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This review discusses the microenvironment of evolving and established conventional
oral squamous cell carcinoma, by far the most common oral cancer. The focus of this
paper is mainly on the more recent data that describe the role of microorganisms,
host-microbial interactions, and in particular, the contributions of cell-surface toll-like
receptors on immune system cells and on normal and malignant epithelial cells to
their functions that support carcinogenesis. Because carcinomas arising at various host
surfaces share much in common, additional information available from studies of other
carcinomas is included in the discussion. Accumulating evidence reveals the complex
toll-like receptor-mediated tumor-supporting input into many aspects of carcinogenesis
via malignant cells, stromal immune cells and non-immune cells, complicating the search
for effective treatments.
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INTRODUCTION

The vast majority of oral cancer cases are represented by squamous cell carcinoma (SCC) arising
at the mucosal surface of the oral cavity. In distinction from oropharyngeal SCC, high-risk
Human papillomavirus is rarely associated with oral SCC (OSCC), for which the known major
risk factors are tobacco, alcohol, betel quid, especially when used together [1]. Additional risk
factors are suspected, because a growing number of OSCC develop in the absence of the known risk
factors. Several types of SCC are currently recognized, ranging from those only locally aggressive
(verrucous carcinoma) to those capable of metastasis [2]. By far the most common and widely
studied is the so-called conventional SCC, a somewhat heterogeneous group ranging in the level
of differentiation and aggressiveness. Surgery, irradiation and platinum-based chemotherapy have
been the typical treatment modalities for decades with rather little improvement in the impact
on patient survival [3]. More recent developments include molecular agents that target important
cancer pathways, as well as immunotherapy directed at boosting the adaptive immune response.
While newer modalities show promise, particularly when used in combination, the improvements
in prognosis so far are small, which necessitates further consideration of other mechanisms.

Frontiers in Oral Health | www.frontiersin.org

1 October 2021 | Volume 2 | Article 739499


https://www.frontiersin.org/journals/oral-health
https://www.frontiersin.org/journals/oral-health#editorial-board
https://www.frontiersin.org/journals/oral-health#editorial-board
https://www.frontiersin.org/journals/oral-health#editorial-board
https://www.frontiersin.org/journals/oral-health#editorial-board
https://doi.org/10.3389/froh.2021.739499
http://crossmark.crossref.org/dialog/?doi=10.3389/froh.2021.739499&domain=pdf&date_stamp=2021-10-04
https://www.frontiersin.org/journals/oral-health
https://www.frontiersin.org
https://www.frontiersin.org/journals/oral-health#articles
https://creativecommons.org/licenses/by/4.0/
mailto:zkurago@augusta.edu
https://doi.org/10.3389/froh.2021.739499
https://www.frontiersin.org/articles/10.3389/froh.2021.739499/full

Kurago and Loveless

TLR, Inflammation in Oral Cancer

Another area of study that has the potential to significantly
impact upon the approach to patient treatment is the complex
host-microbiome interaction network operating throughout the
natural history of carcinogenesis in the oral mucosa. Oral
mucosa, whether normal or transformed, is colonized largely by
commensal organisms, shifting in composition under changing
conditions. The resulting interactions may affect both the host
and the microbiome, likely adapting to, and influencing, the
course of carcinogenesis. So far, no specific microorganism is
known to initiate oral carcinogenesis, but evidence does support a
role for host-microbial interactions in cancer progression, which
is the focus of this review. These interactions will be discussed in
the context of normal and transformed surface epithelium.

In this review we attempt to integrate current information
on several aspects of oral squamous carcinogenesis, including
the colonizing microorganisms, inflammation, and the functions
of cell-surface innate pattern recognition receptors that initiate
inflammatory and epithelial cell-intrinsic reactions, together
capable of promoting carcinogenesis. At first, a discussion of
normal structure-function will be presented in order to outline
the relationship of the components of interest in the absence
of malignant epithelial transformation for comparison with
structure-function in carcinogenesis.

ORAL MUCOSA: A BRIEF OVERVIEW

The oral cavity is the “lobby” of the digestive tract, a tube
subdivided into segments with distinct functions, yet sharing
a common goal and some environmental similarities. Under
normal conditions, the mucosal surface of the digestive tract
begins with stratified squamous epithelium of the oral cavity,
pharynx, and esophagus, then changes to glandular epithelium
in the stomach, small and large intestines, and back to stratified
squamous epithelium at the anorectal junction, reflecting the
distinct primary functions of the individual segments. The
entire inner surface is continuously exposed to combinations
of resident and transient substances and microorganisms,
and the epithelial lining, with the help of associated cells
and structures, performs barrier function. Areas covered by
stratified squamous epithelium deal largely with mechanical
forces required to move relatively coarse material and other
friction-generating activities (e.g., speech). The tight multilayered
structure of the stratified squamous epithelium overlying the
basal proliferating cells is well-designed as a strong barrier,
especially if the epithelium is keratinizing (forms a stratum
corneum). Oral surfaces exposed to more mechanical stress
because of mastication, such as gingiva, hard palate, and dorsal
surface of the tongue, are covered by keratinizing epithelium, in
contrast to non-keratinizing stratified squamous epithelium of
the ventral tongue, floor of mouth, buccal, and labial mucosa
[4]. The transition to glandular epithelium of the stomach and
intestines is necessary for digestion and absorption, while still
maintaining a selective barrier.

Besides epithelial cells, immune system dendritic Langerhans
cells are normal residents of the stratified squamous epithelium.
Additional specialized populations within oral epithelium

include melanocytes, Merkel cells, and in some areas of the
mouth, taste buds [4]. With the exception of taste buds,
specialized populations generally localize in the deep layers, in
proximity to the undifferentiated epithelial cells that replenish
the rest of the compartment, although Langerhans cells may
move up and extend their processes to the epithelial surface.
The epithelial cell populations of the stomach and intestines are
more variable, and non-epithelial cell types, including mucosa-
associated lymphoid tissue (MALT), are found in some portions
of the GI tract and the oropharynx. Because MALT is not a
feature of the oral mucosa, it is outside the scope of this review.
While the structure of the gastrointestinal (GI) tract surfaces is
distinct, certain aspects of GI inflammation and carcinogenesis
are relevant to the understanding oral carcinogenesis.

The mucosal lamina propria throughout the entire tract is
separated from the epithelium by a basement membrane, and is
designed to support the local mucosal functions. The typically
loose fibrovascular connective tissue of the lamina propria
contains both blood and lymphatic vessels, nerve bundles,
resident dendritic cells, macrophages, and mast cells, as well as
transient leukocyte populations. Salivary gland ducts traverse the
lamina propria toward the epithelial surface in gland-bearing oral
mucosal sites of the tongue, floor of mouth, labial and buccal
mucosa, and posterior palate. Structures deep to the lamina
propria differ from one subsite to another.

STRUCTURAL LANDSCAPE OF
DEVELOPING OSCC

OSCC develop most often at oral subsites that generally follow
geographic variations in population exposures to carcinogens.
In the USA, 60% of OSCC occur in the tongue and floor of
mouth (sites most exposed to tobacco smoke and alcohol), while
in Southeast Asia the most common area is buccal and labial
mucosa (typical site for application of the potent carcinogen betel
quid), and in Nigeria, 55% of OSCC develop in the gingiva and
palate [5-7].

There are several potentially malignant lesions in the oral
mucosa [2]. A common early process in oral carcinogenesis that
can progress to conventional SCC is the so-called pre-malignant
lesion known as epithelial dysplasia (or intraepithelial neoplasia).
Early in the process, as the stratified squamous epithelium
undergoes transformation, immature atypical keratinocytes
originating in the basal layer increasingly occupy more and
more of the epithelial compartment, which is usually graded by
pathologists as mild, moderate or severe dysplasia, or carcinoma-
in-situ—a pre-invasive squamous carcinoma still restricted to
the epithelial compartment by the basement membrane [1].
Another, simpler 2-tier system of grading early changes that
includes all pre-invasive epithelial transformation is low-grade
vs. high-grade dysplasia. Once the transformed epithelial cells
breach the basement membrane and move into the lamina
propria, the lesion is recognized as invasive squamous cell
carcinoma. The loss of epithelial differentiation and maturation
leads to structural abnormalities with functional implications.
For example, the epithelium can become more permeable due
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FIGURE 1 | Overview of the oral mucosal environment in the evolution of oral
squamous carcinogenesis. (A) Icons used to depict components of the figures
in this review. PMN, neutrophil; Eo, eosinophil; mo, monocyte; MC, mast cell;
B, B cell; T, T cell; NK, NK cell; mph, macrophage; DC, dendritic cell; L,
lymphocyte; TLR, toll-like receptor; EC, epithelial cell; CC, cancer cell; CSC,
cancer stem cell. (B) Oral mucosa is colonized by microbes, increasing in
amount and penetration with carcinogenesis. Normal basal keratinocytes
express high levels of TLR2, possibly both cell-surface and cytoplasmic,
according to immunohistochemistry. High levels of TLR2 (as well as TLRS5) are
found in epithelial dysplasia keratinocytes and OSCC cells. The infiltrating

immune system cells increase with progression to dysplasia and OSCC and
acquire pro-tumor phenotypes in the TME of established OSCC.

to losses of cellular keratin and disrupted cell-cell adhesion
and organization, as demonstrated in studies of skin epidermis
[8, 9]. Skin and digestive tract studies indicate that outside-in
permeability affects penetration of carcinogens, microbes and
microbial products. Inside-out permeability has the potential to
impact upon microbial colonization and activity, although the
latter has not been tested. The reported changes in oral microbial
colonization and virulence (discussed below) may also contribute
to epithelial abnormalities and increasing mucosal inflammation.
New blood vessels (angiogenesis, vasculogenesis) develop as a
consequence of carcinogenesis and inflammation. The abnormal
differentiation and uncontrolled growth contribute to disordered
OSCC architecture and to the disruption of barrier function, in
part through loss of surface continuity in the form of ulcers. SCC
are usually ulcerated, which allows microbes and their products
to access the connective tissue [10], fueling inflammation. OSCC

progress by local invasion into adjacent tissues and metastasize
first to regional lymph nodes, then to distant sites. The landscape
of the mucosal environment in normal, precancerous, and OSCC
conditions is depicted in Figure 1.

MICROBES

Studies of oral microbiome composition and its relationship
to OSCC are reviewed extensively elsewhere, so only a
brief overview is provided here. Commensal microorganisms,
including eubacteria, archaea, protists, fungi, and viruses, inhabit
all the epithelial barrier surfaces of the body, where bacteria, in
particular, are as numerous as human cells [11, 12]. Oral mucosa
is such a surface, and many different types of commensal bacteria
appear to constitute the largest group of colonizers [11, 13-15].
Digestive tract segments — oral cavity, esophagus, stomach, small
and large intestines—carry different and partially overlapping
microbiomes [11], and the intraoral subsites also vary in the
amount and diversity of associated organisms. For example,
microbial composition of the dorsal tongue with its papillae is
much more diverse than that of the buccal and palatal mucosae.
In particular, both dorsal tongue and gingival crevices are home
to aerobic and anaerobic species that form complex interactive
communities, while smooth buccal and palatal mucosae are
colonized by aerobes [16]. The normally symbiotic or tolerant
relationships between the host and commensals contribute
to barrier protection and are important for resistance to
colonization by pathogens [17].

Microbiome studies related to oral carcinogenesis report
various results. Human observational studies of microbial
composition differ because of variations in populations, habits,
presence of inflammatory oral disorders, as well as methods
of sample collection and analysis [10]. For instance, key
OSCC-associated risk factors alone differentially affect the oral
microbiome, as revealed by analysis of oral rinses in American
adults who are smokers [18] or consumers of alcohol [19].
Investigators also point out that organisms potentially important
early in carcinogenesis may no longer be present or enriched in
lesions at later stages. A recent study of Indian OSCC patients
found distinct microbiomes on surfaces vs. deep intratumoral
sites [10], and microorganisms have also been identified in lymph
nodes with metastatic OSCC [20].

Although much remains unknown, two oral commensals
and periodontal pathogens are under intense interrogation. G-
negative anaerobe Fusobacterium (F.) nucleatum in particular has
received significant attention in part because of its enrichment
at surfaces of early pre-cancerous lesions [21] and at late stages
[22] of oral carcinogenesis. One important virulence factor of
F. nucleatum is the adhesion molecule FadA which inactivates
E-cadherin and causes increased epithelial permeability, as
well as facilitates beta-catenin- and WNT-mediated epithelial
proliferation, at least demonstrated in colorectal cancer [23,
24]. Porphyromonas (P.) gingivalis is another anaerobic G-
negative opportunist in the spotlight. Both F. nucleatum
and P. gingivalis are often investigated together for potential
roles in oral carcinogenesis because of their contributions to
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periodontal disease, collaborative growth, an association between
periodontal disease and oral cancer [25], and enrichment in the
microbiome of both colorectal adenocarcinoma and the pre-
cancerous colorectal adenoma [15, 22, 26]. Notably, the majority
of epithelial dysplasias do not progress to OSCC, and some
subtypes of OSCC develop in the absence of preceding epithelial
dysplasia. So far there have been no longitudinal microbiome
studies of progressive vs. non-progressive epithelial dysplasia.
Other potentially premalignant oral epithelial conditions have
not been sufficiently characterized.

Despite study variations, there is overall agreement that the
progression from normal to dysplastic squamous epithelium on
to OSCC is accompanied by significant shifts in diversity and
abundance of microorganisms localized to the lesions, as well
as the oral microbiome in general. It is possible that cancer
progression and shifting microbiome occur through coevolution,
impacted by risk factors and a changing microenvironment.

To test the impact of the oral and tumor-associated
microbiomes on OSCC development, several studies have
utilized animal models, such as SCC induction by the tobacco-
like carcinogen 4-nitroquinolone (4-NQO), or transfer of
established human or murine OSCC cells into animals [15].
Similarly, both human and murine oral microbiomes have
been evaluated. Overall so far, these studies show that the
presence of either selected candidate organisms [26-28] or
whole microbiome derived from established tumors, promoted
cancer progression in colorectal cancer [29] and OSCC [30].
Even more interesting is that 4-NQO-treated mice colonized
by oral microbes from healthy animals developed more and
larger OSCC than germ-free 4-NQO-treated mice [30]. In other
words, there is evidence that multiple distinct combinations of
bacteria identified in either normal conditions or premalignant-
malignant lesions are able to enhance the growth of squamous
carcinomas initiated by chemical carcinogens. However, a
limitation of the reported studies about OSCC growth in germ-
free animals is that they have not examined the host immune
cell populations and their functions in the associated mucosa.
Given that germfree mice are deficient in bone marrow-derived
peripheral myeloid populations [31], it is possible that lack of
tumor growth in germ-free conditions was at least partly due
to the lack of myeloid cells in the tumor microenvironment,
disrupting myeloid cell-microbiome-tumor cell interactions.

The inconsistent data about the composition of the OSCC-
associated microbiome may be partly balanced by the results of
functional analyses of individual species and their combinations.
For example, different microorganisms can live in similar
conditions and produce similar metabolites [15]. Acetaldehydes,
N-nitroso compounds, volatile sulfur compounds, organic acids,
and other bacterial metabolites, are capable of causing DNA
damage (genotoxicity) and are produced by various organisms
found in normal and OSCC-associated microbiomes [15, 32].
Interesting recent advances in metatranscriptomics have revealed
that despite variable composition, there was significantly higher
microbial metabolic activity and expression of putative virulence
factors in established OSCC, with F. nucleatum in the lead,
relative to matched sites from tumor-free controls [33]. Increased
presence and virulence of certain OSCC-associated bacteria may

also be due to the loss of species that otherwise antagonize
them [25, 34]. Notably, most of the published reports are
about bacteria, in part because many other oral microbiome
members have only been discovered recently, and many are not
cultivable. The best studied fungal organisms often associated
with OSCC are Candida spp. the biology of which is also
capable of supporting carcinogenesis [35, 36]. Together, evidence
indicates that the microbiomes of established OSCC, regardless
of composition, are highly active, and that the products of their
metabolism have the potential to directly affect host epithelial
cells. It is reasonable to expect that the host-microbiome
influences in the evolving OSCC are bidirectional: sharing
nutrients, generating and processing metabolites, competing for
critical materials and spaces.

A key point of interest for further discussion is that,
while the environment of oral epithelial dysplasia and OSCC
exhibits shifts in microbial abundance, diversity, and metabolic
activities, current understanding is that the colonizers are
a mix of commensals and some opportunistic pathogens,
all expressing microbe-associated molecular patterns (MAMP)
that are common to commensals and pathogens. MAMP are
recognized by specific host pattern recognition receptors (PRR)
in immune and non-immune cell types, triggering inflammation
and other responses. PRR include toll-like receptors (TLR), C-
type lectin-like receptors (CLR), and NOD-like receptors (NLR)
[37]. Here we will focus on the best studied group, the TLR1-6
expressed on cell surfaces.

PRR: TOLL-LIKE RECEPTORS (TLR)

TLR are type I transmembrane proteins with critical functions
in cells of the immune system. Out of the ten human receptors
in this family, the intracellular TLR3, 7, 8, and 9 are localized
to acidic organelles called endosomes and recognize microbial
nucleic acids, making this group of receptors dependent on
phagocytic properties of cells and/or intracellular infections. In
contrast, TLR1, 2, 4, 5, and 6 are more accessible and expressed
on the plasma cell membranes, and as such detect distinct
molecules of microbial surfaces, although TLR4 also associates
with endosomes [38]. TLR10 is also expressed on the plasma cell
membrane and may be mainly an inhibitory molecule, although
the natural ligand for this receptor is unclear [39]. Mice have
TLR1-13, the first nine of which are the best studied and are
similar to human TLR1-9 in the specificities and functional
activities, which is why mice are widely used for TLR-related
studies relevant to humans. The cell-surface TLR are of special
interest in the context of mucosal function and surface-associated
carcinogenesis and will be discussed in more detail.

While exposure to their specific MAMP causes TLR to form
homodimers, TLR2 also heterodimerizes with either TLR1 or
TLR6, which generates broader recognition of MAMP. TLR1 and
TLR6 are not known to function independently of TLR2. TLR2/1
dimers bind bacterial triacylated lipopeptides/lipoproteins, and
TLR2/6 dimers interact with diacylated forms of these molecules
[40]. Lipoproteins are components of cell walls of G-positive
and G-negative bacteria [41]. Both forms of lipoproteins
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may be expressed in the same species, depending upon the
environmental conditions—pH, growth phase, temperature, and
salt concentration [40, 42]. Furthermore, peptidoglycan and
lipoteichoic acid, thought to interact with TLR2, may not
be true TLR2 agonists according to investigations that used
more stringent purification methods and other approaches [40].
Molecules and receptors other than TLR2 have been shown
to bind peptidoglycans [43]. TLR2/6 also binds fungal cell
wall zymosan, a protein-carbohydrate complex. In contrast,
TLR4 recognizes the glycolipid lipopolysaccharide (LPS) of
most G-negative bacteria. TLR2 and TLR4 are designed to
accept transfer of ligands from other host molecules. Molecules
that collaborate with TLR2 are CD14, mannose-binding lectin,
CD36, and Dectin-1, while TLR4 works with LPS-binding
protein (LBP), CD14, and MD2 [38]. The utility of these
collaborators is especially evident in responses to whole bacteria.
Moreover, several endogenous molecules collectively called
danger-associated molecular patterns (DAMP) are reported to
also trigger TLR2 or TLR4 activation [44]. Most known DAMP
appear to activate TLR indirectly by complexing with other TLR-
binding molecules [45]. Of special interest are two DAMP that
have TLR-binding and activation abilities, and they are increased
during inflammation and cell death, which are abundant in
cancer. The high mobility group protein 1 (HMGBI1) is fully
confirmed to bind TLR4 and trigger its dimerization and
signaling without interfering with the LPS-binging site [46],
while versican is reported to bind and activate the TLR2/6-
CD14 complex [45, 47]. Finally, TLR5 is specific for flagellin,
the principal component of flagella in motile organisms, which is
often found in pathogens (ex. Salmonella and Helicobacter pylori)
and contributes to their virulence [38, 48].

Either commensal or pathogen MAMP binding induces TLR
dimerization and signaling. The outcome of signaling depends
upon the specific TLR, the cell type, and cell state. Innate immune
system monocytes, macrophages and dendritic cells (DC) express
high levels of all or most TLR, depending upon cell subset,
and have yielded most of the accumulated information about
TLR function. TLR signaling is detailed in a recent review by
Fitzgerald and Kagan [38] and Vijayan et al. [48]. In brief,
ligand-induced activation of all TLR, except TLR3, triggers the
assembly of the intracellular multimolecular complex called
the myddosome (named after myeloid differentiation primary
response protein, or MyD88), which then activates several
pathways: canonical NF-kB, mitogen-activated protein kinase
(MAPK), and change in metabolism (induction of glycolysis).
The endosomal TLR3 activity utilizes the signaling complex
called triffosome (named after TIR domain-containing adaptor
inducing interferon-f, or TRIF), inducing canonical NF-kB,
interferon regulatory factor 3 (IRF3), and other less well-
characterized activities. TLR4 is unique in that it uses both the
myddosome and the triffosome. Interferon-alpha (IFN-alpha)
production is triggered via the triffosome, although in some cells
and in response to certain ligands, IFN-alpha may also be induced
via the myddosome. The inflammatory pathway signaling in
macrophages and DC is further amplified by TLR-induced
cytokines that also activate NF-kB (especially IL-1 and TNEF-
alpha) [38, 48]. Because excessive TLR activity is dangerous to the

host [49], there are various levels of cell-intrinsic and extrinsic
negative regulation of TLR activities [50, 51]. How negative
regulation works in carcinogenesis is under investigation.

TLR EXPRESSION AND FUNCTION AT
MUCOSAL SURFACES

Symbiosis with, and tolerance to commensals is the normal
state of affairs at surfaces, but this relationship depends upon
continuous MAMP recognition via PRR on epithelial and
innate immune system cells, the combined efforts of which, in
addition to secreted soluble factors (antimicrobial peptides, IgA,
other), limit surface penetration by commensal and pathogenic
microorganisms [17]. Epithelial MyD88-dependent TLR are
required for homeostasis, which was demonstrated in the gut
epithelium [52], in epidermal keratinocytes [53] and other cell
types, at least in part through induction of cytoprotective factors
IL-6, KC-1, and other molecules. Remarkably, signals from the
gut microbiome through host PRR have impact well-beyond
the gut. These signals control the production, migration and
functions of host innate and adaptive immune system cells
systemically, which in turn, affects the ability of the host immune
system to fight pathogenic infections, as well as local and
remote cancer growth and treatment [31, 54-57]. While TLR
are expressed by many cell types, the following discussion is
focused on immune system cells and epithelial cells because of
their critical roles in the mucosa.

Cell-Surface TLR in Mucosal Immune
System Cells

As normal residents at mucosal surfaces and professional
immune system cells, DC and macrophages express high
levels of cell-surface and intracellular TLR and are critical for
defense against pathogens, but are also important for controlling
commensals. Intact barrier generally prevents TLR activation
on DC and macrophages, and antigens captured by DC and
presented to T cells in such homeostatic conditions lead to
tolerance. In contrast, if DC acquire antigens during infection or
inflammation, co-stimulatory molecules are expressed, and these
DC induce long-term T cell activation [58]. DC with activated
PRR readily migrate from infected or otherwise damaged and
inflamed tissue to the draining lymph nodes where naive T
cells are activated and in turn, contribute to inflammation
in the mucosa. Other resident cells common throughout the
mucosal tissues are known as innate lymphoid cells (ILC),
which contribute cytokines that affect the type of adaptive
response, although the role of TLR in these responses is mostly
unknown [59].

The type of adaptive response depends on additional factors,
including cytokines, and the specific TLR activity affects the
profile of the induced cytokines [60]. The patterns of responses
are typically classified as Thl (type 1), Th2 (type 2), and Th17
(type 17) with additional subtypes. Although T helper (Th) cell
subsets are not the only population involved, “Th” rather than
“type” will be used in this review to avoid confusion with the
hypersensitivity reactions, which are classified as Types 1-4.
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In general, Thl responses include IFN-gamma-producing Thl
and T cytotoxic cells, desirable against intracellular pathogens
and cancer cells, and require IL-12 and IL-18 induced in
DC and macrophages via TLR-MyD88-dependent pathway
[61-63]. TLR4 and TLR5 signals contribute to Thl bias as
they induce DC to make IL-12. Macrophages and DC that
make these IFN-gamma-inducing factors are known as M1
and DCI, respectively. In the context of an infection, IFN-
gamma stimulates macrophage activity, including increase in
TLR expression and activity [64]. Th2 responses are initiated by
tissue-resident innate lymphoid cells 2 (ILC2) but also require
macrophages, DC and Th cells. Macrophages and DC that
support type 2 responses are known as M2 and DC2, respectively.
TLR2 signals contribute to a Th2 bias, as IL-12 is not induced.
Th2 reactions are characterized by IL-4, IL-5, IL-9, and IL-13
cytokines, and are important in responses to parasites, allergens,
an array of microbial pathogens and endogenous molecules
[37, 65]. On the other hand, Th17 responses are characteristic
of many infections by extracellular bacteria and fungi as well as
non-infectious chronic inflammatory disorders. Depending upon
the specific conditions, Th17 responses develop when several
possible combinations of IL-1beta, TGF-beta, IL-6, and IL-23
are present. Besides inducing Th17 cells, IL-23 activates other
T cells, and innate immune system cells that are also important
for Th17 responses [66]. Earlier studies showed that TLR4 and
TLR5 signaling could mediate a Thl bias, while TLR2 ligation
produced a Th2 bias [60]. Recent evidence suggests that TLR2
activity drives Th17 inflammatory gene expression and may be
sufficient for CD4™ T cell-mediated autoimmune reactions [67].
Th17 factors were also induced in response to TLR5 activity in
innate lymphoid cells and DC [68].

Macrophages with their high levels of TLR are critical mucosal
lamina propria responders to MAMP near surfaces. It turns
out that these responses are fine-tuned early on, to avoid
premature inflammatory reactions related to TNF-alpha toxicity
and unnecessary disruption of mucosal homeostasis. Studies
using TLR4 and LPS showed that the two pathways downstream
of the receptor, NF-kB and MAPK, have different thresholds for
activation: low doses of LPS seen in homeostatic conditions only
activate NF-kB without triggering MAPK, while both pathways
are required to produce inflammatory mediators [69]. This is
important in view of ubiquitous presence of TLR ligands in the
periphery in the absence of overt infections or tissue damage.
The described mechanism is only one of many ways to negatively
regulate TLR signaling and avoid unnecessary inflammation.
Whether other cell surface TLR follow the same rules has not
been established.

TLR signals can also directly modulate the activities of the
adaptive immune system B cells and T cells, which are numerous
in MALT and at sites of inflammation, but much more sparse
in the oral mucosa under normal conditions. B cell antibody
profiles vary depending upon the type of response and whether
T cell help is required, i.e. are T cell-dependent vs. T cell-
independent. B cells integrate signals from their own TLR and
the B cell receptor (BCR), which directs antibody production
and interactions with T cells. Moreover, TLR activity in B
cells stimulates their proliferation [70]. TLR2/1 activity can

rescue chronically activated “exhausted” Th1 cells by modulating
immune checkpoint molecules, as well as promote the function
of cytotoxic T cells, while also assisting the differentiation
and function of Th17 cells [71]. On the other hand, TLR2
activation along with other factors, promotes regulatory T
cells (Treg) that are important for shutting down destructive
inflammatory reactions. Treg cells and DC were shown to
maintain gut-microbiota homeostasis and mitigate inflammation
and microbial pathogenicity in part because they activate B-cells
to release secretory IgA for specific and non-specific coating of
surface microbes, thus preventing their direct contact with the
epithelial surface. This process is directed in the presence of
cytokines IL-4, TGF-8, IL-5, IL-6, and IL-10 [14, 72, 73].

Notably, the oral mucosal subsites vary in normal immune
cell composition. Gingiva with its thinner epithelium in the
gingival sulcus than any other oral mucosal surface, has the
privilege of continuous exposure to dental plaque bacteria. Under
normal conditions, this subsite was found to contain neutrophils,
antigen presenting cells, ILC, and resident memory T cells (many
more CD4" than CD8"). The most significant distinction of
the gingival sulcus mucosa from buccal mucosa was the high
numbers of neutrophils [74], suggesting that MAMP penetration
past the sulcular epithelial barrier occurs there more easily. Even
in the absence of recognizable clinical signs of inflammation,
IFN-gamma and IL-17 were the dominant cytokines identified
in the sulcular mucosa in this study, consistent with Thl and
Th17 responses. The numbers of CD4™ T cells, neutrophils and
B cells increased significantly in periodontitis, a common chronic
inflammatory condition that involves the gingiva, periodontium,
and underlying bone. In other studies, IL-17 produced by Th17
cells was the primary soluble factor detected in periodontitis
[75, 76).

In general, current evidence indicates that oral mucosal
immune cell responses to TLR ligands under normal conditions
depend first and foremost on normal resident DC and
macrophages and the penetration of TLR ligands past the
epithelial barrier, the extent of which varies between subsites.
The epithelial cells develop their own response pattern
discussed below.

Epithelial Cell-Surface TLR

Cell surface TLR1-6 are present and functional in skin and
mucosal epithelial cells with some variation in the exact
distribution of individual receptors and their functions in
homeostatic vs. inflammatory settings. For example, murine
digestive tract epithelial TLR2, TLR4, and TLR5 were found at
different levels in segments of the small and large intestines [77].
The level of epithelial cell responsiveness is determined by the
levels of TLR expression [77], and the type of response may also
depend upon the state of epithelial cell differentiation.
Remarkably, multiple studies reveal that TLR2 with its
partners TLR1 and TLR6 is particularly important for barrier
function in the epidermis and mucosal epithelia. TLR2 activity
enhances tight junctions in the epidermis [78, 79], augments
squamous epithelial barrier in the esophagus [80], and is
upregulated in intestinal epithelial cells where it stimulates
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epithelial turnover in response to microbial colonization [81],
as well as reduces permeability and mucosal inflammation by
preserving tight and gap junctions in the intestinal epithelium
[82, 83]. On the other hand, the levels of TLR2 and TLR4
increase markedly in epidermal keratinocytes exposed to IFN-
gamma and LPS [84], and Th2 inflammation also contributes to
increased permeability of the epidermis and airway epithelium
[85]. Similarly, IFN-gamma and TNF-alpha were shown to
disrupt intestinal epithelial permeability via effects on tight
junctions [86].

Both TLR2 and TLR4 are reported to contribute to
functions of epithelial stem cells which are capable of mitosis.
Epidermal keratinocyte TLR2 contributes to skin wound healing
by stimulating undifferentiated keratinocyte proliferation and
migration, and in this manner, it promotes barrier recovery
[87, 88]. TLR2™/~ or MyD88_/_ mice exhibit compromised
repair of intestinal surfaces, because TLR2/MyD88 pathways
are important for stimulating intestinal epithelial stem cell
pool expansion after injury [89]. On the other hand, TLR4
activity inhibits intestinal stem cell proliferation and promotes
apoptosis [90].

Although only minimal information on oral epithelial
subsite TLR1-6 expression and function is available, there is
evidence that both may depend upon the presence of mucosal
inflammation, similar to observations in the epidermis. In the
absence of inflammation, oral epithelial TLR2 and its’ partners
are expressed in human and murine specimens as well as
in purified epithelial cells. Immunohistochemical evaluation
of human oral mucosal specimens revealed that in normal
epithelium, TLR2 was clearly expressed in the basal and
parabasal keratinocytes, while few differentiated spinous layer
keratinocytes showed rare perinuclear granular staining [91].
In vitro, normal oral keratinocytes are more likely to respond
to TLR2/1 and TLR2/6 agonists than to TLR4 stimuli [92-
98]. These responses include the production of antimicrobial
peptides and under some conditions, relatively small amounts
of cytokines and chemokines. Similar to epidermal, esophageal,
and intestinal epithelia, gingival keratinocytes upregulated tight
junction proteins in response to the TLR2-specific P. gingivalis
or its purified LPS, which decreased barrier permeability
in vitro [94].

Notably, TLR expression and responsiveness in oral
keratinocytes in reactive conditions is reported to increase.
Inflamed gingival epithelium in periodontitis expressed
more TLR2 than normal gingival keratinocytes [93].
Similarly, keratinocytes in inflamed oral mucosa and in
orthokeratosis—a common reaction to friction—showed
diffuse TLR2 expression throughout the epithelial layers
[91], indicating a positive correlation between inflammatory
factors and increased epithelial TLR2 expression. In vitro,
oral epithelial cells pre-exposed to IFN-gamma or IL-17,
produced inflammatory mediators IL-1beta, TNF-alpha,
and IL-8 (CXCLS8) in response to TLR2 or TLR5 agonists
[93, 99], suggesting that inflammatory “priming” may
be a factor in order to recruit oral keratinocytes into the
inflammatory process with subsequent increase in epithelial
permeability [86].

As mentioned earlier, normal oral epithelial cell TLR4
expression and responsiveness appear to be limited [95, 100-
102]. Gingival epithelial cells were shown to express intracellular
endosomal TLR4, so that LPS bound and activated TLR4
after internalization [101]. Other primary oral keratinocytes are
reported to produce antimicrobial peptides, but not cytokines or
chemokines, when stimulated with LPS in vitro [97].

Few studies have so far evaluated TLR5 expression and
function in the oral cavity. In the tongue epithelium, TLR5
was found in the basal and parabasal layers, increasing in
superficial layers under inflammatory conditions [93, 102, 103]
and replicating the pattern of TLR2 expression. Remarkably
similar to observations in premalignant lesions of the stomach
and esophagus [104, 105], keratinocytes in oral epithelial
dysplasia showed strong cytoplasmic expression of TLR2 [91] and
TLRS5 [103].

A brief summary of surface TLR in normal and abnormal
oral squamous cells is provided in Table 1. Together, the
limited available data suggest that the expression and function
of cell surface TLR1-6 in the oral epithelium appears to
be consistent with that at other epithelial surfaces, assisting
homeostatic epithelial barrier function via tight junctions
(TLR2 with partners) and induction of antimicrobial peptides,
but increasing in expression and pro-inflammatory function
under inflammatory conditions with increase in permeability
(Figure 2). A brief summary of cell-surface TLR expression
and function in normal, precancerous and malignant epithelial
cells is provided in Tablel. It is possible that the limited
epithelial responses to TLR stimuli are due to low levels of
TLR expression under normal conditions. Much remains to be
uncovered regarding oral subsite epithelial TLR performance in
normal vs. pathologic conditions.

Mechanisms of Mucosal Inflammation
Shutdown

Timely shutdown of mucosal inflammation is important in
order to repair damage and re-establish barrier. TLR signals

AMP
: echemokines

i AMP
P »;. _chemokines
= ééggg%'ﬁL4ﬁ

" TNFa

FIGURE 2 | Summary of TLR activities in normal keratinocytes. (Top) In the
absence of inflammatory cytokines TLR2 ligands stimulate a stronger
barrier—reduced permeability and production of antimicrobial peptides (AMP),
and may also induce chemokine CXCL8. (Bottom) In the presence of
inflammatory mediators IFN-gamma or IL-17, TLR expression increases, and
TLR ligands stimulate keratinocyte participation in inflammation with
production of IL-1beta and TNF-alpha. TNF-alpha and possibly other
inflammatory mediators contribute to increased permeability. References:
Beklen et al. [92], Beklen et al., [93], Guo et al. [94], McClure and Massari [95],
Mullin and Snock [86], Sugawara et al. [97], and Uehara et al. [99].
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trigger both destructive and restorative mechanisms that allow
transition from pro- to anti-inflammatory process, and these
are executed via multiple mechanisms, as illustrated in the
following examples. Mucosal resident macrophages exposed
to significant doses of TLR ligands quickly secrete TNEF-
alpha and IL-6, among other factors. On one hand, NF-kB-
activating pro-inflammatory cytokine TNF-alpha promotes M1
macrophage phenotype important for infection control, actively
preventing macrophages from becoming M2 [111]. On the other
hand, IL-6 is known for its important cytoprotective role in
tissue homeostasis by directing the survival, proliferation, and
differentiation of immune system and epithelial cells through IL-
6 receptors and signal transducer and activator of transcription
(STAT)3 [112-114]. STAT3 also activates the production of
vascular endothelial growth factor (VEGF) with subsequent
angiogenesis required for tissue perfusion, infection control
and then, healing. In addition, TLR agonists induce DC and
macrophages to secrete IL-10 [115], which activates STAT3 in
immune system cells. IL-10 is broadly anti-inflammatory, and is
also secreted by other innate and adaptive immune system cells.
Together, IL-6- and IL-10-mediated STAT3 activity contributes
to negative regulation of the Thl immune response in MI
macrophages and other involved cells. Moreover, TLR2 agonists
among other factors induce Treg which secrete IL-10 and TGEF-
beta [115] with anti-Th1 input. TLR2 activity in monocytes not
only induces M2, but also directs their differentiation into the
monocytic myeloid-derived suppressor cells (M-MDSC), another
important subset that inhibits Th1 T cells, cytotoxic T cells, NK
cells, and DC. Even B cell TLR activity can trigger their regulatory
function that suppresses Thl and Th17 cells [116]. Transition
to immunosuppressive and immunoregulatory profile is just as
important for the epithelial cells around wounds and ulcers, as it
permits epithelial proliferation and migration necessary to close
the wound surface and repair the barrier; TLR2 stimuli facilitate
this process in the skin [87]. Similarly, commensal colonization
was shown to promote restoration of a functional physiological
barrier in the intestines [117] which implicates TLR. Once again,
IL-6 released in response to TLR activity is important for survival
and proliferation of intestinal epithelium [112].

Another fundamental mechanism in the anti-inflammatory
process and tissue repair is TLR-induced metabolic
reprogramming of macrophages and purinergic signaling [118].
TLR activation in M1 macrophages leads to aerobic glycolysis
with accumulation of lactate and production of inflammatory
mediators and high levels of ATP. ATP released outside the cells
is processed by cell surface CD39 and CD73, membrane-bound
ecto-enzymes expressed by Treg and macrophages. These
enzymes sequentially dephosphorylate ATP to adenosine, which
then acts on inhibitory adenosine receptors (AR) A2a and A2b
that are rapidly upregulated in macrophages in response to TLR
activity. A2a and A2b activities then suppress the production
of TNF-alpha and IL-12 [119-122], a cytokine necessary for
T cell IFN-gamma production [61]. This is beneficial for the
M1 to M2 switch and also because excess TNF-alpha is toxic
to many cells [123] including monocytes [124], macrophages
[125], endothelial cells [126], and cancer cells [127]. Moreover,
adenosine inhibits NK cell and CD8% T cell cytotoxicity, as

well as promotes suppressive activity by facilitating expansion
of MDSC and Treg [128]. The important role of A2a AR has
been specifically demonstrated in wound healing [129]. The
transition from M1 to M2 macrophage phenotype not only helps
the immunosuppressive and immunoregulatory properties, but
also activates other macrophage genes involved in tissue repair
and resolution [130].

In summary, TLR at host surfaces trigger both destructive
pro-inflammatory as well as reparative and anti-inflammatory
mechanisms, the sequence and timing of which are critical in
order to first control pathogen invasion, remove dead cells, and
then to facilitate a return to homeostasis. All of these activities
are observed, and often exaggerated, in the microenvironment
of surface-associated carcinomas, thanks in part to unresolved
surface breach that continues to fuel TLR activation in present
and incoming cells.

CELL-SURFACE TLR AND INFLAMMATION
IN THE PRE-CANCER AND TUMOR
MICROENVIRONMENT (TME)

In this section, the main focus is on the impact of cell-surface
TLR in immune system and epithelial cells on the biology of
evolving OSCC with additional information from other surface
pre-cancers and carcinomas. There is clear evidence that TLR
activity triggered by MAMP or DAMP is highly relevant to the
biology of carcinomas because of direct effects on TLR pathways
and the consequences that arise from TLR-induced production
of soluble factors. Because TLR activity and inflammation are
tightly intertwined, they are discussed together. TLR initiate a
cascade that begins with activation of canonical (classical) NF-kB
and ERK MAPK pathways, amplified by induced host mediators,
with subsequent enrollment of STAT3 activities, which affects
essentially all cell types present in the tumor. NF-kB and STAT3
activities go hand-in hand in TME. The typical targets of classical
NF-kB signaling include factors that affect many aspects of
inflammation, cell recruitment, cell proliferation, survival or
death, and angiogenesis, such as TNEF, IL-1, IL-6, GM-CSE
CXCL8 (IL-8), CXCL1, CXCL2, CCL2, CCL3, CCL5, MMPs,
cyclin D1, MYC, BCL-Xl, BCL2, FLIP, COX2, iNOS, VEGF
[114], and the hypoxia-inducible factor (HIF)-1, a critical factor
in cellular response to hypoxia [131]. On the other hand, the
ERK MAPK pathway is responsible for basic cellular processes,
including cell proliferation and differentiation, which are crucial
for cancer cells, including cell proliferation, survival, growth,
metabolism, migration, and differentiation [132]. The MAPK
pathway is important for cell-intrinsic effects of TLR signaling.

TLR and Pre-cancer

Limited information on TLR and inflammation in epithelial
premalignant conditions is available. An inflammatory
environment is not unique to established carcinomas, but
is also a feature of their precursors. Given the disordered
differentiation, loss of keratin expression [133] and frequent
disruption of cell-cell adhesion in epithelial dysplasia, barrier
function may be compromised so that MAMP could penetrate
the barrier, activate macrophages, as well as stimulate DC
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maturation and migration to lymph nodes followed by activation
of the adaptive response. The barrier permeability may be
exacerbated by inflammatory factors, such as TNF-alpha, IFN-
gamma, or IL-17, allowing more influx of microbial TLR ligands
into the connective tissue. Moreover, DAMP released because of
inflammatory host cell damage may also activate TLR.

Whether inflammation precedes and contributes to the
initiation of oral carcinogenesis or not, premalignant lesions
in the oral cavity, metaplasia and dysplasia in the esophagus
and stomach, and adenoma in the colon—are typically
associated with mucosal inflammation, while colitis-associated
intestinal carcinogenesis is well-recognized. The epithelial
cells in premalignant lesions of the oral, esophageal, gastric,
and colonic mucosa express high levels of TLR2, TLR4,
and TLR5 [91, 93, 98, 103-106, 134, 135], which could
potentially contribute to the induction and persistence of certain
aspects of inflammation in the mucosa in the context of
compromised epithelial differentiation. Gastric carcinogenesis
is associated with decreasing levels of TLR inhibitors and
elevated TLR levels throughout the process of carcinogenesis
starting with metaplasia through established adenocarcinoma
[105]. Toll-like receptor 5 has also been proposed as a
biomarker for gastric and cervical dysplasias, because its
expression increases through stages of cancer development
[105, 136]. However, the function of epithelial TLR in pre-
cancer has been addressed only in a few studies of gastric
and colon dysplasia. For example, in a mouse model of
colon cancer, epithelial TLR4 activity induced the beta-catenin
pathway, potentially linking TLR4 with oncogenesis [137].
How epithelial cell TLR function in oral premalignant lesions
is unknown.

The inflammatory milieu associated with mucosal pre-cancer
has been addressed in several studies. Colorectal adenomas are
associated with Th17 responses, followed by immunosuppression
in adenocarcinoma [138], and IL-17-related profile has been
linked to carcinogenesis in the GI tract [139]. Similarly,
inflammatory cell infiltrates and soluble factors found in the
mucosa in oral epithelial dysplasia preferentially showed a
Th17 profile [140, 141], although any specific contribution
of Thl7-related immune response to oral carcinogenesis is
yet to be identified. A 4-NQO carcinogen-driven mouse
model of oral cancer revealed that the initial inflammatory
profile present in pre-cancer (dominated by IFN-gamma and
IL-17 along with other inflammatory mediators) [140] was
succeeded by anti-inflammatory cytokine IL-10 as the lesions
progressed to SCC [142]. In a molecular analysis of human
oral premalignant lesions (OPL) which included hyperplasia
and dysplasia, samples were grouped into “immunological” and
“classical” categories because of significant differences in the
enrichment of immune pathways vs. xenobiotic metabolism
pathways, respectively [143]. Although a detailed assessment
of immune landscape was not described in this study, the
“immunological” subset had more inflammatory cells within
the epithelium and lamina propria, as well as an apparent
enrichment of genes for cytotoxic T cell, IL-12, and IL-
17 pathways, consistent with Thl and Th17 profiles [143].
Exactly how TLR activities in immune and epithelial cells

of oral premalignant conditions affect the milieu is yet to
be characterized.

In order to understand if and how pre-existing oral mucosal
inflammation of different types and its causes affect oral
carcinogenesis, better models associated with inflammation are
needed. In addition, studies of potentially malignant disorders
separated by subsite, the presence of dysplasia, or inflammation
are important.

Established Cancer TME

Overview of Inflammatory Profiles in OSCC

The inflammatory profiles are much more heterogeneous in
established OSCC than in precursor lesions. The studies that have
characterized the immune landscape of SCC at various sites are in
overall agreement that OSCC and other HPV-negative SCC are
most likely to exhibit unfavorable non-Th1 profiles, as illustrated
in several recent publications mentioned here. Investigation
of head and neck and other SCC using the Cancer Genome
Atlas (TCGA) identified at least 6 immune profiles depending
upon the activity in angiogenesis, inflammation, reactive stroma,
T cell, IFN-gamma, TGF-beta, and differentiation pathways
ranging from favorable Thl-dominated to immunosuppressive
type, immune cold type, and additional intermediate types [144].
As predicted, tumors associated with high CD8", NK cell, and
IFN-gamma presence, i.e. Thl profile, had the best prognosis
[144]. Some studies have found a Th17 profile in subsets of head
and neck and OSCC TME and in the peripheral blood of such
patients, and this profile was associated with worse prognosis
than Thl type. For comparison, HPV-related SCC of either head
and neck or uterine cervix origin were much more likely than
HPV-negative SCC to present with the Thl-dominant profile
(presumably, due to the presence of viral antigens), although
unfavorable profiles, especially the immunosuppressive type,
overlapping with those found in HPV-negative SCC were also
identified [145]. Single-cell transcriptional analysis also revealed
significant differences between HPV-related and HPV-negative
HNSCC immune profiles, especially in the B cell, myeloid cell,
and conventional CD4" T cell populations [145], perhaps in
part because the vast majority of HPV-related head and neck
carcinomas, unlike HPV-negative OSCC, arise in the MALT of
the oropharynx. Yet, much remains unknown about exactly how
these profiles become established, or how consistent they are
throughout the mass. Given the plasticity of myeloid and T
cell populations [145], variation in tumor location, the ongoing
recruitment of new leukocytes, conditions in different areas of
the mass, as well as evolution of microbial colonization, immune
profiles may vary throughout the tumor.

Notably, OSCC and other mucosal cancers sometimes contain
newly-developed tertiary lymphoid structures (TLS). TLS consist
of organized B cell follicles, T cell-rich areas, and antigen
presenting cells, with or without high endothelial venules
[146-150], and are distinct from the secondary lymphoid
structures called MALT. TLS presence in various cancers
generally correlates with improved patient survival, although in
OSCC, there is more heterogeneity than in other cancers for
unknown reasons [148]. Moreover, TLS in the oral mucosa and
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other sites are not unique to cancers, but are also found in
infections and non-infectious chronic inflammatory disorders
[147, 151].

Recent advances in immunotherapies aimed at improving T
cell responses are making progress in head and neck cancer
management, especially therapies focused on tumor cell-T cell
interactions [152-156]. The success of Thl-based antitumor
response depends in part on the antigens expressed by the tumor
cells. The co-localization of microorganisms and the malignant
cells in OSCC with a never healing surface presents a range of
potential targets for the immune response, and contributes to
the chronically inflamed, smoldering wound-like environment
of OSCC and of other digestive tract carcinomas unable to
reestablish normal barrier. While TLR ligands are the most
obvious initiators of inflammatory mechanisms in macrophages
and dendritic cells that are followed by the adaptive response,
the antigen specificity of the adaptive immune responses within
the microenvironment of OSCC and other surface carcinomas is
poorly characterized. There is increasing evidence from various
carcinoma studies of peripheral blood cells and circulating
antibodies that T and B cells respond to shared (i.e. expressed by
both normal and tumor cells) and to tumor-specific antigens (i.e.
resulting from mutations), which can predict better prognosis
in some cancers [157, 158]. However, intratumoral carcinoma
cell-specific responses are often low. For example, only 0-10%
of intratumoral CD8" T cells in ovarian and colon carcinoma
patients could recognize tumor antigens [159]. Moreover, tumor
vaccine trials using a widely expressed shared antigen (MUCI)
in patients with colorectal adenoma showed that over 50%
of patients did not respond to the vaccine, which correlated
with high numbers of circulating MDSC [160], revealing that
interference with anti-tumor immune responses may develop
already at the pre-cancerous stage. Notably, carcinoma cell
death can also benefit the tumor as a whole because of the
release of DAMP and ATP (discussed more below) with pro-
tumor effects on the microenvironment and the surviving
tumor cells.

NK-based therapies are also under investigation, as NK
cells can kill tumor cells that lack MHC class I [161]. TLR
ligands are also being tested for the ability to enhance T cell-
mediated antitumor response because of their stimulatory effects
on DC maturation, migration, and antigen presentation. Yet,
interference with cytotoxic T cell, NK cell, and IFN-gamma
antitumor responses, many of which are connected to TLR
activities, remains a significant hurdle to overcome. Particularly
relevant to this review is that conditions in OSCC and
other surface-associated carcinomas generate—and selectively
amplify—cell subsets and molecules utilized in pro-homeostatic
processes, such as non-Thl innate and adaptive immune cells,
myeloid suppressor cells, regulatory T cells, and products of
immune and non-immune cells in the TME that interfere with
antitumor immune responses.

The apparent switch from more destructive immune
profiles in premalignant lesions to the predominantly
immunosuppressive immune profiles in OSCC point to the
possibility that TLR may be essential to the process, given their
functions in non-cancerous conditions.

Cell Surface TLR and OSCC TME: Interference With
Successful Antitumor Responses

Evidence indicates that cell-surface TLR are important
contributors to the success of carcinogenesis. In addition to
immune system and other stromal cells, functional TLR are
also expressed by malignant epithelial cells, including OSCC,
and participate in the biology of carcinomas. So far, the best
characterized PRR in carcinoma cells are TLR2 and TLR4. The
outcomes of carcinoma cell TLR signaling affect inflammatory
conditions as well as have tumor cell-intrinsic effects unrelated
to inflammation, because TLR activate NF-kB [96, 110, 162]
and ERK1/2 MAPK [96] pathways in OSCC cells. Examples of
cytokines and growth factors induced by TLR2 and/or TLR4
in OSCC cells include IL-1, IL-6, GM-CSE, TNF-alpha, CCL2,
CCL20, CXCLS8, and VEGF [96, 109, 110], which contribute
to the inflammatory environment, vascularization, and tumor
cell properties. TLR5 expression has been identified in OSCC,
although little is known about its role. There is evidence from
animal studies that TLR5 signaling at mucosal surfaces promotes
systemic inflammation dependent upon tumor cell- and
leukocyte-derived IL-6, and involves MDSC and gamma-delta
T cells, driving progression of extra-intestinal cancers. These
observations are supported by human data [163].

The roles of immune and carcinoma cell surface TLR2 and
TLR4 in inflammation and immunosuppression are discussed
first, followed by non-inflammatory cell-intrinsic carcinoma cell
TLR functions.

Monocytes-Macrophages-M-MDSC

This is a particularly well-studied group of cells in the TME so far.
A variety of monocyte and macrophage phenotypes are highly
represented in all of the described types of carcinoma immune
profiles. A subset of macrophages derives from a proliferating
pool of original resident macrophages, while a continually
increasing pool comes from newly recruited monocytes [164].
Monocytes are actively recruited to tumors, including OSCC,
by several chemokines [165, 166], where they proliferate and
differentiate with remarkable plasticity. Particularly relevant to
this recruitment are the NF-kB-dependent CCL2-5, inducible in
the TME and other inflammatory conditions via TLR [167-169].
TLR2/1 and TLR4 activities alone or combined also stimulate
CCL2 production in OSCC cells [96, 109]. TLR stimuli contribute
to the spectrum of TME monocyte-lineage cells from M1 to
M2 with intermediate phenotypes [170] and to M-MDSC [171],
but the pro-tumor M2 (also referred to as tumor associated
macrophages, TAM) and M-MDSC are dominant in established
OSCC and in the circulation of patients with cancer [110, 161,
172]. LPS triggers metabolic reprogramming in macrophages
[173,174], including TAM, which conditions the TME to support
tumor growth [170]. OSCC cells also help to support TME
macrophages, because TLR4 stimulate OSCC cells to secrete GM-
CSF [110], which is an important factor for the development
and maintenance of macrophages [175]. As discussed earlier,
TLR contribute to the evolution from M1 to M2 in other
settings, which are normally important to recover homeostasis.
However, as malignant epithelial cells in OSCC cannot repair
the barrier, the M2 and M-MDSC continue to receive TLR- and
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cytokine-mediated stimulation, produce IL-6, IL-10, TGF-beta,
and other factors that suppress antitumor responses, and also
support cancer cells in other ways, such as secrete epidermal
growth factor (EGF) and VEGFA [170, 176-178]. M-MDSC
that receive TLR2 stimuli in combination with Thl cytokine
IFN-gamma become inducible nitric oxide synthase (iNOS)™
macrophages that impede proliferation of CD8" T cells [172],
thus compromising anti-tumor cytotoxicity. Selected aspects of
LPS-induced effects on OSCC and monocytes/macrophages are
illustrated in Figure 3.

As mentioned previously, TLR ligand-stimulated monocytes
and macrophages are a major source of TNF-alpha and IL-
6, key factors in TME that are also inducible in other
cells including OSCC [96, 179]. Similar to other factors
generated during inflammation (ROS, for example), TNF-alpha
has tumor-destructive and tumor-promoting properties, which
appear to depend on the receptor (TNFR1 vs. TNFR2) [182]
and the amount of TNF [123, 127, 183, 184]. Low TNF
concentrations produce pro-tumor activities in the TME via NF-
kB-mediated induction of cytoprotective and angiogenic factors
IL-6 and VEGE differentiation of mesenchymal stem cells into
endothelial cells, increase in vascular permeability, recruitment
of neutrophils and monocytes, monocyte differentiation into
MDSC, and promotion of Tregs [184]. Anti-tumor activities
involve relatively high TNF concentrations and binding to
TNFR1, which mediates stromal and tumor cell apoptosis,
microvasculature collapse, and increased T and NK cell
cytotoxicity [183, 184], as well as prevents the transition from M1
to M2 [111].

The TME is equipped to control TNF-alpha production.
Negative regulation of TNF-alpha levels involves TLR and
adenosine derived from ATP. ATP levels in the TME of
solid cancers are elevated due to cell death, inflammation and
hypoxia [185, 186], and may also come from the colonizing
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FIGURE 3 | Outcomes of interactions between OSCC cells, monocytes and a
monocyte-macrophage-derived IL-6 activates STAT3 in most cells.
stimulating vasculogenesis and lymphangiogenesis, respectively. References:

VEGF-C
CXCLS
recrwtment
TLR4 ligand E. coli LPS. OSCC cells selectively inhibit LPS-induced TNF-alpha
LPS-induced CCL2 and CXCLS8 recruit monocytes and neutrophils
Kurago et al. [109], Lam-ubol et al. [179], Palani et al. [96], Rajarathnam et al.

@ -»TNFar’(m (%/
A
production in monocytes-macrophages without disrupting IL-6. OSCC and
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microorganisms. Although not tested using OSCC-associated
microbiome, a variety of human bacterial pathogens are
known to produce and release ATP during growth [187].
ATP is dephosphorylated by cell-surface enzymes CD39 and
CD73 on immune system, tumor, and other cells, which
then results in often micro-molar adenosine concentrations
in the TME [185, 188]. Cell surface TLR activity induced
by MAMP or DAMP (such as versican and HMGB1) leads
to increased expression of inhibitory A2a and A2b adenosine
receptors through which adenosine selectively inhibits TNE-
alpha production in monocytes/macrophages. Our own studies
showed that in the presence of OSCC cells, monocytes altered
their response to E. coli LPS by markedly reducing TNEF-
alpha production, but maintained high levels of intracellular
and secreted cytoprotective IL-6 (Figure 3), and in the process
also acquired intermediate or non-classical monocyte phenotype
[179] representative of anti-inflammatory monocytes [189]. The
most likely candidate that explains suppression of TNF-alpha is
adenosine, as these OSCC cells express CD39 and CD73. On
the other hand, OSCC cells may also be subject to effects of
adenosine, because the inhibitory A2a AR are upregulated by
TLR2 activity in OSCC cells and are able to signal via the MAPK
ERK1/2 pathway [96], while A2b AR were shown to promote
OSCC cell proliferation in vitro [190].

The critical protumor role of IL-6 in cancer, including
OSCC, is well-known [114, 191-193]. Besides monocytes and
macrophages, other TME-associated cell types, including OSCC
cells, produce it (and other IL-6-family cytokines) in response to
TLR ligands and other NF-kB-inducing inflammatory mediators.
As mentioned previously, by activating STAT3 in immune system
cells IL-6 contributes to immunosuppression. This effect is
amplified by IL-10, which is also abundant in OSCC TME [142].
A recent study clearly linked TLR-triggered NF-kB activation
with induction of STAT3-mediated immunosuppression in TME.
Tang et al. showed that cancer cell-derived DAMP versican
activated TLR2 in TME cells, and the induced IL-6 and IL-
10 synergistically caused STAT3 activation in intratumoral DC,
which resulted in their dysfunction in terms of directing Th1 and
cytotoxic antitumor response [194]. This is yet another example
of TLR2 role in tumor-related immunosuppression.

Besides suppressing toxic immune responses, STAT3
functions as an oncogene in malignant cells and is a key factor
that links inflammation and cancer [114]. Activated STAT3
helps tumor cells to proliferate, survive insults, resist noxious
chemicals and potent inflammatory mediators, and it supports
aerobic glycolysis, reduces reactive oxygen species, and protects
tumor-initiating cells also known as cancer stem-like cells
(CSC) [195]. Our studies showed that OSCC cells did not have
constitutively activated STATS3, but soluble factors generated in
response to TLR4 stimuli either in monocytes, in monocyte-
OSCC co-cultures, or in some OSCC cell lines, were responsible
for OSCC STAT3 activation; blocking studies indicated that IL-6
was one of the responsible factors [109]. In addition to cytokines,
growth factors acting on their receptors, such as epidermal
growth factor receptor (EGFR), also activate STAT3 [196], and
macrophages are an important source of EGF in OSCC [197].
TLR and STATS3 activity in carcinoma cells [109] promotes TME
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vasculogenesis and lymphangiogenesis due to production of
VEGF-A and VEGF-C, respectively [181, 198, 199].

Neutrophils (Polymorphonuclear Leukocytes, PMN)

Besides monocyte-derived M-MDSC, PMN-derived subsets are
also important contributors to the tumor microenvironment
and are recruited in response to TLR signals. TLR-induced
chemokines including NF-kB-dependent CXCLs 1, 2, 8 (and
other factors) recruit neutrophils via CXCR1 and CXCR2 [180].
OSCC cells contribute to neutrophil recruitment because they
produce CXCL8 when stimulated by TLR2/1 or TLR4 ligands [96,
110]. A recent study using CIBERSORT (Cell type Identification
By Estimating Relative Subsets Of known RNA Transcripts)
method showed that among leukocyte gene signatures found
in various cancers, including HNSCC, high neutrophil presence
carried the most significant adverse prognosis [200], and
neutrophil contributions were also noted in oral cancer [201-
203]. Neutrophils are recruited to sites of mucosal surface
breach via chemokine receptor signals. Like other immune
system cells they express functional cell-surface and intracellular
TLR [204, 205], and TLR4 activity contributes to neutrophil
survival [206]. Similar to monocytes-macrophages, neutrophils
can promote carcinogenesis as type 2 (N2) or as related
populations called PMN-MDSC or GR-MDSC by impeding
antitumor immune responses [207]. The role of neutrophil TLR
in protumor functions of these cell subsets is not clear. However,
in inflammatory bowel disease (IBD), which is a precursor to
IBD-associated colon cancer, PMN were found to accumulate
in large numbers and to release myeloperoxidase (MPO) along
with other enzymes [208]. The study team demonstrated that
MPO-catalyzed reactive oxygen species (ROS) caused intestinal
epithelial injury and contributed to the impaired wound
healing in this model. The soluble factors released by activated
neutrophils, and potentially induced in a TLR-dependent manor,
are among those associated with carcinogenesis, including IL-
1, IL-6, IL-10, TGF-beta, factors important for angiogenesis,
and ROS [205, 207]. However, whether TLR signals specifically
contribute to the transition of neutrophils to one of the pro-
tumor phenotypes has not been determined. It is also unclear
how infiltration of tumors by neutrophil subsets affects the
associated microbial communities.

Other TME Cells

TLR signals also affect T and B cell phenotypes and function
in the TME. The immunosuppression generated by monocyte,
macrophage and neutrophil subsets is enhanced because the
effector Treg cell subset is highly enriched in OSCC and
other carcinomas that express the NF-kB-dependent chemokine
CCL20, a factor that is also important for homeostasis [209-211].
CCL20 is significantly increased in the saliva and tissues of OSCC
patients [212], and is often secreted by OSCC cells, especially
in the presence of TLR ligands [109]. Moreover, TLR2 and A2a
AR together contribute to the induction of Treg [213]. That said,
data on the prognostic impact of Treg in TME of OSCC appear
to be controversial, as both pro- and anti-tumor Treg activities
are proposed in different studies [214, 215]. In addition, CCL20
also attracts other immune system cells that express its receptor

CCRG, such as Th17 [216], which contribute to a pro-tumor TME
in various cancers. However, the mechanisms of Th17 activity
in OSCC are unknown. Even B cell TLR activity was shown
to trigger their regulatory function and suppress both Thl and
TH17 cells [116], although much remains unknown regarding
Breg functions in OSCC.

Other tumor stromal cells, such as fibroblasts and endothelial
cells also respond to TLR ligands, most consistently those specific
for TLR2 and TLR4, which contributes to inflammation, tissue
remodeling, and angiogenesis [217], though studies of these
functions in TME are limited. There is evidence that stromal
and cancer-associated fibroblasts promote tumorigenesis via
TLR4/MyD88 signaling [218]. Little is known about endothelial
cell TLR function in the TME.

In summary, accumulating data reveal the multifaceted
contributions of cell surface TLR, especially TLR2, to a
cancer cell-friendly microenvironment by acting on stromal
and carcinoma cells with a profound impact on the quality
of inflammation.

Non-inflammatory Cell-Intrinsic Effects of TLR in
OSCC Cells

Multiple carcinoma cell-intrinsic effects due to TLR activities
are possible via TLR-mediated signals through NF-kB and
MAPK pathways along with induction of STAT3-activating
factors with benefits for tumor growth and survival. TLR2
function in carcinoma cells has been studied the most so far
(discussed below) (Figure 4). Data on flagellin-induced TLR5
signaling in OSCC and HPV-negative oropharyngeal SCC are
limited and somewhat mixed, as despite high TLR5 expression
revealed by immunohistochemistry, NF-kB activation was not
detected in two HPV-negative SCC cell lines [102, 220, 221].
Immunohistochemistry-based studies in tongue SCC show a
range of TLR2, 4 and 5 expression in OSCC cells and suggest that
the amount of TLR expression in carcinoma cells may positively
correlate with more advanced tumors and worse outcomes [103,
222, 223]. However, other studies are contradictory [224]. Other
approaches are necessary to resolve the controversy.

The most detailed account of carcinoma cell-intrinsic
TLR2 function was described in gastric adenocarcinoma
cells that expressed high levels of TLR2, resulting in
increased ligand-induced cell proliferation and survival
independent of inflammation. These functions were related
to several upregulated anti-apoptotic genes and cell cycle
progression/proliferation genes, as well as decreased expression
of tumor suppressor genes, first identified in mouse models
and verified in human samples that expressed high levels of
TLR2 [225]. These results have important implications for
treatment strategies, because more than 50% of intestinal type
gastric adenocarcinomas irrespective of ethnicities or geographic
distribution, are TLR2-high [225]. Moreover, TLR2 activation in
human gastric cancer cells also affected cell metabolism, leading
to induction of both OXPHOS and glycolysis with a bias toward
glycolysis [226]. In addition, there was a positive correlation
between superoxide dismutase (SOD) and TLR2 expression
with associated poor patient survival [226]. It is possible that
gastric adenocarcinoma responses to TLR activation are distinct
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from those in other carcinomas because of the causative role
the bacterium Helicobacter pylori plays in gastric carcinogenesis.
However, cell-intrinsic benefits of TLR2 activity have also been
described in carcinomas of the intestine, breast and liver [89],
ovary [227, 228], and OSCC.

In OSCC cells, most reports show TLR2- or TLR4-mediated
increase in proliferation and survival [96, 107, 108, 110]. Our
own studies connected TLR2-induced OSCC cell proliferation
and resistance to apoptosis to the ERK1/2 MAPK pathway [96].
Notably, the TLR2/1 and TLR2/6 heterodimers were both active
in OSCC cells that expressed more TLR2 than TLR4 based upon
quantitative PCR analysis. Our study also revealed that only one

survival
e | proliferation
1 = |invasion

IL-6R

ERK1/2 &

drug @
resistance

FIGURE 4 | Carcinoma cell-intrinsic pro-tumor effects of TLR activities. TLR
ligands activate NF-kB and ERK1/2 MAPK pathways leading to increased
proliferation, improved survival, and resistance to drugs. The induction of
STAT3-activating factors (such as IL-6) can also contribute to CSC expansion
and survival. So far the role of p-gp has been demonstrated in normal stem
cells. References: Frank et al. [219], Kurago et al. [109], Palani et al. [96],
Shinriki et al. [181], Szczepanski et al. [110], and Yeh et al. [162].

out of five evaluated OSCC cell lines expressed more TLR4 than
TLR2 and showed very little response to TLR2 stimuli [96]. In
addition, TLR/MyD88 activation in OSCC cells by periodontal
pathogens was shown to trigger integrin/FAK signaling, which
then increased the aggressive behavior of OSCC cells [28].
Considering that TLR activity induces metabolic changes with
increase in glycolysis in macrophages and gastric carcinoma cells,
it is theoretically possible that this mechanism may operate in
OSCC cells.

As mentioned earlier, activated TLR2 or TLR4 in OSCC
can trigger the production of IL-6 and other STAT3-activating
factors that then act in autocrine fashion on the OSCC receptors,
which is another major cell-intrinsic pro-tumor benefit of
TLR activity. Whether activated STAT3 in OSCC cells can
stimulate TLR2 expression in the way it does in gastric
carcinoma cells [229] is not known. How TLR expression
is regulated in OSCC cells is another important question
to investigate.

STAT3 is essential for the maintenance of a stem cell
phenotype [230], and accumulating evidence suggests that
TLR signaling is also important in undifferentiated epithelial
cells and cancer stem-like cells (CSC) [89] because of the
downstream NF-kB activity. NF-kB has been implicated in
regulating stem-like properties and their self-renewal in various
carcinomas, including HNSCC. HNSCC cultured in conditions
that enrich stemness showed activated NF-kB with reduced levels
of negative regulators of TLR signaling [162]. In addition, NF-
kB targets COX2/PGE2 were reported to maintain stem-like
properties in gastric adenocarcinoma [231]. Another pathway
shown to regulate HNSCC CSC reprogramming involves c-
FOS [232], which we found to be activated by TLR2 ligands
via MAPK ERK1/2 in OSCC cells. We also noticed that

TABLE 1 | Expression and functions of cell-surface TLR in normal and abnormal oral epithelium.

Expression

Reported responses References

TLR1-6; subsite variation; TLR2 and
TLR5 mainly in basal layer

Normal oral epithelium

Inflamed oral epithelium or
pre-exposed to IFN-vy, IL-17

Increased TLR2, TLR4, TLR5; others
not tested

Increased TLR2
TLR2, TLR5; others not tested

Oral hyperkeratosis
Epithelial stem cells

Oral epithelial dysplasia Increased expression in TLR2, TLR4,
TLRS; others not tested

Increased TLR2

TLR1-6; increased TLR2, TLR5,
(increased TLR47?)

PVL*
0SsCC

TLR2: AMP, chemokines; enhanced
tight junctions/reduced permeability;
TLR2>TLR4; TLR4 responses limited;
may require internalization of LPS
Production of IL-1-beta, TNF-alpha;
increased epithelial permeability

[91-95, 99-103]

[84, 91, 93, 94, 99, 102]
Unknown [91]

Epidermal, intestinal: Neal et al.
[90], Schauber et al. [87],
Schauber and Gallo [88], and
Scheeren et al. [89]

Not described in normal oral epithelial
stem cells; promotes proliferation and
migration in epidermal and intestinal
epithelial stem cells

Unknown [91, 98, 98, 103, 106]
Unknown [91]
TLR2-high OSCC: Induction of [28, 107-110]

NF-kB, ERK1/2 MAPK; TLR2, TLR4:
Induction of IL-6, GM-CSF, IL-1,
TNF-alpha, CCL2, CCL20, CXCLS;
VEGF

For more details please see text.
*PVL, proliferative verrucous leukoplakia.
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immunohistochemical staining of OSCC specimens showed
more intense labeling of smaller undifferentiated carcinoma cells
than the large well-differentiated cells [96]. CSC are known to
be more resistant than other subsets to chemotherapy, so that
TLR stimuli may be contributing to this resistance. For example,
TLR4 activation was shown to protect OSCC cells from cisplatin
toxicity [110]. Although not tested in carcinoma cells, evidence
also points to a role for TLR2 in protecting cells from genotoxic
insults by limiting damaging inflammation and maintaining the
assembly of p-glycoprotein (p-gp), a drug efflux transporter
pump, which is expressed in myeloid and epithelial cells among
other cell types [219]. The mechanisms of cancer cell resistance
to therapy may involve NF-kB-mediated and MAPK-mediated
activities generated by TLR and NF-kB-activating inflammatory
factors, along with subsequent activation of STAT3-mediated
maintenance of CSC. Figure 4 summarizes several TLR-mediated
cell-intrinsic effects on carcinoma cells.

CONCLUSIONS

The comprehensive approach to this review was used in order
to develop a more complete landscape of oral carcinogenesis
in the context of microbial colonization and cell-surface PRR
designed to perform many functions to protect the host from
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