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B. Abstract

Periodontitis, a chronic inflammatory gum disease, is caused in part by the
periodontopathogen Porphyromonas gingivalis . Infection triggers activation
of host inflammatory responses which induce stresses such as oxidative
stress. Under such conditions, cel Is can activate the Integrated Stress
Response (ISR), a signalling cascade which functions to determine cellular
fate, by downregulating protein synthesis and either initiating a stress -
response gene expression program, or if stress cannot be overcome,
initiating programmed cell death. Recent studies have implicated the ISR
signalling in both host antimicrobial defences and within the

pathomechanism of certain microbes.

In this study, we investigated how P. gingivalis infection alters translation
attenuatio n during oxidative stress -induced activation of the ISR pathway in
oral epithelial cells. P. gingivalis infection alone did not result in ISR
activation. In contrast, infection coupled with stress led to differential stress
granule formation and compositio n, along with dysregulation of the
microtubule network. Infection also heightened stress  -induced translational
repression, a response which could not be rescued by ISRIB, a potent ISR
inhibitor. Heightened translational repression during stress was observe d
with both P. gingivalis conditioned media and outer membrane vesicles,
implicating the role of a secretory factor, probably proteases known as
gingipains, in this exacerbated translational repression. The effects of
gingipain inhibitors and gingipains -deficient P. gingivalis mutants further

confirmed these pathogen -specific proteases as the effector.

Gingipains are known to degrade the mammalian target of rapamycin
(mTOR) and these studies implicate the gingipain -mTOR axis as the

effector of host translat ional dysregulation during stress.
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1 Chapter 1. Introduction



1.1 The Oral Microbiome and Periodontal Disease
1.1.1 The Oral Microbiome

Microorganisms were first discovered in 1683  when, using primitive light
microscopy, Antony van Leeuwenhoek first observed 'little animals’  whilst
sampling dental plagues obtained from his mouth  (Clifford, 1932) . Given that
the initial discovery was found in a human sample it is no surprise thati n the
years since , microorganisms , and subsequently their interactions with hosts
have been the subject of intense research interest . It is now well established
that microorganisms are a tacit component of  a healthy human body, with
the average human of 70kg harbouring 10 -100 trillion microbes, w hose
combined weight is accounts for around 200 grams (Turnbaugh et al., 2007;
Bianconi et al., 2013). These microorganisms, collectively termed the
microbiome , not only form a structurally ordered and coordinated

community with inter- and intra-species communication across domains, but
also function in a critical , symbiotic , reactive, and reciprocal relationship with

the host (Turnbaugh et al., 2007; Daniel et al., 2021; Duddy & Bassler, 2021) .

Subsequent research has identifie d the oral cavity as one of the most
microbiologically diverse environments of the human body, currently
estimated to harbour over 700 prevalent taxa (Dewhirst et al., 2010), with
between 100 -500 species present at any given time within healthy
individuals (Paster et al., 2006; Zaura et al., 2009) . The stability of the
relationship between oral microbiome and host is exemplified by findings
that the core bacterial genera are common to hominid  oral biofilms since
before Catarrhine -Platyrrhine split circa 40 million years ago (Fellows Yates
et al., 2021). This diversity may in part be explained by the variety of  distinct
microenvironments that the oral cavity offers, ranging from the hard enamel
of the teeth to the epithelial and mucosa | membranes of the gingiva (Xu et
al., 2015). These environments are defined by the near constant presence of
fluids, with supragingival surfaces being exposed to saliva and the

subgingival surfaces exposed to gin gival crevicular fluid (Xu et al., 2015)



Figure 1-1). The resulting biological nuances have led to tissue -specific

tropisms in the composition of the microbial communities which exist in

each niche (Lamont, Koo, & Hajishengallis, 2018) . Whilst the oral
environment harbours a vast array of microbes , in healthy individuals the oral
microbiome is comprised mainly of the genera Corynebacterium ,
Capnocytophaga , Fusobacterium , Leptotrichia , Actinomyces , Streptococcus
Neisseria, Haemophilus/Aggregatibacteria , Porphyromonas, Rothia,
Lautropia, Veillonella and Prevotella, with these accounting for 85% and 80%
of the microbes found in the supra - and sub-gingival surfaces, respectively
(Mark Welch et al., 2016). Of these, the supragingival community harbours a
larger proportion of aerobic Gram-positive genera, whereas the lowered

oxy gen content of the subgingival environment favours Gram-negative
anaerobes such as Bacteriodes and spiroch aetes (Xie et al., 2000; Mark
Welch et al., 2016). The oral microbiome is however not limited to

prokaryotes alone, with fungal eukaryotes such as Candida and Malassezia,
being prominent commensals (Ghannoum et al., 2010; Dupuy et al., 2014),
however bacteriophages and archaea have also been discovered within the
oral cavity (Lepp et al., 2004; Belmok et al., 2020; Dame -Teixeira et al.,
2020) .



Figure 1-1Schematic demonstrating a healthy periodontium. A structural
representation of a tooth, the gingiva and alveolar bone, with a health
associated supra- and subgingival biofilm.



1.1.1.1 Oral Biofilms

The microbes within the oral environment exist as structurally and
functionally order ed communities, termed biofilms, which can be observed
as dental plaque (Bowen et al., 2018). Existing as a biofilm allows microbial
communities to interact with and respond to various signalling molecules,
thereby coordinating responses , such as gene expression and nutrient
sharing, across the whole community (Miller & Bassler, 2001; Kolenbrander
et al., 2002; Janus et al., 2017; Duddy & Bassler, 2021) . This organised
response allows the resident microbiome to greatly increase its resistance

to exogenous factors such as antibiotics, to which minimal inhibitory
concentrations have been shown to increase up to 100 -fold when bacteria

are cultured in biofilms , compared to planktoni c cultur e (Brown, et al., 1988).

A schematic of oral biofilm formation can be found in  |Figure 1-2




Figure 1-2 Oral biofilm formation.  Biofilm formation begins with the
adherence of host salivary glycoproteins to the enamel surface of the tooth
forming a structure called the pellicle to which initial coloniser species such

as Streptoco ccus and Haemophilus/Agg. bind. As the biofilm matures
Corynebacterium binds to the initial colonisers and form s filaments radiating
outwards around which other species aggregate. The perimeter has a
relatively high oxygen content and harbours mainly aero -tolerant species
whereas the annulus is anoxic and harbours anaerobes. Biofilms can also
disperse for reasons such as adverse conditions or shear force. Adapted

from Mark Welch et al., (2016).



Formation of the oral biofilm is unique as it requires host salivary
glycoproteins that attach to the clean enamel surface of teeth , resulting in a
light film coating known as the pellicle, which facilitates biofilm attachment
(Hannig, 1997; Huang, et al., 2011). Following pellicle formation, pioneer
coloniser species of bacteria can recognise and reversibly bind receptors
such as r-amylase, statherin, proline -rich proteins, sialylated mucins and
salivary agglutinin within the pellicle through interaction with bacterial

surface attac hment structures such as fimbriae and adhesins  (Filoche et al.,
2010; Huang et al., 2011). Of the pioneer species Streptoc occci are
particularly adept, recognising most receptors  within the pellicle, h owever,
Actinomyces spp, Haemophilus spp, Capnactyphaga spp, Veillonella spp, and
Neisseria are also characteristic genera of pioneer species attaching to the
pellicle (Ritz, 1967; Foster & Koldenbrander, 2004; Dige et al., 2009) . Upon
initial colonisation an extracellular matrix is formed from the secretion of
extracellular polymeric substances by pioneer species , which allows the
aggregation of bacteria which are unable to bind to the pellicle only  (Hasan
& Palmer, 2014; Jakubovics et al., 2021). The resulting aggregations allow for
subsequent attachments of bacteria allowing for the development of a

mature biofilm within 48 hours (Nyvad & Fejerskov, 1987).

Biofilm maturation is mediated by attachment of members of the
Corynebacterium genus to early colonisers bound to the pellicle  (Dige et al.,
2009; Mark Welch et al., 2016). The Corynobacteria form filaments radiating
away from the tooth surface providing a central structure to which other
genera can attach in a hedgehog like organisation (Mark Welch et al., 2016).
The perimeter o f the biofilm is mainly dominated by clusters of

Streptoc occus, Porphyromonas and Neisseriaceae with
Haemophilus/Aggregatibacter attaching to the Streptococcus clusters,
which resemble the outside of a cauliflower (Mark Welch et al., 2016). The
dominance of aero tolerant species within the perimeter highlights the
aerobic nature of this environment . However, withinarangeof 10 - SO
from the biofilm surface the environment becomes anoxic  (Wessel et al.,

2014). Streptococci contribute to the ma intenance of the anaerobic
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environment by producing CO », along with hydrogen peroxide and lactate as
by-products of metabolism (Ramsey et al., 2011; Zhu & Kreth, 2012). While
lactate and hydrogen peroxide are inhibit ory to many organisms, hydrogen
peroxi de is detoxified by both Corynebacterium and Aggregatibacter , and
lactate is a preferential substrate for  Aggregatibacter (Brown & Whiteley,
2007) , which aids the selection of these bacteria within the perimeter. The
anoxic annulus , just in from the biofilm perimeter ,is dominated by anaerobic
and microaerophilic bacteria from the genera Fusobacterium , Leptotrichia
and Capnocytophaga (Bernard et al., 1991;Diaz et al., 2000; Diaz et al., 2002;
Woo et al., 2010; Mark Welch et al., 2016). Capnocytophaga require CO , and
hence reside towards t he edge of the annulus close to the CO , producing
Streptococcus (Bernard et al., 1991; Mark Welch et al., 2016). The base of
the biofilm is occupied mainly by Corynebacterium and to a lesser extent
Actinomyces (Mark Welch et al., 2016). It is predicted that a major part of
Corynebacterium metabolism occurs within the base region of the bacterial
community. However, as the Corynebacterium filaments extend through the
entire biofilm these will experience a variety of different conditions, likely

having varied local physiology (Mark Welch et al., 2016).

The mature biofilm structure allows for water channels and porous layers
that facilitate the permeation of nutrients and signalling molecules
throughout the biofilm (Hasan & Palmer, 2014; Mark Welch et al., 2016). This
structure is active and transient, with bacteria able to leave the biofilm either
as single ce lls or clusters via erosion, sloughing or seeding due to the shear
fluid force generated by the constant movement of  saliva within the mouth .
However, they may also disperse actively to relocate during adverse

conditions, such as lack of nutrients (Huang et al., 2011).

1.1.2 The polymicrobial synergy and dysbiosis model of periodontal

disease

Whilst the oral microbiome exists symbiotically with the host during health, if

host-community interactions break down and become dysbiotic , then site
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specific diseases of the periodontium follow (Baker et al., 2016;
Hajishengallis & Lamont, 2014; Lamont & Hajishengallis, 2014) . The impact of
gingival disease is so widespread that it is estimated that gingival disease
affects up to 90% of the world's population  (Marsh, 2003; Pihlstrom et al.,
2005) .

Periodont al disease is caused by a compositional shift of the oral biofilm
from a symbiotic, generalist population to a dysbiotic, specialist disease
associated community with increased pathogenic potential  (Dabdoub et al.,
2016). The disease associated community dysregulates and drives a
destructive host immune response in a mechanism term ed polymicrobial
synergy and dysbiosis (Hajishengallis & Lamont, 2012) . Onset of disease is
initiated by both e nvironmental factors, such as inflammation, pH, redox
potential and nutrient availability , and by certain members of the bacterial
community named 'key -stone' pathogens. These factors enrich the
microbiome for pathogenic associated community members (Hajishengallis
& Lamont, 2012; Cugini et al., 2013; Hajishengallis & Lamont, 2016) . This
change in microbiome composition perturbs  host homeostasis leading to
upregulation of immune inflam matory responses, ultimately causing
periodontal disease, which in turn creates an environment favouring a
pathogenic microbiota, effectively forming a positive feedback loop

selecting further towards dysbiosis and disease (Hajishengallis & Lamont,
2012; Hajishengallis & Lamont, 2014) . Hence it is not a singular pathogen or
factor which initiates periodont al disease but a breakdown of host -
microbiome crosstalk , which induces a compositional shift resulting in an
oral microbiome with increased patho genic potential (Hajishengallis &

Lamont, 2012).

As postulated by the polymicrobial synergy and dysbiosis hypothesis, in

animal models of disease multispecies infections have shown greater
pathogenic potential than monospecies infections  (Lamont & Hajish engallis,
2014; Chukkapalli et al., 2017; Ebersole et al., 2017). This is probably due to

interspecies interactions within the oral microbial community, where
9



organisms can provide substrates to other species facilitating attachment,
cross -feeding, or al lowing cooperative metabolism (Lamont & Hajishengallis,
2014; Murray et al., 2014; Short et al., 2014; Hajishengallis & Lamont, 2016;
Michie et al., 2016). Physical interactions and signalling molecules are also
capable of changing virulence gene expression through the community
which further increases the pathogenic potential of the oral microbiome
(Hajishengallis & Lamont, 2016; Stacy et al., 2016). Hence given the role of
the community within periodontal disease the idea of opposing commensal
and pathogenic groupings of bacterial communities has now been replaced
by a concept of a fluid continuum (Lin & Koskella, 2015; Hajishengallis &
Lamont, 2016; Casadevall, 2017; Nelson & May, 2017; Chen et al., 2018).

1.1.3 Periodontitis

Broadly speaking peri odontal disease encompasses two sequential
inflammatory conditions, gingivitis, and periodontitis. Gingivitis, the acute
form of oral inflammation, is characterised by mild inflammation and is easily
reversible through routine oral care (Albandar & Rams, 2002) . However, if
left untreated gingivitis may progress to periodontitis, the chronic form of
periodontal disease (Albandar & Rams, 2002; Pihlstrom et al., 2005) .
Periodontitis is characterised by severe inflammation of the gingiva,
deepening of the g ingival crevice and, in its severe form, tooth loss owing to
loss of the tissues, ligaments and alveolar bone of the periodontium
(Pihlstrom et al., 2005) . Clinically, the British Society of Periodontology
define the first stage of diagnosis of periodont itis as having a periodontal
pocket probing depth of >3.5mm with evidence of interdental recession.
Periodontitis is further broken down into four stages. Stage I. early to mild
periodontitis with <15% interproximal bone loss. Stage Il: moderate
periodonti tis with bone loss in the coronal third of the root. Stage llI: severe
periodontitis with bone loss in the mid third of the roof. Stage IV: very severe
periodontitis with bone loss in the apical third of the root (Deitrich et al.,
2019). Severe periodontit is affects around 743 million people globally,

costing the US economy alone $54 billion a year in healthcare and lost
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productivity; hence itis 6 ™ on the World Health Organisation list for Global

Burden of Disease (Borgnakke, Ylostalo et al., 2013; Tonetti et al.,2017). A

schematic of the progression of periodontitis is shown in  |Figure 1-3
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Figure 1-3 The progression of periodontitis. In health mouths there is a
symbiotic subgingival biofilm, the tissues around the gingival crevice are well
attached to the tooth root, intact bone and low level of homeostatic
inflammation. However, during periodontitis there is a dysbiotic subgingival
community, severe inflammation, periodontal pocket detachment and tooth
and bone resorption.
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Early studies of the oral microbiome in periodontitis grouped bacteria into
consortia based on their disease status, with commensals (non -disease
associated), accessory pathogens (health associated, however partially
pathogenic during disease) and pathogen s (Socransky et al., 1998). These
consortia were named using a traffic  light system with three identified
Gram-negative pathogens, Porphyromonas gingivalis , Tannerella forsythia
and Treponema denticola , termed the 'red -complex’ (Socransky et al., 1998;
Holt & Ebersole, 2005; Socransky & Haffajee, 2005) . However, in more
recent years studies have now identified a plethora of other pathogenic oral
bacteria , including Gram-positive species such as Filifactor alocis and
Peptoanaerobacter somatis , Gram-negative species such as Megasphaera
spp. and Selenomonas spp., and members of the genera Prevotella,
Syngeristes and Desulfobulbus (Dewhirst et al., 2010; Griffen et al., 2012;
Abusleme et al., 2013; Dewhirst, 2016; Diaz et al., 2016).

Whilst gener ally present at low levels in the subgingival region during health ,
an ecological succession leading to increased load of these pathogenic
bacteria beyond a certain threshold can instigate the inflammatory condition
periodontitis (Marsh, 2003) . Periodontitis patients have been found to have

a higher subgingival bacterial load , accompa nied by heightened gingival
inflammation (Abusleme et al., 2013). This is supported by findings that in
animal models anti-inflammatory treatments not only lower th e severity of
periodontitis but also decrease the bacterial load and effectively reverse
dysbiosis (Hasturk et al., 2007; Hajishengallis et al., 2011;Abe et al., 2012;
Eskan et al., 2012; Moutsopoulos et al., 2014; Lee et al., 2016), further
highlightin g the symbiotic link between inflammatory responses and bacteria

in periodontitis

As postulated by the polymicrobial synergy and dysbiosis model of disease,
the host upregulation of inflammatory signalling in response to dysbiosis
during periodontitis further selects for  a microbiome with heightened
pathogen ic potential . The resulting inflammatory response s induce tissue

damage, releasing nutrien ts such as degraded collagen, heme , amino acids
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or iron sources into the gingival crevice (Hajishengallis, 2014; Diaz et al.,
2016). These nutrients are then released into the gingival crevicul ar fluid; a
serum-like exudate which bath es the periodontitis associated bacterial
community (Marsh, 2003) . The transcriptome of the periodontitis associated
microbiota displays a preference for acquisition of these nutrients, with
upregulation of genes involved with proteolysis, iron acquisition, peptide
transport and lipopolysaccharide synthesis, the latter of which could act to
further heighten inflammation (Duran-Pinedo et al., 2014).Therefore the link
between periodontitis and inflammation is reciprocative, in that  inflammation
fosters a pro -periodontitis dysbiotic microbiome , but this dysbiosis itself
fuels inflammation, creating a 'self-feeding' positive feedback loop that if left
unchecked constantly pushes the progression of periodontitis (Duran-
Pinedo et al., 2014; Hajishengallis, 2014; Diaz et al., 2016; Yost et al., 2017).

To allow this inflammation -dysbiosis feedback loop to run unchecked , host
immune-antibacterial responses must somehow be subverted . This
requirement for immune subversion is exemplified by differential

susceptibility to periodontitis, with certain individuals  displaying a high load
of dysbiotic flora within their dental plaque whilst still retaining periodontal
health; likely due to the high genetic variability of human innate immunity
(Socransky & Haffajee, 1994; Kinane & Hart, 2003; Kinane, et al., 2007,
Laine, et al., 2012). Given that inflammatory responses are a prerequisite for
the progression of periodontitis, the strategy of  generalised immune
suppression employed by many bacteria | communities would be
counterproductive for the periodontitis -associated oral micr obiome, as it
requires upregulation of host pro-inflammatory responses for nutrient
acquisition (Finlay & McFadden, 2006; Lamont, Koo, & Hajishengallis, 2018) .
Hence to mitigate this , during periodontitis the microbiome  actively
uncouples host inflammatory response s from their bactericidal activity,
which is best characterised by the actions of the key-stone pathogen P.

gingivalis (Hajishengallis, Darveau, & Curtis, 2012) , discussed further in

section |1.1.4
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1.1.4 Porphyromonas gingi valis

P. gingivalis is a Gram-negative, rod -shaped, anaerobic bacterium belonging
to the Bacteroidetes genus (Mayrand & Holt, 1988) . Owing to its requirement
of hemin from host cells, in the laboratory setting P. gingivalis is grown on
blood containing agar plates and its pigmentation chang es from beige to
black over 2-4 days growth (Holt et al., 1999). P. gingivalis can be found at
low abundance in the microbiome of healthy individuals, accounting for less
than five percent of the microbial community (Forng et al., 2000) , and is only
found in 25% of patients displaying oral health or mild periodontitis  (Griffen
et al., 1998). However, increased levels of P. gingivalis are phenotypic of
periodontitis , with its ability to induce periodontitis first being shown in 1988
in nonhuman primates (Holt et al., 1988). These e arly studies pointed

towards P. gingivalis being the sole cause of periodontitis (Baker et al., 1999;
Holt et al., 1988), and fittingly P. gingivalis has been identified in 79% of
patients with periodontal disease (Griffen et al., 1998). However , more
recent studies have shown that P. gingivalis cannot induce periodontitis in
germ free mice , and subsequently it has become clear that P. gingivalis
induces the onset of periodontitis by facilitating a compositional shift of the
oral microbiome from symbiotic to dysbiotic , in fitting with the polymicrobi al
symbiosis model of disease (Hajishengallis et al., 2011). Hence, the ability of
P. gingivalis to induce community wide change , which results in dysbiosis,
even at low abundance within the oral microflora, has led to its
characterisation as a 'key-stone' pathogen (Darveau et al., 2012;

Hajishengallis, Darveau, & Curtis, 2012) .

To elicit its pathogenic potential P. gingivalis has the ability to both invade
cells and utilise various virulence factors including lipopolysaccharide (LPS),
fimbriae, capsular polysaccharide (CPS), hemagglutinins and gingipains to
foster conditions which drive periodontitis (Xu et al., 2020) . A selection of
the virulence factors employed by P. gingivalis and key mechanisms by
which P. gingivalis evades and subverts host immune responses are detailed

in the following sections.
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1.1.4.1 Adherence and Invasion

A key factor contributing to the pathogenicity of  P. gingivalis is its ability to
invade host cells, which was first discovered in the 1990s using antibiotic
protection assays to demonstrate its invasive capacity (Lamont et al., 1992).
Further studies have since shown that P. gingivalis can invade not only oral
tissues, such as multi -layered pocket epithelium (Papapanou et al., 1994),
but also other areas such as heart and aortic tissues (Deshpande et al.,

1998) and even brain tissues (Poole et al., 2015).

There are five main stages of Porphyromonas gi ngivalis invasion, adherence,
entry, trafficking, persistence and exit or transmission (Reyes et al., 2013b).
Initial adhesion is mediated by various adhesins, such as fimbriae or
hemagglutinins (discussed further below), on the surface of P. gingivalis
adhering to host cell surface ligands (Weinberg et al., 1997; Deshpande et al.,
1998). Once adhered P. gingivalis can enter host cells via a mechanism
involving lipid rafts, facilitating movement into the host membrane

(Yamatake et al., 2007) , cytoskeletal rearrangement (Lamont et al., 1995;
Yilmaz et al., 2003) , and protein synthesis and actin polymerisation from
metabolically active host cells (Deshpande et al., 1999; Dorn et al., 1999).
Invasion takes around eight minutes and once internalised P. gingivalis can
persist for up to eight days within the host cell  (Belton et al., 1999). The
freshly internalised P. gingivalisis then trafficked via the host autophagic
pathway (Dorn et al., 2001), which it pre -activates before entry (Reyes et al.,
2013a). To survive the autophagic pathways , P. gingivalis hijacks their
function by creating a novel intracellular vesicle for persistence and
replication by localising to autophagosome s. P. gingivalis then inhibits the
fusion of these autophagosomes with lysosomes sparing itself from the
formation of the degradatory autolysosome  (Dorn et al., 2001). Functionally,
trafficking localises P. gingivalis to the perinuclear region , where it can
persist and replicate (Lamont et al., 1995; Belton et al., 1999), although the
ability of to replicate intracellular has not been highly observed by all studies

(Wang et al., 2007) . P. gingivalis can exit cells via the endocytic recycling
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pathways in a manner requiring actin polymerisation and microtubule
assembly (Takeuchi, Furuta, & Amano, 2011; Takeuchi et al., 2011). However,
P. gingivalis can also spread cell -to-cell, utilising cytochalasin D to

polymerise filamentous protrusions of a ctin, which pass P. gingivalis to
neighbouring cells (Yilmaz et al., 2002) . Interestingly, it has been found that
P. gingivalis is more invasive after it has been internalised once into cells ,
which may implicate P. gingivalis reinvasion in the progression of periodontal

disease (Suwannakul et al., 2010).

1.1.4.2 Lipopolysaccharide

As with all Gram-negative bacteria P. gingivalis is sheathed by LPS, which is
an outer membrane component that functions to provide structural integrity
and protecti on, whilst also eliciting a strong host immune response (Caroff &
Karibian, 2003) . The P. gingivalis LPS is also a major activator of host pro -
inflammatory immune responses , stimulating host cells to increase protein
synthesis of pro-inflammatory cytokines such as interleukin (IL) -1r, IL-1, IL-6,
IL-8, IL-18 and tumour necrosis factor alpha (  TNF- r), which causes tissue
damage (Kadono et al., 1999; Zhou et al., 2005 ; Bostanci et al., 2007a;
Bostanci et al., 2007b; ), and eventually leads to bone resorption (Chiang et
al., 1999; Kato et al., 2013; Nishida et al., 2001). P. gingivalis LPS varies from
the LPS of other Gram-negative bacteria , in that it is not only a weaker
cytokine stimulator than other Gram-negative bacteria | LPS (Liu et al.,
2008) , but can also antagonize the cytokine -stimulating ability of other
bacterial pathogens (Bostanci et al., 2007) . Seemingly conversely, in human
umbilical cord vein cells , P. gingivalis LPS has also been shown to decrease
expression of nuclear factor kappa B ( NF- B), a transcription factor whose
activation triggers cytokine production (Wang et al., 2020) . LPS has also
been found to causes ‘chemokine paralysis' in gingival epithelial cells by
preventing the production of the neutrophil activating chemokine IL -8
(Darveau et al., 1998). P. gingivalis LPS can decrease the migration of
neutrophils to infection sites by lowering expr  ession of the cell adhesion

molecule E -selectin (Darveau et al., 1995). P. gingivalis is capable of
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secreting LPS in vesicles termed outer membrane vesicles (OMVs)  (Grenier
& Mayrand, 1987); these are known to penetrate periodontal tissues allowing
for increased control of host immune responses (Moore et al., 1986; Mccoy

et al., 1987).

Structurally LPS consists of three subunits, a n oligosaccharide core, an O -
antigen and a lipid A component (Ogawa & Yagi, 2010) . However, P.
gingivalis-derived LPS is structurally unique in that variation in the O -antigen
structure can confer antigenic differences between  P. gingivalis strains
(Paramonov et al., 2001; Paramonov et al., 2009) . The lipid A component
displays the opposite receptor -activati ng capacity of most Gram-negative
bacteria as it activates toll like receptor 2 (TLR2), whilst antagonising TLR4

(Darveau et al., 2004) , which may attenuate immune responses (discussed

further in section (1.14.7) (Hajishengallis, Wang, & Liang, 2009a) .

Furthermore, in response to changes with in the surrounding

micro environment P. gingivalis also has the ability to modify t he acetylation
pattern of lipid A. For example , during low hemin levels the P. gingivalis LPS
acetylation pattern favours activation of TLR4 , whereas in conditions of high
hemin availability (indicative of inflammation) the acetylation pattern favours
TLR4 antagonism (Darveau et al., 2004; Nemoto et al., 2006 ; Al-Qutub et al.,
2006 ), allowing for regulation of host immune signalling in response to

environmental changes.

1.1.4.3 Capsular Polysaccharide

Capsular polysaccharide (CPS) is not a feature of all P. gingivalis strains and
of those in which it , is the composition varies, giving rise to at least six
different serotypes (Laine et al., 1997; Sims et al., 2001). The P. gingivalis
CPS increases resistance to polymorphonuclear | eukocytes (Sundqvist et
al.,1991) and influences the ability of P. gingivalis to adhere to epithelial cells
(Dierickx et al., 2003) . Indeed, in mouse models of periodontitis,

encapsulated P. gingivalis strains have been found to be more invasive and

to induce increased severity of periodontitis , compared to their non -
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capsulated counterparts (Laine et al., 1997). However, CPS is not only
involved in P. gingivalis host interactions as studies have found CPS to aid
the coaggregation of P. gingivalis to the oral bacterium Fusobacterium
nucleatum (Rosen & Sela, 2006) . Furthermore, d ifferent serotypes of P.
gingivalis CPS have been shown to elicit different levels of immune

activation (d'Empaire et al., 2006; Vernal et al., 2009) . Interestingly, it has
been found that P. gingivalis short fimbriae can be covered by CPS;
effectively hiding P. gingivalis from host immune s urveillance (Brunner et al.,

2010; Singh et al., 2011).

1.1.4.4 Fimbriae

P. gingivalis fimbriae are thin proteinaceous, adhesive, filamentous
appendages that protrude from the bacterial cell surface, and were first
characterised by Yoshimura and colleagues in 1984 (Yoshimura et al., 1984).
P. gingivalis can express two forms of fimbriae, along f orm and a minor form
(Hasegawa et al., 2009) . Each mature fimbria is composed of 5 protein
polymer subunit s, with the long form encode d by the fimA gene cluster and
the minor form encoded by the mfa gene cluster, however they are mainly
comprised of protein encoded by the  fimA1l (long fimbrial protein A chain 1)
and mfal (minor fimbrial protein 1 chain A) genes respectively (Nishiyama et
al.,2007; Hasegawa et al., 2009; Nagano et al., 2010; Hasegawa et al., 2013;
Ikai et al., 2015; Hasegawa et al., 2016). There is a great amount of variance
within the amino acid terminals and DNA sequences of the  long fimbriae and
as such they can be classified into six distinct types; types 1 -V and type 1b
(Nakagaw a et al., 2000; Nakagawa et al., 2002) . Different strains of P.
gingivalis express different types of the long fimbriae giving rise to a range

of presentations. For example, P. gingivalis strains ACTCC 381 and NCTC
11834 are densely fimbriated with type | fimbriae, whereas strains W83 and
W50 are sparsely fimbriated with type IV fimbriae  (Sojar et al., 1997; Amano
et al., 1999).
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The fimbriae of P. gingivalis are heavily implicated in adhesion to bacteria |,
host cells and substrates (Yoshimura et al., 2009 ; Enersen et al., 2013). The
long fimbriae are not only involved in adhesion but also in invasion and host
downstream signalling event s, as such P. gingivalis lacking the long fimbriae

have a lower invasi ve capacity (Njoroge et al., 1997; Weinberg et al., 1997).

P. gingivalis fimbriae evoke host immune response s, resulting in stimulation
of cytokine production by macrophages and monocytes  (Ogawa et al., 1994;
Amano et al., 2004) . Long fimbriae, encoded by the FimA gene cluster ,
trigger immune responses via interactions with TLR2  (Harokopakis et al.,
2006; Hajishengallis, Wang, & Liang, 2009; Coats et al., 2019), CXC
chemomkine receptor 4 (CX CR4) (Hajishengallis, Wang, Liang, Triantafilou,
& Triantafilou, 2008; Hajishengallis, G. et al., 2013), culster of differentiation
14 (CD14) (Hajishengallis, Ratti, & Harokopakis, 2005; Harokopakis &
Hajishengallis, 2005) and complement receptor -3 (CR3) (Takeshita et al.,
1998; Hajishengallis et al., 2005; Harokopakis et al., 2006; Hajishengallis et
al., 2007; Hajishengallis et al., 2008 ). Somewhat contrastingly , minor
fimbriae encoded, by the mfa gene cluster, have been shown to bind to the
dendritic cell -specific intercellula r adhesion molecule -3-grabbing non -
integrin (DC -SIGN) receptor of human dendritic cell s. Binding facilitates P.
gingivalis invasion and persistence by inhibiting host autophagy and
intracellular bacterial killing, whilst inhibiting dendritic maturation and

cytokine production (Zeituni et al., 2009; Zeituni et al., 2010; El-Awady et al.,
2015; El-Awady et al., 2019; Meghil et al., 2019). However, purified Mfal
fimbriae have been shown to interact with TLR2 and CD14 in monocytes and
macrophages, stimulating the production of proinflammatory cytokines such
as IL-1r, IL- t, IL-6, IL-8 and TNF - r, and induce osteoclast differentiation,
which together are highly implicated in bone resorption (Hamada et al.,
2002; Hiramine et al., 2003 ; Amano et al., 200 4).

Both the major and minor fimbriae contribute towards  the stability of oral
communities within the subgingival regions. The minor fimbriae facilitate

autoaggregation and co -aggregation with molecules of other bacteria
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species, such as Streptoccal ssp proteins (Lamont et al., 2002; Lin et al.,
2006) , whilst the major fimbriae are also involved in binding interactions with
other bacterial molecules such as Streppococal glyceraldehyde -3-
phosphate dehydrogenase ( GADPH) (Maeda et al., 2004) . These
aggregation events help the bacterial communities resist the shear forces of
saliva and gingival crevicular fluid , promot ing persistence within the

subgingival environment.

1.1.4.5 Gingipains

Gingipains, a group of key P. gingivalis virulence factors, are secreted and
cell surface anchored cysteine proteases that contribute to bacterial
function by cleav ing host cell surface bound receptors and by inhibition of
the host complement signalling, which aids nutrient acquisition and bacterial
survival (Andrian et al., 2006; Shoji et al., 2004) . A detailed discussion of

gingipains can be found in section |5.1

1.1.4.6 Hemagglutinins

Hemagglutinins are a class of virulence factors employed by  P. gingivalis
that are implicated in bacterial adhesion and nutrient acquisition (Han et al.,
1996; Shi et al., 1999; Song et al., 2005; Connolly et al., 2017). These
virulence factors are expressed on the bacterial cell surface either in
association with fimbriae or with non -fimbrial components (Han et al., 1996).
P. gingivalis expresse s at least eight hemagglutinins, however only a subset
have been characterised within the remit of host -cell interactions, which are
encoded by a group of hag genes, hagA-hagE (Connolly et al., 2017). Both
the RgpA and Kgp gingipains of P. gingivalis are multi-domain pro teins that

contain hemagglutinin domains such as hagA (Potempa et al., 2003) .

The role of hemagglutinins within iro n scavenging is well documented . As P.
gingivalis does not have a siderophore scavenging system, hemagglutinins

mediate absorption of heme from erythrocytes by facili tating binding to
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these cells, as well as gingipain activity and agglutination (Lepine et al., 1996;
Lewis et al., 2006; Olczak et al., 2007) . However, hemagglutinin s have been
implicated in adherence. HagB has been documented to aid adherence of P.
gingivalis to endothelial cells, however it was not found to be involved in
invasion (Song et al., 2005) . More recent work has identified that both HagB
and HagC are implicated in adherence to oral epithelial cells, in this case

HagB was also found to be involved in invasion (Connolly et al., 2017).
Hemagglutinins are also involved in interbacterial adhesion, where HagA
plays a crucial role in facilitating the coaggregation of P. gingivalisand T.

denticola (Guo et al., 2010; Ito et al., 2010), previously discussed in section

1.14%

1.1.4.7 Immune subversion

P. gingivalis employs a wide variety of immune subversive techniques to

avoid host immune surveillance whilst leaving inflammatory responses
heightened, including inducing chemokine paralysis (Darveau et al., 1998),
and inhibition or degradation of NF - B (Calkins et al., 1998; Takeuchi et al.,
2013). By far the most well documented mechanism of  P. gingivalis
subverting host immune responses is through interactions with TLRs, their
co-receptors and the complement system  discussed further in this section
P. gingivalis fimbriae are known to interact with the CD14 -TLR2 complex,
inducing TL R2 mediated NF - B activation , ultimately stimulating the
production of pro -inflammatory cytokines in gingival epithelial cells (Asai et
al., 2001; Hajishengallis Ratti, & Harokopakis, 2005; Hajishengallis et al.,
2006) , selecting towards a proinflammatory environment. Functionally, to
uncouple the host bactericidal from proinflammatory responses P. gingivalis

hijacks TLR and complement crosstalk, discussed below.

1.1.4.7.1 Dysregulation of macrophage and monocyte activity

Monocytes and macrophages are key innate immune components whose

actions are heavily implicated in inflammatory and bactericidal activities (Ma
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et al., 2019), and as such their function is a valuable target for P. gingivalis to
foster the pro -inflammatory environment , which is a key driver of dysbiosis .

A schematic of 3 JL QJ Ldydpe@ulation of immune signalling in monocytes

and macrophages can be found in |Figure 1-4

P. gingivalis FIimA interacts with the CD14 -TLR2 complex, resulting in an
inside out signalling pathway, where RAC1,Phosphatidylinositol -3-kinase
(P13K) and cytohesin 1 (CYT1) transactivate complement receptor 3 (CR3)
(Harokopakis & Hajishengallis, 2005; Harokopakis et al., 2006;
Hajishengallis, Wang, & Liang, 2009) , increasing adhesion and
transmigration of the pro -inflammatory monocytes to the infection  foci
(Harokopakis et al., 2006) . P. gingivalis utilises the activation of this pathway
to gain safe passage into macrophages, where once internalised, this
pathway contributes to increased survival (Hajishengallis et al., 2006) .
Activate d CR3 can directly bind P. gingivalis fimbriae, activating extracellular
signal-regulated protein kinase (ERK) 1 and ERK2, thereby inhibiting TLR
mediated IL -12 production, causing impaired immune clearance of P.
gingivalis and increased bone loss (Hajishengallis et al., 2006; Wang et al.,

2007) .

The arginine gingipain B, RgpB, of P. gingivalis cleaves the C5 complement
component to generate increase d concentrations of biologically active C5 a
(Liang et al., 2011; Wingrove et al., 1992), without the requir ement for host
complement activation (Hajishengallis et al., 2017). This activates the C5a-
receptor (C 5aR), mobilising intracellular calcium, thereby inducing the
activation of cAMP (Wang et al., 2007) . C5a alone does not strongly activate
cAMP, how ever FimA also induces crosst alk between CXCR4 and TLR2,
further activating CAMP  (Hajishengallis, Ratti, & Harokopakis, 2005; Pierce

et al., 2009) . Heightened cAMP activity results in the activation of the cAMP -
depe ndent protein kinase A (PKA), which inhibits inducible nitric oxid e
synthase (iINOS) -mediated bactericidal activity in human macrophages and
mouse monocytes (Hajishengallis, Wang, Liang, Triantafilou & Triantafilou,

2008) .
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Figure 1-4. P. gingivalis mediated dysregulatio n of innate immune
responses in monocytes and macrophages. P. gingivalis FimA binds to the
CD14-TLR2 complex and initiates inside-out signalling, involving RAC1, PI3K
and CYTL1 to activate CR3. Activated CR3 facilitates P. gingivalis
internalisation and inhibits the production of IL -12 via the ERK1/2 pathway.
The RgpB of P. gingivalis cleaves C5, which activate s C5aR, which
concurrently with CXCR 4-TLR2 crosstalk, activated by P. gingivalis fimbriae,
activates CAMP. Increased cAMP activity induces PKA stimulation, which
negatively regulates NF - B and thereby inhibits INOS mediated bacterial
killing. Figure adapted from Hajishengallis (2009) .
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1.1.4.7.2 Uncoupling of inflammation from bacterial clear ance in neutrophils

Neutrophils make up to 95% of the total leukocytes within the gingival

crevice and hence are in contact with  P. gingivalis (Delima & Van Dyke,

2003; Nussbaum & Shapira, 2011) . However, during periodontitis neutrophils

do not successfu lly control the dy sbiotic microbiome, even though they

mostly remain viable (Newman, 1980; Chapple & Matthews, 2007; Ryder,

2010; Vitkov et al., 2010). This manipulation of neutrophil function during

periodontitis is largely mediated by the actions of  P. gingivalis hijacking

signalling pathways linking complement and TLRs. A schematic of P.

gingivalis™ LQWHUDFWLRQV ZLWK QHXWUR §|Rigute I28QFWLRQ

As described above , P. gingivalis can generate high concentrations of active
Cb5a (Wingrove et al., 1992; Liang et al., 2011). This coupled with the ability of
P. gingivalis to activate TLR2 (Burns et al., 2006) , leads to interactions
between the C5aR and TLR2 (Maekawa et al., 2014). The resulting crosstalk
leads to ubiquitylation of the TLR2 adaptor myeloid differentiation primary
response 88 ( MYD88) by the E3 ubiquitin ligase SMURF1, thereby targeting
MYD88 for proteasomal degradation, which inhibits the bactericidal

responses of neutrophils (Maekawa et al., 2014). Concurrently, C5aR -TLR2
signalling activates PI3 K, via another TLR2 adaptor MAL, which inhibits the
RhoA GTPase and actin polymerisation to inhibit phagocy tic uptake of P.
gingivalis, and other community members. However, this also upregulates
pro-inflammatory responses, effectively uncoupling the antimicrobia | from
the proinflammatory responses in neutrophils (Maekawa et al., 2014), which
serves to increase nutrient availability, bacterial fitness and further foster a

dysbiotic microbiota .

25



Figure 1-5 P. gingivalis uncouples bactericidal from pro  -inflammatory
responses in neutrophils.  P. gingivalis RgpB generates high concentrations
of biologically active C5a, which activ ates C5aR signalling. This induces
proteasomal degradation of the TLR2 adaptor MYD88 0  wing to
ubiquitylation by SMURF1, which inhibits host bactericidal responses.
Concurrently, crosstalk between TLR2 and C5aR activate s MAL, which
induces PI3K activity, inhibiting R hoA and consequently actin polymerisation
and phagoc ytic uptake of P. gingivalis and other community members.
TLR2-C5aR crosstalk also induces inflammatory responses. Therefore, as
such P. gingivalis uncouples antimicrobial responses from inflammatory
responses. Figure adapted from Hajishengallis (2015).
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1.1.4.8 Links to other diseases

Given the prevalence of tissue destruction during periodontal infection
(Marsh, 2003) , coupled with the highly invasive capacity of P. gingivalis
(Lamont et al., 1992), during chronic infections P. gingivalis gains access to
the blood stream and translocate s to other areas of the host . In these
circumstances P. gingivalis has been implicated in a variety of diseases
(Xiaojing et al., 2000) , of which a selection is briefly outlined in the following

sections .

1.1.4.8.1 Cardiovascular disease

The link between periodontal infection and heart disease has been

postulated since the 1960s (Mackenzie & De Millard, 1963) . However, it was
not until 1989 that two studies simultaneously showed that oral infections
have an etiological role in cardiovascular disease (Mattila et al., 1989;
Syrjanen et al., 1989). Indeed, more recent studies have found the
periodontium to be a key source of bacteria and pro -inflammatory mediators
within th e bloodstream, which lead to cardiovascular pathologies (Xiaojing et
al.,2000) . Given that immune-subversion by P. gingivalis during periodontitis

inherently fosters a pro -inflammatory environment (discussed in section

1.1.4.7, it is no surprise that the inflammatory burden of periodontitis has

been implicated to have a significant effect on atherosclerosis , an
inflammatory cardiovascular disease in which internal plaque  build-up
hardens arteries (Schenkein & Loos, 2013) . Indeed, P. gingivalis has been
detected in atherosclerotic plaques (Kozarov et al., 2005) , is known to
invade cardiovascular and endothelial cells (Deshpande et al., 1999), and has
been extracted in a cultivable state from atheromatous tissues (Rafferty et
al.,2011) Whilst these previous results are observational , a study using a
mouse model of atherosclerosis has shown that persistent periodontal
infection induced by P. gingivalis increases the formation of atherosclerotic
plaques (Velsko et al., 2014), further implicating P. gingivalis in

atherosclerotic disease progression .
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1.1.4.8.2 Oral cancer

Cancers of the head and neck regions present mainly as sq uamous cell
carcinoma (Chi et al., 2015). The exact role of P. gingivalis within the context
of oral cancers is yet to be fully characterised, however P. gingivalis is
positively associated with oral squamous carcinoma. In  oesophageal
squamous cell carcinoma increased levels of salivary P. gingivalis are linked
to heightened disease progression (Zhang et al., 2019) and fittingly P.
gingivalis has been found to be overabundant in oesophageal cancer tissues
(Gao et al., 2016). Furthermore, detection of P. gingivalis in oral squamous
carcinoma or oesophageal squamous carcinoma le sions has been linked to
worsen clini copathological outcomes (Gao et al., 2016; Chen et al., 2020;

Gao et al., 2021).

By the very nature of tumour igenesis, increased or uncontrollable
proliferation is a tacit requirement of tumour progression.  To thisend, in
primary gingival epithelial cells P. gingivalis infection has been shown to
upregulate host expression of genes involved in proliferation (Handfield et
al.,2005; Mans et al., 2006; Geng et al., 2017; Zhang et al., 2019).
Furthermore , infection has also been shown to reduce levels of the p53
tumo ur suppressor , which accelerates the progression through S -phase of
the cell cycle (Kuboniwa et al., 2008) . Increased proliferation was also
shown to be dependent up on FimA expression (Kuboniwa et al., 2008) ;
however, gingipains may also contribute to this response through activation
of notch signalling (Al-Attar et al., 2018). Studies investigating P. gingivalis
infection in tumour cells derived from the alveolus have identified activation
of alpha -defensins post infection, which has also been shown to increase

cell proliferation (Hoppe et al., 2016). However, during P. gingivalis infection
there is also disruption of host immune response s, a potential driving fact or
of cancer progression (Whitmore & Lamont, 2014) . This coupled with the
ability of P. gingivalis to sup press pro -apoptotic pathways such as janus

kinase 1 (Jak1)/Akt/ signal transducer and activator of transcription 3 (  Stat3)
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(Mao et al., 2007) and increase the host proliferative potential, shows that P.

gingivalis has potential to drive cancer progression.

1.1.4.8.3 Diabetes

Heightened risk of developing periodontitis among diabetes patients was

first described in 1993 (Loe, 1993). Indeed, subsequent studies have found
that patients with type | and Il diabetes have a 3 to four -fold increased risk
of developing periodontitis (Kocher et al., 2018; Wu et al., 2020; Genco &
Borgnakke, 2020; Romano et al., 2021; Zheng et al., 2021). However, the link
between diabetes and periodontitis appears to be bi -directional (Grossi &
Genco, 1998; Taylor, 2001) , as in non-diabetic V X E M hh&riddowtitis
increases the risk of high blood glucose and subsequently the  prevalence of
pre-diabetes and type Il diabetes (Borgnakke et al., 2013; Ziukaite et al.,
2018; Graziani et al., 2018; Wu et al., 2020; Chang et al., 2020 ). A recent
system atic review has confirmed th e bi-directional nature of this

relationship , finding that patients suffering from type Il diabetes displayed a
34% increased risk of periodontitis , and that severe periodontitis increased
the risk of type Il diabetes by 53% (Wu et al., 2020) .

P. gingivalis has also been shown to aggravate the disease phenotype in
mouse models of diabetes (Tian et al., 2020) . Functionally P. gingivalis may
mediate this progression in a number of ways , including increasing blood
glucose and decreasing insulin production. In human hepatocyte cells P.
gingivalis can enhance glucose output by inhibiting translocation of  forkhead
box protein O1 (Takamura et al., 2016). Both P. gingivalis and its OMVs have
the ability to translocate to the liver of mice with experimentally induce d
periodontitis, where they decrease hepatic glycogen synthesis via inhibition
of the Akt -glycogen synthase kinase - 3 beta (GSK3 t) pathway (Ishikawa et
al., 2013; Seyama et al., 2020) . P. gingivalis can also translocate to the
pancreas and impact upon insulin by changing the struc ture of insulin
secreting islets (llievski et al., 2017). Furthermore, in both human and animal

pancreatic samples P. gingivalis has been shown to induce epigenetic
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changes that dedifferentiate insulin produc ing cells within the pancreas
(Diomede et al., 2017; llievski et al., 2020) .

1.1.4.8.4 Alzheimer S disease

The presence of extraneuronal amyloid beta (A t) plaques and
intraneurofibrillary tangles in the brain , coinciding with clinically defined
symptoms of cognitve GHFOLQH IRUP WKH EDVLV RI $O]J]KHLPHL
diagnosis at autopsy (Hyman et al., 2012; Dugger & Dickson, 2017) . Although
periodontal diseases and neurodegeneration are  seemingly distinct , the
periodontium and the brainstem are linked by the trigem inal ganglion (Cook
et al., 2013). Indeed, there is likely communication between these two

regions, as tooth pain is registered in the brain and several trigeminal nerves
are distributed throughout the periodontium  (Goto et al., 2020) . Interestingly
it has been shown that in AD transgenic mice, extraction of molar teeth
release s At and trigger s neurodegeneration via the trigeminal nerve

pathway (Goto et al., 2020) . Hence, this potential communicative

relationship may provide a link bet ween periodontal trauma and adverse

neurological outcomes.

There are several further lines of evidence that in certain circumstance s, P.
gingivalis may interact with and potentially progress the patho  physiolog y of
AD. Firstly, both P. gingivalis and its gingipains were recently detected in
brains of patients with AD (Dominy et al., 2019) and further studies have also
identified P. gingivalis LPS within the brains of human AD patients and in the
brains of mouse models of AD (Memedovski et al., 20 20; Poole et al., 2013).
Secondly, neuroinflammation is though t to be a key driver of cognitive
decline (Holmes et al., 2003) . P. gingivalis LPS is known to promote
neuroinflammation via TLR4 and NF - B signalling in rats (Zhang et al., 2018)
and P. gingivalis infection -induced neuroinflammation has been postulated to
heighten cognitive impairment in C57BL/6 mice (Hu et al., 2020) . These
findings are supported by studies demonstrating that P. gingivalis induces

proinflammatory cytokine release in brain tissues of infected mice (Ding et
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al.,2018) and P. gingivalis LPS activates rat microglia (macrophage like cells
of the central nervous system), which consequently induces cytokine and

chemokine release (Memedovski et al., 2020) .

P. gingivalis infection also increases A t accumulation in periodontal tissues

of mouse models, human gingival tissues and in human serum (Gil #ontoya
et al., 2017; Leira et al., 2019; Nie et al., 2019). Furthermore , gingipains have
been shown to have similar proteolyt ic activity to cathepsin B (Dominy et al.,
2019), the enzyme that cleaves ABPP to produce A t deposition in sporadic
AD (Hook et al., 2008) . Hence given that both P. gingivalis and its gingipains
have been detected in the brains of AD patients and A  t deposition was
observed post colonisation of mouse brain by  P. gingivalis (Dominy et al.,
2019), it is plausible that P. gingivalis is capable of progressing AD

pathophysiology by increasing A t plaque formation.

Another classic hallmark of AD is the fo rmation of neurofibrillary tangles
(NFTs), which are formed due to hyperphosphorylation of  tau, a microtubule
stabilising protein. In AD hyperphosphorylated tau dissociates from
microtubules, which results in the collapse of the microtubule network,

conseq uently resulting in the aggregation of nhon-membranous masses
along with tau, termed NFTs (Grundke -Igbal et al., 1986; Koepke et al., 1993).
This loss of microtubule stability owing to NFT formation ultimately disrupts
protein trafficking and cellular fun ction, which is a driving factor of AD
pathology (Kinney et al., 2018). There are several lines of evidence that P.
gingivalis may interact with NFTs. Firstly, P. gingivalis has been identified
within the NFT lesions in the brains of AD patients at autopsy (Dominy et al.,
2019; Ryder, 2020) . The relevance of P. gingivalis within these NFTs is
highlighted by studies showing that when P. gingivalis is injected into the
brains of rats tau is inhibited from stabilising microtubules, which leads to

the self-assembly of tau into structures similar to NFTs , and
neuroinflammatory signalling (Tang et al., 2021). Furthermore,

phosphorylation of tau in response to  P. gingivalis infection has also been
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observed in mouse models (llievski et al., 2018) and cell cultures (Haditsch et
al.,2020) .

However, P. gingivalis gingipains may also be implicated in AD
pathophysiology, as they have also been found to co -localise with
microtubules with the NFTs in the brains of AD patients  (Dominy et al.,
2019). This study also found that gingipains can degrade tau into multiple
fragments, of which six contain microtubule binding domains with VQIINK
and VQIVYK signatures (Dominy et al., 2019). If this proteolytic activity
occurs in infection sites within the bra in it may be a driving factor behind
increased NFT formation, as constituent components of NFTs also display
these VQIINK and VQIVYK signatures (Barbier et al., 2019). Hence, given
that P. gingivalis and its gingipains have been positively identified wit hin
NFTs of AD patient brains and gingipains can directly cleave tau into
fragments, with similar capacity to bind collapsed microtubules to other NFT
components, it is entirely plausible that P. gingivalis may actively progress
NFT formation during AD (Barbier et al., 2019; Dominy et al., 2019).
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1.2 The Integrated Stress Response , ISR

Within eukaryotic cells, the Integrated Stress Response is a mechanism that,
in response to changes in either intracellular or extracellular conditions, has
the capability of switching between cellular survival or inducing cell death
(reviewed by Pakos-Zebrucka et al., 2016). Stimuli can include both
physiological and pathological changes and once triggered results in the
reduction of global protein synthesis, allowing the cell to focus energy into
overcoming stress (Brostrom & Brostrom, 1997) mediated via the
phosphorylation of eukaryotic translation initiation factor 2 alpha (elF2 r

(Siekierka et al., 1982; Donnelly et al., 2013;(Figure 1-6|A ]C). However, during

ISR activation, there is also increased translation of a selection of stress
response mMRNASs via translation of upstream open reading frames (Ryoo &
Vasudevan, 2017). This includes mRNAs coding for transcription factors,

such as activating transcription factor 4 (ATF4), C/EBP homologous protein
(CHOP), and growth arrest and DNA damage -inducible protein (GADD34),
which act as effectors of the ISR (Lee et al., 2009; Palam et al., 2011,
Hinnebusch & Lorsch, 2012 ) specifically upregulating the expression of
genes involved in cellular reprogramming under stress conditions  (Karpinski

et al., 1992; Harding et al., 2003; B'Chir et al., 2013;|Figure 1-6|D,E).

Of the ISR effectors, ATF4, a basic leucine zipper transcription factor, is the
best studied (Karpinski et al., 1992; Vallejo et al., 1993; Ameri & Harris, 2008 ).
Once activated, ATF4 regulates the expressio n of genes involved in stress
responses, amino acid (AA) synthesis, metastasis, angiogenesis and
differentiation, allowing for a stress -specific cellular response (Ameri &
Harris, 2008) . During hypoxia, endoplasmic reticulum (ER) stress, and AA
starvatio n, ATF4 also upregulates transcripts involved in autophagy

(Rzymski et al., 2010; B'Chir et al., 2013; Deegan et al., 2015). One
mechanism by which this is achieved is the inhibition of mammalian target of
rapamycin (MTOR) complex 1 (MTORC1) via translational upregulation of

regulated in development and DNA -damage response 1, which functions to
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activate autophagic responses (Whitney et al., 2009 ; Kroemer et al., 2010;
Dennis et al., 2013;|Figure 1-6|D,F).

Through the action of ATF4, the ISR can induce cell death via upreg ulation
of downstream targets including the transcription factors CHOP and ATF3
(Puthalakath et al., 2007) . One mechanism for this function is via CHOP
increasing the expression of additional pro -apoptotic factors from the Bcl -2
homology 3 -only group of the Bcl-2 family (Puthalakath et al., 2007 ;
Galehdar et al., 2010). It has also been suggested that ATF4 and CHOP may
interact directly to form heterodimers to heighten the expression of pro -

apoptotic genes, such as Bim (Teske et al., 2013).

In contras t, the ISR can also induce cellular survival and overcome the
stress. In this case, upon cessation of stress, GADD34 activates protein
phosphatase 1 (PP1), which dephosphorylates elF2 r (Connor et al., 2001;

Novoa et al., 2001), thus terminating the ISR and returning the cell to

homeostatic translation (Novoa et al., 2001; Novoa et al., 2003 ;|Figure 1-6|G).

As such, the ISR can in duce the directly opposing outcomes of cellular

survival or death.
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Figure 1-6 The integrated stress response. ( A) A range of cellular stress
stimuli activate one of four stress response kinases, GCNZ2, PERK, PKR, and
HRI kinases, which (B) phosphorylate elF2 r. (C) This results in abrogation of
canonical translation initiation, (D) which selectively upregulates the
translation of ISR effector mRNAs, such as ATF4. (E) These effectors bind

to and targ et genes involved in cellular reprogramming for expression. (F)
GCN2 and ATF4 also both induce autophagy via inhibition of mMTORCL1. (G) If
stress is overcome, the stress -inducible phosphatase GADD34
dephosphorylates elF2 r, returning homeostatic translation initiation and
terminating the ISR. Figure from Knowles et al., (2021), used under creative
commons licen ce.
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1.2.1 Translation Initiation

The core process targeted by the ISR is translation initiation (Harding et al.,
2003; Pakos -Zebrucka et al., 2016), which is a key step in the regulation of
protein synthesis, resul ting in the formation of an elongation competent 80S
ribosome, aided by the action of multiple eukaryotic initiation factors

(Hinnebusch & Lorsch, 2012) . The mechanism of translation initi ation is

outlined in [Figure 1-7

1.2.1.1 Binding of initiator methionyl tRNA to the 40S ribosom al subunit

The initial stage of the process sees binding of a te rnary complex (TC),
consisting of the initiator methionyl tRNA and GTP bound elF2, to the 40S
ribosomal subunit to form a 43S preinitiation complex (43S PIC)  (Hinnebusch
& Lorsch, 2012) . elF2 is a heterotrimer consisting of 3 subunits  r, tand v The
GTP binding occurs on the vsubunit with r and t stabilising the interaction
(Nika et al., 2001; Yatime et al., 2004 ; Naveau et al., 2010). The TC to 40S
binding event is aided via the actions of elFs 1, 1A, which cause a
conformational change to the 40S ribosomal subunit (Passmore et al., 2007)
and elFs 3 and 5, which promote binding of the TC to the 40S ribosomal
subunit (Asano et al., 2000; Majumdar et al., 2003) . In addition to the TC elF1,
2, 3 and 5 have also been shown to have the ability to int eract together
forming a multifactorial complex (MFC) (Sokabe et al., 2012). However, in
mammalian cells the rate at which iMet-tRNA is delivered to the ribosome is
not affected by whether it is complexed with only elF2  -GTP or in combination
with the MFC , indicating that the MFC may not have a significant role in

translation initiation (Sokabe et al., 2012).

1.2.1.2 mRNA recruitment to the PIC and scanning

The 43S PIC is then joined to the 5' mRNA cap near to the 5' untranslated

region (UTR) readying it for ri bosome binding through unwinding of the 5' cap

region by the elF4F complex, elF3 and poly -A-binding protein (PABP)
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(reviewed in Hinnebusch, 2011). elF4F is a complex comprised of elF4E, the
DEADBOX helicase elF4A and elF4G , which acts as a scaffold bindi ng protein,
elFs 4E (Mader et al., 1995; Yanagiya et al., 2009) , 4A (Imataka & Sonenberg,
1997), which together act alongside 3 (Lefebvre et al.,, 2006) and PABP
(Imataka et al., 1998; Park et al., 2011). elF4E facilitates mMRNA binding via
association with the mRNA 5' cap between two tryptophan residues on the
surface of elF4E , this binding is further enhanced by interaction between a
region of elF4G and the N -terminal region of elF4E (Niedzwiecka et al.,2002) .
elF4E subsequently recruits elF4A to the 5' cap, which then unwinds the
MRNA with elF4H and elF4B synergistically enhancing its helicase activity
(Marintchev et al., 2009; Nielsen et al., “1Hétal., 2011). elF4G forms a
further point of control for elF4A helicase activity via regulation of its
conformation (Oberer et al., 2005; Schitz et al.,, 2008; Hilbert et al., 2011,
Nielsen et al., “]1H ket al., 2011). elF4G has also been shown to aid
recruitment of the 43S PIC to the 5' mRNA cap through interactions with elF3
and elF5 (Asano et al., 2001) while elF4E is complexed with the 5' cap PABP
binds the 3' mRNA poly -A-tail (Kahvejian et al., 2005) . This simultaneous
binding of elF4E to the cap and PABP to the poly -A-tail, and both to their
separate binding sites on elF4G forces the mRNA into a circular structure,

known as the 'closed loop' (Kahvejian et al.,2001; Hinnebusch & Lorsch, 2012) .

Once bound the 43S PIC scans the mRNA in a 5' to 3' direction in search of a
start codon, which is detected via the complementary sequence of the Met -
tRNA; anticodon. elF1 and elF1A hold the 40S ribosome in a scanning -
competent conformation (Passmore et al., 2007). The ATP-dependent
helicase elF4A then breaks any weak secondary structures of the mRNAs 5'
UTR, in a manner where the requirement for ATP and elF4A is directly
proportional to the degree of secondary structure (Jackson, 1991; Svitkin et
al., 2001). The helicase activity of elF4A alone is not powerful enough to
completely break the secondary mRNA structures . In the case of weak
secondary structures the assistance of elF4As co -factor elF4B is enough
(Dmitriev et al., 2003 ; Rozovsky et al., 2008; “]H!et al., 2011) However,

efficient scanning of mMRNA with highly ordered secondary structures
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requires the hel icase DexH -Box protein DHx29 to bind directly to the 40S

subunit, melting the hindering structures (Pisareva et al., 2008) .
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Figure 1-7 Eukaryotic Translation Initiation. Translation begins with
formation of a ternary complex (TC). The TC then joins to the 40S ribosomal
subunit to form a 43S preinitiation complex (43S PIC), which associates with

the cap complex then associate s to form a 48S PIC. The ribosome then scans
the mRNA till a start codon is found at which point elF2 -GTP is hydrolysed to
elF2-GDP, catalysing association with 60S ribosome and releasing elF2 -GDP.
elF2-GTP is then regenerated by elF2B allowing for subsequent rounds of
translation.
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1.2.1.3 Commitment to the st art codon and ribosome subunit joining

The 43S PIC scans the mRNA in a 5' to 3' direction until a correctly positioned
start codon is located. This is usually the first AUG triplet with a purine (A/G)

in the -3 and a 'G' in the +4 position, relative to the 'A' of AUG (Kozak, 1991).
During start codon recognition elF2 -GTP is hydrolysed to GDP, aided by elF5
acting as a GTPase activator for elF2 v(Huang et al., 1997; Paulinet al., 2001).
The resulting inorganic phosphate molecule (Pi) is however not imme  diately
released due to position of the elF2 43S PIC during the scanning -competent
formation. Rapid dissociation of Pi only occurs upon the GTPase activator
elF5 displacing elF1 from its binding site, releasing it from the 43S PIC  (Algire
et al., 2005; Nan da et al., 2009) . The following GTP hydrolysis lowers elF2 $
binding affinity for Met-tRNA (Erickson & Hannig, 1996 ; Pisarev et al., 2006;
Kashiwagi et al., 2016), which is further lowered by the association with elF3
and elF5 (Sokabe et al., 2012), leading to its partial dissociation from the 43S
PIC in complex with elF5 (Algire et al., 2005; Singh et al., 2006) .

Start codon recognition causes scanning arrest, and removal of the extreme
C-terminal domain of elF1A from the ribosome, enabl ing the recruitment of
the GTPase elF5B to the 43S PIC via interactions mediated by its C  -terminal
domain (Marintchev et al., 2003; Olsen et al., 2003) . The presence of elF5B -
GTP accelerates the binding of the 60S ribosomal subunit with the 40S
subunit, leading to the ejection of elF3, elF1 and any residual elF2 -GDP
(Unbehaun et al., 2004) . This event results in the formation of the 80S
ribosome (Acker etal.,2006) , leading to hydrolysis of elF5B bound GTP. GDP
bound elF5B has a lower affinity for 80 S IC, ultimately resulting in its release
(Lee et al., 2002; Shin et al., 2002; Shin et al., 2007) . Finally, and only once
elF5B has been released, elF1A dissociates from the 80S IC  (Acker et al.,

2006) , leaving it ready to begin elongation.
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1.2.1.4 Recycling of elF2 -GDP

During the course of translation initiation elF2 -GTP is hydrolysed to elF2 -GDP
and released from the 43S PIC in complex with elF5 (Hinnebusch & Lorsch,
2012; Jennings et al., 2013). In order for subsequent rounds of translation to
occur elF2-GDP must be released from elF5, which acts as a GDP
dissociation inhibitor (GDI) (Jennings et al., 2013), and the elF2-GTP must be
restored (Hinnebusch & Lorsch, 2012) . elF2 has a higher affinity for GDP than
GTP (Erickson & Hannig, 1996) and hence there is a requirement for the
guanine nucleotide exchange reaction to regenerate elF2 -GTP to be
catalysed, which is performed by the multisubunit protein complex in elF2B
(Hinnebusch & Lorsch, 2012) . In its native form elF2B exists as a decamer,
consisting of two copies of each of its five subunits  (Gordiyenko et al., 2014;
Wortham et al., 2014). The vand xsubunits confer the catalysis of nucleotide
exchange, whilst the r, tand wsubunits act have a regulatory function (Pavitt
et al., 1997; Kimball et al., 1998; Pauvitt et al., 1998; Williams et al., 2001). Firstly,
elF2B acts as a GDI displacement factor, recruiting elF2 from the elF2 -
GDP/elF5 complex (Jennings et al., 2013). Secondly, elF2B functions as a
guanine nucleotide exchange factor (GEF) (Price & Proud, 1994; Jennings et

al., 2013).

The recognition of elF2 and the formation of the elF2-elF2B complex occur s
in a bipartite manner (Kenner et al., 2019). The N-terminal region of elF2 r
binds to the cleft between elF2 tand elF2B wwith positively charged elF2 r S-
loop facilitating resolvable interactions with negatively charged residues of

the elF2B t subunit (Kenner et al.,, 2019). The second component of the
bipartite binding occurs between elF2 vand elF2B x(Kenner et al., 2019). elF2v
contains classic GTP -binding motifs including the phosphate binding P  -loop
and switch helicases 1 and 2 (Kenner et al., 2019). The HEAT domain and core
of elF2B xinteract with elF2 vfavouring an open loop formation (Kenner et al.,
2019). These binding interactions position elF2 vin a position where elF2B x

and elF2B vcan exert its GEF activity (Gomez & Pavitt, 2000; Gomez et al.,
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2002; Alone & Dever, 2006; Kenner et al., 2019), thereby restoring elF2 -GTP

ready to form renewed TCs.

1.2.1.5 elF2 r phosphorylation dependent translational arrest

The point of convergence for the ISR pathways hinges upon inhibition of
translation initiation via the phosphorylation of elF2 r (Siekierka et al., 1982;
Donnelly et al.,, 2013). In its phosphorylated state , elF2 r becomes a
competitive inhibitor of elF2B GEF activity (Dever et al., 1995; Rowlands et al.,
1988). Under normal conditions two molecules of elF2 -GDP bind to elF2B with
the elF2 v subunits positioned for interaction with the catalytic elF2B  x
subunits, facilitating GTP regeneration via nucleotide exchange  (Kenner et al.,
2019). However, phosphorylation of elF2 r, at serine 51, results in previously
unfavourable electrostatic interactions between  serine 51 and arginine 53 and
63, causing a refolding of the elF2 r S-loop exposing previously hidden
hydrophobic residues (Kenner et al, 2019). These can interact with
hydrophobic residues on elF2B r and elF2B w favouring a stress induced
conformation of the elF2 -elF2B complex where phosphorylated elF2 r binds
on the opposite side of elF2B with elF2B r and elF2B w leaving the catalytic
domains of elF2B xdormant (Kenner et al.,2019). This blocks the GEF activity
of elF2B causing a deficit in cellular elF2 -GTP (Kenner et al., 2019), which

ultimately leads to a cellular translational shutdown.

elF2 r phosphorylation is mediated by a family of four serine/threonine stress
response kinases (Wek et al., 2006) . Whilst all four kinases share significant
sequence similarity in their kinase domain (Donnelly et al., 2013), each
contains a unique regulatory domain, allowing for differential regulation via
distinct stressors (Meurs et al., 1990; Chen et al., 1991;Berlanga et al., 1998;
Shi et al., 1998; Dong, J. et al., 2000; Harding et al., 2000; Rafie -Kolpin et al.,
2000) . Protein kinase double -stranded RNA -dependent (PKR) (gene
EIF2AK2) classically responds to double -stranded RNA generated during
viral infections (Clemens & Elia, 1997). PKR has also been found to respond

to oxidative and ER stress as well as cytokine s ignalling and reactive oxygen
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species (ROS) (Cheshire et al., 1999; Ito et al., 1999; Ruvolo et al., 2001; Onuki
et al., 2004; Nakamura et al., 2010; Anda et al., 2017). The protein kinase R -
like ER kinase (PERK, EIF2AK3) forms one arm of a larger three -armed
response to misfolded proteins in the ER, collectively termed the unfolded
protein response (UPR ) (Walter & Ron, 2011). It is typically activated by ER
stress, brought on by the accumulation of misfolded proteins in the ER lumen
(Harding et al., 2000; Walter & Ron, 2011) and by changes to ATP and Ca 2* in
the ER independently of misfolded proteins (Sanderson et al., 2010). PERK
can also be activated by oxidative stress and hypoxia (Koumenis et al., 2002;
Harding et al., 2003) . General control non -depressible 2 (GCN2, EIF2AK4),
the most highly conserved elF2 r kinase (Yang et al., 2000 ; Donnelly et al.,
2013), is activated primarily by AA starvation (Wek et al., 1995) but can also
been activated by reactive oxygen species ( ROS), viral infection and
ultraviolet ( UV) radiation (Berlanga et al., 1998; Grallert & Boye, 2007; Pyo et
al.,, 2008) . Heme-regulated inhibitor (HRI; EIF2AK1), a kinase mainly
associated with protection against toxic globin aggregates in erythroid cells,

is involved in protection against ROS induced by sodium arsenite as well as
proteasome inhibition (Chen et al., 1991; Han et al., 2001; Lu et al., 2001,
McEwen et al., 2005; Yerlikaya et al., 2008) .

1.2.1.6 Cap-dependent translational control

Although not an element of the ISR, r egulation of cellular translational
inhibition is not limited to elF2 r phosphorylation; a further point of control is
cap-complex formation (Sonenberg & Hinnebusch, 2009) . Due to low
availability, the cap binding protein elF4E is a rate limiting factor in translation
(Rau et al., 1996). The cap-binding activity of elF4E is negatively regulated by
an inhibitory protein, known as 4E binding protein 1 (4EBP1) (Pause et al.,
1994). 4EBP1 contains an amino acid sequence (YxxxxL ), which is highly
conserved between all proteins which bind elF4E and is known as an elF4E
binding motif (Mader et al., 1995). When 4EBPL1 is active this motif facilitates
its binding to elF4E, preventing the association of elF4E with elF4G, thereby

inhibiting translation initiation (Pause et al., 1994; Mader et al., 1995).
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The activity of 4EBP1 is regulated primarily via mTORC1 (Qin et al., 2016).
MTORCL1 is a highly conserved serine/threonine kinase, which exhibits control
of cell growth and metabolism (Betz & Hall, 2013). Upon its activation the
MTORCL1is positioned in close proximity to the 5 mMRNA cap complex, where

it phosphorylates 4EBP1, catalysing its dissociation from  elF4E, thereby
allowing the recruitment of elF4G and translation initiation to commence
(Gingras et al., 1999). Multiple phosphorylation sites have been identified in
4E-BP1: T37, T46, S65, T70, S83, S101 and S112(Gingras et al., 2001; Wang
et al.,, 200 3). However, there is a body of conflicting data as to which
phosphorylation sites are most implicated in the reduction of binding affinity
between 4EBP1 and elF4G. T37 and T46 have been shown to have minimal
effect upon 4EBP1 binding to elF4E (Gingras et al., 1999; Heesom & Denton,
1999), but both have also been observed to cause a major reduction in elF4E
binding affinity (Burnett et al., 1998). Interestingly, although T37 seems to be
vital to the reduction of binding affinity  in vitro its effective ness is less marked
in vivo (Burnett et al., 1998). Moreover, it is unclear whether 4EBP1 is directly
controlled by mTORC1, as inhibition of mMTORC1 by rapamycin does not
completely inhibit 4EBP1 phosphorylation (Wang et al., 2005) . More recently
glycogen synthase kinase -3 (GSK3t) was identified as capable of
phosphorylating 4EBP1 independently of mTORC1 (Shin et al., 2014). These
findings indicate a further level of complexity to 4EBP1 regulation whereby
MmTORC1 may act alone or in conju nction with other kinases to control 4EBP1
activity. Of particular interest is that mTORC1 is partially controlled via the
actions of the elF2 r kinase GCN2, which is thought to partially mediate the
inhibition of MTORC1; the exact mechanism remains to be f ully elucidated
(Averous et al.,2016). mTOR inhibition results in a reduction of available elF4E,
stalling translation at the cap -binding phase, adding a secondary level of

complexity to stress induced translational stalling.

A further point of transla tion control by mTORC1 activity lies within the
phosphorylation of the S6 kinase 1, which leads to its dissociation from elF3
allowing for formation of the 43S preinitiation complex (Holz et al., 2005).

Furthermore, active S6 Kinase 1 phosphorylates elF4B, leading to its
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recruitment to the elF4A helicase during cap complex formation (Shahbazian

et al., 2006). A schematic of translational control by mTORC1 and elF2

be found in

Figure 1-8
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Figure 1-8 mTORC1 and elF2 mediated translational control. ISR activating
stresses activate stress response kinases, phosphorylating elF2, which
inhibits elF2B GEF activity and results in a deficit of elF2 -GTP, thereby stalling
translation. Active mTORC1, phosphorylates S6 Kinase 1, which has a 2 -fold
impact, firstly releasing elF3 from S6 Kinase 1, allowing for 43S pre -initiation
complex fo rmation, and secondly phosphorylating elF4B stimulating its
recruitment to elF4A. mTORC1 also phosphorylates 4E -BP1, releasing elF4E
and allowing for cap -complex formation.
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1.2.1.7 Stress granule formation

Activation of the ISR results in translational stalling, polysome disassembly
and subsequent release of stalled messenger ribonucleic acid (MRNA)
transcripts into the cytoplasm (Costa -Mattioli & Walter, 2020) . To allow for
regulation of these stalled tra nscripts, cells aggregate these mRNAs along
with translation initiation factors and RNA binding proteins into

membraneless bioconcendensates termed stress granules  (Protter &
Parker, 2016). The initial trigger of stress granule assembly is increased

cyto plasmic mRNA concentrations owing to polysome disassembly, and
subsequent mRNA release, which if inhibited by cycloheximide treatment
abrogate stress granule formation (Kedersh a et al., 2000) . Alongside poly -
adenylated -mRNA (poly -A-mRNA) stress granules typically contain 40S
ribosomal subunits, elF2, elF3, PABP, components of the 5' cap complex
(elF4E, elF4G, and elF4A) and binding proteins such as G3BP1 and TIA -1
(Kedersha et al., 1999; Kedersha et al., 2002; Kimball et al., 2003; Tourriere
et al., 2003; Mazroui et al., 2007) . Stress granules are also known to contain
a vast and diverse proteome. Analysis of a stable stress granule
substructure, known as the core (Jain et al., 2016), revealed high
concentrations of RNA binding proteins and components of many signalling
pathways (Jain et al., 2016), implicating stress granule assembly and

dynamics in the stress dependent regulation of many cellular systems.

Internally stress granules exhib it a phase dense stable 'core' substructure
containing high concentrations of proteins and mRNAs, which is surrounded
by a less dense 'liquid’ shell (Souquere et al., 2009; Jain et al., 2016). Stress
granules are dynamic structures and as such undergo co nstant alterations,
mediated by ATP driven remodelling complexes (Jain et al., 2016), this
ongoing reorganisation means many of their components have a residence
time of only around 30 seconds (Mollet et al., 2008; Jain et al., 2016).
However, it has b een shown that a certain subset of proteins resides for
longer, pointing towards an ordered system whereby the outer shell exhibits

rapid component exchange whilst the core is less dynamic and harbours its

47



components in a more stable manner (Jain et al., 2016). Interestingly, there is
recent evidence implying the existence of distinct cores, occupied by either

the nucleating protein G3BP1 or UV -induced ubiquitin associated protein 2
like (UBAP2L; Cirillo et al., 2020) , potentially pointing towards furth er

regulation of components within stress granules.

Stress granule assembly occurs in a stepwise manner (Wheeler et al., 2016;
Figure 1-9). Assembly is driven by liquid -liquid phase separation (LLPS),
whereby increased local concentrations of free or pr  otein bound RNAs
induces binding events, ultimately resulting in these aggregating into a
condensed phase separate to the cytoplasmic phase surround them
(Brangwynne et al., 2009) . Initially, release of mMRNAs from polysomes during
translational inhibition increases cytoplasmic mRNA concentrations, which
induces a conformational change in G3BP1, which reveals its intrinsically
disordered regions (IDRs; Guillén-Boixet et al., 2020) . These IDRs contain
repetitive amino acid sequences that confer multivalency, enabling

increased binding events and a crosslinking network, essential for LLPS
(Banani et al., 2017; Boeynaems et al., 2018). The IDR presenting form of
G3BP1 rapidly binds RNA, which in turn results in recruitment of other stress
granule proteins, increasing local concentrations of protein  -protein, protein -
RNA and RNA-RNA binding events (Guillén-Boixet et al., 2020) . Once the
concentration of these events surpassestheso -cDOOHG _SHUFRODWLRQ
WKUHVKROG WKHUH LV //36 ZKLFK GULYHV WKH FRQGF
granules (Guillén-Boixet et al., 2020; Sanders et al., 2020; Yang et al., 2020) .
These undergo fusion to form mature biphasic stress granules, in an ATP
driven, microtubule dependent manner (Loschi et al., 2009; Jain et al., 2016;
Wheeler et al., 2016). Disruption of the tubulin network impairs stress

granule formation, supporting the role of microtubules in stress granule
assembly (lvanov et al., 2003) . Furtherm ore, stressful conditions result in  r-
tubulin acetyltransferase 1 (ATAT1) mediated hyper -acetylation of the

cellular tubulin network at lysine 40 of  r-tubulin (Li et al., 2019). Hyper-
acetylation of r-tubulin stimulates increased binding and activity of

microtubule motor proteins dynein and kinesin, which are highly implicated in
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the movement of stress granules (Reed et al., 2006; Cai et al., 2009;
Hammond et al., 2010), which may likely aid in facilitating rapid, regulated
stress granule assembly and d isassembly as a protective response to

stress.

Upon recovery from stress, stress granules dissociate in a manner that

mostly correlates with the resumption of protein synthesis (Mazroui et al.,
2007) . The system of clearance is roughly the opposite of as sembly. Firstly,
MRNAs titrate out of the granules as they resume translation, causing
dissipation of the shell structure (Wheeler et al., 2016), followed by
disassembly of the large biphasic stress granules into smaller core

structures, which are then ¢ leared by autophagy (Buchan et al., 2013;
Wheeler et al., 2016).
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Figure 1-9 The stages of stress granule assembly and disassembly.

granule assembly begins with the aggregation of untranslating mRNPs into a
stable core. The stable cores drive liquid -liquid phase separation creating a
liquid phase shell around the core. These smaller stress granules then fuse
into larger biphasic -stress granules. Disassembly occurs in roughly the
reverse manner to assembly with mRNPs leaching out as they return to
translation and the core structure being cleared by autophagy. Adapted

from Wheeler et al., (2016).
50



The composition of stress granules is k nown to vary dependent on stress
stimuli (Aulas et al., 2017). More recent studies found the composition of
stress granules to be non -homogenous and it has thus been proposed that
stress granules can be classified into three main types  (Hofmann et al.,
2021). Type | stress granules are formed during elF2 r mediated translational
arrest, whereas type Il are formed during elF2 r independent translational
arrest, finally type Ill stress granules are formed under chronic stress and

lack many elFs (Reineke & Neilson, 2019) . Whilst Both type | and Il stress
granules are associated with cellular survival, type Ill are generally

associated with death (Reineke & Neilson, 2019).

1.2.2 Bacterial interactions with the Integrated Stress Response

In recent years, it has become apparent that the ISR forms an integral part

of the host innate immune response to pathogens (reviewed by  Rodrigues
et al.,2018). This is supported by studies showing that pathogens can

induce elF2 r phosphorylation via PERK, GCN2 and HRI (Tattoli et al., 2012;
Tsutsuki et al., 2016; Abdel-Nour et al., 2019). Given that the ISR plays a
crucial role in controlling cellu lar fate during stress (Costa-Mattioli & Walter,
2020) , pathogens with means to dampen or hijack the ISR pathway are

likely able to influence cellular signalling and ultimately benefit from long -
term survival and promote persistence of infection. Indeed, itis well-
documented that viruses manipulate specific elements of the ISR during
infection. Hepatitis C virus, Japanese encephalitis virus and human
cytomegalovirus directly inhibit the viral specific elF2  r kinase PKR (Toroney
et al., 2010; Tu et al.,2012; Ziehr et al., 2016), and Kaposis sarcoma -
associated virus indirectly inhibits PKR via inhibition of its activator PACT
(Sharma et al., 2017). Another point of ISR modulation displayed by viruses is
to dampen elF2 r phosphorylation. Junin viru s directly inhibits elF2 r (Linero
et al., 2011), and hepatitis C virus activates GADD34 to dephosphorylate

elF2 r during stress (Ruggieri et al., 2012).
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However, recent evidence suggests that some bacterial species might also
be manipulating the host IS R, inducing a variety of cellular outcomes. The
following sections will focus on how five bacterial model organisms, Shiga
toxin -producing Escherichia coli, Shigella flexneri , Salmonella enterica
serovar Typhimurium, Pseudomonas aeruginosa, and Porphyromon as
gingivalis can manipulate specific components of the ISR to gain control
over cellular fate and immune signalling, creating an environment favouring

bacterial viability, replication, and infection.

1.2.2.1 Shiga Toxin -Producing Escherichia coli

Shiga toxin -prod ucing E. coli O157:H7 (STEC) is a widespread pathogen
presenting severe risk to human health, causing haemorrhagic colitis and
haemolytic uremic syndrome (Riley et al., 1983; Ko et al., 2016). Annually, the
prevalence of acute STEC infection is thought to be  y2.8 million cases
worldwide, with infection progressing to HUS in 3,890 cases and resulting in

death in 230 cases (Majowicz et al., 2014).

Virulent strains of STEC have been shown to ta rget the ISR to induce host
cell death mediated via a secreted virulence factor termed subtilase
cytotoxin (SUbAB ; Tsutsuki et al., 2016fFigure 1-110 A). SubAB is a secreted

toxin consisting of two subunits; the B subunit binds the host extracellular
toxin receptor and facilitates toxin internalisation, whereas the A subunit is a
serine protease, which, in conjunction with the B subunit, facilitates th e
intracellular virulent effects of the pathogen  (Morinaga et al., 2007) . The

main target of SUbAB is the cleavage of the PERK chaperone binding

immunoglobulin protein (BiP ;|Figure 1-[L0 B), resulting in the dimerisation and

activation of PERK, inducing elF2 r phosphorylation (Tsutsuki et al., 2016;

Figure 1-10 C). ISR activation triggered in this manner causes stress granule

formation, which is dependent upon death -associated protein 1 activation
(Tsutsuki et al., 2016). Inhibition of protein kinase C wWPKC wand
phosphoinositide -dependent kinase 1 (PDK1) are implicated in the formation

of these stress granules, as chemical inhibition of both also heightens stress
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granule formation in response to SUbAB (Tsutsuki et al., 2016). Furthermore,
death -associated protein 1 knockdown increased basal levels of phospho -
PDK1(S196), thereby inhibiting stress granule formation, further implicating

PDK1 inhibition in formation of stress granules in response to SubAB

(Tsutsuki et al., 2016;[Figure 1-1.0 D). Interestingly, in rat intestinal epithelioid

cells, PDK1 has been shown to inhibit cell death in responseto H .0, (Song
et al., 2009) . Therefore, the inhibition of PDK1 coupled with prolonged PERK

activation (Lin et al., 2009) , which is known to promote apoptosis, may push

the host cell towards death (Lin et al., 2009; Tsutsuki et al., 2016;|Figure 1-110

E). In contrast, in human lung cancer cells, PKC wactivation induces cell
death via the CHOP -ATF3 arm of the ISR (Xu et al., 2012). Hence, the exact
role PKC winhibition by SubAB in cell death requires further attention.
Although driving the host cell towards death may seem counterproductive
for bacterial survival, it is thought that Shiga -toxic E. coli displays altruism

/ R et al., 2012); in this context, | SR-mediated destruction of host cell and

internalised bacteria could provide nutrients to the wider STEC community.
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Figure 1-10 Shiga toxin -producing Escherichia coli. (A) During infection,
STEC secretes subAB, (B) which cleaves PERKs chaperone BiP, and (C)
leading to the activation of PERK and subsequent phosphorylation of elF2 .
(D) This results in the formation of stress granules in a manner dependent

on DAP1 inhibition of PDK1 and PKC w(E) pushing the cell towards death.
Figure from Knowles et al., (2021), used under creative commons licen ce.

54



1.2.2.2 Shigella flexneri

Shigella is a genus of Gram-negative, facultative anaerobic bacteria that
primarily infect the gastrointestinal tract, causing acute shigellosis

(Fernandez & Sanso netti, 2003) . Whilst closely related to E. coli, Shigella
possesses unique methods of pathogenicity (Ud-Din & Wahid, 2014).
Diarrhoea is an early symptom of infection as the bacteria moves through

the small intestine, but the primary target of  Shigella is the invasion of
colonic epithelial cells from the basolateral surface  (Phalipon & Sansonetti,
2007) . Once internalised, the bacteria replicate and spread from cell to cell.
The infection also causes inflammatory colitis via secreted toxins  (Eashida
et al., 2015). The mechanism of Shigella invasion has been reviewed

elsewhere (Carayol & Tran Van Nhieu, 2013; Liu et al., 2019).

Infection with Group B serogroup S. flexneri has been shown to robustly
induce the ISR, resulting in the activation of two  elF2 r kinases, GCN2, and

HRI (Tattoli et al., 2012; Abdel-Nour et al., 2019;|Figure 1-1L. During the initial

stage of infection, S. flexneri induces AA starvation through membrane

damage, which results in the activation of GCN2 (Tattoli et al., 2012) (Figure
1A). In its active form, GCN2 inhibits mTORC1 ( |Figure 1-L1F), as

demonstrated via its dispersal from lysosome -associated membrane protein

2 (LAMP2), and increases the transcription of the AA stress -related gene

asparagine synthetase, a response that increases for up to 4 h post -

infection (Tattoli et al., 2012; Abdel-Nour et al., 2019). However, S. flexneri is

DEOH WR DFWLYDWH P725& YLD GLUHFW GHOLYHU\ RI
cellular cytoplasm using the S. flexneri Type Il secretion system (T3SS),

which interacts with the IQ motif of the GTPase -activating protein 1 (Lu et

al., 2015), an upstream regulator of mMTORC1 (Tekletsadik et al., 2012)

Figure 1-[11l), ultimately resulting in increased host cell proliferation around

the infection foci during the later stages of early infection. This increased
cellular proliferation reduces S. flexneri spread but is thought to provide a
preferential intracellular niche acting as a protective measure  (Lu et al.,

2015).
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Figure 1-11 Shigella flexneri. (A) Membrane damage caused during S.
flexneri internalisation induces AA starvation, (B) activating GCN2, and (C)
subsequently phosphorylation of elF2 r. (D) This results in the inhibition of
cap-dependent translation initiation (E) and consequently the formation of
stress granules. (F) GCN2 also inhibits mTORC1; (G), inducing autophagy
and (H) modulating the frequency and composition of stress granules during
exogenous stress induction. (I) mMTORCL1 activity is reactiva ted during later -
stage infectionvia 6 | O H [ @dpBleffsctor. (J) Concurrently, 6 IOH[QHUL V
peptidoglycan is detected by NOD1, (K) which induces dissociation of the
chaperone HSPB8 from HRI, causing its activation and subsequent elF2 r
phosphorylation . (L) This results in the activation of ATF4, which along with
ATF3, upregulated the expression and translation of HSPB8. (M) This

nascent HSPB8 associates with NOD1 (N) leading to the activation of pro -
inflammatory responses by NF - B activation. Figure fr om Knowles et al.,
(2021), used under creative commons licen ce.
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In addition, like STEC infection, Shigella infections also result in the
aggregation of stalled messenger ribonucleoproteins (MRNPS) into stress
granules (Tattoli et al., 2012; Vonaesch et al., 2016; Abdel-Nour et al., 2019;

Figure 1-11E). The activation of the ISR leads to the upregulation of ATF3,

ATF4, and GADD34 (Abdel-Nour et al., 2019) and consequently the robust
upregulation of the transcription and expression of ISR and inflammator  y-
related genes (Tattoli et al., 2012; Abdel-Nour et al., 2019). Interestingly, in
the presence of ISR -inducing exogenous stresses such as mitochondrial,
oxidative and heat shock stress, an increase in frequency and a decrease in
an area of stress granul es formed are observed in S. flexneri-infected cells
at 2 ]3.5 h post -infection (Vonaesch et al., 2016). The composition of the
stress granules is also altered with the selective exclusion of elF3B, elF4G,
and elF4B via a mechanism downstream of elF2 r (Vonaesch et al., 2016).
Since the phenotype observed is similar to the hindered assembly of stress
granules seen following chemical disruption of the tubulin network with
nocodazole (Fujimura et al., 2009; Kolobova et al., 2009; Vonaesch et al.,
2016) and the movement of elF3B and elF4B is controlled by microtubule

assembly (Shanina et al., 2001; Harris et al., 2006 ;|Figure 1-[L1E), this

differential stress granule composition may be dependent upon microtubule
dysregulation. Interestingly, stresses such as selenite and hydrogen

peroxide, which bypass elF2 r phosphorylation instead inhibiting mTORC1
function, also result in the formation of atypical stress granules lacking
components such as elF3 (Emara et al., 2012; Fujimura et al., 2012), thereby
also implicating the S. flexneri infection -induced inhibition of MTORCL1 in the
differential stress granule formation (Tattoli et al., 2012; Vonaesch et al.,
2016). As the formation of stress granules during S. flexneri infection has
only been investigated up to 5 h (Abdel-Nour et al., 2019), whether the
formation of stress granules is altered similarly during later  -stage infection
when mTORC1 is reactivated remains unknown. If this does not occur later
when mTORCL1 is reactivated, this would aid the hypothesis that modulation
is at least partially dependent on mTORCL1 inhibition. Furthermore, whether

this modulation to stress granule formation du ring infection may provide any
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evolutionary benefit to S. flexneri or is simply a downstream effect of ISR

modulation remains unknown.

In addition to ISR activation via membrane damage, intracellular sensing of
bacterial peptidoglycan by the host PRR, nucl eotide -binding oligomerisation
domain-containing protein 1 (NOD1), also induces ISR activation and
expression of the pro -inflammatory cytokine nuclear factor kappa -light

chain-enhancer of activated B cells (NF - B) in an HRI-dependent manner

(Abdel-Nour et al.,2019;|Figure 1-{11J). NOD1 activation results in

dissociation of the HRI chaperone, heat shock protein beta -r 8 (HSPB8),

from HRI, consequently activating HRI (Abdel-Nour et al., 2019;|Figure 1-1L1

K). Activated HRI induces robust elF2 r phosphorylation (|Figure 1-1L1C),

resulting in heightened HSPB8 transcription in a manner dependent on

ATF4 and ATF3 signalling (Abdel-Nour et al., 2019;|Figure 1-1L1L). This

nascent HSPBS8 can interact with the previously dissociated HSPB8 and

NODL1 to form a signalosome (|Figure 1-11M) and during S. flexneri infection

causes the upregulation of host immune inflammatory responses and

macrophage activation through the NF - B pathway (Abdel-Nour et al.,2019;

Figure 1-11N). As this pathway is also triggered by misfolded proteins within

the cytosol and is comparable with the UPR in the ER, it w as coined the

cytosolic UPR (cUPR ; Abdel-Nour et al., 2019).

Shigella flexneri infection results in the induction of the ISR, which can be
viewed as a protective response activating pro -inflammatory responses via
the cUPR (Abdel-Nour et al., 2019) and autophagy via mTORCL1 inhibition
(Tattoli et al., 2012), during early infection. However, (Abdel-Nour et al., 2019)
found that the elF2 r S51A mutant, which cannot be phosphorylated,

resulted in a significantly increased frequency of intracellular  S. flexneri
compared to cells with phosphorylated elF2 r (Abdel-Nour et al., 2019).
Taken together, these data indicate that intracellular ~ S. flexneri replication is
heightened during ISR activation , and it is plausible that the phosphorylation

state of elF2 r may at least partially control bacterial spread and viability.
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However, during later -stage infection, S. flexneri-mediated reactivation of
MTORCL1 not only increases host cell viability but also decreases bacterial
spread around the infection foci (Lu et al., 2015). Whilst the impact of
MTORCL1 reactivation on bacterial infection has not been investigated,
focussing on the ISR may provide further insights into this mechanism.
Furthermore, infecti on results in GADD34 expression; however, whether this
occurs during later -stage infection, when mTORCL1 is reactivated, is as of yet
unknown (Abdel-Nour et al., 2019). As GADD34 induces the
dephosphorylation of elF2 r via the activation of PP1 (Connor et al.,2001;
Novoa et al., 2001), the potential of sustained GADD34 expression during
later stage of S. flexneri infection (Abdel-Nour et al., 2019) may lead to
termination of the ISR, potentially aiding the cell in returning to homeostatic

conditions.

There is also evidence that inhibition of mMTORC1 leads to elF2 r
phosphorylation in cancer cell lines (Harvey et al., 2019). If this also occurs
during S. flexneri infection, the reactivation of mTORC1 may further push the
cellular equilibrium of elF2 r towards the non -phosphorylated form.
Therefore, if dephosphorylation of mMTORC1 was coupled with the GADD34
expression, this could act as a two -part shift to favour a state with minimal
elF2 r phosphorylation. Though counter -intuitive, whilst defective elF2 r
signalling favours S. flexneri invasion (Abdel-Nour et al., 2019), it may lead to
increased host viability, which has been suggested to benefit  S. flexneri, the
latter remaining in infected cells for much of its life cycle  (Killackey et al.,
2016). Thus, whether mTORC1 reactivation or persistent GADD34

expression leads to elF2 r dephosphorylation during infection, and the
consequential effects upon host cell viability and  S. flexneri persistence and
replication, is an area requiring further attention.  Given that increased host
cellular replication during OspB -mediated mTORC1 reactivation is thought

to provide a preferential niche for  S. flexneri survival (Lu et al., 2015), it is
entirely plausible that this potential ISR termination may feed into this

helping to create an even further immune -privileged environment for S.
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flexneri. Furthermore, the effect of OspB only occurs later during the
infection (Lu et al., 2015), whereas the initial phenotype of GCN2 activation
and mTOR inhibition require inte rnalisation and the resulting membrane
damage (Tattoli et al., 2012; Abdel-Nour et al., 2019), which is intriguing as
internalisation of OspB only requires extracellular contact between the
bacteria and host cell (Hueck, 1998). Therefore, elucidation o fthe
interaction between S. flexneri and these pathways may provide valuable

insights into the pathogenic mechanisms of S. flexneri in chronic infections.

1.2.2.3 Salmonella enterica

Salmonella enterica serovar Typhimurium is an enteric pathogen primarily
associated with food -borne gastrointestinal disease (Fabrega & Vila, 2013)
and is thought to affect 1.3 billion people annually, leading to approximately

3 million deaths globally (Pui et al., 2011). During infection, Salmonella
typhimurium DGKHUHV WR WKH KRVW'V LQWHVWLQDO HSLWI
cytoskeletal rearrangements (Finlay et al., 1991) These modifications cause
membrane ruffles, which eventually engulf the bacteria in large vesicles

known as Salmonella-containing vesic les, creating an intracellular
compartment in which Salmonella can survive and replicate (Steele -
Mortimer, 2008) . Salmonella infection is detected by host TLRs and NOD
proteins, which initiates the NF - B signalling cascade and results in cytokine
and che mokine production, leading to an inflammatory state  (Souvannavong
et al., 2007; Spiller et al., 2008; Winter et al., 2009; Marijke Keestra et al.,
2011),

As with S. flexneri, membrane damage induced by Salmonella invasion
causes intracellular AA starvati on with the activation of ISR through the
elF2 r kinases GCN2 (Tattoli et al., 2012;|Figure 1-|A,B). This AA starvation -

induced activation of GCN2 also initially inhibits the activity of mTORC1, via

the dispersal from LAMP2 and results in the activation of autophagy (Tattoli

et al., 20 12|Figure 1-(C,D). Interestingly, within 4 h of infection, the

raptor/rag/regulator pathways can reactivate mTORC1, effectively saving
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Salmonella from autophagy; however, the mechanism by which this occurs

has yet to be fully determined (Tattoli et al., 2012;|Figure 1-|E).
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Figure 1-12 Salmonella . (A) Membrane damage caused during Salmonella
internalisation induces AA starvation, (B) leading to GCN2 activation, and (C)
inhibition of MTORC1, and (D) ultimately inducing autophagy. (E) During
later -stage infection, Salmonella reactivates mTORC1, thereby inhibiting
autophagy. (F) Salmonella also induces ER stress, (G) activating the UPRs
ATF6 and XBP1 arms, (H) leading to expansion of the ER, and (I) which
increases intracellular Salmonella viability and replication. Figure from
Knowles et al., (2021), used under creative commons licen ce.
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In later stages of infection, e.g., 12 ]24 h post -infection, Salmonella has also

been shown to induce ER stress ( [Figure 1-|F), robustly activating the UPR

and leading to the activation of X -box binding protein 1 (XBP1)and ATF6

(Antoniou et al., 2018;|Figure 1-(G), which is known to increase lipid

biogenesis and increase ER expansion (Sriburi et al., 2004; Sriburi et al.,

2007 ;|Figure 1-|H). During Salmonella-induced ER stress, human leukocyte

antigen (HLA) -B27 becomes misfolded, causing SCV to move away from
host Golgi apparatus (Antoniou et al., 2018). This, coupled with ER
expansion, is thought to allow for increased space for the SCV and is
supported by observations that ER stress induction by thapsigargin and

misfolded HLA -B27 increase intracellular Salmonella viability and replication

(Antoniou et al., 2018;|Figure 1-[I). Thus, Salmonella effectively utilises the

ISR and UPR in two opposing ways, firstly by reversing the autophagic
responses brought on by the ISR during early -stage infection via mTORC1
reactivation and then inducing ER stress to allow for preferential replication

condition s in later stages of infection.

1.2.2.4 Pseudomonas aeruginosa

Pseudomonas aeruginosa, a Gram-negative, rod -shaped, mono -flagellated

bacterium, is one of the most frequent causative agents for hospital -

acquired infections resulting in loss of life  (Buhl et al., 20 15), with
LPPXQRFRPSURPLVHG SDWLHQW' 'V VXUYLYDO UDWHV E
lowered (Migiyama et al., 2013). Chronic lung infections caused by P.

aeruginosa are a common cause of death in patients with cystic fibrosis and

chronic obstructive pulmonar vy disease, with those affected often

experiencing recurrent infections  (Murphy et al., 2008; Yum et al., 2014).

During infection, P. aeruginosa secretes a wide variety of proteins including
the extracellular adhesin CdrA (Borlee et al., 2010), the diff usible quorum -
sensing molecule N -(3-oxododecanoyl) -homoserine lactone (HSL ) (Smith et
al.,2002) , and virulence factors [e.g., alkaline protease A (ArpA ; Vasil &

Ochsner, 1999) and HasAp (Létoffé et al., 1996), all of which are known to
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induce ER stres s (Grabiner et al., YDQ _ WetaR,R0¥5;|Figure 1-9(A).

In mouse embryonic fibroblasts (MEFs) , HSL, which has a key role in P.
aeruginosa cell-to-cell communication within the structurally ordered biofilm

(Smith et al., 2002) , induces ER stress via the release of Ca #* from ER stores

Figure 1-9|B). This causes an imbalance in ER homeostasis and activates

PERK (Figure 1-9|C), which phosphorylates elF2 r and results in a global

shutdown of protein synthesis (Smith et al., 2002; Grabiner et al., 2014;

Figure 1-9|D,E). Interestingly, this translational stalling reduces the

expression and secretion of the pro -inflammatory chemokine keratinocyte

chemoattractant (KC), the mouse equivalent of IL -8 (Grabiner et al., 2014;

Figure 1-9|F). Thus, HSL may lead to the suppression of KC secretion

through eliciting the host ISR, aiding P. aeruginosa to evade host
inflammatory and antibacterial responses during the early stages of

infection (Grabiner et al., 2014). This observation contrasts with the robust
expression of IL -8 seen in S. flexneri infection (Abdel-Nour et al., 2019) and
suggests a species -specific response (Abdel-Nour et al., 2019). However,
further studies are required to probe this and ascertain whether this

response is species specific or cell dependent due to the differential
approaches used with one study usin g mouse -derived MEFs (Grabiner et al.,
2014) and the other using the human cervical epithelial cell line HeLa  (Abdel -

Nour et al., 2019).
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Figure 1-9.Pseudomonas aeruginosa . (A) The quorum -sensing mole cule
HSL secreted by P. aeruginosa (B) induces ER stress, (C) activating PERK,
and (D) which leads to elF2 r phosphorylation. (E) The consequential
translational stalling (F) results in decreased expression of the pro -
inflammatory cytokine IL -8 production. (G) A protease, ArpA, secreted by P.
aeruginosa (H) activates HRI, (I) leading to the specific upregulation  of
GADD34, and (J) which increases host cell viability. Figure from Knowles et
al., (2021), used under creative commons licen ce.
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Another example of P. aeruginosa-mediated ISR manipulation is through the

secretion of ArpA ( [Figure 1-9|G), a protease involved in, amongst other

pathways, hosts siderophore -mediated iron scavenging (Vasil & Ochsner,
1999; Kim et al., YDQ _ Wet&.X2045). Whereas HSL induces ER
stress through activation of the p53 MAPK pathway, ArpA specifically

activates HRI (|Figure 1-9|H), which induces the expressio n of GADD34 (van

_ W : RDaW2015;|Figure 1-9]l) and is protective against P. aeruginosa

cytotoxicity, allowing for prolonged host cell surviva | YD Q _ Wet:dR R0O15;

Figure 1-9|J). The mechanism by which HRI activation and GADD34

expression increase host viability is currently unknown, but increased
GADD34 expression could lead to increased PP1 activity and conseque ntly
dephosphorylation of elF2 r (Connor et al., 2001; Novoa et al., 2001). This
deactivation of the ISR could prove to be a promising system for  P.
aeruginosa to push the cell towards survival, thereby increasing viability.
However, given the recent find ings of (Abdel-Nour et al., 2019), it is entirely
plausible that activation of HRI by ArpA may activate the cUPR, which has
been shown to be protective against S. flexneri infection. Whether this
increased viability is due to elF2 r dephosphorylation or cUPR activation, or a

combination of both, remains to be elucidated and requires further attention.

Pseudomonas aeruginosa hereby displays a two -part manipulation of the
host ISR, both dampening inflammatory responses and increasing h  ost cell
viability. These reduced inflammatory and immune responses may act as the
critical tipping point, leading to the decreased survival of
immunocompromised patients (who already have impaired immune
responses), as it could result in unregulated and t herefore heightened P.

aeruginosa growth.

1.2.2.5 Porphyromonas gingivalis

Porphyromonas gingivalis is a Gram-negative, anaerobic bacterium and the
bNH\WVWRQH SDWKRJHQc RI WKH FKURQLF RUDO LQIODP

periodontitis (Socransky et al., 1998). Infectio n triggers host immune
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responses resulting in inflammation of the gingival tissues, which in some
cases progresses to periodontitis, resulting in alveolar bone resorption and
ultimately tooth loss (Pihlstrom et al., 2005) . P. gingivalis is known to
modul ate several host cell responses including the inhibition of antimicrobial
responses whilst leaving pro -inflammatory signalling active, thereby
providing nutrients from inflammatory spoils  (Hajishengallis & Lambris, 2011).
To achieve this, P. gingivalis employs a range of virulence factors including
LPSs, fimbriae and lysine - and arginine -specific cysteine proteases, termed
gingipains (Jia et al., 2019). Gingipains are cell surface -anchored proteins
(Andrian et al., 2006) , which can also be excreted in membrane -bound
vesicles (Grenier et al., 1989) and therefore can account for up to 85% of
proteolytic activity around the P. gingivalis infection site (de Diego et al.,
2013).

A recent study using human umbilical vein cells as host cells suggested that

the virulence of P. gingivalis (strain 381) may involve the UPR and ISR

(Hirasawa & Kurita -Ochiai, 2018 ;|Figure 1-[L4). In this study, the authors

showed that whilst infection ultimately resulted in apoptosis after 21  -h
infection, early -stage infection ( y8 h) resulted in ER stress characterised by
increased expression of CHOP a nd BiP at both the transcriptional and

translational levels coupled with increased caspase -12 activity (Hirasawa &

Kurita-Ochiai, 2018;|Figure 1-14 A ]C). In addition, enhanced autophagy,

characterised by the increased expression of autophagy markers Beclin -1,

microtubule -associated protein 1A/1B -light chain 3 (LC3), and acidic

vesicular organelles (|Figure 1-114 D), was also observed. This response was

inhibited by pretreatment with an ER stress inducer salubrinal, an inhibitor of
PPIc, that results in blockage of elF2 r dephosphorylation (Boyce et al.,
2005) . Furthermore, siRNA knockdown of LC3 resulted in increased
apoptosis, thereby implicating ER stress -induced autophagy as a protective
response against P. gingivalis-induced apoptosis (Hirasawa & Kurita -Ochiai,
2018). These results are corrob orated by studies in mice where
administration of P. gingivalis induced ER stress with increased expression

of both CHOP and BiP (Yamada et al., 2015).
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Figure 1-14 Porphyromonas gingivalis . (A) P. gingivalis infection induces ER
stress, (B) leading to PERK activation, and (C) the expression of CHOP and
BiP. (D) Concurrently, it also induces to autophagy as determined by the
markers Beclin -1 and LC3-Il. (E) P. gingivalis secretes a lysine -specific
cysteine pro tease, termed the lysine gingipain, (F) which degrades mTORC1,
and (G) leading to the induction of autophagy. Figure from Knowles et al.,
(2021), used under creative commons licen ce.
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Interestingly, the lysine -specific gingipain of P. gingivalis has been shown to

degrade mTORC1 and modulate levels of mMTORC1 -associated proteins in

oral epithelial cells after 4 h of infection  (Stafford et al., 2013;|Figure 1-L4

E,F). However, this mTOR degradation requires P. gingivalis internalisation,
indicating that these effects are probably not mediated by the secretory
fraction of gingipains produced by extracellular  P. gingivalis (Stafford et al.,
2013). Inactivation of mTOR is known to induce autophagy (Jung et al.,

2010), fitting with the early stage autophagy seen by (Hirasawa & Kurita -

Ochiai, 2018;[Figure 1-14 G). Furthermore, mTOR inhibition by rapamycin

suppresses tu nicamycin -induced ER stress, resulting in autophagy (Dong et
al., 2015). Therefore, gingipain -mediated degradation of mMTOR may help
dampen ER stress induced by P. gingivalis infection, aiding host cell survival

in the early stages of infection by delayin g the onset of apoptosis.

1.2.2.6 Future Perspectives towards bacterial interactions with the ISR

Infection by pathogens triggers concerted whole organism immune
responses by the host, which are often initiated at the cellular level. In fact,
individual host cells can respond independently to adverse conditions via a
variety of intracellular signalling systems, with the ISR being a key mediator
of these responses and determining cellular fate  (Costa -Mattioli & Walter,
2020) . In recent years, it has become apparent that the ISR may have a
wider role in host immune responses (Claudio et al., 2013; Pulendran, 2015).
Here, we discuss recent advances in understanding host  ]microbe
interactions, which demonstrate that bacterial pathogens can interact with
the ho st ISR during infection, directly manipulating cellular fate and immune
signalling. This demonstrates that a comprehensive understanding of
pathogenic interactions with the ISR is crucial for the elucidation of

microbial disease progression.

Particularly s triking is that both S. flexneri and P. aeruginosa infection result
in the activation of HRI, with S. flexneri inducing HRI activation leading to

initiation of immune signalling as demonstrated by NF - B activation (Abdel -
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Nour et al., 2019) and P. aeruginosa inducing HRI activation leading to
LQFUHDVHG KRVW FHOO #¥tlaD E1E).LUmerestihByQ duwihg R X W
monospecies bacterial infection (employed by most studies discussed here)
HRI activation is required for Y. pseudotuberculosis and Listeria
monocytogenes to achieve their virulence associated intracellular activities,
where a lack of HRI interferes with the pathogens T3SS virulence factors
(Shrestha et al., 2013). In contrast, at an organismal level, HRI -deficient mice
have been shown to be m ore susceptible to L. monocytogenes infection and
less able to mount a system -level cytokine response (Bahnan et al., 2018).
This suggests potentially different outcomes depending on whether

infection is monospecies or polymicrobial in nature, and hence,t he exact
role of HRI needs further attention. To date, HRI -specific inhibitors have

been identified (Rosen et al., 2009), and PERK inhibitors have already shown
promise in combatting neurodegenerative diseases that impact upon the

ISR (Moreno et al., 2013). Greater understanding of the exact role of HRI in
bacterial infection is therefore an area that may allow for the targeting of

HRI as a novel antimicrobial therapy using inhibitors or activators in an

infection -specific manner. Findings that internalisat ion efficiency of
Chlamydia trachomatis was independent of HRI activity and that it was
increased by loss of PKR (Shrestha et al., 2013) support PKR as another

potential therapeutic target.

Given the paradoxical role of the ISR, any change to a particular  signal can
have vastly different outcomes dependent upon the circumstance. For

example, in neuronal cells, inhibition of PERK is protective during stress
induction (Moreno, et al., 2013); conversely in pancreatic cells, it induces

type | interferon activ ation, proving to be fatal (Yu et al., 2015). These
opposing outcomes of ISR dysregulation are also apparent during bacterial
infection. Where PERK activation by STEC and Porphorymonas gingivalis
infection ultimately leads to cell death  (Tsutsuki et al., 2016; Hirasawa &
Kurita-Ochiai, 2018), PERK activation by P. aeruginosa reduced the

secretion of the pro -inflammatory cytokine KC, the mouse equivalent of IL -8,

potentially aiding immune evasion (Grabiner et al., 2014). Conversely, S.
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flexneri infection and activation of both GCN2 and HRI showed the opposite
of this phenotype, leading to robust upregulation of IL -8 (Abdel-Nour et al.,
2019). Although it remains to be elucidated whether these changes are cell
type or infection specifi c, these conflicting phenotypes demonstrate the
range of outcomes that bacterial manipulation of the ISR can have on
immune signalling and cellular fate; however, further work is required to

evidence this.

Furthermore, (Abdel-Nour et al., 2019) found tha t inhibition of elF2 signalling
via the knock -in elF2 r S51A mutant induced a significant increase in
intracellular S. flexneri, thereby implicating elF2 r signalling in the control of
bacterial internalisation. The potential of elF2 rto control bacterial
internalisation is corroborate , although inversely, by the findings of
(Shrestha et al., 2012), who reported that invasion of the Far East scarlet -
like fever causing pathogen Yersinia pseudotuberculosis resulted in a 25 -
fold increase in MEFs containing the elF2 r S51A knock-in compared with
wild type. The authors also identified functional elF2  r signalling as a
prerequisite for cytokine expression and demonstrated that Y.
pseudotuberculosis specifically d ampens elF2 phosphorylation during a
range of cellular stresses through the action of a virulence factor YopJ,

which is inserted directly into host cells via a T3SS. Ultimately, this resulted

in decreased pro -inflammatory cytokine expression (Shrestha et al.,2012).
These findings further demonstrate the potential for ISR manipulation as an

immuno-evasive mechanism of bacterial pathogens.

During prolonged ER stress, LPS is known to trigger a TLR  -dependent
reprogramming of the ISR (Woo et al., 2012). LPS is detected by TLRs,
which triggers a signalling cascade mediated by the action of its

downstream adaptor TRIF and results in decreased serine phosphorylation

of elF2B x thereby increasing elF2B GEF activity in a manner independent of
elF2 r phosphorylatio n (Woo et al., 2012). This increased elF2B GEF activity

results in suppression of CHOP, increasing cell survival, and increased
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translation of the pro -inflammatory cytokine TNF - r (Woo et al., 2012). Both
P. aeruginosa and P. gingivalis induce the produ ction of host TNF - r
dependent on their LPS (Nativel et al., 2017; Raoust et al., 2009) . Therefore,
given that both P. aeruginosa and P. gingivalis infections are long term and
chronic and can induce ER stress and PERK activation, it is entirely plausible
that the TNF - r expression may be at least partially dependent on the
TLR/TRIF elF2B pathway (Grabiner etal.,2014; YD Q _ Wet &.X2045;
Yamada et al., 2015; Hirasawa & Kurita -Ochiai, 2018). Indeed, P. gingivalis
survival is known to hinge upon increased inflammatory signalling, whilst
dampening host antimicrobial responses, all in a TLR -dependent manner
(Hajishengallis & Lambris, 2012) . Here, investigation into this potential
reprogramming of the ISR during inf ection may yield crucial information into
P. gingivalis virulence and may point to the potential of therapeutic targeting
of elF2B activity during chronic infection. Given that  Woo et al., (2012) only
investigated the TLR -dependent ISR reprogramming und er ER stress, it is
entirely possible that this signalling cascade may also occur during other
stresses; therefore, all of the bacteria discussed above may induce this
response. The limiting factors would be host cell survival time and

cytotoxicity of infe ction, as this cascade occurs primarily during long -term
stress (Woo et al., 2012).

It should be noted that most of the studies to date have investigated the role
of a single species upon a single cell type, whereas most bacterial infections
are polymicr obial (Brogden et al., 2005) . As with host immune responses,
pathogenic bacteria are known to interact with other microbes; indeed, the
virulence and disease severity of both P. gingivalis and Salmonella infection
are thought to be reliant upon their abi lity to manipulate the wider bacterial
community (reviewed in Hajishengallis et al., 2012). P. aeruginosa is also
known to secrete products, which have a community wide effect in cystic
fibrosis patients, ultimately shaping microbial community dynamics w ithin
the lung (Reviewed in O'Brien & Fothergill, 2017) . Whilst, pyocyanin, a
guorum -sensing molecule secreted by P. aeruginosa in response to Gram-

negative cell wall fragments, is thought to reduce microbial community
72



diversity to select for a more pathogenic community (Norman et al., 2004;
Korgaonkar & Whiteley, 2011 ; Korgaonkar et al., 2013), pyocyanin also
functions to generate ROS (Xu et al., 2013), a known inducer of the ISR.
Given that secretion of pyocyanin is governed by inter -bacterial
communication, which is inherently non -linear (Dietrich et al., 2006) ,
alterations in pyocyanin concentrations could induce differential ROS
production over time. This could plausibly result in oscillation of host ISR
activation, adding another layer of ¢ omplexity to the ISR dampening
interaction seen during monospecies P. aeruginosa infection. Furthermore,
Bifidobacterium spp. protects mice from STEC toxicity via the production of
acetate, which inhibits the subAB toxin produced by STEC  (Fukuda et al.,
20 11; Fukudaet al., 2012). This lowering of toxicity may well be due
dampening of STEC -mediated ISR activation in host tissues around the
infection sites, especially as subAB self -internalises (Morinaga et al., 2007) ,
which is likely be in contact with the extracellular acetate before the
internalisation event. Therefore, given the role of the wider bacterial
community upon virulence, studying the interactions between polymicrobial
communities and the host ISR may lead to advances in the understanding of
host Jpathogen interactions, reflect physiological conditions and act as a

platform for possible therapies.
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1.3 Project Overview

In recent years , the regulation of translation initiation and its shutdown

during stress have become increasingly implicated within cellular responses
to microbial infections. However, t he dynamics of host cellular translational
control during stress and Porphyromonas gin givalis infection have not been
previously investigated . P. gingivalis is known to interact with or degrade
multiple cellular regulators of translation initiation , and furthermore the
process of infection generates potentially stressful conditions. This project
therefore aims to elucidate the molecular mechanisms of interactions
between P. gingivalis and host cellular translational control, with or without a

chemically recapitulated oxidative stress environment.

The hypothesis is that P. gingivalis infecti on will induce ISR activating stress
within its host and heighten the tightly controlled down -regulation of

translation during cellular stress .

This will be met by addressing the following aims:

x Determining whether P. gingivalis infection induces the host ISR
activation

X Investigating the effects of P. gingivalis infection during a chemically
recapitulated ISR activating environment

x Investigate the effect of P. gingivalis infection on stress granule
formation

X Probing the molecular mechanisms of the interact ion between P.

gingivalis and translational regulation during ISR activation
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2.1 Materials

All chemical reagents utilised in this study unless otherwise stated were
purchased from Sigma -Aldrich or Thermo Fisher Scientific. All

manufacturers and V X S S OddHrésses are shown in [Table 2-1

Table 2-1Manufacturers and suppliers

Supplier Location

Abcam Cambridgeshire, UK
Bio-Rad Watford, UK

Carl Zeiss Cambridge, UK

Cell Signalling Technologies Leiden, NL

Difco Laboratories East Molesey, Surrey, UK
Don Whitley Scientific Bingley, West Yorkshire, UK
Gibco Loughborough, UK
Hawksley Lancing, Sussex, UK
Invitrogen Paisley, Renfrewshire, UK
LAB-M Bury, UK

Leica Sheffield, UK

Li-Cor Cambridge, UK

Merck. Feltham, UK

Pro-Lab Diagnostics Birkenhead, UK

Roche Poole, UK

Sigma-Aldrich Poole, UK

Statsdirect Ltd Birkenhead, UK

TCS Biosciences Buckingham, UK
ThermoFisher Scientific Loughborough, UK

UK Health Security Agency Porton Down, Salisbury, UK
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2.2 Antibodies

The P. gingivalis mAb 1B5 antibody was a kind gift from Professor Mike

Curtis (Centre for Host Microbiome Interactions, Kings College London,

London, UK) and the P. gingivalis whole cell antibodies were a kind gift from

Professor Graham Stafford (School of Clinical Dentistry, University of

Sheffield, UK). Details of the P. gingivalis antibodies used as detailed in |Table

2-2

Table 2-2 Primary bacterial

specific antibodies used in this study

PG Whole Cell 2

Antibody Name Species Raised Against
mAb 1B5 Mouse Porphyromonas gingivalis LPS
PG Whole Cell 1 Rabbit Porphyromonas gingivalis NCTC11834

Porphyromonas gingivalis NCTC11834

Table 2-3 Primary mammalian specific antibodies used in this study

37/46)

Antibody Species | Catalogue Clon ality Company
Number
r-Tubulin Mouse 2144 Polyclonal | Cell Signalling
Acetyl - r-Tubulin Rabbit 1252 Polyclonal | Cell Signalling
elF2r Mouse ab181467 3A7B11 Abcam
p-elF2 r Rabbit 44-728G Polyclonal | ThermoFisher
elF3b Rabbit ab133601 ERP5804 | Abcam
GAPDH Mouse G9545 Polyclonal | Sigma
GAPDH Rabbit PLA0125 Polyclonal | Sigma
G3BP Mouse ab56574 2F3 Abcam
HDACG6 Mouse 7558 D2E5 Cell Signalling
Puromycin Mouse MABE343 12D10 Merck
p-p70-S6Kinase Rabbit 9234 108D2 Cell Signalling
(T389)
Tubulin Rat ab6161 YOL1/34 Abcam
4E-BP1 Rabbit 9452 Polyclonal | Cell Signalling
p-4E-BP1(Thr Rabbit 2855 236B4 Cell Signalling
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Table 2-4 Secondary antibodies used for immunofluorescence in this
study

Antibody Species | Catalogue Clonality Company
Number

Alexafluor 488 anti | Goat ab150113 Polyclonal | Abcam
Mouse

Alexafluor 488 anti | Goat ab150077 Polyclonal | Abcam
Rabbit

Alexafluor 488 anti | Goat ab150157 Polyclonal | Abcam

Rat

Alexafluor 568 anti | Goat ab175473 Polyclonal | Abcam
Mouse

Alexafluor 633 anti | Goat A-21050 Polyclonal | ThermoFisher
Mouse

Alexafluor 633 anti | Goat A-21070 Polyclonal | ThermoFisher
Rabbit

Table 2-5 Secondaries antibodies used for western blotting in this study

Antibody Species | Catalogue Clonality Company
Number

680RD anti Mouse Goat 926 -68070 Polyclonal | Li-Cor

680RD anti Rabbit Goat 926 -68071 Polyclonal | Li-Cor

800CW anti Mouse Goat 926 -32210 Polyclonal | Li-Cor

800CW anti Rabbit Goat 926 -32213 Polyclonal | Li-Cor
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2.3 Bacterial Culture

2.3.1 Bacterial Strains

All bacterial strains used were a kind gift from Professor Graham Stafford

(School of Clinical Dentistry, University of Sheffield, UK)

Table 2-6 Bacterial Strains and mutants used within this study.

Species Genotype Mutation Relevant characteristics
Porphyromonas | NCTC11834 | Wild type NCTC Strain
gingivalis ATCC381 | Wild type ATCC Strain
ATCC53978 | Wild type ATCC Strain
(W50)
W50 K1A Qkgp :EmR kgp deletion mutant of
ATCC53978 (Aduse-
Opoku et al., 2000)
W50 E8 QrgpA:EmR | rpgA, rgpB double
QrgpB::TetR | deletion mutant of
ATCC53978 (Aduse-
Opoku et al., 2000)
W50 EK18 QrgpA::EmR | rpgA, rgpB, kgp triple
QrpgB::TetR | deletion mutant of
al.,2013)

EmR ] erythromycin resistance, TetR ]tetracycline resistance, ChlorR ]

chloramphenicol resistance.
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2.3.2 Bacterial growth

2.3.2.1 On solid agar

P. gingivalis were grown and maintained on fastidious anaerobe agar (Lab M)

containing ox alated horse blood (5 % (v/v); TCS Biosciences) and

supplemented with antibiotics (outlined in section |2.3.1) as required under

anaerobic conditions (10 % CO,, 10 % H, and 80 % N;) at 37 °C in a Don

Whitley Scientific A25 anaerobic workstation . Bacteria were subcultured

every 3-4 days for maintenance. Throughout this study, bacteria used to

infect cells were no older than 3 -4 days old post -subculturing.

2.3.2.2 As liquid culture

P. gingivalis were grown as liquid cultures in brain heart infusion broth (BHI,

Difco laboratories) supplemented with 0.5 % (w/v) yeast extract, hemin (5

SJ PO YLWDPLQ . SJ PO DQG F\VWH

was confirmed by Gram staining (section |2.3.4) before use.

2.3.3 Bacterial counting

Bacterial cells used for infection of mammalian cells (section
counted using a Helber Bacterial Counting Chamber (Hawksley)

a Leica DMil (Leica) light microscope at 400x magnification

2.3.4 Gram staining

LQH

2.5

were

visualised on

Gram staining was carried out using the Pro-Lab Diagnostics Gram Staining

Kit (Pro-Lab Diagnostics) according to manufacture U ‘iNstructions. In brief,

samples were heat fixed to slides, stain ed with crystal violet (1 min), washed

with water, stained with Grams iodine (1 min), washed with water, and

decolourised with differentiator (10 sec) Finally samples were washed,

stained with counter stain (1 min), washed and ai r dried. Gram staining was

visualised using a Leica DMil (Leica) light microscope at 400x magnification.
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2.3.5 Long term bacterial storage

For long term storage, b acteria were stored at -80°C. Bacteria were grown

on plates as detailed in s ection [2.3.2.1 One loop of bacteria was mixed into 1

mL of BHI broth (supplemented as outlined in |2.3.2.2) containing 50 % (v/v)

glycerol. Once mixed the resulting mixture was immediately frozen  ina-80 °C

freezer .

2.3.6 Crude isolation of P. gingivalis outer membrane vesicles

Crude P. gingivalis (strain NCTC11834) OMVs were extracted as previously
described (Dong et al., 2018). P. gingivalis were grown to late exponential
phase overnight in liquid culture as outlined above. The next day, cultures
were adjusted by back dilution to an ODsw of 1.0 and then centrifug ed at
8,000 x g for 5 min at 4 °C. The resulting supernatant was filtered -sterilised
(0.22 SO D @u@her centrifuged (100,000 x g, 2h, 4 °C), after which the
supernatant was discarded and the pellet resuspended in 1 x phosphate

buffered saline ( PBS). Protein content of the OMVs was determined as

outlined in section [2.10jand used to challenge H357 cells.

2.4 Mammalian Cell Culture

The oral squamous carcinoma derived cell line (H357) (UK Health Security
Agency) ZDV PDLQWDLQHG LQ 'XOEHFFR V PRGLILHG
Gibco, Thermo Fisher Scientific) supplemented with 10 % (v/v) foetal bovine

serum (FBS) and 1% (w/v) L-glutamine (G lu).

The neuroblastoma cell line (SHSY -5Y) was maintained in F -12 Ham (Gibco)
supplemented with 10 % (v/v) FBS, 1% L-glutamine (w/v) (Glu) and 1% (w/v)

sodium pyruvate.

Primary astrocytes (akind gift from the Campbell Lab Group, Sheffield Hallam

University, UK) were maintained in minimum essential medium (MEM; Gibco)

supplemented with 10 % (v/v) FBS, 1% (w/v) L-glutamine, 1 % (w/v) sodium
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pyruvate and 1 % (w/v) nonessential amino acids. All cells were cultured in a

humidified environment (5 % CO., 37°C).

2.4.1 Cell passaging

Cells were passaged when 75 % confluent by trypsinization for 5-10 minutes
until cells were fully detached, following which trypsin was neutralis  ed using
complete media. Cells were pelleted by centrifugation (200 x g, 5 mins, RT),
the supernatant discarded, and the cell pellet was resuspended in fresh

complete media and incubated as detailed above .

2.4.2 Cell counting

Mammalian cells were counted automatically using a Thermo Invitrogen Cell
countess Il FL (Thermo Fisher), according to manufacturer specification.
During counts c ell viability was assessed using the trypan blue exclusion

method and dead cells were automatically discounted from cell counts.

2.4.3 Cryopreservation of Cells

For cryopreservation , cells were trypsini sed and counted as detailed above.
Following this, cells were re -suspended in freezing medium (10% dimethyl
sulphoxide ( DMSO), 90 % FBS (V/V)) at a density of 3x10 ° cells per mL. One
millilitre of the resulting solution was added to each cryovial, which were
subsequently frozen at rate of 1 °C per minute using a Mr Frosty ™
(ThermoFisher) freezing container for 24 hours at  -80 °C. Frozen cells were

transferred to lig uid nitrogen storage within 1 week of initial freezing.

2.5 Infection of mammalian cells with P. gingivalis

Cells were seeded at a density of 6 x10“ cells/cm2 on coverslips or at 3.6  x1
04 per cm2 in tissue culture flasks in DMEM/GIU/FBS, following which ce s
were incubated (5 % CO,,37 °C) and allowed to adhere overnight. After

replacement of overnight media with fresh media, cells were challenged with
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P. gingivalis at a multiplicity of infection (MOI) of 100 at the time points as

detailed below. Oxidative stress was induced using sodium arsenite (SA, 250

SO0 ZKLFK ZDV DGGHG IRU WKH ILQDO PLQ RI LQIHFWI
with or without integrated stress response inhibitor (  ISRIB) (200 nM, 30 min),
Nocodazole (200 nM, 30 min), Rapamycin (400 nM, t=1h) or P. gingivalis
(NCTC11834) derived LPS (at1,50r 10 SJ P/ W KR Xttbsted 8ells

were included as control. Following treatment, cells were either fixed with ice -

cold methanol ( -20 °C, 10 mins) or protein extracted as detailed in s ection

2.10

2.6 Challenge of cells with conditioned media

To generate P. gingivalis infection conditioned media , H357 cells were
infected (MOI of 100) as described above . Following infection , conditioned
media was recovered and filtered (0.22  3n) to remove bacteria and other
particulate matter. Untreated H357 cells were then challenged with the
filtered conditioned media for 2h. For gingipain inhibi tion studies, H357 cells
were challenged with conditioned media supplemented with either leupeptin
(0.2 mM) or Na-Tosyl-Lysine Chloromethyl Ketone (TLCK, 0.5 mM) after

which total protein was extracted as detailed in section |2.10/and levels of

proteins of interest were probed by Western blotting as detailed in section

2.11

2.7 Challenge of cells with hi gh concentration conditioned me dia

High concentration mammalian cell culture media conditioned by  P. gingivalis
was generated as described previously (Nakayama et al., 2015). Briefly, P.
gingivalis were grown in liquid culture at concentration of 1 x 10 8/mL in DMEM
for 24 hours (10 % CO,, 10% H. and 80 % N.) at 37 °C. The next day the
ODeoo adjusted by back dilution to 1.0 and the purity of the P. gingivalis culture

was confirmed by Gram staining as outlined in [2.3.4| Next, cultures were

subjected to centrifugation (8,000 x g, 5 min, 4 °C). The resulting s upernatant
was passed through a 0.2 3n filter to remove any remaining whole bacteria

The pure conditioned media was used to challenge H357 cells for the times
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indicated after which total protein was extracted as detailed in section 2.10

and levels of proteins of interest were probed by Western blotting as detailed

in section |2.11

2.8 Puromycin incorporation (SUNnSET) assay

The relative rates of protein synthesis , after cells were treated as detailed
above, were determined using the non -radioactive fluorescence activated
surface sensing of translation (SUNnSET) assay as described previously
(Hodgson et al., 2019). Briefly, post treatment cells were incubated in culture
media containing puromycin (91 pM) and emetine (208 uM) for 5 minutes (5 %
CO,, 37 °C). Cells were then washed twice with 1 x PBS containing

cycloheximide (355 pm) and total protein was extracted as detailed in section

2.10| following which puromycin uptake was probed by western blotting

section |2.11

2.9 Immunofluorescence confocal microscopy

Methanol -fixed cells were washed with PBS supplemented with Tween 20
(0.5 % vlv; PBST), following which the cells were blocked in PBS
supplemented with bovine serum albumin ( BSA) (1 % w/v) for a minimum of 1
hour at roo m temperature before incubation with primary antibodie s, detailed

in|Table 2-2|and

Table 2-3| overnight at 4 °C. After washing with PBST (3 x 5 min), membranes

were incubated with corresponding fluorescent Alexa fluor ™ conjugated

secondary antibodies , detailed in|Table 2-4{ for 1 hour at room temperature.

Cells were washed with PBST and mounted using ProLong Gold ™ antifade
mountant containing DAPI (ThermoFisher). Protein localis ation was visualised
using a Zeiss LSM800 microscope (Carl Zeiss). Images were captured using
ZenBlue software, either a 40x or 63x plan -apochromat oil objective and a
laser with maximum output of 10mW at 0.2 % laser transmission. Stress
granule frequencie s, area and co-localization were quantified using the

analysis module of Zeiss ZenBlue software (Carl Zeiss).
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2.10 Protein extraction

After treatment cells were washed with phosphate buffered saline (PBS),
before the addition of lysis buffer (PBS supplemented w ith 10 %(v/v)
PhosStop (Roche), 10 % (v/v) complete EDTA -free protease inhibitors and
0.1 %(v/v) SDS). Total proteins were extracted using a cell scraper and cell
lysates were stored at -80 °C for a minimum of 1 hour, or overnight after
which proteins were recovered by centrifugation (17 200 x g, 14 min, 4°C)
and stored at -80 °C until required. Total protein extracts were quantified
using the Qubit ™ protein assay (ThermoFisher) according to manufacturer
instructions and expression levels of proteins of i  nterest probed by Western

blotting.

2.11 Western blotting

For western blotting, total protein extracts were subjected to SDS page
electrophoresis using 4 -20 % polyacrylamide gradient gels (Bio -Rad) and
transferred to nitrocellulose membranes using a  Trans-blot Turbo transfer
system (Bio -Rad). Membranes were blocked in either (5 % w/v) BSA or
powdered milk prepared in Tris Buffered Saline (TBS; 37 mM NaCl, 20 mM
Tris, pH 7.6) supplemented with 0.1 % (v/v) Tween 20 (TBST) for 1 hour at

room temperature before incubation with primary antibodies , detailed in

Table 2-3|overnight at 4 °C. After washing with TBST (3 x 5 min), membranes

were incubated wit h the corresponding fluorescent conjugated secondary

antibodies , detailed in|Table 2-5]for 1 h at room temperatures . Proteins were

visualised using a Li-Cor Odyssey infrared imager (Li -Cor) and quantified

using Image Studio Lite software (Li -Cor).
2.12 Statistical analysis

Significance between groups was analysed using the StatsDirect software
package (Statsdirect Ltd). Data was first subjected to a Shapiro  -Wilks test
where data was considered parametric if p<0.05. All data was found to be

non-parametric. Significance between unpaired groups was determined using
85



a Kruskal -Wallis test, which if significant was followed by a Conover -Inman
post-hoc WHVW 6LJQLILFDQFH ZDV FNHW DW*3~~
~k~k’ P ~ P ~
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3 Chapter 3: Crosstalk between P. gingivalis infection,

exogenous stress and the host translational control
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3.1 Introduction

Periodontitis is caused by a variet y of pathogenic bacteria, with the most
prominent being the keystone pathogen Porphyromonas gingivalis
(Hajishengallis et al., 2012). Progression of periodontitis leads to an
increasingly cytotoxic environment within the periodontal pocket with
increasing levels of bacterial metabolites and oxidative stress due to
neutrophil activation (Peake & Suzuki, 2004) . Under such stress conditions,
host cells activate a number of signalling cascades, one of which is the
concerted cellular reprogramming s ystem, the ISR, which functions to
determine cellular fate via targeting translational control (Costa-Mattioli &

Walter, 2020) .

Functionally, the ISR initially causes a global downregulation of protein
synthesis, which sets out to conserve energy and al low the activation of a
stress response gene expression program , thereby aiding the cell to either
overcome the stress or initiate programmed cell death  (Costa -Mattioli &
Walter, 2020) . A variety of stresses, including bacterial infection, activate

one or more of four stress response kinases, PKR, PERK, GCN2 and HRI

(discussed in section |1.2.1.%. Once activated, these stress response kinases

converge upon the phosphorylation of elF2 r at serine 51 (Siekierka et al.,
1982; Donnelly et al., 2013). Stress-induced elF2 r phosphorylation blocks
the ability of elF2B to regenerate elF2 -GTP resulting in the abrogation of
global translation by inhibiting the formation of active ternary complex

(Rowlands et al., 1988; Dever et al., 1995; Kenner et al., 2019) (discussed

furthe r in section [1.2.1.%. The activation of t ranslational shutoff pathways

results in stalled mMRNPs, which are aggregate d into cytoplasmic
condensates known as stress granules. These function to aid sorting of
MRNPs into those which will be degraded, or re -initiation if stress is
overcome and translation resumes (Nover et al., 1989; Anderson &

Kedersha, 2002) .

88



Several bacterial pathogens are known to activate and modulate the host

ISR during their infection cycles (discussed in section |1.2.3). P. gingivalis has

previously been shown to induce activation of the Unfolded Protein

Response (UPR; Hirasawa & Kurita -Ochiai, 2018), which interlinks with the
ISR (Harding et al., 2003) . This finding coupled with the fact that periodontal
infection produces possible stress through inflammation  (Peake & Suzuki,
2004; Hajishengallis & Lambris, 2012) suggests that P. gingivalis infection

may be capable of activating and interacting witht he host ISR.
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3.2 Aims

The overall aim of this chapter is to investigate whether  P. gingivalis can
activate or interact with the host integrated stress response. This will be

achieved by:

X Investigating the potential of P. gingivalis infection alone to activate
the ISR

x Optimising the chemical recapitulation of an oxidative ISR activating
environment

X Investigating interactions between P. gingivalis infection and the ISR

activated by chemical oxidation
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3.3 Results
3.3.1 Confocal microscopy ident ifies internalised P. gingivalis

To confirm that it was possible to differentiate between internalised,
adhered or cell free P. gingivalis, super-resolution confocal microscopy
using Z-stacking was utilised together with antibodies raised against P.
gingivalis and Ras GTPase-activating protein -binding (G3BP), cytosolically
dispersed protein that is also a canonical s tress granule marker. By
generating three dimensional images of slices taken throughout H357 cells
which had been infected (NCTC11834, MOI of 1 00, t=2 4h). P. gingivalis
antibody signal could clearly be detected within the slices containing the

cytosolically dispersed G3BP antibody signal and be clearly differentiated

from P. gingivalis outside of the intracellular G3BP signal (Figure 3-1). These

results confirm that confocal microscopy and Z  -stacking could positively

and reliably identify cells infected with  P. gingivalis.
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Figure 3-1Confocal microscopy identified internalised P. gingivalis . H357
cells were infected with P. gingivalis (NCTC11834, MOI of 100, t=24h). G3BP
(white) and P. gingivalis (red) were visualised using immunofluorescence
confocal microscopy. Scale baris 10 Sn.
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3.3.2 P. gingivalis infection alone does not induce cellular stress

Some bacterial infection s can lead to an oxidative stress environment which
is known to activate the host ISR (Knowles et al., 2021). To determine if P.
gingivalis can induce the host ISR during infection , the effect s on global
protein synthesis and elF2 r phosphorylation were monitored in infected
H357 cells (t=2, 4 , 6 and 24 h; MOI of 100). Infection did not alter the rate of

translation , as measured by puromycin incorporation (Figure 3-2|A) and

elF2 r phosphorylation (Figure 3-2|B). These results indicat e that P.

gingivalis infection alone over a period of two to 24 hours does not induce

the core functions of the ISR.

93



Figure 3-2 P. gingivalis infection does not induce ISR activation.  (A) H357
cells were left untreated, infected with  P. gingivalis (NCTC11834, MOI of 100,
t=2 to 24h). The relative rate of protein synthesis as measured by puromycin
uptake and the concentration relative to GAPDH enumerated. (B) Levels of
p-elF2 r were probed using immunoblotting and the ratio of phosphorylated

to total elF2 r were determi ned (mean = SD, n=3). No significant differences
in means were found with a Kruskal -Wallis test.
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3.3.3 Lack of stress induction during P. gingivalis infection is

accompanied by lack of stress granule formation

During stress -induced translational attenuation , stalled mRNPs are
aggreg ated into cytoplasmic foci, termed stress granules. To further assess
cellular stress response s during P. gingivalis infection stress granule
formation was assessed over a period of two, four, six and 24 hours, w ith
oxidative stress (sodium arsenite, 250 S 0 as a control . Stress granules
were visualised using immunofluorescence microscopy, probing for G3BP
(white) and P. gingivalis (red). Despite infection being observed at all time
points n o stress granule format ion was observed over the time period

investigated ; further implying that P. gingivalis infection alone does not

activate the ISR| Figure 3-3).
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Figure 3-3 P. gingivalis infection does not induce stress granule

formation. H357 cells were left untreated , infected with P. gingivalis

(NCTC11834, MOI 1 in 100, t=2h to 24h) or, treated with sodium arsenite (SA;
S0 W P LE&BBP (white) and P. gingivalis (red) were used to

visualise stress granule formation and infection, respectively, by

immunofluorescence confocal microscopy. Scale baris 20 Sn.
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3.3.4 Optimisation of chemical recapitulation of oxidative stress

using sodium arsenite

Although P. gingivalis did not induce the ISR directly , it is known that host
immune responses to infection such as inflammation may themselves
produce a potentially stressful environment due to indu  ction of oxidative
radicals from neutrophil activation inflammation (Peake & Suzuki, 2004,
Hajishengallis & Lambris, 2012) . To study the impact of such an environment
on infection sodium arsenite , a well-documented ISR inducing stressor
(Brostrom & Brost rom, 1997; McEwen et al., 2005) , was used to chemically

recapitulate an oxidative stress environment.

First the ability of sodium arsenite to induce the ISR and the subsequent
effects on cellular viability were investigated. H357 cells were challenged
with a range of concentrations of sodium arsenite (0, 125, 250 and 500 SO

for 30 mins. All concentrations induced cellular stress as indicated by

decreased puromycin incorporation (Figure 3-4), increased elF2 r

phosphorylation (Figure 3-5) and stress granule formation (Figure 3-6).

However, 250 and 500 S Osodium arsenite showed a robust decrease in

protein synthesis of 4.5-fold and 7.86-fold respectively (Figure 3-4), an

increase in elF2 r phosphorylation 3.45-fold and 4.88-fold respectively

Figure 3-5), and both treatments induced G3BP stress granules in 98 % of

cell (Figure 3-6). At 125 3 sodium arsenite only decreased translation 2.8-

fold (Figure 3-4), increased elF2 r phosphorylation by 2.55-fold (Figure

3-5)and induced stress granules in only 73 %of cells (Figure 3-6).

In addition viability of cells w as investigated and no significant change to cell
death as determined by Hoechst 3342 and propidium iodide staining was

observed when compared to the control ( |Figure 3-7).As250 SO VRGLXP

arsenite showed a robust induction of cellular stress similarto500 S0 WKLV

concentration was chosen for future studies.
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Figure 3-4 Concentration dependent inhibition of translation by sodium

arsenite . H357 cells were left untreated or challenged with sodium arsenite

(SA; t = 30mins). The relative rate of protein synthesis as measured by

puromycin uptake and the concentration relative to GAPDH enumerated

(mean £ SD, n=3). *** P ~ P~ DFFRUGLQJ W&lisWwitikVND O
Conover -Inman post-hoc test.
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Figure 3-5 Concentration dependent elF2 r phosphorylation by sodium
arsenite . H357 cells were left untreated or challenged with sodium arsenite
(SA; t = 30mins). Levels of p -elF2 r were probed using immunoblotting and
the ratio of phosphorylated to total elF2  r were determined (mean = SD,
n=3). ¥*** p ~ P~ DFFRUGLQJ WH&lIis Witk Cdhbver -
Inman post-hoc test.
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Figure 3-6 Concentration dependent stress granule formation during

sodium arsenite challenge . H357 cells were left untreated or challenged

with sodium arsenite (SA;t = 30mins). G3BP (white) was visualised using
immunofluorescence confocal microscopy (mean + SD, n=3, 100 cells per

biological replicate ). **, P ~ P ~ DFFRUGLQJ WRIliswixhV ND O
Conover -Inman post-hoc test. Scale bar is 10 3$n.
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Figure 3-7 Sodium arsenite does not impact upon cell viability. H357 cells
were left untreated or challenged with sodium arsenite  (SA;t = 30mins),
following which cell viability was assessed using Hoechst 3342 and
propidium iodide sta ining (PI; mean = SD, n=3). No significant differences in
means were found with a Kruskal -Wallis test. Scale bar is 1000 Sn.
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3.3.5 Sodium arsenite treatment increases P. gingivalis invasion of

oral epithelial cells without a decrease in host viability

After the selection of 250 9 sodium arsenite to induce oxidative stress its
effect on the rate of P. gingivalis invasion was determined . The percentage
of cells infected with P. gingivalis (NCTC11834, MOI of 100, t=2h) in the
presence or absence of sodium arsenite was quantified by counting the
number of cells with a positive P. gingivalis antibody signal under each

condition using confocal microscopy and Z -stacking as described in section

3.3.1 In the presence of oxidative stress, an increase in P. gingivalis infected

cells (39 £ 9 %) was observed when compared to cells infected in the

absence of oxidative stress (24 * 1.2%) (|Figure 3-8).

Sodium arse nite challenge (250 9, t=30mins), P. gingivalis infection
(NCTC11834, MOI of 100, t=2h) or a combination of both induced no change
in H357 cell viability as assessed by Hoechst 33342 and  propidium i odide

staining (Figure 3-9).
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Figure 3-8 Sodium arsenite challenge increases  P. gingivalis invasion.

H357 cells were infected with  P. gingivalis (NCTC11834, MOI of 100, t=2h)

with or without sodium arsenite ( SA;250 SO0 IRU WKH ILQDO PLQXWt
Infected cells were enumerated by visualising P. gingivalis (red) and G3BP

(white) using immunofluorescence confocal microscopy. ( mean £ SD, n=3,

100 cells per biological replicate). *,P ~ DFFRUGLQJ WWIisUXVNDO
with Conover -Inman post-hoc test. .Scale bar is 10 3n.
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Figure 3-9 P. gingivalis infection and sodium arsenite do not impact upon

cell viability. H357 cells were left untreated or infected with  P. gingivalis

(NCTC11834, MOI of 100, t=2h) with or without challenged with sodium

arsenite (SA;250 SO IRU WKH ILQDO P L Qhvcell RaDiliyRnas QJ Z KL |
assessed using Hoechst 3342 and propidium iodide (PI) staining (mean +

SD, n=3). No significant differences in means were found with a Kruskal -

Wallis test. Scale bar is 1000 3n.
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3.3.6 P. gingivalis heightens translational repression during oxidative

stress

Oxidative stress during P. gingivalis infection may occur via host immune
responses (Hajishengallis & Lambris, 2012; Peake & Suzuki, 2004) . Next
translation initiation was monitored during P. gingivalis (strain NCTC11834,
MOI of 100 ) infection of a period of two, four, six and 24 hours with and
without a chemical induced oxidative stress environment (sodium arsenite,
250 SO0 IRU WKH ILQ D (xidaivie @esH iallted ina 3.72-fold
decrease in translation compared to the untreated control.  P. gingivalis

infection heighten ed stress -induced translational inhibition 2.10-fold when

cells were treated with both P. gingivalis and oxidative stress (Figure 3-10).

As this increased inhibition of translation was observed at all infection time

points, further studies were conducted after 2h infection
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Figure 3-10 P. gingivalis heightens stress induced translational stalling.

H357 cells were left untreated or infected with  P. gingivalis (NCTC11834,

MOI of 100, t=2h to 6h) with or without sodium arsenite (SA;250 SO0 IRU WKH
final 30 mins. The relative rate of protein synthesis as measured by

puromycin uptake and the concentration relative to GAPDH enumerated

(mean = SD, n=3). ** P ~ DFFRUGLQJ W®&lIlis Witk Cohbver -

Inman post-hoc test.
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3.3.7 Heightened translational repression is independent of elF2  r

phosphorylation

As P. gingivalis heighten ed translational repression during oxidative stress

the phosphorylation state of elF2 r during these conditions was investigated.

Similar basal level of p-elF2$ was observed in P. gingivalis infected

(NCTC11834, MOI of 100, t=2h) cells and the untreated control. Strikingly,

whilst an increase in translational repression was observed in cells co -treated

with P. gingivalis infection and sodium arsenite, a decrease in levels of p -elF2 $

was observed compared to the oxidative stress
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Figure 3-11P. gingivalis infection lowers elF2 r phosphorylation. H357

cells were left untreated or infected with  P. gingivalis (NCTC11834, MOI of

100, t=2h) with or without sodium arsenite ( SA;250 SO IRU WKH ILQDO
mins. Levels of p-elF2 r were probed using immunoblotting and the ratio of
phosphorylated to total elF2 r were determined (mean + SD, n=3). *,P ~
according to Kruskal -Wallis with Conover -Inman post-hoc test.
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3.3.8 The integrated stress response inhibitor, ISRIB, cannot rescue
translational function during P. gingivalis infection and oxidative

stress

ISRIB is a potent ISR inhibitor, which reverses the inhibitory effect of elF2  r
phosphorylation on elF2B activity, resu Iting in the rescue of translational
function and disassembly of stress granules (Sidrauski et al., 2015). As P.
gingivalis heightened translational repression independently of increased

elF2 r phosphorylation during oxidative stress , the ability of ISRIB to rescue
translational function during these conditions was next investigated. ISRIB
(400 nM, t=30mins) treat ed H357 cells did not induce a ny change in
translation initiation compared to the untreated control . When coupled with
sodium arsenite challenge (250 9, t=30 mins) ISRIB (400 nM, t=30mins)

treated resulted in an increase in translational function (3.02-fold) when

compared to the sodium arsenite only (Figure 3-12/A). When cells were
infected with P. gingivalis (NCTC11834, MOI of 100, t=2h) and with sodium
arsenite (250 M, t=30mins ), ISRIB treatment (400 nM, t=30mins) only

rescued translation 185-fold (Figure 3-12B). Under the same conditions it

was found that ISRIB could only inhibit stress granules  formation in 85%
percent of cells compared to the 9 6% percent decrease in the sodium

arsenite and ISRIB treat ed cells (Figure 3-13).

Taken together these data indicate th at P. gingivalis heightens stres s
induced translational stalling during oxidative stress in a manner
independent of elF2 r signalling as indicated by lack of heightened elF2 r

phosphorylation and the inability of ISRIB to rescue translational function.
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Figure 3-12P. gingivalis infection inhibits the translational restorative

function of ISRIB. (A) H357 cells were left untreated, treated with ISRIB
(400nM, t=30mins) or challenged with sodium arsenite (  SA; 250 SO
t=30mins). The relative rate of protein synthesis as measured by p  uromycin
uptake and the concentration relative to GAPDH enumerated (mean + SD,
n=3). (B) H357 cells were left untreated or infected with  P. gingivalis
(NCTC11834, MOI of 100, t=2h), with and without sodium arsenite (250 SO
and ISRIB (400 nM) for the final 30 mins. The relative rate of protein
synthesis as measured by puromycin uptake and the concentration relative

to GAPDH enumerated (mean + SD, n=4). **** p ~ P ~ P
~ P ~ DFFRUGLQJ WIlis WixnvQemp@er -Inman post-hoc
test.
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Figure 3-13 P. gingivalis dampens the ability of ISRIB to inhibit stress

granule formation. H357 cells were left untreated or infected with  P.
gingivalis (NCTC11834, MOI of 100, t=2h), with and without sodium arsenite
(SA;250 SO DQG ,65,%M) for the final 30 mins. Stress granule (SG)
formation as visualis ed by G3BP1 (white) and P. gingivalis (red) using
confocal microscopy and Z -stacks (mean £ SD, n=3, 100 cells per biological
replicate). *, P ~ DFFRUGLQJ WAlIlis Wix\CNridw@r -Inman post-
hoc test. Scale bar is 20 9n.
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3.4 Discussion

Recent developments within the field of ISR signalling and translational
control during stress have identifi ed these signalling cascades as a tacit
component of immune responses within eukaryotes (Costa-Mattioli &
Walter, 2020) . However, in recent years these pathways have become
increasingly implicated in host -pathogen interactions. In this context these
pathways not only confer antimicrobial functions , contributing to host fithess
during infection , but can also function as targets for pathogenic virulence
systems to hijack, ultimately puppeteering overall host cellular functions to
their own gain (reviewed in Knowles et al., 2021). This study aimed to
investigate the potential of P. gingivalis infection to interact with host
translational control either on its own or duringa n ISR activating

environment.

Earlier findings reported that mTOR was degrad ed by P. gingivalis in both
oral squamous carcinoma (H357) and immortalised oral keratinocytes (OK -
F6; Stafford et al., 2013). As it was hypothesised that mTOR degradation
may be implicated in host translational control and P. gingivalis infection

during stress H357 cells were chosen as the model system for this study.

P. gingivalis infection has been suggested to activate the host UPR in human
umbilical cord vein cells (Hirasawa & Kurita -Ochiai, 2018). As the UPR, a
multifaceted signalling cascade, has arms which feed into the ISR (Harding
et al., 2003) , we hypothesised that P. gingivalis infection mediated UPR
activation may also stimulate ISR activity. However, over a period of two to

24 hours P. gingivalis did not induce ISR activation as evidenced by

monitoring of levels of elF2 r phosphorylation and protein synthesis (Figure

3-2). This was further supported by a lack of stress granule formation

Figure 3-3), a downstream marker of ISR activity (Anderson & Kedersha,

2002; Pakos -Zebrucka et al., 2016). It cannot be excluded that the UPR
activation during P. gingivalis infection may activate the ISR in certain cell
types as the previous study employ ed human umbilical cord endothelial cells
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(Hirasawa & Kurita -Ochiai, 2018), whereas this study utilised oral squamous
epithelial carcinoma cells. However, itis also possib le that whilst no
translational stalling was observed here , arms of the UPR may have been
active independently of those feeding the ISR  (discussed further in Pavitt &

Ron, 2012)).

P. gingivalis infection alone d oes not activate the core functions of the ISR.
However, inflammatory mediators such as tho se released during
periodontitis (Cekici et al., 2014), which result in the activation of neutrophils
are well known to induce reactive oxygen species that can lead to oxidative
stress (Mayadas et al., 2014). Hence the impact of P. gingivalis infection
during oxidative stress was investigated. To recapitulate an oxidative stress
like environment , sodium arsenite was utilised to chemically induce oxidative
stress. Sodium arsenite is one of the most cha racterised ISR inducing
agents, which robustly and reliably induces oxidative stress and ISR

activation via activation of the HRI kinase (Brostrom & Brostrom, 1997;
McEwen et al., 2005) . The action of sodium arsenite inducing oxidative
stress, which mimics the oxidation observed during the chronic inflammatory
state characteristic of periodontitis  (Cekici et al., 2014). These findings,
coupled with the reports documenting the expression of  oxidative stress
resistance genes expressed by P. gingivalis (Henry et al., 2012) made sodium

arsenite a relevant stress inducer.

Previous studies investigating stress granules and ISR function have
induced acute stressusing 500 SO0 VRGLXP DH&terghh \atldl., 1999;

Rabouw et al., 2020) . However, here in H357 cells sodium arsenite 250 SO0

challenge for 30 minutes decreased protein synthesis (Figure 3-4) and

increased elF2 r phosphorylation (Figure 3-5). This treatment also robustly

induced stress granule formation (Figure 3-6) without increasing cell death

as assessed by Hoechst 33342 and propidium iodide staining Figure 3-7).
Therefore , further studies utilised 250 SO0 VRGLXP DUVHQLWH IRU

induce acute oxidative stress.
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P. gingivalis is known to invade between 14 % of cells at an MOI of 100 over
90 minutes (Lamont et al., 1995). A slightly higher invasion of 20 % after 2
hours infection was observed in the H357 cell line used in this study .

Interestingly, in the presence of sodium arsenite induced oxidative stress P.

gingivalis invasion increased 1.63-fold (Figure 3-8).The exact cause remains

elusive, however P. gingivalis is known to express oxidative stress resistance
genes (Henry et al., 2012), whilst also activating host antioxidant glutathione
responses, effectively protecting its host against oxidative stress (Choi et
al.,2013). Furthermore, P. gingivalis has a layer of hemin around its cell
surface which can act as a buffer against oxidative radicals, further

increasing its tolerance of oxidative stress (Johnson et al., 2004; Smalley et
al.,2000) . Thus the multitude of defence's P. gingivalis employs against
oxidative stress coupled with sodium arsenite S ability to decrease
mammalian membrane i ntegrity (Yancy et al., 2005) , may underpin the
increased invasive capability of P. gingivalis during the sodium arsenite -

induced oxidative stress.

Sodium arsenite induced stress is known to result in translational repression
(Mcewen et al., 2005a) . Here, during oxidative stress P. gingivalis heightened
translational attenuation was seen (Figure 3-10'. Inhibition of protein

synthesis during ISR activation functi ons to conserve energy , allowing the

cell to focus this energy upon a stress response gene expression program,
ultimately either returning to homeostasis or initiating programmed cell
death (Pakos @&ebrucka et al., 2016). However, here heightened translat ional

repression during stress and P. gingivalis infection did n ot result in increased

cell death as no change was found in  H357 viability (|Figure 3-9).

Translational attenuation during sodium arsenite induced oxidative stress is
mediated by the phosphorylation of elF2 r (Mcewen et al., 2005b) . The
central function of elF2 r signalling on tr anslational control and cellular
signalling has made it a target for a wide range of viruses to hijack host
translational function (Reviewed in Liu, Y. et al., 2020 ). In the case of P.

gingivalis although heightened translational repression was observed during
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oxidative stress no corresponding increase in elF2  r phosphorylation was

observed (Figure 3-13. The lack of requirement of elF2 r signalling to

heighten translational repression during oxidative stress and  P. gingivalis

infection was corroborated by the inability of ISRIB , and ISR inhibitor, to

rescue translational function or inhibit  stress g ranule assembly (Figure 3-12

and (Figure 3-13). ISRIB allosterically competes for a binding site on elF2B

which induces a conformational change, antagonising the inhibitory effects

of elF2 r phosphorylation (Schoof et al., 2021; Zyryanova et al., 2021). ISRIB
only works within a defined window of stress  (Rabouw et al., 2019).
However, given that the levels of elF2 r phosphorylation do not

concomitantly increase, it is unlikely that P. gingivalis infection during
exogenous stress increased stress severity out of the window of action.
Hence, the data point towards a mechanism independent of elF2 r signalling
as the effector of heightened translational repression during oxidative

stress and P. gingivalis infection.
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4 Chapter 4: P. gingivalis modulates stress granule
formation during exogenous stress and is

accompanied by cytoskeletal dysregulation
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4.1 Introduction

Cellular stress results in global translational shutdown caused by a deficit in
elF2-GTP regeneration and the inhibition of 5" mMRNA cap binding. These
events ultimately result in stalled pre -initiation complexes and polysome run
off, which increase the pool of non -productive translation initiation
complexes termed mRNPs (Anderson & Kedersha, 2002; Kedersha et al.,
2002) . These stalled mRNPs can instead be sequestered into non -
membranous cytoplasmic condensates known as stress granules  (Nover et
al., 1989; Anderson & Kedersha, 2002) , which function to aid in sorting of
MRNPs into those that will be degraded or re- initiated if the anti -

translational capacity of stress is overcome (Anderson & Kedersha, 2002).

Stress granule nucleation is initially driven by protein and RNA binding
capacities of the canonical stress granule component G3BP1 , which
function to drive LLPS . However, stress granules also contain a plethora of
other components, including RNA binding proteins , such as TIA-1 and TIA-R,
as well as various translation initiation factors and poly adenylated mRNA
(Kedersha et al., 1999; Kedersha et al., 2002; Kimball et al., 2003; Tourriere
et al., 2003; Mazroui et al., 200 7). Stress granules are active structures that
form within minutes, dissolve and a similar pace and have component
residence times from seconds to permanent (Kedersha et al., 2000). Owing
to their dyn amic nature stress granules require ongoing retrograde

transport along functioning microtubules (Loschi et al., 2009; Wheeler et al.,
2016).

Interestingly, the bacterial pathogen S. flexneri has been shown to alter the
composition of stress granules durin g exogenous stress, leading to an
increase in stress granule frequency coupled with the selective exclusion of
elF3b from these granules (Vonaesch et al., 2016). Given that in chapter P.
gingivalis was shown to alter stress induced translational stalling,
independently of elF2 r phosphorylation, the potential of interactions with
stress granule dynamics is investigated here
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4.2 Aims

In this chapter the impact of P. gingivalis infection on stress granule

formation during an oxidative stress environment will be investigated by:

x Evaluating the frequency and composition of stress granules formed
during oxidative stress and P. gingivalis infection

x Elucidating the role of the microtubule network in the relationship
between P. gingivalis infection and stress granules during oxidative

stress.
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4.3 Results

4.3.1 P. gingivalis infection increases the frequency of G3BP

containing stress granules

P. gingivalis infection heightened translational repression during oxidative
stress without inducing or inhibiting stress granule formation (Chapter .
Here the interactions between P. gingivalis and stress granules formation

were further investigated .

H357 cells were infected with  P. gingivalis (NCTC11834, MOI of 100, t=2h)
with and without sodium arsenite (250 M) for the final 30 mins , following
which stress granule formation was monitored . As found previously, P.

gingivalis alone did not induce stress granule formation and in the presence

of sodium arsenite challenge did not inhibit stress granule formation Figure

4-1).

To establish whether the stress granules formed during  P. gingivalis
infection with sodium arsenite challenge varied from those formed during
sodium arsenite only treatment , the frequency and area of the stress
granules formed were next quantified. Cells treated with sodium arsenite
induced on average the formation of 36.2 + 30.2 stress granules per cell

with an average area of 2.25 + 3.16 3n?. Within the P. gingivalis (NCTC11834,
MOI of 100, t=2h) and sodium arsenite treated population the frequency of

stress granules increased on average t0 59.4 +£42.71 per cells, with a similar

average area (Figure 4-2).

The effects of P. gingivalis can be strain specific, there fore the effect s of P.
gingivalis strains ATCC381 and ATCC 53978 (W50) were also investigated
to establish whether these responses were conserved. Similar |to
NCTC11834, both the ATCC381 and ATCCWA50 strain s of P. gingivalis
increased the mean frequency of stress granules to 64.48 and 58.66 per

cell respectively (Figure 4-2). While NCTC11834 and ATCC381 decreased
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the mean stress granule areato 13 + 1.57 $n? and 139 + 1.51 Sn?, this trend

fell short of statistical significance. However, W50 significantly decrea sed

the average area to 0.8704 + 1.02 3n2 per cell (Figure 4-2).

These findings indicate that P. gingivalis increases stress granule frequency
during sodium arsenite induced oxidative stress . In addition, the data
suggests that whilst this response is con served and may not be strain

specific, decrease in stress granule area may be strain dependent.
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Figure 4-1P. gingivalis does induce or inhibit stress granule formation

during oxidative stress. H357 cells were infected with P. gingivalis
NCTC11834, MOI of 100, t=2h) with or without sodium arsenite (SA) for the
final 30 mins. Stress granule formation as visualis ed by G3BP1 (white) and P.
gingivalis (red) using confocal microscopy and Z -stacks. Scale baris5 3n.
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Figure 4-2 P gingivalis increases the frequency of stress granules during

oxidative stress. H357 cells were infected with P. gingivalis (NCTC11834,

ACTC381, ACTCW50, MOI of 100, t=2h) with or without sodium arsenite

(SA) for the final 30 mins. Stress granule formation as visualis ed by G3BP1

(white) and P. gingivalis (red) using confocal microscop Yy and Z-stacks

(mean = SD, n=3, 50 cells per biologic al replicate [other than W50 of which

one replicate only had 20 cells]). **** P ~ DFFRUGLQJ WRIisUXVNDO

with Conover -Inman post-hoc test.
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4.3.2 P. gingivalis infection induces delocalisation of elF3b from

G3BP stress granules

The composition of stress granules is known to vary in a stress dependent
manner (Aulas et al., 2017). As stress granule frequency increased during P.
gingivalis infection and oxidative stress the composition of stress granules

under these condition s was next investigated.

H357 cells were infected with  P. gingivalis (NCT11834, MOI of 100, t=2h)
with or without sodium arsenite (250 M) challenge for the final 30 mins,
following which the localisation of G3BP (white) and elF3b (purple) was
analysed using immunofl uorescence confocal microscopy . Co-localisation of
elF3b to G3BP was visualised using colour intensity p rofiles along a line

through a cell and the percentage co -localisation was th en enumerated

Figure 4-3|A, B). During oxidative stress, elF3b co -localised highly with

G3BP positive stress granules (mean 7 6 + 28 %). However, in the presence

of P. gingivalis infection and oxidative stress, the mean percentage co -

localisation decreased to 48 = 30 % (Figure 4-3|C).
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Figure 4-3 P. gingivalis infection induces de -localisation of elF3b from
stress granules during oxidative stress. (A) H357 cells were infected with
P. gingivalis (NCTC11834, MOI of 100; t=2h) with or without sodium arsenite
(SA) for the final 30 mins. Co -localisation of G3BP1 (white) and elF3B
(purple) in stress granules was assessed by immunofluorescence. (B)
Representative line segments of colour profiles taken from H357 cells
challenged with sodium arsenite with or without  P. gingivalis infection, where
intensity peaks correspond to stress granules. (C) Percentage of
colocalisation of elF3b and G3BP1 ( mean = SD, n=3, 50 cells per biological
replicate). *** P ~ D F F R U GKrugkhal WVRIlis with Conover -Inman
post-hoc test. Scale bar is 20 3n.
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4.3.3 P. gingivalis infection does not degrade G3BP or elF3b

During infection P. gingivalis is known to degrade a multitude of host
proteins (Sroka et al., 2001). To determine whether the modulation of stress
granule formation and composition may be due to the degradation of G3BP

and elF3b the expression of these proteins was next monitored

H357 cells were infected with P. gingivalis (NCTC11834, MOI of 100, t=2h)
with or without sodium arsenite (250 S0 FKDOOHQJH IRU WKNd ILQDO

degradation of G3BP and elF3b was observed under any condition Figure

4-4); this suggest s that the ability of P. gingivalis to modulate stress granule

frequency and composition is independent of G3BP or elF3b degradation.
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Figure 4-4 P. gingivalis and exogenous stress do not alter G3BP or elF3B
expression. H357 cells were left untreated or infected with  P. gingivalis
(NCTC11834, MOI of 100, t=2h) with or without sodium arsenite ( SA; 250
S0 FKDO O HtieeJinal I3R bhins. Expression levels of (A) G3BP1 and (B)
elF3B were probed using immunoblotting. Concentration relative to the
loading control GAPDH was first determined before being normalised to the
untreated sample (mean = SD, n=3). No significant dif ferences in means
were found with a Kruskal -Wallis test.
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4.3.4 P.gingivalis infection does not induce visual changes to the

microtubule network

With stress granule frequency and composition var ying under oxidative
stress and P. gingivalis infection; the underlying mechanisms of stress
granule assembly were investigated. The assembly of mature stress
granules requires aggregation of small stress granule cores and shells into
larger foci along polymerising microtubules (Nadezhdina et al., 2010;
Wheeler et al., 2016).

The integrity of microtubule network was assessed in cells infected with ~ P.
gingivalis (NCTC11834, MOI of 100, t=2h) with or without sodium arsenite
(250 SO IRU WKH IL QY probind’forQ Ktubulin. No qualitative
changes to the integrity of the tubulin network was observed in all test

samples, compared to the total lack of microtubular structure s observed

with the positive contro |, nocodazole (200 nM, t=30mins) treatment (Figure

4-5).
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Figure 4-5 P. gingivalis does not disrupt microtubule formation during

oxidative stress. H357 cells were infected with P. gingivalis (NCTC11834,

MOI of 100, t=2h) with or without sodium arsenite ( SA;250 SO FKDOOHQJH IF
the final 30 mins. Nocodazole (200 nM, t=30mins) treatment was included

as a control for tubulin disruption. Stress granule,  $tubulin integrity and P.

gingivalis were visualised using confocal microscopy. Scale baris5 9n.
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4.3.5 P. gingivalis infection lowers stress induced tubulin acetylation

in a manner independent o f HDAC6 expression.

As the function of tubulin can be modified post -translationally (Eshun-Wilson
et al., 2019) the levels of acetyl - r-tubulin were monitored using

immunoblotting.

Cells both infected and uninfected displayed ba sal levels of tubulin

acetylation. Oxidative stress resulted in a 3.6 -fold increase in acetylation

Figure 4-6). This response was dampened 1.42-fold when cells were

infected with P. gingivalis prior to the addition of oxidative stress | Figure

4-6).

To investigate the means of tubulin deacetylation during oxidative stress,

the expression of the principal tubulin deacetylation enzyme  histone
deacetylase 6 (HDACG6 ; Zhang, Y. et al., 2003) was also monitored . P.
gingivalis infection did not alter HDAC6 expression above basal levels whilst
oxidative stress increased HDACEG levels 3.6 4-fold. The oxidative stress -

induced increase in HDACG6 expression was not observed when infection

was coupled with oxidat ive stress (Figure 4-7), pointing towards a HDAC6

independent mechanism r-tubulin acetylation inhibition during oxidative

stress and P. gingivalis infection .
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Figure 4-6 P. gingivalis infection lowers expression of stress induced

tubulin acetylation. H357 cells were infected with  P. gingivalis (NCTC11834,

MOI of 100, t=2h) with or without sodium arsenite ( SA;250 SO0 FKDOOHQJH
for the final 30 mins. Expression levels of $tubulin and t he ratio of acetyl - $

tubulin to  $tubulin were assessed by immunoblotting (mean + SD, n=4). *, P

~ DFFRUGLQJ WRIlis Wix\CNriow@r -Inman post-hoc test.
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Figure 4-7 P. gingivalis infection inhibits increase  d stress induced HDACG6
expression. H357 cells were infected with  P. gingivalis (NCTC11834, MOI of

100, t=2h) with or without sodium arsenite ( SA;250 SO0 FKDOOHQJH IRU W
final 30 mins. Expression of HDACG6 and its concentration  relative to

GAPDH were determined via immunoblotting (mean + SD, n =4). **, P ~

according to Kruskal -Wallis with Conover -Inman post-hoc test.
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4.4 Discussion

The potential for P. gingivalis to dysregulate host stress granule formation
during oxidative stress was investigated . To date there have been limited
studies conducted into the impact of bacterial infection on stress granule
formation . Recent work has however begun to shine a light on bacterial
infection mediated stress granule formation , with Salmonella, Listeria and E.
coli infections all being capable of inducing stress granule formation (Abdel-

Nour et al., 2019; Tsutsuki et al., 2016). In this study, P. gingivalis infection did

not induce stress granule formatio n (Figure 3-3). However, studies in S.

flexneri have reported modulation of stress granule formation during
exogenous stress (Vonaesch et al., 2016). In the presence of sodium
arsenite -induced oxidative stress , infection by P. gingivalis (NCTC11384,

ATCC381 and W50) were found to increases to the frequency of stress

granules formed per cell, compared to the stress only control  (Figure 4-2).

Interestingly the W50 strain produced a more marked decrease in stress

granule area (Figure 4-2). Whilst this result may be due to the lower number

of cells counted in the final repeat biological replicate of W50 infection , P.
gingivalis NCTC11834 and ACTC381 are both evolutionarily highly related
with similar genetic constitutions, whereas W50 has significant variations

both its 16S rRNA and core protein sequences (Chen et al., 2017). A key
variation between W50 and the more similar NCTC11834 and A TCC38l s
the long fimbriae, a key cell surface expressed virulence factor  (Amano et
al., 1999), where the ACTCW50 fimAIV long fimbriae are thought to be more
virulent (Enersen et al., 2008 ). The NCTC11834 strain of P. gingivalis is more
densely fimbriated than its W50 counterpart (Sojar et al., 1997; Amano et al.,
1999)., and this in part is thought to play a role in its increased capacity for
invasion of H357 cells (Suwannakul et al., 2010). Here it is unclear whether
the variation in impact upon stress granule area is dependent on differential
fimbriae expression and increased invasion as there are further significant

genomic differences between strains
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Stress granule composition is known to vary depending on the stress stimuli
(Aulas et al., 2017), indeed during S. flexneri infection during exogenous
stress it was shown that elF3b is partially excluded from stress granules
(Vonaesch et al., 2016). P. gingivalis infection also modulated the

composition of stress granules, inducing a lower localisation of elF3b from

G3BP positive stress granules (Figure 4-3). P. gingivalis infection is known to

result in the degradation of key host proteins including mTOR  (Stafford et
al., 2013), however this phenotype was independent of any degradation of

either G3BP or elF3b (Figure 4-4).

Stress granule aggregation requires ongoing retrograde transport along
functioning microtubules (Nadezhdina et al., 2010; Wheeler et al., 2016). An
increased frequency of stress granules has previously been observed during
chemical disruption of microtubule assembly with nocodazole  (Vasquez et
al., 1997; Nadezhdina et al., 2010). As P. gingivalis is known to degrade
cytoskeletal protein components such as  t-actin (Kinane et al., 2012) the
involvement of potential tubulin degradation in stress granule modulation
during P. gingivalis infection and oxidative stress was next investigated. No

visible changes were found microtubule network during oxidative stress and

P. gingivalis infection , compared to the nocodazole control (Figure 4-5).

Microtubule ne twork activity can however be controlled post -translationally
through acetylation and phosphorylation (Magiera & Janke, 2014) .
Interestingly, during stress the tubulin network becomes hyper  -acetylated at
lysine 40 of r-tubulin (Li et al., 2019), which stimulates increased binding and
activity of microtubule motor proteins dynein and kinesin, which are involved

in the movement of stress granules (Reed et al., 2006; Cai et al., 2009;

Hammond et al., 2010). In this study P. gingivalis dampened the levels of

sodium arsenite oxidative stress -induced r-tubulin acetylation (Figure 4-6),

independently of increased HDACG6 expression, the major  r-tubulin

deacetylase (Figure 4-7). HDACEG is also a critical stress granule component,

which when ablated results in inhibition of stress granule formation (Kwon et

al.,2007) . Therefore , the lowered HDACG6 expression and reduced  r-tubulin
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acetylation may play a crucial role in stress g ranule dysregulation during P.

gingivalis infection and oxidative stress.
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5 Chapter 5: Identification of the molecular mechanisms
of P. gingivalis interactions with host translational

control during stress
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5.1 Introduction

To elicit control over host cellular functions  P. gingivalis employs a range of

virulence factors including LPS, gingipains, CPS, fimbriae and

hemagglutinins (discussed further in section (1.1.4.

One of the most prominent virulence factors employed by  P. gingivalis are
gingipains (O'Brien-Simpson et al., 2003) , a group of cysteine proteases that
belong to the C25 family (Eichinger et al., 1999). There are two classes of
these trypsin -like proteases produced by P. gingivalis, namely arginine
specific, encoded by the rgpA and rgpB genes, and lysine specific, encode d
by the kgp gene (Travis et al., 1997). To exert their proteolytic activity the
arginine gingipains cleave the Arg -X dipeptide bonds and lysine gingipain

cleaves at the carboxyl (COOH) side of the lysine residue  (Pike et al., 1994).

Gingipains may als o be secreted in OMVs, facilitating further reach of their
proteolytic function (Grenier et al., 1989). As such, gingipains account for
85% of the extracellular proteolytic activity of  P. gingivalis around the
infection site (Potempa et al., 1997; de Diego et al., 2014). This proteolytic
activity is pivotal to P. gingivalis virulence, to the extent that a gingipain
based vaccine reduced total bacterial load of P. gingivalis as well as
protected against bone resorption in nonhuman primates  (Page et al., 2007) .
In agreement, a gingipain inhibitor has also shown potent antibacterial
activity, greatly reducing inflammation in a beagle dog model of periodontal

disease (Kataoka et al., 2014).

Functionally, gingipains are heavily implicated in colonisation of the gingival
crevice, inducing chronic inflammation, ultimately resulting in the destruction
of the surrounding host tissues, which leads to the expulsion of haem and
nutrients from host ce lls (Andrian et al., 2004; Sowmya et al., 2017). P.
gingivalis colonisation is aided by gingipains facilitating attachment to the
extracellular matrix via degradation of collagen, inactivation of host plasma

proteinase inhibitors, activation of host matr ix metalloproteinases, and
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cleavage of host cell surface receptors (Potempa et al., 2000; Imamura et
al.,2003) . In addition, gingipains play a crucial role in stabilising the dysbiotic
subgingival oral community, facilitating the growth of  T. forsythia and
Aggregatibacter actinomycetemcomitans in multispecies biofilms (Bao et al.,
2014; Haraguchi et al., 2014), whilst facilitating coaggregation between  P.
gingivalis and other oral pathogens such as Treponema denticola and S.
gordonii (Guo et al., 2010; Ito et al., 2010). Furthermore , gingipains are
involved in maturation and processing of virulence factors such as FimA,

which is secreted to the outer membrane in a precursor form that requires

the proteolytic activity of the arginine specific gin  gipains to reach its final

filamentous form (Shoji et al., 2004) .

P. gingivalis gingipains play a key role in hijacking of host antibacterial and
immune responses, which are inhibited as gingipains degrade bactericidal
proteins such as complement factors (Hajishengallis et al., 2013), T-cell
receptors (Yun et al., 2007) , and neutrophil -derived r-defensin (Carlisle et al.,
2009) . Furthermore, gingipains have been shown to be involved in immune
subversion by degradation of various pro -inflammatory cyt okines such as IL -
1t (Stathopoulou et al., 2009) , IL-6 (Banbula et al., 1999), IL-8 (Uehara et al.,
2008) and r-tubulin acetyltransferase 1 - r (Calkins et al., 1998).

Given their involvement with nutrient acquisition, particularly haem,

gingipains are heavily involved in haemolysis (Smalley et al., 2008; Li et al.,
2010) and haem uptake (Simpson et al., 2004) by P. gingivalis. To this end
gingipains also increase the availability of haem around the infection site, by
increasing bleeding through increasing the expression of thrombin to

increase vascular permeability (de Diego et al., 2013), as well as degrading
fibrinogen and host haem proteins to inhibit blood coagulation  (Sroka et al.,

2001).

Interestingly, it has been reported that mTOR complex 1 (nTORC1) , a key
regulator of cellular functions such as autophagy (Rabanal-Ruiz et al., 2017)

and translation initiation (Holz et al., 2005 ), is inactivated by P. gingivalis
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gingipains in an invasion independent manner via inactivation of the
PI3K/protein kinase B (AKT) signalling pathway (Nakayama et al., 2015).
Hence, gingipains may aid in P. gingivalis evading autophagy, contributing to
its persistence within infected cells. However, previous studies have shown
that both P. gingivalis (Yilmaz et al., 2004) and proteolytically inactive
gingipains (Ciaston et al., 2022) activate the PISK/AKT pathway to induce a
pro-inflammatory environment; therefore, the effects of gingipains on the
PISK/AKT pathway may be somewhat paradoxical and are potentially
situation or environment specific. A study by Stafford et al., (2013) also
found that once P. gingivalis may inhibit mMTORC1 independently of
PISK/AKT. Finding t hat once P. gingivalis had internalised into its host , the
lysine-specific gingipain degraded the mTOR and therefore would lead to

decreased mTORCL1 activity.

The poten tial double inhibition of MTORC1 by P. gingivalis gingipains
(Stafford et al., 2013; Nakayama et al., 2015), may be linked to heightened
translational repression during stress . As mTORC1 acts as a key regulator of
translation initiation, facilitating cap -complex formation (Gingras et al., 1999)
by phosphorylat ing p70-S6 kinase 1 (S6K1) and 4E-BP1, which facilitate the
addition of elF4B and elF4E to the cap -complex, respectively (Pause et al.,
1994; Dufner & Thomas, 1999; Gingras et al., 1999; Holz et al., 2005) .
Fittingly, w hen mTORC1 is inhibited this results in polysome disassembly and
translational stalling (Thoreen et al., 2012; Sévigny et al., 2020) .

138



5.2 Aims

This chapter aims to elucidate the molecular mechanisms by which  P.

gingivalis dysregulates oxidative stress -induced translational repression by:

X Investigating the potential of P. gingivalis secretory factors in
heightened translational repression during oxidative stress

X Investigating the role of mMTORCL1 inhibition to mediate heightened
translational repression during oxidative stress

x Probing the impact of P. gingivalis gingipains upon host translational

repression during oxidative stress
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5.3 Results

5.3.1 P. gingivalis conditioned media heightens translational

repression during stress

P. gingivalis employs a range of virulence factors to manipulate host

responses, some of which are secreted (discussed in detail in section |1.1.4.

To investigate whether the heightened translational repression during
oxidative stress was mediated via a secreted factor , cells were treated with
conditioned media generated by infecting H357 cells with  P. gingivalis
(NCTC11834, MOI 1 in 100, t=2h), following which the supernatants were
centrifuged and bacterial cells removed by filt ration (0.2 ). H357 cells
were subsequen tly incubated with the resulting conditioned media  for 2
hours with or without sodium arsenite challenge (250  9) for the final 30
mins following which total protein was extracted and expression of
puromycin incorporation and elF2 r phosphorylation w as prob ed by

immunoblotting.

Cells treated with conditioned media did not alter the rates of translation or

elF2 r phosphorylation following the two hour incubation period (Figure 5-1

and|Figure 5-2). When oxidative stress was added in the final 30 minutes of

conditioned m edia challenge , protein synthesis and elF2 r phosphorylation

also decreas ed in line with infected cells, compared to the oxidative stress -

only control (Figure 5-land|Figure 5-2). Taken together these data

demonstrate that factors released during  P. gingivalis infection of H357 cells
are capable of heightening oxidative stress -induced translational repression

in a manner independent of elF2 r signalling.
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Figure 5-1P. gingivalis conditioned media heightens translational

repression during exogenous stress. Cells were infected with P. gingivalis
(NCTC11834, MOI of 100, t=2h) or P. gingivalis conditioned media (as

detailed in section t=2h) with or without sodium arsenite (SA; 250 M)
challenge for the final 30 mins. The relative rate of protein synthesis as

measured by puromycin uptake and the concentration relative to GAPDH
enumerated (mean = SD, n=3). *, P ~ DFFRUGLQJ WIlisWi¥xvV ND O
Conover -Inman post-hoc test.
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Figure 5-2 P. gingivalis conditioned media dampens stress induced elF2 r
phosphorylation during exogenous stress. Cells were infected with P.

gingivalis (NCTC11834, MOI of 100, t=2h) or P. gingivalis conditioned media

(as detailed in sect ion section t=2h) with or without sodium arsenite (SA;

250 M) challenge for the final 30 mins. Levels of p -elF2 r were probed

using immunoblotting and the ratio of phosphorylated to total elF2 rwere
determined (mean * SD, n=3). ** P ~ DFFRUGLQJ W®&liswitiiVND O
Conover -Inman post-hoc test.
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5.3.2 Uninfected cells of the P. gingivalis infected population also
displayed increased stress granule formation during oxidative

stress

As P. gingivalis conditioned media also heightened translational repression
the ability of a secretory factor to modulate stress granule formation was
next investigated. During a two -hour infection period not every H357 cell is
infected with P. gingivalis, hence stress gra nule formation was compared
between cells positive and negative for internalised P. gingivalisin the

infected population exposed to oxidative stress.

H357 cells were infected with  P. gingivalis with and without sodium arsenite
as previously detailed and both stress granule formation and P. gingivalis
invasion were visualised using immunofluorescence confocal microscopy .

Whilst the whole cell population was exposed to  P. gingivalis, not all cells

were infected (evidenced by P. gingivalis internalisation) ({Figure 5-3|A). Cells

infected with P. gingivalis increased the frequency of stress granules during

oxidative stress (|Figure 5-3|B). Increased stress granule frequency during

oxidative stress was also observed in the uninfected cells of the  P. gingivalis
treated populati on. Intriguingly, an increase in stress granule area was also

observed in the uninfected cells of the P. gingivalis treated population,

although this was less pronounced (Figure 5-3|B).
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Figure 5-3 Uninfected cells of the P. gingivalis infected population also
displayed increased stress granule frequency during oxidative stress.
H357 cells were infected with  P. gingivalis (NCTC11834, MOI of 100, t=2h)
with or without sodium arsenite (SA; 250 M) for the final 30 mins. Stress
granule formation was visualised using antibodies to of G3BP1 (red) and P.
gingivalis (green) using confocal microscopy and Z -stacks . Red arrows point
to example cells without P. gingivalis infection and white arrows point to

cells infected with P. gingivalis (mean+ SD, n=3, 50 cells per biologic
replicate). **** P ~ P ~ P~ DFFRUGLQJ WR
Walllis with Conover -Inman post-hoc test. Scale bar is 200uM.
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5.3.3 High concentration conditioned media heightens translational

repression during stress

The conditioned media previously used in  section |5.3.1was produced by

bacteria infecting cells at an MOI of 100 , which was likely of a low
concentration of bacterial secretants and did not induce ISR activation
alone. To ascertain whether the s ecreteome of P. gingivalis had the potential
to induce ISR activation, cell culture media conditioned with a high

concentra tion of P. gingivalis was next employed .

This high concentratio n media conditioned with P. gingivalis was generated

as outlined in section (2.7{ Briefly, P. gingivalis was cultured anaerobically

overnight in cell culture medi um and the conditioned media isolated from
bacterial cells . The purity of P. gingivalis grown in liquid culture to generate

the high concentration conditioned media was confirmed us  ing Gram

staining (Figure 5-4). H357 cells were challenge d with this high

concentration conditioned media (t=2h) with or without sodium arsenite

(250 M) for the final 30 mins. High concentration conditioned media
decrease d translation to a similar level as oxidative stress com pared to the
untreated control . When conditioned media challenge was couple d with
oxidative stress for the final 30 mins , translational attenuation was

heightened 1.82-fold, however this trend fell sh ort of significance (p>0.05)

Figure 5-5). The ability of high concentration conditioned media alone to

induce translational stalling was further confirmed by increased elF2 r

phosphorylation (Figure 5-6).

Taken together these results indicate that at high concentrations
conditioned media may be ca pable of inducing the integrated stress

response.
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Figure 5-4 P. gingivalis liquid cultures used to generate high conc.
conditioned media were not contaminated by Gram positive bacteria. P.
gingivalis (NCTC11834) were grown in liquid as detailed in section to
produce high conc. conditioned media. After the centrifugation step the

pellet was resuspended in PBS and subjected to Gram staining as detailed
in section (2.3.4
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Figure 5-5 High conc. P. gingivalis conditioned media induces

translational repression.  Cells were infected with P. gingivalis conditioned
media (as detailed in section t=2h) with or without sodium arsenite
challenge (SA; 250 M) for the final 30 mins. The relative rate of protein
synthesis as measured by puromycin uptake and the concentration relative

to GAPDH enumerated (mean + SD, n=3). *, P ~ DFFRUGLQJ WR
Wallis with Conover -Inman post-hoc test.
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Figure 5-6 High conc. P. gingivalis conditioned media increases elF2 r
phosphorylation . Cells were infected with P. gingivalis conditioned media

(as detailed in section t=2h) with or without sodium arsenite challenge

(SA; 250 M) for the final 30 mins. Levels of p -elF2 r were probed using
immunoblotting and the ratio of phosphorylated to total elF2 rwere

determined (mean * SD, n=3). ** P ~ DFFRUGLQJ W®&lisWwitiVND O
Conover -Inman post-hoc test.
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5.3.4 P. gingivalis outer membrane vesicles heighten translation al

repression during stress

To facilita te the delivery of virulence factors and signall ing molecules P.
gingivalis secrete s OMVs (Grenier & Mayrand, 1987) . As P. gingivalis
conditioned media had elicited heightened translational repression during
oxidative stress the potential role of OMVs in this response w  as next

investigated.

P. gingivalis (NCTC11834) OMVs were prepared as detailed in section |2.3.6

Prior to OMVs isolation the purity of P. gingivalis liquid cultures was

determined using Gram staining (Figure 5-7). Following extraction, the

potential for OMVs to induce cellular stress was determined by

immunoblotting for pu romycin incorporation and elF2 r phosphorylation.
H357 cells were challenged with  P. gingivalis OMVs (1, 10, 100 §/mL, t=2h).
Sodium arsenite treatment was included as a positive control.  OMVs did not

induce cellular stress at any concentration used, as evidenced by a lack of

translational attenuation o rincreased elF2 r phosphorylation (Figure 5-8|and

Figure 5-9).

Next the ability of OMVs to heighten translational repression was

investigated . In the presence of oxidative stress OMVs heightened

translational repression 2.13-fold in a manner (Figure 5-10) independent of

elF2 r signalling, as elF2 r phosphorylation was not increased, but in fact

decreased 1.69-fold {Figure 5-13.
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Figure 5-7 Liquid cultures used to isolate crude P. gingivalis OMVs were
not contaminated by  Gram positive bacteria. P. gingivalis (NCTC11834)
were cultured in liquid OMVs extracted as detailed in section After the
centrifugation step the pellet was resuspended in PBS and s  ubjected to
Gram staining as detailed in section (2.3.4
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Figure 5-8 Crude P. gingivalis OMVs do not inhibit protein synthesis. H357
cells were challenged with crude P. gingivalis (NCTC11834) derived OMVs (1,
10 or 100 Q/mL, t=2h). Sodium arsenite ( SA; 250 M, t=30mins) was
included as a control. The relative rate of protein synthesis as measured by
puromycin uptake and the concentration relative to GAPDH enumerated

(mean = SD, n=2).
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Figure 5-9 Crude P. gingivalis OMVs do not induce elF2 r

phosphorylation. H357 cells were challenged with crude P. gingivalis
(NCTC11834) derived OMVs (1, 10 or 100 S/mL, t=2h). Sodium arsenite ( SA;
250 9, t=30mins) was included as a control. Levels of p -elF2 r were

probed using immunoblotting and the ratio of phosphorylated to total elF2 r
were determined (mean + SD, n=2).
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Figure 5-10 Crude P. gingivalis OMVs heighten translational repression

during oxidative stress. H357 cells were challenged with crude P. gingivalis
(NCTC11834) derived OMVs (100 /mL, t=2h), with or without sodium

arsenite (SA; 250 M) for the final 30 mins. The relative rate of protein
synthesis as measured by puromycin uptake and the concentration relative

to GAPDH enumerated (mean + SD, n=3). *, P ~ DFFRUGLQJ WR
Walllis with Conover -Inman post-hoc test.
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Figure 5-11Crude P. gingivalis OMVs dampen elF2 r phosphorylation

during oxidative stress . H357 cells were challenged with crude P. gingivalis
(NCTC11834) derived OMVs (100 S/mL, t=2h), with or without sodium

arsenite (SA; 250 M) for the final 30 mins. Levels of p -elF2 r were probed

using immunoblotting and the ratio of phosphorylated to total elF2 rwere
determined (mean + SD, n=3). *, P ~ DFFRUGLQJ WWIlisWiknWND O
Conover -Inman post-hoc test.
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5.3.5 P. gingivalis lipopolys accharide do not interact with host

translational repression during stress

A furthe r bacterial virulence factor employed by P. gingivalis is LPS. Activity
of the ISR kinase HRI, and subsequent elF2 r phosphorylation has previously
been reported in response to E. coli LPS (Liu et al., 2007) . Whilst our
previous findings have shown that P. gngivalis infection the potential of any
contributing role of LPS to heightened translational attenuation during

stress was next investigated.

Firstly , the possibility that LPS may activate the ISR was investigated using
immunoblotting. H357 cells were challenged with commercially obtained
pure P. gingivalis LPS (Strain NCTC 11834;Sigma; 1, 5, 10 $/mL, t=2h).
Sodium arsenite was included as a positive control.  None of the

concentrations of LPS tested induced cellular stress , evidenced by a lack of

translational attenuation (Figure 5-12) or increased elF2 r phosphorylation

Figure 5-13).

Next the potential of LPS to heighten translation was  assessed using
immunoblotting. H357 cells were treated with LPS (10  $/mL, t=2h) with or

without sodium arsenite (250 M) for the final 30 mins. In the presence of

oxidative stress LPS did not alter translational repression Figure 5-14) or

elF2 r phosphorylation (Figure 5-15). These data indicate that heightened

translational repression during P. gingivalis infection and oxidative stress is

independent of LPS.
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Figure 5-12P. gingivalis LPS does not inhibit protein synthesis. H357 cells
were chall enged with P. gingivalis (NCTC11834)-derived LPS (1, 5 or 10
/mL, t=2h). Sodium arsenite ( SA; 250 M, t=30mins) was included as a
control. The relative rate of protein synthesis as measured by puromycin
uptake and the concentration relative to GAPDH enumerated (mean + SD,
n=3). No significant differences in means were found with a Kruskal -Wallis
test.
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Figure 5-13 P. gingivalis LPS does not induce elF2 r phosphorylation

H357 cells were challenged with P. gingivalis (NCTC11834)-derived LPS (1, 5
or 10 Q/mL, t=2h). Sodium arsenite ( SA; 250 M, t=30mins) was included

as a control. Levels of p -elF2 r were probed using immunoblotting and the
ratio of phosphorylated to total elF2 r were determined (mean + SD, n=3).
No significant differences in means were found with a Kruskal -Wallis test.
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Figure 5-14 P. gingivalis LPS does not change translational repression
during oxidative stress. H357 cells were challenged with P. gingivalis
(NCTC11834)-derived LPS (10 /mL, t=2h), with or without sodium arsenite
(SA; 250 M) for the final 30 mins. The relative rate of protein  synthesis as
measured by puromycin uptake and the concentration relative to GAPDH
enumerated (mean = SD, n=3). No significant differences in means were
found with a Kruskal -Wallis test.
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Figure 5-15P. gingivalis LPS does not change elF2 r phosphorylation
during oxidative stress. H357 cells were challenged with P. gingivalis
(NCTC11834)-derived LPS (10 $/mL, t=2h), with or without sodium arsenite
(SA; 250 9M) for the final 30 mins. Levels of p -elF2 r were probed using
immunoblotting and the ratio of phosphorylated to total elF2 rwere
determined (mean + SD, n=3). No significant differences in means were
found with a Kruskal -Wallis test.
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5.3.6 Rapamycin treatment mirrors P. gingivalis mediated heightened

translation repression during stress

MTORC1 has been implicated in translational control (Sévigny et al., 2020) .
Earlier studies have indicated that P. gingivalis can both degrade and inhibit
MTORCL1 via the action of its gingipains (Stafford et al., 2013; Nakayama et
al., 2015). As heightened translational repression during oxidative stress and
P. gingivalis infection was independent of elF2 r signalling the potential role
of mMTORCI1 signalling was evaluated. Firstly, the effect of the mTOR
selective inhibitor, rapamycin, was investigated in relation to translation and

elF2 r signalling during oxidative stress.

H357 cells were treated with rapamycin (400  nM, t=1h) with or without
sodium arsenite (250 9M) for the final 30 minutes , follow by analysis of
puromycin incorporation and elF2 r phosphorylation. In the presence of
sodium arsenite , rapamycin treat ment decreased puromycin incorporation
1.54-fold W a response which was independent of increased

elF2 r phosphorylation (Figure 5-17). These results showed similarit ies to the

heightened translational repression observed during stress and P. gingivalis

infection.
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Figure 5-16 Rapamycin treatment heightens translational repression

during oxidative stress. H357 cells were treated with rapamycin (400 nM,
t=1h) with or without sodium arsenite (SA; 250 M) for the final 30 minutes.

The relative rate of protein synthesis as measured by puromycin uptake and

the concentration relative to GAPDH enumerated (mean = SD, n=4). *, P ~
0.05 according to Kruskal -Wallis with Conover -Inman post-hoc test.
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Figure 5-17 Rapamycin treatment does not alter elF2 r phosphorylation
during oxidative stress. H357 cells were treated with rapamycin (400 nM,
t=1h) with or without sodium arsenite (SA; 250 M) for the final 30 minutes.
Levels of p -elF2 r were probed using immunoblotting and the ratio of
phosphorylated to total elF2 r were determined (mean + SD, n=3). No
significant differences in means were found with a Kruskal -Wallis test.
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5.3.7 P. gingivalis infection d ecreases stress induced p70 -S6-Kinase

(Thr389) phosphorylation

MTORCL1 activity is known to phosphorylate S6 kinase 1(S6K1)at T389 ,

which allows the entry of elF4B to the cap complex Figure 1-7), which

subsequently allows formation of the 48S pre -initiation complex and start
codon recognition (Pause et al., 1994; Dufner & Thomas, 1999) . As the data
point towards mTORC1 dysregulation as the effector of heightened
translational repression during stress and  P. gingivalis infection , levels of p-

70-S6K1 phosphorylation (T389) was investigated.

H357 cells were infected with  P. gingivalis (t=2-6h) with or without sodium
arsenite as described before , and levels of p-70-S6K1 phosphorylation
(T389) were next determined . Rapamycin treatment (400 nM, t=1h) was
included as a control for mMTORCL1 inhibition. Rapamycin resulted ina  2.77-
fold decrease in the levels o f p-p70-S6K1 (T389), whereas oxidative stress
induced an increase of 2.67-fold, compared to the untreated control. In
contrast, whilst P. gingivalis infection alone did not result in altered levels of

p-p70-S6K1 (T389), infection in the presence of oxidati ve stress caused a

1.73-fold decrease at all timepoints investigated (Figure 5-18). These data

suggest that the phosphorylat ion activity of mTORC1 is downregulated by P.

gingivalis infection during stress.
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Figure 5-18 P. gingivalis infection attenuates oxidative stress -induced p -
p70 -S6-Kinase (T389). H357 cells were infected with P. gingivalis
(NCTC11834, MOI of 100, t=2h) with or without sodium arsenite (250 M) for
the final 30 mins. Rapamycin treatment (400 nm, t=30mins) was included as

a control. Expression of p -p70-S6-Kinase (T389) and its concentration
relative to GAPDH were determined via immunoblotting (mean + SD, n =4).

* P o~ P~ DFFRUGLQJ WAIlis Wixh\Chdmb@er -Inman
post-hoc test.
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5.3.8 P. gingivalis lowers stress induced 4E -BP1 phosphorylation

A further target of mMTORC1 activity is 4E-BP1,phosphorylation of which is a
tacit for cap -complex formation and subsequently functional translation
initiation (Gingras et al., 1999; Holz et al., 2005; Sonenberg & Hinnebusch,
2009) . Therefore, to further investigate the role of mMTORCL1 activity during
stress and P. gingivalis infection the expression of phosphorylated 4E  -BP1

was probed .

Following H357 treatment as previously described with  P. gingivalis in the
presence or absence of sodium arsenite, levels of p -4EBP1 were next
quantified . Rapamycin treatment (400 nM, t=1h) was included as a control
for mMTORC1 inhibition. All treatments decreased p-4EBP1lat least 1.57-fold
compared to the untreated control indicating that both oxidative stress and

P. gingivalis infection during oxidative stress inhibit the activity of mTORC1
on 4E-BP1 phosphorylation, however this trend fell short of significance

(p=0.0639) (Figure 5-19).
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Figure 5-19 P. gingivalis infection lowers expression of p  -4EBP1. H357

cells were infected with P. gingivalis (NCTC11834, MOI of 100, t=2h) with or

without sodium arsenite ( SA; 250 M) for the final 30 mins. Rapamycin

treatment (400 nm , t=30mins) was included as a control. Expression of p -

4EBP1 and its concentration relative to GAPDH were determined via

immunoblotting (mean + SD, n =4). **, P ~ P ~ DFFRUGLQJ WR
Kruskal -Wallis with Conover -Inman post-hoc test.
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5.3.9 P. gingivalis gingipains facilitate heightened translational

repression during stress

P. gingivalis gingipains have previously been shown to both inhibit and
degrade mTORC1 (Stafford et al., 2013; Nakayama et al., 2015). As mTOR
was increasingly implicat ed in translational dysregulation during P. gingivalis
infection and oxidative stress the impact of gingipains on translation was

probed .

H357 cells were treated with  P. gingivalis conditioned media (generated as

outlined in section [2.6{ t=2h) in the presence of gingipain specific inhibitors

TLCK (Lysine -specific, kgp) and Leupeptin (Arginine -specific, rgp) with or
without sodium arsenite (250 M) for the final 30 mins. Both Leupeptin and

TLCK either alone or in tandem, inhibited the ability of the condition ed media

to heighten translational stalling during oxidative stress (Figure 5-20).

To further confirm the role of gingipains in translational attenuation a series

of isogenic gingipain null mutants in  P. gingivalis strain W50 were studied.
Neither the wild type W50 strain nor the mutant strains (K1A[kgp], E8 [rgp]
and EK18 [‘kgprgp]) induced a change in protein synthesis during infection
(MOl of 100, t=2h) in the absence of oxidative stress (Figure 5-21). W50

infection (t=2h) in the presence of sodium arsenite (250 S 0 for the final 30
mins, decreased puromycin incorporation 3.5-fold, compared to the sodium
arsenite only control; however, the mutants were unable to elicit this effect

Figure 5-22).

These findings implicate gingipains in  P. gingivalis mediated heightened
translational re pression during oxidative stress and hence the effect of
gingipains on stress granules was investigated. In H357 cells , neither
infection with the wildtype W50 strain nor gingipain mutants induced or

inhibited stress granule formation in the absence or presence of sodium

arsenite, respectively (Figure 5-23). In sodium arsenite treated H357 ce s,

infection with wild -type W50 and gingipain mutants E8 and EK18 induced an
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increase in stress granule frequency, which was not observed in K1A
infected cells . Neither wild -type, K1A nor EK18 changed the average stress

granule area, whereas surprisingly the E8 mutant increased the area of

stress granules (Figure 5-24).

Taken together these findings indicate that both lysine - and arginine -
specific gingipains contribute to P. gingivalis mediated heightened
translational repression during oxidative stress, with the lysine  -specific

gingipain induc ing the increased stress granule frequency.
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Figure 5-20 Gingipain inhibitors hinder the ability of P. gingivalis to
heighten translational attenuation during oxidative stress. H357 cells
were challenged wit h P. gingivalis conditioned media (t=2h) in the presence
or absence of leupeptin or TLCK and with sodium arsenite ( SA; 250 M) for
the final 30 mins. The relative rate of protein synthesis as measured by
puromycin uptake and the concentration relative to GAPDH enumerated
(mean = SD, n=3). *, P ~ DFFRUGLQJ WRIis Wix\CNriover -
Inman post-hoc test.
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Figure 5-21P. gingivalis gingipain -deficient mutants do not induce
translational stalling. H357 cells were infected with P. gingivalis (W50, K1A
(kgp°), E8 (rgp’) and EK18 (rgpkgp), MOI of 100; t=2h). The relative rate of
protein synthesis as measured by puromycin uptake and the concentration
relative to GAPDH enumerated (mean + SD, n=3). No significant differences
in means were found with a Kruskal -Wallis test.
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Figure 5-22 P. gingivalis gingipain -deficient mutants do not heighten
translation attenuation during oxidative stress. H357 cells were infected
with P. gingivalis (W50, K1A (kgp-), E8 (rgp’) and EK18 (rgp-kgp-), MOI of 100;
t=2h), with or without sodium arsenite ( SA; 250 M) for the final 30 mins.

The relative rate of protein synthesis as measured by puromycin uptake and

the concentration relative to GAPDH enumerated (mean = SD, n=4). No
significant differences in means were found with a Kruskal -Wallis test. **, P ~
0.01 according to Kruskal -Wallis with Conover -Inman post-hoc test.
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Figure 5-23 P. gingivalis gingipain -deficient mutants do not induce or

inhibit stress granule formation.  H357 cells were infected with  P. gingivalis
(W50, K1A (kgp-), E8 (rgp-) and EK18 (rgp-kgp-), MOI of 100; t=2h), with or
without sodium arsenite (SA; 250 M) for the final 30 mins. Stress granule
formation was visualised using an antibody to G3BP1 (white) and P. gingivalis
(red) using confocal microscopy and Z -stacks. Scale bar is 20 3n.
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Figure 5-24 P. gingivalis lysine -specific gingipain deficient mutant does

not increase stress granule frequency. H357 cells were infected with  P.

gingivalis (W50, K1A (kgp-), E8 (rgp’) and EK18 (rgp-kgp-), MOI of 100; t=2h),

with or with out sodium arsenite (SA; 250 M) for th e final 30 mins. Stress

granule formation as visualised by G3BP1 (white) and P. gingivalis (red) using

confocal microscopy and Z -stacks (mean + SD, n=3, 50 cells per biological

replicate ). *** p ~ P ~ P ~ P ~ DFFRUGLQJ WR
Kruskal -Wallis with Conover -Inman post-hoc test.
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5.4 Discussion

P. gingivalis employs a variety of virulence factors to aid infection, including
gingipains, LPS, fimbriae and capsule (Jia et al.,2019). Hence the molecular
mechanism by which P. gingivalis dysregulates translational control and

stress granule formation during exogenous stress was next investigated.

One mechanism of P. gingivalis delivery of LPS and gingipains is
extracellular expression and secretion (Grenier & Mayrand, 1987; Grenier et
al., 1989; Grenier et al., 1995; Mantri et al., 2015). Here P. gingivalis

conditioned media heightened translational repression during  oxidative

stress independently of elF2 r signalling (Figure 5-1and|Figure 5-2). This

response was corr oborated by increased stress granule frequency

uninfected ( P. gingivalis negative) cells within the infected population (Figure

5-3). These data indicat e that a factor secreted or shed by P. gingivalis

contributes to the translation al dysregulation during oxidative stress and P.
gingivalis infection. Interestingly , at high concentration P. gingivalis
conditioned media decreased protein synthesis and increased elF2 r

phosphorylation without the requirement for additional oxidative stress

Figure 5-5(and|Figure 5-6). Therefore , a constituent of P. gingivalis

conditioned media may be capable of eliciting ISR activation at a higher
concentration ; similarly to many | SR activating stressors , which also have a
threshold for ISR activation (Harding et al., 2003; Pakos -Zebrucka et al.,
2016). However, given the number of P. gingivalis required to generate the
conditioned media it is highly unlikely that the threshold would ever be

reached in a physiological setting.

As P. gingivalis gingipains are known to both inhibit and degrade mTORC1
(Stafford et al., 2013; Nakayama et al., 2015) immunoblotting was carried out
to monitor the expression of two downstream mTORC1 targets,p  -p70-S6K1
(T389) and p -4EBP1. Sodium arsenite induced oxidative stress is known to

induce high levels of S6K1 (T389) phosphorylation (Wu et al., 2011), which

were decreased by P. gingivalis infection (Figure 5-18). Furthermore, though
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less conclusive , lower levels of p -4E-BP were also observed under the same
conditions (Figure 5-19?. This further points toward the ability of P. gingivalis
to either degrade or inhibit mMTORC1 (Stafford et al., 2013; Nakayama et al.,

2015), which during oxidative stress conditions may be the cause of

heightened translational stalling .

The role of the mTORC1 pathway was further investigated using rapamycin,
an mTORC1 inhibitor. Similarly to P. gingivalis infection, during oxidative

stres s rapamycin heightened translational repression independent of elF2  r

phosphorylation (Figure 5-16land|Figure 5-17), further implicating mTORC1

inhibition in mechanism of translational dysregulation employed by P.

gingivalis.

Mechanistically P. gingivalis inhibits and degrades mTORCL1 via the action of
gingipains (Stafford et al., 2013; Nakayama et al., 2015), which are proteins
either cell surface anchored, or within the secreteome of  P. gingivalis where
they are found both freely and packaged with in OMVs (Grenier & Mayrand,
1987; Potempa et al., 1995; Potempa & Travis, 1996) . Both inhibition of
gingipains by specific inhibitors, as well as infection  with gingipain null

mutant strains inhibited the heightened translational repression observed

during oxidative stress, compared to gingipain active controls (Figure 5-20

and|Figure 5-22). These findings implicate both the arginine - and lysine -

specific gingip ains both extra - and intracellularly in heightened translational
repression during oxidative stress , as gingipains can also enter cells in a
clathrin dependent manner (Boisvert & Duncan, 2008) . This may possibly
act through the PI3K pathway of gingipain -dependent mTOR inhibition

where bacterial internalisation is not prerequisite ~ (Nakayama et al., 2015).

However, the lysine-specific gingipain null P. gingivalis mutant failed to

increase stress granule frequency (Figure 5-24), potentially implicating

mTORC1degradation, which is dependent on both P. gingivalis
internalisation and lysine-specific gingipain express ion (Stafford et al., 2013).

OMVs are also capable of invading cells, however the level of invasion is
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only around 8% (Mantri et al., 2015), in comparison to 40% invasion by P.

gingivalis found here during oxidative stress (Figure 3-8). As gingipains are

also secreted whilst P. gingivalis resides internally within the host cells (Xia
et al.,2007; Mantri et al., 2015), this would imply there is an increased
number of cells subjected to higher internal concentrations  of active lysine
gingipain in infected cells as opposed to OMV or conditioned media

challenge. Therefore, the dependency of the lysine -specific gingipain and P.
gingivalis internalisation , may explain the dampened increase in stress

granule frequency in P. gingivalis negative compared to P. gingivalis positive

cells, within the infected population (Figure 5-3).

These findings along with the inability of LPS to heighten translational

attenuation during stress (Figure 5-14jand|Figure 5-15) indicate that

translational dysregulation by P. gingivalis during oxidative stress is
dependent on gingipain activity. However, whilst both gingipain subtypes
heighten translational repressio n, the lysine-specific gingipain is likely the
main effector of stress granule modulation, requiring internalisation for

optimum efficiency.

176



6 Chapter 6: P. gingivalis infection -induced
dysregulation of translational control in a neurological

setting
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6.1 Introduction

Neurodegenerative diseases primarily present with loss of neuronal

function , due to neural network disruption, synaptic dysfunction, and

aberrant protein deposition within the brain (Hoover et al., 2010; Scott et al.,
2010; Kovacs, 2019). Some of t he most common neurodegenerative

diseases include $O]KHLPHU 'V GLVHDVHSBiseaseDUNLQVRQ
amyotrophic lateral sclerosis (ALS) +XQWLQJWRQ VpfiohdiseBsésl DQG
(Lamptey et al., 2022) . Collectively, neuronal pathologies are the leading

cause of disability -adjusted life years (the sum of years of life lost and years

lived with disability), affecting 276 million globally in 2016 (Bannick et al.,

2019), which presents a significant burden on global health systems and

quality of life (Jin et al., 2015). Currently, while there are therapeutic support
options available, there is no cure for neurodegenerative disease

(EbioMedicine, 2020) , and hence understanding the molecular mechanisms

of these diseases is vital to guide treatment options.

The ISR has become increasing ly implicated as a mechanism in many
neurodegenera tive diseases (Bond et al., 2020) . ISR activity has a negative
impact upon memory, with pharmacological activation of the ISR known to
impair long-term memory formation in mouse models (Costa-Mattioli et al.,
2007) , probably owing to the necessity of de-novo protein synthesis for
long-term memory formation (Barondes & Cohen, 1966; Davis & Squire,
1984; Costa -Mattioli et al., 2007) . Neurodegenerative diseases such as AD,
3DUNLQVRQ'V GLVHDVH $/6 +XQWLQJWRQ GLVHDVH DC
chronic neuroinflammation, oxidative stress, disturbed proteostasis and
aberrant protein mis-localisation (Dasuri et al., 2013; Hetz & Mollereau, 2014;
Scheper & Hoozemans, 2015 ; Chen et al., 2016; Kempuraj et al., 2016), all
known activators of the ISR (Pakos-Zebrucka et al., 2016). Fittingly ,
sustained elevation and dysregulation of elF2 r phosphorylation is now
known to be a hallmark of many neurodegenerative pathologies  (Chang et
al., 2002 ; Moreno et al., 2012; Costa-Mattioli & Walter, 2020) . This

association between the ISR and neurodegeneration is further evidenc ed by
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detection of phosphorylated elF2 r and ISR kinases within post -mortem
brains samples of patients suffering from and animal models of AD, ALS,
SBDUNLQVRQ'V GLVHDVH +XQWLQJWRQ GLVHDVH DQG 'K

Many studies into the function of the ISR utilise short bursts of high dose,
acute stress (Harding et al., 2003) . However, ER and oxidative stress
phenotypic of neurodegenerative disease tend to be chronic, that is of lower
intensity , but prolonged (Dasuri et al., 2013; Pickering et al., 2013; Niedzielska
et al., 2015; Cabral-Miranda & Hetz, 2017; Lanzillotta et al., 2021). Under such
prolonged stress GADD34 is upregulated, dephosphorylating elF2  r to allow
for resumption of global protein synthesis  (Novoa et al., 2001). The
expression of GADD34 mRNA remains at a high steady -state for a
considerable time post induction by stress, which functions as a memory
adaptation to limit the activation of the ISR if there is another episode or
continuation of stress (Fay et al., 2021; Klein et al., 2022) . Stress -induced
adaptation to protect from further episodes of stress has also been
identified in response to chronic oxidative stress in  Drosophila and MEFs,
where repeated stress induced protective gene expression with

upregulation of the capacity for antioxidant and proteasomal proteolytic
capabilitie s (Pickering et al., 2013). Hence given that neurodegenerative
diseases present chronic prolonged stress , and cells adapt their response

to stress during such stress it is imperative to study response s with both

acute and chronic stress stimuli.

The data presented in the previous chapters ha ve demonstrated that P.
gingivalis gingipains dysregulated host stress -induced translational control
during oxidative stress. Dysregulation of translational stalling and ISR
activation are highly implicated within neurodegenerative diseases  (Bond et
al.,2020) and P. gingivalis is known to colonise le sions within the brains of
$O]KHLPHU "V (3ominyLat & \VR019) (discussed further in section

1.1.4.8.4. Therefore, the effects of P. gingivalis within the neurological

setting during both acute and chronic stress ar e investigated in the next

chapter.
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6.2 Aims

The aim of this chapter is to investigate the impact of  P. gingivalis infection
on ISR signalling in neuronal and glial cells . This will be achieved by

addressing the following aims:

X Assessing ISR signalling during acute stress and P. gingivalis infection
in primary human astrocytes and neuroblastoma cells (SH -SY5Y).

X Assessing ISR signalling during chronic stress and P. gingivalis
infection in primary human astrocytes and neuroblastoma  cells (SH-
SY5Y).

COVID-19 Disclaimer

The data collection for this chapter was significantly hindered by the
COVID-19 pandemic, which resulted in the 6 -month closure of the
Biomolecular Sciences Research Centre at Sheffield Hallam University.
After this initial period access to the laboratory was restricted to a three -
day working week for a further 6 months , which also had a significant
impact upon data collection . As such, the data presented in this chapter is

preliminary and significance cannot be drawn f rom it.
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6.3 Results
6.3.1 P. gingivalis heightens translational repression in dependently of
elF2 r phosphorylation in SH-S5Y and Primary Astrocytes

during acute stress and infection

Earlier d ata presented in this study implicate P. gingivalis gingipains in the
dysregulation of translational control during ISR activation during oxidative
stress. Abnormalities in the function of the ISR play a pivotal role in many
neurodegenerative disorders (Bond et al., 2020) and P. gingivalis has been
found in the brains and cerebrospinal fluid of patients suffering such
conditions (Dominy et al., 2019). Hence the potential role of P. gingivalis
infection in the neurological setting was investigated using neuronal (SH-

SY5Y) and primary astrocyte cells during oxidative stress.

SHSY-5Y and primary astrocyte cells were infected with P. gingivalis
(NCTC11834, MOI of 100, t=2h) with or without sodium arsenite (250 M) for
the final 30 minutes. In the presence of exogenous oxidative stress P.

gingivalis lowered the rates of protein synthesis in both  SH-SY5Y and

primary astrocytes (Figure 6-1), compared to the stress only control.

Heightened translational repression during stress and infection was

independent of the increased elF2 r phosphorylation observed in both SH-

SY5Y and primary astrocytes ( |Figure 6-2). All treatments did not alter the

expression of GADD34 in either SH-SY5Y or primary astrocytes ( |Figure

6-3).

Taken together the data may indicate that in the neurological context P.
gingivalis might have the ability to heighten translational repression during

stress.
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Figure 6-1P. gingivalis infection heightens translational repression during

acute stress in SH-SY5Y and primary astrocyte cells. (A) SH-SY5Y and

(B) primary astrocyte cells were infected with P. gingivalis (NCTC11834, MOI

of 100, t=2h) with or without sodium arsenite ( SA;250 SO IRU WKH ILQDO
mins. Following which, puromycin uptake and the concentra tion relative to

GAPDH were enumerated by immunoblotting (n=1).
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Figure 6-2 P. gingivalis infection dampens acute stress induced elF2

phosphorylation in SH -SY5Y and primary astrocyte cells. (A) SH-SY5Y

and (B) primary astrocyte cells were infected with P. gingivalis (NCTC11834,

MOI of 100, t=2h) with or without sodium arsenite ( SA;250 SO IRU WKH ILQD
30 mins. Levels of p -elF2 r were probed using immunoblotting a nd the ratio

of phosphorylated to total elF2 r were determined (n=1).
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Figure 6-3 Acute stress and P. gingivalis do not induce GADD34

expression in SH -SY5Y and primary astrocyte cells. (A) SH-SY5Y and (B)
primary astrocytes cells were infected with P. gingivalis (NCTC11834, MOI of

100, t=2h) with or without sodium arsenite ( SA;250 SO IRU WKH ILQDO
mins. Levels of GADD34 were probed using immunoblotting and their ratio

to total protein were dete rmined (mean + SD, (A) n=2, (B) n=1).
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6.3.2 Chronic stress and P. gingivalis infection does not heighten
translational repression in SH -S5Y and Primary Astrocytes but

dampens GADD34 expression

The experimental design described in the studies thus far has utilised a
short, acute dose of oxidative stress (sodium arsenite, 250 SO PLQV
However, it is likely that in the neurological settings stress would be long -

term and chronic.

To investigate how P. gingivalis infection may impact upon translational

function and the ISR during chronic stress SH -SY5Y and primary astrocytes

were infected with P. gingivalis (NCTC11834, MOI of 100) with or without a

low, chronic dose of sodium arsenite (15 SO0 IRU KRXUV &KURQLF R]

stress lowe red translation initiation 1.8fold in SH-SY5Y and 4-fold primary

astrocytes (Figure 6-4). However while P. gingivalis infection alone did not

alter the rates of translation, in the presence of chronic oxidative stress a

decrease in translation was not observed in SH-SY5Y (Figure 6-4A) while

potentially a 1.9-fold increase in primary astrocyte s was observed (Figure

6-4B). The translational attenuation during chronic oxidative stress was

accompanied by a 2-fold increase in elF2 r phosphorylation in both SH -

SY5Y and primary astrocytes (Figure 6-5). Whilst P. gingivalis infection alone

did not alter elF2 r phosphorylation , in the presence of chronic oxidative

stress infection resulted in a modest increase in  elF2 r phosphorylation in

both SH-SY5Y and primary astrocytes (Figure 6-5). Chronic oxidative stress

induced heightened expression of the elF2 r dephosph orylation enzyme

GADD34 a response which was damped by P. gingivalis infection in both

SH-SY5Y and primary astrocytes (Figure 6-6).
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Figure 6-4 Chronic stress and P. gingivalis infection increase translation

in SH-SY5Y and primary astrocyte cells. (A) SH-SY5Y and (B) primary

astrocyte cells were infected with P. gingivalis (NCTC11834, MOI of 100)

with or without sodium arsenite ( SA;15S0 IRU K )J)ROORZLQJ ZKLFK
puromycin uptake and the concentration relative to GAPDH were

enumerated by immunoblotting (n=1).
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Figure 6-5 Chronic stress and P. gingivalis infection do not dampen elF2
phosphorylation in SH -SY5Y and primary astrocyte cells. (A) SH-SY5Y
and (B) primary astrocyte cells were infected with P. gingivalis (NCTC11834,
MOI of 100) with or without sodium arsenite ( SA; 15 S0 IR W. Following
which, levels of p -elF2 r were probed using immunoblotting and the ratio of
phosphorylated to total elF2 r were determined (n=1).
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Figure 6-6 GADD34 expression is lowered during chronic stress and P.
gingivalis infection in SH -SY5Y and primary astrocyte cells . (A) SH-SY5Y
and (B) primary astrocytes cells were infected with P. gingivalis
(NCTC11834, MOI of 100) with or without sodium arsenite ( SA; 15 S0 IRU
24h. Following which, | evels of GADD34 were probed using immunoblotting
and their ratio to total protein were determined (mean + SD, (A) n=2, (B)
n=1).
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6.4 Discussion

During severe periodontitis , P. gingivalis infection can become systemic , as
evidenced by detection of P. gingivalis within brains and cerebrospinal fluid
of Alzheimer's disease patients (Dominy et al., 2019) and of the RgpA in the
blood of Parkinson's disease patients (Adams et al., 2019). These findings

point towards the potential of P. gingivalis, a well-known dysregulator of

host signalling pathways (discussed in section |1.1.4, to interact with the

pathways involved in these pathologies. Within the context of Alzheimer's
disease, gingipain activity has been shown to clinically progress  pathology
(Dominy et al., 2019), and pharmaceutical inhibition of gingipain activity has
shown therapeutic promise in Alzheimer's disease mouse models (Dominy et
al.,2019). In fact, this has led to the successful completion of these novel
gingipain inhibitors in phase | clinical trials (Dominy et al., 2019;

ClinicalTrials.gov NCT 03331900 ).

Collectively, n eurodegenerative pathologies such as AD, Parkinson's
disease, ALS, frontotemp oral dementia, Huntington disease and prion
disorders are phenoccupied by a chronic inflammatory state, loss of
proteostasis , aberrant protein deposition and oxidative stress within the
tissue s of patient brains (Bonda et al., 2010; Bankston et al., 2013; Dasuri et
al.,2013; Hetz & Mollereau, 2014; Scheper & Hoozemans, 2015 ; Chen et al.,
2016), all of which are well -documented ISR activating stressors (Pakos-
Zebrucka et al., 2016). Our findings indicate that P. gingivalis modulate s
protein synth esis and ISR signalling during oxidative stress (Chapters
and. Hence, the role of P. gingivalis infection during oxidative stress was

investigated within the context of the neurological enviro  nment.

Infection of both the neuroblastoma cell line SH-SY5Y and the primary
astrocytes w ith P. gingivalis over a period of two hours with sodium arsenite
for the final 30 mins heightened translational repression , independently of
elF2 r phosphorylation . This is compara ble to our observations in the oral

epithelial H357 cell line (Chapter . This short, concentrated period of
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oxidative stress is indicative of an a cute stress episode, however the
oxidative stress and disruption to proteostasis during neurodegenerative
pathologies are long term and chronic  (Dasuri et al., 2013; Pickering et al.,
2013; Niedzielska et al., 2015; Cabral-Miranda & Hetz, 2017; Lanzillotta et al.,
2021). Therefore , the impact of P. gingivalis infection during chronic sodium

arsenite challenge was investigated, using a low concentration for 24 hour s.

Previous studies have demonstrated ¢ hronic sodium arsenite exposure can
activate not only HRI but also PRK, PERK and GCN2 in mammalian cell
cultures (Dabo et al., 2017), rat hippocampi (Sun et al., 2017) and yeast (Zhan
et al., 2004) , respectively. T herefor e, low level chronic sodium a rsenite
stress may offer a closer recapitulation of physiological levels of str ess in
neurodegenerative pathologies , which often involve multiple stresses and
kinases (Bonda et al., 2010; Bankston et al., 2013; Dasuri et al., 2013; Hetz &
Mollereau, 2014; Scheper & Hoozemans, 2015; Chen et al., 2016).

In both SH-SY5Y cells and primary astrocytes when coupled with chronic
sodium arsenite exposure , 24-hour P. gingivalis infection showed a trend
towards increasing translational funct ion, which accom panied with either no
change or a modest increase in elF2 r phosphorylation. Whilst further
investigation s are required to evidence the significance of these trends
these outcomes seem somewhat opposing. Protein synthesis is required for
the long -term formation of memories (Agranoff et al., 1965; Davis & Squire,
1984; Kandel, 2001; Costa -Mattioli et al., 2009) and prolonged translational
attenuation causes disruption to neuronal signalling  (Marciniak & Ron, 2006;
Hetz & Moll ereau, 2014; Scheper & Hoozemans, 2015) , which taken together
may imply P. gingivalis rescuing translational function during chronic stress
may be somewhat neuroprotective. However, chronic stress and P. gingivalis
infection showed a trend towards height ened sustained elF2 r
phosphorylation, which is known to stunt long -term memory formation

(Davis & Squire, 1984; Costa -Mattioli et al., 2007; Costa -Mattioli et al., 2009)
and induce prion neurodegeneration (Moreno et al., 2012). Both of these

outcomes would have a negative impact upon homeostatic brain function
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Further evidence that increased elF2 r phosphorylation may play a role in AD
has also been reported . Thapsigargin, a potent UPR and ISR activator ,was
found to phosphorylate tau (Fu et al., 2010; Ho et al., 2012; Lin et al., 2014), a
response which induces the formation of aberrant tau tangles , a key feature
of AD pathology (Mamun et al., 2020) . Furthermore , increased expression of
phosphorylated elF2 r, which localised with phosphorylated tau foci, was
observed in the brains of patients with sporadic  AD (Chang et al., 2002) ,
potentially implicating ISR mediated elF2 r phosphorylation in tau

aggregation and consequently disease pathology . Increased phosphorylat ed
elF2 r during P. gingivalis infection and chronic oxidative stress has specific
relevance here , as P. gingivalis is known to increase tau aggregation in

mouse models of AD (Dominy et al., 2019). Hence, the potential for
dysregulation of elF2 r phosphorylation during chronic stress and P.
gingivalis infection and the resulting cellular and pathological outcomes in

AD models is an area requiring further study.

The trend of slightly increased elF2 r phosphorylation during chronic stress
and P. gingivalis infection was accompanied by decreased GADD34
expression. GADD34 functions to dephosphorylate elF2 r via the action of
PP1(Pakos-Zebrucka et al., 2016), therefore lower ed GADD34 expression
may explain the slight increase in elF2 r phosphorylation observed . However,
the outcome of this in the context of neurological diseases is not easily
predicted. Studies investigating Guanabenz , an FDA approved anti -
hypertensive compound, that inhibits the action of GADD34 have reported
disparate results treating ALS (Vaccaro et al., 2013; Jiang et al., 2014; Vieira
et al., 2015). Therefore, the role of reduced GADD34 during  P. gingivalis
infection and chronic stress will require further  elucidation. Of note is that
(Vieira et al., 2015), found paradoxical outcomes of guanabenz treatment
between primary cell cultures and mouse models of ALS, indicating that cell
cultures offer potentially different responses to those at the organismal
level. These findings indicate that in the future , knowledge of the effects of

ISR dysregulation on both different cell types and organisms will be
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indispensable for understanding the interactions between  P. gingivalis,
chronic stress an d neurod egenerative pathologies . This will be crucial for
any successful pharmacological therapeutic tar geting which may arise from

such studies .
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7 Chapter 7: General Discussion and Future

Perspectives
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The overall aim of this study was to investigate whether  P. gingivalis
interacts with host translational control during stress and elucidate the
molecular mechanisms of identified interactions . Here for the first time, we
show that P. gingivalis is capable of heightening host stress -induced
translational inhibition during oxidative stress. This was accompanied by an
increase in the frequency of stress granules, which had an altered
composition with elF3b delocalising from G3BP. Mechanistically, ou r
findings point towards gingipains, and their previously reported inhibitory

and degradatory impact on mTORC1 (Stafford et al., 2013; Nakayama et al.,
2015), as the effector of these changes. A summary of the interactions

between P. gingivalis and host stress -induced translational control identified

in this study can be found in |Figure 7-1jand|Figure 7-2

Somewhat strikingly , P. gingivalis infection alone did not induce cellular
stress or ISR activation, despite previous studies finding upre  gulation of the
UPR, a multifaceted signalling cascade which in part feeds the ISR, during P.

gingivalis infection (Hirasawa & Kurita -Ochiai, 2018) (Discussed in detail in

section |3.4). As previously discussed (Section |3.4), the chronic inflammatory

state induced by P. gingivalis infection may be capable of producing
oxidative stress capable of activating the ISR (Mayadas et al., 2014).
However, the dysbiotic oral microbiome in part generated by  P. gingivalis
(Darveau et al., 2012), may also be capable of inducing cellular stress. To
this end , in periodontitis mouse models the oral microbiota ha s been shown
to induce NOD1 signalling (Jiao et al., 2013). During S. flexneri infection ,
activation of the ISR by bacterial peptidoglycan led to increased NOD1
signalling and NF - B activation (Abdel-Nour et al., 2019). Periodontitis
patients also display increased NF - B expression (Arabaci et al., 2010),
therefore the re is potential that the dysbiotic oral microbiota in periodontitis
is inducing NF- B expression via ISR activation and NOD1 signalling. Further
study into stress responses during multispecies periodontal bacterial
infections at the cellular and organismal level may offer ani nsightful future

perspective.
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Figure 7-1Summary of P. gingivalis interactions with host stress  -induced translational control.  Stress stimuli, such as oxidative
stress, activate ISR effector kinases which phosphorylate elF2  $ resulting in translational attenuation and stress granule formation.
P. gingivalis secretes gin gipains and outer membrane vesicles in a both extra and intracellular manner, which dysregulate the
MmTORC1 pathway leading to heightened translational attenuation and modulated stress granule formatio n.
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Figure 7-2 Molecular i nteractions between P. gingivalis and host
translational control during sodium arsenite induced oxidative stress.

Sodium ar senite induces oxidative stress , leading to the phosphorylation of
elF2, thereby inhibiting regeneration of elF2 -GTP and subsequent
translation al stalling. The small molecule ISRIB can rescue this function.
Independently of elF2 phosphorylation P. gingivalis inhibits mMTORC1 activity,
which may lead to decreased p70 -S6 kinase and 4E -BP1 phosphorylation,
subsequently inhibiting elF4B and elF4E, respectively, from joining the cap
complex . Furthermore, decreased S6-Kinase phosphorylation may lead to
decreased availability of elF3. Through these mechanisms there may be
heighten ed stress induced translational stalling independently of elF2.
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In the H357 oral squamous carcinom a cell line, during acute oxidative stress
P. gingivalis gingipains heightened translational repression independently of
increased elF2 r phosphorylation . The ISR inhibiting molecule ISRIB, also
failed to rescue translational function during stress and  P. gingivalis
infection. A derivative of ISRIB is currently in phase | clinical trials as a
treatment for ALS (ClinicalTr ials,gov Identifier NCT04948645) . P. gingivalis
and gingipains have been identified in the bloodstream, cerebrospinal fluid,
and brains of humans (Adams et al., 2019; Dominy et al., 2019). Therefore,
understanding the impact of gingipains upon ISRIBs efficacy in treating ALS
may offer vital understanding for the use of ISRIB to treat ALS patients
especially as patients with neurodegenerative diseases often suffer from

poor oral health (Auerbacher et al., 2022) . Given that oral hygeine can be
significantly improved by t ooth brushing by non -dental professional in
people with reduced ability to brush their own teeth ~ (Barbe et al., 2021),
understanding whether P. gingivalis infections may impact the efficacy this
ISRIB derivative as an ALS treatment may guide to more thor ough oral

hygiene care in ALS patients.

Heightened translational repression during oxidative stress and  P. gingivalis
infection was accompanied by increased stress granule frequency and the
partial exclusion of elF3b from stress granules. This is corrobora  ted by
reports that S. flexneri can selectively cause delocalisation of elF3b from
stress granules during exogenous stress, in a manner dependent on

MTORCL1 inactivation (Vonaesch et al., 2016). The movement of elF3b is
regulated by mTORC1, which phosphorylates S6K1 at T389, resulting in
S6K1 dissociating from elF3b (Holz et al., 2005) . Oxidative stress -induced p -
S6K1 (T389) (Wu et al., 2011)was decreased by P. gingivalis infection,
probably owing to inhibition or degradation of mMTORC1 (Stafford et al., 2013;
Nakayama et al., 2015). Therefore, decreased p -S6K1 (T389) could account

for the lack of elF3b in stress granules during oxidative stress and P.

197



gingivalis infection and further supports the role of mTORCL1 in the exclusion

of elF3b from stress granules.

The functional outcome of elF3b exclusion from stress granules during P.
gingivalis infection and oxidative stress remains to be elucidated . Though
many translation initiation factors are excluded from cell death associated
stress granules , elF3b remains resident (Reineke & Neilson, 2019), implying
that the exclusion of elF3b during P. gingivalis infection and stress has an
outcome divergent from cell death. It has previously been shown that during
chronic stress translation is partially re stored in an elF3 dependent manner
(Guan et al., 2017). Therefore, an attractive hypothesis is that, in situations
where programmed cell death is not initiated during extended stress,
exclusion of elF3b from stress granules may allow for faster resumptio  n of
translation via this elF3 dependent system. This would be supported by the
preliminary findings here that in SH -SY5Y cells and primary astrocytes P.
gingivalis infection may increase protein synthesis during chronic sodium
arsenite stress, however mor e work is required to evidence this. Isolation
and proteomic analysis of stress granules is now well established  (Wheeler
et al., 2017), utilising these analyses for stress granules during P. gingivalis
infection and various stress conditions would provi de an interesting avenue

to explore to this end.

The preliminary findings here in SH -SY5Y cells and primary astrocytes
indicate that P. gingivalis infection may lower GADD34 expression during
chronic oxidative stress and infection. Increased GADD34 expression
correlates with the resumption of protein synthesis  (Pakos-Zebrucka et al.,
2016), which makes this result surprising as protein synthesis was also
increas ed under the same conditions. While these data require further
repeats to confirm their validity , decreased GADD34 expression may benefit
P. gingivalis as GADD34 has been shown to tune translation towards
lysosomal biogenesis to enable autophagy during nut rient starvation
(Gambardella et al., 2020) . P. gingivalis is well known to hijack and suppress

autophagy and the formation of lysosomes to aid persistence with the host
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cells (Dorn et al., 2001), which inhibition of GADD34 may support. It may be
inter esting to investigate these responses over a longer time as  P. gingivalis

may persist in host cells for up to  eight days (Belton et al., 1999).

The data presented here has shown that that P. gingivalis is capable of
dysregulating translational control during oxidative stress. In future, studies
are needed to confirm that oral and systemic periodontal infections, and the
subsequently upregulated immune responses, are capable of inducing ISR
activating stress conditions in both the physiological oral and neurological
environments . To this end, i nflammation has been shown to induce stress
granule formation in the atherosclerotic plagues of LDRL -/- mice (Herman
et al., 2019) and the brain tissues of P301L (Tau-transgenic ) and FTBP-17
(AD) mice (Vanderweyde et al., 2012). Therefore, as stress granules are a
hallmark of ISR activation (Pakos-Zebrucka et al., 2016) it is probable that
such studies would identify ISR activity and stress granule formation wit  hin
the tissues affected by periodontitis and tissues colonised by systemic
periodontal infections. It would however be vital to evidence this not only in

animal models but also in human tissues.

The identification of stress granule formation in atheroscl  erosis and AD
mice (Vanderweyde et al., 2012; Herman et al., 2019) highlights the far -
reaching potential of P. gingivalis mediated dysregulation of translation
during oxidative stress, as P. gingivalis has been shown to persist within
atherosclerotic tissues and AD brains (Kozarov et al., 2005; Dominy et al.,
2019). The results found in this study provide a basis for further

investigation of the molecular mechanisms of ISR dysregulation by  P.
gingivalis during systemic infections. Such studies may provide crucial
knowledge towards both medicinal and care decisions of patients suffering
from poor oral hygiene and diseases with which  P. gingivalis has been found

to interact.

199



8 Bibliography

Abdel-Nour, M., Carneiro, L. A. M., Downey, J., Tsalikis, J., Outlioua, A.,
Prescott, D., Da Costa, L. S., Hovingh, E. S., Farahvash, A., Gaudet, R. G.,
Molinaro, R., van Dalen, R., Lau, C. C. Y., Azimi, F. C., Escalante, N. K.,
Trotman -Grant, A., Lee, J. E., Gray-Owen, S., Divangahi, M., Girardin, S. E.
(2019). The heme -regulated inhibitor is a cytosolic sensor of protein
misfolding that controls innate immune signaling.  Science,
365(6448)10.1126/science.aaw4144

Abe, T., Hosur, K. B., Hajishengallis, E., Reis, E. S., Ricklin, D., Lambris, J. D., &
Hajishengallis, G. (2012). Local complement -targeted intervention in
periodontitis: proof -of-concept using a C5a receptor (CD88) antagonist.

J Immunol, 189(11), 5442-5448. 10.4049/jimmunol.1202339

Abusleme, L., Dupuy, A. K., Dutzan, N., Silva, N., Burleson, J. A., Strausbaugh,
L. D., Gamonal, J., & Diaz, P. I. (2013). The subgingival microbiome in
health and periodontitis and its relationship with community biomass
and inflammation. ISME J, 7(5), 1016-1025. 10.1038/isme}.2012.174

Acker, M. G., Shin, B., Dever, T. E., & Lorsch, J. R. (2006). Interaction
between eukaryotic initiation factors 1A and 5B is required for efficient
ribosomal subunit joining. J Biol Chem, 281(13), 8469.
10.1074/jbc.M600210200

Adams, B. U, Nunes, J. M., Page, M. J., Roberts, T., Carr, J., Nell, T. A., Kell, D.
B., & Pretorius, E. (2019). Parkinson's Disease: A Systemic Inflammatory
Disease Accompanied by Bacterial Inflammagens. Front Aging Neurosci,
11 210. 10.3389/fnagi.2019.00210

Aduse-Opoku, J., Davies, N. N., Gallagher, A., Hashim, A., Evans, H. E. A,
Rangarajan, M., Slaney, J. M., & Curtis, M. A. (2000). Generation of Lys -
gingipain protease activity in Porphyromonas gingivalis W50 is
independent of Arg -gingipain protease activities. Microbiology, 146 (8),
1933-1940. 10.1099/00221287 -146-8-1933

Agranoff, B. W., Davis, R. E., & Brink, J. J. (1965). Memory Fixation in the
Goldfish. PNAS, 54(3), 788-793. 10.1073/pnas.54.3.788

Al-Attar, A., Alimova, Y., Kirakodu, S., Kozal, A., Novak, M. J., Stromberg, A. J.,
Orraca, L., Gonzalez -Martinez, J., Martinez, M., Ebersole, J. L., &
Gonzalez, O. A. (2018). Activation of Notch -1 in oral epithelial cells by P.

200



gingivalis triggers the expression of the antimicrobial protein PLA2  -IIA.
Mucosal Immunolo gy, 114), 1047-1059. 10.1038/s41385 -018-0014-7

Albandar, J. M., & Rams, T. E. (2002). Global epidemiology of periodontal
diseases: an overview. Periodontology 2000, 29 , 7.

Algire, M. A., Maag, D., & Lorsch, J. R. (2005). Pi release from elF2, not GTP
hydrolysis, is the step controlled by start -site selection during
eukaryotic translation initiation. Molecular Cell, 20 (2), 251.

Alone, P. V., & Dever, T. E. (2006). Direct binding of translation initiation
factor elF2gamma -G domain to its GTPase -activating and GDP-GTP
exchange factors elF5 and elF2B epsilon. The Journal of Biological
Chemistry, 281(18), 12636. 10.1074/jbc.M511700200

Al-Qutub, M., Braham, P. H., Karimi-Naser, L., Liu, X., Genco, C. A., & Darveau,
R. (2006). Hemin-Dependent Modulation of the L ipid A Structure of
Porphyromonas gingivalis Lipopolysaccharide. Infection and Immunity,
74(8), 4474 -4485.

Amano, A., Nakagawa, |., Kataoka, K., Morisaki, |., & Hamada, S. (1999).
Distribution of Porphyromonas gingivalis strains with fimA genotypes in
periodontitis patients. Journal of Clinical Microbiology, 37 (5), 1426.

Amano, A., Nakagawa, |., Okahashi, N., & Hamada, N. (2004). Variations of
Porphyromonas gingivalis fimbriae in relation to microbial pathogenesis.
J Periodontal Res, 39 (2), 136-142. 10.111/j.1600-0765.2004.00719.x

Ameri, K., & Harris, A. L. (2008). Activating transcription factor 4.
International Journal of Biochemistry and Cell Biology, 40 (1), 1421.
10.1016/).biocel.2007.01.020

Anda, S., Zach, R., & Grallert, B. (2017). Activation of Gc n2 in response to
different stresses. PL0S ONE, 128), e0182143.
10.1371/journal.pone.0182143

Anderson, P., & Kedersha, N. (2002). Stressful initiations. Journal of Cell
Science, 115 3227.

Andrian, E., Grenier, D., & Rouabhia, M. (2006). Porphyromonas gi ngivalis-

Epithelial Cell Interactions in Periodontitis. J Dent Research . 85(5):392 -
403. 10.1177/154405910608500502

201



Andrian, E., Grenier, D., & Rouabhia, M. (2004). In Vitro Models of Tissue
Penetration and Destruction by Porphyromonas gingivalis . Infection and
Immunity, 72(8), 4689 -4698. 10.1128/IAl.72.8.4689 -4698.2004

Antoniou, A. N., Lenart, 1., Kriston -Vizi, J., lwawaki, T., Turmaine, M., Mchugh,
K., Ali, S., Blake, N., Bowness, P., BajajElliott, M., Gould, K., Nesbeth, D., &
Powis, S. J. (2018). Salmonella exploits HLA -B27 and host unfolded
protein responses to promote intracellular replication. ~ Ann Rheum Dis.
78(1):74-82. 10.1136/annrheumdis-2018-213532

Arabaci, T., Cicek, Y., Canakci, V., Canakci, C. F., Ozgoz, M., Albayrak, M., &
Keles, O. N. (2010). Immunohistochemical and Stereologic Analysis of
NF- B Activation in Chronic Periodontitis. Eur J Dent, 4(4), 454 -461.

Asai, Y., Ohyama, Y., Gen, K., & Ogawa, T. (2001). Bacterial Fimbriae and
Their Peptides Activate Human Gingival Epithelial Cells  through Toll -Like
Receptor 2. Infection and Immunity, 69 (12), 7387-7395.
10.1128/IA1.69.12.7387-7395.2001

Asano, K., Clayton, J., Shalev, A., & Hinnebusch, A. G. (2000). A multifactor
complex of eukaryotic initiation factors, elF1, elF2, elF3, elF5, and
initiator tRNA(Met) is an important translation initiation intermediate in
vivo. Genes & Development, 14(19), 2534. 10.1101/gad.831800

$VDQR . 6KDOHY $ 3KDQ / 1LHOVHQ . &OD\WRQ
T. F., & Hinnebusch, A. G. (2001). Multiple roles for the C &erminal
domain of elF5 in translation initiation complex assembly and GTPase
activation. EMBO Journal, 20 (9), 2326 -2337. 10.1093/emb0j/20.9.2326

Auerbacher, M., Gebetsberger, L., Kaisarly, D., Schmidmaier, R., Hickel, R., &
Drey, M. (2022). Oral health in patients with neurodegenerative and
cerebrovascular disease: a retrospective study. Disability and
Rehabilitation, ahead -of-print, 29. 10.1080/09638288.2022.2088866

Aulas, A., Fay, M. M., Lyons, S. M., Achorn, C. A., Kedersha, N, Anderson, P.,
& Ivanov, P. (2017). Stress-specific differences in assembly and
composition of stress granules and related foci. J Cell Sci, 130(5), 927 -
937. 10.1242/jcs.199240

Averous, J., Sarah Lambert -Langlais, Mesclon, F., Valérie Carraro, Parry, L.,
Céline Jousse, Bruhat, A., Anne -Catherine Maurin, Pierre, P., Proud, C.
G., & Fafournoux, P. (2016). GCN2 contributes to mTORC1 inhibition by
leucine deprivation through an ATF4 independent mechanism.  Scientific
Reports, 6(1)10.1038/srep27698
202



Baker, J. L., Bor, B., Agnello, M., Shi, W., & He, X. (2016). Ecology of the Oral
Microbiome: Beyond Bacteria. Trends Microbiol, 25 (5), 362-374.
10.1016/}.tim.2016.12.012

Baker, P. J., Carter, S., Dixon, M., Evans, R. T., & Roopenian, D. C. (1999).
Serum antibody respo nse to oral infection precedes but does not
prevent Porphyromonas gingivalis -induced alveolar bone loss in mice.
Oral Microbiol Immunol, 14(3), 194-196. 10.1034/}.1399-
302X.1999.140309.x

Banani, S. F., Lee, H. O., Hyman, A. A., & Rosen, M. K. (2017). Biom&ecular
condensates: organizers of cellular biochemistry. Nat Rev Mol Cell Biol,
18(5), 285-298. 10.1038/nrm.2017.7

Banbula, A., Bugno, M., Kuster, A., Heinrich, P. C., Travis, J., & Potempa, J.
(1999). Rapid and Efficient Inactivation of IL -6 Gingipains, Lysine- and
Arginine -Specific Proteinases from Porphyromonas gingivalis. Biochem
Biophys Res Commun, 261(3), 598 -602. 10.1006/bbrc.1999.1075

Bankston, A. N., Mandler, M. D., & Feng, Y. (2013). Oligodendroglia and
neurotrophic factors in neurodegeneration.  Neuroscience Bulletin, 29 (2),
216-228. 10.1007/s12264 -013-1321-3

Bannick, M. S., Beghi, E., Blake, N., Ellenbogen, R. G., Afarideh, M., Ahmadi, A.,
Aichour, A. N., Aichour, M. T. E., Akseer, N., Alene, K. A., Altirkawi, K.,
Arnlov, J., Asayesh, H., Atalay, H. T., Béjot, Y., Beuran, M., Brayne, C.,
Catala-Lo6pez, F., Cerin, E., Murray, C. J. L. (2019). Global, regional, and
national burden of neurological disorders, 1990 ]2016: a systematic
analysis for the Global Burden of Disease Study 2016. Lancet Neurol,
18(5), 459-480. 10.1016/S1474-4422(18)30499 -X

Bao, K., Belibasakis, G. N., Thurnheer, T., Aduse-Opoku, J., Curtis, M. A., &
Bostanci, N. (2014). Role of Porphyromonas gingivalis gingipains in multi -
species biofilm formation. BMC Microbiol, 14(1), 258. 10.186/s12866 -
014-0258 -7

Barbe, A. G., Al-Barwari, A., Hamacher, S., Deinzer, R., Weik, U., & Noack, M.
J. (2021). Effectiveness of brushing teeth in patients with reduced oral
hygiene by laypeople: a randomized, controlled study. BMC Oral Health,
21(1), 225.10.1186/s12903-021-01590 -4

Barbier, P., Zejneli, O., Martinho, M., Lasorsa, A., Belle, V., Smet-Nocca, C.,
Tsvetkov, P. O., Devred, F., & Landrieu, I. (2019). Role of Tau as a

203



Microtubule -Associated Protein: Structural and Functional Aspects.
Front Aging N eurosci, 11, 204. 10.3389/fnagi.2019.00204

Barondes, S. H., & Cohen, H. D. (1966). Puromycin Effect on Successive
Phases of Memory Storage. Science, 1513710), 594-595.
10.1126/science.151.3710.594

B'Chir, W., Maurin, A., Carraro, V., Averous, J., Jousse, C., Muranishi, Y., Parry,
L., Stepien, G., Fafournoux, P., & Bruhat, A. (2013). The elF2 r/ATF4
pathway is essential for stress -induced autophagy gene expression.
Nucleic Acids Research, 41(16), 7683. 10.1093/nar/gkt563

Belmok, A., de Cena, J. A., Kyaw, C. M., & Damé-Teixeira, N. (2020). The Oral
Archaeome: A Scoping Review. J Dent Res, 99(6), 630 -643.
10.1177/0022034520910435

Belton, C. M., Izutsu, K. T., Goodwin, P. C., Park, Y., & Lamont, R. J. (1999).
Fluorescence image analysis of the association betwee n
Porphyromonas gingivalis and gingival epithelial cells. Cell Microbiol, 1(3),
215-223. 10.1046/].1462 -5822.1999.00022.x

Berlanga, J. J., Herrero, S., & de Haro, C. (1998). Characterization of the
hemin-sensitive eukaryotic initiation factor 2alpha kinase  from mouse
nonerythroid cells. J Biol Chem, 273(48), 32340.
10.1074/jbc.273.48.32340

Bernard, K., Cooper, C., Tessier, S., & Ewan, E. P. (1991). Use of
chemotaxonomy as an aid to differentiate among Capnocytophaga
species, CDC group DF -3, and aerotolerant strains of Leptotrichia
buccalis. J Clin Microbiol, 29 (10), 2263-2265. 10.1128/JCM.29.10.2263 -
2265.1991

Betz, C., & Hall, M. N. (2013). Where is mTOR and what is it doing there? The
J Cell Biol, 203 (4), 563. 10.1083/jcb.201306041

Bianconi, E., Piovesan, A., Facchin, F., Beraudi, A., Casadei, R., Frabetti, F.,
Vitale, L., Pelleri, M. C., Tassani, S., Piva, F., PerezAmodio, S., Strippoli,
P., & Canaider, S. (2013). An estimation of the number of cells in the
human body. Annal Human Biol, 40(6), 463-471.
10.3109/03014460.2013.807878

Boeynaems, S., Alberti, S., Fawzi, N. L., Mittag, T., Polymenidou, M.,
Rousseau, F., Schymkowitz, J., Shorter, J., Wolozin, B., Van Den Bosch,
L., Tompa, P., & Fuxreiter, M. (2018). Protein Phase Separation: A New

204



Phase in Cell Biology. Trends Cell Biol, 28 (6), 420 -435.
10.1016/j.tch.2018.02.004

Boisvert, H., & Duncan, M. J. (2008). Clathrin -dependent entry of a gingipain
adhesin peptide and Porphyromonas gingivalis into host cells. Cell
Microbiol, 10(12), 2538-2552. 10.1111/j.14625822.2008.01228.x

Bond, S., Lopez-Lloreda, C., Gannon, P. J., Akay-Espinoza, C., & Jordan-
Sciutto, K. (2020). The Integrated Stress Response and Phosphorylated
Eukaryotic Initiation Factor 2 rin Neurodegeneration. J Neuropathol Exp
Neurol, 79(2), 123-143. 10.1093/jnen/nlz129

%RQGD ' - %DML E-P6tpadevicsBs, CHsAdRSUS, G., Zhu, X.,
Smith, M. A, & Lee, H. (2010). Review: Cell cycle aberrations and
neurodegeneration. Neuropathol Appl Neurobiol, 36 (2), 157-163.
10.1111/j.136%299 0.2010.01064.x

Borgnakke, W. S., Yl6stalo, P. V., Taylor, G. W., & Genco, R. J. (2013). Effect
of periodontal disease on diabetes: systematic review of epidemiologic
observational evidence. Journal of Periodontology (1970), 84 (4-), S135
S152. 10.1902/jop.2013.1340013

Borgnakke, W. S., Ylostalo, P. V., Taylor, G. W., & Genco, R. J. (2013). Effect
of periodontal disease on diabetes: systematic review of epidemiologic
observational evidence. J Clin Periodont, 40 , S135. 10.1111/jcpe.12080

Borlee, B. R., Goldman, A. D., Murakami, K., Samudrala, R., Wozniak, D. J., &
Parsek, M. R. (2010). Pseudomonas aeruginosa uses a cyclic -di-GMP-
regulated adhesin to reinforce the biofilm extracellular matrix. Mol
Microbiol, 75 (4), 827-842. 10.1111/j.13652958.2009.06991.x

Bostanci, N., Allaker, R. P., Belibasakis, G. N., Rangarajan, M., Curtis, M. A.,
Hughes, F. J., & McKay, I. J. (2007a). Porphyromonas gingivalis
antagonises Campylobacter rectus induced cytokine production by
human monocytes. Cytokine, 39 (2), 147-156. 10.1016/j.cyto.2007.07.002

Bostanci, N., Allaker, R., Johansson, U., Rangarajan, M., Curtis, M. A., Hughes,
F. J., & McKay, I. J. (2007b). Interleukin -1alpha stimulation in monocytes
by periodontal bacteria: antagonistic effects of  Porphyromon as
gingivalis. Oral Microbiol Immunol, 22 (1), 52-60. 10.1111/;.1399
302X.2007.00322.x

205



Bowen, W. H., Burne, R. A., Wu, H., & Koo, H. (2018). Oral Biofilms:
Pathogens, Matrix, and Polymicrobial Interactions in Microenvironments.
Trends Microbiol, 26 (3), 229-242. 10.1016/}.tim.2017.09.008

Boyce, M., Bryant, K. F., Céline Jousse, Long, K., Harding, H. P., Scheuner, D.,
Kaufman, R. J., Ma, D., Coen, D. M., Ron, D., & Yuan, J. (2005). A
Selective Inhibitor of elF2 r Dephosphorylation Protects Cells from ER
Stress. Science, 307 (5711), 935939.

Brangwynne, C. P., Eckmann, C. R., Courson, D. S., Rybarska, A., Hoege, C.,
Gharakhani, J., Julicher, F., & Hyman, A. A. (2009). Germline P Granules
Are Liquid Droplets That Localize by Controlled
Dissolution/Condensation. Science, 324 (5935), 1729-1732.
10.1126/science.1172046

Brogden, K., Guthmiller, J., & Taylor, C. (2005). Human polymicrobial
infections. The Lancet (British Edition), 365 (9455), 253 -255.
10.1016/s0140-6736(05)70155 -0

Brostrom, C. O., & Brostrom, M. A. (1997) . Regulation of Translational
Initiation during Cellular Responses to Stress . 10.1016/S0079 -
6603(08)60034 -3

Brown, M. R., Allison, D. G., & Gilbert, P. (1988). Resistance of bacterial
biofilms to antibiotics: a growth -rate related effect? The Journal of
Antimicrobial Chemotherapy, 22 (6), 777. 10.1093/jac/22.6.777

Brown, S. A., & Whiteley, M. (2007). A Novel Exclusion Mechanism for
Carbon Resource Partitioning in Aggregatibacter
actinomycetemcomitans . J Bacteriol, 189 (17), 6407-6414.
10.1128/JB.00554 -07

Brunner, J., Scheres, N., El lissi, N.,B., Deng, D. M., Laine, M. L., van
Winkelhoff, A.,J., Crielaard, W., & Uussum Nawal, B. E. |. (2010). The
capsule of Porphyromonas gingivalis reduces the immune response of
human gingival fibroblasts. BMC Microbiol, 10(1), 5. 10.1186/14712180-
10-5

Buchan, J., Kolaitis, R., Taylor, J., & Parker, R. (2013). Eukaryotic Stress
Granules Are Cleared by Autophagy and Cdc48/VCP Function.  Cell,
153(7), 146%:1474. 10.1016/j.cell.2013.05.037

Buhl, M., Peter, S., & Willmann, M. (2015). Prevalence and risk factors
associated with colonization and infection of extensively drug  -resistant

206



Pseudomonas aeruginosa : a systematic review. Expert Rev Anti Infect
Ther. 13(9):115970. 10.1586/14787210.2015.1064310

Burnett, P. E., Barrow, R. K., Cohen, N. A., Snyder, S. H., & Sabatini, D. M.
(1998). RAFTL1 phosphorylation of the translational regulators p70 S6
kinase and 4E -BP1.PNAS, 95(4), 1432. 10.1073/pnas.95.4.1432

Burns, E., Bachrach, G., Shapira, L., & Nussbaum, G. (2006). TLR2 Is
Required for the Innate Response to Porphyromonas gingivalis :
Activation Leads to Bacterial Persistence and TLR2 Deficiency
Attenuates Induced Alveolar Bone Resorption. J Immunol, 177112), 8296-
8300.

Pui, C. F.,Wong, W. C.,Chai, L. C., Tunung, R.,Jeyaletchumi, P.,Noor Hidayah
M. S., Ubong, A., Farinazleen, M. G.,Cheah, Y. K.,& Son, R. (2011).
Salmonella: A foodborne pathogen. International Food Research Journal,
18(2), 465-473.

Cabral-Miranda, F., & Hetz, C. (2017). ER Stress and Neurodegenerat ive
Disease: A Cause or Effect Relationship? Coordinating Organismal
Physiology through the Unfolded Protein Response ; Curr Top Microbiol
Immunol, 414, 13%157. 10.1007/82_2017_52

Cai, D., McEwen, D. P., Martens, J. R., Meyhofer, E., Verhey, K. J., & Schliva,
M. (2009). Single Molecule Imaging Reveals Differences in Microtubule
Track Selection Between Kinesin Motors. PL0S Biology, 7(10),
€1000216. 10.1371/journal.pbio.1000216

Calkins, C. C., Platt, K., Potempa, J., & Travis, J. (1998). Inactivation of tumor
necrosis factor -alpha by proteinases (gingipains) from the periodontal
pathogen, Porphyromonas gingivalis . Implications of immune evasion. J
Biol Chem, 273(12), 66116614.

Carayol, N., & Tran Van Nhieu, G. (2013). The inside story of Shigella invasion
of intestinal epithelial cells. Cold Spring Harb Perspect Med, 3 (10),
a016717. 10.1101/cshperspect.a016717

Carlisle, M. D., Srikantha, R. N., & Brogden, K. A. (2009). Degradation of
Human r- and t-Defensins by Culture Supernatants of Porphyromonas
gingivalis Strain 381. J Innate Immun, 1(2), 118122. 10.1159/000181015

Caroff, M., & Karibian, D. (2003). Structure of bacterial lipopolysaccharides.
Carbohydr Res, 338 (23), 2431-2447. 10.1016/j.carres.2003.07.010

207



Casadevall, A. (2017). The Pathogenic Potential of a Microbe. mSphere,
2(1)10.1128/mSphere.00015-17

Cekici, A., Kantarci, A., Hasturk, H., & Van Dyke, T.,E. (2014). Inflammatory
and immune pathways in the pathogenesis of periodontal disease:
Periodontology 2000, 64 (1), 57-80. 10.1111/prd.12002

Chang, R. C.C., Wong, A. K. Y., Ng, H., & Hugon, J. (2002). Phosphorylation
of eukaryotic initiation factor -2alpha (elF2alpha) is associated with
neuronal degeneration in Alzheimer's disease. Neuroreport, 13(18), 2429-
2432.

Chang, Y., Lee, J. S., Lee, K., Woo, H. G, & Song, T. (2020). Improved oral
hygiene is associated with decreased risk of new -onset diabetes: a
nationwide population -based cohort study. Diabetologia, 63 (5), 924 -933.
10.1007/s00125 -020 -05112-9

Chapple, I. L. C., & Matthews, J. B. (2007). The role o f reactive oxygen and
antioxidant species in periodontal tissue destruction.  Periodontol 2000,
43(1), 160232. 10.1111/j.16000757.2006.00178.x

Chen, J. J., Throop, M. S., Gehrke, L., Kuo, I., Pal, J. K., Brodsky, M., & London,
[. M. (1991). Cloning ofthe cDNA of the heme -regulated eukaryotic
initiation factor 2 alpha (elF -2 alpha) kinase of rabbit reticulocytes:
homology to yeast GCN2 protein kinase and human double -stranded -
RNA-dependent elF -2 alpha kinase. PNAS, 88(17), 7729.
10.1073/pnas.88.17.7729

Chen, M., Lu, M., Hsieh, C., & Chen, W. (2020). Porphyromonas gingivalis
promotes tumor progression in esophageal squamous cell carcinoma.
Cell Oncol (Dordr), 44 (2), 373-384. 10.1007/s13402 -020 -00573 -x

Chen, T., Siddiqui, H., & Olsen, I. (2017). In silico Comparison of 19
Porphyromonas gingivalis Strains in Genomics, Phylogenetics,
Phylogenomics and Functional Genomics. Frontiers in Cellular and
Infection Microbiology, 7 10.3389/fcimb.2017.00028

Chen, W., Zhang, X., & Huang, W. (2016). Role of neuroinflammation in
neurodegenerative diseases. Mol Med Rep, 13(4), 3391-3396.
10.3892/mmr.2016.4948

Chen, Y. E., Fischbach, M. A., & Belkaid, Y. (2018). Skin microbiota -host
interactions. Nature, 553 (7689), 427 -436 . 10.1038/nature25177

208



Cheshire, J. L., Williams, B. R., & Baldwin, J.,A.S. (1999). Involvement of
double -stranded RNA -activated protein kinase in the synergistic
activation of nuclear factor -kappaB by tumor necrosis factor -alpha and
gamma-interferon in pre neuronal cells. J Biol Chem, 274 (8), 4801.

Chi, A. C., Day, T. A., & Neville, B. W. (2015). Oral cavity and oropharyngeal
squamous cell carcinoma * an update. CA Cancer J Clin, 65 (5), 401-421.
10.3322/caac.21293

Chiang, C., Kyritsis, G., Graves, D. T., & Amar, S. (1999). Interleukin-1 and
Tumor Necrosis Factor Activities Partially Account for Calvarial Bone
Resorption Induced by Local Injection of Lipopolysaccharide.  Infect
Immun, 67(8), 4231-4236. 10.1128/IAl.67.8.4231-4236.1999

Choi, C. H., Spooner, R., DeGuzman, J., Koutouzis, T., Ojcius, D. M., & Yilmaz,
O. (2013). P. gingivalis-Nucleoside -diphosphate -kinase Inhibits ATP -
Induced Reactive -Oxygen -Species via P2X7 Receptor/NADPH -Oxidase
Signaling and Contributes to Persistence. Cell Microbiol, 15(6), 961-976.
10.1111/cmi.12089

Chukkapalli, S. S., Velsko, I. M., Rivera#&weh, M. F., Larjava, H., Lucas, A. R., &
Kesavalu, L. (2017). Global TLR2 and 4 deficiency in mice impacts bone
resorption, inflammatory markers and atherosclerosis to polymicrobial
infection. Mol Oral Microbiol, 32 (3), 213225. 10.1111/0mi.12165

Ciaston, |., Budziaszek, J., Satala, D., Potempa, B., Fuchs, A., Rapala-Kozik,
M., Mizgalska, D., Dobosz, E., Lamont, R. J., Potempa, J., & Koziel, J.
(2022). Proteolytic Activity -Independent Activation of the Immune
Response by Gingipains from Porphyromonas gingivalis . mBio, ,
e0378721. 10.1128/mbio.03787 -21

Cirillo, L., Cieren, A., Barbieri, S., Khong, A., Schwager, F., Parker, R., & Gotta,
M. (2020). UBAP2L Forms Distinct Cores that Act in Nucleating S tress
Granules Upstream of G3BP1. Curr Biol, 30 (4), 698 -707.e6.
10.1016/j.cub.2019.12.020

Claudio, N., Dalet, A., Gatti, E., & Pierre, P. (2013). Mapping the crossroads of
immune activation and cellular stress response pathways. EMBO J,
32(9), 12141224, 10.1038/emboj.2013.80

Clemens, M. J., & Elia, A. (1997). The double-stranded RNA -dependent
protein kinase PKR: structure and function. J Interferon Cytokine Res ,
179), 503. 10.1089/jir.1997.17.503

209



Clifford, D. (1932). Antony Van Leeuwenhoek and His 'Little  Animals'. The
Indian Medical Gazette, 67 (12), 709-712.

Coats, S. R., Kantrong, N., To, T. T., Jain, S., Genco, C. A., McLean, J. S., &
Darveau, R. P. (2019). The Distinct Immune -Stimulatory Capacities of
Porphyromonas gingivalis Strains 381 and ATCC 3327 7 Are Determined
by the fimB Allele and Gingipain Activity. Infect Immun,
87(12)10.1128/1A1.00319-19

Connolly, E., Millhouse, E., Doyle, R., Culshaw, S., Ramage, G., & Moran, G. P.
(2017). The Porphyromonas gingivalis hemagglutinins HagB and HagC
are major mediators of adhesion and biofilm formation. Mol Oral
Microbiol, 32 (1), 3547. 10.1111/omi.12151

Connor, J. H., Weiser, D. C., Li, S., Hallenbeck, J. M., & Shenolikar, S. (2001).
Growth arrest and DNA damage -inducible protein GADD34 assembles a
novel signaling complex containing protein phosphatase 1 and inhibitor 1.
Mol Cell Biol, 21(20), 6841. 10.1128/MCB.21.20.6841-6850.2001

Cook, I. A., Schrader, L. M., DeGiorgio, C. M., Miller, P. R., Maremont, E. R., &
Leuchter, A. F. (2013). Trigeminal nerve stimula tion in major depressive
disorder: Acute outcomes in an open pilot study. Epilepsy Behav, 28 (2),
221-226. 10.1016/j.yebeh.2013.05.008

Costa -Mattioli, M., Gobert, D., Stern, E., Gamache, K., Colina, R., Cuello, C.,
Sossin, W., Kaufman, R., Pelletier, J., ROVHQEOXP . .UQMHYLE
J., Nader, K., & Sonenberg, N. (2007). elF2alpha phosphorylation
bidirectionally regulates the switch from short - to long -term synaptic
plasticity and memory. Cell, 129(1), 195206.

Costa -Mattioli, M., Sossin, W. S., Klann, E., & Sonenberg, N. (2009).
Translational Control of Long -Lasting Synaptic Plasticity and Memory.
Neuron, 61(1), 1626. 10.1016/j.neuron.2008.10.055

Costa -Mattioli, M., & Walter, P. (2020). The integrated stress response:
From mechanism to disease. Science,
368 (6489)10.1126/science.aat5314

Cugini, C., Klepac-Ceraj, V., Rackaityte, E., Riggs, J. E., & Davey, M. E. (2013).
Porphyromonas gingivalis : keeping the pathos out of the biont. J Oral
Microbiol, 5 (1), 19804-10. 10.3402/jom.v5i0.19804

Dabdoub, S. M., Ganesan, S. M., & Kumar, P. S. (2016). Comparative
metagenomics reveals taxonomically idiosyncratic yet functionally

210



congruent communities in periodontitis.  Sci Rep, 6(1), 38993.
10.1038/srep38993

Dabo, S., Malillard, P., Collados Rodriguez, M., Hansen, M. D., Mazouz, S.,
Bigot, D., Tible, M., Janvier, G., Helynck, O., Cassonnet, P., Jacob, Y.,
Bellalou, J., Gatignol, A., Patel, R. C., Hugon, J., Munier-Lehmann, H., &
Meurs, E. F. (2017). Inhibition of the inflammatory response to stress by
targeting int eraction between PKR and its cellular activator PACT.  Sci
Rep, 7(1), 1612915. 10.1038/s41598-017-16089 -8

Dame-Teixeira, N., de Cena, J. A., Cortes, D. A., Belmok, A., dos Anjos
Borges, L. G., Marconatto, L., Giongo, A., & Kyaw, C. M. (2020). Presence
of Archaea in dental caries biofilms. Arch Oral Biol, 110, 104606.
10.1016/j.archoralbio.2019.104606

Daniel, N., Lécuyer, E., & Chassaing, B. (2021). Host/microbiota interactions
in health and diseases -Time for mucosal microbiology. Mucosal
Immunol, 14(5), 1006-1016. 10.1038/s41385-021-00383 -w

Darveau, R. P., Belton, C. M., Reife, R. A., & Lamont, R. J. (1998). Local
Chemokine Paralysis, a Novel Pathogenic Mechanism for
Porphyromonas gingivalis . Infect Immun, 66 (4), 1660-1665.
10.1128/1A1.66.4.1660-1665.1998

Darveau, R. P., Cunningham, M. D., Bdley, T., Seachord, C., Ratcliffe, K.,
Brainbridge, B., Page, R. C., & Aruffo, A. (1995). Ability of bacteria
associated with chronic inflammatory disease to stimulate E  -selectin
expression and promote neutrophil adhesion. Infect Immun, 63 (4), 1311
1317. 10.1128/1A1.63.4.1311317.1995

Darveau, R. P., Hajishengallis, G., & Curtis, M. A. (2012).Porphyromonas
gingivalis as a Potential Community Activist for Disease. J Dent Res,
91(9), 816-820. 10.1177/0022034512453589

Darveau, R. P., Pham, T. T.Lemley, K., Reife, R. A., Brainbridge, B. W., Coats,
S. R., Howald, W. N., Sing Sing, W. A. Y., & Hajjar, A. M. (2004).
Porphyromonas gingivalis Lipopolysaccharide Contains Multiple Lipid A
Species That Functionally Interact with Both Toll -Like Receptors 2 and
4. Infect Immun, 72 (9), 5041-5051. 10.1128/1Al1.72.9.50415051.2004

Dasuri, K., Zhang, L., & Keller, J. N. (2013). Oxidative stress,
neurodegeneration, and the balance of protein degradation and protein
synthesis. Free Radic Biol Med, 62, 170-185.
10.1016/j.freeradbiomed.2012.09.016

211



Davis, H. P., & Squire, L. R. (1984). Protein synthesis and memory: A review.
Psychol Bull, 96 (3), 518-559. 10.1037/0033 -2909.96.3.518

de Diego, I., Veillard, F. T., Guevara, T., Potempa, B., Sztukowska, M.,
Potempa, J., & Gomis-Rith, F. X. (2013). Porphyromonas gingivalis
Virulence Factor Gingipain RgpB Shows a Unique Zymogenic
Mechanism for Cysteine Peptidases. J Biol Chem, 288 (20), 14287 -
14296. 10.1074/jbc.M112.444927

de Diego, I., Veillard, F., Sztukowska, M. N., Guevara, T., Potempa, B.,
Pomowski, A., Huntington, J. A., Potempa, J., & Gomis -RUth, F. X. (2014).
Structure and Mechanism of Cysteine Peptidase Gingipain K (Kgp), a
Major Virulence Factor of Porphyromonas gingivalis in Periodontitis. J
Biol Chem, 289 (46), 32291-32302. 10.1074/jbc.M114.602052

Deegan, S., Koryga, I., Glynn, S. A., Gupta, S., Gorman, A. M., & Samali, A.
(2015). A close connection between the PERK and IRE arms of the UPR
and the transcriptional regulation of autophagy. Biochem Biophys Res
Com, 456 (1), 305-311. 10.1016/j.bbrc.2014.11.076

Delima, A. J., & Van Dyke, T. E. (2003). Origin and function of the cellular
components in gingival crevice fluid. Periodontol 2000, 31 (1), 55-76.
10.1034/j.1600 -0757.2003.03105.x

d'Empaire, G., Baer, M. T., & Gibson, F. C. (2006). The K1 Serotype Capsular
Polysaccharide of Porphyromonas gingivalis Elicits Chemokine
Production from Murine Macrophages That Facilitates Cell Migration.
Infect Immun, 74 (11), 6236-6243. 10.1128/IA1.00519-06

Dennis, M. D., Mcghee, N. K., Jefferson, L. S., & Kimball, S. R. (2013).
Regulated in DNA damage and development 1 (REDD1) promotes cell
survival during serum deprivation by sustaining repression of signaling
through the mechanistic target of rapamycin in complex 1 (nTORC1).
Cellular Signalling, 25(12), 2709-2716. 10.1016/j.cellsig.2013.08.038

Deshpande, R. G., Khan, M. B., Attardo Genco, C., & McGhee, J. R. (1998).
Invasion of aortic and heart endothelial cells by Porphyromonas
gingivalis. Infect Immun, 66 (11), 53375343. 10.1128/IAI.66.11.5337-
5343.1998

Deshpande, R. G., Khan, M., & Genco, C. A. (1999). Invasion Strategies of the
Oral Pathogen Porphyromonas gingivalis : Implications for Cardiovascular
Disease. Invasion Metastasis, 18(2), 57-69. 10.1159/000024499

212



Dever, T. E., Yang, W., Astdm, S., Bystrom, A. S., & Hinnebusch, A. G. (1995).
Modulation of tRNA(iMet), elF -2, and elF-2B expression shows that
GCNA4 translation is inversely coupled to the level of elF -2.GTP.Met-
tRNA(iMet) ternary complexes. Mol Cell Biol, 15(11), 6351.
10.1128/MCB.15.11.6351

Dewhirst, F. E. (2016). The Oral Microbiome: Critical for Understanding Oral
Health and Disease. J Calif Dent Assoc, 44 (7), 409.

Dewhirst, F. E., Chen, T., Izard, J., Paster, B. J., Tanner, A. C. R., Yu, W.,
Lakshmanan, A., & Wade, W. G. (2010). The human oral microbiome. J
Bacterio |, 192(19), 5002. 10.1128/JB.00542 -10

Diaz, P. 1., Zilm, P. S., & Rogers, A. H. (2002).Fusobacterium nucleatum
supports the growth of Porphyromonas gingivalis in oxygenated and
carbon -dioxide -depleted environments. Microbiology, 148 (2), 467-472.
10.1099/00221287 -148-2-467

Diaz, P. I., Hoare, A., & Hong, B. (2016). Subgingival Microbiome Shifts and
Community Dynamics in Periodontal Diseases. J Calif Dent Assoc, 44 (7),
421.

Diaz, P. I., Zilm, P. S., & Rogers, A. H.Z000). The response to oxidative
stress of Fusobacterium nucleatum grown in continuous culture. FEMS
Microbiol Lett, 187 (1), 3134. 10.1016/S0378 -1097(00)00174 -9

Dierickx, K., Pauwels, M., Laine, M. L., Coucke, W., van Eldere, J., Cassiman,
J. J., van Winkelhoff, A. J., van Steenberghe, D., & Quirynen, M. (2003).
Adhesion of Porphyromonas gingivalis serotypes to pocket epithelium. J
Periodontol, 74 (6), 844 -888. 10.1902/jop.2003.74.6.844

Dietrich, L. E. P., Price &helan, A., Petersen, A., Whiteley, M., & Newman, D.
K. (2006). The phenazine pyocyanin is a terminal signalling factor in the
guorum sensing network of Pseudomonas aeruginosa . Mol Microbiol,
61(5), 1308-1321. 10.1111/;.1368958.2006.05306.x

Dietrich, T., Ower, T., Tank, M., West, N. X., Walter, C., Needleman, |., Hughes,
F. J., Wadia, R., Milward, M. R., Hodge, P. J., Chapple, I. L. C. (2019).
Periodontal diagnosis in the context of the 2017 classification system of
periodontal diseases and conditions ] implementation in clinical
practice. Brit. Dent. J., 226(1), 1622. 10.1038/sj.bd}.2019.3

Dige, I., Nyengaard, J. R., Kilian, M., & Nyvad, B. (D09). Application of
stereological principles for quantification of bacteria in intact dental

213



biofilms. Oral Microbiol Immunol, 24 (1), 69-75. 10.1111/j.1399
302X.2008.00482.x

Dige, |., Raarup, M. K., Nyengaard, J. R., Kilian, M., & Nyvad, B. (2009).
Actino myces naeslundii in initial dental biofilm formation. Microbiology,
155(7), 21162126. 10.1099/mic.0.027706 -0

Ding, Y., Ren, J., Yu, H., Yu, W., & Zhou, Y. (2018)Porphyromonas gingivalis ,
a periodontitis causing bacterium, induces memory impairment and  age-
dependent neuroinflammation in mice. Immun Ageing, 151), 6.
10.1186/s12979-017-0110-7

Diomede, F., Thangavelu, S. R., Merciaro, I., D'Orazio, M., Bramanti, P.,
Mazzon, E., & Trubiani, O. (2017). Porphyromonas gingivalis
lipopolysaccharide stimulation in human periodontal ligament stem cells:
role of epigenetic modifications to the inflammation.  Eur J Histochem,
61(3), 2826. 10.4081/ejh.2017.2826

Dmitriev, S. E., Terenin, I. M., Dunaevsky, Y. E., Merrick, W. C., & Shatsky, I. N.
(2003). Assembly of 48S translation initiation complexes from purified
components with mRNAs that have some base pairing within their 5'
untranslated regions. Mol Cell Biol, 23 (24), 8925.
10.1128/MCB.23.24.8925 -8933.2003

Dominy, S. S., Lynch, C., Ermini, F., Benedyk, M., Marczyk, A., Konradi, A.,
Nguyen, M., Haditsch, U., Raha, D., Griffin, C., Holsinger, L. J., Arastu-
Kapur, S., Kaba, S., Lee, A., Ryder, M. |, Potempa, B., Mydel, P., Hellvard,
A., Adamowicz, K.,Potempa, J. (2019). Porphyromonas gingivalis in
Alzheimer's dise ase brains: Evidence for disease causation and
treatment with small -molecule inhibitors. Sci Adv, 5(1), eaau3333.
10.1126/sciadv.aau3333

Dong, G., Liu, Y., Zhang, L., Huang, S., Ding, H., & Dong, Z. (2015). mTOR
contributes to ER stress and associated apop tosis in renal tubular cells.
American Journal of Physiology, 308 (3), F267.
10.1152/ajprenal.00629.2014

Dong, J., Qiu, H., Garcia-Barrio, M., Anderson, J., & Hinnebusch, A. G. (2000).
Uncharged tRNA activates GCN2 by displacing the protein kinase
moiety fr om a bipartite tRNA -binding domain. Mol Cell, 6(2), 269.
10.1016/S1097-2765(00)00028 -9

Dong, X., Ho, M., Liu, B., Hildreth, J., Dash, C., Goodwin, J. S.,
Balasubramaniam, M., Chen, C., & Xie, H. (2018). Role of Porphyromonas
214



gingivalis outer membrane vesic les in oral mucosal transmission of HIV.
Sci Rep, 8(1), 881210. 10.1038/s41598-018-27284 -6

Donnelly, N., Gorman, A., Gupta, S., & Samali, A. (2013). The elF2r kinases:
their structures and functions. Cellular and Molecular Life Sciences,
70(19), 3493-3511 10.1007/s00018 -012-1252-6

Dorn, B. R., Dunn, W. A., Progulske-Fox, A., & McGhee, J. R. (1999). Invasion
of Human Coronary Artery Cells by Periodontal Pathogens.  Infect
Immun, 67(11), 57925798. 10.1128/IA1.67.11.57925798.1999

Dorn, B. R., Dunn, W. A., Rogulske -Fox, A., & Finaly, B. B. (2001).
Porphyromonas gingivalis traffics to autophagosomes in human
coronary artery endothelial cells. Infect Immun, 69 (9), 5698 -5708.
10.1128/IA1.69.9.5698-5708.2001

Duddy, O. P., & Bassler, B. L. (2021). Quorum sensing across bacterial and
viral domains. PLoS Pathog, 17(1), e1009074.
10.1371/journal.ppat.1009074

Dufner, A., & Thomas, G. (1999). Ribosomal S6 Kinase Signaling and the
Control of Translation. Exp Cell Res, 253(1), 100-109.
10.1006/excr.1999.4683

Dugger, B. N., & Dickson, D. W. (2017). Pathology of Neurodegenerative
Diseases. Cold Spring Harb Perspect Biol, 9 (7), a028035.
10.1101/cshperspect.a028035

Dupuy, A. K., David, M. S, Li, L., Heider, T. N., Peterson, J. D., Montano, E. A.,
Dongari-Bagtzoglou, A., Diaz, P. |., & Strausbaugh, L. D. (2014).
Redefining the human oral mycobiome with improved practices in
amplicon -based taxonomy: discovery of Malassezia as a prominent
commensal. PLoS One, 9(3), €90899. 10.1371/journal.pone.0090899

Duran-Pinedo, A., Chen, T.,Teles, R., Starr, J. R., Wang, X., Krishnan, K., &
Frias-Lopez, J. (2014). Community -wide transcriptome of the oral
microbiome in subjects with and without periodontitis.  ISME J, 8(8),
1659-1672. 10.1038/ismej.2014.23

Eashida, H., Emimuro, H., & Esasakawa, C. (2015). Shigella manipulates host
immune responses by delivering effector proteins with specific roles.
Front Immunol, 6 10.3389/fimmu.2015.00219

215



Ebersole, J. L., Dawson, D., Emecen #&uja, P., Nagarajan, R., Howard, K.,
Grady, M. E., Thompson, K., Peyyala, R., Al &ttar, A., Lethbridge, K.,
Kirakodu, S., & Gonzalez, O. A. (2017). The periodontal war: microbes
and immunity. Periodontol 2000, 75 (1), 52-115. 10.1111/prd.12222

Eichinger, A., Beisel, H., Jacob, U., Huber, R., Medrano, F., Banbula, A.,
Potempa, J., Travis, J., & Bode, W. (1999). Crystal structure of gingipain
R: an Arg-specific bacterial cysteine proteinase with a caspase -like fold.
The EMBO Journal; EMBO J, 18(20), 5453 -5462.
10.1093/emboj/18.20.5453

El-Awady, A., de Sousa Rabelo, M., Meghil, M. M., Rajendran, M., Elashiry, M.,
Stadler, A. F., Foz, A. M., Susin, C., Romito, G. A., Arce, R. M., & Cutler, C.
W. (2019). Polymicrobial synergy within oral biofilm promotes invasion of
dendritic cells and survival of consortia members.  NPJ Biofilms
Microbiomes, 5 (1), 11. 10.1038/s41522019-0084 -7

El-Awady, A., Miles, B., Scisci, E., Kurago, Z. B., Palani, C. D., Arce, R. M.,
Waller, J. L., Genco, C. A., Slocum, C., & Manning, M. (2015).
Porphyromonas gingivalis Evasion of Autophagy and Intracellula r Killing
by Human Myeloid Dendritic Cells Involves DC -SIGN-TLR2 Crosstalk.
PLoS Pathogens, 11(2)10.1371/journal.ppat.1004647

Emara, M. M., Fujimura, K., Sciaranghella, D., Ivanova, V., Ivanov, P., &
Anderson, P. (2012). Hydrogen peroxide induces stress gr anule
formation independent of elF2 r phosphorylation. Biochem Biophys Res
Commun, 423 (4), 763-769. 10.1016/j.bbrc.2012.06.033

Enersen, M., Nakano, K., & Amano, A. (2013). Porphyromonas gingivalis
fimbriae. J Oral Microbiol, 5 (1), 20265-10. 10.3402/jom.v5i0 .20265

Enersen, M., Olsen, I., Kvalheim, &, & Caugant, D. A. (2008). fimA genotypes
and multilocus sequence types of Porphyromonas gingivalis from
patients with periodontitis. J Clin Microbiol, 46 (1), 31.
10.1128/JCM.00986 -07

Erickson, F. L., & Hannig, E. M. (1996). Ligand interactions with eukaryotic
translation initiation factor 2: role of the gamma -subunit. EMBO J, 15(22),
6311. 10.1002/j.1460-2075.1996.tb01021.x

Eshun-Wilson, L., Zhang, R., Portran, D., Nachury, M. V., Toso, D. B., Léhr, T.,
Vendruscolo , M., Bonomi, M., Fraser, J. S., & Nogales, E. (2019). Effects
of r-tubulin acetylation on microtubule structure and stability.  PNAS,
11621), 10366-10371. 10.1073/pnas.1900441116

216



Eskan, M. A., Jotwani, R., Abe, T., Chmelar, J., Lim, J., Liang, S., Ciero,P. A.,
Krauss, J. L., Li, F., Rauner, M., Hofbauer, L. C., Choi, E. Y., Chung, K.,
Hashim, A., Curtis, M. A., Chavakis, T., & Hajishengallis, G. (2012). The
leukocyte integrin antagonist Del -1 inhibits IL-17-mediated inflammatory
bone loss. Nat Immunol, 13(5), 465-473. 10.1038/ni.2260

Fabrega, A., & Vila, J. (2013). Salmonella enterica Serovar Typhimurium Skills
To Succeed in the Host: Virulence and Regulation. Clin Microbiol Rev,
26(2), 308 -341. 10.1128/CMR.00066 -12

Fay, M. M., Columbo, D., Cotter, C., Friend, C., Henry, S., Hoppe, M.,
Karabelas, P., Lamy, C., Lawell, M., Monteith, S., Noyes, C., Salerno, P.,
Wu, J., Zhang, H. M., Anderson, P. J., Kedersha, N., Ivanov, P., & Farny, N.
G. (2021). Bisphenol A promotes stress granule assembly and
modulates the integrated stress response. Biol Open,
10(1)10.1242/bi0.057539

Fellows Yates, J.,A., Velsko, I. M., Aron, F., Posth, C., Hofman, C. A., Austin, R.
M., Parker, C. E., Mann, A. E., Nagele, K., Arthur, K. W., Arthur, J. W.,
Bauer, C. C., Crevecoeur, |., Cupillard, C., Curtis, M. C., Dalén, L., Diaz
Zorita Bonilla, M., Diez Fernandez -Lomana, J. C., Drucker, D. G.,
Warinner, C. (2021). The evolution and changing ecology of the African
hominid oral microbiome. PNAS; 11820), 1. 10.1073/pnas.2021655118

Fernandez, M. |., & Sansonetti, P. J. (2003). Shigella interaction with
intestinal epithelial cells determines the innate immune response in
shigellosis. Int J Med Microbiol, 293 (1), 5567. 10.1078/1438-4221-00244

Filoche, S., Wong, L., & Sissons, C. H. (2010). Oral Biofilms: Emerging
Concepts in Microbial Ecology. J Dent Res, 89(1), 818.
10.1177/0022034509351812

Finlay, B. B., Ruschkowski, S., & Dedhar, S. (1991). Cytoskeletal
rearrangements accompanying salmonella entry into epithelial cells. J
Cell Sci, 99 (Pt 2), 283.

Finlay, B. B., & McFadden, G. (2006). Anti -Immunology: Evasion of the Host
Immune System by Bacterial and Viral Pathogens. Cell, 124(4), 767-782.
10.1016/j.cell.2006.01.034

Forng, R. Y., Champagne, C., Simpson, W., & Genco, C. A. (2000).
Environmental cues and gene expression in  Porphyromonas gingivalis
and Actinobacillus actinomycetemcomitans . Oral Dis, 6(6), 351-365.

217



Foster, J. S., & Koldenbrander, P. E. (2004). Development of a Multispecies
Oral Bacterial Community in a Saliva -Conditi oned Flow Cell. Appl
Environ Microbiol, 70 (7), 4340 -4348. 10.1128/AEM.70.7.4340 -
4348.2004

Fu, Z., Yang, Y., Song, J., Jiang, Q., Lin, Z., Wang, Q., Zhu, L., Wang, J., & Tian,
Q. (2010). LiCI attenuates thapsigargin -induced tau
hyperphosphorylation by inhib iting GSK -3 t in vivo and in vitro. J
Alzheimers Dis, 21(4), 11071117. 10.3233/JAD-2010-100687

Fujimura, K., Katahira, J., Kano, F., Yoneda, Y., & Murata, M. (2009).
Microscopic dissection of the process of stress granule assembly.
Biochim Biophys Acta, 1793(11), 17281737.
10.1016/j.bbamcr.2009.08.010

Fujimura, K., Sasaki, A. T., & Anderson, P. (2012). Selenite targets elF4E -
binding protein -1 to inhibit translation initiation and induce the assembly
of non -canonical stress granules. Nucleic Acids Res, 40 (16), 8099 -8110.
10.1093/nar/gks566

Fukuda, S., Toh, H., Hase, K., Oshima, K., Nakanishi, Y., Yoshimura, K., Tobe,
T., Clarke, J. M., Topping, D. L., Suzuki, T., Taylor, T. D., Itoh, K., Kikuchi,
J., Morita, H., Hattori, M., & Ohno, H. (2011).Bifidobacteria can protect
from enteropathogenic infection through production of acetate. Nature,
469 (7331), 543. 10.1038/nature09646

Fukuda, S., Toh, H., Taylor, T. D., Ohno, H., & Hattori, M. (2012). Acetate-
producing bifidobacteria protect the host from enteropathogenic
infection via carbohydrate transporters.  Gut Microbes, 3 (5), 449 -454.
10.4161/gmic.21214

Galehdar, Z., Swan, P., Fuerth, B., Callaghan, S. M., Park, D. S., & Cregan, S. P.
(2010). Neuronal apoptosis induced by endoplasmic reticu lum stress is
regulated by ATF4 -CHOP-mediated induction of the Bcl -2 homology 3 -
only member PUMA. J Neurosci, 30 (50), 16938.
10.1523/JNEUROSCI.1598-10.2010

Gambardella, G., Staiano, L., Moretti, M. N., De Cegli, R., Fagnocchi, L., Di
Tullio, G., Polletti, S., Braccia, C., Armirotti, A., Zippo, A., Ballabio, A., De
Matteis, M. A., & di Bernardo, D. (2020). GADD34 is a modulator of
autophagy during starvation. Sci Adv, 6(39)10.1126/sciadv.abb0205

Gao, S., Li, S., Ma, Z., Liang, S., Shan, T., Zhang, M., Zhu, X Zhang, P., Liu, G.,
Zhou, F., Yuan, X., Jia, R., Potempa, J., Scott, D. A., Lamont, R. J., Wang,
218



H., & Feng, X. (2016). Presence of Porphyromonas gingivalis in
esophagus and its association with the clinicopathological
characteristics and survival in pa tients with esophageal cancer. Infect
Agent Cancer, 11(3), 3. 10.1186/s13027-016-0049 -x

Gao, S, Liu, Y., Duan, X., Liu, K., Mohammed, M., Gu, Z., Ren, J., Yakoumatos,
L., Yuan, X., Lu, L., Liang, S., Li, J., Scott, D. A., Lamont, R. J., Zhou, F., &
Wang, H. (2021). Porphyromonas gingivalis infection exacerbates
oesophageal cancer and promotes resistance to neoadjuvant
chemotherapy. Br J Cancer, 125(3), 433-444. 10.1038/s41416-021-
01419-5

Genco, R. J., & Borgnakke, W. S. (2020). Diabetes as a potential risk for
periodontitis: association studies. Periodontol 2000, 83 (1), 40-45.
10.1111/prd.12270

Geng, F., Liu, J., Guo, Y., Li, C., Wang, H., Wang, H., Zhao, H., & Pan, Y. (2017).
Persistent Exposure to Porphyromonas gingivalis Promotes Proliferative
and Invasion Capabilities, and Tumorigenic Properties of Human
Immortalized Oral Epithelial Cells. Front Cell Infect Microbiol, 7 , 57.
10.3389/fcimb.2017.00057

Ghannoum, M. A., Jurevic, R. J., Mukherjee, P. K., Cui, F., Sikaroodi, M., Nagvi,
A., & Gillevet, P. M. (2010). Characterization of the oral fungal
microbiome (mycobiome) in healthy individuals. PL0S Pathog, 6(1),
€1000713. 10.1371/journal.ppat.1000713

Gil dontoya, J. A., Barrios, R., Santana, S., Sanchez &ara, |., Pardo, C. C.,
Fornieles &ubio, F., Montes, J., Ramirez, C., Gonzalezdoles, M. A, &
Burgos, J. S. (2017). Association Between Periodontitis and Amyloid  t
Peptide in Elderly People With and Without Cognitive Impairment. J
Periodontol, 88 (10), 10521058. 10.1902/jop.2017.170071

Gingras, A. C., Raught, B., Gygi, S. P., Niedzwiecka, A., Miron, M., Burley, S. K.,
Polakiewicz, R. D., Wyslouch-Cieszynska, A., Aebersold, R., & Sonenberg,
N. (2001). Hierarchical phosphorylation of the translation inhibitor 4E -
BP1.Genes & Development, 15(21), 2852. 10.1101/gal.912401

Gingras, A., Raught, B., & Sonenberg, N. (1999). elF4 INITIATION FACTORS.:
Effectors of mMRNA Recruitment to Ribosomes and Regulators of
Translation. Annu Rev Biochem, 68 (1), 913963.
10.1146/annurev.biochem.68.1.913

219



Gomez, E., & Pavitt, G. D. (2000). Identification of domains and residues
within the epsilon subunit of eukaryotic translation initiation factor 2B
(elF2Bepsilon) required for guanine nucleotide exchange reveals a novel
activation function promoted by elF2B complex formation. Mol Cell Biol,
20(11), 3965. 10.1128/MCB.20.11.39653976.2000

Gomez, E., Mohammad, S. S., & Pavitt, G. D. (2002). Characterization of the
minimal catalytic domain within elF2B: the guanine @cleotide exchange
factor for translation initiation. EMBO Journal, 21(19), 5292 -5301.
10.1093/emboj/cdf515

Gordiyenko, Y., Schmidt, C., Jennings, M. D., Matak -Vinkovic, D., Pavitt, G. D.,
& Robinson, C. V. (2014). elF2B is a decameric guanine nucleotide
exchange factor with a \2 X tetrameric core. Nature Communications;
Nat Commun, 5(1), 3902. 10.1038/ncomms4902

Goto, T., Kuramoto, E., Dhar, A., Wang, R. P., Seki, H., lwai, H., Yamanaka, A.,
Matsumoto, S., Hara, H., Michikawa, M., Ohyagi, Y., Leung, W. K., &
Chang, R. C. (2020). Neurodegeneration of Trigeminal Mesencephalic
Neurons by the Tooth Loss Triggers the Progression of Alzheimer's
Disease in 3xTg -AD Model Mice. J Alzheimers Dis, 76(4), 1443-1459.
10.3233/JAD -200257

Grabiner, M. A., Fu, Z., Wu, T., Barry, K. C., Schwarzer, C., & Machen, T. E.
(2014). Pseudomonas aeruginosa quorum-sensing molecule homoserine
lactone modulates inflammatory signaling through PERK and el -F2r.J
Immunol, 193(3), 1459. 10.4049/jimmunol.1303437

Grallert, B., & Boye, E. (2007). The Gcn2 Kinase as a Cell Cycle Regulator.
Cell Cycle, 6(22), 2768 -2772. 10.4161/cc.6.22.4933

Graziani, F., Gennai, S., Solini, A., & Petrini, M. (2018). A systematic review
and meta amnalysis of epidemiologic observational evidence on the effect
of periodontitis on diabetes An update of the EFP  &AP review. J Clin
Periodontol, 45 (2), 167-187. 10.1111/jcpe.12837

Grenier, D., Bertrand, J., & Mayrand, D. (1995). Porphyromonas gingivalis
outer membrane vesicles promote bacterial resistance to chlorhexidine.
Oral Microbiol Immunol, 10(5), 319-320. 10.1111/j.1399
302X.1995.tbh00161.x

Grenier, D., Chao, G., & Mcbride, B. C. (1989). Characterization of sodium
dodecyl sulfate -stable Bacteroides gi ngivalis proteases by

220



polyacrylamide gel electrophoresis. Infect Immun, 57 (1), 95-99.
10.1128/IA1.57.1.9599.1989

Grenier, D., & Mayrand, D. (1987). Functional characterization of extracellular
vesicles produced by Bacteroides gingivalis . Infect Immun, 55 (1), 11-1117.
10.1128/1A1.55.1.12117.1987

Griffen, A. L., Becker, M. R, Lyons, S. R., Moeschberger, M. L., & Leys, E. J.
(1998). Prevalence of Porphyromonas gingivalis and periodontal health
status. J Clin Microbiol, 36 (11), 3239-3242. 10.1128/JCM.36.113239 -
3242.1998

Griffen, A. L., Beall, C. J., Campbell, J. H., Firestone, N. D., Kumar, P. S., Yang,
Z. K., Podar, M., & Leys, E. J. (2012). Distinct and complex bacterial
profiles in human periodontitis and health revealed by 16S
pyrosequencing. ISME J, 6(6), 11761185. 10.1038/ismej.2011.191

Grossi, S. G., & Genco, R. J. (1998). Periodontal Disease and Diabetes
Mellitus: A Two &ay Relationship. Ann Periodontol, 3 (1), 5161.
10.1902/annals.1998.3.1.51

Grundke -Igbal, 1., Igbal, K., Quinlan, M., Tung, Y. C.Zaidi, M. S., & Wisniewski,
H. M. (1986). Microtubule -associated protein tau. A component of
Alzheimer paired helical filaments. J Biol Chem, 261(13), 6084 -6089.
10.1016/S0021-9258(17)38495 -8

Guan, B., van Hoef, V., Jobava, R., Elroy-Stein, O., Valasek, L. S., Cargnello,
M., Gao, X., Krokowski, D., Merrick, W. C., Kimball, S. R., Komar, A. A,,
Koromilas, A. E., Wynshaw-Boris, A., Topisirovic, I., Larsson, O., &
Hatzoglou, M. (2017). A Unique ISR Program Determines Cellular
Responses to Chronic Stress. Mol Cell, 68(5), 885-900.e6.
10.1016/j.molcel.2017.11.007

Guillén-Boixet, J., Kopach, A., Holehouse, A. S., Wittmann, S., Jahnel, M.,
SchluBler, R., Kim, K., Trussina, I. R. E. A., Wang, J., Mateju, D., Poser, I.,
Maharana, S., Ruer-Grul3, M., Richter, D., Zhang, X., Chang, Y., Guck, J.,
Honigmann, A., Mahamid, J., Franzmann, T. M. (2020). RNA -Induced
Conformational Switching and Clustering of G3BP Drive Stress Granule
Assembly by Condensation. Cell, 18%2), 346-361.e17.
10.1016/j.cell.2020.03.049

Guo, Y., Nguyen, K., & Potempa, J. (2010). Dichotomy of gingipains action as
virulence factors: from cleaving substrates with the precision of a

221



surgeon's knife to a meat chopper -like brutal degradation of proteins.
Periodontol 2000, 54 (1), 1544. 10.1111/j.16000757.2010.00377.x

Haditsch, U., Roth, T., Rodriguez, L., Hancock, S., Cecere, T., Nguyen, M.,
Arastu -Kapur, S., Broce, S., Raha, D., Lynch, C. C., Holsinger, L. J.,
Dominy, S. S., & Ermini, F. (2020). Alzheimer's Disease -Like
Neurodegeneration in Porphyromonas gin givalis Infected Neurons with
Persistent Expression of Active Gingipains. J Alzheimers Dis, 75(4),
1361-1376. 10.3233/JAD -200393

Hajishengallis, G. (2014). The inflammophilic character of the periodontitis -
associated microbiota. Mol Oral Microbiol, 29 (6), 248 -257.
10.1111/0mi.12065

Hajishengallis, G., & Lamont, R. J. (2012). Beyond the red complex and into
more complexity: the polymicrobial synergy and dysbiosis (PSD) model
of periodontal disease etiology . Mol Oral Microbiol ; 27(6): 409 ]419.
10.1111/j.20441014.2012.00663.x

Hajishengallis, G., Mcintosh, M. L., Nishiyama, S. -., & Yoshimura, F. (2013).
Mechanism and implications of CXCR4 -mediated integrin activation by
Porphyromonas gingivalis . Mol Oral Microbiol, 28 (4), 239 -249.
10.1111/0mi.12021

Hajishengallis, G. (2009). Porphyromonas gingivalis ]host interactions: open
war or intelligent guerilla tactics?  Microbes Infect, 11(6), 637 -645.
10.1016/j.micinf.2009.03.009

Hajishengallis, G. (2015). Periodontitis: from microbial immune subversion to
systemic inflammation. Nat Rev Immunol, 151), 30. 10.1038/nri3785

Hajishengallis, G., Abe, T., Maekawa, T., Hajishengallis, E., & Lambris, J. D.
(2013). Role of complement in host ]microbe homeostasis of the
periodontium. Semin Immunol, 25(1), 65-72. 10.1016/j.smim.2013.04.004

Hajishengallis, G., Darveau, R. P., & Curtis, M. A. (2012). The keystone-
pathogen hypothesis. Nat Rev Microbiol, 10(10), 717.
10.1038/nrmicro2873

Hajishengallis, G., & Lambris, J. D. (2011). Microbial manipulation of receptor

crosstal k in innate immunity. Nat Rev Immunol, 113), 187.
10.1038/nri2918

222



Hajishengallis, G., & Lambris, J. D. (2012). Complement and dysbiosis in
periodontal disease. Immunobiology, 217(11), 1111116.
10.1016/j.imbio.2012.07.007

Hajishengallis, G., & Lamont, R. J. (2014a). Breaking bad: Manipulation of the
host response by Porphyromonas gingivalis . Eur J Immunol; 44(2):328 -
38 10.1002/€ji.201344202

Hajishengallis, G., & Lamont, R. J. (2016). Dancing with the Stars: How
Choreographed Bacterial Interactions Dictate  Nososymbiocity and Give
Rise to Keystone Pathogens, Accessory Pathogens, and Pathobionts.
Trends Microbiol, 24 (6), 477-489. 10.1016/).tim.2016.02.010

Hajishengallis, G., Liang, S., Payne, M., Hashim, A., Jotwani, R., Eskan, M.,
Mcintosh, M., Alsam, A., Kirkwood, K., Lambris, J., Darveau, R., & Curtis,
M. (2011). Low-Abundance Biofilm Species Orchestrates Inflammatory
Periodontal Disease through the Commensal Microbiota and
Complement. Cell Host & Microbe, 10 (5), 497 -506.
10.1016/j.chom.2011.10.006

Hajishengallis, G., Ratti, P., & Harokopakis, E. (2005). Peptide Mapping of
Bacterial Fimbrial Epitopes Interacting with Pattern Recognition
Receptors. J Biol Chem, 280 (47), 38902 -38913.
10.1074/jbc.M507326200

Hajishengallis, G., Reis, E. S., Mastellos, D. C.,Ricklin, D., & Lambris, J. D.
(2017). Novel mechanisms and functions of complement. Nat Immunol,
18(12), 1288-1298. 10.1038/ni.3858

Hajishengallis, G., Shakhatreh, M. K., Wang, M., & Liang, S. (2007).
Complement Receptor 3 Blockade Promotes IL  -12-Mediated Clearance
of Porphyromonas gingivalis and Negates Its Virulence In Vivo. J
Immunol, 1794), 2359 -2367.

Hajishengallis, G., Tapping, R. I., Harokopakis, E., Nishiyama, S., Ratti, P.,
Schifferle, R. E., Lyle, E. A., Triantafilou, M., Triantafilou, K., & Yos himura,
F. (2006). Differential interactions of fimbriae and lipopolysaccharide
from Porphyromonas gingivalis with the Toll -like receptor 2 -centred
pattern recognition apparatus. Cell Microbiol, 8 (10), 15571570.
10.1111/}.1465822.2006.00730.x

Hajishengallis, G., Wang, M., & Liang, S. (2009). Induction of Distinct TLR2 -
Mediated Proinflammatory and Proadhesive Signaling Pathways in

223



Response to Porphyromonas gingivalis Fimbriae. J Immunol, 182(11),
6690 -6696. 10.4049/jimmunol.0900524

Hajishengallis, G., Wang, M., Liang, S., Shakhatreh, M. K., James, D.,
Nishiyama, S., Yoshimura, F., & Demuth, D. R. (2008). Subversion of
Innate Immunity by Periodontopathic Bacteria via Exploitation of
Complement Receptor -3. Adv Exp Med Biol, 632, 195-211. 10.1007/978-
0-387-78952-1_15

Hajishengallis, G., Wang, M., Liang, S., Triantafilou, M., & Triantafilou, K.
(2008). Pathogen Induction of CXCR4/TLR2 Cross -Talk Impairs Host
Defense Function. PNAS, 105(36), 13532-13537.
10.1073/pnas.0803852105

Hamada, N., Watanabe, K., Arai, M., Hiramine, H., & Umemoto, T. (2002).
Cytokine production induced by a 67 -kDa fimbrial protein from
Porphyromonas gingivalis : Cytokine production induced by a 67 -kDa
fimbrial protein. Oral Microbiol Immunol, 17(3), 197-200. 10.1034/].1399 -
302X.2002.170311.x

Hammond, J. W., Huang, C., Kaech, S., Jacobson, C., Banker, G., Verhey, K. J.,
& Holzbaur, E. (2010). Posttranslational Modifications of Tubulin and the
Polarized Transport of Kinesin -1 in Neurons. Mol Biol Cell, 21(4), 572-
583. 10.1091/mbc.EQ9 -01-0044

Han, A., Fujiwara, Y., Browne, C., Chin, G., Fleming, M., Leboulch, P., Orkin, S.,
Chen, J., & Han, A. (2001). Heme-regulated elF2 alpha kinase (HRI) is
required for translational regulation and survival of erythroid precursors
in iron deficiency. EMBO J, 20(23), 6909 -6918.
10.1093/emb0j/20.23.6909

Han, N., Whitlock, J., & Progulske-Fox, A. (1996). The hemagglutinin gene A
(hagA) of Porphyromonas gingivalis 381 contains four large, contiguous,
direct repeats. Infect Immun, 64 (10), 4000 -4007.
10.1128/I1A1.64.1D.4000 -4007.1996

Handfield, M., Mans, J. J., Zheng, G., Lopez, M. C., Mao, S., Progulske-Fox, A.,
Narasimhan, G., Baker, H. V., & Lamont, R. J. (2005). Distinct
transcriptional profiles characterize oral epithelium  -microbiota
interactions. Cell Microbiol, 7 (6), 811823. 10.1111/}.1462
5822.2005.00513.x

224



Hannig, M. (1997). Transmission electron microscopic study of in vivo pellicle
formation on dental restorative materials. Eur J Oral Sci, 105(5), 422 -
433.10.1111/j.16000722.1997.tb02139.x

Haraguchi, A., Miura, M., Fujise, O., Hamachi, T., & Nishimura, F. (2014).
Porphyromonas gingivalis gingipain is involved in the detachment and
aggregation of Aggregatibacter actinomycetemcomitans biofilm. Mol
Oral Microbiol, 29 (3), 133143. 10.1111/omi.1281

Harding, H. P., Novoa, I., Zhang, Y., Zeng, H., Wek, R., Schapira, M., & Ron, D.
(2000). Regulated Translation Initiation Controls Stress  -Induced Gene
Expression in Mammalian Cells. Mol Cell, 6(5), 1099-1108.
10.1016/S1097-2765(00)00108 -8

Harding, H. P., Zhang, Y., Zeng, H., Novoa, I., Lu, P. D., Calfon, M., Sadri, N.,
Yun, C., Popko, B., Paules, R., Stojdl, D. F., Bell, J. C., Hettmann, T.,
Leiden, J. M., & Ron, D. (2003). An Integrated Stress Response
Regulates Amino Acid Metabolism and Resistance to O xidative Stress.
Mol Cell, 113), 619-633. 10.1016/S1097-2765(03)00105 -9

Harokopakis, E., Albzreh, M. H., Martin, M. H., & Hajishengallis, G. (2006).
TLR2 Transmodulates Monocyte Adhesion and Transmigration via
Racl- and PI3K-Mediated Inside -Out Signaling in Response to
Porphyromonas gingival is Fimbriae. J Immunol, 176(12), 7645-7656.

Harokopakis, E., & Hajishengallis, G. (2005). Integrin activation by bacterial
fimbriae through a pathway involving CD14, Toll #&ke receptor 2, and
phosphatidylinositol &#nase. Eur J Immunol, 35(4), 1201-1210.
10.1002/€ji.200425883

Harris, T. E., Chi, A., Hunt, D. F., Lawrence, J. C., Rhoads, R. E., &
Shabanowitz, J. (2006). mTOR -dependent stimulation of the association
of elF4G and elF3 by insulin. EMBO J, 25(8), 1659-1668.
10.1038/sj.emb0j.7601047

Harvey, R. F., Poyry, T.,A.A., Stoneley, M., & Willis, A. E. (2019). Signaling from
MTOR to elF2 r mediates cell migration in response to the
chemotherapeutic doxorubicin. Science Signaling,
12(612)10.1126/scisignal.aaw6763

Hasan, A., & Palmer, R. M. (2014). A clinical guide to periodontology:
pathology of periodontal disease. Br Dent J, 216(8), 457 -461.
10.1038/sj.bdj.2014.299

225



Hasegawa, Y., lijima, Y., Persson, K., Nagano, K., Yoshida, Y., Lamont, R. J.,
Kikuchi, T., Mitani, A., & Yoshimura, F. (2016). Role of Mfa5 in Expression
of Mfal Fimbriae in Porphyromonas gingivalis . J Dent Res, 95(11), 1294
1297. 10.1177/0022034516655083

Hasegawa, Y., Nagano, K., Ikai, R., lzumigawa, M., Yoshida, Y., Kitai, N.,
Lamont, R. J., Murakami, Y., & Yoshimura, F. (2013). Localization and
function of the accessory protein Mfa3 in  Porphyromonas gingivalis Mfal
fimbriae. Mol Oral Microbiol, 28 (6), 467-480. 10.1111/omi.12040

Hasegawa, Y., Iwami, J., Sato, K., Park, Y., Nishikawa, K., Atsumi, T.,
Moriguch i, K., Murakami, Y., Lamont, R. J., Nakamura, H., Ohno, N., &
Yoshimura, F. (2009). Anchoring and length regulation of
Porphyromonas gingivalis Mfal fimbriae by the downstream gene
product Mfa2. Microbiology, 155(10), 3333. 10.1099/mic.0.028928 -0

Hasturk, H., Kantarci, A., Goguet-Surmenian, E., Blackwood, A., Andry, C.,
Serhan, C. N., & Van Dyke, T.,E. (2007). Resolvin E1 Regulates
Inflammation at the Cellular and Tissue Level and Restores Tissue
Homeostasis In Vivo. J Immunol, 17910), 7021-7029.

10.4049/j immunol.179.10.7021

Heesom, K. J., & Denton, R. M. (1999). Dissociation of the eukaryotic
initiation factor &E/4E &P1 complex involves phosphorylation of 4E  &P1
by an mTOR associated kinase. FEBS Letters, 457 (3), 489 -493.
10.1016/S0014-5793(99)01094 -7

Henry, L. G., McKenzie, R. M. E., Robles, A., & Fletcher, H. M. (2012).
Oxidative stress resistance in  Porphyromonas gingivalis . Future
Microbiol, 7 (4), 497-512. 10.2217/fmb.12.17

Herman, A. B., Silva Afonso, M., Kelemen, S. E., Ray, M., Vrakas, C. N., Burke,
A. C., Scalia, R. G., Moore, K., & Autieri, M. V. (2019). Regulation of Stress
Granule Formation by Inflammation, Vascular Injury, and
Atherosclerosis. Arterioscler Thromb Vasc Biol, 39 (10), 2014-2027.
10.1161/ATVBAHA.119.313034

Hetz, C., & Mollereau, B. (2014). Disturbance of endoplasmic reticulum
proteostasis in neurodegenerative diseases. Nat Rev Neurosci, 15(4),
233-249. 10.1038/nrn3689

Hilbert, M., Kebbel, F., Gubaev, A., & Klostermeier, D. (2011). elF4G stimulates
the activity of the DE AD box protein elF4A by a conformational

226



guidance mechanism. Nucleic Acids Research, 39 (6), 2260.
10.1093/nar/gkql127

Hinnebusch, A. G. (2011). Molecular mechanism of scanning and start codon
selection in eukaryotes.(Report). Microbiol Mol Biol Rev, 75 (3), 434 -467.
10.1128/MMBR.00008 -11

Hinnebusch, A. G., & Lorsch, J. R. (2012). The mechanism of eukaryotic
translation initiation: new insights and challenges. Cold Spring Harbor
Perspectives in Biology, 4 (10)10.1101/cshperspect.a011544

Hiramine, H., Watanabe, K., Hamada, N., & Umemoto, T. (2003).
Porphyromonas gingivalis 67-kDa fimbriae induced cytokine production
and osteoclast differentiation utilizing TLR2. FEMS Microbiol Lett,
229(1), 49-55. 10.1016/S0378-1097(03)00788 -2

Hirasawa, M., & Kurita-Ochiai, T. (2018). Porphyromonas gingivalis Induces
Apoptosis and Autophagy via ER Stress in Human Umbilical Vein
Endothelial Cells. Mediators Inflamm, 2 9, 1967506 -8.
10.1155/2018/1967506

Ho, Y., Yang, X., Lau, J. C., Hung, C. H., Wwongse, S., Zhang, Q., Wang, J.,
Baum, L., So, K., & Chang, R. C. (2012). Endoplasmic reticulum stress
induces tau pathology and forms a vicious cycle: implication in
Alzheimer's disease pathogenesis. J Alzheimers Dis, 28 (4), 839 -854.
10.3233/JAD -2011-111@37

Hodgson, R. E., Varanda, B. A., Ashe, M. P., Allen, K. E., Campbell, S. G., &
Wickens, M. P. (2019). Cellular elF2B subunit localization: implications
for the integrated stress response and its control by small molecule
drugs. Mol Biol Cell, 30 (8), 942 -958. 10.1091/mbc.E18-08 -0538

Hofmann, S., Kedersha, N., Anderson, P., & Ivanov, P. (2021). Molecular
mechanisms of stress granule assembly and disassembly. Biochim
Biophys Acta Mol Cell Res, 1868 (1), 118876.
10.1016/j.bbamcr.2020.118876

Holmes, C., EI-Okl, M., Williams, A. L., Cunningham, C., Wilcockson, D., &
Perry, V. H. (2003). Systemic infection, interleukin 1beta, and cognitive
decline in Alzheimer's disease. J Neurol Neurosurg Psychiatry, 74 (6),
788-789. 10.1136/jnnp.74.6.788

Holt, S. C., Ebersole, J., Felton, J., Brunsvold, M., & Kornman, K. S. (1988).
Implantation of Bacteroides gingivalis in Nonhuman Primates Initiates

227



Progression of Periodontitis. Science, 239 (4835), 55 -57.
10.1126/science.3336774

Holt, S. C., Kesavalu, L., Walker, S., & Genco, C.A. (1999). Virulence factors
of Porphyromonas gingivalis . Periodontology 2000, 20 , 168.

Holt, S. C., & Ebersole, J. L. (2005). Porphyromonas gingivalis , Treponema
denticola, and Tannerella forsythia : the 'red complex’, a prototype
polybacterial pathogenic consortium in periodontitis. Periodontol 2000,
38(1), 72122. 10.1111/}.160M757.2005.00113.x

Holz, M. K., Ballif, B. A., Gygi, S. P., & Blenis, J. (2005). mTOR and S6K1
Mediate Assembly of the Translation Preinitiation Complex through
Dynamic Protein In terchange and Ordered Phosphorylation Events.  Cell,
123(4), 569 -580. 10.1016/j.cell.2005.10.024

Hook, V., Schechter, I., Demuth, H., & Hook, G. (2008). Alternative pathways
for production of t-amyloid peptides of Alzheimer's disease. Biological
Chem, 389 (8), 993-1006. 10.1515/BC.2008.124

Hoover, B. R., Reed, M. N., Su, J., Penrod, R. D., Kotilinek, L. A., Grant, M. K.,
Pitstick, R., Carlson, G. A., Lanier, L. M., Yuan, L., Ashe, K. H., & Liao, D.
(2010). Tau Mislocalization to Dendritic Spines Mediates Syna ptic
Dysfunction Independently of Neurodegeneration.  Neuron, 68 (6), 1067-
1081. 10.1016/j.neuron.2010.11.030

Hoppe, T., Kraus, D., Novak, N., Probstmeier, R., Frentzen, M., Wenghoefer,
M., Jepsen, S., & Winter, J. (2016). Oral pathogens change proliferation
properties of oral tumor cells by affecting gene expression of human
defensins. Tumour Biol, 37(10), 13789-13798. 10.1007/s13277-016-5281-
X

Hu, Y., Li, H., Zhang, J., Zhang, X., Xia, X., Qiu, C., Liao, Y., Chen, H., Song, Z., &
Zhou, W. (2020). Periodonti tis Induced by P. gingivalis -LPS Is
Associated With Neuroinflammation and Learning and Memory
Impairment in Sprague -Dawley Rats. Front Neurosci, 14, 658.
10.3389/fnins.2020.00658

Huang, H. K., Yoon, H., Hannig, E. M., & Donahue, T. F. (1997). GTP hydrolyss
controls stringent selection of the AUG start codon during translation
initiation in Saccharomyces cerevisiae . Genes & Development, 11(18),
2396. 10.1101/gad.11.18.2396

228



Huang, R., Li, M., & Gregory, R. L. (2011). Bacterial interactions in dental
biofilm . Virulence, 2(5), 435-444. 10.4161/viru.2.5.16140

Hueck, C. J. (1998). Type Il Protein Secretion Systems in Bacterial
Pathogens of Animals and Plants. Microbiol Mol Biol Rev, 62 (2), 379-433.
10.1128/MMBR.62.2.379-433.1998

Hyman, B. T., Phelps, C. H., Beach, T. G., Bigio, E. H., Cairns, N. J., Carrillo, M.
C., Dickson, D. W., Duyckaerts, C., Frosch, M. P., Masliah, E., Mirra, S. S.,
Nelson, P. T., Schneider, J. A., Thal, D. R., Thies, B., Trojanowski, J. Q.,
Vinters, H. V., & Montine, T. J. (2012). National Institute on Aging ]
Alzheimer's Association guidelines for the neuropathologic assessment
of Alzheimer's disease. Alzheimers Dement, 8 (1), 113.
10.1016/j.jalz.2011.10.007

Ikai, R., Hasegawa, Y., lzumigawa, M., Nagano, K., Yoshida, Y., Kitai, N.,
Lamont, R. J., Yoshimura, F., & Murakami, Y. (2015). Mfa4, an Accessory
Protein of Mfal Fimbriae, Modulates Fimbrial Biogenesis, Cell Auto -
Aggregation, and Biofilm Formation in Porphyromonas gingivalis . PLoS
One, 10(10), e0139454. 10.1371/journal.pone.0139454

llievski, V., Bhat, U. G., Suleiman&sta, S., Bauer, B. A, Toth, P. T., Olson, S. T.,
Unterman, T. G., & Watanabe, K. (2017). Oral application of a periodontal
pathogen impacts SerpinE1l expression and pancreatic islet architecture
in prediabetes. J Periodontal Res, 52 (6), 1032-1041. 10.1111/jre.12474

llievski, V., Toth, P. T., ValytNagy, K., Valyi-Nagy, T., Green, S. J., Marattil, R.
S., Aljewari, H. W., Wicksteed, B., O'Brien-Simpson, N.,M., Reynolds, E. C.,
Layden, B. T., Unterman, T. G., & Watanabe, K. (2020). Identification of a
periodontal pathogen and bihormonal cells in pancreatic islets of
humans and a mouse model of periodontitis. Sci Rep, 10(1), 9976.
10.1038/s41598 -020 -65828 -x

llievski, V., Zuchowska, P. K., Green, S. J., Toth, P. T., Ragozzino, M. E., Le, K.,
Aljewari, H. W., O'Brien-Simpson, N.,M., Reynolds, E. C., & Watanabe, K.
(2018). Chronic oral application of a periodontal pathogen results in
brain inflammation, neurodegeneration and amyloid beta production in
wild type mice. PLoS One, 1310), e0204941.
10.1371/journal.pone.0204941

Imamura, T., Travis, J., & Potempa, J. (2003). The Biphasic Virulence
Activities of Gingipains: Activation and Inactivation of Host Proteins.
Current Protein & Peptide Science; CPPS, 4 (6), 443 -450.

10.2174/1389203033487027
229



Imataka, H., & Sonenberg, N. (1997). Human eukaryotic translation initiation
factor 4G (elF4G) possesses two separate and independent binding
sites for elF4A. Molecular and Cellular Biology, 17(12), 6940.
10.1128/MCB.17.12.6940

Imataka, H., Gradi, A., & Sonenberg, N. (1998). A newly identified N #rminal
amino acid sequence of human elF4G binds poly(A) &nding protein and
functions in poly(A) aependent translation. EMBO Journal, 17(24), 7480 -
7489. 10.1093/e mboj/17.24.7480

Ishikawa, M., Yoshida, K., Okamura, H., Ochiai, K., Takamura, H., Fujiwara, N.,
& Ozaki, K. (2013). Oral Porphyromonas gingivalis translocates to the
liver and regulates hepatic glycogen synthesis through the Akt/GSK -3 t
signaling pathway. Biochim Biophys Acta, 1832 (12), 2035-2043.
10.1016/j.bbadis.2013.07.012

Ito, R., Ishihara, K., Shoji, M., Nakayama, K., & Okuda, K. (2010).
Hemagglutinin/Adhesin domains of Porphyromonas gingivalis play key
roles in coaggregation with Treponema denticola. ~FEMS Immunol Med
Microbiol, 60 (3), 251-260. 10.1111/j.1574695X.2010.00737.x

Ito, T., Yang, M., & May, W. S. (1999). RAX, a Cellular Activator for Double -
stranded RNA -dependent Protein Kinase during Stress Signaling. J Biol
Chem, 274(22), 15427-15432. 10.1074/jbc.274.22.15427

Ivanov, P. A., Chudinova, E. M., & Nadezhdina, E. S. (2003). Disruption of
microtubules inhibits cytoplasmic ribonucleoprotein stress granule
formation. Experimental Cell Research, 290 (2), 227-233. 10.1016/S0014 -
4827(03)00290 -8

Jackson, R. J. (1991). The ATP requirement for initiation of eukaryotic
translation varies according to the mRNA species. Euro J Biochem,
200 (2), 285-294. 10.1111/j.14321033.1991.th16184.x

Jain, S., Wheeler, J., Walters, R., Agrawal, A., Barsic, A., & Parker, R.(2016).
ATPase-Modulated Stress Granules Contain a Diverse Proteome and
Substructure. Cell, 164(3), 487-498. 10.1016/j.cell.2015.12.038

Jakubovics, N. S., Goodman, S. D., Mashburn &arren, L., Stafford, G. P.,
Cieplik, F., Darveau, R. P., & Curtis, M. A. (2021). The dental plaque
biofilm matrix. Periodontol 2000, 86 (1), 32-56. 10.1111/prd.12361

Janus, M. M., Crielaard, W., Volgenant, C. M. C., van der Veen, M. H., Brandt,
B. W., & Krom, B. P. (2017).Candida albicans alters the bacterial

230



microbiome of early in vitro oral biofilms. J Oral Microbiol, 9 (1), 1270613
10. 10.1080/20002297.2016.1270613

Jennings, M. D., Zhou, Y., Mohammad-Qureshi, S., Bennett, D., & Pavitt, G. D.
(2013). elF2B promotes elF5 dissociation from elF2*GDP to facilitate
guanine nucleotide exchange for translation initiation. Genes &
Development, 27 (24), 2696. 10.1101/gad.231514.113

Jia, L., Han, N., Du, J., Guo, L., Luo, Z., & Liu, Y. (2019). Pathogenesis of
Important Virulence Factors of Porphyromonas gingivalis via Toll-Like
Receptors. Front Cell Infect Microbiol, 9 10.3389/fcimb.2019.00262

Jiang, H., Ren, M., Jiang, H., Wang, J., Zhang, J., Yin, X., Wang, S., Qi, Y.,
Wang, X., & Feng, H. (2014). Guanabenz delays the onset of disease
symptoms, extends lifespan, improves motor performance an d
attenuates motor neuron loss in the SOD1 G93A mouse model of
amyotrophic lateral sclerosis. Neuroscience, 277, 132-138.
10.1016/j.neuroscience.2014.03.047

Jiao, Y., Darzi, Y., Tawaratsumida, K., Marchesan, J. T., Hasegawa, M., Moon,
H., Chen, G. Y., Nlfez, G., Giannobile, W. V., Raes, J., & Inohara, N. (2013).
Induction of Bone Loss by Pathobiont -Mediated Nod1 Signaling in the
Oral Cavity. Cell Host Microbe, 13 (5), 595-601.
10.1016/j.chom.2013.04.005

Jin, K., Simpkins, J. W., Ji, X., Leis, M., & Stambler,l. (2015). The Critical Need
to Promote Research of Aging and Aging -related Diseases to Improve
Health and Longevity of the Elderly Population. Aging Dis, 6(1), 15.
10.14336/ad.2014.1210

Johnson, N. A., McKenzie, R., Mclean, L., Sowers, L. C., & Fletcher, H. M.
(2004). 8 -Ox0-7,8-Dihydroguanine Is Removed by a Nucleotide Excision
Repair-Like Mechanism in Porphyromonas gingivalis W83. J Bacteriol,
186(22), 7697 -7703. 10.1128/JB.186.22.7697-7703.2004

Jung, C. H,, Ro, S. H., Cao, J., Otto, N. M., & Kim, D. H(2010). mTOR
regulation of autophagy. FEBS Letters, 584 (7), 1287-1295.
10.1016/).febslet.2010.01.017

Kadono, H., Kido, J. -., Kataoka, M., Yamauchi, N., & Nagata, T. (1999).
Inhibition of Osteoblastic Cell Differentiation by Lipopolysaccharide
Extract fro m Porphyromonas gingivalis . Infect Immun, 67 (6), 2841-2846.
10.1128/IA1.67.6.2841-2846.1999

231



Kahvejian, A., Roy, G., & Sonenberg, N. (2001). The mRNA closed -loop
model: the function of PABP and PABP -interacting proteins in mRNA
translation. Cold Spring Harb Sympos Quant Biol, 66 , 293.

Kahvejian, A., Svitkin, Y., Sukarieh, R., M'Boutchou, M., Sonenberg, N., &
Kahvejian, A. (2005). Mammalian poly(A) -binding protein is a eukaryotic
translation initiation factor, which acts via multiple mechani sms. Genes &
Development, 19(1), 104113. 10.1101/gad.1262905

Kandel, E. R. (2001). The Molecular Biology of Memory Storage: A Dialogue
between Genes and Synapses. Science, 294 (5544), 1030 -1038.
10.1126/science.1067020

Karpinski, B. A., Morle, G. D., Huggenvik, J., Uhler, M. D., & Leiden, J. M.
(1992). Molecular cloning of human CREB -2: an ATF/CREB transcription
factor that can negatively regulate transcription from the cAMP
response element. PNAS, 89(11), 4820. 10.1073/pnas.89.11.4820

Kashiwagi, K., Takahashi, M., Nishimoto, M., Hiyama, T. B., Higo, T., Umehara,
T., Sakamoto, K., Ito, T., & Yokoyama, S. (2016). Crystal structure of
eukaryotic translation initiation factor 2B.  Nature,
531(7592)10.1038/nature16991

Kataoka, S., Baba, A., Suda, Y., Takii, R., Fhshimoto, M., Kawakubo, T., Asao,
T., Kadowaki, T., & Yamamoto, K. (2014). A novel, potent dual inhibitor of
Arg gingipains and Lys gingipain as a promising agent for periodontal
disease therapy. FASEB J, 28(8), 3564 -3578. 10.1096/f].14-252130

Kato, H., Taguchi, Y., Tominaga, K., Umeda, M., & Tanaka, A. (2013).
Porphyromonas gingivalis LPS inhibits osteoblastic differentiation and
promotes pro -inflammatory cytokine production in human periodontal
ligament stem cells. Arch Oral Biol, 59 (2), 167-175.
10.1016/.archoralbio.2013.11.008

Kedersha, N. L., Gupta, M., Li, W., Miller, I., & Anderson, P. (1999). RNA
Binding Proteins Tia -1 and Tiar Link the Phosphorylation of Eif -2 r to the
Assembly of Mammalian Stress Granules. J Cell Biol, 1477), 14311442.
10.1083/jc b.147.7.1431

Kedersha, N., Chen, S., Gilks, N., Li, W., Miller, 1. J., Stahl, J., & Anderson, P.
(2002). Evidence that ternary complex (elF2 -GTP-tRNA(i)(Met)) -
deficient preinitiation complexes are core constituents of mammalian
stress granules. Mol Biol Cell, 131), 195. 10.1091/mbc.0105-0221

232



Kedersha, N., Cho, M., Li, W., & Yacono, P. (2000). Dynamic shuttling of TIA -1
accompanies the recruitment of mRNA to mammalian stress granules. J
Cell Biol, 15%6), 1257-1268. 10.1083/jcb.151.6.1257

Kedersha, N., Gupta, M., Li, W., Miller, I., & Anderson, P. (1999). RNAbinding
proteins TIA -1 and TIAR link the phosphorylation of elF -2alpha to the
assembly of mammalian stress granules. J Cell Biol, 147(7), 143121441.
10.1083/jcb. 147.7.1431

Kempuraj, D., Thangavel, R., Natteru, P. A., Selvakumar, G. P., Saeed, D.,
Zahoor, H., Zaheer, S., Lyer, S. S., & Zaheer, A. (2016).
Neuroinflammation Induces Neurodegeneration. J Neurol Neurosurg
Spine, 18(1), 1003.

Kenner, L. R., Anand, A. A, Nguyen, H. C., Myasnikov, A. G., Klose, C. J.,
Mcgeever, L. A., Tsai, J. C., Miller-Vedam, L., Walter, P., & Frost, A. (2019).
elF2B-catalyzed nucleotide exchange and phosphoregulation by the
integrated stress response. Science, 364 (6439), 491.
10.1126/science.aaw2922

Killackey, S. A., Sorbara, M. T., & Girardin, S. E. (2016). Cellular Aspects of
Shigella Pathogenesis : Focus on the Manipulation of Host Cell
Processes. Front Cell Infect Microbiol, 6(38),
610.3389/fcimb.2016.00038

Kim, S., Park, R., Kang, S., Choi, M., Kim, C., & Shin, S. (2006)Pseudomonas
aeruginosa Alkaline Protease Can Facilitate Siderophore -Mediated Iron -
Uptake via the Proteolytic Cleavage of Transferrins.  Biol Pharm Bull,
29(11), 22952300. 10.1248/bpb.29.229 5

Kimball, S. R., Fabian, J. R., Pavitt, G. D., Hinnebusch, A. G., & Jefferson, L. S.
(1998). Regulation of guanine nucleotide exchange through
phosphorylation of eukaryaotic initiation factor elF2alpha. Role of the
alpha- and delta -subunits of eiF2b. J Biol Chem, 273(21), 1284112845.

Kimball, S. R., Horetsky, R. L., Ron, D., Jefferson, L. S., & Harding, H. P.
(2003). Mammalian stress granules represent sites of accumulation of
stalled translation initiation complexes. Cell Physiology, 284 (2), C273.
10.112/ajpcell.00314.2002

Kinane, D. F., & Hart, T. C. (2003). Genes and gene polymorphisms
associated with periodontal disease. Crit Rev Oral Biol Med, 14(6), 430 -
449. 10.1177/154411130301400605

233



Kinane, D. F., Demuth, D. R., Gorr, S., Hajishengallis, G. N., &artin, M. H.
(2007). Human variability in innate immunity. Periodontol 2000, 45 (1), 14
34.10.1111/j.16000757.2007.00220.x

Kinane, J. A., Benakanakere, M. R., Zhao, J., Hosur, K. B., & Kinane, D. F.
(2012). Porphyromonas gingivalis influences actin degra dation within
epithelial cells during invasion and apoptosis. Cell Microbiol, 14(7), 1085-
1096. 10.1111/.1465822.2012.01780.x

Kinney, J. W., Bemiller, S. M., Murtishaw, A. S., Leisgang, A. M., Salazar, A. M.,
& Lamb, B. T. (2018). Inflammation as a cent ral mechanism in
Alzheimer's disease. Alzheimers Dement, 4 (1), 575-590.
10.1016/}.trci.2018.06.014

Klein, P., Kallenberger, S. M., Roth, H., Roth, K., Ly +DUWLJ 7 0DJJ
J., Talemi, S. R., Qiang, Y., Wolf, S., Oleksiuk, O., Kurilov, R., Di Ventrra, B.,
Bartenschlager, R., Eils, R., Rohr, K., Hamprecht, F. A., Hofer, T., Fackler,
O. T., Ruggieri, A. (2022). Temporal control of the integrated stress
response by a stochastic molecular switch.  Sci Adv, 8(12), eabk2022.
10.1126/sciadv.abk2022

Knowles, A., Campbell, S., Cross, N., & Stafford, P. (2021). Bacterial
manipulation of the Integrated Stress Response: a new perspective on
infection. Front Microbiol , 12, 10.3389/fmicb.2021.645161

Ko, H., Maymani, H., & RojasHernandez, C. (2016). Hemolytic urem ic
syndrome associated with Escherichia coli O157:H7 infection in older
adults: a case report and review of the literature. J Med Case Rep,
10(1)10.1186/s13256:016-0970 -z

Kocher, T., Kénig, J., Borgnakke, W. S., Pink, C., & Meisel, P. (2018).
Periodontal ¢ omplications of hyperglycemia/diabetes mellitus:
Epidemiologic complexity and clinical challenge. Periodontol 2000, 78 (1),
59-97.10.1111/prd.12235

Koepke, E., Tung, Y., Shaikh, S., Del C Alonso, A., Igbal, K., & Grundke-Igbal, I.
(1993). Microtubule -associated protein tau. Abnormal phosphorylation
of a non-paired helical filament pool in Alzheimer disease. J Biol Chem,
268 (32), 24374 -24384. 10.1016/S0021 -9258(20)80536 -5

Kolenbrander, P. E., Andersen, R. N., Blehert, D. S., Egland, P. G., Foster, J. S.,
& Palmer, R. J. (2002). Communication among oral bacteria. Microbio |
Mol Biol Rev, 66(3), 486. 10.1128/MMBR.66.3.486 -505.2002

234

$0



Kolobova, E., Efimov, A., Kaverina, I., Rishi, A. K., Schrader, J. W., Ham, A.,
Larocca, M. C., & Goldenring, J. R. (2009). Microtubu le-dependent
association of AKAP350A and CCAR1 with RNA stress granules. Exp
Cell Res, 3153), 542-555. 10.1016/j.yexcr.2008.11.011

Korgaonkar, A. K., & Whiteley, M. (2011). Pseudomonas aeruginosa Enhances
Production of an Antimicrobial in Response to N -Acetylglucosamine and
Peptidoglycan. J Bacteriol, 193(4), 909 -917. 10.1128/JB.0117510

Korgaonkar, A., Trivedi, U., Rumbaugh, K. P., & Whiteley, M. (2013).
Community surveillance enhances Pseudomonas aeruginosa virulence
during polymicrobial infection. PNAS, 11(Q03), 1059-1064.
10.1073/pnas.1214550110

Koumenis, C., Naczki, C., Koritzinsky, M., Rastani, S., Diehl, A., Sonenberg, N.,
Koromilas, A., & Wouters, B. G. (2002). Regulation of Protein Synthesis
by Hypoxia via Activation of the Endoplasmic Reticulum Kin ase PERK
and Phosphorylation of the Translation Initiation Factor elF2  r. Mol Cell
Biol, 22(21), 7405-7416. 10.1128/MCB.22.21.74057416.2002

Kovacs, G. G. (2019). Molecular pathology of neurodegenerative diseases:
principles and practice. J Clin Pathol, 72(11), 725735. 10.1136/jclinpath-
2019-205952

Kozak, M. (1991). Structural features in eukaryotic mRNAs that modulate the
initiation of translation. J Biol Chem, 266 (30), 19867.

Kozarov, E. V., Dorn, B. R., Shelburne, C. E., Dunn, W. A., & ProgulskeFox, A.
(2005). Human Atherosclerotic Plaque Contains Viable Invasive
Actinobacillus actinomycetemcomitans and Porphyromonas gingivalis .
Arterioscler Thromb Vasc Biol, 25 (3), el7-e18.
10.1161/01.ATV.0000155018.67835.1a

Kroemer, G., Marifio, G., & Levine, B. (2010). Autophagy and the Integrated
Stress Response. Mol Cell, 40 (2), 280 -293.
10.1016/j.molcel.2010.09.023

Kuboniwa, M., Hasegawa, Y., Mao, S., Shizukuishi, S., Amano, A., Lamont, R.
J., & Yilmaz, O. (2008). P. gingivalis accelerates gingival epithelial cell
progression through the cell cycle. Microbes Infect, 10 (2), 122-128.
10.1016/j.micinf.2007.10.011

235



Kwon, S., Zhang, Y., & Matthias, P. (2007). The deacetylase HDACS6 is a
novel critical component of stress granules involved in the stress
response. Genes Dev, 21(24), 3381-3394. 10.1101/gad.461107

Laine, M. L., Appelmelk, B. J., & van Winkelhoff, A. J. (1997). Prevalence and
Distribution of Six Capsular Serotypes of Porphyromonas gingivalis in
Periodontitis Patients. J Dent Res, 76(12), 1840-1844.
10.1177/00220345970760120601

Laine, M. L., Crielaard, W., & Loos, B. G. (2012). Genetic susceptibility to
periodontitis. Periodontol 2000, 58 (1), 37-68. 10.1111/;.1600
0757.2011.00415.x

Lamont, R. J., Chan, A., Belton, C. M., lzutsu, K. T., Vasel, D, & Weinberg, A.
(1995). Porphyromonas gingivalis invasion of gingival epithelial cells.
Infect Immun, 63(10), 3878.

Lamont, R. J., Odo, D., Persson, R. E., & Persson, G. R. (1992). Interaction of
Porphyromonas gingivalis with gingival epithelial cells m aintained in
culture. Oral Microbiol Immunol, 7 (6), 364 -367. 10.1111/j.1399
302X.1992.tb00637.x

Lamont, R. J., El-Sabaeny, A., Park, Y., Cook, G. S., Costerton, J. W., &
Demuth, D. R. (2002). Role of the Streptococcus gordonii SspB protein
in the developme nt of Porphyromonas gingivalis biofilms on
streptococcal substrates. Microbiology, 148 (6), 1627-1636.
10.1099/00221287 -148-6-1627

Lamont, R. J., & Hajishengallis, G. (2014). Polymicrobial synergy and
dysbiosis in inflammatory disease. Trends Mol Med, 21(3), 172-183.
10.1016/].molmed.2014.11.004

Lamont, R. J., Koo, H., & Hajishengallis, G. (2018). The oral microbiota:
dynamic communities and host interactions. Nat Rev Microbiol, 16(12),
745-759. 10.1038/s41579 -018-0089 -x

Lamptey, R. N. L., Chaulagain, B., Trivedi, R., Gothwal, A., Layek, B., & Singh,
J. (2022). A Review of the Common Neurodegenerative Disorders:
Current Therapeutic Approaches and the Potential Role of
Nanotherapeutics. Int J Mol Sci, 23 (3), 1851. 10.3390/ijms23031851

Lanzillotta, C., Zuliani, I., Tramutola, A., Barone, E., Blarzino, C., Folgiero, V.,
Caforio, M., Valentini, D., Villani, A., Locatelli, F., Butterfield, D. A., Head,
E., Perluigi, M., Abisambra, J. F., & Di Domenico, F. (2021). Chronic PERK

236



induction promotes Alzheimer -like neuro pathology in Down syndrome:
Insights for therapeutic intervention. Prog Neurobiol, 196, 101892.
10.1016/).pneurobio.2020.101892

Lee, C., Teles, R., Kantarci, A., Chen, T., McCafferty, J., Starr, J. R., Brito, L. C.
N., Paster, B. J., & Van Dyke, T.,E. (205). Resolvin E1 Reverses
Experimental Periodontitis and Dysbiosis. J Immunol, 197(7), 2796-2806.
10.4049/jimmunol.1600859

Lee, J. H., Pestova, T. V., Shin, B., Cao, C., Choi, S. K., & Dever, T. E. (2002).
Initiation factor elF5B catalyzes second GTP -depend ent step in
eukaryotic translation initiation. PNAS, 99(26), 16689.
10.1073/pnas.262569399

Lee, Y., Cevallos, R. C., & Jan, E. (2009). An upstream open reading frame
regulates translation of GADD34 during cellular stresses that induce
elF2alpha phosphoryla tion. J Biol Chem, 284 (11), 6661.
10.1074/jbc.M806735200

Lefebvre, A. K., Korneeva, N. L., Trutschl, M., Cvek, U., Duzan, R. D., Bradley,
C. A., Hershey, J. W. B., & Rhoads, R. E. (2006). Translation initiation
factor elF4G -1 binds to elF3 through the elF3 e subunit. J Biol Chem,
281(32), 22917. 10.1074/jbc.M605418200

Leira, Y., Iglesias-Rey, R., Gbmezz /DGR 1 $JXLDU 3 &DPSRV )
Castillo, J., Blanco, J., & Sobrino, T. (2019). Porphyromonas gingivalis
lipopolysaccharide -induced periodontit is and serum amyloid -beta
peptides. Arch Oral Biol, 99, 120-125. 10.1016/j.archoralbio.2019.01.008

Lepine, G., Ellen, R. P., & Progulske-Fox, A. (1996). Construction and
preliminary characterization of three hemagglutinin mutants of
Porphyromonas gingivali s. Infect Immun, 64 (4), 1467-1472.
10.1128/1A1.64.4.1467-1472.1996

Lepp, P. W., Brinig, M. M., Ouverney, C. C., Palm, K., Armitage, G. C., &
Relman, D. A. (2004). Methanogenic Archaea and Human Periodontal
Disease. PNAS, 10116), 6176-:6181. 10.1073/pnas.0308766101

Létoffé, S., Delepelaire, P., & Wandersman, C. (1996). Protein secretion in
Gram-negative bacteria: assembly of the three components of ABC
protein -mediated exporters is ordered and promoted by substrate
binding. EMBO J, 15(21), 5804-5811. 10.1002}.1460 -
2075.1996.tb00967 .x

237



Lewis, J. P., Plata, K., Yu, F., Rosato, A., & Anaya, C. (2006). Transcriptional
organization, regulation and role of the Porphyromonas gingivalis W83
hmu haemin-uptake locus. Microbiology, 152(11), 3367-3382.
10.1099/mic.0.29011-0

Li, L., Jayabal, S., Ghorbani, M., Legault, L., Mcgraw, S., Watt, A. J., & Yang, X.
(2019). ATAT1 regulates forebrain development and stress -induced
tubulin hyperacetylation . Cell Mol Life Sci, 76 (18):3621-3640.
10.1007/s00018 -019-030 88-3

Li, N., Yun, P., Nadkarni, M. A., Ghadikolaee, N. B., Nguyen, K., Lee, M., Hunter,
N., & Collyer, C. A. (2010). Structure determination and analysis of a
haemolytic gingipain adhesin domain from Porphyromonas gingivalis .

Mol Microbiol, 76 (4), 861-873. 10.1111/j.13658958.2010.07123.x

Liang, S., Krauss, J. L., Domon, H., Mcintosh, M. L., Hosur, K. B., Qu, H., Li, F.,
Tzekou, A., Lambris, J. D., & Hajishengallis, G. (2011). The C5a receptor
impairs IL-12-dependent clearance of Porphyromonas gingivalis and is
required for induction of periodontal bone loss. J Immunol, 186(2), 869 -
877. 10.4049/jimmunol.1003252

Lin, D., & Koskella, B. (2015). Friend and foe: factors influencing the
movement of the bacterium Helicobacter pylori along the parasitism |
mutualism continuum. Evol Appl, 8(1), 922. 10.1111/eva.12231

Lin, J. H., Li, H., Zhang, Y., Ron, D., Walter, P., & Bergmann, A. (2009).
Divergent Effects of PERK and IRE1 Signaling on Cell Viability (PERK,
IRE1, and Apoptosis). PLoS ONE, 4(1), e4170.
10.1371/journal.pone.0004170

Lin, L., Yang, S., Chu, J., Wang, L., Ning, L., Zhang, T., Jiang, Q., Tian, Q., &
Wang, J. (2014). Region-specific expression of tau, amyloid - t protein
precursor, and synaptic proteins at physiological condition or under
endoplasmic reticulu m stress in rats. J Alzheimers Dis, 41(4), 11491163.
10.3233/JAD -140207

Lin, X., Wu, J., & Xie, H. (2006). Porphyromonas gingivalis Minor Fimbriae Are
Required for Cell -Cell Interactions. Infect Immun, 74 (10), 6011:6015.
10.1128/1A1.00797-06

Linero, F. N., Thomas, M. G., Boccaccio, G. L., & Scolaro, L. A. (2011). Junin
virus infection impairs stress -granule formation in Vero cells treated
with arsenite via inhibition of elF2 r phosphorylation. J Gen Virol, 92,
2889. 10.1099 /vir.0.033407 -0

238



Liu, G., Pilla, G., & Tang, C. M. (2019). Shigella host: Pathogen interactions:
Keeping bacteria in the loop. Cell Microbiol, 21(11), e13062n/a.
10.1111/cmi.13062

Liu, R., Desta, T., Raptis, M., Darveau, R. P., & Graves, D. T. (2008).P.
gingivalis and E. coli Lipopolysaccharides Exhibit Different Systemic but
Similar Local Induction of Inflammatory Markers. J Periodontol, 79 (7),
1241-1247. 10.1902/jop.2008.070575

Liu, S., Suragani, R. N. V. S., Wang, F., Han, A., Zhao, W., Andrews, N. C&
Chen, J. (2007). The function of heme -regulated elF2alpha kinase in
murine iron homeostasis and macrophage maturation. J Clin Invest,
11711), 3296-3305.

Liu, Y., Wang, M., Cheng, A., Yang, Q., Wu, Y., Jia, R., Liu, M., Zhu, D., Chen, S.,
Zhang, S., Zhao, X., Huang, J., Mao, S., Ou, X., Gao, Q., Wang, Y., Xu, Z.,
Chen, Z., Zhu, L., Chen, X. (2020). The role of host elF2 r in viral
infection. Virol J, 171), 112. 10.1186/s1298%20 -01362-6

Loe, H. (1993). Periodontal disease: the sixth complication of diab etes
mellitus. Diabetes Care, 16(1), 329-334. 10.2337/diacare.16.1.329

/IR - 0 /R 0 :UJUJ\Q $ :0Ju]\Q ~* $OWUXL\
toxin -producing Escherichia coli : recent hypothesis versus experimental
results. Front Cell Infect Microbio |, 2, 166. 10.3389/fcimb.2012.00166

Loschi, M., Leishman, C. C., Berardone, N., & Boccaccio, G. L. (2009). Dynein
and kinesin regulate stress -granule and P -body dynamics. J Cell Sci,
122, 3973. 10.1242/jcs.051383

Lu, L., Han, A., & Chen, J.-. (2001). Translation initiation control by heme -
regulated eukaryotic initiation factor 2  r kinase in erythroid cells under
cytoplasmic stresses. Mol Cell Biol, 21(23), 7971-7980.
10.1128/MCB.21.23.79717980.2001

Lu, R., Herrera, B. B., Eshleman, H. D., Fu, Y., Bloom, A,, LiZ., Sacks, D. B.,
Goldberg, M. B., & Tran Van Nhieu, G. (2015). Shigella Effector OspB
Activates mMTORCL1 in a Manner That Depends on IQGAP1 and Promotes
Cell Proliferation. PL0oS Pathogens, 1110), e1005200.
10.1371/journal.ppat.1005200

Ma, W., Gao, F., Gu, K., & Chen, D. (2019). The Role of Monocytes and
Macrophages in Autoimmu ne Diseases: A Comprehensive Review. Front
Immunol, 10, 1140. 10.3389/fimmu.2019.01140

239



Mackenzie, R. S., & De Millard, H. a. (1963). Interrelated effects of diabetes,
arteriosclerosis and calculus on alveolar bone loss. The Journal of the
American Dental A ssociation (1939), 66 (2), 192198.
10.14219/jada.archive.1963.0057

Mader, S., Lee, H., Pause, A., & Sonenberg, N. (1995). The translation
initiation factor elF -4E binds to a common motif shared by the
translation factor elF -4 gamma and the translational re pressors 4E -
binding proteins. Mol Cell Biol, 15(9), 4990. 10.1128/MCB.15.9.4990

Maeda, K., Nagata, H., Yamamoto, Y., Tanaka, M., Tanaka, J., Minamino, N., &
Shizukuishi, S. (2004). Glyceraldehyde -3-Phosphate Dehydrogenase of
Streptococcus oralis Functions as a Coadhesin for Porphyromonas
gingivalis Major Fimbriae. Infect Immun, 72 (3), 1341-1348.
10.1128/1A1.72.3.13411348.2004

Maekawa, T., Krauss, J. L., Abe, T., Jotwani, R., Triantafilou, M., Triantafilou,
K., Hashim, A., Hoch, S., Curtis, M. A., Nussbaum,G., Lambris, J. D., &
Hajishengallis, G. (2014). Porphyromonas gingivalis Manipulates
Complement and TLR Signaling to Uncouple Bacterial Clearance from
Inflammation and Promote Dysbiosis. Cell Host Microbe, 15 (6), 768-778.
10.1016/j.chom.2014.05.012

Magiera, M. M., & Janke, C. (2014). Post-translational modifications of
tubulin. Current Biology, 24 (9), R351-R354. 10.1016/j.cub.2014.03.032

Majowicz, S. E., Scallan, E., Jones-Bitton, A., Sargeant, J. M., Stapleton, J.,
Angulo, F. J., Yeung, D. H., & Kirk, M.D. (2014). Global incidence of
human Shiga toxin -producing Escherichia coli infections and deaths: a
systematic review and knowledge synthesis. Foodborne Pathological
Disease, 116), 447 -455. 10.1089/fpd.2013.1704.

Majumdar, R., Bandyopadhyay, A., & Maitr a, U. (2003). Mammalian
translation initiation factor elF1 functions with elF1A and elF3 in the
formation of a stable 40 S preinitiation complex. J Biol Chem, 278(8),
6580. 10.1074/jbc.M210357200

Mamun, A., Uddin, M., Mathew, B., & Ashraf, G. (2020). Toxic tau: structural
origins of tau aggregation in Alzheimer's disease. Neural Regen Res,
15(8), 1417%1420. 10.4103/1673-5374.274329

Mans, J. J., Lamont, R. J., & Handfield, M. (2006). Microarray Analysis of
Human Epithelial Cell Responses to Bacterial Interac tion. Infectious
Disorders Drug Targets;6 (3), 299-309. 10.2174/187152606778249926

240



Mantri, C. K., Chen, C., Dong, X., Goodwin, J. S., Pratap, S., Paromov, V., & Xie,
H. (2015). Fimbriae amediated outer membrane vesicle production and
invasion of Porphyromona s gingivalis. Microbiologyopen, 4 (1), 53-65.
10.1002/mbo3.221

Mao, S., Park, Y., Hasegawa, Y., Tribble, G. D., James, C. E., Handfield, M.,
Stavropoulos, M. F., Yilmaz, O., & Lamont, R. J. (2007). Intrinsic apoptotic
pathways of gingival epithelial cells m odulated by Porphyromonas
gingivalis. Cell Microbiol, 9 (8), 1997-2007. 10.1111/j.1462
5822.2007.00931.x

Marciniak, S. J., & Ron, D. (2006). Endoplasmic Reticulum Stress Signaling in
Disease. Physiol Rev, 86(4), 11331149. 10.1152/physrev.00015.2006

Marijke Keestra, A., Winter, M. G., Klein-Douwel, D., Xavier, M. N., Winter, S.
E., Kim, A., Tsolis, R. M., & Baumler, A. J. (2011). Aalmonella Virulence
Factor Activates the NOD1/NOD2 Signaling Pathway. mBio,
2(6)10.1128/mBio.00266 -11

Marintchev, A., Edmonds, K. A., Marintcheva, B., Hendrickson, E., Oberer, M.,
Suzuki, C., Herdy, B., Sonenberg, N., & Wagner, G. (2009). Topology and
Regulation of the Human elF4A/4G/4H Helicase Complex in Translation
Initiation. Cell, 136(3), 447 -460. 10.1016/j.cell.2009.01.014

Marintchev, A., Kolupaeva, V., Pestova, T., & Wagner, G. (2003). Mapping the
binding interface between human eukaryotic initiation factors 1A and 5B:
A new interaction between old partners. PNAS, 100(4), 1535.
10.1073/pnas.0437845100

Mark Welch, J.,L., Rossetti, B. J., Rieken, C. W., Dewhirst, F. E., & Borisy, G. G.
(2016). Biogeography of a human oral microbiome at the micron scale.
PNAS, 1136), E791-E800. 10.1073/pnas.1522149113

Marsh, P. D. (2003). Are dental diseases examples of e cological
catastrophes? Microbiology, 149 (2),279-294.0.1099/mic.0.26082 -0

Mattila, K. J., Nieminen, M. S., Valtonen, V. V., Rasi, V. P., Kesaniemi, Y. A,
Syrjala, S.,L., Jungell, P. S., Isoluoma, M., Hietaniemi, K., & Jokinen, M. J.
(1989). Association be tween dental health and acute myocardial
infarction. Bmj, 298(6676), 779 -781. 10.1136/bm;j.298.6676.779

Mayadas, T. N., Cullere, X., & Lowell, C. A. (2014). The multifaceted functions
of neutrophils. Annu Rev Pathol, 9(1), 181218. 10.1146/annurevpathol -
020712-164023

241



Mayrand, D., & Holt, S. C. (1988). Biology of asaccharolytic black -pigmented
Bacteroides species. Microbiol Rev, 52 (1), 134.10.1128/mr.52.1.134
152.1988.

Mazroui, R., Di Marco, S., Kaufman, R. J., & Gallouzi, I. (2007). Inhibition of the
ubiquitin-proteasome system induces stress granule formation. Mol Biol
Cell, 187), 2603. 10.1091/mbc.e06 -12-1079

Mccoy, S. A., Creamer, H. R., Kawanami, M., & Adams, D. F. (1987). The
Concentration of Lipopolysaccharide on Individual Root Surfaces at
Varying Times Following in Vivo Root Planing. J Periodontol, 58 (6), 393 -
399. 10.1902/jop.1987.58.6.393

McEwen, E., Kedersha, N., Song, B., Scheuner, D., Gilks, N., Han, A., Chen, J.,
Anderson, P., & Kaufman, R. J. (2005). Heme -regulated Inhibitor Kinase -
mediated Ph osphorylation of Eukaryotic Translation Initiation Factor 2
Inhibits Translation, Induces Stress Granule Formation, and Mediates
Survival upon Arsenite Exposure. J Biol Chem, 280 (17), 1692516933.
10.1074/jbc.M412882200

Meghil, M. M., Tawfik, O. K., Elashiry, M., Rajendran, M., Arce, R. M., Fulton, D.
J., Schoenlein, P. V., & Cutler, C. W. (2019). Disruption of Immune
Homeostasis in Human Dendritic Cells via Regulation of Autophagy and
Apoptosis by Porphyromonas gingivalis . Front Immunol, 10, 2286.
10.3389/ fimmu.2019.02286

Memedovski, Z., Czerwonka, E., Han, J., Mayer, J., Luce, M., Klemm, L. C.,
Hall, M. L., & Mayer, A. M. S. (2020). Classical and Alternative Activation
of Rat Microglia Treated with Ultrapure  Porphyromonas gingivalis
Lipopolysaccharide In V itro. Toxins, 12(5), 333. 10.3390/toxins12050333

Meurs, E., Chong, K., Galabru, J., Thomas, N. S., Kerr, I. M., Williams, B. R. G.,
& Hovanessian, A. G. (1990). Molecular cloning and characterization of
the human double -stranded RNA -activated protein kinas e induced by
interferon. Cell, 62(2), 379-390. 10.1016/0092 -8674(90)90374 -N

Michie, K. L., Cornforth, D. M., & Whiteley, M. (2016). Bacterial tweets and
podcasts #signaling#eavesdropping#microbialfightclub. Mol Biochem
Parasitol, 208 (1), 4248. 10.1016/j.molbiopara.2016.05.005

Migiyama, Y., Yanagihara, K., Kaku, N., Harada, Y., Yamada, K., Nagaoka, K.,
Morinaga, Y., Hasegawa, H., Izumikawa, K., Kakeya, H., & Kohno, S.
(2013). P315 Pseudomonas aeruginosa bacteremia in
immunocompromised and immunocompetent pa tients: Impact of initial

242



antibiotic therapy on survival. International Journal of Antimicrobial
Agents, 42, S141. 10.1016/S09248579(13)70556 -9

Miller, M. B., & Bassler, B. L. (2001). Quorum Sensing in Bacteria. Ann Rev
Microbiol , 55:165-99. 10.1146/annurev.micro.55.1.165.

Mollet, S., Cougot, N., Wilczynska, A., Dautry, F., Kress, M., Bertrand, E., &
Weil, D. (2008). Translationally repressed mRNA transiently cycles
through stress granules during stress. Molecular Biology of the Cell,
19(10), 4469. 10.1092/mbc.E08 -05-0499

Moore, J., Wilson, M., & Kieser, J. B. (1986). The distribution of bacterial
lipopolysaccharide (endotoxin) in relation to periodontally involved root
surfaces. Journal of Clinical Periodontology, 13 (8), 748-751.
10.1111/;.16060051X.1986.tb00877.x

Moreno, J. A., Halliday, M., Molloy, C., Radford, H., Verity, N., Axten, J. M.,
Ortori, C. A., Willis, A. E., Fischer, P. M., Barrett, D. A., & Mallucci, G. R.
(2013). Oral Treatment Targeting the Unfolded Protein Response
Prevents Neurodegenerati on and Clinical Disease in Prion -Infected
Mice. Sci Transl Med, 5(206), 206ra138. 10.1126/scitransimed.3006767

Moreno, J. A., Radford, H., Barrett, D. A., Tsaytler, P., Bertolotti, A., Willis, A.
E., Bushell, M., Mallucci, G. R., Peretti, D., Steinert, J. R., Verity, N., Guerra
Martin, M., Halliday, M., Morgan, J., Dinsdale, D., & Ortori, C. A. (2012).
Sustained translational repression by elF2 r xP mediates prion
neurodegeneration. Nature, 485 (7399), 507 -511. 10.1038/nature11058

Morinaga, N., Yahiro, K., Matsuura, G., Watanabe, M., Nomura, F., Moss, J., &
Noda, M. (2007). Two Distinct Cytotoxic Activities of Subtilase
Cytotoxin Produced by Shiga -Toxigenic Escherichia coli . Infect Immun,
75(1), 488-496. 10.1128/1A1.01336-06

Moutsop oulos, N. M., Konkel, J., Sarmadi, M., Eskan, M. A., Wild, T., Dutzan,
N., Abusleme, L., Zenobia, C., Hosur, K. B., Abe, T., Uzel, G., Chen, W.,
Chavakis, T., Holland, S. M., & Hajishengallis, G. (2014). Defective
neutrophil recruitment in leukocyte adhesi on deficiency type | disease
causes local IL -17-driven inflammatory bone loss. Sci Transl Med,
6(229), 229ra40. 10.1126/scitransimed.3007696

Murphy, T. F., Brauer, A. L., Eschberger, K., Lobbins, P., Grove, L., Cai, X., &
Sethi, S. (2008). Pseudomonas aeru ginosa in chronic obstructive
pulmonary disease. Am J Resp Crit Care Med, 177(8), 853.
10.1164/rccm.200709 -14130C

243



Murray, J. L., Connell, J. L., Stacy, A., Turner, K. H., & Whiteley, M. (2014).
Mechanisms of synergy in polymicrobial infections. J Microbiol , 52(3),
188-199. 10.1007/s12275-014-4067 -3

Nadezhdina, E. S., Lomakin, A. J., Shpilman, A. A., Chudinova, E. M., & Ivanov,
P. A. (2010). Microtubules govern stress granule mobility and dynamics.
Mol Cell Res, 1803(3), 361-371. 10.1016/j.bbamcr.2009.12.004

Nagano, K., Hasegawa, Y., Murakami, Y., Nishiyama, S., & Yoshimura, F.
(2010). FimB Regulates FimA Fimbriation in Porphyromonas gingivalis . J
Dent Res, 89(9), 903 -908. 10.1177/0022034510370089

Nakagawa, |., Amano, A., Kimura, R. K., Nakamura, T., Kawabata, S., &
Hamada, S. (2000). Distribution and molecular characterization of
Porphyromonas gingivalis carrying a new type of fimA gene. Journal of
Clin Microbiol, 38 (5), 19009.

Nakagawa, |., Amano, A., Ohara &emoto, Y., Endoh, N., Morisaki, I., Kimura, S.,
Kawabata, S., & Hamada, S. (2002). Identification of a new variant of
fimA gene of Porphyromonas gingivalis and its distribution in adults and
disabled populations with periodontitis. J Periodont Res, 37(6), 425-432.
10.1034/j.1600 -0765.2002.01637.x

Nakamura, T., Furuhashi, M., Li, P., Cao, H., Tuncman, G., Sonenberg, N.,
Gorgun, C. Z., & Hotamisligil, G. S. (2010). Double -Stranded RNA -
Dependent Protein Kinase Links Pathogen Sensing with Stress and
Metabolic Homeostasis. Cell, 140(3), 338 -348. 10.1016/j.cell.2010.01.001

Nakayama, M., Inoue, T., Naito, M., Nakayama, K., & Ohara, N. (2015).
Attenuation of the Phosphatidylinositol 3 -Kinase/Akt Signaling Pathway
by Porphyromonas gingivalis Gingipains RgpA, RgpB, and Kgp. The J Biol
Chem, 290 (8), 5190-5202. 10.1074/jbc.M114.591610

Nanda, J. S., Cheung, Y., Takacs, J. E., Martin-Marcos, P., Saini, A. K.,
Hinnebusch, A. G., & Lorsch, J. R. (2009). elF1 Controls Multiple Steps in
Start Codon Recognition during Eukaryot ic Translation Initiation. J Mol
Biol, 394(2), 268 -285. 10.1016/j.jmb.2009.09.017

IDWLYHO % &RXUHW ' *LUDXG 3 OHLOKDF 2
W., & Da Silva, C. (2017. Porphyromonas gingivalis lipopolysaccharides
act exclusively thro ugh TLR4 with a resilience between mouse and
human. Sci Rep, 7, 15789. 10.1038/s41598 -017-16190-y

244

G



Naveau, M., Lazennec-Schurdevin, C., Panvert, M., Mechulam, Y., & Schmitt,
E. (2010). tRNA binding properties of eukaryotic translation initiation
factor 2 fr om Encephalitozoon cuniculi. Biochemistry, 49 (40), 8680.
10.1021/bi1009166

Nelson, P. G., & May, G. (2017). Coevolution between Mutualists and
Parasites in Symbiotic Communities May Lead to the Evolution of Lower
Virulence. Am Nat, 190(6), 803 -817. 10.1086694334

Nemoto, E., Darveau, R. P., Foster, B. L., Nogueira-Filho, G., & Somerman, M.
J. (2006). Regulation of Cementoblast Function by  P. gingivalis
Lipopolysaccharide via TLR2. J Dent Res, 85(8), 733-738.
10.1177/154405910608500809

Newman, H. N. (1980). Neutrophils and IgG at the Host &aque Interface on
Children's Teeth. J Periodontol, 51(11), 642-651.
10.1902/jop.1980.51.11.642

Nie, R., Wu, Z., Ni, J., Zeng, F., Yu, W., Zhang, Y., Kadowaki, T., Kashiwazaki,
H., Teeling, J. L., & Zhou, Y. (2019). Porphyromonas gingivalis Infection
Induces Amyloid - t Accumulation in Monocytes/Macrophages.  Journal
Alzheimer's Disease, 72(2), 479-494. 10.3233/JAD -190298

Niedzielska, E., Smaga, |., Gawlik, M., Moniczewski, A., Stankowicz, P., Pera,
J., & Filip, M. (2015). Oxidative Stress in Neurodegenerative Diseases.
Neurobiol, 53 (6), 4094 -4125. 10.1007/s12035-015-9337 -5

Niedzwiecka, A., Marcotrigiano, J., Stepinski, J., Jankowska -Anyszka, M.,
Wyslouch -Cieszynska, A., Dadlez, M., Gingras, A., Mak, P.,
Darzynkiewic z, E., Sonenberg, N., Burley, S. K., & Stolarski, R. (2002).
Biophysical Studies of elF4E Cap -binding Protein: Recognition of mMRNA
a &DS 6WUXFWXUH DQG 6\QWKHWLF )BPUPHQWYV RI F
Proteins. J Mol Biol, 319(3), 615-635. 10.1016/S0022 -2836(02)003 28-5

Nielsen, K. H., Behrens, M. A., He, Y., Oliveira, C. L. P., Jensen, L. S.,
Hoffmann, S., Pedersen, J. S., & Andersen, G. R. (2011). Synergistic
activation of elF4A by elF4B and elF4G. Nucleic Acids Research, 39 (7),
2678. 10.1093/nar/gkq1206

Nika, J., Rippel, S., & Hannig, E. M. (2001). Biochemical analysis of the
elF2beta gamma complex reveals a structural function for elF2alpha in
catalyzed nucleotide exchange. J Biol Chem, 276(2), 1051.
10.1074/jbc.M007398200

245



Nishida, E., Hara, Y., Kaneko, T., Ikeda,Y., Ukai, T., & Kato, I. (2001). Bone
resorption and local interleukin -1r and interleukin -1t synthesis induced
by Actinobacillus actinomycetemcomitans and Porphyromonas gingivalis
lipopolysaccharide. J Periodont Res, 36 (1), 8. 10.1034/j.1600 -
0765.2001.0 0637.x

Nishiyama, S., Murakami, Y., Nagata, H., Shizukuishi, S., Kawagishi, I., &
Yoshimura, F. (2007). Involvement of minor components associated with
the FimA fimbriae of Porphyromonas gingivalis in adhesive functions.
Microbiology, 153(6), 1916-1925. 10.1099/mic.0.2006/005561 -0

Njoroge, T., Genco, R. J., Sojar, H. T., Hamada, N., & Genco, C. A. (1997). A
role for fimbriae in  Porphyromonas gingivalis invasion of oral epithelial
cells. Infect Immun, 65 (5), 1980-1984. 10.1128/IAl.65.5.1980-1984.1997

Norman, R. S., Moeller, P., McDonald, T. J., & Morris, P. J. (2004). Effect of
Pyocyanin on a Crude -Oil-Degrading Microbial Community. Appl Environ
Microbiol, 70 (7), 4004 -4011. 10.1128/AEM.70.7.4004-4011.2004

Nover, L., Scharf, K. D., & Neumann, D. (1989). Cytoplasmic heat shock
granules are formed from precursor particles and are associated with a
specific set of mMRNAs. Mol Cell Biol, 9(3), 1298. 10.1128/MCB.9.3.1298

Novoa, |., Zeng, H., Harding, H. P., & Ron, D. (2001). Feedback Inhibition of
the Unfolded Protei n Response by GADD34 -Mediated
Dephosphorylation of elF2 r. J Cell Biol, 153(5), 10111022.
10.1083/jcb.153.5.1011

Novoa, I., Zhang, Y., Zeng, H., Jungreis, R., Harding, H. P., & Ron, D. (2003).
Stress -induced gene expression requires programmed recovery fr  om
translational repression. EMBO J, 22(5), 1180-1187.
10.1093/emboj/cdg112

Nussbaum, G., & Shapira, L. (2011). How has neutrophil research improved
our understanding of periodontal pathogenesis? J Clin Periodontol, 38 ,
49-59. 10.1111/;.1600051X.2010.01678.x

Nyvad, B., & Fejerskov, 0. (1987). Scanning electron microscopy of early
microbial colonization of human enamel and root surfaces in vivo. Euro J
Oral Sci, 95(4), 287-296. 10.1111/j.16000722.1987.tb01844.x

Oberer, M., Marintchev, A., & Wagner, G. (200 5). Structural basis for the
enhancement of elF4A helicase activity by elF4G. Genes &
Development, 19(18), 2212. 10.1101/gad.1335305

246



O'Brien, S., & Fothergill, J. L. (2017). The role of multispecies social
interactions in shaping Pseudomonas aeruginosa pathogenicity in the
cystic fibrosis lung. FEMS Microbiol Lett, 364 (15)10.1093/femsle/fnx128

O'Brien-Simpson, N., Veith, P., Dashper, S., & Reynolds, E. (2003).
Porphyromonas gingivalis Gingipains : The Molecular Teeth of a Microbial
Vampire. Curr Protein & Pe ptide Sci, 4 (6), 409 -426.
10.2174/1389203033487009

Ogawa, T., Uchida, H., & Hamada, S. (1994). Porphyromonas gingivalis
fimbriae and their synthetic peptides induce proinflammatory cytokines
in human peripheral blood monocyte cultures. FEMS Microbiol Lett,
1162), 237-242. 10.1111/j.1574968.1994.tb06707.x

Ogawa, T., & Yagi, T. (2010). Bioactive mechanism of Porphyromonas
gingivalis lipid A. Periodontol 2000, 54 (1), 7377. 10.1111/.1600
0757.2009.00343.x

Olczak, T., Sroka, A., Potempa, J., & Olczak, M. (2007). Porphyromonas
gingivalis HmuY and HmuR: further characterization of a novel
mechanism of heme utilization. Arch Microbiol, 189 (3), 197-210.
10.1007/s00203 -007 -0309 -7

Olsen, D. S., Savner, E. M., Mathew, A., Zhang, F., Krishnamoorthy, T., Phan,
L., & Hinnebusch, A. G. (2003). Domains of elF1A that mediate binding to
elF2, elF3 and elF5B and promote ternary complex recruitment in vivo.
EMBO J, 22(2), 193-204. 10.1093/emboj/cdg030

Onuki, R., Bando, Y., Suyama, E., Katayama, T., Kawasaki, H., Baba, T.,
Tohyama, M., & Taira, K. (2004). An RNA -dependent protein kinase is
involved in tunicamycin -induced apoptosis and Alzheimer's disease.
EMBO J, 23(4), 959-968. 10.1038/sj.emboj.7600049

Overcoming gaps in the treatment of neurodegenerative disease. (2020).
EBioMed, 60, 103088. 10.1016/j.ebiom.2020.103088

“]JH! $ 5 )HRNWLVWRYD . $YDQJLQR % & JUDVHU
Unwinding and ATPase Activities of the DEAD -Box Helicase elF4A Are
Coupled by elF4G and elF4B. J Mol Biol, 412(4), 674-687.
10.1016/}.jmb.2011.08.004

Page, R. C., Lantz, M. S., Darveau, R., Jeffcoat, M., Mancl, L., Houston, L.,
Braham, P., & Persson, G. R. (2007). Immunization of Macaca
fascicularis against experimental periodonti tis using a vaccine

247



containing cysteine proteases purified from  Porphyromonas gingivalis .
Oral Microbiol Immunol, 22 (3), 162-168. 10.1111/.1399
302X.2007.00337.x

Pakos @Zebrucka, K., Koryga, I., Mnich, K., Ljujic, M., Samali, A., & Gorman, A.
M. (2016). The integrated stress response. EMBO Rep, 1710), 1374
1395. 10.15252/embr.201642195

Palam, L. R., Baird, T. D., & Wek, R. C. (2011). Phosphorylation of elF2
facilitates ribosomal bypass of an inhibitory upstream ORF to enhance
CHORP translation. J Biol Chem, 286 (13), 10939.
10.1074/jbc.M110.216093

Papapanou, P. N., Sandros, J., Lindberg, K., Duncan, M. J., Niederman, R., &
Nannmark, U. (1994). Porphyromonas gingivalis may multiply and
advance within stratified human junctional epithelium in vitro. J Periodont
Res, 29(5), 374-375. 10.1111/j.16000765.1994.tb01237 .x

Paramonov, N. A., Aduse-Opoku, J., Hashim, A., Rangarajan, M., & Curtis, M.
A. (2009). Structural Analysis of the Core Region of O -
Lipopolysaccharide of Porphyromonas gingivalis from Mutants Defectiv e
in O-Antigen Ligase and O -Antigen Polymerase. J Bacteriol, 191(16),
5272-5282. 10.1128/JB.00019 -09

Paramonov, N., Bailey, D., Rangarajan, M., Hashim, A., Kelly, G., Curtis, M. A,,
& Hounsell, E. F. (2001). Structural analysis of the polysaccharide from
the lipopolysaccharide of Porphyromonas gingivalis strain W50. Eur J
Biochem, 268 (17), 4698-4707. 10.1046/j.1432 -1327.2001.02397.x

Park, E., Walker, S. E., Lee, J. M., Rothenburg, S., Lorsch, J. R., & Hinnebusch,
A. G. (2011). Multiple elements in the elF4G 1 N#&rminus promote
DVVHPEO\ RI H,) * g3$%3 PENVBYJL3D(X,39R316.
10.1038/emboj.2010.312

Passmore, L. A., Schmeing, T. M., Maag, D., Applefield, D. J., Acker, M. G.,
Algire, M., Lorsch, J. R., & Ramakrishnan, V. (2007). The Eukaryotic
Translation Initiation Factors elF1 and elF1A Induce an Open
Conformation of the 40S Ribosome. Molr Cell, 26 (1), 4150.
10.1016/j.molcel.2007.03.018

Paster, B. J., Olsen, I., Aas, J. A., & Dewhirst, F. E. (2006). The breadth of
bacterial diversity in the huma n periodontal pocket and other oral sites.
Periodontol 2000, 42 (1), 80-87. 10.1111/;.16000757.2006.00174.x

248



Paulin, F. E. M., Campbell, L. E., O&Amp, Apos, Brien, K., Loughlin, J., & Proud,
C. G. (2001). Eukaryotic translation initiation factor 5 (elF5) ac tsas a
classical GTPase -activator protein. Curr Biol, 111), 55-59.
10.1016/S0960 -9822(00)00025 -7

Pause, A., Belsham, G. J., Anne-Claude Gingras, Olivier Donzé, Tai -An Lin,
Lawrence, J. C., & Sonenberg, N. (1994). Insulin -dependent stimulation
of protein synthesis by phosphorylation of a regulator of 5° -cap function.
Nature, 371(6500), 762. 10.1038/371762a0

Pavitt, G. D., Ramaiah, K. V., Kimball, S. R., & Hinnebusch, A. G. (1998). elF2
independently binds two distinct elF2B subcomplexes that catalyze and
regulate guanine -nucleotide exchange. Genes Dev, 124), 514-526.
10.1101/gad.12.4.514

Pavitt, G. D., Yang, W., & Hinnebusch, A. G. (1997). Homologous segments in
three subunits of the guanine nucleotide exchange factor elF2B mediate
translational regulation by phosphorylation of elF2. Mol Cell Biol, 17(3),
1298-1313. 10.1128/MCB.17.3.1298

Pavitt, G. D., & Ron, D. (2012). New insights into translational regulation in the
endoplasmic reticulum unfolded protein response.  Cold Spring Harb
Perspect Biol, 4 (6), a012278. 10.1101/cshperspect.a012278

Peake, J., & Suzuki, K. (2004). Neutrophil activation, antioxidant supplements
and exercise -induced oxidative stress. Exercise Immun Rev, 10, 129.

Phalipon, A., & Sansonetti, P. J. (2007). Shigella's ways of manipulating the
host intestinal innate and adaptive immune system: a tool box for
survival? Immun Cell Biol, 85(2), 119.

Pickering, A. M., Vojtovich, L., Tower, J., & Davies, K. J.,A. (2013). Oxidative
stress adaptation with acute, chronic, and repeated stress.  Free Radic
Biol Med, 55, 109-118. 10.1016/j.freeradbiomed.2012.11.001

Pierce, D. L., Nishiyama, S., Liang, S., Wang, M., Triantafilou, M., Triantafilou,
K., Yoshimura, F., Demuth, D. R., & Hajishengallis, G. (2009). Host
adhesive activities and virulence of no vel fimbrial proteins of
Porphyromonas gingivalis . Infect Immun, 77(8), 3294. 10.1128/1A1.00262 -
09

Pihlstrom, B. L., Michalowicz, B. S., & Johnson, N. W. (2005). Periodontal
diseases. The Lancet, 366 (9499), 1809 -1820. 10.1016/S0140-
6736(05)67728 -8

249



Pike, R., Mcgraw, W., Potempa, J., & Travis, J. (1994). Lysine- and arginine -
specific proteinases from Porphyromonas gingivalis . Isolation,
characterization, and evidence for the existence of complexes with
hemagglutinins. J Biol Chem, 269 (1), 406.

Pisarev, A., Kolupaeva, V., Pisareva, V., Merrick, W., Hellen, C., Pestova, T., &
Pisarev, A. (2006). Specific functional interactions of nucleotides at key
super(-)3 and super(+)4 positions flanking the initiation codon with
compon ents of the mammalian 48S translation initiation complex.  Genes
Dev, 20(5), 624-636. 10.1101/gad.1397906

Pisareva, V. P., Pisarev, A. V., Komar, A. A., Hellen, C. U. T., & Pestova, T. V.
(2008). Translation Initiation on Mammalian mMRNAs with  Structured
4875V 5HTXL U HBUYx Rrptein DHX29. Cell, 135(7), 1237-1250.
10.1016/j.cell.2008.10.037

Poole, S., Singhrao, S. K., Chukkapalli, S., Rivera, M., Velsko, I., Kesavalu, L., &
Crean, S. (2015). Active invasion of Porphyromonas gingivalis and
infection -induced complement activation in ApoE -/- mice brains. J
Alzheimers Dis, 43 (1), 67-80. 10.3233/JAD -140315

Poole, S., Singhrao, S. K., Kesavalu, L., Curtis, M. A., & Crean, S. (2013).
Determining the presence of periodontopathic virulence factors in
short -term postmortem Alzheimer's disease brain tissue. J Alzheimers
Dis, 36(4), 665-677. 10.3233/JAD -121918

Potempa, J., Pike, R., & Travis, J. (1995). The multiple forms of trypsin -like
activity present in various strains of Porphyromonas gingivalis are due to
the presence of either Arg -gingipain or Lys -gingipain. Infect Immun,
63(4), 11761182. 10.1128/IA1.63.4.1174.182.1995

Potempa, J., & Travis, J. (1996). Porphyromonas gingivalis proteinases in
periodontitis, a review. Acta Biochim Pol, 43 (3), 455-465.
10.18388/abp.1996_4477

Potempa, J., Banbula, A., & Travis, J. (2000). Role of bacterial proteinases in
matrix destruction and modulation of host responses.  Periodontol 2000,
24(1), 153192. 10.1034/j.1600-0757.2000.2240108.x

Potempa, J., Pike, R., & Travis, J. (1997). Titration and Mapping of the Active
Site of Cysteine Proteinases from Porphyromonas gingivalis (Gingipains)
Using Peptidyl Chloromethanes. Biol Chem, 378(3-4), 223-230.
10.1515/bchm.1997.378.3-4.223

250



Potempa, J., Sroka, A., Imamura, T., & Travis, J. (2003). Gingipains, the Major
Cysteine Proteinases and Virulence Factors of Porphyromonas
gingivalis: Structure, Function and Assembly of Multidomain Protein
Complexes. Curr Prot Pep Sci, 4(6), 397-407.
10.2174/1389203033487036

Price, N., & Proud, C. (1994). The guanine nucleotide -exchange factor, elF -
2B. Biochimie, 76(8), 748-760. 10.1016/0300 -9084(94)90079 -5

Protter, D. S. W., & Parker, R. (2016). Principles and Properties of Stress
Granules. Trend Cell Biol, 26 (9), 668 -679. 10.1016/j.tcb.2016.05 .004

Pulendran, B. (2015). The Varieties of Immunological Experience: Of
Pathogens, Stress, and Dendritic Cells. Annu Rev Immunol, 33(1), 563-
606. 10.1146/annurev -immunol-020711-075049

Puthalakath, H., O'Reilly, L.,A., Gunn, P., Lee, L., Kelly, P. N., Huribhgton, N. D.,
Hughes, P. D., Michalak, E. M., Mckimm-Breschkin, J., Motoyama, N.,
Gotoh, T., Akira, S., Bouillet, P., & Strasser, A. (2007). ER Stress Triggers
Apoptosis by Activating BH3 -Only Protein Bim. Cell, 129(7), 1337-1349.
10.1016/j.cell.2007.04.0 27

Pyo, C., Lee, S., & Choi, S. (2008). Oxidative stress induces PKR -dependent
apoptosis via IFN - vactivation signaling in Jurkat T cells. Biochem
Biophys Res Comm, 377(3), 1001-1006. 10.1016/j.bbrc.2008.10.103

Qin, X., Jiang, B., & Zhang, Y. (2016). 4EBP1, a multifactor regulated
multifunctional protein. Cell Cycle, 15(6), 00.
10.1080/15384101.2016.1151581

Rabanal-Ruiz, Y., Otten, E. G., & Korolchuk, V. I. (2017). mTORCL1 as the main
gateway to autophagy. Essays Biochem, 61(6), 565-584.
10.1042/EBC20170027

Rabouw, H. H., Langereis, M. A., Anand, A. A., Visser, L. J., de Groot, R.,J.,
Walter, P., & van Kuppeveld, F.,J.M. (2019). Small molecule ISRIB
suppresses the integrated stress response within a defined window of
activation. PNAS, 11€6), 2097 -2102. 10.D73/pnas.1815767116

Rabouw, H. H., Visser, L. J., Passchier, T. C., Langereis, M. A,, Liu, F.,
Giansanti, P., van Vliet, A. L.,W., Dekker, J. G., van der Grein, S.,G.,
Saucedo, J. G., Anand, A. A, Trellet, M. E., Bonvin, A. M. J. J., Walter, P.,
Heck, A. J. R., de Groot, R.,J., & van Kuppeveld, F. J.,M. (2020). Inhibition
of the integrated stress response by viral proteins that block p  -elF2 ]

251



elF2B association. Nature Microbiol, 5 (11), 13641373. 10.1038/s41564 -
020 -0759 -0

Rafferty, B., Jonsson, D., Kalachiko v, S., Demmer, R. T., Nowygrod, R., Elkind,
M. S. V., Bush, H., & Kozarov, E. (2011). Impact of monocytic cells on
recovery of uncultivable bacteria from atherosclerotic lesions. J Intern
Med, 270(3), 273-280. 10.1111/j.13652796.2011.02373.X

Rafie-Kolpin, M., Chefalo, P. J., Hussain, Z., Hahn, J., Uma, S., Matts, R. L., &
Chen, J. J. (2000). Two heme -binding domains of heme -regulated
eukaryotic initiation factor -2alpha kinase. N terminus and kinase
insertion. J Biol Chem, 275(7), 5171. 10.1074/jbc.275.7.571

Ramsey, M. M., Rumbaugh, K. P., & Whiteley, M. (2011). Metabolite cross-
feeding enhances virulence in a model polymicrobial infection. PL0S
Pathog, 7(3), €1002012. 10.1371/journal.ppat.1002012

Raoust, E., Balloy, V., Garcia-Verdugo, |., Touqui, L., Ramphal, R., Chignard,
M., & Ratner, A. J. (2009). Pseudomonas aeruginosa LPS or Flagellin Are
Sufficient to Activate TLR -Dependent Signaling in Murine Alveolar
Macrophages and Airway Epithelial Cells. PL0S One, 4(10):e7259..
10.1371/journal.pone.0007259

Rau, M., Ohlmann, T., Morley, S. J., & Pain, V. M. (1996). A reevaluation of the
cap-binding protein, elF4E, as a rate -limiting factor for initiation of
translation in reticulocyte lysate. J Biol Chem, 271(15), 8983.
10.1074/jbc.271.15.8983

Reed, N. A,, Cai, D., Blasius, T. L., Jih, G. T., Meyhofer, E., Gaertig, J., &
Verhey, K. J. (2006). Microtubule acetylation promotes kinesin -1 binding
and transport . Curr Biol, 16(21):2166-72. 10.1016/j.cub.2006.09.014.

Reineke, L. C., & Neilson, J. R. (2019). Differences between acute and
chronic stress granules, and how these differences may impact function
in human disease. Biochem Pharmacol, 162, 123-131.
10.1016/j.bcp.2018.10.009

Reyes, L., Eiler-McManis, E., Rodrigues, P. H., Chadda, A. S., Wallet, S. M.,
Bélanger, M., Barrett, A. G., Alvarez, S., Akin, D., Dunn, J.,William A., &
Progulske -Fox, A. (2013)a. Deletion of lipoprotein PG0717 in
Porphyromonas gingivalis W83 reduces gingipain activity and alters
trafficking in and response by h ost cells. PLoS One, 8(9), e74230.
10.1371/journal.pone.0074230

252



Reyes, L., Herrera, D., Kozarov, E., Rolda, S., & Progulske &ox, A. (2013)b.
Periodontal bacterial invasion and infection: contribution to
atherosclerotic pathology. J Periodontol (1970), 84(4-), S30-S50.
10.1902/jop.2013.1340012

Riley, L. W., Remis, R. S., Helgerson, S. D., Mcgee, H. B., Wells, J. G., Davis, B.
R., Hebert, R. J.,Olcott, E. S., Johnson, L. M., Hargrett, N. T., Blake, P. A.,
& Cohen, M. L. (1983). Hemorrhagic Colitis Associated with a Rare
Escherichia coli Serotype. New Eng J Med, 308 (12), 681-685.
10.1056/NEJM198303243081203

Ritz, H. L. (1967). Microbial populatio n shifts in developing human dental
plaque. Arch Oral Biol, 12(12), 15611568. 10.1016/0003 -9969(67)90190 -
2

Rodrigues, L. O. C. P., Graca, R. S. F., & Carneiro, L. A. M. (2018). Integrated
Stress Responses to Bacterial Pathogenesis Patterns.  Front Immunol,
910.3389/fimmu.2018.01306

Romano, F., Perotto, S., Mohamed, S. E. O., Bernardi, S., Giraudi, M.,
Caropreso, P., Mengozzi, G., Baima, G., Citterio, F., Berta, G. N., Durazzo,
M., Gruden, G., & Aimetti, M. (2021). Bidirectional Association between
Metabolic Control in Type -2 Diabetes Mellitus and Periodontitis
Inflammatory Burden: A Cross -Sectional Study in an Italian Population. J
Clin Med, 10(8), 1787. 10.3390/jcm10081787

Rosen, G., & Sela, M. N. (2006). Coaggregation of Porphyromonas gingivalis
and Fusobacterium nucleatum PK 1594 is mediated by capsular
polysaccharide and lipopolysaccharide: Coaggregation by capsular
polysaccharide and lipopolysaccharide. FEMS Microb iol Lett, 256(2),
304 -310. 10.1111/j.15746968.2006.00131.x

Rowlands, A. G., Panniers, R.,& Henshaw, E. C. (1988). The catalytic
mechanism of guanine nucleotide exchange factor action and
competitive inhibition by phosphorylated eukaryotic initiation factor 2. J
Biol Chem, 263 (12), 5526.

Rozovsky, N., Butterworth, A. C., & Moore, M. J. (2008). Interactions
between elF4Al and its accessory factors elF4B and elF4H. RNA, 1410),
2136. 10.1261/rna.1049608

Ruggieri, A., Dazert, E., Metz, P., Hofmann, S., Bergeest, J., Mazur, J.,
Bankhead, P., Hiet, M., Kallis, S., Alvisi, G., Samuel, C., Lohmann, V..
Kaderali, L., Rohr, K., Frese, M., Stoecklin, G., & Bartenschlager, R.

253



(2012). Dynamic Oscillation of Translation and Stress Granule Formation
Mark the Cellular Response to Virus Infection. Cell Host & Microbe, 12(1),
71-85. 10.1016/j.chom.2012.05.013

Ruvolo, P. P., Gao, F., Blalock, W. L., Deng, X., & May, W. S. (2001). Ceramide
Regulates Protein Synthesis by a Novel Mechanism Involving the
Cellular PKR Activator RAX. J Biol Chem, 276(15), 1175411758.
10.1074/jbc.M011400200

Ryder, M. I. (2010). Comparis on of neutrophil functions in aggressive and
chronic periodontitis. Periodontol 2000, 53 (1), 124137. 10.1111/;.1600
0757.2009.00327.x

Ryder, M. I. (2020). Porphyromonas gingivalis and Alzheimer disease: Recent
findings and potential therapies. J Periodonto |, 91, S45-S49.
10.1002/JPER.20 -0104

Ryoo, H. D., & Vasudevan, D. (2017). Two distinct nodes of translational
inhibition in the Integrated Stress Response. BMB Rep, 50(11), 539545.
10.5483/BMBRep.2017.50.11.157

Rzymski, T., Milani, M., Pike, L., Buffa, F., H, R. M., Winchester, L., Pires, I.,
Hammond, E., Ragoussis, I., & A, L. H. (2010). Regulation of autophagy by
ATF4 in response to severe hypoxia. Oncogene, 29 (31), 4424.
10.1038/0onc.2010.191

Sanders, D. W., Kedersha, N., Lee, D. S. W., Strom, A. R., Drake, V., Riback, J.
A., Bracha, D., Eeftens, J. M., lwanicki, A., Wang, A., Wei, M., Whitney, G.,
Lyons, S. M., Anderson, P., Jacobs, W. M., Ivanov, P., & Brangwynne, C. P.
(2020). Competing Protein -RNA Interaction Networks Control
Multiphase Intracellular Organization. Cell, 18X2), 306 -324.e28.
10.1016/j.cell.2020.03.050

Sanderson, T. H., Deogracias, M. P., Nangia, K. K., Wang, J., Krause, G. S., &
Kumar, R. (2010). PKR-like endop lasmic reticulum kinase (PERK)
activation following brain ischemia is independent of unfolded nascent
proteins. Neuroscience, 169(3), 1307-1314.
10.1016/j.neuroscience.2010.05.076

Schenkein, H. A., & Loos, B. G. (2013). Inflammatory mechanisms linking
periodontal diseases to cardiovascular diseases. J Periodontol, 84 (4),
S51.

254



Scheper, W., & Hoozemans, J. J. M. (2015). The unfolded protein response in
neurodegenerative diseases: a neuropathological perspective.  Acta
Neuropathol, 130(3), 315-331. 10.1007/s00 401-015-1462-8

Schoof, M., Boone, M., Wang, L., Lawrence, R., Frost, A., & Walter, P. (2021).
elF2B Conformation and Assembly State Regulate the Integrated Stress
Response. FASEB J, 35. 10.1096/fasebj.2021.35.51.04030

Schuitz, P., Bumann, M., Oberholzer, A. E., Bieniossek, C., Trachsel, H.,
Altmann, M., & Baumann, U. (2008). Crystal structure of the yeast
elF4A-elF4G complex: an RNA -helicase controlled by protein -protein
interactions. PNAS, 105(28), 9564. 10.1073/pnas.0800418105

Scott, D. A, Tabarean, I, Tang, Y., Cartier, A., Masliah, E., & Roy, S. (2010). A
pathologic cascade leading to synaptic dysfunction in alpha -synuclein -
induced neurodegeneration. J Neurosci, 30 (24), 8083 -8095.
10.1523/JNEUROSCI.1091-10.2010

Sévigny, M., Bourdeau Julien, 1., Venkatas ubramani, J. P., Hui, J. B., Dutchak,
P. A., & Sephton, C. F. (2020). FUS contributes to mTOR -dependent
inhibition of translation. J Biol Chem, 295 (52), 18459-18473.
10.1074/jbc.RA120.013801

Seyama, M., Yoshida, K., Yoshida, K., Fujiwara, N., Ono, K., Egudi, T., Kawali,
H., Guo, J., Weng, Y., Haoze, Y., Uchibe, K., lkegame, M., Sasaki, A.,
Nagatsuka, H., Okamoto, K., Okamura, H., & Ozaki, K. (2020). Outer
membrane vesicles of Porphyromonas gingivalis attenuate insulin
sensitivity by delivering gingipains to the liver. Biochim Biophys Acta Mol
Basis Dis, 1866(6), 165731. 10.1016/j.bbadis.2020.165731

Shahbazian, D., Roux, P. R., Mieulet, V., Cohen, M. S., Raught, B., Tauton J.,
Hershey, J. W. B., Blenis, J., Pende M., Sonenberg, N. (2006). The
MTOR/PIEK and M APK pathways converge on elF4B to control its
phosphorylation and activity. EMBO J., 25(12), 27812791.

Shanina, N. A., Ivanov, P. A., Chudinova, E. M., Severin, F. F., & Nadezhdina, E.
S. (2001). Translation initiation factor elF3 is able to bind with
microtubules in mammalian cells. Mol Biol, 35(4), 638.

Sharma, N. R., Majerciak, V., Kruhlak, M. J., & Zheng, Z. (2017). KSHV inhibits
stress granule formation by viral ORF57 blocking PKR activation. PL0S
Pathogen, 1310), e1006677. 10.1371/journal.ppat.1006 677

255



Shi, Y., Ratnayake, D. B., Okamoto, K., Abe, N., Yamamoto, K., & Nakayama,
K. (1999). 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, 274 (25),
17955-17960.

Shi, Y., Vattem, K. M., Sood, R., An, J., Liang, J., Stramm, L., & Wek, R. C.
(1998). Identification and characterization of pancreatic eukaryotic
initiation factor 2 alpha -subunit kinase, PEK, involved in translational
control. Mol Cell Biol, 18(12), 7499. 10.1128/MCB.18.12.7499

Shin, B., Acker, M. G., Maag, D., Kim, J., Lorsch, J. R., & Dever, T. E. (2007).
Intragenic suppressor mutations restore GTPase and translation
functions of a eukaryotic initiation  factor 5B switch Il mutant. Mol Cell
Biol, 27(5), 1677. 10.1128/MCB.0125806

Shin, B., Maag, D., RoltMecak, A., Arefin, M. S., Burley, S. K., Lorsch, J. R., &
Dever, T. E. (2002). Uncoupling of Initiation Factor elF5B/IF2 GTPase
and Translational Activities by Mutations that Lower Ribosome Affinity.
Cell, 11(7), 10151025. 10.1016/S0092 -8674(02)01171-6

Shin, S., Wolgamott, L., Tcherkezian, J., Vallabhapurapu, S., Yu, Y., P, P.R., &
S-O Yoon. (2014). Glycogen synthase kinase -3 positi vely regulates
protein synthesis and cell proliferation through the regulation of
translation initiation factor 4E -binding protein 1. Oncogene, 33 (13), 1690.
10.1038/0nc.2013.113

Shoji, M., Naito, M., Yukitake, H., Sato, K., Sakai, E., Ohara, N., & Nakayama, K.
(2004). The major structural components of two cell surface filaments
of Porphyromonas gingivalis are matured through lipoprotein precursors.
Mol Microbiol, 52 (5), 15131525. 10.1111/j.1362958.2004.04105.x

Short, F. L., Murdoch, S. L., & Ryan, R. P. (2014). Polybacterial human
disease: the ills of social networking. Trends Microbiol, 22 (9), 508 -516.
10.1016/j.tim.2014.05.007

Shrestha, N., Bahnan, W., Wiley, D. J., Barber, G., Fields, K. A., & Schesser, K.
(2012). Eukaryaotic Initiation Factor 2 (elF2 ) Signaling Regulates
Proinflammatory Cytokine Expression and Bacterial Invasion. J Biol
Chem, 287(34), 28738 -28744. 10.1074/jbc.M112.375915

Sidrauski, C., McGeachy, A. M., Ingolia, N. T., & Walter, P. (2015). The small
molecule ISRIB reverses the effects of elF2 r phosphorylation on

256



translation and stress granule assembly. eLife, 26(4), e05033 .
410.7554/eLife.05033

Siekierka, J., Mauser, L., & Ochoa, S. (1982). Mechanism of polypeptide chain
initiation in eukaryotes and its control by phosphorylation of the alpha
subunit of initiation factor 2. PNAS, 79(8), 2537. 10.1073/pnas.79.8.2537

Simpson, W., Olczak, T., & Genco, C. A. (2004). Lysine -specific gingipain K
and heme/hemoglobin receptor HmuR are involved in heme utilization in
Porphyromonas gingivalis. Acta Biochim Pol, 51(1), 253-262.
10.18388/abp.2004_3618

Sims, T. J., Schifferle, R. E., Ali, R. W., Skaug, N., & Page, R. C. (2001).
Immunoglobulin G response of periodontitis patients to  Porphyromonas
gingivalis capsular carbohydrate and lipopolysaccharide antigens. Oral
Microbiol Immunol, 16(4), 193-201. 10.1034/j.1399-302X.2001.160401.x

Singh, A., Wyant, T., Anaya-Bergman, C., Aduse-Opoku, J., Brunner, J., Laine,
M. L., Curtis, M. A., & Lewis, J. P. (2011). The Capsuleof Porphyromonas
gingivalis Leads to a Reduction in the Host Inflammatory Response,
Evasion of Phagocytosis, and Increase in Virulence. Infect Immun, 79 (11),
4533 -4542. 10.1128/IA1.05016-11

Singh, C. R., Lee, B., Udagawa, T., Mohammad &ureshi, S.,S., Yamamoto, Y.,
Pavitt, G. D., & Asano, K. 2006). An elF5/elF2 complex antagonizes
guanine nucleotide exchange by elF2B during translation initiation.
EMBO, 25(19), 4537-4546. 10.1038/sj.emb0j.7601339

Smalley, J. W., Birss, A. J., & Silver, J. (2000). The periodontal pathogen
Porphyromonas gingivalis KDUQHVVHV WKH FKH®&bWisiidaem Rl WKH
of iron protoporphyrin IX to protect against hydrogen peroxide. FEMS
Microbiol Lett, 183 (1), 159164. 10.1016/S0378-1097(99)00660 -6

Smalley, J. W., Birss, A. J., Szmigielski, B., & Potempa, J. (2008). Mechani sm
of methaemoglobin breakdown by the lysine -specific gingipain of the
periodontal pathogen Porphyromonas gingivalis . Biol Chem, 389 (9),
1235-1238. 10.1515/BC.2008.140

Smith, R. s., Harris, S. G., Phipps, R., & Iglewski, B. (2002). The Pseudomonas
aeruginosa quorum -sensing molecule N -(3-oxododecanoyl)homoserine
lactone contributes to virulence and induces inflammation in vivo.  J
Bacteriol, 184(3), 1132.10.1128/jb.184.411321139.2002.

257



Socransky, S. S., Haffajee, A. D., Cugini, M. A., Smith, C., & Kent, R. L. (1998).
Microbial complexes in subgingival plaque. J Clin Periodontol, 25 (2), 134-
144.10.1111/}.1604051X.1998.th02419.x

Socransky, S. S., & Haffajee, A. D. (1994). Evidence of bacterial etiology: a
historical perspective. Periodontol 2000, 5 (1), #25. 10.1111/;.1600
0757.1994.tb00016.x

Socransky, S. S., & Haffajee, A. D. (2005). Periodontal microbial ecology.
Periodontol 2000, 38 (1), 135187. 10.1111/j.160®757.200 5.00107.x

Sojar, H. T., Hamada, N., & Genco, R. J. (1997). Isolation and characterization
of fimbriae from a sparsely fimbriated strain of  Porphyromonas
gingivalis. Appl Environ Microbiol, 63 (6), 2318-2323.
10.1128/AEM.63.6.2318-2323.1997

Sokabe, M., Fraser, C. S., & Hershey, J. W. B. (2012). The human translation
initiation multi -factor complex promotes methionyl -tRNAI binding to the
40S ribosomal subunit. Nucleic Acids Research, 40 (2), 905.
10.1093/nar/gkr772

Sonenberg, N., & Hinnebusch, A. G. (2009). Reg ulation of Translation
Initiation in Eukaryotes: Mechanisms and Biological Targets. Cell, 136(4),
731-745. 10.1016/j.cell.2009.01.042

Song, H., Belanger, M., Whitlock, J., Kozarov, E., & Progulske -Fox, A. (2005).
Hemagglutinin B Is Involved in the Adherenc e of Porphyromonas
gingivalis to Human Coronary Artery Endothelial Cells. Infect Immun,
73(11), 726+7273. 10.1128/IA1.73.11.726%7273.2005

Song, J., Li, J., Qiao, J., Jain, S., Mark Evers, B., & Chung, D. H. (2009). PKD
prevents H 20 2 -induced apoptosis v ia NF- B and p38 MAPK in RIE -1
cells. Biochem Biophys Re s Comm, 378(3), 610-614.
10.1016/j.bbrc.2008.11.106

Souquere, S., Mollet, S., Kress, M., Dautry, F., Pierron, G., & Weil, D. (2009).
Unravelling the ultrastructure of stress granules and associated P -
bodies in human cells. J Cell Sci, 12220), 3619. 10.1242/jcs.054437

Souvannavong, V., Saidji, N., & Chaby, R. (2007). Lipopolysaccharide from
Salmonella enterica activates NF -kappaB through both classical and
alternative pathways in primary B Lymphocytes. Infect Immun, 75(10),
4998. 10.1128/IA1.00545 -07

258



Sowmya, A. C., Collighan, R., Peter, A. L., Dias, I. H., Chauhan, P., Charlotte, E.
B., Milic, I., Michael, R. M., Paul, R. C., & Devitt, A. (2017)Porphyromonas
gingivalis gingipains cause def ective macrophage migration towards
apoptotic cells and inhibit phagocytosis of primary apoptotic
neutrophils. Cell Death and Disease, 8 (3), e2644.
10.1038/cddis.2016.481

Spiller, S., Elson, G., Ferstl, R., Dreher, S., Mueller, T., Freudenberg, M.,
Daubeuf, B., Wagner, H., & Kirschning, C. J. (2008). TLR4 -induced IFN - v
production increases TLR2 sensitivity and drives Gram -negative sepsis
in mice. Journal Exper Med, 205 (8), 1747-1754. 10.1084/jem.20071990

Sriburi, R., Bommiasamy, H., Buldak, G., Robbins, G.,Frank, M., Jackowski, S.,
Brewer, J., & Sriburi, R. (2007). Coordinate Regulation of Phospholipid
Biosynthesis and Secretory Pathway Gene Expression in XBP  -1(S)
induced Endoplasmic Reticulum Biogenesis. J Biol Chem, 282 (10), 7024 -
7034. 10.1074/jbc.M609490200

Sriburi, R., Jackowski, S., Mori, K., & Brewer, J. W. (2004). XBP1: a link
between the unfolded protein response, lipid biosynthesis, and
biogenesis of the endoplasmic reticulum. J Cell Biol, 167(1), 35.
10.1083/jcb.200406136

Sroka, A., Sztukowska, M., Potempa, J., Travis, J., & Genco, C. A. (2001).
Degradation of host heme proteins by lysine - and arginine -specific
cysteine proteinases (gingipains) of Porphyromonas gingivalis . J
Bacteriol, 183(19), 5609-5616. 10.1128/JB.183.19.5609-56 16.2001

Stacy, A., McNally, L., Darch, S. E., Brown, S. P., & Whiteley, M. (2016). The
biogeography of polymicrobial infection. Nat Rev Microbiol, 14(2), 93-
105. 10.1038/nrmicro.2015.8

Stafford, P., Higham, J., Pinnock, A., Murdoch, C., Douglas, C. W. I., Stafford,
G. P., & Lambert, D. W. (2013). Gingipain @éependent degradation of
mammalian target of rapamycin pathway proteins by the periodontal
pathogen Porphyromonas gingivalis during invasion. Mol Oral Microbiol,
28(5), 366-378. 10.1111/0mi.12030

Stathopo ulou, P. G., Benakanakere, M. R., Galicia, J. C., & Kinane, D. F.
(2009). The host cytokine response to  Porphyromonas gingivalis is
modified by gingipains. Oral Microbiol Immunol, 24 (1), 1117. 10.1111/;.1399
302X.2008.00467.x

259



Steele -Mortimer, O. (2008). T he Salmonella-containing vacuole ”~ Moving
with the times. Curr Opin Microbiol, 11(1), 38-45.
10.1016/j.mib.2008.01.002

Sun, H., Yang, Y., Shao, H., Sun, W., Gu, M., Wang, H., Jiang, L., Qu, L., Sun, D.,
& Gao, Y. (2017). Sodium Arsenite -Induced Learning and Memory
Impairment Is Associated with Endoplasmic Reticulum Stress -Mediated
Apoptosis in Rat Hippocampus. Front Mol Neurosci, 10, 286.
10.3389/fnmol.2017.00286

Sundqvist, G., Figdor, D., Hanstrom, L., Soérlin, S., & Sandstrom, G. (1991).
Phagocytosis and vir ulence of different strains of Porphyromonas
gingivalis. Scand J Dent Res, 99 (2), 117129.

Suwannakul, S., Stafford, G. P., Whawell, S. A., & Douglas, C. W. I. (2010).
Identification of bistable populations of Porphyromonas gingivalis that
differ in epith elial cell invasion. Microbiology, 156, 3052 -3064.
10.1099/mic.0.038075 -0

Svitkin, Y. V., Pause, A., Haghighat, A., Pyronnet, S., Witherell, G., Belsham, G.
J., & Sonenberg, N. (2001). The requirement for eukaryotic initiation
factor 4A (elF4A) in translat ion is in direct proportion to the degree of
MRNA 5 secondary structure. Rna, 7(3), 382-394.
10.1017/S135583820100108X

Syrjanen, J., Peltola, J., Valtonen, V., livanainen, M., Kaste, M., & Huttunen, J.
K. (1989). Dental infections in association with cereb ral infarction in
young and middle aged men. J Intern Med, 225 (3), 179-184.
10.1111/1.136%2796.1989.tb00060.x

Takamura, H., Yoshida, K., Okamura, H., Fujiwara, N., & Ozaki, K. (2016).
Porphyromonas gingivalis attenuates the insulin -induced
phosphorylation and translocation of forkhead box protein O1 in human
hepatocytes. Arch Oral Biol, 69, 19-24. 10.1016/j.archoralbio.2016.05.010

Takeshita, A., Murakami, Y., Yamashita, Y., Ishida, M., Fujisawa, S., Kitano, S.,
& Hanazawa, S. (1998). Porphyromonas gingival is fimbriae use beta2
integrin (CD11/CD18) on mouse peritoneal macrophages as a cellular
receptor, and the CD18 beta chain plays a functional role in fimbrial
signaling. Infect Immun, 66 (9), 4056 -4060.

Takeuchi, H., Furuta, N., & Amano, A. (2011). Cell entry and exit by
periodontal pathogen via recycling pathway. Comm Integrat Biol, 4 (5),
587-589. 10.4161/cib.4.5.16549

260



Takeuchi, H., Furuta, N., Morisaki, I., & Amano, A. (2011). Exit of intracellular
Porphyromonas gingivalis from gingival epithelial cells i s mediated by
endocytic recycling pathway. Cell Microbiol, 13(5), 677-691. 10.1111/j.1462
5822.2010.01564.x

Takeuchi, H., Hirano, T., Whitmore, S. E., Morisaki, I., Amano, A., & Lamont, R.
J. (2013). The serine phosphatase SerB of Porphyromonas gingivalis
suppresses IL -8 production by dephosphorylation of NF - B RelA/p65.
PLoS Pathog, 9(4), e1003326. 10.1371/journal.ppat.1003326

Tang, Z., Liang, D., Cheng, M., Su, X., Liu, R., Zhang, Y., & Wu, H. (2021).
Effects of Porphyromonas gingivalis and Its Underlying Mechanisms on
Alzheimer -Like Tau Hyperphosphorylation in Sprague -Dawley Rats. J
Mol Neurosci, 71(1), 89-100. 10.1007/s12031-020 -01629-1

Tattoli, I., Sorbara, M. T., Vuckovic, D., Ling, A., Soares, F., Carneiro, L. A. M.,
Yang, C., Emili, A., Philpott, D. J., & Girardin, S. E. (2012). Amino acid
starvation induced by invasive bacterial pathogens triggers an innate
host defense p rogram. Cell Host & Microbe, 11(6), 563.
10.1016/j.chom.2012.04.012

Taylor, G. W. (2001). Bidirectional Interrelationships Between Diabetes and
Periodontal Diseases: An Epidemiologic Perspective. Ann Periodontol,
6(1), 99-112. 10.1902/annals.2001.6.1.99

Tekletsadik, Y. K., Sonn, R., & Osman, M. A. (2012). A conserved role of
IQGAP1 in regulating TOR complex 1. J Cell Sci, 125(8), 2041.
10.1242/jcs.098947

Teske, B. F., Fusakio, M. E., Zhou, D., Shan, J., Mcclintick, J. N., Kilberg, M. S.,
& Wek, R. C. (2013). CHOP induces activating transcription factor 5
(ATF5) to trigger apoptosis in response to perturbations in protein
homeostasis. Mol Biol Cell, 24 (15), 2477. 10.1091/mbc.E1301-0067

Thoreen, C. C., Chantranupong, L., Keys, H. R., Wang, T., Gray, N. S., &
Sabatini, D. M. (2012). A unifying model for mTORC1 -mediated
regulation of mMRNA translation. Nature, 485 (7396), 109-113.
10.1038/nature11083

Tian, J., Liu, C., Zheng, X., Jia, X., Peng, X., Yang, R., Zhou, X., & Xu, X. (2020).
Porphyromonas gingivalis Indu ces Insulin Resistance by Increasing
BCAA Levels in Mice. J Dent Res, 99 (7), 839-846.
10.1177/0022034520911037

261

























































































































































	de29b7c7-f74b-4198-8909-a28b6f792775.pdf
	72d76165-79b1-4b68-9a80-c9e173bdcbde.pdf

