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The 1901 edition of Gray’s Anatomy describes the mouth as part of the 
“Organs of Digestion” and goes on to list and describe the main structures 
and functions of the teeth and salivary glands with little or no discussion of 
the mucosa.

One hundred and sixteen years later one could be forgiven for thinking 
that not much has changed when a simple PubMed search for papers and 
reviews on the “oral mucosa in health and disease” returns 49 papers that, 
while beginning with much promise of new work on the oral mucosa, often 
skim over what limited new knowledge is available and resort to descriptions 
of the gut! The oral mucosa is still a neglected topic of investigation in many 
areas of oral biology.

Yet, the final sentence quoted in Box 1 was highly prescient for its time as 
the major findings over the last century on the function of the oral mucosa 
have culminated in the knowledge that the oral mucosa represents a highly 
tolerogenic environment.

Box 1: Gray’s Anatomy

The alimentary canal is a musculo- membranous tube about 30 feet 
long extending from the mouth to the anus, and lined throughout its 
entirety by mucous membrane…

The mouth (oral or buccal cavity) is placed at the commencement of 
the alimentary canal…

The mucous membrane lining the mouth is continuous with the 
integument at the free margin of the lips, and with the mucous lining of 
the pharynx behind… It is covered by stratified epithelium…

The gums are composed of a dense fibrous tissue, closely connected 
to the periosteum of the alveolar process, and surrounding the necks of 
the teeth.

They (the gums) are covered by a smooth and vascular mucous 
membrane, which is remarkable for its limited sensibility…

From: Gray’s Anatomy: Facsimile of 15th edition (1901) Barnes 
and Noble 2010

Introduction to the Oral Mucosa: 
Gatekeeper or Housekeeper?
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The tissues of the oral cavity have a variety of functions, from those asso-
ciated with nutrition (masticatory, sensory, pain and temperature perception) 
to the barrier functions that defend against infection with pathogenic organ-
isms (Chaps. 1, 4, and 10).

The oral mucosa is constantly exposed to antigenic stimulation in the form 
of foods, microbial antigens (commensals and pathogens) and inhaled mate-
rials, which have the potential to induce allergic reactions. However, in nor-
mal healthy individuals, acute inflammation is rarely seen and the mucosa is 
regarded as a tolerogenic environment where a functional homeostasis pro-
tects against pathological changes (Chaps. 5 and 8).

In recent years, it has become apparent that the relationship between the 
commensal microbial community (the MICROBIOME) in many mucosal tis-
sues of the body has a significant influence on health and susceptibility to 
disease, especially chronic or autoimmune/autoinflammatory conditions. The 
oral cavity is no exception to this. Over 700 species have been identified in 
the oral microbiome, and the host response to some organisms (such as peri-
odontal organisms) makes a significant contribution to health and/or disease 
progression (Chap. 10).

Genetic susceptibility to disease has been augmented by understanding the 
epigenetic effects of environmental challenges along with the activities of 
non-coding miRNAs and has gone some way in explaining the etiopathogen-
esis and behaviour of oral lesions (Chap. 9). New research on the processes 
of oral wound healing reveals complex pathways that are dependent on oral 
mucosal homeostasis (Chap. 6).

The purpose of this book is to review the current state of knowledge of the 
oral mucosa, to illustrate the bi-directional link between mouth and general 
health, and to signpost those changes in the mucosa that might be the first 
indications of developing or established systemic diseases.

 Beyond the Hard Stuff

Beyond the teeth lies the highly dynamic and complex microenvironment of 
support structures and networks of cells and tissue that make up the ORAL 
MUCOSA. Local and systemic diseases frequently reflect changes in the 
homeostasis of the oral mucosa.

It is perhaps simplest to regard the soft tissue of the oral cavity as a barrier, 
cleansed by constant bathing with saliva containing antimicrobial agents, 
enzymes and antibodies that limit microbial growth in the mouth (Chap. 7). 
However, this belies the highly active and dynamic properties of these tissues 
in protecting the host from infection and the consequences of inflammation. 
This is most obviously observed in the natural history of periodontitis, from 
mildly inflammatory gingivitis to chronic inflammation and the development 
of the dysbiotic (dysregulated) microflora. An exaggerated host inflammatory 
response allows colonisation with “keystone” periodontal pathogens that 
alter the microenvironment leading to loss of attachment, bone destruction 
and tooth loss.

Introduction to the Oral Mucosa: Gatekeeper or Housekeeper?
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The luminal layers of the mucosa undergo constant renewal by desquama-
tion, which acts to remove dead or damaged cells along with any adherent 
microorganisms. The presence of the mucous layer prevents penetration of 
most organisms, and the intricate association of adhesion molecules main-
tains the integrity of the tight junctions between epithelial cells, allowing 
passive diffusion of nutrients while excluding toxins by trapping them in the 
mucins where they are disposed of during desquamation (Chap. 3).

Although a small surface area compared with the gut mucosa, the oral 
mucosa is subdivided into different anatomical and functional regions. The 
cell populations within these regions can undergo diverse responses to both 
the commensal organisms and environmental challenges including ingested 
food and the disease risk factors associated with smoking, chewing betel quid 
and/or paan, alcohol and age-related degeneration. Despite these exposures, 
the oral mucosa of healthy individuals is a tolerogenic environment with tight 
control of the homeostasis existing between the commensals and the host 
responses (Chap. 5).

Inflammatory responses to infection and/or tissue damage act in concert 
with both the innate and adaptive immune systems to protect the oral mucosa. 
However, in several diseases with oral manifestations, it is clear that chronic 
inflammation, immune dysregulation and possible autoimmune mechanisms 
are responsible for the pathologies observed (Chaps. 8 and 10).

While the oral mucosa is frequently regarded as a part of the GI tract, with 
some similarities to skin, there are unique attributes to this tissue that warrant 
in-depth study. In the final chapter, we will attempt to summarise the types of 
experimental procedures currently being conducted to investigate the oral 
mucosa and speculate on the areas of investigation that might prove fruitful 
in elucidating the complex interactome of the oral cavity.

And Finally---
A recent review of the mucosal immune system entitled “The mucosal 

immune system: From dentistry to vaccine development” [1] contained an 
historical insight into the role that dental science and oral biology have played 
in furthering our understanding of the huge impact that the mucosal immune 
system has on health and well-being. The oral mucosa tends to be dismissed 
as just the entrance to the gastrointestinal tract, but this Gatekeeper tissue has 
a lot to teach us about the Housekeeper roles of both the oral mucosae and 
other mucosae in health and disease.

 Reference

 1. Kiyono H, Azegami T. The mucosal immune system: from dentistry to 
vaccine development. Proc Jpn Acad Ser B Phys Biol Sci. 
2015;91(8):423–39.
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Structure and Functions 
of the Oral Mucosa

Alan T. Cruchley and Lesley Ann Bergmeier

1.1  Introduction

Mucosal membranes are defined as moist linings 
of the body cavities including the gastrointestinal 
tract, the nasal passages, the vagina and other cavi-
ties that communicate with the exterior. The oral 
mucosa is a unique environment where the hard 
tissues of the teeth about the mucosal  epithelium 
and a flourishing commensal microbiome contrib-
ute to homeostasis. The oral cavity is a dynamic 
environment that is subject to mechanical stresses 
(through eating and talking), but also the changes 
that are involved in consumption of hot or cold 
foods, rapid changes in local pH, sensory changes 
such as pain, and the unique sensations of taste and 
thirst. Reflexes such as swallowing, retching, gag-
ging and salivating contribute to the complexity of 
the tissue environment.

The purpose of this chapter is to briefly 
review the structural features of the oral mucosa 
and place them in the context of the barrier and 
protective functions that maintain oral health 

and to act as a reference for the subsequent 
chapters on this mucosa in health and disease.

1.2  Anatomy and Organisation

The oral mucosa is separated from the skin by the 
vermillion zone of the lips which is more deeply 
coloured than the rest of the oral mucosa. The 
colour is affected by several factors including the 
concentration and dilation state of blood vessels 
in the underlying connective tissues; the thick-
ness of the epithelium; the degree of keratinisa-
tion and the amount of melanin pigment. The 
colour of the mucosa is of significant diagnostic 
importance. Inflamed mucosa, for example, will 
appear red while normal mucosa is pink. Oral 
pigmentation can also be increased as a result of 
systemic disease such as Addison’s and Peutz- 
Jeghers diseases [1].

Other differences from skin include the moist 
nature of the mucosa and the absence of structures 
such as hair follicles, sweat glands and sebaceous 
glands. However, in some individuals Fordyce 
spots, a type of sebaceous gland, are found pre-
dominantly in the upper lip, the buccal and alveolar 
mucosa. There are also significant structures in the 
form of minor salivary glands in the oral mucosa.

In appearance, the mucosa is smoother than 
the skin except on the dorsal side of the tongue 
due to the papillae, the rugae of the hard palate 
and the stippling of the gingiva. In some 
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 individuals, there is a white line of keratinised 
tissue (linea alba) at the occlusal plane of the 
teeth which may be due to the abrasive effect of 
rough restorations or to cheek biting.

The firmness also differs from region to region, 
with the buccal mucosa and lips being loose and 
pliable while the hard palate and gingiva are firm.

The oral cavity can be divided into two 
regions—the outer oral vestibule found between 
the lips and cheeks on the outside and the maxil-
lary and mandibular arches on the inside and the 
oral cavity proper situated within the dental arches 
(Fig. 1.1). The main structural features of the oral 
mucosa are the oral epithelium, lamina propria 
and submucosa. The oral epithelium is described 
as a stratified squamous epithelium and contains 
multiple types of cells with different morpholo-
gies arranged into discrete layers. The oral mucosa 
undergoes two distinct patterns of maturation 
resulting in the keratinised epithelium of the hard 
pallet and the gingivae and the non- keratinised 
epithelium of the sublingual and buccal mucosa.

The superior border of the latter is formed by 
the hard and soft palates and the inferior border 
by the tongue and the floor of mouth [2].

It is lined by a mucous membrane—the oral 
mucosa, which abuts on the skin at the mucocutane-
ous junction and the rest of the alimentary canal at the 
oropharynx. It forms a continuous lining, broken 
only at the junction between the gingiva and the tooth 
surface, and can be divided into masticatory mucosa, 
lining mucosa and specialised mucosa based on 
structure and function (Fig. 1.2). Masticatory mucosa 
is restricted to the hard palate and the gingiva, is 
tightly bound to the underlying tissues and possesses 
a tough keratinised surface to resist the loading and 
abrasive forces associated with mastication. Lining 
mucosa is generally  non-keratinised and freely 
mobile and covers the cheeks, inner aspects of the 
lips, floor of the mouth and ventral surface of the 
tongue. The dorsum of the tongue forms the special-
ised mucosa because of the presence of numerous 
taste buds and sensory nerve endings [2].

1.3  Function of Oral Mucosa

The oral cavity is constantly exposed to a poten-
tially damaging and rapidly changing environ-
ment, and the essential function of the oral 

Upper Lip

Alveolar Mucosa

Hard Palate

Soft Palate

Underside
of Tongue

Gingiva

Floor of Mouth

Lower Lip

Masticatory Mucosa

Lining Mucosa

Specialized Mucosa

Cheek

Tongue

Fig. 1.1 The general anatomy of the oral cavity
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mucosa is the defence and protection of the 
underlying tissues. This is achieved by:

 1. Providing resistance to mechanical injury or 
insult

 2. Resisting the entry of microorganisms
 3. Providing a barrier to the permeability of nox-

ious substances

This protective role is primarily mediated by 
the physical structure of the epithelium, the pres-
ence of immune-competent cells (Langerhans 
cells and lymphocytes) within the epithelium and 
lamina propria and the epithelial cells contribut-
ing to the protective capacity of the oral mucosa 
by sensing pathogens and by secretion of a vari-
ety of antimicrobial substances. In addition to 
protection, the oral mucosa also has important 
sensory functions including pain, touch, tempera-
ture unique to the oral cavity and taste. These are 
performed by a variety of specialised nerve end-
ings, cells (Merkel cells) and cellular structures 
(taste buds) found in different areas of the oral 
mucosa. Human oral mucosa, unlike skin, is not 
thought to have an important thermal regulatory 
function, although in animals this role may be 
more significant, for example the tongue of a 
panting dog [2].

1.4  Structural Regions 
of the Mucosa

The two main tissue components of the oral 
mucosa are the epithelium and the lamina propria 
supported by a fibrous connective tissue (Fig. 1.3).

Microscopically the junction between the 
epithelium and the lamina propria (LP) appears 
to be distinct. However, the junction between 
the mucosa and the submucosal is more diffi-
cult to define. It is also much less organised 
when compared with the intestinal mucosa 
(Fig. 1.4).

In gut, there is a clear layer of smooth muscle 
and elastic fibres known as the muscularis muco-
sae (Fig. 1.4a) which is absent in the oral mucosa. 
In some areas of the oral cavity there is a layer of 
loose fatty or glandular connective tissues that 
contains both blood and nerve supplies and this 
area separates the mucosa from the bone or 
 muscle that underlies these structures in the 
cheeks, the lips and parts of the hard palate. This 
is the submucosa and the composition of this area 
dictates the flexibility of the attachment to the 
underlying structures. However, in areas such as 
the gingiva and parts of the hard palate the 
 mucoperiosteum reveals a direct attachment of 
the mucosa to the bone. The minor salivary 

Masticatory Mucosa Lining Mucosa Specialised Mucosa

3 types of MUCOSA defined according to FUNCTION:

1. Masticatory Mucosa: 25% of total mucosa. Gingiva (free, attached and interdental) and hard palate. Primary mucosa 
that is in contact with food during mastication. 
 MASTICATORY MUCOSA IS USUALLY KERATINIZED.

2. Lining Mucosa: 60% of total mucosa. Covers the floor of mouth, ventral (underside) tongue, alveolar mucosa, cheeks, lips and soft palate.
 Does not function in mastication and therefore has minimal attrition.
 Non-keratinized; soft and pliable.

3. Specialised Mucosa: 15% of total mucosa. Covers dorsal tongue and is composed of cornified epithelial papillae.

Fig. 1.2 The organisation of the oral mucosa; consisting of masticatory mucosa, 25%; lining mucosa 60%; specialised 
mucosa 15% [3]

1 Structure and Functions of the Oral Mucosa
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glands lie within the submucosa while the 
Fordyce spots, although few, lie within the lam-
ina propria and are thought to produce sebum that 
lubricates the mucosa.

The immune cells lie within the lamina propria 
and there are scattered lymphoid loci. Waldeyer’s 
ring consists of the lingual, palatine and pharyn-
geal tonsils. Along with the salivary glands, these 
are the major elements of the immune system 
within the oral cavity and are discussed in more 
detail in subsequent chapters (Chaps. 4 and 5).

1.5  Epithelium: Structure 
and Organisation

The oral epithelium is a stratified squamous epi-
thelium and forms the main barrier between the 
oral environment and the deep tissues. The cells 
are tightly attached to one another and are lay-
ered from the basal lamina through spinous, 
granular and cornified layers (Fig. 1.5). The strat-
ified squamous epithelium lining the oral mucosa 
shows some important regional differences in its 
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Fig. 1.4 Comparison of the arrangement of tissue layers in (a) intestinal mucosa, (b) oral mucosa and (c) oral 
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Arrangement of the main tissue components of the oral mucosa
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Fig. 1.3 The main tissue components of the oral mucosa are the epithelium and the lamina propria (a) cartoon of major 
tissue componenets, (b) Histology of the hard palate showing the components drawn in (a). Right hand panel (A) 
Masticatory Mucosa (mucoperiosteum). (B) Lining mucosa
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pattern of maturation reflecting the function of 
each of the major types of mucosa (Fig. 1.2).

The oral mucosa is a self-renewing tissue 
where cells in the deepest layers (the progenitor 
population) undergo mitotic cell division fol-
lowed by terminal differentiation as the cells 
migrate to the surface (maturing population) 
and replace cells as they are shed from the sur-
face. The transition from proliferation to differ-
entiation is thought to be controlled by 
microRNAs [4].

The maturing cells generate a protective layer 
at the periphery known as the cornified envelope. 
This consists of keratins embedded into a protein 
matrix with a lipid envelope. In a series of matura-
tion and synthesis steps the cytoplasmic face of 
the plasma membrane of the cells is replaced by 
this lipid envelope which eventually completely 
replaces the plasma membrane of the corneocytes 
and becomes coated with lipids consisting mainly 
of ceramides, cholesterol and free fatty acids 
which act as an essential water barrier. These cor-
neocytes are tightly attached together by modified 
desmosomes (see Chap. 3) and undergo proteo-
lytic degradation as the cells desquamate. It is 
now thought that there are two  subsets of progeni-

tor cells: a small population of cycling stem cells 
which maintain the proliferative potential of the 
tissue and a larger subset of amplifying cells 
which maintain the cells available for maturation. 
The progenitor cells lie in the basal layers of thin 
epithelium such as the floor of the mouth or in the 
lower layers of thick epithelium such as the buc-
cal mucosa [5]. Oral keratinocyte progenitor cells 
have been characterised as relatively smaller than 
other cells in the tissue and by the expression of 
p75, a member of the tumour necrosis family 
(TNF) of proteins that mediate cell survival, apop-
tosis and intracellular signalling [6].

The turnover time for these cells differs from 
region to region and is dependent on keratinisa-
tion, with non-keratinised epithelium turning 
over faster than keratinised epithelium. These 
rates have been estimated at 25 days in the buccal 
mucosa and between 41 and 75 days in the gin-
giva. This compares with 52–75 days in skin and 
4–14 days in the gut [7].

It should be noted that cancer chemotherapy 
drugs block mitotic division which can disrupt 
the process of epithelial turnover and result in 
damage to the oral epithelium with many patients 
developing oral ulcers.

Keratinized
Layer
Granular
Layer

Prickle-cell
Layer

Prickle-cell
Layer

Basal
Layer

Superficial
Layer

Intermediate
Layer

Membrane-
coating
Granules

Membrane-
coating

Granules

Keratinized epithelium

Oral mucosa: outline structures and functions

nonkeratinized oral epithelium

Functions:
Masticatory: Hard Palate and Gingiva- keratinized
Lining mucosa: Buccal; sub-lingual regions- non-
keratinized
Specialised mucosa: Tongue- keratinized on the dorsum

Outer lip

Hard palate

Palatine tonsil

Ventral side of the tongue
[SUBLINGUAL REGION]

Gingivae (gums)
[BUCCAL REGION]

Gingivae (gums)
[BUCCAL REGION]

Floor of the mouth
[SUBLINGUAL REGION]

Dental Arches

Dental Arches

Cheeks
[BUCCAL REGION]

Inner lip [BUCCAL REGION]

a c

b

Basal
Layer

Fig. 1.5 Outline structure and function of keratinised (a) and non-keratinised mucosa (b). Regional distribution of 
functional tissues in the mouth (c). Reproduced with permission of the publishers
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The keratinising epithelium of the mastica-
tory mucosa has a similar structure to that of 
skin, in which the epithelial cells (keratino-
cytes) undergo terminal differentiation to form 
corneocytes. These anucleate cells are densely 
packed with keratin fibres, which become 
tightly bound together to form the stratum cor-
neum. This provides the main barrier to 
mechanical insult, and bacterial and chemical 
damage (Table 1.1).

Basal keratinocytes are cuboidal, basophilic 
cells which become larger and paler as they leave 
the basal layer to form the spinous cell layer 
(stratum spinosum), where epithelial stability is 
maintained by numerous desmosomal intercon-
nections together with the characteristic arrange-
ment of tonofilaments in bundles. These insert 
into the desmosomes and serve to distribute the 
stresses associated with friction. Towards the 
 surface the cells become flattened and acquire 
keratohyalin granules associated with the tono-
filaments (stratum granulosum). The granules 
contain filaggrin, which acts as the matrix in 
which the tonofilaments become embedded to 
form the corneocyte. This general pattern of 
keratinisation is known as orthokeratinisation.

In the masticatory mucosa, a variation of kera-
tinisation known as parakeratinisation occurs 
where the cells retain shrunken or pyknotic nuclei. 
This is a normal process in the oral mucosa and is 
most commonly observed in the gingiva; how-
ever, in skin it is associated with psoriasis.

Incomplete keratinisation can also occur, 
where the outermost layer appears to have 
become rehydrated and resembles the deeper lay-
ers. Again, no pathology is associated with this 
morphology.

In non-keratinising epithelia, although the 
changes associated with terminal differentiation 
are less striking, a similar maturation pathway 
has been identified. These have been divided into 
stratum basale, stratum suprabasale, stratum fila-
mentosum and stratum distendum more accu-
rately reflecting the ultrastructure of the different 
layers [8] than the original classification of basal, 
prickle, intermediate and superficial layers, 
although the latter terminology has persisted. 
Overall, fewer tonofilaments are present and their 
distribution is random compared to that seen in a 
keratinising epithelium and, while there is some 
cell flattening, loss of organelles characteristic of 
orthokeratinisation does not occur. The random 

Table 1.1 Characterisation of the layers of the masticatory and specialised mucosa (from Ten Cate’s Oral Histology [67])

Regional variation in the oral mucosa: 1. Masticatory and specialised mucosa

Masticatory 
mucosa Covering epithelium Lamina propria Submucosa
Gingiva Thick, orthokeratinised or 

parakeratinised. Stratified 
squamous epithelium often 
showing stippled surface

Long narrow papillae; dense 
collagenous connective 
tissue; not highly vascular 
but have long capillary loops 
with numerous anastomoses

No distinct layer, mucosa firmly 
attached by collagen fibres to 
cementum and periosteum of alveolar 
process (mucoperiosteum)

Hard palate Thick, orthokeratinised (or 
parakeratinised in parts), 
stratified squamous 
epithelium with transvers 
palatine ridges (rugae)

Long papillae; thick dense 
collagenous tissue, especially 
beneath rugae, moderate 
vascular supply with short 
capillary loops

Dense collagenous connective tissues 
attaching mucosa to periosteum, fat 
and minor salivary glands packed into 
connective tissue in regions where 
mucosa overlies lateral palatine 
neurovascular bundles

Specialised 
mucosa
Dorsal 
surface of the 
tongue

Thick keratinised and 
non-keratinised, stratified 
squamous epithelium: forms 
three types of lingual 
papillae—some bear taste 
buds

Long papillae: minor salivary 
glands in posterior portion; 
richly innervated especially 
near taste buds. Capillary 
plexus in papillary layer. 
Large vessels lying deeper

No distinct layer; mucosa is bound to 
connective tissue surrounding 
musculature of the tongue

A.T. Cruchley and L.A. Bergmeier
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distribution of tonofilaments together with the 
presence of smaller and fewer desmosomes in 
buccal mucosa compared to palate reduces the 
resistance to mechanical damage, but allows the 
mucosa to fulfil its lining function (Table 1.2).

These morphological changes are also 
 accompanied by changes in the biochemical and 
structural composition of keratinocytes including 
keratins, keratin-associated proteins such as 
 filaggrin and involucrin, and cell surface carbohy-
drates [9, 10]. Keratins are a family of 20 different 
proteins, which are the product of two distinct 
gene families (type I and type II), and their expres-
sion shows a site-specific and differentiation- 
specific pattern [2, 9, 11]. All basal cells in 
stratified squamous epithelia express keratins 5 
and 14 while keratinised sites (for example, epi-
dermis and hard palate) express the differentia-
tion-specific keratins 1 and 10 in the suprabasal 

layers. Non-keratinising epithelia such as buccal 
mucosa, however, express keratins 4 and 13 in 
suprabasal cells. Filaggrin is involved in the 
aggregation and packing of keratin filaments in 
the stratum corneum, while terminal differentia-
tion is associated with the production of a thick-
ened cornified cell membrane, formed from 
soluble precursors such as involucrin. Cell surface 
carbohydrates such as the ABO blood group anti-
gens are expressed in a differentiation-specific 
pattern in epidermis and oral epithelia [12–15], 
with basal cells expressing shorter precursor 
structures, while expression in the superficial lay-
ers exhibits a stepwise increase in complexity of 
the carbohydrate molecules [16, 17]. The chemi-
cal structure of the keratins differs between the 
layers of the epithelium and various patterns of 
maturation can be identified by the keratins that 
are present. Other markers of differentiation 

Table 1.2 Characterisation of the non-keratinised lining mucosa and the keratinised lip zones

Regional variation in the oral mucosa: 2. Lining mucosa

Covering epithelium Lamina propria Submucosa
Soft palate Thin, non-keratinised 

stratified squamous 
epithelium taste buds 
present

Thick with numerous snort papillae 
elastic fibres forming elastic 
lamina. Highly vascular, well- 
defined capillary network

Diffuse tissue containing many 
minor salivary glands

Ventral surface 
of the tongue

Thin, non-keratinised 
stratified squamous 
epithelium

Thin numerous short papillae and 
some elastic fibres; a few minor 
salivary glands: capillary network 
in suprabasal layer; reticular layer 
relatively avascular

Thin and irregular; may contain fat 
and small vessels: where 
submucosa is absent, mucosa is 
bound to connective tissue 
surrounding the tongue musculature

Floor of the 
mouth

Vary thin, non- 
keratinised stratified 
squamous epithelium

Short papillae; some elastic fibres; 
extensive vasculature with short 
anastomosing capillary loops

Loose fibrous connective tissue 
containing fat and minor salivary 
glands

Alveolar 
mucosa

Thin, non-keratinised 
stratified squamous 
epithelium

Short papillae, connective tissue 
contains many elastic fibre 
capillary loops close to surface 
supplied by vessels running 
superficially to the periosteum

Loose connective tissue with thick 
elastic fibres attaching it to 
periosteum of alveolar process: 
minor salivary glands present

Labial and 
buccal mucosa

Vary thick, non- 
keratinised stratified 
squamous epithelium

Long slender papillae; dense 
fibrous connective tissue with 
collagen and soma elastic fibres: 
rich vasculature giving off 
anastomosing loops into papillae

Mucosa firmly attached to 
underlying muscle by collagen and 
elastin; dense collagenous 
connective tissue with fat, maw 
salivary glands (sometimes 
sebaceous glands)

Lips: 
vermillion 
zone

Thin, orthokeratinised 
stratified squamous 
epithelium

Many narrow papillae. capillary 
loops close to the surface of 
papillary layer

Mucosa firmly attached to muscle; 
some sebaceous glands in 
vermillion border

Lips: 
intermediate 
zone

Thin, parakeratinised 
stratified squamous 
epithelium

Long, irregular papillae elastic 
fibres and collagen fibres in 
connective tissue

Minor salivary glands and fat in 
intermediate zone

1 Structure and Functions of the Oral Mucosa
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include Ki67 (a marker of cells which are actively 
cycling) [18] and E-cadherin (associated with 
desmosomes and epithelial cells [19]. Stages of 
maturation of the Keratinised and non-keratinised 
epithelium are described in Table 1.3.

In the upper part of the prickle cell layer 
(Fig. 1.6) an organelle known as the membrane- 

coating or lamellate granule is found. These small-
membrane-bound structures contain glycolipid and 
are thought to originate from the Golgi apparatus. 
In keratinised epithelia, they are elongated and 
contain parallel lamellae, while in  non- keratinised 
cells they appear as round structures with an amor-
phous centre. As the cells migrate to the surface the 

Table 1.3 The maturation of epithelium in the oral mucosa (adapted from Ten Cate’s Oral Histology)

Maturation of keratinised and non-keratinised epithelium

Keratinised Non-keratinised

Features Cell layer Features Cell layer
Cuboidal or columnar cells; contain bundles of 
tonofibrils and other cell organelles. Site of most 
cell division

Basal Cuboidal or columnar cells 
contain separate tonofilaments and 
other cell organelles. Site of most 
active cell division

Basal

Large ovoid cells containing conspicuous 
tonofibril bundles; membrane-coating granules in 
upper part of layer

Prickle/
spinosum

Large ovoid cells with dispersed 
tonofilaments. Membrane-coating 
granules present in upper part of 
layer; numerous filaments

Prickle/
spinosum

Flattened cells containing conspicuous 
keratohyalin granules-associated with tonofibrils; 
membrane-coating granules fuse with cell 
membrane in upper part; internal membrane 
thickening occurs

Granular Slightly flattened cells containing 
many dispersed tonofilaments and 
glycogen

Intermediate

Extreme flattening and dehydration of cells; loss 
of all organelles; cells filled with fibrillar 
substances; when pyknotic nuclei are found 
parakeratinisation occurs

Keratinised Slightly flattened cells with 
dispersed filaments and glycogen; 
fewer organelles. but nuclei still 
present

Superficial

Keratinization Non-keratinization

Keratohyaline
granules

Keratinized
surface
layer

Granular
intermediates
layer

Prickle
cell
layer

Basal
layer

Membrane-coating
granules

Tonofibrils

Intermediates
layerGlycogen

Prickle
cell
layer

Basal
layer

Surface
layer

Membrane-coating
granules

Tonofilaments

a b

Fig. 1.6 Description of the cell layers and differential maturation in keratinised (a) compared with non-keratinised 
(b) mucosa (adapted from Squier and Brogden [2])
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granules accumulate, become aligned to the super-
ficial cell membrane and secrete lipids that contrib-
ute to the permeability barrier. The lipid content of 
the granule also differs between keratinised and 
non-keratinised epithelium which results in a dif-
ferential permeability barrier between these two 
types of epithelium.

The physical structure of the epithelium, 
together with epithelial cell turnover and desqua-
mation, serves to protect the tissue against 
mechanical insults and the ingress of microor-
ganisms. This barrier property is dependent on 
the physical and chemical attachment between 
cells, especially on intracellular protein- 
carbohydrate complexes produced by the epithe-
lial cell within the desmosomes and other 
junctional complexes. These interactions are 
more fully described in Chap. 3 (Wan).

1.6  Permeability

1.6.1  Evidence for Role 
of Membrane-Coated 
Granules and the Chemistry 
of the Barrier

The mechanisms of defence and protection 
referred to in the previous sections primarily 
serve to limit the colonisation, adherence and 
invasion of microorganisms. However, the oral 
environment contains numerous compounds that 
are potentially harmful if they gain access to the 
epithelial cells or the underlying connective tis-
sue. Such compounds include products derived 
from oral organisms, e.g. toxins and antigens, 
and potential carcinogens introduced deliber-
ately with food, alcohol or tobacco [7]. The 
 permeability barrier in the oral mucosa is, how-
ever, not absolute and allows the passage of 
many  substances, and this property has been uti-
lised to understand the permeability barrier 
 characteristics of oral mucosa [7] and more 
recently to exploit the differential permeability 
of different sites within the oral cavity for drug/
vaccine delivery [20].

Much of our understanding of the epithelial 
permeability barrier has been gained from studies 

of human skin, following intradermal injection of 
horseradish peroxidase (HRP) [21]. The enzyme 
penetrated across the basal lamina and through 
the epidermis as far as the stratum granulosum. 
However, no HRP was detected in the stratum 
corneum.

Horseradish peroxidase and lanthanum, an 
electron-dense element with a smaller particle 
size than peroxidase, were subsequently used to 
demonstrate the location of the permeability 
barrier in keratinised and non-keratinised oral 
mucosa of a variety of animals, including rats, 
rabbits and monkeys [22, 23]. The tracers were 
applied topically or by sub-epithelial injection 
and microscopical examination revealed that 
the compounds did not penetrate areas corre-
sponding to the outer quarter of either the 
 keratinised or the non-keratinised epithelium, 
and indicated the presence of an intercellular 
 barrier [23].

All the studies consistently demonstrated that 
the limit of penetration of the tracers coincided 
with the level where membrane-coating granules 
discharged their contents, suggesting that these 
organelles were important for the formation of 
the barrier.

Membrane-coating granules were first 
described in the epidermis by Selby [24], are 
present in all differentiating stratified squamous 
epithelia [21] and appear in the stratum spinosum 
of keratinised mucosa and the intermediate cell 
layers of non-keratinised oral mucosa [23, 25]. In 
keratinised epithelia, these intracellular organ-
elles appear as ovoid, membrane-bounded organ-
elles, 0.25 μm in length and containing a series of 
parallel internal lamellae, consisting of electron- 
dense and electron-lucent bands. The lamellae 
are bounded by an outer membrane, and which 
on extrusion from the cell rearrange to form 
sheets in the intercellular region. In 
 non- keratinised epithelia the membrane-coating 
granules are usually spherical, membrane-
enclosed vesicles. They are approximately 
0.2 μm in diameter and contain an electron-dense 
amorphous core with radiating delicate strands 
(Fig. 1.7) [26].

The contents of epidermal membrane coating 
granules include acid hydrolases, which are asso-

1 Structure and Functions of the Oral Mucosa
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ciated with the Golgi complex and significant 
amounts of sphingomyelin, phosphoglycerides, 
cholesterol, glucosylceramide, ceramides and 
some other neutral lipids. In particular, the gran-
ules contained an acyl glucosylceramide formed 
by a 30–34 carbon chain fatty acid attached to a 
sphingosine base linked to linoleic acid and glu-
cose [2, 21].

The permeability barrier is dependent on the 
correct formation of the membrane-coating gran-
ules and differentiation of stratified squamous epi-
thelium. When explants of keratinised oral 
epithelium (or skin) are held in a submerged liquid 
culture system differentiation is poor and the gran-
ules are not seen in ultrastructural studies [27]. 
However, when so-called raised or interfaced cul-
ture systems are used, the differentiation of the epi-
thelium is restored and granules appear [28, 29].

In keratinised oral epithelia the barrier is rep-
resented by neutral lipid or ceramide [30] and the 
events that lead to the formation and extrusion of 
the contents of the membrane-coating granules 
appear to be similar to those seen in epidermis. 
The extruded lipids are organised into lamellae 
that form in the intercellular spaces of the stratum 
corneum (Fig. 1.8) and which were first identi-

fied by freeze fracture transmission electron 
microscopy [31].

In non-keratinised oral epithelia, the intercellu-
lar material also seems to be extruded by 
membrane- coating granules, although they differ 
morphologically from the membrane-coating gran-
ules found in keratinised epithelium. The intercel-
lular substance is also different from that seen in 
keratinised epithelium, being amorphous and lack-
ing the parallel lamellar structure evident between 
the corneocytes of the stratum corneum [21].

The importance of intercellular lipids is dem-
onstrated by the impaired epidermal barrier that 
exists in fatty acid deficiency, which is associated 
with an abnormal organisation of intercellular 
lipids in the stratum corneum [32]. It has also 
been shown that treatment with lipid solvents 
increases the penetration of tracers through the 
intercellular regions of the stratum corneum [33].

The largest single class of lipids within the 
stratum corneum are the ceramides, which repre-
sent about 50% of the total lipid present. These 
can be separated into six different fractions 
(ceramides 1–6) each with a slightly different 
composition—ceramide 1 is derived from the 
acyl-glucosylceramide present in the membrane 

Non-keratinizing epitheliumKeratinizing epithelium

Membrane
coating granule

Membrane
coating granule 

Fig. 1.7 Membrane- 
coating granules in 
keratinised and 
non-keratinised epithelia
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granules and is thought to serve as a “molecular 
rivet” conferring stability to the intercellular 
lamellae, while ceramides 2–6 are thought to pro-
vide resistance to oxidative damage because they 
have a high degree of saturation [33].

Keratinised oral epithelium predominantly 
contained neutral liquids, such as acyl-ceramides 
and ceramides although the total quantity was 
25–50% less than that found in epidermis. In 
contrast, epithelium from the non-keratinised 
oral regions, such as floor of mouth and buccal 
mucosa, contained no acylceramides or acyl- 
glucosylceramides and only small amounts of 
ceramide, but relatively high quantities of polar 
lipids, such as cholesterol sulphate and glycosyl-
ceramides. These lipids were demonstrated, 
using histochemical staining techniques, in the 
intercellular spaces of the stratum corneum and 
the intercellular regions of non-keratinised oral 
epithelium [34].

Profiling the lipid content of different levels 
within porcine epidermis and comparing this 
with non-keratinised oral epithelium have 
revealed interesting differences that have pro-
found effects on the barrier properties induced by 
these substances. Extracts of consecutive, hori-
zontal, frozen sections showed that all phospho-
lipids decreased in concentration towards the 
surface and were absent in the stratum corneum, 
while neutral lipids and ceramides increased. 
Glucosylceramides and acyl-glucosylceramides 
reached a peak concentration in the stratum gran-
ulosum and then decreased in the surface layers. 
Cholesterol sulphate reached a maximum con-
centration in the deeper stratum corneum and 
then abruptly decreased in the surface layer [35]. 
These changes in concentration are consistent 
with the formation of a neutral lipid, subsurface 
barrier to water by the hydrolysis of glucosylce-
ramides into glucose and ceramides in keratinised 

Lipid permeability barrier organised into
lamellae

Membrane coating
granules

Nucleus

Superficial cell
membrane

Keratinizing epithelium Non-Keratinizing epithelium

Permeability barrier formed by less well organised
lipid deposition with occasional lamellar structures

Fig. 1.8 The role of membrane-coating granules in the formation of the permeability barrier in keratinising and non- 
keratinising epithelia
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tissue [36, 37]. In contrast, ceramides were absent 
from non-keratinised oral epithelium suggesting 
that there is no mechanism in this tissue for the 
conversion of glucosylceramides into ceramides 
and that whereas neutral lipids and ceramides 
contribute to the barrier function in keratinised 
tissue glycolipids may fulfil this function in non- 
keratinised regions [30, 35, 38].

In contrast to the intestinal lining, the oral epi-
thelium does not have an absorptive function. 
However, the relative thickness in different parts 
of the mucosa has led to the exploitation of the 
sublingual mucosa as a rapid drug delivery sur-
face, particularly with drugs such as nitroglycerin 
administered for angina pectoris. More recently 
the sublingual mucosa has been explored as a 
potential route for desensitisation in allergy and 
in animal models of autoimmune disease therapy 
[20, 39]. The oral mucosa has long been recog-
nised as a potential immune-privileged site [40], 
while the distribution of antigen-presenting cells 
in the different mucosa has been interrogated as 
potential vaccination sites [41–43]. It has also 
been recently suggested that mechanical damage 
in the oral mucosa might influence the cytokine 
environment and lead to dysbiosis [44]. The 
inflammatory responses in the oral mucosa are 
further explored in subsequent chapters (Chaps. 
4, 5, and 10). However, in health the permeability 
barrier is robust, as inflammatory responses are 
not generally seen and microbial colonisation is 
highly restricted.

1.7  Mucosal Pellicle

The surface of the oral mucosa is cleansed by 
constant bathing with saliva containing antimi-
crobial agents, enzymes and antibodies that limit 
microbial growth in the mouth [45]. Many of the 
components of saliva actively adhere to the 
mucosal surface and contribute to the barrier 
function. While a considerable amount is known 
about the protective function of the acquired 
enamel pellicle of the tooth surface, less is known 
about the mucosal pellicle of the desquamating 
oral epithelium (Hannig, [46]). The apical  surface 
of the epithelium is covered by a “glycocalyx” 
consisting of a variety of glycoproteins and 

mucins which have been shown to differ slightly 
depending on the region of the mucosa and reflect 
the relative keratinisation of the epithelium. 
Many of the glycoproteins form protein-protein 
interactions that have been referred to as “hetero-
typic interactions” and there is some evidence 
that these complexes can act synergistically so 
that, for example, lysozyme bound to secretory 
IgA (SIgA) that is immobilised on the epithelial 
surface is a more efficient antimicrobial agent 
than when it is in solution in the saliva. Recent 
evidence suggests that the most abundant glyco-
proteins in the mucosal pellicle are the mucins 
such as MUC5B and MUC7 as well as SIgA [46–
48]. The role of saliva is further explored by 
Saloom and Carpenter in Chap. 7.

1.8  Non-keratinocytes 
in the Oral Epithelium

About 10% of the cells in the oral epithelium 
consist of non-epithelial cells. Frequently 
described as “clear cells” they appear to have a 
halo around the nucleus in both ultrastructural 
and immunochemical studies. They include a 
variety of cells with different phenotypes and 
function: melanocytes, Merkel cells, Langerhans 
cells and lymphocytes (Table 1.4). A property 
that some have in common is the lack of desmo-
somes which makes them motile and is key to 
their functions.

Melanocytes dictate the colour of the epithe-
lium (along with other factors) and the pigments 
most frequently contributing colour are melanin 
and haemoglobin. Melanin, produced by melano-
cytes in the basal layers of the epithelium, origi-
nates from the neural crest ectoderm and 
possesses long dendritic processes. The pigment 
is produced in the cytoplasm in small melano-
somes and can be transferred into adjacent kera-
tinocytes by the dendrites of the melanocytes 
[49]. The number of melanocytes in any given 
region of the mucosa does not differ in light or 
darkly pigmented individuals. However, the level 
of pigmentation is dependent on the relative rate 
of melanin production.

Merkel cells are situated in the basal layer of 
the oral epithelium and epidermis and are the 
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only cells in the group of “clear cells” with occa-
sional desmosomes and keratin tonofilament. 
These cells are not dendritic in character but have 
small membrane-bound vesicles in the cytoplasm 
often situated near a nerve fibre that is associated 
with the cell. Transmitter substances can be 
secreted from these vesicles across a synapse- 
like junction and generate nerve impulse. These 
cells appear to respond to touch and the granules 
have been shown by some groups to contain 
cytokeratin 20 and located in the more superficial 
layers of the palate [50]. More recently immuno-
modulatory functions have been suggested for 
Merkel cells [51].

1.9  Langerhans Cells (LC) 
and Dendritic Cells (DC)

The dendritic cells first described in the skin by 
Paul Langerhans in 1868 have now been well 
characterised in the oral mucosa [41, 43, 52]. 
These cells are the sentinels of the immune  system 
and are the classical antigen-presenting cell [41, 
53]. LCs are typically situated in the suprabasal 
layer and classically are HLA-DR positive and 

express CD1a. They are characterised by the pres-
ence of the rodlike Birbeck granule and the high-
est number of these cells are found in the 
non-keratinised mucosa of the sublingual region, 
the soft palate, the lip and the vestibule. Lower 
numbers are generally found in the hard palate 
and gingiva [41]. However, in the buccal mucosa 
numbers are increased in smokers [54]. These 
cells can sample the lumen of the mucosa by 
pushing their dendrites through the layers of epi-
thelial cells. Their motility allows them to migrate 
to regional lymph nodes where they have the 
capacity to present antigens to naïve T cells and 
degenerate an immune response. The biochemical 
environment is important in driving immune 
responses, and the key messengers are the cyto-
kines and chemokines. Keratinocytes have the 
capacity to secrete proinflammatory cytokines, 
including IL-8 (CCL8) and IL-1 which can lead to 
the recruitment of lymphocytes and polymorpho-
nuclear leucocytes into the oral epithelium [52, 
55]. The phenotype (and therefore function) of 
different subsets of dendritic cells has the subject 
of considerable investigation in recent years. 
Three distinct subsets were identified by 
Chalermsarp and Azuma [56] based on the expres-

Table 1.4 Characteristics of non-keratinocytes in the oral epithelium (adapted from Ten Cate’s Oral Histology)

Characteristics of non-keratinocytes of the oral epithelium

Cell type
Position in the 
epithelial layers

Specific markers 
(staining) Ultrastructure Function

Melanocyte Basal Dopa oxidase- 
tyrosinase Silver 
stains

Dendritic: no desmosomes 
or tonofilaments 
Premelanosomes and 
melanosomes present

Synthesis of melanin pigment 
granules (melanosomes) and 
transfer to surrounding 
keratinocytes

Langerhans 
cells (LC)

Suprabasal 
(predominantly)

CD1a cell surface 
marker

Dendritic: no desmosomes 
or tonofilaments. 
Characteristic LC granule

Antigen trapping and 
processing. Very important 
antigen-presenting cell 
(APC)—able to push processes 
through the epithelial layer and 
sample the lumen

MerkeUel Basal Probably periodic 
acid-Schiff 
positive

Non-dendritic. sparse 
desmosomes/tonofilament; 
characteristic, electron- 
dense vesicles. Associated 
nerve axon

Tactile sensory cell

Lymphocyte Variable: 
inflammation 
dependent

Cell surface 
antigen markers 
variable in all T 
cells: CD3+; all B 
cells CD20+

Large circular nucleus; 
scant cytoplasm with few 
organelles: No 
desmosomes/tonofilaments

Associated with inflammatory 
response and innate and 
adaptive immunity
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sion of CD11c and CD207 surface markers. These 
three subsets represented a resident population, a 
newly recruited population and a slowly migrat-
ing population. All three were shown to have a 
mature phenotype with the potential for antigen 
presentation in the draining lymph nodes and 
expressed high levels of co- stimulatory molecules 
such as CD80/86 and MHCII. Using two different 
markers, namely CD236 and CD103, Aramaki 
et al. have been able to distinguish between resi-
dent LCs and resident DCs [57]. These are impor-
tant distinctions as the potential for using the oral 
mucosa as a site of “intra-oral” vaccination is a 
topic of considerable current research. The prim-
ing of CD8+ T cells has been shown to be more 
robust when antigens are applied to the buccal 
mucosa compared with the sublingual lining 
mucosa [58]. This is also supported by extensive 
investigations by the Allam group (Chap. 5) who 
have demonstrated that tolerogenic T cells, Th1/
Th17 cytokines and TLR2/4-expressing DCs pre-
dominate in buccal and sublingual regions. The 
expression of TLRs might be used as adjuvant tar-
gets in vaccination strategies [39, 59].

1.10  Lamina Propria (LP)

The connective tissue that supports the oral epithe-
lium is the lamina propria and consists of cells, 
blood vessels, neural elements and support fibres 
held in amorphous ground structure. This element 
of the tissue can be divided into two parts: the 
superficial papillary layer and the netlike reticular 
layer. In the papillary layer, the collagen fibres are 
thin and arranged in a loose fashion while in the 
reticular layer they are bundled together and lie 
parallel to the plane of the surface. There is regional 
variation in the LP especially in terms of the pro-
portion and composition of the cells in healthy 
compared with inflamed tissues (Table 1.5).

The other key inflammatory cells found in the 
oral mucosa are described in Table 1.5.

Fibroblasts: Responsible for elaboration and 
turnover of fibre and ground substance, these 
cells play a key role in maintaining tissue integ-
rity including wound healing [60–62].

Macrophages: Functions of these cells 
include the ingestion of damaged cell/tissues or 
foreign material. In the oral mucosa two special 

Table 1.5 Cells of the lamina propria (from Ten Cate’s Oral Histology)

The cells in the lamina propria (LP) of the oral mucosa

Cell type Morphology Function Distribution
Fibroblast Stellate or elongated with 

abundant rough endoplasmic 
reticulum (ER)

Secretion of fibres and ground 
substances

Throughout the lamina 
propria (LP)

Histiocyte Spindle-shaped or stelate; 
often dark-staining nucleus; 
many lysosomal vesicles

Resident precursor of 
macrophages (Mφ)

Throughout the LP

Macrophage Round, pale-staining nucleus; 
contains lysosomes and 
phagosome vesicles

Phagocytosis, including antigen 
processing

Areas of chronic 
inflammation

Mast cell Round with basophilic 
granules. Stains 
metachromatically

Secretion of inflammatory 
mediators and vasoactive agents 
(histamine, heparin. serotonin)

Throughout the LP, 
often subepithelial

Polymorphonuclear 
leukocyte (neutrophil)

Round. Characteristic lobed 
nucleus contains lysosomes 
and specific granules

Phagocytosis and cell killing Areas of acute 
inflammation within LP; 
may be present in 
epithelium

Lymphocyte Round. Dark-staining nucleus. 
Scant cytoplasm, some 
mitochondria

Humoral and eel mediated 
immunity (innate and adaptive)

Areas of acute and 
chronic inflammation

Plasma cell Cartwheel nucleus. Intensely 
basophilic cytoplasm with 
abundant rough ER

Synthesis of immunoglobulins Areas of chronic 
inflammation. Often 
perivascular

Endothelial cell Associated with basal lamma. 
Contains numerous pinocytic 
vesicles

Lining blood and lymphatic 
channels

Lining vascular 
channels throughout LP
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types of macrophages have been identified: the 
melanophage and the siderophage. The former 
is common in pigmented mucosa. Both cell 
types have functions associated with colour 
changes in the mucosa. These cells are capable 
of antigen processing and presentation and are 
therefore key to immune responses in the 
LP. They also produce cytokines and chemo-
kines—the chemical messengers of the immune 
system—that stimulate fibroblast proliferation 
and collagen production and are an important 
part of the wound repair mechanisms (Chap. 6) 
[60, 63].

Mast cells: These cells are classically associ-
ated with allergic responses and contain granules 
that stain with basic dyes such as methylene blue. 
The main contents of these granules are  histamine, 
heparin and cytokines such as TNF-α. It is thought 
that these cells are important in the transition from 
an acute to a chronic inflammatory response [64].

Inflammatory cells: Lymphocytes and plasma 
cells are found scattered throughout the LP in small 
numbers—in healthy tissue. In the main lymphoid 
tissues of the nasopharyngeal organs such as the 
tonsils there are large structurally organised accu-
mulations of lymphoid cells ( discussed in Chaps. 4 
and 5). Inflammatory cells mostly appear in the LP 
as a result of an infection or injury and the nature 
and composition of any infiltration are dependent 
on the nature of the injury, although there are resi-
dent antigen- presenting cells (discussed in the sec-
tion on Langerhans cells) which are vitally 
important in surveying the tissue for potential 
pathogenic changes, either as a result of infection 
or injury. In acute inflammatory conditions, the 
main infiltration is from polymorphonuclear leuco-
cytes, while macrophages, monocytes and lympho-
cytes are associated with chronic inflammation. 
The recruitment of these cells is part of the innate 
immune response in the oral cavity [65] (Fig. 1.9).
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Fig. 1.9 The composite barrier: factors associated with 
oral immunity. The saliva contains secretory immuno-
globulin A (sIgA), mucins and enzymes that protect the 
oral mucosa from bacterial colonisation. The gingival cre-
vicular fluid that reaches the oral cavity contains leuco-
cytes, IgG, IgM, IgA and a range of other agents that 
contribute to oral immunity. Langerhans cells and other 
myeloid dendritic cells, after capturing foreign antigens, 

migrate to immune-inductive sites (regional lymph nodes, 
Waldeyer’s ring) where they prime immune-effector cells. 
In turn, these immune-effector cells migrate to the lamina 
propria (mucosal lymphoid foci) where they mediate 
either active immune responses or immune tolerance 
(adapted from Feller et al. [66] with permission of the 
publisher [66])

1 Structure and Functions of the Oral Mucosa



16

1.11  Protective Secretions 
and Barrier Function

Oral mucosal integrity is highly dependent on 
normal salivary gland function and many inves-
tigators have reported that salivary gland dys-
function predisposes the oral mucous membrane 
to disease. Whole saliva is made up of the secre-
tions of three pairs of major salivary glands, the 
parotid, submandibular and sublingual, together 
with the secretions of the minor, or accessory, 
glands which are distributed in the mucosa of 
the cheeks, lips, hard and soft palates and 
tongue. In addition to these secretions, the total 
oral fluid includes the gingival crevicular fluid, 
which flows from the gingival cuff tissue into 
the oral cavity (Chap. 7: Saloom and Carpenter).

 Conclusion

The purpose of this chapter was to revise the 
main structural and functional attributes of the 
oral mucosa as a protective and defensive 
environment and to enable readers to under-
stand the context of the subsequent chapters.

The oral mucosa is fully exposed to the 
environment and as such is a gateway into 
body for infections but also expressions of 
pathologies associated with both local and 
systemic diseases. This dynamic epithelium is 
both a gatekeeper and a housekeeper of nor-
mal homeostasis and has the potential to be a 
window on health and disease.

While detailed histological descriptions 
and diagnosis are beyond the scope of this 
book it is hoped that the subsequent chapters 
will be supported by this brief revision of the 
structure and function of the oral mucosa.

Investigations of the oral mucosa in terms 
of cancer detection, disease biomarker dis-
cover and immune functions in health and dis-
ease are discussed in subsequent chapters.
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Cell-Cell Interactions in the Oral 
Mucosa: Tight Junctions and Gap 
Junctions

Hong Wan, Hanan Gadmor, and Louise Brown

2.1  General Introduction to Cell- 
Cell Interactions

Cell adhesions are crucial in many aspects of cell 
and tissue biology and coordinate in various 
 processes such as morphogenesis, tumour metas-
tasis and tissue repair. Normally, they are required 
in tissue development and in establishment of 
apical- basal axis of cell polarity by generating 
physical and molecular asymmetry at both sur-
face and intracellular structures, which leads to 
the formation of apical membrane in the non- 
contacting (free) cell surface, and the basolateral 
membrane along the contacting cell surface. 
A typical feature of epithelia is that the cells are 
tightly attached to each other and to the extracel-
lular substrate, with little extracellular space, by 
numerous cell-cell and cell-matrix adhesion 
complexes, through a collection of glycol pro-
teins and cytoplasmic plaque proteins, and these 
specific interactions enable epithelial cells to 
maintain polarity. The epithelial component of 
oral mucous membrane in the outermost layer is 
composed of stratified squamous epithelium that 
serves as a major portal for microbial invasion 
and provides robust protection against  mechanical 

stress. The integrity of such a mucous barrier is 
maintained by physical interaction of highly 
 specialised junctional complexes between adja-
cent cells as well as between cells and basement 
membrane that are important for safeguarding of 
systemic and oral health. Like epidermis, the 
major cell type in oral mucosa is keratinocytes 
and these cells are arranged as four classified 
sub-layers, namely, the basal layer, spinous layer, 
granular layer and stratum corneum. The inter-
cellular adhesions are stable in mature epithelia 
and become modulated during regenerative 
 processes such as wound healing or pathogenic 
processes such as cancer progression and invasion. 
In these latter situations, the junctions become 
highly dynamic that enables their rearrangements 
in order to facilitate cell migration, morphogenesis 
and tissue development. It has been widely 
accepted that the formation, maturation and 
homeostasis of epithelia require dynamic coordi-
nation between assembly and disassembly of the 
intercellular junctions, and dysfunction of any 
aspects is often associated with dedifferentiation 
and malignance and other diseases such as pem-
phigus. Emerging evidence suggests that the pre-
cisely controlled mechanisms of cell adhesion can 
in addition serve as crucial regulators for other 
downstream processes, such as proliferation, dif-
ferentiation, migration and wound healing.

According to the functions, the cell adhesions 
in epithelia are classified into three groups of 
junction complexes, i.e. tight junction (also 
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known as occluding junction), gap junction (also 
known as channel-forming or communicating 
junction) and anchoring junction, the latter of 
which includes adherens junction (AJ), desmo-
some (DM), focal adhesion and hemi- desmosome 
(Fig. 2.1). The main feature of anchoring junc-
tions is that this group is composed of members 
of the cadherin and integrin superfamilies of 
transmembrane proteins that are linked to cyto-
skeleton through a collection of cytoplasmic 

plaque proteins, and they are especially abundant 
in tissues, such as oral mucosa, skin and heart, 
that experience extensive mechanical stress. 
Overall, cell adhesions between cells, as well as 
between cell and the extracellular matrix which 
will not be discussed here, play a crucial role in 
various cellular processes, including cell recog-
nition, positioning, differentiation, embryonic 
development and wound healing in adult tissues. 
This chapter focuses on the cell-cell interactions, 

Epithelial cell junctions

C
E

LL
-C

E
LL

 A
D

H
E

S
IO

N
C

E
LL

M
A

T
R

IX
A

D
H

E
S

IO
N

Integrin mediated
adhesion

Immunofluorescent staining

Tight junctions Adherens junctions Desmosomes

HD

basal lamina

TJ

ZA

DM

GJ

actin
filaments

inter-
mediate
filaments

Fig. 2.1 Top panel shows a schematic diagram that illus-
trates the typical arrangement of major cell-cell and cell- 
matrix junctions in intestinal epithelial cells. An electron 
micrograph with corresponding cell-cell junctions is 
shown on the right. While the tight junction (TJ) and 
adherens junction (AJ) associate with the actin microfila-
ments desmosome (DM) links to keratin intermediate fila-
ments. Gap junction (GJ) does not link to cytoskeleton. 

Below is the immunofluorescent staining of three distinct 
intercellular junctions in MDCK epithelial cells, i.e. ZO-1 
staining for TJ (green), E-cadherin staining for AJ (green) 
and desmoplakin staining for DM (red). TJs appear as a 
continuous linear pattern whereas AJs and DMs show 
more broad peripheral distributions with either diffuse or 
more punctate staining pattern
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in particular the tight junction, with a brief intro-
duction about the gap junction. Adherens junc-
tion and desmosome are further discussed in 
Chap. 4.

2.2  Tight Junction

2.2.1  Tight Junction Function 
and Structure

Tight junctions (TJs), or zonula occludens, form 
the closest circumferential contact of the plasma 
membrane between adjacent cells and are found 
in the apical region of polarised epithelial cells. 
TJs are found in tissues that are involved in pola-
rised secretions and absorption functions and 
maintaining barriers between blood and intersti-
tial fluids. TJ is the unique feature of epithelial 
and endothelial cells and does not exist in other 
cell type. The epithelium of the small intestine 
provides a good example of TJ structure, location 
and function (Fig. 2.1) and this epithelium con-
tains a single layer of tall, columnar shaped cells, 
specialised for uptake of nutrients from the inter-
nal cavity, or lumen, of gut. The principal func-
tion of TJ has two features, one of which is that 
TJ creates a permeability barrier between the 
neighbouring cells and regulates the flux of ions 
and nonelectrolytes through the paracellular 
space, the function called the gate function [1]. 
The degree of such a transepithelial resistance 
varies between different epithelial tissue organs 
in the body. Besides, TJ also provides a boundary 
near the apex of lateral plasma membrane that 
separates the lipid membrane bilayer into distinct 
apical and basolateral domains, and this function, 
known as the fence function, prevents the mixture 
of lipids and proteins between the two membrane 
domains and enables cells to exert functions in a 
polarised fashion including protein membrane 
trafficking, differentiation, morphogenesis and 
transport. Specific ion channels and pumps are 
usually localised in the surface domain that is 
exposed either to the luminal space or serosal 
space. It has been shown experimentally in 
Madin-Darby canine kidney (MDCK) cells that 
these two functions of TJ can be uncoupled sim-

ply by depletion of ATP using a combination of 
glycolytic and mitochondrial inhibitors, and the 
decline of the energy status, i.e. the ATP/ADP 
ratio, led to marked decrease in transepithelial 
resistance without affecting TJ protein expres-
sion and distribution as well as the geometrical 
complexity of TJ strands [2]. It was reasoned that 
this separation could be due to small but critical 
rearrangement between TJ strands located in 
opposing cells that induces larger changes in 
transepithelial resistance (Mandel Nature 1993). 
Initially it was thought that TJ is made by a fusion 
between outer leaflets of lipid bilayer on the adja-
cent cells, but later TJ was found to contain dis-
crete ion selective pores through the extracellular 
portion of the junctions [3]. The structure of TJs 
has been greatly influenced by their appearance 
in transmission electron microscopy or in freeze- 
fracture electron microscopy. In transmission 
electron micrograph, TJs appear as a sealing 
point where the outer leaflets of two adjacent 
plasma membranes are tightly opposed. When 
visualised by freeze-fracture electron micros-
copy, TJs look as a network of sealing ridges or 
strands on P-face and complementary furrows on 
E-face in glutaraldehyde-fixed specimens [1]. 
The strands observed in freeze-fracture micros-
copy seem to correspond to the fusion sites 
shown by transmission microscopy.

2.2.2  Tight Junction Proteins

TJ consists of the transmembrane proteins and 
other adhesion molecules located at the cytoplas-
mic site, including ZO-1, ZO-2, ZO-3, AF6, 
Par3, cingulin, 7H6, MUPP1 and Rab13, that 
link TJ protein complexes to the actin cytoskele-
ton [4–6]. The first identified TJ protein is ZO-1 
that was discovered in 1986 by raising monoclo-
nal antibodies against a mouse liver TJ fraction 
[4, 7]. Since then, many proteins have been found 
to be associated with TJs using the same approach 
[4, 8]. Some of these proteins are restricted to TJs 
while others may have wider distribution. For 
example, ZO-1 is found to be located not only in 
TJs but also in some cadherin junctions as well as 
in nucleus, whereas ZO-2 shows largely the TJ 
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restriction. The transmembrane proteins in TJ 
include at least three distinct proteins, named 
occludin, claudin, junctional adhesion molecules 
(JAM)/coxsackievirus and adenovirus receptor 
(CAR), and most of them were identified in 
1990s. Claudins form a complex with occludin 
and/or JAM family members. While occludin 
and claudin share a common membrane topology 
containing four transmembrane domains and two 
extracellular loops, JAM and CAR belong to type 
I transmembrane glycoprotein and possess 
immunoglobulin (Ig)-like domains in the extra-
cellular region [5]. The molecular weight of 
occludin is around 60–82 kDa. In terms of amino 
acid sequence, occludin does not show homology 
to known proteins whereas claudins are homolo-
gous to a family of four transmembrane domain 
proteins, such as RVP-1, TMVCF, CPE-R and 
BEC1 [8]. Studies suggest that the phosphoryla-
tion of occludin is required for its assembly in 
TJs. The phosphorylated forms of occludin 
exhibit relatively higher molecular weights and 
are associated with cytoskeleton which are insol-
uble in non-ionic detergent such as NP-40 [9, 
10]. The C-terminal domain of occludin interacts 
with ZO-1 and ZO-3 that is thought to be impor-
tant in mediating its basolateral targeting. 
However, the knockout experiments in mouse 
embryonic cells show that occludin is not neces-
sarily required for TJ formation. Furthermore, it 
was demonstrated that occludin-deficient epithe-
lial cells also exhibit normal TJ protein localisa-
tion, morphology, polarity and barrier function 
[8, 11]. This raises concern that occludin may not 
be the key protein of TJ.

In contrast, claudins have been identified to be 
crucial factors for epithelial barrier and transport 
based on numerous in vitro and in vivo studies 
and are believed to be the core protein in paired 
TJ strands [12, 13]. The claudin family consists 
of 24 proteins with molecular weights ranging 
from 20 to 27 kDa and these family proteins 
exhibit distinct tissue- and development-specific 
distributions [5]. They all contain four transmem-
brane domains, two extracellular loops and a 
short carboxyl intracellular tail. The extracellular 
loops of claudins on adjacent cells mediate direct 
cell-cell interaction, while those expressed in the 

same cell interact through their intracellular 
N-terminal domains. The C-terminus of claudins 
contains highly conserved PDZ-binding motifs 
that link them to the TJ PDZ-containing proteins 
including ZO-1, ZO-2 and ZO-3. The knockout 
and knockdown animal studies suggest that clau-
din family members exhibit redundant and com-
pensatory functions since one knockout gene 
may not show the defected phenotype as expected 
[14]. It has been thought that claudins are likely 
arranged in clusters and collectively act as a 
functional entity suitable for the interaction of 
proteins within TJ strands [13]. Thus a function 
compensation of different members within the 
claudin family can occur when a single gene in 
the clusters is missing, as indicated by knockout 
animal work [5]. In principle, this family can be 
divided into three functional groups, namely, 
claudins with sealing function (claudin-1, -3, -4, 
-5, -8, -11, -14 and -19), claudins providing para-
cellular permeability (claudin-2 and -10) and 
claudins with ambiguous function (claudin-7, 
-12, -15 and -16), the latter of which is based on 
the observation that both permeability-enhancing 
and permeability-restricting effects have been 
reported for these proteins in the literature [5]. 
The interaction between claudins within clusters 
likely involves both cis- and trans-interactions 
via a variety of combinations. Whereas cis would 
be interaction of claudins within one cell mem-
brane of a single cell (side by side), trans would 
describe the interaction with a putative multimer 
of the neighbouring cell (head to head). Using 
L-fibroblasts (which do not originally contain 
any TJ proteins) with stable expression of differ-
ent members of claudin family, it is found that 
claudin-1 forms trans-interaction with claudin-3 
and so as for claudin-2 and claudin-3, but no 
interaction was detected between claudin-1 and 
-2 [12], indicating heterogeneous clusters and 
specific binding of claudins within the TJ strands. 
The configuration of different claudins could 
contribute to various transepithelial resistances 
and paracellular permeability observed in differ-
ent tissues and organs.

Both JAM and CAR belong to a growing 
superfamily of immunoglobulin-like surface 
molecules, many of which have been localised to 
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sites of cell-cell contact and appear to function in 
cell adhesion or intercellular recognition. The 
immunoglobulin-like superfamily (IgSF) pro-
teins all contain various numbers of Ig-like 
domains in their N-terminus. JAM and CAR 
share similar structural homology with two 
Ig-like domains, followed by a single-pass trans-
membrane domain and a small cytoplasmic tail 
[5]. There are five JAMs identified so far, namely 
JAM-A, JAM-B, JAM-C, JAM-4 and JAM-L, 
and their molecular weights range between 36 
and 60 kDa. In addition to their expression in epi-
thelial and endothelial cells, JAMs are also found 
on the surface of blood cells including leuco-
cytes, platelets and erythrocytes, and have been 
recognised to be involved in a variety of cellular 
processes, including TJ assembly, leucocyte 
transmigration, platelet activation, angiogenesis 
and virus binding [15, 16]. Among five JAMs, 
JAM-A, -B, and -C are more closely related to 
each other. In contrast, JAM-L resembles other 
IgSF proteins such as CAR. The cytoplasmic 
domain of JAM-A, -B, and -C is short with only 
about 40 amino acids long, whereas those of 
JAM-4 and -L are considerably larger with 105 
and 98 residues, respectively. Except for JAM-L, 
all other JAMs contain C-terminal PDZ-binding 
motifs that appear to facilitate interactions with 
other TJ-associated scaffold proteins such as 
ZO-1 and AF6. Besides, the cytoplasmic tails of 
JAMs also contain consensus phosphorylation 
sites that may serve as substrates for PKC, PKA 
and casein kinase II, and the phosphorylation at 
specific sites may play a role for targeting JAMs 
to cell-cell junctions [16]. Despite the compelling 
evidence implicating JAMs in intercellular junc-
tion formation, little is known about the mecha-
nisms by which this might occur.

CAR, a ~46 kDa protein of TJ, is also known 
to mediate viral attachment and infection. CAR 
was first identified as a cellular protein involved 
in attachment and infection by group B coxsacki-
eviruses (CVB) and later found to be an adenovi-
rus (Ad) receptor [17]. As mentioned above, 
CAR belongs to IgSF family and the cytoplasmic 
domain contains a phosphorylation site and a 
hydrophobic motif that interacts with PDZ- 
domain proteins such as ZO-1 and MUPP1. Virus 

entry into polarised epithelium required disrup-
tion of TJs. In polarised epithelial cells, CAR is 
colocalised with ZO-1, and its expression in TJs 
is to enhance their barrier function and limit virus 
infection as well as reduce passage of macromol-
ecules and ions across epithelial surfaces [18]. It 
is also seen to colocalise with some non-TJ pro-
teins such as β-catenin and α-actinin-4. CAR is 
expressed in a wide range of tissues, including 
the liver, intestines, lung, heart, brain and pan-
creas, with high levels in the testis and prostate 
[18]. The biological roles of CAR remain poorly 
understood, but emerging evidence suggests that 
it may function during embryonic development 
and in regulating cell proliferation. High levels of 
CAR expression were found in the embryonic 
brain and heart but with significant dropping 
after birth [17]. In support, specific CAR deletion 
in the heart early in embryonic life leads to severe 
cardiac abnormalities and death in utero, suggest-
ing that CAR is essential for normal cardiac 
development [19]. Other evidence suggests that 
CAR may be essential for early development of 
the central nervous system and other tissues [17]. 
As a junctional component of the intercalated 
disc, recent studies also have implicated CAR in 
cardiac remodelling and electrical conductance 
between atria and ventricle [20].

2.2.3  Tight Junction Formation 
and Maintenance

The assembly of TJ is driven by initial interaction 
of occludin and claudins via their extracellular 
domains, and this leads to recruitment of other 
adhesion proteins, including signal molecules, at 
their cytoplasmic site. The key organisational 
molecules in TJ are ZO (zonula occludens) pro-
teins (ZO1–3) which are large scaffolding pro-
teins and provide a structural support beneath the 
plasma membrane for TJ assembly. ZO proteins 
consist of a string of the protein-binding domains, 
typically including three PDZ domains (each 
with approximately 80 amino acids), an SH3 
domain (around 60-amino-acid motif) and a GK 
domain [1, 21]. These domains enable the 
 proteins to bind to each other and also with other 
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partners that together in turn link to the actin 
cytoskeleton and regulate signal propagation to 
the cell interior. Tyrosine phosphorylation of 
ZO-1 via the EGF receptor-mediated Src signal-
ling is required for TJ assembly and this was par-
ticularly demonstrated in A431 cells treated with 
EGF [21, 22]. In the absence of EGF, ZO-1 was 
found to be located diffusively along lateral cell 
borders as well as in micro-spikes and ruffles. 
After EGF treatment, ZO-1 was relocated 
towards apical position where it colocalised with 
the actin ring [21]. In this model, the EGF- 
induced transient tyrosine phosphorylation of 
ZO-1 causes its recruitment with actin into a 
focused position corresponding to an apical 
TJ. On the other hand, tyrosine phosphorylation 
of ZO-1 and ZO-2 is also found to be correlated 
with a temporal drop in transepithelial resistance 
of TJs, suggesting that the phosphorylation of 
these scaffolding proteins is associated with 
dynamic assembly process or modulation of TJs.

In addition to Src signalling, peri-junctional 
actin-myosin contraction, protein kinase C (PKC) 
and isoforms of heterotrimeric G proteins have 
also been shown to be involved in physiological 
regulation of TJs [4, 22–24]. Briefly, changes in 
the intracellular calcium induced by various stim-
uli result in an increase of paracellular permeabil-
ity and very often this increased paracellular 
permeability can be blocked by the use of PKC 
inhibitors. In addition, depletion of extracellular 
calcium from confluent epithelial culture results 
in disassembly of both TJs and AJs. It was thought 
that the action of PKC is mediated through AJ for-
mation rather than directly on the TJ proteins. The 
assembly of AJs is known to trigger initial and 
first cell-cell contact event that is prerequisite for 
other junction formation (discussed below). It has 
long been known that integrity and stability of TJs 
are dependent on the extracellular calcium and 
this could be due to indirect effects of calcium on 
AJs as well as the actin cytoskeleton rather than 
direct effects on TJs. MDCK cells have been 
extensively utilised for the study of TJ formation 
and treatment of MDCK cells with cytochalasins, 
drugs that disrupt actin filaments, caused gradual 
increase in paracellular permeability, and pre-
vented the normal rapid recovery of transepithe-

lial resistance in cells that were subjected to 
calcium depletion (TJ disruption) and then reple-
tion (induction of cell- cell interaction and junc-
tion formation) [25]. There are two actin 
populations observed in MDCK, the apical ring 
and basal actin filament bundles that are associ-
ated with focal adhesion. It has been demonstrated 
in a study based on cytochalasin D treatment of 
MDCK cells that apical actin ring is more impor-
tant in the regulation of TJ permeability [26]. The 
epithelial cell adhesion molecule uvomorulin or 
L-CAM, which undergoes a calcium-dependent 
change in molecular conformation, was thought 
to be responsible, at least in part, for the calcium 
sensitivity of TJ formation [25]. Internal calcium 
stores are also required for the maintenance of TJs 
[27, 28] and in contrast PKC does not seem to be 
in this case as PKC inhibitors showed minimal 
effects on already established TJs [4]. Furthermore, 
a heterotrimeric G protein α-subunit is found to 
localise at TJs and to functionally regulate tran-
sepithelial resistance in MDCK cells [29]. Other 
signalling molecules, such as small GTPases, 
Rac1 and RhoA as well as Rab13, are also dem-
onstrated to be involved in both gate and fence 
functions of TJs and are shown to be colocalised 
with ZO-1 and TJs in a variety of epithelial and 
endothelial cells, respectively [30, 31]. Taken 
together, these findings suggest that TJ is a very 
dynamic structure and its assembly, functions and 
maintenance are involved in many molecular pro-
cesses including protein phosphorylation, intra-
cellular and extracellular calcium, actin-myosin 
contraction and several associated signalling 
pathways.

2.2.4  Tight Junction in Epidermis 
and Oral Mucosa

Most studies on TJs are based on simple epithelia 
and their derived cell lines, such as intestine, renal 
and airways. Relatively less work has been done 
in stratified squamous epithelial tissues, in partic-
ular oral mucosa. Some pioneer studies are per-
formed in the skin and cultured keratinocytes [32, 
33]. In 2002, Furuse et al. published the claudin-
1-deficient mouse model reporting that animals 
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died within 1 day of birth with wrinkled skin and 
severe defect of epidermal barrier function, albeit 
the layered organisation of keratinocytes appeared 
to be normal [33]. This study provides the first 
evidence of crucial role of TJs in the mammalian 
epidermal barrier and demonstrates directly con-
tinuous TJs in this tissue. Thereafter, several TJ 
proteins are found localised at the apical site of 
the lateral plasma membrane in the stratum granu-
losum of epidermis and they are occludin, clau-
din-1, -4 and 7, JAM-A and TJ plaque proteins, 
ZO-1 and -2, cingulin as well as cell polarity pro-
teins, Par3 and aPKC [34]. However, it was found 
that the structure of TJs is, especially in adult 
skin, less complex than in other epithelia; how-
ever, their exact localisation within the stratum 
granulosum of epidermis remains not fully char-
acterised. In addition to granular cells, claudin-1 
and -4 are also found to be diffusely distributed 
along the plasma membranes of keratinocytes in 
deeper layers, but these diffusely distributed clau-
dins are thought not to be constituted to TJ strands 
per se, nor to be directly involved in the barrier 
function of the epidermis. Similar finding was 
also shown in simple epithelial cells without 
proper TJ formation in some cell types. In the cul-
tured keratinocytes, TJs and their constitutive 
protein expression are shown to be responsive to 
calcium that induces cell stratification and differ-
entiation [32], analogous to that of cadherin-
mediated AJ formation. For detail of phenotypic 
differences of knockout and knockdown in mouse 
and man and for direct comparison of TJs and 
their protein expression between skin and intes-
tine, please refer this review [34].

Relatively limited studies are performed on 
the functional significance of TJs in oral mucosa, 
albeit some TJ proteins, such as claudins, occlu-
din, JAM-A and ZO-1, are reported to be 
expressed in salivary glands [11]. In the rat large 
salivary glands, claudin-3 was detected in the 
acinar cells and intercalated ducts whereas clau-
din- 4 was principally expressed by the striated 
and interlobular ducts [35]. Occludin was ubiqui-
tously detected in the duct system. In the mouse 
submandibular gland, claudins including calu-
din- 3 to -8, -10 and -11 are found exhibiting 
 differential expression pattern in the developing 

epithelium [36]. While claudin-3, -5, and -7 were 
restricted to the luminal cells of the ducts, clau-
din- 4 was found in the ducts at all the develop-
mental stages. The expression of claudin-6 and -8 
was detected in the ducts at E14 and E16 but after 
birth, only claudin-8 was detectable. Claudin-10 
and -11 were found in the terminal tubules at and 
after E16, and in addition claudin-16 was also 
detected in human major salivary glands (parotid, 
submandibular and sublingual glands), as well as 
in their excretory ducts where it shows colocali-
sation with ZO-1 and occludin [37].

2.2.5  Tight Junction Proteins in Oral 
Cancer

Studies on TJs and the barrier function in oral 
mucosa begin emerging [38, 39]. Since TJs play 
a crucial role in cell-cell adhesion, cell differen-
tiation and polarity, it is not surprising that loss of 
TJ protein expression occurs in various human 
cancers including oral squamous cell carcinomas 
(OSCC). Defect of TJs due to the loss of TJ mol-
ecules in cancer cells can stimulate dedifferentia-
tion process and drive cell detachment from 
primary tumour, leading to distant dissimilation 
that is a hallmark of cancer. Thus many studies 
have established that loss of TJ proteins is associ-
ated with carcinogenesis, recurrence and poor 
patient survival [32, 40–45]. However, this para-
digm has recently been challenged by many other 
reports that the overexpression of CAR, JAM-A, 
JAM-C and several claudins has been shown to 
promote tumorigenesis in specific cancers [5]. 
Thus it has been proposed that aberrant TJ pro-
tein expression, rather than exclusively TJ pro-
tein loss, may promote tumorigenesis [5]. 
Although the mechanisms of their roles in cancer 
remain unclear, it was reasoned that TJ proteins 
likely have some non-adhesion functions such as 
regulating intracellular signalling that controls 
proliferation and migration and these additional 
functions contribute to the tumorigenesis and 
progression. Evidently, optimal expression of TJ 
proteins is the key in maintaining normal 
 physiological function and any imbalance could 
have pathological consequences.
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It has been shown that overexpression of clau-
din- 1 is associated with angiolymphatic and peri-
neural invasion, consistent with aggressive 
tumour behaviour and with advanced-stage dis-
ease in OSCC [46]. On the other hand, another 
study on SCC of oral cavity has indicated that 
loss of claudin-1 expression is correlated with 
clinical stage and poor differentiation status of 
oral cancer with the highest levels in well- 
differentiated OSCCs and almost negative stain-
ing in poorly differentiated tumours [47]. In vitro 
study in various OSCC cell lines with different 
invasion activities suggests that the action of 
claudin-1 in promoting cancer cell invasion is 
through a mechanism of activating MT1-MMP 
and MMP-2 which causes enhanced cleavage of 
extracellular matrix protein laminins, and knock-
down of claudin-1 suppresses the invasion of 
OSCC cells and decreases the activation of 
MMP-2 [48].

Some JAMs have also been implicated in a 
variety of pathologic processes involving cellular 
adhesion. In addition, JAM-A has been shown to 
be a receptor for reovirus. Deregulation of 
JAM-A is found to be associated with various 
cancers. While a strong correlation between 
JAM-A protein upregulation and poor prognosis 
was observed in breast cancer patients, paradoxi-
cally, downregulation of JAM-A has also been 
shown in breast tumour progression [49–51]. 
Another JAM reported to be related to cancer is 
JAM-C and its primary role in aiding cancer pro-
gression is involved in the promotion of cancer 
cell migration and angiogenesis rather than 
directly influencing tumour cell proliferation or 
survival [5]. CAR acts as a receptor for cox-
sackie- and adenoviruses and its upregulation is 
found in various cancers with the levels of 
expression positively correlating with tumour 
grade and metastasis. One study based on an 
OSCC cell line suggests that a critical role of 
CAR in cancer progression is probably through a 
mechanism of the negative regulation of apop-
totic pathway and promoting cancer cell growth 
and survival [52]. It was shown in the study that 
such a growth regulation is via the specific inter-
action of CAR with Rho-associated protein 
kinase (ROCK) and this interaction causes inhi-

bition of ROCK activity that in turn facilitates 
cell-cell adhesion and stability that is required for 
cell growth and survival. Knockdown of CAR 
results in growth suppression and anoikis of SCC 
cells due to cell dissociation caused by abnormal 
distribution of E-cadherin [52].

2.3  Gap Junction

Intercellular communication is important in con-
trolling homoeostasis in organisms and in per-
mitting responses to external stimuli, and gap 
junction functions for such a purpose and serves 
to facilitate direct intercellular communication 
[53, 54]. Gap junctions have a pore size of about 
1.4 nm and are tightly packed, which allows 
transfer of inorganic ions (including Ca2+ and 
Mg2+) and other small molecules of <1 kDa (such 
as cAMP, cGMP and ATP), but not macromole-
cules such as proteins or nucleic acids, between 
neighbouring cells. Conventional electron 
microscopy and X-ray crystallographic studies 
show that gap junctions appear as a patch of a 
hexagonal array where the membranes of two 
neighbouring cells are separated by a uniform 
narrow gap of about 2–4 nm [1]. Gap junctions 
do not open all the time; instead, they flip between 
open and close states, depending upon the exter-
nal stimuli or controlled by multiple factors such 
as calcium concentration, pH, trans-junctional 
membrane potential and protein phosphorylation 
[55]. Again, each gap junction plaque is a 
dynamic structure that can readily assemble, dis-
assemble or be remodelled.

Gap junctions contain hydrophilic membrane 
channels that bridge gaps between adjacent cells 
so as to create direct channels from the cytoplasm 
of one to that of the other, and they do not link 
directly to any cytoskeleton. The gap junction 
channels are formed by structure known as con-
nexons in the plasma membrane of adjacent cells, 
and each connexon is composed of six connexin 
subunits [1]. The connexon can be homomeric 
(identical subunits) or heteromeric with different 
connexin subunits (Cxs), and the bridged 
 connexon channels between adjacent cells can be 
either homotypic or heterotypic too [1]. There are 
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21 connexin proteins identified in man, and they 
are named according to their mass; for example 
Cx43 is approximately 43 kDa. Connexins are 
found in majority of tissue types and among them 
Cx43 is the most ubiquitously expressed [54]. 
Multiple connexin proteins are found expressed 
in a single tissue type and such diversity of the 
expression is likely to confer different properties 
to gap junctions. Connexin proteins are trans-
membrane proteins, each of which contains four 
transmembrane domains, two extracellular loops 
and one intracellular loop, and N- and C-terminus 
both exposed to cytoplasm [1]. Phosphorylation 
of C-terminus of connexins is important in gap 
junction assembly, trafficking, channel gating and 
turnover, and two kinases Src and PKC are well 
known to be involved in their phosphorylation 
and subsequent interaction with other junctional 
proteins [55]. The non-bridged connexon, 
arranged by six connexin subunits or hexagonal, 
forms the hemichannel that is believed to involve 
in paracrine signalling by enabling the transfer of 
molecules between the cell and the extracellular 
environment [54]. In addition to communication, 
gap junctions also provide a form of cell-cell 
adhesion that supplements the cadherin- and clau-
din-mediated adhesions we discussed earlier.

A number of studies have indicated a close 
association between gap junctions and cadherin- 
based AJs. Inhibition of AJs can impair gap junc-
tion formation and disrupt cell-cell coupling or 
communication, suggesting that gap junctions 
are dependent upon the proper formation of AJs. 
Furthermore, Cx43 has been shown to colocalise 
and/or interact with ZO-1, β-catenin and p120 as 
well as classical cadherins, and depletion of 
N-cadherin results in altered subcellular distribu-
tion of p120 [55]. All these findings indicate a 
crosstalk between gap junctions and AJs or even 
TJs. There are reports suggesting that Cx43 may 
also associate with cytoskeletal proteins in some 
specific cell types and direct interaction of Cx43 
with microtubules has been demonstrated in a 
couple of studies in the literature [55]. 
Furthermore, Cx43 is shown to interact with 
caveolin-1, a scaffolding protein in a specialised 
lipid raft known as caveolae that serves as the 
platform for a number of signal molecules.

Gap junctions play an important role in regu-
lating growth and development. They are present 
in most animal tissues and organs, including epi-
thelia and heart as well as connective tissues. In 
skin, gap junctions are found in the basal, spinous 
and granular layers of human epidermis, but not 
in the stratum corneum [54]. Similar feature 
could be seen in oral mucosa although no report 
has directly demonstrated it. Different isoforms 
of connexins can be found at distinct locations in 
the epidermis, and this may be due to different 
functional roles of isoforms at different stages of 
keratinocyte differentiation. In mice connexin 
proteins, such as Cx26, Cx30, Cx31.1, Cx32 and 
Cx43, are found in the gingival epithelial cells 
and buccal mucosa, and during wound healing 
these connexins are rapidly downregulated at the 
wound edge [56, 57]. An in vitro study shows 
that both Cx26 and Cx43 are expressed in normal 
oral epithelial cells but only the membrane 
expression of Cx43 is found in OSCC cell lines 
and no Cx26 expression was detected at all in 
cancer cell lines [58]. High membrane expression 
of Cx43 has also been implicated as an indepen-
dent prognostic marker in OSCC and was shown 
to be correlated with poor cancer patient survival, 
but no such correlation was found for Cx26 and 
Cx45 expression [59]. Mutations in the Cx26, 
Cx30, Cx31, Cx32 and Cx43 genes have been 
shown to be associated with a wide range of 
human diseases including syndromic and skin 
conditions as well as hear loss, and these findings 
underscore the important roles of gap junctions 
in multiple tissues and organs [54, 55]. The 
mechanisms by which Cx mutants cause diseases 
in vivo are largely unknown and are likely to dif-
fer depending upon the different genes as well as 
the nature of the mutation. It is suggested that the 
following steps are possibly involved in disease 
pathology: (1) accumulation of a Cx mutant in 
the cytoplasm, (2) a Cx mutant exerting a 
dominant- negative effect, (3) loss of GJ function 
and (4) aberrant hemichannels [54].

 Conclusion

Epithelial cells are attached to each other by 
numerous intercellular junctions, including 
TJs, AJs, DMs and gap junctions. These 
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 junctions differ in their structures, functions, 
molecular compositions and tissue presenta-
tions. In simple epithelial cells, TJs are 
located in the apical aspect of lateral mem-
brane, and serve as a tight barrier for the mol-
ecules within the plasma membrane of lipid 
bilayer and concomitantly control the para-
cellular flux of ions and nonelectrolytes. In 
stratified epithelia, TJs are restricted to the 
granular layer and provide protection against 
all sorts of external stimuli, bacteria invasion 
and excessive water loss. Gap junctions, on 
the other hand, couple the neighbouring cells 
to each other and allow direct communication 
through the connexon channels between cells. 
Both AJs and DMs belong to a functional 
group of anchoring junction which couple the 
cytoskeletal networks of adjacent cells and 
serve as scaffolding for the maintenance of 
epithelial architecture and structural integrity 
(see Chap. 4). All these junctions are not 
static structures and in fact they are able to 
undergo modulation during tissue repair, 
development or metastatic transition. Because 
of their important role in tissue integrity and 
homeostasis, deregulation of intercellular 
junctions is frequently found in human patho-
logical conditions, including autoimmune, 
infectious and hereditary diseases as well as 
cancers. Downregulation of these junctions 
and their constitutive proteins often is associ-
ated with tumorigenesis. However, emerging 
evidence also suggests the upregulation of 
some junctional proteins in cancers, and the 
pro-cancerous roles of these proteins are 
likely associated with their non-junctional 
functions involving their cell signalling 
activity.
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3.1  Introduction

Cell adhesions are crucial in many aspects of cell 
and tissue biology and coordinate in various pro-
cesses such as morphogenesis, tumour metastasis 
and tissue repair. Normally, they are required in 
tissue development and in establishment of 
apical- basal axis of cell polarity by generating 
physical and molecular asymmetry at both sur-
face and intracellular structures, which leads to 
the formation of apical membrane in the non- 
contacting (free) cell surface, and the basolateral 
membrane along the contacting cell surface. A 
typical feature of epithelia is that the cells are 
tightly attached to each other and to the extracel-
lular substrate, with little extracellular space, by 
numerous cell-cell and cell-matrix adhesion 
complexes, through a collection of glycol pro-
teins and cytoplasmic plaque proteins, and these 
specific interactions enable epithelial cells to 
maintain polarity. The epithelial component of 
oral mucous membrane in the outermost layer is 
composed of stratified squamous epithelium that 
serves as a major portal for microbial invasion 
and provides robust protection against mechani-
cal stress. The integrity of such a mucous barrier 
is maintained by physical interaction of highly 

specialised junctional complexes between adja-
cent cells as well as between cells and basement 
membrane that are important for safeguarding of 
systemic and oral health. Like epidermis, the 
major cell type in oral mucosa is keratinocytes 
and these cells are arranged as four classified 
sub-layers, namely, the basal layer, spinous layer, 
granular layer and stratum corneum. The inter-
cellular adhesions are stable in mature epithelia 
and become modulated during regenerative 
 processes such as wound healing or pathogenic 
processes such as cancer progression and inva-
sion. In these latter situations, the junctions 
become highly dynamic that enables their rear-
rangements in order to facilitate cell migration, 
morphogenesis and tissue development. It has 
been widely accepted that the formation, matura-
tion and homeostasis of epithelia require dynamic 
coordination between assembly and disassembly 
of the intercellular junctions, and dysfunction of 
any aspects is often associated with dedifferentia-
tion and malignance and other diseases such as 
pemphigus. Emerging evidence suggests that the 
precisely controlled mechanisms of cell adhesion 
can in addition serve as crucial regulators for 
other downstream processes, such as prolifera-
tion, differentiation, migration and wound 
healing.

According to the functions, the cell adhesions 
in epithelia are classified into three groups of 
junction complexes, i.e. tight junction (also 
known as occluding junction), gap junction (also 
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known as channel-forming or communicating 
junction) and anchoring junction, the latter of 
which includes adherens junction (AJ), desmo-
some (DM), focal adhesion and hemi- desmosome 
(Fig. 2.1). The main feature of anchoring junc-
tions is that this group is composed of members of 
the cadherin and integrin superfamilies of trans-
membrane proteins that are linked to cytoskeleton 
through a collection of cytoplasmic plaque pro-
teins, and they are especially abundant in tissues, 
such as oral mucosa, skin and heart, that experi-
ence extensive mechanical stress. Overall, cell 
adhesions between cells, as well as between cell 
and the extracellular matrix which will not be dis-
cussed here, play a crucial role in various cellular 
processes, including cell recognition, positioning, 
differentiation, embryonic development and 
wound healing in adult tissues. This chapter 
focuses on the cell-cell interactions, in particular 
the adherens junction and desmosome.

3.2  Anchoring Junction: 
Adherens Junction

Adherens junctions (AJs), along with DMs, belong 
to the functional group of anchoring junctions that 
confer mechanical strength and integrity essential 
for the maintenance of tissue architecture. In gen-
eral, these junctions exhibit high  frequency of 
occurrence in epithelial and endothelial cells that 
are exposed to environmental mechanical stress. 
They are the evolutionarily conserved structure at 
the plasma membrane and mediate cell-cell adhe-
sions in multicellular organisms. In contrast to DMs 
which link to intermediate filament cytoskeleton, 
AJs are physically coupled with the actin microfila-
ments, the thinnest filaments of the cytoskeleton, 
via cytoplasmic plaque proteins known as catenins 
and other signal molecules, and coordinate assem-
bly and organisation of cortical actin throughout the 
stratified squamous epithelia. AJs are found in a 
uniform distribution along the plasma membrane 
and appear as a circumferential continuous zonula 
adherens subjacent to TJs in polarised simple epi-
thelial cells (Fig. 2.1). A similar junctional structure 
is also observed in cardiomyocytes and is called 
fascia adherens which appears in ribbon-like pat-

tern and does not completely encircle the cells. The 
maintenance and stabilisation of AJs require attach-
ment of the core cadherin- catenin complex to the 
actin cytoskeleton.

3.2.1  Adherens Junction Function 
and Structure

The ability of cells to adhere and communicate to 
each other is recognised as a prerequisite for the 
formation and maintenance of a multicellular 
organism. Through cell-cell interactions, cells 
can decide whether to change shape, undergo 
polarisation, continue growing or switch on ter-
minal differentiation, and AJs play a crucial role 
in the initial engagement of cell-cell interactions. 
Inhibition of both E- and P-cadherins in vivo not 
only impairs AJs, but also TJs and DMs as well 
as the cortical actin cytoskeleton [1, 2]. It is 
believed that AJs could bring the membranes of 
opposite cells into close proximity, thereby 
allowing desmosomal molecules and other sig-
nalling molecules to engage and cluster that 
facilitate other junction formation.

The primary function of AJs is to resist the 
external forces that pull cells apart [3]. At the 
same time, they must also be dynamic and adapt-
able, and be able to be modulated or repaired 
according to the forces acting on them. Besides 
imparting structural integrity, AJs are also 
involved in various functions such as the mainte-
nance of tissue polarity, regulation of cell shape 
and transmission of signalling events. In the past 
years, cadherin-catenin complexes have been 
recognised as important regulators in cell-cell 
adhesion, embryonic development and adult tis-
sue homeostasis, linking cell-cell adhesion to cell 
interior to multiple signalling networks. Thus, 
there is no doubt that the formation, maturation 
and homeostasis of tissues require dynamic coor-
dination between assembly and disassembly of 
AJs and other junctional complexes. It has been 
well established that cadherin-mediated adhesion 
is crucial in cell sorting during embryonic devel-
opment, and this property has also been directly 
demonstrated in cultured L-fibroblasts with 
exogenous expression of cadherins. If L-cells 
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expressing different cadherins are mixed together, 
they sort out and aggregate separately, indicating 
that different cadherins preferentially bind to 
their own type [3]. AJs have also emerged to act 
as dynamic tension sensors and response to 
forces acting on them by modifying local actin 
and myosin behaviour in order to balance the 
forces on both sides of the junction, in which pro-
cess α-catenin is recognised to play an important 
role [3]. In some cell types, actin contractility 
reduces cell-cell adhesion strength, particularly 
when cells are subjected to large forces which 
can cause the edges of cell-cell adhesions to peel 
them apart [3].

Because of the adhesive nature, it is widely 
accepted that AJs function as tumour suppressors 
by restricting cell growth through adhesion- 
mediated contact inhibition and decreased 
β-catenin signalling-dependent LEF-1 activity 
[4, 5]. In support, disruption of cell-cell adhesion 
has been shown to significantly contribute to 
uncontrolled cell proliferation and tumour cell 
dissemination. The tumour suppressor function 
of AJs is exemplified by the function of 
E-cadherin which, when disrupted, is associated 
with tumour development [6], and in addition the 
loss of E-cadherin is regarded as a hallmark of 

cancer. When expressed in cancer cell lines, 
E-cadherin inhibits growth and reduces invasive-
ness [7–9]. Likewise, the expression of desmo-
somal components in L-fibroblasts generates 
adhesion and inhibits the strongly invasive nature 
of these cells. Furthermore, the invasive pheno-
type of these fibroblasts was restored when des-
mosomal adhesion was inhibited [10].

The current accepted model is that AJs serve 
as a bridge connecting the actin cytoskeleton of 
neighbouring cells through direct interaction. 
Catenins and their interactions with the cytoskel-
eton are required for the clustering of cadherins 
into AJs. Deletion of the catenin-binding sites in 
cadherins, or α-catenin depletion, or abnormali-
ties in the actin cytoskeleton all can abolish AJ 
assembly [11]. The components and schematic 
structure of AJ are shown in Fig. 3.1. Essentially, 
it contains classical cadherins, β- or γ-catenin 
and α-catenin that link to the actin cytoskeleton. 
Interaction between the actomyosin cytoskeleton 
and the AJs is prominently regulated by the 
mechanical forces and Rho family of small 
GTPases. Within each cell, a contractile bundle 
of actin filaments and myosin II lies adjacent to 
the adhesion belt, oriented parallel to the plasma 
membrane and tethered to it by the cadherins and 

Fig. 3.1 Schematic diagram of the classical cadherin- 
catenin complex. Classical cadherins (green), which 
mediate calcium-dependent intercellular adhesion, are 
composed of an extracellular domain, a transmembrane 
domain and a cytoplasmic domain. The cytoplasmic 

domain of cadherin binds to β-catenin (blue) that in turn 
interacts with α-catenin (purple) and then the actin cyto-
skeleton. p120 (yellow) binds to the juxtamembrane 
domain of classical cadherins
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their associated cytoplasmic plaque or adaptor 
proteins. The early study of AJ’s ultrastructure in 
thin sections examined by transmission electron 
microscope was based on intact adult lens of 
 various species including human and showed 
that AJs appear to have the same structural 
 characteristics as the zonula adherens, except 
that they were macular contacts, not belts, and 
had a characteristic distribution in the ‘intersec-
tions’ where three hexagonal fibre cells met [12]. 
It was also shown that AJs and associated actin 
were distributed randomly along the entire cell 
membranes of both wide and narrow sides of 
 cortical fibre cells. In vitro study of cultured 
mouse keratinocytes subjected to calcium switch 
(by raising Ca2+ concentration in the culture 
medium from 0.1 to 1 mM) showed AJ formation 
at 2 h after calcium addition with the appearance 
of electron- dense undercoat of the plasma mem-
brane that links to actin microfilaments [13].

3.2.2  Adherens Junction Proteins

3.2.2.1  Classical Cadherins
The transmembrane core of AJs is composed of 
classical cadherin such as E-cadherin (~120 kDa 
protein), whose ectodomain binds Ca2+ to medi-
ate trans-oligomers between cadherins on the 
surface of opposing cell. Classical cadherins are 
the single-pass transmembrane proteins, named 
for the tissue in which they were thought to be 
mainly expressed (e.g. E-cadherin in epithelium, 
P-cadherin in the placenta, N-cadherin in neuro-
nal tissue). There are five motifs in the extracel-
lular domain separated by flexible hinge regions. 
Ca2+ ions bind in the neighbourhood of each 
hinge, preventing it from flexing. As a result, the 
extracellular region forms a rigid, curved struc-
ture [3] (Fig. 3.1). To generate cell-cell adhesion, 
the cadherin domain at the N-terminal tip of one 
cadherin molecule binds the N-terminal domain 
from a cadherin molecule on opposing cells. 
Initial interaction between cadherin extracellular 
domains is weak, but strong cell-cell adhesion 
develops during lateral clustering of cadherins 
(Figs. 19–11 in [3]). Clustering of cadherins 
depends on their anchorage with the actin cyto-

skeleton via catenins. The adhesive function of 
cadherins is selective, which means that these 
molecules have homophilic binding preference 
[3]. In contrast to homophilic binding, recent 
studies also suggest a heterophilic cross-binding 
between different cadherin isoforms, such as N- 
and E-cadherins [14]. The clustered cadherins are 
stabilised by a number of cytoplasmic proteins, 
primarily comprised of armadillo family proteins 
such as β- and α-catenins as well as p120. p120 
binds to the juxtamembrane domain of classical 
cadherin and β-catenin binds to the catenin 
 adhesion site downstream of juxtamembrane 
domain (Fig. 3.2) that in turn binds to the actin-
binding protein α-catenin [15]. At the cellular 
level, E-cadherin adhesion facilitates assembly 
of other specialised intercellular junctions (DMs, 
gap and tight junctions) necessary to form func-
tional monolayers of epithelial cells [16, 17].

3.2.2.2  Armadillo Proteins
Armadillo (ARM)-repeat proteins form a large 
family with diverse and fundamental activities in 
many eukaryocytes. Since the mid-1980s, a 
growing number of related proteins have been 
identified based on sequence homologies. It has 
become increasingly clear that these family pro-
teins combine structural roles as cell-contact and 
cytoskeleton-associated proteins and signalling 
functions by generating and transducing signals 
affecting the gene expression. Hence, these fam-
ily proteins have both junction and nucleus distri-
butions. A common feature of this family is that 
they share a central domain that is composed of a 
series of imperfect 45 amino acid repeats. In epi-
thelia, the armadillo proteins include β-catenin, 
α-catenin, plakoglobin (γ-catenin), p120-catenin, 
plakophilins 1-3 (PKP1-3), p0071 (also known 
as PKP4) and δ-catenin. Together, they play an 
important role in tethering AJs to actin cytoskel-
eton and in regulating clustering of AJ 
components.

β-Catenin (~95 kDa) is an important member 
of the armadillo family, and binds to the distal part 
of the E-cadherin cytoplasmic tail (Fig. 3.2) and 
connects it to the actin cytoskeleton via α-catenin. 
In addition to its role in connecting E-cadherin 
with the actin-binding proteins, β-catenin has a 
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second role as a transcriptional co-activator in the 
Wnt signalling pathway. Abnormal Wnt signal-
ling caused by mutation of β-catenin is frequently 
detected in cancer [18]. β-Catenin can translocate 
to the nucleus and participates in signalling that is 
mediated by Wnt growth factor receptor [19]. 
Therefore, the stability of β-catenin is a central 
control point to the Wnt signalling pathway. 
Interestingly, β-catenin stability is achieved only 
by its binding to the cadherin tail. In contrast, 
p120 is not subject to the same cadherin depen-
dency and is stable in the cytosol when unbound 
by the cadherin tail [20, 21].

Plakoglobin (~82 kDa), also known as 
γ-catenin, is a major regulatory protein in both 
AJs and DMs. However, it exhibits higher affin-
ity for desmosomal cadherins [22, 23] (Fig. 3.2) 
and therefore its signalling function is primarily 
to direct DM organisation. Like other junctional 
proteins, plakoglobin is subjected to modulation 
by tyrosine kinases and its downstream effect 

can affect the cadherin-mediated adhesion in 
both DMs and AJs [24]. Plakoglobin is formed 
by 12 ARM repeats that share 65% amino acid 
identity with β-catenin [25]. The central arma-
dillo domain interacts with desmoplakin, which 
in turn tethers the intermediate filaments to des-
mosomal plaque. Plakoglobin also exhibits the 
AJ location where it binds to classical cadherins 
and links the cadherins to α-catenin and actin, 
similar to β-catenin function. However, its 
higher affinity for desmoplakin may explain why 
plakoglobin, but not β-catenin, locates to DMs 
[26]. It has been described that the association of 
plakoglobin with E-cadherin is necessary for 
DM assembly [27]. In an epithelial cell line that 
does not express classical cadherins DMs were 
unable to form, even though it retains the requi-
site desmosomal components. Introduction of 
E-cadherin and/or P-cadherin into this cell line 
did not restore the ability to organise DMs; how-
ever, overexpression of plakoglobin, along with 
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Fig. 3.2 Structure of the classical cadherin E-cadherin 
and the desmosomal cadherins (the two splice forms of 
Dsc1, and Dsg3). EC1-EC5 five extracellular cadherin- 
like repeats, EA extracellular anchoring domain, TM 
transmembrane domain, IA intracellular anchoring 
domain, ICS intracellular cadherin-specific domain, IPL 
proline-rich linker domain, RUD repeating unit domain, 

DTD desmoglein-specific terminal domain. Both Dsc1 ‘a’ 
isoform and Dsg3 contain an ICS which binds to plako-
globin (Pg). The Dsc1 ‘b’ isoform also contains a shorter 
cytoplasmic region with unique sequences (orange). 
Comparing with Dsc1, the cytoplasmic tail of Dsg3 con-
tains additional domains of IPL, RUD and DTD down-
stream of ICS
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E-cadherin, did permit DM organisation [27]. 
These results suggest that plakoglobin plays an 
essential role in the crosstalk between 
E-cadherin- mediated AJs and DM formation. 
However, it was later found that this is not the 
case in mouse keratinocytes where desmosomal 
cadherins were still capable of clustering on the 
cell surface and forming DM-like structure in epi-
dermis that has plakoglobin knockout [23]. It was 
postulated that this was due to the other armadillo 
family members, such as plakophilin 1 that can 
substitute for the loss of plakoglobin [28]. 
Nevertheless, this compensation was unsuccess-
ful in the muscle cells of heart which does not 
express plakophilin 1 [29]. Another study based 
on immortalised HaCaT keratinocytes indicates 
that plakoglobin is responsible for stabilising 
cell-cell adhesion via inhibition of the p38 mito-
gen-activated protein kinase (p38 MAPK) activ-
ity [30], as well as Src signalling since 
keratinocytes with plakoglobin knockout exhib-
ited increased activity of Src [31].

p120-Catenin also belongs to armadillo fam-
ily and is characterised to bind the juxtamem-
brane domain in the cytoplasmic tail of cadherin 
(Fig. 3.2) but does not bind to α-catenin [32–34]. 
At present, four alternative splicing isoforms 
have been identified. p120 is known to partici-
pate in a wide range of biological processes such 
as influencing cell motility, cadherin clustering 
[34] and modulating the activities of Rho family 
GTPases in cell adhesion and reorganisation of 
actin cytoskeleton [35]. The major function of 
p120 is involved in stabilisation of cadherins at 
the junctions. Strong evidence suggests that p120 
plays a key role in stabilising the E-cadherin- 
catenin complex. It has been shown that p120 
protects E-cadherin at the cell surface from endo-
cytosis and in turn strengthens the adhesiveness 
of AJs [36]. This finding is in line with a study by 
Reynolds and colleagues that showed that down- 
regulation of p120 is associated with the con-
comitant loss of E-cadherin in some cases of 
metastatic cancer [32]. Moreover, in the absence 
of p120, cadherins undergo internalisation from 
the cell surface and degradation in the lysosomes 
[37–40]. Binding of p120 to VE-cadherin inhibits 
its endocytosis, underscoring an important role of 

p120 for adhesive junction stability [41]. Recent 
studies have uncovered that p120 functions as a 
cap for preventing association of the classical 
cadherins with clathrin adaptor proteins, thus, as 
a consequence, preventing the clathrin-mediated 
internalisation of cadherins [42].

α-Catenin (~102 kDa) is an actin-binding pro-
tein, which shares an overall similarity with vin-
culin, another actin-binding protein, and differs 
considerably in sequence and structural organisa-
tion from the other catenins [43]. It harbours four 
distinct domains and the N-terminal domain 
 interacts with β-catenin, while the C-terminus 
binds to α-actinin, vinculin and ZO-1, which in 
turn links the E-cadherin-catenin complex to the 
actin cytoskeleton [44]. Recent study found that 
α-catenin cannot simultaneously bind β-catenin 
and F-actin, and suggests that the oligomeric state 
of α-catenin dictates which partner it binds [45]. 
New roles for α-catenin begin to emerge in the 
regulation of actin assembly and dynamics 
through the Arp2/3 complex [43]. Besides serving 
as an essential component of AJs, α-catenin can 
also integrate adhesion with other essential cellu-
lar events. It has been demonstrated that ablation 
of α-catenin enhances the Ras-MAPK signalling 
pathway resulting in hyper- proliferation and 
defected cell polarisation of keratinocytes [46]. 
Given the nature of many associates of α-catenin, 
it seems likely that this protein plays an essential 
role in the assembly and organisation of AJs and 
actin cytoskeleton. Overall, catenins play a cru-
cial role in linking cadherins to the actin cytoskel-
eton and control the adhesive function of AJs.

3.2.3  Adherens Junction Assembly 
and Regulation

AJs require calcium for their adhesion and matu-
ration since cadherin-mediated adhesion is cal-
cium dependent. During the early phases of 
calcium-induced intercellular junction formation, 
cells project membrane protrusions such as lamel-
lipodia and filopodia at the leading edge of cells, 
and these membrane protrusions help to initiate 
cell-cell contacts and allow the formation of tran-
sient weak adhesion zipper. It is also suggested 
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that the nectin-mediated calcium- independent 
adhesion is a prerequisite for AJ assembly and 
E-cadherin adhesion activity [47]. The adhesion 
zipper attaches the extending membrane to the 
extracellular matrix that is followed by clustering 
of AJ proteins E-cadherin and β/α catenin along 
the developing cell contacts and recruits them into 
the punctate structures known as adhesion puncta 
[48]. The highly regulated assembly of the AJ 
complex begins when β-catenin binds to the car-
boxy-terminus of E-cadherin [49]. When the 
cadherin–β-catenin complex reaches the plasma 
membrane, α-catenin is recruited from the cytosol 
and binds to the complex through β-catenin [50, 
51]. α-Catenin can bind directly to actin filaments, 
or indirectly via the linker protein vinculin, which 
in turn binds VASP that interacts with actin [52]. 
Together, these cytoplasmic proteins (α, β and 
p120) that associate with cadherins provide 
anchorage to the actin cytoskeleton to form stable 
cell-cell contacts.

Regulation of cadherin-mediated adhesion 
and the associated AJs is thought to underlie the 
dynamics of the adhesive interactions between 
cells. Because AJs are required for strong cell- 
cell adhesion in tissues, the associated catenins 
have often been investigated as potential cyto-
plasmic targets for regulation. Changes in the 
composition of the complex, phosphorylation of 
components in the complex and alterations in the 
interaction of the complex with the actin cyto-
skeleton have all been suggested to play a role in 
regulation of adhesion [53]. Hence, there are dif-
ferent mechanisms described in the cadherin 
regulation. For example, tyrosine phosphoryla-
tion of the cadherin-catenin complex induced by 
Src family kinases has been implicated in the 
regulation of adhesion [54] and tyrosine phos-
phorylation of β-catenin is shown to correlate 
with the inhibition of cadherin-mediated adhe-
sion [55–57]. The small GTPases, Rac, Rho and 
Cdc42, are also involved in cadherin-mediated 
adhesion [58]. The subfamily of small GTPases 
is well-known regulators in actin polymerisation 
and their membrane interactions [59] and thus it 
is not surprising that they are capable of influenc-
ing AJs or cadherin-mediated adhesion. However, 
the physiological or developmental roles of the 

small GTPases in the regulation of cadherin 
adhesion have not been fully elucidated, but 
overall the findings suggest that they may func-
tion in both the assembly and disassembly of AJs.

3.2.4  Adherens Junction in Cancer

The classical cadherin-mediated interactions are 
the key regulators of tissue architecture and 
dynamics, and thus they are essential for normal 
tissue morphogenesis and homeostasis. Disruption 
of the cadherin-mediated adhesions results in 
pathological abnormalities in different tissues, and 
deregulation of cadherins is often found in various 
human diseases, such as cancer, inflammation and 
some autoimmune diseases [60–63]. It is well 
known that down-regulation of E-cadherin and its 
associated AJs is a hallmark of epithelial to mesen-
chymal transition (EMT), a process in which cells 
lose their polarised epithelial phenotype and con-
comitantly acquire a migratory or mesenchymal 
cell characteristic [64]. Alteration of AJs and their 
constitutive molecules is a common event in can-
cer [65]. Many studies have confirmed that aber-
rant expression of E-cadherin is associated with 
invasiveness and metastasis potential in various 
tissue cancers including lung, prostate, gastric, 
breast and colon cancers [66]. Thus, it is believed 
that E-cadherin expression can serve as a signifi-
cant prognostic marker for tumour progression 
and behaviour [67]. In line with those findings for 
E-cadherin, recent studies have identified muta-
tions in the genes encoding α-catenin in head and 
neck SCC [68]. Further prognostic assessment to 
evaluate the impact of these α-catenin mutations 
revealed fourfold increase in mortality if tumours 
harbour these lesions [68]. These findings high-
light an important role of AJs in the control of 
tumorigenesis.

3.3  Anchoring Junction: 
Desmosome

Desmosomes (DMs) serve localised adhesive 
function and connect the plasma membrane to 
intermediate filaments of adjacent cells, thus 
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forming a structural network known as DM 
intermediate filament complex (DIFC), and pro-
viding strong mechanical strength to epithelial 
tissues [22]. The great adhesive strength of DMs 
makes it unique when compared with other intra-
cellular junctions. Due to this property they are 
found in excess in tissues such as the skin and 
oral mucosa that must withstand extensive 
mechanical stress [22].

DM was first discovered by the Italian pathol-
ogist Giulio Bizzozero (1846–1901). During his 
examination of spinous layer of epidermis, he 
observed small dense nodules at the contact 
points between adjacent cells and this led him to 
the understanding that these structures are cell- 
cell adhesion contact points [69, 70]. Since this 
discovery, further experiments have been under-
taken to provide more detailed information about 
the structure and function of the DMs.

3.3.1  Desmosome Function 
and Structure

The primary function of DMs is cell-cell adhe-
sion and maintenance of tissue integrity. DMs 
can resist mechanical stress because they adopt 
to a strong adhesive state in which they are 
described to be hyper-adhesive and which distin-
guishes them from other intracellular junctions, 
such as TJs and AJs [22]. The key link between 
the DMs and the intermediate filaments of the 
cytoskeleton allows them to carry out their prin-
cipal function. In fact, DM exists in two adhesive 
states, calcium dependent (hypo-adhesive) and 
calcium independent (hyper-adhesive). During 
assembly and before its stabilisation or matura-
tion, DM is calcium dependent. At this stage DM 
adhesion can be dissociated by extracellular cal-
cium depletion. After formation, a state of hyper- 
adhesion is gradually achieved allowing the 
structure to carry out its principal function in 
maintaining tissue integrity [71, 72]. In this state 
DMs can no longer be dissociated by calcium 
depletion. In vitro, hyper-adhesion of DMs is 
achieved through the maintenance of confluent 
culture for a few days and occurs, as currently 
understood, without altering molecular composi-

tion of the DM, but rather through the molecular 
rearrangement of desmosomal cadherins through 
the entrapment of Ca2+ ions [71, 72]. The adhe-
sive state of DMs in young cultures is reversible 
but ultimately replaced by calcium independence 
(hyper-adhesiveness). During wound healing, 
DMs shift to a calcium-dependent state in order 
to facilitate cell migration and re-epithelisation. 
The ability of DMs to modulate their adhesive 
state is essential as they need to be as dynamic as 
the tissues they support. In vitro studies show 
that activation of PKCα causes reversion of DMs 
to calcium dependence to facilitate epithelial 
remodelling in wound healing [71].

The role of intercellular junctions in cell dif-
ferentiation is mainly seen in DMs, and the des-
mosomal cadherins in particular act as the surface 
receptors and regulate intracellular signalling that 
negatively or positively control differentiation 
[60]. DM composition varies with cell type and 
differentiation status. Such variations result in 
structural changes that are visible in DM appear-
ance and size, and such tailoring is proposed to 
suit the specialised functions of the cells and tis-
sues that possess them. This feature is well exem-
plified through the expression patterns of 
desmosomal components restricted to specific lay-
ers in the epidermis and oral mucosa [73]. 
Experimental studies have shown that the absence 
or mutations of desmosomal cadherins result in 
abnormal proliferation and differentiation [22, 
70]. An example of this is the ectopic expression 
of Dsg2 in the mouse suprabasal epidermis that 
augments various signalling pathways down-
stream of EGFR, resulting in suppressed differen-
tiation, impaired apoptosis and premalignant 
papillomas [74]. In contrast, Dsg1 is found to pro-
mote keratinocyte differentiation by attenuating 
MAPK/ERK signalling via cooperating with Erbin 
[75]. Furthermore, recent studies have revealed 
that Dsg3 acts as a key regulator for various signal 
pathways such as Src, small Rho GTPases, the 
ERM protein ezrin and transcription factor activa-
tor protein-1 (AP-1), all of which are involved in 
actin-based cell shape change and migration and 
invasion [76–81]. Moreover, Dsg3 is found to 
crosstalk with E-cadherin and regulate its junction 
assembly during the process of calcium-induced 
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cell-cell contact [79, 80]. Desmosomal cadherins 
can also regulate proliferation and differentiation 
by influencing its cytoplasmic plaque proteins, 
such as plakoglobin which also has a role in the 
Wnt/β- catenin signalling pathway. In the absence 
of β-catenin, plakoglobin can play a unique role in 
Wnt signalling that differs from that triggered by 
β-catenin [22, 82].

DMs have a very characteristic and highly 
organised electron-dense structure with size less 
than 1 μm in diameter [22]. Based on electron 
micrograph, a DM can be divided into three mor-
phologically characteristic zones: the extracellu-
lar core domain, outer dense plaque (ODP) and 
inner dense plaque (IDP) [83] (Fig. 3.3). The 
extracellular adhesion core is made of the 
electron- dense material known as desmoglea 
which is bisected by an electron-dense midline 
[83]. Desmoglea spans 20–35 nm in diameter and 
consists of the extracellular domains of desmo-
somal cadherins. In the cytoplasmic site of the 
plasma membrane, there are two symmetrical, 
highly electron-dense plaques from adjacent cells 
that surround a shared desmoglea, and each can 
be further divided into two outer dense plaque 
(ODP) and inner dense plaque (IDP), both 

approximately 15–20 nm in thickness [70, 83]. 
The ODP contains the intracellular domains of 
desmosomal cadherins and the adaptor proteins, 
plakophilins and plakoglobin as well as the head 
domain of desmoplakin. The IDP consists of 
C-terminus of desmoplakin and keratin interme-
diate filaments in epithelial cells.

3.3.2  Desmosomal Proteins

Desmosome proteins are essentially comprised 
of three families. As illustrated in Figs. 3.2 and 
3.3, a characteristic DM is composed of trans-
membrane cadherins, desmogleins (Dsgs) and 
desmocollins (Dscs), which mediate direct adhe-
sion between adjacent cells; Armadillo family 
proteins, plakoglobin and plakophilin, which 
associate with the cytoplasmic tail of cadherins; 
and plankin family proteins, including desmopla-
kin which anchors the stress-bearing intermedi-
ate filaments to the DMs. The cytoplasmic tails of 
the desmosomal cadherins directly interact with 
plakoglobin, which in turn associates with the 
N-terminal globular head of desmoplakin and 
plakophilins in the ODP. The C-terminal tail of 

Glycoproteins

Desmoglein
Desmocollin

Plaque proteins
Plakoglobin
Desmoplakin
Plakophilin

Keratin IF

ECD PM ODP IDP

Fig. 3.3 Transmission electron micrograph (left) and 
molecular map of a desmosome (right). The electron 
micrograph: Fawcett DW, The Cell: An Atlas of Fine 
Structure, WB Saunders, Philadelphia, 1966, p. 371 
(http://www.columbia.edu/itc/hs/medical/sbpm_histol-
ogy_old/lab/micro_popup41.html). Desmosome is a 
multi-protein complex composed of desmosomal cadher-
ins, armadillo family proteins (plakoglobin and plakophil-
ins) and plakin family members (desmoplakin). They are 

arranged as two symmetrical electron-dense plaques, 
inner dense plaque (IDP) and outer dense plaque (ODP), 
which facilitate the association between the C-terminus of 
desmosomal cadherins and the intermediate filaments of 
cytoskeleton. The extracellular core domain (ECD) of the 
desmosome is bisected by an electron-dense midline as 
shown in the electron micrograph. PM, plasma 
membrane
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desmoplakin extends to the IDP where it interacts 
with the intermediate filaments of the cytoskele-
ton. Collectively, these molecular components 
are arranged in a well-ordered array and form 
structure as described above by conventional 
electron microscopy [22, 70, 83].

3.3.2.1  Desmosomal Cadherins
The core adhesion proteins in DMs are the des-
mosomal cadherins, Dsgs and Dscs, both of 
which belong to cadherin superfamily of glyco-
proteins and have the molecular weights of 
about 100–160 kDa. There are seven desmo-
somal cadherins identified in human, three Dscs 
and four Dsgs [22]. These proteins help to form 
a bridge by heterophilic/homophilic binding of 
their extracellular domains between two neigh-
bouring cells. Both Dscs and Dsgs are required 
for the formation and normal function of DMs. 
The genes of Dscs and Dsgs are all clustered 
together on opposite sides of a central region on 
chromosome 18 [22]. Like the classical 
E-cadherin, desmosomal cadherins are single-
pass transmembrane proteins with their 
C-terminus located in the cytoplasmic plaque 
and N-terminal domains exposed on the cell 
surface (Fig. 3.3) where they connect the two 
halves of the DM together in intercellular space. 
All desmosomal cadherins are synthesised with 
N-terminal signal and pro-peptides that are 
cleaved during protein maturation [22]. The 
extracellular domains of Dsgs and Dscs contain 
five cadherin repeats, each with a Ca2+-binding 
site. A cell adhesion recognition (CAR) site in 
each protein is located in the first motif that 
directly contributes to the adhesive function of 
desmosomal cadherins in a calcium-dependent 
manner. The cytoplasmic tails contain two well-
characterised domains, intracellular anchorage 
(IA) domain and intracellular cadherin segment 
(ICS) with the former binding to p120 and latter 
to plakoglobin. With regard to Dscs, there are 
two splice isoforms (‘a’ and ‘b’) for each pro-
tein that are encoded by each desmocollin gene. 
Both isoforms possess an IA domain but only ‘a’ 
isoforms have an ICS domain. The cytoplasmic 
tails of Dsgs exhibit more variation than Dscs 
and consist of additional unique region, includ-

ing intracellular proline- rich linker (IPL) 
domain, a repeat unit domain (RUD) and a gly-
cine-rich desmoglein terminal domain (DTD) 
[22], and the functions of these additional 
domains remain not characterised. In general, 
the intracellular domains of desmosomal cad-
herins are believed to play roles in signal trans-
duction via clustering with various but distinct 
signal molecules for each cadherin. A recent 
study indicated that the unique region of Dsg2 is 
involved in Dsg2 stabilisation at the cell surface 
through a mechanism of inhibiting its internali-
sation and facilitating Dsg tail-tail interactions 
[84]. In support, a Dsg2 mutant, identified in 
arrhythmogenic right ventricular cardiomyopa-
thy (ARVC) patients, led to a loss of Dsg2 tail 
self-association and exhibited rapid endocytosis 
in cardiac muscle cells [84].

Calcium is an essential requirement to trigger 
junctional assembly of desmosomal cadherins, 
like the classical cadherins. Numerous studies 
have shown the importance of calcium at this 
process and how the cadherins are distributed 
during cell junction formation. In an early study, 
Watt et al. [85] used human keratinocytes to 
investigate calcium-induced DM formation and 
discovered that after 15 min of calcium addition 
the desmosomal proteins were re-localised at the 
cell periphery and continued to assemble there 
for at least 2 h. In addition, calcium ions are also 
used to monitor the DM status in vitro and 
in vivo and those that resist calcium depletion 
are characterised as the DMs with hyper- 
adhesion [71, 72].

3.3.2.2  Armadillo Family Proteins
As described in 3.2.2.2, the Armadillo family 
contains many proteins which share common 
feature with variable number of arm repeats, and 
the members of this family in DMs include plak-
oglobin and plakophilins. They are found in the 
ODP of the DM, where plakophilins are located 
closer to the plasma membrane than plakoglobin 
[83]. The main function of these proteins is to 
facilitate the cytoplasmic associations and clus-
tering of the desmosomal cadherins and to 
recruit and stably connect with desmoplakin in 
DMs that in turn provide strong cell-cell adhe-
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sion and cytoskeletal attachment [22, 70]. 
Plakophilins are closely related to p120 while 
plakoglobin is more closely related to β-catenin 
[60, 70]. Although plakoglobin is localised in 
both DMs and AJs, it has a greater affinity for 
desmosomal cadherins than for E-cadherin [86]. 
Serving as a linker protein, plakoglobin binds 
directly to desmoplakin and plakophilins through 
its central armadillo domain, which anchors 
DMs to the intermediate filaments. Its interac-
tion with tyrosine kinases has been shown to 
modulate cadherin-dependent adhesion [24]. 
Plakoglobin is also reported to be involved in 
mediating intracellular signalling events associ-
ated with pathogenesis of pemphigus vulgaris 
[87, 88] and its binding with Dsg3 is important 
for the incorporation of Dsg3 to DMs [89]. In 
addition, plakoglobin is found to be functionally 
related to β-catenin, both of which are involved 
in the regulation of β-catenin/TCF signalling 
pathway [90, 91] and may compensate for each 
other’s adhesive function. However, β-catenin is 
restricted to AJs only. Therefore, it is believed 
that plakoglobin is vital for the cross communi-
cation between DMs and AJs [27]. The vital role 
of plakoglobin in DM assembly in vivo was first 
examined in the study of plakoglobin knockout 
in mice which died between 12 and 16 days of 
development as a result of defects in the heart 
function and stability [29]. The DMs in these 
mice were not detected and the remaining junc-
tional structures were dramatically altered, lead-
ing to change in the distribution of desmoplakin 
and Dsgs.

The plakophilin (PKP) family consists of 
four members, PKP1–3 and p0071 (PKP4), 
and have molecular weights ranging between 
80 and 130 kDa. They come in two isoforms ‘a’ 
and ‘b’ due to alternative splicing [92]. All pla-
kophilins exhibit the dual localisations of DMs 
and the nucleus, and are regulated by 14-3-3 
protein which retains cytoplasmic localisation. 
The N-terminal head of plakophilins mediates 
interactions with desmoplakin, plakoglobin 
and desmosomal cadherins as well as facili-
tates their transport to cell-cell contacts. PKP1 
is essential for proper attachment of intermedi-
ate filaments to the DMs [93, 94] and has the 

ability to recruit desmoplakin to the cell bor-
ders [24]. PKP2 is found to be associating with 
RNA polymerase III [95] and is thought to be 
involved in β-catenin signalling [96]. Overall, 
it is known that plakophilins reinforce 
 junctional stability through lateral interactions 
between junctional components and have a 
high functional conservation with p120. Other 
studies have raised the possibility that 
 plakophilins may be involved in nuclear 
 function [97].

3.3.2.3  Plakin Family Proteins
The plakin family consists of a group of large 
structural proteins with molecular weight ranging 
between 210 and 530 kDa. This family includes 
desmoplakin, plectin, envoplakin and periplakin 
and among them desmoplakin is the ubiquitous 
and most abundant component of the DM. Unlike 
plakoglobin, desmoplakin is localised predomi-
nantly in the IDP, further away from the mem-
brane. It directly links the cytoskeletal networks 
to the plasma membrane and regulates binding of 
actin and intermediate filaments [98]. 
Desmoplakin consists of a globular head and tail 
domain which flank a central α-helical coiled- 
coil rod domain that mediates its dimerisation. 
The N-terminal of desmoplakin targets to the 
ODP, where it binds to plakoglobin/plakophilins 
and desmosomal cadherin complexes and clus-
ters them into organised patches [99, 100]. The 
C-terminal tail of desmoplakin has distinct plakin 
repeat domains, which is thought to regulate the 
binding of desmoplakin to intermediate fila-
ments. There are two isoforms of desmoplakin 
(Dp), DpI and DpII, generated by alternative 
splicing. These two isoforms are identical in 
amino acid sequence with the exception that DpII 
contains only one-third of the central alpha- 
helical rod domain present in DpI. Recently, 
another minor isoform of desmoplakin, named 
desmoplakin Ia (DSPIa), has been identified and 
it is also produced by alternative splicing of the 
desmoplakin gene [101]. Desmoplakin is the pre-
dominant plaque protein required for DM assem-
bly, intermediate filament association and 
regulation of DM and AJ localisation. Previous 
study has shown the importance of desmoplakin 
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in connecting intermediate filaments to the 
plasma membrane and demonstrated that when 
endogenous desmoplakin was depleted the cells 
were not able to be attached to one other by inter-
mediate filament bundles [102].

3.3.3  Desmosomal Protein 
Expression in Oral Mucosa

The expression of desmosomal proteins varies 
depending upon the tissue and cell type as well as 
their differentiation status. With regard to desmo-
somal cadherins, for example, Dsg2 and Dsc2 are 
widely expressed in all DM-baring tissues and all 

seven desmosomal cadherins identified in man 
are expressed in the epidermis [73]. Expression 
of Dsg2 and Dsg3 is restricted to the lower com-
partment of the epidermis, whereas high expres-
sion levels of Dsg1 are found in the upper layers. 
Dsg4 is predominantly present in the granular 
layer and in the hair follicle [22, 70] (Fig. 3.4a). 
This complex expression pattern of desmosomal 
cadherins indicates that DMs are biochemically 
and functionally distinct. Different expression 
patterns are also observed for plakin family and 
armadillo proteins between different tissues 
(Fig. 3.4a). Overall, more uniform expression is 
seen for desmoplakin and plakoglobin than 
plakophilins.

Expression profile of desmosomal proteins
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Fig. 3.4 Expression of the desmosomal proteins in oral 
mucous membrane and epidermis. (a) Direct comparison 
of the desmosomal protein expression in two different tis-
sues. In oral mucosa, no expression of Dsc1, Dsg4 and 
PKP2 was found and Dsg2 levels were very low (repro-
duced from publication [73]). (b) Immunofluorescent 
staining of Dsg3 in two different epithelial tissues and the 

distinct expression patterns are observed. While uniform 
expression of Dsg3 is seen across the entire stratified epi-
thelium in the oral mucous membrane, this protein is 
largely restricted to the basal and immediate suprabasal 
layers in the epidermis. Note that the images are displayed 
at different magnifications and the dot line in the right 
indicates the skin surface

H. Wan et al.



43

In oral mucosa, a distinct expression pattern is 
seen for Dsg3, in particular, with the uniform 
appearance across the entire stratified squamous 
epithelium, in contrast to that in epidermis 
(Fig. 3.4b). Why Dsg3 displays such a distinct 
expression pattern remains not understood. It was 
thought that this could be due to enhanced cell 
turnover in oral mucosa or signal pathways regu-
lated by Dsg3 that are required in this specific 
tissue. In addition, less Dsg1/Dsg2 and little or 
no expression of Dsc1, Dsg4 and PKP2 were 
found in oral mucosa as compared to epidermis 
(Fig. 3.4a). With regard to the plaque proteins, 
PKP3 levels are relatively low and PKP4 is only 
present in differentiated cells in oral epithelium.

3.3.4  Desmosome Assembly 
and Regulation

Initiated by cell-cell contact and AJ formation, 
DMs assemble to confer and stabilise strong intra-
cellular adhesion [22, 27, 71]. The precise 
sequence of events of DM assembly has been hin-
dered by the relative insolubility of the junctions. 
However, technological advances including live-
cell imaging and fluorescent reporters have begun 
to overcome this obstacle. As currently under-
stood, DM assembly occurs in several phases 
[103]. Firstly, the desmosomal cadherins  assemble 
at the plasma membrane. Specifically, Dsc-
enriched vesicles initiate assembly [104], and this 
is followed by Dsg- enriched vesicles that are 
transported to the plasma membrane where they 
are associated with desmoplakin. To complete 
DM assembly, targeting and tethering of these 
vesicles into the plasma membrane have been 
indicated to be facilitated through the Sec3 exo-
cyst protein complex [105]. The next phase is the 
cytoplasmic plaque assembly, and this phase is 
already initiated during Dsg recruitment to the 
plasma membrane, where desmoplakin in concert 
with Dsg3 accumulates at the cell cortex. This is 
quickly followed by the recruitment of non-mem-
brane-bound desmoplakin- containing particles 
that are associated with the intermediate filament 
cytoskeleton. Once at the cell cortex desmoplakin 
is translocated to cell-cell contacts where it binds 
to the C-terminus of desmosomal cadherins via 

plakoglobin in the ODP in a microtubule- and 
actin- dependent manner [106]. The translocation 
of desmoplakin-associated complexes is regu-
lated and promoted by PKP2 which acts as a scaf-
fold for a complex containing plakin and PKCα 
which modulates the interaction between desmo-
plakin and intermediates filaments. The contribu-
tion of plakoglobin and other PKPs to the DM 
assembly is still unclear although both have been 
shown to be required for normal DM plaque 
assembly [29, 94, 98, 107].

While being essential in providing mechanical 
strength, DMs themselves are dynamic structures 
with changes in their molecular composition and 
structure during processes such as epithelial dif-
ferentiation and stratification, tissue remodelling 
and wound healing [108]. DMs are regulated at 
both transcriptional and post-transcriptional lev-
els. Transcriptionally, understanding of how 
DMs are regulated is still limited. However, pre-
liminary studies based on the characterisation of 
desmosomal cadherin promoters revealed that 
desmosomal cadherins are regulated by different 
promoters and the specific expression of each 
cadherin can be achieved without affecting the 
others [108]. On a post-transcriptional level, sig-
nals generated by cell-cell contacts and junction 
assembly provoke protein phosphorylation that 
in turn positively and negatively regulate DM 
formation. It has been shown that phosphoryla-
tion of serine residues of Dsc promotes plakoglo-
bin association and Dsg binding to confer the 
DM formation in response to calcium [109]. In 
addition, PKCα has been shown to have a pivotal 
role in the regulation of DMs, with its activation 
promoting DM formation in a calcium- and 
AJ-independent manner [110, 111]. PKCα is also 
involved in desmoplakin trafficking for its junc-
tional incorporation through a PKP2-dependent 
mechanism [112]. The activity of PKCα is 
directly associated with the adhesive state of 
DMs with its suppression rendering DMs in a sta-
tus of hyper-adhesion, whereas PKCα activation 
promotes its calcium dependence [71]. 
Furthermore, both intracellular calcium and 
extracellular calcium are required for DM junc-
tion formation and maintenance [113, 114]. As 
mentioned above, DM assembly is dependent on 
AJ formation, with the relationship between 
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these junctions attributed to plakoglobin [1, 115]. 
Recent studies however suggest that Dsg3 also 
plays a crucial role in crosstalk between these 
two junctions and in DM formation [79–81, 116]. 
In contrast, there is also evidence that suggests 
that AJs are not necessarily for DM assembly [1, 
111]. Thus, DM assembly may depend on cell 
context and junction protein expression.

3.3.5  Desmosome-Related Diseases

The importance of desmosomal roles in cell-cell 
adhesion and tissue integrity is highlighted by 
many human diseases. However, it is often less 
clear whether the symptoms that occur in DM 
human diseases arise primarily from loss of adhe-
sion or from modulation of signalling pathways 
involving DMs. Thus, the altered cell signals 
may themselves cause loss of desmosomal adhe-
sion or indeed changes in tissue phenotype [22]. 
Accumulated evidence suggests that DMs are not 
simply to mechanically join cells together and in 
fact they play a crucial role in cell signalling and 
in regulating signal transductions that control cell 
proliferation, differentiation, morphogenesis and 
motility. Deregulation of these pathways is often 
found in pathological conditions such as cancer, 
autoimmune and inherited diseases that share 
some common features in DM alterations.

3.3.5.1  Genetic and Infectious Diseases
Disruption of the desmosomal cadherins and 
cytoplasmic plaque proteins caused by mutations 
in the desmosomal genes or the bacteria infection 
can have significant clinical consequences with 
defect manifested in the skin and heart. For 
instance, mutations in Dsg1 lead to skin disorder 
such as striate palmoplantar keratoderma [24], 
whereas mutations in Dsg2 and desmoplakin are 
associated with heart disorder known as arrhyth-
mogenic right ventricular cardiomyopathy 
(ARVC) [117]. ARVC, that causes arrhythmias 
and sudden cardiac death, is characterised by 
fibro-fatty replacement of cardiac myocytes. 
Mutations in five desmosomal genes, Dsc2, 
Dsg2, desmoplakin, plakoglobin and PKP2, are 
shown to be the causative factors and account for 

50–70% of ARVC cases. These include non- 
syndromic ARVC mutations affecting all domains 
of desmoplakin, which appear to be inherited in a 
dominant manner [118]. Both autosomal domi-
nant and recessive mutations in Dsc2 can cause 
ARVC without a cutaneous or hair phenotype 
[119]. Mutations leading to the loss of Dsg4 are 
responsible for disruptions in hair follicle differ-
entiation [120]. For more information about 
genetic DM diseases see [121–123].

There are also some infectious diseases that 
lead to disruption of desmosomal cadherins. 
Bullous impetigo and Staphylococcal scalded 
skin syndrome (SSSS) are caused by infectious 
bacteria toxins produced by some strains of 
pathogenic bacteria such as Staphylococcus 
aureus that target specifically the extracellular 
domain of Dsg1, which is also the target of 
autoantibodies in pemphigus foliaceus. Thus 
blisters formed in these diseases are identical 
to pemphigus foliaceus in tissue specificity and 
histology. The bacterial proteases attack and 
cleave the extracellular domain of Dsg1 lead-
ing to blister formation just below the stratum 
corneum [124]. There are three types of exfo-
liative toxins produced by Staphylococcus 
aureus (ETA, ETB and ETD), all of which spe-
cifically target Dsg1, with ETA being the most 
common. For review of DMs in acquired dis-
eases see [122].

3.3.5.2  Pemphigus (Autoimmune 
Disease)

Pemphigus is a life-threatening, autoimmune dis-
ease characterised by the loss of keratinocyte 
adhesion within the spinous layer of stratified 
epithelia, in a process called ‘acantholysis’, 
which clinically manifests as blistering of the 
skin and oral mucosa. There are two major types 
of pemphigus, pemphigus foliaceus and pemphi-
gus vulgaris. Pemphigus foliaceus is caused by 
autoantibody binding to Dsg1, and is character-
ised by blistering in the upper granular layers of 
the epidermis. Pemphigus vulgaris can be divided 
into two subtypes, (1) a mucosal dominant type 
which involves oral lesions with little or no skin 
involvement and is caused mainly by anti-Dsg3 
autoantibodies with blistering located between 
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the basal and immediate suprabasal layers of 
stratified epithelia, and (2) a mucocutaneous 
type, which is characterised by both oral and skin 
lesions, has the presence of autoantibodies 
against both Dsg3 and Dsg1. Paraneoplastic 
pemphigus (PNP) is another type of pemphigus 
where autoantibodies target the desmosomal and 
hemidesmosomal proteins [125]. Pemphigus vul-
garis is the most common form of pemphigus 
accounting for up to 80% of pemphigus cases 
with pemphigus foliaceus and PNP being less 
severe and least common, respectively.

Several hypotheses have been proposed to 
explain the mechanisms by which pemphigus 
manifests. Since the discovery of circulating 
autoantibodies targeting Dsg3 and Dsg1 in the 
sera of pemphigus patients, it was proposed that 
these autoantibodies mechanically inhibit the 
adhesive function of Dsg1 and Dsg3 by the 
mechanism of steric hindrance. The distinct 
expression patterns of Dsg1 and Dsg3 between 
the skin and oral mucosa may account for clini-
cal manifestations of blistering locations in 
pemphigus [126]. In epidermis, the expression 
of Dsg3 is restricted to the basal layer and is 
gradually replaced by Dsg1 in the upper com-
partment of the epidermis. In contrast, in oral 
mucosa Dsg3 is uniformly present across the 
entire stratified epithelium with limited and 
restricted Dsg1 in superficial layer [73]. Based 
on these distinct expression patterns of Dsg1 
and Dsg3, a compensation theory was proposed, 
i.e. Dsg3 compensates, where possible, for the 
loss of Dsg1 and vice versa [126]. In the case of 
pemphigus foliaceus where Dsg1-mediated 
adhesion is compromised, the uniform expres-
sion of Dsg3 throughout oral mucosa compen-
sates its loss of function. However, in the 
epidermis, Dsg3 expression is limited to the 
basal layers and is unable to compensate for the 
loss of Dsg1 in the stratum granulosum. As a 
result, blistering occurs in the skin at the super-
ficial layers of the epidermis with no mucosal 
involvement. In pemphigus vulgaris where 
autoantibodies target Dsg3, Dsg1 is unable to 
compensate for the loss of Dsg3-mediated adhe-
sion in lower compartment of oral mucosa 
resulting in mucosal dominant pemphigus. 

When autoantibodies to both Dsg1 and Dsg3 are 
in circulation neither is able to compensate, 
resulting in mucocutaneous pemphigus. 
Although a large body of evidence supports the 
‘desmoglein compensation’ hypothesis, clinical 
studies have found that the autoantibody titres 
do not always correlate with the clinical presen-
tation, suggesting that other factors, such as 
intracellular signalling, may play a role in the 
pathogenesis of pemphigus acantholysis.

Many studies based on anti-Dsg3 autoanti-
bodies suggest the possible signalling mecha-
nism involved in pemphigus acantholysis [122]. 
Treatment of keratinocyte culture with anti-Dsg3 
autoantibodies has shown to trigger a series of 
intracellular events that cause disruption of cell- 
cell adhesions and promote rearrangement of 
cortical actin filaments [127–129]. These intra-
cellular events include the phosphorylation of 
Dsg3 and its dissociation from DMs, increased 
intracellular calcium concentrations and activa-
tion of various signalling molecules such as Pg, 
PKC, p38 MAPK, heat-shock protein p27, Src 
and c-Myc [127–129]. Taken together these 
 findings not only affirm the signalling capabili-
ties of Dsg3 but also strongly suggest that the 
signalling processes are involved in pemphigus 
pathogenesis.

3.3.5.3  Desmosomes in Cancer
Traditional views consider DMs, and other inter-
cellular junctions, as having a protective function 
in carcinogenesis through cell-adhesion- mediated 
contact inhibition. In accordance, the loss of cell-
cell adhesion is an essential event in EMT. Indeed, 
loss of DMs and their constitutive proteins has 
been found in various tumours in the body. EMT 
is a biologic process that transforms polarised 
epithelial cells through multiple morphological 
and biochemical changes to become mesenchy-
mal in phenotype with characteristics such as 
enhanced migration and invasion capability, 
resistance to apoptosis and increased production 
of extracellular matrix components. Accumulating 
evidence suggests that EMT is a prerequisite to 
pathological processes including cancer progres-
sion and metastasis. Loss of AJs and DMs occurs 
in epithelial cells to allow cellular dissociation in 
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the conversion from benign to metastatic tumours 
[130]. Specific to DMs, the loss or reduction of 
junction components including Dsg1-3, Dsc1-3, 
plakoglobin and plakophilins has been observed 
in the development and/or progression of SCCs 
of the skin, head and neck, and prostate, correlat-
ing with increased metastasis and poor prognosis 
[131].

Paradoxically, several independent studies 
have shown an increase of some desmosomal 
genes and proteins, such as Dsg2, Dsg3 and 
PKP3, in cancers and this overexpression is asso-
ciated with enhanced tumour progression [76, 
132, 133]. For instance, Dsg3 is reported to be 
upregulated in SCC of the head and neck, oesoph-
ageal and lung as well as in cancer cell lines 
derived from head and neck SCC [76]. 
Furthermore, the levels of overexpression corre-
late with clinical stage of disease and regional 
lymph node metastasis. Dsg3 silencing sup-
pressed cancer cell growth, migration and inva-
sion in vitro and in vivo [134]. Analysis of 
clinical samples and cancer cell lines showed 
elevated Dsg3 expression in cancers of the colon, 
oesophagus, stomach, pancreas and skin [76]. 
Furthermore, Dsg3 has been identified as an 
accurate biomarker for the detection of meta-
static spread of SCC and ancillary marker to sep-
arate SCC from other subtypes of lung cancer 
[76]. Together, these findings support a pro- 
cancerous role for Dsg3, and it is believed that 
this role may not be associated with its adhesive 
function in DMs but rather with its additional sig-
nalling function beyond the junctions, i.e. Dsg3 
acting as a key regulator in the control of actin- 
based cellular processes. For more detail on the 
role of cell adhesion in cancers see [65, 131].

3.4  General Conclusions on Cell- 
Cell Interactions

Epithelial cells are attached to each other by 
numerous intercellular junctions, including TJs, 
and gap junctions as described in Chap. 2 as well 
as AJs and DMs, described in this chapter. These 
junctions differ in their structures, functions, 
molecular compositions and tissue presentations. 

In simple epithelial cells, TJs are located in the 
apical aspect of lateral membrane, and serve as 
tight barrier for the molecules within the plasma 
membrane of lipid bilayer and concomitantly 
control the paracellular flux of ions and nonelec-
trolytes. In stratified epithelia, TJs are restricted 
to the granular layer and provide protection 
against all sorts of external stimuli, bacteria inva-
sion and excessive water loss. Gap junctions, on 
the other hand, couple the neighbouring cells to 
each other and allow direct communication 
through the connexon channels between cells 
(see Chap. 2).

Both AJs and DMs belong to a functional group 
of anchoring junction which couple the cytoskele-
tal networks of adjacent cells and serve as scaffold-
ing for the maintenance of epithelial architecture 
and structural integrity. All these junctions are 
dynamic not static structures and in fact they are 
able to undergo modulation during tissue repair, 
development or metastatic transition. Because of 
their important role in tissue integrity and homeo-
stasis, deregulation of intercellular junctions is fre-
quently found in human pathological conditions, 
including autoimmune, infectious and hereditary 
diseases as well as cancers. Downregulation of 
these junctions and their constitutive proteins often 
is associated with tumorigenesis. However, emerg-
ing evidence also suggests the upregulation of 
some junctional proteins in cancers, and the pro-
cancerous roles of these proteins are likely associ-
ated with their non-junctional functions involving 
their cell signalling activity.
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Immunology of the Oral Mucosa

Lesley Ann Bergmeier

4.1  Introduction

The oral mucosa is defined as a mucous membrane 
that is continuous with the skin at the lips, and more 
importantly continuous with the pharyngeal mucosa 
and the gastrointestinal mucosa. While the oral 
mucosa shares many features with the skin and gas-
trointestinal mucosa it has many unique features that 
enable this sophisticated tissue to act as a gatekeeper 
controlling the effects of both inhaled and ingested 
antigens and the levels of inflammation and immune 
responses that are permitted in a normal healthy oral 
cavity. The structure, function and barrier of the oral 
mucosa have been described in detail in Chap. 1 
(Cruchley & Bergmeier). In Chap. 7 (Saloom & 
Carpenter) the contribution of the saliva and gingi-
val crevicular fluid to oral mucosal homeostasis is 
described and Chap. 5 (Allam & Novak) elaborates 
on the homeostasis of the mucosa.

Most invaders access the body via external 
surfaces and the oral mucosa is exposed to a huge 
antigenic challenge in the form of ingested food 
and the microbes that make up the commensal 
oral flora. It has been estimated that >1000 kg of 
nutrients will pass through the adult gut per year 
and more than 700 different species colonise the 

oral cavity. Microbes, necrotic cells and hypoxia 
initiate inflammatory responses which, depend-
ing on the duration and severity, may result in 
clinical or pathological manifestations.

The purpose of this chapter is to introduce the 
concept of the oral immune system, to describe 
the functions of immune cells within the oral cav-
ity and to place this highly sophisticated network 
in the context of health and disease.

The main structural features of the oral mucosa 
are the oral epithelium, lamina propria and submu-
cosa. The oral epithelium is described as a stratified 
squamous (in some areas keratinised) epithelium 
and contains multiple layers of cells with different 
morphologies arranged into discrete layers. The 
oral mucosa undergoes two distinct patterns of 
maturation resulting in the keratinised epithelium 
of the hard pallet and the gingivae and the non-
keratinised epithelium of the sublingual and buccal 
mucosa [1]. The distinction of these tissues is 
important in understanding the differential immune 
responses that are possible within the oral cavity.

The major lymphoid organs are the tonsils and 
adenoids, making up Waldeyer’s ring and there 
are numerous lymph nodes draining the head and 
neck that contribute to the immune function of 
the oral immune system (Fig. 4.1).

Mammals have evolved a sophisticated innate 
and adaptive immune system that integrates this 
network of tissues, cells and effector molecules and 
protects the body from disease by recognition of 
potential pathogens or diseased tissues (Fig. 4.2).
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Fig. 4.1 The anatomy of the oral cavity and the draining lymph nodes (Adapted from [1] with permission of the 
Publishers)

Saliva
Mucosal

Defence Mechanisms

Innate Immunity
Evolution: Ancient

multi cellular; shelled animals

First line of Defence

Present from birth
Broad spectrum, (? Non-specific)

No memory but “trainable”

Adaptive Immunity
(acquired)

Evolution: only in vertebrates

Specific
Differentiates between SELF and NON-Self

MEMORY

Effector cells
Epithelial cells
Phagocytes

Macrophages
Dendritic cells

NK cells
Mast cells

Innate lymphoid cells

Molecules
Antimicrobial peptides
(Acute-phase proteins)

Complement
Cytokines

Chemokines

Effector Cells
B cells
T cells

(helpers and regulators)
TH1, TH2, TH17

T regs
γδ T cells

Molecules
Cytokines

Chemokines
Antibodies

Crevicular fluid

Mucosal Barrier: Epithelium and hard tissues

Fast /early Slow/late

Partnerships

In
fl

am
m

at
o

ry
 r

es
p

o
n

se
s

Fig. 4.2 The oral mucosal barrier. The partnerships of 
innate and adaptive responses. Cells and molecules in 
Innate and Adaptive immune responses interact with the 

epithelial tissues providing cells and molecules that con-
tribute to protection but can also contribute to disease 
when the system becomes dysregulated
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Discrimination between self, “non-self” and 
damaged or altered self is key to the immune 
responses in health and disease. The exquisite 
specificity of the adaptive immune response 
depends on the ability of T and B cells to rear-
range the chains of their antigen receptors in 
order to recognise unique peptide antigens as 
they are presented to them on the MHC mole-
cules of antigen-presenting cells. The molecular 
mechanisms of this “generation of diversity” are 
beyond the scope of this chapter but are the basis 
of the specificity of the adaptive immune 
response.

The epithelium is a physical barrier that pre-
vents access of pathogenic organisms into under-
lying tissues. The presence of mucous and the 
desquamate nature of the epithelium also ensure 
that entrapped or adherent microorganisms are 
propelled by swallowing and peristalsis into the 
gut and destroyed.

The immune system is traditionally divided 
into the systemic immune response, an enclosed 
system protecting the systemic tissues, and 
includes the blood circulation and lymphatic 
drainage through which cells migrate to areas of 
inflammation and/or injury to effect destruction 
of invading organisms or to initiate repair mecha-
nisms (Smith: Chap. 6).

The oral cavity is part of the mucosal immune 
system and is continuous in, but distinct from, 
the gut. The oral mucosa has a total surface area 
of about 0.8 m2 compared with about 400 m2 in 
the gut and about 2 m2 of skin.

The mucosal immune system is open to the 
environment and constantly bathed in fluid 
(saliva). Antigenic material entering the oral 
cavity will be partially broken down by the 
masticatory process and by salivary enzymes 
but has the potential of inducing immune 
responses and early work on the development 
of vaccines against dental caries showed that 
ingestion of Strep. mutans gave rise to the 
induction of IgA antibodies not only in the 
saliva but also in tears. This introduced the con-
cept of a common mucosal immune system 
where induction of immune responses at one 
mucosal surface gave rise to a widely dissemi-
nated immune response into other mucosal 

 tissues [2, 3]. Later the compartmentalisation 
of the common mucosal immune system was 
redefined in the context of vaccine development 
[4] and it was established that mucosal admin-
istration of antigens induces specific antibodies 
in external secretions but a specific unrespon-
siveness in the systemic tissues, known as oral 
tolerance [5].

While it is convenient to regard the systemic 
and mucosal immune systems as separate entities 
it is clear from vaccine studies and the work on 
oral tolerance that there is continual crosstalk 
between these systems. In the oral cavity, this is 
highlighted by the exudation of serum compo-
nents through the gingival sulcus and the active 
secretion of antibodies and effector molecules 
from the salivary glands into the oral cavity.

4.2  Inflammation 
and the Immune Response: 
Defending the Barricades

Inflammation is a protective response designed to 
rid the body of invading microorganisms that 
cause tissue injury, but also to deal with the con-
sequences of injury such as necrosis. The inflam-
matory process is driven and controlled by 
cytokines such as interleukin-1β (IL-1β), IL-6 
and tumour necrosis factor α (TNFα). Phagocytic 
cells such as neutrophils and macrophages (as 
well as mast cells and eosinophils) are recruited 
into inflamed tissues where they can destroy 
invading microorganisms.

Leucocytes can home rapidly to sites of infec-
tion or tissue damage while plasma proteins can 
diffuse into tissues [6].

Inflammation can be acute or chronic depend-
ing on the stimulus. Acute inflammation is rapid 
and usually of short duration, and is regarded as 
part of the innate immune response and charac-
terised by neutrophil infiltration (Fig. 4.3).

Inflammation is usually terminated once the 
injurious agent is eliminated and anti- inflammatory 
mechanisms are activated that limit the response, 
preventing tissue damage and initiating tissue 
repair. Chronic inflammation is characterised by 
mononuclear cell infiltration such as macrophages, 
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lymphocytes and plasma cells. It can follow acute 
inflammation or arise de novo and represents a 
failure of resolution of the acute response resulting 
in fibrosis and tissue destruction. Chronic inflam-
matory responses are known to be associated with 
disease such as rheumatoid arthritis, atherosclero-
sis as well as life- threatening hypersensitivity 
reactions. Inflammation has been recognised as a 
key component of tumour progression where cyto-
kines play an influential role in the development of 
malignant phenotypes in oral (and other) cancers. 
The overlap between host-pathogen interactions in 
the context of periodontal disease and cancer was 
recently reviewed [7].

Innate responses are present from birth, are a 
first line of defence and respond rapidly (Fig. 4.2). 
There are many soluble factors that are secreted 
by epithelial cells or secreted into the fluids that 
bathe the oral cavity and have a variety of func-
tions such as the antimicrobial properties of 
defensins, histatins, lysozyme and lactoferrin. 
Some of these molecules can interact in a syner-
gistic manner with secretory IgA (SIgA: 
Table 4.1). High-molecular-weight agglutinins 
are able to form heterotypic associations and in 
particular gp340 in human saliva can bind HIV-1 
gp120 and prevent infection [8], whereas the 
same glycoprotein in genital tract secretions pro-

motes infection of target cells (CD4+T cells) at 
normally sub-infectious doses [9].

In the last decade, our understanding of the 
innate immune has undergone a paradigm shift 
with the identification of several different cell 
types that orchestrate the innate immune response 
and interface with the adaptive immune response. 
As one paper put it “Innate lymphoid cells-how 
did we miss them”? [10].

A critical function of the vascular inflammatory response (stasis and 
vascular permeability) is to deliver leukocytes to the site of injury in order 

to clear injurious agents 

Neutrophils are commonly the first inflammatory cells (first 6-24 hours) recruited to 
a site of inflammation. 
Extravasation of leukocytes is a coordinated event of:
Margination, rolling, adhesion, transmigration (diapedesis) migration.

Fig. 4.3 Sequentail migration of Neutrophils and Leucocytes into sites of inflammation

Table 4.1 Antimicrobial properties of saliva

Antimicrobial agent Activity

Secretory IgA Major antibody in saliva. Inhibits 
adherence; Agglutinates bacteria; 
Virus neutralisation

Lactoferrin Bacteriostatic-lron binding
Lysozyme Destroys the outer membrane of 

bacteria (effective against S. 
mutans)

Agglutinins Glycoproteins, mucins; 
fibronectin; Histatins; Proline rich 
proteins, B-2 Microglobulin

Myeloperoxidase 
system

Bactericidal in the presence of 
thiocyanate/halide H2O2

Salivary peroxidase 
system

Enzyme-thiocyanate-halide H2O2

Complement C3 in GCF
Leucocytes Cells in gingival sulcus: >98% 

Neutrophils, but 50% not 
Phagocytic.
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Innate cells protect against invading pathogens 
by the recognition of a wide range of pathogen- 
associated molecular patterns (PAMPS) or dam-
age-associated molecular patterns (DAMPS) in 
diseased or damaged cells and induce an inflam-
matory response to which cells of the adaptive 
immune response are also recruited. Genetically 
encoded pattern recognition receptors (PRRs) 
present on epithelial cells activate the innate 
immune system which in turn “educates” adaptive 
cells which migrate to the draining lymph nodes 
where the induction of a robust immune response 
is initiated. Polymorphisms in these molecules 
(TLRs, NLRs and RIGI receptors) are known to be 
associated with inflammatory mucosal disease 
[11]. PRRs include the Toll-like receptors which 
recognise a wide range of bacterial and viral anti-
gens and have been shown to exhibit splice vari-
ants in diseases such as Behçet’s disease which 
might result in aberrant signalling and induction of 
chronic inflammation characteristic of this disease 
[12]. In oral lichen planus (OPL) TLR signalling 
has also been shown to be defective [13].

The adaptive immune response by contrast is 
slower, occurs later and is dependent on informa-
tion provided by the innate immune system for 
full activation. This usually occurs through pre-
sentation of antigenic material, usually in the 
form of peptides that are processed by digestion 
within antigen-presenting cells (APCs) and 
expressed on their surface bound to either MHC 
class I or class II molecules.

APCs acting at the interface of the innate and 
adaptive responses include Langerhans cells 
(LCs) and dendritic cells (DCs), macrophages 
and other phagocytic cells such as neutrophils. 
DCs and Langerhans cells in the mucosal epithe-
lium extend “fingerlike” projections that pene-
trate from the lamina propria right through the 
epithelial layer and “sample” substances in the 
lumen of the oral cavity [14, 15].

As we have learned more about the different 
immune responses in the mucosal system the 
relative thickness of the different mucosal com-
partments has become relevant to vaccine design 
and to the potential for infection. This has been 
especially true for HIV where the very thin rectal 
mucosa is easily disrupted while the oral mucosa 
has shown little or no infection and infection 
through the vagina/cervical route is often because 
of ongoing inflammation which brings target 
cells (CD4+ T cells) to the mucosa (Fig. 4.4) [16].

APCs control the adaptive immune response 
and maintain homeostasis [17, 18]. The pheno-
type of these cells is different depending on 
whether they are isolated from buccal, sublingual 
or gingival mucosa while their function is 
affected by risk factors for oral pathologies such 
as age, alcohol consumption and smoking [19–
21] resulting in changes to proteins that are tran-
scribed (the transcriptome) and by definition alter 
the homeostasis of the oral mucosa.

Following activation, clones of antigen- 
specific effector cells migrate from the lymph 

Comparison of the thickness and histology of human cervical,
vaginal, oral and rectal mucosa

Cervical
mucosa

Vaginal
mucosa

215±89.2mm

Oral
mucosa

263±1.6mm

Rectal
mucosa

24.6±9.7mm

(x165)

Fig. 4.4 Relative thickness of different mucosal epithelia
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node to the site of infection/inflammation and 
carry out effector functions such as secretion of 
specific antibody (B cells) for the clearance of 
bacterial infections; induction of cytotoxic CD8+ 
T cells which will kill viral (or intracellular bac-
teria) infected cells or damaged or dying cells; 
cytotoxicity occurs either directly (through the 
action of CD8+ T cells) or with the help of anti-
bodies (through the action of NK cells in 
antibody- dependent cellular cytotoxicity—
ADCC). NK cells circulate and migrate to tissues 
where they carry out both effector and regulatory 
functions through the secretion of cytokines. In 
Behçet’s disease there is a depletion in the circu-
lating NK cells which have probably migrated to 
tissues where autoinflammatory reactions are 
driving pathology [22].

4.3  Interface of Innate 
and Adaptive Immunity

In recent years, as new cytokines and effector 
functions have been recognised in both T and B 
cells, there has been a blurring of the strict divi-
sion between the innate and adaptive immune 
responses [23]. B cells with innate-like functions 
are found at mucosal epithelial barriers and can 
make “natural antibodies” that recognise bacte-
rial carbohydrates and phospholipids. These cells 
express TLRs that can be activated by many bac-
terial antigens. The antibodies tend to be of low 
affinity but can certainly protect the host against 
bacterial pathogens early in infection [24].

A subset of T cells has been described with a 
very restricted T cell receptor that has limited abil-
ity to rearrange its β-chains and therefore has 
restricted specificity. These cells have a cytotoxic 
capacity and have been designated invariant natu-
ral killer T cells (iNKT) and recognise lipids in the 
context of unusual MHC molecule, CD1d [25].

Mucosal associated invariant T cells (MAIT) 
are another type of innate cell restricted in their 
ability to rearrange their T cell receptors and 
therefore have restricted specificities [26]. These 
cells appear to recognise an MHC-related mole-
cule, MR1, which binds to riboflavin metabolites 
produced by bacteria and fungi. To date there is 

little or no literature documenting their distribu-
tion in human oral mucosal tissues as most stud-
ies have concentrated on the gut or in mouse 
models of human diseases.

In addition to conventional T cells bearing the 
αβ T cell receptor, a second type of T cell was 
recognised in the 1980s which carries the γδ T 
cell receptor, recognises non-protein antigens 
and homes to mucosal tissues [27–29]. These 
cells have been associated with lesions in oral 
mucosal diseases such as Behçet’s disease [30–
32]. The expansion of γδ T cells is driven by 
non- peptide antigens such as phosphoantigens, 
many of which are generated by oral commensal 
microorganisms and indeed by heat-shock pro-
teins [33–35]. Levels of the γδ T cell mRNA 
were shown to decrease in mucosal sites but 
increase in lymphoid tissues after experimental 
oral infection with Simian immunodeficiency 
virus (SIV) [36].

These atypical cells are multifunctional with 
characteristics of T cells, NK cells and antigen- 
presenting cells. In vitro studies have suggested 
that activated γδT cells expressed a repertoire of 
antigen presentation and co-stimulatory mole-
cules and that the antigen-presenting phenotypes 
could prime αβ T cells to induce strong adaptive 
response [37, 38]. These cells are also capable of 
interacting with dendritic cells (DCs), directly 
regulating their function and mutually promoting 
maturation. Activated γδ T cells can produce high 
levels of cytokines which identify their effector 
roles in immune response and additionally pro-
vide a regulatory role. IL-17 is produced by γδ T 
cells and contributes to inflammation in the oral 
mucosa in response to candida infection [39].

These innate immune functions of T and B 
cells expand the repertoire of responses beyond 
the peptide responses associated with fully acti-
vated adaptive immune cells to include carbohy-
drates, lipids and phosphoantigens generated by 
microorganisms or cells under stress.

A recent systematic characterisation of the 
immune cell network at the gingival barrier in a 
large cohort of healthy individuals indicated a 
predominant number of T cells, minimal B cells 
and large numbers of granulocytes/neutrophils 
and a sophisticated network of antigen- presenting 
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cells. A small number of innate lymphoid cells 
were also present [40]. However, in six untreated 
periodontitis patients, displaying severe bone 
loss and visible inflammation, there was a signifi-
cant increase in IL-17 producing CD4+ T helper 
cells.

Innate lymphoid cells are a relatively recent 
discovery and are key to barrier defence in skin, 
intestine and airways [41, 42]. These cells lack 
antigen-specific receptors which are character-
ised by both conventional T cells and B cells, and 
by the unconventional γδ T cells. To date three 
subsets have been identified: ILC-1, -2 and -3 
[41]. These cells have a dual function of initiating 
innate responses but also maintaining homeosta-
sis through inflammation and tissue repair mech-
anisms. They are important in pathogen clearance, 
lymphoid organogenesis and tissue remodelling. 
There are distinct differences in the transcription 
factors and cytokines that are used and produced 
in the three subsets. ILC1 uses the transcription 
factor, T-bet, and secretes IFN-γ. This class of 
cells also includes NK cells.

ILC-2 cells secrete IL-5 and IL-13 through 
RORα activation, and express the GATA3 tran-
scription factor, while ILC3 utilises the RORγt 
transcription factor and secretes pro- inflammatory 
cytokines such as IL-17 (and/or IL-22). There 
have been several recent studies proposing 
immune-regulatory mechanisms for ILCs in dif-
ferent tissues under different inflammatory pres-
sures [43, 44]. To date there is very little in the 
literature examining the role of ILCs in the oral 
mucosa but a recent paper on surgical repair of 
cleft lip identified a significantly higher level of 
ILC2 cells than the other ILCs suggesting that 
their regulatory function might contribute to the 
low levels of surgical site infection [45, 46].

4.4  Antibody-Mediated 
Protection (B Cell 
Compartment)

The fluids that bathe the oral mucosa have two 
sources: direct secretion from the salivary glands 
(saliva) or as a serum exudate from the circula-
tion into the gingival crevice (GCF).

Antibodies produced following immunisation 
or introduced by passive immunisation can be 
very effective against extracellular organisms 
and their products (toxins). Antibodies can block 
viruses and bacteria from entering and infecting 
host cells and can also mediate killing of patho-
gens. The ability of antibodies to neutralise tox-
ins can prevent the damaging effects of infections 
such as Diphtheria or Clostridium. The type of 
antibody induced is important as IgG is primarily 
effective in blood whereas secretory IgA (SIgA) 
is the principal antibody associated with mucosal 
surfaces.

Vaccine strategies against dental caries have 
a long history with the S. mutans antigen I/II 
demonstrated to be effective in animal studies 
[47, 48]. Natural IgG antibodies to S. mutans 
were shown in serum and were associated with 
low or no caries [49] while passage of immuno-
globulins from the serum to the GCF had previ-
ously been demonstrated in the rhesus macaque 
[50, 51].

Passive application of monoclonal antibodies 
specific for antigen I/II was successfully used in 
preventing recolonisation by Strep. mutans in the 
1990s [52–54]. Monoclonal antibodies to peri-
odontal pathogens had more limited success [55–
57]. This is probably due to causality of 
periodontal disease being more associated with a 
pathological host response rather than a direct 
bacterial affect [58, 59].

Secretory IgA from salivary glands provides 
protection against adhesion of both invasive bac-
teria and viruses. The heterotypic functions of 
SIgA with lysozyme, etc. provide additional pro-
tection at the oral mucosa with antibody com-
plexes anchored to the epithelium and antibody 
actively secreted into the lumen and also present 
intracellularly and in lamina propria (reviewed in 
[60, 61]).

In the oral cavity, IgG is present in the gingival 
crevicular fluid as a serum transudate, while IgA 
is actively secreted from the salivary glands 
(Fig. 4.5). Both these classes of antibody are 
important in both prevention of disease, e.g. car-
ies, and in some cases as part of a pathogenic pro-
cess such as IgG anti-Dsg3 in pemphigus vulgaris 
(see Chap. 10).
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4.5  Cell-Mediated Immune 
Protection (T Cell 
Compartment)

The cell-mediated immune response is character-
ised by two distinct activities: cytotoxic T cells 
(CD8+), able to kill cells infected with viruses or 
other intracellular pathogens including some bac-
terial, fungal and protozoan organisms, and CD4+ 
T helper cells which are important activators of 
other T cells but also activate cells of the innate 
immune system, such as polymorphonuclear leu-
cocytes (PMNs), natural killer cells and NKT 
cells, by their ability to secrete a wide range of 
cytokines, chemokines and growth factors. The 
help provided by CD4+ T cells can provide matu-
ration and survival signals for innate immune 
cells that prolong the innate response.

CD4+ T helper cells are also key to the induc-
tion and maturation of antibody-secreting cells, 
the induction of class switching to the class of anti-
body most appropriate to the response required, 
and their ability to generate memory cells which 
migrate back to the draining lymph nodes.

The cytokines secreted by T helper cells are 
grouped according to the effector cells which 
they induce and the two basic categories were 
first identified by Mosmann et al. in 1986 [62] . 
The T helper 1 (Th1) cytokines (IL-2, IFNγ, 
TNFα) activate macrophages, induce B cells to 
class switch to IgG1or IgG3 and supress Th2 
responses, while Th2 cytokines (IL-4, -5, -6, -10 
and -13) activate B cells; induce class switching 

to IgG2, IgA or IgE; and supress the Th1 response. 
In recent years, more subsets of T helper cells 
have been identified and Th17 cells have been 
recognised as important contributors to the host 
response to periodontal pathogens and are char-
acterised by the secretion of IL-17. The pro- 
inflammatory properties of IL-17 are important 
in the context of early immune responses to 
pathogens and here tissue-resident γδ T cells are 
important as they are a significant source of IL-17 
[38]. However, continued signalling and IL-17 
production are associated with autoimmune dis-
ease and cancer progression [63, 64].

This subset is related to Th1 but its induction is 
dependent on IL-21 and TGFβ. Another subset of 
CD4 helper cells are the T regulatory cells (Tregs) 
which play an important role in maintaining self-
tolerance. They are also important in contributing 
to the limitation of immune responses—in other 
words when to shut down a response when that is 
no longer required (Fig. 4.6: [65]).

Dendritic cells were shown to polarise effec-
tor responses towards TH1 (inflammatory) or 
TH2 (anti-inflammatory) cytokine secretion 
depending on the type of endotoxin encountered 
[66–69]. The effect of P. gingivalis LPS on DCs 
demonstrated that suboptimal maturation of DCs 
occurs with the result that IL-10 (an immunosup-
pressive/TH2 cytokine) tends to be induced 
(reviewed in [70]). Dental pulp DCs have been 
shown to migrate to regional lymph nodes where 
they induce adaptive immune responses to cario-
genic organisms [71]. Immature DCs are thought 
to maintain a tolerogenic environment in the oral 
mucosa; thus it is often thought of as an 
 immune- privileged site [72–76]. However, 
mature DCs can drive potent immune responses.

Memory cells are induced which recirculate back to 
the draining lymph nodes where they will wait, “armed” 
for the next exposure to their “cognate” antigen.

Activated “effector” T cells are capable of 
secreting substances such as cytokines and enzymes 
that will passively diffuse into the local environ-
ment. These potentially destructive  effector mecha-
nisms require powerful regulation, and the immune 
system has evolved  intricate  feedback loops that 
limit the duration of responses, thus avoiding the 
potential for bystander damage resulting from 
prolonged inflammatory responses. This balance 

Fig. 4.5 The contribution of antibodies to the protection 
of the gingival marginal mucosa and tooth surface (repro-
duced with permission)
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between inflammation and regulation is dictated by 
the induction of specific effector T cells responding 
to unique signalling and transcription pathways 
resulting in the production of cytokines able to 
either regulate the inflammation or drive specific 
functions (Fig. 4.6); for example production of 
IL-4 and IL-13 by Th2 cells supports antibody pro-
duction while Th17 cells secrete IL-17 which has 
been associated with autoimmune diseases and 
also the exacerbation of periodontal disease, once 
dysbiosis has been established. Regulatory mole-
cules such as the suppressor of cytokine signalling 
family (SOCS) have also been shown to be upregu-
lated in conditions such as Behçet’s and Sjögren’s 
syndromes [77, 78].

Mucosal disease is frequently caused by 
immune deficiency or dysregulation. Alterations 
in T cell activity are frequently associated with 
disease. A classic example is the loss of T helper 
cells in HIV predisposing patients to opportunis-
tic infections such as candidiasis and necrotising 
periodontitis, characteristic of AIDS. Patients 
with hyper IgE syndrome have mutations in the 

STAT3 transcription factors controlling the 
development of Th17 cells [79, 80]. Although 
Th17 responses have been shown to be important 
in responses to fungi, it has been suggested that 
uncontrolled Th17 responses lead to chronic 
inflammation and autoimmunity [81–84]. T 
helper cells play a key role in recruiting neutro-
phils and osteoclasts into periodontal lesions [85, 
86]. In OLP an intense lymphocyte infiltration 
into the lamina propria results in the destruction 
of the basal layer of the epithelium and is 
 associated with T cells, which are the major con-
tributors to this inflammation.

4.6  Inductive and Effector Sites 
in the Oral Cavity

The tissues of the mucosal immune system have 
been segregated into areas where responses are 
induced and those areas to which the resulting 
effectors cells migrate to carry out their 
functions.

T helper cells:
the balance of power.

Inflammatory
process

APCs Naive T cell

IL-12

IL-4

Foxp3

Gata3

T-bet

IL-6

Bcl-6

IL-21

IL-22

IL-9

Regulatory
process

IL-17
IL-22

IL-4
IL-13

TGF-β
IL-10

Tfh

TH22

?

?
RORγt

TH9
TH17

TH2

TH1

Treg

IFN-γ

IL-6, IL-21
B cell

interaction

TGF-β
TGF-β
+ IL-6

TGF-β
+ IL-4

Fig. 4.6 The diversity of T helper cell responses. Key to 
regulation of inflammation and effector mechanisms of 
the immune response. Signalling pathways induced by 
APC/T cell interactions dictate T helper cell effector func-
tions anad downstream pathogenesis or regulation. 

Cytokines and chemokines are important effector mole-
cules in the oral mucosa influencing recruitment of other 
cells into the tissue and orchestrating the balance between 
inflammation anad regulation as well as tissue breakdown 
and repair (adapted from [87] with permission)
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Mucosal inductive sites include the nasal 
associated lymphoid tissues (NALT) (which 
drain into the back of the oral cavity) and the 
Peyer’s patches of the gut (GALT), for the induc-
tion of mucosal secretory IgA (SIgA) antibody 
responses. Homing of memory and/or activated T 
and B cells from NALT to nasal passages and 
oral cavity occurs, and is part of the compartmen-
talisation of the immune system [4]. In the oral 
cavity, inductive sites consist of the buccal 
mucosa, salivary glands and Waldeyer’s ring 
consisting of the adenoids (unpaired nasopharyn-
geal tonsils) and the paired palatine and lingual 
tonsils. Human tonsils have deep-branched 
antigen- retaining crypts with a reticular endothe-
lium which contains M cells, a highly developed 
antigen capture cell which is vital for the induc-
tion of B cell diversity and memory. About 50% 
of the cells present in lymphoid follicles contain 
germinal centres where immune responses are 
induced. Palatine tonsils contain a significant 
sub-epithelial population that may be crucial in 
the production of antibody specific for inhaled 
antigens taken up by M cells. These cells act as a 
portal to the outside environment delivering anti-
gens to the lymphoid cells in the lamina propria 
for the induction of antigen-specific immune 
responses.

Effector sites for oral mucosal immune 
responses include the epithelium, lamina propria 
and salivary glands. There are also scattered 
intraepithelial lymphoid cells throughout the 
mucosa [76].

Epithelial cells, macrophages and dendritic 
cells all secrete a variety of cytokines that have 
profound effects on the recruitment of T cells to 
the oral mucosa and their ultimate effector func-
tion [87].

4.7  Tolerance in the Oral Mucosa

Oral tolerance via the gut mucosa has a long 
history in inducing a state of specific immuno-
logical unresponsiveness. Our ability to tolerate 
the vast array of food antigens is dependent on 
this phenomenon and has been exploited in 
experimental animals to induce tolerance to 
many antigens associated with autoimmune dis-

ease. The potential for oral tolerance to amelio-
rate allergic or autoimmune disease is an 
important area of research and has been success-
fully used in clinical trials (reviewed by Sun 
et al. [88]). Oral tolerance has been used to ame-
liorate the uveitis in Behçet’s patients by oral 
administration of heat- shock protein peptides 
along with the mucosal adjuvant cholera toxin B 
subunit [89].

However, more recently the oral mucosa has 
been investigated as a site of tolerisation [76, 90]. 
Exploiting the tolerogenic function of the APCs 
in the sublingual mucosa has considerable thera-
peutic potential especially regarding allergy [75, 
91–93]. The mechanisms involve the induction 
of T regulatory cells which secrete IL-10 and 
TGF-β. Along with inhibitory ligands expressed 
in the Tregs, such as CTLA-4, these cytokines 
limit the T helper cell responses that would nor-
mally drive immune responses to antigens 
applied to the mucosal surfaces. It has been sug-
gested that intra-oral administration of peptides, 
prior to challenge with allergens, could limit T 
cell proliferation in the oral-pharyngeal lymph 
nodes in a mouse model of tree pollen allergy 
[94]. The evidence is building that this route of 
oral tolerance may indeed be superior to that of 
gut oral tolerance (Fig. 4.7).

4.8  Immunology in the Dental 
Clinic

The oral manifestations of both local and sys-
temic disease make the oral cavity an important 
part of the immune system and it has frequently 
been suggested that the oral cavity can act as a 
mirror reflecting the homeostasis—or lack of 
it—that dictates health and disease. Table 4.2 is 
a reminder of the types of disease that are fre-
quently seen in the mouth and the contribution 
of infection and dysregulation is further explored 
in Chap. 5 (Allam) and Chap. 10 (Bergmeier).

The complex nature of the interactions within 
the oral cavity is common to those throughout the 
entire immune system and we are beginning to 
unravel the connections that allow this normally 
quiescent tissue to become dysregulated and to 
exhibit both local and systemic diseases (Fig. 4.8). 
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The term “interactome” has been coined to 
emphasise the interconnectedness of the mecha-
nisms within biological systems and several stud-
ies have been carried out on the  interaction of the 
salivary proteome and the microbiome in the oral 
cavity. The tools for studying these interactions 
are highly relevant to the interface between the 
immune responses in the oral mucosa and the eco-
system of the oral cavity [95–97].

While this has not been an exhaustive re- 
examination of the immunology of the oral cav-

ity it is hoped that the new knowledge of the 
functional capacity of the different immune pro-
cesses in the oral cavity repositions this unique 
tissue at the forefront of understanding the gate-
keeper and housekeeper properties of the oral 
mucosa.

This mucosa is not just the entrance to the gas-
trointestinal tract and there is much still to learn 
about the immune functions which differ consid-
erably from gut. Assumptions based on gut biol-
ogy may not apply to the oral mucosa.

Oral Administration of Antigen
(Collagen, MBP, S antigen)

Gut associated lymphoid tissue

Low Dose
Gut presentation

High dose
Systemic presentation

Induction of CD4+TH2 (IL4/IL10)
and CD8+TGF secreting

regulatory cells

Deletion or Anergy of
TH1 And TH2 cells

ACTIVE SUPPRESSION
or

Bystander suppression

CLONAL ANERGY
CLONAL DELETION

Peripheral  TOLERANCE and DISEASE SUPPRESSION

Fig. 4.7 Mechanisms of 
oral tolerance

Table 4.2 Immunology in the dental clinic. A range of organisms give rise to significant oral disease. Oral mucosal 
disease may also have systemic involvment and systemic disease have oral manifestations. The immune response is 
involved in either resolving disease manifestations or in exacerbating symptoms due to immune dysregulation

Infections Oral mucosal disease Systemic diseases with oral manifestations
  • Bacteria
  • Carles
  • Periodcntal Disease
  • Fungi
  • Candidiasis
  • Viruses
  •  Heroes viruses (HPV, 

HSV]
  • CMV, EBV
  • Enteroviruses
  • Measles
  • Scarlet fever
  • (HIV)

  • Behcet’s Disease*

  •  Recurrent Aphthous 
stomatitis

  • Lichen Planus*

  • Pempriigus/Pemphigoid*

  • Erythema multiforrne*

  • Celiac disease
  • Crohn’s disease
  • Ulcerative colitis
  • Food allergy and oral tolerance
  • Sjögrens Syndrome
  • HIV

Immune responses to infective agents are important in resolution of infections but when dysregulated can give rise to 
changes in homeostatic environments that allow for disease development with or without systemic involvement.  
* Systemic involvment of diseases with oral origins
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5.1  Introduction

The oral mucosa contains a stratified squamous 
epithelium and resembles in great part the archi-
tecture of its epidermal counterpart [1]. However, 
the most striking difference to epidermal epithe-
lium is the absence of a prominent granular layer, 
which serves as a physical barrier in the skin, and 
its absence in turn leads to an enhanced permea-
bility in oral mucosa [2]. Thus, contact with sev-
eral foreign antigens such as bacterial products 
from local mucosal microbiota or nutrition com-
ponents from food is likely to be quite frequent in 
oral mucosal epithelium. In this regard local 
homeostasis is critical in order to inhibit immu-
nological reactions towards commensal microbi-
ota or harmless food proteins but also to prevent 
pathogens from invading the tissue. As the oral 
mucosa also represents the entry point to the gas-
trointestinal tract (GIT), where tolerance induc-
tion predominates to maintain mucosal 
homeostasis, it is more than likely that corre-
sponding pro-tolerogenic mechanisms take place 
in the oral mucosa.

5.2  Oral Mucosal Architecture

The oral cavity and its structures are covered by 
distinct type of mucosal stratified squamous epi-
thelium depending on anatomical and functional 
characteristics in different regions [1]. In this 
respect the three main types are lining mucosa, 
lingual mucosa and masticatory mucosa including 
dentogingival mucosa [1]. Masticatory mucosa 
and lingual mucosa are orthokeratinized lacking a 
prominent granular layer covering regions 
exposed to strong shear forces such as tongue, 
attached gingiva and hard palatum. Lining mucosa 
contains a non-keratinized epithelium, which 
lines the remaining part of the oral cavity. 
Common features of the different types of oral 
mucosal epithelium are a high vascularization and 
permeability as well as undistinguishable papil-
lary and reticular dermis by which they differ to 
skin epithelium [1, 2]. Despite high permeability, 
the oral mucosal epithelium still represents the 
first barrier preventing pathogens from invasion. 
Recent published data suggests that oral epithelial 
cells participate in controlling the oral microbiota 
by producing pro-inflammatory as well as antimi-
crobial molecules [3, 4]. However, in steady-state 
conditions the oral mucosa also harbours several 
immune cells such as Langerhans cells (LCs) 
located within the epithelium itself but also other 
leucocytes such as T-lymphocytes (T-cells) dis-
tributed within dermal compartment of oral 
mucosa (Fig. 5.1) [2, 5]. LCs belong to the group 
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of antigen-presenting cells (APCs) and are char-
acterized by the expression CD1a and C-type lec-
tin Langerin (CD207) as well as several 
co-stimulatory molecules and MHC-I and 
MHC-II for antigen presentation [6]. Similar to 
LCs in epidermal skin they are located within the 
suprabasal layer of the epithelium [2]. However, 
recent studies have shown that most oral mucosal 
epithelium sites contain higher numbers of LCs 
than epidermal epithelium [2]. LCs in the oral epi-
thelium are responsible for continuous antigen 
uptake and they are key players in preventing 
entry of harmful pathogens on the one hand. On 
the other hand, they need to avoid immune reac-
tions towards harmless foreign substances or par-
ticles from the microbiota or from nutrition [1, 7]. 
Although great scientific progress has been made 
within recent years in elucidating induction and 
maintenance of tolerance in the GIT, only little is 
known about the immune system of the oral 
mucosa, which represents much more than a sim-
ple transition zone between skin and GIT. In view 
of a microbiota comprising over 500 different 
bacterial species of harmless commensal and 
pathogenic microbes as well as exposure to anti-
gens from food proteins, it is more than likely that 

local oral mucosal homeostasis is maintained by a 
sophisticated network of local epithelial cells and 
immune cells leading to a balance of active pro-
tolerogenic anti-inflammatory and pro-inflamma-
tory mechanisms.

5.3  Mucosal Homeostasis in GIT 
and Oral Mucosa

Chase introduced and defined the term “oral toler-
ance” in 1946 as a stage of active inhibition of an 
immune response to an antigen previously pre-
sented through the oral route to the immune sys-
tem [8]. While the term “oral route” refers to the 
gastrointestinal mucosa, the term “active inhibi-
tion” implies systemic protection in particular [8]. 
However, mechanisms of oral tolerance also con-
tribute to mucosal homeostasis. The latter is 
achieved by (1) the epithelial barrier in the sense 
of a mechanical protection and as a “first line of 
defence” with primarily innate immune mecha-
nisms; (2) immune exclusion with the production 
of secretory immunoglobulin (Ig) A or IgM by 
plasma cells; and (3) immune  suppression through 
T-cell anergy, T-cell depletion and induction of 

Fig. 5.1 DCs are located within the suprabasal layer of the oral mucosal epithelium as well as in the dermal compart-
ment (left). CD3+ T cells are distributed within the dermal compartment and the rete ridges of the oral mucosa (right)
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regulatory T-cells (Treg) [9]. Immune suppression 
by T-cells is induced by DCs via several mecha-
nisms. It has been shown that especially co-inhib-
itory molecules such as B7-H1, B7-H2 and B7-H3 
on DCs mediate a pro- tolerogenic T-cell response. 
Furthermore, several soluble factors also pro-
duced by DCs such as IL-10, TGF-β or indole-
amine-2,3-dioxygenase (IDO) force T-cells 
towards tolerogenic lineage [10]. Classic Tregs 
express CD4 and CD25, in addition to the tran-
scription factor Forkhead box p 3 (Foxp3), and 
are able to mediate immune suppression by means 
of cell–cell contact or IL-10 and TGF-β produc-
tion (Fig. 5.2) [11, 12]. Currently, the induction of 
Tregs is considered to be the key mechanism of 
oral tolerance [7].

5.3.1  Epithelial Barrier in GIT 
and Oral Mucosa

Intestinal epithelial cells (IEC) build the epithe-
lial barrier to the lumen in the GIT where tight 
junctions provide epithelial integrity to prevent 
pathogens and commensal bacteria from invad-
ing [13]. Moreover, IEC produce antimicrobial 
peptides such as defensins or cathelicidin, which 
contribute to regulation of microbiota [14]. 
Further on, IEC express several different pattern 
recognition receptors (PRR), such as Toll-like 
receptors (TLR) [15]. These innate immune 

receptors sense bacterial substances and upon 
activation trigger a pro-inflammatory immune 
response [16]. It has been shown that IEC pre-
dominantly express intracellular TLR like TLR3, 
TLR7, TLR8 and TLR9, which can only be acti-
vated once bacteria have penetrated IEC. TLR5, 
on the other hand, is expressed only in the baso-
lateral zone of IEC and can also only be activated 
upon bacterial invasion [14]. Primarily patho-
genic bacteria activate these processes, which 
lead to a local pro-inflammatory immune 
response, whereas commensal bacteria cause 
indirect inhibition of TLR leading to prevention 
of pro-inflammatory responses [14]. Moreover, 
IEC carry only few luminal extracellular TLR, 
mostly TLR2 and TLR4 [17, 18]. It has been 
shown that ligation of TLR4 by lipopolysaccha-
ride (LPS) in IEC causes interleukin (IL)-1 
receptor-associated kinase-1-dependent loss in 
activation of the pro-inflammatory responses in 
mice, which has been considered as “endotoxin 
tolerance” [19].

Comparable TLR expression profiles have 
been demonstrated in human and mouse oral 
mucosal epithelial cells [20]. Furthermore, simi-
lar mechanisms to the GIT have been described 
in the oral mucosal epithelium. In this regard it 
has been shown that TLR4 is involved in the pro-
tection against invasion and cell injury caused by 
Candida albicans in mice [20]. Especially, 
growth arrest specific 6 (GAS6) has been 

Fig. 5.2 DCs induce 
regulatory T cells
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 suggested to be critical in regulating microbiota 
in the oral mucosa in mice [21]. GAS6 is 
expressed only in the outer layer of the oral 
mucosal epithelium and is induced by local 
microbiota. It is known as a ligand of the TYRO3-
AXL-MERTK (TAM) receptor family and 
together they play a crucial role in the resolution 
of inflammation [22]. In turn, knocking out 
GAS6 in the mouse oral mucosa leads to an 
upregulation of pro- inflammatory activity and 
expansion of anaerobic bacteria [21]. As TAM 
receptors are induced by TLR it is likely that the 
described mechanism is strongly dependent on 
TLR such as TLR2 and TLR4 which have been 
demonstrated to be expressed by oral mucosal 
epithelial cells [20, 21]. Moreover, in line with 
IEC in the GIT oral mucosal epithelial cells also 
produce antimicrobial peptides such as defensins 
and LL-37 participating in regulation of micro-
biota [23]. In some oral diseases such as chronic 
periodontitis these antimicrobial peptides are 

deregulated allowing uncontrolled growth of 
pathogenic bacteria (Fig. 5.3) [24, 25].

5.3.2  Tolerance Induction 
and Immune Exclusion in GIT 
and Oral Mucosa

Most mucosal tissues contain a specialized immune 
network composed of inductive and effector sites 
of which the latter include the lamina propria 
mucosae (LP), the stroma of exocrine glands and 
surface epithelia. Inductive sites consist of mucosa-
associated lymphoid tissue (MALT) as well as 
local and regional draining lymph nodes [26–28]. 
The histological architecture of MALT is similar to 
the structure of lymph nodes, although MALT 
lacks afferent lymphatics. In respect of anatomical 
site of mucosal tissue MALT includes nasopharynx- 
or nose-associated lymphoid tissue (NALT), 
bronchus- associated lymphoid tissue (BALT) and 

Fig. 5.3 DCs sample antigens from the gut to induce 
regulatory T cells. Antigens are also passed through M 
cells and then processed in the Peyer’s patch or in mesen-
teric lymph node to induce regulatory T cells. Plasma 

cells produce IgA which is transported as secretory IgA 
into the gut lumen to perform immune exclusion (left). In 
the oral mucosa antigens are processed by intraepithelial 
DCs which induce regulatory T cells (right)
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genital-associated lymphoid tissue (GENALT) and 
gut-associated lymphoid tissue (GALT) [28]. The 
latter consists of Peyer’s patches (PP) and isolated 
lymphoid follicles [7]. In the GIT antigens are cap-
tured and processed directly from mucosal lumi-
nal side through a specialized follicle-associated 
epithelium (FAE) containing so-called microfold 
or membrane (M) cells and dendritic cells (DCs). 
These cells deliver antigens to APCs in PP or iso-
lated lymphoid follicles, which are able to stimu-
late naïve B to produce IgA and to mediate T-cell 
anergy, T-cell depletion and induction of Treg [9, 
26–28]. Therefore, GALT is considered to be crit-
ical in oral tolerance to soluble antigens [7]. 
However, there is mounting evidence supporting 
oral tolerance in the absence of PP and that DCs 
in the LP of effector sites are crucial for inducing 
tolerance. In this context it has been shown in 
mice that CD11c + DC in the LP bind antigen 
30–60 min after feeding and that DCs expressing 
integrin chain αE (CD103) in the LP are able to 
induce Tregs and therefore are critical for oral tol-
erance [7]. Apart from inducing tolerance effector 
sites also contribute to the formation of secretory 
IgA (sIgA) whereas antigen-specific B cells are 
induced in the GALT [9]. After their activation in 
the GALT B cells migrate via mesenteric lymph 
node to the thoracic duct where they enter the 
bloodstream to circulate back to the LP for matu-
ration into IgA-producing plasma cells. In turn, 
plasma cells in the LP produce dimeric IgA con-
sisting of two monomeric IgA linked to each other 
by the so-called joining (j) chain [9, 26, 27]. After 
binding to polymeric Ig receptor located at baso-
lateral zone of the IEC it is secreted to the gut 
lumen as sIgA for binding of respective antigen 
preventing contact and resorption of antigen with 
the GIT epithelium [9, 26, 27]. This process is 
referred to as immune exclusion (Fig. 5.3).

By contrast, less is known about the structures 
of oral mucosal immune system, which rather 
corresponds to effector sites by lacking MALT 
[2]. In the past some authors consider oral mucosa 
as part of cranial-, oral- and nasal-associated tis-
sue (CONALT) containing oropharyngeal and 
nasopharyngeal tissue with tonsils as well as 
Waldeyer’s ring and cervical lymph nodes [29, 
30]. Other authors used to prefer the term cra-

nial-, oral- and nasal-associated lymph nodes 
(CONALN) to emphasize the absence of 
 lymphoid structures or sampling of antigens 
directly from mucosal surfaces through M cells 
and to acknowledge the induction of immune 
responses within local and regional lymph nodes 
[9]. However, several key mechanisms have been 
discovered which both initiate and perpetuate tol-
erance in the oral mucosa. These take place con-
comitantly within the mucosal epithelium, oral 
lamina propria mucosa and salivary glands. 
Resident DCs can be found throughout the whole 
oral mucosal epithelium and are composed of 
myeloid DCs from the Langerhans cell (LC) sub-
type expressing CD1a and the LC-specific lectin 
Langerin/CD207. Only in respect to expression 
of costimulatory molecules such as B7.1/CD80 
and B7.2/CD86 and other myeloid markers such 
as CD11b they resemble DC in gut MALT [31, 
32]. Next to oral mucosal epithelium LCs, lamina 
propria DCs (LPDC) expressing CD11c, CD11b 
and major histocompatibility class (MHC) II 
have been described in oral mucosa as well [32]. 
Although the oral cavity represents a small sur-
face area, numbers of resident LCs differ depend-
ing on the oral mucosal region. Highest numbers 
of LCs are located in the vestibulum, bucca, hard 
palatum and lingua, while in the gingiva and sub-
lingual region lower numbers of LCs were 
detected [2]. It is most likely that these DC popu-
lations are involved in tolerance induction as 
suppression of T cell-mediated allergic immune 
reactions to nickel has been shown in individuals 
wearing mucosal nickel containing braces at an 
early age [33].

Oral mucosal DCs express several specific 
receptors and sense the environment for invading 
pathogens in order to induce an effective defence. 
In this context mucosal DCs express TLR2 and 
TLR4 (Fig. 5.3) [34]. These receptors could be 
involved in maintenance of mucosal homeostasis 
by downregulation of pattern recognition recep-
tors after multiple stimulations by microbial com-
ponents. For instance, TLR2 and TLR4 are 
downregulated from the surface of antigen- 
presenting cells after repetitive stimulation with 
LPS from Porphyromonas gingivalis in vitro [35]. 
Concomitantly, production of proinflammatory 
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cytokines in response to these stimuli decreases 
[35]. Moreover, it has been shown that activation 
of TLR4 on oral mucosal DCs induced up-regula-
tion of immunosuppressive IL-10 production, 
which is required for the induction of regulatory T 
lymphocytes [36, 37]. In turn, upon TLR4 liga-
tion, oral LCs induce FoxP3 expressing and IL-10 
as well as TGF-β-producing Tregs [34]. Similar 
results have been obtained using proteins known 
to be strong environmental allergens. In mouse 
models and human system the challenge with 
these allergens of oral mucosal DCs leads to the 
induction of IL-10 and TGF-β- producing Tregs 
[38, 39]. Apart from DCs, other studies focused 
on the oral mucosal presence of T cells during a 
steady-state situation. In this regard, a constant 
infiltration of T cells could be demonstrated in 
non-inflammatory oral mucosa. Because of their 
cytokine-producing profile these T cells appear 
to be mainly Treg (IL-10 and TGF- β) next to Th1 
(IFN-γ) and Th17 (IL-17) cells. IL-4-producing 
T cells could not be detected [5]. While Tregs are 
more likely involved in regulation of excessive 
immune response Th17 have been shown to con-
tribute to the prevention of fungal infection 
(Fig. 5.3) [40].

Altogether, resident oral mucosal DCs are 
kept in an immature state in the presence of com-
mensals, while DCs newly recruited to the 
mucosa in the case of invasion of pathogenic 
organisms induce an active immune response 
[41]. It is suggested that antigen presentation by 
oral mucosal DCs takes part mainly in regional 
draining lymph nodes [42]. However, under cer-
tain pathologic conditions such as chronic peri-
odontitis DCs and B and T lymphocyte-rich 
infiltrates are detectable within the gingival lam-
ina propria, suggesting that local antigen presen-
tation apart from antigen presentation in regional 
draining lymph nodes might play an important 
role in mucosal homeostasis induction [30].

Another important part in respect to mainte-
nance of oral mucosal homeostasis is the 
release of sIgA produced by B plasma cells 
within the salivary glands such as the parotid, 
submandibular as well as numerous minor 
 salivary glands distributed throughout the 
whole oral mucosa which produce over 

1000 ml saliva per day [1]. IgA is the most 
prominent antibody class lining the oral muco-
sal surfaces and thereby contributes to immune 
exclusion of antigens [26, 27].

5.4  Concluding Remarks

Taken together, several immune mechanisms 
have been described in the oral mucosa. However, 
to date most scientific effort has been made 
investigating pathologic mechanisms in inflam-
matory diseases of the oral mucosa, but not much 
is known about physiologic pathways of mucosal 
homeostasis at this site. Therefore, future investi-
gations should focus on the physiology of this 
underestimated mucosal tissue to improve our 
knowledge about natural ways of mucosal 
homeostasis.
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Wound Healing in the Oral Mucosa

Patricio C. Smith and Constanza Martínez

6.1  Introduction

Oral mucosa wound healing comprises a series of 
sequential responses that allow the closure of 
ruptures in this tissue. This process is of critical 
importance to prevent the invasion of microor-
ganisms or other agents into tissues avoiding the 
establishment of chronic inflammation. Since the 
oral mucosa is continually exposed to traumatic 
and infectious challenges, this tissue has devel-
oped evolutionary strategies to circumvent this 
adverse environment. Therefore, the oral mucosa 
has several advantages in terms of the efficiency 
of the wound healing response. Wound healing 
may also play an important role during the cell 
and tissue reactions that occur during the devel-
opment of chronic inflammatory diseases and 
cancer. Therefore, knowledge on the mechanisms 
that regulate wound healing is essential for the 
comprehension of pathological events in this 
tissue.

After tissue injury, different biological mecha-
nisms become immediately activated to reconsti-
tute the damaged tissues. Diverse cell types are 
sequentially recruited and activated to take action 
in this process. Importantly, these cell types must 

also be eliminated or silenced for the normal 
 evolution of the wound healing process. The cells 
engaged during wound healing include compo-
nents of the immunological system (neutrophils, 
monocytes, lymphocytes, and dendritic cells), as 
well as endothelial cells, keratinocytes, and fibro-
blasts [1]. Cell activation involves in several 
cases the regulation of the expression numerous 
genes [2] that control cell proliferation, differen-
tiation, and migration [1]. The extracellular 
matrix represents another important tissue com-
ponent involved in wound healing [3]. This is 
because cells must secrete and organize several 
molecules including glycoproteins like collagens 
and fibronectin as well as proteoglycans and 
matricellular proteins [4]. This event is of out-
most importance to permit cell migration and dif-
ferentiation and finally to restore the damaged 
tissues. In addition, the level of tension perceived 
by the cells during cell migration and matrix 
organization is an important source of informa-
tion for cells that modify gene expression, prolif-
eration, migration, and differentiation [4]. 
Therefore, successful wound healing and tissue 
regeneration require both normally responding 
cells and a healthy ECM.
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6.2  Wound Healing in the Oral 
Mucosa: General Mechanisms

The wound healing response involves three overlap-
ping and distinct stages: (1) coagulation- 
inflammation, (2) new tissue formation, and (3) 
remodeling [1]. Figure 6.1 illustrates the main 

stages of the wound healing response along with the 
main cell types and functions involved. Figure 6.2 
shows the main histological features of the coagula-
tion-inflammation and new tissue formation phase. 
During these events, cells experience important 
modifications in gene expression driven by soluble 
mediators and cell-matrix interactions.

Coagulation and
Inflammation Tooth

Fibrin-Fibronectin Clot Blood vessel Collagen

Myofibroblast

Fibroblast

Newly formed collagen

Basement membrane

Epithelial cell

Platelet
Macrophage

Neutrophil

New Tissue
Formation

Tissue
Remodelling

Fig. 6.1 Wound healing stages in the oral mucosa. The three main phases of the wound healing process are represented 
along with the main cellular components involved

a b

Fig. 6.2 Morphological features of wound healing 
phases. Representative histological sections obtained 
from 2 (a) and 7 (b) day-old gingival wounds performed 
in rats. Tissues were stained with eosin and hematoxylin. 
Figure in (a) highlights the inflammatory phase of wound 

healing. Note the inflammatory infiltrate at the tip of the 
fibrin-fibronectin clot. (b) shows the new tissue formation 
phase. Note the regenerated epithelium and the granula-
tion tissue (GT) that has filled the wound defect. CT = con-
nective tissue. T = tooth
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6.3  The Coagulation Process 
and Its Role in Tissue Repair

Immediately after injury, components of the coag-
ulation cascade are activated in order to prevent 
excessive bleeding. In association with this, 
inflammatory pathways and cells of the immune 
system are recruited to remove cell debris and 
prevent the proliferation and invasion of infecting 
agents [5] (see Fig. 6.1). The formation of a plate-
let plug embedded in a fibrin-fibronectin matrix is 
critically important in this phase. Platelets play a 
critical role in wound healing through the release 
of growth factors, cytokines, and chemokines 
present in their granules that promote cell migra-
tion and proliferation. This response represents 
one of the first steps that drive the healing of tis-
sues. Patients with disorders in platelet adhesion 
or reduced platelet numbers may show an altered 
coagulation process that will delay healing [6]. 
Interestingly, classic studies have evaluated skin 
wound healing in mice treated with an antiplatelet 
serum that induces thrombocytopenia [7]. Under 
these experimental conditions, injuries are char-
acterized by increased numbers of infiltrating 
inflammatory cells. Nevertheless, wounds heal 
normally, suggesting that platelets are mostly 
involved in hemostasia [7]. In apparent contradic-
tion to these studies, it has been proposed that fac-
tors released from platelets promote the 
proliferation and migration of the cells that will 
be involved in wound healing. These factors 
include platelet-derived growth factor, transform-
ing growth factor-β1, and fibroblast growth factor 
2 among others. This concept has led to the appli-
cation of a diverse array of autologous platelet- 
derived products with the purpose of promoting 
wound healing in different surgical procedures. 
Although the concept behind this innovation is 
interesting, these techniques still require further 
studies and development [8].

6.4  Role of Inflammation 
in Wound Healing

Neutrophils are critically important cells that 
contribute to eliminate infection and are recruited 
to the wound attracted by components of the 

complement system, molecules derived from 
platelets, and factors derived from bacteria [9]. 
Neutrophil migration typically increases up to 
2 days after wounding (Figs. 6.1 and 6.2a). 
However, it then declines in the absence of infec-
tion. Interestingly, neutrophils are eliminated via 
phagocytic engulfment by macrophages [10]. 
Neutrophils control bacteria through several 
mechanisms that include the secretion of antimi-
crobial peptides, generation of reactive oxygen 
species, organization of extracellular traps con-
taining DNA and histones, and phagocytosis. 
Although recruited at later stages, macrophages 
are also attracted to the wound and play impor-
tant roles in immune defense and in the develop-
ment of the granulation tissue and angiogenesis 
[11]. Although it appears that inflammation is 
important to prevent wound infection, studies 
have proposed that the presence of neutrophils 
and macrophages is not essential for tissue repair. 
As an example, skin wounds performed in mice 
depleted of neutrophils heal faster when com-
pared to control animals [5]. In addition, tissue 
repair studies performed in mice deficient in 
macrophages and neutrophils have demonstrated 
an accelerated wound healing response when 
compared to their wild-type littermates [12].

The connective tissue of the oral mucosa con-
tains resident macrophages (see Fig. 6.1). 
However, the precise role played by these cells in 
wound healing is still not well defined. 
Macrophages originated from circulating mono-
cytes arrive to the wound site where they play 
several important functions. These cells are 
recruited at the injury site several days after the 
appearance of neutrophils. It has been reported 
that macrophages populating the wound may 
belong to the M1 (inflammatory) or M2 
 (alternatively activated or reparative macrophage) 
subpopulations [13]. The M1 phenotype (pro-
inflammatory) is the predominant subpopulation 
at the initial stages of wound healing and M2 
macrophages predominate at later time points 
[13]. Moreover, lack of the M2 phenotype has 
been associated with delayed wound healing [14]. 
Studies in skin and lung have identified that two 
different chemokines are important to attract mac-
rophages at the wound at early and late stages. 
The first macrophages that arrive to the wound are 
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CCR2-expressing cells. Later these cells are 
replaced by the CX3CR-1-expressing monocytes. 
These two different waves of macrophages con-
tribute to the initial inflammatory response and 
then to the resolution of this process [15].

In conclusion, there is general agreement that 
neutrophils are critically important to prevent 
infection during wound healing. However, they do 
not seem to be important in the absence of micro-
bial insult. Moreover, prolonged inflammation 
may delay wound healing establishing the condi-
tions for abnormal wound repair or tissue fibrosis 
[16, 17]. Macrophages play a critical role during 
the inflammatory phase, resolution of inflamma-
tion, and initiation of the new tissue formation.

6.5  The New Tissue Formation 
Phase: An Essential Role 
in Tissue Regeneration

The formation of new tissue phase corresponds to 
the second stage of wound repair and occurs 
between 2 and 10 days after injury [1]. This phase 
involves the migration and proliferation of epi-
thelial cells, activation of myofibroblasts, and 
proliferation of new capillaries into the newly 
formed tissue (see Figs. 6.1 and 6.2b).

6.6  Epithelial Closure

A striking step in this stage is the migration of 
keratinocytes over the wound bed [1] (Fig. 6.2b). 
Classic studies identified that after wounding, epi-
thelial cells change their morphology from a 
polarized cell into a more elongated and migra-
tory cell that recapitulates a mesenchymal pheno-
type [18]. Cell proliferation is observed between 
48 and 72 h after wounding in the basal epithelial 
cells adjacent to the wound that provide new cells 
for tissue healing [18]. Interestingly, it has been 
observed that migrating keratinocytes populating 
the wound bed do not divide [18]. A critically 
important issue in this event is the regulation of 
cell-matrix interactions that control cell migra-
tion. In normal unwounded tissue, basal epithelial 
cells interact with the intact basement membrane 

through integrin receptors. However, after tissue 
injury, keratinocytes must migrate over a new cel-
lular environment enriched in matrix components 
like type I collagen, adhesive molecules like 
fibronectin, and polymerized fibrin [19, 20]. Two 
different models have been proposed to explain 
the migration of keratinocytes over the wound. 
One of the models proposes that basal keratino-
cytes creep over the wound provisional matrix as 
a sheet. On the contrary, it has been proposed that 
suprabasal keratinocytes leap over the basal kera-
tinocytes and attach to the wound matrix forming 
a new migration front. Classic studies have identi-
fied that the activation of specific integrin recep-
tors, specifically collagen and fibronectin-binding 
integrins, controls cell migration and expression 
of proteinases that help the progression of cells in 
the wound environment including matrix metal-
loproteinases and plasminogen activators [21, 
22]. Proteolytic events are fundamental for proper 
epithelial cell migration and were described by 
seminal studies that identified how cells are able 
to attach and degrade collagen in a controlled 
manner. In human skin keratinocytes, cell interac-
tion with type I collagen occurs through the α2β1 
integrin that stimulates the expression of matrix 
metalloproteinase-1 (MMP) that degrades colla-
gen and allows the directional migration of cells 
[23]. Besides matrix metalloproteinase-1, migrat-
ing keratinocytes express a wide array of MMPs 
and TIMPs (endogenous tissue inhibitors of 
MMPs) that modulate MMP activity and control 
matrix degradation in the wound [24]. In this 
regard, an appropriate balance between 
 extracellular matrix synthesis and degradation is 
important for the normal evolution and healing of 
the wound. Keratinocyte migration is also associ-
ated with the dissolution of the hemidesmosomal 
adhesions that intervene in their interaction with 
the basement membrane [25]. Moreover, the 
migration of epithelial cells is also associated 
with modifications in their intercellular connec-
tions characterized by a decrease in the lateral 
desmosomes and connexins [26]. From a topo-
graphical point of view, keratinocytes migrate at 
the initial stages through the provisional matrix 
and later travel in contact with the forming granu-
lation tissue. In the skin, epidermal stem cells, 
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located in the basal layer of the epidermis and in 
dermal appendages, are mobilized and recruited 
to augment the number of cells involved in the 
repair process [27]. Since the oral mucosa has no 
appendages, the main source for wound keratino-
cytes is the basal layer of the oral epithelium. In 
addition, the hypoxic environment of the wound 
further stimulates the migration of epithelial cells 
[28]. Several factors control epithelial cell migra-
tion including the release of soluble mediators 
and the activation of an electric circuit [29]. 
Soluble mediators comprise cytokines, growth 
factors, and chemokines released in an autocrine 
manner [30, 31]. In particular, soluble ligands for 
the epidermal growth factor receptor (EGFR) 
play a critical role in the regulation of keratino-
cyte migration [32]. Once the migrating epithelial 
cells confront after covering the wound, the kera-
tinocytes start forming hemidesmosomal adhe-
sions to the basal lamina. Interestingly, both 
keratinocytes and connective tissue cells contrib-
ute to the regeneration of basement membrane. 
After the reconstitution of this structure, keratino-
cytes restart a normal tissue phenotype. At the end 
of this phase the integrin αvβ6 increases in its 
expression. Importantly, this integrin regulates 
keratinocyte proliferation and synthesis of the 
newly formed extracellular matrix through activa-
tion of TGF-β1 [19].

6.7  Healing of the Connective 
Tissue

Repair of the connective tissue involves two main 
stages of the wound healing process that includes 
the formation of granulation tissue and the tissue-
remodeling phase. Although these two phases are 
observed in all the organs and tissues analyzed, 
the timing of the healing events may vary accord-
ing to several factors that include the location and 
in particular the size of the wound. Accordingly, 
wounds that heal through primary intention (opti-
mal approximation of wound edges) heal faster 
when compared to secondary intention wounds 
(characterized abundant granulation tissue). 
Connective tissue wound healing may result in 
complete tissue regeneration or suboptimal heal-

ing (nonhealing chronic wounds). Nonhealing 
chronic wounds are characterized by an abundant 
outgrowth of poorly organized extracellular 
matrix that does not restore the structure and 
function of the tissue [33].

Cell proliferation is observed in the connec-
tive tissue as early as 2 days after wounding 
(Häkkinen et al., 2011). After injury, several cell 
types residing in the oral mucosa are activated 
including fibroblasts, and stromal progenitor 
stem cells among others [1, 34]. In addition to the 
local fibroblasts and progenitor cells, a specific 
circulating cell population originated from the 
bone marrow known as fibrocytes may also 
migrate into the wounded tissue [35]. 
Nevertheless, the potential contribution of these 
cell populations to the restoration of tissues is 
still far from being understood. A complex array 
of signals may initiate the regeneration of con-
nective tissues. These include molecules released 
from the circulation, from infiltrating inflamma-
tory cells, and from cells residing in the tissue 
(fibroblasts, epithelial cells, nerve endings, sali-
vary gland cells, and vasculature-associated 
cells). Besides the signals guided by soluble 
mediators, wounds alter the mechanical stiffness 
of the tissue. Tissue stiffness is sensed by resid-
ing fibroblasts through their integrin receptors 
[33]. Therefore, cell activation may also involve 
mechanical perturbations of the tissue [33, 36]. 
Seminal studies have identified that connective 
tissue cells residing close to the blood vessels and 
in the connective tissue near the wound site are 
primarily engaged in cell proliferation [37]. The 
cells that populate the wound receive diverse sig-
nals that will drive cell proliferation, migration, 
and differentiation. This signaling may derive 
from the cellular niche (environment) in which 
the cells interplay, the distinct extracellular 
matrix proteins present in the wound, growth fac-
tors, cytokines, and mechanical cues sensed by 
the cells. Moreover, at least in the skin it has been 
identified that cells derived from the deep or 
superficial connective tissue have a distinct phe-
notype that may result in different healing out-
comes [38].

After migrating, fibroblasts within the wound 
proliferate expanding the number of cells  available 
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for tissue regeneration. Several growth factors, 
actively secreted or stored within the wound 
matrix, may stimulate both the secretion of matrix 
components and the proliferation of wound fibro-
blasts. These growth factors may include fibro-
blast growth factor-2, insulin-like growth factor-1, 
connective tissue growth factor, platelet-derived 
growth factor, and transforming growth factor-β1 
[39]. During this period, deposition of collagen is 
regulated, for instance, by macrophages that stim-
ulate fibroblast activity through the secretion of 
transforming growth factor-β1 at early time points 
within the wound [40].

During wound healing, a specific phenotype of 
mesenchymal cells known as myofibroblast is 
transiently differentiated [41] (see Figs. 6.1 and 
6.3). Myofibroblasts play a critical role during 

wound healing by secreting and organizing matrix 
components through the remodeling of the newly 
formed tissues [41]. As previously suggested, the 
origin of myofibroblasts is still not well defined 
since several cell types may contribute to the 
growth of this cell population. Myofibroblasts 
may derive from resident tissue fibroblasts and 
mesenchymal stem cells residing in the lamina 
propria of the oral mucosa, pericytes, fibrocytes 
derived from the bone marrow that arrive through 
the circulation, and even epithelial cells that may 
be transformed by the growth factors released in 
the wound environment [41]. At least three local 
events are important to drive myofibroblastic dif-
ferentiation. These include the presence of bio-
logically active transforming growth factor-β1 
released from the extracellular matrix, increased 

a

b c

Fig. 6.3 Distribution of 
myofibroblasts during 
wound healing. 
Histological section of a 
5-day-old wound 
performed in the palatal 
mucosa of mice. Green 
immunofluorescence 
staining shows the 
abundant distribution of 
the myofibroblast 
marker α-smooth muscle 
actin (α-SMA). 
Epi = epithelium. 
CT = Connective tissue 
(a). Cell culture of 
human gingival 
fibroblasts in both 
control conditions (b) or 
stimulated with 5 ng/mL 
transforming growth 
factor-beta1 (TGF-β1) 
(c). Actin cytoskeleton 
(red), α-SMA (green), 
cell nuclei (blue). 
Magnification bar equals 
50 microns
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levels of stiffness perceived by the cells, and for-
mation of a  specialized extracellular matrix 
enriched in adhesive proteins like the ED-A 
spliced form of fibronectin [42, 43]. Several fea-
tures characterize myofibroblasts. These include 
the de novo expression of the actin isoform alpha 
smooth muscle actin (α-SMA), increased contrac-
tile capability of the cells, and reinforcement of 
cell matrix adhesions that allow active remodeling 
of the extracellular matrix [42]. Figure 6.2a shows 
the abundant distribution of the myofibroblast 
marker α-SMA in a 5-day-old palatal wound. 
Moreover, increased levels of α-SMA are shown 
in human gingival fibroblasts that have been stim-
ulated with TGF- β1 in vitro (Fig. 6.2b, c). These 
images highlight the prominent expression of the 
myofibroblast marker α-SMA during wound 
healing.

As previously indicated, wound stiffness is an 
important factor that modulates the activity of 
fibroblasts. It has been described that increased 
stiffness is an important factor that promotes the 
differentiation of myofibroblasts [44]. Wound tis-
sue stiffness experiments a gradual increase dur-
ing healing due to deposition and cross-linking of 
collagen [45–47]. Although increased stiffness 
may stimulate the differentiation of myofibro-
blasts necessary for normal wound healing, pro-
longed rigidity of the matrix may also promote 
scarring and fibrosis [44].

Finally, proteolytic enzymes like matrix 
metalloproteinases may also play a role in granu-
lation tissue differentiation. This effect was 
 identified in mice deficient in matrix metallopro-
teinase-13 (MMP-13) that showed defective skin 
wound healing characterized by delayed granula-
tion tissue and myofibroblastic differentiation 
[48]. In addition, granulation tissue is also defec-
tive in animals treated with an inhibitor of matrix 
metalloproteinases [49]. These studies strongly 
suggest that proteolytic events are important for 
the release of matrix components or for the 
 activation/inactivation of growth factors and 
cytokines involved in  granulation tissue develop-
ment. Clearly further studies are needed to char-
acterize these events.

Angiogenesis corresponds to an essential 
response developed as part of the granulation tis-

sue formation process. Blood vessels are needed 
to restore the nutrition for the new cells that will 
populate that damaged tissues. To this end, 
 angiogenesis is orchestrated by the formation of 
new blood vessels from the preexisting vascula-
ture. Critical factors that stimulate angiogenesis 
include the hypoxic environment of the wound as 
well as inflammatory mediators (tumor necrosis 
factor-α, interleukin-1β, interferon-γ, interleu-
kin- 8) and growth factors (vascular endothelial 
growth factor, platelet-derived growth factor, 
fibroblast growth factor-2) [50]. Both endothelial 
and mural cells (vascular smooth muscle cells) 
are involved in this response [51, 52]. For the 
growth of new blood vessels capillaries grow in 
association with fibroblasts and macrophages 
that replace the temporary fibrin matrix during 
the granulation tissue phase. Blood vessels 
develop rapidly after wounding by sprouting 
from preexisting capillaries through the incorpo-
ration of endothelial precursors and by differen-
tiation of circulating monocytes into endothelial 
cells [53].

6.8  Tissue Remodeling

The extracellular matrix deposited during the 
new tissue formation phase is primitive and unor-
ganized and resembles the organization of the 
early connective tissue observed during the fetal 
stages of development [1] (see Fig. 6.1). It is 
enriched in glycosaminoglycans like hyaluronic 
acid and contains increased levels of fibronectin, 
matricellular proteins, and type III collagen [1]. 
It is important to consider that the cells involved 
in the new tissue formation phase including myo-
fibroblasts, macrophages, and endothelial cells 
are eliminated during the remodeling phase [54, 
55]. Myofibroblasts undergo apoptosis and are 
replaced by fibroblasts with a reduced capacity to 
secrete extracellular matrix components. During 
this stage, downregulation of the inflammatory 
response is also important to reduce the develop-
ment of scar tissue [56].

The duration of the remodeling phase is highly 
inconstant and will be modified by the size of the 
wound and whether the injury has healed by 
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 primary or secondary intention. However, this 
phase starts at approximately 2 weeks after injury 
and may last for 1 year or more [1]. During this 
stage, all the biological responses activated after 
injury are downregulated and conclude. One of the 
important transformations detected during the tis-
sue remodeling phase is the substitution of the 
new-formed extracellular matrix deposited in the 
wound. During the new tissue formation phase 
type III collagen is the main structural protein 
secreted. However, type III collagen is resorbed 
and replaced by type I collagen fibers [1]. Collagen 
fiber degradation is probably executed by mem-
bers of the matrix metalloproteinase (MMP) fam-
ily of proteinases that adequate the amount of 
collagen present in the wound [57]. Besides the 
degradation and synthesis of new collagen fibers, 
the extracellular matrix must be organized in order 
to restore the functional demands of the tissue. To 
this end, fibroblasts adhere to the collagen fibers 
through integrins as well as other proteins includ-
ing the discoidin domain receptors [58]. At the 
intracellular level, integrins are connected with the 
actin cytoskeleton through several proteins that 
contribute to the organization and signaling of 
focal adhesions [59]. Active contraction of the 
actin-myosin complex allows the deformation of 
collagen fibers at the extracellular level [60, 61]. 
Therefore, cell contraction and remodeling permit 
the reorientation of the collagen fibers that will 
finally constitute a complex and mature tissue. 
Another important change detected during the 
remodeling phase is the gradual increase in the 
cross-linking of the wound collagen: this is exerted 
by several enzymes that include lysyl oxidases, 
lysyl hydroxylases, and transglutaminases that 
increase the stability and strength of the collagen 
network [33].

6.9  Privileged Wound Healing 
in the Oral Mucosa

Although cutaneous and oral mucosal wounds 
progress through the same phases, oral mucosal 
wound healing is characterized by an accelerated 
rate of tissue healing with minimal scar forma-
tion [62–65]. A similar wound healing phenotype 

has been described in fetal wounds that are char-
acterized by the rapid resolution of lesions with 
minimal fibrosis [66, 67]. Scar tissue and fibrosis 
have been associated with several factors that 
include hypoxia, an increased inflammatory 
response, abnormal angiogenesis, and the persis-
tence of myofibroblasts in the wound environ-
ment [68]. Therefore, studies have focused on 
whether some of these particular aspects of the 
wound healing process might be different in the 
oral mucosa. These features include a less robust 
inflammatory response, saliva in the oral environ-
ment, a different pattern of growth factors, a 
more restricted angiogenic response, distinct 
fibroblast subpopulations, and an increased 
capacity of the connective tissue cells to remodel 
the extracellular matrix [62, 65, 69–72]. The spe-
cific features of the wound healing response in 
the oral mucosa are summarized in Table 6.1. All 
these characteristics may contribute to the privi-
leged wound healing phenotype in the oral 
mucosa.

6.10  Involvement 
of Mesenchymal Stem Cells 
During Oral Mucosa Wound 
Healing

Healing of the oral mucosa is a complex process 
orchestrated by different subpopulations of resi-
dent and infiltrating cells. As previously indicated, 
oral mucosa wound healing is characterized by a 
faster response and by the ability to heal with min-

Table 6.1 Factors explaining privileged wound healing 
response in the oral mucosa

Specific feature References

Decreased inflammatory phase during oral 
mucosal wound healing

[64, 65]

Negative modulation of inflammation by 
gingival mesenchymal stem cells

[73, 74]

Increased matrix remodeling activity of 
gingival fibroblasts

[69, 71, 
75]

Differential expression of growth factors 
in oral mucosal wounds

[65, 70]

Restricted angiogenesis in oral wounds [72]
Presence of growth factors and salivary 
proteins in saliva

[76, 77, 
78]
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imal scar tissue formation [79]. Interestingly, these 
properties may be in part attributed to the presence 
of mesenchymal stem cells present in the lamina 
propria of the oral mucosa [80–82]. Oral mucosa-
derived mesenchymal stem cells have similar 
characteristics to bone marrow mesenchymal stem 
cells, displaying a high self-renewal ability and 
multipotent differentiation capacity evaluated both 
in vitro and in vivo [81, 83]. In vitro, these cell 
populations have been characterized following the 
criteria established by the International Society for 
Cellular Therapy [84], along with their properties 
to differentiate into multiple lineages and to gener-
ate connective tissue-like structures after trans-
plantation into immunocompromised mice [82, 
85]. In addition, other cell markers displayed by 
these cells include STRO-1, CD146, CD166, 
SSEA-4, CD271, Nanog, Sox-2, and Oct-4 [86, 
87]. Table 6.2 describes the main phenotypic cell 
markers and differentiation potential of human 
gingival mesenchymal stem cells. It is interesting 
to consider that from the developmental point of 
view, oral mucosa cells are predominantly derived 
from the neural crest, a cell population with stem 

cell-like properties emerging from the dorsal neu-
ral plate border during embryonic gastrulation [87, 
91]. A recent study reported the isolation of human 
gingival stem cells that displayed neural crest-
related markers and showed high neural lineage 
differentiation ability, enabling gingival tissue as a 
potential source of cells with versatility for diverse 
tissue-regenerative modalities [81, 91]. The fast 
wound healing response in the oral mucosa has 
been explained by a milder inflammatory response 
when compared to skin wound healing [64]. 
Reduced levels of inflammatory cytokines like 
interleukin-6 and tumor necrosis factor-α and 
decreased levels of transforming growth factor-β1 
have also been reported in oral mucosa wounds 
[80, 82]. Interestingly, recent studies have pro-
posed that gingival mesenchymal stem cells might 
improve wound healing by reducing the inflamma-
tory response [79]. These anti-inflammatory prop-
erties have been highlighted by studies that 
identified that human gingival mesenchymal stem 
cells may dampen the inflammatory response in 
experimental models of colitis and [73] and colla-
gen-induced arthritis [74].

Table 6.2 Phenotypic cell markers and differentiation potential of human gingival mesenchymal stem cells

Origin
Positive 
markers

Negative 
markers Differentiation potential References

Healthy gingival 
Mesenchymal stem cells

CD73
CD90
CD105
CD166
CD146
CD271
CD 29
STRO-1
Nanog
Sox2
OCT4
SSEA-4
Nestin

CD14
CD19
CD34
CD45
CD117
SSEA-1
SSEA-3

Adipose
Cartilage
Bone
Connective tissue-like 
structures (in vivo)

[81, 83, 85, 87–90]; Jin 
et al., 2010

Inflamed
Gingival MSC

CD44
CD73
CD90
CD105
CD166

CD14
CD34
CD45

Adipose
Cartilage
Bone
Connective tissue-like 
structures (in vivo)

[85]

Gingival neural crest-derived 
stem cells

Nestin
Snail1
Twist 1
Pax3
Sox9
FoxD3

Non-reported Neuronal
Glial

[81]
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6.11  Factors Affecting Wound 
Healing in the Oral Mucosa

Although the oral mucosa has remarkable wound 
healing capabilities, these functions may be 
altered by important diseases and conditions 
including aging, tobacco smoking, and diabetes.

Aging involves as a complex biological pro-
cess characterized by a decrease in cell and tissue 
function [92]. Several biological mechanisms 
have been proposed to explain aging. Among 
these, cellular senescence refers to a complex 
cellular program that derives in a permanent pro-
liferative arrest that may affect several cell types 
involved in wound healing like fibroblasts and 
keratinocytes along with important changes in 
gene expression that alter cell and tissue function 
[92]. Experimental animal studies have identified 
that aging affects the wound healing response in 
the periodontal ligament, cementum, and bone 
[93]. In addition, recent studies have determined 
that wound healing in the oral mucosa is delayed 
due to defects in the migration of gingival epithe-
lial cells and differentiation of myofibroblasts 
among other cellular functions ([94]; Smith et al., 
2015).

Tobacco smoking is an important environ-
mental factor that negatively affects wound heal-
ing in the oral mucosa. This detrimental response 
has been extensively studied in the context of the 
gingival tissues where the response to periodon-
tal therapy including surgical and nonsurgical 
procedures is profoundly affected [95]. Cigarette 
smoke may induce the secretion of inflammatory 
mediators and tissue remodeling enzymes by gin-
gival fibroblasts [96], migration and differentia-
tion of gingival myofibroblasts [97], and collagen 
production and remodeling as well [98, 99]. 
Cigarette smoke also has a strong impact on 
inflammation that will impact tissue healing at 
several levels [100].

Diabetes mellitus corresponds to a complex 
group of diseases characterized by high blood 
glucose levels [101]. Diabetes has a strong 
impact on oral health increasing the prevalence 
of caries, periodontal diseases, and traumatic 
ulcers [102, 103]. Several factors may explain 
the effects of diabetes on delayed wound healing. 
Increased levels of glucose cause cellular stress 

generating an increased inflammatory response 
and the generation of advanced glycation end 
products that have a strong impact on cell func-
tion [104]. Diabetes strongly affects wound heal-
ing in the oral mucosa causing a delay in epithelial 
cell migration, decreased connective tissue 
regeneration, and increased inflammation [105]. 
Interestingly, recent studies have identified that 
the transcription factor FOXO1 stimulates oral 
wound healing in normoglycemic mice and is 
also critically important for delayed wound heal-
ing in diabetic mice [106–108].

6.12  Concluding Remarks

Wound healing in the oral mucosa is a complex 
process that aims the restitution of this important 
barrier. Several cell types including resident and 
infiltrating cells are involved. These cell popula-
tions actively interact with a rapidly evolving 
extracellular matrix that controls cell behavior 
and ultimately determine the evolution of this 
process. Given the increased functional demand 
of this tissue and the continuous exposure to bac-
terial biofilms, the oral mucosa has developed a 
refined system of wound healing that involves a 
controlled inflammatory response and special-
ized cells that are able to resolve breaches in the 
oral mucosa with high efficiency. However, 
important diseases and conditions like diabetes 
and aging may affect this wound healing capabil-
ity. Therefore, it is critically important to increase 
our knowledge on the protective mechanisms of 
the oral mucosa in both health and disease.
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Saliva and Gingival Crevicular 
Fluid: Contributions to Mucosal 
Defense

Hayder F. Saloom and Guy H. Carpenter

Saliva provides the first line of defense to muco-
sal tissues in the mouth. It covers these surfaces 
in a thin film of liquid which aids lubrication but 
also has important antimicrobial properties pro-
vided partly by the dynamic property (i.e., saliva 
constantly flows over these surfaces washing 
away many pathogens/irritants) but also by the 
proteins it contains. The human body comprises a 
wide variety of fluids such as blood, urine, saliva, 
gingival crevicular fluid (GCF), tears, and sweat, 
all of which possess an expansive selection of 
proteins. Not only are they key to overall health 
and well-being, but they also offer clues to the 
body’s biological processes and its functions. For 
example, blood, urine, and cerebrospinal fluid are 
applied clinically in the examining of human 
health and the diagnosis of diseases [1]. Serum 
and plasma, derived from blood, are particularly 
useful in clinical testing since they surround 
all tissues and organs, gathering the by-products 
of disease. Varying concentrations of specific 
plasma proteins or analytes have been linked to 
certain diseases. Saliva is increasingly being rec-
ognized as a potential disease biomarker fluid for 
both discovery and diagnosis. This is because 
whole mouth saliva (WMS) has contributions 

from blood system, mostly via the GCF, as well 
as the salivary glands. Although only around 1% 
of protein comes from blood there are significant 
overlaps in protein content between saliva and 
plasma which may make saliva the preferred 
diagnostic fluid, due to its ease of collection [1]. 
Under certain circumstances GCF may be pre-
ferred to saliva. For instance in orthodontic treat-
ment, the applied force causes local inflammation 
and greater capillary permeability in paradental 
tissues. Since GCF occurs closer to the sites of 
these activities and is less likely to be diluted, it 
has a better diagnostic potential than saliva for 
the markers of these activities.

7.1  Saliva

Saliva is uniquely adapted to the functions it 
needs to perform in the oral cavity [2]. It continu-
ally bathes the hard and soft tissues to maintain 
the healthy tissues of the oral cavity, oropharynx, 
and larynx [2]. Saliva is formed by three pairs of 
major salivary glands, namely parotid, subman-
dibular, and sublingual, and hundreds of minor 
salivary glands, with some of the GCF being 
secreted from the gingival sulcus [3]. The pres-
ence of saliva in the oral cavity is vital for the 
maintenance of healthy teeth and oral tissues 
(Fig. 7.1). Its secretion is mediated by the para-
sympathetic and sympathetic nerve supply, and its 
type and volume are controlled by the autonomic 
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nervous system [4]. The easy and noninvasive 
collection and diagnosis of saliva have facilitated 
extensive research into carrier susceptibility, 
physiological and pathological changes, and 
monitoring levels of hormones, drugs, ions, anti-
bodies, and microorganisms.

7.2  Saliva as a Diagnostic Tool

Saliva is seen as an ideal diagnostic bio-medium 
and provides an excellent alternative to other 
body fluids for the purposes of investigation. It is 
easily collected, stored, and transported, while 
also being safe to handle in comparison to other 
biological media. Furthermore, sample collection 
can be repeated frequently throughout the day 
without the need for skillful personnel; therefore 
it is anticipated that salivary diagnosis will be par-
ticularly useful in cases where repeated samples 
of body fluid are required and the drawing of 
blood is impractical and/or unethical [5]. Saliva 
contains a range of proteins, peptides, electro-
lytes, nucleic acids, and hormones. These origi-
nate from various sources, with its biochemical 
and immunological components, for example, 
coming from a salivary gland itself or through the 
passive or active diffusion of blood [6, 7]. 
Accordingly, saliva has been discussed not only 

as an important biological material for diagnos-
tic tests, but also for the explanation of the 
pathogenesis of numerous systemic diseases, 
such as leukemia, Sjogren’s syndrome, AIDS, 
systemic lupus erythematosus, and diabetes mel-
litus. As demonstrated by the increasing use of this 
biological fluid for diagnostic purposes in oral 
pathologies, salivary analysis may aid in the iden-
tification of many diseases, especially those affect-
ing the oral cavity [8, 9]. Noninvasive salivary 
testing may prove an effective modality for the 
diagnosis and prognosis of oral cancer, and the 
monitoring of a patient’s post-therapy status [10].

The pathogenesis factor and salivary compo-
nents appear to be closely associated, as confirmed 
by studies into salivary biochemical and antioxi-
dant systems in several pathological conditions 
[10]. Various enzymes can be found among the 
important components of saliva that are proposed 
as disease markers. The damaged cells of peri-
odontal tissue increasingly release intracellular 
enzymes into the GCF and saliva. Further studies 
suggest that saliva analysis may provide a cost-
effective approach for the assessment of periodon-
tal diseases in populations [11]. However, a range 
of studies present conflicting results regarding 
 various individual salivary agents and the link that 
they might have with oral health, in particular for 
dental caries [12].

Defensive mechanisms of saliva and GCF

Bacteriostatic,
agglutinisation,

Adhesion of commensuals

Sensing rotten/poisonous/
foods

Nutrient breakdown
Aggregation of bacteria

Repairing damage
Reducing adhesion

Growth,
healing,
hydration

Lubrication

Preventing abrasion

Clearance of sugars

Food/micro
clearance

Buffering
Teeth Mucosa

Mineralisation

Preventing dissolution

Buffering acids produced
by bacteria

Microbial
homeostasis

Taste &
mouthfeel

Digestion,
bolus
formation

Fig. 7.1 Schematic of 
how saliva and GCF 
defend against infection 
by microorganisms in 
the mouth. In relation to 
the two surfaces of the 
mouth (teeth and 
mucosa; inner circle) 
saliva functions (outer 
circle) can be grouped. 
Further explanation is 
provided in the 
outermost section of 
each function
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In brief, different salivary components can be 
used for the diagnosis of oral conditions and 
monitoring the course of treatment, such as 
enzymes and immunoglobulins, hormones of 
host origin, bacteria and bacterial products, ions, 
and volatile compounds. However, to date no one 
chemical agent is more important than any other. 
A significant number of the defense factors show 
additive or synergistic interactions against oral 
pathogens [8, 13]. A lack of saliva or saliva defi-
ciency results in negative implications for both 
oral health and general body health [14].

7.3  Saliva Collection Methods

Salivary secretion occurs at two rates: resting 
(unstimulated) and stimulated. The resting rate is 
about 0.5 mL/min and is dependant on higher 
cortical brain activity; thus the flow rate is lower 
when asleep or zero when unconscious. The 
stimulated rate is increased by taste, chewing, 
and smell. Thus it can be collected and measured 
as unstimulated whole saliva or stimulated saliva. 
Unstimulated whole saliva covers, moisturizes 
and lubricates oral tissues and provides the nor-
mal baseline present in oral cavity during a 24-h 
period. It often correlates with systemic clinical 
conditions more accurately than stimulated saliva 
does due to the fact that the materials used to 
stimulate flow may change the composition of 
saliva [15].

Whole-mouth resting saliva is collected using 
one of the following methods: draining, drooling, 
spitting, swabbing, or suction [16]. More recently, 
the alternative technique of using filter paper 
placed in the sublingual pocket for unstimulated 
saliva collection has shown numerous potential 
advantages over other known procedures [17].

Mechanical, olfactory, gustatory, or pharmaco-
logical stimuli are used to stimulate saliva, which 
is collected either by having the patient chew on a 
piece of paraffin and/or by applying (approxi-
mately one drop of) citric acid to the tongue [16]. 
Saliva can also be probed from specific glands via 
cannulation of the glandular ducts, or through the 
use of certain collecting devices at the site where 
the glandular ducts emerge [18].

7.4  Salivary Changes 
with Periodontal Diseases

Periodontal disease is the most noteworthy con-
dition that can be diagnosed via saliva analysis 
since various enzymes, cytokines, and biomark-
ers of bone turnover are present in saliva in cases 
of periodontitis in comparison to saliva pertain-
ing to healthy periodontal status [19, 20]. In 
addition, while both locally and systemically 
derived biomarkers of host origin are contained 
in saliva, further microbial markers for peri-
odontal disease are also present [11, 21]. 
Nevertheless, it must be noted that the detection 
of the active disease site is difficult in saliva 
analysis and, furthermore, such an analysis is 
affected by factors such as salivary flow rate, 
medications, and smoking [22].

Several studies have been conducted to inves-
tigate certain biomarkers in saliva for the early 
detection and management of periodontitis; the 
earliest biomarker investigated was interleu-
kin-1 beta. Many studies concluded signifi-
cantly higher levels of interleukin-1 beta in the 
periodontitis group comparing to the healthy 
ones [23–25], and others found same level of 
interleukin-1 beta with and without periodonti-
tis [20, 26]. Alternative studies showed same 
levels of salivary TNF-α in patients with peri-
odontitis and healthy subjects [24, 27]. In addi-
tion to the cytokines, significantly higher levels 
of adipokines such as visfatin and chemerin 
have been observed in saliva of patients with 
periodontitis compared to periodontal health 
subjects [28, 29]. Salivary RANK and OPG 
were measured in patients with periodontitis, 
some studies showed same levels of OPG in dis-
eased and healthy groups [30, 31], and others 
mentioned that OPG levels declined following 
periodontal treatment [19, 32]. Another study 
mentioned that the salivary levels of RANKL 
were the same in periodontitis and healthy 
groups [33]; however other studies reported that 
salivary RANKL was significantly higher in 
periodontitis group in comparison to the healthy 
one [34, 35]. Further researches demonstrated 
significantly higher levels of growth factors in 
saliva with periodontitis [36–38].
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7.5  Salivary Changes 
with Orthodontic Treatment

Orthodontic tooth movement takes place through 
bone remodeling that is used primarily to enable 
bones to respond and adapt to mechanical stress 
during orthodontic treatment [39, 40]. Due to 
such treatment, lactate dehydrogenase levels 
increase in saliva during bone remodeling. For 
the time being, clinical and radiographic follow-
 up examinations comprise the main method for 
patient evaluation. However, saliva analysis may 
provide a foundation for phase-specific screening 
in orthodontic tooth movement [41].

During orthodontic treatment, salivary flow 
rates have been shown to increase 1–3 months 
after the delivery of fixed appliances in compari-
son to the baseline measured both before starting 
treatment and at the control levels [42]. It has also 
been shown that 90–180 days after the completion 
of orthodontic treatment, the salivary flow rate 
moved closer to the baseline and control levels. 
Research into the cariogenic bacterial counts in 
whole saliva has found that 3 months after the 
delivery of the fixed appliance, bacterial counts 
increased significantly before returning to base-
line levels [43]. Other studies illustrate associa-
tions between specific genotypes and susceptibility 
to root resorption [44], speed of orthodontic tooth 
movement [45], and primary eruption failure [46]. 
More recently, saliva, collected in sufficient vol-
ume, has been employed to identify genotyping 
instead of blood and buccal swabs [47].

The biocompatibility of orthodontic appli-
ances was investigated by analyzing the metal 
ion released from the materials of the appliances 
into saliva; the results showed that most of the 
ions were released during the initial stage of the 
treatment [48]. Salivary alpha-amylase activity 
was measured as a possible indicator for pain 
during orthodontic treatment, and the results 
showed no correlation between pain intensity 
during orthodontic treatment and salivary levels 
of alpha-amylase [49]. Alternative study exam-
ined the salivary concentration of bone remodel-
ing biomarkers such as deoxypyridinoline and 
bone-specific alkaline phosphatase during orth-
odontic treatment; the outcomes of this prospec-
tive follow-up study indicated that although both 

of these biomarkers may indicate increased bone 
remodeling, it appears that only deoxypyridino-
line increased in the earlier phases of orthodontic 
tooth movement, whereas bone-specific alkaline 
phosphatase might act as an indicator of bone 
formation at the end of tooth movement [41]. A 
different research paper linked the salivary levels 
of soluble RANKL, OPG, and RANKL/OPG 
ratio to the phases of orthodontic treatment and 
reported that their levels might assist clinically in 
the monitoring of orthodontic treatment [50]. 
Interleukine-1 beta, TNF-α, malondialdehyde, 
nitric oxide, and 8-hydroxydeoxyguanosine were 
investigated in saliva of patients with fixed orth-
odontic appliances before treatment, and at first 
month and at sixth month of treatment; the find-
ings showed that there were no significant 
changes in the levels of these analytes at any time 
point indicating that changes with orthodontic 
tooth movement do not exceed the physiological 
limits of these analytes in saliva [51]. The level 
of inflammation during orthodontic treatment 
was assessed by measuring MPO activity in 
saliva and GCF at baseline, 2 h, 7 days, and 
14 days after the activation of orthodontic appli-
ances. MPO activity increased until day 7 with 
the highest activity at 2 h and values were reduced 
to baseline level at day 14 in both GCF and saliva 
samples [52].

7.6  Salivary Changes 
with Obesity

It has been suggested that the determination of 
salivary adipokines may help to contribute to the 
elucidation of the physiology and role of adipo-
kines not only in the development of obesity and 
insulin resistance, but also in inflammation, lack 
of energy balance, or the stress response. For 
instance, a study mentioned a positive correlation 
between the salivary adiponectin concentrations 
with its circulating concentration of healthy indi-
viduals. However, the levels of salivary visfatin 
did not correlate with the concentration in serum 
[53]. Some reports indicated a significant increase 
in the concentration of salivary CRP (a sensitive 
marker of systemic inflammation) in obese chil-
dren than in children of normal weight [54, 55]. 

H.F. Saloom and G.H. Carpenter



95

Similarly, correlation was also observed between 
serum and salivary uric acid, systolic and dia-
stolic blood pressure, waist circumference, BMI, 
blood glucose, triglycerides, high-density lipo-
protein, and number of cardiometabolic risk fac-
tors [56]. A reduced level of antioxidants was 
also observed in obese individuals not only in 
serum but also in saliva [57].

Three times higher amount of bacterial cells 
were observed in the subgingival biofilm with six 
more bacterial species in the saliva of obese ado-
lescents in comparison to normal weight [58]. In 
the same field another study evaluated the sali-
vary conditions of morbidly obese patients prior 
to and 6 months after bariatric surgery, and men-
tioned that obese patients undergoing bariatric 
surgery present higher microbiological level of 
mutans streptococci in saliva after 6 months of 
surgery [59].

Some salivary parameters have been exam-
ined in stimulated saliva in relation to BMI such 
as pH, flow rate, buffer capacity, protein concen-
tration, phosphate, calcium, sialic acid, and per-
oxidase activity. The authors suggested that 
overweight and obesity lead to increase in con-
centrations of sialic acid and protein, and reduced 
phosphorus as well as peroxidase activity which 
may promote dental caries [60].

In more elaborated investigations salivary 
flow rate has also been measured in relation to 
obesity. A low salivary flow rate was observed 
with childhood obesity [61], with BMI >25 in 
adults less than 50 years old [62] and in morbidly 
obese (BMI >40) [63] which further strengthens 
the negative influence of obesity on oral health. 
Conversely, another study reported comparable 
salivary pattern in obese and normal-weight indi-
viduals [64].

7.7  Gingival Crevicular Fluid

Gingival crevicular fluid (GCF) is an exudate 
found in the gingival sulcus, between the tooth 
and marginal gingiva. In the healthy sulcus it is a 
transudate of interstitial fluid and is present in 
minute amounts. GCF is released into the cre-
vicular sulcus at a flow rate close to 3 μL/h [65], 
and under stimulated or inflamed conditions 

reflects the concentration of metabolites in the 
serum, increasing in volume with the severity of 
the inflammation up to 44 μL/h.

The result of increased capillary fluid filtra-
tion in comparison to lymphatic uptake leads to 
fluid accumulation as edema and/or leaves the 
area as GCF. It largely comprises serum compo-
nents, inflammatory cells, connective tissue, epi-
thelium, and microbial flora established in the 
gingival sulcus and exhibits defense activities by 
flushing particles and bacteria from the sulcus, 
while its antimicrobial properties and antibodies 
improve inflammation resistance [66, 67].

7.8  Composition of GCF

The main origin of the aqueous portion of GCF is 
serum, yet its composition can be modified to a 
great extent by the products of microorganisms 
present in its pathway from the gingival tissue 
through to the sulcus. In general, it comprises 
cellular components that include bacteria, des-
quamated epithelial cells and leukocytes that 
pass through sulcular epithelium, such as PMNs, 
lymphocytes, monocytes, and erythrocytes. 
These cells originate from blood vessels in the 
gingival connective tissues as a result of the stim-
ulation of cells and metabolic products in plaque 
close to the gingival sulcus [68].

Granulocytes form about 70–80% of GCF 
cells, while monocytes and macrophages account 
for around 10–20% and 5% each for mast cells 
and T-lymphocytes. Together with organic com-
pounds such as carbohydrates, lipids, and pro-
tein, electrolytes like calcium, sodium, potassium, 
fluoride, and magnesium are also present. Certain 
levels may be higher in GCF, with glucose con-
centration 3–4 times that of serum, for example, 
while protein levels are much lower than in 
serum. Metabolic and bacterial products such as 
lactic acid, hydroxyl proline, urea, endotoxins, 
cytotoxic substances, prostaglandins, antibacte-
rial factor, and hydrogen sulfide have also been 
shown to be present [69].

Other components of GCF are enzyme and 
enzyme inhibitors such as acid phosphatase, pyro-
phosphatase, alkaline phosphatase, lysozyme, 
B-glucuronidase, hyaluronidase, and proteolytic 
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enzymes like mammalian proteinases that include 
cathepsin D, cathepsin G, elastase, plasminogen 
activators, bacterial proteinases (endo- and exo-
peptidases, collagenase, and lactic dehydrogenase 
serum proteinase inhibitors like alpha 2-macro-
globulin, alpha 1- antichymotrypsin, alpha 1-anti-
trypsin [69]).

7.9  Rationale for the Study 
of GCF

The study of GCF was first introduced and pur-
sued in the hope of improving clinical diagnosis 
and for prevention and treatment for gingivitis 
and periodontal disease. Early studies focused on 
the amount of GCF and its correlation with clini-
cal and histological measures of inflammation. 
To summarize, cross-sectional and longitudinal 
studies find that the amount of GCF is positively 
correlated to clinical indices of gingival inflam-
mation, while correlation between the amount of 
GCF and histological evidence of inflammation 
proves weaker and at times discordant [70].

Early efforts evaluated the differences among 
GCF constituents linked to healthy versus peri-
odontally compromised teeth or sites, and various 
studies indicate that levels of GCF constituents 
reflect both local events and a donor’s overall sys-
temic response [71]. More recently, improved 
knowledge of humoral immune responses, genom-
ics, and proteomics has broadened the prospective 
applications of GCF analysis. It has been sug-
gested that if an individual’s immune and inflam-
matory responses to stimuli can be measured and 
assessed to calculate periodontitis, then via careful 
analysis an assessment of the relative risks for an 
individual of developing other conditions could 
also be made, including diabetes mellitus, cardio-
vascular disease, HIV, and hepatitis [72, 73].

7.10  Collection of GCF

GCF can be collected using various techniques, 
such as gingival washing, immune-magnetic 
beads, micropipettes or capillary tubing, pre- 
weighed twisted threads, and absorbent strips of 
filter paper. The last of these methods is consid-

ered less traumatic when correctly performed 
and can be applied to the specific site both easily 
and quickly [74]. Intra-crevicular application 
can be employed, where the strip is inserted into 
the base of the pocket (Fig. 7.2), or extra-crevic-
ular application, where the strip is placed over 
the crevice region or at its entrance to prevent 
traumatic irritation and the subsequent simula-
tion of GCF secretion [75]. No significant differ-
ences were found in GCF collected from either 
site [67].

7.11  GCF Collection Difficulties

Major sources of GCF contamination constitute 
blood, plaque, and saliva, hence precise steps 
should be taken prior to GCF collection. These 
include isolation of the teeth with cotton rolls, 
followed by the gentle removal of the supragingi-
val plaque and, finally, complete drying of the 
tooth’s surface with an airstream [76].

In the case of GCF contamination with blood 
the sample should be discarded, while plaque 
contamination may affect the determination of 
the volume. The avoidance of saliva contamina-
tion requires sure isolation and alpha-amylase 
could be used to confirm or disprove contamina-
tion by saliva in a sample [77].

7.12  Volume of GCF

GCF volume is measured according to the sur-
face area of the strip dampened by the fluid. For 
a more accurate measurement a staining of the 

Fig. 7.2 Collection of gingival crevicular fluid collection
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strip can be done, either with ninhydrin, which 
gives a purple color as an indicator, or by the 
systemic administration of fluorescein 2 h 
before GCF collection, followed by a UV light 
examination of the stained strip; the latter of 
these methods is more sensitive to protein stain-
ing. The volume of collected GCF can be mea-
sured by comparing the strip weight before and 
after sample collection. However, this is quite a 
sensitive process due to the small amount of 
fluid secreted from a healthy crevice. Periotron 
provides a more reliable method and involves 
an instrument that measures the volume and 
composition of the collected sample using an 
electrical current that is passed through the 
dampened strip [78]. This ultimate technique is 
fast and leaves no marked effects on the sample 
(Fig. 7.3).

Sample evaporation presents the main prob-
lem in GCF volume measurement, especially for 
volumes of less than 1 μL. Since such samples 
require further investigation, care should be 
taken to store each strip in a sealed container to 
avoid any fluid evaporation that may affect vol-
ume measurement. Recovery of the collected 
GCF is essential, with centrifugal elution demon-
strating approximately 100% protein recovery 
[70]. One microliter is the maximum strip capac-
ity and a longer collecting time may lead to the 
collection of more fluid than allowed for by the 
maximum capacity limit [66].

Previous evidence shows that GCF volume 
might prove a better indicator of gingival inflam-
mation than standard clinical assessments [76]. 
Given that tissue remodeling incident to orth-
odontic tooth movement is elicited by an inflam-
matory process [79], it is hypothesized that the 
volume of GCF production will reflect these tis-
sue changes [67]. Additionally, the clinical 
recording of periodontal conditions may exclude 
the idea that, due to plaque accumulation, gingi-
val inflammation is responsible for an increase in 
GCF production rather than tooth movement. 
However, conflicting results are reported in the 
literature, with studies showing both increased 
and unchanged GCF volumes incident to orth-
odontic tooth movement [65].

Across numerous studies, very little or no sta-
tistically significant changes in GCF volume due 
to orthodontic tooth movement have been 
recorded. The changes that are seen are generally 
ascribed to clinical or subclinical inflammation 
following the placement of a fixed orthodontic 
appliance. Some such studies have compared the 
volume of GCF during distalization of the maxil-
lary canine in split-mouth designs in adult and 
juvenile groups across four time points. They 
found no significant difference between moved 
and non-moved teeth at each time point or over 
time within the test and control teeth for both the 
adult and juvenile groups [80, 81]. Comparable 
results are cited by further studies that measure 

Fig. 7.3 Measurement 
of gingival crevicular 
fluid volume using 
Periotron
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GCF volume at different time points using vary-
ing orthodontic force [82]. A final study notes that 
GCF volume increase mainly results from sub-
clinical periodontal inflammation following fixed 
appliance placement, rather than from orthodon-
tic tooth movement [83].

7.13  Flow Rate and Constituents 
of GCF

Flow rate describes the movement of fluid from 
or into the gingival pocket and occurs at approxi-
mately a few microliters per hour. It can be mea-
sured by monitoring the volume of fluid that 
crosses a defined boundary at a given time. Its 
rate and composition can be altered through 
inflammation induced by orthodontic tooth 
movement or periodontitis. Both a flushing action 
and an isolation effect are the result of GCF flow, 
with the substances present in the gingival sulcus 
being easily rinsed out by the flushing action. 
Furthermore, the outward flow of GCF may pre-
vent saliva entering the gingival sulcus, resulting 
in the isolation of the gingival sulcus from the 
oral cavity [68].

Under healthy conditions GCF flow rate 
remains stable over time, while it has been shown 
to increase with inflammation and decrease with 
therapy [66]. GCF flow rate was also reported to 
be increased [84] or remained with no significant 
changes [85, 86] during orthodontic treatment. A 
greater quantity of GCF can be collected from 
adolescents in comparison to adults, regardless of 
the presence of any stimuli [87]. Smokers provide 
a smaller amount of GCF than nonsmokers [88].

GCF sampling sequences may affect volume 
and for healthy sites the fourth and fifth samples 
have been shown to yield higher volumes of GCF 
than previous samples due to increased trauma 
[89]. By comparison, protein concentrations 
remain stable at healthy sites yet increase at 
inflamed sites with repeated sampling [90].

At this point, it is important to emphasize that 
GCF constituents are affected by both local and sys-
temic conditions [72]. Periodontitis is an obvious 
example of a heterogeneous disease in which both 
the environment and genes affect severity [91].

7.14  GCF and Orthodontic 
Therapy

Studies concerning GCF and orthodontic therapy 
have both followed and reflected periodontal 
research, with the mechanical stimuli applied to 
teeth during orthodontic treatment being expected 
to affect the amount and constituents of 
GCF. Histological studies conducted in a guinea 
pig model demonstrate that orthodontic forces 
cause localized increased vascular permeability. 
This increased vascular permeability is similar to 
that seen in the inflammatory process [92] and 
appears to support the aforementioned expecta-
tion that the mechanical stimuli applied to teeth 
during orthodontic treatment affect the amount 
and constituents of GCF.

Numerous studies have examined the relation-
ship between tooth movement and physical, cel-
lular, or molecular changes in paradental tissues 
and modifications in GCF constituents during 
orthodontic tooth movement [93]. The results 
indicate noticeable effects on the quantity and 
constituents of GCF, together with alterations in 
the hemostatic condition of the periodontal 
space—an effect that led to biochemical and cel-
lular changes that reshape the contour of the alve-
olar bone [94]. Less significant changes in GCF 
were observed in children with good oral hygiene 
undergoing orthodontic treatment when 
 compared to the control group [95]. Meanwhile, 
GCF does not constitute an indication for tissue 
remodeling in orthodontic treatment [65].

In the late 1980s, in vitro and in vivo research 
began to report studies of the measurement of 
GCF constituents in relation to orthodontic force, 
with many of these studies being concerned with 
the identification of GCF markers linked to orth-
odontic stimuli. Some such studies compared 
markers at both the experimental and control 
sites using a split-mouth design study across var-
ious time points. Here GCF samples are collected 
before the application of mechanical stimulus to 
provide a baseline and further samples are gath-
ered at a variety of time points after fixed appli-
ance application. The results reveal that, on 
average, peak levels occur in the markers 1 or 
2 days after the application of force, before 
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returning to the baseline level after 1 week [81, 
96, 97]. Similar results have been observed for 
inflammatory biomarkers during the retraction of 
maxillary canines [98], while other studies that 
have compared GCF biomarker levels before, 
during and after orthodontic treatment revealed 
no differences between untreated teeth, treated 
teeth, and teeth with retention [99, 100]. Others 
have employed GCF analysis in the testing of the 
effectiveness of preventive measures against 
plaque accumulation during orthodontic tooth 
movement [101, 102] and a selection of alterna-
tive studies have measured the levels of extracel-
lular matrix proteins in GCF to analyze the 
presence and levels of root resorption (no resorp-
tion, mild, and marked) [103, 104]. For instance, 
a study reported that RANKL/OPG has been sig-
nificantly increased with root resorption more 
than 2 mm in comparison to the control samples 
[105]. Additionally, age and growth status influ-
ence cytokine levels in GCF, which is shown to 
have an effect on the rate and amount of tooth 
movement. In one particular study, different 
mediators were found to increase in different age 
groups, with IL-6 and GM-CSF increasing in 
juveniles alone and PGE2 increasing in both 
juveniles and adults [87].

Previous studies mentioned that the forces 
used in orthodontic tooth movement lead to an 
initial increase in levels of bone-resorptive medi-
ators and the associated receptors, namely IL-1β, 
IL-8, RANKL, and TNF-α; this occurs as early as 
1 min [106] or 1 h into the procedure [97], and 
peaks after 24 h [82, 98, 107–109]. These media-
tors slowly decrease to the baseline at the follow-
ing observation points: 48 h, 168 h, 14 days, and 
21 days [97, 109]. Conversely, bone-forming 
mediators, such as OPG, exhibit an immediate 
decline on the application of orthodontic force on 
the site of retraction after 1 h [110, 111], and at 
24 h [110, 112]. Furthermore, during the acute 
inflammatory phase, pain can be noted due to an 
increased concentration of inflammatory media-
tors. In particular, these include cytokines and 
prostaglandins in the gingival crevicular fluid of 
the moving teeth [113].

Various studies compare the compression and 
tension sites showing a decrease in OPG by 24 h 

at the compression side [112], as well as an 
increase in RANK and TGF-β1 after 7 days [112, 
114]. Various other mediators show temporal 
variations on the compression side, with IL-1β 
increasing as soon as 1 min [106] or after 4 h 
[115]; RANKL increasing after 24 h in both juve-
niles and adults [81] or after 42 days [115]; and 
IL-8 increasing after 4 h [115] or after 10 days 
[116]. In contrast, the tension site has been shown 
in various studies to demonstrate an appreciable 
increase in TNF-α [115] and other bone- resorbing 
mediators, such as IL-1β, PGE2, and IL-8. 
However, this rise is shown to have occurred ear-
lier than for compression and, across all of the 
observation points, with levels higher than those 
seen at the compression side [115, 116].

 Conclusion

Saliva and GCF are adapted to their environ-
ments to enable to perform the functions to 
maintain health. Both contain proteins which 
bind, neutralize, and aggregate microorgan-
isms and their products. In addition, both con-
tinuously flow and this has a major benefit to 
oral health—usually by flushing irritants and 
microorganisms away from the surfaces. A 
number of factors will affect the composition 
and flow rate of either GCF or saliva. Smoking 
has well-characterized effects on GCF flow 
rate but almost no effect on salivary flow rate. 
In contrast prescribed drugs have major effects 
on salivary flow but few effects on gingival 
flow. However, infection affects both. The gin-
gival margin represents the interface of saliva 
and GCF and is probably the greatest site of 
bacterial colonization. Whether colonization 
leads to disease and damage is dependant on 
the tissue responses to quantity and constitu-
ents of the biofilm that forms.
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Oral Cancer: Recent Developments 
and Future Challenges

E. Kenneth Parkinson

8.1  Introduction

The most common form of oral cancer is squa-
mous cell carcinoma (OSCC) and is the sixth 
most frequent cancer worldwide [1]. The major 
aetiological factors for oral cavity tumours are 
tobacco and areca nut use, alcohol and poor oral 
hygiene [2, 3], although at other head and neck 
sites such as the tonsil there is an increasingly 
frequent role for human papilloma virus (HPV) 
subtypes [4]. OSCC is an important disease 
because it has a poor prognosis, especially when 
diagnosed late. In addition, treatment is very 
expensive and is associated with severe morbid-
ity post-therapy and the disease is increasing in 
young people for reasons that are presently 
unclear [2].

OSCC has been the subject of intensive inves-
tigation over the last two decades but advances in 
treatments have been limited and largely due to 
improvements in surgery rather than targeted 
therapies. However, very recently the develop-
ment of prophylactic HPV vaccines [5] and the 
disclosure that new immunotherapies appear to 

show promise, http://www.biospace.com/News/
bristol-myers-squibb-release-checkmate-141-a/4
07013?type=email&source=CS_012816, have 
given cause for renewed optimism that the dis-
ease may at last decrease in frequency and the 
requirement for expensive and debilitating sur-
gery be reduced. However, clonal evolution [6, 7] 
and field cancerisation [8] remain significant 
problems in the treatment of many patients and 
the recent evidence that this may be exacerbated 
by chemotherapy and radiotherapy [7] highlights 
the requirement for a thoughtful application of 
these new discoveries as well as the development 
of early non-invasive diagnostic markers.

In this chapter I review the latest research in 
the OSCC field and highlight what important 
issues and challenges still remain.

8.2  Mechanisms of OSCC 
Development 
and Progression

The classical view of OSCC development is that 
an initiated cell progresses to hyperplasia and 
through various grades of dysplasia to carcinoma 
in situ and finally invasive and metastatic carci-
noma [9, 10]. This model of progression 
(Fig. 8.1) has historically been challenged on the 
grounds that OSCC often arises without any 
noticeable sign of the premalignant stages [11]. 
However, the barriers that many cancers must 

E. Kenneth Parkinson (*) 
Centre for Oral Immunobiology and Regenerative 
Medicine, Institute of Dentistry Barts and The London 
School of Medicine and Dentistry, Queen Mary 
University of London, London, UK 

Centre for Clinical and Diagnostic Oral Sciences,  
Blizard Institute, London, UK
e-mail: e.k.parkinson@qmul.ac.uk

8

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-56065-6_8&domain=pdf
http://www.biospace.com/News/bristol-myers-squibb-release-checkmate-141-a/407013?type=email&source=CS_012816
http://www.biospace.com/News/bristol-myers-squibb-release-checkmate-141-a/407013?type=email&source=CS_012816
http://www.biospace.com/News/bristol-myers-squibb-release-checkmate-141-a/407013?type=email&source=CS_012816
mailto:e.k.parkinson@qmul.ac.uk


106

bypass in order to progress are senescence, an 
irreversible cell cycle arrest that eventually leads 
to cell cycle arrest, mitochondrial dysfunction, 
increased cell size and secretion of numerous 
proteins and metabolites [12–14]. Senescence is 
associated with shortening of telomeres, the 
TTAGGG base repeats in DNA that protect the 
ends of chromosomes with each round of repli-
cation. When telomeres reach a critical length, 
DNA double-strand breaks occur, DNA damage 
foci assemble and the phosphorylation of multi-
ple proteins known as the DNA damage response 
(DDR) [15, 16]. The senescence programme is 
intact in many premalignant lesions [17–21] 
along with the DDR [15, 16] and the senescence 
effectors p16INK4A and p53 [21]. It has been 
hypothesised that the DDR can result from either 
telomere shortening [15] or alternatively via 
stalled replication forks as a result of excessive 
growth factor signalling following oncogene or 
tumour-suppressor gene mutation [15, 16]. 
Malignant progression frequently results in an 
attenuation of the DDR and reduced senescence 
[15, 17–21]. One hypothesis (Fig.  8.2) is that 

when the level of oncogenic signalling (e.g. via 
the epidermal growth factor receptor) increases 
to the level required for invasion and malig-
nancy, senescence is triggered [22]. Senescence 
in turn results in the production of an array of 
cytokines and other secreted proteins termed the 
senescence-associated secretory phenotype 
(SASP) [23] and this triggers senescent cell 
clearance via the innate and adaptive immune 
systems (Fig.  8.3a) [24, 25]; moreover, senes-
cence bypass or blockade of the innate immune 
system results in progression to malignancy 
(Fig.  8.3b) [24]. So why are premalignant oral 
lesions so rarely seen? The answer may be that 
progression to malignancy may often take place 
microscopically from a field of genetically 
altered keratinocytes and support for this hypoth-
esis has emerged from the study of a transgenic 
mouse expressing a fluorescently tagged p16INK4A 
gene promoter sequence. When this mouse was 
crossed with 14 models of cancer the fluorescent 
cells were visible well before the premalignant 
lesions were visible or even detectable by mag-
netic resonance imaging [26].

Epithelial surface

Normal
squamous
epithelium

Mild Moderate Severe Carcinoma
in situ

Invasive
cancer

Basement
membrane

DYSPLASIA

Fig. 8.1 A schematic 
representation of the 
histological changes that 
take place as a normal 
squamous epithelium 
gives rise to increasing 
grades of dysplasia, then 
carcinoma in situ and 
finally invasive 
squamous cell 
carcinoma
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Fibroblast Transformation
in vitro
Dysplasia in vivo

Oncogene activation
Increased Ras/EGF Signalling

Further oncogene activation
Increased Ras/EGF Signalling
Activation of DDR

Oncogene-induced senescence
Tumour suppression
Clearance by immune surveillance

Normal Ras/EGF
signalling

Controlled
cell cycle 

Inactivation of 
checkpoint kinases
p16INK4A/pRB or p53

Senescence evasion
Genomic Instability
Malignant tumours

Level of signalling

Fig. 8.2 A schematic representation showing how 
increasing oncogenic signalling through the epidermal 
growth factor receptor pathway might transform cells 
in vitro and lead to the growth of dysplasia in vivo but 
eventually on increasing to the level required for malig-
nancy and tumorigenicity in vivo senescence is triggered 
leading to clearance of the dysplastic cells by the immune 

system. Inactivation of the senescence programme leads 
to increased proliferation and evasion of the immune sys-
tem leading to telomere erosion, crisis, genetic instability 
and malignant conversion. The normal cells are depicted 
with red cytoplasm and the neoplastic cells with green 
cytoplasm (growing) and blue cytoplasm (senescent). See 
[15, 22]

Fig. 8.3 (a) Depicts the secretion of an array of inflam-
matory cytokines, dashed arrows, that lead to the targeting 
and clearance of the senescent cells. (b) Shows that when 
the immune system (black crosses) or senescence (red 

cross) is inhibited, senescent cell clearance is blocked 
(blue crosses) and the senescent cells proliferate and 
 progress to malignancy (see [24, 25])
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Fig. 8.3 (continued)

8.3  Senescence Bypass Results 
in Crisis and Chromosomal 
Instability

Senescence is bypassed in around 90% of oral and 
head and neck tumours by the concerted loss of 
p16INK4A and p53 or the expression of HPV E6 and 
E7 proteins (The Cancer Genome Atlas Network 
2015). However, the expression of HPV is largely 
confined to the tonsil, especially in tumours of the 
tonsil and oropharynx [27]. Following senescence 
bypass the cells erode their telomeres further and 
eventually reach a point where no telomere 
sequence remains; this leads to extensive chromo-
some fusions, dicentric chromosomes and forma-
tion of anaphase bridges [28, 29]. The anaphase 
bridges either cause  irreversible cell cycle arrest or 
break resulting in loss and gain of chromosomal 
material. The consequence of this is mainly in cell 
death and the phenotype historically known as cri-
sis [30]. At crisis the cells continue to cycle but the 
population barely expands due to extensive cell 
death until one or more cells inherit the genetic 
alterations sufficient to deregulate telomerase and 
immortalise the cells. This hypothesis is supported 
by the coexistence of p16INK4A, p53 and telomerase 
genetic alterations in most tumours and immortal 
OPML/OSCC lines [14, 31–36]. These include 

promoter mutations in the gene encoding the cata-
lytic component of telomerase [32], TERT, and 
amplifications of both TERT [37] and the RNA 
component, TERC [38], loci. Furthermore, the 
introduction of telomerase activity coupled with 
p53 and p16INK4A deficiency into normal keratino-
cytes is necessary and sufficient to immortalise 
normal keratinocytes [39]. In mouse models the 
combination of p53 deficiency and telomeric attri-
tion actually provokes the generation of carcino-
mas [28] that have similar chromosomal alterations 
to those of human carcinomas [40] supporting the 
hypothesis that crisis drives the early chromo-
somal instability that is associated with tumour 
progression and resistance to therapies.

8.4  HPV Integration Also 
Compromises the p53 
and p16INK4A Pathways 
and Results 
in an Upregulation 
of Telomerase

HPV infections are common in the human oral 
cavity but usually the viral DNA remains in the 
circular form and in this state the expression of 
the E6 and E7 genes is repressed by the E2 
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 protein [41]. However, upon random integration 
into the host genome E2 is often lost, thus allow-
ing derepression of the E6 and E7 genes. E6 tar-
gets p53 for degradation by ubiquitin ligase [4] 
and E7 binds pRb, the downstream target of 
p16INK4A, and targets it for degradation via the 
cullin 2 ubiquitin ligase [4]. In addition, E6 acti-
vates telomerase by upregulating TERT transcrip-
tion; it does this by upregulating CMYC, a known 
positive regulator of TERT, in conjunction with 
NFX1-123 [42] and by targeting a regulator of 
chromatin known as NFX1-91 for degradation 
[42]. NFX1-91 regulates chromatin by interact-
ing with the corepressor complex mSin3A/his-
tone deacetylase at the hTERT promoter [43].

8.5  Other Gene Mutations 
in OSCC Reveal Key Pathways 
Involved in Their 
Development

Several other pathways are disrupted in OSCC in 
addition to those involved in the bypass of senes-
cence. These include the NOTCH genes, which 
although only mutated in around 20% of OSCC 
[44–47] may also be compromised by p53 dys-
function [48] and hence HPV integration. 
NOTCH signalling has been estimated to be 
compromised in around two-thirds of human 
OSCC [46]. Another gene is FAT1 which is 
mutated [44–47] or deleted [49] in a high fraction 
of OSCCs. FAT1 is structurally similar to 
E-cadherin and thought to regulate keratinocyte 
differentiation and migration by regulation of the 
β-catenin signalling pathway [50]. The gene 
encoding caspase 8, CASP8, is also mutated in a 
subset of OSCCs; they tend to have HRAS muta-
tions and have a good prognosis [44, 46] whereas 
PI3 kinase alpha subunit (PIKCA) mutations tend 
to be associated with HPV integration [44, 46]. 
Interestingly, the frequency of apoptosis increases 
during OSCC progression [51] but the presence 
of CASP8 mutations [44–47] in around 8% of 
SCC-HN suggests that resistance to the extrinsic 
apoptosis pathway involving FAS, TRAIL and 
tumour necrosis factor may be disrupted in some 
tumours. However, gingival OSCC from Indian 
patients have a higher frequency of CASP8 and 

FAT1 mutations perhaps indicative of a different 
aetiology or pathology in tumours from this geo-
graphical area [52]. In addition, many gene copy 
number alterations (gains and losses) are found in 
OSCC [44, 46] and SCC-HN [44] and these 
include high copy number gains of the ERBB1 
and PIKCA genes [44, 46] that are associated 
with overexpression of the related proteins, 
EGFR and PI3K, respectively. As a result, both 
EGFR and PI3K have been assessed as therapeu-
tic targets for SCC-HN (see below).

8.6  Transcriptional Profiling 
and Genetic Analysis 
Support the Hypothesis  
That OSCCs Arise 
from Premalignant Lesions 
and the Bypass 
of Senescence Occurs Early

Several studies have shown that dysplasias and 
OSCC share many transcriptional alterations 
whether isolated from the same patient or not, 
although OSCCs possess many additional altera-
tions when compared to their premalignant coun-
terparts [9], and similar data has been obtained 
from the genetic analysis of cultured keratino-
cytes from these types of lesion [53]. Thus these 
data support the hypothesis that dysplastic lesions 
can give rise to OSCC but malignant conversion 
may in most cases occur at the microscopic  
level [26].

One of the issues that has compromised the 
study of OSCC and aerodigestive cancer is the 
problem that biopsies may not necessarily reflect 
the properties of the whole lesion. This was origi-
nally noted some years ago at the histological 
level for oral dysplasia [54] and recently con-
firmed by extensive genetic analyses of lung can-
cer [6]. Another problem is that OSCC is widely 
held to emerge from a preneoplastic field of 
clones that harbour critical cancer-driver muta-
tions [8] and if like other SCCs they may contain 
more than one cancer-driver mutation per clone 
[6]. Indeed, it is very rare to find OPML lines that 
contain only p16INK4A loss without p53 and/or 
telomerase dysfunction, although two examples 
have been reported [34, 55]. Although other 
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explanations are possible, this may mean that 
dysplasias that bypass senescence have done so 
at the microscopic level and may arise from pre- 
existing p16INK4A and p53 dysfunctional clones. 
There is evidence that around 50% of OPMLs 
have p53 mutations [56], express telomerase [57] 
and fail to express p16INK4A in vivo [58], strongly 
suggesting that senescence and crisis are 
bypassed [14, 36] prior to malignancy. However, 
immortal OMPLs are very genetically unstable 
and have almost as many DNA copy number 
variations as immortal OSCCs (Nalin Thakker—
unpublished data) despite being non-tumorigenic 
in immunosuppressed mice (S. Prime—personal 
communication). These data indicate that the 
clonal variations that are thought to underpin 
drug resistance and confound attempts at targeted 
therapy occur very early in OSCC development.

8.7  Cancer Stem Cells and OSCC

The classical hierarchical model of specialist 
stem cells is shown in Fig. 8.4 and consists of a 
slow-cycling stem cell that then gives rise to fast- 
cycling progenitors that ultimately produce one 
or more postmitotic differentiated cell types [59, 
60]. The stem cells are also reported to be very 
sensitive to apoptosis and to segregate their DNA 
so that they always retain the original template 
strand, thus avoiding replication errors [61]. The 
logic behind this hypothesis is that the properties 
of the stem cell reduce its probability of surviv-
ing with potentially damaging mutations and that 
the progenitors and their offspring would eventu-
ally differentiate before they could accumulate 
sufficient mutations to form tumours.

The original cancer stem cell (CSC) hypothe-
sis extended this model to suggest that in cancers 
this proliferative hierarchy is preserved with the 
stem cells being the cells responsible for the 
regeneration of the tumours following chemo- 
and radiotherapy (Fig. 8.4) [62].

The first evidence in support of the CSC 
hypothesis came from the haematopoietic system 
where only the cells with the characteristics of 
the CD34++/CD38− stem cell were shown to be 
capable of the engraftment of acute myeloid leu-
kaemia in non-obese diabetic mice with severe 

combined immunodeficiency disease (NOD/
SCID) mice [63] and several similar studies fol-
lowed in other human cancer systems, including 
SCC of the head and neck (SCC-HN [64]) that 
includes OSCC. Numerous cell surface markers 
of CSCs have been characterised and used to 
demonstrate several of their properties, including 
several normal stem cell characteristics [64] and 
radio- and chemo-resistance [65].

However, the application of lineage tracing 
technology has suggested that the original stem 
cell hypothesis may need modification and that 
epithelial tissues may be more plastic than origi-
nally realised. In particular, the discovery of fast- 
cycling cells that are positive for leucine-rich 
repeat-containing G protein-coupled receptor 5 
or 6 (LGR5 and LGR6) [66–68] and the inability 
to confirm the existence of fast-cycling progeni-
tor cells [69] have led to the hypothesis that there 
are two types of stem cell in epithelial tissues and 
the LGR5/6-positive type are the permanent resi-
dents [66, 67]. The LGR5/6-positive cells are fast 
cycling, not sensitive to apoptosis, do not segre-
gate their DNA to retain an ‘immortal’ DNA 
strand and are telomerase positive, at least in the 
mouse [66, 67, 70]. This new data has resulted in 
experiments showing that the LGR5-positive 
cells are required for tumour maintenance at least 
in the mouse small intestine, making the cells 
good candidates for CSCs [67, 71].

More recently, several modifications have 
been made to the CSC hypothesis in an attempt to 
explain how CSCs metastasise and the generation 
of epithelial-mesenchymal transition (EMT) has 
been reported to drastically increase the number 
of CSCs. EMT is known to precipitate epithelial 
cell discohesion, dedifferentiation and invasion 
in a variety of cell and animal model systems and 
when the tumour cells spread to new sites the 
cells are proposed to undergo mesenchymal- 
epithelial transition (MET) and revert back to the 
differentiated tissue that is actually observed in 
most human metastatic deposits [72]. However, 
more recently the essential role for at least certain 
types of EMT in the generation of invasive and 
metastatic CSCs has been questioned [73, 74], 
although a role for EMT in certain types of che-
motherapeutic resistance and resultant metastasis 
was confirmed and this was associated with a 
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slower proliferation rate and the expression of 
certain drug transporters [73, 74]. Additionally, 
although the role of EMT in the CSC phenotype 
was not addressed in vivo, the ablation of EMT 
by the deletion of twist or snail did not affect the 
short-term potential of mouse pancreatic cancer 
cells to form tumour spheres which is associated 
with the putative CSC phenotype [74].

The CSC hypothesis relies largely on injecting 
cancer cells into various sites in immunosup-
pressed mice such as SCID/NOD and in  vitro 
assays such as the spheroid assay and as such 
many authors prefer the term tumour-initiating 
cell (TIC) as this is a better description of what 
the CSC experiments actually demonstrate and 
does not commit to any association of the CSC 
with its normal counterpart.

Recent research in the last 10 years has 
resulted in fierce debates that have questioned 
whether CSCs/TICs are actually that rare and 
whether the nature of the SCID/NOD mouse 

assay is actually too severe to be physiologi-
cally relevant because rendering the mouse 
more immunodeficient and injecting the cancer 
cells with basement membrane components in 
the form of Matrigel do increase the number of 
assayable CSCs/TICs, especially in cell lines 
[75], although this has been disputed. Related to 
this point, many carcinoma cells undergo either 
suspension-induced apoptosis (anoikis) or ter-
minal differentiation [76] and the cells that sur-
vive this assay better have long been known to 
be more tumorigenic [76]. Therefore, as the 
same pathways in drug resistance and anoikis 
overlap this could also explain why CSCs/TICs 
from  carcinomas are resistant to chemo- radio-
therapy [62]. In addition the original experi-
ments performed on acute myeloid leukaemia 
have been reassessed and CSCs/TICs have been 
shown to be mainly present in CD38+ and 
CD34+ compartments, although the CD34−/
CD38+ cells were shown to have superior serial 

X

X

X

X

X X

Differentiation and death

Rare slow cycling stem cell
and fast cycling progenitors
giving rise to differentiated progeny
Pattern retained in cancers.

Current therapies
target cancer
progenitors  

CSC survives Cancer regenerates from
the surviving CSC. 

Differentiation and death

Proposed therapies
target CSCs 

CSC killed Cancer differentiates
and does not regenerate

X

Fig. 8.4 Depicts the classical cancer stem cell (CSC) 
hypothesis showing the selective survival of CSCs follow-
ing chemo- or radiotherapy (top panel) and the proposal 

that targeting the CSC will lead to a more sustained thera-
peutic response as the non-CSC cells will undergo termi-
nal differentiation and die (bottom panel)
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tumour transplantation capacity [77]. Finally, 
several recent papers have highlighted the insta-
bility of the CSC/TIC populations, especially in 
melanoma.

Despite the intensive debate on the potential 
importance of CSCs/TICs in the spread and 
recurrence of human cancer, understanding their 
nature remains an important issue. It has recently 
been questioned on the grounds of probability 
whether CSCs/TICs are derived from mutated 
normal stem cells [78] and the recently demon-
strated plasticity of both normal [67] and CSC/
TICs [79] supports this hypothesis and also sug-
gests that the targeting of CSC/TICs alone would 
not result in as drastic an improvement in therapy 
as originally anticipated.

Additional problems with the CSC hypothesis 
are that it does not explain why multiple clones of 
genetically distinct cancer cells exist and that this 
clonal heterogeneity is stimulated by chemother-
apy [7]. In addition, the telomeres of most human 
cancers are short yet normal stem cells do have 
some telomerase activity or are slow cycling 
(Fig. 8.5a, b) which would be expected to slow 
the rate of telomere attrition [80] and both of 
these stem cell types have been reported to initi-
ate tumorigenesis [67, 71] (Fig. 8.5a, b). In many 
cancers telomere shortening precedes overt 
malignancy [81, 82] and these data collectively 
are more consistent with the hypothesis that can-
cers, including OSCC, progress from telomerase-
deficient non- stem cells [78, 83] that ultimately 

Initiating mutation in quiescent Bmi1+
stem cell
No telomere shortening in mutated stem cell.

Initiating mutation in fast cycling LGR5+
stem cell
No telomere shortening in mutated stem cell.

Initiating mutation in non-stem cell
NFκB driven inflammation
De-differentiation
Telomere shortening in initiated stem cell

Fig. 8.5 Depicts a revised model of how different stem 
cells might contribute to cancer. The left-hand panel 
shows quiescent Bmi1-postive stem cells giving rise to 
tumours with long telomeres as they rarely divide nor-
mally and express telomerase when they do divide. The 
middle panel shows the fast-cycling LGR5/6-positive 
stem cells which are telomerase positive also giving 
rise to tumours with long telomeres. The right-hand 

panel shows the mutated stem cell arising from the 
telomerase- negative compartment of the tissue, under-
going telomere attrition, and then under conditions of 
NFκB-mediated inflammation or regeneration finding 
new CSC clones that may be genetically distinct. This 
model explains both telomere attrition in most human 
cancers and genetic diversity within CSC populations. 
See [67]
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bypass senescence and crisis to become geneti-
cally unstable and generate multiple genetically 
distinct clones (Fig. 8.5c). Admittedly, these cells 
may found new CSCs that could well be geneti-
cally distinct from one another and contribute to 
therapeutic resistance [7, 78] and so the original 
CSC hypothesis needs modification to take 
account of these observations.

8.8  The Failure of Targeted 
Therapies and Prospects 
for the Future Management 
of OSCC

8.8.1  Cetuximab and EGF Kinase 
Inhibitors

Cetuximab is a monoclonal antibody directed 
against the epidermal growth factor receptor 
(EGFR) and would be predicted to block all 
forms of downstream signalling from the EGFR 
including the phosphatidylinositol 3-kinase 
(PI3K) pathway and mitogen-activated kinase 
cascades. However, only one clinical trial 
reported any benefit of cetuximab in recurrent 
metastatic disease and even then it had to be com-
bined with cisplatin and 5-fluorouracil but 
resulted in an increased survival of 2.7 months 
[84]. Other monoclonal antibodies directed 
against EGFR such as panitumumab gave no sur-
vival advantage in clinical trials and also resulted 
in more toxicity and treatment-related deaths. 
The EGFR tyrosine kinase inhibitors gefitinib 
and erlotinib have not yielded positive results but 
some of the broader spectrum ERB2 receptor 
family inhibitors such as afatinib and dacomi-
tinib have yielded slightly better results than 
cetuximab in some trials and in the latter case 
better effects are observed in tumours without 
PI3K mutations [84].

8.8.2  PI3K and TORC1 Inhibitors

The gene encoding the alpha subunit of PI3K, 
PIKCA, is mutated in a significant fraction of 
SCC-HN and the pathway is estimated to be 
altered in about 30–50% overall but especially in 

HPV-positive tumours. However, so far PI3K 
inhibitors have not shown any clear benefit to 
SCC-HN patients in clinical trials. Drugs directed 
against one of the downstream targets of PI3K, 
TORC1, have been tested in the clinic and 
although they are poorly tolerated in combination 
with EGFR inhibitors one of them, temsirolimus, 
gave a good response in patients refractory to 
cetuximab therapy [84].

8.9  Immunotherapy

The evidence for cancer cells evading the immune 
system was presented 5 years ago by Hanahan and 
Weinberg [72] and the most compelling evidence 
was the occurrence of a cancer in an immunosup-
pressed patient that was of donor origin [85]. Since 
then it has been shown that cancer cells of various 
types attenuate the cytotoxic T cell response by 
expressing the ligand for the PD-1 receptor on the 
T cells, PD ligand 1 (PD-L1) on their surface [86]. 
This suppresses the proliferation of the T cells and 
their cytokine production allowing the cancer cells 
to evade destruction. Several preclinical studies 
subsequently showed that inhibiting the interac-
tion between PD-1 and PD-L1 enhanced the 
immune response and mediated an antitumour 
effect [86–88]. Additionally, PD-L1 is expressed 
on the surface of several human cancers, including 
SCC-HN as well as tumour-infiltrating cells in the 
tumour environment [86]. Dual therapy using anti-
bodies against PD-1 and PD-L1 have been shown 
to be highly successful in clinical trials, including 
most recently SCC-HN [86] and http://www.bio-
space.com/News/bristol-myers-squibb-release-
checkmate-141-a/407013?type=email&source
=CS_012816. The dual therapy works by targeting 
the immune checkpoint in the cognitive phase 
where the PD-1 is expressed on the antigen-pre-
senting cells in the lymph node and also in the 
effector phase in the cancer microenvironment 
where the PD-1 is expressed on the cancer cells 
and tumour-infiltrating lymphocytes [86]. 
Furthermore, the dual therapy is likely to be most 
effective in tumour types with the heaviest 
 mutation load as the more mutations in the cancer 
the greater the number of cancer-associated anti-
gens [86] and it has recently been shown that 
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tumours that have a durable response to PD-1 
blockade are enriched for tumour-specific clonal 
neoantigens [7].

8.10  Clonal Heterogeneity 
and Cancer Therapy

One of the problems with most adult cancers is 
that by the time they are diagnosed they have 
amassed a large number of cells approximately 
and these cell populations contain tremendous 
genetic heterogeneity, thus providing the plat-
form for resistance to virtually all current forms 
of cancer therapy. A T1-stage oral cancer for 
example could contain more than 1012 cells. This 
problem is exacerbated by recent data showing 
that conventional chemo- and radiotherapy actu-
ally increases clonal heterogeneity and muta-
tional load and this was associated with resistance 
to dual immunotherapy possibly by creating sub- 
clonal neoantigens [7].

8.11  Early Diagnosis

In the light of recent reports that conventional 
chemo- and radiotherapies exacerbate clonal het-
erogeneity [7] and hence likely therapeutic resis-
tance the ability to detect cancer early now 
assumes an even greater importance than previ-
ously and preferably before genetically unstable 
cancers expand to a critical mass where clonal 
heterogeneity compromises therapeutic strate-
gies. However, invasive technologies such as 
biopsy and even oral brushings may not represent 
a genetically heterogenous premalignant cell 
population accurately. This said, detecting small 
clones of genetically unstable cancer cells is 
technically difficult as the development of genetic 
instability may well occur microscopically [26] 
and this coupled with biopsy inconsistency [6] 
makes any invasive strategy difficult to interpret. 
Attempts have been made to identify secreted 
proteins and metabolites [89, 90] from serum 
[91] and other body fluids such as saliva [89, 92] 
but as yet these studies have largely been con-
fined to established cancers where confounding 
factors such as hypoxia and other indirect conse-

quences of having cancer remain a problem; 
inconsistency in the results from different tech-
niques and a failure to understand their cell and 
molecular basis are also outstanding issues.

More recently, it has been reported that the 
driver mutations reported above can be detected 
in the saliva and serum of all head and neck SCC 
patients [93] and clearly this has great potential 
in the early detection of OSCC provided that 
these methods are proven to be sufficiently cheap 
and specific to cancer cells. However, certain 
driver mutations may not be as useful as others 
because they can be found at a high frequency in 
normal epidermal keratinocytes at sun-exposed 
sites [94] and presumably this will also apply to 
the oral mucosa of heavy smokers. Further work 
is required to resolve these issues.

8.12  HPV Vaccination

Recently a 9-valent vaccine (Gardasil-9 from 
Merck) has been developed and subjected to clin-
ical trials in nearly 6000 young individuals. It has 
activity against HPV subtypes 6, 11, 16, 18, 31, 
33, 45, 52 and 58 and reduces the frequency of 
cervical intraepithelial neoplasia grade 2 (CIN2) 
premalignant lesions and persistent viral infec-
tions by 96% (reviewed by [95]. However, it is 
currently difficult to assess whether this vaccine 
will have a similar effect on SCCs of the orophar-
ynx as it is not easy to identify premalignant 
lesions of this site [95]. Although premalignant 
lesions of other sites are observed and HPV pres-
ence has been reported [96] it was not clear from 
these studies whether HPV was integrated. Most 
SCCs in the head and neck region arise without 
any visible premalignant lesion; furthermore, 
most dysplastic lesions that are visible at other 
sites do not progress [11] and those that do are 
generally HPV negative [97].

8.13  Summary and Conclusions

In summary, whilst OSCC remains a very dif-
ficult type of cancer to treat two novel therapy 
strategies hold considerable promise. Firstly, 
the development of prophylactic HPV vaccines 
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[5, 95] could be predicted to reduce the fre-
quency of the type of SCC-HN (mainly tonsil 
and oropharynx) where HPV is integrated in 
parallel with a reduction in genital SCCs in the 
next 20 years. Furthermore, as the role of epi-
somal HPV in OSCC and SCC-HN is not really 
known, the effect of these vaccines on sites 
other than tonsil may be more dramatic than 
anticipated [4]. Secondly, the novel dual-target-
ing immunotherapy techniques [86] that have 
recently been licensed for melanoma treatment 
have also been reported to work for 33% of 
HPV-negative and 25% of SCC-HN-positive 
SCC-HN, http://www.biospace.com/News/
bristol-myers-squibb-release-checkmate-
1 4 1 - a / 4 0 7 0 1 3 ? t y p e = e m a i l & s o u r c e
=CS_012816, and this represents the first prom-
ising advance in the treatment for OSCC and 
OSCC-HN although the manner of its use may 
need to be assessed to achieve optimum results 
especially in the light of recent results showing 
that conventional therapy may exacerbate 
clonal heterogeneity and hence drug resistance 
to all therapies, including dual targeting of 
PD-1 and PD-L1 [7].
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Epigenetics in the Oral Cavity

Lena Larsson

Epigenetics consider the interface between genet-
ics and environmental factors, resulting in the 
phenotype. The term epigenetics was coined by 
Conrad H. Waddington already in the 1940s [1] 
as a term to describe the “causal mechanisms” by 
which the genes in the genotype give rise to the 
phenotype. The modern definition of epigenetics 
is changes in gene expression that are not encoded 
in the DNA sequence [2]. Epigenetic modifica-
tions include chemical alterations of DNA and 
associated proteins, leading to remodeling of the 
chromatin and activation or inactivation of a 
gene. Changes in the epigenome contribute to 
the development and maintenance of cancer 
and autoimmune or inflammatory diseases. 
Interestingly, epigenetic modifications are con-
sidered reversible and therefore present a poten-
tial treatment model. Epigenetics in the field of 
dental research is only at an early stage. However, 
several reports in particular related to inflamma-
tion and inflammatory markers have emerged, as 
well as reports on the influence of environmental 
factors affecting oral health [3, 4] (Fig. 9.1). In 
this chapter the two major epigenetic modifica-
tions, DNA methylation and histone acetylation 

and methylation, are described. In addition, the 
influence of environmental factors on the epig-
enome and the relation to disease susceptibility 
as well as their potential use as treatment models 
are also discussed.

9.1  Epigenetics

Our genetic material in the form of the DNA helix 
is packaged in the nucleus as chromatin. The 
chromatin can be packed in the nucleus either in 
the form of euchromatin which is loosely packed 
and therefore available for gene expression or 
as heterochromatin that is very densely packed 
leading to silencing of gene expression [5]. The 
structure of the chromatin is highly regulated, in 
which the epigenetic mechanisms play a vital role 
by modifying the accessibility for the transcrip-
tional machinery, thereby regulating gene expres-
sion. The building blocks of chromatin are the 
nucleosomes, consisting of 146 bp of DNA and a 
core histone complex. This complex includes two 
copies each of histones H2A, H2B, H3, and H4 
and a linker histone H1 that connects the nucleo-
somes forming the primary chromatin structure, 
often referred to as “beads-on-string.” Histones 
can be acetylated or methylated at amino acid 
tails that protrude from the nucleosome [5]. 
Histone acetylation is regulated by histone acet-
yltransferases (HATs) and histone deacetylases 
(HDACs). Removal of acetyl groups by histone 
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deacetylases (HDACs) leads to a dense pack-
ing of DNA around histones and inactivation of 
genes. In contrast, hyperacetylation by histone 
acetyltransferases (HATs) is associated with tran-
scriptionally active chromatin. Histones H3 and 
H4 can also be methylated and occur at certain 
lysine molecules. Importantly, a lysine can be 
mono-, di-, or trimethylated, further adding to the 
various functions of methylated histones [6]. In 
the classical DNA methylation model, the addi-
tion of methyl groups to cytosine bases (5mC) 
occurs at specific sites in the DNA sequence, so-
called CpG islands or CpG sites, by the de novo 
DNA methyltransferases (DNMTs) DNMT3a 
and DNMT3b [2, 7]. This modification alters 
the configuration of the DNA and the binding 
of transcription factors, resulting in changes in 
gene expression. Transcriptionally active genes 
are associated with low levels of DNA methyla-
tion. To add another level to the concept of DNA 
methylation in 2009 it was discovered that 5mC 
could be further oxidized into 5-hydroxymethyl-
cytosine (5hmC) by the ten-eleven translocation 
(TET) family of enzymes [8]. The TET enzymes 
can then convert 5hmC into unmethylated cyto-
sine, resulting in DNA hypomethylation [9]. The 
biological function of 5hmC is not clear, but it 
has been suggested to be an intermediate leading 
to demethylation of 5mC and thereby re-expres-
sion of genes silenced by DNA methylation [10]. 
Histone modifications and DNA methylation are 
not separate events but are linked resulting in a 
unique tissue- and cell-specific transcription pat-

tern and response to intrinsic and extrinsic stim-
uli (Fig. 9.2).

In contrast to our genome, which is the same in 
all cells and throughout our life, the epigenome is 
dynamic and changes during life in response to 
diseases and environmental factors. This is espe-
cially visible in twin studies, since homozygote 
twins have the same genome but different epig-
enome. At early years twins are epigenetically 
identical but during the years the epigenetic pat-
terns are influenced by environmental factors. 
These differences increase as the twins grow older 
and by differences in disease, and the epigenetic 
pattern differs more in twins that grow up in dif-
ferent environments. Epigenetic changes increase 
during life, and age itself is therefore considered a 
“risk factor” for epigenetic changes [11, 12].

9.2  Diet, Smoking, 
and Environmental Factors

The epithelium covering the oral cavity is con-
tinually being renewed, the differentiated cells 
are exfoliated, and the epithelial stem cells resid-
ing in the basal cell layers forming new cells in 
turn undergo differentiation when leaving the 
basal layer. This transition has been suggested to 
be associated with epigenetic changes involving 
both DNA methylation and histone modifications 
[13]. The oral epithelium is constantly being 
exposed to environmental factors, such as smok-
ing, diet, and bacteria, factors known to influence 
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epigenetic mechanisms. Studies indicate that 
these factors have the potential to affect the oral 
health by altering the epigenome [3].

Diet has been found to be one of the most 
influential environmental factors due to its influ-
ence on gene expression. The impact of nutrients 
on epigenetic mechanism has so far mostly been 
studied in the field of cancer and it has been shown 
to influence cellular longevity and cancer inci-
dence and prognosis [14, 15]. Not only during 
embryonic development but also in adult life the 
diet influences the epigenome, and studies are 
emerging on the influence of bioactive dietary 
compounds on health and disease. In addition, the 
epigenetic changes caused by a certain diet do not 
only affect the individual at the time of intake but 
can have long-term effects [3]. A number of nutri-
ents are considered to influence epigenetic mech-
anisms, thereby becoming a great interest to use 
for both treatment and prevention of disease. The 
term epigenetic diet refers to the consumption of 
food such as cruciferous vegetables, green tea, 
grapes, and soy that have been shown to induce 
epigenetic changes protecting against cancer and 

aging [14, 16]. At present, there is a lack of 
research on these effects in the oral mucosa, but 
there are reports on the increased risk for oral 
squamous cell carcinoma (OSCC) with a decrease 
in folate, found in green leafy vegetables, and on 
the effect of EGCG from green tea on inhibition 
of oral cancer [14, 17].

Another level of the influence of our dietary 
compounds is that they can act as vehicles for 
toxic substances, i.e., arsenic, cadmium, nickel, 
chromium, and mercury, that we are exposed to 
through ingestion, inhalation, or exposure (i.e., 
nickel in jewelry). Cadmium and mercury, that can 
be found in fish, shellfish, cereals, and vegetables, 
influence our DNA methylation pattern, while 
nickel alters histone acetylation pattern [18, 19].

Smoking together with diet is known to affect 
the oral health. Smokers are known to have more 
severe periodontitis associated with increase in 
attachment loss. A comparison of monozygotic 
twins showed that the twin that smoked had a 
higher degree of disease [20]. Smoking causes 
long-term hypo- and hypermethylation changes 
in the DNA that can be found also in former 
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smokers, indicating that the epigenetic altera-
tions of the chromatin in smokers have a long- 
term effect.

9.3  Inflammation

It has been suggested that induction of epigenetic 
changes in the oral mucosa can occur as a result of 
a bacterial challenge and that the following 
inflammatory processes in turn further modulate 
these changes [21]. Pathogen recognition recep-
tors such as Toll-like receptors (TLRs) mediate 
the process of recognition of the bacteria and initi-
ate a remodeling of the chromatin to promote an 
induction of gene expression of inflammatory 
mediators. It has been hypothesized that 
pathobiont- induced periodontal disease mediates 
acetylation of the chromatin of oral epithelial 
cells. It was found that pathogens, such as 
Porphyromonas gingivalis and Fusobacterium 
nucleatum, induced epigenetic modifications such 
as acetylation of histones and downregulation of 
DNMT1. These changes alter the chromatin con-
figuration leading to enhanced transcription of 
inflammatory genes, including the p300/CBP 
histone acetyltransferase target gene NFkB and 
several proinflammatory cytokines, commonly 
upregulated in chronic inflammatory diseases. In 
addition, pathogen recognition receptors, PRRs, 
such as NOD1 and TLR1/2 and 4 induce histone 
modifications [22]. Importantly, it has been sug-
gested that epigenetics is a vital factor in deter-
mining the outcome of an inflammatory response, 
e.g., chronic inflammation vs. inflammatory reso-
lution [21]. Hypoacetylated histones and hyper-
methylated CpGs in chronic inflammatory 
diseases may result in persistent inflammation [6].

Gingivitis is a periodontal disease character-
ized by inflammation in the gingival connective 
tissue. Periodontitis in turn is characterized by 
chronic inflammation in the gingival tissues but 
with associated loss of connective tissue attach-
ment and loss of supportive bone. Periodontitis is 
a common disorder and severe forms of the dis-
ease occur in about 10% of an adult population 
[23]. Periodontitis has been characterized as a 

result of bacteria colonizing the tooth surface and 
the host response, which in turn is influenced by 
both genetic and epigenetic components [24]. 
Several studies have investigated the methylation 
status of several cytokines in gingival tissue sam-
ples and oral epithelial cells, respectively [25, 26]. 
The findings in these studies indicate that changes 
in the methylation pattern in promoter region of 
genes involved in inflammation may be caused by 
either the presence of periodontal pathogens or the 
inflammatory process. Several cytokines influence 
the epigenetic pattern and their epigenetic pattern 
can in turn be influenced by bacteria. Several stud-
ies have shown that periodontitis patients have an 
altered epigenetic pattern in inflammatory cyto-
kines such as IL-8, IL-10, IL-4, IL-6, and Toll-like 
receptors (reviewed in [3, 27]). As mentioned pre-
viously, age is considered a risk factor for disease 
through alterations in epigenetic pattern and it has 
been suggested that the epigenome of older peri-
odontitis patients may differ from that of younger 
patients even though they may have the same clini-
cal phenotype. Not only is there an age- related epi-
genetic change in the collagen in periodontal 
ligament but also inflammatory cells such as lym-
phocytes have an altered phenotype [3].

Reactive oxygen species (ROS) produced in 
response to bacteria and inflammatory molecules 
induce breaks in the DNA strand. In order for the 
DNA repair system to get access to the site of 
damage, epigenetic mechanisms are activated to 
loosen the chromatin structure and to recruit the 
DNA repair machinery to the site of damage. In 
individuals with chronic inflammatory disease or 
in individuals that are exposed to environmental 
stimuli, such as smoking, these repeated changes 
of the chromatin structure may result in perma-
nent epigenetic changes influencing disease pro-
gression and severity. It has been suggested that 
the production of reactive oxygen species (ROS) 
can influence the epigenetic pattern in epithelial 
cells [13]. Not only does production of ROS 
induce DNA breaks and tissue damage, but it also 
induces phenotype changes of other inflamma-
tory cells as well as activate the production of 
pro-inflammatory cells leading to and maintain-
ing a chronic inflammation [28].
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Chronic inflammatory diseases such as peri-
odontitis have specific target tissue in which the 
inflammation is persistent and tissue destruction 
occurs. Periodontitis is also site specific with 
only some teeth affected indicating a different 
response to the same bacteria at different places 
in the oral mucosa, hence suggesting a local 
change in the regulation of genes associated with 
inflammation.

9.4  Tumorigenesis

Epigenetic changes in the oral mucosa are not 
only associated with chronic inflammatory con-
ditions such as periodontitis. Evidence is emerg-
ing that oral squamous cell carcinomas (OSCC) 
are linked to epigenetic alterations, in particular 
DNA methylation, even though few studies are 
emerging regarding histone modifications. OSCC 
is a neoplastic form of cancer with a multistep 
process influenced by endogenous and environ-
mental factors, of which tobacco and alcohol are 
considered risk factors [29]. Interestingly, epi-
genetics was suggested as a potential link 
between inflammation and cancer [30]. Chronic 
inflammation induced by IL-6 may lead to hyper-
methylation of tumor-suppressor genes, thus 
being suggested to be a factor contributing to the 
development of OSCC [31]. Aberrant methyla-
tion might also be triggered by inflammation 
caused by a specific population of oral patho-
gens, linking microflora, inflammation, and 
tumorigenesis [32].

The importance of epigenetics in the oral 
mucosa is not only the potential use for new 
treatment models, but also their use as prediction 
markers for disease progression, as changes in 
DNA methylation pattern occur during all stages 
of tumorigenesis from premalignant to oral can-
cer. One potential marker is p16, which has been 
found to have an increase in hypermethylation in 
dysplastic lesions compared to non-dysplastic 
lesions. In addition, a higher methylation was 
found in those dysplastic lesions that subse-
quently turned into cancer [33]. However, it must 
be remembered that this is based on a few studies 

and it is important that further studies include 
also lifestyle, diet, and sociodemographic data.

Two types of premalignant lesions in the oral 
cavity are oral leukoplakia and oral lichen planus 
(OLP). Oral leukoplakia does in some cases 
develop into OSCC, but so far the mechanisms 
for this transformation are still unknown and 
finding early markers is important for an early 
identification of patients at risk for developing 
OSCC [34]. An aberrant methylation pattern sim-
ilar to OSCC for certain genes has been reported 
in oral leukoplakia, indicating that this epigenetic 
pattern may be linked to malignant transforma-
tion of oral leukoplakia [34, 35]. Oral lichen pla-
nus is characterized by a chronic inflammatory 
disease in the oral mucosa [36]. As for leukopla-
kia, the exact mechanisms behind oral lichen pla-
nus are unknown and there is not much research 
on the role of epigenetics in the disease. However, 
a correlation between increase in acetylation of 
histone H3 and poor response to therapy of clini-
cally more severe lesions was reported [37].

9.5  Clinical Application

Knowledge of epigenetics contributes to a better 
understanding of the interactions between genes 
and the environment and may provide explana-
tions to why patients with the same clinical phe-
notype respond differently to treatment [3]. The 
fact that epigenetic mechanisms are reversible 
makes them attractive targets for new treatment 
models in both cancer and inflammatory diseases. 
The term epidrugs was coined by Ivanov and co-
workers as “drugs that inhibit or activate disease-
associated epigenetic proteins ameliorating, 
curing or preventing the disease” [38]. In the field 
of cancer there are numerous studies on the use of 
epidrugs and more recently nutrients as treatment 
models; however at present there is a lack of 
research on this in relation to oral health. Reports 
are emerging on the use of epidrugs in inflamma-
tory diseases. It has been found that HDAC inhib-
itors suppress bone loss in  rheumatoid arthritis 
(RA) as well as in periodontitis and they have 
been suggested as potential treatment models for 
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these diseases [39, 40]. In addition to be potential 
treatment models epigenetic factors may be used 
as risk indicators for disease susceptibility and 
disease progression. A recent review indicated 
that aberrant methylation could be an early indi-
cator of disease development and progression in 
OSCC [33]. For periodontitis, which is a site-spe-
cific disease and also differs in patient susceptibil-
ity to disease, identifying epigenetic markers may 
present biomarkers for identifying patients at risk 
to develop periodontitis and also present a means 
to individualize the treatment plan as a part of 
moving towards the concept of personalized med-
icine. Another clinical application for epigenetics 
is in tissue engineering, in which epidrugs have 
been suggested as a tool for modulating cell dif-
ferentiation, thereby improving regeneration of 
tissue [41]. In addition, the possible use for buccal 
swabs or scraping of the oral mucosa for epigen-
etic analysis makes it clinically feasible as a diag-
nostic tool [34].

 Conclusions

Epigenetic modifications are tissue specific and 
therefore analysis of epigenetic modifications 
in the oral mucosa is of great importance in 
order to gain knowledge of the effect of these 
mechanisms on oral health and the influence of 
environmental factors on oral health. There is 
currently a void in the research on epigenetics 
in relation to oral health. Many studies have 
shown the importance of epigenetics on dis-
ease susceptibility and progression. Several 
key factors, such as diet, smoking, environ-
ment, bacteria, and inflammation, known to 
induce epigenetic alterations are in contact 
with the oral mucosa and may affect the oral 
health through changes in genes involved in 
the immune response in the oral mucosa.
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Infections of the Oral Mucosa 
and Immune Responses

Lesley Ann Bergmeier

10.1  Introduction

The British Dental Health Foundation, a charity- 
promoting oral health, has reported that only one 
in six people realises that gum disease may 
increase their risk of stroke and diabetes (http://
www.dentalhealth.org/). An extensive report by 
the Surgeon General of the United States in 2000 
clearly enunciated the link between oral and gen-
eral health and set out a framework for action, 
https://www.nidcr.nih.gov/DataStatistics/
SurgeonGeneral/Report/ExecutiveSummary.htm. 
In a large cross-sectional study of over 17,000 men 
and women a strong association was seen between 
the presence of oral disease and systemic inflam-
mation and a history of cardiovascular diseases 
[1]. Worldwide there are considerable inequalities 
in oral healthcare provision that has a deleterious 
effect on general health and well-being [2, 3].

The media, both print and electronic, empha-
sise the importance of health and fitness and oral 
healthcare is part of that message—and yet in 
2012 at the London Olympics 18% of the ELITE 
athletes said that oral discomfort has seriously 
affected their performance and almost half of the 

athletes had not seen a dentist in the last year [4]. 
The consequences of a high-carbohydrate diet, 
often part of an athletes training programme, may 
lead to dental decay and gum disease and the 
inflammation that accompanies these changes in 
the homeostasis of the oral cavity has serious and 
now well-documented effects to general health 
and well-being.

A recent report of the Joint European 
Federation of Periodontology and American 
Academy of Periodontology (EFP/AAP) [5] 
demonstrated the link between chronic inflam-
matory states and the onset of diabetes. Other 
systemic health risks from chronic periodontitis 
include atherosclerosis, adverse pregnancy out-
comes, rheumatoid arthritis, aspirational pneu-
monia and cancer [6–12]. Head and neck cancers 
are said to be the fastest growing group of 
tumours, representing 3% of all cancers in the 
USA [13], https://www.cancer.gov/research/
progress/snapshots/head-and-neck.

The oral cavity is a complex biological environ-
ment protected by one of the most sophisticated 
and important fluids in the body, saliva, which is 
actively secreted into the mouth. This is a unique 
body cavity due to the presence of hard tissue 
(teeth) which is abutted with a mucosal epithelium. 
This junction, at the gingival margin, allows for 
access of substances and cells from the systemic 
circulation into the gingival crevicular fluid and has 
a considerable effect on the defence of the oral 
mucosa and development of disease (Chap. 7).
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The mucosal immune system contributes to the 
protection of the oral cavity (see Chaps. 4 and 5) 
through both innate and adaptive immune func-
tions. Despite an enormous antigenic challenge, 
the oral mucosa in healthy individuals rarely 
shows signs of inflammatory responses and is gen-
erally regarded as a tolerogenic environment.

Oral pathologies can be driven by infections 
and/or by dysregulation of homeostasis and many 
pathologies reflect a contribution of the immune 
system in either resolution of disease or exagger-
ated host responses that drive pathology. Failures 
of the immune system can also contribute to dis-
ease through immunodeficiency, where the 
immune system either fails to recognise a patho-
gen or is defective in its response. Hypersensitivity, 
an overreaction to innocuous materials and auto-
immunity and the development of immune 
responses to self-antigen have all been shown to 
contribute to oral mucosal diseases.

The oral cavity is subject to infections by bac-
teria, viruses and fungi (Fig. 10.1). Some of the 
organisms are part of the normal oral flora but 
become pathogenic due to loss of homeostatic 
regulation in the tissues. Some parasitic infec-
tions also induce oral manifestation but since 
these are rare they will not be discussed [14].

Two of the most common diseases, caries and 
periodontal disease, result in damage and loss of 
the hard tissues of the oral cavity (teeth and 
bone). An immune response to the antigens of 
cariogenic organisms can protect against dental 
caries and the potential for the development of a 
caries vaccine has been investigated over many 
decades. In contrast, the host response to peri-

odontal pathogens contributes to pathology. The 
clinical management of these two diseases will 
not be discussed.

10.1.1  Bacterial Infections

Dental caries is one of the most common dis-
eases of humans [15] and recent papers have pre-
sented evidence of the disease in prehistory 
[16–18]. Increased consumption of refined sug-
ars has resulted in an increased rate of caries, and 
in developing countries the lesions often go 
untreated due to poverty and lack of provision of 
oral healthcare.

The major causative organism for dental 
caries in humans is Streptococcus mutans. 
This highly acidogenic organism is usually 
found in low numbers where caries is absent. 
However, in the presence of caries there is an 
abundance of Strep. mutans. Acid production, 
through fermentation of dietary carbohydrates, 
erodes the enamel and dentine resulting in car-
ious lesions.

Although caries is a disease of the hard tis-
sues, the capacity for its resolution and indeed 
prevention is dependent on the gingival mucosa 
and the passage of specific antibodies from the 
serum into the gingival crevicular fluid. Many 
vaccine studies have been carried out in animal 
models that demonstrate that protection from car-
ies can be achieved when IgG antibodies specific 
for S. mutans antigens reach the gingival margin 
by serum transudation. A selection of early stud-
ies is outlined below.

Fungal Disease: Oral CandidiasisBacterial infection: Severe Periodontitis Vial Disease: Herpes simplex

Common infections of the Oral Mucosa

Fig. 10.1 Common infections of the oral cavity
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S. mutans has two major antigenic proteins 
which have been shown to be highly immuno-
genic: glucosyltransferase (GTF) and the sur-
face adhesion streptococcal antigen I/II (SAI/
II). The characterisation of SAI/II [19] led to 
studies in experimental vaccine design based on 
SAI/II [20, 21] where protection from caries 
was established to be due to the induction of 
IgG antibodies which gained access to the tooth 
surface through the gingival margin [22, 23]. 
Passive immunisation studies in rhesus 
macaques had shown that antibodies applied to 
the gingival margin could protect against colo-
nisation with S. mutans [24]. Observations in 
human subjects established that the presence of 
IgG anti SAI/II in serum correlated with low 
caries incidence [25–27]. Monoclonal antibod-
ies to Strep. mutans antigens were later devel-
oped and used in passive immunisation studies 
in both non-human primates and in human clini-
cal trials [28–30]. Passive immunisation using 
monoclonal antibodies showed that recolonisa-
tion was prevented over a period of about 
18 months [29, 31–33]. Glucosyltransferase 
(Gtf) vaccine candidates have been investigated 
in a phase I clinical trial [34] and induced sali-
vary IgA antibodies which also reduced 
recolonisation.

In more recent animal model studies nasal 
adjuvants have been used to enhance the immu-
nogenicity of anti-caries DNA vaccine candi-
dates [35]. Sublingual immunisation with a 
recombinant phosphate-binding protein (PstP) 
derived from Strep. mutans and administered 
with a mucosal adjuvant resulted in decreased 
colonisation and increased IgA antibody- 
secreting cells in draining lymph nodes in a 
rodent model [36].

These tools have enormous potential for reen-
ergising the dental caries vaccine field.

Poor oral hygiene can lead to the accumula-
tion of plaque and the development of gingivitis 
and while this is reversible in some patients it can 
become a chronic inflammation. Chronic mar-
ginal gingivitis (CMG) is the most common form 
of the inflammatory response to plaque constitu-
ents, which include bacterial toxins and 
antigens.

Periodontal disease (PD) is a destructive 
chronic inflammatory disease of the connective 
tissues and bone supporting the teeth and is a 
major source of tooth loss in adults. It occurs 
when there is irreversible damage to the peri-
odontium that includes loss of collagen fibres in 
the periodontal ligament, deepening of the peri-
odontal pocket and bone resorption. There are 
many different types of periodontal disease, some 
of which are caused by or exacerbated by sys-
temic diseases. The most common form of adult 
periodontal disease is known as chronic inflam-
matory periodontal disease (CIPD).

Periodontitis is the result of a dramatic change 
from a symbiotic community of mostly facultative 
organisms to a dysbiotic community consisting of 
anaerobic organisms that have evolved to thrive in 
an inflammatory environment including the acqui-
sition of numerous virulence factors [37, 38]. 
Microbial dysbiosis is defined as a reduction in the 
number of symbiotic organisms and/or an increase 
of pathogenic species that have an effect on both 
the innate and adaptive immune responses [39].

Recent research has built on the knowledge that 
certain “keystone” organisms have a dispropor-
tionate effect on their environment relative to their 
abundance [40]. P. gingivalis is an example of a 
pathobiont, an organism that co-operates with oth-
ers to remodel its microenvironment into a dysbi-
otic and disease-provoking microbiota. These new 
communities can subvert the normally tolerogenic 
immune system to maintain an inflammatory envi-
ronment that promotes their survival in the face of 
a robust immune response [40–42]. However, dys-
biosis alone does not always lead to periodontitis. 
Other risk factors such as genetic susceptibility 
[43], stress and behaviours such as smoking and 
diet are important in precipitating disease [44, 45].

The innate immune response to the periodon-
tal organisms includes an increased influx of neu-
trophils into the periodontal pockets to maintain 
homeostasis [46, 47]. Individuals with defects in 
neutrophil function are highly susceptible to peri-
odontal disease [48–50]. However, the effect of 
the pathobiont is to hyperactivate these cells 
inducing the overproduction of toxic substances 
and proteolytic enzymes that can initiate tissue 
destruction [47, 51–53].

10 Infections of the Oral Mucosa and Immune Responses
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In response to infection, macrophages pro-
duce pro-inflammatory cytokines, such as IL-1β 
and TNFα. If these cytokines are produced in 
high concentrations or for prolonged periods they 
can induce the production of other inflammatory 
mediators including IL-6 and prostaglandin 
E2(PGE2) and metalloproteinases (MMPs). Both 
IL-1β and TNFα induce bone resorption and 
inhibit bone formation.

In generalised aggressive periodontitis, a 
higher IL-1β/IL-10 ratio was observed compared 
to healthy subjects, suggesting an imbalance 
between pro- and anti-inflammatory cytokines 
[54]. In some studies, periodontal therapy was 
shown to decrease IL-1β levels in GCF while 
increasing IL-10 [55]. IL-10 is an important anti- 
inflammatory cytokine that has been shown to 
suppress MMPs and stimulate an inhibitor of 
bone resorption (osteoprotegerin). Studies of 
IL-10 knockout mice demonstrated an increased 
susceptibility to bone destruction induced by P. 
gingivalis infection [56, 57].

The complement cascade is an important 
mechanism for controlling bacterial infection. 
Subversion of the cascade can be affected by the 
gingipains, kaylysins and interpain-A, produced 
in concert by P. gingivalis, T. forsythia, T. dento-
lytica and P. intermedia. The mechanism of 
action is through interruption of the C5aR-TLR2 
signalling cascade and the degradation of C5b, 
thereby preventing the formation of the mem-
brane attack complex which should destroy 
invading bacteria [58–60].

Human β defensins are also inhibited in peri-
odontal disease [61], when the gingival epithe-
lium response to Fusobacterium nucleatum is 
subverted by T. dentolytica which blocks defensin 
production. P. gingivalis is also capable of degrad-
ing antimicrobial peptides (reviewed in [42]).

The adaptive immune response is also impor-
tant in periodontitis, and antibody responses are 
readily demonstrated to many of the virulence 
factors of the keystone pathogens including gin-
gipains (Table 10.1). In experiments, like those 
carried out for caries vaccines, monoclonal anti-
bodies to P. gingivalis were developed and used 
both in animal models and human clinical trials 
[62–64]. More recently a therapeutic experimen-

tal vaccine demonstrated that IgG1 antibodies 
protect against experimental periodontitis in 
mice [65]. Immune responses have also been 
demonstrated to microbial and human heat-shock 
proteins [66]. Responses to these chaperone mol-
ecules have also been implicated in the immuno-
pathogenesis of ulcerative diseases such as 
recurrent aphthous stomatitis (RAS) and Behçet’s 
disease (see below).

T cells also contribute to PD mainly through 
the production of cytokines that support antibody 
production which are prevalent in chronic disease 
[67, 68]. Both regulatory T cells (Tregs) and Th17 
cells have been shown to be present in periodon-
tal lesions [69].

There is increasing evidence that the pres-
ence of IL-17 (produced by both Th17 cells and 
other cells) in human PD lesions is associated 
with disease severity. Several animal studies 
indicate the potential role of Th17 cells in gingi-
val inflammation and bone destruction in PD 
[70, 71].

This association of Th17 cells with chronic 
inflammation and dysregulation of homeostasis 

Table 10.1 Balance between some beneficial and harm-
ful host defences in periodontal disease

Periodontal disease

Complex interplay between bacterial species and host 
defences

Beneficial effects Harmful effects

•  IgG ↑ phagocytosis 
of bacteria

•  Ag/Ab complexes: 
hypersensitivity—attract 
leucocytes—release 
proteases—tissue damage

•  IgA ↓ bacterial 
adherence

•  Complement: 
activated by 
endotoxin—initiates 
inflammatory 
process—recruits 
neutrophils

•  Complement: could 
induce hypersensitivity

•  Cytokines: IL-12 
recruits immune cells

•  Cytokines: too much 
pro-inflammatory 
cytokine secretion 
contributes to tissue 
damage, e.g. osteoclast-
activating factor

•  Phagocytes: destroy 
bacteria

•  T cells: help produce 
antibody

•  B cell: produce 
antibodies against 
perio-organisms

•  Phagocytes: release 
proteases—tissue damage

L.A. Bergmeier
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is a common feature of other oral mucosal dis-
eases described in chapter 11 and its role in oral 
immunity and shaping of the oral microbiome 
was recently reviewed [72].

Periodontitis can present without any associ-
ated disease but is frequently a major component 
of systemic disorders such as acquired immuno-
deficiency disease (AIDS), leukaemia, Crohn’s 
disease, diabetes mellitus, Down syndrome, 
 sarcoidosis and syndromes associated with 
 polymorphonuclear leucocyte defects (Chédiak-
Higashi syndrome, agranulocytosis and cyclic 
neutropenia). Periodontitis can also contribute to 
systemic disorders and has been found to be an 
etiological factor in several important diseases 
including infective endocarditis, pulmonary and 
brain abscesses and adverse pregnancy out-
comes [73–75]. In a recent review, the overlap 
between the inflammatory processes in PD and 
in cancer was outlined with respect to the 
function of chemokines. The main function of 
these molecules is the recruitment of immune 
cells into sites of infection and inflammation, 
but they also have the capacity to prolong 
inflammatory processes which can exacerbate 
disease progression including the development 
of cancer [76].

In a recent study by the Ebersole group, the 
transcriptome of the B cell compartment was 
investigated in a non-human primate model of 
natural periodontal disease and in the healthy 
gingiva of aging humans. This study revealed 
complex changes in the expression of genes 
involved in antigen-dependent activation and 
proliferation, T cell interaction and maturation of 
B cells both in adult periodontitis and in aged 
non-human primates. In healthy aging, gingival 
homeostasis is maintained by adaptive B cell 
responses which modulate tissue-destructive 
gene expression. These functions are lost in peri-
odontitis resulting in immune dysfunction and 
enhanced inflammation [77].

In an extensive review of the research into 
the immunobiology of periodontal disease, over 
the last 40 years, it has been suggested that the 
transition point between health and disease 
might be the new frontier for oral biology 
research [78].

10.1.2  Oral Manifestations of Other 
Bacterial Infections

The barrier function of the oral epithelium, the 
normal oral flora and the innate and adaptive 
immune defence mechanisms of the oral cavity 
make infection by pathogenic bacteria a rare 
event. The antimicrobial components of the saliva 
and the desquamation of the epithelium limit col-
onisation by pathogens.

Some organisms evade the immune system by 
becoming coated with host proteins that make 
them less susceptible to neutralising antibodies 
as is thought to be the case of T. pallidum (syphi-
lis). While other organisms have evolved mecha-
nisms that either evade or subvert immune 
responses such as the changes in antigen serotype 
expression seen in Strep. pneumoniae.

Intracellular pathogens such as Mycobacterium 
leprae, although a very rare condition, illustrate a 
classic example of immune subversion. Two clin-
ical forms of disease are seen that result in very 
different patterns of immune activity. In tubercu-
loid leprosy the immune response shows strong 
Th1 responses and activated macrophages con-
trol but do not eliminate the infection. Tuberculoid 
lesions contain granulomas and inflammation is 
local, causing only local effects such as periph-
eral nerve damage. Normal immunoglobulin lev-
els and T cell responses to M. leprae antigens are 
seen and the disease has low infectivity 
(Table 10.2).

In contrast, lepromatous leprosy shows a pro-
found suppression of cell-mediated immunity, 
leading to anergy, and there is a significant shift 
from a Th1 cytokine profile (supporting macro-
phage activation and T cell cytotoxicity) to a Th2 
profile. The Th2 cytokines include IL-4 which is 
thought to inhibit bactericidal activity in macro-
phages. The mechanism might be like that seen in 
Mycobacterial tuberculosis infection where the 
organism is taken up by macrophages but the 
fusion of the phagosome and lysosome is 
 prevented, thus avoiding the bactericidal actions 
of the lysosomal contents.

In lepromatous leprosy, M. leprae shows high 
growth rates in macrophages (suggesting the fail-
ure of the phagolysosomal killing of the organ-
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ism) and the infection becomes disseminated with 
diffuse nerve damage. Hypergammaglobulinemia 
is observed, but there is a poor or absent T cell 
response to M. leprae antigens. This form of the 
disease is highly infectious. Oral lesions occur 
almost exclusively in the lepromatous form of the 
disease and are reported in about 50% of cases. 
Patients present with inflammatory masses that 
tend to ulcerate and resolve with fibrosis. The 
hard and soft palate, anterior maxilla and tongue 
are most frequently affected. The oral lesions are 
usually secondary to nasal involvement [79].

10.1.3  Viral Infections

There are several families of viruses which cause 
disease in the oral cavity or have oral manifesta-
tions following systemic infection (Table 10.3).

Picornaviruses, such as coxsackie A and 
enterovirus 71, have been associated with hand, 
foot and mouth disease which causes blistering in 
the mouth and on the hands and feet of children. 
While this disease is not usually severe, there 
have been reports of neurological complications 
and fatalities when enterovirus 71 is involved. 
Several serotypes of coxsackie virus (particularly 
serotypes 1–10, 16 and 22) have also been associ-

ated with herpangina, where an oropharyngitis 
results in oral vesicle which breaks down into 
small ulcers.

10.1.3.1  Herpesviruses
There are eight known human herpesviruses with 
most well known being the herpes simplex viruses 
(HSV). The two types of HSV differ in their sero-
logical, biological and clinical presentation. Most 
commonly type 1 is associated with skin and oral 
epithelium and has a pattern of recurrence due to 
reactivation of latent virus from the trigeminal 
sensory ganglion. Primary infections with HSV-1 
are sometimes asymptomatic, but can cause phar-
yngitis, tonsillitis or herpetic gingivostomatitis. In 
some patients, progression results in a widespread 
gingivitis which can be erythematous and oede-
matous. Vesicles form which can ulcerate and 
become secondarily infected.

These infections usually heal within 
2–3 weeks but during this time the virus has been 
transported to nerve cells of the oral cavity where 
they remain latent, often in the trigeminal gan-
glion, until reactivated. In secondary infection, 
herpes simplex labialis (“cold sore”) results from 
viral migration from the latently infected neurons 
to keratinocytes where it replicates. Visible 
lesions recur at the same site.

Inflammatory responses, and papule and vesi-
cle formation, result from the death of infected 
keratinocytes while neutralising antibody pro-
duction, and the release of IFNγ from CD4+ and 

Table 10.2 Granulomatous infections

• Actinomycosis
    – Endogenous polymicrobial infections
    – Submandibular swelling
    – Chronic suppuration—multiple sinuses
    – “Sulphur” granules
• Syphilis
    – Primary: chancre
    – Secondary: snail-track ulcers, mucous patches
    – Tertiary: gumma, lingual leukoplakia
    – Congenital: dental anomalies; “dished face”
• Tuberculosisa

    – Oral usually secondary to pulmonary
    – Painless, chronic lingual ulcer
• Leprosya

    – Oral lesions in lepromatous type
    – Secondary to nasal involvement
    – Nodular masses palate and anterior maxilla

Adapted from Soames and Southam: Oral Pathology 4th 
Edition
aIntracellular infections

Table 10.3 Virus infections with oral mucosal 
presentations

Virus Disease

Herpes simplex(HSV1 
and 2)

Herpetic stomatitis (primary/
recurrent)

Varicella zoster Chickenpox/shingles
Coxsackie A Herpangina; hand, foot and 

mouth disease
Epstein Barr Infectious mononucleosis; 

hairy leukoplakia
Paramyxovirus Measles; mumps
Human papilloma 
virus

Viral warts; epithelial 
hyperplasia

Cytomegalovirus Associated with HIV infection
HIV Necrotising periodontal 

disease; Kaposi sarcoma; 
candidiasis
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CD8+ T cells as well as cytotoxic killing of 
infected cells play a role in limiting the spread of 
infection and in resolving lesions [80].

HSV-1 has been implicated in the immuno-
pathogenesis of Behçet’s disease (BD) as it has 
been isolated from saliva, peripheral blood leu-
kocytes and genital ulcers in these patients. In a 
mouse model, immunisation with HSV gave rise 
to BD-like symptoms that were improved with 
antiviral treatments [81]. However, isolation of 
HSV is inconsistent and antiviral therapy failed 
to alleviate BD symptoms. It has been suggested 
that altered immune responses to HSV in BD 
compared to healthy individuals may allow per-
sistence of the infection [82, 83].

HSV type 2 is less common and is a sexually 
transmitted infection; however, changes in sexual 
habits have resulted in increased oral infections. 
HSV-2 also has a pattern of latency.

Latency is an immune evasion strategy; the 
epithelial infection is controlled by the immune 
response; however, the virus that has migrated to 
the sensory neurons is quiescent and produces 
few viral peptides. This along with low expres-
sion of MHC I in the neurons makes recognition 
by cytotoxic cells difficult and results in survival 
of virus and latent infection.

Reactivation most commonly occurs due to a 
variety of stressors which impair host defences. 
In immunocompetent individuals, the lesions are 
self-limiting due to the induction of both specific 
neutralising antibodies and CD8+ cytotoxic T cell 
responses which can suppress reactivation [84, 
85]. In immunocompromised patients, these 
recurrences can be intractable and severe.

Chickenpox and herpes zoster (shingles) are 
caused by varicella zoster virus (VSV/HHV-3). 
Chickenpox frequently presents first in the oral 
mucosa as small ulcers, followed by the charac-
teristic skin lesions. Like HSV, there is a latent 
phase, and while reactivation is uncommon it is 
more severe and causes a painful neuralgia. The 
location is usually on the trunk but can also occur 
in the oral mucosa and the eye. Reactivation usu-
ally occurs in response to a variety of stressors 
which have induced suppression of host defence 
mechanisms.

Other herpesvirus infections with oral presen-
tations include Epstein–Barr virus (EBV/HHV-4) 

and cytomegalovirus (CMV/HHV-5) and fre-
quently involve enlargement of the lymph nodes 
and/or salivary glands.

CMV productively infects several types of lym-
phocytes and has a latent phase in macrophages. 
CMV has been isolated from periodontal pockets 
and from other oral mucosal lesions but there is little 
evidence of cause and effect, other than the presence 
of infected cells in inflammatory infiltrates. While 
this virus does not usually cause disease in immuno-
competent individuals it is an important opportunis-
tic pathogen in immunocompromised hosts such as 
AIDS patients and organ-transplant recipients.

CMV escapes immune control by producing 
four proteins that downregulate MHC class I 
expression on infected cells so that no viral pep-
tides can be expressed on the cell surface for rec-
ognition by cytotoxic cells. The virus also 
produces a homologue of MHC-I molecules that 
inhibit the activation of NK cells which under 
normal circumstances would recognise the loss 
of the MHC-I and kill the infected cell.

Many people become infected with Epstein–
Barr virus (EBV) in childhood and show no 
symptoms of primary infection. A primary infec-
tion with EBV later in life is the causative agent 
of infectious mononucleosis and is transmitted in 
saliva. Lymph node enlargement occurs and 
inflammation and ulceration of the oral mucosa 
at the junction of the hard and soft palates is a 
frequent presentation.

However, of greater significance is the asso-
ciation of EBV with Burkitt’s lymphoma. EBV 
was the first virus to be shown to have a clear 
relationship to cancer. This B cell lymphoma is 
endemic in equatorial Africa and accounts for 
more than 50% of malignant diseases in children. 
While the disease tends to be multifocal, in 
Africa, a jaw tumour is the predominant feature 
in more than half of the cases.

EBV is also associated with hairy leukoplakia 
and has been detected in oral squamous cell car-
cinoma, and there is some evidence of involve-
ment in some types of periodontal disease, but 
this might be coincidental with lymphocyte infil-
tration of infected B cells [86].

In other oral diseases EBV shedding has been 
demonstrated in the saliva of both RAS and 
Behçet’s disease patients [87]. It was suggested 
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that this might reflect a difference in the expression 
of TLRs and a dysregulation of the oral microbi-
ota in BD and RAS [88, 89].

The remaining HHVs, namely HHV-6, -7 and 
-8, are the most recently described human herpes-
viruses. HHV-6 and -7 appear to be closely related 
to CMV and both cause childhood disease (HHV-
6-exanthema subitum) and both are detectable in 
saliva. HHV-7 is thought to cause complications in 
transplant patients due to immune suppression. The 
target cell for HHV-7 is thought to be CD4+T cells.

HHV-8 is considered the primary etiological 
agent of Kaposi’s sarcoma (KS), primary effusion 
lymphoma (PEL) and multicentric Castleman’s 
disease. KS is endemic in Uganda where 50% of 
the population are seropositive compared to less 
than 5% in the USA and Northern Europe. In non-
endemic regions, infection with HIV is an impor-
tant risk factor for the development of KS and 
HIV-1 infection was associated with an increased 
prevalence of infection with HHV-8 [90, 91].

10.1.3.2  Papilloma Virus
Human papilloma virus (HPV) has been impli-
cated as a causative agent in several types of can-
cer and an association is thought to exist with 
oral cancer, particularly nasopharyngeal carcino-
mas [92–94] and salivary gland tumours [92]. 

Focal hyperplasia has been associated with 
viruses that seem to be restricted to the oral cav-
ity, namely, HPV-13 and HPV-32.

HPV-16 (and 18) has a known association 
with invasive cervical carcinoma with HPV-16 
detected in 50% of all cervical cancers in a study 
carried out in the USA [95]. The effectiveness of 
the HPV vaccine in reducing cervical cancer has 
been one of the great success stories of vaccine 
discovery and the potential for preventing oro-
pharyngeal cancers is yet to be tested.

10.1.3.3  HIV
By far the most investigated virus in the last 30 years 
is the human immunodeficiency virus (HIV) and 
the catastrophic failure of the immune response, 
due to loss of CD4+T cells, leads to a variety of oral 
lesions outlined in Table 10.4 which can be regarded 
as opportunistic infections in the absence of a robust 
immune response. In some respects, these might be 
regarded as a historical association as the success of 
highly active antiretroviral therapy has reduced the 
incidence of these oral manifestations in large areas 
of the world (but by no means all).

Hairy leukoplakia (EBV infection) and pseu-
domembranous candidiasis are the most frequent 
oral manifestations of HIV (Table 10.4 and 
Fig. 10.2). The presence of these conditions 

Table 10.4 Oral lesions of HIV infection

Group 1: major associations Group II: less common associations Group III: possible associations

Candidiasis: Atypical oropharyngeal ulceration Bacterial infections (not gingivitis/
perio)Erythematous

Hyperplastic
Pseudomembranous
Hairy leukoplakia (EBV) Idiopathic thrombocytopenic 

purpura
Fungal infections (not candidiasis)

HIV-associated periodontal 
disease

Salivary gland disorders Melanotic hyperpigmentation

HIV-gingivitis Dry mouth, decreased flow rates
Necrotising ulcerative gingivitis Swelling of the major glands
HIV-periodontitis
Necrotising stomatitis
Kaposi sarcoma (HHV8) Viral infections (Non-EBV) Neurological disturbances

Cytomegalovirus Facial palsy
Herpes simplex virus Trigeminal neuralgia
Human papilloma virus
Varicella zoster virus

Non-Hodgkin’s lymphoma
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increases with time following seroconversion 
and is an indication that the patient is progressing 
from the asymptomatic phase to AIDS [96, 97].

While the oral cavity succumbs to infections 
and disease induced by the dysregulated immune 
system in HIV infection, the HIV virus is rarely 
found in the oral tissues and no productive infec-
tion is seen in oral epithelial cells [98–101].

10.1.4  Fungal Infections

Candidiasis can present both in the oral cavity 
and elsewhere, such as the vagina. The causative 
organism, Candida albicans, is a normal compo-
nent of the oral flora in about 40% of the popula-
tion. Clinical infection is influenced by the 
immune status of the individual as well as the 
strain of Candida sp. that is present and the over-
all composition of the individuals’ oral flora.

The three clinical forms of candidiasis that 
occur most frequently are pseudo-membranous 
(thrush), erythematous and hyperplastic. There 
are also several variations within each group 
[102, 103]. The observations that oral candidiasis 
is frequent in HIV (Fig. 10.2) and in other immu-
nodeficiency states, where T cell immunity is 
absent or compromised, strongly suggest a role 
for cellular immunity in preventing overt infec-
tion or transition from the commensal yeast to 
pathogenic hyphal forms [103, 104].

Many of the factors which predispose towards 
Candida infection can be directly linked to immune 
dysregulation, for example, extremes of age (both 
young and old) where the immune system is either 
not fully developed or is waning. Smoking is also 
known to change the types and functions of anti-
gen-presenting cells (especially dendritic cells) in 
the oral mucosa and affects susceptibility to infec-
tion [105–107]. Pseudomembranous candidiasis 

Oral manifestations of HIV infection

Pseudomembranous
candidiasis 

Pediatric AIDS InitiatiCredit: Pediatric
AIDS Pictoral Atlas, Baylor International
ve    

Erythematous candidiasis 

Credit: D. Greenspan, DSC, BDS, HIV
InSite 

Necrotizing periodontal disease
showing localized destruction
of the gingival tissue   

Kaposi's sarcoma occurring in
the gingivae  

Hairy leukoplakia appearing as
corrugations on the lateral margin
of the tongue   

Fig. 10.2 Oral manifestations of HIV
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has also been associated with the use of asthma 
inhalers—which contain immune-modulatory 
pharmaceuticals [108].

IgA-deficient individuals are also highly sus-
ceptible to candidiasis suggesting a role for 
secretory IgA [109, 110].

Neutrophils are a key component in protection 
against candidiasis and IL-17 seems to be impor-
tant in recruiting these cells into the oral epithe-
lium [111, 112]. More recently the IL-17 receptor 
(IL-17R) signalling pathways in oral epithelial 
cells have been shown to be crucial in protection 
against candidiasis in a mouse model, through 
the production of the antimicrobial peptide, 
β-defensin 3 [113].

IL-17 has multiple roles in both immune pro-
tection and immunopathology. There is a well- 
recognised role in surveillance at mucosal and 
barrier surfaces [114]. However, IL-17 has also 
been implicated in driving autoimmunity and 
chronic inflammation [115, 116].

The sources of IL-17 are somewhat controver-
sial as several different cell types can produce this 
cytokine including NKT, γδ T cells, macrophages 
and the relatively newly described innate lymphoid 
cells as well as Th17 helper cells [72, 117–119].

 Conclusion

The most common oral mucosal infections are 
caused by bacteria, viruses and fungi. Some 
Helminth and protozoal organisms also have 
the potential to produce oral manifestations of 
disease but are much rarer and have not been 
explored. The immune system contributes to 
both protection from infection and resolution of 
the inflammation induced by infection but also 
the immunopathological consequences of dys-
regulation and dysbiosis. The importance of 
immune mechanisms will be explored in the 
next chapter where noninfectious oral mucosal 
disease will be explored.
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11.1 Introduction

The non-microbial diseases of the oral mucosa 
constitute a heterogenous group of disorders from 
rare life- threatening autoimmune disorders such 
as Pemphigus vulgaris to more common condi-
tions like recurrent aphthous stomatitis (RAS). 
However, they have some features in common; a 
genetic susceptibility or association in some; and 
immune dysregulation or immune-driven pathol-
ogy in many. In this chapter, the diseases are 
briefly described in terms of any genetic suscep-
tibility/association, and the contribution of the 
immune response to pathology. Many of the dis-
eases are managed by using immunosuppressive 
drugs which also include specific monoclonal 
antibodies, the so-called biologics. The mode of 
action of some of the drugs most commonly used 
is outlined in Table 11.1. An extensive descrip-
tion of diagnostic criteria and detailed clinical 
management is beyond the scope of this chapter 
but is referenced in a literature review of current 
clinical management of oral mucosal disease in 
Chap. 12.

11.2  Recurrent Aphthous 
Stomatitis 

Recurrent aphthous stomatitis (RAS) or recurrent 
oral ulceration (ROU) is characterised by ulcers 
which occur singly or in crops lasting from 7 to 
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Table 11.1 An outline of the mode of action of some 
immunosuppressant drugs commonly used in the manage-
ment of oral mucosal disease. See Chapter 12 for a litera-
ture review of clinical management

Drug Immune system target

Cyclosporin and 
tacrolimus

Inhibits IL-2: action and 
production
Specific effect on T helper cells

Corticosteroids Inhibits expression of cytokine 
genes

Azathioprine Inhibits purine synthesis
Cyclophosphamide Acts as an alkylating agent: 

Binds and cross-links DNA 
preventing replication and gene 
transcription

Methotrexate Interferes with thymidine 
synthesis and therefore DNA 
synthesis through competitive 
inhibition of dihydrofolate 
reductase

Mycophenolate 
mofetil

Blocks the synthesis of guanine

Monoclonal 
antibodies

Antibodies with a single 
specificity. Many available 
specific for cytokines and cell 
surface molecules such as 
receptor molecules

See Chap. 12 for more detail of clinical management

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-56065-6_11&domain=pdf
mailto:l.a.bergmeier@qmul.ac.uk
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21 days before resolving and healing spontaneously 
(Table 11.2). They occur as either minor, major or 
herpetiform (Table 11.2) and have been carefully 
characterised to distinguish them from non-aph-
thous ulcers [1]. Clinical classification and severity-
scoring systems have recently been developed [2]. 
About 10% of the population present with RAS 
although a wide range is noted in the literature. The 
age of onset is usually in the first decade of life, 
peaking in the second or third decade.

Genetics: There is somewhat conflicting evi-
dence of genetic associations or indeed non- 
association in RAS which tend to depend on the 
ethnic origin of the study cohort [3]. A prevalence 
of HLA-A2 and B12 (B44) has been reported for 
some groups [4, 5]. HLA-B5 seems to be decreased 
in Sicilian patients but is similar to healthy con-
trols in Turkish patients. Jurge et al. suggest that 
there is no consistent association between RAS 
and HLA haplotypes apart from HLA-B51. This is 
also an important  association in Behçet’s disease 
(see below). However, it is further suggested that 
a strong association was present in RAS for the 
alleles for IL-1 β-15 and IL-6-174.

There is some evidence of genetic susceptibil-
ity with a family history in about 40% of patients, 
a high concordance in twins.

The aetiopathogenesis of RAS is unclear 
with many factors implicated including hyper-
sensitivity risk, endocrine factors, psychology, 
microbial agents, foods and socio-economic 
factors but the consensus is that an unidentified 
organism or environmental agent triggers an 
autoimmune- type reaction in susceptible indi-
viduals. Autoantibodies and T cells sensitised to 

the oral mucosa have been reported [6]. In most 
patients, cytotoxic antibodies specific for oral epi-
thelial cells have also been demonstrated [7].

There is little evidence of a viral aetiology 
in RAS. However, there are increased plasma 
levels of IL-2 in active RAS and altered NK 
cell activity was also observed between peri-
ods of ulcer activity and remission [8]. Since 
NK cells have activities against varicella zos-
ter virus (VSV) and CMV, a viral aetiology 
was explored but the evidence is somewhat 
confused as some studies failed to find any 
differences between NK subsets in RAS and 
healthy controls [3]. Elevated levels of anti-
bodies to CMV have been seen in some RAS 
patients [9].

Cross-reactivity between oral bacterial anti-
gens and oral tissues is an attractive hypoth-
esis and there is very strong evidence that this 
occurs in RAS. Hasan et al. [10] have demon-
strated a cross-reactivity between a peptide 
shared by the 65 kDa heat-shock protein (HSP) 
of Mycobacterium sp. and Strep. sanguis, its 
human mitochondrial 60 kDa equivalent. Both 
antibodies and autoreactive T cell clones have 
been demonstrated [11]. Importantly, this cross-
reactivity has also been linked with immune 
responses to HSP60 in periodontal disease and 
cardiovascular disease [12], again linking the 
oral cavity with systemic disease.

More recently it has been noted that distur-
bances in the oral microbiota can be detected 
at both the genus and phylum levels in the 
ulcer sites in RAS compared with non- ulcerated 
sites [13].

Table 11.2 Characteristics of three types of oral ulcers

Minor aphthous Major aphthous Herpetiform

Depth • Shallow • Deeper •  Shallow, pin-point
Size • 2–7.5 mm • >10 mm • 0.3–0.5
Site •  Usually on non-keratinised section of oral 

mucosa including lateral sides and ventral 
surface of tongue, floor of the month, buccal 
sulcus but rarely on gingiva, palate and dorsum 
of the tongue

•  Usually in any 
region of the 
month

•  Usually in any site of 
the oral cavity

Numbers •  1–10: number varies but can be as many as or 
more than 6 at times

•  1–5: few ulcers 
occur at a time

•  5–20: ulcers occurring 
in coalescing clusters

Healing • 1–2 weeks: without scarring •  2–8 weeks: with 
scarring

•  1–2 weeks: can heal 
with scarring
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11.3 Behçet’s Disease

Behçet’s disease (BD) is a rare chronic immune-
mediated inflammatory, multisystem disorder of 
unknown aetiology. More than 90% of patients 
present with oral ulceration and the presence of 
genital ulcers forms part of the clinical diagno-
sis, first established by the Behçet’s International 
Study Group [14]. A subsequent validation study 
performed on multinational BD patients of 27 
countries exhibited improved sensitivity over the 
ISG criteria and was proposed for adoption both as 
a guide for diagnosis and classification of BD [15].

The ulcers present as minor, major and her-
petiform, as in RAS, but occur at much greater 
frequency and numbers and are slower to heal, 
sometimes with scarring not seen in RAS 
(Table 11.2).

A recent study has developed and validated 
a new genital ulcer severity-scoring system [16] 
which complements the scoring system for oral 
ulcers adapted from the RAS scoring system [2].

Other clinical manifestations include uveitis, 
and skin lesions, central nervous system and vas-

cular complications which are severe and cause 
considerable morbidities and potential  mortalities 
where the disease progresses to involve the large 
blood vessels, central nervous system or gastro-
intestinal tract (Fig. 11.1).

While it has a worldwide occurrence, it was 
traditionally known as the ‘silk road’ disease 
due to the prevalence along this ancient trading 
route [17].

The aetiopathogenesis of BD remains 
unknown, but both innate and adaptive immune 
mechanisms are involved. An initial reaction trig-
gered by an infectious or environmental agent in 
a genetically susceptible individual is the most 
widely accepted hypothesis, supported by numer-
ous investigations providing evidence of severe 
immune dysregulation [18–20].

Genetics: The aetiology of BD remains largely 
unknown, with a consensus that the pathogenesis 
is likely to be triggered by an environmental agent 
in a genetically susceptible host [21, 22]. HLA-
B51, one of the splice variants of HLA-B5, has 
been found to be the most strongly associated 
genetic marker for BD to date from 1982 when it 

Skin lesionsOral Ulcers Hypopyon

Clinical manifestation of Behçet's Disease

Recurrent
oral ulceration

Observed by patients or
physicians 

Plus-any 2 of the following

Recurrent
genital ulceration aphthous Ulceration or scarring

Observed by patients or
physicians 

Eye Lesions
anterior uveitis, posterior uveitis or cells in vitreous on slit lamp examination
or retinal vasculitis

Observed by 
ophthalmologist

Skin Lesions
erythema-nodosum, pseudo-folliculitis or papulo-pustular lesions or acne-
form nodules observed in post- adolescent patients

Observed by physicians
and/or patients 

Positive
Pathergy test

by oblique intra-cutaneous insertion of a 20 gauges or smaller needle under
sterile conditions on forearm, read 24-48  hours later

Read by physicians

International Study Group (ISG) criteria 1990 for Behçet’s Disease

minor aphthous, major aphthous or Herpetiform ulceration with at least 3
times recurrence over a period of 12 months

Fig. 11.1 ISG diagnostic criteria for Behçet’s disease with examples of some typical presentations
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was first reported among the Japanese BD popula-
tion [23, 24]. However, it accounts for less than 
20% of the genetic risk and this indicates that 
other genetic factors might be involved. Several 
other studies showed a link between BD and MHC 
class I chain-related gene (MIC-A and MIC-B) 
and regarded the MIC-A allele (MICA*009) as 
a candidate for BD genetic susceptibility [25]. 
MIC antigens are expressed on the surface of vari-
ous cells including fibroblasts, gastric epithelium 
and endothelial cells and these are also ligands 
for NKG2D, an activating natural killer receptor 
found on gamma delta (γδ) and CD8+ αβT cells 
(Figs. 11.2 and 11.3).

The immunopathogenesis of BD has been 
subject to intense investigations over the last half 
century and new techniques such as genome- 
wide association studies (GWAS) have helped to 
elucidate many aspects of this complex disorder 
as outlined in Fig. 11.2 [26, 27].

The disease is increased approximately 
sixfold in patients with HLA-B51/B5 genetic 
 polymorphisms [28] and is widely regarded 

as an auto-inflammatory condition although 
autoimmune responses to certain specific 
antigens have been described in the disease. 
These include  retinal S antigen, heat-shock 
proteins and cytoskeletal proteins (Figs. 11.2 
and 11.3).

Viral infection with Epstein–Barr virus 
(EBV) and herpes simplex virus (HSV) was also 
thought to be important in both initiating and 
triggering acute exacerbations of affected sys-
tems in BD [29, 30]. High levels of EBV shed-
ding have been observed in both BD and RAS 
and a lower level of CMV IgG was observed in 
BD. The expression of unusual splice variants 
of TLR2 and TLR4 in BD suggested a defect 
in the crosstalk between innate and adaptive 
immune responses. A significant reduction in 
the response to cognate agonists of TLR1/2 
heterodimer and TLR4 was also observed in 
BD. The TLR1/2 heterodimer is the initial recep-
tor for sensing CMV [31]. Thus, viral associa-
tions are probably not causative but reflective of 
immune defects in BD.

Genetics
Microbiology

Immunology and
Inflammation 

HLA-B51
MICA
HLA-A26

GWAS:
CTLA-4
IL23-R

IL-12RB2
IL-10

TRIM39
RNF39
TNF-α
STAT-4
MMP9

Streptococcal hypersensitivity
S. sanguis, S. salivarius
Chlamydia pneumonia
H. pylori 

Herpes simplex
?CMV
?EBV
Parvovirus

HSP cross reactivity
Th1 (Th17) bias

Neutrophils

Altered NK cells
TLRs
Pro-inflamm cytokines
SOCS disregulation

Auto-antibodies:
Endothelial cells
a–enolase
ANCA-anti neutrophil cytoplasmic Abs
Retinal S antigen
a-Tropomyosin
Kinectin
Protein S-[coagulation system]
Cofilin, profilin
HSP 60, 70 (HSP27?)

Etiopathogenesis in Behçet's Disease
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Fig. 11.2 Aetiopathogenesis of Behçet’s disease showing genetic associations; infective and environmental agents and 
innate and adaptive immune drivers of pathogenesis
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Like RAS, immune response HSPs have been 
demonstrated in BD and provided evidence of 
immunopathogenesis. The peptide involved in 
BD is different from that in RAS and an animal 
model for uveitis that mimics BD has been devel-
oped in the Lewis rat [32, 33]. Antibodies and 
T and B cell epitopes have been mapped within 
mycobacterial HSP65 [34–36]. Most importantly, 
the uveitis model could be ameliorated using oral 
tolerisation, by linking the uveitogenic peptide to 
the mucosal adjuvant CHOLERA TOXIN B sub-
unit [32]. This protocol was successfully used in 
a phase I/II clinical trial which reduced uveitis 
relapse in BD patients [37].

There is a large body of evidence suggesting 
that loss of normal immune regulation plays a 
key role in BD pathology [25]. Neutrophil activa-
tion and recruitment to the site of inflammatory 
lesions [38, 39], Th1/Th17 cytokine polarisation 
of CD4+ T cells and increased IFN-γ, TNF-α, 
IL-8 and IL-17 levels have been correlated with 
BD activity [40]. Conversely, a reduction in Tregs 
and the suppressive cytokine, IL-10, has also 
been described in the disease [41, 42]. While BD 
lesions are dominated by neutrophils and CD4+ 
T cells, innate lymphoid cells including γδ T 
cells and conventional NK cells are also found 

in BD lesions and may play a significant role in 
driving the CD4+ Th1 response characteristic of 
BD lesions [43–46]. Recent studies have shown 
a marked decrease in circulating NK cells in BD 
patients [47].

Proinflammatory cytokines are a key feature 
of the disease, which is usually described as hav-
ing a Th1 profile [48, 49]. However, the triggers 
for cytokine induction are not well understood 
and/or controversial. Suppressor of cytokine sig-
nalling (SOCS) proteins that negatively regulate 
the JAK–STAT signalling pathway of cytokine 
induction have been shown to be differentially 
expressed in BD [50, 51]. The expression of 
SOCS1 and 3 mRNA and protein was studied 
in peripheral blood mononuclear cells (PBMCs) 
and neutrophils of patients with BD and com-
pared with healthy controls (HCs) and patients 
with recurrent aphthous stomatitis (RAS) using 
RT-PCR, Western blot and immunohistochem-
istry. SOCS1 and 3 mRNA was also measured 
in buccal mucosal cells (BMC) of patients with 
BD and HCs. SOCS1 and 3 mRNA was signifi-
cantly upregulated in PBMCs of patients with 
BD compared with HCs. In addition, there were 
subtle differences between expression in active 
and symptom-free BD (quiescent BD). SOCS1 
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Fig. 11.3 Complexity of immune involvement in Behçet’s disease
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and SOCS3 were also significantly upregulated 
in buccal mucosal cells from oral ulcers of BD 
compared with HCs. These observations suggest 
a differential expression of these important regu-
lators, not only between patients with BD and 
healthy controls, but also between mucosal and 
systemic tissues.

BD demonstrates many immune-disordered 
features but of interest is the differential expres-
sion of SOCS in the oral tissues compared with 
the circulating cells. Given that more than 90% 
of patients present with oral ulceration and the 
clinical observations that the control of oral 
symptoms frequently results in better control of 
systemic disease, it would seem appropriate that 
much greater attention should be paid to resto-
ration of immune homeostasis in the oral cavity 
(Fig. 11.3).

11.4  Lichen Planus (LP)

Oral lichen planus (OLP) is a mucocutaneous 
disease that usually presents in the mouth with 
a bilateral symmetry of white patches or striae 
on the mucosa. In this form, it is quite com-
mon (1–2% of the adult population), but can 
also  present as a bullous, ulcerative or erosive 
condition [52]. In about 10% of patients a skin 
manifestation occurs which presents in the flexor 
surfaces of the arms. Additionally, 25% of female 
patients present with genital LP. This can either 
be restricted to the vulva, or in a small subgroup 
may present additionally in the vagina and the 
gingiva, the VVG syndrome [53]. OLP also has 
the potential to become malignant, especially if 
other risk factors are involved such as smoking 
[54]. In a recent meta-analysis of about 20,000 
patient data a small subset of about 1.1% of 
patients were at risk of developing oral squamous 
cell carcinoma (OSCC). A higher incidence of 
OLP was noted in patients with additional risk 
factors that include smoking, alcohol consump-
tion and HCV infection, although the authors felt 
that these associations required further investiga-
tion [55–57]. HPV infection has also been cited 
as precipitating factors along with stress, anxiety 
and autoimmune thyroid disease [58].

OLP is regarded as a T cell-mediated autoim-
mune disease where CD8+ cytotoxic T cell triggers 
apoptosis of the oral epithelial cells [59, 60].

An intense lymphocytic infiltrate is characteris-
tic of OLP with degeneration of the basal layer. 
Keratinocytes are the target probably due to the 
expression of foreign or altered-self proteins which 
are recognised as PAMPS or DAMPS by the innate 
immune system [61]. There is a suggestion that 
TLR-mediated signalling might be affected in OLP, 
especially TLR4, which recognises HSPs [62].

CD4+ T helper cells and CD8+ cytotoxic cells 
have been shown to drive pathology, and while 
the antigen is unknown the oligoclonal usage of 
a restricted set of T cell receptors suggests that an 
altered-self molecule or superantigens readily acti-
vate the T cells [63–65]. Langerhans cells in the 
mucosa of OLP are more activated than in normal 
mucosa and the trafficking between the draining 
lymph nodes and the oral mucosa is increased [66].

Trafficking of cells between the circulation, 
draining lymph nodes and mucosa is strongly 
influenced by cytokines, chemokines and adhe-
sion molecules and it has been shown that TNF-α 
and IFN-γ are important in recruiting cells into 
the mucosa. TNF-α and IFN-γ induce the expres-
sion of the mucosal addressins, E-selectin and 
MAdCAM-1 on endothelial cells. Selective 
recruitment of cells expressing either CLA 
(skin homing marker) or αeβ7 (mucosal homing 
marker) results in infiltration of both CD4+ and 
CD8+ cells which are then exposed to the anti-
gens on the damaged keratinocytes. This results 
in recirculation through the draining lymph 
nodes and further activation and recruitment of 
cells [67–69]. Cytotoxic T cells are then able to 
kill antigen- expressing basal cells.

Th17 cells have also been implicated in the 
pathology of OLP [64, 70] while the loss of Tregs and 
the downregulation of TLR signalling pathways 
have also been noted [62, 71, 72]. The role of novel 
Th subsets such as Th22, Th9 and Tfh (follicular 
helper cells) has yet to be fully elucidated [64].

Oral lichenoid lesions (OLL) are a hypersensi-
tivity reaction that can arise in response to dental 
restoration materials such as amalgam. Lichenoid 
reactions also occur in response to NSAIDS and 
some angiotensin-converting enzyme inhibitors 
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and are a major complication of graft-versus-host 
disease (GVHD) especially if the graft is alloge-
neic hematopoietic stem cells or bone marrow 
[58, 73]. In acute, but more especially chronic, 
GVHD, patients present with gingivitis, mucosi-
tis erythema and pain. Donor T cells are thought 
to react to major tissue antigens and activate 
type 1 interferons. It has been suggested that 
destruction of the thymus allows loss of central 
tolerance. However, both B cells and T cells are 
implicated in the general loss of tolerance with 
cytokines and antigen-presenting cells (DCs) 
also playing a role [73].

In summary, while the full picture of the aetio-
pathogenesis has yet to be fully elucidated for 
OLP, once again immune dysregulation plays a 
major role in this disease.

11.5  Dermatoses

Oral manifestations of dermatoses include 
those seen in lupus erythematosus (both dis-
coid DLE and systemic SLE), pemphigus/
pemphigoid and erythema multiforme. For all 
these conditions, there is strong evidence of a 
genetic involvement. In DLE/SLE lesions simi-
lar to lichen planus (LP) occur and there is an 
association with HLA-DR2 and DR3 as well 
as HLADRB1*0301 in DLE. Trucci et al. [72] 
have suggested a dysregulation in DLE similar 
to that of LP in terms of DC, TLR and type I 
interferon activity (Table 11.3).

In erythema multiforme (EM), while there is 
an association with HLA-B*1502 an aetiologi-
cal agent has not been found although hyper-
sensitivity to drugs and some viruses (Herpes 
sp.) and other infectious agents (Mycoplasma, 
Histoplasma, Trichomonas) have been postu-
lated as causative agents [74]. Currently the 
most robust association is between HSV infec-
tion and EM—this has been termed HAEM 
(herpes- associated EM). HSV-DNA has been 
isolated from lesions in 36–80% of patients, 
although infectious HSV was absent. Drugs 
which have been shown to precipitate the disease 
include sulphonamides, NSAIDS, penicillin and 
anticonvulsants.

There are several different forms of EM 
dependent on the extent of mucosal involve-
ment. EM minor affects usually only one 
mucosa and sometimes presents with symmet-
rical skin lesions on the extremities. EM major 
is a more serious condition involving more than 
one mucosal membrane and variable skin 
involvement. Stevens-Johnson syndrome (SJS), 
while presenting with similar skin involvement 
to EM, is more extensive and more serious with 
a mortality rate of 5–15%. Both EM and SJS 
can be associated with systemic symptoms and 

Table 11.3 Immune-mediated disorders frequently pres-
ent with oral manifestations and represent considerable 
morbidities and mortalities

Prevalence of oral mucosal involvement in immune- 
mediated disorders

Disease
No. of 
cases References

Lichen planus (65%) 82 Carvalho et al. 
(2011)*Pemphigus vulgaris 

(26.8%)
Pemphigoid (7.3%)
Lichen planus (70.2%) 309 Jaafari-

Ashkavandi et al. 
(2011)*

Pemphigus vulgaris 
(24.9%)
Pemphigoid (3.3%)
Erythema multiforme 
(1.3%)
Lupus erythematosus 
(0.33%)
Lichen planus (51%) 88 Goncalves et al. 

(2010)*Lupus erythematosus 
(20%)
Erythema multiforme 
(20%)
Pemphigus vulgaris (9%)
Lichen planus (76.56%) 64 Arisawa et al. 

(2008)*Pemphigoid (9.37%)
Erythema multiforme 
(7.82%)
Pemphigus vulgaris 
(6.25%)
Lichen planus (70.5%) 187 Leo et al. 

(2008)*Pemphigoid (14%)
Pemphigus vulgaris (13%)
Linear IgA disease (1.6%)

From Mustafa et al. [58] with permission of the publishers: 
*Investigations of Immune mediated disorders reviewed 
in Mustafa et al. [58]
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toxic epidermal necrolysis was thought to be a 
form of EM but is now considered to be a dif-
ferent disease.

Genetics: Recurrent EM has been associ-
ated with HLA-B15, -B35, -A33, -DR53 and 
HLADQB1*0301. Patients with extensive 
mucosal involvement may have a rare allele, 
HLA-DQB1*0402.

EM induces painful erythematous/ulcer-
ative lesions of the mucous membranes and 
the  presence of apoptotic keratinocytes, pos-
sibly caused by infiltrating cytotoxic lympho-
cytes (CD8+ T cells and macrophages). It has 
been suggested that immune complex disease 
might be responsible for the histological 
changes that are observed: lymphohistiocytic 
infiltration of the lamina propria and infiltra-
tion of eosinophils in the degenerating oral 
epithelium. The recognition of HSV-DNA-
expressing keratinocytes by specific CD4+Th1 
cells induces the production of IFNγ which in 
turn upregulates pro-inflammatory cytokines 
and chemokines. These cells then recruit auto-
reactive T cells to the oral mucosa where the 
cells are damaged by cytotoxic T cells, NK 
cells and chemokines. There appears to be a 
difference in the pathogenesis when EM is 
induced by drug sensitivity. Here, there is no 
IFNγ but TNFα is induced and the tissue dam-
age is because of apoptotic cell death. In SJS 
the cell death has been suggested to be induced 
by Fas-FasL interaction which is mediated 
through caspases [74].

A recent review of drug-induced exfo-
liative dermatitis (including EM) indicated 
a strong association with altered cell death 
mechanisms [75].

Pemphigus is a group of potentially life- 
threatening autoimmune diseases characterised 
by cutaneous and/or mucosal blistering. They 
are classical antibody-driven autoimmune dis-
orders where the target antigens are intracellular 
substances in the suprabasilar epithelium. Serum 
IgG and IgM antibodies can be demonstrated and 
salivary IgA is also present in patients with oral 
manifestations. The titre of antibody in serum is 
strongly correlated with the severity of disease 

and the antibody titre decreases as lesions heal 
[76, 77].

Genetics: There is a robust genetic associa-
tion with PV and certain ethnic groups such as 
Ashkenazi Jews and those of Mediterranean and 
South Asian origin. The major association is 
with MHC class II alleles such as HLA-DR4 
(DQB1*0503), DRw14. In Japanese patients, 
the association lies in HLA-B15. These alleles 
are critical for the recognition of Dsg3 by T 
lymphocytes which drive the class switching to 
pathogenic IgG subclasses. There is direct evi-
dence that IgG antibodies to Dsg3 are critical 
for pathogenesis. IgG1 antibodies are seen in 
remission but IgG4 predominates in active 
PV. IgG4 is a very interesting molecule as it can 
interchange its Fab arms so there is the potential 
for the antibody to be monovalent as seen in 
myasthenia gravis [78]—or indeed bi-specific. 
This has been exploited in the design of cancer 
therapies where a bi-specific antibody can target 
two antigens [79].

The molecular mechanism of cell-cell inter-
action and the effect of disruption of the des-
mosomes in these conditions are discussed in 
more detail in Chap. 3. Different profiles of 
antibody specificity have been described, with 
IgG anti- Dsg3 associated with pemphigus vul-
garis (PV) [80], whereas IgG anti-Dsg1 is 
associated with pemphigus foliaceus—this 
form of the disease does not usually affect the 
oral mucosa [81]. However, disease severity 
can be correlated with the balance between 
both of these antibodies, present in about 50% 
of PV patients. Anti-Dsg3 predominates in oral 
manifestations. Where IgA antibodies occur in 
the saliva, it is thought that this is a serum 
exudate.

A third variant of the disease, paraneoplastic 
pemphigus, also gives rise to mucosal presenta-
tions and is caused by both antibody- and cell- 
mediated autoimmune responses. Patients can 
also develop autoreactive IgG antibodies to other 
cytoplasmic proteins including epiplakin, plectin 
and desmoplakins [77] (Table 11.4).

Mucous membrane pemphigoid (MMP) is a 
collection of disparate autoimmune conditions, 
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now referred to as immune-mediated sub- 
epithelial blistering diseases (IMSEBD). The 
group includes bullous pemphigoid (BP) and 
pemphigoid (herpes) gestationis which gener-
ally present with skin but not oral lesions. 
Cicatricial pemphigoid involves the oral mucous 
membranes and the eyes [82]. Two types occur 
in the oral mucosa: those that are ulcerative and 
involve the non-keratinised (and occasionally) 
and the keratinised mucosa and that which 
induces a desquamative gingivitis. They are 
characterised by deposition of antibodies (IgG) 
and complement (C3) in the basement mem-
brane, which results in a bullous-type lesion and 

separation of the epithelium [83–85]. The auto-
antibodies have been shown to initiate a signal 
transduction cascade that increases the secretion 
of IL-6 and IL-8. This results in the recruitment 
of leucocytes (neutrophils) which on release of 
cytolytic enzymes effect the detachment of the 
basal cells from the basement membrane zone 
(BMZ). Other cytokines and chemokines are 
also thought to be involved including RANTES, 
TNF-α and IFN-γ.

SIgA antibodies specific for BP antigens of 
the hemidesmosomes, at the gap junctions in the 
epithelia, are characteristic of the MMP.

Genetics: An association with HLA 
DQB1*0301 has been noted, especially in 
patients with higher clinical scores or those with 
ocular disease [86]. Other studies suggest an 
involvement of HLA DQ7. There is a predomi-
nantly female presentation with an age of onset 
between 51 and 62 years.

Circulating IgG and/or IgA antibodies are 
induced to a variety of basement membrane 
zone antigens because of loss of tolerance to 
these self-proteins in BP but these are rarely 
detectable in MMP if skin substrates are used 
(Table 11.4). However, using mucosal sub-
strates such as monkey oesophagus, antibodies 
are detected in variable degrees. In CP, circu-
lating antibodies specific for extracellular and 
intracellular domains of BP180 are detectable. 
The specificity of autoantibodies has been used 
to distinguish CP and BP. The evidence is 
growing that the different presentation of pem-
phigoid variants reflects not just the specificity 
of the autoantibodies but also the mechanisms 
of pathogenesis (reviewed in [82]). When both 
classes of antibody (IgG and IgA) are present 
in the circulation the disease tends to be more 
severe and persistent than when IgG serum 
antibodies are present alone.

A variety of autoantigens including the bul-
lous pemphigoid antigen 1 (BPAg1) (a 
230 kDa protein, BP230), the bullous pemphi-
goid antigen 2 (BPAg2) (a 180 kDa protein, 
BP180), integrin subunits α6/β4, laminin-332 
(also known as epiligrin and laminin-5), lam-
inin-6 and collagen type I have been identi-

Table 11.4 Major autoantigens in disorders affecting the 
oral mucosa

Disease Autoantigen

Pemphigus diseases
Pemphigus vulgaris Desmoglein 3, Desmoglein 1
Paraneoplastic 
pemphigus

Desmoglein 3, Desmoglein 1, 
Desmoplakin, Periplakin, 
Envoplakin
Plectin, Desmocollins 1–3. 
BP230
Alpha-2-macroglobuline-like-1

Pemphigus 
vegetans

Desmoglein 3, Desmoglein 1

Pemphigus 
foliaceus

Desmoglein 1

Pemphigoid diseases
Mucous membrane 
pemphigoid

Collagen XVII/BP180, BP230, 
Laminin 332, α6β4 integrin

Linear IgA disease LAD-1 (120 kDa), 
LABD97(97 kDa), 285 kDa, 
180 kDa

Epidermolysis 
bullosa acquisita

Collagen VII

Bullous 
pemphigoid

Collagen XVII/BP180, BP230

Dermatitis 
herpetiformis

Tissue/epidermal 
transglutaminase

Chronic ulcerative 
stomatitis

deltaNp63alpha

Lichen planus Not known
Erythema 
multiforme

Not known, Desmoplakin 1 and II 
(?)

Systemic lupus 
erythematosus

Nuclear antigens

From Mustafa et al. [58] with permission of the 
publishers
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fied. BPAg1 is an intracellular protein, 
whereas BPAg2 and α6/β4 integrins are trans-
membrane proteins. The most frequently tar-
geted autoantigen in MMP is BPAg2. 
Laminin-5 is thought to be the major ligand 
between the transmembrane proteins and the 
anchoring filaments. Anchoring fibrils, com-
posed of type VII collagen, are located deeper 
in the lamina densa. These autoantigens are 
not exclusive to MMP and anti-BPAg1 and 
anti-BPAg2 have been demonstrated  
in BP, although anti-BPAg2 is more common, 
and autoantibodies to type VII collagens  
are also found in epidermolysis bullosa 
acquisita [87].

Linear IgA disease is a variant of pemphigoid 
that is distinguishable by the deposition of IgA 
at the epidermal basement membrane and oral 
presentation occurs in about 80% of cases with 
multiple painful ulcers occurring following the 
rupture of blisters. Desquamative gingivitis is 
frequently observed.

11.6  Sjögren’s Syndrome (SS)

Primary Sjögren’s syndrome (SS) is a chronic 
autoimmune disorder characterised by lympho-
cytic infiltration of the exocrine glands, especially 
the salivary glands and lacrimal glands resulting 
in mucosal dryness. A broad clinical presentation 
of exocrine involvement may also extend to the 
vagina but can also include systemic disorders 
(musculoskeletal, pulmonary, gastric, renal and 
nervous systems) and lymphoproliferative condi-
tions (lymphoma).

Viral infections have been associated with 
SS, including EBV, HHV-6 and HTLV-1, and 
the salivary glands can act as sites of latency 
for these viruses [88]. In a Japanese cohort, 
high titres of HTLV-1 were described along 
with salivary IgA specific for HTLV-1 anti-
gens [89] and cross-reactivity between the La/
SSB protein and viral domains of EBV, HHV-6 
and HIV-1 has been suggested [90]. Activation 
of TLR3 has been observed and there is evi-

dence of dysregulation in elements of both the 
innate and adaptive immune responses [91, 92] 
(Fig. 11.4).

Pro-inflammatory cytokines, IL-1, TNF and 
IL6, are upregulated in salivary gland tissues 
in SS and IL-33 (an IL-1 family member) acts 
synergistically with IL-23 and IL-12 to upregu-
late the production of IFNγ by NK and NKT 
cells [93]. Recent investigations have shown that 
IL-17 is dysregulated along with the SOCS and 
JAK-STAT signalling pathways [94]. In the B 
cell compartment, there is hyperactivity and the 
formation of so-called ectopic germinal centres, 
which are now recognised as fundamental to the 
diagnosis of SS [95, 96]. The activation of type I 
IFN and the TLR signalling pathways are remi-
niscent of the observations made in lichen planus 
and lupus [72] and suggest that these pathways 
are central to oral mucosal homeostasis and that 
the genetic background, antigenic and/or envi-
ronmental exposure that disrupt these pathways 
do so in an individualist manner to produce dis-
parate presentations of common dysregulations 
(Fig. 11.4).

SS patients are at increased risk of develop-
ing lymphoma especially those associated with 
mucosal associated lymphoid tissues (MALT). 
The two main features of SS, namely, the 
chronic exposure to autoantigens and immune 
activation, are key in the pathogenesis of lym-
phoma. The ectopic germinal centres described 
in SS are defined as B cell aggregates sur-
rounded by T cells and are indicative of inflam-
mation in secondary lymphoid organs such as 
the lymph nodes draining the salivary glands 
and are dependent on IL-21 and IL-22 for their 
formation.

Th17 cells are a major source of these cyto-
kines [97–101].

Genetics: Genetic association is not as 
clearly defined compared with other auto-
immune diseases such as SLE or RA, but is 
expected to be highly complex. There is known 
familial association and over a 600-fold higher 
risk of developing SS in an unaffected twin if a 
twin sibling has the disease [102, 103]. GWAS 
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studies have been carried out and several 
strong associations have been noted in HLA 
class I, II and III as well as HLA-DR and DQ 
loci [104], indicating that both the innate and 
adaptive immune responses contribute to dis-
ease pathogenesis. Other associations include 
genes which control expression of type I and 
II IFN signalling (IRF5, IL12A and STAT4), 
NF-κB signalling (CXCR5) and genes involved 
in activation and differentiation pathways in B 
cells (BLK) [105].

11.7  Tumours

In 2013 oral cancer resulted in 135,000 deaths in 
the USA, an increase from 84,000 deaths in 1990 
[106]. The 5-year survival rates in the USA are 
63%. Oncogenes are activated because of DNA 
mutations. Risk factors that predispose a person 
to oral cancer have been identified in epidemio-
logical studies. Smoking, alcohol and chewing 
betel, paan and areca are known to be strong 
risk factors for developing oral cancer. In India 
where such practices are common, oral cancer 
represents up to 40% of all cancers, compared to 
just 4% in the UK.

Around 75% of oral cancers are linked to 
these modifiable behaviours. Other factors 

include poor oral hygiene, irritation caused by 
ill- fitting dentures and other rough surfaces on 
the teeth, poor nutrition and some chronic infec-
tions caused by fungi, bacteria or viruses [107]. 
If oral cancer is diagnosed in its earliest stages, 
treatment is generally very effective.

Oral cancer often presents as a non-healing 
ulcer (shows no sign of healing after 2 weeks). 
In the USA, oral cancer accounts for about 
8% of all malignant growths. Men are affected 
twice as often as women, particularly men older 
than 40.

Head and neck squamous cell carcinoma 
(HNSCC) is the most common in the oral cavity. 
It is an aggressive epithelial malignancy but has 
an 80% 5-year survival rate when treated in the 
early stages. This drops to 19% for late-stage 
disease. The rate of second primary tumours in 
the oral cavity has been reported as 3–7% which 
is higher than any other malignancy. This obser-
vation has led to the concept of ‘field characteri-
sation’ where it is postulated that multiple 
primary tumours develop independently in the 
aero- digestive tract because of continuous expo-
sure to carcinogens. It is now known that at least 
50% of oropharyngeal cancers, especially those 
involving the tonsils and the base of the tongue 
and oropharynx, are infected with oncogenic 
variants of HPV [108, 109]. It has however been 
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noted that patients with HPV-positive HNSCC 
do better than HPV-negative HNSCC. The suc-
cess of the HPV16 vaccine for cervical carci-
noma gives hope that other vaccine strategies 
might be used against at least some of these 
malignancies.

The molecular mechanisms that predominate 
in oral carcinomas and the effect on homeo-
stasis are explored in more detail by Professor 
Parkinson in Chap. 8.

11.8  Oral Manifestations 
of Systemic Disease

Many systemic diseases present with oral mani-
festations which significantly impact on the 
quality of life either due to loss or compromised 
function in the oral cavity or due to the pain that 
frequently accompanies such alterations to nor-
mal homeostasis (Table 11.2). There is a very 
extensive literature [110–112] suggesting that 
the mouth is an excellent ‘mirror’ or ‘window’ 
for studying the oral presentations of systemic 
disease and in some cases may occur before sys-
temic disease is obvious. This is certainly the 
case for some of the oral manifestations of HIV, 
at the transition from the asymptomatic phase to 
full-blown AIDS (Table 11.5). Tables 11.3 and 

11.6 give an indication of the many diseases that 
have oral manifestations which are beyond the 
scope of this chapter.

Pemphigus/pemphigoid, Sjögren’s syndrome 
and erythema multiforme have been described 
above and the final section of this chapter deals 
with the gastrointestinal disease which has oral 
manifestations.

11.9  Crohn’s Disease 
and Orofacial 
Granulomatosis

Crohn’s disease (CD) in the oral cavity (OCD) is 
also described as orofacial granulomatosis (OFG) 
in the literature and presents as a non-caseating 
granuloma with a lymphocytic infiltration and 
swelling at various sites in the oral cavity. OFG 
can occur without gastrointestinal involvement 
and in some cases is associated with established 
Crohn’s and can also occur as a manifestation of 
sarcoidosis. Oral presentation is usually that of 
thickened rubbery lips and cheeks and swollen 
gingival mucosa. Ulcers and tags in the buccal 
mucosa are frequent [113, 114]. Serum and sali-
vary IgA and IgA2 responses to Streptococcus 
cerevisiae have been demonstrated in OFG 
and CD suggesting a method by which the two 

Table 11.5 Clinical presentations of oral manifestations of some systemic diseases

Systemic diseases Oral manifestations

Scarlet fever Fiery red tongue, prominent papillae (raspberry tongue), white-coated tongue with 
projected papillae (strawberry tongue)

Measles Spotty enanthema in the oral cavity, often precedes skin rash, ulcerated buccal mucosa 
Koplik spots

Infectious 
mononucleosis (EBV)

Acute pharyngitis and tonsillitis occasionally with grey-white exudative membrane, 
enlarged lymph nodes, palatal petechia

Diphtheria Characterised by dirty-white, fibrinosuppurative, tough, inflammatory membranes over 
the tonsils and retropharynx

HIV Opportunistic oral infections, Candida, herpes viruses, Kaposi sarcoma, hairy leukoplakia
Lichen planus Reticulate, lace-like white keratotic lesions; bullous and ulcerated (rare); seen in ~50% or 

patients with cutaneous LP; usually with other systemic manifestations
Pemphigus Vesicles and bullae-prone to rupture. Produce hyperaemic erosion covered with exudate
Bullous pemphigoid Oral lesions similar to pemphigus: histologically distinct
Erythema multeforme 
(Stevens–Johnson 
syndrome)

Maculopapular, vesiculobullous eruptions. Sometimes following infection, ingestion of 
drugs, cancer development, collagen vascular disease
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 diseases might be distinguished [115]. CD has 
been associated with several infectious agents in 
the past, including Mycobacterium paratubercu-
losis and Saccharomyces [116]. More recently 
the effect of signalling through the CD40-CD40L 
pathway using HSP70 peptides that inhibit the 
production of TNFα has demonstrated a poten-
tial route of amelioration of inflammation on CD 
and possibly OFG [117], again demonstrating the 
power of immune intervention in these inflam-
matory diseases. More recently a review of the 
histology of biopsies and intestinal pattern of dis-
ease has suggested that OCD and OFG are two 
distinct diseases [118].

There is also increasing evidence that the 
interactions of the host with the microbiome are 
critical in the maintenance or loss of homeo-
stasis, suggesting that a normal commensal 
flora might become dysbiotic and give rise to 
a selection of pathobionts in CD, similar to the 
 dysbiotic changes that occur in periodontitis 
[119, 120].

There is some overlap between the presenta-
tion and disease associations in Crohn’s disease 
and Behçet’s disease, especially in terms of gas-

trointestinal symptoms, and it is important that 
good differential diagnosis of these two condi-
tions is established [121] (Fig. 11.5).

Celiac disease tends to present in the oral 
cavity as oral ulceration. However, oral ulcer-
ation does not predispose to the development 
of celiac disease. Celiac disease is a classical 
hypersensitivity reaction to wheat gliadin which 
results in a flattening of the villi of the small 
intestine and a reduced surface area for nutri-
ent absorption. The loss of absorptive surface 
area in the gut of celiac patients leads to low 
levels of iron and folate which are easily rem-
edied and this results in resolution of the oral 
ulcers. More recently the crucial role of B cells 
in celiac  disease has been reviewed [122] and 
HSP autoantigens have now been suggested to 
be involved in this disease [123].

Ulcerative colitis also presents with oral ulcer-
ation, but in addition to aphthous ulcers patients 
may also present with more severe types of ulcers 
including pyostomatitis necrotica, pyostomatitis 
vegetans or haemorrhagic ulcers. These ulcers 
do not appear in the oral cavity in the absence of 
bowel symptoms, in contrast to Crohn’s disease 

Behcet’s Disease Crohn’s Disease

HLA-B51

Silk road

Retinal vasculitis/vitritis

Neuro-Behcet

Budd-Chiary syndrome
Venous thrombosis
Superficial thrombophlebitis

Pathergy reaction
Pseudofolliculitis

Retrobulbar neuritis
Genital ulcers with scar

Epididimit/orchitis

Arterial aneurysm

F/M

Age of diagnosis

Anywhere in the World

Oral aphtous ulcers
Uveitis

Erytma nodosum
Peripheral arthritis

Sacroileitis
Spondyloarthropathy

Gastrointestinal involvement

Immunosuppressive
theraphy

Vasculitis

Nonspecific inflammation

NOD2/CARD15

Northern Europe
Northern America

United Kingdom

Episcleritis
Conjunctivitis
Perianal fistula/fissure
Pyoderma gangrenosum
Sweet’s syndrome

Neutrophilic dematoses
Primary sclerosing

cholangitis

ASCA, ANCA

Granulomatous disease

Autoinflammation?

Fig. 11.5 Overlap of some presentations in Crohn’s and Behçet’s diseases
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where oral presentation can occur without gut 
symptoms. Interestingly, cell necrosis frequently 
releases HSPs and if these are taken up by resi-
dent DCs or Langerhans cells in the oral mucosa 
it might precipitate autoimmune responses 
to these chaperone molecules. However, the 
involvement of mucosal immunity in this disease 
is not proven.

Many systemic diseases show oral manifes-
tations and Table 11.6 demonstrates the wide 
variety of these ‘miscellaneous’ inside-out con-
ditions. A complete inventory of these diseases 
is beyond the scope of this chapter but hope-
fully this list reflects an increased awareness 
within the scientific community of the capacity 
of the oral cavity to reveal underlying disease 
processes and to signpost protocols and poten-
tial therapies.

 Conclusions

This chapter seeks to describe the elements of 
both the innate and adaptive immune responses 
that are dysregulated in oral mucosal diseases 
and to try to point out the underlying mecha-
nisms of disease presentation. This is by no 
means an exhaustive examination of all 

aspects of oral mucosal disease but seeks to 
emphasise the role that the immune system 
has in both resolution of disease and disease 
progression.
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An extensive description of diagnostic criteria 
and detailed clinical management is beyond the 
scope of this chapter and it should be borne in 
mind that these are not clinical recommendations 
but represent the consensus from the literature of 
successful management strategies that not only 
control oral manifestations but also contribute to 
the control of systemic manifestations of the dis-
eases. New understanding of the pathologies of 
diseases, especially in terms of signalling path-
ways, has revealed potentially new approaches to 
clinical management with new classes of drugs.

Many of the diseases are managed by using 
immunosuppressive drugs which also include spe-
cific monoclonal antibodies, the so-called biolog-
ics. The mode of action of some of the drugs most 
commonly used is outlined in Table 12.1.

12.1  Recurrent Aphthous 
Stomatitis (RAS)

Diagnosis of RAS is based on history and clinical 
observations and it is important to distinguish 
systemic causes and iron and mineral deficien-

cies. There are few specific agents for RAS but 
Table 12.2 shows a list of therapies based on data 
from Jurge et al. [10]. As with many of the dis-
eases described in this chapter management is 
based around corticosteroid therapies and 
immune-modulating drugs.

A systematic review of clinical trials under-
taken as part of a Cochrane review could find no 
evidence of a single systemic treatment for RAS 
[11] and topical corticosteroids remain the main 
treatment for RAS [12] as indicated in Table 12.2. 
These topical treatments vary in their efficacy 
and can be administered as mouth rinses, oint-
ments and creams or in adhesive vehicles.

The present consensus for treatment remains 
that of reducing physical trauma in the oral 
mucosa and controlling any inflammatory 
responses that drive ulceration.

12.2  Behçet’s Disease (BD)

In the last decade, multidisciplinary clinics have 
been firmly established in the UK that are now 
funded by the NHS as Behçet’s Centres of 
Excellence (BCE). These centres have provided a 
step change in the treatment of this multisystem 
disease with improved time to diagnosis and 
improved clinical management [13]. The path-
way used at the London BCE is outlined in 
Fig. 12.1.
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The treatment for BD patients consists of sev-
eral immunomodulatory agents including corti-
costeroids, immunosuppressants and biological 
therapies but they are not a cure [9, 14, 15]. The 
treatment is often symptomatic and the main goal 
is to induce and maintain disease remission. In 
BD, high-quality therapeutic trials have been 

lacking and the choice of therapy is largely based 
on case reports and several randomised control 
trials (RCT). However, the results have been 
inconsistent and the efficacy of the medications 
used was found to be organ specific. For exam-
ple, while immunosuppressive therapies pre-
vented relapse of ocular lesions, they were often 

Table 12.1 Modes of action of some immunosuppressive drugs in common use for oral mucosal diseases

Medication Immune system targets Mode of action

Corticosteroids For example: 
Prednisolone

General effects: production or inhibition of the 
transcription of anti-inflammatory proteins.
Stimulates lipocortin (anti-inflammatory 
protein) production which also inhibits the 
production of various pro-inflammatory 
cytokines including IFN-γ and TNF-α
Reduces T cell numbers and suppress their 
functions; reviewed by Bijlsma and Jacobs [1]

Anti-inflammatory

Anti-inflammatory 
agents

Colchicine Inhibition of polymerization of microtubules 
results in decreased cytokine secretion; inhibits 
phagocytosis and mitosis.
Inhibitory effect on neutrophils; inhibits 
chemotaxis and downregulates numerous 
functions; reviewed by Slobodnick et al. [2]

Immunosuppressants Azathioprine Thought to act by increasing apoptosis of 
activated T cells; reviewed by Sahasranaman 
et al. [3]
Controls T cell apoptosis by modulating a 
costimulatory signal (CD28) into an apoptotic 
signal [4]

Reduces immune 
activity

MMF Inhibits the proliferation of T and B 
lymphocytes.
Inhibits infiltration of lymphocytes and 
monocytes into the site of inflammation
Decreases the production of pro-inflammatory 
cytokines including TNF-α and IL-lβ; reviewed 
by Allison [5]

“Biologics” Infliximab—binds to TNF-α and TNF-β and 
lyses TNF-producing cells which neutralises 
their activity
Etanercept—a recombinant dimer of human 
TNF receptor proteins fused and bound to 
human IgG1, preventing the binding of TNF to 
its cell surface receptor
Adalimumab—a monoclonal fully human 
anti-TNF-α antibody which binds to TNF-α 
with high affinity; reviewed by Nash and 
Florin, Silva et al. [6, 7]
Rituximab: anti-CD20. Anakinra: anti-IL-1
Daclizumab: anti IL-2. Tocilizumab: anti-IL-6. 
Secukinumab: anti-IL-17
Anti-IFN-α therapy which acts by targeting 
various immune cells that produce type I 
interferons; reviewed by Nava et al. and Saleh 
and Arayssi [8, 9]

Reduces inflammation 
by specifically inhibiting 
different molecules

L.A. Bergmeier and F. Fortune
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ineffective in repeated mucocutaneous lesions 
[16]. This difference in the efficacy of therapies 
in different organs is thought to be due to differ-
ent antigenic stimuli for different manifestations 
in BD. The complexity of the clinical manage-
ment decisions can be appreciated when examin-
ing the drug pathways illustrated in Fig. 12.1.

The severity of oral ulceration in BD varies 
from mild infrequent symptoms requiring no 
treatment to frequent moderate and severe pain-
ful symptoms that interfere with quality of life 
(QoL). The treatment is therefore personalised 
according to disease severity in individual 
patients. The drug pathway guidelines recom-
mend that mild symptoms of oral ulceration are 
treated with topical colchicine and topical ste-
roid and non-steroid (anti-inflammatory) mouth-
wash and/or triple-therapy mouthwash (1 tablet 
betamethasone + 1 tablet doxycycline + 1 mL 
nystatin dissolved in 10 mL of water). Clinicians’ 
observations suggest that control of the oral 
symptoms in BD frequently leads to better con-
trol of the systemic symptoms. However, this is 
a complex disease and although more than 90% 
of patients first present with oral ulceration clini-
cal management is a challenge as a result of 
other systemic manifestations that arise as the 
disease progresses.

In 2008 the European League Against 
Rheumatology (EULAR) published a recommen-
dation guideline for the management of BD [17].

A recent review of new therapeutic agents for 
BD noted that IL-1 inhibitors currently represent 
the most studied agents among the latest treatment 

Table 12.2 RAS therapies

Local physical 
treatment

Surgical removal
Debridement
Laser ablation
Low dense ultrasound
Chemical cautery (e.g. silver 
nitrate sticks)
Physical barriers (e.g. 
cyanoacrylate adhesives)

Antimicrobials Chlorhexidine gluconate 
(mouthrinse)
Triclosan (mouthrinse)
Topical tetracyclines (e.g. 
aureomycin, 
chlortetracycline, 
tetracycline)

Topical corticosteroids Hydrocortisone 
hemisuccinate (pellets)
Triamcinolone acetonide (in 
adhesive paste)
Flucinonide (cream)
Betamethasone valerate 
(mouthrinse)
Betamethasone-17-benzoate 
(mouthrinse)
Betamethasone-17-valerate 
(mouthrinse)
Flumethasone pivolate 
(spray)
Beclomethasone 
diproprionate (spray)
Clobetasol proprionate 
(cream)
Mometasone furoate (cream)

Topical analgesics Benzydamine hydrochloride 
(spray or mouthrinse)
Topical anaesthetics (gel)

Other topical anti- 
inflammatory agents

Amlexanox
Sodium cromoglycate 
(lozenges)
Carbenoxolone sodium 
mouthrinse
Azalestine
Human alpha-2-interferon 
(cream)
Ciclosporin (mouthrinse)
Deglycirrhizinated liquorice
Topical 5-aminosalicylic acid
Prostaglandin E2 (gel)
Topical granulocyte- 
macrophage colony- 
stimulating factor
Aspirin mouthrinse
Diclofenac in hyaluronase
Sucralfate

Systemic 
immunosuppression

Prednisolone; Azathioprine; 
Levamisole
Colchicine; Thalidomide; 
Pentoxifylline
Dapsone
Cimetidine

These range from topical preparations to systemic anti- 
inflammatory drugs and their use is dependent on indi-
vidual severity scores and potential systemic disease 
which might result in RAS development (from Jurge et al. 
[10] with permission of the publishers)
NOTE: many of the drug therapies used in RAS are also 
used in other diseases described below because of their 
immune modulating mechanisms
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options for BD [18]. These are proving to be effec-
tive, safe and with an acceptable retention on treat-
ment. However, BD is a difficult disorder to 
manage where some symptoms respond to certain 
treatments that in turn can make other manifesta-
tions worse. Identifying new treatment options for 
patients unresponsive to the current drug regimens 
relies on the type of drug pathway outlined in 
Fig. 12.1.

12.3  Autoimmune Skin Diseases 
with Oral Manifestations

The most frequent site of mucosal manifestations 
of autoimmune skin disorders is the oral cavity 
and in the next section the more frequently 
encountered of these diseases is briefly described 
in terms of clinical management. In a recent 
review, the therapeutic options were outlined and 
the “usual suspects” of corticosteroids, immune- 
modulating drugs and biologics were listed along 
with adverse reactions [19] (Table 12.3).

12.4  Lichen Planus (LP)

The treatment aim is to eliminate ulcerative and 
atrophic lesions and as far as possible reduce the 
risk of malignant transformation. Mechanical 
trauma or irritants such as ill-fitting dentures 
should be managed appropriately and where 
lichenoid reactions occur hypersensitivity to 
amalgam restorations might be implicated, and 
these should be replaced with appropriate 
materials.

There are no medications that have been 
 specifically developed for oral lichen planus 
(OLP) and the drugs most frequently used are 
those with immunosuppressive activities. Topical 
corticosteroids are a first-line medication for 
OLP and are used widely to suppress T cell 
responses. Some patients may require systemic 
medications and these have included azathio-
prine, cyclosporine and mycophenolate mofetil 
[20, 21]. In OLP resulting from graft-versus-host 
disease (GVHD), where autoantibodies are 
 demonstrated, anti- CD20 (rituximab) has been 

Behçet’s Disease: Drug pathway

Less complex disease
Mucocutaneous disease
(90% of patients)

+/–
arthropathy
arthitris

Behçet’s Eye disease
(70% of patients)

Acute Flare (hypopyon panuveitis with
occlusive retinal vasculitis)

Flare

Severe disease

Other major organ disease (eg Central nervous system
disease, peripheral neurological disease, major vessel
thrombosis
(20% of patients)

50% 50%Effective

80%

30%

Effective

70% Effective

66% Effective

Ineffective

Flare in 50%

20%Ineffective

33%Ineffective

90% Effective 10%Ineffective

90% Effective 10%Ineffective

Ineffective

Syndrome

DrugsTreatmentTreatmentInitial therapy-less complex disease

Step up therapy

TNF inhibitor

Second line step-up treatment Second line step-up treatment

Step up treatment

Step-up treatment

Initial therapy
Intrevenous steroid

Azathioprine 2mg/kg per day

Initial TherapyOral colchicine 500mcg bd
Topical steroid (mouthwash, gel, spray)
Topical non-steroidal (anti-inflammatory mouthwash)
Triple mouthwash
Antibiotics

Azathioprine 2mg/kg (up to dose 200mg/day) usually started at
low dose before increasing

Infliximab 5mg/kg for 4 doses at a dosing frequency of every 6
weeks, then consider swapping to subcutaneous TNFi after 4
doses.

Infliximab 5mg/kg for 4 doses then swap to either adalimumab
40mg cow or etanercept 50mg once a wk. Stop therapy after 6
months. Restart if flare (70% flare within 3 months)

Cyclophosphamide (1.0 -> 1.5mg/kg daily IV at increasing
intervals 0, 2, 4, 8, 12, weeks)

OR

OR
Interferon Alpha average dose 30mcg once a week for 6 months
(restart if flare)

Infliximab 5mg/kg for 4 doses then consider swapping to
subcutaneous TNFi after 4 doses.

Alemtuzumab (temporarily unavailable)

Rituximab one cycle of 2 infusions @1,000mg/infusion
OR

Alemtuzumab (temporarily unavailable)

Rituximab one cycle of 2 infusions @1,000mg/infusion
ORStop therapy after 6 months. Restart if flare (70% flare within 3

months)

The bottom line: mucocutaneous disease -

75% patients taking baseline drugs

20% patients on step up therapy

5% patients requiring TNFi

The bottom line: eye disease -

85% patients taking baseline drugs

10% patients requiring TNFi

5% patients requiring IFN/rituximab

The bottom line: other major organ flare -

60% patients taking steroid/azathioprine

30% patients on cyclophosphamide

10% patients requiring a biologic agent

Stop therapy after 12 months. Restart if flare (70% flare within 3
months)

OR
Interferon Alpha
Average dose 30mcg once a week for 6 months (restart if flare)

Mycophenolate (up to 3g/day)
OR

OR

OR

Tacrolimus up to 4mg bd (dosed on plasma trough
concentration)

Steroid – variable daily, weekly or monthly
Oral variable dose
Intramuscular
Intravenous

Topical Steriod; Intraocular; Intravenous; Oral

Maintenance Therapy
oral steroid
Azathioprine 2mg/kg/day/Mycophenolate (up to 3g/day)
Ciclosporin 2.5-5mg/kg/day

Fig. 12.1 The London Behçet’s Centre of Excellence (BCE) BD management protocol
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suggested as a therapy. More recently the devel-
opment of JAK/STAT pathway inhibitors has 
been investigated in skin diseases including LP 
[22] while the effects of dexamethasone and 
cyclosporine A in OLP have been shown to act 
through modulation of the TLR4/NF-κB pathway 
[23]. Total glucosides of paeony have recently 
been investigated as suppressive agents of the 
NF-κB pathway for OLP [24].

Novel therapies such as low-level laser ther-
apy have been used as alternatives to corticoste-
roids and were shown to be effective in the 
management of symptomatic OLP [25]. However, 
this systematic review noted that due to a variety 
of methods and substantial variations in laser 

parameters among these studies, more ran-
domised clinical trials with large sample sizes are 
warranted. This was also the conclusion from 
another systematic review which investigated 
new therapies such as biologics and nutraceuti-
cals [26]. In other words, until more RTCs with 
larger sample sizes and longer treatment periods 
can be carried out and evaluated the management 
of OLP remains steroids and the immune- 
modulating drugs reviewed by Eisen et al. in 
2005 [20].

12.5  Erythema Multiforme (EM)

There is no specific treatment of EM but support-
ive care is of great importance, with intravenous 
hydration and liquid diets often necessary. 
Acyclovir is a successful treatment in many 
patients even when a clear viral association (HSV) 
is not established, while the use of antimicrobials, 
such as tetracycline, is a successful strategy when 
EM is associated with Mycoplasma pneumoniae. 
Corticosteroids can be used in EM as they are 
effective in reducing the amount of keratinocyte 
cell death and reduction in caspase activity. 
Tapering regimes of prednisolone have proved 
useful as well as azathioprine. Other immuno-
modulating drugs and biologics such as the anti-
TNF drugs have also been shown to be efficacious 
[27]. Thalidomide has controlled previously resis-
tant disease, in one report, and one patient with 
long-standing recalcitrant CP responded rapidly 
and lastingly to therapy with the TNF-a antago-
nist, etanercept (reviewed in Farthing et al. [28]). 
In a recent paper the guidelines for treatment of 
Steven-Johnson syndrome and toxic epidermal 
necrolysis were outlined [29] along with differen-
tial diagnosis of this disease.

12.6  Pemphigus

Current treatment is based on systemic immuno-
suppression using corticosteroids and additionally 
azathioprine or cyclophosphamide has been used 
(Fig. 12.2). Cyclosporine has also been effective 
for some patients. However, adverse effects to 

Table 12.3 Autoimmune skin diseases have oral mani-
festations and are treated with immune-modulating drugs 
as well as corticosteroids

Therapeutic options for oral lesions associated with 
autoimmune skin diseases

Therapy (indications 
and properties) Drugs

Topical corticosteroids
First line therapy for 
localised mild or 
chronic disease

For example, mometasome 
furoate, triamcinolone 
acetonide, clobetasol 
proprionate

Maintenance therapy 
after short course of 
systemic corticosteroids
Calcineurin inhibitors
Second-line therapy, for 
patients who fail to 
respond to 
corticosteroids

Tacrolimus, Pimercrolimus

Systemic corticosteroids
Cornerstone therapy 
with rapid onset and 
high effectiveness

Prednisolone

Immunosuppressant drugs
Slower in onset than 
corticosteroids

Azathioprine

Used in conjunction 
with corticosteroids for 
their steroid-sparing 
actions

Mycophenolate mofetil

Can be used alone to 
maintain remission after 
corticosteroids 
withdrawal

Cyclophosphamide
Cyclosporine

Adapted from Mustafa et al. [19]
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these drugs are recorded (reviewed in [30]). The 
use of biologics, namely rituximab—an anti-
CD20 reagent which targets B cell—has also been 
effective [31, 32]. In a recent review [33] the 
potential for therapies that absorb autoantibodies 
was discussed and this can be regarded as an 
update of the plasmapheresis that has been used in 
the past [30]. Relapse after rituximab therapy of 
pemphigus vulgaris may be due to incomplete B 
cell depletion and recurrence of the same anti-
DSG3 B cells observed during initial disease, a 
model best supported by the current data. 
Alternatively, disease relapse may be triggered by 
the appearance of a new anti-DSG3 B cell reper-
toire after complete B cell depletion. Production 
of anti-DSG3 antibodies by long- lived plasma 
cells, which are CD20—and hence not targeted 
by rituximab, appears not to play a significant role 
for many patients, given the serologic remissions 
of disease observed after rituximab therapy.

One of the most exciting potential therapies is 
the use of T cells that have been engineered to 
express a chimeric immunoreceptor consisting of 
the DSG3 extracellular domain fused to the T cell 
receptor cytoplasmic signalling and costimula-
tory domains [34]. These experiments have been 
carried out in mice but have enormous potential 

as the DSG3 chimeric autoantibody receptor T 
cells (CAARTs) specifically kill anti-DSG3- 
specific B cells. There is also potential for the 
development of long-term memory CAARTs, 
which could lead to long-term remission but with 
no global immunosuppressive effects.

12.7  Mucous Membrane 
Pemphigoid (MMP)

Patients presenting with oral lesions alone are 
best treated with topical anti-inflammatory 
reagents such as corticosteroids. Topical tacroli-
mus has been used to treat CP. Patients with recal-
citrant pemphigus or involvement of the skin or 
large oral lesion requires systemic therapy which 
depends on the extent and severity of disease. The 
drugs in use include prednisolone, azathioprine, 
methotrexate and etanercept [35]. Calcineurin 
antagonists, such as topical cyclosporine and 
tacrolimus, have been useful. However, the FDA 
(USA) has discouraged the use of tacrolimus as it 
is a potential carcinogen [35].

An outline of treatments for oral lesions is 
presented in Table 12.4 based on data from 
Mustafa et al. [19, 36] (Fig. 12.3).

Current and future therapeutic strategies for pemphigus

Cyclosporin

Daclizumab

Desmoglein-specific
B cell depletion (CAART)

Desmoglein-specific
T cell depletion

T cell

Anti-desmoglein
T cell

Anti-desmoglein
B cell

Anti-desmoglein
antibody

Desmoglein

Current therapies

Nature Reviews | Disease Primers

Future therapiesCorticosteroids

• Plasmapheresis
• Immunoadsorption
• Intravenous
 immunoglobulin

• Other anti-CD20
 antibodies
• PRN1008
• VAY736

Rituximab
• Corticosteroids
• Steroid-sparing
 agents
• Other adjunctive
 therapies

Other
circulating

antibody

B cell

Desmoglein-specific
immunoadsorption

Acantholytic keratinocyte

Fig. 12.2 Treatment pathways for pemphigus. Current treatments are in blue; future treatments are in orange. From 
[32]. Reproduced with publishers’ permission
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12.8  Sjögren’s Syndrome (SS)

Sicca symptoms are managed with eye drops and 
artificial saliva along with mucolytic drugs. Good 
oral hygiene along with maintaining moistening of 
the epithelium and fluorides to prevent or control 
caries is important. Systemic secretagogues, such 
as pilocarpine and cevimeline, can be used but 
have significant adverse effects. Treatment of the 
non-glandular systemic presentations depends on 
the system involvement. Corticosteroids and 
hydroxychloroquine are frequently used for sys-
temic disease; for example low-dose prednisolone 
is useful for skin and arthritic symptoms. 
Hydroxychloroquine inhibits TLR signalling and 
therefore downregulates innate immune responses, 
especially to viral infections. This drug works well 
in patients with concomitant RA [37]. However, a 
recent randomised clinical trial suggested that this 
drug was no better than placebo in patients with 
SS [38].

Biological therapies targeting the pathogenic 
B cells have shown very promising results. 

Rituximab (anti-CD20) reduced some symptoms 
such as fatigue and increased salivary flow in two 
small clinical trials [39]. However, there are 
increased risks of patients developing a serum 
sickness type of response and developing anti-
bodies to rituximab [40].

Primary SS patients, along with two other 
common autoimmune diseases (rheumatoid 
arthritis and SLE), are at high risk of developing 
lymphoma. In fact, pSS have the highest risk fac-
tors of all three diseases. In a retrospective study 
carried out in 2011 Pollard et al. [41] found that 
an initial high SS disease activity was likely to 
result in an adverse prognosis for the progression 
of lymphoma and/or SS. These patients required 
treatment for both MALT lymphoma and SS. But 
in patients with only localised asymptomatic 
MALT lymphoma and low SS activity a so-called 
watchful waiting strategy seems to give good 
outcomes.

There remains a lack of targeted therapy against 
the glandular and extra-glandular manifestations 
[42], but therapies under investigation include 

Treatment pathway for Mucous membrane Pemphigoid

Low-risk pts

NR or progressive

Topical agents

Maintenance

Maintenance

Taper dapsone,
Doxycycline,

topical
Change adjuvant agent

Surgery

Dapsone, low-dose prednisone

Adjuvant immunosuppressant,
biologic, or IVIG

Scarring (eye,
airway, etc)CR

PR, NR, or progressive

Systemic corticosteroids

CR PR, NR, or progressive

CR

High-risk pts

Fig. 12.3 Treatment pathway for MMP: CR complete response, NR no response, PR partial response. Reproduced 
from Xu et al. 2013 with permission of the publishers
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inhibitors of cathepsin S, B7-related  molecules 
and CD40, abatacept, BAFF, CD20 and CD22 
blocking agents, PI3Kδ and lymphotoxin-β recep-
tor repressors [43].

12.9  Oral Crohn’s Disease

Oral symptoms in Crohn’s disease (OCD) are 
often asymptomatic and may spontaneously 
resolve over time. These granulomatous lesions 
need to be differentiated from those of oral facial 
granulomatous disease (OFG) and a recent 
review clearly suggests that these two presenta-
tions are indeed distinct diseases with different 

treatment pathways as indicated in Fig. 12.4 [44]. 
It is essential that there is expert evaluation by 
multidisciplinary teams that consist of oral medi-
cine, gastroenterologists, dermatologists and 
coloproctologists in order that accurate diagnosis 
is affected.

There are also similarities between the aph-
thous ulcers of Behçet’s disease and the ulcers 
seen in OCD and the similarities and differences 
have recently been reviewed [45] and the differ-
ent treatment modalities are outlined in 
Table 12.4.

Once again there are very similar treatment 
options open to clinicians for these diseases, all 
of which are based around reducing inflamma-

Management algorithm for patients with both OFG and OCD presenting with granulomatous oral ulceration.

RECURRENT
MICROABSCESSES

LABIAL/FACIAL
INVOLVEMENT
DISFIGUREMENT
PYOSTOMATITIS
MRS Ψ

DEEP PAINFUL
ULCERATION

NON-SPECIFIC
THERAPIES*
DIETARY RESTRICTIONS φ

RESPONSE

OBSERVE / COLONOSCOPY

* 5-ASA Mouthwashes, Topical Beclomethasone
φ Used with a history of atopy in patients with orofacial granulomatosis
Ψ MRS Melkersson-Rosenthal Syndrome

DENTAL REFERRAL

NO RESPONSE NO RESPONSE

TOPICAL TACROLIMUS

INTRALESIONAL  STEROID
(± MANDIBULAR NERVE BLOCKADE)

SYSTEMIC STEROIDS

NO RESPONSE NO RESPONSE

ANTIBIOTICS

METHOTREXATE
OR THALIDOMIDE

NO RESPONSE

NO RESPONSE

INFLIXIMAB

APHTHOUS
STOMATITIS
CARIES
PERIODONTAL
DISEASE

SIMPLE ULCERATION
APHTHAE
CHEILITIS

Fig. 12.4 Treatment pathways for OCD and OFG
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tion and modulating the immune responses, 
either responsible for the pathology or unable to 
resolve following inflammation-driven damage.

12.10  Graft-Versus-Host Disease

The great success of modern medical advances 
has regrettably produced some iatrogenic oral 
mucosal diseases, especially in the field of 
transplantation. This is especially true for hae-
matopoietic stem cell transplantation. Graft-
versus-host disease (GVDH) is a leading cause 
of late mortality. Presentation in the mouth is 
common with gingivitis, mucositis and ery-
thema common to both acute and chronic 
GVHD. In chronic GVHD (CGVHD) further 
development of lichen planus like lesions, 
hyperkeratotic plaques and a restriction of the 
mouth opening is frequent [46].

Once again, the options for treatment largely 
depend on corticosteroids and immunomodulat-
ing drugs (Table 12.5).

12.11  Tumours

The clinical management of tumours still resides 
with the surgical team along with radiotherapy 
and chemotherapy.

While more recent vaccination studies sug-
gest that this avenue of endeavour might be 
promising for oral cancers and some head and 
neck cancers the detailed investigation is beyond 
the scope of this chapter but is eluded to in 
Chap. 8.

 Conclusion

One of the most important elements of treat-
ment of oral mucosal diseases is the accurate 
diagnosis and monitoring of severity in these 
diseases. While many of the treatment options 
are still based around corticosteroids and 
immunosuppressive drugs, one of the step 
changes in treatment has been the establish-
ment of the multidisciplinary clinics for patient 
management of these multisystem complex 
conditions.

The understanding of the contribution of 
the oral microbiota to health and/or dysbiosis 
is at the frontier of new developments and the 
search for early biomarkers will make consid-
erable impacts on the way oral healthcare is 
regulated in the future.

However, exploiting the immunology tool-
box with the development and use of mono-
clonal antibody therapy and the potential for 
designing other biologics may change the 
landscape of clinical management in the years 
to come.

Table 12.4 Comparison of the treatments used in Crohn’s and Behçet’s diseases

Behçet’s disease Crohn’s disease

Non-GIT BD GIT BD Non-GIT CD GIT CD
Colchicine S, M, A − − −
Corticosteroids All manifestations + All manifestations +
Azathioprine S, M, O, V, N + S +
6-Mercaptopurine − ?? − +
Cyclosporine A O − − −
Interferon-alpha O,N − − −
Mycophenolate mofetil O − − −
Cyclophosphamide O, V, N − − −
Methotrexate A, N + A, S +
Sulphasalazine A A
Mesalazine − + − +
Anti-TNF agents A, O, N + A, S, O +

A Arthritis, S Skin, M mucosal (GIT), O ocular, V vascular, N neurological, (+) effective, (−) not effective, BD Behçet’s 
disease. CD Crohn’s disease
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From the initial observations of dental plaque, by 
Anton van Leeuwenhoek in the 1680s (Fig. 13.1), 
to the first draft of the human genome [1, 2], 
investigation of the oral cavity has been central 
to many discoveries in human biology. It is now 
common for individuals interested in their ances-
try to have their genomic DNA analysed from 
buccal mucosal swabs or saliva. Many of the key 
observations that underpin the understanding 
of the mucosal immune system were made by 
groups working in dental institutes investigating 
oral diseases such as dental caries [3].

13.1  Introduction

The knowledge gained from the new technolo-
gies that have unravelled the genetic background 
of humans in health and disease has generated 
new methodologies that enable in- depth analy-
sis of genetic predispositions to disease and the 
effects of gain or loss of function of genes in the 
context of disease mechanisms. Genetic analysis 
by genome-wide association studies (GWAS) has 
enabled the dissection of genetic anomalies in 
a variety of oral mucosal diseases, for example 

the large GWAS studies carried out on Behçet’s 
disease patients that revealed polymorphisms in 
key genes of the innate immune system as well 
as confirming the association of HLA genotypes 
with the disease [4, 5]. GWAS studies of the 
 periodontal pathogens have also been carried out 
[6–8]. However, the limitations of these studies 
lie in their potential to either overestimate asso-
ciations or indeed mask associations (Fig.13.2).

However, a list of the genes is not enough. Post-
translational modification has profound effects 
on function and signalling pathways and how the 
proteins within and between the cells of the oral 
mucosa communicate and interact. Interactions of 
these proteins, and with those of the oral microbi-
ome, in health and disease have generated Big Data 
and have taken oral mucosal research from the 
reductionist approach that gave rise to the “omics” 
into the realms of systems biology (Fig. 13.3).

In a recent review of a symposium held at the 
94th General Session of the IADR 2016 (“How 
the OMICS are contributing to the understanding 
of caries”) the consensus was that these powerful 
technologies are expected to reveal novel caries 
biomarkers and next-generation diagnostics and 
therapies [9]. This approach will also inform 
other diseases of the oral mucosa.

In the UK, the 1000 Genome Project reported 
in 2015 and mapped the structural variation of 
2504 human genomes [10]. Investigations of pop-
ulations with high degrees of consanguinity have 
enabled the investigation of “human knockouts”, 
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where loss-of-function mutations can  disrupt both 
copies of a given gene. Phenotypic analysis of 
such “human knockouts” can provide insight into 
gene function. Consanguineous unions are more 
likely to result in offspring carrying homozygous 
loss-of-function mutations [11].

13.2  Big Data

Human Microbiome Project (HMP) was estab-
lished in 2008, with the mission of generating 
resources that would enable the comprehensive 
characterisation of the human microbiome and 

analysis of its role in human health and dis-
ease, http://hmpdacc.org/. There are now large 
comprehensive databases that can be mined for 
information, including the human oral micro-
biome (HTTP://www.homd.org). The interac-
tions of proteins within and between different 
cell types of the human body (protein–protein 
interactions—PPI) are being mapped and yield 
enormous amounts of information that has given 
rise to the concept of the interactome (http://
interactome.baderlab.org/). The first computa-
tional/predictive model of the human-microbial 
oral interactome was published in 2014 [12] 
and has the potential to reveal drug targets and 

Anton van Leeuwenhoek 1632-1723.
Observation of the Microbiota of Dental Plaque ~1683

“a little white matter, which is thick as ‘twere butter”

“ very many little animalcules”

In a sample from an old man who had not cleaned his teeth:

“an unbelievable great company of living animalcules,

a-swimming more nimbly than I had ever seen up to this time

Fig. 13.1 The observations on dental plaque by van Leeuwenhoek

Human Genome Project

• 2001- the first draft of the human genome is published (Lander et al Nature
 409: 860-921; Venter et al Science 291:1304-1351

• All the information stored in our DNA is available for interrogation.

• Should enable the prediction of potential for protein generation

• It tells us nothing about

� Interactions with Commensal and Pathogenic Microbiome

• Structure of proteins

• Interactions with one another
• Spatial and temporal relationships

• Level of expression

• Co-translational and post-translational modifications such as phosphorylation,
 glycosylation etc
• Signal transduction

BUT

OR

Fig. 13.2 Human genome 
project and beyond
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 interactions that are key to the maintenance of 
homeostasis within the complex ecology of the 
oral cavity. This work is based on the develop-
ment of the OralCard [13]. The tools that were 
developed became a key resource for understand-
ing the molecular foundations of the biology and 
disease mechanisms within the oral cavity in the 
context of analysis of the oral proteome associ-
ated with type 2 diabetes and other conditions 
(http://bioinformatics.ua.pt/oralcard).

In a recent paper an orthogonal analysis was 
carried out in 77 individuals vaccinated against her-
pes zoster, a common oral pathogen. The authors 
constructed a “multiscale, multifactorial response 
network (MMRN)”, using datasets from peripheral 
blood transcriptomics, flow cytometry of blood 
cells, plasma cytokine analysis and metabolomics 
to identify molecular networks induced by vacci-
nation [14]. The authors could show striking rela-
tionships between metabolomic and transcriptomic 
signatures and were further able to distinguish 
significant differences in the response of young 
compared with older individuals. This type of inte-
grated approach to dissecting and understanding 
biological networks signifies a potential paradigm 
shift in the way investigations are carried out in 
understanding health and disease.

13.3  Oral Microbiome: 
Commensals, Pathogens 
and Homeostasis

The microbiome evolves throughout life and is 
continuously influenced by the environment. 
At birth the colonisation by bacterial species 
is influenced by the route of delivery with the 
microbiome of vaginally delivered infants rep-
resented by the maternal vaginal and gut micro-
biome, while caesarean-delivered newborns 
exhibit a maternal skin-derived microbiome 
[15–17]. The oral cavity is host to more than 700 
species of commensal bacteria, of which about 
60% are cultivatable (HTTP://www.homd.org), 
but despite this high level of colonisation and 
exposure to allergens in foods there is relatively 
little acute inflammation or allergic reactions in 
the normal oral mucosa.

Periodontitis is the result of a chronic inflam-
mation associated with a dramatic change from 
a symbiotic community of mostly facultative 
organisms to a dysbiotic community consisting of 
anaerobic organisms that have evolved to thrive in 
an inflammatory environment including the acqui-
sition of numerous virulence factors [18].
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Fig. 13.3 From “omics” to systems biology
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Recent research has built on the knowledge 
that certain “keystone” organisms have a dis-
proportionate effect on their environment rela-
tive to their abundance [19]. P. gingivalis is a 
prime example of an organism that co-operates 
with others to remodel its microenvironment into 
a dysbiotic and disease-provoking microbiota. 
These new communities can subvert the nor-
mally tolerogenic immune system to maintain 
an inflammatory environment that promotes their 
survival in the face of a robust immune response 
[19–21]. The interaction of the host responses 
was discussed in Chap. 10.

In a prescient review of oral microbiology 
“Past, Present and Future”, He and colleagues 
[22] drew attention to the “metagenomics” anal-
ysis which would be required for understand-
ing communities of bacteria [23]. The study of 
biofilms has enhanced the understanding of the 
complexities of the oral microbiome and its inter-
action with host tissues. The use of multispecies 
oral biofilms, and investigating their ability to 
generate chemical messengers, such as cytokines 
and chemokines from immortalised epithelial 
cell lines, can elicit information about the way 
in which these microbial communities contrib-
ute to inflammatory processes in the oral mucosa 
[24–26].

Similarly, the construction of in vitro 3D mod-
els of the oral mucosa is essential in exploring 
the potential for oral cancer studies as well as 
drug delivery, infection models [27] and biocom-
patibility studies [28]. These integrated cellular 
structures offer modelled ecosystems of cells, 
biomaterials and microorganisms and the ability 
to manipulate the proteomic and metabolomic 
environment to understand disease mechanisms 
(Fig.13.4).

13.4  Immunology in the Oral 
Cavity: New Kids 
on the Block

In the general literature, there is still a tendency 
to assume that the rules and observations that 
govern and inform the biology of the gastroin-
testinal tract also apply to the oral mucosa. The 
oral mucosa resembles the skin in some respects 
but shares greater similarities with the oesopha-
gus, cervix and vagina (Chap. 2). However, in the 
last decade the unique features of the oral mucosa 
have become better understood and amenable to 
investigation.

New techniques such as sublingual immu-
notherapy for type 1 hypersensitivity offer the 

Variation in human microbiome in Health or Disease

Core Human Oral
microbiome

Host genetics
Lifestyle:
Diet, risk-factors (smoking)

Etiopathogenesis of
diseases

Environment

Immune system:
Innate and adaptive

Metabolism

Physiology:
Gender, Age

Fig. 13.4 Potential interactions of the human microbiome in health and disease
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potential for desensitisation from life-threatening 
allergies and a recent paper has begun to elabo-
rate the mechanisms involved, where particular 
phenotypes of dendritic cells in the sublingual 
mucosa migrate to the submandibular lymph 
nodes where they induce T regulatory cells that 
modulate responses [29].

Multi-coloured flow cytometry (up to 15 
colours) has enabled the dissection of many 
of the cells of the immune response, both new 
cell types and subpopulations with diverse 
functions reflected by unique phenotypes. 
Immunophenotyping has been explored in 
numerous papers with several recent investiga-
tions showing discrete phenotypic subpopula-
tions with different functions in NK cells [30], 
γδT cells [31] and mucosal dendritic cells [32, 
33]. Immunophenotyping has also been proposed 
as a method for monitoring autoimmune diseases 
[34]. Villani et al. [35] have used single-cell 
RNA-seq to reveal new types of human blood 
dendritic cells, monocytes and progenitor cells. 
These techniques have the potential to build an 
immune cell atlas that would map responses in a 
similar manner to the MMRN methods used by 
the Pulendran group [14].

The relatively new discovery of innate lym-
phoid cells has expanded the understanding of 
how the immune system is regulated and how 
tissue homeostasis is maintained in the face of 
inflammatory responses [36]. These cells popu-
late barrier tissues and are therefore very impor-
tant in homeostasis and defence from pathogens 
[37]. To date these cells have been identified in 
gingival tissue [38], show functional changes 
during SIV infection [39] and are important in 
responses against fungal infections [40]. There 
is however scope for investigation of these cells 
in the buccal mucosa especially since it has 
been reported that these cells are regulated by 
the microbiome [41]. The immune system has 
evolved and responds within the context of dif-
ferent microbiota depending on the tissue. Eberl 
[42] has suggested that the divisions between 
symbionts and pathogens are too strict and 
that an equilibrium exists between the host and 
microbiome that creates a “superorganism”. This 

is echoed in two recent reviews on the subver-
sion of the immune response by the microbiota, 
generation of dysbiosis and chronic inflammation 
[43, 44].

The recognition that microorganisms can drive 
the activation of appropriate immune responses 
and are important in maintaining homeosta-
sis [45–47] has also revealed that the types of 
responses induced by commensals are very differ-
ent from those of pathogenic bacteria [48].

The enormous potential of the immune 
response for dealing with pathogens, and the host 
response contribution to disease states (e.g. peri-
odontitis, allergy and autoimmunity), emphasises 
the importance of homeostasis (see Chap. 5). In 
a recent review, an equilibrium model has been 
posed for immunity [49]. It was suggested that 
four types of response coexist in balance, where a 
type 1 response deals with intracellular bacteria, 
viruses and tumours; type 2 responds to helminth 
infections; type 3 deals with extracellular organ-
isms and type 4 excludes microorganisms. The 
oral immune responses fit within several arms of 
this model and understanding the oral equilib-
rium would be a very important area of research.

13.5  The Ageing Oral Mucosa

Ageing is a growing issue in most countries 
where a high proportion of populations live to 
relatively old age and as fewer individuals are 
edentulous there is an opportunity to investigate 
the ageing process in a system that lends itself to 
easy and non-traumatic investigation through the 
salivary proteome and metabolome. However, 
dissecting the contributions of the oral bacteria 
and the different cell types in the oral cavity will 
require other lines of investigation to test hypoth-
eses and translate these findings clinically.

Chronic inflammation increases with age and is 
a predisposing factor for many cancers and other 
diseases. Recent evidence indicates that senescent 
cells are responsible for many diseases associated 
with chronological ageing [50, 51] and have been 
demonstrated to contribute to the side effects of 
cancer therapy [52]. Senescent cells are also 
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responsible for secreting a variety of cytokines 
known as the inflammasome that in healthy indi-
viduals targets the senescent cells for clearance 
by the innate and adaptive immune system [53]. 
Furthermore, chronic inflammation can induce 
senescence in mouse models [54] and senescent 
cells are associated with chronic inflammatory 
conditions of the oral cavity such as oral submu-
cous fibrosis [55]. As humans age the efficiency 
of their immune system declines, a process known 
as immunosenescence, and this may, or may not, 
be responsible for the accumulation of senescent 
cells with age in many human diseases. Several 
strategies are now being explored to selectively 
deplete tissues of senescent cells including boost-
ing the host immune system and development of 
selective drugs known collectively as senolyt-
ics [56, 57]. Senolytics work very well in mice 
[57, 58] but are known to have unacceptable side 
effects in humans [56] and so whether the mouse 
models will be translatable into the clinic remains 
to be seen.

In addition, the molecular changes that are 
responsible for these changes identified by the 
many omic studies described above are not 
fully understood. Divergence of cytokine pro-
files, mucosal stability and microbial sensing 
via TLRs, NLRs and RIGIs are part of the innate 
immune system and there is increasing evidence 
that perturbations of these functions with age 
have profound consequences. Ontological tran-
scriptomic analysis of the oral mucosa in non- 
human primates suggests that changes in the 
expression of sets of genes associated with the 
inflammasome (NLRs) with age might impair the 
recognition of microbes at the mucosal surfaces 
and establish inflammation [59]. Inflammatory 
disorders such as cardiovascular disease, chronic 
diabetic wounds and periodontal disease result 
from the amplification of inflammation pro-
vided by the influx of neutrophils and phagocytic 
cells—often as a direct result of initial microbial 
interactions with pattern recognition molecules 
[60–62] and to what extent this is linked to the 
accumulation of senescent cells and/or chronic 
inflammation remains to be investigated. The 
effect of post-translational modification on the 
protein expression of these molecules, the exis-

tence of splice variants [63] and indeed a greater 
understanding of the “spliceosome” [64, 65] will 
be of great value in the interpretation of the pat-
terns of response and feeds into the ever-evolving 
field of systems biology.

13.6  Biomarker Discovery

The NIH has defined biomarkers as “quantifiable 
biological parameters that are measurable and 
evaluated as an indicator of normal biological, 
pathogenic, or pharmacological responses to a 
therapeutic intervention” [66]. Indeed, the recent 
disclosure that oral cancer-driver mutations and 
human papilloma virus DNA can be detected in 
as little as 5 mL saliva from established cancers 
[67] suggests that modern sequencing techniques 
may offer some means of detecting oral cancer 
early which previously has been a serious bar-
rier to successful and cost-effective treatment. 
However, where such definitive markers such 
as a disease mutation are not available other 
approaches need to be developed.

The salivary proteomes and metabolomes are 
an ideal media for the investigation of disease 
markers as collecting saliva is a non-invasive 
technique that can be used in many of the mul-
tiplex platforms. However, dissecting the roles 
of the microbiome, inflammation and cellular 
senescence is likely to be very difficult in dis-
eases such as oral cancer and so far has produced 
no consistent biomarker candidates.

No longer are scientists obliged to investigate 
one protein at a time, but the advent of micro-
arrays for both RNA and proteins allows for the 
analysis of multiple analytes. These methodolo-
gies have enormous potential from the analysis 
of inflammatory markers in periodontal disease 
[68, 69] to the diagnosis of oral cancer [70] and 
many other oral mucosal diseases as discussed in 
Chap. 10. Furthermore, the ability to analyse sets 
of markers contextualises these substances in a 
way that single sample analysis cannot.

Data mining of established databases has 
shown that about 30% of the proteins found in 
saliva are also present in serum and this overlap 
could be exploited for biomarker discovery for 

L.A. Bergmeier and E.K. Parkinson



179

disease. Various groups have drawn connections 
between the salivary proteome and diseases as 
diverse as cystic fibrosis, diabetes, periodontal 
disease, caries and AIDS [71].

Proteomics also has a role to play in under-
standing the network of immune cells. In a recent 
Resource, Rieckmann et al. [72] investigated 
more than 10,000 proteins from the total and 
secreted proteomes of 28 cell populations com-
paring activated and steady-state conditions. The 
results provide a framework for investigation 
of protein interactions but also a window into 
altered communication and signalling pathways 
associated with disease pathology (http://www.
immprot.org/).

The investigation of biomarkers in the pro-
teome has also been enriched by the knowl-
edge of the microbiome and this has led to the 
realisation that the metabolome also has a major 
influence on the function of both the cells of the 
oral mucosa and the microbiome. The salivary 
proteome will, by definition, contain “metabo-
lites” produced by the mucosal tissues and the 
commensal oral flora. Understanding the way 
metabolites influence the microorganisms of the 
oral biofilm but also their effects on the mucosal 
epithelium and the immune cells that contribute 
to protection may reveal early markers of disease 
or disease progression.

In the crosstalk between microbiota and 
immune system, metabolites have an important 
role [73]. It is well recognised that the microor-
ganisms in the oral cavity use metabolic path-
ways that differ from other microorganisms such 
as gut E. coli [74–76].

Nutrients such as vitamin D have been shown 
to have an influence on the aetiopathogenesis 
of oral disease [77] including the ability to pre-
vent periodontitis in deficiency diseases such as 
X-linked hypophosphatemia [78].

The tumour environment is also under inves-
tigation for the competition that occurs for nutri-
ents between tumour cells and the infiltrating 
immune cells [79, 80]. Again, here there is a link 
with ageing as senescent cells are found to be 
associated with cancer-prone conditions such as 
oral submucous fibrosis [55] and the oral cancer 
environment [81]. Furthermore, oral cancer cells 

have been show to induce senescence in normal 
cells [81]. The metabolic pathways that tumour 
cells manipulate, such as those of lipid metabo-
lism, glucose and amino acid metabolism, have 
significant impact on immune cells. Increased 
glycolysis by tumour cells and neighbouring 
senescent cells in the cancer environment [81, 
82] can deprive infiltrating T lymphocytes of 
glucose which decreases their ability to signal, 
produce IFNγ and carry out cytotoxic functions. 
The presence of short-chain fatty acids and vita-
mins helps maintain barrier functions (in the gut) 
by supporting the development and survival of T 
regulatory cells and innate lymphoid cells. These 
mechanisms have recently been extensively 
reviewed [79].

Changes in metabolism in immune cells are 
also thought to contribute to the immune dysfunc-
tion of autoimmune diseases. Metabolites such 
as reactive oxygen species and changes to cho-
lesterol glucose and amino acid catabolism have 
been shown to be similar in multiple sclerosis, 
autoimmune arthritis and other diseases with auto-
immune components such as type 1 diabetes [83].

One of the key questions that might be asked 
is this: “What does normal look like”? In the HIV 
field the observation of correlates of protection 
has established some parameters for the develop-
ment of vaccine candidates [84].

Perhaps it is possible to take a leaf out of the 
HIV field and ask what the correlates of “normal-
ity” are in the context of oral homeostasis and 
resolution of disease.

The databases generated by the “omics” plat-
forms may indeed lead to such a profile but it is 
likely to be at a highly individual level that might 
open new avenues of research for drug discov-
ery. At the very least it might lead to recognising 
markers that indicate if a patient can respond to a 
drug, thus saving the trial-and-error approach of 
medication.

It would be easy to be overwhelmed by the 
sheer amount of data generated but a “step back 
and look” approach [79] might bring targets into 
sharper focus.

This book has attempted to revisit the oral 
mucosa in the context of health and disease and 
while it does not claim to be an exhaustive study 
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of the topic there is an interconnectedness of 
many distinct disciplines that meet in the oral 
cavity at the interface of the hard tissues and this 
unique mucosal tissue.

The new knowledge that is accumulating in 
the context of the microbiome and the nature of 
the cells that protect the oral mucosa opens many 
new avenues of research and this chapter has 
attempted to address some topics which could 
not be covered in the material presented in the 
main chapters and point to future directions of 
research. New technologies and methodologies 
have enabled a paradigm shift in the way oral 
mucosal biology research is carried out.

The map of the landscape of the oral mucosa, 
the “flora and fauna” that inhabit this ecosystem 
and the underlying structures that support the 
function of this gateway tissue are far more com-
plex than van Leuwenhoek could have imagined 
when he first set eyes on the “little animalcules” 
in plaque.
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