using the ABI 7500 system platform
(Applied Biosystems; Thermo Fischer Scientific, Inc.).
The 2°22°4 method was used to calculate the relative gene
expression of TLR4, NF-kB and MyD88 normalized to
B-actin (20). PCR amplification was repeated in triplicate
for each gene.

Western blot analysis. Total protein was extracted from
PBMC:s treated with the FimA fusion protein with or without
transfection with siTLR4 by a radioimmunoprecipitation
assay (Beyotime Institute of Biotechnology). The protein
concentration was evaluated by a BCA protein assay kit
(Beyotime Institute of Biotechnology). Total lysates (50 mg)
were resolved by 10% SDS-PAGE (Beyotime Institute of
Biotechnology), followed by blocking for 1 h at room tempera-
ture in blocking buffer (cat. no. PO023B; Beyotime Institute of
Biotechnology). The membranes were incubated with primary
antibodies (rabbit anti-TLR4, dilution 1:500, cat. no. ab13556;
rabbit anti-NF-xB, dilution 1:500, cat. no. ab207297; rabbit
anti-MyD88,dilution 1:500, cat.no.ab2064; rabbit anti-[-actin,
dilution 1:1,000, cat. no. ab8227; Abcam, Cambridge, UK).
Following rinsing with TBST, goat anti-rabbit horseradish
peroxidase-conjugated secondary antibody (dilution 1:5,000;
cat. no. ab6721; Abcam, Cambridge, UK) was added, and the
membranes were incubated at room temperature for an addi-
tional 2 h. Image J software version 1.48 (National Institutes
of Health, Bethesda, MD, USA) was used to analyze relative
protein band density.

Statistical analysis. SPSS 17.0 statistical software (SPPS
Software, Inc., Chicago, IL, USA) was used for data
analysis. The data are expressed as the mean + standard
deviation. All experiments were repeated at least three
times. Comparisons between two groups were analyzed
using an independent samples t-test, whereas comparisons
among multiple groups were analyzed using one-way
analysis of variance followed by the Tukey's honest signifi-
cant difference test. P<0.05 was considered to indicate a
statistically significant difference.
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Results

PCR amplification of the FimA gene, recombinant plasmid
construction and sequence identification. The concentration of
the DNA extracted from P. gingivalis ATCC 33277 was deter-
mined to be 0.125 ug/ul, and the A260/A280 nm ratio was 1.85,
indicating that the DNA purity was good and that there was
no RNase contamination (Fig. 1A). The PMDI19-T-FimA and
PGEX-6P-1 plasmids were subjected to Xhol/BamH 1 double
digestion, the purified target fragment was recovered and ligated,
and double digestion was performed again. Electrophoresis
indicated a fragment of the expected size, demonstrating that
the desired plasmid had been successfully constructed; the
plasmid was named PGEX-6P-FimA (Fig. 1B-D).

Expression, purification and identification of the FimA fusion
protein. The recombinant plasmid PGEX-6P-FimA was used for
expression in E. coli. Following expression under different condi-
tions, the cells were sonicated, and the supernatant and precipitate
were collected. SDS-PAGE and Coomassie brilliant blue staining
were used to detect whether the protein was expressed under
various conditions and to identify the form in which the protein
was present. The results indicated that at 16°C, the IPTG concen-
tration was 1 mmol/l; the maximum protein expression level was
observed at 12 h after induction; and the protein existed primarily
in the form of inclusion bodies (Fig. 2A). A large amount of FimA
fusion protein was induced under the optimal conditions. The
fusion protein was collected and eluted with a gradient at 4°C in
the presence of denaturing agent, and then, gradient renaturation
of the inclusion bodies was conducted. The proteins were washed,
and the target protein was eluted. Coomassie blue staining and
western blot analysis detection were performed. FimA fusion
protein with high purity was obtained, and there was a distinct
band at ~60 kDa, which was consistent with the expected size of
the fusion protein (Fig. 2B-C).

FimA fusion protein treatment increases PBMC proliferation.
PBMCs were treated with 2, 4 or 6 ug/ml FimA fusion protein
for 12, 24 or 48 h. Cell proliferation was detected by CCK-8 at
the 3 time points. The results revealed increased proliferation
of PBMC:s treated with 6 pg/ml FimA fusion protein at 12 h
(Fig. 3A) and 4 and 6 pg/ml FimA fusion protein at 24 h
(Fig. 3B). All concentrations of the FimA fusion protein resulted
in a significant increase in PBMC proliferation at 48 h (Fig. 3C).
These data indicated that the FimA fusion protein may promote
PBMC proliferation and implicated FimA in the development of
the inflammatory response in periodontal disease.

TLR4 interference reverses the effects of the FimA fusion
protein on PBMC proliferation. To explore the effects of
TLR4 on PBMC proliferation, cells were treated with 2, 4 or
6 ug/ml FimA fusion protein for 12, 24 or 48 h with or without
transfection with siTLR4. The mRNA expression of TLR4
was significantly decreased in PBMCs following transfec-
tion with siTLR4 (Fig. 4A). The CCK-8 results indicated that
treatment with the FimA fusion protein and transfection with
siTLR4 did not significantly alter PBMC proliferation at 12 or
24 h compared with that of the control group (Fig. 4B and C).
Cell proliferation was significantly increased only in PBMCs
treated with 6 yg/ml FimA fusion protein and transfected with
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Figure 1. PCR amplification of the FimA gene, recombinant plasmid construction and sequence identification. (A) The LA Taq enzyme was used to amplify
the FimA gene. Using the extracted DNA as a template, the target gene was amplified by PCR. Electrophoretic detection demonstrated a distinct band
with a molecular weight of 1,000 bp, which was consistent with the size of FimA (1,044 bp). Lanes 1 and 2 are FimA target segments. (B) Xhol/BamH 1
double-digested PMDI19-T-FimA plasmid. Lanes 1 and 2 are the PMD19-T-FimA plasmid. (C) Xhol/BamH I double-digested PGEX-6P-1 plasmid. Lanes 1
and 2 are the PGEX-6P-1 plasmid. (D) Xhol/BamH I double-digested PGEX-6P-FimA plasmid. Lanes 1 and 2 are PGEX-6P-FimA plasmid. PCR, polymerase
chain reaction; FimA, Porphyromonas gingivalis fimbriae; M, marker.
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Figure 2. Expression, purification and identification of the FimA fusion protein. (A) Optimum induction conditions were induction at 16°C for 12 h.
Lanes 1, 2, 3, 4 and 5 represent the supernatant following ultrasonication. Lanes 6, 7, 8, 9, 10 and 11 represent the precipitate following ultrasonication; the
isopropyl p-D-1-thiogalactopyranoside concentrations were 0, 0.1, 0.3, 0.5, 0.7 and 1 mmol/l, respectively. (B) Eluted protein. Lanes 1 and 2 represent the
precipitate and supernatant of the bacterial solution following ultrasonication; lanes 3, 4, 5 and 6 represent the impurities from the four washes; and lane 7
is the eluted FimA fusion protein. (C) Western blot analysis of the FimA fusion protein. Lane 1 contains pre-ultrasonication bacterial solution, and lane 2
represents the purified FimA fusion protein. M, Marker; FimA, Porphyromonas gingivalis fimbriae.
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Figure 4. TLR4 interference reverses the effects of the FimA fusion protein on PBMC proliferation. (A) The expression levels of TLR4 mRNA were detected
by reverse transcription quantitative polymerase chain reaction following treatment of PBMCs with or without siTLR4 transfection. Cell proliferation was
detected by Cell Counting Kit-8 following treatment of PBMCs with 2, 4 and 6 xg/ml FimA fusion protein for (B) 12, (C) 24 and (D) 48 h and transfection
with siTLR4. Data are expressed as the means + standard deviation based on at least three independent experiments; “P<0.05 vs. the control group (negative
siRNA-transfected). TLR4, toll-like receptor 4; FimA, Porphyromonas gingivalis fimbriae; PBMC, peripheral blood mononuclear cells; si, small interfering.

siTLR4 at 48 h (Fig. 4D). These results suggested that TLR4
interference inhibited the induction of PBMC proliferation by
the FimA fusion protein.

FimA fusion protein treatment promotes the release of inflam-
matory cytokines by PBMCs. To investigate whether the FimA
fusion protein promotes the release of inflammatory cytokines
in PBMCs, ELISA was used to detect the expression levels

of TNF-a, IL-6, MMP-8 and MMP-9 following treatment of
the cells with 2, 4 and 6 pg/ml FimA fusion protein for 12,
24 and 48 h. FimA fusion protein treatment (4 and 6 pg/ml)
significantly increased the release of TNF-a in PBMCs at
12,24 and 48 h, and 2 pg/ml FimA fusion protein treatment
significantly increased the release of TNF-a in PBMCs at 24
and 48 h (Fig. 5A). The concentrations of IL-6 in the superna-
tant were significantly increased at each time point in PBMCs
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Figure 5. FimA fusion protein treatment promotes the release of inflammatory cytokines in PBMCs. The expression levels of (A) TNF-a, (B) IL-6,
(C) MMP-8 and (D) MMP-9 were detected by ELISA following treatment of PBMCs with 2, 4 and 6 yg/ml FimA fusion protein for 12, 24 and 48 h. Data are
expressed as the means =+ standard deviation based on at least three independent experiments; "P<0.05 vs. the control group (0 g/ml FimA fusion protein).
FimA, Porphyromonas gingivalis fimbriae; PBMC, peripheral blood mononuclear cells; TNF-a, tumor necrosis factor o; IL, interleukin; MMP, matrix

metalloproteinase.

treated with all different dosages of FimA fusion protein
(Fig. 5B). The level of MMP-8 release was significantly
increased by treatment with 6 yg/ml FimA fusion protein at
12 h, 4 and 6 ug/ml FimA fusion protein at 24 h, and 2, 4 and
6 pg/ml FimA fusion protein at 48 h (Fig. 5C). In addition, the
concentrations of MMP-9 were significantly increased at 24 h
and 48 h in PBMCs treated with 4 and 6 pg/ml FimA fusion
protein (Fig. 5D). These results indicated that the treatment of
PBMCs with the FimA fusion protein promoted the release of
inflammatory cytokines.

TLR4 interference inhibits the release of inflammatory
cytokines induced by the FimA fusion protein in PBMCs.
To additionally investigate the role of TLR4 in the release of
inflammatory cytokines induced by the FimA fusion protein
in PBMCs, PBMCs were treated with the FimA fusion protein
with and without transfection with siTLR4 for 12, 24 and
48 h. The ELISA results demonstrated that TLR4 interference
significantly decreased the levels of TNF-a, IL-6, MMP-8 and
MMP-9 induced by the different dosages of the FimA fusion
protein at each time point compared with those induced by the
FimA fusion protein treatment alone (Fig. 6A-D). However,
FimA fusion protein treatment (6 yg/ml) and transfection with
siTLR4 significantly increased the release of TNF-a, IL-6,
MMP-8 and MMP-9 in PBMCs at each time point compared

with that in the control group. These results suggested that
TLR4 serves an important role in the inflammatory response
of PBMCs.

FimA fusion protein induced the inflammatory response
via the TLR4/NF-kB signaling pathway in PBMCs. The
TLR4/NF-kB signaling pathway serves an important role in
the regulation of the inflammatory response (21). To addition-
ally confirm the effects of TLR4 on the induction of PBMC
proliferation and inflammatory cytokine release by the FimA
fusion protein, TLR4 downstream signaling molecules were
detected by western blot analysis and RT-qPCR following
treatment of PBMCs with 4 yg/ml FimA fusion protein with
or without transfection with siTLR4 for 24 h. Western blot
analysis indicated that the expression levels of TLR4, NF-kB
and MyD88 proteins in PBMCs treated with 4 yg/ml FimA
fusion protein were significantly increased compared with
those in the control group at 24 h, and the expression levels of
these proteins were significantly decreased in the cells subse-
quent to treatment with the FimA fusion protein combined
with transfection with siTLR4 (Fig. 7A and B). In addition,
RT-qPCR data suggested that TLR4, NF-xB and MyD88
mRNA expression levels were increased by FimA fusion
protein (4 ug/ml) at 24 h, and the increases in TLR4, NF-kB
and MyD88 were reversed by TLR4 interference (Fig. 7C).
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Figure 6. TLR4 interference inhibits the release of inflammatory cytokines induced by the FimA fusion protein in PBMCs. The expression levels of (A) TNF-a,,
(B) IL-6, (C) MMP-8 and (D) MMP-9 were detected by ELISA following treatment of PBMCs with 2,4 and 6 pg/ml FimA fusion protein for 12,24 and 48 h
and transfected with siTLR4. Data are expressed as the means + standard deviation based on at least three independent experiments. “P<0.05 vs. the control
group (negative siRNA-transfected). TLR4, toll-like receptor 4; FimA, Porphyromonas gingivalis fimbriae; PBMC, peripheral blood mononuclear cells;
TNF-a, tumor necrosis factor a; IL, interleukin; MMP, matrix metalloproteinase; si, small interfering.
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Taken together, these results indicated that the FimA fusion = Discussion
protein promoted the inflammatory response in a manner
associated with the regulation of the TLR4/NF-«xB signaling

pathway in PBMCs.

Periodontal disease is the most common plaque-induced
inflammatory disease. Actinobacillus actinomycetemcomitans,
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P. gingivalis and Prevotella intermedia are the most common
anaerobic gram-negative bacteria in the context of periodontal
disease. These bacteria may lead to the formation of periodontal
pockets, causing the destruction of connective tissue and alve-
olar bone resorption (22). The development of vaccines against
periodontal disease caused by bacteria has been one of the
auxiliary approaches for the treatment of periodontal disease.
Sharma et al (23) described the use of a DNA vaccine against
the P. gingivalis FimA protein for the prevention of periodontal
disease. However, the underlying molecular mechanisms of
FimA in periodontal disease progression are far from clear.

In the present study, the FimA target gene was cloned, and
prokaryotic expression plasmids were constructed to purify
FimA fusion proteins. The fusion protein was primarily
expressed in the form of inclusion bodies. At 16°C, the IPTG
concentration was 1 mmol/l, and the maximum protein expres-
sion level was observed at 12 h. Notably, GST-tagged proteins
in inclusion bodies require denaturation and gradient rena-
turation to bind well with glutathione. Following Coomassie
blue staining and western blot analysis, the recombinant
protein expressed from the prokaryotic expression plasmid
PGEX-6P-FimA exhibited a specific band at approximately
60 kDa, which was consistent with the expected protein size.

Inflammation is a biological reaction of tissues to infection
with pathogens and cell damage (24). P. gingivalis exhibits
relatively mild inflammatory cell infiltration and a weak
antigen-specific immune response that induces high prolifera-
tion of previously restricted subgingival plaques in the early
stages (25). Interference with the cytokine network makes
the host vulnerable to the virulence factors of P. gingivalis,
including FimA, lipopolysaccharide and various genotoxins,
among which FimA is an important virulence factor that
stimulates the release of a variety of inflammatory mediators
from gingival tissues (26-28). The innate immune system
of the host responds to decrease inflammation by activating
mechanisms including the mononuclear/macrophage system.
Increased levels of inflammatory factors and release of matrix
metalloproteinases may cause irreversible decomposition of
collagen fibers in the periodontium, resulting in periodontal
bone loss and organizational damage (29,30). Ogawa et al (31)
demonstrated that the detection rate of P. gingivalis
FimA-specific antibody-expressing cells increased with the
development of periodontal disease. In the late stage of infec-
tion, FimA released by the bacteria may penetrate gingival
tissue and enter blood circulation, which may contribute
to the systemic inflammatory response, and studies have
confirmed that P. gingivalis FimA stimulates endothelial cells
to produce IL-8 and monocyte chemoattractant protein 1 in
humans and that these cytokines are closely associated with
atherosclerosis (32,33).

The present study identified that FimA fusion protein
treatment significantly increased PBMC proliferation and
promoted the release of TNF-a, IL-6, MMP-8 and MMP-9
by PBMCs. Nagano et al (34) used FimA at a concentration of
1 mg/ml to stimulate mouse macrophages, and the macrophage
line exhibited strong activation. Cochran (35) demonstrated
that the expression levels of TNF-a and other cytokines in
the periodontal tissues of patients with periodontal disease
were significantly increased with those in the periodontal
tissues of patients in the control group. Following general and
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periodontal cleaning and treatment of periodontal disease,
the expression levels of TNF-a and other cytokines were
significantly decreased in the treated group compared with the
group with untreated periodontal disease. Ikezawa et al (36)
identified that there was a significant difference in the levels of
TNF-a in gingival crevicular fluid and serum between patients
with chronic periodontal disease and healthy subjects, and
that this difference increased significantly with the deepening
of periodontal pockets. However, the mechanism via which
mononuclear/macrophage cells or other innate immune cells
recognize and bind FimA, leading to intracellular signaling
and proinflammatory gene activation, is not known.

The present study examining the time- and dose-effect
associations of the FimA fusion protein with TNF-a, IL-6,
MMP-8 and MMP-9 in healthy subjects is based on a previous
hypothesis (37). The experimental results indicated that
the levels of TNF-a, IL-6, MMP-8 and MMP-9 secreted by
PBMCs increased significantly with increasing concentrations
of the fusion protein and prolonged treatment time intervals.
This result suggests that the FimA fusion protein may stimu-
late PBMCs in vivo, additionally increasing inflammatory
cytokine expression and participating in the pathogenesis of
periodontal disease. Graves et al (38) purified a FimA fusion
protein, injected the protein into mouse scalps, and performed
an RNase protection assay. The results confirmed that the
purified FimA protein may markedly induce the expression of
the cytokines TNF-a and MIP-2 (38).

Studies have indicated that P. gingivalis FimA may activate
Toll-4, which appears to be an important signaling pathway for
host recognition and bodily response to P. gingivalis (39,40).
In the present study, the FimA fusion protein induced the
expression of TLR4 downstream signaling molecules. To
additionally confirm the effects of TLR4 on the induction of
PBMC proliferation and inflammatory cytokine release by
the FimA fusion protein, cells were treated with the FimA
fusion protein simultaneously with transfection with siTLR4.
The results revealed that TLR4 interference reversed the
effects of the FimA fusion protein on PBMC proliferation and
inflammatory cytokine release, and the expression levels of
TLR4, NF-xB and MyD88 in PBMCs decreased significantly
following FimA fusion protein treatment and transfection with
siTLR4. The results suggested that the FimA fusion protein
induced an inflammatory response via the TLR4/NF-xB
signaling pathway by regulating the TLR4/NF-«B signaling
pathway in PBMCs.

In summary, as the major virulence factor of P. gingivalis,
FimA serves an important role in mediating the inflamma-
tory response. The PGEX-6P-FimA prokaryotic expression
plasmid was successfully constructed based on gene cloning
techniques, and the specific FimA fusion protein was purified
by GST affinity chromatography. Preliminary experiments
indicated that the FimA fusion protein may activate PBMCs
and subsequently upregulate TNF-a, IL-6, MMP-8 and
MMP-9 expression levels via the TLR4/NF-kB signaling
pathway. FimA may serve as a promising therapeutic strategy
for periodontal disease.
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