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ABSTRACT

Role of Porphyromonas gingivalis Gingipains
in Caspase-1 Activation and

Phagocytosis of Tannerella forsythia

Young-Jung Jung

Program in Immunology and Molecular Microbiology in Dentistry
Department of Dental Science

The Graduate School

Seoul National University

Objectives

In the pathogenesis of periodontitis, Porphyromonas gingivalis plays a role as a
keystone pathogen that dysregulates host immune responses and results in
dysbiosis in oral microbial communities. Arg-gingipains (RgpA and RgpB) and
Lys-gingipain (Kgp) are essential to the virulence of P gingivalis. Therefore,
gingipains are often considered as therapeutic targets. The aim of this study was to
elucidate the roles of gingipains in caspase-1 activation in P gingivalis-infected
macrophages and to investigate the roles of gingipains in the modulation by P.

gingivalis of phagocytosis of Tannerella forsythia by macrophages.

Methods
Macrophages differentiated from THP-1 cells with phorbol-12-myristate-13-acetate

(PMA) and peripheral blood mononuclear cells (PBMC)-derived macrophages



were infected with P gingivalis or its gingipain mutants for 6 hours to determine
whether P gingivalis activates caspase-1 and whether gingipain mutation affects
the caspase-1 activation. Caspase-1, interleukin (IL)-1p, and lactate dehydrogenase
(LDH) in the culture supernatants were analyzed with immunoblot, ELISA, and
LDH cytotoxicity assay. To examine the role of gingipain protease activity,
macrophages were infected with P gingivalis in the presence or absence of
leupeptin, a cysteine protease inhibitor, or P gingivalis preincubated with
gingipain-specific inhibitors, KYT-1 and KYT-36. Degradation of proteins that
were released from cells upon caspase-1 activation was analyzed after incubation
of P. gingivalis in the culture supernatants of macrophages that had been stimulated
with heat-killed P gingivalis. Intracellular caspase-1 activity and ATP release were
measured after infection with P gingivalis and its gingipain mutants, or P.
gingivalis preincubated with KYT-1 or KYT-36. To assess the effect of processing
of surface proteins by gingipains on caspase-1 activation, cells were infected with
the gingipain-null mutant that had been cultured overnight with gingipain-
containing culture supernatants of P. gingivalis.

To determine whether P gingivalis coinfection has an effect on 7. forsythia
phagocytosis, PMA-differentiated THP-1 cells and PBMC-derived macrophages
were infected with carboxyfluorescein diacetate succinimidyl ester (CFSE)-
labelled 7. forsythia in the presence or absence of P gingivalis or its gingipain
mutants for 1 hour. Phagocytosis of 7. forsythia was analyzed by flow cytometry
and confocal microscopy. Coaggregation between the two bacterial species was
assessed, and the effect of amino acids that inhibit the coaggregation on 7. forsythia
phagocytosis was examined. The role of gingipain protease activity was determined

using KYT-1 and KYT-36. Intracellular persistence/survival of 7. forsythia was



analyzed by flow cytometry, confocal microscopy, and 16S rRNA-based viability

assay after antibiotic protection.

Results
Infection with P. gingivalis at low multiplicity of infections (MOls), but not at high
MOlIs, resulted in low levels of IL-13 and LDH without detectable active caspase-1
in the culture supernatants. The proteins released from caspase-1-activated cells
were rapidly degraded by gingipains. However, P. gingivalis expressing gingipains
induced higher intracellular caspase-1 activity in the infected cells than the
gingipain-null mutant. The increased intracellular caspase-1 activity was associated
with ATP release from the infected cells. In addition, growing the gingipain-null
mutant in the culture supernatants containing gingipains enhanced caspase-1
activation by the mutant. In contrast, inhibition of the protease activity of Kgp or
Rgp increased the caspase-l-activating potential of wild-type P gingivalis,
indicating an inhibitory effect of the protease activities of Kgp and Rgp.
Phagocytosis of T forsythia was significantly enhanced by coinfection with P,
gingivalis in an MOI- and gingipain-dependent manner. Mutation of either Kgp or
Rgp in the coinfecting P gingivalis resulted in attenuated enhancement of 7.
forsythia phagocytosis. Inhibition of coaggregation between the two bacterial
species reduced phagocytosis of 7. forsythia in the mixed infection, and the
coaggregation was dependent on gingipains. Inhibition of gingipain protease
activities in coinfecting P. gingivalis abated the coaggregation and the enhancement
of T. forsythia phagocytosis. However, direct effect of protease activities of
gingipains on 7. forsythia seemed to be minimal. Although most of the

phagocytosed 7. forsythia were cleared in infected cells, more 7. forsythia



remained in cells coinfected with gingipain-expressing P. gingivalis than in cells
coinfected with the gingipain-null mutant or infected only with T. forsythia at 24

and 48 hours post-infection.

Conclusion

Considering that gingipains are major promising therapeutic targets, it is of great
importance to fully characterize the roles of gingipains in the pathogenicity of P
gingivalis. This study demonstrated that gingipains play contradictory roles in
caspase-1 activation by P gingivalis monoinfection, and that gingipains are
essential in the augmentation of 7. forsythia phagocytosis in the mixed infection.
This study provides clues to the role of gingipains in the mechanism by which P,

gingivalis dysregulates host immune responses.

Keywords: Porphyromonas gingivalis, Gingipains, Proteases, Caspase-1,
Tannerella forsythia, Phagocytosis

Student number: 2010-31218
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I. Introduction

1. Periodontitis

1.1. Periodontitis: definition, prevalence, and outcomes

Periodontitis is a chronic inflammatory disease caused by complex
interactions between bacteria in subgingival biofilms and host immune responses.
Its consequence is the destruction of the tooth-supporting tissues, which are
comprised of the periodontal ligament, gingival, cementum, and alveolar bone.
Periodontitis is one of major causes of tooth loss in adults. Periodontitis, along with
dental caries, is the most important oral health burden worldwide. It is one of the
most common chronic inflammatory diseases in adult populations, with severe
periodontitis found in 5-15% of the global adult population [1]. Children and
adolescents can also be affected by several forms of periodontitis including
aggressive periodontitis, chronic periodontitis, and periodontitis as a manifestation
of systemic diseases [2]. For example, early-onset aggressive periodontitis has been
reported to affect 2% of young individuals and causes premature tooth loss [1].
Despite improvement in oral hygiene practices and advances in our understanding
of periodontitis pathogenesis over the last few decades, the prevalence of severe
periodontitis has not decreased [3,4].

Numerous epidemiological studies have shown the association of periodontal
diseases with multiple systemic conditions [5]. On one hand, along with behavioral
factors, such as smoking, alcohol consumption, some systemic conditions such as
diabetes mellitus, obesity, and metabolic syndrome are risk factors for periodontal
diseases [6]. On the other hand, periodontitis is associated with an increased risk

for several systemic diseases including cardiovascular diseases, diabetes,



rheumatoid arthritis, and adverse pregnancy outcomes [7]. To explain the
association, several hypotheses have been suggested: the common susceptibility
model (genetic susceptibility), systemic inflammation model (increased level of
circulating cytokines and inflammatory mediators), direct infection model (direct
infection of distant tissues like blood vessels by bacterial dissemination), and cross-
reactivity/molecular mimicry model (cross-reactivity of T cells and antibodies

specific for bacterial antigens with self-antigens) [8].

1.2. Pathogenesis of periodontitis

The most important etiologic factor in the pathogenesis of periodontitis is
polymicrobial biofilms in the subgingival crevice although complex interactions of
other etiological factors, including systemic health status, genetic factors, and
behavioral factors, are involved [6]. The classical study by Socransky et al. [9]
categorized numerous bacterial species in subgingival plaque samples into 5 major
microbial complexes (red, orange, yellow, green, and purple) of bacteria based on
their association with periodontitis. The so-called “red-complex” consortium
comprising Porphyromonas gingivalis, Tannerella forsythia, and Treponema
denticola have been considered as the disease-causing agents of periodontitis.
Recent studies using 16S rRNA gene sequencing have suggested that some novel
microorganisms such as Filifactor alocis and Synergistetes species are also
associated with periodontitis [10-12].

A recent model for periodontitis pathogenesis suggests that polymicrobial
synergy and dysbiosis (PSD), but not individual pathogens, causes periodontal
diseases [13,14]. In this model, transition from periodontal health to disease is

caused by a shift from symbiosis to dysbiosis in the subgingival microbiota.
2



Dysbiotic microbiota overactivate the inflammatory responses, resulting in tissue
destruction, which further facilitates dysbiosis by providing nutrients and
environmental niches to pathogens [15]. The initial shift to dysbiosis is driven by
colonization of keystone pathogens and their immune subversion [16]. Keystone
pathogens, even at low-abundance, can increase the quantity of the normal
microbiota and change the microbial composition in the oral cavity. These changes
in turn support and stabilize dysbiosis and cause inflammation. A representative

keystone pathogen is P. gingivalis [14].

2. Porphyromonas gingivalis

2.1. General characteristics of P. gingivalis

P gingivalis is a Gram-negative, asaccharolytic, obligatory anaerobe. Its
characteristic black-pigmented colonies on blood agar plates are caused by
accumulation of hemin (iron protoporphyrin IX, derived from erythrocytic
hemoglobin) on the bacterial surface and within bacterial cells [17]. P. gingivalis is
detected frequently in subgingival biofilms of periodontitis patients (up to 85%
compared to 23% in those of healthy individuals) [18]. Its number is positively
correlated with pocket depth, a representative clinical indicator of periodontitis
[19]. P gingivalis has been implicated in the development and progression of
systemic diseases [20]. For example, its association with cardiovascular disease has
been supported by its detection in human atherosclerotic plaques [21] and in vivo
animal studies [22]. P gingivalis has also been implicated in rheumatoid arthritis

via citrullination of host proteins by its peptidylarginine deiminase [23].



2.2. Virulence factors of P. gingivalis

P gingivalis exhibits both immune stimulatory and evasive properties [24],
which contribute to the pathogenesis of periodontitis and its associated systemic
diseases [16]. Virulence of P. gingivalis varies depending on the strains [25-27],
and its high pathogenic potential has mainly been ascribed to its ability to evade the
host immune system. Key virulence factors (Table 1) of P gingivalis include
lipopolysaccharide (LPS), fimbriae, serine phosphatase (SerB), nucleotide
diphosphate kinase (NDK), and multiple proteases [28,29]. P. gingivalis expresses
modified forms of LPS, which suppress Toll-like receptor (TLR)-4 signaling [30]
and non-canonical inflammasome activation [22]. Its major fimbriae (FimA) inhibit
the TLR2-dependent antimicrobial pathway through the interaction with CXC-
chemokine receptor 4 (CXCR4) [31]. P. gingivalis utilizes its minor fimbriae (Mfal)
to bind DC-SIGN for entry to and survival within dendritic cells (DC), and
subversion of DC functions [32]. SerB dephosphorylates Ser536 residue of p65
subunit of NF-xB, resulting in inhibition of its nuclear translocation and
interleukin-8 (IL-8) production in gingivalis epithelial cells [33]. P gingivalis
hydrolyzes ATP using its NDK, which inhibits ATP-induced apoptosis of epithelial

cells and contributes to its intracellular persistence [34,35].



Table 1. Virulence factors of P. gingivalis involved in immune subversion

Virulence factor Mechanism References
Lipid A 1- and 4’-
phosphatases, Lipid A modifications [22,30,36]
lipid A deacylase
SerB Dephosphorylation of NF-kB p65 [33]
Peptidylarginine deiminase | Citrullination of host proteins [23]
NDK Hydrolysis of extracellular ATP [34,35]
FimA fimbriae Binding to host cells and tissue
Mfal fimbriae : Invasion [31,32,37]
Hemagglutinins Dysregulation of host defense responses
Binding to host cells
Gingipains Degradation of host defense proteins (cytokines,
chemokines, antibacterial peptides) [38-48]

(RgpA, RgpB, Kgp)

Complement inactivation

Cleavage of cell surface receptors

Adapted from Zenobia and Hajishengallis [28]

S— |




2.3. Gingipains

2.3.1. Characteristics of gingipains

Because P, gingivalis is asaccharolytic and dependent on peptides and proteins as
nutrient sources, it produces various endopeptidases and exopeptidases [29].
Among its multiple proteolytic enzymes, cysteine proteases referred to as
gingipains [Arg-X-specific Arg gingipains (RgpA and RgpB) and Lys-X-specific
Lys gingipain (Kgp)] are responsible for most of the proteolytic activity (at least
85%) of P. gingivalis [49]. RgpA and Kgp are multi-domain proteins and contain
hemagglutinin/adhesin domains as well as catalytic domains (Fig. 1A) [50,51].
Gingipains can be produced as outer membrane-associated forms or secreted forms
via the Por secretion system (Fig. 1A) [52-54]. Gingipains perform diverse
functions both in bacteria and during the infection process. They are indispensible
not only for nutrient uptake and growth [55] but also for the maturation of other P.
gingivalis virulence factors such as major and minor fimbriae, periodontain and

gingipain themselves (Fig. 1B) [29,56].
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Figure 1. Schematic representation of structures, secretion of gingipains and
their role in processing of bacterial proteins [29,51,52,54]. IM, inner membrane;
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adhesion domain; CT, C-terminal domain; HArep, hemagglutinin/adhesin repeats
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2.3.2. Functions of gingipains in the pathogenesis of periodontitis

Gingipains are essential to the pathogenic potential of P. gingivalis [50,55,57].
They are involved in most stages during the establishment of P. gingivalis infection,
including adhesion, invasion, and survival [58,59]. Gingipains contribute to the
bacterial adhesion to host cells through processing other bacterial surface proteins
like major and minor fimbriae, as well as the adhesin domains of RgpA and Kgp
[38,56]. The pathogenicity of P. gingivalis is further facilitated by the disruptive
and evasive proteolytic effects of gingipains on host innate immune responses, via
dysregulation of cytokine/chemokine networks, complement systems, intracellular
signaling, and cell proliferation/death [39-41]. Gingipains degrades complement
factors such as C3 [43] as well as proinflammatory cytokines like IL-6 and IL-8
[44], while C5a generated by Arg-gingipains can bind C5aR and inhibits nitric
oxide production in macrophages [45]. Gingipains also have several subversive
effects on the adaptive immune system. The proteases inactivate some effector
cytokines like IL-4 as well as immunoglobulins [42,46,47] and attenuate T-cell
proliferation by inhibiting IL-2 accumulation [48]. Thus, gingipains are regarded as
promising therapeutic targets for the prevention and treatment of periodontitis and

associated systemic diseases.

3. Tannerella forsythia

3.1. General characteristics of 7. forsythia

T. forsythia, another member of the “red complex” consortium, is a Gram-
negative, rod-shaped, asaccharolytic, obligatory anaerobe. It is also implicated in

an increased risk for systemic inflammation like cardiovascular disease [21,60,61].



Although T. forsythia is relatively less characterized than P. gingivalis because of
its fastidious growth requirements, recent studies have identified several virulence

factors that 7. forsythia utilizes to modulate host immune responses.

3.2. Virulence factors of 7. forsythia

Representative virulence factors include BspA, surface-layer (S-layer)-
associated glycoproteins, lipoproteins, glycosidases, and proteases [29,62]. A cell
surface-associated and secreted protein BspA, which binds to TLR-2, mediates
binding and entry of 7. forsythia into oral epithelial cells and leads to IL-8
production [63,64]. It also binds to fibronectin and fibrinogen in the extracellular
matrix [65]. In vivo studies have shown that BspA is responsible for 7. forsythia-
induced alveolar bone loss and can facilitate atherosclerosis in mice [60,64,66].
The cell surface S-layer contributes to serum resistance of 7. forsythia [67] as well
as adhesion and invasion into oral epithelial cells [68]. It delays inflammatory
responses in macrophages [69], and glycosylation of S-layer suppresses the
expression of cytokines related to T helper 17 responses in macrophages and DCs
[70]. Karilysin, a metalloprotease, has been demonstrated to inhibit all the three
complement pathways and to increase soluble TNF-a concentration by cleaving the
membrane-bound form of TNF-a [71,72]. T. forsythia expresses surface
lipoproteins that can induce expression of proinflammatory cytokines. It also
expresses several glycosidases that may jeopardize the functional integrity of the

periodontium and promote the progression of periodontal inflammation [62].



4. Mixed infection with P. gingivalis and 1. forsythia

4.1. Interspecies bacterial interaction

Previous studies that used traditional culture methods and those that used
recent culture-independent methods have identified more than 700 species of
bacteria in human oral cavity [73]. With substantial diversity among people,
approximately 100-200 species are found in the oral cavity of an individual [73].
Among microbial habitats in the oral cavity, such as gingival sulcus, teeth, tongue,
and cheeks as well as carious lesions and endodontic infections, over 400 species
of bacteria have been detected in subgingival biofilm [74,75]. Polymicrobial
communities are developed through interspecies interactions and adaptation within
the surrounding microenvironments. Interspecies bacterial interactions in a
polymicrobial community involve communication via direct contact as well as
soluble mediators [76]. Outcomes of interbacterial interactions are different from
the simple sum of activites observed with each bacterial species [77]. The
interactions include neutralism (no effect on each other), competition (for growth-
limiting nutrients and physical resources), commensalism (one benefits from the
other, but not vice versa), mutualism (synergy in growth or survival), and
ammensalism (indirect negative effect, such as production of an antagonist that
inhibits the growth of the other). Furthermore, interference or promotion of
growth-dependent signaling, or neutralization of virulence factors of one species by

another species is also possible [78].

4.2. Synergistic pathogenicity of P. gingivalis and T. forsythia
P gingivalis is frequently isolated together with 7. forsythia as complexes

within the microbial communities of active periodontitis lesions [9,10]. In addition,

10



mixed infection of T. forsythia and P gingivalis has been shown to cause
synergistic abscess formation and additive alveolar bone loss in murine models
[79,80]. This synergism between the two bacterial species can be attributed to
several factors. T forsythia stimulates the growth of P gingivalis [81], and P,
gingivalis promotes the growth of 7. forsythia in multi-species biofilms [82],
indicating their symbiotic relationship. Karilysin of 7. forsythia and Arg-gingipains
of P. gingivalis synergistically inactivate complement pathways [72]. In addition, P,
gingivalis enhances invasion of 7. forsythia into oral epithelial cells [63]. Although
some studies have failed to find synergistic inflammatory responses to mixed
infection with P. gingivalis and T. forsythia [83,84], this combination of bacteria

synergistically induces IL-6 production in murine macrophages [85].

5. Macrophages and phagocytosis

5.1. Role of macrophages in periodontitis

Macrophages were first identified as phagocytic cells by Metchnikoff. Along
with monocytes and DCs, they belong to the mononuclear phagocytic system,
which is derived from committed hematopoietic stem cells in bone marrow [86].
Macrophages are found in all body tissues with great diversity in their phenotypes
and functions. They respond to environmental challenges as well as to
physiological changes through their diverse receptors including cytokine receptors,
pattern recognition receptors, and phagocytic receptors [87]. Macrophages play
pivotal roles in host defense, inflammation, and tissue homeostasis. They function
as sentinel cells by moving throughout tissues and sensing non-self or damaged
tissues, which initiates phagocytosis and clearance by macrophages [88].

Classically activated macrophages (M1) mediate inflammatory responses through
11



production of pro-inflammatory mediators, such as reactive oxygen and nitrogen
species, proinflammatory cytokines, and chemokines. However, depending on the
activation conditions, they can switch to anti-inflammatory phenotypes (M2,
alternatively activated macrophages) and participate in tissue repair/remodeling
and maintenance of homeostasis. Macrophages are also important players in the
development of adaptive immunity by activating or suppressing T cells through
their role as antigen presenting cells [89].

In a healthy periodontium, it is essential to maintain a controlled immune-
inflammatory state in response to normal symbiotic microbiota. In periodontitis,
overt inflammation leads to periodontal tissue destruction. Macrophages play
complicated roles in the pathogenesis of periodontitis. First of all, macrophages,
together with neutrophils, are responsible for phagocytosis of invading microbes
and foreign substances, which is essential to limit propagation of infection and
inflammation. Because the oral cavity and gingival tissues can be an entry to the
inside of the body, clearance of invading pathogens in gingival tissues is important
to prevent persistent infection and systemic dissemination of an invading pathogen.
They are also involved in resolution of inflammation and maintenance of tissue
homeostasis in gingival tissues [90].

Macrophages, on the other hand, can inadvertently contribute to the
progression of periodontitis through inflammation and tissue destruction.
Infiltration of macrophages in gingival tissues increases in active periodontitis
lesions compared to inactive sites or healthy tissues [91,92], and their infiltration
increases with the progression of periodontitis [93]. Macrophages are major
immune cells that produce inflammatory cytokines such as IL-1 and TNF-a as well

as chemokines including MIP-1a and IL-8, which lead to further recruitment and

12



activation of inflammatory cells [90]. It has been reported that depletion of
macrophages reduces alveolar bone loss in a mouse periodontitis model [92],
indicating that excessive macrophage infiltration can be detrimental to periodontal
health. Macrophages are precursor cells that can be differentiated into osteoclasts
in the presence of macrophage colony-stimulating factor (M-CSF) and receptor
activator of nuclear factor kB ligand (RANKL). In addition, proinflammatory
cytokines such as IL-1 and IL-6 from macrophages can promote osteoclastogenesis
[94]. Macrophages contribute to tissue destruction by degrading extracellular
matrix and providing attachment sites for osteoclasts by degrading the

demineralized organic bone matrix [95].

5.2. Phagocytosis in macrophages

Phagocytosis is one of three major strategies to internalize extracellular
substances. Large particles (> 0.5 um) such as bacteria are engulfed by cells via
phagocytosis whereas pinocytosis is a process for internalizing solutes and fluid.
Receptor-mediated endocytosis is mainly involved in uptake of macromolecules,
small particles, and virus [96]. The mechanism of phagocytosis is remarkably
complex. A diverse array of receptors and signaling pathways are involved, and the
mechanism shows substantial heterogeneity depending on the features of particles
and receptors [97].

The initial step of phagocytosis is particle recognition. Direct recognition of
microbes is mediated by receptors that identify ligands on the microbial surfaces,
such as mannose receptor (CD206), dectins, scavenger receptors (SR-A, MARCO,
and CD36), CD14, and integrins (CD11b/CD18) [96,98]. Alternatively, phagocytes

recognize particles that are opsonized with mannose binding proteins, surfactant
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protein A, immunoglobulins, or complement (C3b, C4b, and iC3b) via Clq
receptor, SPR210, Fc receptors, or complement receptors, respectively [96,98].
Particles with multiple ligands, like bacteria, are recognized by several receptors
that can synergize or antagonize each other. Furthermore, non-phagocytic receptors
influence activity of phagocytic receptors. For example, activation of TLR-2, 3, 4,
and 9 promotes phagocytosis in macrophages via upregulation of scavenger
receptors, Fc receptors, and complement receptors [99,100]. In addition, binding of
P gingivalis fimbriae to TLR2 transactivates complement receptor CR3 via inside-
out signaling [101].

Particle recognition initiates the process for particle internalization: actin
rearrangement, membrane extension around the particles, and membrane fusion to
form phagosomes. This process involves multiple signaling pathways including
protein kinase C, phosphoinositide 3-kinase, phospholipase C, Rho family of
GTPase, and motor proteins such as myosin [102]. Phagosomes then fuse with
acidic lysosomes to form mature phagolysomes, where microbes are killed and
particles are digested by reactive oxygen and nitrogen species, antimicrobial
proteins, and hydrolytic enzymes [103].

Phagocytosis is a major defense strategy against microorganisms that breach
the epithelial barrier and is connected to inflammatory responses. Recognition of
the specific nature of pathogens is facilitated after phagolysomal fusion via pattern
recognition receptors located in the lysosomal compartment. This enables
macrophages to exhibit immune responses tailored to specific pathogens [97]. For
instance, differential signal transduction pathways are activated by engagement of
different combination of TLRs, resulting in different inflammatory responses. After

phagocytic killing of microbes, MHC class II molecules are loaded with peptides
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derived from microbes. The MHC/peptide complexes are then presented to cognate
T cells in the presence of cytokines that macrophages have produced. This antigen
presentation process guides adaptive immunity [89]. Engulfment of apoptotic
bodies, called efferocytosis, contributes to resolution of inflammation through
induction of anti-inflammatory cytokines, such as TGF- and IL-10 [104-106].
Efferocytosis also facilitates clearance of some microbes such as Mycobacterium
tuberculosis and Streptococcus pneumonia [107,108]. However, some pathogens
have developed strategies to survive within macrophages through escaping
phagosomes (Listeria monocytogenes and Shigella flexneri), inhibiting phagosomal
maturation (Mycobacterium spp. and Salmonella spp.), survival in phagolysosome
(Legionella pneumophila, Leishmania spp. (amastigotes), and Coxiella burnetii), or
inhibiting cell death (Toxoplasma gondii) [109]. In these -circumstances,
macrophages provide intracellular niches, where the pathogens are protected from
antibodies or antimicrobial effectors, and can promote dissemination of the

pathogens [110].

6. Inflammasome

6.1. Inflammasome and caspase-1 activation

Caspase-1, along with caspase-4 and caspase-5, belongs to the inflammatory
caspase subfamily, which plays a central role in the regulation of inflammation and
host defenses against microbial infection [111]. Like other caspases, caspase-1 is
produced as a zymogen, pro-caspase-1, consisting of a caspase recruitment domain
(CARD domain), a large subunit (p20), and a small subunit (p10) (Fig. 2) [112].
Caspase-1 becomes proteolytically active by forming two heterodimers of p20 and

pl0 after it is recruited to intracellular multiprotein complexes, called the
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inflammasomes [113].

Inflammasome assembly results from the activation of intracellular innate
immune sensors that include several members of the NOD-like receptor (NLR)
family (NLRP1, NLRP3, NLRP6, NLRP7, NLRP12, NAIP1/2/5/6, and NLRC4)
and PYHIN family (AIM2, IFI16, and PYRIN), by specific pathogen-associated
molecular patterns (PAMPs) or damage-associated molecular patterns (DAMPs)
(Fig. 2A and B, Table 2) [114,115]. In most cases, the adaptor ASC (apoptosis-
associated speck-like protein with a caspase-recruitment domain) is needed, and
ASC proteins assemble to form large protein aggregates or specks [116].
Noncanonical activation of caspase-1 involves caspase-11 or human caspase-4
binding/activation by cytosolic LPS, which leads to assembly of NLRP3
inflammasome and activation of caspase-1 (Fig. 2C) [117,118]. In addition,
caspase-8-dependent activation of caspase-1 by Yersinia pestis and its virulence
factor YopJalso has been reported, and the activation is independent of

inflammasome components (Fig. 2D) [119,120].
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Figure 2. Canonical and non-canonical activation of caspase-1 [115,118]. BIR,
baculovirus inhibitor of apoptosis domain, CARD, caspase recruitment domain;
DD, death domain; DED, death effector domain; HIN200, hematopoietic
interferon-inducible nuclear proteins with a 200 amino acid repeat; LRR, leucine
rich repeat; NACHT, NAIP, CIITA, HETE and TP1 domain; PK, protein kinase;
PYD, pyrin domain; RHIM, Receptor-interacting protein (RIP) homotypic

interaction domain.
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Table 2. Inflammasome activation by bacterial infection [115,121,122]

Inflammasome | Signaling mechanism | Ligands/stimulants

NLRP1 Proteolytic cleavage | Anthrax lethal toxin

Pore forming toxins:
V. cholera (Hyl), EHEC, S. aureus (hemolysin),

K+ efflux,
L. monocytogenes (LLO),

\ 1 .
ysosotha S. pneumoniae (pneumolysin)

Extracellular ATP (via P,X; receptor)
Complement

destabilization,
ROS

NLRP3

T. denticola (Td92), F. nucleatum, P. gingivalis

Cytosolic LPS:

Caspase-4/11
Burkholderia, Haemophilus, Proteus, Vibrio

NLRP6 Commensal microbiota

NLRP7 Acyl lipopeptide: L. monocytogenes,

S. aureus, Mycoplasma

NLRP12 Y pestis

T3SS needle proteins:

Chromobacterium violaceum (Cprl),
NAIP1 Salmonella Typhimurium (Prgl),
EHEC (E. prl), B. thailandensis (Bsal),
S. flexneri (Mxil), P. aeruginosa (PscF)

T3SS rod proteins:
NAIP2 imuri
NLRC4 Salmonella Typhimurium (PrgJ),
B. thailandensis (BsaK)

Flagellins:
Legionella pneumophila (FlaA),
Salmonella Typhimurium (F1iC),
Y. pestis (F1iC2),

Photorhabdus luminescence (Fla),

NAIP5/6

P, aeruginosa (F1iC)

Cytosolic DNA:

Francisella tularensis, F. novocida,

AIM2

L. monocytogenes, P. gingivalis
L. pneumophila AsdhA

Non-bacterial cytosolic DNA:

Kasposi’s sarcoma-associated herpes virus

IFI16

Clostridium botulinum (C3),
PYRIN Rho modification | C. difficile (TcdB), Histophilus somni (IbpA),
V. parahemolyticus (VopS)

RIPK1, RIPK3,
? Y. enterocolitica, Y. pestis (YopJ)
Fadd, caspase-8
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6.2. Consequences of caspase-1 activation

Major events after caspase-1 activation include (1) processing of biologically
inactive pro-IL-1B (31 kDa) and pro-IL-18 (24 kDa) to the bioactive IL-1p (17 kDa)
and IL-18 (18 kDa), (2) secretion of IL-1B, IL-18, and IL-1a (both pro-form and
mature form), and (3) pyroptosis.

IL-1B is a the major proinflammatory cytokine, and its activity is tightly
controlled at multiple levels because of its pleiotropic functions in innate and
adaptive immunity, metabolism, and bone homeostasis as well as inflammation
[123]. Its transcription and translation is induced by the binding of PAMPs or
DAMPs to pattern recognition receptors (PRRs). Then, the maturation of the pro-
form into the bioactive IL-1B and its secretion is executed by active caspase-1
[124].

Unlike IL-1PB, pro-IL-18 is constitutively expressed in many cell types
including monocytes and keratinocytes [125,126]. IL-18, in synergy with IL-12,
induces IFN-y, skewing helper T cell polarization toward Thl cells [127].
Alternatively, stimulation of y3 T cells and CD4 T cells with IL-18 in the presence
of IL-23 increases IL-17 production [128]. Pro-IL-la is also constitutively
expressed in nonhematopoietic cells while the expression is inducible in
mononuclear phagocytes [129]. Although cleavage of pro-IL-la to its mature
protein is executed by calpain [130], both pro-IL-la and IL-1a can be secreted
upon caspase-1 activation or cell death, and they bind to IL-1 receptor 1 (IL-1R1)
[131].

An additional consequence of caspase-1 is proinflammatory cell death,
known as pyroptosis. Pyroptosis serves as an efficient bacterial clearance

mechanism by preventing the intracellular replication of pathogens, releasing them
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from infected cells and exposing them to killing by neutrophils [132].
Proinflammatory cytoplasmic contents released from dying cells and endogenous
danger signals (such as HGMBI) secreted from caspase-1-activated cells alert and
recruit other immune cells [133,134]. Therefore, caspase-1 plays an important role

in eliminating the intracellular niche of pathogens in vivo.

6.3. Inflammasome activation by P. gingivalis

A few previous studies have shown that P gingivalis activates caspase-1 or
inflammasomes [121,135,136]. Taxman et al. [135] reported that P gingivalis
induces expression and secretion of IL-1B in an ASC- and caspase-1-dependent
manner in human monocytes. It also has been reported that P gingivalis and its
LPS induce NLRP3- and ASC-dependent cell death in macrophages, which was not
dependent on caspase-1 [136]. In addition, Park et al. [121] have shown that P.
gingivalis infection of macrophages activates AIM2 and NLRP3 inflammasomes,
leading to caspase-1 activation and pyroptosis and that ATP release, potassium
efflux, and cathepsin B (a lysosomal enzyme) are involved in the activation of
NLRP3 inflammasomes.

Some previous studies, however, have shown that P. gingivalis fails to activate
capase-1 activation [22,122,137]. A previous study reported that in macrophages, P
gingivalis does not activate caspase-1 and that it also blocks activation of NLRP3
inflammasomes by other inducers like Fusobacterium nucleatum, monosodium
urate, and alum, through inhibiting their endocytosis [122]. Another study showed
that P gingivalis inhibits ATP-mediated NLRP3 inflammasome and caspase-1
activation in gingival epithelial cells by hydrolyzing ATP using its NDK [137]. In

addition, P. gingivalis infection does not induce non-canonical caspase-1 activation
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by cytosolic LPS because of its modified, immune-evasive LPS [22].

7. Aims of this study

Recent studies on inflammasome and caspase-1 activation by P. gingivalis
have shown inconsistent results [22,121,122,135-137], and the role of gingipains in
caspase-1 activation by P gingivalis infection has not yet been investigated.
Because P gingivalis and T. forsythia are frequently isolated together in
periodontitis lesions [9,10], P gingivalis may have an effect on phagocytosis and
clearance of 7. forsythia. The aims of this study were as follows:

1) To elucidate the role of gingipains in caspase-1 activation by P gingivalis in
macrophages
2) To investigate whether P. gingivalis, in particular via its gingipains, influences

phagocytosis of 7. forsythia by macrophages
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I1. Materials and Methods

1. Bacterial strains and growth conditions

P gingivalis (ATCC 33277, FDC 381, ATCC 49417, W50) and F nucleatum
ATCC 25586 were grown in brain heart infusion (BHI) broth supplemented with
hemin (5 pg/mL) and vitamin K (1 pg/mL) under anaerobic conditions (10% CO,,
10% H,, and 80% N,) at 37°C for 1 day. T. forsythia ATCC 43037 was grown in
new oral spirochete broth (ATCC medium 1494) supplemented with vitamin K
(0.02 pg/ml) and N-acetylmuramic acid (0.01 pg/ml) under the anaerobic condition
at 37°C for 2 days.

Gingipain mutants of P gingivalis ATCC 33277 [KDP129 (kgp’), KDP133
(rgpA rgpB’), and KDP136 (kgp™ rgpA rgpB’)] were kindly provided by Dr Koji
Nakayama of Nagasaki University, Nagasaki, Japan. The mutant strains were
maintained in enriched BHI broth (37 g of BHI, 5 g of yeast extract, and 1 g of
cysteine per liter) supplemented with hemin, vitamin K, and the following
antibiotics as described previously [55]: chloramphenicol (20 pg/ml), erythromycin
(10 pg/ml), and tetracycline (0.7 pg/ml).

Where indicated, overnight cultures of P. gingivalis ATCC 33277 were washed
with phosphate buffered saline (PBS) and preincubated in PBS containing 5 mM
leupeptin (Sigma, St. Louis, MO, USA), 10 uM KYT-1 (Carbobenzoxy-Lys-Arg-
CO-Lys-N-(CHj3),, Peptide Institute, Osaka, Japan) or KYT-36 (Carbobenzoxy-
Glu(NHN(CHj3)Ph)-Lys-CO-NHCH,Ph, Peptide Institute) under the anaerobic
condition at 37°C for 1 hour. Then, the bacteria were washed with PBS and used

for infection.
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2. Treatment of P gingivalis gingipain-null mutant with

membrane vesicle-depleted culture supernatants

For the experiments to examine the effect of processing by gingipains of
surface proteins in P gingivalis KDP136, membrane vesicle-depleted culture
supernatants (VDS) of P gingivalis ATCC 33277 and its gingipain mutant strains
were prepared as described previously [58]. Culture supernatants of P. gingivalis
after overnight culture were collected by centrifugation at 10,000 x g for 20
minutes at 4°C, followed by filtration through 0.2-pm-pore-size filter (Minisart,
Sartorius Stedim Biotech GmbH, Goettingen, Germany). The culture supernatants
were depleted of membrane vesicles by ultracentrifugation at 100,000 x g for 50
minutes at 4°C, and the obtained VDS were kept frozen at -80°C until use.

The gingipain-null mutant KDP136 was cultured overnight in fresh culture
medium containing 30% VDS of wild-type P. gingivalis or its gingipain mutants in
the presence or absence of 10 uM KYT-1 or KYT-36. Because VDS of P. gingivalis
contain several bacterial components as well as gingipains, gingipain-specific
inhibitors KYT-1 and KYT-36 were used to determine whether the effect of VDS
was attributable to gingipains. The overnight cultures of KDP136 were washed

with PBS and used for infection.

3. Cell cultures

THP-1 cells (ATCC TIB-202), a human monocytic cell line, were cultured in
RPMI 1640 medium supplemented with 10% fetal bovine serum (FBS, Gibco BRL,
Paisley, UK), 100 U/ml penicillin, and 100 pg/ml streptomycin (Gibco BRL) in a

humidified 5% CO, atmosphere at 37°C.
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Human peripheral blood mononuclear cells (PBMCs) were isolated by Ficoll
Paque (GE healthcare, Uppsala, Sweden) density gradient centrifugation from
whole blood donated by healthy volunteers with the approval of Institutional
Review Board of Seoul National University (IRB No. S-D20130004). The cells
were then cultured in RPMI 1640 medium supplemented with 10% FBS, 100 U/ml
penicillin, and 100 pg/ml streptomycin for 6 days. After adherent cells were
detached using trypsi/EDTA (Gibco BRL), the cells were seeded into 6-well
plates (2 x 10° cells/well) and cultivated for 24 hours before infection to investigate
caspase-1 activation.

To investigate phagocytosis in primary macrophages, CD14" monocytes were
isolated from PBMCs by positive selection using anti-human CD14 magnet
particles with the BD IMag™ cell separation magnet (BD Biosciences, San Jose,
CA, USA). To differentiate them into macrophages, the cells were cultured in
RPMI 1640 medium supplemented with 10% FBS, 100 U/ml penicillin, and 100
pg/ml streptomycin in the presence of 10 pg/ml macrophage colony-stimulating
factor (Peprotech, Princeton, NJ, USA) for 6 days. On the day before the
phagocytosis assay, adherent cells were detached using trypsin/EDTA, seeded into

24-well plates (5 x 10 cells/well), and further cultivated for 24 hours.

4. Infection for caspase-1 activation

THP-1 cells (2 x 10° cells/well in six-well plates) were differentiated into
macrophage-like cells with 0.5 uM PMA for 3 hours. The differentiated cells or
PBMC-derived macrophages were stimulated with the indicated MOI of live P.
gingivalis, heat-killed P gingivalis (95°C, 60 minutes), live F nucleatum, or 0.5

pg/ml Pam3CSK4 (InvivoGen, San Diego, CA, USA) for 6 hours unless otherwise
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stated. For inhibition of P gingivalis proteases during infection, wild-type P
gingivalis was preincubated in 0.2 or 5 mM leupeptin (Sigma, St. Louis, MO,
USA)-containing PBS for 30 minutes, and THP-1 cells were infected with P,
gingivalis in the presence of leupeptin at the indicated concentration. In
experiments to examine the effects of caspase-1 inhibition, the cells were pre-
treated with the caspase-1 inhibitor Z-YVAD-FMK (Biovision, Palo Alto, CA,
USA) or Ac-YVAD-CHO (Calbiochem, San Diego, CA, USA) at the indicated
concentration for 30 minutes before stimulation with live or heat-killed P
gingivalis for 6 hours. Where indicated, THP-1 cells were preincubated with 300
uM oxATP (Sigma), a P,X; receptor antagonist, for 30 minutes and then infected

with P, gingivalis for 6 hours.

S. Immunoblotting

After treatment of macrophages with P. gingivalis or other stimuli, the culture
supernatants of the cells were collected, and the proteins in the culture supernatants
were precipitated with 10% trichloroacetic acid (TCA, Sigma). After centrifugation
at 16,000 x g for 10 minutes at 4°C, the protein pellets were neutralized using 0.1
M NaOH. The cells were washed once with ice-cold DPBS and lysed with RIPA
buffer [10 mM Tris (pH 7.5), 150 mM NaCl, 1% Triton X-100, 50 mM NaF, 1 mM
EDTA, 5 uM Na;VO,, 1 mM PMSF, and 1 x protease inhibitor cocktail (Roche,
Manheim, Germany)] on ice with intermittent vortexing. The lysates were clarified
by centrifugation at 16,000 x g for 45 minutes at 4°C. The protein concentration of
the lysates was determined using the Bradford protein assay (Bio-Rad, Hercules,
CA, USA). The TCA-precipitated supernatants and the cell lysates were mixed
with sample buffer (supplemented with dithiothreitol) and heated at 95°C for 5
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minutes for protein denaturation. The proteins were separated by SDS-PAGE (12%)
and transferred to polyvinylidene difluoride (PVDF) membranes (Millipore,
Billerica, MA, USA). Blots were incubated for 1 hour with blocking solution (Tris-
buffered saline [TBS] containing 0.1% Tween 20 and 5% bovine serum albumin or
nonfat dried milk) and were probed with the following primary antibodies: rabbit
polyclonal anti-caspase-1 from Cell Signaling Technology (Beverly, MA, USA),
goat polyclonal anti-IL-1B from Santa Cruz Biotechnology (Santa Cruz, CA, USA),
mouse monoclonal anti-actin from BD Biosciences, rabbit polyclonal anti-HMGBI1
from Millipore, and mouse monoclonal anti-NLRP3 and rabbit polyclonal anti-
ASC from AdipoGen (Liestal, Switzerland). The binding of the primary antibodies
was visualized using horseradish peroxidase (HRP)-conjugated anti-rabbit IgG,
anti-goat IgG, and anti-mouse IgG secondary antibodies (R&D systems,
Minneapolis, MN, USA) and ECL Western blotting substrate (SUPEX, Dyne-Bio,

Sungnam, Korea). B-Actin was used as a loading control.

6. ELISA

The concentration of IL-1p and IL-8 in the culture supernatants was measured
using the Quantikine sandwich ELISA Kit (R&D Systems) according to the

manufacturer’s instructions.

7. Real-time reverse-transcription PCR

Total RNA from THP-1 cells was isolated with an easy-BLUE™ total
extraction kit (INtRON Biotechnology, Sungnam, Korea), and cDNA was
synthesized using an M-MLV Reverse Transcriptase kit (Promega, Madison, WI,

USA) and oligo dT primer (Cosmo GENETECH, Seoul, Korea). For real-time RT-
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PCR, cDNA was mixed with primer pairs (200 nM each) and 10 pl of 2X SYBR
Premix Ex Taq"™ (Takara Bio Inc., Otsu, Shiga, Japan) in a 20 pl reaction volume.
Following initial denaturation at 95°C for 5 minutes, cDNA was amplified for 40
cycles of denaturation (95°C, 15 sec), annealing (60°C, 15 sec), and extension
(72°C, 33 sec) in an ABI PRISM 7500 Fast Real-Time PCR System (Applied
biosystems, Foster City, CA, USA). Melting curve analysis of the PCR products
was performed to ensure specificity of PCR amplification. Glyceraldehydes-3-
phosphate dehydrogenase (GAPDH) was used as a housekeeping control. The gene
expression level was normalized against GAPDH and calculated by 2™*“" method.
The sequences of the forward and reverse primers (Cosmo GENETECH) used for
the real-time PCR were 5-AGCTGTACCCAGAGAGTCC-3’ and 5’-
ACCAAATGTGGCCGTGGTTT-3’, respectively for IL-1B, and 5’-
GTGGTGGACCTGACCTGC-3* and 5’-TGAGCTTGACAAAGTGGTCG-3’,

respectively for GAPDH.

8. Measurement of cell death

8.1. LDH cytotoxicity assay

An increased lactate dehydrogenase (LDH) level in culture supernatant is a
widely used marker for cell death because this cytoplasmic enzyme is rapidly
released into extracellular space upon damage of the plasma membrane. THP-1
cells (1 x 10’ cells/100 pl in a 96-well plate) were differentiated and stimulated
with live P. gingivalis, live F. nucleatum, or heat-killed P. gingivalis at the indicated
MOI for 6 hours. The LDH levels in the culture supernatants of the THP-1 cells in
triplicate wells were measured using an LDH cytotoxicity assay kit (Biovision)

according to the manufacturer’s instructions. Relative amount of LDH (%) was
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calculated as [(LDHsumpe — LDHcontro) / (LDHmaximum — LDHcontol) X 100]. For
maximal LDH release (100%), cells were lysed with the lysis solution included in

the kit.

8.2. Propidium iodide exclusion assay

Uptake of propidium iodide (PI), a membrane impermeant dye, was used as a
marker for pore formation in the THP-1 cells, which is a sign of pyroptosis. To
quantitate PI uptake, THP-1 cells were stained with 20 uM PI (Sigma) at 37°C for
30 minute after the cells were infected with the indicated MOI of live P. gingivalis
for 6 hours. The cells were then analyzed using flow cytometry (FACSCalibur, BD
Biosciences) and Cell Quest Pro (BD Biosciences). The percentage of Pl-positive

cells was calculated.

9. Protein degradation assay

To assess whether P gingivalis proteolytically degrades proteins that are
released from caspase-1-activated cells, the culture supernatants of THP-1 cells that
had been stimulated for 6 hours with heat-killed P. gingivalis equivalent to an MOI
of 100 were used as substrates for the bacterial proteases. The culture supernatants,
after filtration (0.2-pm-pore-size filter), were incubated with live P gingivalis (1 x
10° bacteria/ml or 2 x 10° bacteria/ml equivalent to an MOI of 500 or 100,
respectively) for 1, 3, or 6 hours at 37°C. The culture supernatants were then

analyzed by immunoblot analysis or LDH cytotoxicity assay.

10. Intracellular caspase-1 activity assay

After THP-1 cells were infected with P gingivalis for 30 minutes or 2 hours,
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the cells were detached using trypsin/EDTA. Active caspase-1 within the cells was
stained using FAM-YVAD-FMK (FLICA™  Caspase-1 Assay Kit,
Immunochemistry Technologies, Bloomington, MN, USA) at 37°C for 1 hour
according to the manufacturer’s instructions. After washing with the wash buffer
(included in the kit), the cells were fixed with the fixative (included in the kit).
Intracellular active caspase-1 was then measured by flow cytometry (FACSCalibur),
and the caspase-1 activity index was calculated as [(% positive cells x mean
fluorescence intensity) / 100], which was adapted from a formula previously

described for phagocytosis [101].

11. Determination of extracellular ATP concentrations

After THP-1 cells were stimulated with the indicated MOI of live P. gingivalis
for 50 minutes or 2 hours, the ATP concentration of the culture supernatants was
determined using an ATP bioluminescence assay kit (Roche) according to the
manufacturer’s instructions. ATP-degrading enzymes in culture supernatants were
inactivated by incubating the culture supernatants with 0.3% TCA at 4°C for 30
minutes. After mixing the supernatants with 4 volumes of 250 mM Tris acetate (pH
7.75), the ATP assay reagents was added to the mixture as previously described
[138]. The ATP levels in the culture supernatants were calculated after measuring

the luminescence using GloMax® 96 Microplate Luminometer (Promega).

12. Phagocytosis of 7. forsythia

THP-1 (5 x 10° cells/well) were seeded into 24-well plates and differentiated
into macrophage-like cells with 0.1 uM PMA overnight. Differentiated THP-1 cells

and PBMC-derived macrophages were infected with carboxyfluorescein diacetate
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succinimidyl ester (CFSE, Molecular Probes, Eugene, OR, USA)-labelled T.
forsythia in the presence or absence of unlabelled P gingivalis at the indicated
MOI for 1 hour. To examine the effect of gingipains of coinfecting P. gingivalis on
phagocytosis of T. forsythia, wild-type and gingipain mutant strains of P. gingivalis
were used. In experiments to examine phagocytosis of P. gingivalis, the cells were
infected with CFSE-labelled P. gingivalis in the presence or absence of unlabelled
T. forsythia at the indicated MOI for 1 hour.

In experiments to examine the role of gingipain protease activities, overnight
cultures of wild-type P. gingivalis were preincubated in PBS containing 10 uM
KYT-1 or KYT-36 under anaerobic conditions at 37°C for 1 hour. After washing
with PBS, P gingivalis were used for mixed infection with CFSE-labelled T
forsythia.

In experiments examining the effect of gingipains on 7. forsythia, CFSE-
labelled 7. forsythia was preincubated in fresh culture medium containing 30%
VDS of wild-type P gingivalis or gingipain mutant strains in the presence or
absence of 10 uM KYT-1 or KYT-36 for 1 hour. After washing with PBS, T.
forsythia was used for infection.

In experiments to examine the effect of gingipains on macrophages, THP-1
cells were preincubated with P. gingivalis VDS (equivalent to an MOI of 100) for 1
hour in the presence or absence of 10 uM KYT-1 or KYT-36. The cells were then
infected for 1 hour with CFSE-labelled 7" forsythia in the presence or absence of P
gingivalis VDS and gingipain inhibitors.

Infected cells were detached with trypsin/EDTA, and the fluorescence
intensity of the cells was analyzed by flow cytometry (FACSCalibur). To measure

the internalization of 7. forsythia, the cells were analyzed after quenching
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extracellular fluorescence from adherent bacteria with 400 pg/ml trypan blue.

13. Intracellular persistence

THP-1 cells were infected with CFSE-labelled 7. forsythia in the presence or
absence of unlabelled P gingivalis at an MOI of 100 for 1 hour. The infected cells
were washed twice with PBS and incubated in media containing 300 pg/ml
gentamicin (Sigma) and 200 pg/ml metronidazole (Sigma) for 1 hour to kill
extracellular bacteria. The cells were then washed twice with PBS and further
incubated in culture media for 0, 6, 12, 24, or 48 hours. At each time point, the
cells were detached with trypsin/EDTA, and the fluorescence intensity of the cells
was analyzed via flow cytometry after quenching the extracellular fluorescence

from adherent bacteria with 400 pg/ml trypan blue.

14. Confocal microscopy

THP-1 cells (2 x 10° cells/well on coverslips in 24-well plates) were
differentiated and infected with CFSE-labelled 7. forsythia in the presence or
absence of unlabelled P gingivalis at an MOI of 100 for 1 hour. The infected cells
were washed twice with PBS and fixed with 4% paraformaldehyde. The cells were
stained with rhodamine phalloidin (Sigma) to visualize actin cytoskeleton and with
Hoechst 33342 (Molecular Probes) to counterstain nuclei. The cells were observed
under a confocal laser scanning microscope (LSM 700, Carl Zeiss, Jena, Germany).

In experiments to examine the persistence of 7. forsythia in the infected
macrophages, the cells were washed twice with PBS after 1 hour of infection. The
cells were incubated in media containing 300 pg/ml gentamicin and 200 pg/ml

metronidazole for 1 hour to kill extracellular bacteria, followed by further
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incubation in media for 24 or 48 h. The cells were then washed twice with PBS and
examined by confocal microscopy after fixation and staining as described above.

To examine phagosomal maturation, THP-1 cells (2 x 10° cells/well on
coverslips in 24-well plates) were differentiated and infected with CFSE-labelled P
gingivalis or CFSE-labelled T. forsythia in the presence or absence of unlabelled P
gingivalis at an MOI of 100 for 1 or 3 hours. The cells were then stained with 50
nM LysoTracker Red (Molecular Probes) for 30 minutes. The cells were then
washed twice with PBS and examined by confocal microscopy after fixation and

staining as described above.

15. Coaggregation assay

The coaggregation activity between 7. forsythia and P gingivalis was
quantitated as decrease in optical density at 660 nm (ODgs) as previously
described [67] with slight modifications. Bacteria were harvested at 10,000 x g for
3 minutes at 4°C and washed with coaggregation buffer (0.1 mM CaCl,, 0.1 mM
MgCl,, 0.15 M NaCl, 3.1 mM NaNj;, and 1 mM Tris, pH 8.0). After the bacteria
were resuspended in coaggregation buffer at 5 x 10° bacteria/ml, equal volumes
(500 pl) of each bacterial suspension were mixed, and the initial ODgg of the
mixtures was measured. To allow coaggregation of the two bacterial species, the
mixtures were then left to stand for 90 minutes at room temperature, and the ODgg0
was measured. The precipitation of bacterial aggregates to the bottom of the tubes
resulted in decreases in the optical density. The percent coaggregation was
calculated as [(initial ODgsp — ODggo at 90 minutes) / initial ODggo x 100]. To
examine the effects of particular amino acids on coaggregation, L-arginine (Sigma),
L-lysine (Sigma), histidine (Difco, Detroit, MI, USA), or glycine (Duchefa,
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Haarlem, The Netherlands) was added to the bacterial mixtures at the indicated

concentration.

16. RNA-based viability assay of intracellular 7. forsythia

Viability of intracellular 7. forsythia was assessed by analyzing 7. forsythia
16S rRNA within infected cells as previously described [139]. THP-1 cells were
infected with T. forsythia in the presence or absence of P gingivalis at an MOI of
100 for 1 hour. The infected cells were washed twice with PBS and incubated in
media containing 300 pg/ml gentamicin and 200 pg/ml metronidazole for 1 hour to
kill extracellular bacteria. The cells were then washed twice with PBS and further
incubated in culture media for 0, 24, or 48 hours. At each time point, total RNA
from THP-1 cells was isolated with an easy-BLUE™ total extraction kit, and
cDNA was synthesized using an M-MLV Reverse Transcriptase kit and random
primer (Promega). For real-time RT-PCR of T. forsythia 16S tRNA and human
GAPDH, an equal amount of cDNA was mixed with primer pairs (50 nM each) and
10 pl of 2X Power SYBR® Green Master mix (Applied Biosystems) in a 20 pl
reaction volume. Following initial denaturation at 95°C for 10 minutes, cDNA was
amplified for 40 cycles of denaturation (95°C, 15 sec) and annealing/extension
(57°C, 60 sec) in an ABI PRISM 7500 Fast Real-Time PCR System. Melting curve
analysis of the PCR products was performed to ensure specificity of PCR
amplification. The sequences of the forward and reverse primers (Cosmo
GENETECH) used for real-time PCR of T forsythia 16S rRNA were 5’-
ATTGAAATGTAGACGACGGAGAGT-3 and 5’-TTACCTGTTAGCAACTG
ACAGTCA-3’, respectively. For real-time RT-PCR of human GAPDH, the primer

pairs described earlier were used. The relative amount of live bacteria in host cells
33



was calculated by normalizing the amount of 7. forsythia 16S rRNA against

GAPDH mRNA in host cells by 27**“T method.
17. Statistical analysis

A standard two-tailed ¢ test was used for statistical analysis, and values of P <

0.05 were considered significant.
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I11. Results

1. Role of gingipains in caspase-1 activation

1.1 Low IL-1p and LDH levels without active caspase-1 in the culture
supernatants at low MOIs are abrogated by high MOIs of P. gingivalis
infection

Active caspase-1 (a tetramer of p20 and p10) is secreted into the extracellular
space upon caspase-1 activation. Thus, the presence of the p20 or p10 subunits of
active caspase-1 in culture supernatant is considered a sign of caspase-1 activation.
When THP-1 cells were infected with live P gingivalis ATCC 33277 at MOls of 10,
50, 100, or 500, the subunit of active caspase-1(p20) was not detected in the culture
supernatant of the P. gingivalis-infected cells (Fig. 3A), although mature IL-1 was
slightly increased at low MOIs (Fig. 3A and B). In addition, high MOIs of P
gingivalis abolished IL-1B secretion in the culture supernatant although P
gingivalis induced the expression of pro-IL-1p mRNA in an MOI-dependent
manner (Fig. 3B). As a positive control, it was shown that active caspase-1 (p20)
and mature IL-1B were detected after infection with live F nucleatum, a
periodontopathogen known to activate the NLRP3 and AIM2 inflammasome [122].
The level of LDH in the culture supernatants, a commonly used marker of cell
death, showed a similar pattern to that of mature IL-1p (Fig. 4A). However, when
pore formation, another sign of pyroptosis, was assessed using a PI exclusion assay,
it was found that P. gingivalis apparently induced the uptake of the membrane-

impermeant PI in the infected cells in an MOI-dependent manner (Fig. 4B).
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Figure 3. P. gingivalis induces minimal levels of IL-1§ without active caspase-1
in culture supernatant. THP-1 cells were infected with live P. gingivalis at the
indicated MOI for 6 hours. (A) Immunoblot analysis was performed to detect
caspase-1 and IL-1P in the culture supernatants (sup) and pro-caspase-1, pro-IL-1,
and B-actin in the cell lysates (cell). (B) The concentration of IL-1p in the culture
supernatants was determined by ELISA, and mRNA expression of pro-IL-1B was
analyzed using real-time RT-PCR and was normalized to that of GAPDH. The
experiments were performed three times, and the representative data are shown as
the mean =+ standard deviation. Pg, P gingivalis; Fn, F nucleatum. * P < 0.05

compared to the control.
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Figure 4. P. gingivalis induces pore formation with minimal levels of LDH in
culture supernatant. THP-1 cells were infected with live P gingivalis at the
indicated MOI for 6 hours. (A) The levels of the cytoplasmic enzyme LDH in the
culture supernatants were evaluated using the LDH cytotoxicity assay kit. (B)
Propidium iodide (PI) uptake of the infected cells was analyzed using flow
cytometry. The experiments were performed three times, and the representative
data are shown as the mean + standard deviation. Pg, P gingivalis; Fn, F

nucleatum. * P < 0.05 compared to the control.
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P gingivalis—infected THP-1 cells were pulsed with ATP because it has been
reported that P gingivalis induces IL-1P secretion with the addition of exogenous
ATP [122,140]. ATP is released from intracellular storage following cell distress,
damage, or death, resulting in an elevation of extracellular ATP concentrations. The
activation of the P,X; receptor by high extracellular ATP concentrations leads to
the activation of NLRP3 inflammasome and caspase-1 [141]. However, a pulse
with ATP after P gingivalis infection did not lead to the detection of active
caspase-1 (p20) in the culture supernatants, although it slightly increased the IL-13
levels (Fig. 5A). In addition, P. gingivalis significantly induced ATP release from
the infected cells in an MOI-dependent manner (Fig. 5B). The opposite regulation
of pro-IL-1p mRNA expression and IL-1f secretion, the contrasting results for the
PI uptake and LDH release, and the abrogation of caspase-1 detection induced by
ATP all strongly imply that P gingivalis proteases degrade IL-1B, LDH, and

possibly caspase-1.
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Figure 5. The absence of active caspase-1 is not due to lack of ATP release. (A)
THP-1 cells were infected with live P gingivalis at the indicated MOI for 6 hours
and pulsed with 2.5 mM ATP for 30 minutes. The levels of caspase-1 and IL-1f in
the culture supernatants (sup) and pro-caspase-1, pro-IL-1p, and B-actin in the cell
lysates (cell) were analyzed by immunoblot analysis. (B) After THP-1 cells were
infected with live P. gingivalis for 2 hours, the extracellular ATP concentration was
measured using an ATP bioluminescence assay kit. The experiments were
performed twice, and the representative data are shown as the mean + standard

deviation. Pg, P gingivalis. * P < 0.05 compared to the control.
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1.2. Low levels of IL-1B result from the potent proteolytic activity of P
gingivalis

To determine whether P gingivalis has the potential to activate caspase-1,
heat-killed bacteria was used to inactivate its proteases. After stimulation with heat-
killed bacteria, THP-1 cells released significant amounts of active caspase-1 (p20)
and IL-1B (Fig. 6A and B) as well as LDH (Fig. 6C) in a dose-dependent manner.
Pre-treatment of the cells with the caspase-1 inhibitors z-YVAD-FMK and Ac-
YVAD-CHO completely blocked IL-1B secretion (Fig. 6D), indicating that the
maturation of IL-1p induced by heat-killed P gingivalis is caspase-1-dependent.
These results suggest that some heat labile components of P gingivalis, possibly
proteases, are responsible for the reduced levels of caspase-1, IL-1p, and LDH in
the culture supernatants.

To confirm that P gingivalis degrades the signature proteins of caspase-1
activation in the culture supernatants, culture supernatants of THP-1 cells that had
been stimulated with heat-killed P gingivalis were used as substrates for the
bacterial proteases. The active caspase-1 (p20) and the mature IL-1f (pl7)
disappeared completely within 1 and 6 hours, respectively, of incubation with 1 x
10° bacteria/ml P. gingivalis (Fig. 7A). A smaller fragment of IL-1f was detected as
a result of partial proteolysis. Likewise, most LDH in the culture supernatants was
lost within 1 hour of incubation with P. gingivalis (Fig. 7B). Leupeptin, a cysteine
protease inhibitor, was used for limiting proteolysis by the proteases of P
gingivalis. Preincubation of P. gingivalis with leupeptin was insufficient to prevent
the degradation of IL-1p for 6 hours (Fig. 7C). In addition, neither caspase-1 nor
IL-1B was detected in the culture supernatants after infection of THP-1 cells with

leupeptin-preincubated P. gingivalis (Fig. 7D), indicating that P. gingivalis restored
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its proteolytic ability within a few hours.

When THP-1 cells were infected in the presence of leupeptin with live P,
gingivalis that had been preincubated with leupeptin. P gingivalis evidently
resulted in caspase-1 activation and IL-1 secretion (Fig. 8A and B). The level of
LDH released from the macrophages after infection with live P. gingivalis was also
significantly increased in the presence of leupeptin (Fig. 8C). Because P. gingivalis
strains have different proteolytic activity, other strains of P gingivalis, FDC 381,
ATCC 49417, and W50 were used to determine whether this phenomenon is a
common characteristic of P. gingivalis (Fig. 9A). Active caspase-1 was not detected
in the culture supernatants of cells infected with any P. gingivalis strains at an MOI
of 100. Infection with P. gingivalis ATCC 49417 and W50, which are known to be
more virulent and genetically distant from P. gingivalis ATCC 33277 [25], resulted
in a considerable amount of IL-1 in the culture supernatants. However, infection
with a higher MOI (500) of the two strains lowered or abrogated the IL-10 levels,
while the presence of leupeptin during infection led to an increase in the caspase-1
and IL-1PB levels (Fig. 9B). These results indicate that the proteolytic depletion of

the proteins is a common virulence mechanism shared by P. gingivalis strains.
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Figure 6. Heat-killed P. gingivalis induces caspase-1-dependent IL-1p secretion.
(A-C) THP-1 cells were stimulated with heat-killed P. gingivalis at the indicated
MOI for 6 hours. (A) The levels of caspase-1 and IL-1p in the culture supernatants
(sup) and pro-caspase-1, pro-IL-1B, and B-actin in the cell lysates (cell) were
analyzed by immunoblot analysis. (B) The concentration of IL-1f in the culture
supernatants was determined by ELISA. (C) The levels of LDH in the culture
supernatants were evaluated with the LDH cytotoxicity assay kit. (D) THP-1 cells
were pre-treated with the caspase-1 inhibitor Z-YVAD-FMK or Ac-YVAD-CHO
for 30 minutes before 6 hours of stimulation with heat-killed P gingivalis.
Immunoblot analysis was performed to detect IL-1P in the culture supernatants
(sup) as well as pro-IL-1B and B-actin in the cell lysates (cell). The experiments
were performed three times, and the representative data are shown as the mean +
standard deviation. * P < 0.05 compared to the control. hPg, heat-killed P

gingivalis ATCC 33277.
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Figure 7. Live P. gingivalis proteolytically degrades caspase-1, IL-1p, and LDH.

(A, B) Live P gingivalis (1 x 10° cfu/ml equivalent to an MOI of 500) was
incubated for the indicated time in the culture supernatants of THP-1 cells that had
been stimulated with heat-killed P. gingivalis. The amounts of remaining active
caspase-1 (p20) and IL-1p were determined by immunoblot analysis (A), and those
of LDH were analyzed using an LDH cytotoxicity assay (B). * P < 0.05 compared
to 0 h. (C) Live P, gingivalis was preincubated with 0.2 mM leupeptin, a cysteine
protease inhibitor, for 1 hour and then incubated in the presence or absence of
leupeptin (at the indicated concentration) for 6 hours with the culture supernatants
of THP-1 cells that had been stimulated with heat-killed P gingivalis. The amounts
of remaining IL-1p in the culture supernatants were determined by ELISA. The
experiments were performed twice, and the representative data are shown as the

mean + standard deviation. * P < 0.05 compared to P gingivalis without
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preincubation with leupeptin. (D) THP-1 cells were infected in the absence of
leupeptin for 6 hours with P gingivalis that had been preincubated with 5 mM
leupeptin. Immunoblot analysis was performed to detect caspase-1 and IL-1f in the
culture supernatants (sup) and pro-caspase-1, pro-IL-1B3, and B-actin in the cell

lysates (cell). Pg, P gingivalis.
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Figure 8. Live P. gingivalis induces secretion of caspase-1 and IL-1§ as well as

release of LDH in the presence of leupeptin. THP-1 cells were infected with P

gingivalis for 6 hours in the presence or absence of leupeptin. (A) Immunoblot

analysis was performed to detect caspase-1 and IL-1B in the culture supernatants

(sup) and pro-caspase-1, pro-IL-1B, and B-actin in the cell lysates (cell). (B) The

concentration of IL-1B in the culture supernatants was determined by ELISA. (C)

The levels of LDH in the culture supernatants were evaluated using the LDH

cytotoxicity assay. The experiments were performed three times, and the

representative data are shown as the mean + standard deviation. * P < 0.05

compared to the control; ** P < 0.05 compared to the control containing 5 mM

leupeptin; * P < 0.05 compared between two groups. Pg, P. gingivalis.
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Figure 9. Proteolysis of secreted caspase-1 and IL-1§ is a common feature of P.
gingivalis infection. (A) THP-1 cells were infected with live P gingivalis ATCC
33277, FDC 381, ATCC 49417, or W50 at an MOI of 100 for 6 hours. (B) THP-1
cells were infected with live P. gingivalis ATCC 49417 or W50 at an MOI of 500 in
the presence or absence of leupeptin for 6 hours. The resulting levels of caspase-1
and IL-1p in the culture supernatants (sup) and pro-caspase-1, pro-IL-1pB, and f-
actin in the cell lysates (cell) were analyzed by immunoblot analysis. Pg, P

gingivalis; Pam3, 0.5 pg/ml Pam3CSK4.
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1.3. Rgps and Kgp of P. gingivalis wipe out caspase-1-dependent proteinaceous
responses

Next, the roles of gingipains, the major cysteine proteases of P. gingivalis, in
caspase-1 activation were investigated using gingipain mutant strains. Unlike wild-
type P. gingivalis (ATCC 33277), infection with a P gingivalis mutant strain
lacking both Kgp and Rgps (KDP136) led to a substantial amount of active
caspase-1 and IL-1pB in the culture supernatants of both the THP-1 cells and the
PBMC-derived macrophages (Fig. 10A and B). The levels of active caspase-1 and
IL-1B induced by the mutant strain were comparable to those induced by heat-
killed wild-type P. gingivalis. The mutant strains that lack either Kgp (KDP129) or
Rgps (KDP133) induced lower IL-1p levels than KDP136, with either a low level
or no detectable caspase-1 in the culture supernatants (Fig. 10A and B).
Unexpectedly, KDP136 induced lower levels of LDH release from the infected
cells than those induced by KDP129 and KDP133, while infection with wild-type P,
gingivalis resulted in the lowest level of LDH in the culture supernatants (Fig. 10C).
In the presence of leupeptin, which preserved IL-1p in the culture supernatants (Fig.
11A), the pre-treatment of the cells with the caspase-1 inhibitor Ac-YVAD-CHO
significantly reduced the IL-1p secretion induced by P. gingivalis, regardless of the
presence of a gingipain mutation (Fig. 11B) whereas secretion of IL-8, which is not
dependent on caspase-1 activation, was not affected by the inhibitor (Fig. 11C).
These results indicate that the maturation of IL-1p induced by live P. gingivalis is
caspase-1-dependent.

To determine the role of each gingipain in the degradation of the signature
proteins of caspase-1 activation, wild-type P. gingivalis and gingipain mutants were

incubated in the culture supernatants of THP-1 cells that had been stimulated with
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heat-killed P gingivalis. The proteolytic depletion of IL-1p and LDH seems to be
accelerated by the cooperative action of Rgps and Kgp, as their degradation by
wild-type P. gingivalis was much faster than by KDP129 or KDP133 (Fig. 12A and
B). An IL-1p fragment of a smaller size (approximately 15-16 kDa) was detected
after incubation with wild-type or KDP129, indicating that Rgps result in the
partial proteolysis of IL-1fB. It was determined whether other proteins that are
released from cells with caspase-1 activation and can augment inflammation were
also degraded. HMGBI is a DAMP that is released after caspase-1 activation and
binds RAGE, TLR2, and TLR4 [142]. HMGBI in the culture supernatants was also
more rapidly decreased by the wild-type P. gingivalis than by the gingipain mutant
strains (Fig. 12A), suggesting a combined action of Kgp and Rgps. Recent studies
have reported that upon caspase-1 activation, inflammasome particles or ASC
specks are released into the extracellular space and continue to process pro-
caspase-1 and pro-IL-1p [143,144]. In addition, the released particles and specks
amplify the inflammatory response by acting as particulate danger signals
[143,144]. By degrading inflammasome components such as NLRP3, ASC, and
pro-caspase-1 in the culture supernatants (Fig. 12A), P gingivalis gingipains may
stop the propagation of inflammation. Their degradation pattern was similar to
HMGBI, while pro-IL-1B was degraded comparably by the gingipain-expressing

wild-type, KDP129, and KDP133 (Fig. 12A).
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Figure 10. The secretion of caspase-1 and IL-1p is cooperatively diminished by
Rgps and Kgp. (A) THP-1 cells or PBMC-derived macrophages were infected
with wild-type P. gingivalis or gingipain mutant strains KDP129, 133, or 136 at an
MOI of 100 or 500 for 6 hours. The levels of caspase-1 and IL-1B in the culture
supernatants (sup) and pro-caspase-1, pro-IL-1p, and B-actin in the cell lysates (cell)
were analyzed by immunoblot analysis. (B) The concentration of IL-1B in the
culture supernatants of THP-1 cells was determined by ELISA. (C) The levels of
LDH in the culture supernatants of the THP-1 cells were evaluated with the LDH
cytotoxicity assay kit. The experiments were performed three times, and the
representative data are shown as the mean + standard deviation. * P < 0.05
compared to the control in the MOI of 100 set; P < 0.05 compared to the control
in the MOI of 500 set. WT, P. gingivalis ATCC 33277; 129, KDP129 (kgp); 133,
KDP133 (rgpA™ rgpB); 136, KDP136 (kgp™ rgpA” rgpB’), hPg, heat-killed P

gingivalis ATCC 33277.
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Figure 11. IL-1P secretion induced by live P. gingivalis is caspase-1-dependent.
(A) THP-1 cells were infected with wild-type P. gingivalis or gingipain mutants for
6 hours in the absence or presence of leupeptin. The resulting levels of caspase-1
and IL-1pB in the culture supernatants (sup) and pro-caspase-1, pro-IL-1B, and B-
actin in the cell lysates (cell) were analyzed by immunoblot analysis. (B, C) THP-1
cells were pre-treated with 50 uM Ac-YVAD-CHO for 30 minute and then
stimulated with wild-type P gingivalis or gingipain mutant strains at an MOI of
100 in the presence of leupeptin for 6 hours. The concentration of IL-1p (B) and
IL-8 (C) in the culture supernatants was assessed by ELISA. ¥ P < 0.05 compared
between two groups. WT, P. gingivalis ATCC 33277; 129, KDP129 (kgp’); 133,

KDP133 (rgpA rgpB’); 136, KDP136 (kgp” rgpA rgpB’).
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Figure 12. Rgps and Kgp cooperatively degrade the released proteins
including inflammasome components. Wild-type P gingivalis and gingipain
mutants (2 x 10° cfu/ml equivalent to an MOI of 100) were incubated for the
indicated time in the culture supernatants of THP-1 cells that had been stimulated
with heat-killed P gingivalis. (A) Immunoblot analysis was performed on the
culture supernatants to determine the amounts of remaining caspase-1 (p20), IL-1p,
and HMGBI1 as well as inflammasome components including NLRP3, ASC, pro-
caspase-1, and pro-IL-1B. (B) The loss of LDH in the culture supernatants was
determined using an LDH cytotoxicity assay kit. * P < 0.05 compared to the group
without Pg. Pg, P. gingivalis; WT, P. gingivalis ATCC 33277; 129, KDP129 (kgp’);
133, KDP133 (rgpAd rgpB’); 136, KDP136 (kgp™ rgpA rgpB’); hPg, heat-killed P.

gingivalis.
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1.4. Gingipains differentially enhance caspase-1 activation by promoting ATP
release

To investigate the role of gingipains in caspase-1 activation, an assessment
that is not affected by the proteolytic depletion was used to determine caspase-1
activity in the infected macrophages. After infection with P. gingivalis at an MOI of
100 for 30 minutes or 2 hours, the active caspase-1 in the cells was stained with
FAM-YVAD-FMK and analyzed by flow cytometry. Caspase-1 activity was higher
after 30 minutes of P. gingivalis infection than after 2 hours of infection (Fig. 13A),
which resulted from the rapid secretion of caspase-1 upon its activation. Both at 30
minutes and at 2 hours of infection, the gingipain-null mutant KDP136 induced the
lowest level of intracellular caspase-1 activity, which did not result from more
secretion of caspase-1 (Fig. 13B). P gingivalis wild-type and KDP133 with Kgp
induced similar levels of caspase-1 activation, while KDP129 with Rgps showed
the highest caspase-1-activating potential (Fig. 13A). This result suggests that
gingipains enhance the caspase-1-activating potential of P gingivalis. In particular,
the presence of Rgps seems to promote caspase-1 activation more effectively than
the presence of both Rgps and Kgp.

To examine whether the gingipains affect ATP release from the infected THP-
1 cells, the ATP concentration in the culture supernatants was measured. P,
gingivalis wild-type, KDP129, and KDP133 induced more ATP release from the
infected cells than that induced by the gingipain-null KDP136 (Fig. 14A). In
addition, infection with KDP129 led to higher levels of ATP release than infection
with the wild-type strain. Because of similar trends between caspase-1 activity and
ATP release (Fig. 13A and 14A), it was examined whether the modulation of

caspase-1 activity by gingipains is mediated by ATP release. Pre-treatment of THP-
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1 cells with oxATP, a P,X; receptor antagonist, before P gingivalis infection
significantly reduced the caspase-1 activity (Fig. 14B) and IL-1PB secretion (Fig.
14C) in cells infected with wild-type P. gingivalis, KDP129, and KDP133. The
decrease in active caspase-1 (p20) in the culture supernatants was not evident due
to its low levels caused by the proteolytic depletion. Inhibition of caspase-1
activation and IL-1 secretion by oxATP in the KDP136-infected cells was also
observed (Fig. 14C), although the decrease in caspase-1 activity caused by ox ATP
was minimal after 30 minutes of infection (Fig. 14B). This result might be
attributed to low levels of ATP release and caspase-1 activation, and addition of
exogenous ATP further increased activation of caspase-1 in the KDP136-infected
cells (Fig. 15A and B). These results suggest that P gingivalis gingipains affect

caspase-1 activation by altering ATP release from the infected cells.
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Figure 13. Gingipains differentially enhance caspase-1 activation in P
gingivalis infection. THP-1 cells were infected with wild-type P gingivalis or
gingipain mutants at an MOI of 100 for the indicated time. (A) The caspase-1
activity was quantified using a Caspase-1 assay kit and flow cytometry. (B) The
levels of caspase-1 and IL-1B in the culture supernatants (sup) and pro-caspase-1,
pro-IL-1B, and B-actin in the cell lysates (cell) were analyzed by immunoblot
analysis. The experiments were performed twice, and the representative data are
shown as the mean + standard deviation. * P < 0.05 compared to the control; * P <
0.05 compared between two groups. WT, P. gingivalis ATCC 33277; 129, KDP129

(kgp); 133, KDP133 (rgpA rgpB’); 136, KDP136 (kgp” rgpA rgpB’).
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Figure 14. P. gingivalis gingipains modulate caspase-1 activation by affecting
ATP release. (A) THP-1 cells were infected with wild-type P gingivalis or
gingipain mutants at an MOI of 100 for 50 minutes, and the extracellular ATP
concentration was measured using an ATP bioluminescence assay kit. (B, C) THP-
1 cells were preincubated with 300 uM oxATP, a P,X; receptor antagonist, for 30
minutes before infection with P. gingivalis. (B) Caspase-1 activity was quantified
after 30 minutes of infection using Caspase-1 assay kit and flow cytometry. (C)
After 6 hours of infection, the levels of caspase-1 and IL-1f in the culture
supernatants (sup) and pro-caspase-1, pro-IL-1p, and B-actin in the cell lysates (cell)
were analyzed by immunoblot analysis. The experiments were performed twice,
and the representative data are shown as the mean + standard deviation. * P < 0.05
compared to the control; * P < 0.05 compared between two groups. WT, P
gingivalis ATCC 33277; 129, KDP129 (kgp’); 133, KDP133 (rgpA rgpB’); 136,

KDP136 (kgp” rgpA rgpB).
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Figure 15. Exogenous ATP augments caspase-1 activation in KDP136-infected
cells. THP-1 cells were infected with P gingivalis KDP136 at an MOI of 100 for
the indicated time and pulsed with 2.5 mM ATP for 15 minutes. (A) The caspase-1
activity was quantified using a Caspase-1 assay kit and flow cytometry. (B) The
levels of caspase-1 and IL-1B in the culture supernatants (sup) and pro-caspase-1,
pro-IL-1B, and B-actin in the cell lysates (cell) were analyzed by immunoblot

analysis. * P < 0.05 compared between two groups. Pg, P gingivalis; 136, KDP136

(kgp” rgpA rgpB).
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1.5. Gingipains indirectly facilitate caspase-1 activation in infected cells,
possibly by processing the surface proteins of P. gingivalis

Because gingipains are important processing enzymes for multiple bacterial
surface proteins such as major and minor fimbriae, hemoglobin receptors, and
proteases including the gingipains themselves, the gingipain mutants have defects
in these proteins [51,56]. Thus, the difference in caspase-1-activating potential
among wild-type P gingivalis and gingipain mutants may be attributable to
differences in the processing and maturation of the surface proteins. A previous
study demonstrated that soluble gingipains in membrane vesicle-depleted culture
supernatants (VDS) can successfully generate an outer membrane protein in
KDP136, which inherently lacks the mature form on the bacterial surface [58]. To
examine how the processing of surface proteins by gingipains affects caspase-1
activation, the gingipain-null mutant KDP136 was grown in culture medium
containing the VDS of KDP129, KDP133, or wild-type in the presence or absence
of KYT-1 and KYT36 for Rgps and Kgp inhibition, respectively (Fig. 16A).
KDP136 grown in VDS containing Rgps (of KDP129), Kgp (of KDP133), or both
(of wild-type) induced more caspase-1 activation (Fig. 16B), IL-1p secretion (Fig.
16B and C), and LDH release (Fig. 16D) than that grown in VDS containing no
gingipains (of KDP136). The observed enhancement was reversed by the presence
of gingipain inhibitors. These results indicate that the protease activities of
gingipains indirectly contribute to the caspase-1-activating potential of P gingivalis,
possibly by processing bacterial surface proteins, although changes in the surface

morphology of the gingipain-null mutants were not examined.
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Figure 16. Treatment of gingipain-null mutant with exogenous gingipains
enhances its ability to activate caspase-1. (A) The gingipain-null KDP136 was
grown overnight in the bacterial culture media containing 30% membrane vesicle-
depleted supernatants (VDS) of P gingivalis gingipain mutants or wild-type with
or without 10 uM KYT-1 (for Rgp inhibition), KYT-36 (for Kgp inhibition), or
with both. THP-1 cells were then infected with the KDP136 at an MOI of 100 for 6
hours. (B) The levels of caspase-1 and IL-1f in the culture supernatants (sup) and
pro-caspase-1, pro-IL-1p, and B-actin in the cell lysates (cell) were analyzed by

immunoblot analysis. (C) The concentration of IL-1p in the culture supernatants
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was determined by ELISA. (D) The levels of LDH in the culture supernatants were
measured using the LDH cytotoxicity assay. * P < 0.05 compared to the group of
KDP136 preincubated with VDS of KDP136; P <0.05 compared between two
groups. WT, P. gingivalis ATCC 33277; 129, KDP129 (kgp’); 133, KDP133 (rgpA

rgpB); 136, KDP136 (kgp™ rgpA rgpB).
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1.6. Protease activity of gingipains impairs extracellular ATP release and
caspase-1 activation

To examine the role of gingipain protease activity during the infection process
in the modulation of ATP release and caspase-1 activation in the infected THP-1
cells, wild-type P. gingivalis was preincubated with KYT-36 for Kgp inhibition or
KYT-1 for Rgp inhibition shortly before infection. The inhibition of Kgp
significantly increased ATP release from P gingivalis-infected THP-1 cells. Rgp-
inhibited P gingivalis also enhanced ATP release although the increase was less
than that following Kgp inhibition (Fig. 17A). Unexpectedly, unlike the gingipain-
null KDP136 (Fig. 13A), the inhibition of both Kgp and Rgps significantly
increased ATP release (Fig. 17A). The difference might be attributable to the fact
that although the protease activity of gingipains is absent or inhibited in both the
gingipain-null mutant and the gingipains-inhibited wild-type P. gingivalis, the
former does not have other features of gingipains such as adhesin domains and
processing of bacterial proteins, whereas the latter has them. The inhibition of
either or both gingipains led to enhanced caspase-1 activity in the infected THP-1
cells in a similar manner to the ATP release (Fig. 17B). Pre-treatment of THP-1
cells with oxATP before P gingivalis infection significantly inhibited caspase-1
activity (Fig. 17B) and IL-1P secretion (Fig. 17C) that were enhanced by gingipain
inhibition. These results indicate that the simultaneous proteolytic action of Kgp
and Rgps during infection makes P gingivalis induce less ATP release and caspase-
1 activation. In addition, the high caspase-1-activating potential of the wild-type
with both Kgp and Rgp inhibition compared to KDP136 supports the idea that
some functions of Kgp and Rgps, other than direct protease activity during

infection process, positively contribute to caspase-1 activation.
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Figure 17. Inhibition of the protease activity of gingipains increases caspase-1
activation by augmenting ATP release. (A) Wild-type P gingivalis was
preincubated with 10 pM KYT-36 or KYT-1 for 1 hour to inhibit Kgp or Rgps,
respectively. THP-1 cells were then infected with the wild-type P. gingivalis at an
MOI of 100. The extracellular ATP concentration after 50 minutes of P. gingivalis
infection was measured using an ATP bioluminescence assay kit. The experiments
were performed twice, and the representative data are shown as the mean +
standard deviation. * P < 0.05 compared to the control; * P < 0.05 compared
between two groups. (B, C) THP-1 cells were preincubated with 300 pM oxATP
for 30 minutes before infection with P gingivalis that had been preincubated with
10 uM KYT-36 or KYT-1 for 1 hour. (B) After 30 minutes of infection, caspase-1
activity was assessed using a Caspase-1 assay kit and flow cytometry. The
experiments were performed twice, and the representative data are shown as the
mean + standard deviation. * P < 0.05 compared to WT; * P < 0.05 compared
between two groups. (C) After 6 hours of infection, the levels of caspase-1 and IL-
1B in the culture supernatants (sup) and pro-caspase-1, pro-IL-1B, and B-actin in
the cell lysates (cell) were analyzed by immunoblot analysis. WT, P. gingivalis
ATCC 33277.

61

J’—-! -Cfl- 1_'_“ r



2. Role of gingipains in augmentation of 7. forsythia
phagocytosis
2.1. Phagocytosis of 7. forsythia is facilitated by coinfection with P. gingivalis
To determine whether P. gingivalis coinfection influences phagocytosis of 7.
forsythia, THP-1 cells were infected with CFSE-labelled 7. forsythia in the
presence or absence of P. gingivalis. After 1 hour of infection at an MOI of 100, the
percentage of macrophages that phagocytosed 7. forsythia in the absence of P
gingivalis was minimal (ca. 4%). Coinfection with P. gingivalis even at an MOI of
10 doubled the percentage, and further increase in the MOIs of P gingivalis
significantly enhanced the phagocytosis of T. forsythia in an MOI-dependent
manner (Fig. 18A and B). Mixed infection of P gingivalis and T. forsythia at an

MOI of 100 resulted in more phagocytosis of T. forsythia than did monoinfection

with 7. forsythia at an MOI of 500 (Fig. 18C).
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Figure 18. P gingivalis promotes phagocytosis of 7. forsythia in an MOI-

dependent manner. THP-1 cells were infected with CFSE-labelled T. forsythia

and unlabelled P. gingivalis at the indicated MOI for 1 hour. (A) Histograms of the

infected macrophages (solid lines) are shown with the mean percentage of

macrophages positive for phagocytosed 7. forsythia. Uninfected cells are shown as

the gray-filled histogram. (B, C) The mean fluorescence intensity (MFI) of the

infected macrophages is shown as the mean =+ standard deviation. The

representative data of two independent experiments are shown. Tf, T_ forsythia; Pg,

P. gingivalis. * P < 0.05 compared to T. forsythia monoinfection; * P < 0.05

compared between two groups.
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2.2. P. gingivalis gingipains are essential for the enhancement of phagocytosis
of T. forsythia

Gingipain mutant strains of P. gingivalis were used in the mixed infections to
determine the role of gingipains in the enhancement of 7. forsythia phagocytosis.
The increase in the phagocytosis of 7. forsythia was solely dependent on gingipains
of P. gingivalis, because the increase was not observed when THP-1 cells were
infected with 7. forsythia in the presence of the gingipain-null mutant (KDP136)
(Fig. 19A and B). Kgp- or Rgp-deficient mutants (KDP129 or KDP133,
respectively) significantly facilitated the phagocytosis of 7. forsythia, and the
increase induced by the two mutant strains was similar. However, the increase in
the proportion of 7. forsythia-phagocytosing cells and the mean fluorescence
intensity were about two-thirds and one-third of those induced by wild-type P.
gingivalis, respectively (Fig. 19A and B). It was determined whether phagocytosis
of T. forsythia is also enhanced by P. gingivalis in PBMC-derived macrophages. T
forsythia was more efficiently phagocytosed by PBMC-derived macrophages than
by THP-1 cells, and P gingivalis coinfection further increased T. forsythia
phagocytosis in a gingipain-dependent manner (Fig. 19C and D). Confocal
microscopy confirmed that CFSE-labelled 7. forsythia was more abundantly
internalized by THP-1 cells when the cells were coinfected with wild-type P
gingivalis than with KDP129 or KDP133, and the gingipain-null mutant KDP136
had no effect on the uptake of 7. forsythia by macrophages (Fig. 19E). These
results indicate that gingipains of P. gingivalis are major factors contributing to the
augmentation of 7. forsythia phagocytosis in mixed infections, and that both Kgp

and Rgps are required to maximally boost phagocytosis.
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Figure 19. Gingipain mutations in P. gingivalis attenuate the enhancement of
phagocytosis of 7. forsythia. THP-1 cells (A, B, and E) and PBMC-derived
macrophages (C, D) were infected with CFSE-labelled T. forsythia and unlabelled
P gingivalis at an MOI of 100 for 1 hour. (A, C) Histograms of the infected
macrophages (solid lines) are shown with the mean percentage of macrophages
positive for phagocytosed 7. forsythia. The uninfected cells are shown as the gray-

filled histogram. (B, D) The mean fluorescence intensity (MFI) of the infected
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macrophages is shown as the mean =+ standard deviation. The representative data of
three independent experiments are shown. (E) The macrophages were fixed and
examined under a confocal laser scanning microscope after staining F-actin (red)
and nuclei (blue). CFSE-labelled T forsythia is displayed in green. Tf, T. forsythia;
Pg, P gingivalis; WT, P. gingivalis ATCC 33277; 129, KDP129 (kgp); 133,
KDP133 (rgpA rgpB); 136, KDP136 (kgp rgpA rgpB’). * P < 0.05 compared to T.
forsythia monoinfection; * P < 0.05 compared to coinfection with wild-type P

gingivalis.
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2.3. T. forsythia augments phagocytosis of P. gingivalis

To examine whether 7. forsythia coinfection influences phagocytosis of P,
gingivalis, THP-1 cells were infected with CFSE-labelled P gingivalis in the
presence or absence of T. forsythia. Although P gingivalis was phagocytosed well
in monoinfection, T. forsythia coinfection further enhanced its phagocytosis in an
MOI-dependent manner (Fig. 20A and B). When phagocytosis of gingipain
mutants was assessed, the enhancement by 7. forsythia was observed only in
phagocytosis of wild-type P. gingivalis and KDP129, but not KDP133 nor KDP136
(Fig. 20C and D), indicating that the enhancement of P. gingivalis phagocytosis by
T forsythia is dependent on Rgps. It was also found that in contrast to the most
substantial enhancement of 7. forsythia phagocytosis by wild-type P. gingivalis
(Fig. 19), wild-type P. gingivalis was less phagocytosed than KDP129 or KDP133

in monoinfection (Fig. 20C and D).
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Figure 20. Phagocytosis of P gingivalis is facilitated by 7. forsythia. (A, B)
THP-1 cells were infected with unlabelled 7. forsythia and CFSE-labelled wild-
type P. gingivalis at the indicated MOI for 1 hour. (C, D) THP-1 cells were infected
with unlabelled 7. forsythia and CFSE-labelled wild-type P. gingivalis or its
gingipain mutants at an MOI of 100 for 1 hour. The percentage of macrophages
positive for phagocytosed P. gingivalis (A, C) and the mean fluorescence intensity
(MFI) of the infected macrophages (B, D) are shown as the mean + standard
deviation. The relative MFI is calculated as (MFI of the infected macrophages) /
(the MFI of each P gingivalis strain). Tf, T. forsythia; Pg, P. gingivalis; WT, P,
gingivalis ATCC 33277; 129, KDP129 (kgp’); 133, KDP133 (rgpA rgpB’); 136,
KDP136 (kgp” rgpA rgpB’). * P < 0.05 compared to P. gingivalis monoinfection; *

P <0.05 compared between two groups.
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2.4. Coaggregation of 1. forsythia with P. gingivalis that expresses gingipains
contributes to the augmentation of phagocytosis of 7. forsythia

To determine whether direct interaction of 7. forsythia with P. gingivalis is
required for the enhancement of 7. forsythia phagocytosis, coaggregation between
the two bacterial species and the effect of its inhibition on phagocytosis of T.
forsythia were examined. T. forsythia coaggregated well (63% reduction of initial
OD) with wild-type P. gingivalis (Fig. 21A), and the coaggregation was markedly
inhibited by two basic amino acids, arginine and lysine (Fig. 21A). They also
significantly alleviated the enhancement of 7. forsythia phagocytosis by wild-type
P gingivalis in a dose-dependent manner (Fig. 21B). Histidine, the other basic
amino acid, also moderately reduced the coaggregation and phagocytosis of T.
forsythia in a concentration-dependent manner, although the inhibitory effect was
weaker than those of arginine and lysine (Fig. 21A and B). In contrast, glycine, a
neutral amino acid, had a minimal suppressive effect on phagocytosis of T
forsythia, although its inhibitory effect on coaggregation was comparable to that of
histidine (Fig.21A and B). However, it is not clear whether the inhibitory effect of
Arg, Lys, and His depends on their positive charges or whether Arg, Lys, and His
residues in the outer membrane proteins are involved in the protein-protein
interaction for the coaggregation.

Next, the coaggregating ability of gingipain mutants of P gingivalis with T.
forsythia was assessed. Coaggregation of P gingivalis with T. forsythia was
entirely dependent on gingipains because P gingivalis KDP136 did not
coaggregate with 7. forsythia (Fig. 22A). The inhibitory effect of basic amino acids
on coaggregation and on phagocytosis of 7. forsythia in mixed infection with P,

gingivalis KDP136 was negligible and similar to that observed in monoinfection
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with T. forsythia (Fig. 22A and B). While P gingivalis KDP129 or KDP133
coaggregated well with 7. forsythia, the coaggregation was inhibited considerably
by arginine and lysine, and weakly by histidine, but not by glycine (Fig. 22A).
Likewise, phagocytosis of 7. forsythia in mixed infection with either of the two
mutants was suppressed extensively by arginine and lysine, and mildly by histidine,
but not by glycine (Fig. 22B). These results indicate that the augmentation of 7.
forsythia phagocytosis in mixed infection with P gingivalis requires direct
interaction between the two species of bacteria, and that gingipains are key

molecules required for the interspecies interaction.
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Figure 21. Inhibition of coaggregation reverses the boosting of 7. forsythia
phagocytosis by P. gingivalis. (A) Coaggregation activity between 7. forsythia and
wild-type P. gingivalis in the presence or absence of the indicated concentration of
L-Arg, L-Lys, His, or Gly was measured as decrease (%) in ODgg after 90 min. * P
< 0.05 compared to coaggregation in the absence of the amino acids. (B)
Phagocytosis of CFSE-labelled T. forsythia by THP-1 cells was analyzed after 1
hour of infection at an MOI of 100 in the presence or absence of wild-type P,
gingivalis and the indicated concentration of the amino acids. The percentage of
macrophages positive for phagocytosed 7. forsythia is shown as the mean +
standard deviation. The representative data of two independent experiments are
shown. Tf, T. forsythia ; Pg, P. gingivalis. * P < 0.05 compared to 7. forsythia
monoinfection; * P < 0.05 compared to coinfection with wild-type P. gingivalis in

the absence of amino acids.
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Figure 22. Gingipain-dependent coaggregation mediates the augmentation of
phagocytosis of 7. forsythia. (A) Coaggregation activity between T. forsythia and
wild-type P gingivalis or its gingipain mutants in the presence or absence of 50
mM L-Arg, L-Lys, His, or Gly was quantitated as decrease (%) in ODgg after 90
min. * P < 0.05 compared to coaggregation in the absence of the amino acids. (B)
Phagocytosis of CFSE-labelled T. forsythia by THP-1 cells was analyzed after 1
hour of infection at an MOI of 100 in the presence or absence of P gingivalis and
50 mM of the indicated amino acids. The percentage of macrophages positive for
phagocytosed T. forsythia is shown as the mean + standard deviation. The
representative data of two independent experiments are shown. Tf, T_ forsythia; Pg,
P gingivalis; WT, P. gingivalis ATCC 33277; 129, KDP129 (kgp); 133, KDP133
(rgpA rgpB); 136, KDP136 (kgp™ rgpA rgpB). * P < 0.05 compared between the
two groups.
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2.5. Protease activities of P gingivalis gingipains are partially responsible for
the facilitation of phagocytosis of 7. forsythia

To investigate the role of gingipain protease activities in the enhancement of
phagocytosis of T forsythia, wild-type P. gingivalis was preincubated with KYT-36
or KYT-1 to inhibit Kgp or Rgps, respectively, shortly before infection. The
inhibition of Kgp or Rgps of wild-type P gingivalis significantly attenuated the
enhancement of 7. forsythia phagocytosis, with more reduction observed in the
Kgp-inhibited P. gingivalis (Fig. 23A and B). The inhibition of both Kgp and Rgps
further reduced the increment of 7. forsythia phagocytosis. This result indicates that
the protease activities of both Kgp and Rgps are required to maximally boost
phagocytosis of 7. forsythia in mixed infection with P gingivalis, although other
functions of gingipains may also be involved. Next, it was determined whether the
protease activities of gingipains contribute to the enhanced phagocytosis via
coaggregation between the two species of bacteria. The inhibition of Kgp or Rgps
of wild-type P gingivalis significantly lessened the coaggregation (Fig. 23C) in a
manner similar to the reduction in phagocytosis of T. forsythia (Fig. 23A and B),
suggesting that the protease activities of gingipains may contribute to the
facilitation of phagocytosis of 7. forsythia partly in a coaggregation-dependent

manner.
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Figure 23. Protease activities of gingipains partially contribute to the
enhancement of phagocytosis of 7. forsythia. (A, B) THP-1 cells were infected at
an MOI of 100 for 1 hour with CFSE-labelled 7. forsythia and unlabelled wild-type
P, gingivalis that had been preincubated with 10 uM KYT-36 (for Kgp inhibition)
or KYT-1 (for Rgp inhibition) for 1 hour. Histograms with the mean percentage of
macrophages positive for phagocytosed 7. forsythia (A) and the mean fluorescence
intensity (MFI) of the infected macrophages (B) are shown. * P < 0.05 compared
to T forsythia monoinfection; * P < 0.05 compared to coinfection with wild-type P
gingivalis without preincubation with KYT-1 or KYT-36. (C) Coaggregation
activity between 7. forsythia and wild-type P. gingivalis that had been preincubated
with KYT-36 or KYT-1 was measured as decrease (%) in ODggo after 90 min. The
representative data of two independent experiments are shown as the mean +
standard deviation. * P < 0.05 compared to coaggregation of T. forsythia and P
gingivalis without preincubation with KYT-1 or KYT-36. Tf, T. forsythia; Pg WT, P

gingivalis ATCC 33277.
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2.6. Direct effect of soluble gingipains on 7. forsythia is minimal

To investigate whether protease activities have a direct effect on 7. forsythia,
VDS of P gingivalis was used. Preincubation of T. forsythia with VDS of P
gingivalis expressing gingipains led to a slight increase in 7. forsythia phagocytosis,
and this increase was reversed by the gingipain-specific inhibitor KYT-36 (Fig.
24A and B). In contrast, infection of macrophages with 7. forsythia in the presence
or absence of P gingivalis VDS after preincubation of the cells with P. gingivalis
VDS resulted in a minimal decrease in 7. forsythia phagocytosis, which was not
reversed by gingipain inhibitors (Fig. 24C and D). These results indicate that
changes in macrophages induced by P gingivalis VDS, possibly by some factors
other than gingipains, do not contribute to the enhancement of 7. forsythia
phagocytosis. Taken together, these results suggest that gingipains might expose 7.
forsythia epitopes although the effect is minimal and that other mechanisms of
protease activities of gingipains may be involved in the substantial increase of 7.

forsythia phagocytosis.
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Figure 24. Preincubation of 7. forsythia with culture supernatants containing
gingipains minimally enhances phagocytosis of 7. forsythia. (A, B) CFSE-
labelled T. forsythia was preincubated with fresh culture media containing 30%
VDS of P. gingivalis in the presence or absence of KYT-1 or KYT-36. THP-1 cells
were then infected with the 7. forsythia for 1 hour. (C, D) THP-1 cells were
preincubated for 1 hour with VDS of P. gingivalis (equivalent to an MOI of 100) in
the presence or absence of KYT-1 or KYT-36. The cells were then infected for 1
hour with CFSE-labelled 7. forsythia in the presence (C) or absence (D) of P
gingivalis VDS. The percentage of macrophages positive for phagocytosed T.
forsythia and the mean fluorescence intensity (MFI) of the infected macrophages
are shown as the mean + standard deviation. * P < 0.05 compared to 7. forsythia
without preincubation with P gingivalis VDS; * P < 0.05 compared between the
two groups. Tf, T. forsythia; Pg, P. gingivalis; WT, P. gingivalis ATCC 33277; 129,

KDP129 (kgp"); 133, KDP133 (rgpA rgpB’); 136, KDP136 (kgp” rgpA rgpB).
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2.7. More T. forsythia remain viable in the infected cells in P gingivalis
coinfection

To examine the effect of P gingivalis on the persistence of phagocytosed T.
forsythia, the presence of CFSE-labelled 7. forsythia remaining in infected
macrophages up to 48 hours post-infection was measured using flow cytometry and
confocal microscopy. In monoinfection with 7. forsythia or coinfection with P
gingivalis KDP136, the intracellular load of T. forsythia remained minimal from 0
to 48 hours post-infection. After infection with 7. forsythia in the presence of P.
gingivalis expressing gingipains, which resulted in more phagocytosis of T
forsythia, the percentage of macrophages with intracellular 7. forsythia and the
mean fluorescence intensity gradually declined over time (Fig. 25A), indicating
clearance of the phagocytosed 7. forsythia. However, more T. forsythia seemed to
remain in the infected cells, even after 48 hours, if the cells were coinfected with
gingipain-expressing P gingivalis than if they were infected with 7. forsythia alone
or coinfected with the gingipain-null mutant, KDP136 (Fig. 25A and B).

To determine whether P gingivalis infection modulates phagosomal
maturation after 7. forsythia phagocytosis, colocalization of CFSE-labelled bacteria
with lysosomes was examined using LysoTracker Red. In P gingivalis
monoinfection, KDP129 and KDP133 induced more acidified phagolysosomes
than the wild-type (Fig. 26). This is consistent with the phagocytosis results of P,
gingivalis in monoinfection (Fig. 20C and D), indicating that phagocytosis of P
gingivalis induces phagosomal maturation. Most intracellular P gingivalis
colocalized with lysosomes. On the contrary, 7. forsythia infection alone did not
induce acidification of phagosomes (Fig. 27). In mixed infection with 7. forsythia

and P gingivalis, acidification of phagosomes was more intense after coinfection
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with P. gingivalis KDP129 and KDP133 than coinfection with the wild-type (Fig.
27), which is similar to those after P gingivalis monoinfection (Fig. 26). While
some intracellular 7. forsythia colocalized with mature phagosomes after
coinfection with P gingivalis, the other intracellular 7. forsythia did not. These
results imply that 7. forsythia alone does not induce phagosomal maturation and
that phagosomes containing 7. forsythia can undergo maturation when they also
contain P, gingivalis.

RNA-based viability assay using T forsythia-specific 16S rRNA revealed that
the number of viable 7. forsythia within the infected cells decreases over time, with
1-2% of initial bacterial load remaining viable after 48 hours (Fig. 28A, on a
logarithmic scale; 28B, on a linear scale). This result indicates that clearance of T.
forsythia can be accelerated by P. gingivalis coinfection. Nevertheless, the number
of viable 7. forsythia within macrophages was higher after coinfection with P
gingivalis expressing gingipains than after monoinfection with 7. forsythia or

coinfection with the gingipain-null mutant KDP136 (Fig. 28 A and B).
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Figure 25. Most T. forsythia is cleared in macrophages, but with more 7.
forsythia remaining after coinfection with P gingivalis than after
monoinfection. After THP-1 cells were infected with CFSE-labelled T. forsythia

and unlabelled P. gingivalis at an MOI of 100 for 1 hour, extracellular bacteria
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were killed by incubation with 300 pg/ml gentamicin and 200 pg/ml metronidazole
for 1 hour. The cells were then further incubated for the indicated time. (A) The
percentage of macrophages positive for remaining 7. forsythia and the mean
fluorescence intensity (MFI) of the infected macrophages are shown as the mean +
standard deviation. The representative data of two independent experiments are
shown. * P < 0.05 compared to 7. forsythia monoinfection. (B) After 24 and 48
hours of infection, the cells were fixed and examined under a confocal laser
scanning microscope after staining F-actin (red) and nuclei (blue). CFSE-labelled T.
forsythia is displayed in green. The representative data of two independent
experiments are shown. Tf, 7. forsythia; Pg, P. gingivalis; WT, P. gingivalis ATCC
33277; 129, KDP129 (kgp"); 133, KDP133 (rgpA rgpB’); 136, KDP136 (kgp” rgpA

rgpB).
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Figure 26. Phagocytosis of P gingivalis induces phagosomal maturation. After
THP-1 cells were infected with CFSE-labelled P. gingivalis at an MOI of 100 for 1
or 3 hours, the cells were stained with LysoTracker Red (red) for 30 minutes. The
cells were fixed and examined under a confocal laser scanning microscope. CFSE-
labelled P gingivalis is displayed in green. Pg, P gingivalis; WT, P. gingivalis
ATCC 33277; 129, KDP129 (kgp); 133, KDP133 (rgpA rgpB’); 136, KDP136

(kgp” rgpA rgpB).
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Figure 27. Some 7. forsythia were found in mature phagosomes after
coinfection with P. gingivalis. After THP-1 cells were infected with CFSE-
labelled 7. forsythia and unlabelled P. gingivalis at an MOI of 100 for 1 or 3 hours,
the cells were stained with LysoTracker Red (red) for 30 minutes. The cells were
fixed and examined under a confocal laser scanning microscope. CFSE-labelled T
forsythia is displayed in green. Tf, T. forsythia; Pg, P. gingivalis; WT, P. gingivalis
ATCC 33277; 129, KDP129 (kgp); 133, KDP133 (rgp4 rgpB’); 136, KDP136

(kgp” rgpA rgpB).
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Figure 28. More 1. forsythia remains viable within infected macrophages after

coinfection with P. gingivalis expressing gingipains. After 1 hour of infection

with T. forsythia in the presence or absence of P. gingivalis at an MOI of 100,

extracellular bacteria were killed by incubation with 300 pg/ml gentamicin and 200

pg/ml metronidazole for 1 hour. The cells were then further incubated for the

indicated time. Relative amount of T. forsythia-specific 16S rRNA in macrophages

is shown as the mean + standard deviation on a logarithmic scale (A) and on a

linear scale (B). The representative data of two independent experiments are shown.

* P < 0.05 compared to 7. forsythia monoinfection. Tf, 7. forsythia; Pg, P

gingivalis; WT, P gingivalis ATCC 33277; 129, KDP129 (kgp); 133, KDP133

(rgpA rgpB); 136, KDP136 (kgp™ rgpA rgpB).
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2.8. More T. forsythia-infected cells remain viable in the presence of P
gingivalis

Next, the effect of P gingivalis coinfection on viability of macrophages was
examined. Interestingly, the cell viability was increased by coinfection with wild-
type P. gingivalis while it was decreased by 7. forsythia monoinfection (Fig. 29).
Coinfection with KDP129 or KDP133 also slightly increased the cell viability
while KDP136 did not. Together, these results indicate that P gingivalis
coinfection leads to more viable 7. forsythia within more macrophages even after

48 hours post-infection.
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Figure 28. Coinfection with P. gingivalis improves the viability of macrophages
infected with 7. forsythia. The cell viability was assessed using the Cell Counting
Kit-8 (CCK-8) after THP-1 cells were infected with 7_ forsythia in the presence or
absence of P gingivalis at an MOI of 100 for 24 or 48 hours. The representative
data of two independent experiments are shown as the mean + standard deviation.
Tf, T. forsythia; Pg, P gingivalis; WT, P. gingivalis ATCC 33277; 129, KDP129
(kgp'); 133, KDP133 (rgpA rgpB’); 136, KDP136 (kgp™ rgpA rgpB’). * P < 0.05
compared to the uninfected control; * P < 0.05 compared to T. forsythia

monoinfection.
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IV. Discussion

1. Role of gingipains in caspase-1 activation

This study demonstrated that gingipains play complicated roles in P. gingivalis
infection, resulting in contradictory effects on caspase-1 activation and its
consequences. On one hand, gingipains positively contribute to the induction of
caspase-1 activation in infected cells. P gingivalis with gingipains induced
caspase-1 activation more efficiently than the gingipain-null mutant, and the
enhancement of the caspase-1-activating potential of P. gingivalis by gingipains
was associated with increases in ATP release from the infected macrophages.
Furthermore, the incubation of the gingipain-null mutant in the gingipain-
containing culture supernatants augmented caspase-1 activation in the mutant-
infected cells, which could be reversed by gingipain inhibitors. On the other hand,
the protease activity of gingipains had some apparently contradictory effects. The
inhibition of the protease activity of gingipains during P gingivalis infection
potentiated caspase-1 activation, which was also associated with an increase in ATP
release from the infected cells. In addition, gingipains proteolytically depleted
proteins that can propagate inflammation after being released as a result of caspase-
1 activation.

Some previous studies have reported that P. gingivalis activates NLRP3 and
AIM2 inflammasomes [121,135,136], while other studies have shown that P
gingivalis fails to activate caspase-1 [22,122,137]. The results in this study suggest
that the protease activities of P. gingivalis have a substantial influence on the result
and its interpretation. It was found that low MOIs, but not high MOIs, of P

gingivalis could induce low levels of IL-1B without detectable active caspase-1 in
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the culture supernatants of infected cells. This induction could be a result of
alternative IL-1B processing by P gingivalis proteases because some microbial
proteases including Candida albicans and Staphylococcus aureus have been
demonstrated to process pro-IL-1p to active IL-1B [145-147]. However, further
experiments using leupeptin precluded the possibility of IL-1f processing by P.
gingivalis proteases because the inhibition of the bacterial proteases enhanced,
rather than decreased, IL-1P levels. Moreover, the active subunit (p20) of caspase-1
was detected by preventing its proteolytic degradation, revealing that P. gingivalis
infection induces caspase-1 activation.

This study showed that caspase-1 and LDH in the culture supernatants, which
are commonly used to determine caspase-1 activation, are susceptible to
proteolysis by gingipains. This proteolysis may partly explain discrepancies among
the studies reporting inconsistent results regarding caspase-1 activation by P
gingivalis infection [22,121,122,135-137] because the expression and activity of
gingipains can be different depending on strains and experimental conditions used;
changes in the growth phase, availability of hemin, and oxidative stress levels
could feasibly alter the results by affecting gingipains activity [148,149]. These
findings also indicate that using only protein-based methods (e.g., western blot,
ELISA, and LDH cytotoxicity assay) can be misleading in the analysis of caspase-
1 activation by pathogens with potent proteolytic activity, supporting the need for
the development of new analytical tools that can cumulatively assess caspase-1
activation without being affected by proteolysis.

Several pathogens use strategies to manipulate inflammasome activation by
producing inhibitors that block inflammasome activation or by regulating the

production or recognition of bacterial ligands that trigger inflammasomes [150]. It
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has been reported that P gingivalis differentially regulates the gene expression of
inflammasome components in different cell types. While the expression of NLRP3
and AIM2 is increased by P gingivalis infection in macrophages [121], P
gingivalis in a multi-species subgingival biofilm down-regulates the expression of
NLRP3 in gingival fibroblasts although the expression of caspase-1 is not directly
affected by the presence of P. gingivalis [151,152]. The biofilm challenge results in
differential effects on the expression of caspase-1, ASC, and AIM2 depending on
the bacterial burden [151]: increase at low bacterial load and decrease at high load.
In the present study, the protein level of IL-1p showed a similar trend although the
gene expression of IL-1 increased with the increasing MOls, which may facilitate
the pathogen survival by disrupting the host immune responses. The gene
expression of IL-1p is also differently regulated depending on the cell types in
response to P gingivalis. While decreasing in gingival fibroblasts, it increases in
macrophages and monocytes [121,152,153]. Notably, in monocytes, the up-
regulation of IL-1p gene expression is partially dependent on gingipains, whereas
that of IL-18 is not affected by gingipains [153].

P gingivalis utilizes gingipains to modulate caspase-1 activation and to
interfere with host defense mechanisms. An interesting observation from this study
is that gingipains act as modulating factors of ATP release from P gingivalis-
infected cells. A recent study reported that ATP release, along with lysosomal
disruption and cytosolic DNA, mediates caspase-1 activation in P gingivalis-
infected macrophages [121], which is consistent with the result in this study. ATP
release occurs through both a lytic and non-lytic pathway, and mechanical stimuli
or agonists of some receptors are known to induce ATP release [154]. Although

how ATP release is triggered by P gingivalis infection remains unknown, the
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results of this study indicate that gingipains affect the ability of P gingivalis to
activate ATP release from the infected cells.

Gingipains have contradictory effects on caspase-1 activation through
multilayered mechanisms, including adhesins and protease activity. Overall,
gingipains, in particular Rgps, facilitate caspase-1 activation of P gingivalis-
infected cells because the gingipain-null mutant induced a lower degree of caspase-
1 activation than that induced by P gingivalis with gingipains. This result is the
consequence of the combined effects of multiple roles of gingipains. First, this
result could be due to hemagglutinin/adhesin domains of Kgp and RgpA (Fig. 30A)
because a previous study demonstrated that the adhesin subunits of gingipains
induce IL-1p secretion from macrophages [155]. In addition, increases in the
caspase-1-activating potential of the gingipain-null mutant after incubation with
gingipain-containing supernatants suggests that bacterial proteins processed by
gingipains contribute to the caspase-1 activation in P. gingivalis-infected cells (Fig.
30B and 30B’). It is needed to elucidate which proteins contribute to caspase-1
activation among the bacterial proteins that are processed by gingipains.

Notably, the protease action of gingipains during the infection process seems
to have opposite effects. The inhibition of Kgp or Rgps augmented caspase-1
activation by wild-type P. gingivalis, but the inhibition of both Kgp and Rgp did
not further enhance caspase-1 activation compared to the inhibition of Kgp or Rgps.
This result indicates that the combined proteolytic activity of Kgp and Rgps has
inhibitory effects on caspase-1 activation. However, it is not clear whether Kgp and
Rgps cleave the same proteins of host cells. Further research using overexpression
of a gingipain in the mutant strain that is deficient in the other gingipain might give

an answer to the question. The inhibitory effect of gingipain activity may be
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attributed to the proteolytic cleavage of host cell proteins (Fig. 30C). A number of
studies have reported that P gingivalis gingipains dysregulate the host immune
response by proteolytically inactivating or activating host cell surface receptors and
proteins such as CD14, IL-6R, and protease-activated receptors [156-161]. Because
the inhibition of gingipain protease activity increased ATP release from the infected
cells, some host proteins that were rescued from cleavage by Kgp and Rgps may be
associated with ATP release. Another possibility is that the protease action of Kgp
and Rgps may expose some cryptic inhibitory receptors and that the inhibition of
gingipains may prevent the exposure of such inhibitory receptors. Further research
is needed to determine which host proteins are affected by Kgp or Rgps.

The proteolysis of host-derived proteins by gingipains is an important
mechanism used by P. gingivalis to neutralize host defense responses and to evade
immune systems. The degradation of IL-1B observed in this study (Fig. 30D) is
consistent with the results of previous studies demonstrating the disruption of
cytokine networks by P. gingivalis [44,162]. The transient appearance of a smaller
fragment of IL-1p in this study may result from the partial proteolysis by Rgps at
Arg'” or Arg'?’, which can be inferred from the size of the fragment. Whether this
fragment retains biological activity remains to be determined. Furthermore, this
study assessed proteolysis of other proteinaceous proinflammatory mediators.
Recent studies have demonstrated that HMGBI1, inflammasome particles, and ASC
specks amplify inflammatory responses after being released into the extracellular
milieu following inflammasome activation [142-144]. Notably, all of these proteins
were cleared by P. gingivalis through proteolysis, mainly by gingipains (Fig. 7D).
The rate of degradation and susceptibility to each gingipain may depend on the

number of Arg or Lys residues and the adjacent amino acids [163].
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Figure 30. Plausible roles of gingipains in caspase-1 activation and its sequelae
following P. gingivalis infection. The presence of gingipains in P. gingivalis
promotes ATP release, thereby contributing to the activation of the NLRP3
inflammasome and caspase-1. Hemagglutinin/adhesin domains of Kgp and Rgps
(A) and other bacterial surface proteins (B’) processed by gingipains (B) would
contribute to the enhancement of caspase-1 activation. However, the collaborative
protease activity of Kgp and Rgps during the infection process, possibly through
the cleavage of host proteins, decreases the level of ATP released from the infected
cells, resulting in the attenuation of caspase-1 activation (C). Moreover, IL-1f,
HMGBI, and inflammasome components, which are released from caspase-1-
activated cells and amplify inflammation, are proteolytically depleted by gingipains
(D). This depletion may prevent the recruitment of immune cells and the clearance
of P. gingivalis, allowing for persistent infection and systemic dissemination. IM,
inner membrane of P. gingivalis; OM, outer membrane of P gingivalis; PM,

plasma membrane of a host cell.
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2. Role of gingipains in augmentation of 7. forsythia
phagocytosis

The present study demonstrated that coinfection with P gingivalis boosted
phagocytosis of T. forsythia by macrophages, and that both Rgps and Kgp of P,
gingivalis were essential for the maximal boosting. The increase in phagocytosis of
T. forsythia was dependent on the coaggregation between the two species of
bacteria, which was also dependent on P. gingivalis gingipains. The contribution of
gingipains seemed to involve both protease and non-protease activities. Coinfection
with P gingivalis did not prevent the clearance of the phagocytosed 7. forsythia,
but more 7. forsythia remained in cells that were coinfected with gingipain-
expressing P. gingivalis than in cells that were infected with 7. forsythia alone.

Pathological tissue destruction in periodontal diseases results from host
responses to polymicrobial biofilms accumulated in the subgingival area, and
synergistic virulence of periodontal pathogens in animal models has been reported
[79,164,165]. Therefore, it is important to understand the host responses not only to
each bacterial species but also to mixed infections. The facilitated phagocytosis of
T. forsythia and P gingivalis by each other may contribute to their synergistic
pathogenicity in vivo such as abscess formation and alveolar bone loss in murine
models [79,80].

Gingipains are not only essential for the pathogenicity of P gingivalis
monoinfection but are also indispensable for the synergistic virulence of P.
gingivalis and T. forsythia, including abscess formation [79], IL-6 production in
macrophages [85], and stimulation of each other’s growth [81,82], as well as
inactivation of complement pathways [72]. In this study, the enhancement of T

forsythia phagocytosis by P gingivalis was also completely dependent on the
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presence of Kgp and Rpgs, because deficiency in either gingipain in P gingivalis
significantly decreased the enhancement, while the gingipain-null mutant did not
have any effect on the phagocytosis. Protease actions of gingipains during the
infection process were partly responsible for the ability of P gingivalis to promote
T. forsythia phagocytosis. However, direct effect of gingipain protease activities on
T. forsythia seems miniscule, because preincubation of 7. forsythia in the VDS of P
gingivalis only minimally increased phagocytosis of 7. forsythia.

Gingipains seem to contribute to the enhancement of 7. forsythia phagocytosis
by mediating the interaction between the two species of bacteria, because inhibition
of bacterial coaggregation significantly reduced the enhancement, and the lack of
gingipains abrogated the coaggregation. The largest increase in 7. forsythia
phagocytosis by wild-type P gingivalis despite less phagocytosis of itself than
KDP129 or KDP133 suggests that the phagocytosis of 7. forsythia was increased
via complex interactions between the two bacterial species and macrophages.
Phagocytosis of bacteria by macrophages involves multiple receptors and signaling
pathways [166,167], and the bacterial coaggregate may harbor more ligands that
can lead to receptor clustering and activation of the signaling pathways than does
either individual bacterial species, possibly resulting in facilitation of phagocytosis.
However, the exact mechanisms by which gingipains mediate the coaggregation of
P gingivalis and T forsythia and by which the coaggregation promotes
phagocytosis of T. forsythia remain to be elucidated.

Inhibition of coaggregation by amino acids, in particular arginine and lysine,
suggests that protein-protein interactions may mediate the coaggregation. Previous
studies have demonstrated the role of the adhesin domains of gingipains and the

contribution of gingipains via processing of other adhesins to coaggregation of P
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gingivalis with other bacterial species, such as 7. denticola, Prevotella intermedia,
and Actinomyces viscosus [168-170]. These studies are consistent with the
observations that gingipains are required for coaggregation and that inhibition of
protease activities only partially reduces the coaggregation. Adhesins of P
gingivalis that are processed by gingipains and contribute to coaggregation with 7
forsythia have to be elucidated.

It has been reported that the S-layer of 7. forsythia, but not BspA, is involved
in coaggregation with P. gingivalis [67,171]. In addition, 7. forsythia S-layer delays
immune responses in macrophages [69]. It also has been reported that
glycosylation of 7. forsythia S-layer protects the bacteria from binding to DCs and
regulates cytokine expression in DCs and macrophages [70]. Therefore, T. forsythia
S-layer or its glycosylation might contribute to the low phagocytosis rate of T
forsythia by hindering the bacteria from binding to macrophages, and protein
expression or glycosylation of 7. forsythia S-layer might be affected by P
gingivalis. However, further research to explore this possibility is needed.

Porphyromonas gingivalis infection impairs epithelial integrity and facilitates
the invasion of oral bacteria into gingival tissues [172], and recruits macrophages
to gingival tissues [92]. Therefore, the chance for 7. forsythia to be phagocytosed
by macrophages will further increase. Enhanced phagocytosis of 7. forsythia by
macrophages in coinfection with P. gingivalis can contribute to efficient clearance
of the invading bacteria. However, more 7. forsythia remained viable in
macrophages coinfected with P gingivalis after 24 and 48 hours than in
monoinfected cells although P gingivalis did not prevent the clearance of T.
forsythia. In addition, macrophages coinfected with T. forsythia and P. gingivalis

remained more viable than the cells infected only with 7. forsythia. Considering
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that macrophages can migrate from inflamed tissues to lymph nodes [173,174], the
detection of periodontal pathogens, including P gingivalis and T. forsythia, in
lymph nodes draining the oral cavity [175], and possibly in distant sites such as
atherosclerotic lesions and placenta [176,177], may be attributable to the
intracellular bacteria that remains in infected macrophages. Given that oral
infection with P gingivalis increases macrophage infiltration in draining lymph
nodes [92], coinfection with P gingivalis may facilitate systemic dissemination of
T. forsythia. Further research is required to determine whether the enhanced
phagocytosis of 7. forsythia contributes to host defenses by efficient clearance, or
contributes to systemic dissemination of the invading bacteria.

To summarize, gingipain-dependent enhancement by P gingivalis of T.
forsythia phagocytosis was observed in macrophages, and this enhancement was
mediated by coaggregation of the two bacterial species. More 7. forsythia remained
viable in macrophages after mixed infection with gingipain-expressing P. gingivalis
than after monoinfection with 7. forsythia. These results imply that the presence of
P gingivalis and its gingipains influences the clearance of T. forsythia and may

significantly alter host immune responses to 7. forsythia.
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3. Pathological and clinical implication

Because gingipains are essential to the pathogenicity of P gingivalis, they
represent promising therapeutic targets for the prevention and treatment of
periodontitis and other P gingivalis-associated diseases. The present study
demonstrates that several functions of Rgps and Kgp can differentially and
contradictorily contribute to the pathogenicity.

A previous study has shown the increased expression of caspase-1 and other
inflammasome components (NLRP3 and AIM2) in the gingival tissue of
periodontal patients [121]. Gingipain-dependent caspase-1 activation in P
gingivalis-infected macrophages observed in this study may contribute to the
exacerbation of inflammation through release of proinflammatory mediators.

Interestingly, the protease activities of gingipains exhibit inhibitory effects on
caspase-1 activation while they positively contribute to the enhancement of T.
forsythia phagocytosis. Attenuation of inflammasome activation and deactivation
of proteinaceous proinflammatory mediators by the protease activity of gingipains
may help P gingivalis and coinfecting 7. forsythia avoid detection by the host
defense system. This avoidance may offer a survival advantage to P. gingivalis and
T. forsythia, and possibly other co-infecting microorganisms in polymicrobial
infections. In addition, P. gingivalis may contribute to dissemination of coinfecting
T. forsythia by increasing the number of uncleared bacteria in infected
macrophages, and by promoting migration of the macrophages into systemic
circulation.

Due to complicated functions of gingipains, the preventive/therapeutic
outcomes of gingipain inhibitors may vary depending on the therapeutic

approaches. For example, transient inhibition of protease activities of gingipains
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may not only enhance caspase-1 activation and the release of IL-13 and DAMPs,
but it may also preserve proinflammatory mediators in infection sites. In contrast,
the prolonged use of gingipain inhibitors or inhibitors targeting the expression of
gingipains may lead to a decrease in caspase-1 activation. In mixed infection,
inhibition of gingipains will decrease phagocytosis of 7. forsythia within gingival
tissue. This may result in ineffective clearance of the bacteria although it might
reduce the possibility of the bacterial dissemination.

For the clinical application of the findings in this study, the following
questions need be answered: How do gingipains modulate ATP release from P
gingivalis-infected macrophages?; whether are caspase-1-dependent -effector
mechanisms protective or deleterious in P gingivalis-induced chronic
inflammation?; whether is the enhancement of 7. forsythia phagocytosis by P
gingivalis detrimental due to eliciting excessive inflammatory response, or
protective through eliminating the infecting bacteria?; Does P. gingivalis increase
the possibility of distant dissemination of T. forsythia? The answers to the
questions will provide insight into which functions of gingipains should be targeted

for effective prevention and control of P. gingivalis-associated diseases.
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V. Conclusion

Considering that gingipains are one of major promising therapeutic targets in
preventive and therapeutic strategies, it is of great importance to fully characterize
the roles of gingipains in the pathogenicity of P gingivalis. The present study
demonstrated that gingipains play contradictory roles in caspase-1 activation in P,
gingivalis monoinfection, and that gingipains are essential in augmentation of 7.
forsythia phagocytosis in mixed infection. These results illuminate the complicated
roles of gingipains in the manipulation of host defense systems. This study
provides clues to advance our understanding of the role of gingipains in the
mechanism by which P gingivalis disrupts host immune responses and acts as a

keystone pathogen.

98



VI. References

1. Petersen PE. The World Oral Health Report 2003: continuous improvement of
oral health in the 21st century--the approach of the WHO Global Oral Health
Programme. Community Dent Oral Epidemiol 2003; 31 Suppl 1: 3-23.

2. Armitage GC. Development of a classification system for periodontal diseases
and conditions. Ann Periodontol 1999; 4: 1-6.

3. Dye BA. Global periodontal disease epidemiology. Periodontol 2000 2012; 58:
10-25.

4. Kim DK, Park DY, Choi Y, H., Kim JB, Chung WG, Ma DS, H. JS, Oh HW,
Kim BI, H. BG, Lee BJ. Advanced Analysis of Korean National Oral Health
Survey. Ministry of Health and Welfare, South Korea 2012.

5. Otomo-Corgel J, Pucher JJ, Rethman MP, Reynolds MA. State of the science:
chronic periodontitis and systemic health. J Evid Based Dent Pract 2012; 12:
20-28.

6. Genco RJ, Borgnakke WS. Risk factors for periodontal disease. Periodontol
2000 2013; 62: 59-94.

7. Linden GJ, Lyons A, Scannapieco FA. Periodontal systemic associations: review
of the evidence. J Periodontol 2013; 84: S8-S19.

8. Seymour GJ, Ford PJ, Cullinan MP, Leishman S, Yamazaki K. Relationship
between periodontal infections and systemic disease. Clin Microbiol Infect 2007;
13 Suppl 4: 3-10.

9. Socransky SS, Haffajee AD, Cugini MA, Smith C, Kent RL, Jr. Microbial
complexes in subgingival plaque. J Clin Periodontol 1998; 25: 134-144.

10. Chen H, Liu Y, Zhang M, Wang G, Qi Z, Bridgewater L, Zhao L, Tang Z, Pang
X. A Filifactor alocis-centered co-occurrence group associates with
periodontitis across different oral habitats. Sci Rep 2015; 5: 9053.

11. Abusleme L, Dupuy AK, Dutzan N, Silva N, Burleson JA, Strausbaugh LD,
Gamonal J, Diaz PI. The subgingival microbiome in health and periodontitis
and its relationship with community biomass and inflammation. ISME J 2013; 7:
1016-1025.

12. Vartoukian SR, Palmer RM, Wade WG. Diversity and morphology of members

99



of the phylum "synergistetes" in periodontal health and disease. App! Environ
Microbiol 2009; 75: 3777-3786.

13. Hajishengallis G, Lamont RJ. Beyond the red complex and into more
complexity: the polymicrobial synergy and dysbiosis (PSD) model of
periodontal disease etiology. Mol Oral Microbiol 2012; 27: 409-419.

14. Hajishengallis G, Liang S, Payne MA, Hashim A, Jotwani R, Eskan MA,
MclIntosh ML, Alsam A, Kirkwood KL, Lambris JD, Darveau RP, Curtis MA.
Low-abundance biofilm species orchestrates inflammatory periodontal disease
through the commensal microbiota and complement. Cell Host Microbe 2011;
10: 497-506.

15. Hajishengallis G, Darveau RP, Curtis MA. The keystone-pathogen hypothesis.
Nat Rev Microbiol 2012; 10: 717-725.

16. Hajishengallis G. Periodontitis: from microbial immune subversion to systemic
inflammation. Nat Rev Immunol 2015; 15: 30-44.

17. Okamoto K, Nakayama K, Kadowaki T, Abe N, Ratnayake DB, Yamamoto K.
Involvement of a lysine-specific cysteine proteinase in hemoglobin adsorption
and heme accumulation by Porphyromonas gingivalis. J Biol Chem 1998; 273:
21225-21231.

18. Yang HW, Huang YF, Chou MY. Occurrence of Porphyromonas gingivalis and
Tannerella forsythensis in periodontally diseased and healthy subjects. J
Periodontol 2004; 75: 1077-1083.

19. Kawada M, Yoshida A, Suzuki N, Nakano Y, Saito T, Oho T, Koga T.
Prevalence of Porphyromonas gingivalis in relation to periodontal status
assessed by real-time PCR. Oral Microbiol Immunol 2004; 19: 289-292.

20. Hayashi C, Gudino CV, Gibson FC, 3rd, Genco CA. Review: Pathogen-induced
inflammation at sites distant from oral infection: bacterial persistence and
induction of cell-specific innate immune inflammatory pathways. Mol Oral
Microbiol 2010; 25: 305-316.

21. Cullinan MP, Seymour GJ. Periodontal disease and systemic illness: will the
evidence ever be enough? Periodontol 2000 2013; 62: 271-286.

22. Slocum C, Coats SR, Hua N, Kramer C, Papadopoulos G, Weinberg EO,
Gudino CV, Hamilton JA, Darveau RP, Genco CA. Distinct lipid a moieties

100



contribute to pathogen-induced site-specific vascular inflammation. PLoS
Pathog 2014; 10: e1004215.

23. Maresz KJ, Hellvard A, Sroka A, Adamowicz K, Biclecka E, Koziel J, Gawron
K, Mizgalska D, Marcinska KA, Benedyk M, Pyrc K, Quirke AM, Jonsson R,
Alzabin S, Venables PJ, Nguyen KA, Mydel P, Potempa J. Porphyromonas
gingivalis facilitates the development and progression of destructive arthritis
through its unique bacterial peptidylarginine deiminase (PAD). PLoS Pathog
2013; 9: e1003627.

24. Bostanci N, Belibasakis GN. Porphyromonas gingivalis: an invasive and
evasive opportunistic oral pathogen. FEMS Microbiol Lett 2012; 333: 1-9.

25. Igboin CO, Griffen AL, Leys EJ. Porphyromonas gingivalis strain diversity. J
Clin Microbiol 2009; 47: 3073-3081.

26. Grenier D, Mayrand D. Selected characteristics of pathogenic and
nonpathogenic strains of Bacteroides gingivalis. J Clin Microbiol 1987; 25:
738-740.

27. Neiders ME, Chen PB, Suido H, Reynolds HS, Zambon JJ, Shlossman M,
Genco RJ. Heterogeneity of virulence among strains of Bacteroides gingivalis. J
Periodontal Res 1989; 24: 192-198.

28. Zenobia C, Hajishengallis G. Porphyromonas gingivalis virulence factors
involved in subversion of leukocytes and microbial dysbiosis. Virulence 2015; 6:
236-243.

29. Potempa J, Banbula A, Travis J. Role of bacterial proteinases in matrix
destruction and modulation of host responses. Periodontol 2000 2000; 24: 153-
192.

30. Coats SR, Jones JW, Do CT, Braham PH, Bainbridge BW, To TT, Goodlett DR,
Ernst RK, Darveau RP. Human Toll-like receptor 4 responses to P. gingivalis are
regulated by lipid A 1- and 4'-phosphatase activities. Cell Microbiol 2009; 11:
1587-1599.

31. Hajishengallis G, Wang M, Liang S, Triantafilou M, Triantafilou K. Pathogen
induction of CXCR4/TLR2 cross-talk impairs host defense function. Proc Natl
Acad Sci U S A 2008; 105: 13532-13537.

32. Zeituni AE, Jotwani R, Carrion J, Cutler CW. Targeting of DC-SIGN on human

101



dendritic cells by minor fimbriated Porphyromonas gingivalis strains elicits a
distinct effector T cell response. J Immunol 2009; 183: 5694-5704.

33. Takeuchi H, Hirano T, Whitmore SE, Morisaki I, Amano A, Lamont RJ. The
serine phosphatase SerB of Porphyromonas gingivalis suppresses 1L-8
production by dephosphorylation of NF-kappaB RelA/p65. PLoS Pathog 2013;
9:€1003326.

34. Yilmaz O, Yao L, Maeda K, Rose TM, Lewis EL, Duman M, Lamont RJ,
Ojcius DM. ATP scavenging by the intracellular pathogen Porphyromonas
gingivalis inhibits P2X7-mediated host-cell apoptosis. Cell Microbiol 2008; 10:
863-875.

35. Choi CH, Spooner R, DeGuzman J, Koutouzis T, Ojcius DM, Yilmaz O.
Porphyromonas gingivalis-nucleoside-diphosphate-kinase inhibits ATP-induced
reactive-oxygen-species via P2X7 receptor/NADPH-oxidase signalling and
contributes to persistence. Cell Microbiol 2013; 15: 961-976.

36. Coats SR, Reife RA, Bainbridge BW, Pham TT, Darveau RP. Porphyromonas
gingivalis lipopolysaccharide antagonizes Escherichia coli lipopolysaccharide
at toll-like receptor 4 in human endothelial cells. Infect Immun 2003; 71: 6799-
6807.

37. Nakayama K. Porphyromonas gingivalis cell-induced hemagglutination and
platelet aggregation. Periodontol 2000 2010; 54: 45-52.

38. Chen T, Nakayama K, Belliveau L, Duncan MJ. Porphyromonas gingivalis
gingipains and adhesion to epithelial cells. Infect Immun 2001; 69: 3048-3056.
39. Madrigal AG, Barth K, Papadopoulos G, Genco CA. Pathogen-mediated
proteolysis of the cell death regulator RIPK1 and the host defense modulator

RIPK2 in human aortic endothelial cells. PLoS Pathog 2012; 8: ¢1002723.

40. Barth K, Remick DG, Genco CA. Disruption of immune regulation by
microbial pathogens and resulting chronic inflammation. J Cell Physiol 2013;
228: 1413-1422.

41. Kadowaki T, Takii R, Yamatake K, Kawakubo T, Tsukuba T, Yamamoto K. A
role for gingipains in cellular responses and bacterial survival in
Porphyromonas gingivalis-infected cells. Front Biosci 2007; 12: 4800-48009.

42. Kadowaki T, Yoneda M, Okamoto K, Maeda K, Yamamoto K. Purification and

102



characterization of a novel arginine-specific cysteine proteinase (argingipain)
involved in the pathogenesis of periodontal disease from the culture supernatant
of Porphyromonas gingivalis. J Biol Chem 1994;269: 21371-21378.

43. Wingrove JA, DiScipio RG, Chen Z, Potempa J, Travis J, Hugli TE. Activation
of complement components C3 and C5 by a cysteine proteinase (gingipain-1)
from Porphyromonas (Bacteroides) gingivalis. J Biol Chem 1992; 267: 18902-
18907.

44. Bodet C, Chandad F, Grenier D. Modulation of cytokine production by
Porphyromonas gingivalis in a macrophage and epithelial cell co-culture model.
Microbes Infect 2005; 7: 448-456.

45. Wang M, Krauss JL, Domon H, Hosur KB, Liang S, Magotti P, Triantafilou M,
Triantafilou K, Lambris JD, Hajishengallis G. Microbial hijacking of
complement-toll-like receptor crosstalk. Sci Signal 2010; 3: rall.

46. Tam V, O'Brien-Simpson NM, Chen Y'Y, Sanderson CJ, Kinnear B, Reynolds
EC. The RgpA-Kgp proteinase-adhesin complexes of Porphyromonas gingivalis
Inactivate the Th2 cytokines interleukin-4 and interleukin-5. Infect Immun 2009;
77:1451-1458.

47. Vincents B, Guentsch A, Kostolowska D, von Pawel-Rammingen U, Eick S,
Potempa J, Abrahamson M. Cleavage of IgG1 and IgG3 by gingipain K from
Porphyromonas gingivalis may compromise host defense in progressive
periodontitis. FASEB J 2011; 25: 3741-3750.

48. Khalaf H, Bengtsson T. Altered T-cell responses by the periodontal pathogen
Porphyromonas gingivalis. PLoS One 2012; 7: e45192.

49. Potempa J, Pike R, Travis J. Titration and mapping of the active site of cysteine
proteinases from Porphyromonas gingivalis (gingipains) using peptidyl
chloromethanes. Biol Chem 1997; 378: 223-230.

50. O'Brien-Simpson NM, Paolini RA, Hoffmann B, Slakeski N, Dashper SG,
Reynolds EC. Role of RgpA, RgpB, and Kgp proteinases in virulence of
Porphyromonas gingivalis W50 in a murine lesion model. Infect Immun 2001;
69: 7527-7534.

51. Kadowaki T, Nakayama K, Okamoto K, Abe N, Baba A, Shi Y, Ratnayake DB,

Yamamoto K. Porphyromonas gingivalis proteinases as virulence determinants
103



in progression of periodontal diseases. J Biochem 2000; 128: 153-159.

52. Sato K. Por Secretion System of Porphyromonas gingivalis. Journal of Oral
Biosciences 2011; 53: 187-196.

53. Sato K, Naito M, Yukitake H, Hirakawa H, Shoji M, McBride MJ, Rhodes RG,
Nakayama K. A protein secretion system linked to bacteroidete gliding motility
and pathogenesis. Proc Natl Acad Sci U S A 2010; 107: 276-281.

54. Saiki K, Konishi K. Strategies for targeting the gingipain secretion system of
Porphyromonas gingivalis. Journal of Oral Biosciences 2012; 54: 155-159.

55. Shi Y, Ratnayake DB, Okamoto K, Abe N, Yamamoto K, Nakayama K. Genetic
analyses of proteolysis, hemoglobin binding, and hemagglutination of
Porphyromonas gingivalis. Construction of mutants with a combination of rgpA,
rgpB, kgp, and hagA. J Biol Chem 1999; 274: 17955-17960.

56. Kadowaki T, Nakayama K, Yoshimura F, Okamoto K, Abe N, Yamamoto K.
Arg-gingipain acts as a major processing enzyme for various cell surface
proteins in Porphyromonas gingivalis. J Biol Chem 1998; 273: 29072-29076.

57. Curtis MA, Aduse Opoku J, Rangarajan M, Gallagher A, Sterne JA, Reid CR,
Evans HE, Samuelsson B. Attenuation of the virulence of Porphyromonas
gingivalis by using a specific synthetic Kgp protease inhibitor. Infect Immun
2002; 70: 6968-6975.

58. Kato T, Tsuda T, Omori H, Kato T, Yoshimori T, Amano A. Maturation of
fimbria precursor protein by exogenous gingipains in Porphyromonas gingivalis
gingipain-null mutant. FEMS Microbiol Lett 2007; 273: 96-102.

59. Yamatake K, Maeda M, Kadowaki T, Takii R, Tsukuba T, Ueno T, Kominami E,
Yokota S, Yamamoto K. Role for gingipains in Porphyromonas gingivalis traffic
to phagolysosomes and survival in human aortic endothelial cells. Infect Immun
2007; 75: 2090-2100.

60. Lee HR, Jun HK, Choi BK. Tannerella forsythia BspA increases the risk factors
for atherosclerosis in ApoE(-/-) mice. Oral Dis 2014; 20: 803-808.

61. Chukkapalli SS, Rivera-Kweh MF, Velsko IM, Chen H, Zheng D,
Bhattacharyya I, Gangula PR, Lucas AR, Kesavalu L. Chronic oral infection
with major periodontal bacteria Tannerella forsythia modulates systemic

atherosclerosis risk factors and inflammatory markers. Pathog Dis 2015; 73.
104



62. Sharma A. Virulence mechanisms of Tannerella forsythia. Periodontol 2000
2010; 54: 106-116.

63. Inagaki S, Onishi S, Kuramitsu HK, Sharma A. Porphyromonas gingivalis
vesicles enhance attachment, and the leucine-rich repeat BspA protein is
required for invasion of epithelial cells by "Tannerella forsythia". Infect Immun
2006; 74: 5023-5028.

64. Onishi S, Honma K, Liang S, Stathopoulou P, Kinane D, Hajishengallis G,
Sharma A. Toll-like receptor 2-mediated interleukin-8 expression in gingival
epithelial cells by the Tannerella forsythia leucine-rich repeat protein BspA.
Infect Immun 2008; 76: 198-205.

65. Sharma A, Sojar HT, Glurich I, Honma K, Kuramitsu HK, Genco RJ. Cloning,
expression, and sequencing of a cell surface antigen containing a leucine-rich
repeat motif from Bacteroides forsythus ATCC 43037. Infect Immun 1998; 66:
5703-5710.

66. Sharma A, Inagaki S, Honma K, Sfintescu C, Baker PJ, Evans RT. Tannerella
forsythia-induced alveolar bone loss in mice involves leucine-rich-repeat BspA
protein. J Dent Res 2005; 84: 462-467.

67. Shimotahira N, Oogai Y, Kawada-Matsuo M, Yamada S, Fukutsuji K, Nagano
K, Yoshimura F, Noguchi K, Komatsuzawa H. The surface layer of Tannerella
forsythia contributes to serum resistance and oral bacterial coaggregation. Infect
Immun 2013; 81: 1198-1206.

68. Sakakibara J, Nagano K, Murakami Y, Higuchi N, Nakamura H, Shimozato K,
Yoshimura F. Loss of adherence ability to human gingival epithelial cells in S-
layer protein-deficient mutants of Tannerella forsythensis. Microbiology 2007,
153: 866-876.

69. Sekot G, Posch G, Messner P, Matejka M, Rausch-Fan X, Andrukhov O,
Schaffer C. Potential of the Tannerella forsythia S-layer to delay the immune
response. J Dent Res 2011; 90: 109-114.

70. Settem RP, Honma K, Nakajima T, Phansopa C, Roy S, Stafford GP, Sharma A.
A bacterial glycan core linked to surface (S)-layer proteins modulates host
immunity through Th17 suppression. Mucosal Immunol 2013; 6: 415-426.

71. Bryzek D, Ksiazek M, Bielecka E, Karim AY, Potempa B, Staniec D, Koziel J,

105



Potempa J. A pathogenic trace of Tannerella forsythia - shedding of soluble
fully active tumor necrosis factor alpha from the macrophage surface by
karilysin. Mol Oral Microbiol 2014; 29: 294-306.

72. Jusko M, Potempa J, Karim AY, Ksiazek M, Riesbeck K, Garred P, Eick S,
Blom AM. A metalloproteinase karilysin present in the majority of Tannerella
forsythia isolates inhibits all pathways of the complement system. J Immuno!l
2012; 188: 2338-2349.

73. Paster BJ, Olsen I, Aas JA, Dewhirst FE. The breadth of bacterial diversity in
the human periodontal pocket and other oral sites. Periodontol 2000 2006; 42:
80-87.

74. Dewhirst FE, Chen T, Izard J, Paster BJ, Tanner AC, Yu WH, Lakshmanan A,
Wade WG. The human oral microbiome. J Bacteriol 2010; 192: 5002-5017.

75. Paster BJ, Boches SK, Galvin JL, Ericson RE, Lau CN, Levanos VA,
Sahasrabudhe A, Dewhirst FE. Bacterial diversity in human subgingival plaque.
J Bacteriol 2001; 183: 3770-3783.

76. Lamont RJ, Hajishengallis G. Polymicrobial synergy and dysbiosis in
inflammatory disease. Trends Mol Med 2015; 21: 172-183.

77. Elias S, Banin E. Multi-species biofilms: living with friendly neighbors. FEMS
Microbiol Rev 2012; 36: 990-1004.

78. Kuramitsu HK, He X, Lux R, Anderson MH, Shi W. Interspecies interactions
within oral microbial communities. Microbiol Mol Biol Rev 2007; 71: 653-670.

79. Yoneda M, Hirofuji T, Anan H, Matsumoto A, Hamachi T, Nakayama K, Maeda
K. Mixed infection of Porphyromonas gingivalis and Bacteroides forsythus in a
murine abscess model: involvement of gingipains in a synergistic effect. J
Periodontal Res 2001; 36: 237-243.

80. Verma RK, Bhattacharyya I, Sevilla A, Lieberman I, Pola S, Nair M, Wallet SM,
Aukhil I, Kesavalu L. Virulence of major periodontal pathogens and lack of
humoral immune protection in a rat model of periodontal disease. Oral Dis
2010; 16: 686-695.

81. Yoneda M, Yoshikane T, Motooka N, Yamada K, Hisama K, Naito T, Okada I,
Yoshinaga M, Hidaka K, Imaizumi K, Maeda K, Hirofuji T. Stimulation of

growth of Porphyromonas gingivalis by cell extracts from Tannerella forsythia.
106



J Periodontal Res 2005; 40: 105-109.

82. Bao K, Belibasakis GN, Thurnheer T, Aduse-Opoku J, Curtis MA, Bostanci N.
Role of Porphyromonas gingivalis gingipains in multi-species biofilm
formation. BMC Microbiol 2014; 14: 258.

83. Bodet C, Chandad F, Grenier D. Inflammatory responses of a
macrophage/epithelial cell co-culture model to mono and mixed infections with
Porphyromonas gingivalis, Treponema denticola, and Tannerella forsythia.
Microbes Infect 2006; 8: 27-35.

84. Kim YJ, Lee SH. Reducing the bioactivity of Tannerella forsythia
lipopolysaccharide by Porphyromonas gingivalis. J Microbiol 2014; 52: 702-
708.

85. Tamai R, Deng X, Kiyoura Y. Porphyromonas gingivalis with either Tannerella
forsythia or Treponema denticola induces synergistic IL-6 production by murine
macrophage-like J774.1 cells. Anaerobe 2009; 15: 87-90.

86. Murray PJ, Wynn TA. Protective and pathogenic functions of macrophage
subsets. Nat Rev Immunol 2011; 11: 723-737.

87. Lawrence T, Natoli G. Transcriptional regulation of macrophage polarization:
enabling diversity with identity. Nat Rev Immunol 2011; 11: 750-761.

88. Wynn TA, Chawla A, Pollard JW. Macrophage biology in development,
homeostasis and disease. Nature 2013; 496: 445-455.

89. Hume DA. Macrophages as APC and the dendritic cell myth. J Immunol 2008;
181: 5829-5835.

90. Hasturk H, Kantarci A, Van Dyke TE. Oral inflammatory diseases and systemic
inflammation: role of the macrophage. Front Immunol 2012; 3: 118.

91. Zappa U, Reinking-Zappa M, Graf H, Espeland M. Cell populations and
episodic periodontal attachment loss in humans. J Clin Periodontol 1991; 18:
508-515.

92. Lam RS, O'Brien-Simpson NM, Lenzo JC, Holden JA, Brammar GC, Walsh
KA, McNaughtan JE, Rowler DK, Van Rooijen N, Reynolds EC. Macrophage
Depletion Abates Porphyromonas gingivalis-Induced Alveolar Bone Resorption
in Mice. J Immunol 2014; 193: 2349-2362.

93. Younes R, Ghorra C, Khalife S, Igondjo-Tchen-Changotade S, Yousfi M, Willig

107



C, Senni K, Godeau G, Naaman N. Pertinent cell population to characterize
periodontal disease. Tissue Cell 2009; 41: 141-150.

94. Adamopoulos IE, Mellins ED. Alternative pathways of osteoclastogenesis in
inflammatory arthritis. Nat Rev Rheumatol 2015; 11: 189-194.

95. Lassus J, Salo J, Jiranek WA, Santavirta S, Nevalainen J, Matucci-Cerinic M,
Horak P, Konttinen Y. Macrophage activation results in bone resorption. Clin
Orthop Relat Res 1998: 7-15.

96. Aderem A, Underhill DM. Mechanisms of phagocytosis in macrophages. Annu
Rev Immunol 1999; 17: 593-623.

97. Aderem A. Phagocytosis and the inflammatory response. J Infect Dis 2003; 187
Suppl 2: S340-345.

98. Freeman SA, Grinstein S. Phagocytosis: receptors, signal integration, and the
cytoskeleton. Immunol Rev 2014; 262: 193-215.

99. Doyle SE, O'Connell RM, Miranda GA, Vaidya SA, Chow EK, Liu PT, Suzuki
S, Suzuki N, Modlin RL, Yeh WC, Lane TF, Cheng G. Toll-like receptors
induce a phagocytic gene program through p38. J Exp Med 2004; 199: §1-90.

100. Tricker E, Cheng G. With a little help from my friends: modulation of
phagocytosis through TLR activation. Cell Res 2008; 18: 711-712.

101. Wang M, Shakhatreh MA, James D, Liang S, Nishiyama S, Yoshimura F,
Demuth DR, Hajishengallis G. Fimbrial proteins of Porphyromonas gingivalis
mediate in vivo virulence and exploit TLR2 and complement receptor 3 to
persist in macrophages. J Immunol 2007; 179: 2349-2358.

102. Mao Y, Finnemann SC. Regulation of phagocytosis by Rho GTPases. Small
GTPases 2015: 1-11.

103. Martin CJ, Peters KN, Behar SM. Macrophages clean up: efferocytosis and
microbial control. Curr Opin Microbiol 2014; 17: 17-23.

104. Fadok VA, Bratton DL, Konowal A, Freed PW, Westcott JY, Henson PM.
Macrophages that have ingested apoptotic cells in vitro inhibit proinflammatory
cytokine production through autocrine/paracrine mechanisms involving TGF-
beta, PGE,, and PAF. J Clin Invest 1998; 101: 890-898.

105. Huynh ML, Fadok VA, Henson PM. Phosphatidylserine-dependent ingestion

of apoptotic cells promotes TGF-betal secretion and the resolution of
108



inflammation. J Clin Invest 2002; 109: 41-50.

106. Voll RE, Herrmann M, Roth EA, Stach C, Kalden JR, Girkontaite I.
Immunosuppressive effects of apoptotic cells. Nature 1997; 390: 350-351.

107. Martin CJ, Booty MG, Rosebrock TR, Nunes-Alves C, Desjardins DM, Keren
I, Fortune SM, Remold HG, Behar SM. Efferocytosis is an innate antibacterial
mechanism. Cell Host Microbe 2012; 12: 289-300.

108. Dockrell DH, Lee M, Lynch DH, Read RC. Immune-mediated phagocytosis
and killing of Streptococcus pmneumoniae are associated with direct and
bystander macrophage apoptosis. J Infect Dis 2001; 184: 713-722.

109. Thi EP, Lambertz U, Reiner NE. Sleeping with the enemy: how intracellular
pathogens cope with a macrophage lifestyle. PLoS Pathog 2012; 8: e1002551.
110. Hybiske K, Stephens RS. Exit strategies of intracellular pathogens. Nat Rev

Microbiol 2008; 6: 99-110.

111. Martinon F, Tschopp J. Inflammatory caspases: linking an intracellular innate
immune system to autoinflammatory diseases. Cell 2004; 117: 561-574.

112. Thornberry NA, Bull HG, Calaycay JR, Chapman KT, Howard AD, Kostura
MIJ, Miller DK, Molinecaux SM, Weidner JR, Aunins J, et al. A novel
heterodimeric cysteine protease is required for interleukin-1 beta processing in
monocytes. Nature 1992; 356: 768-774.

113. Martinon F, Burns K, Tschopp J. The inflammasome: a molecular platform
triggering activation of inflammatory caspases and processing of prolL-beta.
Mol Cell 2002; 10: 417-426.

114. Strowig T, Henao-Mejia J, Elinav E, Flavell R. Inflammasomes in health and
disease. Nature 2012; 481: 278-286.

115. Eldridge MJ, Shenoy AR. Antimicrobial inflammasomes: unified signalling
against diverse bacterial pathogens. Curr Opin Microbiol 2015; 23: 32-41.

116. Lu A, Magupalli VG, Ruan J, Yin Q, Atianand MK, Vos MR, Schroder GF,
Fitzgerald KA, Wu H, Egelman EH. Unified polymerization mechanism for the
assembly of ASC-dependent inflammasomes. Cell 2014; 156: 1193-1206.

117. Kayagaki N, Wong MT, Stowe IB, Ramani SR, Gonzalez LC, Akashi-
Takamura S, Miyake K, Zhang J, Lee WP, Muszynski A, Forsberg LS, Carlson

RW, Dixit VM. Noncanonical Inflammasome Activation by Intracellular LPS
109



Independent of TLR4. Science 2013; 341: 1246-1249.

118. Shi J, Zhao Y, Wang Y, Gao W, Ding J, Li P, Hu L, Shao F. Inflammatory
caspases are innate immune receptors for intracellular LPS. Nature 2014.

119. Weng D, Marty-Roix R, Ganesan S, Proulx MK, Vladimer GI, Kaiser W],
Mocarski ES, Pouliot K, Chan FK, Kelliher MA, Harris PA, Bertin J, Gough PJ,
Shayakhmetov DM, Goguen JD, Fitzgerald KA, Silverman N, Lien E. Caspase-
8 and RIP kinases regulate bacteria-induced innate immune responses and cell
death. Proc Natl Acad Sci U S 42014; 111: 7391-7396.

120. Philip NH, Dillon CP, Snyder AG, Fitzgerald P, Wynosky-Dolfi MA, Zwack
EE, Hu B, Fitzgerald L, Mauldin EA, Copenhaver AM, Shin S, Wei L, Parker M,
Zhang J, Oberst A, Green DR, Brodsky IE. Caspase-8 mediates caspase-1
processing and innate immune defense in response to bacterial blockade of NF-
kappaB and MAPK signaling. Proc Natl Acad Sci U S 42014; 111: 7385-7390.

121. Park E, Na HS, Song YR, Shin SY, Kim YM, Chung J. Activation of NLRP3
and AIM2 inflammasomes by Porphyromonas gingivalis infection. Infect
Immun 2014; 82: 112-123.

122. Taxman DJ, Swanson KV, Broglie PM, Wen H, Holley-Guthrie E, Huang MT,
Callaway JB, Eitas TK, Duncan JA, Ting JP. Porphyromonas gingivalis
mediates inflammasome repression in polymicrobial cultures through a novel
mechanism involving reduced endocytosis. J Biol Chem 2012; 287: 32791-
32799.

123. Schroder K, Tschopp J. The inflammasomes. Cel/ 2010; 140: 821-832.

124. Cerretti DP, Kozlosky CJ, Mosley B, Nelson N, Van Ness K, Greenstreet TA,
March CJ, Kronheim SR, Druck T, Cannizzaro LA, et al. Molecular cloning of
the interleukin-1 beta converting enzyme. Science 1992; 256: 97-100.

125. Puren AJ, Fantuzzi G, Dinarello CA. Gene expression, synthesis, and
secretion of interleukin 18 and interleukin lbeta are differentially regulated in
human blood mononuclear cells and mouse spleen cells. Proc Natl Acad Sci U S
A 1999; 96: 2256-2261.

126. Companjen AR, van der Velden VH, Vooys A, Debets R, Benner R, Prens EP.
Human keratinocytes are major producers of IL-18: predominant expression of
the unprocessed form. Eur Cytokine Netw 2000; 11: 383-390.

110



127. Kaser A, Kaser S, Kaneider NC, Enrich B, Wiedermann CJ, Tilg H.
Interleukin-18 attracts plasmacytoid dendritic cells (DC2s) and promotes Thl
induction by DC2s through IL-18 receptor expression. Blood 2004; 103: 648-
655.

128. Lalor SJ, Dungan LS, Sutton CE, Basdeo SA, Fletcher JM, Mills KH.
Caspase-1-processed cytokines IL-1beta and IL-18 promote IL-17 production
by gammadelta and CD4 T cells that mediate autoimmunity. J Immunol 2011;
186: 5738-5748.

129. Rider P, Carmi Y, Voronov E, Apte RN. Interleukin-lalpha. Semin Immunol
2013; 25: 430-438.

130. Carruth LM, Demczuk S, Mizel SB. Involvement of a calpain-like protease in
the processing of the murine interleukin 1 alpha precursor. J Biol Chem 1991;
266: 12162-12167.

131. Mosley B, Urdal DL, Prickett KS, Larsen A, Cosman D, Conlon PJ, Gillis S,
Dower SK. The interleukin-1 receptor binds the human interleukin-1 alpha
precursor but not the interleukin-1 beta precursor. J Biol Chem 1987; 262: 2941-
2944,

132. Miao EA, Leaf IA, Treuting PM, Mao DP, Dors M, Sarkar A, Warren SE,
Wewers MD, Aderem A. Caspase-1-induced pyroptosis is an innate immune
effector mechanism against intracellular bacteria. Nat Immunol 2010; 11: 1136-
1142.

133. Willingham SB, Allen IC, Bergstralh DT, Brickey WJ, Huang MT, Taxman DJ,
Duncan JA, Ting JP. NLRP3 (NALP3, Cryopyrin) facilitates in vivo caspase-1
activation, necrosis, and HMGBI1 release via inflammasome-dependent and -
independent pathways. J Immunol 2009; 183: 2008-2015.

134. Vande Walle L, Kanneganti TD, Lamkanfi M. HMGBI release by
inflammasomes. Virulence 2011; 2: 162-165.

135. Taxman DJ, Zhang J, Champagne C, Bergstralh DT, locca HA, Lich JD, Ting
JP. Cutting edge: ASC mediates the induction of multiple cytokines by
Porphyromonas gingivalis via caspase-1-dependent and -independent pathways.
J Immunol 2006; 177: 4252-4256.

136. Huang MT, Taxman DJ, Holley-Guthrie EA, Moore CB, Willingham SB,
111



Madden V, Parsons RK, Featherstone GL, Arnold RR, O'Connor BP, Ting JP.
Critical role of apoptotic speck protein containing a caspase recruitment domain
(ASC) and NLRP3 in causing necrosis and ASC speck formation induced by
Porphyromonas gingivalis in human cells. J Immunol 2009; 182: 2395-2404.

137. Johnson L, Atanasova KR, Bui PQ, Lee J, Hung SC, Yilmaz O, Ojcius DM.
Porphyromonas gingivalis attenuates ATP-mediated inflammasome activation
and HMGBI release through expression of a nucleoside-diphosphate kinase.
Microbes Infect 2015; 17: 369-377.

138. Hamada K, Takuwa N, Yokoyama K, Takuwa Y. Stretch activates Jun N-
terminal kinase/stress-activated protein kinase in vascular smooth muscle cells
through mechanisms involving autocrine ATP stimulation of purinoceptors. J
Biol Chem 1998; 273: 6334-6340.

139. Cheng Z, Miura K, Popov VL, Kumagai Y, Rikihisa Y. Insights into the CtrA
regulon in development of stress resistance in obligatory intracellular pathogen
Ehrlichia chaffeensis. Mol Microbiol 2011; 82: 1217-1234.

140. Yilmaz O, Sater AA, Yao L, Koutouzis T, Pettengill M, Ojcius DM. ATP-
dependent activation of an inflammasome in primary gingival epithelial cells
infected by Porphyromonas gingivalis. Cell Microbiol 2010; 12: 188-198.

141. Mariathasan S, Weiss DS, Newton K, McBride J, O'Rourke K, Roose-Girma
M, Lee WP, Weinrauch Y, Monack DM, Dixit VM. Cryopyrin activates the
inflammasome in response to toxins and ATP. Nature 2006; 440: 228-232.

142. Lamkanfi M, Sarkar A, Vande Walle L, Vitari AC, Amer AO, Wewers MD,
Tracey KJ, Kanneganti TD, Dixit VM. Inflammasome-dependent release of the
alarmin HMGBI1 in endotoxemia. J Immunol 2010; 185: 4385-4392.

143. Franklin BS, Bossaller L, De Nardo D, Ratter JM, Stutz A, Engels G, Brenker
C, Nordhoff M, Mirandola SR, Al-Amoudi A, Mangan MS, Zimmer S, Monks
BG, Fricke M, Schmidt RE, Espevik T, Jones B, Jarnicki AG, Hansbro PM,
Busto P, Marshak-Rothstein A, Hornemann S, Aguzzi A, Kastenmuller W, Latz
E. The adaptor ASC has extracellular and 'prionoid' activities that propagate
inflammation. Nat Immunol 2014; 15: 727-737.

144. Baroja-Mazo A, Martin-Sanchez F, Gomez Al, Martinez CM, Amores-Iniesta

J, Compan V, Barbera-Cremades M, Yague J, Ruiz-Ortiz E, Anton J, Bujan S,
112



Couillin I, Brough D, Arostegui JI, Pelegrin P. The NLRP3 inflammasome is
released as a particulate danger signal that amplifies the inflammatory response.
Nat Immunol 2014; 15: 738-748.

145. Black RA, Kronheim SR, Cantrell M, Deeley MC, March CJ, Prickett KS,
Wignall J, Conlon PJ, Cosman D, Hopp TP, Mochizuki DY. Generation of
biologically active interleukin-1 beta by proteolytic cleavage of the inactive
precursor. J Biol Chem 1988; 263: 9437-9442,

146. Beausejour A, Grenier D, Goulet JP, Deslauriers N. Proteolytic activation of
the interleukin-1beta precursor by Candida albicans. Infect Immun 1998; 66:
676-681.

147. Wittmann M, Kingsbury SR, McDermott MF. Is caspase 1 central to
activation of interleukin-1? Joint Bone Spine 2011; 78: 327-330.

148. Liu X, Sroka A, Potempa J, Genco CA. Coordinate expression of the
Porphyromonas gingivalis lysine-specific gingipain proteinase, Kgp, arginine-
specific gingipain proteinase, RgpA, and the heme/hemoglobin receptor, HmuR.
Biol Chem 2004; 385: 1049-1057.

149. Percival RS, Marsh PD, Devine DA, Rangarajan M, Aduse-Opoku J,
Shepherd P, Curtis MA. Effect of temperature on growth, hemagglutination, and
protease activity of Porphyromonas gingivalis. Infect Immun 1999; 67: 1917-
1921.

150. Rathinam VA, Vanaja SK, Fitzgerald KA. Regulation of inflammasome
signaling. Nat Immunol 2012; 13: 333-342.

151. Bostanci N, Meier A, Guggenheim B, Belibasakis GN. Regulation of NLRP3
and AIM2 inflammasome gene expression levels in gingival fibroblasts by oral
biofilms. Cell Immunol 2011; 270: 88-93.

152. Belibasakis GN, Guggenheim B, Bostanci N. Down-regulation of NLRP3
inflammasome in gingival fibroblasts by subgingival biofilms: involvement of
Porphyromonas gingivalis. Innate Immun 2013; 19: 3-9.

153. Hamedi M, Belibasakis GN, Cruchley AT, Rangarajan M, Curtis MA,
Bostanci N. Porphyromonas gingivalis culture supernatants differentially
regulate interleukin-lbeta and interleukin-18 in human monocytic cells.
Cytokine 2009; 45: 99-104.

113



154. Practorius HA, Leipziger J. ATP release from non-excitable cells. Purinergic
Signal 2009; 5: 433-446.

155. Fitzpatrick RE, Aprico A, Wijeyewickrema LC, Pagel CN, Wong DM,
Potempa J, Mackie EJ, Pike RN. High molecular weight gingipains from
Porphyromonas gingivalis induce cytokine responses from human macrophage-
like cells via a nonproteolytic mechanism. J Innate Immun 2009; 1: 109-117.

156. Guo Y, Nguyen KA, Potempa J. Dichotomy of gingipains action as virulence
factors: from cleaving substrates with the precision of a surgeon's knife to a
meat chopper-like brutal degradation of proteins. Periodontol 2000 2010; 54:
15-44.

157. Hintermann E, Haake SK, Christen U, Sharabi A, Quaranta V. Discrete
proteolysis of focal contact and adherens junction components in
Porphyromonas gingivalis-infected oral keratinocytes: a strategy for cell
adhesion and migration disabling. Infect Immun 2002; 70: 5846-5856.

158. Oleksy A, Banbula A, Bugno M, Travis J, Potempa J. Proteolysis of
interleukin-6 receptor (IL-6R) by Porphyromonas gingivalis cysteine
proteinases (gingipains) inhibits interleukin-6-mediated cell activation. Microb
Pathog 2002; 32: 173-181.

159. Uehara A, Imamura T, Potempa J, Travis J, Takada H. Gingipains from
Porphyromonas  gingivalis ~ synergistically induce the production of
proinflammatory cytokines through protease-activated receptors with Toll-like
receptor and NOD1/2 ligands in human monocytic cells. Cell Microbiol 2008;
10: 1181-1189.

160. Sugawara S, Nemoto E, Tada H, Miyake K, Imamura T, Takada H. Proteolysis
of human monocyte CDI14 by cysteine proteinases (gingipains) from
Porphyromonas gingivalis leading to lipopolysaccharide hyporesponsiveness. J
Immunol 2000; 165: 411-418.

161. Wilensky A, Tzach-Nahman R, Potempa J, Shapira L, Nussbaum G.
Porphyromonas gingivalis Gingipains Selectively Reduce CD14 Expression,
Leading to Macrophage Hyporesponsiveness to Bacterial Infection. J Innate
Immun 2015; 7: 127-135.

162. Stathopoulou PG, Benakanakere MR, Galicia JC, Kinane DF. The host
114



cytokine response to Porphyromonas gingivalis is modified by gingipains. Oral
Microbiol Immunol 2009; 24: 11-17.

163. Abe N, Kadowaki T, Okamoto K, Nakayama K, Ohishi M, Yamamoto K.
Biochemical and functional properties of lysine-specific cysteine proteinase
(Lys-gingipain) as a virulence factor of Porphyromonas gingivalis in
periodontal disease. J Biochem 1998; 123: 305-312.

164. Takemoto T, Kurihara H, Dahlen G. Characterization of Bacteroides forsythus
1solates. J Clin Microbiol 1997; 35: 1378-1381.

165. Kesavalu L, Sathishkumar S, Bakthavatchalu V, Matthews C, Dawson D,
Steffen M, Ebersole JL. Rat model of polymicrobial infection, immunity, and
alveolar bone resorption in periodontal disease. Infect Immun 2007; 75: 1704-
1712.

166. Smith LM, May RC. Mechanisms of microbial escape from phagocyte killing.
Biochem Soc Trans 2013; 41: 475-490.

167. Niedergang F, Chavrier P. Regulation of phagocytosis by Rho GTPases. Curr
Top Microbiol Immunol 2005; 291: 43-60.

168. Ito R, Ishihara K, Shoji M, Nakayama K, Okuda K. Hemagglutinin/Adhesin
domains of Porphyromonas gingivalis play key roles in coaggregation with
Treponema denticola. FEMS Immunol Med Microbiol 2010; 60: 251-260.

169. Kamaguch A, Nakayama K, Ohyama T, Watanabe T, Okamoto M, Baba H.
Coaggregation of Porphyromonas gingivalis and Prevotella intermedia.
Microbiol Immunol 2001; 45: 649-656.

170. Abe N, Baba A, Takii R, Nakayama K, Kamaguchi A, Shibata Y, Abiko Y,
Okamoto K, Kadowaki T, Yamamoto K. Roles of Arg- and Lys-gingipains in
coaggregation of Porphyromonas gingivalis: identification of its responsible
molecules in translation products of rgpA, kgp, and hagA genes. Biol Chem
2004; 385: 1041-1047.

171. Sharma A, Inagaki S, Sigurdson W, Kuramitsu HK. Synergy between
Tannerella forsythia and Fusobacterium nucleatum in biofilm formation. Oral
Microbiol Immunol 2005; 20: 39-42.

172. Choi YS, Kim YC, Jo AR, Ji S, Koo KT, Ko Y, Choi Y. Porphyromonas
gingivalis and Dextran Sulfate Sodium Induce Periodontitis through the

115



Disruption of Physical Barriers in Mice. European Journal of Inflammation
2013; 11: 419-431.

173. Cao C, Lawrence DA, Strickland DK, Zhang L. A specific role of integrin
Mac-1 in accelerated macrophage efflux to the lymphatics. Blood 2005; 106:
3234-3241.

174. Bellingan GJ, Caldwell H, Howie SE, Dransfield I, Haslett C. In vivo fate of
the inflammatory macrophage during the resolution of inflammation:
inflammatory macrophages do not die locally, but emigrate to the draining
lymph nodes. J Immunol 1996; 157: 2577-2585.

175. Amodini Rajakaruna G, Umeda M, Uchida K, Furukawa A, Yuan B, Suzuki Y,
Noriko E, Izumi Y, Eishi Y. Possible translocation of periodontal pathogens into
the lymph nodes draining the oral cavity. J Microbiol 2012; 50: 827-836.

176. Madianos PN, Bobetsis YA, Offenbacher S. Adverse pregnancy outcomes
(APOs) and periodontal disease: pathogenic mechanisms. J Clin Periodontol
2013; 40 Suppl 14: S170-180.

177. Kozarov EV, Dorn BR, Shelburne CE, Dunn WA, Jr., Progulske-Fox A.
Human atherosclerotic plaque contains viable invasive Actinobacillus

actinomycetemcomitans and Porphyromonas gingivalis. Arterioscler Thromb

Vasc Biol 2005; 25: e17-18.

116



List of publications

This thesis is based on the following original papers.

Jung YJ, Jun HK, Choi BK. Contradictory roles of Porphyromonas gingivalis
gingipains in caspase-1 activation. Cell Microbiol 2015; 17: 1304-1319.

Jung YJ, Jun HK, Choi BK. Gingipain-dependent augmentation by
Porphyromonas gingivalis of phagocytosis of Tannerella forsythia. Mol Oral

Microbiol (In press, DOIL: 10.1111/0mi.12139)

117



o =
TEEE

Caspase-1 A3 2t Tannerella forsythia2)

LAXZ0A Porphyromonas gingivalis

Gingipain2 <&

27

ofl
itlo
Jo
kr

Porphyromonas gingivalis= X% WeloAd 73U MoE B

i, olel WE %F wWel W waAlyE Fo Wdwow

1
ofo
o
)

O X=X AR

Arg—gingipains (RgpA, RgpB)# Lys—gingipain (Kgp)< % 53

F
i)

Ay gholl gt og/A5A JiEe] lo]l ®A o] W= o] Ao Fo 54
Qlxfolt}, o] AFe EAL 1) A EoA P gingivalis®ll 23 caspase—1
g3t 9l gingipain® 9A&S f+W3lal, 2) Tannerella forsythia®}e] <
3 el A P gingivalis7t WA Azl & &t T. forsythia 2 2-g-l v A=

IS gotral, o]e) Q1o gingipain® H&-& fH 3= Zolth

W
P, gingivalis 7Fge] 28 thA M EZoA 2 caspase—1 A 3o o]

gingipain®] 93-S 2w H7] &, phorbol—12—myristate—13—acetate



(PMA) 2 #3FA171 THP—-1 tAAME = dxdd dalqzoa Fad o
AN EZE P gingivalis == ©]9] gingipain 23 Z=dWHo|FE A1 B¢ 7+

>

P
A7 WA EBZE 9 ELISA, lactate dehydrogenase (LDH) AEZ=AAAL
o] &3to] AME vk 2] caspase—1, interleukin (IL)—143, LDHES 4]

stelth Gingipain®] @A 8 &4 YO oge Avws] g, P

ol

gingivalisE leupeptin (A 2&HQl wulz 7h4=8Es gih AAA), T=
gingipain—E°] 9A#] (KYT-1, KYT-36)2 g3+ & A A Z] 7FA
Zth. Caspase—1 @A § ®ul/FEl== SN AS P gingivalis7t 23l 5H=A]
ARz 9lall, 4 AME P gingivalis®  AbSE A AR wfFtel] P
gingivalisS wvjekst & REA199T P, gingivalis, gingipain 23 Z¢WHo|F,
T = gingipain GAAZ DA 28 P gingivalisE 2 A Xl A7 & A

3 Y caspase—1 A7 S8 5HE ATPE B241389th Gingipainol &3+ A+

il

B e As/rbee g AvET] 918, gingipain ¥ E=dA®olF
gingipain®] E3E Al wiFAelA  wiekst = A AMEe HAAIA
caspase—1 &4 3E FX5A T

P, gingivalis =3¢ 7+93o] WA A Eol 23+ T, forsythia EA 280 n|X] &=
TS AR 98, PMAR 232X THP—-1 A A B dxd ) d
AT FaE A A Ee] carboxyfluorescein diacetate succinimidyl
ester (CFSE)® X3t T. forsythias P. gingivalis, =+ gingipain 23 =
AWolF9t A 1ATF AAAZ & T, forsythia 2 5 fAX EA7]
o} x4 #vES olgsto] &Rlett. 7 Al F1He SHS EAs L
A $HE dAsks ofv|Abo] T. forsythia E2ZE-o v JFS 2y
HSkth Gingipain®] wz Fa &4 €49 9&S AR 98] KYT-1,

KYT-362 AAgst P gingivaliss ©]&3stGth Al #E U A Ay



S M3 U T forsythia® A&

/78
16S @ 5= RNA—7|HF A B o] 43l el

=<l

3o MOI® P. gingivalis 7793 3 A vk IL—-18 <2 LDH7} A& ¢

O

OS2 FASHY, caspase— 1S HEHXA oron =& MOIYAM+= IL-14 %

i)
il

LDHE HEH A &3kth Caspase—1°] &Aste AEolA fFefs= &

r_gd
O

Eis

rr

o] gingipain°l °s ZaH= & FAsnt. 18y, gingipaing ¥

=

P. gingivalis Alv2 YAMEE FAAFAS v, gingipain®] = AT

Bl AM3E W caspase—1 o] =ghon o] 7HAdm M EZHE ATP7}

Jo
ul
rlr
phY)
=
L
e
o
2
£
D
=
0
o
=
5
o
mﬂ’.
r°"
ol
o
N
O
HJ
lF

+ AlerFE gingipain
o] e wjckeNel wjkE ¥ tAAEE HAMNFE ©l, caspase—1 B3}

b Z7FEHGE R, Kep EE Repdl W9d ¥o) £a BYS oAaL W,

ol

MEZ Ul caspase—1 &4Jo] F7ste], Kgpelt Rgp @9 &l &AJo] H3H4
o7 Zgoto] AAaHE HEhdS gt

A A ENA P, gingivalis &3 90| T. forsythia 22842 5234
F7HNZ e, Kgp =+ Rgp =dWHolF9] A%, I F7F A&7t Hassith
T Al T3] SAdell gingipaine] #olghE Rl o, Sxe JAlSAS
W T. forsythia 32282 S7F7F oFstE QT Gingipain®] @eid & &4
A S A E W, T. forsythia 2280 HAasith e 24, 4843
Z ME ol A 22 T forsythiaZt AAHY Y, T, forsythia &= 74
o Bl3ll gingipaine L= P gingivalis®t2] &3+ 7+ & A E o] 4o}

= T. forsythia7k B &o] ol 3la& 2<lskal



a4

Gingipain®| 23 X 5A] 7ite] A AS 1HE wl, P gingivalis® =
g 7]delA gingipain®] g oldsh= o] FQstrh. & AT A, P
gingivalis &% 7Fdef] 2J3F caspase—1 &AJ 3o Yo gingipaine] E33&1

b= eSS sty T forsythiashe] £33 Aol M= T, forsythia X2 2F

ofo
o
o|X

AAE W BEE 4@ dh

F89): Porphyromonas gingivalis, Gingipains, @2 #3] &4 Caspase—1,
Tannerella forsythia, 224

3 2010—-31218



	I. Introduction
	1. Periodontitis
	1.1. Periodontitis: definition, prevalence, and outcomes
	1.2. Pathogenesis of periodontitis

	2. Porphyromonas gingivalis
	2.1. General characteristics of P. gingivalis
	2.2. Virulence factors of P. gingivalis
	2.3. Gingipains
	2.3.1. Characteristics of gingipains
	2.3.2. Functions in pathogenesis of periodontitis


	3. Tannerella forsythia
	3.1. General characteristics of T. forsythia
	3.2. Virulence factors of T. forsythia

	4. Mixed infection with P. gingivalis and T. forsythia
	4.1. Interspecies bacterial interaction
	4.2. Synergistic pathogenicity of P. gingivalis and T. forsythia

	5. Macrophages and phagocytosis
	5.1. Role of macrophages in periodontitis
	5.2. Phagocytosis in macrophages

	6. Inflammasome
	6.1. Inflammasome and caspase-1 activation
	6.2. Consequences of caspase-1 activation
	6.3. Inflammasome activation by P. gingivalis

	7. Aims of this study

	II. Materials and Methods
	1. Bacterial strains and growth conditions
	2. Treatment of P. gingivalis gingipain-null mutant with membrane vesicle-depleted culture supernatants
	3. Cell cultures
	4. Infection for caspase-1 activation
	5. Immunoblotting
	6. ELISA
	7. Real-time reverse-transcription PCR
	8. Measurement of cell death
	8.1. LDH cytotoxicity assay
	8.2. Propidium iodide uptake

	9. Protein degradation assay
	10. Intracellular caspase-1 activity assay
	11. Determination of extracellular ATP concentrations
	12. Phagocytosis of T. forsythia
	13. Intracellular persistence
	14. Confocal microscopy
	15. Coaggregation assay
	16. RNA-based viability assay of intracellular T. forsythia
	17. Statistical analysis

	III. Results
	1. Role of gingipains in caspase-1 activation
	1.1 Low IL-1β and LDH levels without active caspase-1 in the culture supernatants at low MOIs are abrogated by high MOIs of P. gingivalis infection
	1.2. Low levels of IL-1β result from the potent proteolytic activity of P. gingivalis
	1.3. Rgps and Kgp of P. gingivalis wipe out caspase-1-dependent proteinaceous responses
	1.4. Gingipains differentially enhance caspase-1 activation by promoting ATP release
	1.5. Gingipains indirectly facilitate caspase-1 activation in infected cells, possibly by processing the surface proteins of P. gingivalis
	1.6. Protease activity of gingipains impairs extracellular ATP release and caspase-1 activation

	2. Role of gingipains in augmentation of T. forsythia phagocytosis
	2.1. Phagocytosis of T. forsythia is facilitated by coinfection with P. gingivalis
	2.2. P. gingivalis gingipains are essential for the enhancement of phagocytosis of T. forsythia
	2.3. T. forsythia augments phagocytosis of P. gingivalis
	2.4. Coaggregation of T. forsythia with P. gingivalis that expresses gingipains contributes to the augmentation of phagocytosis of T. forsythia
	2.5. Protease activities of P. gingivalis gingipains are partially responsible for the facilitation of phagocytosis of T. forsythia
	2.6. Direct effect of soluble gingipains on T. forsythia is minimal
	2.7. More T. forsythia remain viable in the infected cells in P. gingivalis coinfection
	2.8. More T. forsythia-infected cells remain viable in the presence of P. gingivalis


	IV. Discussion
	1. Role of gingipains in caspase-1 activation
	2. Role of gingipains in augmentation of T. forsythia phagocytosis
	3. Pathological and clinical implication

	V. Conclusion
	VI. References
	List of Publications
	Abstract


<startpage>12
I. Introduction 1
 1. Periodontitis 1
  1.1. Periodontitis: definition, prevalence, and outcomes 1
  1.2. Pathogenesis of periodontitis 2
 2. Porphyromonas gingivalis 3
  2.1. General characteristics of P. gingivalis 3
  2.2. Virulence factors of P. gingivalis 4
  2.3. Gingipains 6
   2.3.1. Characteristics of gingipains 6
   2.3.2. Functions in pathogenesis of periodontitis 8
 3. Tannerella forsythia 8
  3.1. General characteristics of T. forsythia 8
  3.2. Virulence factors of T. forsythia 9
 4. Mixed infection with P. gingivalis and T. forsythia 10
  4.1. Interspecies bacterial interaction 10
  4.2. Synergistic pathogenicity of P. gingivalis and T. forsythia 10
 5. Macrophages and phagocytosis 11
  5.1. Role of macrophages in periodontitis 11
  5.2. Phagocytosis in macrophages 13
 6. Inflammasome 15
  6.1. Inflammasome and caspase-1 activation 15
  6.2. Consequences of caspase-1 activation 19
  6.3. Inflammasome activation by P. gingivalis 20
 7. Aims of this study 21
II. Materials and Methods 22
 1. Bacterial strains and growth conditions 22
 2. Treatment of P. gingivalis gingipain-null mutant with membrane vesicle-depleted culture supernatants 23
 3. Cell cultures 23
 4. Infection for caspase-1 activation 24
 5. Immunoblotting 25
 6. ELISA 26
 7. Real-time reverse-transcription PCR 26
 8. Measurement of cell death 27
  8.1. LDH cytotoxicity assay 27
  8.2. Propidium iodide uptake 28
 9. Protein degradation assay 28
 10. Intracellular caspase-1 activity assay 28
 11. Determination of extracellular ATP concentrations 29
 12. Phagocytosis of T. forsythia 29
 13. Intracellular persistence 31
 14. Confocal microscopy 31
 15. Coaggregation assay 32
 16. RNA-based viability assay of intracellular T. forsythia 33
 17. Statistical analysis 34
III. Results 35
 1. Role of gingipains in caspase-1 activation 35
  1.1 Low IL-1ет and LDH levels without active caspase-1 in the culture supernatants at low MOIs are abrogated by high MOIs of P. gingivalis infection 35
  1.2. Low levels of IL-1ет result from the potent proteolytic activity of P. gingivalis 40
  1.3. Rgps and Kgp of P. gingivalis wipe out caspase-1-dependent proteinaceous responses 47
  1.4. Gingipains differentially enhance caspase-1 activation by promoting ATP release 52
  1.5. Gingipains indirectly facilitate caspase-1 activation in infected cells, possibly by processing the surface proteins of P. gingivalis 57
  1.6. Protease activity of gingipains impairs extracellular ATP release and caspase-1 activation 60
 2. Role of gingipains in augmentation of T. forsythia phagocytosis 62
  2.1. Phagocytosis of T. forsythia is facilitated by coinfection with P. gingivalis 62
  2.2. P. gingivalis gingipains are essential for the enhancement of phagocytosis of T. forsythia 64
  2.3. T. forsythia augments phagocytosis of P. gingivalis 67
  2.4. Coaggregation of T. forsythia with P. gingivalis that expresses gingipains contributes to the augmentation of phagocytosis of T. forsythia 69
  2.5. Protease activities of P. gingivalis gingipains are partially responsible for the facilitation of phagocytosis of T. forsythia 73
  2.6. Direct effect of soluble gingipains on T. forsythia is minimal 75
  2.7. More T. forsythia remain viable in the infected cells in P. gingivalis coinfection 77
  2.8. More T. forsythia-infected cells remain viable in the presence of P. gingivalis 84
IV. Discussion 86
 1. Role of gingipains in caspase-1 activation 86
 2. Role of gingipains in augmentation of T. forsythia phagocytosis 92
 3. Pathological and clinical implication 96
V. Conclusion 98
VI. References 99
List of Publications 117
Abstract 118
</body>

