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Abstract

Oral lichen planus (OLP) is an immune-mediated mucocutaneous disease of
unknown aetiology. There is no cure for OLP and the main treatment aims to relieve
symptoms and control the progression. Despite advances in OLP research, investigations
into the condition are hampered by the lack of effective experimental models. Tissue-
engineered models have been developed, characterised and used in modelling different
diseases to study their pathogenesis and test novel treatments. However, there is no OLP
model, nor an oral mucosal model that incorporate polarised T cells. Therefore, this
project aims to develop tissue-engineered oral mucosal equivalents (OME) containing
polarised T cells to replicate OLP for use in the development of novel treatments.

Initially, cell culture conditions were defined and optimised before being developed
and adapted for complex 3D culture. T cells and keratinocytes were adapted to be
cultured in Green’s medium without hydrocortisone with their proliferation and activation
status assessed compared to culture in their original medium. T cell viability in collagen
hydrogels was assessed overtime using flow cytometry and a PrestoBlue metabolic

assay, revealing an increase in viability 5 days post incorporation into the 3D hydrogel.

CD4+ and CD8+ T cells isolated from buffy coats showed high purity (85-95%)
and viability (>90%). Upon activation with CD3/CD28 Dynabeads, CD69 levels were
increased when analysed by flow cytometry. T cells were cultured in conditions to polarise
naive CD4+ T cells into Thl or Th17 and CD8+ T cells into cytotoxic T cells. Phenotypes
were confirmed using flow cytometry, ELISA, gPCR and western blot. Thl cells secreted
IFN-y and TNF-a, key cytokines for Th1 and showed a higher expression of Th1

transcriptional factor, T-bet. 92% of CD8+ T cells produced granzyme B.

Full-thickness OME were created by seeding immortalised oral keratinocytes
(FNB6) on top of normal oral fibroblast-containing hydrogels before being raised to an air-
liquid interface (ALl). H&E staining of the OME revealed a multi-layered stratified
squamous epithelium on top of a fibroblast-populated connective tissue. To simulate the
inflammatory mucosa as in OLP, OME were cultured with IFN-y and TNF-a. This led to a
hyperproliferative epithelium and an increase in inflammatory markers, mainly
chemokines relevant to T cell chemotaxis in OLP. A chemotaxis assay was employed to
investigate T cell migration towards a chemoattractant gradient and revealed that
conditioned medium from TNF-a and IFN-y-stimulated OME caused the T cells to migrate

towards the chemokine gradient in a directional manner.
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Finally, a model of T cell-mediated inflammatory oral mucosal disease was
developed in vitro by combining OME on top of a T cell-containing hydrogel, followed by
stimulation with IFN-y and TNF-a. Histological staining of the disease model revealed
basement membrane destruction and basal cell layer apoptosis. 48 hours after
stimulation, the recruitment of T cells towards the epithelium was evident and confirmed
by immunohistochemical (IHC) staining for CD4 and CD8. Tissue destruction was shown
to progress gradually over time and the OME maintained high levels of CCL5, CXCLS9,
and CXCL10 secretion until day 25. The disease model was validated against OLP patient
biopsies with PAS staining and IHC staining for laminin, and integrin evidencing basement
membrane damage and for cleaved-caspase-3 confirming the presence of apoptosis in

the basal keratinocytes.

In summary, this study reports the development of a complex T cell-mediated
disease model that displayed basal cell apoptosis, T cell infiltration and basement
membrane destruction, which are key characteristics of OLP. This novel preclinical
disease model has great potential to probe for molecular mechanisms of disease and to

be used as a platform to test for novel therapeutics and modes of treatment.
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1 Chapter one: Introduction

1.1 The oral mucosa

The oral cavity is the first part of the alimentary tract and is lined with an oral mucosa that is
composed of two distinctive layers; a stratified squamous epithelium supported by a connective
tissue. Depending on the location, it can be categorised into three types: masticatory, lining, or
specialised mucosa. The masticatory mucosa covers about 25% of the surface lining of the mouth
and includes the gingiva and the hard palate. Like the skin, it is composed of a keratinised epithelium
where the epithelium is tightly attached to an underlying lamina propria. The dorsum surface of the
tongue represents the specialised mucosa that covers 15% of the surface area of the oral cavity
(Collins and Dawes, 1987). It is covered by mosaic mixed pattern of keratinised and non-keratinised
mucosa with special regional distribution of taste buds and papillae. The lining mucosa covers about
60% of the oral surface area (Collins and Dawes, 1987). It forms a non-keratinised mucosa that
covers all the other surfaces such as buccal mucosa, floor of the mouth, labial mucosa, the vestibule,
ventral surface of the tongue, and soft palate. The lining mucosa is attached by elastic, loose
connective tissue to underlying tissues which allow for the functional movements of the lining mucosa
(Squier, 1991).

The outer stratified squamous layer epithelium and lamina propria are attached to each
other by a thin layer of specialised extracellular matrix called the basement membrane. The
lamina propria is separated from the underlying muscles by a fatty or collagenous layer that is
rich in blood vessels and nerves known as the submucosa and is important in determining the
flexibility of the tissue. In some regions of masticatory mucosa like the gingiva, the submucosa
is absent leaving the lamina propria directly attached to the bone (mucoperiosteum) (Nanci,
2013).

1.1.1 Oral epithelium

The oral epithelium is the outer most layer in the oral mucosa and is composed of tightly
attached stratified squamous epithelial cells. The epithelium, from basal to apical, consists of
the following distinct layers: basal layer (stratum basale), spinous/prickle layer (stratum
spinosum), granular layer (stratum granulosum) and a cornified layer (stratum corneum). Two
types of keratinisations exist in the oral epithelium; orthokeratinisation, if the surface layer does
not contain nuclei, or parakeratinisation/non-keratinised, if the surface keratinised layer retains
small pyknotic nuclei (Nanci, 2013). As the cells pass from the basal to the apical direction, they
differentiate and mature. Basal cells produce cytokeratins 5, 14 and as cells mature, they get
larger and display more desmosomes and keratin filaments. Polyhedral cells in the spinous layer

produce cytokeratins 1, 6, 10 and 16. As the keratinocytes move to the granular layer they
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produce more membrane coating granules (MCG) which contribute to membrane thickening
and the permeability barrier in the keratinised layer resulting in cells with thick plasma
membrane, densely packed keratin filaments, few desmosomes, and no organelles (Winning
and Townsend, 2000) (Figure 1.1).

The granular and cornified layers are present in the keratinised mucosa while absent in
the non-keratinised mucosa. Instead, cells above the prickle cell layer are divided into
intermediate (stratum intermedium) and superficial layer (stratum superficiale) (Winning and
Townsend, 2000). In non-keratinised mucosa, as cells mature and differentiate, they produce
cytokeratins 4 and 13. As cells move to the intermediate and superficial layers, they display
increased keratin filament condensation and MCG that contributes to the permeability barrier.
However, non-keratinised mucosa shows greater permeability than keratinised mucosa and the

latter is considered ten times more permeable than the skin (Winning and Townsend, 2000).

Other types of cells that reside within the epithelium include melanocytes, Langerhans,
and Merkel cells. Melanocytes are present in the basal layer and are commonly known as
pigment cells as they produce melanin that contributes to the colour of the skin and mucosa.
The melanin is formed inside small vesicles called melanosomes that are transferred to
surrounding keratinocytes through melanocyte dendritic processes. Different skin colours are
generated by amount of melanin produced and degraded by melanocytes as the numbers of
melanocytes remain unchanged. Macrophages that have engulfed melanosomes can be
detected under microscopic sections as pigmented cells in the connective tissue . Langerhans
cells are dendritic cells originated from the bone marrow and situated in the supra-basal layer
of the epithelium. Langerhans cells are characterised by the presence of small rod-shaped
granules called Birkbeck granules. They interlink through their dendritic processes forming a net
called the reticulo-epithelial trap, which traps antigens. After they bind with an antigen, they
migrate to the regional lymph node to initiate a primary immune response. In histological section
stained with haematoxylin and eosin (H&E) they appear as clear cells like other non-
keratinocytes (Barrett, Cruchley and Williams, 1996). Unlike melanocytes and Langerhans,
Merkel cells are not dendritic and do not have desmosomes and tonofilaments attaching it to
the surrounding cells. Hence, merkel cells under microscopic examination may not resemble
other non-keratinocytes. However, these cells can be characterised by the presence of
membrane bound vesicles adjacent to nerve fibres. Merkel cells are thought to play a role in
triggering and transmitting sensory impulses (Hashimoto, 1972; Nanci, 2013). Inflammatory
cells can be detected in the basal layer of epithelium in clinically normal sections. Lymphocytes
are the most common leukocyte that are present in the epithelium. Though the presence of
inflammatory cells is transient, they play a role in the stability of the epithelium mainly through

the action of cytokines. Keratinocytes produce cytokines that cause Langerhans cells to produce
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IL-1 that in turn stimulate T lymphocytes to produce IL-2 to generate an immune response to
antigenic challenge. IL-1 also increases expression of receptors to melanocyte-stimulating
hormone on melanocytes, which affect the pigmentation of the mucosa (Squier and Kremer,
2001).

1.1.1.1 Basement membrane and connective tissue

The basement membrane forms the junction between the epithelium and the lamina
propria. It is composed of three layers: lamina lucida, lamina densa and lamina fibroreticularis.
The lamina densa consists of a net of polymers such as type IV collagen and laminin. The lamina
lucida contains proteins that connect cells to the basal lamina including collagen VII, integrins
and laminin. Oral keratinocytes play an important role in maintaining the basement membrane
through the production of collagen IV and laminin 5. The lamina fibroreticularis is discontinuous
layer that is thought to be associated with the reticular fibers of the connective tissue(Nanci,
2013) (Figure 1.1).

Underlying the basement membrane, the connective tissue is composed of cells, fibres,
blood vessels, nerves, and matrix. The connective tissue is divided into a superficial papillary
layer that runs under epithelial rete ridges and a deeper reticular layer which separates the
papillary layer from deeper structures. The most abundant cell in the connective tissue is the
fibroblast. However, other cells like macrophages, mast cells, and inflammatory cells are
present. Fibroblasts are responsible for the production of the extracellular matrix. They are
stellate or spindle-shaped and have abundant endoplasmic reticulum. They have a low
proliferation rate, can be contractile and help in wound contraction due to their content of actin.
The extracellular matrix of the lamina propria is composed of collagen and elastin fibres and
matrix. The collagen types mainly present in the lamina propria are collagen types | and I, with
types IV and VII present as part of the basal lamina. The elastic fibres are dispersed throughout
the lamina propria, but they are found in abundance in the connective tissue of lining mucosa
as they support that function with their ability to deform and restore the tissue shape. The ground
substance of extracellular matrix is an amorphous gel-like material. It is transparent and fills the
spaces between fibres and cells and is mainly composed of large carbohydrate molecules
supplied by the tissue fluid. These include proteoglycan that is formed of a polypeptide core with
glycosaminoglycan attached to it, and glycoprotein, which is composed of a polypeptide chain

with hexoses attached (Squier and Kremer, 2001) (Figure 1.1).
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Figure 1.1: An illustration of the morphology of normal buccal normal oral mucosa. Normal oral mucosa
composed of an epithelium and connective tissue joined by a basement membrane. The epithelium
constitutes a basal layer, spinous/prickle layer, intermediate, and superficial layer. Other cells reside in
the epithelium include melanocytes, Merkel cells, and Langerhans cells. Connective tissue contains
fibroblasts, blood vessels, and extracellular matrix. Created in BioRender.com.

1.2 The immune system

The human body is surrounded by a heavily populated environment comprised of
microbes and substances that threaten normal homeostasis, a state of balance between
appropriate immune activation and suppression that is maintained by a highly sophisticated
immune system. Depending on the virulence and hostility of the offending microbe on one side
and the health and competence of the body at that time, the result of this confrontation varies
between asymptomatic events, mild symptoms, to severe symptoms and debilitating illness.
When the immune response is not sufficient, infections and inflammations may occur, whereas,
if it is overactivated, hypersensitivity or autoimmune diseases may occur. Also, the dysregulated
function of these cells may produce immune mediated diseases. Hence, it is fundamentally
important that the immune system keeps a state of balance. The immune system has
traditionally been divided into innate and adaptive arms. The innate immunity including the
physical and chemical barriers on one side is considered the first line of defence as it produces
a quick non-specific response against antigens and accordingly does not produce memory for
this antigen attack, if it occurred in the future. Adaptive immunity on the other side is an antigen-

specific response that requires some time from the first exposure to an antigen to provide



maximum response against that antigen. Memory cells are formed that can mount quick and
efficient attacks if the body encounters the same antigen in the future. The two arms are
complementary to each other to produce an appropriate immune response (Marshall et al.,
2018; Nicholson, 2016).

1.2.1 Components of the immune system

All the cellular elements of the blood including the erythrocytes, the platelets, and the
leukocytes are derived from the same precursor cell in the bone marrow, the pluripotent
hematopoietic stem cell. Initially, these stem cells give rise to two types of cells: the common
myeloid progenitors and the common lymphoid progenitors. The common myeloid progenitors
give rise to the megakaryocyte—erythroid progenitors which in turn develop into erythrocytes
and platelets (Sola-Visner and Ramsey, 2017). The myeloid progenitors also give rise to most
cells of the innate immunity including mast cells, neutrophils, basophils, eosinophils and
monocytes, whereas the common lymphoid progenitors give rise to the cells of the adaptive
immune system including T lymphocytes and B lymphocytes (Figure 1.2) (Janeway Jr et al.,
2001Db).
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Figure 1.2: A schematic diagram of the cellular immune components. Allimmune cells are produced from

the pluripotent hematopoietic stem cell in the bone marrow which give rise to the common myeloid and
lymphoid progenitors. The common myeloid progenitors give rise to the erythrocytes, platelets, mast cells,
neutrophils, basophils, eosinophils, and monocytes, whereas the common lymphoid progenitors give rise
to the cells of the adaptive immune system including T lymphocytes and B lymphocytes. These cells
mainly circulate in the blood and further mature in the tissues or lymph nodes. Created in BioRender.com.

1.2.2 Innate immunity

Innate immunity is the major contributor of protection, acting through the inflammatory
response and plays a role in stimulating the adaptive immune arm. Innate immunity can be
categorised into four types of defensive barriers: physical such as the skin, physiologic such as
temperature and pH, endocytic or phagocytic and finally inflammatory. Cells of the innate
immune system recognise pathogens or tissue damage through pattern recognition receptors
(PRRs). These structures are able to recognise non-self-pathogens that display pathogen-
associated molecular patterns (PAMPSs) or recognise endogenous molecules produced by
damaged tissue displaying damage-associated molecular patterns (DAMPs) (Takeuchi and
Akira, 2010). Upon engagement with the pathogen, a non-specific process is activated that

includes phagocytosis, cell locomotion and cytokine production.

1.2.2.1 Monocytes

Monocytes descend from the common myeloid progenitors in the bone marrow before
entering the circulation, spleen, and bone marrow. These cells are effective in defending the
body through production of inflammatory cytokines and performing phagocytosis. Through
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expression of cell surface chemokine receptors and adhesion molecules, they are able to
migrate from the blood to tissues where they differentiate into more specialised cells in the
tissues such as macrophages and dendritic cells under the influence of the cytokine milieu in

the local environment (Geissmann et al., 2010).

1.2.2.2 Macrophages

Macrophages are found as either prenatal tissue resident macrophages or postnatal
monocyte-derived macrophages and as one of the three main phagocytes in the immune
system, they have an important role in defending the body against non-self agents. They are
equipped with a wide spectrum of PRRs to recognise different antigens and are broadly
distributed through the body’s tissues. They act to engulf and destroy particles or damaged cells
then present foreign antigen in complex with major histocompatibility complex (MHC) class Il to
T helper cells. Beyond innate immunity, macrophages have an essential role in homeostasis
through clearing tissue debris and secreting growth hormones, cytokines, and chemokines
(Janeway Jr et al., 2001b). Macrophages are not terminally polarised as they are plastic
throughout their life and depending on their origin and the microenvironment, can be polarised
into M1 (pro-inflammatory) or M2 (anti-inflammatory) phenotypes and demonstrate distinct
functions. Similar to the Thl and Th2 paradigm in T cells differentiation (see section 1.3.8), a
similar paradigm exists between M1/M2 (Zhang, Yang and Ericsson, 2021). A distinct type of
macrophages termed, tumour associated macrophages (TAMs) are recruited to tumour areas
and believed to have a role in the immune regulation of tumour cells by either producing killing

factors or promoting factors (Zhou et al., 2020).

1.2.2.3 Dendritic cells

Dendritic cells (DCs) are highly specialised antigen presenting cells (APC), derived from
circulating monocytes. Immature dendritic cells are found in the circulation as highly mobile cells
that can migrate to tissues throughout the body and mature into dendritic cells upon activation
by appropriate combinations of cytokines or recognition of an antigen (Geissmann et al., 2010).
DCs can move from tissues to the T cell and B cell zones of lymphoid organs to present antigen
to T cells through their MHC molecules. They express both class | and class Il MHC molecules
on their surface that permit the recognition of an antigen or part of it by the T cells receptors
(TCR) on the surface of T cells. These are usually known as the classical dendritic cells (cDCs)
(Chaplin, 2010). Another type of DCs are Langerhans cells (LCs) that reside in the skin
epidermis. They are situated at the suprabasal layer of the epithelium and are considered the
first line of defence since they produce a primary immune response (Geissmann et al., 2010). It

is proposed that the population of LCs precursors residing in the skin during embryonic life, rely



on their proliferation independent from circulating DCs to compensate for the low LCs loss that
occurs during steady-state turnover and minor injuries. Yet, LCs progenitors may be recruited
from circulation in events of severe loss during inflammation (Merad et al., 2002). Plasmacytoid
DCs (PDCs) are another subtype of DCs that are relatively long-lived and are present in the
bone marrow and all peripheral organs. PDCs can act as antigen presenting cells but their main
role is fighting viral infection through producing type | interferons (IFNs) (Geissmann et al.,
2010).

1.2.2.4 Mast cells

Mast cells are derived from myeloid stem cells and found in an immature form in the
circulation before they migrate to local tissues, particularly to the skin, airways and intestine,
where they mature under the influence of the microenvironment (Janeway Jr et al., 2001b).
Once inflammation occurs, local mediators may cause degranulation of mast cells and the
release of its cytoplasmic granules, including histamine, proteases such as tryptase and
chymase, tumour necrosis factor-a (TNF-a), prostaglandins and leukotrienes. Being rich in
multi-potent molecules, mast cells can regulate the function of other leukocytes such as DCs,
macrophages, T and B cells, fibroblasts, eosinophils, endothelial and epithelial cells (Krystel-
Whittemore, Dileepan and Wood, 2016). Moreover, mast cells have a role in regulating
physiological functions including vasodilation, angiogenesis, and microbial clearance. These
cells are important for wound healing, clot formation and through activating fibroblasts and
keratinocytes by releasing growth factors (Komi, Khomtchouk and Santa Maria, 2020).
However, mast cells are chiefly known for their role in allergic reactions through the binding of
an antigen to IgE, which is mostly found bound to the high affinity IgE receptor (FceRI) expressed
on the mast cell surface. This binding along with receptor clustering stimulates mast cell
degranulation, releasing its inflammatory mediators that result in an immune response and
hypersensitivity reactions such as vasodilation, tissue oedema, leukocyte extravasation and

skin reactions, etc (Krystel-Whittemore, Dileepan and Wood, 2016).

1.2.2.5 Granulocytes

Granulocytes are also known as polymorphonuclear leukocytes because of the variable
shapes of their nuclei or granulocytes due to the densely stained granules in their cytoplasm.
There are three types of granulocytes: neutrophils, basophils and eosinophils (Marshall et al.,
2018).

Neutrophils are the most abundant granulocytes in the body and have a prominent role
as phagocytes to clear infections and control other immune cell responses. The bone marrow

produces millions of neutrophils every day to circulate in the blood. Their production increases

8



in response to increased secretion of colony stimulating factors such as G-CSF due to infection
(Stark et al., 2005). In response to a foreign antigen, local tissue macrophages release TNFa,
IL-18 and other cytokines that stimulate endothelial cells to capture circulating neutrophils
(Nauseef and Borregaard, 2014). Neutrophils then cross the vasculature by extravasation and
migrate to the infected site along chemokine gradients. The role of neutrophils in inflammation
is believed to be more than the antimicrobial functions and includes phagocytosis, degranulation
and the release of nuclear material in the form of neutrophil extracellular traps (NETS). They are
able to respond to numerous signals by producing cytokines and inflammatory factors that effect
and control inflammation and the immune response (Rosales, 2018).

Basophils and eosinophils are granulocytes that exhibit similarities with mast cells.
Basophils exhibit FceRI expression, Th2 cytokine secretion, and histamine release but they
differ markedly in their ability to either react to other stimuli, generate inflammatory eicosanoids
or release immunomodulating cytokines and chemokines. Basophils can be identified through
metachromatic staining and through their segmented nucleus. Eosinophils exhibit highly
condensed chromatin and cytoplasm and have bilobed nuclei. Basophils act through production
of histamine, leukotrienes, IL-4 and IL-13 to participate in allergic reactions and in the defence
against parasitic infection, whereas eosinophils, play a role in allergy and defence against
parasitic infection through their degranulation of major basic protein (MBP) and release of
cysteinyl leukotrienes (Prussin and Metcalfe, 2003).

While Mast cells are tissue resident cells, basophils are largely circulating cells that
migrate to local tissue in allergic responses. Circulating hematopoietic stem cells may also serve
as a source of recruited mast cell precursors in infection or other settings. Interestingly, a
bipotent progenitor for the basophil and mast cell lineages have been identified in mice spleen
(Okayama and Kawakami, 2006). There is a strong indication that basophils and mast cells can
play relevant and complementary pro-inflammatory roles in several allergic disorders and that

basophils can produce anti-inflammatory properties (Varricchi et al., 2018).

1.2.3 Adaptive immunity

Lymphocytes are divided into three types: bursa-or bone marrow-derived lymphocytes
(B cells), thymus-derived lymphocytes (T cells), and natural killer (NK) cells. The B and T
lymphocytes are the main cells responsible for adaptive immune responses. B cells form the
humoral immune response while T cells form the cellular immune response, which are slower
to develop but are antigen-specific and lead to long-term immunological memory. Unlike the
innate system, adaptive immunity manifests specificity towards a target antigen (Marshall et al.,

2018). While innate immune cells recognise non-self through PRRs that recognise a wide and



diverse array of foreign molecules, the antigen-specific receptors on the surface of lymphocytes
are encoded by genes that undergo rearrangement in the bone marrow or thymus to form a
specialised receptor on each lymphocyte. This antigen recognition receptor on each lymphocytic
cell can bind with only one foreign molecule or antigen, thus, creating a heterogeneous
repertoire of antigen receptors (Janeway Jr et al., 2001c). Both B and T lymphocytes develop
from their lymphoid precursor in the bone marrow and while B cells continue their development
and maturation in the bone marrow, T cells travel to the thymus where they continue their
development. Both cells, however, undergo two stages of development. In the first stage, they
develop their antigen specificity through the rearrangement of gene segments on their
immunoglobulin receptor, for B cells, or T cell receptor (TCR) for T cells. In the next stage, these
cells undergo a training period to distinguish self from nonself-antigens before being permitted
to the circulation. During this training period, lymphocytes are confronted with different antigens
and molecules from their environment, if they interact with any of the self-antigens, they will
receive signals that lead to their apoptosis. Hence, any self-reacting lymphocytes are removed
from the repertoire before being able to mount a damaging autoimmune reaction (Janeway,
Travers and Walport, 2001). In response to the appropriate antigen/MHC combination, specific
T or B cells become activated, recruited to target organs, and undergo clonal expansion creating
an army of the same specific cell to fight a specific antigen (Janeway Jr et al., 2001c).

1.2.3.1 B lymphocytes

Following production and rearrangement of the immunoglobulin gene segment,
immature B cells express monomeric IgM on their surface and migrate to the spleen where they
differentiate through distinct transitional B cell stages termed T1 and T2, before differentiating
into either long-lived mature follicular (FO) or marginal zone (MZ) B cells which are mature but
naive B cells. These mature or naive B cells recirculate between secondary lymphoid organs
searching for an antigen (Nutt et al., 2015). Unlike T cells, B cells can bind and recognise an
antigen without the need for APCs as they can directly identify an antigen. The MZ B cells are
activated through T cell-independent activation and additional signals for activation are either
received from toll like receptors (TLR) or crosslinking of B cell receptors (BCRs) to repeated
epitopes on the foreign antigen. However, FO B cells may require stimulation by T helper cells
as some antigen can only be recognised by T cells in a process known as T cell-dependant
activation. Once internalised, B cells process the antigen and display epitopes in association
with MHC Il which are recognised by T helper cells via their TCR complex. This binding leads T
cells to increased expression of CD40L surface protein and cytokines that are responsible for
activating both B and T cells (Nutt et al., 2015; Parker, 1993).
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Once activated, B cells go through short and long-term paths of differentiation. In the
short-term, B cells differentiate quickly into short-lived plasma cells that are mostly IgM secreting
plasma cells which are able to secrete an initial response but with low affinity antibodies
(MacLennan et al., 2003). In the long-term path, B cells create a germinal centre through rounds
of proliferation, affinity maturation, and class switch into 1gG, IgA and IgE providing long-lived
immune cells with higher diversity and affinity in plasma cells to meet the immunity challenge.
Furthermore, some B cells differentiate into long-lived memory cells equipped to mount quick
and efficient responses if the same antigen was to be encountered again in the future (LeBien
and Tedder, 2008; Shlomchik and Weisel, 2012; Marshall et al., 2018).

1.2.3.2 T lymphocytes

T cells recognise antigens only if they are presented on the surface of APCs in
conjunction with a MHC, which in turn binds to the TCR. CD8 binds to MHC class | and CD4
binds to MHC class II.

CD4+ T cells recognise the antigen presented by class II MHC molecules. TCR
engagement with a specific antigen is accompanied by a specific cytokine environment
(cytokine milieu),whereby antigen-stimulated T cells are genetically programmed into a variety
of potential subsets that possess effector mechanisms appropriate for eliminating the pathogen
(Pennock et al., 2013). Their main function is to help and regulate other immune cells in their
function, for example, CD4 T cells are capable of activating B cells, macrophages, and CD8+ T
cells, hence the name “helper cells”. Helper cells are categorised mainly into three groups: Th1,
Th2 and Th17. Thl can produce cytokines such as INF-y, IL-2, and TNF-a, which activate
macrophages and cytotoxic T-cells. Th2 cells produce IL-4, IL-5, IL-10, and IL-13 and these
activate B cells. Thl7 induce IL-26, IL-22, and IL-17 secretion and these promote an
inflammatory response in autoimmune disease. Another T cell subtype is the regulatory T cells
(Tregs) which are believed to have an important role in the regulatory control over immune

responses, suppressing autoimmune disease while maintaining immune homeostasis.

CD8+ T cells are the corner stone of the adaptive immune response against viral
infections. They respond to the cytokine milieu and antigenic stimuli and divide into distinct
subtypes with characteristic functional criteria. This includes the development of the terminally
differentiated short-lived effector/ cytotoxic T cells which migrate from lymph organs toward
infection area. Effector CD8 T cells can also preferentially mature in response to cytokines to
long-lived memory T cells (Kaech and Wherry, 2007). Antigen detection alone is not sufficient
to activate CD8+ T cells as they need a costimulatory signal for a successful activation and

specific cytokines to modulate the immune response. Local inflammatory cells participate in
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creating a proper cytokine milieu for CD8+ T cells activation mainly Thl and their related
cytokines; IL-2, IL-12 and IFN-y. These serve as checkpoints to prevent improper immune
responses. Similar to CD4+ differentiation, IL-12 promotes T-bet transcriptional factor of which
high expression was related to short-lived effector cells and low expression connected to long-
lived memory cells differentiation (Joshi et al., 2007). Other cytokines such as IL-6 and IL-1
family members including IL-18 andIL-33 able to promote and potentiate the cytotoxic potential
of CD8+ T cells and controlling the viral infection. Nonetheless, cytokines such as IL-10 and
TGF-B were reported to supress CD8 activity (Cox, Kahan and Zajac, 2013). Upon contact with
target cells, cytotoxic CD8+ T cells can trigger programmed cell death of the target cells and
intracellular pathogen leading to DNA fragmentation and apoptosis. Once CD8 T cells recognise
an antigen on the surface of host cells, they release lytic granules that contain at least two
cytotoxic proteins, perforin and Granzyme. While perforin compromise the integrity of the cell
membrane by creating pores, Granzyme can enter the cell through these pores and induce
apoptosis through cleaving Caspase which activate nucleases that are believed to be
responsible for DNA degradation. Another perforin independent killing mechanism exist through
the binding of Fas on the target cell membrane with the Fas-ligand on cytotoxic and Th1l cell
membrane. This binding provide alternative signal to activate nuclease and induce apoptosis in
the Fas bearing cells (Janeway Jr et al., 2001a).
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1.3 Oral lichen planus

1.3.1 Background to oral lichen planus

Lichen Planus (LP) is a relatively common mucocutaneous inflammatory disease of
unknown aetiology (Odell, 2017). It was first described by William Erasmus Wilson in 1869 with
the name based on the appearance of the skin lesion. Similar to the appearance of the lichen
found growing in forests on trees, the Greek word “leichen” means tree moss and the Latin word
“planus” means flat-topped (Gupta and Jawanda, 2015; Wilson, 1869; Neville et al., 2002). LP
is characterised by a clinical presentation of variable patterns and can be categorised into two
types; cutaneous lichen planus, affecting the skin, nails, hair and the scalp and mucosal lichen
planus, which commonly occurs in the mouth and hence is referred to as oral lichen planus
(OLP). LP can to a lesser extent affect other mucosae, including the gastrointestinal tract (GIT),
genital areas, nasal mucosa, larynx and the conjunctiva of the eye (Nico, Fernandes and
Lourenco, 2011; Tyldesley, 1974).

OLP is considered the most common non-infectious oral disease with a global
prevalence of around 1%, although there are marked geographical differences, and it is usually
a long-lasting condition compared to the skin lesions (Gonzilez - Moles et al., 2020). OLP
occurs most frequently in isolation. However, it can occur with involvement of other mucosal
surfaces, particularly genital (20%) or the skin (15%). In contrast, OLP is found in approximately
70% of patients with a history of cutaneous LP (Farhi and Dupin, 2010). The condition ranges
in severity from asymptomatic, mild, moderate to severe forms and commonly undergoes
periods of quiescence and exacerbations that often coincide with such factors as stress, anxiety,
trauma, or exposure to a low chronic irritant, for example dental plaque, tobacco use or dental
filling (Scully and Carrozzo, 2008; Kurago, 2016).

The effect of smoking in aggravating symptomatic OLP has been related to the direct
thermal and chemical irritaion and to a lesser extent to the indirect vasoconstriction effect of
nicotine and its metabolites which contribute to delayed wound healing (Benowitz and Burbank,
2016). Smoking has also been associated with enhanced TLR-2 and CD34 expression in OLP
which are considered as inflammatory mediators and are contributing factors in the
pathogenesis of OLP (Amin, Yussif and Ahmed, 2020). However, there might be a protective
role associated with mucosal hyperkeratosis and the decreseased cytokine production mediated
by nicotine related steroid release. This might cause aggravation of the condition upon smoking

cessation as in aphthous stomatitis (Unal, Yalcin and Ozturk, 2014).

Classically, OLP presents with reticular white lesions that are bilaterally and

symmetrically distributed on the oral mucosa, particularly the buccal mucosa and sides of the
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tongue, gingiva, followed by labial mucosa and lower lip. The floor of the mouth and upper lips
are considered as less-common sites. Sometimes these white patches are more plaque-like in
appearance. In both cases, the thickening of the mucosa may be relatively asymptomatic apart
from feeling rough. However, with increasing disease activity there is mucosal thinning that
produces erosive (atrophic) lesions that are erythematous in appearance, often with surrounding
reticular or striated areas. Erosive areas are often painful and particularly sensitive to strong
flavours, acids, spirits etc., probably due to loss of the mucosal permeability barrier. As disease
activity increases further, there is complete loss of epithelium and the development of ulcerative
lesions. Like erosive lesions these may be surrounded by reticular or straited lesions and are
extremely sensitive (Al-Hashimi et al., 2007; Carrozzo et al., 2019) (Figure 1.3). Hence, it is the
erosive/ulcerative form that is considered the more clinically significant, causing symptoms of

discomfort, burning and pain (Scully and Carrozzo, 2008; Park, Hurwitz and Woo, 2012).

Figure 1.3: Clinical presentations of the different forms of oral lichen planus presented on the buccal
mucosa: (A) reticular, (B) plaque (C) erosive, and (D) ulcerative. Images provided by Prof Thornhill,
Sheffield Teaching Hospitals NHS Foundation Trust, Sheffield, UK. (Images were taken with written,
informed consent under ethical approval).

Ten per cent of OLP patients have gingival involvement that commonly occurs in erosive
and atrophic forms leading to a clinical condition termed "desquamative gingivitis".
Differentiation from other conditions with a similar presentation is needed such as pemphigus,
mucous membrane pemphigoid, graft versus host disease, dermatitis herpetiform, and lupus
erythematosus (Ebrahimi et al., 2012; Odell, 2017). A triad of gingival, vulvar and vaginal lesions

has been reported called vulvovaginal-gingival syndrome. Hence, other reports suggested the

14



use of the term "mucosal LP" instead of using “oral lichen planus" and "vulvovaginal LP (Sousa
and Rosa, 2008; Canto et al., 2010).

The classical histopathological features of OLP include a dense sub-epithelial band of
inflammatory T-cells, along with intra-epithelial lymphocytic cell infiltration, liquefaction
degeneration of the basement membrane and apoptosis of basal keratinocytes to form colloid
bodies (also termed cytoid, hyaline, keratin or Civatte bodies) (Matthews, Scully and Potts,
1984) (Figure 1.4).

Other histological features include surface hyper-parakeratosis, irregular acanthosis with
occasional areas of atrophic epithelium where the rete pegs may be pointed (saw-tooth), and
the presence of a fibrinous precipitate at the epithelial-connective tissue junction (Mdiller, 2017).
Classical features of OLP can be altered by candida infection (Hiremath, Kale and
Charantimath, 2011), and some features such as the absence of liquefactive degeneration of
the basal cells, a heterogeneous cell infiltrate, abnormal cell morphology and maturation might
exclude the diagnosis of OLP (Canto et al., 2010).
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Figure 1.4: Histopathological features of oral lichen planus. (A) Haematoxylin and eosin-stained section
of an OLP lesion showing the oral mucosa composed of a stratified squamous epithelium and underlying
connective tissue containing a dense band of inflammatory T cells in the subepithelial compartment. (B)
Magnified image of area depicted in A (white dotted outline box) showing the presence of colloid bodies
within the epithelium (yellow arrows) and infiltration of intra-epithelial T cells (blue arrows). Scale bar in A
= 200 pum and in B = 50 um. Images provided by Prof Thornhill, Sheffield Teaching Hospitals NHS
Foundation Trust, Sheffield, UK.

Oral lichenoid reactions (OLR) are regarded as either a distinct variant of OLP or an
OLP-like lesion and are similar in clinical and histopathological appearance to OLP. In contrast
to OLP, OLR tends to present clinically as a unilateral lesion that is not accompanied by
extraoral lesions (Thornhill et al., 2003). Moreover, histologically, the lymphocytic band tends to
be more diffuse, containing more eosinophils, plasma cells and colloid bodies than in OLP
(Thornhill et al., 2006; Mdller, 2017). However, some cases of OLR can be difficult to distinguish
from OLP. Unlike the idiopathic nature of OLP, OLR is often associated with an identifiable factor
such as a specific dental material (e.g., amalgam or nickel), chemical or medication and so is
considered to occur as a result of a delayed hypersensitivity reaction (Thornhill et al., 2006).
Diagnosis can often be made on clinical presentation alone, although a correlation between
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both clinical and histopathological criteria are required to prova definitive diagnosis. The World
Health Organization (WHO) has proposed a set of modified diagnostic criteria to reach a
diagnosis and differentiate between OLP and OLR (Rad et al., 2009). Since other conditions
resemble OLP, complementary investigations are needed to exclude them, and a second biopsy
may be ordered to perform a direct immunofluorescence test, especially if another autoimmune
condition is suspected such as pemphigus or mucous membrane pemphigoid (Sousa and Rosa,
2008; van der Meij and van der Waal, 2003).

There is a long history concerning the proposed cellular and molecular pathogenic
mechanisms in OLP, starting with Walsh and colleagues in 1990 (Walsh et al., 1990), further
developed by Sugerman et al., in 2002 (Sugerman et al., 2002) and more recently extended by
others to take into account new data (Khan et al., 2003; DeAngelis, Cirillo and McCullough,
2019; Lu et al., 2015). The overall consensus is that the pathogenesis of OLP is initially driven
by the recognition of a non-self-antigen that evokes an intricate and complex interplay between
immune and non-immune cells, cytokines and adhesion molecules, culminating in a
dysregulated cell-mediated immune reaction. This leads to proteolytic-mediated basement
membrane destruction and an inappropriate and harmful immune response, mainly by T cell
subsets, directed against oral keratinocytes leading to keratinocyte apoptosis. Despite much
advancement in the knowledge of OLP pathophysiology, the dysregulated immune response
that governs the disease is still not completely understood. The next section provides an
overview of the accumulated knowledge and current understanding of the specific and non-
specific immune responses in OLP and reflects on areas of research that may lead to the

development of new, targeted therapies.

1.3.2 Which antigens drive OLP pathogenesis?

The specific etiologic factors driving OLP are still unknown, although several lines of
evidence point to the presentation of a foreign or altered antigen by basal keratinocytes that
induce a T cell-mediated autoimmune response against these cells as the root cause. Each T
cell expresses a specific cell surface TCR that is composed of a and B chains which contain
variable (V) regions with unique amino acid sequences that mediate binding to a specific
antigenic determinant. Rearrangements in the genes that encode the a and 3 proteins during T
cell development create an extensive antigen specific TCR repertoire. In response to an OLP-
mediating antigen presented in association with the MHC, the corresponding antigen-specific T
cell becomes activated, recruited to the target oral mucosa where it undergoes clonal expansion
and directs a deleterious immune response against target oral keratinocytes resulting in

keratinocyte cell death.

17



In order to identify the specific antigens that instigate OLP, studies have attempted to
characterise the TCRs expressed by T cells in OLP lesions. The over-representation of specific
Va and Vb TCR families expressed by OLP lesional T cells indicate the selective recruitment
and expansion of particular T cells at lesional sites. However, the overall heterogeneous nature
of these Va and Vb sub-family suggests that several antigens rather than one distinct antigen
are responsible for provoking disease progression. Moreover, since superantigens (i.e.,
antigens that mediate non-specific excessive T cell activation) can bind to multiple types of V3
regions irrespective of TCR specificity, it has been proposed that superantigens are also
involved in driving OLP (Simark - Mattsson et al., 1994; Thomas et al., 1997; Zhou et al., 1996).

At present no single antigenic determinant has been shown to specifically trigger OLP
pathogenesis. Although still highly debated, current data points to the involvement of a number
of exogenous viral or microbial antigens in driving the cell-mediated host response. Three
independent systematic reviews with meta-analysis have shown an association between
presence of hepatitis C virus (HCV) and OLP, although this association showed regional
differences, with increased association observed in areas with higher prevalence of HCV
infection (Lodi, Pellicano and Carrozzo, 2010; Petti et al., 2011; Alaizari et al., 2016). Another
systematic review identified that human papillomavirus (HPV) may also play a causal role in
OLP, but once again the strength of this association varied across geographic populations,
clinical types of OLP and HPV genotypes (Ma et al., 2016). An association of OLP with presence
of Epstein-Barr virus is less convincing (Ashraf et al., 2020). The commensal fungus, Candida
albicans has also been studied as a potential instigator for OLP, but there is difficultly in
establishing a causal relationship, even where high prevalence was reported because oral
candidiasis is an opportunistic infection or can occur as a side-effect of corticosteroid and other
treatments for oral diseases including OLP (Baek and Choi, 2018). Several periodontal
pathogenic bacteria (Porphyromonas gingivalis, Tannerella forsythia, Prevotella denticola) have
been detected in OLP lesions and direct or indirect roles of these microbes, along with
superantigens derived from Staphylococcal and Streptococcal bacteria and even Escherichia
coli have been proposed in the aetiology of OLP (Zhong et al., 2020; Baek and Choi, 2018;
Ertugrul et al., 2013; Bornstein, Hakimi and Persson, 2008), although their role in disease
pathogenesis is still contentious (Villa, SGnchez-Pérez and Sieiro, 2021). The detection of
intracellular bacteria within oral keratinocytes and their close association with intra-epithelial T
cells suggests a route for microbial antigen presentation by oral keratinocytes, and it has been
proposed that individual bacterial species are responsible for the presentation of different OLP
types (Choi et al., 2016). Sequencing of 16S rRNA from healthy oral mucosa compared to OLP
lesion shows that the OLP-associated microbiota is significantly different (Baek et al., 2020).

However, in all instances, it has proven difficult to establish a direct causal relationship between
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microbe and OLP pathogenesis. Also, the fact that OLP is responsive to steroids which
represent the first line of treatment contradicts the potential for a microbial causative factor.
Otherwise, steroid treatment would have caused deterioration of OLP as the microbe would take

advantage of the suppressed immune system.

Other predisposing factors have been related to OLP onset such as stress,
hypothyroidism, nutrient deficiency and food allergy. It has been postulated that these factors
as well as others such as drugs or mercury salts may cause the unmasking or alteration of
endogenously expressed self-antigens that in turn stimulate a dysregulated T cell immune
response in OLP (Sugerman et al., 2002; Payeras et al., 2013). Despite this research, the
precise nature of the antigen(s) that instigate OLP remain elusive and so the initial events driving

OLP are still ambiguous.

1.3.3 Antigen presentation and initiating events in OLP pathogenesis

The initiating events in OLP pathogenesis not only revolve around acquisition of
exogenous or endogenous antigens but importantly production of pro-inflammatory cytokines
and response to these. Upon stimulation, oral keratinocytes release a multitude of pro-
inflammatory cytokines that significantly contribute at different stages to OLP pathogenesis.
Keratinocytes from OLP lesions have been reported to produce TNF-a, IL-1b, G-CSF, IL-12 and
IL-6 with many at levels 10- to 20-fold greater than from healthy oral mucosa (Yamamoto and
Osaki, 1995; Khan et al., 2003; Aragane et al., 1994). In addition, TNF-a, IL-1b and IL-6 were
detected at high levels in the supernatant of OLP keratinocytes, tissue-infiltrated mononuclear
cells and in the saliva of OLP patients (Yamamoto et al., 1994; Yamamoto and Osaki, 1995;
Rhodus et al., 2005; Rhodus, Cheng and Ondrey, 2007). Gene polymorphisms in TNF-a and
IL-6 have been associated with increased risk of OLP whilst no association was found for the
IL-1 cluster or IL-10 (Xavier et al., 2007). The activated keratinocytes act in concert with
Langerhans cells, which are APCs that reside within the oral epithelium and are found in
increased numbers in OLP lesions (Rich and Reade, 1989). These DCs mature by capturing,
processing, and presenting OLP-mediating antigens in association with MHC class Il on their
cell surface. The key pro-inflammatory molecules at this stage appear to be TNF-a and IFN-g.
Increased levels of IFN-g up-regulates the expression of MHC class Il by DC enhancing antigen
presentation and at the same time stimulates oral keratinocytes to express human leukocyte
antigen (HLA)-DR and -DQ MHC class Il, enabling them to also act as APCs (Takeuchi et al.,
1988; Li et al., 1996a; Farthing and Cruchley, 1989). Increased levels of TNF-a, due to both DC
and Kkeratinocyte activation, cause activation of the key intracellular pro-inflammatory
transcription factor, nuclear factor kappa B (NFkB) in the surrounding cells and, in combination

with the effects of IFN-g, lead to increased expression of numerous chemokines that drives
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immune cell recruitment as the disease progresses (Li et al., 1996a; Zhao et al., 2002; Marshall
et al., 2017b; Orlando, Bragazzi and Nicolini, 2013). Importantly, activated DC migrate to the
local lymph node where they interact with antigen specific T cells to produce a primary (often
termed the specific) OLP immune response.

1.3.4 T cell activation

T cells with an OLP-mediating antigen-specific TCR can be activated either at distal
lymph nodes sites or at the lesional site by APCs. The activation of naive T-cells in the lymph
nodes follows the physical interaction between T cells and DC. The primary signal in T cell
activation is the binding of the TCR-CD3 complex and either CD4 or CD8 co-receptor with MHC
class | or Il, respectively (Figure 1.5).
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Figure 1.5: Schematic diagram illustrating the interaction of an antigen presenting dendritic cell with
a naive T-cell. and the binding of the primary (MHC and TCR-CD3 complex with either CD4 or CD8) and
costimulatory signals responsible for T cell activation. Created in BioRender.com.

This interaction stimulates a cascade of intracellular signalling that results in the initial
activation of T cells. However, other co-stimulatory events are essential for T cell proliferation
and cytokine secretion. The primary co-stimulatory signal for T cell activation is the binding of
CD28 and the integrin CD18/CD11a (LFA-1) expressed on the T cell surface with their counter-
receptors, CD80 (B7-1)/CD86 (B7-2) and CD54 (ICAM-1) respectively, expressed by DC
(Wingren et al., 2017) (Figure 1.5). Ligation of CD28 augments T cell immune responses by
inducing enhanced secretion of IL-2 that then acts in an autocrine manner to stimulate T cell
proliferation (Thompson et al., 1989; Lindstein et al., 1989). Indeed, the expression of IL-2 has

been consistently found at elevated levels in OLP lesions (Yamamoto and Osaki, 1995; Orlando,
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Bragazzi and Nicolini, 2013). DC constitutively express moderate levels of CD80 and CD86,
however, these levels increase 100-fold upon activation. To modulate this immune response,
CD80/CD86 also bind cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) but with higher
affinity than CD28, blocking CD28-medaited T cell activation and dampening intracellular
signalling (Krummel and Allison, 1995). In addition to CD28, binding of CD40 with CD154 (also
termed CD40-ligand), also induces the expression of CD80/CD86 as well as the secretion of
pro-inflammatory cytokines such as IL-6 and IL-12, which can influence T cell differentiation into
different T cell subsets (Mackey, Barth and Noelle, 1998) (Figure 1.5).

Activated antigen-specific T cells then enter the bloodstream and are recruited to the
OLP lesional site by chemokines and adhesion molecules (see section 1.3.5). Interestingly, non-
activated T cells are also recruited to lesional sites where they are activated by tissue APCs
including DC, macrophages and IFN-y-activated oral keratinocytes that are stimulated to
express MHC class I, CD40, CD54 and CD86 (Zhou et al., 1996; Marshall et al., 2017b).
Moreover, OLP lesional mast cells can also activate T cells through the expression of MHC
class Il, CD80/86 and CD11a (Kambayashi et al., 2009). Hence, both the chance encounter and
the attracted migration hypothesis have been suggested for T cell activation and recruitment in
OLP.

1.3.5 T cell recruitment to the OLP lesion sites

In OLP, the lesional cell population is predominantly made up of variable levels of CD4+
and CD8+ T cell subpopulations. The crucial role of T cells in OLP pathogenesis was first
established after an oral lesion was induced following local transfer of CD4+ T cell clones with
a cytotoxic ability into mice recipients (Shiohara et al., 1986). Immunostaining analysis shows
that the majority of T cells within the epithelium and adjacent to apoptotic keratinocytes are
activated CD8+ cells, while most T cells in the lamina propria are CD4+ T cells (JUNGELL et
al., 1989; Matthews, Scully and Potts, 1984), providing an early indication that cytotoxic CD8+

T cells are largely responsible for driving keratinocyte apoptosis (Sugerman et al., 2000).

Recruitment of T cells from the circulation to OLP lesions is mediated by adhesion
molecules that are expressed on the surface of activated endothelium with their cognate
receptors on T cells. Endothelial adhesion molecules such as CD31 (PECAM-1), CD106
(VCAM-1), CD54 (ICAM-1) and CD62E (E-selectin) are expressed at very low levels in
quiescent endothelium but stimulation by pro-inflammatory cytokines such as TNF-a and IFN-y
released from OLP lesional sites dramatically up-regulates their expression on nearby blood
vessels (Little et al., 2003b; Meager, 1999). For example, endothelial CD31 was found to be

overexpressed in OLP compared to normal mucosa with higher expression in erosive than
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reticular forms (Lavanya et al., 2020). Circulating T cells, under the influence of specific
chemokines, then bind to the activated vascular endothelium via multiple receptor/ligand
interactions including CD18/CD11a with CD54, integrin CD49d/CD29 (VLA-4) with CD106 and
CD62L (L-selectin) with CD62E (Meager, 1999).

T cell migration from the endothelial surface into lesional tissue is directed by chemokine
gradients produced by IFN-y and TNF-a-activated immune and non-immune lesional cells and
increased expression of CD54 on the surface of oral keratinocytes that facilitate leukocyte
locomotion through the epithelium (Little et al.,, 2003b). CCL5 (RANTES) is a potent T-cell
chemoattractant that also causes degranulation of mast cells. In vitro-cultured oral keratinocytes
increase gene and protein expression of CCL5 in response to IFN-y and TNF-a (Little et al.,
2003b; Li et al., 1996a) and high levels of CCL5 have been detected in the epithelium, lamina
propria and serum of OLP patients (Ichimura et al., 2006; Shan et al., 2019; Hu et al., 2013).
Moreover, CCL5 was found to be expressed by oral keratinocytes in the majority of OLP and
OLR biopsies analysed (Little et al., 2003b) and CCR1 and CCRS5, which are cell surface
receptors for CCL5 as well as other T cell chemokines, have also been identified in OLP lesions
(Zhao et al., 2002; Hu et al., 2013). Recently, Shan et al., highlighted the importance of the
CCL5-CCR5 axis in OLP. The authors reported that as well as acting as a potent
chemoattractant, CCL5 inhibited T cell apoptosis, increased T cell longevity whilst
simultaneously inducing expression of CCL5 and CCR5 in an autocrine manner to form a
positive feedback loop to establish chronicity of OLP (Shan et al., 2019). As well as CCL5 other
T cell chemokines such as CXCL9, CXCL10, CXCL11 and CCL20 as well as their receptors
have also found to be upregulated in OLP (Ichimura et al., 2006; Fang et al., 2019). It is
plausible that these chemokines may mediate the recruitment of specific T cell subsets in
lesional sites or direct their migration to specific locations within the oral mucosa such as to the
lamina propria or intra-epithelial sites, although the precise role of each specific chemokine is

yet to be determined.

1.3.6 The role of mast cells and macrophages in OLP

Mast cells act in concert with T cells in the pathogenesis of OLP and are found in higher
numbers in the lamina propria, near blood vessels and adjacent areas of basement membrane
destruction (Sharma et al., 2011; Zhao et al., 1997). Elevated degranulation of mast cells has
been reported when compared to normal mucosa via detection with electron microscopy,
through the loss of metachromasia following toluidine blue staining or via immunohistochemistry
(Jontell, Hansson and Nygren, 1986; Zhao et al., 2001). Upon degranulation, mast cells release
TNF-a, chymase, tryptase and the T cell chemo-attractants IL-16 and CCL4 as well as CCL5

(Zhao et al., 2002; Rumsaeng et al., 1997). These mast cell-derived chemo-attractants act in
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concert with the keratinocyte-derived chemokines to perpetuate T cell recruitment to the lesional
site. CCL5 and CCL3 can also act in a paracrine manner by binding to CCR1 on nearby mast
cells driving their degranulation with further release of TNF-a, histamine and other pro-
inflammatory molecules culminating in a positive feedback loop (Figure 1.5) (Zhao et al., 2001,
Miyazaki et al., 2005).

Mast cell-derived tryptase and chymase are potent activators of matrix
metalloproteinases MMP-2 or -9, by proteolytic cleavage (Takai and Jin, 2022). Culture
supernatants from OLP lesional T cells contained higher levels of MMP-9 than those from
healthy control peripheral blood T cells suggesting T cell-mediated secretion of MMP-9 at
lesional sites (Zhou et al., 2001). Moreover, increased levels of MMP-2 and the broad-spectrum
protease MMP-7 have been observed in OLP tissue compared to controls (Li and Cui, 2013;
Rubaci et al., 2012). This increased proteolytic activity facilitates the migration of T cells through
the extracellular matrix of the lamina propria whilst also cleaving collagen IV and V to cause
direct proteolytic destruction of the basement membrane that has two consequences: firstly,
allowing CD8+ T-cells greater access to the oral epithelium and secondly detaching basal cells
from the basement membrane thereby depriving these cells of basolateral attachment survival
signals, driving apoptosis. Along with mast cells, inflammatory macrophages are also found in
increased numbers in OLP lesions (Ferrisse et al.,, 2021) where they likely exacerbate
inflammation by OLP antigen presentation and further secretion of TNF-a, IL-18, MMPs and
CCLS5 (Figure 1.6). Besides their pathogenic role in OLP and other autoimmune diseases, they
are best known for their role in allergic conditions including Asthma. To limit the detrimental
effect of MCs in disease, several therapeutic approaches were developed including inhibiting
MC related mediators such as protease inhibitors (Sommerhoff and Schaschke, 2007), inhibiting
MC activation such as omalizumab, anti-lgE antibody (Sheinkopf et al., 2008), or reduce their
numbers by reduce survival by targeting stem cell factor (SCF) or induce MC apoptosis (Finotto,
Mekori and Metcalfe, 1997). These strategies to target MCs can potentially be adopted for the
treatment of OLP and similar conditions. However, further investigation into the applicability of

such regeims is needed.
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Figure 1.6: A schematic illustration of the immune process in OLP. (1) An as yet unknown antigenic
stimulus activates keratinocytes and APCs to release pro-inflammatory cytokines and chemokines that
up-regulate keratinocyte and endothelium adhesion molecule. (2) Activated APC migrate to a lesional
lymph node and bind to the antigen specific T cells via cognate surface receptors and molecules leading
to activation of signalling pathways that activate CD8+ cytotoxic cells and differentiate CD4+ into Thl
subset. (3) T cells migrate to the OLP lesion through blood vessels. (4) The cytokine milieu further
enhances the Th1l differentiation, and their secreted cytokines propagate the inflammatory response. In
addition, CCL5 mediates mast cell degranulation releasing molecules such as TNF-a, chymase, tryptase,
histamine as well as further CCL5 to create a positive feedback loop increasing the chronicity of OLP.
TNF-a and IL-1 up-regulate adhesion molecules expression while chymase and tryptase activate MMPs
that degrade the oral mucosal basement membrane. (5) Cross talk between CD4+ and CD8+ occurs to
enable CD8+ cell functions. (6) CD8+ cells infiltrate the epithelium through the disrupted basement
membrane and cause keratinocytes apoptosis by a number of mechanisms. Created in BioRender.com.

1.3.7 CDB8+ T-cell activation and keratinocyte apoptosis

Keratinocyte apoptosis, based on the detection of the colloid bodies in histological
sections of OLP lesions, is a major outcome of the dysregulated immune response, where CD8+
T cells are consistently reported to be the principal cell type responsible for keratinocyte death
(Sugerman et al., 2002). There are two hypotheses for the OLP site infiltration by CD8+ T cells.
First, the chance encounter hypothesis, where T cells encounter the altered epithelium through
its random surveillance. This hypothesis is supported by the fact that the disease occurs in adult

life because it takes time for chance finding of the aetiological antigen. Second, the attracted
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migration hypothesis, where the T cells are attracted to the site of the antigen through
chemokines secreted by the altered keratinocytes and the Langerhans cells. This hypothesis
could be supported by the expression of chemokine receptors on T cells and the fact that T cells
infiltrate the lamina propria prior to the intra-epithelial infiltration. Hence, CD8+ T cells infiltrate
the mucosal epithelium along a T cell-specific chemokine gradient, which is often enhanced by
a disrupted basement membrane. These intra-epithelial T cells are activated by two means;
stimulation from IL-2, TNF-a, and IFN-y produced by various cell types including Th1 CD4+
cells, and by direct binding to MHC class I-presented antigen on immune cells or keratinocytes
(Sugerman et al., 2000). Crosstalk between CD8+ and CD4+ T cells is essential, as CD8+ cells
require an antigen-specific confirmation from CD4+ cells to enable them to proceed and
eliminate target cells (Figure 1.6).

Current evidence suggests that CD8+ T cells trigger keratinocyte apoptosis by several
mechanisms including the interaction of CD8+ T cell-expressed CD95L (FasL) with CD95
(FasR) on the cell surface of keratinocytes and apoptosis by caspase activation, T cell-secreted
granzyme-B entering the keratinocyte cytoplasm through perforin-induced membrane pores, the
action of CD8+ T cell-secreted TNF-a binding to TNFR1 that is up-regulated on the keratinocyte
plasma membrane in OLP (Tobén - Arroyave et al., 2004; Khan et al., 2003; Neppelberg,
Johannessen and Jonsson, 2001; Shimizu et al., 1997; Dekker et al., 1997). In addition, the
interaction of CD40 and CD40L expressed by keratinocytes and cytotoxic T cells, respectively,
along with TNFR2 activation enhance TNFR1-induced apoptosis, suggesting other mechanisms
may be at play (Grell et al., 1999). T cell independent mechanisms also regulate apoptosis. E-
cadherin and integrins are epithelial adhesion molecules involved with cell-cell contacts and
contacts with the basement membrane, respectively, and both are essential for cell survival
(Grossmann, 2002). Loss of keratinocyte E-cadherin expression has been reported in OLP, and
this along with degradation of the basement membrane may also induce keratinocyte apoptosis
via anoikis, as well as further facilitating the migration of CD8+ T cells into the epithelium

(Neppelberg et al., 2007; Grossmann, 2002).

1.3.8 Th1/Th2 paradigm and other T-cell subsets

For CD8+ T cells to enact their specific cell targeting and destructive behaviour in OLP
they must interact and receive signals from Th cells. It is now appreciated that upon appropriate
cytokine stimulation naive Th cells are programmed to differentiate into several different Th cell
subsets, each with distinct receptor expression and cytokine-secretion profiles and immune

modulatory functions (Figure 1.7).
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Figure 1.7: Schematic illustration of CD4+ naive Th subset differentiation and plasticity. Upon

appropriate cytokine stimulation naive Th cells are programmed to differentiate into several different T
cell subsets, each with a distinct transcriptional factor, receptor expression and cytokine secretion profile
and immune modulatory function. Some subsets show different levels of plasticity in response to changes
in the cytokine milieu. ThO is a mixed phenotype but under abundance of either IFN-y or IL-4 may switch
into either Thl or Th2 phenotypes respectively. Th2 under influence of high levels of TGF-b or IFN-y/ IL-
12 have the ability to transform to ThO or Th9, respectively. Th17 under high levels of IL-12 or IL-4 can
switch to Thl or Th2 subsets, and Treg cells may switch to the Th17 subset under high levels of IL-6
combined with a reduction in TGF-b levels. Created in BioRender.com.

Given that many of these Th cell phenotypes have been examined using in vitro cultures
under defined cytokine conditions it is currently uncertain as to whether these T cell subsets are
distinct or form a continuum, with their exact phenotype dependent on the local micro-

environmental cytokine milieu they experience in vivo.

In response to IL-12 and through the activation of transcription factors STAT4 and T-bet,
naive Th cells are programmed to differentiate into a Th1l phenotype that secrete high levels of
IL-2, IFN-y, TNF-a, express cell surface IL-12R, and are involved in cell-mediated immunity by
modulating the activity of macrophages and cytotoxic T cells. In contrast, under the influence of
IL-4, STAT6 and GATA-3 transcription factor activation, naive T cells polarise to a Th2
phenotype that express high levels of IL-4, IL-5, IL-10, IL-13 and tend to be involved in humoral

immunity where they interact with B cells (Crane and Forrester, 2005) (Figure 1.7).
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These two Th subsets regulate each other’s function through the antagonistic activity of
their related cytokines. The secretion of IFN-y by Th1 cells supresses Th2 cell formation by
inhibiting the actions of IL-4 and silencing GATA-3 whilst increasing expression of T-bet. In
contrast, IL-4 and IL-10 secretion by Th2 cells inhibit Th1 formation (Luckheeram et al., 2012).
Thus, a dichotomistic relationship exists between Thl and Th2 cells. Abundant evidence
suggests that the cytokine milieu in OLP skews CD4+ T cell differentiation toward the Thl
phenotype that then drives the activation of cytotoxic CD8+ T cells. This was confirmed by the
findings of elevated IL-12 and IFN-y gene expression and secretion by keratinocytes and cells
present in the superficial lamina propria and high levels of TNF-a adjacent to basal keratinocytes
of OLP lesions (Aragane et al., 1994; Mattsson et al., 1998; Wang et al., 2015).

Several studies have recorded high IFN-y to IL-4 ratios, inferring Thl dominance with
higher IFN-y expression purportedly related to the presence of erythematous or ulcerated OLP
lesions (Tao et al., 2008; Hu et al., 2015; Wang et al., 2015; Wei et al., 2018). Moreover, Rui Lu
et al., examined mRNA expression of T-bet and GATA-3 in peripheral blood mononuclear cells
isolated from patients with OLP. Their results supported the Thl-bias pattern observed in OLP
patients with significantly higher expression of T-bet compared to GATA-3 detected. However,
they indicated that different clinical forms of OLP might have different Th1/Th2 imbalanced
status with different T-bet/GATA-3 ratios detected (Lu et al., 2011). TNF-a produced by Th1
synergistically works with IL-1 to increase expression of MHC classes | and Il antigens, adhesion
molecules and chemokines further driving OLP chronicity. In addition, IL-18 functions as a
cofactor rather than as an initiator for Th1 development. IL-12 and IL-18 synergistically enhance
IFN-y mRNA transcription by activating the transcription factors STAT4 and AP-1, whilst
inhibiting the synthesis of IL-10, a Th2-associated cytokine (Nakahira et al., 2002). In support
of this, IL-18 serum levels are elevated in OLP patients and an IL-18 genetic polymorphism has
been associated with OLP susceptibility (Negi et al., 2019), although more studies are needed

to investigate the role of IL-18 in regulating Th1l differentiation in OLP.

Conversely, a lower IFN-y to IL-4 ratio and high IL-10 levels have been reported (Zhang
et al., 2018; Pekiner et al., 2012; Piccinni et al., 2014). Elevated levels of the Th2 cytokine, IL-5
and IL-6 have been observed in the saliva and serum of OLP patients compared to healthy
controls (Wei et al., 2018; Yamamoto and Osaki, 1995). IL-6 can promote IL-4 expression and
render CD4+ T-cells unresponsive to IFN-y signals leading to Th2 differentiation, suggesting
that Thl prominence in OLP may not be as straightforward as it seems. In particular, the
protective role of Th2 cells and its related cytokines in controlling or even suppressing Thl
development and connection to the reticular form of OLP has been proposed (Zhang et al.,
2018; Pekiner et al., 2012; Piccinni et al., 2014).
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Research into OLP has had a tendency toward investigating individual T cell subsets
and their associated cytokines to understand the pathogenic mechanism. These criteria may be
a too simplistic approach to fully understand the complex pathogenic processes where it is likely
that the actions of one cytokine may not be exclusive to only one T cell phenotype. Moreover,
there is a need to correlate research results with the clinical type/severity of OLP to uncover
their clinical importance. Additional studies are warranted with increased sample size to cover,

age, gender, genetic polymorphisms, and disease severity to resolve this issue.

1.3.9 Th1l7 and the non-classical Thl phenotype

Th17 cells have been defined through their expression of retinoic acid-related orphan
receptor (RORC) transcriptional factor and secretion of IL-17A, which is involved in the
recruitment, activation and migration of neutrophils by inducing the production of colony-
stimulatory factors (CSF) and CXCL8 by both macrophages and tissue-resident cells
(Annunziato et al., 2012). The actions of Th17 cells were initially described in their function to
clear extracellular pathogens such as fungi but recently their role in inflammatory and
autoimmune diseases through secretion of potent pro-inflammatory cytokines such as IL-26, IL-
22, 1L-6, IL-1 and TNFa have been uncovered (Wang et al., 2016) (Figure 1.7).

Thl and Th2 show some plasticity when they are partially differentiated but they seem
to be more stable when fully differentiated and in a state of dichotomy to each other where, if
one is predominant, the signalling pathway for the other is downregulated. In contrast to Thl
and Th2, Th17 cells are highly plastic throughout their entire differentiation and are able to
switch into either Thl or Th2 under the induction of IL-12 or IL-4 respectively (Figure 1.7) (Peck
and Mellins, 2010). Th1/Th2 phenotypes derived from naive CD4+ are often described as
‘classic’ whilst Th1/Th2 phenotypes derived from Th17 cells are described as ‘non-classic’
(Maggi et al., 2012). Factors such as IL-12, IL-23, TNF-a and IL1-B activate T-bet transcriptional
factor in Th17 cells, stimulating them to produce IL-17, IFN-y and GM-CSF and acquire features
of Thl cells but retaining the Thl1l7-cell surface marker CD161, and as such are termed
Th17/Thl cells (Figure 1.7). To complicate matters further, longer induction with IL-12, IL-23,
TNF-a or IL-18 may lead to the loss of IL-17, GM-CSF and IFN-y secretion but increased
expression of IL-23R whilst maintaining CD161, forming what is known as the ‘non-classical
Th1’ phenotype (Annunziato et al., 2007b; Mazzoni et al., 2019) (Figure 1.7).

Th17/Thl and non-classical Thl cells have been detected increasingly in different
inflammatory and autoimmune diseases such as rheumatoid arthritis, multiple sclerosis, Crohn’s
disease and psoriasis (Kamali et al., 2019). They have important roles in many processes that

were previously thought to reflect the activities of Thl cells. Xie et al., investigated the presence
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of Thl and Thl7 cells through their expression signature cytokines IFN-y and IL-17,
respectively, in the tissue of 40 OLP patients and 15 healthy controls using double
immunofluorescence staining of leukocytes by flow cytometry and in serum by ELISA. Their
findings showed an overabundance of both Thl and Th17 phenotypes in OLP, suggesting the
presence of a mixed Th population. These authors also observed higher IL-17 secretion in the
erosive compared to reticular form of OLP (Xie et al., 2012). Indeed, elevated secretion of IL-17
by Th-17 cells has been observed in several oral diseases where it is thought to play a key role

in oral immunity (Abusleme and Moutsopoulos, 2017).

Piccinni et al., investigated the role of Thl7, classical Thl, non-classical Thl, Th2, in
patients with OLP and showed that IL-17 was specifically expressed by Th17 cells in OLP
lesions with particularly high levels observed in erosive forms, while gene expression of the Th2-
related molecules, GATA3 and IL-13, were more associated with the reticular form (Piccinni et
al., 2014). Further immunohistochemical studies by Monteiro et al., also found increased IL-23
(a cytokine known to aid transcriptional expression of IL-17 by Th17 cells) and IL-17 expressing
lymphocytes in OLP lesions compared to controls, with significantly higher levels of IL-23 in
erosive compared to reticular forms (Monteiro et al., 2015). Similarly, Lu et al., also observed
elevated levels of IL-17 and IL-23 in OLP lesions compared to control mucosa, but with
predominance this time in the reticular form (Lu et al., 2015). More studies examining the
recruitment and cellular interactions of Th-17 cells in OLP are required to fully understand the

importance of this Th subtype in disease pathogenesis.

1.3.10 Other T cell phenotypes in OLP

In addition to Thl, Th2 and Th17, evidence is now emerging that other Th subsets have
an involvement in OLP pathogenesis. For instance, CD4+ T cells secreting IL-4, IL-5 and IFN-y
have been recognised and are referred to as ThO cells (Firestein et al., 1989) (Figure 1.7).
These cells synthesize multiple cytokines and are responsible for effects intermediate between
those of Thl and Th2 cells, or even a precursor of Thl and Th2 cells. Using co-expression of
IL-4, IL-5 and IFN-y as a cytokine signature, Piccinni et al., observed the presence of ThO cells
in OLP lesions, where, like Th-17 cells, their increased numbers were associated with the

erosive rather than reticular form (Piccinni et al., 2014).

Th9 cells are reprogrammed from Th2 following induction with TGF-b and IL-4 (Figure
1.7). Th9 cells produce IL-9 and, similar to Th2, can be inhibited by Thl-related cytokines
(Veldhoen et al., 2008). Wang et al., measured intracellular IL-9 and IL-17 by flow cytometry
following isolation of CD4+ lymphocytes from peripheral blood mononuclear cells of OLP

patients. They reported significantly elevated numbers of Th9 cells (CD4+/IL-9+/IL-17-) in the
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peripheral blood from patients with reticular OLP, while elevated numbers of Th17 cells
(CD4+/1L-9-/IL-17+) were observed in erosive types (Wang et al., 2017). In a more recent study,
gene expression of IL-9 was found to be increased in OLP lesions compared to healthy controls,
and interestingly was more abundant in erosive compared to reticular OLP lesions. Co-culture
of peripheral blood CD4+ cells with keratinocytes isolated form OLP patients in vitro increased
the proportion of both Th9 and Thl7 cells within the T cell population, suggesting that OLP
keratinocytes can support the differentiation of both cell types simultaneously. Moreover, culture
of CD4+ cells with recombinant IL-9 increased the levels of Th17 cells in the T-cell population
and increased secretion of both IL-17 and MMP-9, indicating a direct effect of Th9 cytokines on
Th17 activation. IL-17 was also shown to induce mRNA and protein production of MMP-9 by
keratinocytes isolated from OLP patients (Wang et al., 2018). These data suggest an interplay
between Th9 and Th17 cells that may drive OLP pathogenesis to more aggressive and chronic
forms of the disease via basement membrane destruction, but more data is required to test this
hypothesis, indeed, as yet there is no direct evidence for the presence of Th9 cells in OLP

tissue.

Th22, an IL-22 cytokine-producing Th cell, have been detected in some inflammatory
and autoimmune diseases but their exact role in the immune pathogenesis is not yet fully
understood (Hofmann, Kiecker and Zuberbier, 2016). Elevated levels of IL-22 have been
detected in OLP lesions compared to heathy controls (Chen et al., 2013; Shen et al., 2016).
There is scarcity in the literature regarding the role of Th22 in OLP, however, IL-22 has been
shown to induce secretion of several pro-inflammatory molecules by keratinocytes in a STAT3-
dependent mechanism and also inhibit keratinocyte differentiation whilst inducing cell migration
and hyperplasia (Boniface et al., 2005). Therefore, IL-22 secretion by Th22 cells may play a role
in pathogenesis in terms of hyperkeratosis or the remission phases of OLP where erosive

lesions undergo wound healing (Wang et al., 2016).

1.3.11 Tregs roles in exacerbation and remission

Tregs differentiate from naive T cells under the influence of IL-2, TGF-R, and IL-10
whereupon they express transcription factor forkhead box P3 (FoxP3) and release anti-
inflammatory cytokines such as TGF-b, IL-10, and IL-35 to suppress T cell activation (Gouirand,
Habrylo and Rosenblum, 2021) (Figure 1.7). Increased numbers of FoxP3+ cells in OLP lesions
inversely correlated with OLP severity, with highest numbers found in reticular than erosive
forms (Tao et al., 2010). The low number of Tregs in the chronic, erosive phase of OLP indicate
that a high ratio of activated T cells to Tregs as well as the high levels of pro-inflammatory
cytokines may alter Tregs function, prevent T cell resistance to apoptosis and cause T cell

accumulation in the tissue (Lei et al., 2014; Tao et al., 2010). In contrast, Pereira et al., reported
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no significant difference in the numbers of FoxP3+ cells between reticular or erosive OLP lesions
(Pereira et al., 2012). The opposing role of Th17 and Tregs to each other besides their close
relationship to different Th subsets in terms of plasticity, differentiation and function has led to
the hypothesis that Tregs and Th17, along with Th1l cells, may play a pivotal role in regulating
the immune response in OLP (Figure 1.8). Different environmental factors may cause
fluctuations in cytokine levels that can lead to periods of T cell-mediated mucosal damage,
which could be reflected clinically as periods of remission and exacerbation of the disease.
Current knowledge supports the likely hypothesis that the strong inflammatory process in the
acute phase of OLP is promoted by Th17/Thl, or non-classical Thl, while a change in the
microenvironment may promote Tregs or even the Th2 to suppress the actions of Th17 or Thl
respectively (Figure 1.8). More studies are needed to phenotype CD4+ subsets at different
stages of the disease. Investigating the role of these lineages and how they are activated or
supressed might provide an understanding of the immune mechanism in OLP and facilitate the
development of therapeutic strategies to interpose the deleterious T cell responses.

--»activation | gy ppressor proinflammatory
— Inhibition . :
function cytokines
and chemotaxis
IL-2
IL-4 IL-4 i IFN-y
IL-5 | IFN-y TNF-a
IL-10 CXCR3
IL13 CCLS
IL-17
N - - IL-2 ,
TGF-g| /Treg . IEN- Thi7 IL-26
10| | | ! Y IL-6
”_‘35 ‘,\ | L" 10 : IL'22
Y. [GE-B -====maocois > " | TNF-a
— CCL20
Tolerance/ Inflammation/
Quiescence/ Autoimmune disease/
Reticular OLP Erosive OLP

Figure 1.8: A schematic diagram illustrating the conceptualised role of Th17, Thl, non- classical Thl,
Th2, and Treg subsets in the pathogenesis of erosive and reticular types of OLP. The make-up of
cytokines within the local microenvironment regulates the type T cell phenotype and their number in OLP
lesional sites. Th1/Th17 favouring microenvironments tip the balance in favour of chronic inflammation
and erosive lesion whilst cytokines that favour Tregs and possibly Th2 T cells favour regression or less
aggressive reticular forms. Created in BioRender.com.
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Experimental data thus far suggests a complex interplay between non-immune cells at
the oral mucosal lesional site and an array of predominantly T cell infiltrates of various subtypes
that may fluctuate in number and spatial location (sub/intra-epithelial) as the disease
progresses. It is likely that some of the identified Th cell subtypes display plasticity and can
respond to changing micro-environmental cues at lesional sites by secreting cytokines and
changing cell surface receptor profile, thereby moving from one phenotype to another. It is also
likely that the proportion of T cell subtypes and levels of cytokines may tip the balance in favour
or against pathogenesis or the type or chronicity of the OLP lesion. To gain a greater
understanding of the role of different Th subsets in OLP it would be invaluable to identify distinct
Th subsets using standardised antibody panels for each phenotype with multichromatic
immunostaining utilising WHO diagnostic criteria defined OLP lesional tissue to examine
pathogenesis more directly as opposed to examination of serum or peripheral blood leukocytes
that could be subject to the influence of inflammatory lesions elsewhere in the body.
Development of advanced tissue engineered oral mucosal models to include T cell subsets
would aid in delineating the molecular mechanism that drives pathological outcomes.

1.3.12 Management of OLP

OLP has variable clinical presentations and different natural courses and may require
different treatments. There is no definitive cure for OLP, and the main aim in management is to
relieve symptoms, control exacerbation and reduce the risk of malignant transformation. The
treatment should be personalised to each patient depending on the status, age, pattern, and
symptoms. Asymptomatic patients do not generally require treatment. Patients with the atrophic,
ulcerative, or bullous type of OLP may experience symptoms ranging from burning sensation
and discomfort to severe pain and they require treatment (Odell, 2017; Scully and Carrozzo,
2008). Because of the chronic nature of the disease, patients should be monitored and their
medical history, psychological status, treatment compliance should be regularly evaluated.
Possible drug interaction should be evaluated. However, spontaneous remission or quiescent

phase has been reported in 40% of patients with reticular type.

It is important to advise patients to keep high standards of oral hygiene to enhance
healing. Calculus and plaque are associated with high rates of inflamed gingival lesions in OLP.
Also, it is essential to instruct the patient to avoid any irritant or potential exacerbating factors,
such as acidic, spicy, crunchy, or hot food. They should be advised to use sodium lauryl sulphate
(SLS)-free toothpaste and alcohol-free chlorhexidine mouthwash. Any causes of mucosal
trauma or injury should be treated such as a sharp tooth cusp. Moreover, OLP patients should

be informed on the very small risk of malignant change that OLP may undergo and hence, they
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should be encouraged to moderate alcohol intake, smoking cessation, and avoid any other

carcinogens (Scully and Carrozzo, 2008; Field and Longman, 2003).

Topical analgesic can be used to relieve pain and discomfort associated with erosive
and ulcerative OLP such as Benzydamine mouthwash or spray (Difflam). Topical steroids are
the mainstream for treating mild to moderate OLP. For patients who fail to respond to topical
steroids or can not tolerate steroid sparers, use of systemic steroids is considered. Usually,
therapy is effective in the first two weeks duration and then a gradual tapering is recommended
to avoid adrenal crises. Azathioprine is prefeered to cyclosporin as a third line of treatment if
steroids failed or were contraindicated (Scully, 2008a). Supportive psychological care is
required for some patients, because of the chronic nature of the disease and treatment. Also,
due to the unpredictable prognosis and exacerbations increased the vulnerability of these

patients to depression, anxiety and psychological disorders (Lodi et al., 2005; Scully, 2008b).

1.3.12.1 Corticosteroids

Glucocorticoids are the first line treatment of OLP as they reduce pain and inflammation
by reducing lymphocytic exudate and stabilizing lysosomal membrane, but the response varies
from one person to another. Topical steroids are preferable because the location of OLP lesion
is accessible for topical application and due to the fact that systemic use of steroids carries the
risk of developing steroid-induced side effects (Lavanya et al., 2011). Corticosteroids are well
known for their high risk of adrenal suppression (Stanbury and Graham, 1998). Even though
topical steroids are considered safe, adrenal suppression has been reported in long-term use
of potent corticosteroids (Decani et al., 2014; Levin and Maibach, 2002). Reports of minor side
effects of topical steroid are attributed to either direct absorption of potent steroid through the
oral mucosa or by ingestion after incorrect use. The following side effects have been reported
with a topical corticosteroid such as moon face and hirsutism, nausea, dry mouth, sore throat,
oral candidiasis, bad taste and smell with clobetasol propionate 0.05% mouthwash or
fluticasone propionate spray (Gonzalez-Moles et al.,, 2002; Hegarty et al., 2002). Oral
candidiasis can be treated by the use of antifungal treatment in conjunction with corticosteroid
therapy (Thongprasom and Dhanuthai, 2008). However, many studies and clinical trials
reported that topical steroids are unlikely to cause serious side effects when treating oral lesions
(Al-Hashimi et al., 2007).

1.3.12.2 Topical Corticosteroids:

Different formulations of drugs and protocols have been used and investigated, but there
is no consensus on one formula to be more effective than the other. Topical steroids have been

prepared in a variety of formulations such as solution, adhesive paste, base, ointment, gel, and

33



intra-lesional injection. Ointments and gels have been used for lip lesions and accessible areas
within the oral mucosa. An adhesive paste was used for localised lesions in the oral mucosa
(Lavanya et al., 2011). Adhesive paste applied using a custom-made tray was used to treat
gingival and palatal lesions and proved to be effective and safe (Thongprasom and Dhanuthai,
2008). There is no evidence to confer whether adhesive vehicles are better than mouth rinses,
but empirical evidence shows that mouth rinses are beneficial in patients with widespread
symptomatic OLP, or when the lesions are not easily accessible to apply ointments or gels (Al-
Hashimi et al., 2007). An intralesional injection was associated with pain during injection and
mucosal atrophy, however, they were beneficial in treating localized recalcitrant lesions (Farhi
and Dupin, 2010). Adhesive forms were preferred to keep the drug in contact with oral mucosa
for a longer period before it is washed away with saliva or absorbed. However, there is no clear
evidence to show higher efficacy with adhesive base form when compared with other forms
(Thongprasom and Dhanuthai, 2008; Lavanya et al., 2011).

Different potencies of drugs have been used, from moderate to super-potent formulas.
The choice of level of potency and concentration depends mainly on the severity of the lesion
and experience/ preference of the clinician. Drugs range from mid-potency corticosteroids such
as triamcinolone acetonide, to high potent such as fluocinonide acetonide, disodium
betamethasone phosphate, and super-potent such as clobetasol propionate (Lavanya et al.,
2011).

Commonly used drugs in term of decreasing potency include 0.05% clobetasol
propionate gel, 0.1% or 0.05% betamethasone valerate gel, 0.05% fluocinonide gel, 0.05%
clobetasol butyrate ointment or cream, and 0.1% triamcinolone acetonide ointment. For more
widespread severe cases application of topical gel or base could be very uncomfortable and
hence, solution drugs are recommended as 1.0 mg/mL aqueous triamcinolone acetonide or 0.1
mg/mL dexamethasone elixir to be used as a rinse for 2-3 minutes and to be expectorated. For
more extensive or recalcitrant cases intralesional corticosteroid injection is considered as 0.2—
0.4 mL of a 10 mg/mL solution of triamcinolone acetonide (Edwards and Kelsch, 2002).
Evidence also suggests that higher potency corticosteroids, such as clobetasol are probably
more effective. Another protocol of treatment was recommended by Sugerman et al and
includes the use of betamethasone propionate ointment 0.05% 3-4 times a day for the treatment
of localized oral lesions, 0.25 mg dexamethasone mouth rinse twice daily for generalized oral
lesions, and the use of 10 mg/ml triamcinolone acetonide intralesional for persistent localized
erosive OLP lesions (Sugerman et al., 2000). Two forms of triamcinolone acetonide 0.1% (mixed
with Orabase and as a mouthwash) were categorized as class | (useful and effective). Other

topical steroids (clobetasol propionate ointment, fluocinonide acetonide 0.1% in Orabase or
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0.05%) were categorized as class Il1A (evidence and opinion in favour of usefulness) (Al-Hashimi
et al., 2007).

The current mainstay OLP treatment is the use of topically applied corticosteroids such
as mouthwashes. These application forms suffer from short mucosal contact times and
inadvertent contact with the surrounding healthy mucosa. New drugs dosage forms include
mucoadhesive polymer-based patches pre-loaded with corticosteroid (Edmans et al., 2020).
These patches adhere for long periods to the oral mucosa and offer drug delivery directly to the
lesion over a number of hours. Colley et al, incorporated Clobetasol-17-propionate into the novel
mucoadhesive electro-spun patches and performed pre-clinical studies which showed that
Clobetasol-17-propionate was released in a sustained manner in both tissue-engineered oral
mucosa and ex vivo porcine mucosa. They further demonstrated prolonged adhesion and drug
release at therapeutic-relevant doses and time points in in vivo animal models (Colley et al.,
2018). Clobetasol in these electro-spun patches has been shown to traverse the epithelium and
inhibit T cell cytokine production in a rudimentary model of OLP using tissue engineered oral
mucosa and activated T cells and so are an improvement on current treatments (Said et al.,
2021; Colley et al., 2018). Recently, these patches which are now produced by the AFYX
therapeutic and commercially known as Rivelin® -CLO patch have met their primary end point
in a randomised double-blind, placebo controlled, phase 2 clinical trials in 138 symptomatic
erosive OLP patients. The treatment with 20 pg Rivelin® -CLO has produced significant
improvement in the ulcer area, disease activity, and quality of life (Brennan et al., 2022).

1.3.12.3 New molecular targets for OLP therapy

Understanding immune dysregulation in OLP will inevitably highlight molecules that can
in turn be targeted by new therapeutics. One approach is using specific small molecule
antagonists or humanised monoclonal antibodies to inhibit the actions of cytokines such as IL-
1, IFN-y and TNF-a. For example, TNF-a inhibitors such as etanercept, infliximab and
adalimumab, all of which are FDA approved for treating psoriasis and work by blocking TNF-a
binding to the cell surface receptor TNFR1 (Zhang et al., 2011). Hence, TNF-a inhibitors
constitute a promising therapeutic for OLP. However, this may not be straightforward as there
is evidence of development of an OLP-like lesion in patients treated with infliximab for psoriasis
and other inflammatory diseases (Asarch et al., 2009). Blockade of T cell costimulatory
molecules may also present a potential target for treatment. Inhibition of CD40-CD40L
interactions using an anti-CD40L monoclonal antibody was shown to prevent secretion of IFNg,
IL2 and IL-12 by Th1l cells in favour of the Th2 cytokines IL-4 and IL-10 in a murine model of
allograft rejection (Hancock et al., 1996). A similar approach for OLP may counter-balance T

cell phenotype against lesion development. Since adhesion molecules are involved in immune
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cell recruitment to lesional sites, antibodies targeting these molecules may unlock new treatment
strategies. Likewise, inhibiting the CCL5-CCR5 axis by blocking CCR5 using Maraviroc could
provide therapeutic potential in OLP treatment. Here, Shan et al., showed that T cell proliferation
and migration were suppressed while T cell apoptosis was enhanced (Shan et al., 2019). Similar
therapies may also work for other chemokines, such as interruption of the CXCL10/CXCL9-
CXCR3 axis, although the effects of this type of therapy on leukocyte recruitment in homeostasis

or infection may be problematic.

CD8+ T cells are critical perpetrators of inflammatory diseases that have been largely
overlooked as most biological therapies target pathways of CD4+ T cell subsets. For instance,
the selective expansion and targeting CD4+FOXP3+ Tregs has shown effective therapy or retro-
conversion in experimental models of several inflammatory/autoimmune-related disorders
(Beyersdorf et al., 2005). However, emerging evidence shows that different subsets of CD8+ T
cells exist including suppressor or regulator CD8+ T cells that are able to reset an autoimmune
response and protect the host (Xu et al., 2016). There is uncertainty regarding the mechanism
by which they control immunity but they constitute a promising therapeutic target that could be
approached through T cell transfer therapy or modulating their numbers and activity with novel
immune modulators (Konya, Goronzy and Weyand, 2009).

The use of recombinant cytokines (IL-4, IL-10, and TGF-R) that down-regulate the
immune response may also be useful. Enhancing IL-4 production to suppress IFN-y secretion
and Thl development supports the notion that skewing the T cell response towards the Th2
lineage may be a candidate for autoimmune therapy by suppressing the excessive immune
response mediated by IFN-y in erythematous/ulcerated OLP lesions (Tao et al., 2008). On a
similar note, the anti-inflammatory IL-10 is considered to play a role in controlling the
progression of OLP by blocking pro-inflammatory cytokine synthesis and inhibiting both the
proliferation and cytokine secretion of Thl cells and so this cytokine may be a promising
therapeutic target. Weak expression of the immune suppressive cytokine TGF-b has been
reported in OLP; since TGF-b negatively modulates IFN-y and favours phenotyping toward
FoxP3+ Tregs use of exogenous recombinant TGF-b may favour disease regression. On a
similar notion, preventing the actions of IFN-y and its ability to increase MHC expression on
keratinocytes might be targeted through inhibition of STAT1 and Janus kinase 2 (JAK2)
transcriptional factors. Indeed, results of a recent in vitro study support targeting downstream
IFN-y signalling through STAT1/JAK2 inhibition using JAK inhibitors as a therapeutic approach
in OLP (Shao et al., 2019). Further studies are required to show the possibility of targeting
different transcriptional factors involved in OLP pathogenesis. Selective and targeted biologics
may provide a new therapeutic perspective in the management of OLP, but the immune

regulation is very complex so blocking a specific receptor/signalling pathway or cytokine may
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not be enough in this multifactorial pathogenesis. Also, one cytokine may have several roles
and so there may be off-target effects that may enhance disease progression rather than hinder
it.

Research over many years has increased our knowledge of OLP, yet new research
continues to develop our understanding, especially with regards to identification of OLP-
promoting antigens and specific T cell subsets that act in a dynamic and complex manner.
Future research to define these mechanisms in more detail will lead to the repurposing of drugs
or the development of new therapeutics aimed at inhibiting the disease process. However, the
use of animals to model OLP in research is limited by ethical concerns and the scientific concern
of the relevance of these models to replicate human OLP given the disparity between the
immune systems of humans and rodents. These restrictions and the lack of effective in vitro
models for OLP have highlighted the importance of developing novel in vitro tissue-engineered
human oral mucosal equivalents containing immune cells that accurately replicate in vivo OLP

tissue.

1.4 Experimental models

1.4.1 Animal models

Animals can closely represent the complex physiological interactions needed in
experimental models, but they are still different from human tissue, and they are expensive.
Moreover, public concerns over animal rights and extensive and sometimes unnecessary
animal experimentation call into question the ethical justification for over-use of these animal
systems (Freshney, 2015). Hence, in vitro models represent an alternative option that is human

and aligns to the 3R’s (reduction, refinement, and replacement of animal in research).

1.4.2 Two-dimensional culture (monolayer)

In 2D culture, cells grow as a single monolayer attached to a coated substrate (adherent
monolayer) or in suspension. An adherent monolayer is common to most cell types while
suspension cultures are used for cells that can grow and proliferate without the need for

attachment and includes many hematopoietic cells.

1.4.2.1 Advantages of 2D tissue culture

2D cultures are generally well-established in vitro systems for culturing cells. They are
typically less expensive to perform than in vivo research, easier to manipulate and analyse, and
the richness of data in the field make it easy to compare new experimental data with the existing

literature. Moreover, this system is efficient for studying numerous types of cell behaviour
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including proliferation, respiration, signal transduction or the transcription of genes and secretion

of proteins (Freshney, 2015).

Most human cell types can be cultured in 2D. Cells isolated directly from patients
(primary cells, e.g., oral keratinocytes) are often most problematical as they usually have a short
lifespan and often require complex defined medium. Therefore, regular collection of human
tissue is required, and this is often in short supply. Primary cells can be immortalised by ectopic
expression of human telomerase reverse transcriptase (hTERT) (for example primary buccal
keratinocytes to form the FNBG cell line) (Dickson et al., 2000). Immortalised cells closely mimic
primary cells but their lifespan is substantially extended facilitating prolonged culture, increasing
their usefulness. Most laboratories use immortal cells in the form of cancer cells. These are
initially patient-derived, but their oncogenic phenotype and DNA mutations means that they can
grow continuously in culture for many, many generations and their growth often require less
stringent medium formulations. Consequently, cancer cells have been the mainstay cell type for

most in vitro experiments

1.4.2.2 Limitations of 2D tissue culture

Many differences exist between 2D cultured cells and cells in vivo, mostly because cells
that have been dissociated from a 3D configuration in vivo into a 2D structure lose important
cell to cell contacts, interactions and stimulation as cells cultured in isolation in static conditions.
Systemic regulations are lost in cell culture including the nervous and endocrine systems
(Castells-Sala et al., 2013), although these differences are recognised and replaced by the
addition of growth factors and hormones to culture media, to represent more native

environments (Freshney, 2015).

1.4.3 Three-dimensional tissue culture

Recognising the differences between in vivo and in vitro cultured cells has driven
increasing efforts for the reconstruction of 3D structures that mimic human tissue. Maintaining
a physical geometry for the cells that resemble the in vivo structure has been shown to enhance
their function, structure and make extrapolation to in vivo results more accurate and relevant
(Freshney, 2015).

1.4.3.1 Advantages of 3D tissue culture

For cells cultured in 3D, cell-cell contact, and signalling enhances cell growth and
differentiation; for example, in the skin, the epidermal proliferation depends on KGF and EGF

signals coming from the dermal fibroblasts which in turn respond to signals from the epidermal

38



keratinocytes. Moreover, this paracrine signalling stimulates the release of extracellular matrix
components that, in turn, aid epithelial differentiation (Maas-Szabowski, Stark and Fusenig,
2002). 3D geometry facilitates diffusion gradients of oxygen and nutrients that are required to
maintain mature cell populations (Castells-Sala et al., 2013). Thus, 3D cultures achieve the
requirement for in vitro methods that permit a precise study of the molecular mechanisms
underlying human diseases and enable better extrapolation of drug and therapeutic

assessment.

1.4.3.2 Limitations of 3D tissue culture

There are certain limitations in using 3D models. One very well-known problem is the
lack of a circulatory system which limits growth of cells to a few hundred microns, attributed to
the limited diffusion of nutrients, oxygen, and removal of waste product from and to the cells via
culture medium. Cells in vivo have overcome a similar diffusion capacity by the presence of the
dense capillary network. Hence, efforts are being made to employ a sophisticated 3D scaffold
technique with culture under flow conditions that overcome these diffusion limitations (Dunn et
al., 2006). Another limitation of using 3D models is the difficulty of analysing and monitoring
such a complex model throughout the culture period. Setting up 3D model is also considered
more expensive and technically challenging when compared to 2D culture (Freshney, 2015).

1.4.4 Scaffolds in tissue engineering:

A scaffold to replicate connective tissue is an important and critical component in
constructing a 3D model as it is needed to recreate a similar physical, chemical, and mechanical
features to that in vivo. Two main types of scaffolds have been categorised according to their
origin; natural and synthetic scaffolds (Castells-Sala et al., 2013). Natural scaffolds are preferred
for their biocompatibility and biodegradability (Berthiaume, Maguire and Yarmush, 2011) and
many have been used for the construction of tissue-engineered in vitro oral mucosal including
de-epidermalised and de-cellularised dermis (DED)(lzumi et al., 1999; Ponec, 1991), purified
type | collagen-based scaffold (Isaac et al., 2012), gelatine (Hoque et al., 2015; Paguirigan and
Beebe, 2006), and Fibrin-based scaffolds (Del Rio et al., 2002).

Collagen is considered a naturally acquired matrix in which cells have been seen to grow
and penetrate and it is the most common protein in connective tissues. Although there are about
30 types of collagens, type | collagen is the main type produced by the fibroblast to support
fibroblast growth and function and their tensile strength is mainly responsible for physical
characteristics and support of tissues (Harkness, 1961). Hence, collagen has been used to
provide a similar framework for cells in vitro. Collagen is biocompatible and remodelled by

fibroblasts causing its contraction. However, the level of contraction depends on factors like the
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number of seeded cells and collagen concentration and therefore, can be modified. Different
types of collagens have been used in tissue engineering. Fibrillar and non-fibrillar collagen can
be isolated from animals including bovine and rat tail collagen (Isaac et al., 2012; Szot et al.,
2011) in the forms of hydrogels, sponges, and lattices. Hydrogels, in particular, are
advantageous as they can be easily populated with cells and moulded into a required tissue
shape (Freshney, 2015; Wolf et al., 2009).

Synthetic materials used in tissue engineering include polystyrene (Alvetex) include
polyethylene terephthalate membranes (PET membranes), polycarbonate-permeable
membranes (PC membranes), and porous polylactic glycolic acid (PLGA) (Moharamzadeh et
al., 2007). However, they are far from ideal for many tissue engineering applications, mainly
because the hydrolytic biodegradation process releases acid, which can be toxic to cells

(Berthiaume, Maguire and Yarmush, 2011).

1.4.5 The development of tissue engineered models

Over the last few decades tissue engineering has developed as a new discipline and
has offered promise for its principles and techniques to be applied to in vitro 3D models.
Escalating ethical and legal regulations for using human tissue led to the increasing demand for
in vitro models, in particular for drug/chemical permeation and penetration studies and to
improve wound and burn healing strategies. In an attempt to study cells in a more in vivo-like
environment, Ehrmann and Gey, described the mechanism of reconstituting rat-tail collagen into
a transparent gel to be used as the stratum for cell growth and study (Ehrmann and Gey, 1956).
In 1972, Elsdale and Bar described the use of a collagen lattice as a three-dimensional substrate
for culturing fibroblasts to study their behaviour (Elsdale and Bard, 1972). Moreover, in 1979
Bell et al., introduced the fibroblast-populated collagen lattice as a dermal equivalent model and
reported the phenomena of in vitro collagen contraction that resembles in vivo wound
contraction. They examined the in vitro contraction and suggested that the lattice can serve as
substrate for epidermal cells and the contraction can be regulated by the protein content, cell

numbers and by adding inhibitors like colcemid (Bell, Ivarsson and Merrill, 1979).

Further efforts were made to develop an epidermal equivalent. A cultured graft of
epithelial sheet was developed to be used as an alternative to skin and oral mucosal autografts
(Lauer, 1994; Madden et al., 1986). Although, the use of epithelial sheets in clinical applications
suffered problems such as being thin, fragile and hence, difficult to handle, they were widely
used for clinical applications (Moharamzadeh et al., 2007). The use of in vitro skin equivalent
models for clinical applications like burn repair has been investigated and enhanced by different
studies (Gobet et al., 1997; Limat et al., 1989; Markeson et al., 2015).
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The work towards an equivalent full thickness skin/oral model was an inevitable
chronological scientific evolution. After the keratinocyte and fibroblast crosstalk and reciprocal
activation was demonstrated by Maas-Szabowski et al (2000) and Werner and Smola (2001),
the important role of the fibroblast for the morphogenesis, adhesion, proliferation of the
epithelium, ECM formation, basement membrane formation, and keratin expression was
established (Maas-Szabowski, Shimotoyodome and Fusenig, 1999; Maas-Szabowski, Stark
and Fusenig, 2000; Werner and Smola, 2001). Organotypic cultures were developed as in vitro
models to study the molecular mechanism of the underlying dermal-epidermal interactions in a
collagen matrix (Maas-Szabowski, Stark and Fusenig, 2000). A simple 3D model was first
reported by Rheinwald and Green in 1975 by co-culturing mouse teratoma with lethally
irradiated murine fibroblasts (a conventional feeder layer of 3T3 fibroblasts) to establish the first
differentiated keratinised stratified squamous cell model. These studies also suggested that the
interaction between the epithelium and feeder fibroblast was essential for developing a stratified
and differentiated epithelium (Rheinwatd and Green, 1975). This approach has since been

utilised by many groups in humerous studies.

The effectiveness of fibroblasts in supporting the growth of keratinocytes was
investigated by Limat et al in 1989 by using post-mitotic human dermal fibroblast to support the
growth of human follicular keratinocytes. Limat et al., discussed problems associated with 3T3
murine fibroblasts including poor reproducibility mainly due to degeneration and detachment
after growth-arrest. Hence, post-mitotic human dermal fibroblasts prepared by irradiation or
mitomycin C treatment were used to obtain reproducible results. Also, this method, which used
a feeder layer of the same species had advantaged over Rheinwald and Green’s method which

used a mouse cell line (Limat et al., 1989).

The unavailability of human tissue led to the use of animal cultures at that time
(Hoogstraate and Bodde, 1993). Another example was the use of primary cell culture derived
from the hamster cheek pouch mucosa that was developed to study drug transport and
metabolism (Tavakoli-Saberi and Audus, 1989). In an attempt to produce reproducible and
easily accessible human mucosal 3D models, human TR146 keratinocytes, which are non-
keratinised epithelium cell line derived from oral buccal squamous cell carcinoma metastasis,
were used. The potential usefulness of such a cell line in modelling the human buccal epithelium
permeation of drugs was investigated by Jacobsen et al., who reported that TR146 represented
a valuable model for studying transport of drugs across the human buccal epithelium (Jacobsen
et al., 1995). However, it is commonly acknowledged that, when using cancer cell lines, the
outcomes should be confirmed with multiple other cell lines as they may not precisely represent

normal epithelial cells.
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Since then, diverse developments have been made to produce skin or oral equivalent
models in vitro by co-culturing dermal and epidermal cells, mimicking the natural tissue
architecture (Limat et al., 1989; Simonetti et al., 1995). Stark et al., suggested the use of defined
medium conditions by excluding ill-defined supplements that contained variable factors and
unknown compositions that interfere with physiologic interactions and compromise the clinical
application of skin graft. They developed a comparable organotypic keratinocyte culture using
a keratinocyte defined medium without pituitary extract and called it the supplemented
keratinocyte defined medium (SKDM) (Stark et al., 1999). More in-depth investigations have
also been performed in three-dimensional cultures to further improve the models. For example,
work towards improving the weak barrier function in the in vitro skin model has been attempted
using a microfluidic device (organ on chip) that enhances the dynamic perfusion of nutrients and
products. This has been utilised by the use of non-contracting fibrin-based dermal matrix (Sriram
et al., 2018).

Currently, in vitro reconstructed skin models are used worldwide in industrial and
academic research (Netzlaff et al., 2005). One of the earliest models produced were in 1991,
the Testskin | and Il from organogenesis, USA. It consisted of an epidermal tissue produced on
a collagen lattice populated with human fibroblasts. The company then concentrated on the
clinical application of the model to develop the Apligraf® which is a bi-layered bioengineered
skin substitute composed of human keratinocytes and human fibroblasts in a bovine type |
collagen matrix. This tissue substitute has been FDA approved and is used for the treatment of
venous leg ulcers and diabetic foot ulcers. Advanced Tissue Sciences: USA, launched in vitro
reconstructed full-thickness human skin models called Skin2™. The company stopped working

on the model to concentrate on its clinical counterpart, the Dermagraft-TC.

At present, several different skin equivalents are commercially available including
EpiSkin™ from Imedex (Lyon, France) that was acquired by L’Oréal in 1997. EpiSkin™ is made
of a collagen hydrogel containing human fibroblasts, surfaced with a film of type IV collagen,
overlaid with a fully differentiated human epidermis that, like all skin and oral models, are
cultured at an air-to-liquid interface. SkinEthic Reconstituted Human Epithelium™ (also
acquired by L'Oréal in 2006) are generated by seeding human keratinocytes directly onto inert
synthetic filters and have no dermal component. The EpiDerm™ reconstructed skin model, was
produced by MatTek Corporation, USA. This model is composed of human epidermal
keratinocytes that develop a fully differentiated epidermal tissue. A full-thickness model called
EpiDerm-FT™ that included both epidermal and dermal layers was alos developed by MatTek.
Afterwards, a melanocyte containing epidermal model was developed and called the
MelanoDerm™., In recent years a number of other commercially available models have been
developed including the EST1000® skin model, the Phenion® Full-Thickness Skin Model and
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the OS-Rep model, the StratiCELL® skin model, the StrataTest® skin model, the LabCyte™
skin model, and the Vitrolife-SKIN™ skin model (De Wever, Petersohn and Mewes, 2013).
These models were found to reproduce many of the characteristics of normal human epidermis.
However, commercially available models still have relatively weak barrier function compared to
in vivo skin (Boelsma et al., 2000; Ponec et al., 2002; Netzlaff et al., 2005).

1.4.6 Oral mucosal models

Similar to their skin models, SkinEthic developed oral epithelium only models, to be used
in different in vitro toxicity tests and assays (De Brugerolle, 2007). However, several groups
have now successfully created full thickness oral mucosal model composed of oral keratinocytes
and fibroblasts (Masuda, 1996; Tomakidi et al., 1998; Lauer and Schimming, 2001). An oral
mucosal model utilising different matrix material including collagen matrix, human dermal matrix,
and dermal regeneration template were developed and investigated for clinical application as
intra-oral graft substitutes (Moriyama et al., 2001; Kriegebaum et al., 2012; Izumi et al., 1999).
To obtain an optimum oral mucosal model, standard characteristic criteria need to be defined,
although few studies have characterised an ideal model of the oral mucosa (Rouabhia and
Deslauriers, 2002). A reproducible characterised tissue engineered oral mucosa was developed
by A Dongari-Bagtzoglou & H Kashleva using hTERT-2 immortalized human oral keratinocytes
derived from the floor of the mouth (OKF6/TERT-2) that were cultured on a fibroblast-populated
collagen scaffold. The resultant epithelial layer looked like the commercially obtainable epithelial
model of the TR146 cell line (SkinEthic). However, this model does not produce dyskeratotic
changes and unlike TR146 model it is composed of a submucosa which makes it more

representative to in vivo tissue (Dongari-Bagtzoglou and Kashleva, 2006a).

1.4.6.1 Characterisation of oral mucosal model

The following criteria were suggested to reflect an optimum model of the oral mucosa.
First, the oral epithelium should reflect orderly stratified densely packed layers of differentiated
epithelium with a polarised basal layer (Moharamzadeh et al., 2007). Ultrastructure analysis by
transmission electron microscopy should reveal the presence of tonofilaments network,
desmosomes, hemidesmosomes and membrane coating granules (Selvaratnam et al., 2001).
Immunohistochemical analysis should demonstrate that epithelial cells express proliferation
markers (Ki-67) and differentiation markers including cytokeratin such as K14, K19 and K10
(Rouabhia and Deslauriers, 2002). Furthermore, transmission electron microscopy of the
basement membrane should demonstrate a lamina lucida, lamina densa, and anchoring fibres
while immunostaining confirms the presence of collagen 1V, laminin, fibronectin, and integrin

(Rouabhia and Deslauriers, 2002; Moharamzadeh et al., 2007). A three-dimensional model of

43



extracellular matrix with infiltrating fibroblast should be present in the lamina propria of 3D tissue
engineered equivalents (Moharamzadeh et al.,, 2007). Cytokine analyses using cultured
supernatants showed that cells in oral mucosa equivalent (OME) secrete interleukins (IL)
including IL-1B, as well as CXCL8 and TNF-a. Additionally, several metalloproteinases such as
MMP-2 and MMP-9 have been identified (Rouabhia and Deslauriers, 2002). Furthermore,
Selvaratham L et al., investigated whether in vitro models of human oral mucosa could be
established with structural and functional permeability criteria parallel to the undamaged oral
mucosa. They cultured normal oral buccal and palatal epithelium in the presence of Y -irradiated
Swiss 3T3 mouse fibroblast on collagen discs and on dead de-epidermalised dermis using
Green’s medium. They tested the models for morphology, permeability properties, and lipid
analysis. Their overall results demonstrated that normal human oral epithelium grown in 3D in

vitro developed criteria similar to that of the in vivo tissue counterpart (Selvaratnam et al., 2001).

1.4.7 Tissue engineered in vitro disease models

There is an increasing need for better models to investigate mechanisms of
pathogenesis and novel therapeutics. There is a broad spectrum of models of variable
complexity consisting of multiple cell types, reconstructed human epidermis (RHS), to full
thickness models composed of dermis and epidermis, and to more sophisticated skin models
containing melanocytes (Hedley et al., 2002), Langerhans cells (Ouwehand et al., 2012), hair
follicle (Krugluger et al., 2005), endothelial (Black et al., 1998) and other cells responding to the
demands of different research or industry. Different in vitro models of several stages of oral
cancer and dysplasia have been developed (Costea, Johannessen and Vintermyr, 2005;
Gaballah et al., 2008; Colley et al., 2011; Wolf et al., 2009). These models of oral dysplasia and
carcinogenesis aided the study of the molecular mechanisms and the role of fibroblast and
basement membrane in malignant transformation, tumour progression and invasion. Also, in
vitro cancer models aided the experimentation of new diagnostic and therapeutic agents and
procedures (Kulasekara et al., 2009; Gaggioli et al., 2007; Gaballah et al., 2008). Moreovetr, in
vitro oral mucosal models were used to study the pathogenesis of oral candidiasis (Dongari-

Bagtzoglou and Kashleva, 2006b).

There is a general interest to incorporate immune cells within a 3D model aimed to study
mechanisms involved in local inflammatory processes. Although significant advances have
been made in the development of tissue engineered model, there are relatively few studies that
have reported development of immune models in the literature. One such study cocultured
peripheral blood mononuclear cells (PBMCs) in a mucosal model showed increased
inflammatory markers when compared to models without PBMCs following irradiation with

X-rays or 12C heavy ions to investigate the risk of developing radiation-induced mucositis
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(Tschachojan et al., 2014). Polymorphonuclear leukocytes have also been incorporated in
reconstructed human oral epithelium only model to assess defence against Candida albicans
infection (Schaller et al., 2004).

Monocyte-derived-macrophages have been incorporated into 3D dermal scaffold with
fibroblasts alone (no epithelium) (Bechetoille et al., 2011; Smith et al., 2021) and another study
used these cells in a vaginal mucosal model (Saba et al., 2021). Recently, an immune-
responsive oral mucosal model containing primary monocyte-derived-macrophages was
reported where these cells were shown to respond to lipopolysaccharide in situ and secrete
inflammatory markers such as TNFa (Ollington, Colley and Murdoch, 2021). The promonocytic
cancer cell line, THP-1 cells, were polarised into M1 and M2 phenotype and incorporated into a
3D model of oral carcinoma to assess the effect of tumour associated macrophages on tongue
cancer (Pirila et al., 2015; Tedesco et al., 2018). Other monocytic cell lines such as U937 and
MM®6 were differentiated into MDM and incorporated in 3D gingival model to investigate their

responsiveness to external bacterial stimuli (Morin and Grenier, 2017; Bao et al., 2015).

Regarding dendritic cells, oral mucosa and skin equivalents constructed on fibroblast
populated collagen gels and co-seeded with MUTZ-3, Langerhans-derived cell line, were
compared regarding secretion of cytokines and chemokines involved in LC migration and
general inflammation (Kosten et al., 2015). Moreover, MUTZ-3-derived Langerhans cells were
incorporated in Reconstructed human gingiva (RHG) and reconstructed human skin which were
incorporated into organ-on-chip to investigate metal systemic toxicity and dendritic cells
activation (Koning et al., 2022). A reconstructed skin with MUTZ-3 was also used to investigate
the effect titanium salts (Rodrigues Neves et al., 2020). Langerhans cells were added into
pigmented reconstructed human epidermis (Régnier et al., 1997) and added to skin equivalent

with DCs to assess UV associated damage (Bechetoille et al., 2007).

The research described in this thesis is focussed on the development of novel tissue
engineered models of OLP. Although there are no reports of in vitro or animal models of OLP,
a murine model of lichenoid tissue reaction (LTR), an inflammatory mucocutaneous diseases
that shares characteristic histopathological features of OLP, has been established. For example,
injection of heterologous CD8+ T cells induced a LTR in human skin xenografted into
immunodeficient (Christofidou-Solomidou et al., 1997) and in naive mice (Mehling et al., 2001).
Also, transgenic mice have developed a LTR reaction after CD8+ T cell transfer (Azukizawa et
al., 2003). There is a wide range of diseases with LTR features such as systemic lupus
dermatitis, mixed connective tissue disease, Steven Johnson syndrome/toxic epidermal
necrosis, acute graft versus host disease, and LP which is considered a typical mucocutaneous

disease with LTR features. Moreover, OLP is mainly a T cell-mediated inflammatory disease.

45



Hence, unlike other T cell mediated diseases as type | diabetes, or multiple sclerosis, OLP is
considered an ideal model to study T cell-mediated inflammatory disease. Also, it is easily
accessible through the oral mucosa for diagnosis, investigations, treatment, and disease status

follow-up.

Although there is scarcity of studies involving T cells in a complex 3D construct, attempts
have been made to involve T cells within skin equivalents. Only a few studies have developed
T cell-mediated skin diseases by addition of a cytokine cocktail instead of T cells. For instance,
in vitro equivalent disease model of atopic dermatitis (AD), a chronic inflammatory multifactorial
skin disease, was developed through culturing normal human fibroblast and keratinocyte using
a fibrin-based dermal matrix with serum-free culture conditions. The disease was recreated by
supplementing the cultures with IL-4 to recapitulate the epithelial hyperplasia and impaired
differentiation of basal keratinocyte in vivo AD. Also, Tjabringa et al, developed psoriasis in vitro
skin model by the addition of relevant pro-inflammatory cytokines into culture medium (Tjabringa
et al., 2008). However, the lack of direct effect of Th2 cells and proper characteristic replication
of the disease-like spongiotic dermatitis renders this very simple AD-like in vitro model (Sriram,
Bigliardi and Bigliardi-Qi, 2018). Eczematous dermatitis was reproduced in vitro by combining

CD45+ T cells with organotypic skin equivalent (Engelhart et al., 2005).

These models were developed further by Bogaard et al, by seeding activated CD4+ T
cells, Thl, Th2, and Th1l7 between a transwell membrane and a 3D skin equivalent (Van Den
Bogaard et al., 2014). Building upon this model, further improvement was made through
incorporating in vitro polarised Thl and Thl7 cells acquired from psoriatic patients in a 3D
collagen hydrogel to better recapitulate psoriasis immune mechanism and it was used to
evaluate the migration of T cells and drug responsiveness (Lorthois et al., 2019; Shin et al.,
2020). Despite that, this model represents an advancement in psoriasis modelling, other
immune cells relevant to psoriasis pathogenesis were missing such as macrophages and
dendritic cells. Moreover, CD8+ T cells, an important immune component for Thl related

responses, was not investigated.

Al-Samadi et al, explored the effect of peripheral blood MNCs on the proliferation and
invasion of oral tongue squamous cell carcinoma cell lines and the ability of cancer cells to
attract MNCs, by coculturing primary monocytes, CD8+ T cells, and natural killers with tongue
cancer cells in in vitro model using human uterine myoma discs (Al-Samadi et al., 2017).
Although this was an informative study, the immune cells were not embedded into a 3D
construct and the interplay of the CD8 T cells and cancer microenvironment with other immune

cells such as Thl or Th2 was missing.
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Kiihbacher et al, added either the Jurkat cells, T cell line (Kiihbacher et al., 2017b), or
primary CD4+ T cells (Kihbacher et al., 2017a) in a 3D collagen hydrogel to a skin model to
investigate dermal protection against Candida albicans invasion. The downside of this model
system was that the T cells were not adapted to the culture medium before being combined with
skin model nor their viability assessed following incorporation in a 3D construct which undermine
further analysis. Moreover, neither the phenotype nor the activation status of the T cells was
defined (Kihbacher et al., 2017b).

Except for Said et al, who added activated Jurkat cells to the recipient medium of an full
thickness oral mucosal equivalent (Said et al., 2021), no other studies have explored adding
immune T cells to oral mucosal equivalent or tried to replicate T cell disease in a 3D in vitro
model. More advanced T cell inflammatory tissue-engineered models containing appropriately
primed T cells hold great potential in replacing experiments performed on animals and provide
in-depth read out for novel drug delivery systems. To the best of our knowledge, in vitro 3D
model of OLP have not yet been developed. Therefore, it is the aim of this project to develop
full-thickness mucosal models that utilise oral keratinocytes, oral fibroblasts and activated T

cells using tissue-engineering techniques to replicate OLP.

1.5 Hypothesis

Full thickness tissue-engineered models can be developed to replicate disease
pathogenesis of OLP to dissect the molecular mechanism and identify novel treatment

strategies.

151 Aim

The overall aim of this study was to develop full-thickness oral mucosal models that
employ oral keratinocytes, oral fibroblasts and activated T cells using tissue-engineering

techniques to replicate OLP T cell-mediated epithelial damage.

1.5.2 Objectives

To address the overall aim of this thesis, the project was conducted over three main

stages following specific objectives:

1. Optimisation of cell culture methods:
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Assess Jurkat T cell morphology, proliferation and activation in suspension cultures
using microscopy, CellTrace™ proliferation assay, cell surface marker staining by

flow cytometry and cytokine release by ELISA.

Standardise the culture media for both T cells and oral keratinocytes in an adenine
and flavin-enriched keratinocyte medium (Green’s media) without hydrocortisone

using a CellTrace™ proliferation assay.

Optimise the number of T cells incorporated within collagen hydrogels and assess
proliferation and viability using a PrestoBlue™ metabolic assay.

2. lsolation, activation and polarisation of naive CD4+ and CD8+ T cells from peripheral blood:

Optimise the isolation of PBMC from peripheral blood buffy coats using gradient
separation Ficoll medium.

Investigate the purification of CD4+ and CD8+ T cells from PBMC using magnetic

negative selection.

Investigate successful activation of naive CD4+ with PMA and CD3/CD28 Dynabeads

by measuring key activation markers by flow cytometry.

Polarise CD4+ into Th1 and confirm phenotype using flow cytometry, g-PCR, western
blot and ELISA.

Polarise naive CD4+ into Th17 and confirm phenotype and plasticity with multicolour
flow cytometry and ELISA.

Activate CD8+ into cytotoxic CD8+ T cells and confirm phenotype using multicolour

flow cytometry.

3. Development of a full thickness tissue engineered model of OLP, validated against patient

biopsies:

Create tissue engineered normal oral mucosal equivalent (OME) composed of FNB6

immortalised oral keratinocytes and normal oral fibroblasts (NOF).

Incorporate Thl into collagen hydrogels and assess their viability overtime with

PrestoBlue™ assay and flow cytometry.
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Assess the morphology of Thl and NOF incorporated into collagen hydrogels over
14 days.

Stimulate OME model and evaluate cytokines/chemokine release using a protein

array.

Assess T cell chemoattraction towards a chemokine gradient using a live imaging

chemotaxis assay.

Incorporate CD8+ T cells and Th1 within an oral mucosal equivalent using a layering
strategy and assess the histology of full thickness tissue-engineered oral mucosal

equivalent T cell inflammatory model.

Validate the full thickness tissue-engineered oral mucosal equivalent inflammatory

model against OLP patient’s biopsies using immunohistochemistry.
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2 Chapter two: Materials and methods

All materials used in this research including reagents, consumables, kits and equipment

were from Sigma-Aldrich (Dorset, UK) unless stated otherwise.

2.1 Cell culture
2.1.1 Cell lines

2.1.1.1 FNBG6 oral keratinocytes

FNB6, an immortalised oral keratinocyte cell line, (a kind gift from Professor Keith
Hunter), was originally isolated from the buccal mucosa of a healthy female and immortalised
by ectopic expression of human telomerase reverse transcriptase (hnTERT) (McGregor et al.,
2002). FNB6 cells were cultured in Green’s medium (Table 1) and passaged when 80%

confluent.

Table 2.1: Components of Green's medium

Component Final concentration
3, 3, 5-Tri-iodothyronine (T3) 1.36 ng/ml
Apo-Transferrin 5 ug/ml
Adenine 0.025 pg/ml
Amphotericin B 0.625 pg/ml
Dulbecco’s modification of Eagle
medium (DMEM) ° 66% v/v
Epidermal Growth Factor (EGF) 5 ng/ml
Foetal Bovine Serum (FBS) 10% v/v
Hydrocortisone 0.4 pg/ml
Insulin 5 pg/ml

Nutrient mix F12

21.60% v/v

Penicillin/Streptomycin

100 IU/ml Penicillin and
100 pg/ml
Streptomycin

2.1.1.2 Jurkat E6.1

Jurkat E6.1 (European Collection of Authenticated Cell Cultures (ECACC) 88042803)
cells are a T cell line derived from the Jurkat FHCRC cell line. Jurkat FHCRC cells were originally
isolated from a human leukemic T cell lymphoblast. These cells produce IL-2 and were derived
by incubating the cells at 41°C for 48 hours followed by limiting dilution cloning over
macrophages (Schneider and Schwenk, 1977). Jurkat E6.1 cells were maintained in RPMI-1640

at a density of 3-9 x 10° cells/ml.
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2.1.2 Isolation and culture of primary cells

2.1.2.1 Normal oral fibroblasts

Normal oral fibroblasts (NOF343 & 359) were isolated from oral biopsies of the buccal

mucosa from patients undergoing routine dental procedures under ethical approval with
informed consent (09/H1308/66) as previously described (Colley et al.,, 2011). Briefly, the

epithelium was removed, and the connective tissue minced, suspended in 10 ml of 0.5%

collagenase A and incubated at 37°C in a 5% CO, humidified incubator overnight. Following

centrifugation at 200 g for 10 minutes, NOF were cultured in DMEM supplemented with 10%

FBS, 100 IU/ml penicillin, 100 ug/ml streptomycin and 0.625ug/ml amphotericin B and used

until passage 9.

2.1.2.2 Peripheral blood monocyte cells

T cells were isolated from human PBMCs which were in turn isolated from buffy coats

under local ethical review (approval reference 012597) by density gradient centrifugation using

the Ficoll-hypaque (Ficoll® Paque Plus, Merck, Germany) density gradient centrifugation. Blood

cells were mixed 1:1 with Hank’s balanced salt solution (HBSS, modified with sodium

bicarbonate, without phenol red, calcium chloride and magnesium sulphate). 30 ml of the diluted

buffy coat was carefully overlaid onto 20 ml of Ficoll-hypaque and centrifuged at 400 g for 40

minutes at room temperature with zero deceleration. The blood was separated into three layers

and the monocyte layer (between the upper serum and lower Ficoll layers containing red blood

cells) was collected by aspiration using a sterile Pasteur pipette and washed several times in

HBSS (Figure 2.1). The isolated PBMCs were counted and used for further purification of T

cells.

Gradient

Huaan
centrifugation —

u ’ isolation I )

Cells in PBMC

—_—
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with negative
selection of CD4 or
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Naive CD4/
CD8+T
cells

Figure 2.1: A schematic diagram to illustrate the isolation of T cells from a buffy coat. Created in

BioRender.com.
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2.1.2.3 Naive CD4+ T cells

Primary CD4+T cells were further isolated from the PBMC using either the Naive CD4+
T Cell Isolation Kit II, human (Miltenyi Biotics, Germany) or the EasySep™ Human Naive CD4+
T Cell Isolation Kit Il (STEMCELL™, UK). The isolation was performed in two steps following
negative selection for CD4+. First, CD4- cells were removed using negative selection with a
cocktail of biotin-conjugated monoclonal antibodies against CD8, CD14, CD15, CD16, CD19,
CD25, CD34, CD36, CD45RO, CD56, CD123, TCRy/®, HLA-DR, and CD235a followed by
magnetic separation using streptavidin-conjugated iron beads. The Miltneyi kit separates the
cells using the MAC’s column system (Miltenyi Biotics, Germany) where the iron-labelled CD4-
T cells are retained within the column whilst the flow through which contains the enriched naive
CD4+ T Cells (CD3+CD4+CD45RA+CD45R0-) was collected. The STEMCELL kit
(STEMCELL™, UK) follows the same principle, however, the cells were separated without the
use of a column. Here, Samples were placed in a Falcon® 5 mL or 15 mL round bottom
polystyrene test tube (Fischer Scientific, UK) which was placed inside a magnetic field. The iron
labelled cells are drawn to the magnet and held within the tube while the unlabelled naive CD4+
T cell fraction was poured into a new tube (Figure 2.2B). The purity of isolation was assessed
by staining the collected cells for CD4 surface marker and viability assessed using fixable blue
live dead stain (ThermoFisher Scientific, UK) and analysis performed with flow cytometry
(Section 2.6.3).

2.1.2.4 Naive CD8+ T cells

CD8+ naive cells were isolated using the EasySep™ Human Naive CD8+ T Cell
Isolation Kit (EasySep™, STEMCELL™, UK) that isolates naive CD8+ T cells from PBMCs by
negative selection. Unwanted cells were targeted with a cocktail of antibodies that bind CD4,
CD14,CD16, CD19, CD20, CD36, CD45R0O, CD56, CD57, CD94, CD123, CD244, TCRYy/d, and
glycophorin A. The labelled cells are separated using an EasySep™ magnet as described above
in section 2.1.1.5. The purity of isolation was assessed by staining for CD8 surface marker and

viability assessed using fixable blue live dead stain using flow cytometry.

52



P Round Bottom ] . 15
Tube

~EasySep magnet ¢

- Magneticfield

Separation
column

L-Tube collecting
pure CD4+

Figure 2.2: Negative selection of naive T cells from PBMCs using magnetic isolation with the (A)
Stemcell's kit and the EasySep™ magnet where (B) the enriched unbound naive T cells can be poured
off into another tube, or (C) using the Miltenyi kit and the MACs separator where the PBMCs sample is
placed in a separation column placed in a magnetic field where (D) both methods result in the isolation of
naive T cells. Image is own work.

2.1.3 Routine cell culture

All cell culture work was carried out in Class Il laminar flow hoods (Walker Safety
Cabinets, Glossop, Derbyshire, UK) with all equipment sterilised before use 70% (v/v) industrial
methylated spirits (IMS) (ThermoFisher Scientific, UK) or by autoclave sterilisation. Cell cultures
were examined regularly for evidence of bacterial or fungal contamination. Cells were tested for
the presence of mycoplasma on a regular basis. All cells were incubated in a humidified
incubator at 37°C with 5% CO: (Scientific-Lab Supplies).

2.1.3.1 Passaging of cells

Upon reaching 70-80% confluence, adherent cells (FNB6 and NOF) were transferred
into a new cell culture flask with a lower cell number to enable cell proliferation to continue. To
passage adherent cells, the culture medium was removed and cells washed twice with 10 ml of
phosphate buffered saline (PBS, Oxoid Ltd, UK) to remove any serum proteins in the residual

cell culture medium. Cells were then incubated with 5 ml of pre-warmed 0.05% trypsin/0.02%
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EDTA solution for 5 minutes or until all cells had detached, monitored using a light microscope.
After cell detachment, the trypsin/EDTA was neutralised with cell culture medium (5-8 ml)
containing FBS and transferred to a 20 ml centrifuge tube (Becton Dickinson, UK). The cell
suspension was centrifuged at 200 g for 5 minutes using a benchtop centrifuge. Finally, the
supernatant was discarded, and the cellular pellet re-suspended in the desired volume of fresh
cell culture medium and transferred to a new tissue culture flask (Greiner Bio-One GmbH,

Germany).

To passage Jurkat cells as a suspension culture, cells were resuspended to a single cell
suspension and centrifuged for 5 minutes at 200 g. After centrifugation, the supernatant was

discarded, and the cell pellet resuspended in fresh medium at a density of 3-9 x 10° cells/ml.

Unlike Jurkat, primary T cells have a limited life span and need extrinsic stimuli
(activation) to maintain their proliferative state. To expand primary T cells, they were activated
as described in section 2.1.4 and the cell density determined by counting at regular intervals,
whilst noting cell morphology by light microscopy. Cell shrinkage, reduced proliferation rates or
reduced clumping is typically observed in exhausted cell cultures and indicates that re-
stimulation is required. Cells were maintained at density of 5 x 10° cells/ml in culture medium
containing 30 U/mL recombinant (r) IL-2 (Aksoy et al., 2018).

2.1.3.2 Counting cells

Once cells were in suspension, cell counts were performed using a modified Neubauer
haemocytometer (Weber Scientific international, UK) under a light microscope. Ten uL of cell
suspension was removed and added to the haemocytometer and at least three 1 mm? squares

counted, and their average taken. Cell numbers were then calculated as follows:

Average number of cells counted per 1 mm?square x 10* x dilution factor, e.g., average
cell count of 100 in 10 ml total = 100 x 10% x 10 = 1 x 107 cells in total.

2.1.3.3 Imaging of cell monolayers and suspensions

Cells were examined under an inverted phase contrast light microscope (Nikon,
ECLIPSE TS100) and images were taken using a Spot Idea CMOS microscope camera with
associated Spot 5.1 software (SPOT IMAGING™, US).

2.1.3.4 Cryopreservation of cells

For cryopreservation cells were treated as described for passaging (section 2.1.3.1).

However, after centrifugation cells were resuspended into cryopreservation media composed of

54



FBS containing 10% v/v dimethyl sulfoxide (DMSQ) for FNB6, NOF or Jurkat cells, and 5%
DMSO for primary CD4+ or CD8+ T cells. The pellet was resuspended to give a cell density of
between 1-4 x 106 cells per ml, depending on the cell type. PBMC were resuspended at higher
cell densities of 100-200 x 10°cells per ml. One ml of cell suspension was added to each cryovial
(Greiner Bio-One, GmbH, Germany) and placed in a Nalgene™ Cryo 1°C freezing container
(Nalgene Co., New York, USA). This freezing container, which contains 250 ml of isopropanol,
controls the rate of cooling to 1°C per minute in a -80°C freezer. After a minimum of 24 hours
the vials were transferred into a liquid nitrogen dewar (-196°C) for long-term storage (Yokoyama,
Thompson and Ehrhardt, 2012).

2.1.3.5 Thawing of cells

To thaw cells, cryovials were removed from the liquid nitrogen using appropriate safety
precautions and the vial quickly thawed in a 37°C water bath. Once thawed, the cell solution
was diluted in cell culture medium and centrifuged for 5 minutes 200 g. The supernatant was
discarded, and the cellular pellet resuspended in the appropriate cell culture medium.

2.1.4 T cells activation, expansion, and polarisation
2.1.4.1 CD4+ T cell activation with CD3/CD28

Primary T cells express CD3/CD28 surface receptors that engage with CD80/86 and
MHC class Il on antigen presenting cells for T cell activation (Figure 2.3A). In this study T cells
were activated using Dynabeads™ Human T-Activator CD3/CD28 according to manufacturers
instructions (ThermoFisher Scientific, UK) which provides a more physiologically relevant
activation pathway through engagement with CD3 and CD28 receptors on T cells surface
(Figure 2.3B). T cells were activated at a 1:1 cell to Dynabeads ratio. First, the Dynabeads vial
was vortexed for 30 seconds, then the desired volume was transferred to a 0.5 ml micro
centrifuge tube (Greiner Bio-One, GmbH, Germany) and washed with an equal volume or at
least 1 ml of FACS Buffer (PBS with 0.1% BSA and 2 mM EDTA, pH 7.4) and vortexed for 5
seconds. T cells binding to the CD3/CD28 Dynabeads were isolated via magnetic column
separation and the supernatant aspirated and discarded. Then, the washed Dynabeads were
resuspended in the same volume of culture medium as the initial volume of Dynabeads that was
taken from the vial. T cells were seeded to 3-5 x 10°/mL and Dynabeads were added to obtain
a bead-to-cell ratio of 1:1. A 30 IU/ml of rIL-2 (Peprotech, UK) was added to the culture and cells

incubated in a humidified CO; incubator at 37°C until analysis.
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2.1.4.2 Jurkat activation with phorbol 12-myristate 13-acetate and ionomycin

Jurkat were activated by incubation with phorbol 12-myristate 13-acetate (PMA) and
ionomycin (Figure 2.3C) at a final concentration of 50 and 500 ng/ml, respectively, to 1x10%/ml
Jurkat cells then incubated for 4, 6 and 24 hours. Cells were centrifuged at 1800 g for 2-3
minutes, then cell culture conditioned medium stored at -80°C and the cells collected for CD69

surface marker staining by flow cytometry (Section 2.6.3).
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Figure 2.3: An illustration of T cells activation. (A) In vivo, the binding of the TCR-CD3 complex on T cells
with the antigen-MHC molecule on the APC surface, augmented by CD28 stimulation starts a cascade of
intracellular signalling system resulting in the activation of T cells. (B) In vitro, activation can be mimicked
directly using CD3/CD28 Dynabeads that follow the same interaction seen in vivo but without the need
for APC or (C) indirectly, using mitogenic molecules such as PMA and ionomycin which trigger protein
kinase C (PKC) activation and Ca** release and mobilization, resulting in a cascade of additional cellular
responses mediating T-cell activation. Created for this research in BioRender.com.

To investigate different activation conditions, CD4+ T cells were isolated from PBMCs,
and activated with either PMA, lonomycin, and IL-2 or with CD3/CD28 Dynabeads and IL-2 or
with IL-2 alone. Then, cells were either cultured in Green’s medium without hydrocortisone or
RPMI medium for 24 hours. Cells were collected for viability and CD69 surface activation marker

abundance using flow cytometric analysis.

2.1.4.3 CD8+ T cell activation

Naive CD8+ cells were isolated from PBMC as described in section 2.1.2.4. To identify

the best method to activate and transform naive CD8+ T cells into cytotoxic T cells, cells were
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cultured in Green’s medium without hydrocortisone in the presence of either IL-2 alone, IL-2
with CD3/CD28 Dynabeads, or with IL-2 and CD3/CD28 Dynabeads in the presence of CD4+ T
cells. To assess cell proliferation, CD8+ cells were cultured for 7 days and counted using a
haemocytometer on days 0, 3, 5, and 7. Media was changed every two to three days, noting to
leave about 20% of existing conditioned media and topping this up with new fresh medium. On
day seven, cells were centrifuged and separated into further two groups. One group was re-
stimulated with eBioscience™ Cell Stimulation Cocktail (ThermoFisher, UK) whilst the other was
left unstimulated. Thirty minutes following restimulation, protein secretion from the Golgi
apparatus was inhibited using eBioscience™ Protein Transport Inhibitor Cocktalil
(ThermoFisher, UK) and cells incubated at 37°C for 4 hours before analysis with flow cytometry.
For the analysis, multicolour flow cytometry staining was performed to simultaneously detect
the cell surface marker CD8+, CD4+, and cell viability (live/dead stain), the cell activation marker
CDG69, and intracellular Granzyme B levels (in section 2.6.4).

2.1.4.4 CD4+ T cell polarisation to Thl cells

Thl polarising medium was prepared by adding 20 ng/ml of human riL-12 p70
(Peprotech, UK), 20 ng/ml of human rIL-18 (R&D Systems, USA), and 2.5 pg/ml purified anti-

human IL-4 antibody (Biolegend, UK) to Green’s medium (without hydrocortisone).

CD4+ T cells were isolated from PBMCs then cultured in Greens medium (without
hydrocortisone) supplemented with either rIL-2 alone, rIL-2 and CD3/CD28 Dynabeads or
cultured in Thl polarising medium (as described in 2.1.4.1) along with rIL-2 and CD3/CD28
Dynabeads.

Cells were counted on days 0, 3, 5 and 7 with 80% of the media refreshed every 2-3
days. Analysis was performed on day 7 where cells were centrifuged at 200 g for 5 minutes and
separated into two groups for either treatment with Cell Stimulation Cocktail (eBioscience™,
ThermoFisher, UK) for ‘re-stimulation’ or left without further treatment i.e., ‘not re-stimulated’.
Following restimulation, protein secretion from Golgi apparatus was inhibited using
eBioscience™ Protein Transport Inhibitor Cocktail (Thermo Fischer, UK) and incubated at 37°C
for 4-5 hours before analysis using flow cytometry. Both stimulation cocktail and protein
transport inhibitors were used following manuacturer’s instructions. For the analysis, multicolour
flow cytometry staining was performed to determine CD4 surface marker expression,
intracellular IFN-y abundance and nuclear T-bet transcription factor expression along with
viability (Section 2.6.4).
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2.1.4.5 Polarisation to Th17 cells

Th17 polarising medium was prepared by adding 30 ng/ml human rIL-6, 20 ng/ml human
riL-18 and 2 ng/ml human rTGF[ (Peprotech, UK) along with 2.5 pg/mL each of anti-IL-2, anti-
IL-4 and anti-IFN-y antibody (Biolegend, UK) to Greens medium (without hydrocortisone). To
prepare polarising conditions towards a Th17/Th1 mixed phenotype, the above Th17 polarising
medium was prepared without the addition of anti-IFN-y antibody to avoid blocking the Th1
pathway while 20 ng/ml of human r IL-12 p70 (Peprotech, UK) was added to encourage Th17
plasticity towards Th1l.

CD4+ T cells were isolated from PBMCs and cultured in Green’s medium (without
hydrocortisone) with the addition of either IL-2, Th17 polarising medium with the addition of
CD3/CD28 or Th17/Thl polarising media supplemented with CD3/CD28 in 1:1 bead-to-cell

ratio.

Th17 cells do not undergo rapid expansion compared to Thl, because the IL-2 pathway
was blocked to support Th17 differentiation. Hence, the cells were seeded at a higher density
of 1 x 108 per sample to account for any loss of cells. 60% of the media was refreshed every 3-
4 days, depending on cell density. Analysis was performed on day 7 where cells were
centrifuged at 200 g for 5 minutes and separated into two groups as described above for Thl
analysis regarding re-stimulation and protein secretion inhibition (Section 2.1.4.4). Multicolour
flow cytometry staining was performed to detect the presence of CD4 and CCR6 cell surface
markers, intracellular IL-17 and IFN-y, nuclear FOXP3 and RORC transcription factors (in
section 2.6.4).

2.1.5 Proliferation profile tracing

Jurkat and FNB6 proliferation profiles were measured using CellTrace™ Far Red Cell
Proliferation Kit (Fischer Scientific, UK) according to manufacturer’s instructions and under
different growth media conditions. The lyophilised dye was dissolved in DMSO to a final
concentration of 1 mM then diluted in PBS to a working concentration of 1 uM. Jurkat cells at
2.5 x 1068 cells per sample were collected and centrifuged at 200 g for 5 minutes, re-suspended
in 2 ml Far-Red dye (1 uM) or PBS (as a control) and incubated at 37°C for 20 minutes whilst
protected from light. After 20 minutes the samples were diluted (5x) with fresh complete growth
media and incubated for a further 5 minutes and subsequently centrifuged 200 g for 5 minutes
and the pellet resuspended in 5 ml fresh, pre-warmed complete RPMI-1640 medium and
cultured under normal conditions. FNB6 cells were trypsinised and stained with Far Red
CellTrace following the same steps detailed above, however, following staining, 5 x 10* cells

were seeded into each well of 6 well plate for analysis. For Jurkat cells 400 pl samples were

58



collected over five consecutive days whilst for FNB6 a separate well of monolayer cells was
detached each day. For both cell types, cells were counted, washed in FACs buffer (0.1% BSA
in PBS), resuspended in 4% paraformaldehyde and stored at +4°C, protected from light for
analyses. Fluorescence intensity was acquired using flow cytometry LSRII (BD Biosciences,
California, US) with 638 nm excitation and a 660/20 nm bandwidth emission filter. Unlabelled
cells were analysed to establish background fluorescent levels. Analysis was performed using

FlowJo software (BD Biosciences, California, US).

The doubling time calculation of the cell specific growth rate (1) was determined from
the slope of the natural logarithm of cell count or MFI as a function of time and doubling time
(DT) using the formula [DT = In 2/y].

2.1.6 Trypan blue viability assay

Jurkat cells were seeded at 4 x 10° cells/ml in two T75 flasks. One flask continued to be
cultured in RPMI and served as a control, while the media in the other flask was changed with
increasing concentration of Green’s medium (25%, 50%, 75%, and finally 100%; v/v). Media

was changed every two days and the viability of the cells was determined.

The trypan blue (ThermoFisher Scientific, UK) exclusion test was used to determine the
number of viable cells present in a cell suspension. Live cells possess intact cell membranes
that exclude certain dyes, such as trypan blue, whereas dead cells do not. A cell suspension is
simply mixed with the dye and visually examined under a microscope to determine whether the
cells take up or exclude Trypan blue. A viable cell will have a clear cytoplasm whereas a non-

viable cell will have a blue cytoplasm. Cell viability was calculated using the following formula:

Viability % = Viable cells/ Total cells x100%. *Total cells = viable + dead cells

2.2 3D tissue culture

2.2.1 Rat tail collagen type | extraction

Collagen was isolated from rat tail tendons following our research group standard
protocol. Rat tails were collected following Home Office guidelines and stored at -20 °C and
thawed overnight prior to use. The rat tail skin was sliced at about a third length of the tail with
a surgical blade (Swann-Morton, UK) around the circumference without going too deep into the
tendons. The tail bone was broken by folding it at the cutting point and then twisted in one
direction until the tendons, string-like white fibres, came out smoothly as the skin and bone were
separated. The tendons then were cut with a blade and washed in sterile PBS twice and

transferred to a bottle of 0.1 M acetic acid. The collagen was mixed at 4°C on a stirrer until
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completely dissolved which took approximately 1-2 weeks. Once dissolved, the collagen
suspension was filtered and aliquoted into 15 ml tubes and lyophilised using a freeze-dryer
(VirTis Benchtop K Manifold freeze drier, SP Scientific, Suffolk, UK). The lyophilised collagen
was weighed and stored at -20°C for long term storage or dissolved in 0.1 M acetic acid to a

final concentration of 5 mg/ml and stored at 4°C ready for use.

2.2.2 Collagen hydrogel preparation

The collagen hydrogel was prepared by adding DMEM (10X), reconstitution buffer (10X),
FBS, L-glutamine, and collagen. The reconstitution buffer consisted of 2.2 g sodium
bicarbonate, 4.8 g HEPES, 0.238 g NaOH, dissolved in 100 ml distilled H-0, sterile filtered,
aliquoted and stored at -20°C until use. Volume and final concentrations of the reagents used
in the preparation of the collagen hydrogels are detailed in (Table 2.2). All the components were
kept on ice and mixed gently by inverting the tube. After the collagen had been added, the pH
was adjusted to 7.4 using 2 M NaOH with a pH meter (HANNA Instrument, UK), after which the

cells were added.

Table 2.2: Components of collagen hydrogel

Volume per model

Items Final concentration
(nL)
DMEM (10X) 100 13.8 mg/ml
NaHCOs (2.25 mg/ml), HEPES (2
Reconstitution buffer (10X) 100
mM), NaOH (6.3 mM)
Foetal bovine serum 83 8.5% v/v
L-glutamine 10 2.1 mM
Collagen 673 3.37 mg/ml

2.2.3 Extraction of cells from collagen hydrogels

Collagen hydrogels were cut into small pieces using a sterile blade (company) and
incubated in 2 ml of 0.5 mg/ml collagenase | (ThermoFisher, UK) in Green’s medium in a
microcentrifuge tube and incubated on for 1-2 hours at 37°C. Once the hydrogel was dissolved,
the cell suspension was filtered to remove any residual collagen fibres using a Falcon® 5 ml
round bottom polystyrene test tube, with a 35 ym mesh size cell strainer snap cap attached
(Fischer Scientific, UK). The cell suspension was centrifuged 3000 g for 3 minutes and the cell

pellet resuspended in fresh Green’s medium or in FACS buffer for immediate analysis.
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2.2.4 Construction of hydrogel embedded with Jurkat cells of different densities

To investigate T cell viability inside collagen hydrogels, Jurkat cells were seeded inside
a hydrogel at different densities and cultured for 14 days. Jurkat cells were prepared as
previously described (Section 2.1.3.1). Cells were counted and resuspended in Green’s medium
(without hydrocortisone) to give a final density of 0.5, 1 or 2 x 108 cells per 1 ml collagen or with
no cells added, to act as a negative control. Each cell suspension was added to the neutralised
collagen solution and mixed thoroughly to ensure uniform distribution. One ml of collagen
hydrogel was added to each well of 12 well inserts (Greiner-Bio-One, Germany) and the
hydrogels incubated in a humidified atmosphere of 5% CO:2 at 37°C for 30 minutes or until
completely set, before adding medium. The PrestoBlue viability test was performed on days
1, 3, 7, 10 and 14 as described in section 2.2.6.

2.2.5 Construction of hydrogel embedded with primary T cells of different activation
conditions

To investigate the viability of primary T cells inside collagen hydrogel, this primary T cells
were isolated from blood and prepared as naive, activated or polarised cells as previously
described (Section 2.1.2.2 & 2.1.4) and incorporated within a collagen hydrogel according to the
protocol designed in this research. T cells were counted and added to a collagen hydrogel to
reach a final concentration of 1 x 10° cells per 0.5 ml collagen. For Th1 polarisation, the cells
were either cultured in polarised conditioned for 5 days in 2D before adding them to the hydrogel
or were freshly isolated, activated, and then added to a hydrogel and cultured in polarising
conditions. Hence, polarisation was either established in 2D or 3D. The hydrogel/cell
suspension was mixed thoroughly and each 0.5 ml (containing 1 x 108 cells) was added to a 12
well insert and incubated from 30-60 minutes or until the hydrogel set. The naive T cell hydrogels
were treated with rIL-2 only and cultured in Greens medium without hydrocortisone. The
activated T cell hydrogels were treated with rIL-2, CD3/CD28, and cultured in Greens medium
without hydrocortisone and the Thl T cell hydrogels were treated with rIL-2, CD3/CD28, and
cultured in Thl polarising medium. A control hydrogel containing no cells were made to account
for any background fluorescence when performing the viability test. T cell viability in a hydrogel

was assessed using PrestoBlue assay at days 1, 3, 5, 7 and 10 as described in section 2.2.6.

2.2.6 PrestoBlue assay to assess T cell viability within a hydrogel

PrestoBlue® reagent (Invitrogen, UK) contains resazurin, a blue compound with no
intrinsic fluorescence that is reduced by metabolising viable cells to resorufin, which is pink in
colour and fluorescent. This conversion is proportional to the number of metabolically active

cells and therefore can be measured quantitatively. Furthermore, PrestoBlue® is non-toxic and
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non-destructive hence, assayed cells can be recovered for further culturing or use in a

subsequent assay.

PrestoBlue reagent (10x) was added directly to the medium (1:10 dilution) in light-
protected conditions and incubated for 6 hours at 37°C according to the manufacturer’s
instructions. Each condition was measured in triplicate and a control hydrogel with no cells was
used as a control to account for background fluorescence. A 100 yl sample was taken from the
conditioned medium of each sample and transferred to a 96-well plate, then the hydrogels were
washed with PBS and medium was refreshed. The fluorescence readings were taken by
spectrometry at excitation of 535 nm and 615 nm emission at the time points 1, 5 and 14 days.

All values were normalised to the control readings and analysed.

2.2.7 The use of LIVE/DEAD™ fixable dead cell stain to assess T cells viability
following extraction from hydrogel

Primary T cells were incorporated into a hydrogel as described in section 2.2.5, then,
cells were extracted from collagen on days 1, 7 and 14 (Section 2.2.3) and stained for viability

using a Fixable Blue Live/Dead dye.

The LIVE/DEAD™ Fixable Dead Cell Stain (ThermoFisher Scientific, UK) was used to
evaluate the viability of cells by flow cytometry according to the manufacturer’s instructions. This
assay is based on the reaction of a fluorescent reactive dye with cellular amines. The reactive
dye can permeate the compromised membranes of necrotic cells and react with free amines
both in the interior and on the cell surface, resulting in intense fluorescent staining. In contrast,
only the cell-surface amines of viable cells are available to react with the dye, resulting in
relatively dim staining. The discrimination between live and dead cells is completely preserved
following fixation of the sample by formaldehyde. Moreover, these single colour assays use only
one channel of a flow cytometer, leaving the other channels available for multicolour

experiments.

T cells were washed and resuspended with 1 ml PBS. Two pl of blue live dead reactive
dye was added to the cell suspension and incubated on ice for 30 minutes, protected from light.
If fixation was not required and analysis was planned on the same day, then cells were washed
with 1 ml of 1% BSA/PBS buffer and resuspended in 300-500 pL of 1% BSA. However, if fixation
was required, then the cells were washed once with 1 ml of PBS and resuspended in 4%
formaldehyde for 15 minutes at room temperature. After fixation, cells were washed with 1%
BSA and resuspended in 300-500 ul of 1% BSA. The fixed cell suspension was analysed by
flow cytometry using a LSRII Flow Cytometer (BD Biosciences, California, US) with 350-360

nm excitation and 450 nm emission.
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2.2.8 The construction of an oral mucosa equivalent

An oral mucosal equivalent (OME) was fabricated utilising NOF359 or 343 and FNB6
cells following protocol developed by our research group (Jennings et al., 2016). NOF cells were
prepared and counted as described in section 2.1.3.1. The medium was discarded, and the cell
pellet resuspended in DMEM to give a final cell density of 0.25 x 10° cells per 40 ul of medium
(2.5 x 10° per model). Collagen hydrogels were prepared as described (see Table 2.2) in an
appropriate volume to the number of models desired for each experiment. Once the hydrogel
pH was neutralised, the prepared NOF suspension was added to the collagen solution and
mixed gently. One ml of the mixture was then transferred into each 12 well cell culture inserts
fitted in a standard 12-well plate. The hydrogels populated with NOF were incubated for 1-2
hours or until it had solidified in a humidified atmosphere of 5% CO; at 37°C. Once the hydrogels
had set, DMEM culture medium was added to the wells, 1 ml to the bottom well and 0.5 ml to

the top of each insert then incubated for 48 hours.

Following incubation, FNB6 cells were prepared as described in section 2.1.3.1 and the
cell pellet was resuspended in Green’s medium to give a final concentration of 0.25 or 0.5 x 108
cells per 0.5 ml (per model). Cell culture medium was carefully removed from the top and bottom
of each insert and the inserts transferred into a deep 12-well plate (Greiner Bio-One, GmbH,
Germany). FNB6 cells (0.25 or 0.5 x 106 cells in 0.5 ml medium) were seeded on top of each
collagen gel and 4.5 ml of Green’s medium added to the bottom of each well and incubated from
2-5 days. Following incubation, the medium on top and bottom of the models was carefully
removed, and 4.5 ml of fresh Green’s medium added to the bottom only, raising the model to
an air-to-liquid interface (ALI). The models were further cultured for 10 or 14 days, and the
medium changed every two days (Figure 2.4). Finally, models were fixed in 10% formalin and

stored at room temperature for histological assessment.
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Figure 2.4: An illustration of the main steps in the fabrication of normal oral mucosal equivalent.
Collagen hydrogels embedded with NOF cells were prepared and incubated until the collagen was set.
Then, FNB6 were seeded on top and immersed in media for 2-4 days. Finally, hydrogel was raised to an
air-to-liquid interface for a further 10-14 days while media was changed every two days. Created using
BioRender.com.

2.2.9 Stimulation of oral mucosa equivalents

OME were stimulated with different conditions to determine which produces the most
relevant inflammatory response to OLP. OME were fabricated as described in section 2.2.8 and
raised to ALI for 10 days. At day 10, the medium was removed and one of the following
conditions were added in duplicate: Green’s medium as control (unstimulated), Green’s medium
supplemented with 1000 U/ ml IFN-y (equivalent to 50 ng/ml) and 1000 IU/ml TNF-a (equivalent
to 20 ng/ml), conditioned medium obtained from Thl polarised T cells, and finally, Thl
differentiation medium containing human riL-12 p70 (20 ng/ml), rIL-18 (20 ng/ml), and anti-
human IL-4 antibody (2.5 pg/ml).

After 48 hours of incubation, medium was collected and centrifuged at 200 g, 4°C for 5
minutes. The supernatant was stored at -80°C for cytokine quantification. The OME were fixed

in 10% formalin and stored at room temperature for histological assessment.

2.2.10 3D chemotaxis assay

To investigate the potential of activated T cells to migrate towards a chemoattractant
gradient produced by stimulated OME in a 3D environment, a chemotaxis assay was performed
using chemotaxis p-slides (lbidi, GmbH, Germany). Each slide of the p-slide includes three
chambers for three parallel assays where each chamber is composed of two large reservoirs

that are connected by a narrow observation area that harbours the cells (Figure 2.5). Each slide
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received three different conditions as follow: A negative control consisting of serum free medium
in the reservoir chambers on both sides of the viewing chamber with no chemoattractant, a
positive control with one reservoir containing CCL5 (Peprotech, UK) at a final concentration of
100 ng/ml, and an experimental group where one reservoir was filled with conditioned media
from OME stimulated with IFN-y and TNF-a.

The assay was performed in accordance with the manufacturer’s instructions. In
summary, the p-slide was placed into a 10 cm petri dish with a sterile wet tissue around the slide
and incubated in a humidified atmosphere of 5% CO:2 at 37°C overnight before use. Primary
T cells were isolated from buffy coat and activated as previously described (Section 2.1.2.3,

2.1.2.4 and 2.1.4) and cultured in a serum-free Green’s medium without hydrocortisone.

The collagen hydrogel was prepared to yield a final concentration of 2.5 mg/ml and T
cells were seeded in the hydrogel to a final cell density of 3-9 x 108 cells/ml then loaded into the
u-slide. During the hydrogel gelation process, the migration chamber was incubated in a humid
Petri dish at 37°C and 5% CO- for 35 minutes. To prevent sedimentation of the cells and
attachment to the bottom of the microslide, the Petri dish was turned upside down after
15 minutes and again after another 10 minutes. After gelation, the reservoirs were filled with the

test medium.

The chemotaxis slide was incubated directly in the incubation chamber of the live
imaging system to allow for gradual stabilisation of temperature and CO; at 37°C and 5%,
respectively. The inverted transmitted-light microscope in the live imaging system (Microscope
Leica DM18 inverted light microscope, Leica Microsystems, UK) was set for phase-contrast
microscopy and a time-lapse experiment performed with an interval set time of 10 minutes over
a period of 24 hours. Cell tracking and analysis was performed using the FastTrack Al

Automated Image Analysis software (lbidi, GmbH, Germany).

65



Chamber 1

Chamber 2

Chamber 3

7

O

RANTES/ | | Control
cas i

@)

ZCondltloned | Control
media |/

g8 F.O. g F.D. g F_|
©.0©0p©eg®

3 Control | 1 Control

9P

Figure 2.5: Chemotaxis assay p-slide. (A) An illustration of the design of the p-slide chemotaxis and the
conditions used for the chemotaxis assay. (B) An illustration of how cells distributed inside the observation
area in a 3D environment with established chemotactic gradient. Copy rights to ibidi.com.

2.2.11 Fabrication of a full thickness inflammatory oral mucosal model

Two different methodologies were tested for successful establishment of a full thickness
T cell inflammatory model. The first method incorporated NOF359, CD4 and CD8 T cells
together into a collagen hydrogel at day 0 and will from herein be referred to as the ‘all in one
technique’. Primary CD4+ and CD8+ T cells were isolated from buffy coat and primed into Th1
or cytotoxic CD8 as previously described (Section 2.1.2.3, 2.1.2.4 and 2.1.4). A final seeding
density of 1.5 x 108 T cells per model was used. NOF359 were prepared as previously described
(Section 2.1.3.1) to give a final concentration of 0.25 x 108 cells per model. Both the T cells and
NOF359 were added to the collagen hydrogel and mixed gently. One ml of the resultant hydrogel
mixture was added to each of a 12-well insert. Once the hydrogel had set, they were immersed
in Th1l differentiation medium and after 48 hours incubation FNB6 (0.25 X 106) were seeded on
top of each hydrogel. The FNBG6 reach confluence within 2-5 days, when the models were raised
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to ALl and cultured for a further 10 days. After day 10 at ALI, the models were stimulated with
IFN-y (1000 IU/ml) and TNF-a (1000 1U/ml) and fixed on day 10, 12, 16, 20 and 25.

The second approach combined a previously prepared OME (Section 2.2.8) to a previously
prepared T cell hydrogel (Section 2.2.5) and will from herein be referred to as the ‘layering technique’
(Figure 2.6). One ml or 2 ml of the NOF/hydrogel mixture was added to each well of a 12-well or 6-
well insert, respectively. Following 48 hours of incubation, 0.5 or 1ml of FNB6 cells (0.5x 10° cells/
ml) were prepared and seeded on top of the models in the 12 and 6 well inserts, respectively. On
the same day of seeding FNB6, T cells (CD4 and CD8) were isolated from blood and primed into
Thl and cytotoxic CD8 T cells. After 5 days of incubation, the OME model were raised to an ALI
interface and cultured in full Green’s medium whereas the primed T cells were incorporated into a
collagen hydrogel. T cells hydrogel (0.5 ml) was added into each 12-well inserts with a final seeding
density of 1.5 x 108 cells per model and cultured in Thl medium. At day 7 of culture at an ALI, the
OME was combined with the T cells hydrogel (OME top layer/T cells bottom layer) using 100-150 pL
of 3 mg/ml collagen solution to sandwich the layers together. The OME constructed in a 12-well
insert did not need cutting and was transferred directly and gently using small lab spoon and spatula
to the top of a T cell hydrogel after wetting its surface with a collagen solution, an illustration of this
step is presented in (Figure 2.7). If the OME was constructed in a 6-well insert it was cut to fit into
the smaller 12 well insert. Here, the OME was transferred gently into a sterile petri dish with medium
and cut with a sharp blade to fit the 12-well inserts. The cut was made in one stroke to avoid tearing
the mucosa and transferred carefully to the top of a T cell hydrogel. From this point, the full model
continued to be cultured in Thl medium for 2-3 days then stimulated with IFN-y (1000 1U/ml) and
TNF-a (1000 IU/ml) and fixed in 10% formalin on day 10, 12, 16, 20 and 25 of ALI (Figure 2.7). Since
models stimulated at day 10 of ALLI, this is also Day 0, 2, 6, 10, and 15 of stimulation.
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Figure 2.6: An illustration of the main steps involved in the construction of a full T cell inflammatory
model using the layering technique. OME at day 7 of ALI was transferred to the top of T cell hydrogel
at day 7 of culture and combined with collagen solution. The combined full model was stimulated at day
10 of ALI while media collected and model fixed at day 10, 12, 16, and 20 of culture. Created using
BioRender.com.

A

Figure 2.7: Images illustrate the steps of combining two independent models into one full inflammatory
model, described as the layering technique. (A) a collagen suspension was used to wet the T cells
hydrogel model before (B) the edges of the OME model were detached gently from the membrane
underneath using a micro spatula, (C) then the OME model was gently removed using a micro lab spoon
and (D) transferred to the top of the T cell hydrogel. (F) A combined full layered model of the contracted
OME on top of uncontracted T cell hydrogel. Scale bar =10mm.
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2.3 Histological assessment

2.3.1 Haematoxylin and eosin staining

Normal oral mucosa (ethical approval 09-H1308-66) and OLP (ethical approval 22-SC-
0111) tissue blocks were ready for cutting. All collagen hydrogels and tissue-engineered models
were fixed with 10% PBS-buffered formalin for at least 24- 48 hours to allow complete
crosslinking that will preserve the cellular morphology. Then, tissues were processed overnight
using a Shandon Citadel 2000 tissue processor using the steps outlined in (Table 2.3).
Dehydration performed using alcohol in certain order to alllow for removal of free water while
maintaining the bound water. The xylene, clearing agent, removes the alcohol to allow complete
infiltration of wax. Finally, wax infiltration to support the tissue structure. After processing, the
tissue samples were bisected then embedded in molten paraffin wax using a Leica EG1160

Embedding Centre (Leica Microsystems, Germany).

Table 2.3: Processing schedule for formalin-fixed tissues.

Histological processing steps Time
10% neutral buffered formalin | 60 minutes
70% alcohol 60 minutes
70% alcohol 60 minutes
90% alcohol 60 minutes
90% alcohol 60 minutes
Absolute alcohol 60 minutes
Absolute alcohol 60 minutes
Absolute alcohol 60 minutes
Xylene 90 minutes
Xylene 90 minutes
Paraffin wax | 120 minutes
Paraffin wax Il 120 minutes

Cooled wax blocks were sectioned (5 um) using a microtome (Leica RM2235 microtome,

Leica Microsystems, Germany) with microtome blade S35 type (Feather, Japan) and transferred
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onto SuperFrost plus slides (ThermoFisher Scientific, UK) after being floated on a water bath
set at 35°C (Barnstead Electrothermal, Staffordshire, UK). The tissue sections were warmed for
at least 30 minutes in an oven set at 60°C before staining to ensure adherence of the sections
to the slides. Haematoxylin and eosin (H&E) staining was performed using a Leica ST4040
linear Stainer (Leica Microsystems, Germany) (Table 2.4) and sections then mounted with
dibutyl phthalate polystyrene xylene (DPX) and covered with a coverslip (VWR International,
UK). Stained tissue sections were examined under upright brightfield microscope and images
captured with an Olympus BX51 Colour view lllu camera and associated Cell*D software

(Olympus soft imaging solutions, GmbH, Minster, Germany).

Table 2.4: Staining schedule for H&E staining using the Leica linear auto-Stainer

Solutions Repeats
Xylene 3
Absolute alcohol 3
Distilled water 2
Harris’s Haematoxylin 4
Running tap water 1
0.1% HCL in 70% alcohol 1
Running tap water 1
Scott’s water substittute 1
Running tap water 1
Eosin 3
Running tap water 1
Absolute alcohol 3
Xylene 4

2.3.2 Immunohistochemistry staining

Five um sections were deparaffinised in two xylene baths, for 5 minutes each, then
rehydrated in two 100% ethanol baths, each for 5 minutes. Endogenous peroxidases were
guenched with 3% hydrogen peroxide in methanol for 20 minutes. Antigens are usually
obscured in the specimen by the formalin fixation and paraffin embedding processes, hence, an
antigen retrieval step is required either by heat or enzymatic treatment. Heat treatment was
performed using TRIS/EDTA buffer (10 mM Tris Base, 1.2 mM EDTA, 0.05% v/v Tween20 in
ddH20, pH 9). All antibodies (Table 2.5) showed best performance when heat-treated using
TRIS/EDTA Buffer carried out in a 2100 antigen retriever pressure cooker (Aptum Biologics,
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UK) for a full cycle of 20 minutes. The tissue samples in the slides were bordered with a wax
pen and blocked with normal horse or goat serum for 30 minutes. Sections were incubated with
primary antibody diluted in normal serum or EnVision FLEX Antibody Diluent (Agilent, UK)
overnight at 4°C in a humidified chamber. Next day, sections were washed twice for 5 minutes
in PBS and incubated with anti-mouse or anti-rabbit IgG secondary antibody (Vector
laboratories, Ca, US) for 30 minutes. Following a further two 5 minute washes with PBS, ABC
reagent (Vectastain Elite ABC-HRP kit, Vector laboratories, Ca, US) was applied for 30 minutes,
then washed twice with PBS. 3,3’-diaminobenzidine (DAB) stain (Vector laboratories, Ca, US)
was applied and after 5 minutes or once the brown colour had started to develop, slides were
immersed in dH20 to stop the colour development reaction. Sections were then counterstained

with haematoxylin and mounted as described (Section 2.3.1).

Table 2.5: Antibodies used for immunohistochemistry.

Antibody Clone Dilution Supplier
Monoclonal mouse anti-
4B12 1:10 Agilent, UK
human CD4
Monoclonal rabbit anti- ThermoFisher
SP35 1:50
human CD4 Scientific, UK
Monoclonal mouse anti- Bethyl Laboratories,
C8/1448B 1:25
human CD8 us
Santa Cruz
Vimentin mouse anti-
RV202 1:25 Biotechnology,
human
us
Mouse IgG1 DAK-GO1 Agilent, UK

2.4 Gene analysis

2.4.1 RNA extraction and reverse transcription

Total RNA was extracted from prepared samples using the Monarch® Total RNA
Miniprep Kit (New England BioLabs, UK) or Direct-zolITM RNA MicroPrep (ZYMO Research,
USA) following the manufacturer’s instructions. First, to create a lysate, T cells were collected
through centrifugation and pellet resuspended in 500 pl lysis buffer then stored in -80°C until
use. For 3D models, collagen was incubated with 300 ul of RNA protect for half an hour or until
dissolved, centrifuged to pellet debris, then supernatant added to an equal volume of lysis buffer.
To extract RNA from lysate, samples were passed through gDNA removal columns to discard
any genomic DNA contamination, then an equal volume of ethanol 295% was mixed with the

flow through and passed though RNA purification columns. Another optional step to discard
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remnant gDNA by DNAse enzymatic removal was carried out. The collected RNA was primed,
washed, then eluted in nuclease-free water. RNA was quantified using a Nanodrop 1000

spectrophotometer (ThermoFisher Scientific, UK).

2.4.2 Complementary DNA generation

Total RNA was reverse transcribed to generate complementary DNA (cDNA) using high-
capacity cDNA reverse transcription kit (ThermoFisher Scientific, UK) following the
manufacturer’s instructions. In brief, 10 yL of an equal concentration of RNA diluted in nuclease-
free water was added to a 10 uL master mix consisted of RT buffer, d-NTP, random primer,
reverse transcriptase, and nuclease-free water. The 20 yuL mix was transcribed using a Peltier
Thermal cycler (MJ Research, UK). The thermal cycler was set to run at 25°C for 10 minutes,
followed by 2 h at 37°C, and finally at 85°C for 5 minutes. cDNA was then stored at -20°C.

2.4.3 Quantitative PCR

Quantitative RT-PCR (qRT-PCR) was carried out using Rotor-Gene Q (Qiagen,
Manchester, UK) using TagMan chemistry. One pL of the prepared cDNA was added to 9
ML master mix consisting of TagMan target probe (FAM-labelled), water, and a reference gene
probe (VIC-labelled) which was 2-microglobulin (B2M control mix; Applied biosystems, Life
Technologies, UK). The reference gene was used to normalise gene expression and all
assays were performed in triplicate. The standard thermal cycle consisted of 95°C for 10 s, 60°C
for 15 s and 72°C for 20 s. All primers used are indicated in Table 2.6.

Table 2.6: TagMan primers used for Thl phenotyping. All primers were purchased from (ThermoFisher
Scientific, Leicestershire, UK).

Name Assay ID

TBX21 Hs00894392_m1
STAT1 Hs01013996_m1
STAT4 Hs01028017_m1

Quantification of gene expression was calculated using the delta-delta CT (2-AACT)
method (Livak and Schmittgen, 2001). The cycle threshold (CT) represents the number of cycles
that causes the fluorescent signal to reach a fixed threshold. The ACT value represents the
difference in CT values between target genes and reference control. The calculated 2-AACT
values represent the relative fold change in gene expression between samples. Data will be

presented as fold-change in target gene expression compared to the reference controls.
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2.5 Protein analysis

2.5.1 Enzyme-linked immunosorbent assay

Conditioned media was collected and stored in -80°C until analysis. Cytokine released
in media was measured by sandwich Enzyme-linked Immunosorbent Assay (ELISA) assay
using DuoSet ELISA kits specific for IL-2, IL-4, IFN-y, TNF-a, CCL5, CXCL9, CXCL10, and IL-
17 (R&D systems, Abingdon, UK) (Table 2.7) as per manufacturer’s instructions. Briefly, high
binding 96-well microplates (Greiner, Gloucestershire, UK) were incubated overnight with
100 ul of diluted capture antibody and covered with a plate sealer. Next day, plates were
blocked for 1 hour with 300 puL of blocking reagent, washed and samples and standards
added at 100 pl per well. After a two-hour incubation, the plates were washed and incubated
with 100 ul detection antibody for two hours before washing and 100 pl of streptavidin-HRP
added for 20 minutes. Finally, plates were washed and 100 pl of TMP (3,3,5,5'-
tetramethylbenzidine) substrate solution (KPL SureBlue™, SeraCare, Massachusetts, US)
added. After 30 minutes or once a dark blue colour had developed in the wells with highest
standard concentration, the reaction was stopped with 2N H>SO4 and the optical density
determined using a Tecan Infinite M200 spectrophotometer and associated Magellan
software, version 7.2, (Tecan lifeSience, Switzerland) using a 450 nm wavelength filter with
correction at 570 nm. A standard curve was plotted from the standard’s concentrations and

the concentration of the samples determined.
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Table 2.7: Reagents and antibodies specification for each ELISA kit.

Capture Detection
Blocking Standard
Cytokine antibody Reagent diluent antibody
reagent (pg/mL)
(ng/mL) (ng/mL)
0.1% BSA, 0.05%

1% BSA in

IL-2 4 Tween 20 in Tris- 15.6-1000 100
PBS

buffered saline
0.1% BSA, 0.05%

1% BSA in

IL-4 4 Tween 20 in Tris- 31.2-2000 25
PBS

buffered saline

1% BSA in

IFN-y 2 1% BSA in PBS 9.38-600 200
PBS
1% BSA in

TNF-a 4 1% BSA in PBS 15.6-1000 50
PBS

2.5.2 Cytokine array

Cytokines were detected in conditioned media using a RayBio® C-Series Human
Cytokine Antibody Array C5 (Ray Biotech, Georgia, US) for the semi-quantitative detection of
80 human proteins (Table 2.8). The assay was performed following the manufacturer’s
instruction. In short, each of the antibody array membrane was placed into a well of the
incubation tray and blocked for 30 minutes before the samples were added and incubated for
two hours. Membranes were then washed and incubated with the biotinylated antibody cocktalil
for two hours, washed again and incubated with horse radish peroxidase (HRP)-streptavidin for
another two hours. After a final wash, a detection buffer mixture was added for 2-5 minutes to
the membranes before being exposed and images were taken with a C-DiGit blot scanner
(Li-cor, Cambridge, UK) with the associated software. Densitometry data were extracted
from images using the array analyser plug-in in ImageJ software. To normalise data, the
background was subtracted then, the control (unstimulated media) array was used as a

reference array to which the other arrays were normalised.
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Table 2.8: Array map of 80 proteins in the human cytokine antibody array C5.
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2.5.3 Western blot

2.5.3.1 Protein extraction and quantification

Ten ml of radioimmunoprecipitation assay buffer (RIPA buffer) with complete mini-EDTA

free protease inhibitor cocktail and phosphatase inhibitors (Roche, Basel, Switzerland) was

used to lyse cells, solubilise proteins, and to ensure protein stability. Each sample pellet was

mixed with 150-300 pl of the lysis buffer and incubated for 30 minutes at 4°C or on ice before

being centrifuged at 18,000 g for 20 minutes at 4°C to avoid protein denaturation. The

supernatant containing the soluble proteins was gently aspirated into a fresh tube and stored at

-80°C.
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The bicinchoninic acid assay (BCA) (Pierce BCA protein assay Kit, Fisher-Scientific, UK)
was used to quantify protein concentration following the manufacturer’s instructions and BSA
(Thermo Fisher Scientific) was used to produce a standard curve. The absorbance values were
measured using a spectrophotometer plate reader at 562 nm and the concentrations

extrapolated from the standard curve.

2.5.3.2 Protein separation and transfer to a nitrocellulose membrane

This step was performed following standard operating procedure in the molecular
biology lab. The acrylamide gel concentration is selected according to the protein molecular
weight. For instance, if the target protein molecular weight is smaller than 100 kDa usually a

12% concentration is selected (Table 2.9).

Table 2.9: Components of the acrylamide gel.

Ammonium
Acrylamide | Lower Tris | TEME H20
Gel Persulfate
(ml) (ml) (1) (mi)
(APS) (ul)
Resolving gel
1.2 2.5 5 350 6.1
(12%)
Resolving gel
1.9 2.5 5 350 5.4
(15%)
Stacking gel 1 2.1 17 100 7.4

The protein lysate (20 pg) was mixed with 5 x SDS lysis buffer 1:5 (v/v) and heated for
5 minutes at 95°C in a heat block. The gel was placed into the XCell SureLock Mini Cell
electrophoresis system (Invitrogen Ltd, UK) following the manufacturer’s instructions and filled
with 1 x SDS running buffer (0.025M Tris-base, 0.032M glycine, 1% SDS in ddH20). The
protein ladder (Ez run protein ladder) and the protein samples were loaded into gel wells and
the gel run for 15 minutes at 70-90 V to allow slow movement of the sample through the gel
then the voltage was increased to 100-120 V for 1 hour or until good separation between the

molecular weight bands could be observed.

Proteins in the gel were transferred onto a nitrocellulose or polyvinylidene difluoride
(PVDF) membrane using the Trans-Blot Turbo™ transfer system (Bio-Rad, Hertfordshire,
UK) in semi-dry transfer buffer (0.05 M Tris-base, 0.025 M glycine, 0.4% SDS and 20%
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methanol in ddH20). Protein transfer was confirmed by Ponceau S stain, then the
membrane washed in TBST solution (8 g NaCl, 0.2g KCl, 3 g Tris-base in ddH20).

2.5.3.3 Target protein detection

Membranes were cut, separating the p-actin protein from the target protein and blocked
with 5% skim milk powder in TBST for 1 hour at room temperature, then washed and incubated
overnight at 4°C with either the target protein (anti-STAT1 antibody [EPRR21057-168], Abcam,
Cambridge, UK) at 1:1000 dilution in 5% TBS-T milk or with B-actin primary antibody (A1978,
Sigma Aldrich, UK) at 1:3000 dilution. Next day, membranes were washed with TBS-Tween and
incubated with secondary anti-rabbit antibody at 1:3000 dilution (7074S-Cell Signalling, UK) or
secondary anti-mouse antibody at 1:5000 (GTX22166701, Genetex, US) for 1 hour at room
temperature. The membranes were washed, developed using chemiluminescence (Clarity ™
Western ECL Substrate, Bio-Rad, Hertfordshire, UK) and imaged using a C-DiGit blot
scanner (Li-cor, Cambridge, UK) with the associated software then analysed with ImageJ.

To detect the phosphorylated form of the STAT1, membrane was stripped of
antibodies using Restore Western Blot Stripping Buffer as per the manufacturer's
instructions (ThermoFisher Scientific, Leicestershire, UK), re-blocked in blocking solution,
and then re-probed with a primary antibody specific for the phosphorylated STAT1 (Anti-
STATL1 (phospho Y701 antibody [EPR3147], Abcam) at 1:1000 dilution overnight at 4°C.
Next day, membranes were incubated with anti-rabbit secondary antibody, washed, and re-

developed as described previously.

2.6 Flow cytometry

Flow cytometry can be used to assess cells according to their size, granularity or
fluorescence, or it can be used to analyse cell cycle, assess viability, amongst other uses. A
flow cytometer consists mainly of a fluidic system, optical system and the electronic system.
The fluidic system is the heart of flow cytometry because the faster moving fluid sheath creates
a channel in centre that directs the cells in a stream where they can be analysed in a line one
by one in the same axis and velocity. The optical system consists of lasers to illuminate the cells
in the sample stream and optical filters to direct the resulting light signals to the appropriate
detectors. Finally, the electronics system converts the detected light into electronic signals that

can be processed by the computer.

Once the laser hits the cell, a light is scattered at a low angle which is collected through

the forward scatter detector (FSC) and this is proportional to the size of the cells. When the light
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faces obstructions when passing through the cells, it produces scattering at higher angles which
is called side scatter (SSC) and this is proportional to the granularity and complexity of the cells.
The number of cells passing through the laser can be recorded, also, the FSC and the SSC can
be combined into a scatter blot where populations of different physical characteristics can be
identified. A popular example for this is the identification of different cells in a blood sample
including lymphocyte (smaller cells with low granularity), monocyte (slightly larger with more

granularity), and neutrophils and granulocytes (larger cells with dense granularity) (Figure 2.8).
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Figure 2.8: Dot plot with cell subpopulations based on SSC vs FSC. Sample of PBMCs shows three
subpopulations of different size and granularity. The lymphocyte (smaller cells with low granularity),
monocyte (slightly larger with more granularity), and neutrophils and granulocytes (larger cells with dense
granularity). Image is own work.

Antibodies can be conjugated with a fluorochrome that can be excited through the flow
cytometry laser and emit light of specific wavelength that can be collected through specific
detectors. The intensity of the fluorescent signals detected are proportional to the number of
fluorochrome molecules on the particle. More than one fluorochrome can be used
simultaneously if they can be excited with the same laser and their peak emission is not close
and hence can be detected by separate detectors. An example is the combination of fluorescein
isothiocyanate (FITC) and phycoerythrin (PE) conjugated antibodies. All flow experiments in this
work were analysed with LSRIlI (BD Biosciences, California, US) with 4 lasers and the

configurations are presented in Table 2.10.
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Table 2.10: List of the lasers and filters available in the customised BD LSRII and the compatible
fluorochromes.

Reporter
Laser Bandpass filter Viability Fluorochrome
protein
LIVE/DEAD Blue
450/50 . BUV 496
355nm UV laser Zombie UV
530/50 Zombie Aqua
Alexa Fluor 405
LIVE/DEAD Violet BEP BD-Horizon V450
450/50 Zombie violet CEP BV 421
DAPI Pacific Blue
eFluor 450
405nm Violet laser AmCyan
BD-Horizon V500
LIVE/DEAD Aqua
BV510
525/50 Or Yellow
. Cascade Yellow
Zombie Aqua e
Pacific Orange
GFP
LIVE/DEAD Green Alexa Fluor 488
530/30 ) YFP
Zombie Green FITC
CFSE
PE
575/26 PI mOrange
Ds Red
Alexa Fluor 594
LIVE/DEAD Red PE-Alexa Fluor 610
488nm Blue laser 610/20
Pl PE-CF594
PE-Texas Red
PI PE-Cy5
660/20 Y
7AAD PerCp
PerCp-Cy5.5
695/45 Ly
PerCp-eFluor 710
780/60 PE-Cy7
LIVE/DEAD Far Red APC
660/20 DID
TOPRO3 Alexa Fluor 647
Alexa Fluor 700
730/45
APC-Cy5.5
633nm laser
APC-Cy7
LIVE/DEAD Near-IR APC-H7
780/60 .
Zombie NIR APC-eFluor780
APC-FIRE

2.6.1 Sample preparation

Adherent and suspension cells were prepared as described (Section 2.1.2.1) and
resuspended to give a final cell density of 1 x 10° cells/ml in an appropriate volume of FACS
buffer. The 3D collagen hydrogel was enzymatically digested (Section 2.2.1), and the residual

cells pellet resuspended in FACS buffer. If the cells need blocking for non-specific Fc-mediated
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interactions, then cell were incubated with 10 pl of human Fc Receptor Binding Inhibitor per 100

pL sample for 20 minutes at 4°C before staining.

2.6.2 Validating the LIVE/DEAD™ fixable dead cell stain

Propidium iodide (PI) (ThermoFisher Scientific, UK) is a popular red-fluorescent
counterstain and since Pl does not permeate through the living cell's membrane, it is also
commonly used to detect dead cells in a population. To compare the functionality of fixable blue
dye to the Pl dye, Primary T cells were freshly isolated from blood then sorted into a live sample,
treated with DMSO for 2 minutes to create a dead population of cells or mixed (live and dead
population). Then, samples were either unstained, stained with fixable blue live/dead dye
(Section 2.2.5), or resuspended in 300-500 pL FACs buffer with 1 yL of PIl. The samples were
analysed using a LSRIl flow cytometry and using an excitation at 488 nm and emitting

wavelength of 575/26 nm.

2.6.3 Surface staining of proteins for analysis by flow cytometry

Samples were centrifuged at 1800 g for 3 minutes and the cellular pellet resuspended
in 95 uL FACS buffer containing 5 pL of a conjugated fluorescence antibody (Table 2.11). The
samples were incubated for 20 minutes on ice protected from light, washed with 1 ml FACS
buffer before staining with a live/dead stain (2 pL) and incubated for further 30 minutes. The
samples were then washed and fixed in 10% formalin for 15 minutes and re-suspended in 300-
500 ul FACS buffer. Unstained control sample to account for background fluorescence and an

IgG isotype control-stained sample to account for non-specific staining were prepared.

The FCS data for the single colour samples were collected with LSRII flow cytometry.
102 events stored and threshold for FSC, SSC and fluorochrome were adjusted before recording
using the unstained and a stained sample. Then a gating strategy was performed by gating for
the parent cell population in the FSC and SSC light beam (Figure 2.9). Then, the parent
population gate was blotted against UV450-40 channel to exclude dead cells and gate for the
viable cell population. Finally, the fluorochrome was blotted from the viable population and gate
adjusted with the isotype control sample. Both median fluorescence and percentage cell
population from parent data were recorded and analysed with FlowJo software (BD Life
Sciences, US). Normalised median fluorescence (nMFI) was calculated as follow: nMFI =

positive MFI/ negative MFI.
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Figure 2.9: Dot plots presents the gating strategy for the single colour flow cytometry. The unstained
sample was used to set voltages for (A) the main population on the FSC/SSC blot and to exclude
background fluorescence (B) UV channel, and (C) the APC antibody detecting channel. Then, (D) The
viability was gated from main population in a stained sample to exclude dead cells from analysis. (E) an
isotype control was used to account for non-specific staining and the fluorescent channel (APC) voltages
adjusted with a (F) positively stained sample. Image from gating for T cell activation experiment.

2.6.4 Multicolour surface, intracellular, and nuclear flow cytometry staining to
phenotype Thl, Th17, and cytotoxic CD8 T cells

Although the ability of flow cytometry to stain for different targets simultaneously is very
important for applications such as phenotyping cells, care must be taken to employ the correct
controls and colour panel design. One consideration when performing multicolour fluorescence
is the possibility of spectral overlap between different fluorophores. For instance, one
fluorochrome, FITC, may emit light in the green detector but some light may spill into other
detectors such as the PE or yellow detector which is not an issue with single colour experiment
but may produce false positive results when performing multicolour experiment (Figure 2.10).
Therefore, compensation, which is a mathematical measurement to subtract each fluorochrome

spillage from the other detectors, must be performed.
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Figure 2.10: An illustration of the spectral overlap between two colours excited through the same laser.
Image is own work created by PowerPoint.

To apply and calculate compensation, the following conditions must be fulfilled: first,
colour selection is very important as colour overlap cannot always be compensated. For
example, if two fluorochromes with very close emission were used, there will be a large spill
over especially into a dimly expressed marker and even a good compensation can still lead to
a lowered resolution and inaccurate population detection. On the other hand, correct panel
design may reduce the need for compensation, for instance, if fluorochromes are excited by
different laser beams, there is low, or no compensation needed even if their emission is close.
Similarly, if fluorochromes are excited by the same laser but their emission is distant, their
compensation is very low. Second, it is important for the bright colours to be matched to less
expressed markers in the panel whereas dim colours selected to a highly expressed popular
marker. Third, appropriate controls should be used, and they should include at least the
followings; unstained sample to account for background fluorescence, a single stained sample
to calculate compensation, in which there is a separate sample for each colour in the panel
stained with only that colour, and a fluorescence minus one (FMO) control to adjust gating and
exclude non-specific fluorescence. The FMO consist of a sample stained with all the colours in
the panel except the one its gating for and hence, any fluorescence detected in this sample
represents a spillage from the other colours and should be excluded in gating. It is also important
that the control used to calculate compensation be brighter than the experimental samples for
accurate compensation and to reduce false positive associated with colour spillage and this can

be done by using compensation beads, the ABC™ Total Antibody Compensation bead kit, and
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the ArC™ Amine Reactive Compensation Bead Kit (Life Technologies, UK) (Cossarizza et al.,
2017; Maecker and Trotter, 2009).

Multicolour staining consists of different steps including viability staining, surface
staining, fixation and permeabilization, intracellular and nuclear staining, single colour beads
control staining, and FMO control staining. The cells were prepared and both viability and
surface markers stained as previously described.

2.6.4.1 Staining of Intracellular and nuclear proteins

Cells were fixed with eBioscience™ fixation buffer to stabilise the cell membrane, and
then permeabilised by creating pores with detergent or alcohol to allow antibodies access to
stain intracellular targets. If intracellular staining alone was required, the eBioscience™
Intracellular Fixation & Permeabilisation buffer set was used whereas if intracellular and nuclear
proteins were targeted, the eBioscience™ Foxp3 Transcription Factor staining buffer set was
used (ThermoFisher Scientific, UK). Briefly, after surface staining, pellets were resuspended in
1 ml 1 x fixation buffer, pulse vortexed, and incubated, protected from light, for 30-60 minutes
at 4°C or room temperature. 0.5 ml 1 x permeabilisation buffer was added to each tube and
centrifuged at 400-600 g for 5 minutes then supernatant discarded. The pellet was washed again
in permeabilisation buffer then resuspended in 100 pL permeabilisation buffer. The
recommended amount of the directly conjugated antibodies directed to intracellular or nuclear
target (Table 2.11) were added and incubated for 30 minutes at room temperature. Samples
then were washed twice with 1 ml of permeabilisation buffer and resuspended in 300-500 pL

1% BSA ready for analysis by flow cytometry.

Table 2.11: Flow cytometry antibodies. List of the conjugated antibodies used for single and
multicolour flow cytometry and the designed fluorochromes panel for each experiment.

Fluorophore Laser Target Filter Clone Vendor Category

Single colour antibodies

LIVE/DEAD™
Fixable Blue uv
Viability 450/50 - ThermoFisher Viability
Dead Cell 355nm
Stain
Blue
PE CD4+ 575/26 RPA-T4 eBioscience Lineage
488nm
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Red

APC CD4+ 660/20 PRA-T4 ThermoFisher Lineage
633
Surface
APC Red 633 CD69 660/20 FN50 ThermoFisher
marker
Mouse IgG1
APC Red 633 Isotype 660/20 P3.6.2.8.1 eBioscience
Control
Red Intracellular
APC-CY7 or H7 IL-17 780/60
633nm cytokine
First Thl Panel
LIVE/DEAD™
Fixable Blue UV laser
Viability 450/50 N/A ThermoFisher Viability
Dead Cell 355nm
Stain
BD Horizon V500 Violet 405nm CD4+ 525/50 RPA-T4 BD Bioscience Lineage
Surface
APC Red 633nm CXCR3 660/20 CEW33D eBioscience
receptor
RANTES/ Surface
PE Blue 488nm 575/26 NP-6G4 eBioscience
CCL5 marker
Surface
PE-Cy7 Blue 488nm CCR6 780/60 R6H1 eBioscience
receptor
Alex Fluor 700 Red 633 IL12-R-Betal 730/45 69310 R&D System Surface
FITC Blue 488 IFN-y 530/30 4S B3 Biolegend Surface
Second Th1 Panel
LIVE/DEAD™
Fixable Blue uv
Viability 450/50 ThermoFisher Viability
Dead Cell 355nm
Stain
Blue
PE CD4+ 575/26 RPA-T4 eBioscience Lineage
488nm
Blue Intracellular
FITC IFN-g 530/30 4S.B3 eBioscience
488nm cytokine
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Blue Transcriptional
PE-CY7 T-bet 780/60 4B10 eBioscience
488nm factor
Th17 Panel
LIVE/DEAD™
Fixable Blue uv
Viability 450/50 ThermoFisher Viability
Dead Cell 355nm
Stain
Blue laser
PE CD4+ 575/26 RPA-T4 eBioscience Lineage
488nm
Blue Intracellular
FITC IFN-g 530/30 4S.B3 eBioscience
488nm cytokine
Red Intracellular
APC-CY7 IL-17 780/60 BL168 Biolegend
633nm cytokine
Blue laser Transcriptional
PE CF594 FOXP3 660/20 236A/E7 BD Bioscience
488nm factor
Transcriptional
APC Red 633 RORC2 660/20 600380 R&D System
factor
Cytotoxic CD8 Panel
LIVE/DEAD™
Fixable Blue uv
Viability 450/50 ThermoFisher Viability
Dead Cell 355nm
Stain
Red
APC CD8+ 660/20 RPA-T8 ThermoFisher Lineage
633nm
Blue laser
PE CD4+ 575/26 RPA-T4 eBioscience Lineage
488nm
Red Intracellular
Alexa Fluor 700 Granzyme B 730/45 GB11 BD Bioscience
633nm cytokine
Red laser Surface
APC CD69 660-20 FN50 eBioscience
633nm marker
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2.6.4.2 Single stained controls

Each kit of the ABC™ Total Antibody Compensation bead kit contains two types of
modified polystyrene microspheres, the total compensation capture beads that bind to all
antibodies and the negative beads which have no antibody binding capacity. Following
incubation with conjugated antibody, the two beads will provide distinct positive and negative
populations that can be used to set compensation (Figure 2.11). For any amine reactive dyes
such as the fixable blue live dead dye, the ArC™ Amine Reactive Compensation Bead Kit was
used. This kit works similarly to the ABC kit but it is compatible with amino reactive dyes.

100 =

64 .4

Modal

UV 450_40-A

Figure 2.11: A histogram illustrates distinct positive (far right) and negative populations (far left) using
the ArC beads that can be used to set compensation. Image is own work created by FlowJo.

The ABC and the ArC beads were vortexed for 10 seconds and one drop from
component A (positive beads) of the ArC kit was added to one tube labelled for live/dead which
was mixed with 2 ul of the fixable blue viability. Similarly, one drop from component A of the
ABC kit was added to the tubes corresponding to the other conjugated antibodies and a relevant
amount of the antibody was added to each designated tube. All tubes were incubated for 30
minutes, protected from light then washed with PBS and resuspended in 300-500 pL 1% BSA
before a drop of component B (negative beads) was added. An example of calculated

compensation values for the first Th1l panel shown in (Table 2.12).
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Table 2.12: Compensation matrix. The Compensation matrix applied by BD LSRIl using ABC™ and
ArC™ compensation beads for a panel of fluorochromes. This is a representative example shows
the average compensation for the first Th1 panel.

Average uv
Blue Blue Blue Red Red Violet
Compen 450
530_ 575_ 780_ 660 _ 730_ 450 5
sation _40-
30-A 26-A 60-A 20-A 45-A 0-A
values A
Blue 530_30-
100% 28% 1% 0% 0% 0% 3%
A
Blue 575_26-
1% 100% 2% 0% 0% 0% 0%
A
Blue 780_60-
0% 2% 100% 0% 11% 0% 0%
A
Red 660_20-A 0% 0% 0% 100% 28% 0% 0%
Red 730_45-A 1% 0% 2% 1% 100% 0% 0%
UV 450_40-A 2% 1% 1% 1% 1% 100% 21%
Violet
450_50- 15% 9% -2% -2% 0% 1% 100%
A

2.6.4.3 Fluorescence minus one control

1 x 10° cells per sample were composed of cells most positive for the antigen. The
microtubes were labelled by the missing fluorochrome then the staining steps described before
(Sections 2.6.4) were followed except for that, each sample composed of all the conjugated
antibodies except for one antibody, hence, one of the antibodies will not be used for each

sample.

2.6.4.4 LSRII setting and gating strategy

The flow cytometry FSC and SSC thresholds first adjust using an unstained sample to
minimise the background signals and then by a positively stained sample to adjust fluorescence
threshold for each parameter used. The gating strategy followed a hierarchy starting by gating
for total events in the sample using the FSC/SSC plot, to which a stopping gate was set at 1x10*
events for all samples but increased to 1x20* when acquiring the FMO samples. Then, FSC-
H/FSC-A plot was set to gate for single cells and exclude cell doublet events, followed by a

viable cell gating using the UV450-40 parameter (live/dead dye). Finally, the parent population
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was gated from viable cells using cell surface marker, CD4 or CD8, from which all other the

parameters were separately gated (Figure 2.12).
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Figure 2.12: An example of the gating strategy for the multicolour flow cytometry using unstained
sample that was adjusted with FMO sample. (A) the total events collected, then (B) doublet events and
(C) dead cells were excluded, before (D) gating for the CD4+ (or CD8 population) which was used for
further analysis. This is a representative example used the second Th1l panel experiment.

The gates for all targets were adjusted using an FMO samples. An example using the
second Thl panel is illustrated in (Figure 2.13). After setting all parameters, a compensation
group was created and for each bead tube run, negative and positive populations were
identified. The compensation was calculated and applied, then all samples recorded by the

LSRII and further analysed using FlowJo.
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Figure 2.13: Target gating adjustment in multicolour flow cytometry using FMO samples. Dot plots in
(A) and (C) show gating for IFN-y-FITC and T-bet-PE-CY5 using an unstained sample whereas (B) and
(D) show corrective gating using the FMO sample that reflects any spillage from the other colours. The
area between the FMO gate and the unstained gate (in green dotted line) represents a false positive
result. This is a representative example used the second Th1l panel experiment.

2.7 Statistical analysis

Unless otherwise stated, statistical analysis was performed using Graph-Pad Prism
software (GraphPad, US). Data are presented as mean + standard deviation (SD) and the
number of biological repeats is shown as n=. Analysis of variance, unpaired T test was used to
determine if there is a difference between two different groups, one-way and two-way (ANOVA)

was carried out to compare the differences between more than two means and differences
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between individual means were performed using a post-hoc test as stated. Significant difference

was determined when *p < 0.05, **p < 0.01 and ***p < 0.001 compared to control.
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3
3.1

Chapter three: Optimisation of culture methods

Introduction

A breakdown in immune tolerance and an autoreactive T cell response may cause
immune mediated diseases such as diabetes mellitus (DM), rheumatoid arthritis (RA), systemic
lupus erythematosus (SLE), oral lichen planus (OLP), amongst others (Skapenko et al., 2005;
Schwartz et al., 2020). A large body of murine and human studies have utilised whole tissue or
peripheral blood to establish different mechanisms of T cells dysfunction. Although monocytes
and T cells can be obtained from other sources, peripheral blood and buffy coats are considered
the most common source of peripheral blood mononuclear cells (PBMCs) for in vitro studies
(Raulf, 2019). Primary T cell isolation from blood requires the use of specialist reagents and kits
that are expensive and often produce a low vyield of cells. Moreover, these cells have a finite
lifespan, limited expansion capacity and inter-donor variability. Hence, their use to establish
experimental standardisation may be considered limited, expensive and time-consuming (Pan
et al., 2009). Cell lines are generally highly proliferative and easier to culture. Therefore, in this
chapter, Jurkat cells, an established T-cell cell line, were used to optimise cell culture techniques
in 2D and 3D. Although major advances in our understanding of T cell receptors and signalling
pathways has stemmed from the use of different T cell lines such as human MALT, HL60, HuUT-
78, and mouse EL4 and LBRM-3, debatably, the Jurkat T cell line has been the most popular,
most characterised, and historically the most utilised of this T cell line collection (Abraham and
Weiss, 2004). Jurkat T cells are an immortalised human T lymphocyte cell line that were
established in the late 1970s from the peripheral blood of a 14-year-old boy with T cell leukaemia
(Schneider and Schwenk, 1977; Schneider, Schwenk and Bornkamm, 1977). These cells have
often been used as a classical T cell line to study multiple events in T cell biology, besides,
many of the signalling proteins were first identified and characterised in vitro using long-term
cultured T cell lines (Abraham and Weiss, 2004). On a similar note, FNB6 which are normal oral
keratinocytes obtained from a healthy volunteer and immortalised by ectopic overexpression of
human telomerase reverse transcriptase (hTERT), were used to establish methods and to
contribute to the epithelium formation in oral mucosal equivalents (OME) in this study. Since
hTERT has been reported to be able to immortalise cells without causing cancer-associated
changes or altering phenotypic properties, FNB6 came into popular use to overcome the
limitation of using primary oral keratinocytes or cancer cells (Lee, Choi and Ouellette, 2004,
Dickson et al., 2000).

The dense sub-epithelial band of inflammatory T lymphocyte in OLP is an essential
criterion to be reproduced in in vitro OME by involving activated and polarised T cells and has

not been achieved to date. There are a few attempts in the literature to involve T cells in oral
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disease models but none of these have used polarised T cells or included these cells in complex
3D oral mucosal models (Sriram, Bigliardi and Bigliardi-Qi, 2018; Kihbacher et al., 2017b).
Hence, it is the aim of this study to incorporate activated T cells into OME composed of
fibroblast-populated connective tissue topped by a stratified epithelium. However, these
different cell types are usually cultured in different media suitable for their biological and cellular
needs. As a result, one of the challenges that needs to be overcome is the fact that different cell
types need to be cultured in one mutual medium when combined in 3D. While T cells require
RPMI medium, optimal conditions for tissue-engineered OME and epithelial differentiation
requires adenine and flavin-enriched Green’s medium. Moreover, hydrocortisone, which is one
of the components of Green’s medium and commonly used as a supplement for endothelium,
epithelial or mesenchymal cell culture media (as it supports long term growth and differentiation)
(Jung et al., 2012), is a glucocorticoid hormone with anti-inflammatory and immunosuppressive
effects and, hence, inhibitory for activated T cells (PALACIOS and Sugawara, 1982). Therefore,
in this chapter, both FNB6 and T cells were adapted to grow in Green’s medium without
hydrocortisone supplementation and their proliferation status determined using a cell
proliferation assay. These assays are extensively used in tissue culture to measure the growth
rate of a cell population not only to provide valuable information about basic health and cell
maintenance, but accurate measurement of cell proliferation allows for a better understanding

of the dynamics of cellular responses to extracellular stimuli, such as immune responses.

This chapter also provides a learning process through the main concepts of this
research, handling T cells. For this purpose, the morphology and activation of T cells were
investigated in suspension cultures. However, since 3D cultures achieve the requirement for in
vitro methods that permit a precise study of the molecular mechanisms underlying human
diseases (Freshney, 2015), Jurkat cells proliferation and viability in collagen hydrogel were

assessed using the PrestoBlue™ assay.

3.2 Aim and objectives:

This chapter aims to optimise the medium and cell culture methods for T cells using

Jurkat cells as a model cell line.

3.2.1 Objectives:

e Assess Jurkat T cell morphology, proliferation and activation in suspension cultures

using microscopy, CellTrace™ Far Red, and flow cytometry.

e Standardise the culture media for both T cells and oral keratinocytes in Green’s

medium without hydrocortisone using the cell trace proliferation assay.

92



o Optimise the number of T cells and assess proliferation and viability within a collagen
hydrogel using a PrestoBlue™ assay.

3.2.2 Materials and methods

Please refer to chapter 2 for all materials and methods.

3.3 Results:

3.3.1 Morphology and proliferation characteristics of Jurkat T cells

Jurkat cells were maintained in RPMI-1640 media at a density of 3-9x10° cells/ml. Cells
were examined by light microscopy to monitor cell morphology. After passaging, cells appear
as small round shiny spheres dispersed in a suspension culture. Following 2-3 days of
incubation, healthy cells were observed to proliferate and clump together forming shiny
aggregates indicative of cell proliferation (Figure 3.1)

100pum

100pm 20pm

Figure 3.1: Morphology of Jurkat T cells in suspension culture over-time. Jurkat cells were examined in
suspension culture by inverted light microscopy (A) Jurkat cells form small transparent spheres of cells
dispersed in cell suspension. (B) Once proliferating, cells tend to aggregate together forming (C) shiny

transparent clusters of active T cells. Images are representative. Scale bar for A & B= 100 um and C= 20
pm.

The cell proliferation profile of Jurkat cells was followed for five days using CellTrace Far
Red. An optimal cell trace dye dilution should stain cells brightly, uniformly and with no

cytotoxicity. The discrete peaks in the histograms represent successive generations of Jurkat
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cells with the peak of the highest median fluorescence (day 0; on the far right of the histogram)
representing the parent population while the other peaks are the successive daughter
generations (Figure 3.2). Generally, there is an overall uniformity of peaks as the CellTrace Far
Red is distributed equally into daughter cells upon mitosis with the quantified median fluorescent
intensity decreasing overtime from 2139+ 794 MFI at day O to 18.5+ 1.6 MFI at day 6 (Figure
3.2A&B). Doubling time (dt) is the time it takes for a population to double in number (Pereira et
al., 2020). The doubling time of Jurkat T cells was (17.6 £ 0.9 hours).

Jurkat cells were directly counted under an inverted light microscope daily over 6 days
of culture to confirm their growth profile. The number of live cells increased gradually from 2.5
x10° for both stained and unstained control at day 0 to 16.9 + 4x10° and 17.7 + 4.7x10° at day

6 for stained and unstained control, respectively (Figure 3.2C).
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Figure 3.2: Jurkat cell population proliferation profile. (A) Jurkat cells were stained with CellTrace™ Far
Red and cell proliferation determined over 6 days using flow cytometry. The discrete peaks in the
histogram represent successive generations of daughter cells. The parent generation is indicated as day
0 (dark red, far right peak). (B) Normalised median fluorescent intensity (nMFI) decreased overtime as
the dye was distributed into daughter cells following mitosis. (C) Direct cell counting to determine cell
growth over 6 days in culture. The histogram in (A) is representative and both line graph data are
expressed as the mean = SD; n=3.
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3.3.2 Jurkat cell activation status determined by CD69 surface protein levels and
secreted IL-2

Jurkat cells were activated by incubation with PMA and ionomycin at a final
concentration of 50 and 500 ng/mL, respectively, for 4, 6, and 24 hours. Cell surface protein
levels of the activation marker CD69, also known as very early activation antigen (VEA), was
determined by staining with a fluorescently conjugated anti-CD69 antibody and subsequent
analysis by flow cytometry. An anti-mouse IgG1 antibody was used as an isotype control to
identify any non-specific staining. The increased cell surface abundance of CD69 showed
successful activation of Jurkat cells with an average of 90 + 5.9% of the cells expressing the
marker after 24 hours (Figure 3.3), compared to the inactivated control (4.4 + 7%, p<0.0001).
Cell activation was time-dependent with an average of 60 £ 18, 74 £ 13 and 90 + 5.9% of cells
positively stained after 4-, 6- and 24-hours activation, respectively (Figure 3.3A-D). There was
no significant difference in levels of CD69 between 4 and 6 hours or 6 and 24 hours but the
expression after 24 hours CD69 showed a significant 30% increase over that observed at 4
hours (p <0.001) (Figure 3.3E).
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Figure 3.3: Abundance of cell surface marker CD69 following Jurkat cell activation. Jurkat cells were left
untreated (A) or treated with PMA and ionomycin for either (B) 4, (C) 6 or (D) 24 hours before being
stained with anti-CD69. Viable cells were gated using Live/Dead stain and the CD69-positive cells
detected by flow cytometry. Data are presented as representative dot plots. (E) Data are presented as
the mean + SD. A mean difference was considered significant when *p < 0.05, **p <0.001, and ***p
<0.0001, using one-way ANOVA with Tukey’s post-hoc multiple comparison tests to detect difference
between groups. Main ANOVA reported ***p <0.0001; n=5.

An ELISA was performed on the conditioned medium collected following Jurkat T cell
activation to detect the secretion of IL-2 after 4, 6 and 24 hours. A significant increase in 1L-2
levels was observed in a time-dependent manner. All samples collected from activated Jurkat
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T cells had detectable levels of IL-2 secreted in the media. Four hours after activation 72.4 +
28.4 pg/ml of IL-2 was detected but this was not significantly different from the non-activated
control. IL-2 levels increased to 225.3 + 104 pg/ml and 321 + 113 pg/ml after 6 and 24 hours of
activation, respectively. The levels of IL-2 secreted after 24 hours activation was approximately
4-fold higher (p <0.001) than at 4 hours, but no significant difference was observed between 6
and 24 hours (Figure 3.4).
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Figure 3.4: Secretion of IL-2 following activation of Jurkat cells. The levels of IL-2 secreted in the medium
of activated Jurkat T cells were detected by ELISA. The IL-2 secretion was increasing in time dependant
manner. OD was acquired at 450 nm with a wavelength correction at 570 nm. Data are expressed as the
mean + SD. A mean difference was considered significant when *p < 0.05 and **p <0.001 using one-way
ANOVA with Tukey’s post-hoc multiple comparison tests to detect difference between groups. Main
ANOVA reported *p <0.0012 . n=4

3.3.3 Growth of Jurkat T cells in different culture medium

Jurkat T cells were transferred gradually in incremental steps from culture in 100% RPMI
to 100% Green’s medium (without hydrocortisone). As cells were transferred into higher
concentrations of Green’s medium during passaging, the cell viability was assessed using the
trypan blue exclusion dye assay. Once the cells had been transferred into 100% Green’s
medium for continued growth, a proliferation profile was completed over 5 days using the Far

Red Cell Trace assay.
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Jurkat cells were successfully transferred and adapted for culture in 100% Green’s
medium without hydrocortisone. The mean viability over a 10-day transfer period is presented
in (Table 3.1). All cells cultured in the different concentrations of media; 100% RPMI, 25%, 50%,
75% and 100% Green’s medium, maintained viability at or above 89.3 = 7%. Following transfer
to 100% Green’s media, cells cultured in different concentrations showed no significant

difference in cell viability from those cultured in 100% RPMI medium.

Table 3.1: Viability of Jurkat T cells during transfer from 100% RPMI to 100% Green’s media. The
viability of Jurkat T cells whilst being gradually transferred from 100% RPMI into 100% Green’s media
over 10 days was assessed using the trypan blue viability assay. Data were expressed as the mean +
SD; n=3.

100% 25% 50% 75% 100%
Days
RPMI Green’s | Green’s | Green’s | Green’s

0 96.3 +2

3 95.4+2 |92.4+3

5 92416 | 91.7+7 | 927

7 91.6+5|92.2+4 | 89 7 90.6 6

10 9513 94.3+3 | 90.6+8 | 91.6+5 | 89.3 7

3.3.4 Jurkat T cell proliferation profile and activation in Green’s medium compared
to RPMI

The proliferation profile of Jurkat T cells was followed over 6 days in cells grown in either
100% RPMI (Figure 3.5A) or 100% Green’s medium (Figure 3.5B) using a Far Red CellTrace
assay. Both cultures showed a comparable proliferation profile with distinctive peaks, each
representing a new daughter cell generation. The red peak on the far right of the graphs
represents the parent population that was labelled with the fluorescent dye at day 0. At days 3,
4, and 5 peaks in both media became broader and had larger overlap reflecting heterogeneity
of daughter populations. Moreover, the reduction in fluorescence was less compared to the
sharp drop witnessed in the first two days (Figure 3.5B) reflecting reduced proliferation. Both
cultures lost fluorescence and hence no further division rounds could be detected after day 5.
Doubling time of Jurkat in RPMI (18.6 + 1.6 hours) was not statistically different to Dt of Jurkat
in Green’s (20 = 1.4 hours, p < 0.4). A two-way ANOVA test concluded no significant difference
between the means of the two groups at each time points, indicating that Jurkat T cells

proliferated at similar levels in both RPMI and Green’s medium.
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Figure 3.5: Jurkat T cell proliferation profiles in RPMI compared to Green’s medium. Jurkat T cells were
stained with CellTrace™ Far Red and cell proliferation traced over 6 days in 100% RPMI and Green’s
medium. (A) Representative histograms and (B) normalised median fluorescent intensity (nMFI) reveals
that cells cultured in Green’s and RPMI show similar proliferation profiles over time. Data is presented as
mean + SD. ANOVA reported statistically significant effect of time but there was no effect of media or of
the interaction between the two. n=3

3.3.5 Jurkat T cell activation in different culture medium

Jurkat T cells were activated by incubating with PMA and ionomycin for 24 hours, as
previously described, but this time in different culture media; 100% RPMI, 100% Green’s
medium (without hydrocortisone) or in mixture of 75%/25% Green’s to RPMI, respectively. The
levels of the cell surface activation marker CD69 was analysed by flow cytometry. CD69 was
significantly increased (p= 0.0012) when compared to non-activated controls in all media

investigated but were not significantly different from each other (Figure 3.6).
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Figure 3.6: Abundance of the cell surface marker CD69 following Jurkat T cell activation in different
medium. Untreated Jurkat T cells or cells treated with PMA and ionomycin were cultured in either 100%
RPMI, 100% Green’s medium, or 75%/25% of Green’s: RPMI medium for 24 hours before being stained
with anti-CD69. Viable cells were gated using Live/Dead stain and the CD69 positive cells detected by
flow cytometry. Data presented as the mean £ SD. A mean difference was considered significant when
*p < 0.05 with **p <0.001 using one-way ANOVA with Tukey’s post-hoc multiple comparison tests to
detect difference between groups. Main ANOVA reported *p <0.001 n=3.

3.3.6 Incorporation of Jurkat T cells into collagen hydrogels

Haematoxylin and eosin (H&E)-stained histological sections showed well-distributed
Jurkat T cells within the collagen hydrogel. The cells were typical of lymphocytic cells in
appearance in that they were small, with a large nucleus and were observed to exist in
aggregates. Cells were distributed throughout the collagen scaffold, however, more cells existed

solo or in clusters at the medium/scaffold interface (Figure 3.7A).
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Figure 3.7: Morphology of Jurkat T cells in 3D collagen hydrogels. Representative H&E-stained sections
of Jurkat T cells cultured in collagen hydrogels were examined using light microscopy. Sections displayed
(A) well distributed cells within the hydrogel with more aggregates were noticed at the liquid-scaffold
interface (white arrows). (B&C) Evidence of cell clusters, indicative of proliferating cells. (C) Higher
magnification shows typical lymphocytic cells appearance, small, with large pyknotic nucleus. Scale bar:
A= 200 um, B= 100 um and C= 20 pum.

To assess if Jurkat T cells could be incorporated into collagen hydrogels, survive, and
proliferate, cells were seeded at three different densities 0.5x10°, 1x10° and 2x10° and cultured
for 14 days. Resazurin, a compound with no intrinsic fluorescence that is present in PrestoBlue®
reagent, is reduced upon metabolism by viable cells to form resorufin, which is pink in colour
and fluorescent. This conversion is proportional to the number of metabolically active cells and
therefore can indirectly infer the number of viable cells in a population. The metabolic rate was
assessed on days 1, 3, 7, 10 and 14 post-seeding. There was a general trend for the three cell
densities to increase and reach a maximum at day 7 and though their metabolic rate declined
slightly afterwards, fluorescence was maintained at or above 21106 + 5027 AU by day 14 for all

densities reflecting continued metabolic activity (Figure 3.8).

The metabolic activity of of 0.5x10° per collagen model at day 1 was the lowest, 8703 +
4356 AU, and had a significantly less metabolic rate than the cells seeded at 1 x10°® and 2x10°
in the collagen gels. Cells seeded at 0.5x 10° continued to show increased metabolic activity in
a time-dependent manner until day 7, 26685 + 7305 AU, whereupon the fluorescence levels
plateau to day 14. Cells seeded at 1 x10° had an initial fluorescence intensity of 24141 + 7864
AU at day 1 that increased gradually to reach a maximum metabolic rate of 31894+ 6276 AU by
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day 7, before gradually declining by day 14 to 21975 + 6574 AU . In contrast, cells seeded at
2x10° had a high initial fluorescence value at day 1, 30167 + 5101 AU, that remained stable
until day 7 (31508+ 3090 AU). At day 7, all densities metabolic levels were roughly similar
(Figure 3.8A). Moreover, the three cell densities displayed similar fluorescence values; 23271
+ 5199, 21975 + 6574, and 21107 + 5027, respectively at day 14 (Figure 3.8A). Although, the
three cell densities showed slightly decreased metabolic activity on day 14 than day 7, they
maintained their metabolic activity reflected by their continual ability to transform resazurin (blue)
to resorufin (Pink) when compared to the control hydrogel with no cells (Figure 3.8B). These
data suggest that while 2x10° might represent maximum capacity for the experimental
conditions since the added dye was saturated by 2x108, the 0.5X10° density required cells to
adapt and proliferate to be able to produce a colour change by day 7. Regardless, the three
densities seem to find their optimal density at day 7.
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Figure 3.8: Jurkat cell metabolic rate in 3D collagen hydrogels. Viability of cells seeded at different
densities (0.5, 1 and 2 x1068 cells) in collagen hydrogels were assessed overtime using a PrestoBlue®
assay and (A) fluorescence measured using a fluorescent plate reader. (B) Representative images of
colour change in Jurkat hydrogels over time. Data are expressed as mean + SD. A mean difference was
considered significant when *p < 0.05 and **p <0.001 using two-way ANOVA with Tukey’s post-hoc
multiple comparison tests to detect difference between and among groups. ANOVA reported statistically
significant effect of time and cell number’s but there was no effect of the interaction between the two.;

n=3.
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3.3.7 Proliferation profile of FNB6 in Green’s medium with or without hydrocortisone

FNBG6 were cultured in Green’s medium with or without hydrocortisone supplementation
and their proliferation traced over 4 days. The proliferation profile in both types of medium
produced uniform and distinct peaks of daughter cells. On the first day of staining (day 0), cells
showed the maximum fluorescence intensity which reduced rapidly as the cells divided. This is
illustrated with distinct peaks of reduced fluorescence in the histogram (Figure 3.9B) or with
shift in population to zero fluorescence in the dot plots (Figure 3.9A). Average nMFI decreased
from 1920 + 1113 and 1556 + 595 at day O to 14 +13 and 12 + 12 at day 4 for FNBG in Green’s
medium with or without hydrocortisone, respectively. Using two-way ANOVA test to detect
difference between two or more groups, no significant difference was detected between the two
conditions (Figure 3.9C). Doubling time for FNB6 cultured in Green’s with hydrocortison was
12.6 + 2.6 hours which was not significantly different from those cultured in Green’s without
hydrocortisone (12 + 2.9 hours) using unpaired T test. These data show that FNB6 cells

proliferate equally as well in the absence of hydrocortisone as in its presence.
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A cell proliferation assay should give a direct and accurate indication of the number of
cells actively dividing in a population. There are a number of different assays that directly or

indirectly measure cell proliferation, and each comes with its advantages and disadvantages

3.4 Discussion

Figure 3.9: FNB6 cell proliferation profiles in Green’s medium with or without hydrocortisone. FNB6
cells were stained with CellTrace™ Far Red and cell proliferation traced over 5 days in Green’s medium
with or without hydrocortisone supplementation using flow cytometry. (A) dot blots, (B) Histogram and (C)
normalised median fluorescent intensity (nMFI) normalised to control revealed that the absence of
hydrocortisone did not affect the proliferation pattern of the cells. Data presented as representative dot
blots and histogram. Line graph data expressed as the mean + SD; n=3.




(Adan, Kiraz and Baran, 2016). The use of the non-toxic intracellular fluorescent dyes has
become popular since this allows for cell population analysis whilst being able to simultaneously
measure other parameters such as mitochondrial function or morphological markers by flow
cytometry. In these assays the fluorescently labelled parent population divides and in doing so
the levels of fluorescence is divided equally to its two daughter populations upon mitosis, so that
each cycle of cell division is represented in the histogram by distinct peaks of populations with
decreasing fluorescence, thereby facilitating the tracking of cell division over time (Filby et al.,
2015).

Overloading of cells with dye may cause cell toxicity, while under labelling may produce
poorly resolved peaks. Dye concentrations of 1 uM proved to be optimal for Jurkat T cells as

observed by other investigators (Lim, Berger and Su, 2016; Chung et al., 2017).

Jurkat T cells in this study produced very similar mitotic proliferation peaks over 6 days
to those observed by Filby et al (Filby et al., 2011). Although Jurkat is a leukemic cell line, they
are expected to be a heterogeneous population producing a histogram with broad peaks,
representing cells in different stages of the cell cycle (Chung et al., 2017). The cells in this study
displayed identical width at days 0, 1, and 2, which is indicative of homogeneity and
synchronized cell divisions. However, the peaks broadened and overlap as the population
continues to divide and produced cells in different stages of the cell cycle, attributable to
heterogeneity at days 3, 4, and 5 similar to those observed by Chung et al (Chung et al., 2017).

3.4.1 Jurkat T cell activation

T cells are activated in response to specific antigen presented by appropriate antigen-
presenting cells (APCs). The primary signal in T cell activation is the interaction of the T cell
receptor (TCR)-CD3 complex with major histocompatibility complex (MHC) on the APCs
surface. This interaction starts a cascade of intracellular signalling including activation of protein
kinase C signalling pathways leading to the activation of T cells. However, co-stimulation by
CD28 is essential for proliferation and lymphokine secretion by activated T cells (Thompson et
al., 1989; McLeod et al.,, 1998). CD28 stimulation augments T-cell immune responses by
inducing the expression and secretion of IL-2 in an autocrine manner, increasing T cell

proliferation (Thompson et al., 1989; Kay, 1991).

In vitro, different techniques have been developed to activate T cells either by direct
antigen stimulation using monoclonal antibodies directed against the TCR-CD3 complex which
provides initial activation signals via activation of protein kinase C signalling, but co-stimulation
is necessary to provide proliferation, and this is usually achieved by activation of CD28 (Trickett
and Kwan, 2003; McLeod et al., 1998).
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Activation of T cells can also be mimicked indirectly by the combination of the phorbol
ester PMA or phytohemagglutinin (PHA) in conjunction with a Ca?* ionophore (i.e., ionomycin)
(Kay, 1991; Tanaka et al., 2005). Changes induced by ligation of CD3 along with CD28 co-
stimulation and those induced by ionomycin and PMA were reported to be similar (Diehn et al.,
2002; Weiss et al., 1986; Weiss and Imboden, 1987). PMA has a structure analogous to
diacylglycerol which is an allosteric activator of protein kinase C (PKC) activation and inositol
triphosphate, which trigger Ca?* release and mobilization, resulting in a cascade of intracellular
responses mediating T cell activation. Secondly, ionomycin is an ionophoric antibiotic that binds
Ca?* and serves as an effective mobile carrier of the cation. The resultant calcium flux leads to
several downstream effects, such as up-regulation of CD7 (signal of activation) or the hydrolysis
of phosphoinositide and activation of PKC in T cells (Kay, 1991; Chatila et al., 1989).

This study used the mitogenic molecules, PMA and ionomycin, for the experimental
activation of Jurkat T cells over three time-points 4, 6, and 24 hours in suspension culture. In
agreement with previous activation studies (Diehn et al., 2002; Weiss et al., 1986; Weiss and
Imboden, 1987), successful activation of Jurkat T cells occurred following 4-, 6- and 24-hours
stimulation. This was measured by detecting the expression of CD69 and the levels of secreted
IL-2. Both IL-2 and CD69 are commonly used parameters to measure T cell activation (Bray et
al., 2018; Trickett and Kwan, 2003; Kay, 1991). CD69, also known as very early activation
antigen (VEA), is expressed on the cell surface and is rapidly upregulated upon activation. The
early expression of CD69 after 4 hours activation was noticed in this study and is in agreement
with previous reports (Kay, 1991) with expression increasing up to 24 h. Jurkat T cells are
considered robust producers of IL-2 following stimulation (Abraham and Weiss, 2004). Data in
this study showed a time-dependent increase in T cell activation (CD69 abundance) that
corresponded to the increased secretion of IL-2. These data in accordance with those produced
by Basak and Banerjee who stimulated Jurkat T cells with PMA and PHA, although less IL-2

was produced in the later study (Basak and Banerjee, 2016).

3.4.2 Transferring Jurkat T cells into different medium

The medium used to culture cells has a profound effect on cellular metabolism, DNA and
protein synthesis, and cell proliferation. Some cell types can proliferate in several different types
of medium while others are more fastidious and require specific medium for efficient growth.
Difficulties occur during co-culture experiments where the choice of medium presents a
challenge. Several methods have been used to optimise medium, such as mixed medium,

supplemented medium and partitioned culture environments (Vis, Ito and Hofmann, 2020).
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Jurkat T cells require basic cell culture medium (RPMI) whilst oral keratinocytes require
a specialist medium (Green’s) that contains several supplements. Since the ultimate aim of this
thesis is to create a T cell-containing 3D oral mucosal model the logical step was to transfer
culture of Jurkat T cells from RPMI to Green’s medium. Accordingly, the viability and proliferation
profile of Jurkat T cells in Green’s medium was evaluated to ensure that cells continue to be
healthy and perform normally. The gradual transfer of T cells from 100% RPMI into 100% Green
was crucial to avoid shocking the cells or exposing them to abrupt changes in culture conditions.
Over 12 days in culture, the cells-maintained viability of over 80% in RPMI, as well as 25%,
50%, 75%, and 100% Green’s medium. Moreover, the proliferation rates of these cells were
unaffected upon transferring medium. Furthermore, changing the media had no effect on the
activation pattern of Jurkat T cells as assessed by CD69 cell surface abundance. Although no
studies that have adapted Jurkat T cells to a different media were found, reports exist of studies
where other immune cells were transferred directly after isolation from blood into a different
media than that recommended in the literature. For instance, Hoang et.al, 2012, assessed
dendritic cell functional properties in a 3D tissue model of human lung mucosa. For this model
they used a fibroblast cell line cultured in DMEM, a bronchial cell line cultured in MEM, and
isolated blood monocytes in DMEM (these cells are recommended to be cultured in RPMI), then
the three cell types were cultured in 3D with in DMEM medium (Hoang et al., 2012). Chometon
et.al, 2020, in their study assessing monocyte culture methods and how these impact
differentiation of monocytes into monocyte-derived dendritic cells (moDCs), found that moDCs
cultured in RPMI displayed different scatter characteristics compared to those cultured in DMEM
(Chometon et al., 2020). Another study by Kiihbacher et.al, attempted to assess the protective
role of dermal fibroblasts in a skin model, here they cultured fibroblasts in DMEM, immortalized
human keratinocytes in Keratinocyte Basal Medium (KBM) supplemented with hydrocortisone,
and isolated primary T cells in RPMI. However, upon coculture all cells were grown in KBM

supplemented with hydrocortisone (Kihbacher et al., 2017a).

3.4.3 Jurkat T cells in a 3D hydrogel

The growth patterns of cells in 2D are very often different from 3D culture conditions.
The proliferation of Jurkat T cells in a collagen hydrogel was examined for a period of 14 days.
Results show that different cell densities displayed slightly different characteristics when first
introduced to the hydrogel. Cells seeded at 2x10° density displayed a slight drop in cell viability
at day 10 while both 0.5x10° and 1x10® maintained viability at this time point. This might suggest
that cells were at maximum capacity but higher seeding density such as 2.5 or 3x10° need to
be investigated to confirm this (Griffiths, 1971) that lead to an inhibitory interaction when a
culture of cells become confluent and hence more scope for proliferation was provided for the

0.5x10° and 1x10°. However, although the 0.5x10° and 1x10° cell densities had more space to
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thrive, they lost some of their viability/activity over the first day in collagen. Changing the culture
conditions from suspension to 3D culture in a collagen scaffold may cause cells to go into a
stationary period before they regain their activity. Despite the scarcity of papers reporting culture
of immune cells in 3D culture, recent study on T cell mediated protection against fungal infection
used a cell density of 1x10° in their collagen models (Kiihbacher et al., 2017b). These studies
did not incubate cells in the 3D scaffold for long periods following the addition of T cells to

established skin models, running their analysis only up to 48 h.

To gain a histologically similar morphology of the T cell sub-epithelial band that
characterises an OLP lesion (Canto et al., 2010), Jurkat T cells at a seeding density of 1x10%/ml
were embedded in a collagen hydrogel for 10 days. Histological analysis showed a scattered T
cell distribution through the thickness of the collagen. Similar to 2D culture, Jurkat T cells
aggregated and were distributed through the width of the collagen, although were condensed
more at the edges. This pattern of cell growth has been reported with thicker scaffolds which
limit the proliferation of cells to a few microns from the fluid-scaffold interface as cells rely on
diffusion for nutrients and oxygen for their viability (Dunn et al., 2006). Accordingly, embedding
T cells into a thinner hydrogel might be preferred for future experiments to reproduce the thin

uniform T lymphocytic band seen in OLP.

3.4.4 FNBG6 proliferation with or without hydrocortisone

As both a glucocorticoid, hydrocortisone can regulate carbohydrate metabolism, cell
development, homeostasis and inflammation in vivo (Thompson and Lippman, 1974).
Hydrocortisone has been found to be an important cell culture supplement in vitro where it has
been shown to increase proliferation of adherent and suspension cells. The use of
hydrocortisone is concentration-dependent; it can act in a stimulatory manner for some cells but
inhibitory to others at the same concentration. Moreover, concentrations of hydrocortisone are
inhibitory for the production of granulocyte/macrophage progenitor cells (GM-CFC) (Suda and
Dexter, 1981; Gronthos and Simmons, 1995). Thus, hydrocortisone shows a cell-specificity in
its actions (Grove et al., 1977; Rosner and Cristofalo, 1979). Hydrocortisone supplemented to
keratinocyte growth medium was found to enhance the growth and stratification of the epithelium
(Rheinwald and Green, 1975a). Interestingly, corticosteroids have been known for decades as
therapeutic immune modulatory agents that have anti-inflammatory and immunosuppressive
effects (Hench et al., 1950). In vitro and in vivo studies have shown that hydrocortisone causes
a reduction in the total number of lymphocytes and monocytes and antigen reactivity (Olnes et
al., 2016; Gillis, Crabtree and Smith, 1979; Fauci and Dale, 1974). Since it is the aim of this
study to combine OME with immune T cells, addition of hydrocortisone in the culture medium

may cause a conflict of interest between the optimum epithelium growth and T cell performance.
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To prevent this conflict, FNB6 keratinocytes were cultured in hydrocortisone-free conditions and
these cells maintained proliferation levels that were similar to cells cultured in the presence of
hydrocortisone. Green’s medium contains other factors such as EGF, transferrin and T3 that
may act synergistically with each other negating the requirement for hydrocortisone (HOSHI et
al., 1982).

3.5 Conclusion:

In summary, PMA and ionomycin proved to be efficient activators of Jurkat T cells with
both CD69 cell surface abundance and IL-2 secretion increased in a time-dependant manner.
Jurkat T cells also displayed plastic growth characteristics in that they were viable and
proliferated equally efficiently in RPMI and Green’s medium. Jurkat T cells were successfully
seeded into a collagen hydrogel with an optimum seeding density of 1x106. FNB6 keratinocytes

can be cultured in the absence of hydrocortisone without changing their proliferation rates.

This chapter addressed challenges when coculturing different cells together, in
particular, concerning changing media type and compositions. The effect of changing the growth
medium upon cells' performance characteristics and viability is an overlooked topic but is
particularly important for co-culture experiments. Co-culturing requires a highly specific
environment that meets the requirements of all involved cell types and therefore requires
optimization in order to study physiological and pathological cell to cell interactions, leading

toward the goal of developing more complex, reproducible in vitro disease models.
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4 Chapter four: Primary T cells isolation, activation, and
polarisation

4.1 Introduction

T cells have been shown to play a central role in acquired immune responses and
immune regulation. After emigrating from the bone marrow, they enter the thymus, and
following positive selection, single positive (CD4+ or CD8+) cells migrate to the periphery
as mature T cells (Pennock et al., 2013). Successful maturation and emergence from the
thymus results in a resting, “naive” T cell that migrate through the secondary lymphoid
tissues and into the peripheral circulation but are not yet capable of producing any type
of immune response (Pennock et al., 2013; Luckheeram et al., 2012). Producing a T cell
that can mediate immune response requires activation of the naive T cell. Upon
stimulation by specific interaction with an antigen presenting cell via the T cell receptor
and governed by the cytokine milieu, CD4+ helper T (Th) cells differentiate into
specialised Th subset, each with distinct receptors, immune modulatory function and
cytokine secretory profile. Th cells were traditionally classified into Thl and Th2 cell
subsets. However, the phenotype and role of other Th subsets is becoming more evident
including Th17, T- follicular helper (Tth), induced T-regulatory cells (iTreg), Th9 and Th22
subsets. Recent data support the role of Thl and Th17 especially in the symptomatic
forms of OLP (Luckheeram et al., 2012; El-Howati et al., 2022; Wang et al., 2016) (See
Chapter 1).

This chapter reflects what has been learnt from the literature on OLP immune
pathogenesis and seeks to recreate the immune elements of this disease in vitro. This
chapter describes the optimisation of a protocol for the isolation of peripheral blood
mononuclear cells (PBMC) from peripheral blood buffy coats and the isolation and
enrichment of naive CD4+ and CD8+ T cells from the PBMC that are then phenotyped
using flow cytometry. Next, different methods to activate the naive T cells in vitro to
achieve successful activation and expansion were assessed. Finally, Thl, CD8+, and
Th17 were differentiated in vitro using specific combinations of cytokines and the subsets
phenotyped through identification of cell surface markers, intracellular transcriptional

factors and their cytokine production profile, using flow cytometry and ELISA.

4.2 Aim and objectives

This chapter aims to isolate, activate and polarise naive CD4+ and CD8+ T cells

from peripheral blood buffy coats and to fully characterise the cells.
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Objectives:

Isolate PBMC from peripheral blood buffy coats using density gradient
separation.

Isolate CD4+ from PBMC using negative selection magnetic isolation Kit.
Activate naive CD4+ with PMA/ionomycin and CD3/CD28 Dynabeads and
measure activation marker using flow cytometry.

Polarise CD4+ into Th1l cells and confirm their phenotype using flow cytometry,
g-PCR, western blot and ELISA.

Polarise naive CD4+ into Thl7 cells and confirm their phenotype with
multicolour flow cytometry and ELISA.

Activate CD8+ into cytotoxic CD8+ T cells and confirm their phenotype using

multicolour flow cytometry.

4.3 Materials and methods

Please refer to chapter 2 for all materials and methods.

4.4 Results
4.4.1 Purity of isolation of naive CD4+ and CD8+ T cells

4.4.1.1 Gating strategy

PBMC were separated from buffy coats using density gradient centrifugation and

primary CD4+ and CD8+ T cells subsequently isolated using negative selection magnetic

bead technology. The resulting cell populations was plotted by forward (FSC) and side

(SSC) scatter and cell debris excluded, then non-viable cells were excluded from analysis

using a live/dead viability stain. Unstained and IgG1 isotype-stained samples were used

to adjust gating and exclude background and non-specific staining (Figure 4.1 A & B).
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Figure 4.1: Dot plots for the gating strategy to assess the purity and viability of CD4+ and CD8+

T cells. The main population of (A) CD4+ and (B) CD8+ negatively selected T cells were gated on
(i) FSC/SSC, then (ii) the viable cell population was gated to exclude any dead cells from the
analysis. (iii) Unstained samples were used to adjust the gating on the fluorescent channel for APC
(A; iii & iv) or FITC (B; iii & iv) to exclude background staining and (iv) isotype control used to
exclude non-specific staining.

4.4.1.2 Purity of CD4+ and CD8+ T cells

The FSC/SSC dot plot for the buffy coat isolated PBMCs revealed different
populations of cells including monocytes and granulocytes (Figure 4.2A). To enrich the
population further, unwanted cells were removed through negative selection using either
CD4+ or CD8+ antibody labelling and magnetic sorting, leaving an enriched population
of naive CD4+ or CD8+ T cells, demonstrated by staining with anti-CD4 or CD8. (Figure
4.2A). While the CD4+ population in PBMCs was shown to be 40.4 + 11.5% of the total
population, the yield of CD4+ T cells after CD4+ enrichment from PBMC was significantly
higher with 91.7 + 3.5% cell purity (p=0.0003). Similarly, the enrichment of CD8+ T cells
significantly increased from 18.4 + 4% in PBMCs to 92.6 +3% after CD8+ T cells
enrichment from PBMC (p=<0.0001) (Figure 4.2B).
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Figure 4.2: Abundance of the cell surface markers CD4 and CD8 before and after naive T cell
isolation from PBMCs. Samples of PBMCs and isolated naive CD4+ or CD8+ T cells were
stained with APC-conjugated anti-CD4 antibody to detect the abundance of CD4+ T cells or
stained with FITC-conjugated anti-CD8 antibody to detect the abundance of CD8+ T cells. Positive
CD4+ and CD8+ T cells detected by flow cytometry. Data are presented as (A) representative dot
plots and as (B) the mean £ SD. A mean difference was considered significant when p <0.05 with
*** <0.0001, using unpaired t- test used to detect the difference between the two groups; n=3.

4.4.1.3 Viability assessment of isolated and purified T cells

To first validate the effectiveness of the fixable blue live/dead dye, samples of
viable, dead (induced by DMSO) and a mixed (50:50%; viable and dead cells) population
of T cells were stained with fixable blue live/dead dye or propidium iodide, a well-
characterised viability dye. The percentages of live cells detected in the viable sample
was 83.8% and 80.6% using propidium iodide and fixable blue viability dye, respectively.
This decreased in the mixed sample to 37.8% and 26.8% and in the dead samples to 5%
and 3.9% for the propidium iodide and the fixable blue dye, respectively. Both dyes had
a similar result and hence, gating for the viable population when using flow cytometry was
subsequently performed using the fixable blue live/dead stain to exclude non-viable cells
from the analysis (Figure 4.3).
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Figure 4.3: Validation of the fixable blue live/dead dye for use with primary T cells. Viable, dead
and a mixed population (50:50, live/dead) of T cells were stained with fixable blue dye or propidium
iodide (PI). The percentages of viable cells were detected by flow cytometry. Data presented as

dot plots; n=1.

Following isolation and enrichment, both CD4+ and CD8+ T cells maintained a

high viability with 92.3 £ 7.6% and 87.9 = 6.3% measured, respectively (Figure 4.4).
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Figure 4.4: The viability of isolated T cells. Isolated CD4+ and CD8+ T cells were stained with
live/dead fixable blue stain to detect the viable populations, gated using unstained samples. The
viability staining was detected in the UV channel using flow cytometry. Data presented as (A)
representative dot plots and (B) the mean + SD; n=3.

4.4.2 Assessment of activation of CD4+ T cells in different media conditions

Producing a T cell that can mediate immune responses requires activation of the
naive T cell. Therefore, to assess different activation methods CD4+ T cells were
activated by incubating the cultures with PMA and ionomycin (final concentration 50 and
500 ng/mL, respectively) or with CD3/CD28 in 1:1 cell to Dynabeads ratio for 24 hours in
RPMI or Green’s media or left inactivated as a negative control. The cells were examined
using light microscopy and the surface protein levels of the T cell activation marker, CD69
determined by staining with a fluorescently conjugated anti-CD69 antibody with
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subsequent analysis by flow cytometry. An anti-mouse IgG1 antibody was used as an
isotype control to identify any non-specific staining.

When observed using light microscopy, inactivated T cells remain dispersed as
small individual cells in culture (Figure 4.5A). Observations of changes in the
morphological appearance of the cells after culture with CD3/CD28 Dynabeads or
PMA/ionomycin for 24 hours revealed the formation of aggregates of cells. T cell
activation induced with PMA/ionomycin revealed the formation of large aggregates of
cells while those cultured with CD3/CD28 promoted smaller aggregates (Figure 4.5B&C).

Figure 4.5: Morphology of primary CD4+ T cells activated in suspension culture. Primary T cells
were examined in suspension culture after activation for 24 hours under different conditions using
light microscopy. (A) Naive T cells after isolation from buffy coat form small transparent spheres
of cells dispersed in cell suspension. (B) Small aggregates of cells were observed when cells were
activated with CD3/CD28. (C) T cells activated with PMA & ionomycin form larger aggregates,
indicative of proliferating active cells. Scale bar = 100 pm.

Next, to confirm that the T cells were successfully activated using the two methods
(PMA/ ionomycin and CD3/CD28 Dynabeads) the cell surface abundance of CD69,
indicative of activation, was measured using flow cytometry. The analysis was completed
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in both Green’s and RPMI-based media to confirm that culture conditions did not affect
the activation.

Under Green’s medium conditions, the PMA/ionomycin treated samples showed
the highest level of activation with 70.9 + 16.7% positive CD69 cells, followed by 23.8 +
8.7 positive cells for the CD3/CD28 Dynabeads activation, both activation methods
showed a significant difference from the untreated control (1.6 + 0.9%; p <0.0001and p=
0.0302, respectively for PMA/ ionomycin and CD3/CD28 Dynabeads activation) (Figure
4.6 A&B).

A similar trend was observed when CD4+ T cells were activated in RPMI medium
where PMA/ionomycin caused the highest activation with 62.2 + 7.7% CD69 positive cells,
followed by CD3/CD28 Dynabeads with 25.9 + 6.5% positivity. Again, both groups
showed a significant higher abundance of CD69 when compared to untreated controls
(1.6 + 0.8%; p<0.0001 and p= 0.0172, respectively).

No significant difference was shown between the activation methods when
cultured in RPMI or Green’s medium. Accordingly, all further T cells culture was
conducted in Green’s medium because this medium is used to construct the oral mucosal
models into which these T cells will be eventually placed. Even though activation with
PMA/ ionomycin superseded that of CD3/CD28 activation with around 3-fold difference,
the CD3/CD28-activated T cell procedure was used in all subsequent experiments
because this method provides a more specific intracellular signalling pathway targeting

and physiologically relevant level of activation.
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Figure 4.6: Abundance of the cell surface marker CD69 following CD4+ T cell activation. CD4+ T
cells were (i) left untreated, (ii) treated with CD3/CD28 Dynabeads beads or (iii) treated with
PMA/ionomycin in either Green’s or RPMI media for 24 hours before staining with anti-CD69.
Viable cells were gated using Live/Dead stain and the percentage of CD69 positive cells detected
by flow cytometry. Data are presented as (A) representative dot plots and as (B) the mean + SD.
A mean difference was considered significant when *p < 0.05, **p <0.001, and ***p <0.0001, using
two-way ANOVA with Tukey’s post-hoc multiple comparison tests to detect difference between
groups. ANOVA reported statistically significant effect of activation method ***p <0.0001 but there

was no effect of media or of the interaction between the two. n=4.
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4.4.3 In vitro polarisation of CD4+ T cells into a Th1 subtype

To polarise isolated naive CD4+ T cells into a Thl phenotype in vitro, CD4+ T
cells were treated with either IL-2 alone to create a naive inactivated sample, in
combination with CD3/CD28 Dynabeads to create activated T cells or with IL-2,
CD3/CD28 Dynabeads and Th1l differentiation medium ( adding 20 ng/ml of human rlL-
12 p70, 20 ng/ml of human rIL-18, and 2.5 pg/ml purified anti-human IL-4 antibody) to
polarise these cells into the Thl subset. These cultures will be herewith in be referred to
as naive, activated and Th1l, respectively.

Cells were cultured in these 3 conditions for 7 days in Green’s medium without
the addition of hydrocortisone, which is an immunosuppressant. Cells were examined by
light microscopy to monitor cell morphology. After 7 days in culture, naive cells remain
dispersed in cell suspension while activated cells displayed cell aggregation as described
previously (Figure 4.5A&B). Although the polarised group showed less aggregation than
in the activated group, the change in shape and extending secretory processes was more

prominent (Figure 4.7, white arrows).
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Figure 4.7: Morphology of T cells following differentiation into Th1. Primary T cells were treated

with IL-2, CD3/CD28 and Th1 differentiation medium for 7 days and referred Th1l populations. The
Thl population examined under light microscope displayed aggregates of cells around small
spherical dark beads and showed evidence of cellular processes (white arrows). Image is
representative; n=3. Scale bar = 50 pm.

The proliferation rate of naive, activated and Th1l cells were compared by direct
cell counting on days 0, 3, 5 and 7 and all counts normalised to the cell count on day zero
(100%). The activated groups showed the greatest rate of proliferation with five-fold
increase by day 7, which was significantly higher compared to all previous time points (all
p= p<0.0001), to naive group at all time points (p<0.0001), and to the Thl group
(p<0.0001) (Figure 4.8). Although the differentiated Thl cells had a lower rate of
expansion compared to the active cells, they showed an exponential growth rate after day
3 and reached three-fold increase at day 7 that was significantly higher than the naive
cells at a similar time point (p= 0.0161). Without stimulatory signals, the naive cells
numbers continue to decline gradually and reach a minimum 0.6-fold-decrease at day 7
compared to cells at day O (Figure 4.8).
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Figure 4.8: Proliferation of T cells in different conditions. Primary T cells were treated with IL-2
alone, IL-2 and CD3/CD28 or with IL-2, CD3/CD28 and Th1l differentiation medium for 7 days and
referred to as naive, activated, and Thl populations, respectively. Normalised cell counts to day 0
to determine cell proliferation over 7 days in culture. Data presented as the mean + SD. A mean
difference was considered significant when *p < 0.05 and ***p <0.0001, using a two-way ANOVA
with Tukey’s post-hoc multiple comparison tests to detect difference between groups. Main
ANOVA reported ***p <0.0001 for time, activation status, and for interaction. n=3.

For a comprehensive phenotyping of the Thl subset, the presence of a number
of key biomarkers were investigated. First, an antibody panel targeting extracellular
surface markers relevant for Thl including CXCR3, CCR5, CCR6, IL12-R[ receptor and
IFN-y receptor was conducted. Then, antibody staining targeting intracellular Thl key
cytokine (IFN-y), and the transcriptional factor (T-bet) was investigated. This analysis
involved the establishment of a unigque gating strategy that followed a hierarchy by initially
gating for total events in the sample, then gating for single cells to exclude cell doublet

events, followed by viable cell gating. Finally, the parent population was identified using
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the cell surface marker CD4, from which all the above-mentioned surface markers,
intracellular cytokines or nuclear transcriptional factors were separately gated. The
multicolour experiments excluded non-specific fluorescence produced by spectral overlap
between the different fluorophores through compensation and using the FMO samples as
described in chapter 2 (Figure 2.12 and 2.13). The isolated CD4+ T cells had a purity of
at least 84 + 12% and viability of 80 + 13.4% (Figure 4.9).
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Figure 4.9: The gating strategy to assess the abundance of Th1 extracellular surface markers in
the CD4+ population. Primary CD4+ T cells were treated with IL-2 alone, IL-2 and CD3/CD28 or
with IL-2, CD3/CD28 and Th1 differentiation medium for 7 days and referred to as (A) naive, (B)
activated and (C) Thl populations, respectively. The flow cytometry voltages were set using
unstained samples, then the gates adjusted using (D) FMO controls. The main T cell population
was gated on the (i) FSC/SSC plot, then (ii) gated to single events using the FSC-H/FSC-A plot.
(iii) Viable cell populations were gated to exclude dead cells from the analysis, before (iv) the CD4+
stained population was detected by flow cytometry. This strategy allowed analysis of Th1l activation
markers on the cell surface of CD4+ T cells in the three treatment groups. Data presented as
representative dot plots, n=3.
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The Dynabeads in the activated and Thl samples were removed with a magnet
before analysis. However, some of the Dynabeads did not detach and can be observed
as a horizontal small separate population when gating for the CD4 antibody in the PE
channel. Although this is evident by the absence of this population in the naive samples
that did not contain Dynabeads, it was further confirmed by running a Dynabeads only

sample (Figure 4.10).
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Figure 4.10: Detection of Dynabeads within the CD4+ population. The parent CD4+ stained
population was detected by flow cytometry and gated in the naive, active, Thl and Dynabeads
only sample. Data presented as representative dot plots, n=2.
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Following identification of the CD4+ parent population, levels of IL12-R3, CXCR3,
CCR5, CCR6 and IFN-y receptor surface markers on the CD4+ T cells was assessed. It
can be appreciated from the representative dot plots and analysis that CXCR3 and IL12-
RB were the most abundant surface markers in the Th1l sample compared to the level of
CCR5, CCRS6, or IFN-y receptor (Figure 4.11A&B). Activated cells showed the highest
abundance of CXCR3 with 78.6 + 17% positive cells that was significantly higher
compared to both the Thl (42.4 + 22%) and naive cells (4.2 £ 3.6%) (p= 0.0291 and
p=0.0003, respectively). The Thl cells also showed a significant increase in CXCR3

compared to naive cells (p= 0.0185).

Although the same trend was observed for IL-12-R[3 receptor levels with 1.2 +
0.8%, 15 + 14%, and 12 + 7.8% positive for naive, activated and Thl cell populations,
respectively. Despite this, only the Th1l population had statistically higher levels of IL-12-
R B compared to the naive cells (p=0.0383).

CCRS5 levels were low in all groups (naive 1 + 0.9%, activated 4.4 £ 5.4% and Thl
3.8 + 1.9%) and again levels were significantly increased in the Thl cells compared to
the naive (p=0.0387). Similarly, low levels of CCR6 were detected in the naive 1.7 £ 1.2%,
activated 1.4 £ 0.7% and Thl 3.2 + 1%. Despite the low levels of CCR6, the level in Thl
cells were significantly higher than the activated group (p=0.0283). Finally, the IFN-y
receptor was not significantly increased in the Th1 group (4.3 £ 3.6%) when compared to
both naive (0.6 + 0.5%) and active (2.6 + 2.3%) groups (Figure 4.11B). Although the
detected surface markers support tendency towards Thl phenotype in the Thl group,

large significant differences in abundance of markers between groups was not observed.
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Figure 4.11: The abundance of Th1 surface markers in the CD4+ population. Primary CD4+ T cells
were treated with IL-2, IL-2 and CD3/CD28, or IL-2, CD3/CD28 and Th1 differentiation medium for
7 days and referred to as (i) naive, (ii) activated and (iii) Th1 populations, respectively. Thl surface
markers were gated out from the parent CD4+ population and the normalised median fluorescent
intensity (nMFI) of CXCR3, CCR5, CCR6, IL-12RB and IFN-y receptor positive cells detected by
flow cytometry. Data are presented as (A) representative dot plots with percentage positive cells
indicated in each plot and (B) the mean + SD of percentage positive. A mean difference was
considered significant when *p < 0.05 and ***p <0.0001, using one-way ANOVA with Tukey’s post-
hoc multiple comparison tests to detect difference between groups. Main ANOVA reported ***p
<0.0001. n=3.
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To further investigate the development of a Th1 phenotype, conjugated antibodies
targeting the Th1l intracellular markers T-bet and IFN-y were used and investigated for
positive staining by flow cytometry. On day 7 of culture and before analysis, T cells were
left without re-stimulation or re-stimulated with a cell stimulation cocktail consisting of
PMA and ionomycin, to boost levels of intracellular cytokines. To prevent the secretion of
any intracellular cytokine produced, a protein transport inhibitor cocktail of Brefeldin A and
Monensin was used to inhibit the intracellular protein secretory/transport pathway,
ultimately resulting in the accumulation of secreted proteins within the endoplasmic
reticuum and Golgi apparatus that can then be detected using intracellular

immunostaining.

Although IFN-y, a key Thl1 cytokine, was neither produced in the naive or the
activated T cell samples, there was some detection when samples were treated using the
re-stimulation method (Figure 4.12). The Thl population produced the highest levels of
intracellular IFN-y with or without re-stimulation. While Th1l sample produced high levels
of IFN-y without re-stimulation (1.8 £ 0.3 nMFI; percentage: 15 + 8%) this was further
significantly increased when re-stimulated (4 + 1 nMFI; 45 + 26%; p= <0.0001) (Figure
4.12A). The normalised fluorescence intensity of intracellular IFN-y in the restimulated
Thl sample was significantly higher when compared to the naive (0.4 £ 0.07 nMFI,
percentage: 4.4 + 5.6%) and activated (0.8 + 0.1 n-MFI; percentage 2.3 £ 2,2%) samples
(both with p<0.0001) confirming a characteristic of Thl cells (Figure 4.12B).
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Figure 4.12: Abundance of intracellular IFN-y following Thl polarisation. CD4+ T cells were
treated with IL-2 alone, IL-2 and CD3/CD28 or IL-2, CD3/CD28 and Th1 differentiation medium for
7 days and referred as naive, activated and Th1 populations, respectively. Samples were either
re-stimulated with PMA, ionomycin and treated with protein inhibitors or left unstimulated but
treated with protein inhibitor for 5 hours before analysis. The normalised median fluorescent
intensity (NMFI) of intracellular IFN-y was detected by flow cytometry. Data are presented as (A)
representative dot plots and (B) the mean + SD of percentage positive cells. A mean difference
was considered significant when *p < 0.05, **p <0.001 and ***p <0.0001, using a two-way ANOVA
with Tukey’s post-hoc multiple comparison tests to detect difference between groups. Main
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ANOVA reported **p <0.001 effect of restimulation and ***p <0.0001 for activation status and
interaction. n=3.

Next, the abundance of intracellular T-bet, a key transcriptional factor for
developing Thl phenotype, was investigated, with or without re-stimulation as previously
described. T-bet even without re-stimulation was highly produced by Th1 cells with a nMFI
of 32 + 13 (80.7 £ 16.3%) and was significantly higher than both the naive cells (2.1 + 2
NnMFI; 15.3 £ 18%; p= 0.0008) and the activated cells (10 + 1.3 nMFI; 58.6 + 9.4%; p=
0.0106), providing further evidence of a Thl phenotype (Figure 4.13B).

It can also be appreciated from the representative plots that re-stimulation
enhanced the levels of T-bet with an increase in the naive cells from 4.9 + 2% to 17 +
9.8% and 58 £7.7% to 66.3 £ 6.4% in the activated sample. However, the Thl sample
was not affected by the re-stimulation as it is likely that T-bet levels were at a maximum
and could not be elevated with further re-stimulation (80 + 30%) (Figure 4.13A).
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Figure 4.13: Abundance of nuclear T-bet following Thl polarisation. CD4+ T cells were treated
with IL-2, IL-2 and CD3/CD28 or IL-2, CD3/CD28 plus Thl differentiation medium for 7 days
referred to as naive, activated, and Th1l populations, respectively. The Normalised median
fluorescent intensity (nMFI) of nuclear T-bet transcription factor detected by flow cytometry. Data
are presented as (A) representative dot plots and as (B) the mean = SD of percentages. A mean
difference was considered significant when *p < 0.05 and ***p <0.0001, using one-way ANOVA
with Tukey’s post-hoc multiple comparison tests to detect difference between groups. Main
ANOVA reported no effect of restimulation or interaction and ***p <0.0001 for activation status.

n=3.
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In addition, the gene expression of three Th1l transcriptional factors, T-bet, STAT1
and STAT4 were examined (Figure 4.14A). The expression of T-bet, a major factor
regulating Th1l differentiation, was highest in the Thl polarised sample and significantly
increased when compared to naive (17-fold, p= 0.0368) and activated samples (15-fold,
p= 0.0250). T-bet expression is strongly dependent on signal transducer and activator of
transcription 1 (STAT1) (Ji, Sosa and Forsthuber, 2011), which was also increased 5-fold
in the Thl polarised when compared to the naive sample (Figure 4.14A). No significant
difference was identified between samples. While the gene expression of STAT4, another
important transcription factor involved in the Thl cell differentiation, was significantly
increased in Thl cells compared to both the naive (1-fold; 0.0144) and activated T cells
(1-fold; 0.0411).

The level of phosphorylated transcription factor STAT1 was also investigated as
these transcription factors require phosphorylation to be active. The ratio of total STAT-1
(non-phosphorylated form) to phosphor-STAT1 (the phosphorylated form) was examined
by western blot. Levels of phospho-STA1 were increased in Thl cells compared to
activated cells (Figure 4.14B). Naive sample was not enough to conduct WB analysis as

cells degenerate if left unstimulated.
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Figure 4.14: Investigation of Th1l transcription factor levels. Primary CD4+ T cells were treated with
IL-2 alone, IL-2 and CD3/CD28, or IL-2, CD3/CD28 plus Th1 differentiation medium for 7 days to
generate naive, activated and Thl populations, respectively. (A) Gene expression for T-bet,
STAT1 and STAT4 was analysed by qPCR, calculated relative to the reference control [32-
microglobulin. Data presented as the mean + SD. A mean difference was considered significant
when *p < 0.05, using one-way ANOVA with Tukey’s post-hoc multiple comparison tests to detect
difference between groups. Main ANOVA reported *p <0.01. n=3. (B) The abundance of total and
phosphorylated STAT1 in the active and Th1 polarised T cells were analysed by western blot. Blot
is representative; n=2.
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Following phenotyping of Th1 cells, further investigations into the capacity of these
3 types of T cells to secrete cytokines was investigated by ELISA (Figure 4.15). Both
IFN-y and TNF-qa, key Thl cytokines, were secreted by the polarised Th1l cells. Thl cells
secreted 55.4 + 2.8 ng/ml of IFN-y cytokine that was significantly more than that produced
by activated (2.9 £ 1.1 ng/ml; p= 0.0149) and the naive cells (0.401 + 0.02 ng/ml; p=
0.0010). Similarly, TNF-a was produced by the Thl in higher quantities (12.3 £ 6 ng/ml)
than that produced by the activated cells (3.5 £ 1.6 ng/ml) and significantly more than that
produced by naive cells (0.8 £ 0.1 pg/ml; p= 0.0391).

Furthermore, CCL5 levels, a T cell specific chemokine, were significantly
increased in the active (0.8 £ 0.1 ng/ml; p=0.0008) and Th1 (0.631 + 0.4 ng/ml; p=0.0092)
samples when compared to the naive (0.1 £ 0.03 ng/ml). IL-10, thought to cause immune
suppression by blocking pro-inflammatory cytokines, was produced at higher levels by
the activated (0.9 + 0.3 ng/ml; p= 0.027) and Thl (1 £ 0.46 ng/ml; p= 0.0105) cells
compared to naive cells (0.2 £ 0.1 ng/ml). Th2 phenotype has a dichotomous relationship
to Thl and to exclude the development of Th2 cells, IL-4 levels, a cytokine that induces
Th2 whilst inhibiting Th1 differentiation, was explored. IL-4 was secreted in low levels in
the naive, activated and Thl samples. As expected, Thl secretion of IL-4 (0.05 + 0.01
ng/ml) was considered insignificant compared to the other cytokines investigated (Figure
4.15).
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Figure 4.15: Cytokine secretion following Th1 polarisation. Primary CD4+ T cells were treated with
IL-2, IL-2 and CD3/CD28 or IL-2, CD3/CD28 and Th1 differentiation medium for 7 days to generate
naive, activated and Th1 populations, respectively. Secretion of cytokines (A) IFN-y, (B) TNF-a,
(C) CCL5, (D) IL-10 and (E) IL-4 were determined by ELISA. Data presented as the mean + SD.
A mean difference was considered significant when *p < 0.05, **p <0.001 and ***p <0.0001, using
one-way ANOVA with Tukey’s post-hoc multiple comparison tests to detect difference between

groups; n=3.
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4.4.4 In vitro polarisation of CD4+ T cells into Thl7 subtype to evaluate
plasticity

There is increasing evidence that IL-17, a cytokine secreted by Th17 T cells, is a
critical pro-inflammatory cytokine in human autoimmune diseases including OLP. To
explore the ability to differentiate naive CD4+ T cells into Th17 and Th17/Thl phenotypes,
isolated naive CD4+ T cells were treated with IL-2 and cultured in Green’s medium
(without hydrocortisone), or with Th17 differentiation medium (containing 30 ng/ml human
riL-6, 20 ng/ml human rIL-18 and 2 ng/ml human rTGF[3, along with 2.5 pg/mL each of
anti-IL-2, anti-IL-4 and anti-IFN-y antibody), or with Th17/Th1 differentiation medium
(containing 20 ng/ml of human r IL-12 p70, 30 ng/ml human rIL-6, 20 ng/ml human riL-13
and 2 ng/ml human rTGFf3, along with 2.5 pg/mL each of anti-IL-2 and anti-IL-4 ) for 7
days. A panel of conjugated antibodies to stain Th17 and Thl markers including surface
CCREG, intracellular 1L-17, IFN-y and nuclear RORC2 and FOXP3 was conducted using
flow cytometry. Panel analysis was preceded by a gating strategy to exclude doublets
and dead cells from the analysis, then target antibodies were gated from the CD4+ parent
population which had a purity of at least 86.2 + 10% and a viability of 96.3 £ 1% (Figure
4.16).
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Figure 4.16: Gating strategy to assess the abundance of Th17 markers in the CD4+ population.
Primary CD4+ T cells were cultured for 7 days under different conditions to produce naive, Th17
or Th17/Thl phenotypes. For flow cytometric analysis, the voltages were set using unstained
sample, the main population were gated on (A) the FSC/SSC plot, then gates for single events
were included using the FSC-H/FSC-A plot. After the live population was gated to exclude dead
cells from the analysis, (B) the CD4+ stained population was detected, then the gates adjusted
using the (C) FMO samples for (i) IFN-y, (ii) CCR®6, (iii) IL-17, (iv) FOXP3, and (v) RORC in

preparation for marker staining. Data presented as representative dot plots, n=3.
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IL-17, a cytokine shown to be exclusively produced by Th17 cells, was markedly
produced by cells cultured in the Th17 polarisation medium with over 10-fold increase
(mean nMFI = 3.5; percentage = 24%) when compared to control, naive, (mean nMFI=
1.3; 2.2%). Although, the mixed Th17/ Thl group showed 4-fold higher percentage of IL-
17 than the naive group, it was less than the Th17 group (average nMFI= 2; 7%) which
reflect the difference between a pure Th17 and a mixed phenotype (Figure 4.17).

Although IFN-y, a Thl key cytokine, was produced more by the Th1l7 (average
nMFI= 2; 6%) compared to the naive T cells (average nMFI= 0.7; 1.6%), the mixed
Th17/Thl phenotype showed the maximum ability to produce IFN-y (average nMFI= 2.5;
10%) when compared to the other two groups. The difference between the unstimulated

and restimulated samples was unremarkable.
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Figure 4.17: Abundance of intracellular cytokines following Th17 and Th17/Th1l polarisation.
Primary CD4+ T cells were treated with IL-2, Thl17 differentiation medium or Th17/Thl
differentiation medium for 7 days to generate naive, Th17, and Th17/Thl populations, respectively.
The normalised median fluorescent intensity (nMFI) of intracellular (A & C) IL-17 and (B & D) IFN-
y was detected by flow cytometry. Data are presented as (A & B) representative dot plots and as

(C & D) the mean of n-MFI; n=2.

performed (Figure 4.18). Production of IL-17 was highest in the polarised Th17 cells (N=
49 pg/ml) followed by the mixed phenotype Th17/ Thl (N= 46 pg/ml). Naive T cell
production of IL-17 (N= 22.3 pg/ml) was markedly lower than the Th17 and the Th17/Thl

mixed phenotype.
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Figure 4.18: IL-17 cytokine secretion following Th17 polarisation. Primary CD4+ T cells were
treated with IL-2, Th17 differentiation medium or with Th17/Th1 differentiation medium for 7 days
to generate naive, Thl7, and Th17/Thl populations, respectively. Levels of IL-17 in the
conditioned medium was detected by ELISA. Data presented as the mean; n=2.

4.4.5 Developing a multicolour panel to phenotype activated cytotoxic CD8+ T
cells

Following CD4+ T cell activation, it is thought that these cells crosstalk with CD8+
T cells and evoke cytotoxic CD8+ T cell responses through production of cytokines (INF-
Y, IL2 and TNF-a). To explore the development of cytotoxic CD8+ T cells, naive CD8+ T
cells were isolated from PBMCs and cultured in Green’s medium (without hydrocortisone)
in the presence of either IL-2, IL-2 with CD3/CD28 Dynabeads or IL-2 and CD3/CD28
Dynabeads in the presence of CD4+ T cells and referred to as naive, activated or

cytotoxic, respectively.

First, the morphology and proliferation rates of CD8+ T cells activated under
different conditions were examined (Figure 4.19). T cells subtypes, CD4+ and CD8+,
could not be distinguished from each other under the light microscope. After 7 days in
culture, the naive CD8+ T cells remain dispersed, and fail to proliferate or form
aggregates (Figure 4.19A). CD3/CD28 activated cells formed small aggregates (Figure
4.19B; white arrows) which are indicative of actively proliferating cells. In contrast, when
co-cultured with CD4+ T cells the CD3/CD28 activated CD8+ cells showed increased
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activation which can be observed through the enhanced formation of aggregates (Figure
4.19C). Moreover, the proliferation rate of naive, activated, and cytotoxic cells was
compared by direct cell counting on days 0, 3, 5 and 7. All counts were normalised to
100% cell count on day zero. All conditions led to a 0.5-fold decrease on day 3 compared
to their seeding density at day 0. While the naive cells did not proliferate within the time
period investigated (Figure 4.20), the CD3/CD28 activated cells gradually increased by
0.5-fold every two days. However, activation with CD3/CD28 Dynabeads alone was not
enough to trigger optimum CD8+ proliferation, as proliferation was not significantly
different from the naive cells. Following a decrease in cell number on day 3, the cytotoxic
group (CD3/CD28 + CD4+ cells) showed continuous exponential growth accumulating at
a 4-fold increase by day 7, a significant increase when compared to day 3 (p= 0.010). By
day 7, the cytotoxic group also showed a significant difference when compared to the
naive cells at days 3, 5 and 7 (p=0.0079, 0.008 and 0.007, respectively). Overall, both
the microscopic images and proliferation data demonstrated increased activation of CD8+

T cells when cultured with CD3/CD28 Dynabeads in the presence of CD4+ T cells.
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Figure 4.19: Morphology of primary CD8+ T cells under different conditions in suspension
culture. Primary CD8+ T cells were treated with IL-2 alone, IL-2 and CD3/CD28, or with CD3/CD28
in the presence of CD4+ T cells for 7 days and referred to as naive, activated, and cytotoxic CD8+
T cells populations, respectively. Images of suspension culture examined using light microscopy
atday 7. (A) Naive T cells form single cell suspensions (B) CD8+ T cells activated with CD3/CD28
beads form small aggregates (white arrow), (C) more and larger aggregates were observed when
cells are activated with CD3/CD28 beads in the presence of CD4+ T cells, indicative of proliferating
active cells. Scale bar = 100 pm.
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Figure 4.20: Proliferation of CD8+ T cells under different culture conditions. Primary CD8+ T cells
were treated with IL-2, IL-2 and CD3/CD28 or CD3/CD28 in the presence of CD4+ T cells for 7

days and referred to as (e) naive, (@) activated and (A) cytotoxic CD8+ T cell populations,
respectively. Cell counts normalised to cell number on day 0 of culture to determine cell growth
over 7 days. Data are expressed as the mean = SD. A mean difference was considered significant
when *p < 0.05 and **p <0.001, using two-way ANOVA with Tukey’s post-hoc multiple comparison
tests to detect difference between groups. Main ANOVA reported *p <0.01 effect of time and
activation status but no effect of interaction. n=3.

Flow cytometric analysis of intracellular granzyme B, a potent cytotoxic factor for
cytotoxic CD8+ T cells, achieved through a gating strategy that followed a hierarchy. First
gating for total events in the sample was performed followed by gating for single cells to
exclude cell doublet events, followed by dead/live staining gate to select only viable cells.
Finally, the parent population was identified using the cell surface markers CD4 and CD8
(Figure 4.21A). From the CD8+ population, intracellular granzyme B and CD69 surface
markers were separately gated after gate adjustments determined by the FMO samples
(Figure 4.21B) as described in chapter 2. The data shows that the CD8+ purity in the
parent population was 80 £ 8% in the naive and 88.2 + 10% in the activated samples.
The purity of CD8+ T cells in the cytotoxic sample was less as it was a mixed population
of CD8+ T cells and CD4+ T cells with levels of 47 + 3.2% and 29 +8% seen, respectively

(Figure 4.21C).
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Figure 4.21: Gating strategy devised to assess cytotoxic CD8+ T cell phenotype. Primary CD8+
T cells were treated with IL-2 only, IL-2 and CD3/CD28, or with CD3/CD28 in presence of CD4+ T
cells for 7 days to generate naive, activated and cytotoxic CD8+ T cells populations, respectively.
The gating was set using (A) unstained samples, then the gates adjusted using (B) the FMO
samples. The main population of T cells was gated on the FSC/SSC plot, then gates single events
were included using the FSC-H/FSC-A plot. After the viable population was gated to exclude dead
cells from the analysis, (C) the main CD8+ and CD4+ populations were detected by flow cytometry.
Data presented as representative dot plots

On day 7 of culture and before analysis, T cells were either left without
restimulation or re-stimulated with a stimulation cocktail of PMA and ionomycin in the
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presence of secretion inhibitors, Brefeldin A and Monensin. The cytotoxic CD8+ samples
showed high levels of granzyme B with nMFI of 86.6 +17 (65.4 +24%) that was
significantly increased compared to the activated (nMFI=9 + 13; 11.3 +12%; p= <0.0001)
and the naive control (nMFI= 2.3 = 1.1; 1.1 +0.5%; p= <0.0001) (Figure 4.22B). The
difference in granzyme B production can be visually appreciated from the large shift in
the cell population on the representative dot blot (Figure 4.22A). There was no difference
in the abundance of granzyme B in relation to the re-stimulation with PMA/ionomycin.
Negligible levels of granzyme B in the naive and activated samples was seen whether re-

stimulated was performed before analysis or not.
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Figure 4.22: Abundance of intracellular granzyme B following CD8+ T cells activation. Primary
CD8+ T cells were treated with IL-2 only, IL-2 and CD3/CD28 or with CD3/CD28 in the presence
of CD4+ T cells for 7 days to generate naive, activated and cytotoxic CD8+ T cells populations,
respectively. The normalised median fluorescent intensity (nMFI) of intracellular granzyme B was
assessed by flow cytometry. Data are presented as (A) representative dot plots and (B) the mean
+ SD. A mean difference was considered significant when ***p <0.0001, using two-way ANOVA
with Tukey’s post-hoc multiple comparison tests to detect difference between groups. Main
ANOVA reported ***p <0.001 effect of activation status but no effect for restimulation or interaction.

n=3.
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4.5 Discussion

The development of a T cell-containing oral mucosal disease model for future
therapeutic strategies for OLP depends on the understanding of T cell biology, their
mechanism of activation in the disease process and their interactions with other cells.

4.5.1 Purity and viability of isolated T cells in vitro

The preparation of PBMCs, which includes lymphocytes (i.e., T cells, B cells and
NK cells), monocytes and dendritic cells from whole blood, is a common step prior to the
isolation of specific immune cell subsets. Density gradient centrifugation methods have
been widely used for decades to separate mononuclear cells from granulocytes and
erythrocytes using whole blood or buffy coat (Pertoft et al., 1979; Noble, Cutts and Carroll,
1968). Buffy coats were preferred over whole blood in this study as they represent a
concentrate of leukocytes and platelets following blood donation. Therefore, use of buffy
coats is considered an efficient way to increase the number of PBMCs for experiments
(Repnik, Knezevic and Jeras, 2003). Although, the yield of mononuclear cells was
increased following density gradient centrifugation, it still consisted of a mixture of
subpopulations of lymphocytes, monocytes and some contaminating granulocytes. For
downstream analysis, further purification using robust isolation methods that yield a highly
pure T cell population is necessary (Hanamsagar et al., 2020). Multiple methods can be
used to perform further cell isolation including immunomagnetic cell separation,
fluorescence-activated cell sorting (FACS), immunodensity, sedimentation, adhesion and
microfluidic cell separation. Presently, immunomagnetic and FACS are the most widely
used separation methods to yield highly pure T cell populations (Gross et al., 2015; Dalili,
Samiei and Hoorfar, 2019). Although higher purity of the desired cell population is typically
achieved by FACS, there are a variety of benchtop magnetic cell sorters that are less
sophisticated, less time consuming, and much less expensive than FACS (Frenea-Robin
and Marchalot, 2022). Studies comparing these two methods concluded that although the
ability of immunomagnetic cell sorting to isolate increased cell numbers is less time
consuming than FACS, both enrichment techniques offer excellent recovery and purity
and can be equally used (Tripathi et al., 2020; Sutermaster and Darling, 2019). Hence,
CD4+ and CD8+ T cells were isolated using negative selection immunomagnetic
separation where all immune cells other than T cells are captured on a magnetised
column using antibody-conjugated iron beads, allowing collection of purified T cells.
Negative selection is preferable than positive selection as it minimises the chances of

antibody-based stimulation during the isolation procedure. The purity of cells in this study

145



was enriched to reach 92 + 4% for CD4+ and 93 + 3% for CD8+ T cells, which is similar
to other studies that used immunomagnetic separation (CD4+ cells with >97% purity and
CD8+ cells with >96% purity (Gunzer et al., 2001), 85% CD4+ T cells (Bolandi et al.,
2020), 93 + 5% for CD4+ T cells (Schuler et al., 2011), or >95% CD4+ and >90% CD8+
T cells (Lundgren et al., 2003).

High cell viability is often cited as a prerequisite for proceeding with single-cell
workflows as significant loss of viability due to poor isolation technique will most likely
result in poor quality data. This study reported high viability of 97 £ 2% and 84 * 6%, for
the isolated CD4+ and CD8+ T cells respectively, which is in agreement with previous
studies (Schuler et al., 2011; Gunzer et al., 2001). Although many reported the viability of
isolated T cells before downstream analysis, the exact values of viability were not reported
(Kara et al., 2013; Griffiths et al., 2013; Chattopadhyay et al., 2008).

452 CDA4+ activation

Dendritic cells express both class | and class Il major histocompatibility complex
(MHC) molecules on their surface that permit the recognition of an antigen epitope by the
T Cell Receptor (TCR, CD3) in combination with CD28 on the T cell surface. In response
to the appropriate antigen/MHC complex, specific T cells become activated, secrete IL-2,
and undergo clonal expansion creating multiple copies of themselves in order to deliver

an immune response to cells displaying that specific antigen (Chaplin, 2010).

In vitro, different techniques have been developed to activate T cells either by
direct antigen stimulation using dendritic cells or indirectly using mitogenic chemicals or
monoclonal antibodies directed against CD3 and CD28. To simulate stimulation, T cells
were either activated with iron particles conjugated with antibodies that bind to and
activate CD3 and CD28 on the T cell surface to mimic antigen presentation, or with the
mitogens PMA and ionomycin. PMA bypasses the need for CD3/CD28 ligation by directly
activating the downstream intracellular signalling molecule protein kinase C, whereas the
ionophore, ionomycin, increases intracellular calcium levels that is also required to drive
artificial T cell activation. Abundance of cell surface CD69 was used to measure T cell
activation (as shown in Chapter 3 and by other studies (Olsen and Sollid, 2013). There
was more abundance in CD69 when T cells were activated with PMA and ionomycin for
24 hours than with the CD3/CD28 antibody complex. This may be due to the direct and
non-receptor specific activation of protein kinase C and calcium signalling pathways.
However, and as reported by others (Martkamchan et al., 2016; McLeod et al., 1998;
Trickett and Kwan, 2003), efficient T cell activation was also achieved by the CD3/CD28
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antibody-conjugated iron beads. Addition of IL-2 along with the CD3/CD28 antibody
complex provides important additional stimulatory signals that enhance T cell
proliferation. It is reported that autocrine IL-2 production from activated CD4+ T cells
induces further T cell activation and proliferation (Martkamchan et al., 2016; Cornish,
Sinclair and Cantrell, 2006).

It has been suggested that different activation methods under neutral cytokine
conditions may have different effects on T cells (Baran et al., 2001). For example, PMA
and ionomycin may influence T cells to polarise into Th1/Th17 clones because they
potentiate the levels of IFN-y and IL-17 when compared CD3/ CD28 stimulation (Olsen
and Sollid, 2013). PMA and ionomycin activation might be suited for other purposes such
as when maximum cytokine needed, whereas CD3/ CD28 may be preferential for
expansion and generation of specific polarision of T cells where stimulation needs to be
carefully controlled (Shi et al., 2013; Martkamchan et al., 2016). Despite being less
stimulatory than the mitogenic factors, use of CD3/CD28 antibody complex to activate T
cells was taken forward for use in the rest of the study because this form of stimulation

more closely mimics that of antigen presenting cells that occurs in vivo.

4.5.3 Thl Phenotyping

The direct contact of MHCII-bound antigen on the APCs with the TCR is
considered the first step in T cell differentiation toward a T helper (Th) phenotype, where
T cells respond in accordance with the type and dose of invading pathogen. However, it
is less clear how the immune response is matched to a particular pathogen (Mosmann
and Sad, 1996). It has been established that activated naive CD4+ T cells are
differentiated into distinct Th subsets depending on the type of cytokine they experience
in the microenvironment. For Th1 polarisation, IL-12 produced by APCs and keratinocytes
induces IFN-y secretion from natural killer cells. Subsequently, IL-12 and IFN-y stimulate
reacting T cells to induce the expression of the transcription factor T-bet, which in turn
promotes T cells to differentiate into the Thl subset (Amsen, Spilianakis and Flavell,
2009). In OLP, the increased production of IL-12 and IL-18 by keratinocytes and
Langerhans cells influences CD4+ differentiation towards the Thl phenotype inducing IL-
2, IFN-y and TNF-a production (Lu et al., 2015; Miller et al., 1994; Aragane et al., 1994),
while cytokines such as IL-4, IL-10 and TGF- negatively regulate Thl differentiation (Lu
et al., 2015).

147



Unstimulated peripheral blood T cells produce little or no cytokines. Thus, in vitro
stimulation using exogenous cytokines is required to induce polarisation. Different
research groups have used various combinations and cytokine dosages to elicit the Thl
phenotype in vitro. IL-12 to drive Th1l differentiation and IL-4 neutralising antibody to block
switching into Th2 phenotype are the main components needed for Thl production
(Dubovsky et al., 2011; Suurmond et al., 2014; Sekiya and Yoshimura, 2016). Since IL-
12 and IL-18 synergistically enhance IFN-y by activating STAT4 (Nakahira et al., 2002),

IL-18 was included in different Thl polarisation kits to enhance Th1 differentiation.

Thl can be distinguished from other T cell subsets based on the cell surface
expression of IL-12R B2, IFN-y R2, IL-18R, CCR5, CCR6 and CXCR3, the expression of
the transcriptional regulators, T-bet, STAT1 and STAT4, and their cytokine secretory
profile of IFN-y and TNF-a.

Two flow cytometry marker panels were designed to provide clear distinction of T
cell phenotype. The first seven-colour antibody panel targeted distinct profiles of cell
surface markers while a second four-coloured panel targeted Th1 selective transcriptional

factors and cytokines.

Chemokine receptors are up regulated on T cells after activation where their
expression is modulated by specific cytokines. For example, CCR3 and CCR4 are
expressed exclusively on Th2 cells, whereas CXCR3 and CCR5 are found on ThO and
Th1 cells (Sallusto et al., 1998; Bonecchi et al., 1998). CXCR3 is rapidly induced on naive
T cells following activation and remains highly expressed on both Th1 and effector CD8+
T cells. Th 1 cells can then bind the CXCR3-specific chemokines CXCL9 (MIG), CXCL10
(IP-10) and CXCL11 (I-TAC) to guide them out of the circulation and into inflammatory
sites (Groom and Luster, 2011). In accordance with previous in vitro studies, data in this
study showed that while CXCR3 was not detected on naive T cells, it was rapidly induced
following T cell activation reflecting the differentiation status of Thl cells (Langenkamp et
al., 2003; Groom and Luster, 2011; Bonecchi et al., 1998; Sallusto et al., 1998).

CCR1, CCR3, CCR5, CCR9 and CCR10 are cell surface receptors for CCL5 (also
known as RANTES), a potent inflammatory mediator produced by T cells, macrophages,
platelets, fibroblasts and keratinocytes and causes chemoattraction of T cells. Increased
expression of CCL5 has been identified in oral lichen planus biopsy tissue (Hu et al.,
2013; Zhou et al., 2001; Li et al., 1996a; Zhao et al., 2001). Approximately half of the
circulating CD4+ were CCR5+ in OLP (Shan et al., 2019; Hu et al., 2013) and CCL5
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chemoattracts T cell subsets, including CD8+T cells and Th1l cells into OLP lesions (Li et
al., 1996a; Yang et al., 2018). Although CCRS5 cell surface abundance was only slightly
increased on Th 1 cells in this study, this was statistically significant when compared to
naive T cells. It has been reported that expression of CCR5 on activated T cells is
concomitant with a strong Th1 polarization phenotype (Loetscher et al., 1998b; Bonecchi
et al., 1998).

CCRG6 (also known as CD196), is a chemokine receptor for the ligand CCL20
(MIP-3a). The CCL20/CCR6 axis has also been associated with human
immunodeficiency virus (HIV) infection, rheumatoid arthritis, cancer (Osuala and Sloane,
2014; Schutyser, Struyf and Van Damme, 2003) and in OLP (Chen et al., 2011). Although
CCRE6 is primarily expressed in Th17 cells (Annunziato et al., 2007a), the expression of
CXCR3, along with CCR5 and CCR6, was reported to discriminate between different
effector T cell populations, especially Thl (Loetscher et al., 1998b). However, data in this
study showed no increase in CCR6 levels compared to unstimulated controls.
Interestingly, reports suggest that detection of CCR6 might reflect cells in the early Thl
differentiation stage and expression of CCR6 may not be present in Thl at established
differentiation, which may be the reason for the low cell surface levels found in this study.
Also, the coexistence of CXCR3 and CCR6 on CD4+ T cells may indicate a separate
population, the Th1/Th17 phenotype that are suggested to have a role in several immune
mediated conditions (Duhen and Campbell, 2014; Brand, 2009). In vitro CCR6 levels did
not match reports in OLP cases which may reflect difficulty in reproducing a complex in
vivo setting. Anyhow, receptors expression and Thl and Th17 exact roles in disease need

further investigations.

IL-12 is synthesized and released from APCs to direct a cell-mediated immune
response in vivo or added as recombinant IL-12 in vitro to direct Th1l differentiation. IL-12
binds to the IL-12 receptor (IL-12R), which consists of beta 1 chain that directly binds IL-
12 and a beta 2 chain which triggers the intracellular signalling pathway (Wu et al., 1996)
causing activation of the JAK kinases and ultimately phosphorylation of STAT4. Activation
of STAT4 results in upregulation of IL-12Rp and the production of IFN-y (Kaplan, Wurster
and Grusby, 1998; Hanlon, Jang and Salgame, 2002). Hence, it was proposed that IL-
12Rp would be upregulated in Th1 cells. In accordance with previous reports, a significant
increase in the percentage of IL-12Rp was detected in the Th1 population in this study
(Smeltz et al., 2002; Rogge et al., 1999). Although a similar increase was present in the
active CD4+ sample, this was not consistent among samples, which might reflect random

tendency of active CD4+ T cells to polarise to Thl (lgarashi et al., 1998).
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Binding of IFN-y to its cognate receptor results in the auto- and
transphosphorylation of Jak1 and Jak2 tyrosine kinases, which phosphorylate STAT1 that
in turn drives the transcription of IFN-y responsive genes (Hanlon, Jang and Salgame,
2002). Hence, IFN-y receptor | (IFN-y R1) is normally expressed in Thl population
(Novick et al., 1987). A significant increase in IFN-y R1 was not detected in this study.
However, levels of IFN-y, measured as intracellular protein by flow cytometry or as
secreted by ELISA, was significantly higher in Thl cells indicating a Th 1 phenotype.
Moreover, increased levels of secreted TNF-a were significantly higher by Th1 population

while levels of the Th2 specific cytokine, IL-4 were very low.

Several studies suggest that a higher IFN/IL-4 ratio reflects Thl dominance.
Moreover, increased levels of IFN-y have been used as a marker of the Th1l phenotype
in immune mediated conditions. For instance, erythematous Ailcerated OLP patients had
significantly higher levels of IFN-y in their lesions and saliva than in patients with the
reticular type (Tao et al., 2008; Lu et al., 2015; Hu et al., 2015; Wei et al., 2018; Wang et
al., 2015; Malekzadeh et al., 2015). Over expression of IFN-y was widely detected in most
studies in OLP (Khan et al., 2003; Yamamoto and Osaki, 1995; Simark-Mattsson et al.,
1999; Fayyazi et al., 1999; Tao et al., 2008). Here, IFN-y is thought to play a major role
by inducing CD40 expression on epithelial cells and increased secretion of chemokines
such as CCL5 and CXCL10 (Marshall et al., 2017a; Shan et al., 2019; Marshall et al.,
2017b). IFN-y is also involved in the maturation and activation of cytotoxic CD8 T cells
and maintenance of the expression of major histocompatibility complex class Il and tissue
adhesion molecules. Although TNF-a is produced by a wide variety of cell types, including
monocytes, macrophages, lymphocytes, endothelial cells, and keratinocytes, its markedly
produced by the Thl population among T helper subsets. TNF-a produced by Th1
synergistically works with IL-1 to induce higher expression of MHC classes I, Il and ICAM1
(CD54). High levels of TNF-a have been detected in with OLP (Yamamoto and Osaki,
1995; Simark-Mattsson et al., 1999; Xavier et al., 2007). Interestingly, IL-10 and CCL5
were not markedly produced by Thl population compared to activated T cells in this study.
These factors are reported to have important roles in OLP. IL-10 is reported to broadly
inhibit both the proliferation and the cytokine synthesis of Thl and Th2. It is secreted
primarily from monocytes and macrophages and target T cells by inhibiting their pro-
inflammatory cytokines release and antigen presentation thereby displaying an inhibitory
effect on Thl cells (Lu et al., 2015).

As part of intracellular signalling mechanism when the cells are stimulated, many

transcription factors such as T-bet and STAT proteins must be phosphorylated before
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they can bind DNA and transcribe genes (Chen et al., 2011). T-bet transcriptional factor
works in coordination with a series of factors to orchestrate Thl differentiation. As
described earlier, IL-12 is considered the main driver for Th1 phenotype as it induces the
expression of STAT4 transcription factor which promotes expression of multiple Thl-
related genes, including IFN-y. Auto/paracrine IFN-y action induces STAT1
phosphorylation, which in turn elevates T-bet expression (Ji, Sosa and Forsthuber, 2011).
T-bet collaborates with STAT4 in promoting transcription of multiple Thl genes including
the IL12R, IFN-y, whilst simultaneously antagonising the Th2 transcriptional factor,
GATA3 (Zhu et al., 2012; Luckheeram et al., 2012; Amsen, Spilianakis and Flavell, 2009).
Data here align with the literature for Thl cells as both T-bet and STAT4 levels were
markedly increased in the Thl population. Moreover, phosphorylated STAT1 was

increased in the Thl cells compared to a