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Abstract

Background: The infectious aetiology of periodontitis is complex and no curative
treatment modality exists. Palliative therapy is available.

Aims: To review the evidence that active or passive immunization against
periodontitis provides immune protection.

Material and Methods: PubMed (Medline), the National Institutes of Health, the
Food and Drug Administration, and the Center for Disease Control electronic
databases were searched to extrapolate information on immune responses to
immunization against periodontitis.

Results: Studies in non-human primate models using ligature-induced experimental
periodontitis suggest that antibody responses by active immunization against
Porphyromonas gingivalis can safely be induced, enhanced, and obtained over time.
Immune responses to whole bacterial cell and purified protein preparations considered
as vaccine candidates have been evaluated in different animal models demonstrating
that there are several valid vaccine candidates. Data suggest that immunization reduces
the rate and severity of bone loss. It is also, temporarily, possible to alter the
composition of the subgingival microflora. Natural active immunization by therapeutic
interventions results in antibody titre enhancement and potentially improves treatment
outcomes. Passive immunization of humans using P. gingivalis monoclonal antibodies
temporarily prevents colonization of P. gingivalis. Probiotic therapy may be an
alternative approach. Regulatory and safety issues for human periodontal vaccine trials
must be considered. Shared infectious aetiology between periodontitis and systemic
diseases may enhance vaccine effort developments.

Conclusions: Proof of principle that active and passive immunization can induce
protective antibody responses is given. The impact of natural immunization and
passive immunization in humans should be explored and may, presently, be more
feasible than active immunization studies.
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The host responses to infectious expo-
sures and from non-infectious sub-
stances are physiological functions of
the immune system. Specifically, micro-
bial substances including lipids, proteins
and polysaccharides trigger immune
responses that either eliminate the
pathogens or non-self substances, or
result in pathological consequences for
the host. Prior to the very first infection,
from birth, existing innate immunity
functions protect the host and provide
competent responses to microbes. The
innate immune system includes the fol-

lowing: (I) epithelial cell and chemical
barriers (defensins), (II) phagocytic and
natural killer cells, and (III) serum
proteins, complement factors, and cyto-
kines. Virulent microorganisms equipped
with sophisticated self-protective and
destructive abilities can bypass the innate
immune system.

As a second line of host defence,
adaptive immunity has explicit capaci-
ties to recognize, memorize, and with
increasing efficacy, respond to expo-
sures of microorganisms and their
by-products (antigens and enzymes).

Adaptive immunity consists of two
immune competent systems developed
by lymphocytes: (I) the cell-mediated
immune system, and (II) the humoral
immune system. The cell-mediated
immune system is mediated by T lym-
phocytes, and is specifically dedicated
to interact with viruses and bacteria that
survive and proliferate inside cells (i.e.
phagocytes and epithelial cells). Anti-
bodies that explicitly interact with spe-
cific external bacteria and their antigens
are produced by B lymphocytes. Such
antibodies target circulating and non-
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invading microorganisms and their
toxins via binding through various
mechanisms. Thereby, the immune sys-
tem can neutralize and/or eliminate
most pathogens. Interactions between
these immune systems occur (for
details, see du Pasquier & Flajnik
1999). The B-cell immune interaction
has specific interest for periodontal
immunization. Current evidence sug-
gests that most pathogens associated
with periodontitis are located in the
periodontal pockets and are external
to host cells. One of the key ques-
tions asked is whether a host humoral
antibody immune response is protec-
tive, destructive, or irrelevant to
periodontal infections. Under the
assumption that humoral immunity is
protective, the perspective of a vaccine
to protect against periodontitis would be
obvious.

Vaccines

As the successful vaccination against
smallpox started in 1796, the impor-
tance of prophylactic immunization
against infectious diseases is well under-
stood. Effective vaccines have success-
fully eradicated or significantly reduced
the prevalence of several diseases, espe-
cially in developed countries. These
include the (I) Bacillus—Calmette—Guér
in vaccine against tuberculosis and cho-
lera using live attenuated or killed bac-
teria, (I) polio and rabies vaccines
using live attenuated viruses, (III) teta-
nus and diphtheria vaccines using bac-
terial cell antigen subunits, (V)
Haemophilus influenza, and pneumo-
coccus infections using conjugated vac-
cines, and (V) synthetic vaccines, i.e.
(HBV) against Hepatitis B.

Maybe the most important discovery
in recent vaccine development is new
knowledge on the gene coding for bac-
terial protein antigens (attenuated vec-
tors) that can be inserted into cells of
other bacteria. Once inserted, these bac-
teria produce large volumes of the anti-
gen protein used in new vaccines
(i.e. hepatitis B surface antigen, lyme
disease, pertussis and cholera vaccines).
Serial inoculations of vector-based pro-
teins or plasmid DNA vaccines have the
potential to induce both strong B- and
T-cell responses. Especially in virus
research, the development of attenuated
vectors and the use of orally adminis-
tered fruits or vegetables containing
vaccine antigens as the route of admin-

istration is in progress (Plotkin & Plot-
kin 1999, Hilleman 2000).

Immunological adjuvants (i.e. lipopep-
tides, lipopolysaccharides (LPSs), heat-
shock proteins (HSP), or zymosan — a
mixture of yeast cell wall polysaccharide,
proteins, and ash) as substances used in
combination with specific antigens in
vaccines are used to amplify T-cell
immune responses or to absorb comple-
ment C3. Freund’s adjuvant and other
composite adjuvants are also commonly
used in vaccines. Syntex adjuvant for-
mulation (SAF) has been used as
an alternative to Freund’s complete
adjuvant. SAF is an oil-in-water emul-
sion stabilized by Tween 80, and
pluronic polyoxyethlene/polyoxypropy-
lene blocks copolymer L121. SAF acti-
vates complement by the alternate
pathway and is more effective with
hydrophobic proteins (Chiron Corpora-
tion, Emeryville, CA, USA). Animal
studies have demonstrated that adjuvants
often interact with Toll-like receptors and
activate macrophages, monocytes, and
leucocytes, resulting in stimulated secre-
tion of inflammatory products (i.e.
TNF-o, IL-8, hydrogen peroxide and
arachidonic acid; Young et al. 2001).
Thus, adjuvants can have effects on
antigen delivery, induction of immune
modulatory cytokines, and effects on anti-
gen-presenting cells (Verma et al. 1992).
The choice of adjuvant may partly explain
differences in vaccine trial outcomes.

Serious concerns regarding the pro-
duction, purity, content, and safety of
vaccines since the early 1900 standards
for assessing the safety and efficacy
have challenged the development of
new vaccines. No vaccine is perfectly
safe. The US Food and Drug Adminis-
tration (FDA) has provided basic regu-
latory criteria for vaccines. The ‘‘benefit
to risk’” consideration must specifically
be considered in the review of new
vaccines. New vaccines are partly mon-
itored by vaccine-adverse event surveil-
lance methods using computer data
mining.

Because of the fact that vaccine
development is expensive and time con-
suming, coordinated support from fund-
ing agencies, such as the US National
Institutes of Health, and commercial
interests are necessary to develop and
assess the efficacy, safety, and utility of
new vaccines. Between 1990 and 2002,
the funding support for vaccine research
increased from approximately 200 mil-
lion US$ to 1.4 billion USS$. In the year
2002, the Center for Biologics Evalua-

tion and Research and FDA listed 42
vaccine studies in phase III trials, with
more than 300 ongoing vaccine basic
research and development projects.
Some of these vaccine projects include
work using purified proteins, LPS, sur-
face lipoproteins, carbohydrates, and
lipid A. Knowledge acquired through
such efforts may be indirectly applicable
for periodontal vaccine studies. In the
development of a new vaccine, it would
be important to consider the target
population in which the vaccine may
have an impact, regulatory factors, out-
sourcing (basic research, early pre-clin-
ical and clinical work, manufacture,
sale), competition, and funding of
vaccine projects. These barriers may
explain why periodontal vaccine rese-
arch has been slow to progress.

The FDA requires extensive research
and testing before a vaccine can be
licenced for general use. Once target
antigens have been identified, purified,
and prepared for the vaccine, pre-clin-
ical testing in animal models (mice, rats,
rabbits, guinea-pigs, or monkeys) is
required. Primary safety testing is often
specifically studied in guinea-pigs.
Before any vaccine can be tested in
humans, an investigational new drug
application must be approved by the
FDA. Specifically, information on how
the vaccine works, how it is manufac-
tured, and safety and efficacy data from
the animal studied must be provided.
Following such approval, phase I safety
studies are often performed in less than
20 healthy subjects. Then, phase II
efficacy studies with 50-200 subjects
are performed, and if successful, are
followed by phase III studies of up to
several thousand subjects to test the
vaccine power in preventing the disease.
It might take up to 50 years before a
vaccine project can obtain a Biologics
Application (BLA) approval. Currently,
periodontal vaccine trials that go beyond
testing principles in animal models have
not been performed.

Periodontitis

The early colonizing bacteria on teeth
and on gingival tissues include predo-
minantly Neisseria, Streptococci, and
Actinomyces  species. Immunization
against such bacteria with the objective
of preventing colonization of later colo-
nizing pathogens is currently unrealistic.
The later phases of bacterial coloniza-
tion occur in complex biofilm structures.



Thus, different from diseases caused by
specific  single-type infections and
against which vaccines have been suc-
cessfully developed, the aetiology of
periodontitis is a complex mixed infec-
tion that includes large numbers of
different pathogenic organisms (i.e.
Socransky & Haffajee 2003). The bac-
teria most frequently associated with
periodontitis include Porphyromonas
gingivalis, Prevotella intermedia, Tane-
rella forsythia (forsythensis), Trepone-
ma denticola, Actinobacillus actinomy-
cetemcomitans, and Fusobacterium spp.
(Genco 1996). Such bacteria and their
by-products can elicit strong immune
responses (Socransky & Haffajee 1991).

Bacteria in biofilm structures can be
protected from host immune responses
and are dependent on environmental
(passive response) and genetics (active
response) factors (Hall-Stoodley &
Stoodley 2002, Kjelleberg & Molin
2002). Changes and disconnection
from biofilms occur via (I) swarming
dispersal in which individual bacteria
are released, (II) clumping dispersal in
which aggregates of bacteria are rele-
ased, or (III) surface disposal in which
bacterial biofilms move across surfaces.
All three models will challenge the host
immune system in different ways. For
example, A. actinomycetemcomitans has
a non-motile pathogen that appears to be
released passively from biofilm struc-
tures by the swarming disposal model
and is thereby protected against most
host immunity functions (Kaplan et al.
2003).

P. gingivalis has been considered as a
key pathogen in periodontitis. In vitro
studies have demonstrated that P. gingi-
valis has the ability to invade gingival
epithelial cells (Lamont et al. 1995a,b),
thereby obtaining protection against
humoral immunity factors. P. gingivalis
interacts with several aspects of the
immune system (Lamont & Jenkinson
1998). In fact, P. gingivalis can mod-
ulate its surface fimbriae dependent on
access to them and whether the patho-
gen resides in an extra- or intracellular
position. This might be one of the
mechanisms by which P. gingivalis is
evasive to host immunity (R. P. Dar-
veau, personal communication).

A definitive proof of evidence (con-
sistent with the requirement by Koch’s
postulate) that infection with P. gingi-
valis is associated with the progression
of periodontitis defined as alveolar bone
loss in Macaca fascicularis was demon-
strated in studies by Holt et al. (1988).

Successful implantation of a rifampin-
resistant strain of P. (Bacteroides)
gingivalis into periodontal pockets of
monkeys (M. fascicularis) caused an
increase in the systemic levels of anti-
body towards the microorganism. It also
resulted in alveolar bone loss. This
observation raised questions on whether
antibodies against P. gingivalis were
destructive or protective. Apparently,
the natural host immune response failed
to provide protection against the infec-
tion. If the principles from other vac-
cines also apply to periodontal
infections, active immunization against
P. gingivalis infection might be feasible
and may raise protective immunity
against periodontitis.

Vaccine candidate antigens of
P. gingivalis

P. gingivalis is a potential vaccine can-
didate because this pathogen carries
several high-potent antigens, an LPS
capsel, lipids, and outer membrane pro-
teins. Whole-cell formalin-killed P. gin-
givalis has been used as the target
antigen. In one study, attempts were
made to combine antigens from several
bacteria (Ebersole et al. 1991). The
results were not conclusive. Shared anti-
genic determinants (epitopes) exist for
many Gram-negative anaerobes. Espe-
cially, cell wall surfaces that display
polyvalent arrays of protein or carbohy-
drate antigen determinants in a spatial
arrangement may influence antibody
binding with cross-over effects. The
fact that different bacteria share anti-
genic determinants would make it fea-
sible to use antigens from a key target
pathogen present in the oral biofilm.
Different P. gingivalis antigens have
been studied, and they are presented in
Tables 1 and 2. A major virulence factor
of P. gingivalis is the extracellular non-
covalently associated complexes of
Arg-X- and Lys-X-specific cysteine pro-
teinases and adhesins designated the
RgpA-Kgp complexes. Studies have
shown that immunization with RgpA—
Pgp induces an immunoglobulin G2a
response and with a restricted coloniza-
tion by P. gingivalis and periodontal
bone loss in the rat (Rajapakse et al.
2002).

Through sequencing DNA processes,
bacterial genome bioinformatics on
P. gingivalis outer membrane proteins
have made it possible to study potential
periodontitis vaccine benefits in murine
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models. This includes the outer mem-
brane protein, porin (PG33) and (PG3),
as well as cysteine proteases (PG32) and
(PG57) (Ross et al. 2001). Studies with
these proteins have shown promise and
have shown protection against P. gingi-
valis infection (Ross et al. 2004a,Db).
Studies have also demonstrated that
transcutaneous immunization of mice
with a 40kDa outer membrane protein
of P. gingivalis induces specific antibo-
dies that inhibit coaggregation by
P. gingivalis to Streptococcus gordonii
(Maeba et al. 2005).

Large variations in P. gingivalis ribo-
types recognized by serum immunoglo-
bulin G (IgG) from subjects with chronic
periodontitis also exist. Some outer
membrane proteins may be shared by
ribotypes (i.e. the 44 and 27kDa pro-
teins) (Sims et al. 1999). Studies of
clinical isolates of 7. forsythia have
also demonstrated a large and subject-
defined genotypic variation for 7. for-
sythia (Persson et al. 2000). P. gingivalis
FDC 381 possesses a 53kDa protein
antigen (Ag53) on its outer membrane,
which evokes a strong humoral immune
response in many patients with perio-
dontal disease, but the humoral immune
responses to Ag53 differ greatly among
patients and are a result of major B-cell
epitopes (Oyaizu et al. 2001).

Animal models

Vaccine trials in animal models are
required for safety and efficacy testing
of vaccines. The ideal animal research
model for vaccine trials against perio-
dontitis with naturally occurring perio-
dontitis based on the same aetiology,
pathogenesis, and prevalence in animals
as well as in humans does not exist. As
substitutes, experimentally induced
periodontitis models have been explo-
red. Some of these may not necessarily
provide access to clinical conditions that
can readily be assessed for clinical
efficacy. Page & Schroeder (1982) con-
cluded that because of continuous erup-
tion patterns of teeth and alveolar bone
changes, mice, rats, and hamsters might
not be suitable for clinical periodontitis
vaccine efficacy studies. Such animal
models might be useful for the test of
principle in evoking immune responses,
and for safety studies (i.e. Burckhardt
et al. 1981, Kesavalu et al. 1992, Genco
et al. 1999, Mori et al. 2000, O’Brien-
Simpson et al. 2000).
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Dogs have not been considered for
periodontal vaccine studies. It is of
interest that sheep (ovine) appear to
develop naturally occurring perio-
dontitis. At least for P. gingivalis in
sheep, there is homology to human
strains. There is also a similarity in
humoral immune responses and perio-
dontitis responses in sheep and humans
(Duncan et al. 2003).

Non-human  primates, including
M. fascicularis, M. nemestrina, Marmo-
sets, Baboons, and Chimpanzees, have
been considered for periodontal vaccine
trials. Naturally occurring periodontitis
in M. fascicularis (wild caught or
domestically bred) is less than 5% (Fris-
kopp & Blomlof 1988). Studies have
demonstrated that key pathogens asso-
ciated with periodontitis can be identi-
fied in samples taken from adult
M. fascicularis and M. nemestrina and
identified by DNA probes aimed for
studies of strains found in humans
(Moncla et al. 1994, Persson et al.
1994a). Thus, the patterns of bacterial
presence in older versus young
M. nemestrina are consistent with what
is known from bacterial patterns in
humans. Higher serum IgG titres against
key pathogens associated with perio-
dontitis, suggesting an impact over
time from exposure, can also be found
in older M. nemestrina (Persson et al.
1993). In order to predictably induce
periodontitis in non-human primates,
the experimentally induced periodontitis
model has been used. In most perio-
dontal vaccine studies in non-human
primates, the design presented by Korn-
man et al. (1981) has been used.

Active immunization

Active immunity is induced by exposure
to a foreign antigen. This activates lym-
phocytes to produce antibodies against
the antigen. The immune system of the
host plays an active role in responding
to the antigen.

Vaccine studies in animal models
against periodontitis
Non-human primate vaccine studies

In the guinea-pig model, the safety of a
vaccine against periodontitis composed
of formalin-killed whole-cell P. gingi-
valis and the SAF (Syntex, Palo Alto,
CA, USA) has been tested. Unpublished
data from the vaccine trials at the Uni-
versity of Washington (R. C. Page, R. P.

Darveau, G. R. Persson, personal com-
munication) necropsy revealed no organ
abnormalities or residual organ effects
(kidney, liver, eye balls, lymph nodes).
However, Western blot analysis demon-
strated that specifically protein and car-
bohydrate antigen residues were
recognized in immunized animals
(Houston et al. 1995).

The ligature-induced model using
M. fascicularis for studies of experimen-
tal periodontitis has the advantage that it
allows for clinical assessments of oral
and periodontal conditions consistent
with human examinations (Kornman
et al. 1981, Nalbandian et al. 1985).
The model also allows for the use of
standardized intra-oral dental radio-
graphs (Ebersole et al. 1991, Persson
et al. 1994a,b). The oral microflora in
M. fascicularis has been documented
(Holt et al. 1988, Ebersole et al. 1991,
Moncla et al. 1994, Persson et al.
1994a,b). The distribution of different
bacteria associated with periodontitis in
non-human primates is quite similar to
that of human periodontitis (Moncla
et al. 1994).

Vaccine strategies that only prevent
colonization of one pathogen may have
limited value if they are only effective
against one bacterial species. Studies of
sera from immunized M. fascicularis
have, however, demonstrated that there
exist shared antigens between, i.e.
P. gingivalis and T. forsythia (Vasel
et al. 1996). Thus, shared epitopes in
lipid A and core carbohydrate of LPS
between these two pathogens exist,
which makes it feasible to induce immu-
nity to more than one pathogen,
although only antigen from a specific
bacterial species is used as target anti-
gen in the vaccine.

Results from active immunization
studies using an experimental perio-
dontitis model in M. fascicularis are
presented (Table 1). Detailed assess-
ments of immunization impact with
regard to immunological, microbiologi-
cal, and clinical outcomes are summar-
ized. The results from these studies
demonstrate that the relationship
between antibody titres and killing abil-
ities, and protection against challenge
with P. gingivalis infection in the non-
human primate model is complex.

A wide variability in functional capa-
city of sera from individual M. fascicu-
laris has been reported. Thus, Anderson
et al. (1995), studying available sera
(Ebersole et al. 1991), demonstrated
that antibody- and complement-
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mediated killing of P. gingivalis was
enhanced by immunization. Unique dif-
ferences, however, in immunogenic
potential by different pathogens asso-
ciated with periodontitis have also been
demonstrated in non-human primates
(Ebersole et al. 1997). This suggests
that the ability of the immune system
is highly dependent on the characteris-
tics of antigens produced by oral bacter-
ia. The data emerging from the studies
by the research group at San Antonio
(Holt et al. 1988, Ebersole et al. 1991,
1997, Anderson et al. 1995) suggest
that the complexity of the subgingival
microbiota dictates the functional
protection from periodontal tissue
destruction induced by oral microorgan-
isms that already colonize or infect
the host (Holt et al. 1995). Additional
studies in the M. fascicularis model
using porphypain-2 as a purified P.
gingivalis vaccine has demonstrated
promising elevation of enduring anti-
body titres in M. fascicularis, and with
an impact on the oral microflora (Moritz
et al. 1998).

The vaccine trials group in Seattle
used the same experimental model as
used by Ebersole et al. (1991). In a
blinded, randomized-controlled case—
control study over 44 weeks, immuniza-
tion of M. fascicularis with formalin-
killed whole-cell P. gingivalis (strain
5083) vaccine with SAF adjuvant or
placebo adjuvant only resulted in sig-
nificant differences in alveolar bone
loss. This was assessed by both compu-
ter-assisted density image analysis and
by standard bone height measurements,
suggesting protection in experimentally
induced periodontitis (Persson et al.
1994¢). In a subset of animals, the
immunization effects were further docu-
mented in bacterial challenging studies
(Persson et al. 1994c¢).

The studies demonstrated that, in
control monkeys, no significant IgG,
IgA, or IgM titres were elevated. In
contrast, serum IgG and IgA titres to
P. gingivalis appeared early and
persisted throughout the 36-week obser-
vation period. In immunized M. fasci-
cularis, IgM titres were elevated until
6—-12 weeks and then decreased through
week 36. Significant opsonic capacity
was seen by 6-12 weeks and persisted
throughout the study in immunized ani-
mals, whereas sera from control animals
showed only low opsonization capacity
(Houston et al. 1999). Moreover, no
correlation was seen between peak IgG
titres against P. gingivalis and protec-
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tion against bone loss, whereas a
significant  association was found
between protection against bone loss
and pre-immunization IgM titres to
P. gingivalis.

Evidence of a protective mechanism
from a formalin-killed whole-cell
P. gingivalis vaccine with SAF adjuvant
can be found in the reported effect that
vaccine-induced serum antibody titres to
P. gingivalis resulted in a blockage of
prostaglandin E, (PGE,) response to
LPS challenge (Bainbridge et al.
1997). Furthermore, the whole-cell for-
malin-killed P. gingivalis (monkey
strain 5083) in combination with an
adjuvant results in a lower levels of
PGE, levels in gingival fluid in immu-
nized M. fascicularis than in placebo-
immunized animals (adjuvant only).
The extent of alveolar bone loss was
directly correlated to the levels of PGE,
(Roberts et al. 2004). Decreased
(PGE,) levels in GCF in immunized
animals suggest a positive effect of the
vaccine, as PGE, is a major inflamma-
tory mediator and is associated with
bone loss.

Analysis of data from additional stu-
dies using purified vaccines (cysteine
proteases) with adjuvant by the Seattle
vaccine study group is in progress (G. R.
Persson, R. C. Page, personal commu-
nication). In these series of studies, no
adverse effects as a consequence from
immunization were found during study
progression or from post-mortem analy-
sis of pertinent organs, consistent with
the conclusions from findings after the
whole-cell formalin-killed P. gingivalis
vaccine plus adjuvant immunization.

Murine vaccine studies

Murine models are extensively used in
studies assessing humoral immune fac-
tors and the effects of immunizations.
For example, studies of an outer mem-
brane protein derived from P. gingivalis
ATCC 33277 with at least four specific
antigen bands have demonstrated that
immunized BALB/c mice after immuni-
zation acquire immune protection
against P. gingivalis infection (Bird
et al. 1995). Immunization with whole-
cell heat-killed P. gingivalis provides
protection both in subcutaneous cham-
ber models and to oral challenge mod-
els, and with an elevation in serum IgG-
specific titres to P. gingivalis (Gibson &
Genco 2001, Gibson et al. 2004).
Other studies have been performed
using different strains of P. gingivalis

being able to identify shared bacterial
antigenic epitopes with immune-indu-
cing capacity (see Table 2). In one
study, a combination vaccine based on
P. gingivalis and F. nucleatum enhanced
humoral immune responses and protec-
tion against consequences of infections
(Gemmell et al. 2004). The murine
model for studies of humoral immunity
and periodontal infection focusing on
various strains of P. gingivalis has lately
been used to specifically address
whether specific purified antigens
derived from genetic vectors use bioin-
formatics to identify genes predictive of
proteins with surface localization and
with immunogenic potential (Ross
et al. 2001). In further studies, the
characterization of proteins from
P. gingivalis and the conservation of
such genes across different strains of
P. gingivalis using genetic information
from the Institute of Genome Research
(TIGR) have identified two proteins
(PG0695), and (PGO694), which are
potentially most effective as vaccine
candidates against periodontitis (Ross
et al. 2004a,b).

Fimbriae appear to be a significant
adherence-mediating determinant of
P. gingivalis. P. gingivalis possesses
two distinct different types of fimbriae
(FimA, 41kDa protein) and (Fail,
67kDa protein). Studies have demon-
strated that both types of fimbriae can
induce a strong cytokine response (IL-1
B, IL-6, TNF-o). Murine peritoneal
macrophages with the ability to induce
osteoclast activity can be blocked by an
anti-Toll-like receptor antibody (Hira-
mine et al. 2003).

P. gingivalis has an obligate iron
requirement for growth. P. gingivalis
also secretes proteases to provide
enhanced access to iron and peptides
that are also involved in tissue destruc-
tion and evasion and modulation of host
immune defences. Therefore, efforts
have been made to identify such pro-
teases that may have immunogenic
potential and may serve as vaccine can-
didates. Several murine studies have
been used to assess such potential vac-
cine candidates. P. gingivalis cysteine
proteases (gingipains) are involved in
hem and haemoglobin binding. The
pathogenicity of P. gingivalis has spe-
cifically, been attributed to fimbriae,
haemagglutinins LPS and the Arg-X-
and Lys-X-specific cysteine proteases
and their adhesions (Lamont & Jenkin-
son 1998, O’Brien-Simpson et al. 2000).
It is known that cysteine proteases,

especially from P. gingivalis W50,
deregulates host defences and up-regu-
lates cytokine responses (Okamoto et al.
1998). Immunization studies with the
cysteine protease complex of RgpA-
Kgp have shown that immunization
results in high serum IgG2 titres and
protection against P. gingivalis and
bone loss in a rat model (Rajapakse
et al. 2002). Specifically, the 44kDa
adhesion/haemagglutinin (RgpA44), the
27kDa adhesion (RgpA27) of RgpA,
and the 39 and 42kDa adhesion
(Kgp39) of KgP are recognized by
anti-RgpA antisera and provide protec-
tion against P. gingivalis infection in
mice (Genco et al. 1998).

P. gingivalis fimbrillin (FimA) is
involved both in bacterial adhesion and
the induction of an inflammatory
response. Biologically active domains
of P. gingivalis fimbrillin can be
expressed on the surface of S. gordonii.
Immunization  with  recombinants
expressing terminal epitopes of FimA
using S. gordonii vectors result in the
induction of FimA-specific serum IgG
and salivary IgA antibody responses.
The efficacy of such mucosal vaccina-
tion against P. gingivalis has been
demonstrated in a germ-free rat model
(Sharma et al. 2001).

Thus, studies using murine models
have independently proven that purified
proteases from P. gingivalis evoke
strong humoral immune responses
with potential periodontitis-protective
functions. Similar conclusions have
been pointed out in the studies using
non-human primates (Moritz et al.
1998).

Stimulation of humoral immunity by
treatment

Stimulation of self-antibody production
as a consequence of treatment of
infected tissues causing bactaeremia
can induce an elevation of antibodies
against a target antigen. Several studies
have assessed the effects of such
“‘uncontrolled’” immunization against
pathogens associated with periodontitis
(Table 3).

Studies of serum IgG antibodies to
whole-cell sonicate, protein, and puri-
fied LPS fractions of A. actinomycetem-
comitans from patients diagnosed with
aggressive periodontitis (AgP), but
untreated, and from healthy controls
have demonstrated large variation in
titres (Ou et al. 1997). In a case—control
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Conclusion
prevent colonization of P. gingivalis for

up to 9 months
No effect on titters suggesting passive

Passive immunization can selectively
immunization

Titres linked to the presence and

challenge from microbiota

Results

periodontal measures other than for P.

No impact on difference in decrease of
gingivalis

healthy subjects

therapy

1. No impact on serum IgG titres as an effect of
2. Higher titres in CP subjects

3. Different patterns of titres between CP and

1.

Study type
Longitudinal intervention case—control

study 89 CP patients and healthy

Monoclonal antibody to P. gingivalis
control subjects

Longitudinal case—control study of
(MAD 61GB 1.3) or placebo in
subgingival applications

subjects with periodontitis
Checkerboard immunoblotting

Antigen
Antigens from 19 different bacteria

Radioimmunoassay for serum
including
T. forsythensis (ATCC 43037)

1gG, Iga, IgM
P. gingivalis (FDC 381)

P. intermedia (ATCC 25611
P. nigrescens (ATCC 33563)

Table 3. (Contd.)

Study

ICRT, initial cause related therapy.

Booth et al. (1996)
Papapanou et al.
(2004)

study of subjects with AgP, Chen et al.
(1995) demonstrated that non-surgical
treatment-induced antibody avidity and
elevation of serum antibody titres to
both purified LPS and to protein frac-
tions from whole-cell P. gingivalis. This
is consistent with a concept that patients
with AgG and with initially low func-
tions and levels of antibodies to
A. actinomycetemcomitans can be sti-
mulated to produce biologically func-
tional antibodies during the course of
non-surgical periodontal therapy. Stu-
dies on the one-stage non-surgical deb-
ridement suggesting a Schwartzman
reaction after treatment also suggest
that such a treatment causes bacterae-
mia, which turns on a host immune
response (Quirynen et al. 1999).

Contradictory results have been
reported, in that some studies suggest
that enhanced immunity occurs as an
effect of therapy (Sjostrom et al. 1994,
Chen et al. 1995, Mooney et al. 1995).
Other studies have failed to demonstrate
such an effect (Aukhil et al. 1988,
Johnson et al. 1993, Horibe et al. 1995,
Smith et al. 1996, Darby et al. 2001).
Mooney et al. (1995) demonstrated that
periodontal therapy affects the magni-
tude and quality of the humoral immune
response. Mooney et al. (1995) also
demonstrated that the immune response
to treatment is linked to pre-treatment
antibody titre levels and that sero-posi-
tive subjects responded clinically better
to treatment than sero-negative subjects.
No significant post-therapy effects on
the humoral immune response other
than reduced antibody avidity to
P. gingivalis and P. intermedia have
also been demonstrated (Darby et al.
2001). The observations by Papapanou
et al. (2001, 2004) also suggested a
correlation between serum titre status
and the antibody responses to perio-
dontal microbiota but in relation to the
severity of periodontitis.

Apatzidou & Kinane (2004) failed to
demonstrate that non-surgical perio-
dontal therapy performed as either full-
mouth or sequential debridement resulted
in increased antibody titres or avidities to
pathogens associated with periodontitis.
A trend towards reduction in titres was
noticed, and with a marked inter-subject
variability. Similar results have been
demonstrated for antibody titres to HSP
(human HSP60 and P. gingivalis GroEL,
a bacterial homologue of human HSP60)
(Yamazaki et al. 2004b).

Thus, whether therapy can trigger
effective immune responses enhancing

resistance to disease and elimination of
pathogens remains unclear.

Differences in antigen/antibody com-
plexes studied, differences in serum
assays used, differences in periodontitis
disease severity classification and exist-
ing subgingival microflora, and differ-
ences in therapy efficacy are some of the
factors explaining the disparate results.

Passive immunization

Protective immunity can be obtained
through passive immunization. This
can be obtained by transfer of specific
antibodies against the target bacteria
(antigen). A passive immune response
can be achieved by transfer of antibo-
dies via serum, lymphocytes from
immunized individuals, or monoclonal
antibodies against specific pathogens.
Transfer of maternal antibodies to the
foetus is another example of passive
immunization. The advantages of using
antibody molecules to treat infectious
diseases include their specificity
and versatility (i.e. neutralizing toxins
and viruses, activating complement, and
opsonization) have been demonstrated
(Casadevall et al. 2004). Passive immu-
nization is short-lived and remains
effective only as long as the injected
antibody persists. The host will not
respond to the immunization.

Animal studies

The murine monoclonal antibody Guy’s
13 recognizing S. mutans and S. sobri-
nus has successfully been used to
prevent colonization of S. mutans in
non-human primates (Lehner et al.
1985). Based on the murine monoclonal
antibody Guy’s 13, it has been possible
to develop a human derivate that has
demonstrated binding to the surface
adhesion of S. mutans in vitro. It has
therefore been suggested that this vac-
cine candidate may be a useful passive
immunization candidate against caries
(Kuepper et al. 2005). In vitro testing of
a recombinant (r)40kDa outer mem-
brane protein derived from immunizing
mice with purified r40kDa OMP has
demonstrated that the IgG1 monoclonal
antibody (Pg-ompA2) is bactericidal
against P. gingivalis strain W381
(Katoh et al. 2000). Thus, Pg-ompA2
may contribute to the development of a
local immunotherapy that can be
applied in the gingival crevice of a
patient with P. gingivalis-related perio-



dontitis (Teshirogi et al. 2003). Other
monoclonal antibodies have been used
by oral or intra-nasal immunization of
mice with P. gingivalis-coated mono-
clonal antibodies, demonstrating differ-
ences in antigenic specificity of
anti- P. gingivalis serum IgG (Van Til-
burg et al. 2001). Similar results in mice
have also been obtained from passive
immunization with monoclonal antibo-
dies against the A. actinomycetemcomi-
tans Y4 strain (Herminajeng et al. 2001).

Promising results have been reported
using monoclonal antibodies (MAb
61BG 1, 3) that are specifically recog-
nized by at least 22 laboratory strains
and 105 clinical isolates of P. gingivalis.
Passive immunization with MBb 61BG
1, 3 resulted in the suppression of
P. gingivalis for at least 6 months
(Booth et al. 1996, Kelly et al. 1997).
Recent construction of a human mono-
clonal antibody (HuMAb-HMGD1) that
is capable of recognizing the 43 and
49kDa proteins from P. gingivalis and
inhibiting the haemagglutinating ability
of P. gingivalis may prove useful in
passive immunization against perio-
dontitis (pending safety and efficacy
studies) (Kaizuka et al. 2003). If selec-
tive inhibition of pathogens associated
with periodontitis can be induced by
topical application of a preparation con-
taining monoclonal antibodies or atte-
nuated vectors in combination with
proteins or DNA vaccines it may elicit
strong B- and T-cell responses. Such
efforts are currently being pursued in
other fields (tuberculosis research) and
may also become applicable in perio-
dontal research and clinical prevention.

Probiotics

Probiotics are live microorganisms
administered in adequate amounts with
beneficial health effects on the host. The
Food and Agriculture Organization of
the United Nations has defined Probio-
tics as ‘‘live microorganisms adminis-
tered in adequate amounts conferring
beneficial health effect on the host’’.
Most probiotic products contain bac-
teria from the genera Lactobacillus or
Bifidobacterium, although other genera,
including Escherichia, Enterococcus,
Bacillus, and Saccharomyces (a yeast),
have been suggested as probiotics. Such
bacteria are often identified from the
human gastrointestinal system. These
bacteria are purified, grown to large
numbers, concentrated to high doses,

and preserved. They are provided in
products as (1) a culture concentrate
added to a food (usually a dairy product)
with a low or no opportunity for culture
growth, (2) inoculants into a milk-based
food (or dietary supplement) as fermen-
ted food, or (3) dietary supplements
such as powders, capsules, or tablets.
There are currently no published reports
in the English language on the use of
probiotics in the treatment of perio-
dontitis. Mucosal immune responses
may be invoked by probiotic immuniza-
tion. Studies of adhesion molecules have
shown that superficial cell layers of the
gingiva can be affected and can be
stimulated to enhance the presence of
immune potent cells (Lappin et al. 2003).

A recent (03.15.05) PubMed search
identified three studies on the topic in
the Russian language. Regulation of
microflora composition (e.g. by probio-
tics and prebiotics) may offer the possi-
bility to influence the development of
mucosal and systemic immunity, but it
can also play a role in the prevention
and treatment of diseases such as perio-
dontitis and heart disease (Tlaskalova-
Hogenova et al. 2004).

Non-conclusive short-term beneficial
effects of a probiotics in the form of
cheese containing Lactobacillus rham-
nosus GG, ATCC 53103 (LGG) in redu-
cing S. mutans and yeast counts have
been demonstrated in humans (Ahola
et al. 2002). However, others have
shown increases of lactobacilli and no
impact on S. mutans in subjects who
received administration of probiotics,
both in capsule and in liquid form. The
increased salivary counts of lactobacilli
may indicate the need to closely monitor
the dental health of patients undergoing
long-term probiotics treatment (Montal-
to et al. 2004).

A link between periodontitis and
systemic disease with impending
shared vaccine benefits

A potential association between stress
and periodontitis in humans has been
suggested (Pistorius et al. 2002, Mer-
chant et al. 2003). It is therefore of
interest to notice that lower serum
IgG1/IgG2 ratios against P. gingivalis
were found both in immunized and
sham-immunized mice as compared
with non-stressed animals (Houri-Had-
dad et al. 2003). This observation may
also have implications for the interpre-
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tation of data from vaccine studies in
animals in general.

There is evidence that microbial HSP
are immunodominant antigens of many
microorganisms. HSP (i.e. HSP60,
GROEL) have been associated with
atherosclerosis and Chlamydia pneumo-
niae infection (i.e. Chiu et al. 1997).
Elevated antibody levels against
C. pneumoniae, human HSP60, and
mycobacterium HSP65 have been iden-
tified in subjects with myocardial infarc-
tion and ischaemic heart disease (Heltai
et al. 2004). The 60kDa HSP has been
associated with delayed-type hypersen-
sitivity responses, and the isolation and
sequence analysis of HSP60 from bac-
teria are important (Kikuta et al. 1991).

Elevated serum antibody titres
against human HSP60 and P. gingivalis
HSP60 in subjects with cardiovascular
disease and periodontitis and with a
T-cell clonality between these HSP60
proteins have been shown (Yamazaki
et al. 2004a). In a pilot project, Yama-
zaki et al. (2004b) also demonstrated
significant variation in antibody titres to
HSP60 after periodontal treatment.
Other studies have shown that subjects
with high anti-HSP (HSP90, DnaK, and
GroEL) antibody concentrations tended
to have significantly healthier perio-
dontal tissues (Lopatin et al. 1999).
Thus, it might be feasible to develop a
vaccine against periodontitis based on
P. gingivalis-specific HSP or HSP epi-
topes.

Other studies have demonstrated that
Campylobacter rectus and Heliobacter
pylori share common antigens belong-
ing to the HSP60 family of antigens.
H. pylori has been linked to several
chronic diseases including cardiovascu-
lar disease, gastritis, and gastro-duode-
nal ulcers (Tanabe et al. 2003). There is
also a symbiotic relationship between
C. rectus and P. gingivalis, which may
provide additional interest in vaccine
trials with potentially shared protective
outcomes. A relationship between ser-
um titres to HSP70, HSP90, GADG65 (an
autoimmune factor in type 1 diabetes
mellitus) and serum titres to P. gingiva-
lis has been demonstrated, suggesting
that periodontal infection with P. gingi-
valis may be related to severity of
IDDM (Sims et al. 2003).

In immunization studies with DNA
fragments of human 60kDa HSP using
the rat model effects, it has been demon-
strated that boosting the HSP60 regula-
tory response may provide an approach
to manage human rheumatoid arthritis
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(Quintana et al. 2003). Studies have
identified several T-cell epitopes of
P. gingivalis HSP60 (Choi et al. 2004).
Further studies identifying cross-reac-
tivity between pathogens associated
with periodontitis and other diseases
with a potential infectious aetiology may
provide avenues for the development
of a peptide vaccine strategy not only
effective against periodontitis but also
against other infectious diseases. Stress
protein-derived peptides (HSP60) might
provide a significant advantage if they do
not induce auto-immune disease while
providing immunity to infections of
HSP60-carrying bacteria (Amir-Kroll
et al. 2003).

Summary

Major efforts have been dedicated to the
development of vaccines against serious
diseases, highly prevalent diseases, and
diseases without effective treatments.
With regard to periodontitis, there are
well-established treatment modalities of
chronic periodontitis, the most common
type of periodontitis. The prevalence of
AgP in most societies is by all estimates
rather low. Whether there is merit in
developing a periodontal vaccine for the
prevention of periodontitis in general,
and for special risk populations, must be
considered before major efforts can be
pursued in periodontal vaccine develop-
ment. Recent findings of associations
between periodontitis and other sys-
temic diseases may provide a rationale
for the development of a vaccine against
periodontitis, especially a vaccine that
could have additional benefits and
reduce risks for other diseases. Current
knowledge of these associations does
not possess sufficient merit to pursue
such vaccine developments. The oppo-
site might be proven more effective, that
a vaccine developed for treatment of
infection linked to pre-term birth or
cardiovascular disease caused by infec-
tions may have cross-over benefits for
periodontal health.

The research efforts associated with
host immune responses and potential
vaccine candidates against P. gingivalis
infection have enriched the understand-
ing of immune functions in perio-
dontitis. The information on serum IgG
antibody titres to bacteria associated
with periodontitis may soon become
useful as diagnostic methods, serving
as predictors of treatment outcomes,
and may guide clinicians in therapeutic
decisions.

The current evidence collected from a
large series of diverse and independent
studies has clearly demonstrated that
active immunization using vaccines
against P. gingivalis will induce a sig-
nificant humoral response across animal
study models. If passive immunization
studies are included, such evidence can
also be gathered from human observa-
tional studies. Further studies are
needed to assess the potential of passive
immunization by either clinical treat-
ment inducing bacteraemia and a host
immune response, or from exposure to
monoclonal antibodies and vector anti-
gens developed against periodontal bac-
teria, which can be administered via the
mucosal route.

Further studies are needed to develop
scientific models for studies of naturally
occurring periodontitis. The impact of
trauma induced by ligature placement
alone will, in itself, cause an inflamma-
tory response with bone loss. Thus, the
induced mechanical trauma from liga-
tures will mask any positive impact of
infection prevention in a vaccine pro-
ject. There are few suitable animal mod-
els. The ovine model discussed in this
review appears to be promising. Addi-
tional studies are, however, necessary
before this animal model can be recom-
mended.

There is a need for a better under-
standing of the infections in perio-
dontitis. The majority of studies that
can be linked to vaccine trials have
been focused on P. gingivalis. Although
it appears clear that this pathogen is
involved in periodontitis, other patho-
gens may be more critical in the early
development of the biofilm resulting in
periodontitis. Knowledge from -caries
vaccine efforts may be useful in the
development of a vaccine against perio-
dontitis. In fact, animal studies have
demonstrated that it is possible to induce
protection against caries in rodents with
protein antigens derived from S. mutans
or S. sobrinus against oral colonization
by mutans streptococci and the devel-
opment of dental caries. The protection
has been focused on salivary IgA anti-
bodies inhibiting different sucrose
mechanisms of streptococcal accumula-
tion on tooth surfaces (Russell et al.
2004). Recent advances in mucosal
immunology and the introduction of
novel strategies for inducing mucosal
immune responses now raise the
possibility that effective and safe vac-
cines can be developed (Abiko 2000,
Kruger et al. 2004).

Whereas most vaccine efforts are
directed against infections caused by
single viral or bacterial infectious
agents, periodontitis is believed to
have a complicated infectious pattern.
Few vaccines based on a composition of
antigens from different bacteria/viruses
and linked to different infectious dis-
eases have been tested or developed.
One example is the classical measles,
mumps, and rubella virus vaccine com-
bination, against three different diseases
(Weibel et al. 1980). Vaccines studied in
mice using conjugate multiple-antigen
peptides against highly variable patho-
gens have been shown to elicit antibo-
dies to a huge number of clinical isolates
(Iglesias et al. 2005). Thus, similar
methods might be applicable to com-
bined periodontal and caries vaccine
trials.

The current evidence collected from a
large series of diverse and independent
studies have clearly demonstrated that
active immunization using vaccines
against P. gingivalis will induce a sig-
nificant humoral response across animal
study models. If passive immunization
studies are included, such evidence can
also be gathered from human observa-
tional studies.

Conclusions

(I) There is sufficient concurring evi-
dence that serum antibodies against
P. gingivalis antigens are induced
by either infection or immuniza-
tion.

(II) There are non-human primate and
murine study results with evidence
of specific methods to induce an
enduring antibody titre without
recognizable systemic side-effects.
The ambiguity in some study
results may depend more on the
study model (ligature-induced dis-
ease) than vaccine efficacy. High
antibody titres appear to provide
protection.

(ITII) Immunization against P. gingiva-
lis results in a reduction of the
quantity of the target organism in
animal models. P. gingivalis
levels at infected periodontal sites
are inversely correlated with anti-
body titres against the pathogen.

(IV) Collaborative efforts are needed
to ensure successful vaccine
development  against  perio-
dontitis.
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