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ABSTRACT

Chronic periodontitis is caused by interactions between the oral polymicrobial community and host
factors. Periodontal diseases are associated with dysbiotic shift in oral microbiota. Vaccination against
periodontopathic bacteria could be a fundamental therapeutic to modulate polymicrobial biofilms.
Because oral cavity is the site of periodontopathic bacterial colonization, mucosal vaccines should provide
better protection than vaccines administered systemically. We previously reported that bacterial flagellin
is an excellent mucosal adjuvant. In this study, we investigated whether mucosal immunization with a
flagellin-adjuvanted polypeptide vaccine induces protective immune responses using a Porphyromonas
gingivalis infection model. We used the Hgp44 domain polypeptide of Arg-gingipain A (RgpA) as a
mucosal antigen. Intranasal (IN) immunization induced a significantly higher Hgp44-specific IgG titer in
the serum of mice than sublingual (SL) administration. The co-administration of flagellin potentiated
serum IgG responses for both the IN and SL vaccinations. On the other hand, the anti-Hgp44-specific IgA
titer in the saliva was comparable between IN and SL vaccinations, suggesting SL administration as more
compliant vaccination route for periodontal vaccines. The co-administration of flagellin significantly
potentiated the secretory IgA response in saliva also. Furthermore, mice administered a mixture of Hgp44
and flagellin via the IN and SL routes exhibited significant reductions in alveolar bone loss induced by live
P. gingivalis infections. An intranasally administered Hgp44-flagellin fusion protein induced a comparable
level of Hgp44-specific antibody responses to the mixture of Hgp44 and flagellin. Overall, a flagellin-
adjuvanted Hgp44 antigen would serve an important component for a multivalent mucosal vaccine
against polymicrobial periodontitis.
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P. gingivalis

Introduction periodontal pathology.””'* It has been suggested that interac-

Periodontitis is a highly prevalent disease that ranges from sim-
ple inflammation to serious disease resulting in the destruction
of alveolar bone and tooth loss."™ It is well documented that
this disease is associated with the polymicrobial biofilm resid-
ing in oral tissues.”” The composition of the microbial biofilm
is different in healthy and periodontal tissues, suggesting that
periodontal disease is related to a shift of microbiota. Several
bacterial species are predominantly observed in oral tissues
from periodontitis patients than in healthy control.'® Porphyro-
monas gingivalis, a gram-negative anaerobic bacterium, is one
of the prevalent bacteria in the dysbiotic microbiome of

tions between P. gingivalis and other bacteria in the oral cavity
are essential for disease progression.” Recently, prophylactic
approaches to prevent periodontitis through vaccination
against major etiologic pathogens, as an attempt to modify the
disequilibrated polymicrobial biofilm into a healthy dental
plaque, have been received much attentions.'"'*'> Because
P. gingivalis is an oral pathogen, salivary antibodies are
expected to play a dominant role in optimal protective immune
responses. However, systemic immunization via the subcutane-
ous (SC) and/or intramuscular (IM) route does not induce
effective IgA production in mucosal secretions.'®'” It has been
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reported that systemic vaccination with oral pathogens did not
prevent murine experimental periodontitis."® Given that muco-
sal immunizations can induce both systemic and mucosal
immune responses,'®'”' mucosal vaccines for periodontal dis-
ease are hypothesized to be a better option to induce protective
immune responses. However, in general, mucosal vaccines
require appropriate adjuvants for effective collaboration
between the innate and adaptive immunity to induce the opti-
mal immune response.'

In our previous studies, we reported that a bacterial flagellin
(Vibrio vulnificus FlaB), a cognate agonist of Toll-like receptor
(TLR) 5, serves as an efficacious adjuvant for various mucosal
vaccines against infectious diseases.””>* Recently, our group
reported that TLR5 expression, unlike that of other TLRs, is
maintained in immune cells isolated from 24-month-old mice,
indicating that flagellin may be used as a promising immune acti-
vator during immunosenescence.** Periodontal disease is a repre-
sentative aging-related chronic inflammatory disease.* Hence,
mucosal periodontitis vaccines formulated with a flagellin adju-
vant are hypothesized to provide substantial prevention or atten-
uation of periodontal diseases in the elderly population. To
develop a successful vaccine against periodontal diseases, many
research groups have struggled to identify anti-P. gingivalis pro-
tective antigens.'"*> Gingipain, a cysteine protease produced by
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P. gingivalis, has been considered a major virulence factor,”*>*

and there have been many efforts investigating gingipain as a
vaccine candidate.>>**?* Tt has been reported that a DNA
vaccine expressing the Hgp44 domain of Arg-gingipain A
(RgpA) induced a protective response against P. gingivalis-
induced bone loss.”” In this study, we hypothesized that FlaB
would further potentiate the Hgp44-mediated immune response,
especially in the oral mucosal environment. To test whether the
vaccination with flagellin-adjuvanted Hgp44 would be efficacious
for preventing periodontopathy, we evaluated Hgp44-specific
antibody responses in both systemic and oral compartments and
assessed the preventive efficacy against bone loss caused by live
P. gingivalis infections. We also tested the efficacy of Hgp44-FlaB
fusion protein since antigen-flagellin fusion combination vaccine
was more potent than mixture in stimulating host antigen-spe-
cific immune responses in our previous study.*!

Results
Recombinant Hgp44 polypeptide antigen

We constructed the pCMM 9103 plasmid using the pTYB12
system and purified the Hgp44 protein as described
previously.”” The purity of the recombinant protein was
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Figure 1. Development of the recombinant Hgp44 antigen. (A) The purity of Hgpp44 recombinant antigen was confirmed by SDS-PAGE. (B) Western blot analysis of the
purified antigen using pre-immune and anti-P. gingivalis serum. (C) Evaluation of the Hgp44 polypeptide expression in P. gingivalis (ATCC33277) lysate was performed by
western blotting using anti-Hgp44 while Fusobacterium nucleatum (ATCC 10953) lysate was used as control. (D) The hemagglutination inhibition assay (HIA). P. gingivalis
was pre-incubated with the diluted Hgp44 antisera and then mixed with an equal volume of mouse RBC solution. The anti-Pg sera were used as a hemagglutination

inhibitor control.
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confirmed by SDS-PAGE (Fig. 1A). To test whether the P.
gingivalis Hgp44 polypeptide could be recognized by the
mouse immune system, we raised anti-P. gingivalis (anti-Pg)
serum using formalin-inactivated bacteria and anti-Hgp44
serum using the purified recombinant antigen and per-
formed immunoblot analysis. As shown in Fig. 1B, the anti-
Pg serum detected the Hgp44 antigen as indicated by SDS-
PAGE, while pre-immune serum did not. Concurrently, the
anti-Hgp44 sera could detect the Hgp44 polypeptide in the
P. gingivalis lysate. The F. nucleatum cell lysate was used as
a negative control (Fig. 1C). This result suggests that the
Hgp44 polypeptide could be displayed by P. gingivalis to be
recognized by the host immune system. Next, to test
whether the anti-Hgp44 antibody plays an inhibitory role in
the host-bacteria interaction in vivo, we performed a hem-
agglutination inhibition assay (HIA) as described previ-
ously.”?* The anti-Hgp44 and anti-Pg sera showed an
inhibitory effect on P. gingivalis-mediated hemagglutination,
which is a surrogate virulence property of the pathogen,
while the pre-immune sera did not inhibit hemagglutination
(Fig. 1D). Taken together, these data suggest that the Hgp44
polypeptide could be used as an appropriate subunit vaccine
for further mucosal vaccination against P. gingivalis
infection.

Hgp44-specific antibody responses induced by
immunization of flagellin-adjuvanted Hgp44

To investigate whether flagellin-adjuvanted Hgp44 could be
applied as a mucosal vaccine for periodontal disease, we immu-
nized BALB/c mice with phosphate-buffered saline (PBS), Hgp44
alone (H) or a mixture of Hgp44 with flagellin (FlaB) (H+F)
through the IN or sublingual (SL) routes 3 times in 2-week inter-
vals. Two weeks after the final vaccination, the Hgp44-specific
antibody responses were determined by ELISA. As shown in
Fig. 2A, the IN administration of Hgp44 induced significantly
higher levels of antibody responses than the PBS control group,
and the IN co-administration of flagellin potentiated the Hgp44-
specific IgG in the serum. Although SL-immunized Hgp44 alone
did not induce a significant serum IgG response, the co-adminis-
tration of flagellin significantly enhanced (P < 0.001) the Hgp44-
specific IgG response. Overall, the IN vaccination is more effica-
cious at inducing a systemic Hgp44-specific IgG response than
the SL administration, and flagellin enhances the Hgp44-specific
serum humoral immune response caused by both the IN and SL
immunizations. The SL co-administration of flagellin induced a
significant systemic humoral immune response against Hgp44.
These results suggest that flagellin could help to overcome the
low immunogenicity of SL subunit vaccines. Next, Hgp44-spe-
cific IgA titers were determined in the saliva (Fig. 2B) to evaluate
the Hgp44-specific mucosal immune responses. In contrast to
the Hgp44-specific IgG response in the serum, comparable levels
of Hgp44-specific IgA were observed in the saliva of both
IN- and SL-vaccinated mice. The co-administration of flagellin
significantly potentiated the levels of Hgp44-specific salivary IgA
in both the IN- (P < 0.05) and SL- vaccinated (P < 0.001) groups
(Fig. 2B). These results suggest that the SL vaccination exerted a
predilection toward local IgA responses in the oral secretions.
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Figure 2. Determination of the Hgp44-specific antibody titers by ELISA. The anti-
Hgp44-specific serum IgG (A) and saliva IgA (B). The data are presented as the
mean =+ SEM in each group. N = 5. *P < 0.05, **P < 0.01, ***P < 0.001, NS: non-
significant, ND: not detected (under the detection limit).

Effect of flagellin-adjuvanted Hgp44 on alveolar bone loss
induced by a P. gingivalis infection

To test the efficacy of the vaccines for preventing the pathological
consequences of P. ginigivalis infection, vaccinated mice were
challenged with live P. gingivalis by an oral gavage as described
previously,’® and P. gingivalis-induced bone loss was determined
using micro-CT analysis (Fig 3 and Fig. S1). Mice intranasally
immunized with H4+F showed significantly higher bone volume
density (BV/TV; bone volume/tissue volume) values compared
with the PBS and H groups (P < 0.05 and P < 0.01, respectively;
left panel of Fig. 3A). SL immunization with H+F resulted in sig-
nificant increases in the bone volume fraction relative to the PBS
group (right panel of Fig. 3A). We also estimated the distance
from the cemento-enamel junction (CEJ]) to the alveolar bone
crest (ABC), which increase if alveolar bone loss occurs, using
the Mimics software (version 14.0). As shown in Fig. 3B, H+F
immunization reduced alveolar bone loss following both the IN
(left panel of Fig. 3B) and SL (right panel of Fig. 3B) vaccinations
(Fig. S1). These results suggest that IN and SL vaccinations with
Hgp44 and flagellin induce a protective immune response to pre-
vent alveolar bone loss caused by P. gingivalis infection. Together,
the IN and SL vaccination with Hgp44 and flagellin serve as an
efficacious prophylactic measure against P. gingivalis-induced
periodontal diseases.
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Figure 3. Protective immune response induced by flagellin-adjuvanted Hgp44 mucosal vaccination in a mouse P. gingivalis infection model. The mice were intranasally or
sublingually immunized as described above. One week after the final immunization, the immunized mice were orally challenged with P. gingivalis (ATCC 33277) for 3 suc-
cessive days as described in the Materials and Methods section. Forty days after the final challenge, the alveolar bone loss was determined by micro-CT. (A) Analysis of the
micro-CT volumetric parameter (bone volume/tissue volume; BV/TV) (n = 8). The ROl was defined as a cuboidal bone body encompassing the roots of the M1 and M2 iso-
lated from intranasally vaccinated or sublingually vaccinated mice. n = 4-6. (B) Determination of the distance from the CEJ to the ABC in the maxillae. Forty days after the
final challenge, the alveolar bone loss was determined using micro-CT by measuring the distance from the CEJ to the ABC with M2. The data are presented as the mean +
SEM in each group. Naive n =4; PBS (INn=14;H(INNn=7;H+F (INn=8;PBS(SL)n =16, H (SL)n =8 H + F (SL) n = 7) *P < 0.05, **P < 0.01.

TLR5-stimulating activity of fusion proteins containing
Hgp44 and flagellin (FlaB)

To test whether recombinant fusion proteins composed of
Hgp44 and FlaB can be used as vaccine formulation, we con-
structed plasmids encoding the FlaB-Hgp44 (N-terminal FlaB
and C-terminal Hgp44) and Hgp44-FlaB (N-terminal Hgp44
and C-terminal FlaB) fusion proteins. The recombinant pro-
teins were purified using chitin affinity chromatography. The
purity of recombinant proteins was confirmed by SDS-PAGE
(Fig. 4A). To test whether the fusion proteins induce TLR5-
dependent signal transduction in the host cells, we performed
an NF-«B luciferase reporter assay as described previously.”**>
The NF-«B-stimulating activity of the HF fusion protein was
significantly higher than that of FlaB alone (P = 0.0007) at
equimolar concentrations (100 ng/ml FlaB vs. 209.5 ng/ml HF).
Unexpectedly, the FH fusion protein did not induce TLR5-
dependent NF-«B-stimulation (Fig. 4B). To ascertain whether

the FH fusion protein was inappropriate for TLR5 interaction,
we analyzed the putative 3-dimensional structures of the FH
and HF fusion proteins using the PyMol Molecular Graphics
System Software. As shown in Figure S2, the HF fusion protein
forms a stable 3-dimensional structure where 2 proteins are
well separated and the TLR5 binding domain of FlaB appears
to be freely exposed. In contrast, the putative TLR5 binding
motif is hidden in the FH fusion protein. This analysis may
provide an answer to why the FH fusion protein did not appro-
priately stimulate TLR5 signaling.

The Hgp44-specific antibody responses induced by the
Hgp44-FlaB fusion protein

Since the H'F immunization induced enhanced immune
responses in both the systemic and local compartments, we
tested whether the HF fusion protein may further improve
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Figure 4. Development and evaluation of the recombinant fusion antigens. (A)
SDS-PAGE of the recombinant fusion proteins. (B) Determination of the TLR5-
dependent NF-«B stimulating activity by fusion proteins. Fusion-protein-mediated
TLR5 signaling was determined using an NF-xB-luciferase reporter assay. The 293
cells were co-transfected with hTLR5 and pNF-«B-Luc and further treated with
FlaB, FlaB-Hgp44 (FH) or Hgp44-FlaB (HF) for 24 h. The relative luciferase activities
in the cell extracts were analyzed by a dual-luciferase reporter assay system and
normalized using the pCMV-S-galactosidase plasmid as a control. The data are pre-
sented as the mean & SEM in each group. ** P < 0.01, *** P < 0.001.

the protective immune responses. Mice were intranasally
immunized with PBS, 4 pug of Hgp44 alone (H), 4 ug of
FlaB with 4 pg of Hgp44 (F+H), or 8 ng Hgp44-FlaB (HF)
3 times at a 2-week interval as was mentioned in Materials
and methods. Two weeks after the final immunization, the
level of the Hgp44-specific serum IgG was measured by
ELISA. As shown in Fig. 5A, the F+H (P < 0.0001) and
HF (P < 0.0001) groups had a significantly higher Hgp44-
specific IgG titer than that of the H-alone group. Against
our expectation, the HF and H'F groups had a similar level
of Hgp44-specific serum IgG responses (Fig. 5A). The F+H
and HF groups induced a significantly higher Hgp44-spe-
cific IgA titer in the saliva than that of the H-alone group
(P < 0.005 in both groups, Fig. 5B). The Hgp44-specific
IgA titer in the HF group showed a similar level to the
H+F group (P = 0.0650). The HF fusion formulation
showed no superior efficacy in inducing Hgp44-specific
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antibody responses to the co-administration of Hgp44 and
FlaB (Fig. 5B). This result suggests that efficacy of epitope-
flagellin fusion may be changed depending upon fusion
partner antigens. In our previous study, streptococcal PspA
specific immune response was significantly enhanced by the
physical fusion with FlaB compared with the mixture for-
mulation.”’ Additionally, we also measured the flagellin-spe-
cific antibody responses induced by the flagellin-adjuvated
Hgp44 mucosal vaccine for both the mixture and fusion
protein formulations to test whether repeated vaccination
could induce unwanted flagellin-specific immune responses.
After 3 IN vaccinations with PBS, 4 ug of FlaB (F), 4 ug of
Hgp44 (H), 4 pg of FlaB with 4 pg of Hgp44 (H+F) or
8 ug of Hgp44-FlaB FlaB (HF), the FlaB-specific serum IgG
titers were determined. Surprisingly, as shown Figure S3A,
the H+F and HF groups showed significantly lower levels
of FlaB-specific serum IgG titers than that of the F-alone
group (P < 0.0001 in both groups). To confirm this result,
we also performed western blotting analysis using the same
sera. The antisera elicited by 3 administration of the vacci-
nation of FlaB or Hgp44 recognized the cognate immuno-
gen (Figure S3B). However, anti-H+F or anti-HF sera could
not detect FlaB bands in the same immunoblot. Addition-
ally, the band density detected by the anti-H+F or anti-HF
was stronger than that of the anti-H sera. This result indi-
cates that FlaB, in both the mixture and fusion protein for-
mulations, preferentially drives the Hgp44-specific antibody
responses while masking the immune responses toward
adjuvant itself in vivo. The fusion protein may have an eco-
nomical edge for further development since it would less
costly for preclinical tests in comparison with the mixed
formulation, which requires tests for each component and
mixed formulations. Taken together, since periodontitis is a
polymicrobial and multilayered infectious disease, the poly-
valent vaccine formulation covering multiple periodontal
pathogens is expected to be the final destination for peri-
odontal vaccine development. The flagellin-adjuvanted
Hgp44 vaccine, preferably as a fusion protein, could be
used as a component of a polyvalent periodontal vaccine as
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Figure 5. The Hgp44-specific antibody titers induces by IN vaccination. The mice were intranasally immunized with PBS, 4 1.g of Hgp44 alone (H) or 4 11 of FlaB along
with 4 g of Hgp44 (H+F), and 8 \mu{g} Hgp44-FlaB fusion protein (HF); 3 times at 2-week intervals. Two weeks after the final vaccination, an ELISA was performed to
determine the Hgp44-specific antibody. Determination of the anti-Hgp44-specific serum IgG (A) and saliva IgA (B) titers. The data are presented as the mean & SEM in

each group. n = 5. "* P < 0.01, ™" P < 0.001, (NS) non-significant.



either an antigen and flagellin mixture or a fusion protein
formulation.

Discussion

In the present study, we have shown that flagellin serves an effi-
cacious adjuvant to Hgp44 polypeptide-based mucosal vaccine
to induce Hgp44-specific serum IgG and saliva IgA, thus pre-
venting P. gingivalis-mediated alveolar bone loss. The Hgp44-
FlaB fusion protein formulation showed efficacy equivalent to
that of the Hgp44 and FlaB mixture in inducing Hgp44-specific
antibody responses. Since flagellin is a proteinaceous TLR ago-
nist, recombinant fusion proteins composed of antigenic epi-
tope and flagellin would provide a useful approach for the
development of polyvalent periodontal vaccines. It is well
known that adjuvanted vaccines elicit an early, high and long-
lasting antigen-specific immune responses. Concurrently, the
adjuvant-mediated reactogenicity should be a serious concern.
We show here that flagellin preferentially drives the Hgp44-
specific antibody responses while masking the immune
responses toward adjuvant itself in vivo. This is the first report
that immune responses were differentially induced against co-
administered antigen and flagellin adjuvant. This may not be a
big surprise since immune responses are preferentially directed
toward more immunogenic epitopes in the same antigen as was
noted after influenza vaccination. When hemagglutinin antigen
of influenza virus antigen was immunized to animals, antibody
responses are apt to be directed more immunogenic globular
head epitopes while those against less immunogenic stalk epito-
pes are less dominant.”” Same phenomenon may be observed
with separate antigens vaccinated in a same formulation. In the
present study, we used P. gingivalis infection model system as a
murine periodontal disease. Since periodontitis is a polymicro-
bial and multilayered infectious disease caused by interaction
of host and polymicrobial biofilm, the P. gingivalis infection
model cannot fully represent human periodontal disease. For
humans, the polyvalent vaccine approach should be more phys-
iological option. Our results suggest that flagellin may serve as
an optimal adjuvant, as a separate adjuvant or a fusion partner
of protein epitope, for polyvalent recombinant subunit vaccines
for periodontal diseases.

The primary sites of P. gingivalis infection are the oral
mucosae, therefore secretory IgA in the oral cavity is
expected to play a dominant role in counteracting P. gingiva-
lis-mediated pathogenesis. As shown in Fig. 2B, SL and IN
delivery of flagellin-adjuvanted Hgp44 vaccines induced
equivalent levels of IgA production in the saliva. With the
IN vaccination, nasopharynx-associated lymphoid tissue
(NALT) acts as a mucosal immune inductive site.*® Although
SL-administered antigens can cross SL epithelial cells to duc-
tal antigen presenting cells,” there is no known organized
lymphoid organ in the oral mucosae, which probably
accounts for the lower serum IgG levels in the SL-vaccinated
mice. Our data show that the SL vaccination induced levels
of salivary IgA that were comparable to those produced by
the IN route (Fig. 2B). In terms of administration compli-
ance and safety concerns, the SL route is a superior choice to
the IN route. Generally, SL-administered vaccines are easily
diluted or degraded by saliva and various enzymes. In our
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previous study,22 we have shown that (in contrast to intrana-
sal immunization) flagellin does not have significant adju-
vant activity when administered through the subcutaneous
route. We speculated that flagellin (Vv-FlaB; 43kDa) has no
pharmacokinetic advantages in systemic vaccination as com-
pared with mucosal administration. Furthermore, systemic
vaccination did not induce significant Ag-specific secretory
IgA responses, which should be the target immune response
of periodontal vaccines. However, this will be pointed out in
the later part of Discussion as requested. Therefore, the com-
bination of the IN and SL vaccinations in a prime-boost
schedule may provide greater efficacy, and appropriate deliv-
ery systems with pharmacokinetic advantages are expected
to enhance the beneficial effects of SL vaccinations.*

The anti-Hgp44 serum detected 44- and 37-kDa bands in
P. gingivalis lysate (Fig. 1C). Considering that the 44 kDa
Hgp44A domain of RgpA is generally processed into the
37-kDa Hgp44B,”® our immunoblot results confirm that
Hgp44 can induce specific antibodies that interact directly
with P. gingivalis gingipain in vivo. As shown in Fig. 1D, the
anti-Hgp44 sera inhibited the hemagglutination induced by
P. gingivalis, suggesting that anti-Hgp44 Ab could inhibit the
host-bacteria interaction during infection. Because fibrinogen
forms bridges between Hgp44 on the P. gingivalis surface
and the GPIIb/IIa integrins of platelets,”® it is likely that the
serum anti-Hgp44 antibodies can inhibit P. gingivalis-medi-
ated platelet aggregation and additional atherosclerotic
inflammation. The prevention of bone loss highly correlated
with the Hgp44-specific antibody responses. The protective
effect of the H'F vaccination on alveolar bone loss was also
shown in the acute gum pocket injection model, suggesting
that the vaccine would protect from periodontal diseases
from earlier stages of infection (data not shown).'"* Hgp44
should not be the only target for the development of peri-
odontitis vaccines. Based upon our previous experience with
recombinant protein and polyvalent vaccine formulation
technologies,”” we hypothesize that a flagellin-adjuvanted
polyvalent mucosal periodontitis vaccine using additional
protective antigen from co-infecting pathogen such as
Fusobacterium will provide multilayered protection against
pathologic biofilm formation and subsequent inflammatory
tissue destruction. Since flagellin is a proteinaceous TLR ago-
nist, the engineering of a recombinant flagellin protein with
vaccine epitopes is expected to generate multiple platforms
for the modification of vaccine components.”>*'*?

Materials and methods
Bacterial strains and plasmids

The bacterial strains and plasmids used in this study are listed
in Table 1. P. gingivalis (ATCC 33277) was grown in tryptic
soy broth (BD, Cat. 211825) supplemented with 0.5% yeast
extract (BD, REF. 212750), 0.05% cysteine (Sigma, Cat.
168149), 10 pug/ml of hemin (Sigma, Cat. 51280), 5 pg/ml of
menadione (Sigma, Cat. M5750), 0.1 mM of dithiothreitol
(Amresco, Cat. 0281), and 50 pg/ml of gentamicin (Gibco, Cat.
15750-060) at 37°C under an anaerobic condition (85% N,
10% H,, and 5% CO,).*
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Table 1. Bacterial strains and plasmids used in this study.

Strain or plasmid Description Source or reference
Strains
P. gingivlais
ATCC33277 Type strain
E. coli
DH5¢ F~ recAT restriction negative Laboratory collection
ER2566 F~2~ fhuA2 [lon] ompT lacZ::T7 genel gal sulA11A(mcrC-mrr)114:1S10 R(mcr-73::miniTn10-TetS)2R(zgb-210::Tn10)(TetS) New England Biolabs, Inc.
endAT [dem]
Plasmids
pCR2.1TOPO  Cloning vector; Ap'; Km" Invitrogen
pTYB12 N-terminal fusion expression vector in which the N- terminus of a target protein is a fused intein tag; Ap" New England Biolabs, Inc.
pCMM9101  1.257 Kb Ndel-Sall fragment containing hgp44 cloned into pCR2.1TOPO This study
pCMM9103  1.257 Kb Ndel-Sall fragment containing hgp44 cloned into pTYB12 This study
pCMM22003  1.134 Kb fused 1.257 Kb (Ndel-Sall-EcoRl) fragment containing flab-hgp44 cloned into pCR2.1TOPO This study
pCMM22004 1.134 Kb fused 1.257 Kb (Ndel-Sall-EcoRI) fragment containing flab-hgp44 cloned into pTYB12 This study
pCMM22005 1.257 Kb fused 1.134 Kb (Ndel-Sall-EcoRl) fragment containing hgp44-flab cloned into pTYB12 This study

Plasmid construction for recombinant proteins

A DNA fragment encoding the Hgp44 domain of Arg-gingipain
A (RgpA), which spans amino acid residues 716 to 1,135, was
PCR-amplified from the genomic DNA of P. gingivalis
ATCC 33277 using the following PCR primers: forward
5-CATATGAGCGGTCAGGCCGAAATTGTG-3" and reverse
5-GTCGACTCTTTTGCCGTTAGCTTTGATCTCC-3'. Under-
lined sequences are endonuclease restrictions sites for cloning
into vectors. The amplified DNA fragments were initially cloned
into the pCR2.1 TOPO vector (Invitrogen, 45-0641), yielding the
plasmid pCMM9101. The 1.3 kb hgp44 fragment was then cloned
into the pTYB12 expression vector, yielding the pCMM9103
(Table 1). To produce the Hgp44-FlaB fusion recombinant pro-
tein, the Hgp44-specific DNA fragment was excised from the
pCMMO9101 with the appropriate restriction enzymes (Ndel-Sall)
and subcloned at the N-terminus of the FlaB-specific DNA
sequence which containing Sall-EcoRI overhangs in the pTYB12
vector, yielding the pCMM?22005 (Table 1). Similarly, the
pCMM22004 (FlaB-Hgp44) was constructed by the PCR-amplifi-
cation of Hgp44-specific DNA sequences using the following
PCR primers: forward 5-GTCGACAGCGGTCAGGCC-
GAAATTGTG-3' and reverse 5-GAATTCTCTTTTGCCGT-
TAGCTTTGATCTCC-3'  with Sall-EcoRI overhangs. The
amplified DNA fragment was cloned into the pCR2.1 TOPO vec-
tor. Then the Hgp44 DNA fragment was excited and inserted
into the C-terminus of FlaB with Ndel-Sall in the pTYB12. For
the optimal purification of the fusion proteins, the appropriate
linker sequences were used. The DNA sequences of the resulting
expression vectors were confirmed by the dideoxy-chain termina-
tion sequencing method via the Macrogen Online Sequencing
Order System (http://dna.macrogen.com/kor/). The structure
prediction of fusion proteins was performed using the PyMol
Molecular Graphics System Software (http://pymol-molecular-
graphics-system.soft112.com/)

Recombinant protein purification and immunoblot
analysis

The recombinant proteins were prepared and analyzed as
described previously.** The LPS level in the protein prepara-
tions was maintained below the FDA guideline (less than
0.15 EU/30 g for mouse).

Anti-P. gingivalis antibody production

Six-week-old female BALB/c mice were immunized with 2
x 10° inactivated P. gingivalis 3 times with one-week inter-
vals. P. gingivalis (ATCC 33277) was inactivated with 0.3%
(v/v) formalin (T&I, BPP-9004) overnight and thoroughly
washed with PBS containing 137 mM of NaCl (AMRESCO,
2041), 2.7 mM of KCl (JUNSEL 18190-0350), 10 mM of
Na2HPO4 (JUNSEIL 84130-1250), and 1.8 mM of KH2PO4
(JUNSEI, 84185-0350). The inactivated bacteria were mixed
with same volume of complete Freund’s adjuvant (CFA)
(Sigma, CAS9007-81-2), and the mixtures were subcutane-
ously injected for immunization.

Vaccination schedule

Mice (BALB/c, female, 8 weeks old) were intranasally (IN)
(20 wpl) or sublingually (SL) (10 wl) immunized with PBS,
Hgp44 (4 ng), or Hgp44 (4 ng) with FlaB (4 ng) 3 times at
2-week intervals while under anesthesia from an intraperitoneal
injection of 100 ] of PBS containing a mixture of 2 mg of keta-
mine (Virbac Laboratories, Zoletil®50) and 0.2 mg of xylazine
(Bayer Korea, Rompun™). All animal experimental proce-
dures were conducted in accordance with the guidelines of the
Animal Care and Use Committee of Chonnam National
University. In a separate study, mice were intranasally inocu-
lated with final concentration of 4 ug of FlaB, 4 ug of Hgp44,
or 8 ug of Hgp44-FlaB in 20 ul/mouse under the same sched-
ule as mentioned above. After 2 weeks of immunization, the
final sera and saliva were collected and stored at -80°C till use.

Hemagglutination inhibition assay

The hemagglutination inhibition assay was performed as
described previously.”® Briefly, anti-P. gingivalis and anti-
Hgp44 sera were serially diluted in PBS in a 96-well round bot-
tom plate (COSTAR, 3799). The pre-immunization serum was
used as a negative control. Ten microliter of P. gingivalis sus-
pension in PBS containing 10° cell was added to make a final
volume 50 pl per well and incubated 1 hour at 37°C. To induce
hemagglutination reaction, 50 1l of 2% mouse RBS suspension
was added to the plate and then the plate was incubated at
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37°C for 3 hours to determine hemagglutination inhibition
(HAI) titers.

Challenge with live P. gingivalis

To assess the protection against live P. gingivalis challenge, vac-
cinated mice were infected with P. gingivalis ATCC33277.%"
Briefly, the vaccinated mice were orally administered 2 mg/ml
of sulfamethoxazole and 0.4 mg/ml of trimethoprim (Samil
Pharm, Septrin Syrup), for 3 d and then subjected to an antibi-
otic-free period of 3 more days. Live P. gingivalis (1 x 10°
CFU, ATCC 33277) with 2% carboxymethylcellulose (Sigma,
IGEPAL®CA-630) was administered into the oral cavity 3 times
with a 2-day interval between treatments using feeding needle
under anesthesia.

ELISA for Hgp44- or FlaB-specific antibody response

Two weeks after the final immunization, the serum and saliva
were collected from immunized mice as described previously.'
The saliva was collected from vaccinated mice following the
intraperitoneal administration of 100 ul of 500 g/ml of Isoto
Carpine® (Novartis, 070414).* To measure the Hgp44-specific
antibody responses, 96-well ELISA plates (Corning Laborato-
ries, 3690) were coated with 1 pg/ml of Hgp44 in PBS for
24 hours at 4°C. For the FlaB-specific serum IgG and IgA mea-
surement, FlaB was used as the coating antigen at a final con-
centration of 1 pug/ml in PBS. The plates were washed and
blocked with blocking buffer containing PBS with 0.5% BSA
(Sigma, cat. A2153-50G), 1 mM of EDTA (BIONEER, C-
9007), and 0.05% Tween-20 (AMRESCO, 0777) for 1 hour at
room temperature. After 5 washes, the serially diluted samples
were incubated in the plates at RT for 2 h. Then horseradish
peroxidase (HRP)-conjugated anti-mouse IgG or IgA Abs
(Southern Biotech, 1030-05 or 1040-05, respectively) was
added to the plates at RT for 1 h. The color was developed with
30 ul of TMB substrate (3,3'5,5 -tetramethylbenzidine) (BD
OptEIA, 555214). The reaction was stopped by the addition of
30 ul of 1 N H,SO,. The absorbance was measured with a
microplate reader (Molecular Devices Corp., Menlo Park, CA)
at 450 nm. The titers were expressed as the reciprocal log, value
of the dilution that yielded an optical density at 450 nm.

Micro-computed tomography (micro-CT) analysis

Forty days after the last challenge of P. gingivalis, the right sides
of the maxillae were collected, cleaned of soft tissue, and fixed
in 10% formalin. Micro-CT images were captured with the
high-resolution Skyscan 1172 system (Skyscan, Aartselaar,
Belgium) with an X-ray source at 50 kV and 201 mA with a
0.5-mm aluminum filter. Images with a pixel size of 15 mm
were captured every 0.7° over an angular range of 180°. The
raw images were reconstructed into serial cross-sectional
images with identical thresholds for all samples (0 to 8,000 in
Hounsfield units) using an image reconstruction software
(version 1.6.2.0, Skyscan). The bone volume density (BV/TV)
in the region of interest (ROI) was determined using the CT
Analyzer program (version 1.10.0.5, Skyscan) as described pre-
viously.**** Three-dimensional surface rendering images were
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obtained with the Mimics imaging software (version 14.0,
Materialise). The ROI length extended from the most distal
aspect of the M2 root to the most mesial aspect of the M1 root.
The width extended from the most buccal aspect to the most
palatal (lingual) part of the M1 or M2 root, including the alveo-
lar bone, and the height extended from the most apical aspect
of the M1 or M2 crown to the most apical aspect of the M1 or
M2 root. The linear distance of the CE]J to the ABC in maxillae
M1 and M2 was determined using the Mimics software 14.0
(Materialise).

NF-«B luciferase reporter assay

To confirm whether the fusion protein could stimulate TLR5 sig-
naling similarly as FlaB only, we performed a TLR5-stimuated
NF-«B activity assay as described previously.” Briefly, overnight
2 x 10° of HEK293T cells/well were transfected with p3xFlag-
hTLR5 (100 ng/well), the reporter pNF«B luc plasmid (100 ng/
well), and 50 ng/well of pPCMV-B-Gal (BD Biosciences lontech,
Palo Alto, CA, USA) using 5 ul/well of Effectene (Qiagen,
301427). Twenty-four hours after transfection, the cells were
treated with respective purified recombinant proteins (FlaB,
FlaB-Hgp44, and Hgp44-FlaB) overnight based upon the molar
ratio using 100 ng FlaB, and 209.5 ng FlaB-Hgp44 or Hgp44-
FlaB per well. Transfected cells treated with PBS were used as a
negative control. The cells were treated overnight and then lysed
using lysis buffer (Promega, E153A), and the luciferase activity
was measured by a luminometer (MicroLumat-Plus LB 96V,
Berthold, Wilbad, Germany). The TLR5-stimulated luciferase sig-
nals from the respective samples were developed and measured
as the fold-change activity relative to the negative control.

Western blotting analysis

Mice were immunized and sampled as mentioned above. Two
weeks after the final immunization, 50 ul of antiserum from 5
individual animals per group were transferred to 1.5 ml of
Eppendorf tubes and stored at -80°C for subsequent western
blotting analysis. The same dilution (1/400 in PBS with 0.05%
Tween 20) of antisera (primary antibody) from the respective
samples and the same dilution (1/2000 in PBS with 0.05%
Tween-20) of HRP-conjugated secondary antibody (Dako,
P0260) were used to detect FlaB, and Hgp44 antigens separated
on an 8% SDS-PAGE acrylamide gel. After the antigens were
completely transferred onto the respective membranes, Pon-
ceau S staining solution (Sigma, P7170) was used for that mem-
branes subjected to SDS-PAGE western blotting to ensure the
quality of the transferred antigens.

Statistical analysis

The results are expressed as the mean £ SEM unless otherwise
noted. Student’s t-test was used to compare 2 groups. All
experiments were repeated more than 3 times, and the results
from representative experiments are shown.
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