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Abstract

Epithelia are structurally integral elements in the fabric of oral mucosa with significant functional roles. Similarly, the gingival epithelium
performs uniquely critical tasks in responding to a variety of external stimuli and dangers through the regulation of specific built-in
molecular mechanisms in a context-dependent fashion at cellular levels. Gingival epithelial cells form an anatomic architecture that
confers defense, robustness, and adaptation toward external aggressions, most critically to colonizing microorganisms, among other
functions. Accordingly, recent studies unraveled previously uncharacterized response mechanisms in gingival epithelial cells that are
constructed to rapidly exert biocidal effects against invader pathobiotic bacteria, such as Porphyromonas gingivalis, through small danger
molecule signaling. The host-adapted bacteria, however, have developed adroit strategies to |) exploit the epithelia as privileged
growth niches and 2) chronically target cellular bactericidal and homeostatic metabolic pathways for successful bacterial persistence.
As the overgrowth of colonizing microorganisms in the gingival mucosa can shift from homeostasis to dysbiosis or a diseased state, it
is crucial to understand how the innate modulatory molecules are intricately involved in antibacterial pathways and how they shape
susceptibility versus resistance in the epithelium toward pathogens. Thus, in this review, we highlight recent discoveries in gingival
epithelial cell research in the context of bacterial colonizers. The current knowledge outlined here demonstrates the ability of epithelial
cells to possess highly organized defense machineries, which can jointly regulate host-derived danger molecule signaling and integrate
specific global responses against opportunistic bacteria to combat microbial incursion and maintain host homeostatic balance. These
novel examples collectively suggest that the oral epithelia are equipped with a dynamically robust and interconnected defense system
encompassing sensors and various effector molecules that arrange and achieve a fine-tuned and advanced response to diverse bacteria.
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Introduction to colonize inside the epithelial cells and permeate to deeper
tissues (Ribet and Cossart 2015; Lee, Spooner, et al. 2020).
Oral opportunistic bacteria, especially the fastidious anaerobes
Porphyromonas gingivalis and Filifactor alocis, can invade the
nutrient-rich gingival epithelium to forge ahead a persistence
reservoir in the oral mucosa and later systemic spread (Lee,
Spooner, et al. 2020). Once inside the epithelial cells, P. gingi-

The epithelial tissues, apart from the well-known protective
barrier functions, are a dynamic ecosystem where host cells are
constantly exposed to environmental cues and stressors while
managing to sustain cellular and microbial homeostasis (Larsen
et al. 2020). To take on this unique challenge, the epithelial
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recent years, pathogenic intrusions to the epithelial cells have
been shown to elicit release of small danger molecules from the
host cells, including extracellular ATP (eATP) and adenosine
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(Alam et al. 2015; Okumura and Takeda 2017). These “danger
signal” molecules can prime the innate and adaptive immune
arms to respond to tissue threat via purinergic signaling.
Similarly, when the danger signaling becomes excessive or
prolonged, chronic inflammatory conditions such as periodon-
titis might ensue (Burnstock 2014; Ramos-Junior et al. 2020).
Thus, accumulation of eATP and adenosine beyond physio-
logic levels can shift the ecophysiologic homeostasis to eco-
logic upheaval, eventually leading to cellular pathophysiology
and microbial dysbiosis (Spooner et al. 2014; Ramos-Junior
et al. 2020). In face of the host defenses designed to reign
microbial colonization, the ability of some bacterial organisms
to modulate the intensity of danger signals can become a key
feature to securing prolonged infection within the epithelia and
can lead to the formation of chronic inflammation (Spooner
et al. 2014; Binderman et al. 2017; Bhalla et al. 2020; Lee,
Chowdhury, et al. 2020).

To illustrate recent discoveries of gingival epithelial cell
(GEC) and bacteria interaction that can shape host resistance to
opportunistic colonization, this review 1) presents newly
unraveled dynamic antibacterial and homeostatic machineries
of the gingival epithelial system associated with endogenous
danger molecule signaling, 2) highlights the novel molecular
aspects of cellular autophagy and apoptosis as specific host
defenses against oral bacteria for maintaining epithelial barrier
function, and 3) underlines molecular underpinnings of the
hidden cellular plasticity of GECs toward pathogenic versus
commensal bacteria in a species-specific manner. Thus, decod-
ing the molecular handles of eclectically complex epithelial
cell and bacteria interplay can define gradual switching from
health to disease states in the oral tissues.

A New Line of Progress in Sensing
and Responding Mechanisms
of the Gingival Epithelia

Introduction to Extracellular ATP,
Adenosine, and HMGB |

Classical studies of the epithelial mucosa have identified anti-
microbial molecules such as calprotectin and B-defensins as
key built-in defenses majorly contributing to epithelial barrier
function (Hans and Madaan Hans 2014; Ross and Herzberg
2016). Developing research in human primary GECs has lately
provided increasingly new mechanistic insights on sensing and
responding mechanisms to colonizing bacteria via release of
small molecules such as eATP. Growing evidence supports that
the select danger signals outlined here, released in a controlled
manner in the gingival epithelial mucosa, can contextually
affect modulation of bacterial establishment and cellular
homeostasis (Roberts et al. 2017; Lee, Chowdhury, et al. 2020).

Increased levels of eATP are found in various pathologic
conditions (Burnstock 2014). The release of ATP to the extra-
cellular milieu occurs in a regulated manner via mechanisms
primarily associated with pannexin hemichannels (Dahl 2015).
After release, eATP can activate cell surface purinergic

receptors, most notably P2X_, in specialized immune cells (Di
Virgilio et al. 2017). Interestingly, human primary GECs have
emerged as one of the key cell types to have active purinergic
signaling as a way to respond to danger, including bacteria
(Yilmaz et al. 2010; Hung et al. 2013). In infected GECs, eATP
release occurs through pannexin 1, which functions as an
extracellular translocation pathway for a virulence factor for
P. gingivalis: nucleoside-diphosphate kinase (NDK; Atanasova
et al. 2016). ATP acting via P2X, is the second signal to the
assembly of NLRP3 inflammasome, which induces maturation
and secretion of proinflammatory cytokines IL-1f3 and IL-18,
as well as reactive oxygen species (ROS) production.
Furthermore, eATP/P2X, coupling is involved in caspase 1
activation and induction of cellular apoptosis (Choi et al. 2013;
Di Virgilio et al. 2017).

Although the predominantly proinflammatory nature of
eATP in epithelial cells is a critical action of the cellular innate
defense machinery upon sensing microbial danger, sustained
abundance of eATP may lead to undesirable tissue damage due
to an overly exuberant immune response (Antonioli et al. 2013;
Burnstock 2014). Therefore, eATP becomes rapidly hydro-
lyzed by cell surface-bound ectonucleotidases such as CD73
to anti-inflammatory adenosine for maintenance of purine bal-
ance (Antonioli et al. 2013). The extracellular adenosine can
activate G protein—coupled adenosine receptors in the GECs,
including A2a that can change adenylate cyclase activity, fol-
lowed by intracellular cyclic AMP (cAMP) levels as a second
messenger (Spooner et al. 2014). The A2a receptor is sensitive
to extracellular adenosine and suppresses inflammation through
cAMP-dependent activation of Akt, CREB, and NF-kB
(Jacobson and Gao 2006). The functional presence of the A2a
receptor has been confirmed in various cells in the gingiva,
including GECs (Murakami et al. 2002; Spooner et al. 2014).

High mobility group box 1 protein (HMGB1) is an endog-
enous homeostatic molecule traditionally associated with chro-
matin, which can mediate specific responses to stress or
infection when secreted into the cytosol (Lu et al. 2012). The
release of HMGBI to the extracellular milieu can act as a
ligand for toll-like receptors 2 and 4 (TLR2 and TLR4) and the
receptor for advanced glycation end products (RAGE; Das
et al. 2016). HMGBI has been shown to synergize with eATP,
stimulating the P2X, receptors to potent immunomodulatory
functions, including inflammasome activation that leads to
secretion of antibacterial, proinflammatory cytokines (e.g.,
IL-1pB; Kang et al. 2014). Interestingly, HMGB1 was recently
studied in the GECs in the context of oral bacterial infection
(Johnson et al. 2015; Bui et al. 2016). Both opportunistic peri-
odontopathic bacteria P. gingivalis and Fusobacterium nuclea-
tum can cause release of HMGBI1 from the nucleus to the
cytosol in the GECs. However, P. gingivalis solely induces
HMGBI release to the extracellular space in the presence of
eATP as a secondary stimulus (Johnson et al. 2015), whereas
F. nucleatum does not require any secondary stimulus to trans-
locate HMGBI1 out of the cell (Bui et al. 2016). A homolog of
NDK in P. gingivalis was shown to attenuate eATP-induced
caspase 1 activation, IL-1[ secretion, and, importantly, release
of HMGBI1 in GECs (Johnson et al. 2015). F. nucleatum lacks
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the NDK gene homolog with an essential metabolic activity
(Wolf et al. 2004).

Collectively, these findings suggest that differential regula-
tion of the endogenous danger molecules by various bacteria can
shift the homeostatic equilibrium of pro- versus anti-inflammatory
mediators and lead to tissue damage.

Recently Characterized Antibacterial
Mechanisms of GECs

eATP-Induced ROS Generation through a Distinct
NADPH Oxidase Is a Novel Gingival Epithelial
Antibacterial Mechanism against Opportunistic
Bacteria

With the rising importance of danger signaling pathways in the
oral cavity (Kay et al. 2019), recent studies show that epithelial
cells execute a variety of immunologic functions against poten-
tial pathogens as effectively as traditional immune cells
(Roberts et al. 2017; Groeger and Meyle 2019). Stimulation by
eATP can induce multiple immune responses, such as powerful
antibacterial ROS production in the GECs (Choi et al. 2013;
Hung et al. 2013). Increased cellular ROS generation and the
resulting oxidative stress over the physiologic levels are typi-
cally regarded as a potent host defense response that can lead
to elimination of intracellular pathogens (Boyum et al. 2010).
The generation of ROS in response to eATP signaling can
originate by 2 main sources, mitochondrion and membrane-
associated NADPH oxidase (NOX), which have synergistic
crosstalk to augment ROS generation upon increasing danger
molecule sensing (Fang 2011).

A recent study showed that human primary GECs have
robust NOX expression and that, while most of the isoforms
are present, not all are functional upon eATP treatment (Roberts
et al. 2017). Among the 7 members of the NOX family of pro-
teins, NOX2 is known to have antibacterial functions in spe-
cialized in immune cells, and it appears to play a dynamically
specific role in GECs following increased levels of eATP.
However, during P. gingivalis infection in GECs, NOX2 com-
plex formation was disrupted in multiple levels, resulting in
declined eATP-induced ROS and enhanced bacterial survival
in GECs. Moreover, the epithelial cells in the presence of dan-
ger signal eATP revealed substantially increased activity of
myeloperoxidase (MPO), an enzyme known to generate bio-
cidal hypochlorous acid in neutrophils (Roberts et al. 2017).
Strong expression of MPO was also implicated in the gingival
epithelia of patients with periodontal inflammation (Kuzenko
et al. 2015). Interestingly, while increased MPO activity was
fully present during infection in GECs, the cellular hypochlo-
rous acid generation was rapidly neutralized through the induc-
tion of a major host antioxidant glutathione, which has been
shown to increase with P. gingivalis infection in GECs (Choi
et al. 2013).

Treponema denticola, one of the key bacteria in chronic
periodontitis, has been shown in GECs to suppress human f3-
defensin expression by inhibiting TLR2 signaling (Shin et al.

2010). TLR2 is a critical mediator for innate immunity and can
significantly contribute to shaping the composition of micro-
biota and modulating the homeostasis of neutrophils in gingi-
val epithelium (Chang et al. 2019). Interestingly, another study
showed that 7. denticola can attenuate cellular ROS production
in immortalized GECs (Shin and Choi 2012). Similarly in neu-
trophils, which are often in close interaction with epithelial
cells in the oral mucosa, the antimicrobial ROS formation was
specifically attenuated by F. alocis (Edmisson et al. 2018), a
newly appreciated pathogen in chronic periodontitis. These
studies demonstrate a steady role of cellular ROS as an antimi-
crobial response being targeted by various oral bacteria.
Currently, no published study has yet confirmed whether the
putative ROS modulation by F. alocis or T. denticola in the
epithelial cells is mediated via the eATP-induced NOX path-
ways. New clinical evidence pointing the in situ dual-species
colonization of F. alocis and P. gingivalis in the human gingi-
val epithelium prompts speculation that the NOX signaling
might be a functional antibacterial mechanism also targeted by
F. alocis in the epithelial mucosa (Lee, Spooner, et al. 2020).

Homeostatic Adenosine Signaling Can Modulate
Gingival Epithelia and Oral Bacteria Interaction

Extracellular purine homeostasis is a critical regulatory path-
way that is controlled by a series of surface-bound enzymes
maintaining the balance in extracellular concentration of
danger molecules ATP and adenosine (Bours et al. 2006).
Ectonucleotidase-CD73, an integral cell membrane enzyme
catalyzing the irreversible conversion of adenosine monophos-
phate (AMP) into adenosine, has been identified as an anti-
inflammatory modulator in immune cells (Alam et al. 2015).
However, there remains a knowledge gap on CD73 and its
potential role in epithelial cells. A latest study suggested a
novel host-pathogen adaptation mechanism where active
CD73 functions as a switch for oral bacterial survival and
growth in epithelial cells through the regulation of local purine
levels (Lee, Chowdhury, et al. 2020). The activity and surface
expression of CD73 were increased when the AMP-pretreated
GECs were infected with P. gingivalis and the enhanced CD73
resulted in abrogating eATP-induced ROS production in GECs
and aiding P. gingivalis to grow to higher numbers intracellu-
larly. The inhibition of CD73 via siRNA showed that CD73 is
a negative regulator of IL-6 secretion and ROS production
from GECs during infection by P. gingivalis. In addition, this
study delineated that exogenous treatment of antibacterial IL-6
negatively affects intracellular bacterial replication, which can
be significantly reversed by CD73 overexpression and stimula-
tion by exogenous AMP. These novel findings underline the
key role of local extracellular purine metabolism and CD73 in
modulation of bacterial colonization in epithelial cells.

The concentration of CD73-generated adenosine is an
important factor for maintaining the purine balance in the
extracellular space. High availability of adenosine over physi-
ologic levels is required to activate various adenosine receptors
(i.e., Al, A2a, A2b, and A3; Hasko and Cronstein 2013). An
earlier study showed that GECs express all forms of adenosine
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receptors and that A2a receptor activation results in enhanced
intracellular growth of P. gingivalis partially via elevating lev-
els of an anti-inflammatory mediator, cAMP in GECs (Spooner
et al. 2014). The A2a receptor was shown to inhibit inflamma-
tion caused by the T-cell lymphocytes while aiding persistence
of Helicobacter pylori in the gastric epithelial mucosa (Alam
et al. 2009), suggesting a shared mechanism of A2a in gingival
and gastric mucosa with opportunistic bacteria. Interestingly, a
recent study demonstrated that adenosine signaling via the Al
receptor can significantly reduce the ability of Streptococcus
pneumoniae to bind human pulmonary epithelial cells by
decreasing the expression of the platelet-activating factor
receptor, a host protein used by S. pneumoniae to adhere to
host cells (Bhalla et al. 2020). These examples underscore the
potential conserved specificity in the repertoire of adenosine
receptors and their nonredundant functions in epithelial cells for
controlling opportunistic bacterial infection and inflammation.

Active Innate Molecular Aspects of Autophagy
and Apoptosis in GECs

Autophagy, a homeostatic intrinsic process that recycles dys-
functional cytoplasmic material mainly through lysosomal
degradation pathways, can serve in detecting, sequestering,
and removing intracellular pathogens (Jiao and Sun 2019).
Xenophagy, which is a variant of select autophagy induced
upon microbial cellular invasion, forms specific cargos con-
taining the pathogens that are marked by ubiquitin markers
(e.g., NDP52 and p62) and targeted to autophagosomes for
selective degradation (Sharma et al. 2018). While NDP52 and
p62 can function as autophagy adapter proteins, they also per-
form as cytosolic defense sensors of the innate system in pro-
fessional phagocytic cells.

A recent study performed in GECs revealed that P. gingiva-
lis, which is a persistent colonizer of the epithelium, can evade
the antibacterial ubiquitin marking designed to deliver patho-
gens to autophagolysosomes for intracellular killing and can
induce a select autophagy that is probacterial (Lee, Roberts,
Choi, et al. 2018). By using high-resolution 3-dimensional
tomographic transmission electron microscopy accompanied
with advanced approaches, the study characterized that after
invasion of GECs, P. gingivalis becomes highly associated
with endoplasmic reticulum—rich autophagic structures that
display intact replicating bacteria. Only a small subset of
P. gingivalis was detected in the cytosol and captured by the
ubiquitin adapters NDP62 and p62. These findings depicted
the operational existence of multiple innate autophagy path-
ways in the GECs that can be selectively modulated by host-
acclimatized pathogenic bacteria (Lee, Roberts, Choi, et al. 2018).
Interestingly, the gingival expression profile of autophagy-
related genes examined in a recent large-animal study sug-
gested that bacteria-orchestrated impairment of autophagy
could increase the risk for persistent infection and periodontal
inflammation (Ebersole et al. 2021).

Newer studies on Aggregatibacter actinomycetemcomitans,
an oral pathogen associated with rapid progression of peri-
odontal destruction, showed that the microorganism employs

selective autophagy for internalization to macrophages result-
ing in attenuation of antimicrobial IL-1B and ROS production
(Lee, Park, et al. 2020) and sidesteps the autophagic ubiquitin
marking via a select pathway to survive in transformed GECs
(Appendix, reference 12, Vicencio et al. 2020). Interestingly,
T. denticola can invade transformed GECs and remain within
the epithelial cells by resisting endolysosomal degradation
(Shin and Choi 2012). However, it remains to be determined
whether 7. denticola employs an autophagic machinery to
extend its colonization in the GECs. Furthermore, autophagy
can suppress the danger signals—induced activation (eATP and
HMGBI1) of the NLRP3 inflammasome by eliminating dam-
aged cellular debris, which prevents excess production of bio-
cidal ROS (Saitoh and Akira 2016). This observation implies
that multiple host-protective machineries likely crosstalk and
counterbalance each other to maintain the immune equilibrium
under cellular stress of microbial aggression.

Similarly, apoptosis—programmed cell death that is tightly
controlled for the proper maintenance of host cells—can par-
ticipate in the host cellular defense systems to control intracel-
lular pathogenic bacteria (Weinrauch and Zychlinsky 1999).
Major functions of the apoptosis for epithelial cells can be
exploited by opportunistic pathogens. For example, oral bacte-
rium P. gingivalis can modulate a variety of host apoptotic
pathways in a context-dependent fashion for successful sur-
vival in human primary GECs (Yilmaz 2008; Lee, Roberts,
Atanasova, et al. 2018). Heat shock protein 27 (HSP27) is a
small antistress phosphoprotein known to activate antiapop-
totic events when phosphorylated (Garrido et al. 2006). HSP27
protects the cell from programmed cell death via the intrinsic
apoptosis pathway, acting as a negative regulator of cyto-
chrome c¢ release, a key participant of ATP synthesis in the
mitochondria (Garrido et al. 2006). A recent study on the puta-
tive interaction between HSP27 and P. gingivalis revealed that
the effector of P. gingivalis, NDK, can directly phosphorylate
HSP27 on selected serine residues and activate an antistress
pathway that specifically participates in blocking the intrinsic
apoptosis in GECs (Lee, Roberts, Atanasova, et al. 2018).
Furthermore, sequestration of cytochrome ¢ in the mitochon-
dria of GECs was shown to depend on the presence of P. gingi-
valis NDK. Since P. gingivalis NDK can disrupt NOX-mediated
ROS production via ATP scavenging (Choi et al. 2013), these
findings suggest that antistress molecules such as HSP27 in the
antiapoptotic pathway can be targeted for intracellular survival
of opportunistic bacteria in GECs.

Unlike P. gingivalis, which is capable of bringing a prosur-
vival phenotype in GECs for prolonged intracellular life, other
oral pathogens (F. nucleatum, A. actinomycetemcomitans, and
Streptococcus gordonii) are proposed to associate with a sus-
tained increase in apoptosis of the epithelial cells (Dickinson
et al. 2011). Given the chronically prominent presence of
P. gingivalis in the gingival epithelia, cellular autophagy and
apoptosis might be integral homeostatic processes of epithelial
cells that are orchestrated by the specific inside-out signals to
deter immediate development of pathogenic states in the mucosa,
while the variants of autophagy and apoptosis can be usurped by
the host-adapted pathogens (Mostowy and Cossart 2012).
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Table. Newly Recognized Actions of Host-Derived Danger Signal Molecules and Putative Cellular Innate Responses with Important Pathophysiologic

Roles During Epithelial Cell and Bacteria Interaction.

Endogenous
Danger Molecule

Newly Characterized Innate Mechanisms
for Epithelial Cell and Bacteria Interaction

Oro- and Aerodigestive Bacteria

Cell Type

A) Disrupted purine homeostasis [I, 2]

B) CD73 expression and activity [, 2]

C) Regulation of cellular ROS [I]

D) Modulation of NOX activity [1]

E) Regulation of proinflammatory IL-6 via activation

Extracellular of CD73 1]

Porphyromonas gingivalis
(Ato E)
Salmonella species
(A B)

Primary gingival epithelial
cells
Intestinal epithelial cells

Adenosine A) Adenosine receptor activation modulating

host resistance to infection [3 to 5]

B) cAMP dependent CREB activation [3]

C) Regulation of proinflammatory IL-6 via adenosine
receptor [4]

Streptococcus pneumoniae
*)
Clostridium difficile
(A C)
Porphyromonas gingivalis
(A B)

Pulmonary epithelial cells

Cecum epithelial cells

Primary gingival epithelial
cells

A) Pannexin-| mediated release of bacterial effector [6]

B) eATP-evoked ROS modulation by CD73 [I]

C) NLRP3 inflammasome activation [7, 8]

D) Modulation of proinflammatory cytokine secretion
(IL-1B and/or IL-6) [1, 7]

Porphyromonas gingivalis
(Ato D)
Fusobacterium nucleatum?®
(G D)

Primary gingival epithelial
cells

Primary gingival epithelial
cells

A) Mitochondria and NOX2-generated ROS [9]
B) Induction/activation of NOX2 [9]
C) Activation of bactericidal NOX2/MPO pathway [9]

D) Induction/production of glutathione [9]
Extracellular

Porphyromonas gingivalis
(Ato D)

Primary gingival epithelial
cells

ATP A) Cas-1 and/or Cas-4 activation [8, 10]
B) Induction of eATP release [6, | 1]
C) Infection leading to induction of host danger signals
(e.g., eATP) and pyroptosis [10]
D) Induction of selective autophagy [12, 13]

Porphyromonas gingivalis
(A, B,D)

Aggregatibacter actinomycetemcomitans

(B, D)
Tannerella forsythia
(A ©
Treponema denticola
(A C)

Primary gingival epithelial
cells

Periodontal fibroblasts
gingival epithelial cell
line®

Macrophages®

Macrophages®

A) Infection leading to initiation of multiple host danger signals

[7, 14]
B) Cas-| activation [14]
C) IL-1B, HMGBI interplay [14]

HMGBI

Fusobacterium nucleatum
(A B)
Porphyromonas gingivalis
(Ato C)

Primary gingival epithelial
cells

Primary gingival epithelial
cells

A) p38, JNK MAPK, and NF-kB signaling induces
Calprotectin via RAGE, TLR2 [I5]

B) Modulation of ROS [16]

C) IL-1a regulation [17]

Calprotectin

Porphyromonas gingivalis
A

Salmonella typhimurium

(B)
Listeria monocytogenes

©

Gingival epithelial cell line
Intestinal epithelial cells
Buccal epithelial cell line

Table references are cited by numbers in brackets; see Appendix.

cAMP, cyclic AMP; Cas, caspase; CREB, cAMP response element-binding protein; eATP, extracellular ATP; HMGBI, high mobility group box | protein;
JNK, c-Jun NH2-terminal kinase; MAPK, mitogen-activated protein kinase; MPO, myeloperoxidase; NF-«kB, nuclear factor kappa B; NOX, NADPH
oxidase; NOX2, NADPH oxidase 2; RAGE, receptor for advanced glycation end products; ROS, reactive oxygen species; TLR2, toll-like receptor 2.
*F. nucleatum does not require eATP signal to activate NLRP3 inflammasome and subsequent IL- 13 secretion, which is contrary to P. gingivalis, which

needs ATP as a secondary stimulus.

®Macrophages and fibroblasts were included in the table since their related mechanisms were specifically highlighted in this review as potentially shared

but differentially modulated innate machineries reserved in epithelial cells.

Epithelial Cell Barrier Behavior Is
Switched by Distinct Oral Bacteria

Commensal Bacteria—Induced Re-epithelization
in the Gingival Epithelia

As opposed to opportunistic bacteria with high potential for
inducing pathogenesis, some bacteria (also known as commen-
sals) that surround epithelial mucosa have evolved to benefit
the host at immunophysiologic levels (Engevik and Versalovic

2017). Currently, there is a general lack of understanding of
which cellular changes occur and/or which host molecules are
targeted in the oral mucosa by the beneficial bacteria. However,
a recent study described advantageous cellular events in the
oral epithelia induced by Streptococcus salivarius, traditionally
considered a commensal bacterium (Fernandez-Gutierrez et al.
2017). S. salivarius is one of the earliest colonizers in the oral
cavity, remaining present as a major inhabitant of the normal
microflora (Kaci et al. 2014). Re-epithelialization, the resur-
facing of a wound with new epithelium, is one of the key
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Epithelial cell in
pathophysiological
condition

Epithelial cell in healthy
physiological condition

Diseased epithelial tissue

Invading bacteria

ROS *

&
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Figure. Disrupted homeostatic environment in gingival epithelial cells upon invasion by opportunistic bacteria may lead to bacterial dysbiosis in
tissues. In gingival epithelial cells, various host defense machineries are in place to combat potential bacterial offenses. (A) At the physiologic level, a
minimal amount of ATP is released to the extracellular space via the pannexin | (Panx-1) hemichannel without activating P2X,-mediated purinergic
signaling and ROS-generating NADPH oxidase 2 (NOX2), resulting in a basal level of apoptosis. The equilibrium in extracellular purine concentration
between ATP and adenosine is well balanced. Other danger signal molecules (e.g., HMGBI) and ubiquitination markers/cytosolic sensors of danger
(including NDP52 and p62) remain mostly inactive. Antiapoptotic protein HSP27 is largely unphosphorylated. (B) Upon pathogenic bacterial insults, the
extracellular ATP (eATP) release drastically increases, which then activates the P2X, receptor and NOX2 as antibacterial responses. HMGBI, which
requires high eATP levels as a second stimulus, becomes translocated from the nucleus to the cytosol and extracellular space. However, opportunistic
bacteria such as Porphyromonas gingivalis can modulate multiple antibacterial host machineries (NOX2, P2X,, HMGBI, and ubiquitination marking) and
stimulate probacterial host machineries (probacterial autophagy, CD73 activation, HSP27 phosphorylation, and A2a receptor signaling) for successful
long-term colonization. (C) Opportunistic pathogens can invade host epithelial tissue and establish chronic colonization while penetrating deeper

into the lamina propria. Uncontrolled growth of such pathogenic bacteria and further host tissue invasion lead to bacterial dysbiosis in the epithelia,

ultimately initiating the formation of chronic inflammation and diseased epithelial tissues with increased formation of microvasculature.

phases in acute wound repair regulated by complex signaling
events. A failed healing process for acute wound may result in
chronic wounds highly predisposed to colonization by oppor-
tunistic bacteria. By using an improved scratch assay through
live-automated fluorescence microscopy and image segmenta-
tion to model the kinetics of re-epithelialization in the GEC
line Ca9-22, various lactic acid bacteria were screened for their
ability to stimulate re-epithelialization, and S. salivarius strains
showed significantly improved re-epithelization performance
of the cells as compared with other lactic acid bacteria
(Fernandez-Gutierrez et al. 2017). It remains to be determined
by what epithelial molecular mechanisms the wound closure
was achieved in the presence of commensal bacteria.
Furthermore, detailed mechanistic studies to identify potential
effector proteins produced by S. salivarius could aid in the
development of novel strategies to support epithelial integrity
in the oral mucosa.

Transdifferentiation of Epithelial Cells into
Motile Mesenchymal-like Cells by Oral Bacteria

One of the most studied oral bacteria, P. gingivalis, is equipped
with host-adaptive strategies by invading epithelial cells and
facilitating its long-term persistence in the gingival mucosa
(Roberts et al. 2017; Lee, Roberts, Atanasova, et al. 2018; Lee,
Roberts, Choi, et al. 2018). Several studies recently pointed to
the ability of P. gingivalis to induce an epithelial-mesenchymal
transition (EMT)-like phenotype, which is a central event in

epithelial wound repair/regeneration and can associate with
neoplastic development (Sztukowska et al. 2016; Lee et al.
2017). Specifically, differential expression and activation of
principal EMT markers were observed during >5d of infection
with P gingivalis in primary GECs (Lee et al. 2017).
Phosphorylation of GSK3f, an important EMT regulator, in
GECs was significantly increased, and the EMT-associated
transcription factors, such as Zebl, Slug, and Snail, were sig-
nificantly regulated. There were further phenotypic changes in
the host cells, as evidenced by decreased E-cadherin, an inte-
gral membrane protein for epithelial architecture and attach-
ment by bacteria (Lee et al. 2017). Interestingly, the study
elucidated higher EMT of GECs in the presence of P. gingiva-
lis and F. nucleatum. Since the migration of the cells induced
by P. gingivalis was significantly more than that of F. nuclea-
tum alone, this suggests that chronic infection of P. gingivalis
may play a predominant role in the initial transdifferentiation
of the epithelial cells with early migration. Another study dem-
onstrated that F. nucleatum and S. gordonii were not able to
reprogram Zebl expression in the immortalized GECs, which
suggests that the specific EMT induction shown with P. gingi-
valis is not merely due to the tissue destruction by bacterial
challenge but likely associated with slow-rate neoplastic trans-
formation (Sztukowska et al. 2016). A recent study utilizing
oral primary rat epithelial cells similarly illustrated that pro-
longed exposure of the cells to P. gingivalis and F. nucleatum
generated EMT-like features (Abdulkareem et al. 2018).
Overall, these findings could aid in unveiling specific
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synergistic participation of opportunistic pathogens to the
development of pathologies associated with the oral epithelia,
such as periodontal disease, chronic mucositis, and cancer.

Concluding Remarks

Epithelial tissues are fundamentally core structural components
that provide physical integrity and protection to environmental
aggressions. More important, the novel knowledge described
here illustrates that epithelial cells carry specifically robust sys-
tems to interact with surrounding or invading bacteria via a vari-
ety of context-dependent mechanisms, which can have an impact
on overall host tissue homeostasis as well as bacterial host colo-
nization (see Table for a summary of presented gingival epithe-
lial mechanisms). This embodies the intrinsically complex
nature of host-bacteria interactions in the oral epithelium. From
the standpoint of the epithelial cells, the present host-protective
machineries appear indispensable for these cells to coexist and/
or combat against the bacteria, resulting in preservation of the
tissue homeostasis intricately regulated by various external cues.
To summarize, the discussed antibacterial host defense machin-
eries include inducible biocidal pathways, specific cytokine pro-
duction, selective autophagy, targeting of select antiapoptotic
pathways, and tight regulation of redox systems. It is tempting to
speculate that these systems are crucial epithelial cell homeo-
static processes that can shift not only healthy physiology of epi-
thelia to pathogenic states with excessive levels of activation by
danger signals but also the mucosal microbial ecology to the
pathogenic state (see Figure for a summary of current knowl-
edge and developing concepts in the GEC system).

Various bacterial species show distinct outcomes while
interacting with the epithelia: some commensal bacteria have a
beneficial effect, whereas some bacteria disturb the typical epi-
thelial physiologic state, promoting undesirable plasticity. As
many more host mechanisms remain to be unveiled, future
research endeavors are warranted to appreciate the complexity
of synchronously ongoing epithelial defenses that are crucial
for the health of the epithelial mucosa.
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