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1 | INTRODUCTION

Abstract

Introduction: Periodontal diseases (PD) are complex oral inflammatory diseases initi-
ated by keystone bacteria such as Porphyromonas gingivalis. A vaccine for PD is desir-
able as clinical treatment involves protracted maintenance strategies aimed to retain
dentition. Although prior immunization approaches targeting P. gingivalis have re-
ported variable success in limiting facets of disease such as oral bone loss, it remains
that a vaccine for this disease may be attainable.

Aim: To investigate cell-free protein synthesis (CFPS) as a platform to produce vac-
cinable targets suitable for efficacy testing in a P. gingivalis-induced murine oral bone
loss model.

Materials and Methods: Recombinantly generated P. gingivalis minor fimbriae protein
(Mfal), RgpA gingipain hemagglutinin domain 1 (HA1), and RgpA gingipain hemag-
glutinin domain 2 (HA2) were combined in equivalent doses in adjuvants and injected
intramuscularly to immunize mice. Serum levels of protein-specific antibody were
measured by ELISA, and oral bone levels were defined by morphometrics.

Results: Recombinantly generated P. gingivalis proteins possessed high fidelity to
predicted size and elicited protein-specific IgG following immunization. Importantly,
immunization with the vaccine cocktail protected from P. gingivalis elicited oral bone
loss.

Conclusion: These data verify the utility of the CFPS technology to synthesize pro-

teins that have the capacity to serve as novel vaccines.
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Porphyromonas gingivalis

in the subgingival plaque initiate non-resolving chronic inflammation

that is a principal driver of the progressive destruction of the soft and

Periodontal diseases (PD) are common human diseases of bacterial
origin, with recent estimates in the US supporting 60% of individuals
over 40 years of age with measurable oral bone loss (Eke et al., 2012).
Since 1990, the numbers of individuals with severe periodontitis have
been on the rise, and in 2015, it was estimated 538 million individu-

als were impacted globally (Kassebaum et al., 2017). Bacteria present

hard tissues supporting the teeth. Current treatment strategies do not
cure PD; instead, these are aimed to reduce pathogen burden, limit
inflammation, and protect existing bone levels. Thus, an effective vac-
cine against PD would significantly impact PD burden.

The subgingival microflora is a highly diverse community of or-

ganisms (Kroes, Lepp, & Relman, 1999; Paster et al., 2001). Despite
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this diversity, bacteria such as Porphyromonas gingivalis are associ-
ated with chronic PD (Hajishengallis, Darveau, & Curtis, 2012; Hong
et al., 2015; Socransky, Haffajee, Cugini, Smith, & Kent, 1998; Yost,
Duran-Pinedo, Teles, Krishnan, & Frias-Lopez, 2015). This organism
possesses fimbriae, gingipains (a group of cysteine proteases), and
others molecules that impact aspects of disease pathogenesis in-
cluding attachment of bacteria to host cells and other community
microbes, development of inflammation, and microbial-driven dys-
biosis (Bostanci & Belibasakis, 2012; Lamont & Jenkinson, 1998).
For example, as compared with wild-type bacteria, a P. gingivalis
major fimbria-deficient organism were less capable in eliciting oral
bone loss in a rat model (Malek et al., 1994). P. gingivalis major and
minor fimbriae mutants differentially activate immune cells and pro-
inflammatory cytokine expression (Arjunan, El-Awady, Dannebaum,
Kunde-Ramamoorthy, & Cutler, 2016; Malek et al., 1994; Takahashi,
Davey, Yumoto, Gibson, & Genco, 2006). The arginine-specific gingi-
pain RgpA is necessary for optimal growth of P. gingivalis and partic-
ipates in fimbrial maturation (Imamura, 2003; Nm, Veith, Dashper, &
Reynolds, 2003; Potempa, Sroka, Imamura, & Travis, 2003).

An inconclusive picture currently exists regarding the role played
by elicited antibodies to key organisms such as P. gingivalis and pro-
gression of PD. In one study, no correlation was observed with
organism-specific antibody levels and disease severity (Whitney
et al., 1992). While in another study, gingipain-specific antibodies
present in sera of individuals with PD served to facilitate bacte-
rial recognition and opsonophagocytic uptake by PMNs (Gibson,
Savelli, Van Dyke, & Genco, 2005). Interestingly, purified 1gG elic-
ited by immunization facilitated P. gingivalis clearance, as well as re-
duced infection-elicited oral bone loss in a murine model (Gibson,
Gonzalez, Wong, & Genco, 2004). Thus, strategies aimed at target-
ing specific molecules integral to critical organisms associated with
PD, and ability to elicit antibodies that functionally alter the course
of disease may offer a path to aid in control and/or protection from
oral tissue destruction.

Vaccination has been examined by many groups to aid in treat-
ment of PD and mixed results are evident. Polak etal. (Polak,
Wilensky, Shapira, Weiss, & Houri-Haddad, 2010) reported that
immunization of mice with P. gingivalis or F. nucleatum elicited spe-
cific immune responses, but did not provide protection from in-
fection, while Leone et al. (2006) reported that immunization with
P. gingivalis exacerbated bone loss. Yet, others have reported that
immunization with various molecules of P. gingivalis in pure form
can provide protection from the key feature of PD—oral bone loss
(Gibson & Genco, 2001; Gonzalez, Tzianabos, Genco, & Gibson,
2003; Han, LaRosa, Kawai, & Taubman, 2014; Miyachi, Ishihara,
Kimizuka, & Okuda, 2007; O'Brien-Simpson et al., 2016; Puth et al.,
2017; Wilensky, Potempa, Houri-Haddad, & Shapira, 2017; Zhu
et al., 2013). Reports from our group and others support that RgpA
(Genco, Odusanya, Potempa, Mikolajczyk-Pawlinska, & Travis, 1998;
Gibson & Genco, 2001; Miyachi et al., 2007; Wilensky et al., 2017)
and fimbriae (Evans et al., 1992; Han et al., 2014) represent poten-
tial targets for vaccine development based on their capacity to elicit
immune responses that facilitate bacterial uptake by cells, and their

Clinical Relevance

Scientific rationale for the study: A vaccine for periodontal
disease (PD) could shift disease management. It is unclear
why prior approaches to vaccinate against PD have met
with mixed results. Cell-free protein synthesis (CFPS) is a
platform to generate proteins with challenging structure
and may be suitable for application with vaccine
development.

CFPS

Porphyromonas gingivalis proteins. Immunization with the

Principle  findings: effectively generated 3
3-protein combination elicited protection from oral bone
loss in a murine model.

Practical implications: CFPS-generated vaccine targets limit
P. gingivalis-elicited oral bone loss and support utility of

this technology for the development of vaccine proteins.

potential to provide protection against infection-elicited oral bone
loss (Gibson et al., 2005); however, the level of protection was not
complete suggesting that optimization to include focus on the spe-
cific domains of these proteins that provide protection or optimiza-
tion to include additional molecules in the vaccine preparation, or
delivery approach (prophylactic vs. therapeutic vaccine) need to be
understood.

Cell-free protein synthesis (CFPS) systems represent a protein
production approach to construct proteins of complex structure
(Kapoor et al., 2018). The absence of the requirement to maintain
cell viability allows for the optimization of the protein synthetic
capacity of the cell-free extract by direct addition of components
to manipulate transcription, translation and folding, and provide
precise modulation of the protein expression process. Historically,
CFPS systems derived from Escherichia coli have been used in
small-scale as experimental tools for exploring the molecular bi-
ology of transcription and translation and for in vitro protein pro-
duction (Legastelois et al., 2017; Swartz, 2006). In the context
of biopharmaceutical development of vaccine targets, the novel
XpressCF™ CFPS system (SutroVax, Inc.) using an E. coli K12-
derived production strain has been developed to use standard in-
dustrial microbial fermentation and process equipment (Xu et al.,
2015; Zawada et al., 2011). The system is linearly scalable to man-
ufacturing levels to produce low-cost vaccine antigens. Further,
use of the XpressCF™ protein production system permits the
construction of heretofore difficult to produce protein antigens
(Kapoor et al., 2018).

We chose a multi-hit vaccine approach targeting P. gingivalis
at the levels of microbial community attachment, and gingipains.
P. gingivalis Mfal has been shown to mediate the interaction
between P. gingivalis and Streptococcus gordonii, an antecedent
members of the subgingival bacterial biofilm (Park et al., 2005).

The selection of RgpA was based on prior reports from our
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group and others that this molecule participate in protection
from P. gingivalis-elicited oral bone loss (Gibson & Genco, 2001;
Wilensky et al., 2017). Targeting the HA1 domain was based on
knowledge that this region participates in microbial coaggrega-
tion (lto, Ishihara, Shoji, Nakayama, & Okuda, 2010) and protects
against oral bone loss in a rodent model (Muramatsu, Kokubu,
Shibahara, Okuda, & Ishihara, 2011), while HA2 was selected as
this molecule participates in haem adsorption (Nakayama et al.,
1998) and thus represents a key molecule of P. gingivalis that could
influence the physiology of this organism as iron is important for
P. gingivalis survival (Smalley & Olczak, 2017).

We report that P. gingivalis minor fimbriae protein (Mfal), RgpA
gingipain hemagglutinin domain 1 (HA1), and RgpA gingipain hem-
agglutinin domain 2 (HA2) were synthesized, purified, and when
used in combination, elicited robust protein-specific IgG responses.
Further, in initial proof-of-concept studies, we observed that pro-
phylactic immunization with this protein combination protected
mice from P. gingivalis-elicited oral bone loss. Our findings support
that the XpressCF™ CFPS system can generate active vaccine can-
didates for use in PD.

2 | MATERIALS AND METHODS

2.1 | Generation of cell-free extract

Cell-free extracts containing additional DsbC chaperone were pre-
pared as previously described by Groff et al. (2014). Briefly, E. coli
strain SBJY0O01 (Yin etal., 2012) was transformed with a pACYC
plasmid carrying tandem copies of the dsbC gene. Cells were grown,
harvested, and homogenized as described by Zawada et al., (2011).
Subsequent clarification via centrifugation yielded the extract used

for subsequent cell-free expression reaction.

2.2 | Generation of recombinant Mfal, HA1,
HAZ2, and purification

DNA sequences were designed based on encoding the HA1, HA2,
and Mfa1 fimbrilin proteins, codon optimized (DNA 2.0; Menlo Park,
CA\), synthesized, and cloned into the previously described pYD317
vector (Yin etal., 2012). Cell-free reactions were performed with
the XpressCF™ CFPS system essentially as previously described
(Yin et al., 2012; Zimmerman et al., 2014). For expression of Mfal
fimbrilin, reactions were performed with iodoacetamide (IAM)
pre-treatment, at 25°C, with the addition of oxidized glutathione
(2 mM) to create an oxidizing environment for the disulphide bonds.
Expression of HA1 and HA2 was performed without IAM treatment
of the cell extract and addition of reduced glutathione (8 mM) to
maintain a reducing expression environment. After 16 hr of reaction
time, the expressed proteins were isolated from the cell-free reac-
tion mixtures using his-tag affinity purification on Ni Sepharose resin
(GE Lifesciences, Pittsburg, PA) as per the manufacturer’s recom-
mendations. Further purification of the HA1, HA2, and Mfal fim-
brilin protein was achieved via cation exchange chromatography on
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SP ImpRes resin (GE Lifesciences). Briefly, the Ni Sepharose elution
pools were exchanged into sodium citrate (50 mM), NaCl (50 mM),
pH 4.5, applied to the column, and eluted via gradient elution to Tris
(50 mM), NaCl (1 M), pH 7.5. Similarly, HA2 was further purified via
anion exchange chromatography on Q ImpRes (GE Lifesciences).
Column equilibration and loading was performed in Tris (50 mM),
NaCl (50 mM), pH 7.5, with subsequent gradient elution to Tris
(50 mM), NaCl (1 M), pH 7.5.

After polishing chromatography, all proteins were dialysed into
Dulbecco’s PBS and analysed via SDS-PAGE under reducing and
non-reducing conditions with Coomassie blue staining. Intact mass
analysis of each protein was determined via Q-TOF (Agilent, Santa
Clara, CA). In the case of HA1, intact mass analysis conclusively
showed that the cysteines were oxidized and had formed the ex-

pected disulphide bond.

2.3 | Cultivation of P. gingivalis and bacterial
purity assessment

Porphyromonas gingivalis strain A7436 was handled as described pre-
viously (Huang, Shaik-Dasthagirisaheb, LaValley, & Gibson, 2015). In
brief, log-phase broth-grown bacteria were harvested by centrifuga-
tion and were suspended to 1 x 10*° CFU/ml in 2% carboxymethyl-
cellulose in pyrogen-free saline for oral challenge (100 pL/challenge/
mouse). Gram-stain was performed on all P. gingivalis broth cultures

to ensure purity.

2.4 | Mice, immunizations, and oral challenge

Six-week-old female BALB/c mice (Charles River Laboratories,
Wilmington, MA) were randomly separated into six groups (n = 8/
group), housed in specific pathogen-free facilities, and received
water and food ad libitum. All live animal use was in accordance with
National Institutes of Health guide for the care and use of labora-
tory animals (NIH Publications No. 8023, revised 1978), employing
institutional IACUC-approved procedures. Groups included G1) non-
immunized/no oral challenge control, G2) non-immunized/P. gingi-
valis oral challenge, G3) Mfal + HA1 + HA2 combined immunization
in alum/P. gingivalis oral challenge, G4) Mfal + HA1 + HA2 combined
immunization in monophosphoryl Lipid A (MPL; Sigma-Aldrich, St.
Louis, MO)/P. gingivalis oral challenge, and G5) Mfal + HA1 + HA2
combined immunization in injection-grade saline/P. gingivalis
oral challenge (to understand whether molecules alone provide
protection in the absence of adjuvant). Baseline serum was ob-
tained from each animal prior to immunization, and the respective
groups of mice were immunized by intramuscular injection with
Mfal + HA1 + HA2 (5 pg of each protein/injection) suspended in
alum (Imject, ThermoFisher Sci, Rockford, IL), MPL, or injection-
grade saline. Booster immunizations were delivered 2 and 4 weeks
after initial immunization. Two weeks after completion of immuniza-
tion, serum samples were collected from mice prior to oral challenge
with P. gingivalis. Oral challenge was accomplished as previously re-

ported (Gonzalez et al., 2003). In brief, animals received 10-day oral
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sulphamethoxazole/trimethoprim (Hi-Tech Pharmical, Amityville,
NY) in drinking water, followed by removal of antibiotics and a three-
day rest. A P. gingivalis slurry (1 x 10'° CFU/ml + 2% carboxymethyl-
cellulose in injection-grade saline) was gently applied to the gums of
mice using a feeding needle fitted to a syringe 3 times over a 1-week
period. Control animals were orally challenged with 2% carboxym-
ethylcellulose alone. After 42-day rest, animals were sacrificed, ter-
minal sera were collected and stored at -80°C, and the head of each

mouse was processed for oral bone loss measurements.

2.5 | Detection of Mfal-, HA1-, and HA2-specific
IgG in mouse sera

Antigens (0.5 ug/ml) were adsorbed at 4°C overnight on Maxisorp
plates (NUNC, Rochester, NY), and unoccupied sites were blocked
with 1% BSA for a minimum of 1 hr. Serial 2-fold diluted serum
samples were added to individual wells (100 pl/well) and incubated
for 2 hr at room temperature. Following washing, isotype-specific
antibody conjugated to horseradish peroxidase (1:6000 dilution;
Southern Biotech, Birmingham, AL) was added, and following wash-
ing, the wells were developed with TMB substrate (Pierce, Rockford,
IL), and the reaction stopped with 50 pl H,SO,, (1.0 M). Absorbances
were measured at 450 nm minus the absorbance at 570 nm to cor-
rect for plate abnormalities. The resulting data for each sample were
plotted to obtain a curve of the reciprocal dilution vs. the A, -A. g
measurement. The antibody titre was determined as the midpoint of
the dilution curve as defined by EC,, calculations using Prism statis-
tical analysis software (GraphPad Software, La Jolla, CA). The mean
of the EC,, for each cohort was used as the antibody titre.

2.6 | Measurement of oral bone loss

Oral bonelevels were determined by morphometric analyses, as done
previously (Gibson & Genco, 2001). After sacrifice, soft tissue was
removed around the maxillary molars, and the skulls were stained
with methylene blue. Prior to initiation of bone measurements, sam-
ples were blinded by a researcher not aware of the groupings. Oral
bone measurements were determined from obtained digital images
using onscreen measurement from the alveolar bone crest (ABC) to
the cementum-enamel junction (CEJ) at 14 landmark sites (Baker,
Evans, & Roopenian, 1994). Image analysis was performed using
ImageJ (Schneider, Rasband, & Eliceiri, 2012) with pixel lengths con-
verted to millimetres, and data from the 7 sites were combined with
measurements from all animals in the group to achieve a group level
mean length + SEM. Statistical analysis was used to compare levels

between groups.

Protein sample Observed mass Theoretical mass

Mfal 60019.4 Da 60018.4 Da
HA1 19058.7 Da 19058.0 Da
HA2 48299.4 Da 48299.6 Da

2.7 | Statistical analysis

Data were analysed with Prism statistical analysis software
(GraphPad). Comparison between groups was performed as indi-
cated using Kruskal-Wallis non-parametric ANOVA with Dunns mul-
tiple comparison post-testing. A p < 0.05 was considered significant.

3 | RESULTS

3.1 | Genome analysis, selection of vaccine targets,
and CFPS protein generation

We initially investigated published nucleic acid sequences for P. gin-
givalis and identified 3 candidate regions, 1 within Mfal (minor fim-
brilin) gene and 2 within two hemagglutinin domains (HA1 and HA?2)
of the RgpA gingipain. CFPS was performed to generate each pro-
tein, and each purified recombinant protein was found to possess
high fidelity to the predicted mass for each protein (Table 1). Further
analysis of these proteins was accomplished by SDS-PAGE and
Coomassie blue staining under reducing (Figure 1) and non-reducing

conditions (data not shown), supporting the purity of each product.

3.2 | Immunization and evaluation of protein-
specific IgG

To determine whether the proteins delivered by intramuscular in-
jection elicited protein-specific IgG antibody responses, and to
understand whether different adjuvants (alum vs. MPL) influenced
the elicited IgG response for the respective preparations, sera were
collected from groups of mice at the completion of the immuniza-
tion period, and at sacrifice were tested for levels of Mfal-, HA1-,
and HA2-specific 1gG by ELISA. Titration curves for each serum
sample were converted to EC, values. As anticipated, sera col-
lected from the non-immunized groups of mice (G1 and G2) prior to
oral challenge possessed low levels of IgG to Mfal, HA1, and HA2
(Figure 2). For the groups of mice, immunized IM with the combined
proteins suspended in alum (G3), MPL (G4), or injection-grade saline
(G5) revealed that all mice receiving the vaccine combination re-
sponded with antigen-specific IgG responses (Figure 2). Comparing
postvaccination levels of IgG between groups of animals receiving
vaccine revealed that for Mfal the MPL adjuvant provided a signifi-
cant advantage over alum or no adjuvant groups in the developed
molecule-specific IgG response (p < 0.05 for both; Figure 2). No sig-
nificant differences were observed between groups with regard to
postvaccination levels of HA1-specific 1gG levels (Figure 2). Lastly,

serum levels of antibodies from the groups of mice that received

TABLE 1 Q-TOF analysis of Mfal,

Mass accuracy HA1 and HA2

A +17 ppm
A +37 ppm
A -4 ppm
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vaccine with alum and MPL were both significantly enhanced in HA2-
specific IgG as compared to the vaccine without adjuvant (p < 0.05
for both; Figure 2). These data show that all groups of mice that
were vaccinated responded with increased molecule-specific 1gG
over the unmanipulated control group. MPL was the best adjuvant

250 kD
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L

s0kD| -

37 kD .

25kD|

20kD] = -

15 kD

10kp|

FIGURE 1 SDS-PAGE analysis of purified proteins generated by
cell-free protein synthesis (CFPS). Denatured proteins were added
to wells (3 pg/well), separated on 4%-12% Bis-Tris gradient gels,
and stained with Coomassie blue. Lane 1: molecular mass markers;
Lane 2: Mfal; Lane 3: HA1; Lane 4: HA2
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for developing Mfal-specific IgG, while both alum and MPL were
similarly effective in boosting IgG levels to HA2.

Examination of IgG levels at sacrifice revealed that the group of
non-immunized mice oral challenged with P. gingivalis A7436 pos-
sessed only a modest increase in molecule-specific levels of 1gG to
Mfal, HA1, and HA2 that did not approach the levels achieved by

vaccination (Figure 2).

3.3 | Impact of vaccination on P. gingivalis-
elicited oral bone loss

To understand if the protein combination could effectively limit
the extent of P. gingivalis-elicited oral bone loss, immunized animals
were subjected to P. gingivalis oral challenge (Figure 3a). Groups of
mice that were not immunized served as controls. In comparison to
mock challenged mice (G1; mean ABC-CEJ distance = 0.1178 mm),
animals orally challenged with P. gingivalis A7436 (G2; mean ABC-
CEJ distance = 0.195 mm) developed oral bone loss as evidenced by
an increase in mean distance from ABC to CEJ (p < 0.001; Figure 3).
Groups of mice that received the combination protein vaccine gen-
erated from a heterologous strain of P. gingivalis suspended in either
alum (G3) or MPL (G4) were protected from P. gingivalis-elicited oral
bone loss (p < 0.01 for each vs. P. gingivalis oral challenge alone;
Figure 3). No differences in the level of protection (ABC to CEJ
measurements) were observed between adjuvants, indicating that
intramuscular delivery of the vaccine candidate provided similar
protective responses (p > 0.05; Figure 3). Interestingly, it was also
observed that the group of animals immunized with the combina-
tion protein vaccine suspended in saline solution (G5) were also pro-
tected from P. gingivalis oral challenge similar to that observed when
the proteins were delivered intramuscularly with adjuvant (p > 0.05
vs. alum or MPL adjuvants; Figure 3), and the level of protection was
similar regardless of adjuvant employed (approximately 68% protec-

tion for all; p > 0.05 for all; Figure 3).

[ Post vax T #
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10%

g 104

2
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G3 G4 G5 G1 G2 G3 G4 G5
Groups Groups

FIGURE 2 Serum IgG EC,, values against P. gingivalis Mfal, HA1, and HA2. Groups of animals served as controls or experimental groups
as indicated (G1-5; methods section), and serum samples were collected from animals immediately prior to oral challenge (Post-Vax; open
bars) or at sacrifice (filled bars), and molecule-specific IgG EC,, values were calculated from ELISA data against P. gingivalis (a) Mfa1, (b) HA1,
and (c) HA2. Mean + SEM for group. Kruskal-Wallis non-parametric ANOVA with Dunns multiple comparisons was used to compare Post-
Vax EC,, values between the vaccine groups (G3-G5); *P < 0.05 G3 vs. G4, P < 0.05 G4 vs G5, TP < 0.05 G3 vs. G5
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FIGURE 3 Experimental organization and oral bone loss. (a) BALB/c mice were randomized into groups (G1-5; outlined in the methods
section; n = 7-8 mice/group) and immunized animals received 3 intramuscular injections of combined protein cocktail in respective adjuvant,
or in injection-grade saline at 2-week intervals (primary and 2 boosts; red arrows). All animals were placed on 10-day sulphamethoxazole/
trimethoprim (Antibiotics) in drinking water, followed by removal of antibiotics 3 days prior to mock oral challenge (G1), or P. gingivalis

oral challenge (3 times over a 1-week period; G2-5). After completion of oral challenge (0 weeks.), animals were allowed rest for 6 weeks

and were sacrificed. Serum samples were collected from animals immediately prior to the initiation of oral challenge and at sacrifice

(red circles); (b) Digital micrographs of representative hemimaxilla from each group stained with methylene blue; (c) Average distance
between cementum-enamel junction (CEJ) and alveolar bone crest (ABC) in mm + SEM, *P < 0.001 vs. G1 (unchallenged), * P < 0.01 vs. G2
(P. gingivalis oral challenge only) using Kruskal-Wallis non-parametric ANOVA with Dunns multiple comparisons

4 | DISCUSSION

Development of an effective vaccine for PD would be especially use-
ful as this disease occurs in a significant portion of the adult popula-
tion globally and is increasingly more prevalent in individuals as they
age. However, PD is a multifactorial disease with factors including
the bacterial composition of dental plaque, host genetic make-up,
and environmental factors contributing unique barriers to our fun-
damental understanding of PD pathogenesis, and thus the potential
for targeted vaccine development. In the past, various strategies
such as killed whole organism preparations (Giardino, Ebersole, &
Holt, 1996; Gibson & Genco, 2001; Persson et al., 1994), purified
molecules from PD associated organisms (Gibson & Genco, 2001,
Moritz, Cappelli, Lantz, Holt, & Ebersole, 1998; Reynolds et al.,
2015), and implementation of recombinantly generated molecules
(DeCarlo, Huang, Collyer, Langley, & Katz, 2003; Genco et al., 1998;
QO’Brien-Simpson et al., 2016; Wilensky et al., 2017) have met with
varying degrees of success. Although it is clear that there are im-
portant differences in the immune systems of rodents and humans
(Graves, Kang, Andriankaja, Wada, & Rossa, 2012), rodents remain
a key tool in the armamentarium of early phase vaccine develop-
ment and testing and are useful in mechanistic studies aimed at bet-
ter understanding the pathogenesis of PD (Hajishengallis, Lamont,
& Graves, 2015). In this study, we employed the CFPS technology
to synthesize specific proteins of P.gingivalis and demonstrate
that this platform effectively produces proteins that evoke strong
antigen-specific host IgG responses when delivered intramuscu-

larly, and in proof-of-concept application in an accepted model of

infection-driven oral bone loss, the combination vaccine was effec-
tive as it significantly prevented P. gingivalis-elicited oral bone loss.
The antigens targeted include Mfal, HA1, and HA2 which on their
own have been shown to provide protection in similar situations;
however, as a multi-component vaccine, our approach is novel, and
the data support continued consideration of the multiple-hit ap-
proach (targeting bacterial attachment, and protease functions).
Further, these findings are significant as these data support that the
CFPS platform is an effective way to generate antigens for recom-
binant vaccines.

The microbiology of subgingival plague has been under close
inspection recently by molecular analyses, as microbial dysbio-
sis as a consequence of specific keystone bacteria is more deeply
appreciated to be central to the development of PD than de facto
presence of specific organisms (Hajishengallis et al., 2012; Mira,
Simon-Soro, & Curtis, 2017); however, the specific factors that un-
derlie the tip from oral health to disease remain enigmatic. Despite
these complexities, substantial evidence supports that there is a
core group of organisms in subgingival plaque that is disproportion-
ally important in driving microbial dysbiosis and resultant immune
dysregulation that characterizes PD. Although possibly not being
the specific organism responsible for the disease, organisms such
as P. gingivalis remain the principal driver of disease by their key-
stone position (Hajishengallis et al., 2012), thus continued targeting
of P. gingivalis and other highly associated bacteria remains rational
for development of a vaccine for PD. Our data support that use of
CFPS-generated proteins from specific regions of P. gingivalis minor

fimbriae and RgpA when used in combination provide protection
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from the oral bone loss elicited by P. gingivalis. Unexpectedly in our
studies, use of different adjuvant combinations did not suggest an
adjuvant effect or an advantage of one adjuvant over another in the
protection of infection-elicited oral bone loss, despite showing some
capacity to slightly modulate IgG responsivity to each specific pro-
tein. It is not clear why the three combinations provided similar final
antibody levels and similar protection from oral bone loss. Indeed,
it appears that the trivalent vaccine without adjuvant was able to
elicit robust molecule-specific antibody in the absence of adjuvant
(albeit to slightly lower levels at sacrifice that levels achieved with
alum or MPL). It could be that with fewer vaccinations, an adjuvant
effect may be clearer. Alternatively, vaccination with this molecular
cargo with adjuvant may elicit a concomitant induction of regulatory
T-cell populations (Zitvogel, Apetoh, Ghiringhelli, & Kroemer, 2008).
However, as protection from oral bone loss was achieved, thus our
data suggest that absence of an adjuvant effect is not be a signifi-
cant barrier in the context of acute exposure, but may need to be
considered in the context of long-term protection. Further under-
standing of adjuvant optimization and vaccination strategy (systemic
vs. mucosal delivery) as well as vaccine scheduling will be need in the
context of development for prophylactic or therapeutic vaccine use
in human disease.

Previous studies in non-human primates and other animal mod-
els have reported vaccination targeting P. gingivalis effective in
generating specific antibody responses, and mixed results of vac-
cination have been observed where protection with whole organ-
isms provide protection (Gibson & Genco, 2001; O’Brien-Simpson
et al., 2016; Persson et al., 1994; Roberts et al., 2004), while others
suggest no effect or exacerbated inflammation (Ebersole, Brunsvold,
Steffensen, Wood, & Holt, 1991; Moritz et al., 1998; Polak et al.,
2010). One strategy to maximize the efficacy of a vaccine is to base
the composition on those structures/epitopes that elicit a protective
response. It is unclear what are the optimal P. gingivalis structures to
target, thus several lines of investigation are under exploration and
have primarily focused on virulence factors of this organism such as
major fimbriae (Evans et al., 1992; Takahashi et al., 2007) and gingi-
pains (Genco et al., 1998; Gibson & Genco, 2001; O’Brien-Simpson
et al.,, 2016; Rajapakse, O'Brien-Simpson, Slakeski, Hoffmann, &
Reynolds, 2002). These studies have met with a general consensus
of providing a measure of protection to P. gingivalis oral infection;
however, while the level of protection is significant, it often does
not achieve protection to the level of the no challenge control. Thus,
understanding the specific epitope structures of these proteins may
afford further optimization of these vaccine candidate proteins. Our
work and work from other groups are in agreement with the find-
ing that protection is not complete despite the strong protection
provided by this multi-component vaccine. Indeed, independent of
vaccine or adjuvant, it is frequently observed that protection is not
to the level of the mock challenged group. Therefore, further opti-
mizations of this system are necessary, including regimen, relative
proportions of the components, adjuvant combination, as well as to
determine whether the elicited protective response to vaccination
provides long-term recall and protection to challenge. Our data show
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that shortly after completion of vaccination, all vaccine combination
provided similar protection. Although our study provides clear ev-
idence that the CFPS-generated trivalent vaccine is promising as a
vaccine candidate, much needs to be understood. How durable is
the immunologic memory? What adjuvant maximizes protection and
immunologic memory to provide durable protection later in life. How
does systemic delivery of this vaccine provide protection at the oral
mucosa to limit oral bone loss? Does the vaccine disrupt P. gingivalis
colonization or numbers in the subgingival plaque, and how might
vaccination impact on the overall microbial community in the sub-
gingival space? Another important element for future consideration
is need for prophylactic vs. therapeutic vaccine delivery approach.
Here, we used a prophylactic approach; however, a therapeutic ap-
proach may be beneficial in the context of PD as identification of
individuals for vaccination recently diagnosed with disease would
target those most in need to stop progression.

In summary, these studies provide an initial proof-of-concept for
the CFPS platform in the context of vaccine development target-
ing the extent of oral infection-elicited oral bone loss accompanying
PD. Our findings support the potential for further targeted vaccine
approaches for PD and in developing this technology for continued

development for clinical utility.
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