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Animal experiments strongly suggest

that severity of bacteria-induced perio-

dontitis can be minimized by immun-

ization with whole cells or antigens

from the periodontopathogenic bac-

teria (1–5). However, several issues

should be addressed pertinent to the

development of a sophisticated vaccine

against human periodontitis (6, 7).

First, human periodontal disease is not

caused by a single pathogen. Currently

seven to 10 bacterial candidates have

been claimed to be putative perio-

dontal pathogens (8). The multiplicity

of pathogenic organisms indicates that

vaccine design against periodontitis is

very complex (9). Second, bacterial

whole cells or crude extract prepar-

ation for vaccination is not desirable

because the antigenic determinants of

bacteria potentially possess a high risk

of cross-reactivity with human coun-

terparts.

Heat shock protein (HSP) shares a

high sequence homology among perio-

dontopathic bacteria (10), which can

be utilized as a vaccine to cross-protect

against multiple pathogenic species.

Within the context of the strategy to

develop a cross-protective vaccine, we
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Objectives: Heat shock protein (HSP) can be utilized as a vaccine to cross-protect

against multiple pathogenic species. The present study was performed to evaluate

Porphyromonas gingivalis heat shock protein 60 (HSP60) as a vaccine candidate to

inhibit multiple bacteria-induced alveolar bone loss.

Material and methods: Recombinant P. gingivalis HSP60 was produced and

purified from P. gingivalis GroEL gene. Rats were immunized with P. gingivalis

HSP60, and experimental alveolar bone loss was induced by infection with mul-

tiple periodontopathogenic bacteria.

Results: There was a very strong inverse relationship between postimmune anti-

P. gingivalisHSP immunoglobulin G (IgG) levels and the amount of alveolar bone

loss induced by either P. gingivalis or multiple bacterial infection (p ¼ 0.007).

Polymerase chain reaction data indicated that the vaccine successfully eradicated

the multiple pathogenic species.

Conclusions: We concluded that P. gingivalis HSP60 could potentially be devel-

oped as a vaccine to inhibit periodontal disease induced by multiple pathogenic

bacteria.
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have initially reported that Porphyro-

monas gingivalis HSP cross-reacted

with the heat-induced proteins of six

periodontopathogenic bacterial species

and demonstrated the high opsonop-

hagocytosis function against the six

target bacteria (11). In the present

study, we have extended our investi-

gation to evaluate the vaccine efficacy

of P. gingivalis HSP on bacteria-

induced alveolar bone loss in rats.

Material and methods

Growth and maintenance of bacterial
strains

Porphyromonas gingivalis 381, Prevo-

tella intermedia ATCC 25611 and

Fusobacterium nucleatum ATCC 10953

were grown in tryptic soy broth (Difco,

Detroit, MI, USA) supplemented with

hemin (5 lg/ml) and menadione

(0.5 lg/ml). Actinobacillus actinomyce-

temcomitans ATCC 33384 was grown

in brain heart infusion broth supple-

mented with hemin (5 lg/ml) and

menadione (0.5 lg/ml). Tannerella

forsythia ATCC 43037 was grown in

peptone-yeast extract medium with

horse serum. Freeze-dried culture of

Treponema denticola ATCC 33520 was

a gift from Dr Ishihara (Tokyo Dental

College, Chiba, Japan). Bacterial cul-

tures were harvested, washed in phos-

phate-buffered saline, and finally

resuspended in prereduced Ringer

solution to maintain viability of

anaerobic organisms. Either 5 · 108

cells of P. gingivalis alone or 1 · 108

cells of each bacteria in a mixed form

were used for the infection of each rat.

Immunization of mouse with
recombinant Porphyromonas
gingivalis heat shock protein 60

Recombinant P. gingivalis HSP60

(rHSP60) was produced and purified

from P. gingivalis GroEL gene (12),

and the purity was verified as previ-

ously described (13, 14). Twelve Spra-

gue-Dawley rats maintained in a

specific pathogen-free breeding facility

were initially immunized subcutane-

ously with P. gingivalis rHSP60 (5 lg)
in complete Freund’s adjuvant fol-

lowed by two injections of the protein

in incomplete Freund’s adjuvant at

2-week intervals. Rat serum samples

were collected by tail bleeding prior to

the first immunization and 1 week after

the final immunization, and stored at

20�C until used. Twelve control rats

were sham-immunized with complete

and incomplete Freund’s adjuvant,

respectively.

Induction of alveolar bone loss by
bacterial infection

On day 4 following the final immun-

ization, each rat was injected intra-

muscularly with a daily dose of 20 mg

of ampicillin and kanamycin for three

consecutive days to suppress the

endogenous bacteria. Experimental

alveolar bone loss was induced by

bacterial infection 3 days following

antibiotic treatment. Twelve immun-

ized rats were divided into two groups:

six rats were infected with P. gingivalis

(5 · 108) alone suspended in 2% vis-

cosity carboxylmethyl cellulose for

three consecutive days by intraoral

inoculation, whereas the other six rats

were infected with all the six bacterial

strains (1 · 108/each organism) by the

same protocol. Twelve control rats

(sham-immunized) were also divided

into two groups: each group was

infected with either P. gingivalis or

with mixed bacteria. Bacterial infection

was repeated on three consecutive

days. Six weeks following the last

bacterial infection, the rats were killed

by injection of an overdose pentothal

sodium.

Identification of
periodontopathogenic bacteria in
fecal samples

Fecal samples were collected 2 days

following the bacterial infections and

at the time of death in three rats per

group and were subjected to polym-

erase chain reaction (PCR) amplifica-

tion of rDNA to verify that the

intraoral inoculation was successful.

Previously published primer pairs were

selected for specific PCR amplification

of 16S rDNAs of the microorganisms

(15, 16). PCR amplification was per-

formed in a thermal cycler (PE2400:

Perkin-Elmer Applied Biosystems,

Foster City, CA, USA) according to

the conventional protocol. The PCR

products were visually identified by

agarose gel electrophoresis.

Measurement of rat
anti-Porphyromonas gingivalis heat
shock protein 60 immunoglobulin G
antibody titer

Microtiter plates were coated in tripli-

cate with P. gingivalis rHSP60 (10 lg/
ml) diluted in phosphate buffer. Coa-

ted plates were washed and rat serum

samples serially diluted in phosphate-

buffered saline/Tween were added to

each well and incubated. After washing

the plates, peroxidase-conjugated goat

anti-rat immunoglobulin G (IgG: hea-

vy and light chains) (Jackson Immu-

noResearch Laboratories, West Grove,

PA, USA) was added and incubated.

The plates were washed and tetram-

ethylbenzidine (Kirkegaard and Perry

Laboratories, Gaithersburg, MD,

USA) was added to each well for

incubation followed by adding H2SO4

to stop the reaction. Optical densities

read at 450-nm wavelength were plot-

ted as a function of serum dilution

factor and regression analysis was

performed. One of the preimmune

control sera was assigned an enzyme-

linked immunosorbent assay (ELISA)

unit of 100, and serum IgG titers of the

control and test sera were calculated.

Antibody titers were subjected to Stu-

dent’s t-test for statistical comparison.

Measurement of bacteria-induced
alveolar bone loss

After death, rat maxillary bone was

defleshed to measure the distance from

the cementoenamel junction to either

the buccal or palatal alveolar bone

crests at five sites of the upper right

first and second molars using a digital

stereomicroscope (Olympus, Tokyo,

Japan). Significance of differences

between groups was sought by analysis

of variance (ANOVA) by comparing

mean buccal or palatal bone levels per

rat. Furthermore, postimmune anti-

body titers and the mean alveolar bone

level per rat were plotted and statistical

significance was determined using the

Spearman’s rank test.
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Results

Anti-Porphyromonas gingivalis heat
shock protein 60 immunoglobulin G
titers

Mean anti-P. gingivalis HSP60 IgG

titers of the control group were

110.5 ± 24.5 and 115.6 ± 33.4 at pre-

and postimmune period, respectively.

In six rats infected with P. gingivalis

alone, the values were 115.1 ± 14.1

and 385.1 ± 15.8, respectively. In the

other six rats infected with mixed bac-

teria, these values were 121.4 ± 30.6

and 873.3 ± 61.7, respectively

(Table 1). Postimmune anti-P. gingi-

valis HSP60 IgG titers of rats infected

with either P. gingivalis alone or with

mixed bacteria were significantly ele-

vated when compared with the preim-

mune and the control group titers

(p < 0.05, p < 0.005, respectively).

Levels of alveolar bone

Mean buccal or palatal alveolar bone

levels of the P. gingivalis-infected con-

trol group were 0.53 ± 0.13 mm and

0.73 ± 0.09 mm, respectively, whereas

those of the experimental group were

0.45 ± 0.14 mm and 0.64 ± 0.13 mm,

respectively (Table 2). The differences

in the mean buccal bone levels were

statistically significant between the two

groups (p < 0.014). Mean buccal and

palatal alveolar bone levels of the

mixed-infected control group were

0.52 ± 0.14 mm and 0.77 ± 0.17 mm,

respectively, whereas those of the

experimental group were 0.42 ± 0.11

and 0.63 ± 0.13, respectively. The

differences in the mean buccal bone

levels were significant between the two

groups (p < 0.016). Palatal bone levels

did not show any statistically signifi-

cant differences in either group.

Association of postimmune
anti-Porphyromonas gingivalis
immunoglobulin G titers and levels
of alveolar bone

Linear regression analysis was per-

formed to evaluate the correlation be-

tween the postimmune anti-

P. gingivalis HSP60 titer and the mean

alveolar bone level per rat. The inverse

relationship between the two parame-

ters was highly significant by Spear-

man’s rank test (p ¼ 0.006, Fig. 1).

Polymerase chain reaction
identification of bacteria in fecal
samples

The bacterial species in fecal samples

were identifiable by PCR in the rats

infected with either P. gingivalis alone

or mixed bacteria at 2 days following

the infection (Fig. 2). At the comple-

tion of the experiment, we could not

identify any bacterial species in the

fecal samples of the experimental

group. However, T. forsythia was not

identifiable in any samples.

Discussion

There are several antigenic determi-

nants that share a high sequence

homology among periodontopathic

bacteria and that might be utilized for

a vaccine to cross-protect against the

multiple pathogenic species. These

antigens include, but are not limited to,

phosphorylcholine (17), capsular poly-

saccharide (18), and heat shock protein

(HSP) (10). We excluded the use of

phosphorylcholine because it has not

been identified in P. gingivalis. Capsu-

lar polysaccharide was not included in

our study as it is not an inducer of

T-cell mediated immunity, demanding

capsular polysaccharide–protein con-

jugation in the vaccine design (3).

We observed increased alveolar

bone resorption in rats induced by

P. gingivalis infection, which was sim-

ilar to the results observed by others

(4, 5). However, no study has evalu-

ated the in vivo vaccine efficacy against

multiple periodontopathogenic species

using an animal model. Therefore, we

have extended our previous in vitro

observation that P. gingivalis HSP

could be potentially used as a perio-

dontal vaccine against multiple perio-

dontopathogenic bacteria (19). In the

present study, we used a rat model to

evaluate in vivo the vaccine efficacy of

P. gingivalis HSP in inhibiting alveolar

bone loss induced by multiple bacteria

after their colonization in the oral

cavity. Anti-P. gingivalis HSP IgG

antibody titers were significantly

Table 1 . Anti-Porphyromonas gingivalis heat shock protein 60 immunoglobulin G antibody

titers of the control and the experimental groups at each experimental period (mean ± SD)

Group Preimmune Postimmune p-value

Control (n ¼ 12) 110.5 ± 24.5 115.6 ± 33.4 NS

Experimental 1 (n ¼ 6, P. gingivalis alone) 115.1 ± 14.1 385.1 ± 15.8a < 0.05

Experimental 2 (n ¼ 6, mixed bacteria) 121.4 ± 30.6 873.3 ± 61.7b < 0.005

a,bAntibody titers were significantly higher than the preimmune values and the control group

(p < 0.05, p < 0.005, respectively).

Table 2 . Alveolar bone levels (cementoenamel junction to alveolar crest) of the control and the experimental groups measured using a digital

stereomicroscope (mean value in mm ± SD)a

Infection groups

Porphyromonas gingivalis alone Mixed bacteria

Control n ¼ 6 Immunization n ¼ 6 p-valueb Control n ¼ 6 Immunization n ¼ 6 p-valuec

Buccal 0.53 ± 0.13 0.45 ± 0.14 0.014 0.52 ± 0.14 0.42 ± 0.11 0.016

Palatal 0.73 ± 0.09 0.64 ± 0.13 0.088 0.77 ± 0.17 0.63 ± 0.13 0.150

aMean value and standard deviation from six mice per each group.
b,cDifference of buccal bone levels were highly significant between experimental and control groups when tested by ANOVA.
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elevated when compared with the pre-

immune stage. However, there was

considerable variability in postimmune

antibody titer between rat groups

before they were infected with either

P. gingivalis alone or mixed bacteria.

The reason is not clear; however,

postvaccine variability in immune

response may not be an unusual phe-

nomenon in vivo. The fecal bacterial

species identified by PCR suggested

that the intraoral colonization could be

established, except for T. forsythia

presumably due to its fastidious

nature. However, we could not verify

this phenomenon directly from sub-

gingival plaque samples due to extreme

difficulty in accessibility. At the end

of the experiment, we could not

identify any bacterial species in the

fecal samples in the experimental

group.

The inhibiting effect of P. gingivalis

HSP on the bacteria-induced buccal

bone loss was highly significant

regardless of whether the rats were

infected with P. gingivalis alone or

with mixed periodontopathogenic spe-

cies. This observation, taken together

with our previous in vitro observations

(11), strongly suggests the utilization of

P. gingivalis HSP as a potent perio-

dontal vaccine against multiple perio-

dontopathogenic bacteria. Moreover,

mean alveolar bone loss per rat dem-

onstrated a very strong inverse rela-

tionship with anti-P. gingivalis HSP

antibody titers. Therefore anti-P. gin-

givalis HSP antibody levels could

potentially be a predictor for the

protective capacity in bacteria-induced

periodontitis.

However, T cell immune response

to bacterial HSPs may be involved in

the immunopathogenic mechanism of

periodontal disease (20, 21) through

the induction of autoimmunity tar-

geting mammalian HSPs. We have

recently identified the immunodomi-

nant T-cell epitopes of P. gingivalis

HSP in periodontitis patients and

these epitopes could potentially be

developed as peptide vaccine candi-

dates (19). Nevertheless, due to its

sequence homology with human tissue

components, a major concern may

arise for cross-reactive T-cell immune

response leading to the induction of

autoimmune reaction when the total

P. gingivalis HSP60 is used for vac-

cination. To avoid the possibility of

cross-reactive events, one may have to

develop a vaccine strategy using syn-

thetic peptide consisting of immuno-

dominant epitope of the bacterial HSP

that is not homologous to human

homologue.
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