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A targeted fimA DNA vaccine
prevents alveolar bone loss in
mice after intra-nasal
administration
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Abstract

Aim: To construct a dendritic cell (DC)-targeted DNA vaccine against FimA of
Porphyromonas gingivalis and evaluate the immunogenicity and protection in mice.
Materials and Methods: A targeted DNA plasmid pCTLA4-FimA, which encodes
the signal peptide and extracellular regions of mouse cytotoxic T lymphocyte-
associated antigen 4 (CTLA4), the hinge and Fc regions of human Igy1 and FimA of
P. gingivalis, was constructed. Mice were immunized with pCTLA4-FimA, the
non-targeted DNA plasmid pFimA, which contains only fimA gene, or pCI vector
intra-nasally. Serum and saliva antibody responses were detected by enzyme-linked
immunosorbent assay. The protection against P. gingivalis-induced periodontitis was
evaluated by measuring alveolar bone loss in mice.

Results: Mice immunized with pCTLA4-FimA showed elevated levels of specific
serum IgG and salivary IgA antibody responses compared with mice immunized with
pFimA (p<0.01). Both pFimA and pCTLA4-FimA immunized groups showed
significantly lower alveolar bone loss, with the magnitude protection greater in the
latter (p <0.01), compared with the pCI immunized group.

Conclusions: The DC-targeted DNA construct pPCTLA4-FimA enhanced both
systemic and mucosal immunity following intra-nasal immunization. A DNA-based
immunization strategy may be an effective way to attenuate periodontitis induced by
P. gingivalis.
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chronic periodontitis, a condition that
results in destruction of the tooth-
supporting tissues and eventually teeth
loss. The process of destruction is irre-
versible. Hence, once the damage
occurs, it is permanent. Prevention of
this disease can be achieved through
plaque control. One of the ways to
control the plaque is to interrupt the
colonization of the periodontal patho-
gens such as P. gingivalis to the tooth
surfaces or the oral tissues (Takahashi et
al. 2007). Among a number of potential
virulence factors of P. gingivalis, fim-
briae, with fimbrillin (FimA) the major

Porphyromonas gingivalis, a gram-
negative anaerobic bacterium, is consid-
ered to be one of the major pathogens of
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subunit protein, are major adherence-
mediating determinants. They mediate
bacterial adherence to a variety of oral
substrates and molecules, such as sali-
vary proline-rich proteins, salivary pro-
line-rich glycoproteins, statherin, oral
epithelial cells, antecedent bacteria
such as oral streptococci and Actino-
myces naeslundii, fibrinogen, fibronec-
tin and lactoferrin (Ogawa et al. 1994,
Ogawa & Uchida 1995, Lamont &
Jenkinson 1998). Dysfunction in the
fimbriae leads to a loss of adhesive
properties in this bacterium with
reduced invasion and subsequently
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decreased periodontal bone decay in
experimental animals (Evans et al
1992b, Njoroge et al. 1997, Weinberg et
al. 1997). Besides their role in coloniza-
tion, fimbriae have been conclusively
implicated in immune evasion by P.
gingivalis  through interactions with
CXCR4 and CR3 (Hajishengallis et al.
2007, 2008). Fimbriae are also potent
inducers of many pro-inflammatory cyto-
kines involved in tissue destruction and
alveolar bone loss (Hajishengallis et al.
2002). The concept of vaccination for
periodontitis is based on the aim of
disturbing the bacterial infection through
induction of specific serum IgG or secre-
tory IgA responses. Studies showed that
nasal vaccination of fimbriae with cholera
toxin as a mucosal adjuvant induced
antigen-specific Thl and Th2 cell-driven
IgA immune responses that possessed the
ability to inhibit bacterial attachment to
epithelial cells and subsequent inflamma-
tory cytokine production (Yanagita et al.
1999). Immunization with FimA protein
reduced P. gingivalis-induced alveolar
bone loss in rats and protection against
subsequent lethal infection with P. gingi-
valis in mice (Evans et al. 1992a,
Deslauriers et al. 1996). The results of
these studies suggest that fimbriae are
effective candidate antigens for vaccine
development and prevention of P. gingi-
valis-induced periodontitis by vaccination
with fimbriae of P. gingivalis would
become feasible if effective immune
responses could be induced.

Dendritic cells (DCs) are considered
to be the most potent antigen-presenting
cells that are pivotal for the initiation
and regulation of immune responses.
DCs are strategically located at potential
sites of pathogen entry, such as periph-
eral epithelial and mucosal inductive
sites. Upon encountering pathogens,
DCs capture and process antigens,
undergo maturation as defined by up-
regulation of MHC Class II (MHCII)
molecules and co-stimulatory molecules
such as CD40, CD80 and CD86 and
migrate to lymph nodes, where they
present antigens primarily as MHC-
peptide complexes to naive T lympho-
cytes and initiate T cell-mediated
immune responses (Lakey et al. 2009).
Because of the antigen-presenting func-
tions of DCs, they have been made
logical targets for vaccine designs.
Cytotoxic T  lymphocyte-associated
antigen 4 (CTLA4) is a membrane-
bound molecule mainly located on acti-
vated T cells. Its extracellular V-domain
is considered to be involved in mediat-
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ing the binding to the B7 molecule on
DCs (Parsons et al. 1996). By utilizing
the interaction between CTLA4 and B7,
specific antigens can be targeted to DCs
by fusion to CTLA4. Accelerated and
increased antibody responses were
induced by immunization with DNA
vaccines containing fused CTLA4 and
antigen genes (Deliyannis et al. 2000,
Jia et al. 2006). To enhance the immuno-
logical potency of vaccines against perio-
dontitis, in the study reported here, we
constructed a targeted DNA plasmid
pCTLA4-FimA, which encoded the sig-
nal peptide and extracellular regions of
mouse CTLA4, the hinge and Fc regions
of human Igy1 and FimA of P. gingivalis
and evaluated the immunogenicity and
protection in mice.

Materials and Methods

Construction of DNA plasmids and
expressions in cultured cells

For targeted fimA DNA plasmid construc-
tion, the signal peptide and extracellular
regions of mouse Ctla4 gene (Genbank
number: BC042741.1), and the hinge and
Fc regions of human Igy! gene (Genbank
number: AF487336) were amplified
from plasmid pGJGLU/GFP (Xu et al.
2009) with primers: forward primer 5'-
ATTACGCGTATGGCTTGTCTTGGA
CTCC-3', incorporated a Mlul restriction
site immediately upstream of the tran-
scription initiation codon of mouse Ctla4
gene, and reverse primer 5'-ATTGTCGA
CTTTACCCGGAGACAGGGA 3’, incor-
porated a Sall restriction site immediately
downstream of the last codon of human
Igyl gene. The fimA gene (Genbank num-
ber: M19405.1) was amplified from plas-
mid pcDNA3/fimA (Kawabata et al. 1999)
with primers: forward primer 5’-ACTG
GTCGACGTGGTATTGAAGAC-3/, in-
corporated a Sall restriction site immedi-
ately upstream of the transcription
initiation codon of fimA gene, and reverse
primer 5’-ATATTGCGGCCGCTTACC
AAGTAGC-3', incorporated a Notl restri-
ction site immediately downstream of the
last codon of fimA gene. The targeted
plasmid pCTLA4-FimA was constructed
by cloning these two fragments into pCI
expression vector (Promega Corporation,
Madison, WI, USA).

For non-targeted DNA plasmid con-
struction, the fimA gene was amplified
from plasmid pcDNA3/fimA  with
primers: forward primer 5-ACTGGT
CGACGTGGTATTGAAGAC-3', incor-
porated a Sall restriction site immediately
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upstream of the transcription initiation
codon of fimA gene, and reverse primer
5'-ATATTGCGGCCGCTTACCAAGTA
GC-3’, incorporated a Notl restriction site
immediately downstream of the last codon
of fimA gene. The non-targeted DNA
plasmid pFimA was constructed by
cloning the amplified fragment into pCI
vector.

Recombinant protein expressions in
cultured cells

To examine protein expressions, CHO
cells were transfected by pCTLA4-
FimA, pFimA or pCI with Lipofectami-
ne™ 2000 (Invitrogen, Carlsbad, CA,
USA). The slides were incubated with
anti-FimA serum (1:500) at 37°C for
30 min. and kept at 4°C overnight. Then,
they were incubated with FITC-conju-
gated goat anti-rabbit IgG (1:160,
Sigma-Aldrich Corp., St. Louis, MO,
USA) and viewed under a fluorescence
microscope.

Preparation of DNA vaccines for
immunization

Plasmids for vaccination were isolated
and purified with EZ Spin Column
Plasmid Maxi-Preps Kit (Sangon,
Shanghai, China). For animal immuni-
zation, bupivacaine:DNA complexes
were prepared by adding bupivacaine
hydrochloride to the aqueous DNA solu-
tions using a fast mixing method
(Pachuk et al. 2000). The final bupiva-
caine and DNA concentrations were
0.25% and 1 ug/ul, respectively.

Immunization of mice

Approval to conduct this study was
obtained from the review board of
Hubei Medical Laboratory Animal Cen-
ter. Three groups of 4-week-old female
BALB/c mice, 10 per group, were
immunized with pCTLA4-FimA, pFi-
mA or pCl intra-nasally. Fifty micro-
grams of bupivacaine:DNA complex
was deposited into each nostril with
the aid of a micropipette. The immuni-
zations were given on days O and 14.
Blood and saliva samples were collected
at 4 weeks after the last immunization.
Serum samples were obtained after
centrifugation of blood collected
from the retro-orbital plexus. Saliva
samples were obtained after intra-
peritoneal injection of 5 ug of pilocar-
pine (Sigma Chemical Co.) to stimulate
salivation.
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Antibody analysis

Anti-FimA and anti-P. gingivalis anti-
bodies in serum and saliva were
detected by ELISA as previously
described (Nelles et al. 1985, Parsons
et al. 1996). Individual wells of 96-well
plates were coated with 1 ug rFimA in
carbonate buffer or formalin-fixed P.
gingivalis  ATCC33277 suspensions,
which were diluted in PBS to an optical
density of 1.0 at 4°C overnight, and then
blocked with 3% BSA in PBST for 2h.
Serially diluted sera or saliva were
added to individual wells and the
amount of bound antibodies were
detected with peroxidase-conjugated
goat anti-mouse IgG (1:2500, Vector
Lab Inc., Burlingame, CA, USA) or
peroxidase-conjugated goat anti-mouse
IgA (1:1000, Sigma Inc.) diluted in the
blocking buffer, followed by the addi-
tion of O-phenylenediamine substrate
with H,0O,. The reaction was then
stopped with 0.2M H,SO, and ODygq
was recorded. The antibody titre was
defined as the reciprocal of the highest
dilution giving an ODy4gy of 0.1 above
the control (no sample added).

P. gingivalis challenge studies

To evaluate the protection of the vacci-
nation against P. gingivalis, mice were
infected with P. gingivalis as described
previously (Baker et al. 1994). BALB/c
mice were divided into five groups of 10
each: pCTLA4-FimA intra-nasal immu-
nized and P. gingivalis-infected group,
pFimA intra-nasal immunized and
P. gingivalis-infected group, pCI intra-
nasal immunized and P. gingivalis-
infected group, non-immunized and
P. gingivalis-infected group and non-
immunized and non-infected group.
The immunizations were given on days
0 and 14. Mice were then given 5mg
each of kanamycin and ampicillin by
gavage, once a day for 4 days. This was
followed by a 3-day antibiotic-free peri-
od. Mice were then orally infected with
10° CFU of P. gingivalis ATCC33277 in
100 ul of PBS containing 2% carboxy-
methylcellulose via a feeding needle for
three times at 2-day intervals. Forty-two
days after P. gingivalis challenge, mice
were sacrificed and the mouse jaws were
isolated as previously described (Gonza-
lez et al. 2003). The degree of horizontal
alveolar bone loss [cementoenamel junc-
tion to alveolar bone crest (CEJ-ABC)
distance] was assessed microscopically at

14 separate sites along the maxillary
buccal surface of each jaw.

Statistical analysis

The differences in antibody levels and
alveolar bone loss among the test and
control groups were determined by ANO-
vA followed by multiple-mean compar-
isons using the Student—Newman—Keuls
test. A value of p<0.05 was considered
significant.

Results
Expression of DNA plasmids in vitro

pCl vector is used for transient expression
of fimA gene. It contains a human cyto-
megalovirus major immediate-early gene
enhancer/promoter region, which drives
strong and constitutive gene expression in
many mammalian cell types and a late
SV40 polyadenylation signal that causes
the termination of transcription. Here we
showed that green fluorescences were
detected in the cytoplasm of pCTLA4-
FimA or pFimA transfected CHO cells
after incubating with anti-FimA antibody,
whereas no fluorescence was detected in
cells transfected with pCI vector (Fig. 1).
These data indicate that pCTLA4-FimA
and pFimA could express recombinant
proteins in eukaryotic cells.

Antibody responses

Mice immunized with pCTLA4-FimA
exhibited the highest levels of specific
serum IgG and salivary IgA anti-
P. gingivalis and anti-FimA responses,
which were significantly higher than
those of other groups (p<0.01). Mice
immunized with pFimA induced signif-
icantly higher levels of serum anti-P.
gingivalis and anti-FimA IgG responses
and salivary anti-P. gingivalis and anti-
FimA IgA responses compared with the
pClI group (p<0.01) (Fig. 2).

Protection against challenge with P.
gingivalis

The non-immunized and non-infected
mice were used to determine the base-
line value from CEJ to ABC in normal
mice. The infected mice exhibited sig-
nificantly greater maxillary alveolar
bone loss than the non-infected mice
(p<0.01). Both pFimA and pCTLA4-
FimA immunized groups showed sig-
nificantly lower alveolar bone loss, with
the magnitude protection greater in the

latter (p <0.01), compared with the pCI
immunized group (p <0.01). There was
no significant difference between pCI
immunized group and the non-immu-
nized and P. gingivalis infected group
(p>0.05) (Fig. 3).

Discussion

DNA-based immunization is a process in
which the immune responses are induced
to a protein antigen expressed in vivo
following the introduction of eukaryotic
expression vector-carried DNA encoding
the polypeptide sequence (Giri et al.
2004). The protein is expressed in trans-
fected mammalian cells, including DCs,
myocytes and keratinocytes, and enters
into antigen-processing and presentation
pathways to initiate immune responses
(Coombes & Mahony 2001). DNA plas-
mids offer many potential advantages
over protein-based vaccines, such as
greater chemical stability, relatively
easier purification, the expressed protein
in its correct and native conformation and
the possibility for creation of a polyvalent
vaccine against several kinds of patho-
gens (Kowalczyk & Ertl 1999, Conry
et al. 2002). The rates of integration-
induced mutation with DNA plasmid in
animal models were found to be much
lower than the rates of spontaneous muta-
tion for a mammalian genome (Nichols
et al. 1995, Martin et al. 1999). Thus,
DNA vaccines, in addition to being
immunogenic, are much safe.

Studies showed that P. gingivalis-
specific IgG antibodies were commonly
observed in patients with periodontitis.
But the avidity of IgG anti-P. gingivalis
antibodies in these periodontitis patients
was quite low (Lopatin et al. 1991).
Hence, despite these potent antibody
responses, the host is apparently unable
to clear this organism. Certain P. gingi-
valis antigens which can provoke anti-
bodies with high avidity may render a
high degree of protection against the
infection (Whitney et al. 1992, Mooney
& Kinane 1994). Several studies
reported active immunization with fim-
briae resulted in antibody titre enhance-
ment and potentially improved the
outcomes of periodontitis (Evans et al.
1992a, Takahashi et al. 2007, Kim et al.
2009). Here, we found that both serum
IgG and salivary IgA production were
induced in mice intra-nasally immu-
nized with pFimA or pCTLA4-FimA.
Protective effects were observed in both
of these two immunized groups after
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Fig. 1. Expression of FimA in eukaryotic cells. (a) Schematic maps of plasmids pCTLA4-FimA and pFimA. pCTLA4-FimA encodes the
signal peptide and extracellular regions of mouse CTLA4, the hinge and Fc regions of human Igy1, and FimA of Porphyromonas gingivalis.
pFimA encodes FimA of P. gingivalis. (b) Recombinant CTLA4 fusion protein detected by anti-FimA serum in CHO cells transfected with
pCTLA4-FimA. Green fluorescence could be found in the cytoplasm. (c) FimA protein detected by anti-FimA serum in CHO cells transfected
with pFimA. Green fluorescence could be found in the cytoplasm. (d) CHO cells transfected with pCI vector, detected by anti-FimA serum.

No specific signal was detected in the cells.

P. gingivalis infection. Miyachi et al.
(2007) found that immunization with a
rpgA DNA vaccine via the nasal cavity
induced salivary IgA and serum IgG
responses against P. gingivalis and pre-
vented alveolar bone loss incurred by
P. gingivalis infection in mice. These
data suggest that DNA immunization
offers an effective way to protect against
experimentally induced periodontal
destruction. Although several studies
have demonstrated the effectiveness of
FimA protein in eliciting protective
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responses in animal models, to date
there is no available information com-
paring the effect of protein vaccines
with DNA vaccines against P. gingiva-
lis. Prime-boost vaccination regimens,
which combine the strengths of DNA
vaccines and protein vaccines, were
used in other infectious diseases such
as AIDS, hepatitis B and dental caries,
and showed to be able to better activate
the immune system (Rasmussen et al.
2006, Yang et al. 2008, Li et al. 2010).
Therefore, further study is required to

compare the capacity of fimA DNA
vaccine with FimA protein to elicit the
immune responses. fimA DNA vaccine
and FimA protein might be used
together to trigger a more effective
protection against P. gingivalis infec-
tion.

While periodontitis is not considered
life threatening, recent reports demon-
strate a link between periodontitis and
systemic sequelae of morbidity and
mortality in cardiovascular and other
systemic diseases, emphasizing the
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Fig.2. Serum IgG and salivary IgA anti-
body responses to FimA and formalin-fixed
Porphyromonas gingivalis following intra-
nasal immunization in mice. BALB/c mice
were immunized with pCTLA4-FimA, pFi-
mA or pCI by the intra-nasal route on days 0
and 14. Blood and saliva samples were
collected 4 weeks after the last immuniza-
tion for ELISA. Data were presented as
means plus standard deviations of the log;
antibody titre. One-way ANOvVA was used for
inter-group comparisons, followed by the
Student-Newman—Keuls test for multiple-
mean comparisons. *Significantly different
from pCIl control group (p<0.01).
ApCTLA4-FimA-immunized group signifi-
cantly different from pFimA-immunized
group (p<0.01).

potential broader importance of prevent-
ing this oral disease (Garcia et al. 2001).
To limit the transmission and intra-oral
dissemination of periodontal bacteria, it
appears advantageous for an effective
vaccine to induce immunity against
periodontitis. DCs have always been
logical targets for vaccine designs. For
example, specific immunity could be
induced and reduction in the size of
established tumour was observed after
tumour antigen-loaded DCs were re-
infused as a vaccine (Eggert et al.
2002). Antibodies directed against the
DC-specific, endocytic receptor DEC-
205 allowed efficient uptake and pre-
sentation of antigens coupled to the
antibodies by the targeted DCs (Nchinda
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Fig. 3. Levels of alveolar bone loss elicited following Porphyromonas gingivalis challenge
in mice. BALB/c mice were immunized with pCTLA4-FimA or pFimA intra-nasally. pCI
immunized and non-immunized mice orally challenged with P. gingivalis were used as
controls. The non-immunized and non-infected mice were used to determine the baseline
value from cementoenamel junction to alveolar bone crest in normal mice. Forty-two days
after P. gingivalis challenge, mice were sacrificed. Linear measurements (n = 14 sites) were
obtained from the maxillary molars of each mouse, and the data presented are the
means + standard errors of the means of the pooled linear measurements (in micrometres)
obtained from each group. One-way ANova was used for inter-group comparisons, followed
by the Student-Newman—Keuls test for multiple-mean comparisons. *p<0.01.

et al. 2008). Researchers found that
directing antigens directly to DCs by
CTLA4 could enhance the immune
responses. It was suggested that the
enhanced antibody responses were due
to the enhanced capture of antigens by
DCs and subsequently more rapid anti-
gen migration to lymph nodes (Drew
et al. 2001). Here, we showed that
increased serum IgG and salivary IgA
responses were observed in targeted
plasimd pCTLA4-FimA immunized
mice compared with in non-targeted
plasmid pFimA immunized mice, which
proved the targeted DNA vaccine strat-
egy could augment antibody responses
against P. gingivalis antigen FimA.
The systemic immune and mucosal
immune systems are two distinct com-
partments of the immune system. Anti-
bodies associated with the systemic
compartment are mainly of which func-
tion to neutralize pathogens in the
circulatory system. In contrast, antibo-
dies in the mucosa are primarily sIgA,
which function to prevent entry of
pathogens into the body via the mucosal
surface (Lamm 1977). Systemic immu-
nization can induce humoral immune
responses in systemic (e.g. spleen, blood
and draining lymph nodes) but not
mucosal (e.g. salivary glands, aspiratory

tract and genitourinary tracts) compart-
ments. Hence, trials to induce mucosal
immune responses have been performed
by using some mucosal immunization
routes, such as intra-vaginal or oral
immune routes. These studies demon-
strated that sIgA were induced not only
at the immune sites but also at remote
mucosal effector sites. Systemic IgG
immune responses could also be
induced after mucosal immunization
(Park et al. 2003, Fayad et al. 2004).
Thus, the development of an appropriate
mucosal vaccine could lead to the induc-
tion of two layers of pathogen-specific
immunity in both mucosal and systemic
immune compartments. Our results here
displayed that DNA vaccines against P.
gingivalis could induce systemic IgG
and salivary IgA responses after intra-
nasal immunization. Compared with
other mucosal delivery routes such as
oral administration, nasal immunization
is more effective for the induction of
antigen-specific antibody responses in
the mucosal compartment of the upper
part of the body (Yanagita et al. 1999).
Lower doses of antigens are needed
because intra-nasal immunization does
not expose antigens to low pH and a
broad range of secreted degradative
enzymes (Vajdy & O’Hagan 2001).
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In conclusion, in this study, intra-
nasal immunization with a DC-targeted
fimA DNA vaccine induced enhanced
systemic and mucosal immunity and
offered strong potential in preventing
alveolar bone loss incurred by P. gingi-
valis infection in mice. A DNA-based
immunization strategy may be as an
effective way to attenuate periodontitis
induced by P. gingivalis. Although
implantation of P. gingivalis in experi-
mental animal models may not actually
represent a monoinfection because
P. gingivalis infection leads to the over-
growth of the indigenous flora that could
contribute to the observed bone loss,
animal models involving co-infection
with periodontal bacteria, which more
closely mimic the nature of this disease
(Polak et al. 2010), would be used to
evaluate the effect of FimA of P. gingi-
valis as an immunogen on the outcome
of poly-microbial infections in our
future studies. A polyvalent DNA vaccine
containing different antigen epitopes
from P. gingivalis and other periodontal
bacteria may be needed to be constructed
to better prevent the progression of
experimental periodontitis induced by
mixed bacterial infections.
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Clinical Relevance

Scientific rationale for the study:
Vaccines are considered to have
immunoprophylactic potential against
periodontitis. Improving the immuno-
logical potency of vaccines against
periodontal pathogens can increase
the protective efficacy of these vac-
cines. Targeting antigens to antigen-
presenting cells such as DCs by fusion

to CTLA4 has been shown to be a
highly efficient way to enhance the
efficacy of DNA vaccines.

Principal findings: Intra-nasal immu-
nization with DC-targeted fimA DNA
vaccine induced higher levels of ser-
um IgG and salivary IgA antibodies
compared with the non-targeted
DNA vaccine. The targeted vaccine
significantly reduced the alveolar

bone loss incurred by P. gingivalis
infection in mice.

Practical implications: FimA is a
potential candidate antigen for the
development of a DNA vaccine
against periodontitis. A targeted
DNA-based strategy may improve
the efficacy of such a vaccination.
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