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Abstract

A method for nucleic acid amplification, loop-mediated isothermal amplification (LAMP) was employed to develop a rapid and
simple detection system for periodontal pathogen, Porphyromonas gingivalis. A set of six primers was designed by targeting the 168
ribosomal RNA gene. By the detection system, target DNA was amplified and visualized on agarose gel within 30 min under iso-
therma! condition at 64 °C with a detection limit of 20 cells of P. gingivalis. Without gel electrophoresis, the LAMP amplicon was
directly visualized in the reaction tube by addition of SYBR Green I for a naked-eye inspection. The LAMP reaction was also
assessed by white turbidity of magnesium pyrophosphate (a by-product of LAMP) in the tube. Detection limits of these naked-
eye inspections were 20 cells and 200 cells, respectively. Although false-positive DNA amplification was observed from more than
107 cells of Porphyromonas endodontalis, no amplification was observed in other five related oral pathogens. Further, quantitative
detection of P. gingivalis was accomplished by a real-time monitoring of the LAMP reaction using SYBR Green I with linearity over
a range of 10°-10° cells. The real-time LAMP was then applied to clinical samples of dental plaque and demonstrated almost iden-
tical results to the conventional real-time PCR with an advantage of rapidity. These findings indicate the potential usefulness of
LAMP for detecting and quantifying P. gingivalis, especially in its rapidity and simplicity.
© 2004 Federation of European Microbiological Societics. Published by Elsevier B.V. All rights reserved.
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1. Introduction

Porphyromonas gingivalis, an oral black-pigmented
anaerobic Gram-negative bacterium, has been (fre-
quently isolated from diseased lesions of periodontitis
and strongly implicated as a key etiological agent of per-
iodontal diseases [1--3]. For microbielogical diagnosis of

* Corresponding author. Tel.: +81 86 235 6677/75; fax: +81 86 235
6679.
E-mail address: stakashi@cc.okayama-u.ac.jp (S. Takashiba).

periodontal diseases, several techniques such as immu-
noassay, biochemical tests and hybridization using
nucleotide probes have been developed [4]. However,
since all these methods required bacterial culture, isola-
tion and identification of anaerobic species such as P.
gingivalis, have been laborious and time-consuming for
routine clinical examinations. Recently advances of
molecular biological techniques enabled culture-inde-
pendent methods, such as polymerase chain reaction
(PCR) [5-7]. Although PCR is very sensitive and
highly specific, special regents and apparatus such as
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thermalcycler are needed. Therefore, this examination is
centralized in highly sophisticated facilities and still time
consuming.

Loop-mediated isothermal amplification (LAMP), a
novel DNA amplification method has originally devel-
oped by Notomi et al. [8]. The method relies on auto-
cycling strand displacement DNA synthesis by the Bsr
DNA polymerase large fragment. The amplification
products are stem-loop DNAs with several inverted re-
peats of the target and exhibit cauliflower-like structure
with multiple loops. The LAMP reaction can be con-
ducted under isothermal condition ranging from 60 to
65 °C. The specificity is attributable to a set of two spe-
cially designed inner and outer primers that recognize
six distinct sequences. Continuous amplification under
isothermal condition produces extremely large amount
of target DNA as well as large amount of by-product,
magnesium pyrophosphate, within 30-60 min. There-
fore, the method demonstrates high sensitivity and ena-
bles simple visual (naked-eye) judgment of the reaction
through a color change of mixture with SYBR Green 1
(9] or a white turbidity of magnesium pyrophosphate

[10). Quantitative detection of LAMP is possible by a

real-time monitoring of the turbidity [10-12] or fluores-
cence of ethidium bromide [13]. Further, it has recently
been reported that LAMP can be accelerated using addi-
tional primers, termed loop primers [13]. Therefore, the
LAMP may be promising in rapid detection of microor-
ganisms [9,11,12,14]. In addition, since the method re-
guires only one type of enzyme and special apparatus
is not needed, the method would be suitable for routine
examinations at dental chair-side. In this study, we eval-
uated the potential of LAMP for the development of
simple and rapid detecting system for periodontal path-
ogen P. gingivalis.

2. Materials and mcthods
2.1. Bacterial strains and culture conditions

The bacterial strains used in this study were as fol-
lows: P. gingivalis FDC 381, P. gingivalis ATCC
33277, P. gingivalis W83, P. gingivalis W50, Porphyro-
monas endodontalis ATCC 35406, Prevotella intermedia
ATCC 25611, Fusobacterium nucleatum ATCC 25586,
Campylobacter rectus ATCC 33238, Actinobacillus actin-
omycetemcomitans Y4 and Escherichia coli K12. P. gin-
givalis, P. endodontalis, F. nucleatum, and P. intermedia
were cultured in the modified GAM broth (Nissui Sei-
yaku, Inc, Tokyo, Japan) at 37 °C in an anaerobic
box (Model ANX-1; Hirasawa Works, Tokyo, Japan)
containing 80% N,, 10% H, and 10% CO,. A actin-
omycetemcomitans and C. rectus were cultivated accord-
ing to the methods described previously [15,16]. E. coli
was cultured aerobically in Luria-Bertani medium,

The cells were harvested by centrifugation at 10,000¢
for 20 min at 4 °C, and cell numbers were determined
using Petrofi-Hauser counting chamber and phase-con-
trast microscope,

2.2. DNA extraction

Total bacterial DNAs were extracted from cultivated
strains and clinical dental plaque samples by using
InstaGene Matrix (Bio-Rad Lab, CA, USA) according
to the instructions. Plaque samples and cultivated bacte-
ria were suspended in 1 ml of phosphate-buffered saline
[PBS (-)] (Gibco BRL, MD, USA), and were pelleted
and resuspended in 100 pl of InstaGene Matrix. The sus-
pension was incubated at 56 °C for 30 min and then 100
°C for 8 min. After the incubation, the suspension was
centrifuged and 2 pi of the resulting supernatant was
used for the detection of P, gingivalis by LAMP and
the conventional real-time PCR {7]. To examine a detec-
tion limit, specificity, and a quantitative range of the
LAMP, DNAs were prepared from various numbers
of P. gingivalis as well as other oral pathogens.

2.3. Clinical samples

Sampling of subgingival plaque from periodontitis
patients was performed at Okayama University Hospital
of Medicine and Dentistry after obtaining informed con-
sent. Samples were obtained by inserting paper points
{#45, Zipperer, Germany) into periodontal pockets as
described previously [17], and DNAs were extracted
from the plaques as described. The plaque DNA sam-
ples were used for clinical microbiological diagnosis by
conventional real-time PCR as reported previously [7].
By this method, the number of P. gingivalis in plaque
samples was quantified. The remaining plaque DNA
samples were stored at —20 °C. Ten plaque DNA sam-
ples containing various numbers of P. gingivalis were se-
lected randomly from the stocks for the analysis by
LAMP.

2.4. Primers for LAMP

A set of six primers for LAMP was designed to target
P. gingivalis 168 ribosomal RNA gene (165rDNA). For
the designing, Primer Explorer version 2 (Fujitsu,
Tokyo, Japan) was used at the Net Laboratory website
(htrp://www venus.netlaboratory.com/partiner/lamp/
index.html). A forward inner primer (FIP), a backward
inner primer (BIP) and two outer primers (F3 and B3c)
were used for a basic LAMP method, and additional
two primers (loop primers, LFc and LB) were used for
an accelerated LAMP, Further, to confirm the strict
requirement of each primer, the LAMP was performed
in the absence of one of the inner or outer primers.
The primers’ sequences and the locations were indicated
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in Fig, |. The Flec, B2¢, B3c and LF¢ in the figure de-
noted complementary sequences. The FIP consisted of
a sequence of Flc and a sense sequence of F2 (5'-Flc-
F2-3"). The BIP consisted of a sequence of Bl and a
B2¢ (5'-B1-B2¢-37).

2.5. LAMP reaction

The LAMP reaction for the detection of P. gingivalis
was carried out using a Loopamp DNA amplification
kit (Eiken Chemical Co., Ltd., Tochigi, Japan) in 25 ul
volume. The reaction mixture contained 40 pmol each
of FIP and BIP, 5 pmol each of F3 and Bic primers,
2 Wl of extracted DNA, 1 pul of Bst DNA polymerase
and 12.5 ul of reaction mix prepared in the kit. For
the acceleration of the LAMP reaction, 20 pmol of each
LFc and LB was added to the reaction mixture, The
reaction mixture was incubated at 60, 62, 64 or 66 °C
for 30 or 60 min. After the incubation, the reaction
was terminated by heating the reaction mixture at 80
°C for 2 min.

2.6. Detection of LAMP products

For naked-eye detection, 1.0 pul of 107! or 1073
diluted SYBR Green I (Takara Bio Inc., Otsu, Japan)
was added to the reaction mixture, and the color change
was observed. The inspection of the tube containing the
10~3.diluted SYBR Green I was performed under UV
light (302 nm wave length). The color change of 107 '-di-
luted SYBR Green I was judged under natural light.
Prior to the addition of SYBR Green 1, white turbidity
of the reaction mixture by magnesium pyrophosphate
(by-product of LAMP) was also inspected.

Pg GATAGSCATSCGTCCCATTAGCTAGTTGETGASGTAACGGCTCACCARGGCIACAATEGE 291
Pe GATGGGCATGCGTCCCATTAGCTASTTGGTAASSTAMCGGCTTACCAAGGCAMCGATGGG
F3

Pt TAGGGEGACTGAGAGSTTGACCCCCCACACTGGTACTGAGACACGGACCAGACTCCTACG
B1

Fle
] GGRGGCRGCAGTGAGGMTJ\'.ITGGTCMTGGGCGAGJ\’;CCTGMCC}\GCCMGﬁCg&ij 411
Pe GGAGGCAGCAGTGASSAATATTGETCAATGGGCGASAGUCTGAACCAGCCAAS I GLHTE
Accll

Pe AAGSACGACGGTTCTATGGATTGTRARACTTCTTTTSTA- GAGGAATAA -TGSCAGETACG

Bic
Pg AGTA--TT-GCATTIARTSTA- CCOTARGAAT A ICATCORCTARCTCCRTSCCAGCAGE 28

Pe TGTASCTNAG-A-TITATGTACTC- TACGARTALGTATCGGCTARCTICGTGICAGCAGT

Fig. 1. Target sequence of 16STDNA and primers for the LAMP. The
nucleotide sequence of 16StDNA of P. gingivalis (Accession No.
1.16492) was used for designing the primers and was shown with the
sequence of P. endedontalis (L16491). A forward inner primer (FIP}, a
backward inner primer (BIP} and two outer primers (F3 and B3c) were
used for a basic LAMP method, and additional two loop primers {LFc
and LB) were used for an accelerated LAMP, The Flc, B2e, B3c and
LFc denoted complementary sequences. The FIP consisted of a
sequence of Flc and F2 (5-Flc-F2-37). The BIP consisted of a
sequence of Bl and B2c (5"-B1-B2¢-3'). The numbers at the right side
indicate the base position of the 16SrDNA. The restriction enzyme
Accll was used for digestion of the LAMP product, and the
recognition site was surrounded by box.

For the electrophoretic analysis, 2 pl of reaction mix-
ture was loaded on 2% agarose gel. The gel was stained
with ethidium bromide (1 mg ml™') and assessed photo-
graphically under UV light (302 nm). To confirm a
structure of the LAMP product, the amplicon was di-
gested with Acecll (Takara Bio Inc.) and was subjected
to the electrophoresis.

For quantitative detection, real-time monitoring of
LAMP was performed using GeneAmp® 5700 Sequence
Detection System (PE Applied Biosystems, Foster, CA,
USA). SYBR Green I was used as a source of fluores-
cence. Original solution of SYBR Green I was diluted
(3x 107, and 2 pl of the diluted SYBR Green I was
added to the LAMP reaction mixture. All amplifications
and detections were carried out in MicroAmp optical
96-well reaction plate with optical caps (PE Applied
Biosystems). Accumulation of LAMP products was de-
tected by monitoring the increase in fluorescence of
dsDNA-binding SYBR Green at every 30 s for 40 min
under isothermal condition at 64 °C, The data of real-
time LAMP were analyzed using the GeneAmp® 5700
SDS software (PE Applied Biosystems).

2.7. Real-time PCR

Real-time PCR was performed for quantitative detec-
tion of P. gingivalis as described previously [7]. Gene-
Amp® 5700 Sequence Detection System (PE Applied
Biosystems) was used for monitoring the fluorescence
from dsDNA-binding SYBR Green. The PCR mixture
contained 2x SYBR Green PCR Master Mix (PE
Applied Biosystems), 20 pmol of forward and reverse
primer and 2 pl of extracted DNA. Both forward
(5'-cttgacticagigecggeag-3') and reverse primer (5'-agg-
gaagacggtittcacca-3") was designed from the species-spe-
cific regions of 16SrtDNA. Thermocycling program was
40 cycles of 95 °C for 15 s and 60 °C for 1 min with an
initial cycle of 95 °C for 10 min. The data was analyzed
using the GeneAmp® 5700 SDS software (PE Applied
Biosystems).

3. Results and discussion
3.1. Primer design and specificity of LAMP

The primers of LAMP for the detection of P. gingiva-
lis were designed to target the 16SrDNA. The [65rDNA
sequence of P. endodontalis, a same genus Porphyro-
monas of oral pathogen, was referred to the design. Can-
didate sequences for the primers were nominated by the
Primer Explorer software (Fujitsu) and were compared
to the corresponding sequences of P. endodontalis. A
set of primers, which was the most specific to P. gingiva-
lis, was selected in the current study (Fig. 1). In the pri-
mer set, F3, B2c, B3c and LB contained the specific
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sequences of P. gingivalis comparing to P. endodontalis.
By using the primer set, specificity, sensitivity, and quan-
titativity of the LAMP for P. gingivalis was investigated.

A successful LAMP reaction was seen with the com-
plete set of primers and template DNA from four strains
of P. gingivalis (Fig. 2(a)). The LAMP products ap-
peared as a ladder-like pattern on the agarose gel due
to its characteristic structure [8]. To confirm the specific
amplification, the product was digested with Accll,
which recognize the sequence in Bl. Consequently,
many bands at different size were concentrated and frag-
mented to approximately 65- and 130-bp length in good
agreement with the predicted size (Fiyg. 2(a}). The results
demonstrate that the LAMP specifically amplified the
target sequence in the form of stem-loop DNAs with
various stermn length and cauliflower-like structures with
multiple loops. No difference was seen among the strains
tested (data not shown).

Prior to the serial experiments, optimum reaction
temperature was determined. The reactions of LAMP
for P. gingivalis were performed under isothermal condi-
tion at 60, 62, 64 or 66 °C using extracted DNA from
four strains of P. gingivalis (10% cells) prepared in this
study. Although significant difference was not observed,
the LAMP product amplified at 64 °C exhibited slightly
larger amount of DNA as compared to others (data not
shown), The series of experiments were performed at 64
°C hereafter. Since no difference was seen among the

O A R A s e
N s é'a\o"q.skq\"q,\sq.\é"z &

A
¥ s
£ o
8 W &G $

1,000 bp
500 bp

100 bp

)

Fig. 2. (a) Electrophoretic pattern of the LAMP. The basic LAMP
was carried out using extracted DNA from 107 cells of P. gingivalis
(Pg). and the LAMP product was electrophoresed on 2% agarose gel.
A digested sample of the LAMP product with Accll was simultane-
ously electrophoresed. The accelerated LAMP demonstrated identical
result {data not shown). No difference was seen among the four strains
tested, and the result of FDC 381 strain was representatively shown.
(b) Requirement of primers for the LAMP. The target sequence was
tried to amplify in the absence of one of the inner {FIP and BIP) or
outer primers (F3 and B3c). Template DNA was prepared from 107
cells of P. gingivalis. No amplification was seen in the absence of one of
the inner primers. No significant amplification was seen in the absence
of outer primers. {c) Specificity of the LAMP, Extracted DNAs from
P. endodontalis (10°-107) were used as templates for specificity testing
of the accelerated LAMP. No amplicon was seen up to 10° cells. The
amplicon was detected from 107 cells of P. endodontalis. In the last lane
(Mix), reaction sample of the accelerated LAMP using the template
DNA extracted from 107 cells mixture of P. intermedia, F. nucleatum,
C rectus, A. actinomycetemeomitans, and E. coli was loaded.

strains of P. gingivalis in any experiments, the results
of FDC 381 strain were representatively shown in the
figures.

The specificity of the LAMP was examined by using
related oral pathogens as templates. In addition, to
examine the requirement of each primer, the LAMP
was performed in the absence of one of the inner or
outer primers. No amplicon was seen in the absence of
FIP, BIP or F3 primer, and very slight amplicon was de-
tected in the absence of B3c primer (Fig. 2(b)). Extracted
DNA mixture from 107 cells of P. intermedia, F. nuclea-
tum, C. rectus, A. actinomycetemcomitans, and E. coli
was used as a template for the specificity testing of the
LAMP, and no amplicon was observed (IFig. 2(c)).
These results demonstrated that the each primer was re-
quired for the LAMP, and the reaction was specific to P.
gingivalis. Even though a set of primers was designed in
consideration of P. endodontalis, DNA was amplified
from the extracted DNA of P. endodontalis in more than
107 cells (Fig. 2(c)). This may influence the results of
clinical plaque samples. However, since the cell numbers
more than 107 is extremely rare through the employed
sampling method [7], the influences are considered to
be small. By targeting the 16SrDNA of a multi-copy
gene, high sensitivity would be expected. In addition,
LAMP was a high specific method that required six dis-
tinct sequences for the amplification. Therefore, the
16SrDNA was employed for the first trial of LAMP,
even though the 163rDNA sequence was similar among
genus Porphyromonas. Sufficient results were obtained in
the current study, however, for more specific amplifica-
tion, the target DNA may need to be changed. Species-
specific genes responsible for the virulence or pathogen-
esis, such as fimbrilin {fim4) [I18,19], would be
candidates.

3.2, Sensitivity and quantitativity of LAMP

The LAMP amplicons were detected by agarose gel
electrophoresis, naked-eye inspection, and real-time
monitoring using GeneAmp® 5700 Sequence Detection
System. The result of electrophoretic detection was
shown in Fig. 3. The extracted DNA was prepared from
the 200 cells of P. gingivalis, and serial 10-fold dilution
of the extracted DNA was used for sensitivity testing.
The accelerated LAMP using loop primers amplified
the target within 30 min from the 10-fold dilution sam-
ple. The detection limit of the LAMP system was esti-
mated to be 20 cells at the sampling stage before DNA
extraction. Copy number of 16SrDNA in P. gingivalis
is registered to be four on the website of TIGR (The
Institute for Genome Research) database, and since 2
ul out of the 100 pl-DNA extracts was used for the
LAMP, detection limit in one reaction tube was esli-
mated to be near upon two copies. The basic LAMP re-
quired 60 min to detect the 200 cells of P. gingivalis. The

— 126 —



H. Maeda et al. | FEMS Immunology and Medical Microbiology 43 (2005) 233-239 237

Loop primer (-) Loop primer (+}
Reaction titne 30min 60 min 3I0min 60 min
I | ] 1]

Cell numbers 2 20 200 2 20 200

I 1 T 1
2 20 200 2 20 200

1,000 bp
500 bp K

100 bp

Fig. 3. Detection limit of the LAMP. Extracted DNA was prepared
from various cell numbers {2, 20 and 200 cells) of P. gingivalis and was
used as template for the basic [loop primer ()] or the accelerated
LAMP [loop primer (+)]. The reaction of LAMP was carried out at 64
°C for 30 or 60 min, The target DNA from 20 cells was amplified
detectably on 2% agarose gel within 30 min by the accelerated LAMP.

loop primers prepared in this study dramatically acceler-
ated the LAMP reaction and increased the sensitivity,
The accelerated LAMP demonstrated an equivalent or
higher sensitivity with the previously published PCR
methods [5,6] or real-time PCR [7,20.21] in shorter time.
Generally, the LAMP yields extremely large amount of
DNA, and this enables naked-eye inspection {9.10]. The
results of naked-eye inspections were shown in Fig, 4.
The color of reaction mixture of successful LAMP
exhibited green by the addition of SYBR Green I,
whereas the original orange color did not change in
the control tube. By using UV light, positive and nega-
tive reaction was more clearly distinguished, The
naked-eye inspection with SYBR Green I demonstrated
equivalent sensitivity to agarose gel electrophoresis both
under UV and natural light (less than 20 cells), The sen-
sitivity of inspection by white turbidity, a simpler eye
judgment, was inferior to the electrophoresis. Two hun-
dreds cells were required to definitely identified the reac-
tion as positive, Although gquantitative detection is
difficult, the eye inspection was quite simple and rapid.
Therefore it may facilitate the application of LAMP,
especially in the place such as a dental chair-side.

For quantitative detection, real-time monitoring of
the LAMP reaction was performed using loop primers.
DNA extracts from 107 to 10° cells of P. gingivalis were
subjected to the real-time LAMP. The increase in the
fluorescent of SYBR Green I bound to the amplified
double-strand DNA was scanned and measured by
GeneAmp® 5700 Sequence Detection System at every
30 s. The scanning datum was shown in Fig. 5. The
detection was linear over the rage examined, and all of
the reaction reached plateau in 33 min. It has been re-
ported that the real-time monitoring of LAMP reaction
was achieved by measuring magnesium pyrophosphate
[10-12] or fluorescence of ethidium bromide [13,22] with

Fig. 4. Naked-eye inspection. Positive and negative reactions of the
accelerated LAMP were distinguished by simple eye inspection,
The original orange color of SYBR green I turned to be green in the
positive reaction mixture (a), and the fluorescence of DNA-binding
SYBR green I was visually detected under UV light (b). The detection
limit of both naked-eye tnspections with SYBR green I was less than 20
cells (Pg20). The positive reactions were shown with the negative
control (Pg—). The LAMP reaction was also inspected through white
turbidity of the tube caused by magnesium pyrophosphate, a
by-product of LAMP {c). The detection limit of the white turbidity
was less than 200 cells (Pg200).

equal level of sensitivity and quantitativity to the con-
ventional real-time PCR [7,20,21]. By using the SYBR
Green I, similar results were obtained in the current
study. Although special apparatus, such as a turbidime-
ter or fluorescent detection system is required, the
real-time LAMP will aliow a quantitative detection of
periodontal pathogens with an advantage of rapidity
comparing to the conventional real-time PCR [7.20,21].

3.3. Examination of clinical dental plaque sample

The real-time LAMP and the conventional real-time
PCR [7] were applied to the clinical dental plaque sam-
ples. The original 2 pl of extracted DNA sample and 2 ul
of diluted sample (10~') were run in duplicate. The num-
ber of P. gingivalis examined by the both methods was
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Fluorescence

W 15 =0 25 a5
Time (minutes)

Fig. 5. Real-time meonitoring of LAMP reaction. The accelerated
LAMP was performed, and generated fluorescence intensity of DNA-
binding SYBR Green I was monitored at every 30 s. Template DNAs
were prepared from 10% to 10° cells of P. gingivalis and were used as
standards for quantitative detection of P. gingivalis in clinical plaque
samples.

Table 1
Cell numbers of P. gingivalis in plaque samples

Real-time PCR
Not detected®

Real-time LAMP
Not detected”

Plaque sample

—

2 Not detected® Not detected”
3 165 202
4 388 430
5 1019 2609
6 2019 3206
7 23374 35277
8 24249 28371
9 196308 264144
10 404672 208534

* Less than 20 cells.

shown in Table |. The number of P. gingivalis
determined by the real-time LAMP was well corre-
sponded to that analyzed by the real-time PCR.
Although non-specific amplification was observed in
P. endodontalis as described above, the influence was
not practically seen in the current study. The set of pri-
mer seems to have sufficient specificity for the clinical
examination. In addition, the results suggested that
DNA contamination of other bacterial species did not
influence the reaction of LAMP. On the other hand,
slightly larger diflerence was seen in samples of 5 and
10 comparing to other samples because of unknown rea-
son. Since the LAMP and real-time PCR are quite sensi-
tive methods, small technical errors in experimental
manipulations such as a pipetting might influence the re-
sults seriously.

Our finzl goal is to establish a simple and rapid exam-
ination system for periodontal pathogens in places such
as private clinics or dental chair-side. In the current
study, we employed the LAMP for the purpose. It dem-
onstrated high efficacy and specificity, which was attrib-
utable to continuous amplification under isothermal
condition with four primers. Comparing to the PCR
or real-time PCR, only required device was water bath

or heat block, and the most practically important benefit
was the rapidity. Other than the LAMP, nucleic acid se-
guence-based amplification (INASBA) [23] and self-sus-
tained sequence replication (3SR) [24] have been
reported as isothermal amplification methods so far.
Although the methods do not require thermal cycler,
they are reported to be less specific, due mainly to low
temperature (40 °C) for amplification and therefore
requiring elaborate method for detection. The LAMP
seems to have great advantage in its detection. Naked-
eye inspection, electrophoresis analysis, and real-time
monitoring of the reaction will be used according to
the situation of the dental office.
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Role of helper T cells -in the
humoral immune responses
against 53-kDa outer membrane
protein from Porphyromonas

gingivalis

Kato N, Ohyama H, Nishimura F, Matsushita S, Takashiba S, Murayama Y, Role of helper
T cells in the humoral immune responses against 53-kDa outer membrane protein _from

Porphyromonas gingivalis.

Oral Microbiol Immunol 2005: 20 112-117. © Blackwell Munksgaard, 2005,

Outer membrane protein with a 53-kDa molecular weight (Ag53) isclated from
Porphyromonas gingivalis evokes strong humoral immune responses in many perio-
dontitis patients. To examine the effects of cytokines produced by Ag53-specific Th cells
on the IgG production against Ag53, we established Ag53-specific Th-cell lines from
patients with early onset periodontitis and from healthy volunteers. We then developed a
mixed lymphocyte culture system between Ag53-specific Th cells and auto- or allo-
derived T-cell-depleted leukocytes produced from the subjects whose HLA class I
haplotypes were completely matched. Interferon-y production was observed in all Th cell
lines from patients and healthy subjects. As for Th2 type cytokines, interleukin (IL)-4,
IL-5, IL-6 and IL-10 production varied greatly in Th cells regardless of the periodontal
condition of the donor. Only Th cell lines with a high Th2/Th1 ratic induced Ag53-
specific Ig(i production when cocultured with T-cell-depleted leukocytes. Thus, the
difference in Th2/Thl balance may regulate the Ag53-specific IgG production.
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Porphyromonas gingivalis is the most
frequently implicated pathogen in perio-
dontal diseases, possessing many kinds of
possible antigens recognized by human T
cells (4, 19). Among them, the 53-kDa
outer membrane protein (Ag33), one of the
highly immunogenic proteins ofiginally
isolated from the vesicle surface of P gin-
givalis 381, reacts strongly with sera from
many patients with periodontitis (8, 10).
Recently, analytical studies of epitopes
recognized by T and B cells from early
onset periodontitis patients have revealed
that there is a common region on Ag53
recognized by both T and B cells in early-
onset periodontitis patients, and that the

major B-cell epitope is located within the
major T-cell epitope on AgS3 (13, 14).
This suggests that a limited region on
Ag53 is essential for developing Ag53-
specific immune responses, leading to the
production of specific antibodies. How-
ever, the production of antibodies against
Ag53 differs greatly even among perio-
doniitis patients, although P gingivalis
was detected as the predominant microor-
ganism in their periodontal pockets (3).
Therefore, it is suggested that, besides
T- and B-cell epitopes, other factors are
involved in the establishment of the indi-
vidually distinct production of IgG anti-
body against Ag53.
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Generally, the difference in helper T
(Th) cell subsets specific for antigenic
proteins is one of the possible determinants
in the production of [gG antibody from B
cells, since the antigen-specific antibody
production requires the help of Th cells,
including the expression of CD40 ligand
(CD40L) and the secretion of Th2-type
cytokines. Th cells are classified into Thl
and Th2 cells on the basis of their
cytokine profiles. Thl cells secrete Thl-
type cytokines such as interleukin (IL)-2
and interferon (IFN)-y and are associated
with cell-mediated immune responses,
whereas Th2 cells secrete Th2-type cytok-
ines such as IL-4, IL-5, IL-6, and IL-10



and are associated with the antibody
production from B cells. The profile of
cytokines preduced by Th cells is antigen
specific, and varies among individuals.
Thus, cytokine profiles of Th cells are
likely to be crucial in antibody production.

In the present study, we examined the
cytokine profiles of the Ag53-specific
Th-cell line established from early-onset
periodontitis patients and from periodon-
tally healthy subjects, and the effects of
these Th cells with different cytokine
profiles on the production of Ag53-specific
IgG in response to Ag53.

Material and methods
Antigen preparations

Purified AgS53 protein from P gingivalis,
maltose binding protein-Ag53 fusion pro-
tein (MBP-Ag53) and Ag53-derived pep-
tides were used as antigens. The purified
Ag53 protein was prepared from whole
cells of P gingivalis FDC381 according to
the method described by Kokeguchi et al.
(9). MBP-Ag53 was gencrated by using a
Protein Fusion and Purnfication System
(New England Biolabs Inc., Beverly, MA})
accerding to the method described by
Ohyama et al. (13). In short, XL-1 Blue
Escherichia  coli-expressed MBP-Ag53
was sonicated and purified by MBP-spe-
cific affinity chromatography, followed by
ion-exchange chromatography and gel-fil-
tration chromatography. Ag53-derived
peptides were prepared according to the
method described by Ohyama et al. (13).
Briefly, 45 peptides (sequential 11 amino
acids overlapping peptides composed of
21 amino acids) representing the complete
Ag53 sequence were synthesized based on
the amino acid sequence of Ag33 reported
by Hongyo et al. (6), using a solid-phase
simultaneous multiple peptide synthesizer
PSSM-8 (Shimadzu, Kyoto, Japan) based
on F-moc strategy. All peptides were
purified using C18 reverse-phase HPLC
{(Waters, Milford, MA). A mixture of these
peptides was used as the Ag53 antigen.

Peripheral blood mononuclear cell donors

Ag53-specific Th-cell lines were estab-
lished from peripheral blood mononuclear
cells (PBMCs) of early-onset periodontitis
patients (D1-D6) and healthy individuals
(D7-D22). Informed consent was obtained
from each donor prior to this study. The
PBMC doners included six Japanese early-
onset periodontitis patients (five men, mean
age: 27.8 & 7.4 years), and 16 healthy
Japanese individuals (14 men, mean age:
30.1 % 4.3 years). Early-onset periodontitis
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patients were diagnosed according to the
description of Murayama et al. (12).

Lymphocyte preparation

Ag53-specific Th-cell lines were generated
by the methods described in our previous
study (13). PBMCs (1 x 10%well) were
stimulated with 5 pg/ml MBP-Ag53 in
RPMI 1640 medium (Invitrogen Life
Technologies, Carlsbad, CA) supplemen-
ted with 2 mM L-glutamine, 100 units/ml
of penicillin, 100 pg/ml of streptomycin,
and 10% pooled, heat-inactivated autolo-
gous plasma in 96-well flat-bottomed
culture plates (Falcon, Becton Dickinson,
Lincoln Park, NJ}. PBMCs were isolated
from heparinized blood by Ficoll-Paque
gradient density centrifugation. After
7-9 days, irradiated (3000 cGy) autolo-
gous PBMC (1.5 x 10%Avell) pulsed with
mixed-overlapping Ag53-derived peptides
{0.5 pM each) as antigen-presenting cells,
and human rIL-2 (530 U/ml), human rll-4
(10 U/ml), were added to the culture wells
carrying T-cell blasts, and the cells were
maintained for a further 7 days. After
specificity assay against the mixed-over-
lapping Ag53-derived peptides, aliquots of
growing cultures specific to AgS3 were
combined as the Th-cell line. To maintain
the Th-cell activity, antigen-presenting
cells, rIL-2, and rlL-4 were added to the
culture wells every 6 days.

T-cell-depleted leukocyte fractions were
obtained from PBMCs of the donors and
were used as the cell fractions enriched with
antibody-producing cells. PBMCs were
incubated with 150-fold higher amounts of
neuraminidase-treated sheep red blood cells
(Immune-Biological Laboratories, Gunma,
Japan) for 1 hon ice. The cell fraction at the
interface after Ficoll-Paque centrifugation
was collected to isolate T cells forming
rosettes with sheep red blood cells. The
T-cell-depleted lymphocytes were obtained
by the depletion of CD2" lymphocytes from
the interface-cell fraction, using Dynabeads
M450 Pan-T (Dynal, Oslo, Norway), and
resuspended in RPMI 1640 medium sup-
plemented with 10% heat-inactivated
pooled human serum from each donor,
penicillin (100 U/ml), and streptomycin
(100 pg/ml). The T-cell-depleted leukocyte
fraction exhibited < 1% CD3" cells as
determined by a flow cytometer (EPICS
XL, Coulter, Hialeath, FL).

Lymphocyte culture to induce
Ag53-specific antibody

T-cell-depleted leukocyte fractions were
cultured with autologous or allogeneic
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Ag53-specific Th cells to induce Ag53-
specific IgG antibodies. Freshly isolated
T-celi-depleted  lymphocytes (4 x 10°/
well) were cultured with AgS3-specific
Th cells (2 x 10%well) in 48-well plates
{Coster, Cambridge, MA) with recombin-
ant Ag53 proteins {final concentration:
5 pg/ml) in RPMI 1640 medium supple-
mented with 2 mM L-glutamine, 100 units/
mt of penicillin, 100 pg/ml streptomycin,
and 10% heat-inactivated fetal bovine
serum (Irvine Scientific, Santa Ana, CA).
After 3 days, culture supernatants were
collected to measure cytokine levels pro-
duced from the cells in the response to
Ag53. After 5 days of culture, the medium
was changed for fresh medium without
antigens and the cells were further cul-
tured. After an additional 9 days, culture
supernatants were collected for quantifica-
tion of the Ag53-specific IgG titer.

Quantification of Ag53-specific IgG

Ag53-specific IgG antibodies in the donors’
sera and the culture supematants were
measured by the enzyme-linked immuno-
sorbent assay (ELISA) according to the
method described in our previous study
(12). ELISA plates {Dynateck Laboratory,
Plochingen, Germany) were coated with
10 ng/p! of purified Ag53 protein in NaH-
CO3/MNa,CO5 buffer (pH 9.6). After an
ovemnight incubation at 4°C, the plates were
washed four times with phosphate-buffered
saline (PBS) containing 0.05% Tween 20
(0.05% T-PBS: 0.02% NaNs, 136.9 mM
NaCl, 1.5 mM KH;PO,, 8.1 mM Na;HPO,,
2.7 mM KCl, pH 7.4). The plates were then
incubated for 2 h at 37°C after 200-fold
diluted sera or undiluted culture superna-
tants were added to the wells. For the
detection of specific IgG, 1 pg/ml biotin-
conjugated mouse anti-human IgG (Sigma
Chemical Co, St. Louis, MO} was added
(2 h, 37°C). After washing with 0.05%
T-PBS four times, 1 pg/ml alkaline-phos-
phatase-labeled streptavidin was added and
the plates incubated for 1 h at 37°C. After
incubation, the plates were washed four
times with 0.05% T-PBS. The plates were
incubated for 30 min at 37°C after the
substrate was added. The substrate consis-
ted of 2.7 mM p-nitrophenyl phosphate
(Sigma) in diethanolamine buffer (9.7%
diethanolamine, 0.02% NaNj, 0.5 mM
MgCl;, pH 9.8). Absorbance at 405 nm
was measured by using Novapath Mini
Reader (Bio-Rad Laboratories, Hercules,
CA). Titers of Ag53-specific IgG were
expressed as arbitrary units on the basis of
the pooled standard serum obtained from
periodontal healthy subjects.
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Measurement of cytokine production

Antigen-induced  cytokine  production
from the AgS3-specific Th-cell line was
assayed by culturing the T cells (5 x 10%
well) in 96-well flat-bottomed culture
plates (Falcon) in the presence of the
mixed-overlapping Ag53-derived peptides
(0.1 um each), and 3000 cGy-irradiated
autologous PBMCs (1.5 x 10°Awell).
After 3 days, the culture supernatants
were collected for quantification of cy-
tokines by the IFN-y ELISA kit (Otsuka,
Tokyo, Japan), Quantikine human IL-4
and IL-6 Immunoassay Kits (R & D
Systems, Minneapolis, MN), and human
IL-5 and IL-16 ELISA kits (Endogen,
Wobum, MA) according to the manufac-
turers’ instructions. The sensitivity of
each assay was as follows: 10 Pg/ml
for IFN-y, 10 Pg/m! for IL4, 10 Pg/ml
for IL-5, 1 Pg/ml for IL-6, 15 Pg/ml for
IL-10.

Statistical analysis

The correlation between the amounts of
Ag53-induced cytokine and serum Ags3-
specific IgG titers of each donor was
determined by analyzing correlation fac-
tors using Student’s f-test.

I2G titers  (unit)
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Fig. 1. Serum anti-Ag53 IgG titers of all sub-
jects as measured by ELISA and described in
Matertal and metheds. Dotted line separates the
donors into two groups, a patient group and a
healthy control group (D1-D6, early-onset per-
iodontitis patients; D7-D22, periodontal healthy
individuals). Each titer was indicated as arbi-
trary ELISA units assuming that the serum anti-
Ag53 1gG titer of donor #7 (D7) was ‘100" as a
standard. The serum anti-Ag53 IgG titers of
early-onset periodontitis patients were signifi-
cantly higher than those of healthy subjects
(P < 0.05, Mann-Whitney U-test). EOP, early-
onset periodontitis patients. H, healthy patients.

The ratio of each Th2 cytokine to IFN-y
{Th2/Th1) in the culture supernatants of
Ag53-specific Th-cell lines was calculated,
and the differences in the total amounts of
the cytokines and in the ratio of Th2/Thl
between the subjects were determined by

Results
Serum antl-Ag53 IgG titers of the subjects

First, the serum anti-Ag53 IgG titers of all
donors were measured. Each titer was
indicated as arbitrary ELISA units assu-

the Mann-Whitney U-test, ming that the serum IgG titer of donor #7
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Fig. 2. Cytokine profile of Th-cell line specific to Ag53. A) Amounts of cytokine produced from
Ag53-specific Th-cell line. The profile of cytokines produced from 22 Ag33-specific Th-cell lines
was determined by measuring each cytokine level including IL-4, -5, -6, and -10 and IFN-y in the
supernatants after the culture of the lines with irradiated autologous PBMC pulsed with (M black bar)
or without (g3 speckled bar) Ag53-derived peptides. The amounts of cytokine were indicated as the
mean value of duplicate cultures. Patient and healthy control groups are separated by the dotted line
(D1-D8, early-onset periodontitis patients; D7-D22, periodontally healthy individuals), B) Th2/Th1
cytokine ratios of Ag53-specific Th-cell line, The ratio of each Th2-type cytokine including IL-4, -5,
-6, and -10 to the Thl-type cytokine, IFN-v, all of which were produced from the Th-cell lines, was
calculated and demonstrated, The ratios of all Th2 cytokines to IFN-y (Th2/Th1) in Th-cell lines
established from DI5 (@) were significantly higher than those in Th-cell lines from D7 (®)
{P < 0.05, Mann-Whitney {-test). All experiments were done in duplicate, and the mean calculated.
Each ratio was calculated following subtraction of the mean value of the produced cytokines in the
absence of the antigen from the mean value of the cytokine in the presence of antigen. The
experiment was repeated four times and similar results were obtained, The representative data of four
separate experiments are shown. EOP, early-onset periodontitis patients. H, healthy patients.

- 132 -



(D7) was ‘100" as a standard (Fig. ).
Serum anti-Ag53 IgG titers of early-onset
periodontitis patients were significantly
higher than those of healthy subjects
(P < 0.05, Mann—Whitney U-test).

Profiles of cytokines produced from
Ag53-specific Th-cell line

The profile of cytokines produced from 22
Ag53-specific Th-cell lines was deter-
mined by measuring each cytokine level
These include IL-4, -5, -6, and -10 and
[FN-¥ in the culture supernatant after the
coculture of the cell lines with irradiated
autologous PBMC pulsed with Ag53-
derived peptides (Fig. 2A). The Thl-type
cytokine IFN-y was produced from all
Th-cell lines, whereas the production of
Th2-type cytokines greatly varied among
the Th-cell lines. The ratic of Th2-type
cytokines (IL-4, -5, -6, and -10) to the
Thl-type cytokine IFN-y in each T-cell
line was calculated, and is shown in
Fig. 2B. The total amounts of each cyto-
kine and the Th2/Thl ratios did not differ
significantly in early-onset periodontitis
patients and periodontally healthy sub-
jects. Correlation analysis also indicated
that there was no positive or negative
relationship between any of the Ag53-
induced cytokine levels from T-cell lines
and the serum Ag53-specific I1gG titers.

Ag53-specitic Th-cell line with high
Th2/Th1 ratio induces production of
Ag53-specific 19G

Fortunately, it was found that periodontally
healthy donors #7 (D7) and #15 (D15)
shared completely matched HLA class II
haplotypes (DRB1*0101-DQAI1*0101-
DQBI1*0501/DRB1L*0406-DQA1*0301-
DQB1%0302), and that the Th-cell line
established from these two subjects had
quite different cytokine productivity
patterns. The ratio of all Th2/Th! (IL-4/
IFN-y, IL-5/AFN-y, IL-6/IFN-y and IL-10/
IFN-y) from D15 was significantly higher
than that from D7 (P < 0.05, Mann-Whit-
ney U-test) (Fig. 2B). Thus, it was suspec-
ted that D15 produced higher amounts of
Ag53-specific IgG. However, as shown in
Fig. 1, the serum IgG titer specific to Ag53
was much higher in D7 than in D15.

To see whether this difference in cyto-
kine profile is actually reflected in Ag33-
specific antibody production, we employed
the mixed lymphocyte culture system
between Ag53-specific Th cells and auto-
or allo-derived T-cell-depleted leukocytes
from D7 and D15(Fig. 3). When Th cells
from D7 showing a lower Th2/Thl ratio
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Fig. 3. AgS3-specific IgG production induced by the culture of ApS3-specific Th cell line with
HLA-matched T-cell-depleted lymphocytes. Ag53-specific Th cells (2 x 10%welly from periodon-
tally healthy donors (D7 and D15) were cultured with autologous or allogeneic freshly isolated
T-cell-depletad lymphocytes (4 x 10%/well) in 48-well plates with recombinant Ag53 proteins (final
concentration: 5 pg/m)). Culture supematants were collected at day 14 for quantification of Ag53-
specific 1gG titer. Each titer was indicated as arbitrary ELISA units assuming that the serum anti-
Ag53 1gG titer of D7 was “100" as a standard. Ag, antigen.

were cultured with  T-cell-depleted
lymphocytes from either D7 or D15, no
Ag53-specific [gG was detected in the
culture supernatants. However, Ag53-spe-
cific [gG was produced from the T-cell-
depleted leukocyte fraction in both D7 and
D15 when Th cells from D15 with higher
Th2/Th! ratio were employed, suggesting
that the induction of Ag33-specific IgG
depends on the Th2/Thl ratio.

We also examined whether PBMCs
alone could induce specific antibody
against Ag53 when cultured with Ag53.
Following in vitro culture of PBMCs with
the antigen protein, Ag53-specific antibody
was not detected in the culture supernatant,
even in the culture of PBMCs from the
dornors who showed a high serum antibody
titer against Ag53 (data not shown).

Cytokine production during Ag53-specific
1gG Induction

Besides a high Th2/Th1 ratio, to determine
the essential cytokines influencing the
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Ag53-specific IgG production, we meas-
ured cytokine levels in the supernatants
after 3-day culture of Th cells with T-cell-
depleted tymphocytes, and calculated the
ratio of Th2/Thl cytokines. Of note, no
IL-4 was detected in any culture superna-
tants examined. Higher Th2/Thl ratios
(IL-5/IFN-y, IL-6/IFN-y and IL-10/IFN-y)
were observed in cultures where Ag53-
specific IgG was produced than in the
cultures where it was not (Fig. 4), indica-
ting that IL-5, JL-6 and IL-10 are important
cytokines inducing antibody production.

Discussion

In this study, we established Th-cell lines
specific to Ag53 and examined their
cytokine profiles in response to Agd3.
The comprehensive approach that we have
conducted so far on Ag53 (6, 8-10, 13,
i4), including the curmrent study, is valu-
able for obtaining a better understanding of
the immune responses specific to the
pathogenic antigens. Our present study
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Fig. 4. Th2/Th1 ratio of cytokines in the mixed lymphocyte culture betweedt Th cells and auto- or
allo-derived T-cell-depleted leukocytes. Ag53-specific Th cells (2 x 10%well) were cultured with
autologous or ailogencic freshly isolated T-cell-depleted lymphocytes (4 x 10%/well) in 48-well
plates with recombinant Ag53 proteins (final concentration: 5 pg/ml). Culture supernatants were
collected on day 3 for quantification of cytokines and the ratio of Th2/Th! in the culture supematants
of Ag53-specific Th-cell lines were calculated (M black bar). The amount of Ag53-specific IgG titer
was ({J speckled bar) indicated as the mean value of duplicate cultures, afier subtraction of the mean
value obtained from cultures without antigens. Ag, antigen.

demonstrated that IFN-y of Thl-type
cytokine was produced from all Th-cell
lines obtained from periodontitis patients
and healthy subjects. The Thl-type im-
mune response plays an important role in
the protection against severa! intracellular
bacteria (3, 16), In fact, in recent studies, it
was reported that P gingivalis can actually
invade oral epithelial cells in vitro or in the
organ culture system (17, 18). Thus, Ag53-
specific T-cell subsets exhibiting IFN-y
production in response to Ag53 may
contribute to the development of specific
cellular immunity against P. gingivalis
infection. This speculation appears reason-
able, as Ag53 has been observed on the
vesicle surface of P gingivalis (10).

We also demonstrated that Th2-type
cytokine production varied in the response
to Ag53. Although IL-4 and IL-5 were
detected in the culture supernatants of only
a limited number of subjccts, IL-6 and
IL-10 were frequently detected in the
supernatants of most subjects. Since IL-6
and IL-}0 are cytokines produced from
both T cells and monocytes, the observed
results in this study may comprise the total
arnount of the cytokines produced by both
types of the cells. In the experimental
systems employed in this study, it seemed
difficult to distinguish exactly how much
cytokine is produced by specific cell types.
Further studies will be needed, such as
treating the PBMCs with the protein

synthesis inhibitor, e.g. emetine, when
using these cells as antigen-presenting
cells,

A major determinant of the development
of either the Thl- or Th2-type cytokine
profile is the combination of cytokines
produced locally, as these cytokines not
only promote each type of immunity but
also suppress cach other’s activity, A
predominance of IL-10 favors the devel-
opment of Th2 cells and suppresses the
expansien of Thl cells producing IFN-y.
In our present study, a high amount of
IFN-y was often detected in the culture
supernatants that also contained high
amounts of IL-10. Therefore, the results
are contradictory. However, we measured
the amount of cytokine in the supematants
collected after short-term culture of the T
cells, and therefore did not observe the
polarized profile. With long-term culture, it
is possible to observe the polarized cyto-
kine profile in the culture supernatants, as
either cytokine may dominate and promote
either type of immunity.

It has been reported that in subjects
exposed to antigens, including ovalbumin,
tetanus toxoid and filarial parasite (7, 22,
24}, and subjects vaccinated against influ-
enza virus and poliovirus (20, 23, 25) their
PBMCs are easily able to produce the
antigen-specific antibodies following cul-
ture with each antigen. In terms of Ag53,
following in vitre culture of PBMCs with
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the antigen protein, antigen-specific anti-
body was not detected in the culture
supematant, even in the culture of PBMCs
from the donors who exhibited a high
serum antibody titer against Ag53 (data
not shown). However, it became possible
to detect Ag53-specific IgG by employing
the culture system of T-cell-depleted
lymphocytes with AgS53-specific Th-cell
line with a high Th2/Thl ratio, This
finding suggests that T-cell activation is
required for the induction of antigen-
specific antibody production. The memory
T cells specific to Ag53 did not appear to
be activated in the culture of PBMCs with
antigen protein; the number of clones of T
cells specific to Ag53 might be either too
smal! (if present at all) to activate them-
selves in such an in vitro situation. To
overcome this problem, we established an
Ag53-specific Th-cell line and used it to
study in vitro Ag53-specific IgG induction.
This also has the advantage that it minim-
izes individual differences in the number
of T-cell clones specific to Ag53 from their
previous immune exposure to Ag53.

It was likely that whether Ag53 specific
IgG was produced depends upon T-celi -
phenotypes. When the T-cell line showing
a high Th2/Th1 ratio was cultured with the
T-cell-depleted leukocyte fraction, IgG
antibody production was detected in the
culture supernatant. However, the T-cell
line with a low Th2/Th1 ratio did not have
the ability to induce IgG production. Thus,
the Th2/Thl ratio of Th ¢ells may be a
factor regulating the AgS3-specific IgG
production in response to Ags3.

With respect to Ag33-specific 1gG pro-
duction, we obtained contrary results
between in vitro assays and serum data.
In in vitro assays, Ag53-specific IgG
production was only induced when Th
cells showing a higher ratio of Th2/Th!
were cultured with the T-cell-depleted
leukocyte fraction. Because the assays
were performed in a closed space, cyto-
kines produced from Th cells could easily
have influenced the T-cell-depleted leuko-
cyte fraction, causing it to induce specific
IgG. In addition, high amounts of Ag53
were added to the cultures. Thus, one can
consider these in virro assays to be a model
of immunological events occurring in local
periodontal lesions. However, in the case
of serum IgG, the elevation of serum
antibody level may require a certain
amount of infection with particular anti-
gens. We could not detect serum IgG
specific to Ag53 in D15. However, if D15
is infected with Ag53, we believe that the
level of serum [gG specific to Ag53 would
easily elevate,



Recently, it has been reported that B-cell
proliferative responses are observed in the
presence of P gingivalis and IL-10 (21), a
phenemenon known as polyclonal B-cell
activation, leading to elevated numbers of
the B cells in periodontal lesions. Poly-
clonal B-cell activation induced by perio-
dontopathic bacteria has been suggested to
contribute to an increase in [gG antibodies
in periodontal lesions (2). In the present
study, however, Ag53-specific IgG pro-
duction was not observed in the culture
without the help of Th cells. Thus the anti-
body production against Ag53 occurred in
an immunologically antigen-specific man-
ner, and was not simply a result of
polyclenal B-cell activation.

To distinguish the possible cytokines
affecting the AgS3-specific IgG produc-
tion, we evaluated the amounts of several
¢ytokines in the culture supernatants. Sur-
prisingly, IL-4 was not detected under our
experimental conditions and may therefore
not be essential for the induction of Ag53-
specific antibody production. Production
in the absence -of IL-4 could be due to
several factors. For example, endogenous-
ly produced IL-6 and IL-190 are involved in
the differentiation of CD40-activated B
cells and production of immunoglobulins
(1), and IL-13 can also compensate the
function of IL-4 (11, 15).

In conclusion, we examined cytoking
profiles of Ag53-specific Th-cell lines and
their effects on Ag53-specific IgG produc-
tion in response to Ag53. The data suggest
that differences in the profile of Th2-type
cytokine may explain individual differ-
ences in antibody titer against Ag53, and
that differences in the ratio of Th2/Thl
cytokines produced from Th cells regulate
the production of Ag53-specific 1gG.
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ABSTRACT

An elevated level of C-reactive protein (CRP)
predicts the future development of coronary heart
disease. Periodontitis appears to up-regulate CRP,
CRP is produced by hepatocytes in response to
interleukin-6 (IL-6). A major source of 1L.-6 in
obese subjects is adipocytes. We hypothesized that
lipopolysaccharide (LPS) from periodontal
pathogens stimulated adipocytes to produce IL-6,
and that the production was suppressed by the
drugs targeted against insulin resistance,
thiazolidinedione (pioglitazone), since this agent
potentially showed an anti-inflammatory effect.
Mouse 3T3-L1 adipocytes were stimulated with &.
coli, P. gingivalis, and F. nucleatum LPS. The IL-
6 concentration in culture supernatants was
measured. All LPS stimulated adipocytes to
produce IL-6. Although pioglitazone changed
adipocyte appearance from large to small, and
completely suppressed P. gingivalis and F.
nucleatum LPS-induced IL-6 production, E, coli
LPS-induced I1.-6 production was not efficiently
blocked. Thus, pioglitazone completely blocked
periodontal-bacteria-derived LPS-induced IL-6
production in adipocytes, a major inducer of CRP.

KEY WORDS: diabetes, adipocyte, insulin
resistance, thiazolidinedione, interleukin-6,
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Thiazolidinedione (Pioglitazone)
Blocks P. gingivalis- and

F. nucleatum, but not E. coli,
Lipopolysaccharide (LPS)-induced
Interleukin-6 (IL-6} Production

in Adipocytes

INTRODUCTION

Diabetic subjects develop coronary heart disease more frequently as
compared with non-diabetic subjects (Bierman, 1992). An elevated level
of C-reactive protein (CRP), although often, for the most part, in a healthy
reference range, has been reported to predict the future development of
coronary heart disease (Ridker er al,, 1997). Although it is still inconclusive
as to whether elevation of CRP is simply a sensitive marker of
inflammation, or whether increased circulating CRP directly exhibits
pathological mechanisms promoting vascular disorders, there is growing
evidence that CRP directly participates in the pathogenesis of vascular
disorders via several distinct mechanisms (Rattazzi and Kushner, 2003).
CRP is produced by hepatocytes in response to interleukin-6 (IL-6) (Gabay
and Kushner, 1999). One of the major sources of IL-6 is believed to be
adipose tissue in obese and/or obese-diabetic subjects (Coppack, 2001).
Obesity is strongly associated with increased insulin resistance. In this
connection, peroxisome proliferator-activated receptor (PPAR) activator,
such as thiazolidinedione, has been demonstrated to improve insulin
sensitivity and is currently being widely used for therapeutic purposes in
obese-diabetic subjects (Willson er 4/., 2001), The hallmark of the
pharmacological action of thiazolidinedione appears to be to increase the
number of small, premature adipocytes without changing the adipose tissue
mass (Okuno et «l., 1998), In fact, thiazolidinedione has been reported to
lower the expression of tumor necrosis factor-a {TNF-o}—an important
adipocytokine responsible for insulin resistance—in adipocytes (Okuno et
al., 1998). However, the effect of thiazolidinedione on 1L-6 production in
adipocytes has not yet been well-addressed.

Recent epidemiological studies have suggested that periodontal disease
is associated with enhanced atherogenesis (Beck ef al,, 1998). CRP values
are elevated in severe periodontitis patients (Slade ef al., 2000; Noack er al.,

. 2001; Nishimura er al,, 2002), as measured by highly sensitive assays, and

decrease with therapy (Iwamoto et al, 2003). In this study, therefore, we
hypothesized that (1) bacterial lipopolysaccharide (LPS) derived from
periodontal pathogens stimulated adipocytes to produce IL-6, and (2)
thiazolidinedione would suppress 1.PS-induced IL-6 production in
adipocytes.

MATERIALS & METHODS
Preparation of Bacterial LPS

Bacterial LPS from 3 distinct micro-organisms were used, Porphyromonas
gingivalis FDC381 LPS and Fusobacterium nucleatum ATCC 25586 LPS were
prepared by hot-phenol water extraction as described pteviously (Onoue er al.,
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2003), while E. coti I.LPS was
purchased from Sigma (St. Louis,
MO, USA).

Cells and Culture Conditions

Cultured mouse 3T3-L1 cells were
differentiated to mature adipocytes as
described previously (Bernlohr et al.,
1984). Briefly, ATCC 3T3-L1 cells
were cultured in growth medium
containing Dulbecco's modified
Eagle’'s medium (DMEM, Life
Technologies, Inc., Gaithersburg,
MD, USA} and 10% bovine calf
serum (SIGMA), with a change of
medium every 2 days. Two-day-post-
confluent cells were switched to
differentiation medium (DMEM,
10% fetal calf serum, 1 pM dexa-
methasone, 10 pwg/mL insulin, and
0.5 mM 3-methyl-1-isobutylxanthin
[Sigma]) for 2 days. Thercafter, the
cells were cultured in post-
differentiation medivm (DMEM,
10% fetal calf serum, and 10 pg/mL
insulin), and the medium was
changed every 2 days, We confirmed
differentiation and maturation of
adipocytes by staining the cells with
oil red O (Sigma). Following
confirmation of full maturation, these
cells were cultured with indicated
concentraticn of thiazolidinedione.

Glitazone Blocks LPS-induced IL-6 Production 241
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Figure 1. The effect of pioglitazone on the morphology of mouse 3T3-L1 adipocytes. Mouse 3T3-L1
adipocytes were differentiated into mature adipocytes as in MATERIALS & METHODS. We confirmed
maluration by staining the cells with cil red O {A: right panel). When more than 95% of the cells wera
stained with il red O, similarly prepared cells were co-incubated with indicated concentrations of
pioglitazone. Twenty-four hrs later, the cells were stained with oil red O, and the morphology of the cells
was observed by microscopy. Pioglitazene changed adipocyte appearance from large lo small size (B).
For comparisan, the diameters of 10 randomly selected oil-red-posifive cells per high-power field (400x)
were measured and compared {C). The data were expressed as % diameter of the cells against the mean
diameter [N = 10) of control {untreated) cells. The mean diameter of adipecytes significantly decreased
by 1 uM and 10 pM of pioglitazone (100.0 £ 11.3% for pioglihzone-unlreufed ce?ls, 81.7 £ 17.7% for
1" uM pioglitazone-treated cells, 54.3 t 18.8% for 10 UM pioglitazone-treated cells, N = 10 for all
groups). °p < 0.01, compared with the cells without pioglitazone.

Pioglitazone {Actos), which was a

generous gift from Takeda Pharma-

ceuticals (Osaka, Japan), was used as

the thiazolidinedione. The changes in the appearance of adipocyles
by thiazolidinedione were observed by microscopy. To quantify the
changes in adipocyte appearance, we manually traced adipocyte size
(diameter) on digital photographs at high power (400x). In a second
experiment, the cells were challenged with each bacterial LPS at
indicated concentrations. To see the effect of thiazolidinedione on
LPS-induced IL-6 production, we co-incubated LPS-challenged
adipocytes with pioglitazone. Twenty-four and 48 hrs after LPS
stimulation, culture supernatants were collected. IL~6 concentrations
in culture supematants were measured with the use of a commercial
sandwich ELISA kit (R&D Systems, Minneapolis, MN, USA). All
experiments were performed in triplicate, and the results from these
triplicate expetiments were subjected to statistical analysis.

Statistical Analysis

Significance of the difference in IL-6 production in each culture
condition was determined by Student's £ test,

RESULTS
Thiazolidinedione Changes Adipocyte Appearance

The effect of thiazolidinedione on changes in adipocyte
appearance was examined first. After we confirmed the
maturation of adipocytes by staining the cells with oil red O
(Fig. 1A), we co-cultured the cells with the indicated
concentrations of pioglitazone. Pioglitazone changed adipocyte

size from large to small in a dose-dependent manner (Fig. 1B).
These changes were observed at 1 pM of pioglitazone. To
quantify these changes, we compared the diameters of oil-red-
stained cells (Fig. 1C). Both 1 and 10 pM of pioglitazone
reduced adipocyte diameter by 40 to 50% (p < 0.01; Student's ¢
test).

LPS Increased I1-6 Production in Adipocytes

Next, we examined the effects of bacterial LPS on IL-6
production in adipocytes (Figs. 2, 3, 4). All LPS at a
concentration of 10 ng/mL or more significantly stimulated
adipocytes to produce IL-6, as compared with control (medium
alone) (Figs. 2, 3, 4; p < 0.01). E. coli LPS at a concentration of
1 ng/mL also significantly stimulated adipocytes to produce IL-
6 (Fig. 2; p < 0.0001), while P. gingivalis LPS with 1 ng/mL
did not show any effect on IL-6 production (Fig. 3). Thus, £.
coli LPS showed the highest IL-6 productivity.

Thiazolidinedione Completely Blocks P. gingivalis and

F. nucleatum LPS-induced IL-6 Production in Adipocytes
We then examined the effect of thiazolidinedione on LPS-
stimulated IL-6 production in adipocytes (Figs. 2, 3, 4).
Although pioglitazone significantly suppressed E. coli LPS-
induced IL-6 production in adipocytes, the suppression was not
complete. About 30% reduction was observed (p < 0.005), as
compared with the condition with LPS stimulation alone (Fig.
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B Figure 3. The effects of P. gingivalis LPS on IL-6 production, and of
E.coliLPS (ng/my 0 1 10 160 0 1 10 100 pioglitazene on P, gingivalis LPS-induced IL-6 production in
adipocyles. Mouse 3T3-LT adipocytes were differentiated in 24-well
pioglitazone (uM) 0 10 tissue culture plates as described in MATERIALS & METHODS. After

Figure 2. The effects of E. coli LPS on IL-& production, and of
pioglituzone on E. cali LPS-induced IL-6 production in adipocytes. Mouse
3311 adipocytes were differentiated in 24-well lissue culture plates as
described in MATERIALS & METHODS. After confirming the maturation
of adipocity by staining the cells with oil red O, we stimulated the cells
with indicuteclyconcentraﬁons of E. ¢oli LPS. In some cultures, the cells
were co-incubated with 1O pM of piaglitazone. Twenty-four hrs later, the
cell-culture supernatants were harvested, and the IL-é concentration was
measured by ELISA. All experiments were done in triplicate, and
stotistical differences were caleulated by Student's Ftest. In pioglitazone-
Ireated cells, IL-6 production was compared with that of untreated cells
when stimulated with the identical concentration of E. eofi LPS. Mean IL-4
concentration ¢ standard deviation in each culture condition was
calevlated {1094.2 + 68.6 pg/mlL for LPS-unstimulated cells, 3189.7 +
77.7 for 1 ng/ml of LPS-stimulated cells, 3271.5 + 65.0 pg/ml fer 10
ng/ml of LPS-stimulated cells, 3353.3 + 53.2 pg/ml for 100 ng/mlL of
LPS-stimulated cells, 365.1 £ 5.0 pg/ml for LPS-unstimulated <ells co-
incubated with pioglitazone, 2087.4 + 250.0 pg/ml for 1 ng/mlL of LPS-
stimulated cells co-incubated with pieglitazene, 2181.5 £ 16.0 pg/mL
for 10 ng/ml of LPS-simulated cells co-incubated with piaglitazene, and
2331.9 + 11.8 pg/ml for 100 ng/ml of LPS-stimulated cells co-
incubated with pioglitazene, N = 3 for oll groups). *p < 0.005 and **p <
0.0001, compar with the cells stimulated with the same concentration
af LPS in the absence of pioglituzone.

2). In contrast, pioglitazone completely blocked P. gingivalis
and F. nucleatum LPS-induced IL-6 production (Figs. 3,4 p <
(0.0001 at all LPS concentrations). Pioglitazone also suppressed
basal IL-6 production (without LPS stimulation) at the p <
0.0001 level of significance.

In a separate experiment, we measured IL-6 production
from the cells incubated with LPS for 48 hrs. The results were
very similar to those obtained from 24-hour incubation,
suggesting that IL-6 production occurred during the first 24 hrs
(data not shown).

DISCUSSION

Mild elevation of CRP has been suggested to be a sensitive
marker for predicting the future development of coronary heart

confirming maturation of adipocity by staining the cells with il red O,
we sﬁmul%fed the cells with indicated concentrations of P. gingivalis
LPS. In some cultures, the cells were co-incubated with 10 uM of

ioglitazone. Twenty-four hrs later, the cell-cullure supernatants were
Earvesfed, and the IL-6 concentration was measured by ELISA. All
experiments were done in triplicate, and statistical differences were
carculafed by Student's # lest. In pioglitazone-treated cells, the IL-6
production was compared with that of untreated cells when slimulated
with the identical concentration of P. gingivalis LPS. Mean IL-4
concentration z standard deviation in each culture condilion was
calevlated {1094.2 £ 68.6 pg/ml for LPS-unstimulated cells, 1097.0 £
13.2 pg/ml fer 1 ng/ml ofLPS-s!imulu!ed cells, 1796.9 £ 57.7 pg/ml
for 10 na/ml of LPS-stimulated cells, 1794.7 + 8.2 pg/ml for 100
ng/mL of LPS-stimulated cells, 365.1 5.0 pg/ml for LPS-unstimulated
cells co-incubated with pioglitazone, 299.2 £ 1.8 pg/ml for 1 ng/mlL
of LPS-stimulated cells corincubated with iog|iiazone, 267.9 £ 4.1
pg/mL for 10 ng/ml of LPS-slimu|aIecrceI|s co-incvubated with
pioglitazone, and 372.4 £ 9.5 pg/ml for 100 ng/ml of IPS-stimylated
cells co-incubated with pioglitazene, N = 3 for all groups). **p <
0.0001, compared with the cells stimulated with the same
concentration of LPS in the absence of pioglilazone.

disease (Ridker et al, 1997). This may detect early but already
ongoing vascular inflammation. However, recent studies have
demonstrated that CRP is not merely a sensitive marker but
also actively participates in the progression of athcrosclerosis
by binding to LDL-cholesterol, which makes the LDL-
cholesterol-CRP complex more easily taken up by
macrophages, lcading to the formation of foam cells. CRP also
stimulates endothelial cells to express adhesion molecules as
intercellular adhesion molecule-1, which makes vascular
endothelivm easily bind to inflammatory cells. CRP promotes
smooth-muscle-cell proliferation and chemotaxis, both of
which promote atherosclerotic changes (for review, see
Rattazzi et al., 2003).

CRP is produced by hepatocytes in response to IL-6. The
major source of IL.-6 in obese diabetic subjects is adipocytes,
since obese subjects are characterized by increased
circulating IL-6, and successful weight loss results in
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decreased serum IL-6 concentration (Ziccardi et al., 2002).
Several reports have demonstrated that periodontal infection
also up-regulates CRP (Slade er al,, 2000; Noack et al., 2001;
Nishitnura et al., 2002), and periodontal treatment decreases
CRP (Iwamoto er al., 2003). These observations suggest that
severe periodontal infection results in increased IL-6
synthesis in the liver, to produce CRP. Although a previous
study had reported that periodontal disease was associated
with elevated circulating IL-6 concentration, the elevation
was very weak and might be insufficient to stimalate
hepatocytes to produce CRP (Loos er al., 2000). Therefore,
we hypothesized that the source of IL-6 in severe
periodontitis patients should be either Kupfer cells in the
liver and/or adipocytes, in the case of fatty liver. In fact,
most circulating antigens are cleared in the liver by means of
so-called "hepatic clearance’. Thus, we hypothesized that
infected antigens are concentrated in the liver, and that the
concentration was higher than in other organs. It has been
suggesled that the circulating LPS concentration in some
periedontitis subjects is more than 1 ng/mL (Vilkuna-
Rautiainen et al., 2003, unpublished observations).

Therefore, at least in the liver, the LPS concentration should -

be higher than this concentration.

Although a previous study has suggested that adipocytes
express both tell-like receptors (TLR)-2 and -4 (Lin et al.,
2000), it is still unclear whether the adipocytes produce IL-6 in
response to bacterial LPS via such receptors. Therefore, in this
study, we chose E. coli and F. nucleatum LPS, both of which
bind TLR-4, and P. gingivalis LPS, whose action appears 1o be
mediated through TLR-2 (Bainbridge and Darveau, 2001). The
results indicated that activation of both TLLR-2 and -4 in
adipocytes induced IL-6 production, with higher productivity
vig the TLR-4-mediated pathway.

Although precise pharmacological actions of PPAR
activators have not yet been fully elucidated, some previous
studies have suggested that they suppress NF-«B activity by
competing with the binding proteins essential for nuclear
translocation (Ruan et al., 2003) or by inhibiting the
transcriptional regulatory functions of NF-«B (Chinetti ef al,
1998). Therefore, PPAR activator effectively suppresses tumor
necrosis factor-a (TNF-a) production in adipocytes, an
important adipocytokine responsible for insulin resistance
(Uysal et al., 1997). Thus, the improvement of insulin
sensitivity by thiazolidinedione is at least partially explained by
decreased TNF-a synthesis in adipose tissues. Moreover,
thiazolidinedione has been suggested to exhibit anti-
inflammatory properties (Ricote et al.,, 1998), and to be
effective not only in patients with type 2 diabetes but also in
immune-related diseases such as rheumatoid arthritis (Oates et
al., 2002). Since monocytes from diabetic subjects were
reported to over-produce TNF-a, and since this over-
production has been suggested to be one of the mechanisms
responsible for enhanced periodontal tissue breakdown in such
subjects (Salvi er al., 1997), thiazolidinedione would have an
additive effect in preventing the progression of periodontal
disease itself in patients with diabetes. Such a clinical study
would be interesting, since this reagent has already been
marketed clinically.

In conclusion, pioglitazone completely blocked
periodontal-bacteria-derived LPS-induced IL-6 production in
adipocytes, a major inducer of CRP.

Glitazone Blocks [PS-induced IL-6 Production
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Figure 4. The effects of F. nucleatum LPS on IL-6 production, and of
pioglitazene on F. nucleatum LPS-induced IL-6 preduction in qdipocres.
Mouse 3T3-L1 adipocytes were differentiated in 24-well fissue culture
plates as described in MATERIALS & METHODS. After cenfirming
maturation of adipecity by staining the cells with oil red O, we
stimulated the cells with indicated concentrations of F. nuclsatum LPS. In
some cullures, the cells were co-incubated with 10 M of piog|ih:|zone.
Twenty-four hrs later, the cell-culture supernatants were harvested, and
the IL°4 concentration was measured by ELISA. All experiments were
done in irip|icqre, and the statistical differences were calcvlated by
Student's #test. In pieglitazone-treated cells, the IL-6 preduction was
compared with that of untreated cells when stimulated with the idenfical
concentration of F. nucleatum LIPS, Mean IL-6 concendralion + standard
deviation in each culture condition was caleulated {1094.2 + 68.6
pg/ml for LPS-unstimulated cells, 1308.3 £ 33.6 pg/ml for 1 ng/ml of
LPS-stimulated cells, 1283.8 + 6.4 pg/mlL for 10 ng/ml of LPS-
stimulated cells, 1552.9 £ 42.7 pg/mL or 100 ng/mL of LP$-stimulated
cells, 365.1 £ 5.0 pg/ml. for LPS-unstimulated cells co-incubeted with
pioglitazone, 223.7 £ 11.8 pg/ml for 1 ng/mL of LPS-stirnulated cells
co-incubated with pioglituzone, 236.0 £ 5.9 pg/mL for 10 ng/ml of
LPS-stimulated eells co-incubeted with pioglitazone, and 383.8 + 5.5
pg/mL for 100 ng/ml of LPS-stimulated cells co-incubated with
pioglitazenre, N = 3 for all groups). **p < 0.0001, com red with the
cells stimulated with the same concenlration of LPS in the absence of
pieglitazone.
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