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Endothelial cells (ECs) line the luminal surface of blood vessels forming a selective
barrier. They play an active role in leukocyte recruitment during acute inflammation and
ECs can serve further immunological roles including antigen presentation and
costimulatory signalling during chronic inflammation. Regulatory T cells (Tregs) are a
specialised subset of lymphocytes which regulate peripheral tolerance by dampening
immune responses against inappropriate or harmless antigens. Interactions between
Tregs and ECs are not limited to control of Treg recruitment but have been suggested
to also influence the suppressive capacity of Tregs by enhancing their function. This
thesis aims to study the interaction of human ECs and T cells in regards to induction of
Treg populations and modulation of Treg function especially in the context of skin
physiology. Human ECs of umbilical vein and skin microvasculature origin were found
to support the proliferation of CD4+ T cells in the presence of T cell mitogens. A
transient increase in Treg transcription factor FOXP3 expression occurred suggesting
possible induction or expansion of a Treg population. Human ECs were also found to
support the specific proliferation of both effector T cells and Tregs. This thesis also
showed that human ECs could enhance the suppressive activity of Tregs in both
contact-dependent and contact-independent mechanisms. Activated human skin ECs
were found to increase Treg suppressor function through contact-independent
mechanisms but soluble mediators IL-6, G-CSF and GM-CSF were not shown to be
part of these mechanisms at least not individually. The enhancement of Treg
i

suppressor function by EC interaction could potentially be explained by the modulation
of inhibitory receptors PD-1 and OX40 expression on Tregs which were shown to be
increased. Overall, human ECs have been shown to support T cell effector functions
and

also

boost

Treg

suppressor

function.

Therefore,

ECs

regulate

both

proinflammatory and anti-inflammatory processes showing further complexity in the
interactions between human ECs and T cells. This provides future considerations when
studying Treg function in peripheral tissue and identification of the mechanism(s)
involved in the modulation of Treg function by ECs could offer novel targets to control
Treg activity during inflammatory disorders.
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Chapter 1
Introduction
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1.1 Skin as an immunological organ
The skin is the largest organ of the human body with vital roles as a physical and
biochemical barrier that are essential for host defence. It serves as a protective barrier
from the external environment, regulates body temperature, resists mechanical shock
and provides sensory input and other vital functions. Apart from physiological roles, the
skin is also a major immunological organ occupied by a diversity of immune cells which
are necessary for host survival. The skin exists as structured layers comprising the
epidermis, the epidermal-dermal junction, the dermis and the hypodermis, where each
layer is complex and interspersed with structures such as hair follicles, secretory
glands, blood vessels, lymphatic vessels and nerves (Figure 1.1).
The epidermis consists of four strata; from the uppermost visible layer to the lowest
layer of the epidermis are the (i) stratum corneum, (ii) stratum granulosum, (iii) stratum
spinosum and (iv) stratum basale. The highly cellularised epidermis consists mainly of
cells called keratinocytes which differentiate progressively from the basal layer
upwards toward the stratum corneum. The stratum corneum consists of corneocytes,
dead keratinocyte-derived cells devoid of organelles which provide a physical barrier
and prevents dehydration (Nestle, Di Meglio, et al., 2009). Keratinocytes synthesise the
insoluble protein keratin which remains an intracellular protein that provides structural
integrity to the epidermis. Apart from structural roles, keratinocytes also have an
important innate role in pathogen defence which will be discussed in the next section.
The epidermis also hosts other cells including melanocytes which express the
protective pigment melanin, Merkel cells which are associated with light touch
perception (Maricich et al., 2008) and immune cells including Langerhans cells and
lymphocytes.
The stratum basale is connected to a basement membrane termed the epidermaldermal junction and provides mechanical support to the epidermis and anchors it to the
dermis. The epidermal-dermal junction also acts as a barrier against the exchange of
cells and large molecules. The dermis is composed of an upper papillary (stratum
papillare) and lower reticular (stratum reticulare) layer and in human skin, the dermis
borders the epidermis in a ridge-like manner (Di Meglio et al., 2011). In comparison to
the epidermis, the dermis is less packed with cells and is composed extensively of
collagen, elastic tissue and reticular fibres produced by skin fibroblasts (Nestle, Di
Meglio, et al., 2009). Polysaccharides and protein are linked to form macromolecules
that provide water retention capacity in this connective tissue. A variety of resident and
2

circulating immune cells also exist in the dermis, including various dendritic cells (DCs),
lymphocytes, fibroblasts, macrophages, innate lymphoid cells (ILCs) and mast cells.
The dermis also has a rich supply of blood and networks of lymphatic vessels which do
not pass the epidermal-dermal junction. The skin is also innervated by afferent nerves
that access both the dermis and epidermis providing cutaneous sensation and motor
control to sweat glands which are important in the regulation of temperature.

Figure 1.1 : Structure and cellular components of the skin.
The function of skin as a protective, biochemical and immunological barrier is as a result
of the structural and cellular components that constitute the skin. The epidermis consists
of the stratum corneum, stratum granulosum, stratum spinosum and stratum basale which
consists of keratinocytes as the major cell type but also the pigment containing cells the
melanocytes, and professional antigen presenting cells called Langerhans cells. The dermis
is composed of collagen and elastic tissue with an extensive blood and lymphatic system
with nerves present. Resident or circulatory immune cells are found in the dermis,
including dendritic cell (DC) subsets such as dermal DC and plasmacytoid DC, lymphocytes,
and granulocytes (Adapted from Nestle, Di Meglio, et al. 2009).
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1.1.1

The immune system of the skin

Being the first barrier to external insults including chemical compounds, ultraviolet
radiation and pathogenic microbes, the skin has a developed immunological repertoire
that defends the host from their potentially harmful effects. The activation of T cells was
thought to occur in secondary lymphoid tissue such as lymph nodes and spleen,
whereas only the effector functions of T cells are carried out directly in the skin.
However, it was proposed that the skin has specialised immunological areas termed
skin-associated lymphoid tissue (SALT), whereby “SALT exists as a functional unit that
provides skin with a unique immune surveillance mechanism” (Streilein, 1983). It was
suggested that certain lymphocyte subsets selectively migrate into the skin where they
receive immunogenic signals from immune-competent cells and antigen presenting
cells (APCs). These conditions allow in situ antigen recognition and facilitate rapid
removal of pathogen or diseased cells providing the skin with an immune surveillance
system. The concept of skin as a major immunological organ was also expanded when
the term ‘skin immune system’ was devised and the phenotypes and localisation of
lymphocyte subtypes in normal human skin were first quantitatively determined (Bos et
al., 1987). In recent years, the concept of SALT was further elaborated by Egawa &
Kabashima (2011), as they proposed that “even under homeostatic conditions, the skin
is an active organ of the immune system and immune reactions in the skin could
influence systemic immunity”.

1.1.1.1 Keratinocytes
The major cell types in the epidermis, keratinocytes are part of these immune sentinels
capable of sensing pathogens and mediating immune responses (Nestle, Di Meglio, et
al., 2009). They express a variety of pattern recognition receptors including Toll-like
receptors (TLRs) that recognise pathogen-associated molecular patterns (PAMPs)
including lipopolysaccharides (LPS), nucleic acid and peptidoglycan, Nod-like receptors
(NLRs) and others which allow keratinocyte to react to bacterial, viral and fungal
infections (Lebre et al., 2007; Kobayashi et al., 2009). Keratinocytes express NACHT,
LRR and pyrin domain proteins (NALPs) which form the inflammasome complex that
activates protease caspase-1 to cleave precursors of proinflammatory cytokine
interleukin (IL)-1β and IL-18 into their active forms (Watanabe et al., 2007). This
complex can be activated in response to exposure to contact sensitizers such as
trinitro-chlorobenzene and exposure to ultraviolet B irradiation (Feldmeyer et al., 2007;
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Watanabe et al., 2007). Activated keratinocytes can then modulate immune responses
and contribute to leukocyte recruitment in the skin by producing cytokines such as IL-1,
IL-6, IL-10 and tumour necrosis factor (TNF)-α and chemokines such as chemokine (CC motif) ligand (CCL)-20, chemokine (C-X-C motif) ligand (CXCL)-9, CXCL10 and
CXCL11 (Nestle, Di Meglio, et al., 2009). Keratinocytes also produce microbiocides
including antimicrobial peptides β-defensins and cathelicidins (Harder et al., 1997; Braff
et al., 2005). Production of these antimicrobial peptides can be upregulated by
inflammatory signals such as the cytokines IL-17A and IL-22 secreted by
proinflammatory Th17 cells (Liang et al., 2006). A further important protein produced by
keratinocytes is filaggrin which contributes to the water-retention and barrier function of
the epidermis and can be broken down to its constituent amino acids to provide an
acidic environment in the stratum corneum and inhibit the growth of Staphylococcus
aureus (Brown and McLean, 2012).

1.1.1.2 Antigen presentation in the skin
Part of the SALT concept requires antigen presentation occurring in the skin draining
lymph nodes and also in situ in the tissue itself (Egawa & Kabashima, 2011). These
processes occur under different conditions of antigen encounters and are mediated by
a variety of APCs with specific differences shown in each area. Professional APCs are
cells that process and present antigens on their cell surface through major
histocompatibility complex (MHC) molecules providing both antigen-specific and
costimulatory signals for full activation of naïve and memory T cells (Guermonprez et
al., 2002). Langerhans cells and dermal DCs are professional APCs, two of the many
subsets of DCs that reside in the skin (Heath and Carbone, 2013). Langerhans cells
and subsets of dermal DCs promote distinct immune responses in human skin and
together they allow the recognition of pathogenic antigens, including bacterial, viral and
fungal and self-antigens in the skin (Klechevsky et al., 2008; Polak et al., 2013). Apart
from antigen presentation, DCs can also prime T cell responses through secretion of
chemokines and cytokines including CCL22, CXCL9, CXCL10, IL-10, IL-15 and
transforming growth factor (TGF)-β (Fujita et al., 2005; Banchereau et al., 2012).
Langerhans cells are located in the epidermis and express C-type lectin endocytic
receptors that facilitate antigen uptake including Langerin and DEC-205 (Valladeau et
al., 2000; Flacher et al., 2010). These professional APCs also express CD1 proteins at
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especially high levels that is used together with langerin for antigen presentation
(Hunger et al., 2004). Langerhans cells are effective at antigen sampling during steady
state where they exhibit a unique behaviour termed the dendrite surveillance extension
and retraction cycling habitude (dSEARCH) (Nishibu et al., 2006). They extend and
retract their dendrites between keratinocytes to sample the local environment. They
can also extend their dendrites and penetrate tight junction barriers situated just below
the stratum corneum without compromising barrier integrity (Kubo et al., 2009). This
allows Langerhans cells to survey the environment for antigen uptake and initiate preemptive responses before pathogens penetrate deeper into the skin (Ouchi et al.,
2011). Upon first encounter of a foreign antigen in the skin, Langerhans cells and
dermal DCs capture and process the antigen then migrate to skin-draining lymph
nodes (Klechevsky et al., 2008). They present the antigen and initiate the priming of
naïve T cells in these lymph nodes. Furthermore, skin DCs can also present antigen to
resident memory T cells (but not to naïve T cells) on site in the skin (Wakim et al.,
2008). During the second or later exposure of the same antigen, skin APCs could
rapidly activate tissue-residing or circulating memory T cells that were established
during the first antigenic encounter (Jiang et al., 2012). This allows a rapid
establishment of immune responses in situ which can also subsequently activate the
endothelium in surrounding blood vessels to increase migration of immune cells into
the skin (Mori et al., 2008). Overall, the presence of different DC subsets in the skin
equips the local immune system with the ability to recognise new pathogens and mount
rapid responses against them during subsequent infections.

1.1.1.3 Skin-homing and skin resident T cells
T cells are also part of the skin immune system; they are specialised cells of the
adaptive immune system that act in antigen-specific manners (described further in
Chapter 1.3). Few T cells are found during steady state in the epidermis and most of
them are memory CD8+ αβ T cells (Foster et al., 1990). In the dermis, T cells are
localised around postcapillary venules and often situated beneath the dermalepidermal junction or next to cutaneous appendages such as hair follicles and sweat
glands (Bos et al., 1987). Most of the T cells in the skin are αβ T cells consisting of
CD4+ and CD8+ T cells whereas around 5 % of skin T cells are γδ T cells. Skin T cells
are pivotal in skin immune homeostasis where epidermal αβ and γδ T cells have been
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found to be important in wound healing whereas dermal γδ T cells were found to be
involved in skin inflammation (Toulon et al., 2009; Cai et al., 2011).
Skin-homing T cells express specific adhesion molecules and chemokine receptors
termed addressins in order to allow them to preferentially migrate to cutaneous sites.
The cutaneous lymphocyte-associated antigen (CLA), which binds to E-selectin
expressed on the endothelium, is a specific homing receptor that targets T cell
migration into skin (Picker et al., 1990; Fuhlbrigge et al., 1997). Chemokine receptors
including CC-chemokine receptor (CCR)-4, CCR6 and CCR10 are also involved in
directing T cell homing to the skin by interactions with their respective ligands CCL17,
CCL20 and CCL27 on the cutaneous endothelium (Campbell et al., 1999; Fitzhugh et
al., 2000; Homey et al., 2002). During cutaneous inflammation, these chemokines can
be produced by activated cells, including keratinocytes and Langerhans cells, and
diffuse through to endothelial luminal surface and mediate the chemotactic recruitment
of skin homing T cells (Morales et al., 1999; Fujita et al., 2005). The induction of skinhoming receptor phenotype during priming of naïve T cells in the skin-draining lymph
nodes is dependent on signals provided by the tissue microenvironment and skinspecific DCs (Dudda et al., 2004; Edele et al., 2008).
Apart from circulating T cells, there are skin resident memory T cells which reside in
the skin under resting conditions, serving as part of the immunosurveillance
mechanisms. It has been estimated that 2 x 1010 T cells reside in the skin during steady
state, twice that found in peripheral blood, where almost all T cells expressed the skinhoming markers CLA and CCR4 and nearly 80% of these cells are effector memory T
(Tem) cells (Clark et al., 2006). Skin resident memory T cells are proposed to reside
long term in the skin and can mediate both immune homeostasis and disease
pathogenesis locally. This was highlighted during a study conducted by Boyman et al.
(2004), where transplantation of ‘uninvolved’ healthy skin grafts from psoriatic patients
onto immunodeficient mice lacking T and B cells led to the development of psoriatic
lesions. Furthermore, skin memory T cells established from a previous herpes simplex
virus infection were found to remain locally and provide enhanced immune protection
against subsequent infections (Gebhardt et al., 2009). Recently, the roles of memory T
cells in skin immunity has been expanded following the demonstration by Tomura et al.
(2010) that Tem cells in the skin can not only migrate back into lymph nodes but can
also regain skin-homing ability and migrate back into the skin during a reoccurrence of
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antigen-specific inflammation. Overall, the presence of both circulating and especially
skin resident T cells is crucial to the immune surveillance system in the skin.

1.1.2

Inflammatory skin disorders

Activation of the skin immune system in response to allergens, autoantigens, injury or
other non-specific stimuli, contributes to the pathogenesis of inflammatory skin
diseases. These diseases, including psoriasis, allergic contact dermatitis, alopecia
areata, atopic dermatitis and vitiligo, arise from inappropriate or unresolved
inflammatory responses that involve both innate and adaptive components of the
immune system. The involvement of skin homing CLA+ memory T cells has been
documented for many of these disorders, as cutaneous inflammation preferentially
recruits these CLA+ T cells through local skin expression of E-selectin and skin homing
associated chemokines (Robert and Kupper, 1999). Psoriasis vulgaris is a prime
example of a T cell-mediated inflammatory skin disorder, which will be further
discussed in this section.
Psoriasis is a chronic disease characterised by the appearance of red, scaly and
localised raised cutaneous plaques, caused by cellular changes occurring in both the
epidermis and dermis (Lowes et al., 2007). The histological appearances of psoriatic
lesions consist of marked thickening of the epidermis with dysregulated keratinocyte
differentiation, prominent dermal inflammatory infiltrates and increased vascularization
(Figure 1.2) (Nestle, Kaplan, et al., 2009). Increased keratinocyte proliferation leads to
elongated epidermal retes and abnormally stacked keratinocytes with retention of
nuclei in the stratum corneum (parakeratosis), causing the thickened epidermis
(acanthosis) and characteristic scaling. The epidermal retes are elongated and an
increased number of dilated dermal blood vessels (vascular hyperplasia) occur in these
lesions. Inflammatory infiltrates of neutrophils in the epidermis and lymphocytes in the
dermis are also detectable (Lowes et al., 2007). A combination of environmental and
genetic factors is suggested to be involved in the immunological changes occurring in
psoriatic lesions (Nestle, Kaplan, et al., 2009). Environmental factors including viral and
bacterial infections, stress, drug use and trauma have been known to trigger disease
development in genetically predisposed individuals (Nestle, Kaplan, et al., 2009). From
multiple genome-wide linkage studies, nine chromosomal loci with significant linkage to
psoriasis termed psoriasis susceptibility 1 to 9 (PSORS1 – 9) have been identified,
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where PSORS1 was proposed to be the major genetic determinant of psoriasis (Capon
et al., 2002).

Figure 1.2 : Histology of a normal skin compared to a psoriatic lesion.
(A) The skin has three main layers, the epidermis, dermis and hypodermis, with blood
vessels mainly found in the papillary dermis. (B) In a psoriatic lesion, cells in the stratum
corneum stack abnormally causing thickening and scaling of the epidermis. The epidermal
retes are elongated. Blood vessels in the dermis are enlarged and increased leukocyte
infiltrates are also found in psoriatic lesions. Haematoxylin and eosin stain images (at x40
magnification) of normal and psoriatic skin samples are kindly provided by Dr. Nicole
Yager.

The formation of psoriatic lesions is related to the interaction between keratinocytes,
infiltrating lymphocytes and DCs and contributed by a combined defect in keratinocyte
function and T cell responses. Following cutaneous insults, keratinocytes release the
antimicrobial peptide LL-37 which couples with self deoxyribonucleic acid (DNA),
forming complexes which activate plasmacytoid DCs (pDCs) to secrete interferon
(IFN)-α (Lande et al., 2007). Additionally, keratinocytes release inflammatory cytokines
and chemokines, activating skin DCs and dermal endothelial cells (ECs) and initiating
recruitment of skin homing T cells. IFN-α production by pDCs activates and expands
local pathogenic T cells (Nestle et al., 2005) and T cells then migrate into the epidermis
through their expression of α1β1 integrin (Conrad et al., 2007), both key events in
development of psoriasis. The T cell-mediated inflammation in psoriasis is
predominantly of Th1, Th17 and Th22 responses, creating an inflammatory cytokine
milieu of IFN-γ, TNF-α, IL-17 and IL-22 (Lowes et al., 2008; Kagami et al., 2010).
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Recently, dermal γδ T cells have been implicated in psoriasis pathogenesis, as Cai et
al. (2011) demonstrated γδ T cells were increased in lesional skin and produced
significant amounts of IL-17. In turn, these cytokines contribute to epithelial
dysregulation in psoriasis, for example IL-22 can induce keratinocyte hyperproliferation
causing the typical acanthosis in psoriatic lesions whereas IL-17 and IL-22 can
enhance keratinocyte production of antimicrobial peptides further driving the disease
(Liang et al., 2006; Zheng et al., 2007). Overall, these dysregulated interactions
between T cells, DCs and keratinocytes lead to a positive feedback loop in the
progression and pathogenesis of psoriasis.
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1.2 The cutaneous vascular system
The skin vasculature consists of both blood and lymphatic components essential for
skin homeostasis and immune functions. Blood vessels supply oxygen and nutrients
and remove metabolic waste while lymphatic vessels maintain fluid balance in the
tissue and transport immune cells from tissue into lymph nodes. The cutaneous
vascular architecture is comprised of an upper horizontal plexus in the papillary dermis
from which the capillary loops in the dermal papillae arise and a lower horizontal plexus
at the dermal-subcutaneous interface (Braverman, 1989). Most of the skin
microvasculature is contained in the papillary dermis, 1-2 mm below the skin surface,
where the majority are composed of postcapillary venules (Braverman, 1989). The
postcapillary venules are the most physiologically reactive segment of the
microcirculation and this is the main site of leukocyte migration from peripheral blood
into surrounding tissue.
The cutaneous vascular system plays many important physiological roles in
maintaining skin homeostasis. The vasculature helps maintain normal body
temperature during challenges to thermal homeostasis or exercise with its high surface
area and close approximation to the external environment, where thermoregulation of
the skin involves sympathetic neural control of skin blood flow that causes blood vessel
constriction or dilation in response to changes in skin or internal temperature
(Brengelmann, 2000). Angiogenesis is the formation of new blood vessels from preexisting vessels and the capacity of the skin vasculature to undergo this process is
important for tissue growth and wound healing (Potente et al., 2011). Growth factors
including fibroblast growth factor (FGF) produced by the blood vessels can stimulate
angiogenesis and proliferation of fibroblasts, promoting wound revascularization
(Singer and Clark, 1999).
An insufficient or overactive cutaneous vasculature could lead to vascular remodelling
and dysfunction which is implicated in many inflammatory skin diseases including
bullous pemphigoid, contact dermatitis, rosacea and psoriasis (Huggenberger &
Detmar, 2011). The psoriatic microvasculature is characterized by tortuous, expanded
and leaky blood vessels, where the redness of psoriatic lesions is caused by the
enhanced blood flow in these cutaneous vessels. Postcapillary venules in psoriatic
lesions have larger gaps between the ECs and the increased vascular dilation causes
an increased vascular mass of up to 10 times that of normal skin (Braverman, 2000).
Angiogenesis is a major driving force in the pathogenesis of psoriasis which was
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proposed to occur along with changes in vascular morphology before the onset of
epidermal dysregulation (Heidenreich et al., 2009). Many angiogenic mediators can
contribute to the vascular dysfunction in psoriasis with vascular endothelial growth
factor (VEGF) proposed as the most important mediator involved. Keratinocytes were
found to be major producers of VEGF where they can induce dermal EC proliferation
and increase vascular permeability (Detmar et al., 1994; Detmar et al., 1995). It is also
worth mentioning that the proinflammatory cytokine IL-17, which has a major presence
in psoriatic lesions, not only stimulates VEGF production but is also pro-angiogenic and
can stimulate EC migration and blood vessel formation in vitro (Numasaki et al., 2003).
Apart from morphological changes, the vascular endothelium in psoriatic skin is also
activated which further sustains the enhanced immune cell recruitment into the tissue.
Hence, the role of the vascular endothelium in skin immunity will be discussed in the
next section.

1.2.1

Endothelial cells

The endothelium is a specialized cellular system composed of ECs and lines the
luminal surface of blood vessels. Microvessels such as capillaries are composed of a
monolayer of ECs held together by tight junctions and supported by an incomplete
layer of pericytes where both cells types are attached to the basal lamina (Pober and
Tellides, 2012). Larger blood vessels such as arteries have various layers of matrix
proteins and smooth muscle cells surround the endothelium, forming a barrier between
the vascular space and the tissue. The endothelium contributes to the many
physiological roles of the vascular system including the regulation of blood flow, vessel
permeability and blood coagulation as well as forming a selective barrier. The
endothelium also has major immunological roles including regulation of leukocyte
recruitment and leukocyte activation.
Different types of endothelium exist according to the needs of the underlying tissue and
the main types of endothelium are described as continuous, discontinuous or
fenestrated endothelium (Aird, 2007). Continuous non-fenestrated endothelium, such
as lung endothelium, dermal endothelium and the blood brain barrier, have tightly
connected ECs surrounded by continuous basement membrane, whereas continuous
fenestrated endothelium found in capillaries of exocrine and endocrine glands, kidney
glomerulus and gastrointestinal tract has ECs permeated with holes or fenestrae
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(transcellular pores). Discontinuous endothelium including the hepatic sinusoids has
larger fenestrae, displays distinct gaps and lacks an organised basement membrane.
Apart from structural heterogeneity, ECs also have functional heterogeneity which will
be further discussed in section 1.2.3. This cellular heterogeneity contributes to the sitespecific functions of ECs at different segments of the vascular tree and in different
organs.

1.2.2

Leukocyte recruitment by the endothelium

Leukocyte recruitment is a highly important process that involves the endothelium and
occurs in many tissues including the dermal microvasculature. The interaction between
leukocytes and the endothelium is important in both physiological and pathological
conditions including immune response to pathogens and wound healing but also
chronic inflammation and cancer. The classical recruitment mechanism involves a
multistep adhesion cascade including capture, rolling, activation, firm adhesion and
transmigration of the leukocyte (Figure 1.3). This cascade occurs almost exclusively in
the postcapillary venules but differs between different sites or organs such as the skin,
lung, liver and mesenteric lymph nodes, where a variety of different adhesion
molecules and receptors are involved (Aird, 2007). Interactions between ECs and
leukocytes occur when leukocytes are brought into contact with ECs as they flow along
blood vessels. Under resting conditions, small interactions between ECs and
leukocytes, where neither cell type becomes activated, occurs in many sites. However,
basal level of leukocyte migration occurs at sites including the skin, high endothelial
venules and liver, to facilitate immune surveillance. During inflammation, leukocyte
interaction with EC occurs after their expression of adhesion molecules caused by
activation of both cell types. This is initiated by various inflammatory mediators present
in the tissue microenvironment or upon direct activation by APCs, for example
activated keratinocytes and Langerhans cells in the skin produce cytokines including
IL-1, IL-6, TNF-α and IFN-γ which can activate ECs to enhance their capture of
leukocytes.
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Figure 1.3 : Recruitment of leukocytes from peripheral blood into inflamed tissue.
Sequential events occur during the recruitment of leukocytes into inflamed tissue, namely
capture, rolling and activation, adhesion and transmigration. Capture of leukocyte onto
ECs causes leukocyte rolling, both mediated by interactions between selectins and their
ligands on the EC and leukocyte. Inflammatory chemokine on the EC causes leukocyte
activation and triggers leukocyte adhesion, which is caused by the binding of integrins on
leukocytes to cellular adhesion molecules (CAMs) on the ECs. Leukocytes transmigrate
through the EC barrier, through the EC junctions (paracellular) or through the body of an
EC (transcellular) and eventually reach the inflammed site.

Classically,

glycoproteins,

known

as

selectins,

belonging

to

the

sialylated

carbohydrates are involved in the initial capture and rolling of leukocytes. Upon
stimulation, ECs express E-selectin and P-selectin, which can bind to the counter
receptor constitutively expressed on the leukocyte. P-selectin glycoprotein ligand-1
(PSGL-1) and other glycosylated ligands such as E-selectin ligand-1 (ESL-1) are
expressed on leukocytes and mediate the initial capture and rolling of leukocytes on
the endothelium (Ley et al., 2007). P-selectin is the main receptor that facilitates
leukocyte rolling and it is pre-synthesised and stored in Weibel-Palade bodies in ECs,
whereas E-selectin is expressed from de novo synthesis and mediates slow rolling.
Typically, neutrophils are retarded from the flowing blood and travel under 5 μm per
second rather than 20-50 μm per second initially (Kunkel and Ley, 1996). Another
related glycoprotein called L-selectin is expressed by leukocytes which bind to PSGL-1
to allow leukocyte-leukocyte interactions, facilitating secondary leukocyte capture also
known as tethering, where a leukocyte tethers to an already rolling leukocyte. A study
by Eriksson et al. (2001) proposed that the contribution of secondary leukocyte capture
to cell recruitment is more important in larger vessels such as arteries compared to
smaller venules, where leukocytes are captured in free flow to form rolling strings of
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leukocytes. Sheer stress from blood flow is required as well to support selectin
interaction and adhesion, where rolling cells detach when fluid shear stress drops
below a threshold (Finger et al., 1996; Lawrence et al., 1997). This is especially
important for leukocyte recruitment in high endothelial venules (HEV), where L-selectin
binding to peripheral node addressin (PNAd) on this specific endothelium requires a
minimum level of shear stress to maintain a constitutive level of leukocyte adhesion in
lymph nodes. The effect of shear stress is attributed to the catch bond behaviour of
selectin interactions, where the bonds strengthen upon applied force, but these bonds
transition into ‘slip’ state and break at high flow rate, hence contributing to the rolling
motion of interacting leukocytes (Marshall et al., 2003).
Apart from selectins, transmembrane receptors called integrins are expressed by
leukocytes which are involved in the next phase of recruitment known as firm adhesion
(discussed later) but can also support leukocyte rolling. The β1 integrin very late
antigen-4 (VLA-4; α4β1 integrin) on leukocytes can mediate rolling and adhesion by
ligating with vascular cell adhesion molecule-1 (VCAM-1; CD106) on ECs (Berlin et al.,
1995). Selectin engagement can trigger signalling pathways in both leukocytes and
ECs and contribute to the slower velocity of the rolling leukocytes (Ley et al., 2007).
Slow rolling not only involves E-selectin interactions but also expression of β2 integrins
on leukocytes. These receptors include lymphocyte function-associated antigen 1
(LFA-1; αLβ2 integrin) and macrophage receptor 1 (MAC1; αMβ2 integrin), which is
important for transition into firm adhesion (Jung et al., 1998; Dunne et al., 2002).
Leukocyte activation is triggered by chemokines or lipid chemoattractants presented on
the luminal surface of ECs via the binding of these mediators to glycosaminoglycans
(GAGs) such as heparin sulphate and chondroitin sulphate on the EC surface (Ley et
al., 2007). Activated ECs can produce and present chemokines including IL-8,
macrophage inflammatory protein (MIP)-1α (CCL3), eotaxin and interferon-γ-inducible
protein-10 (IP-10). Additionally, chemokines produced by other cell types including
activated keratinocytes can be transcytosed from the abluminal surface of the ECs for
luminal surface presentation (Middleton et al., 1997). Cells such as platelets can also
contribute to leukocyte arrest by depositing chemokines including CCL5 onto the
endothelium (von Hundelshausen et al., 2001). These chemokines bind to specific Gprotein coupled receptors (GPCRs) on leukocytes, triggering their firm adhesion onto
the endothelium through activation of leukocyte integrins. Firm adhesion of leukocytes
involves the binding of β1-integrin VLA-4 and β2-integrin LFA-1 to immunoglobulin (Ig)
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superfamily members such as intercellular adhesion molecule-1 (ICAM-1; CD54) and
VCAM-1 expressed by ECs. Chemokine stimulation triggers various intracellular
signalling which modulates the avidity of integrin-mediated adhesion through increase
of both integrin affinity and valency, as studies have shown that chemokine binding
triggered the high-affinity state and mobility of LFA-1 (Constantin et al., 2000; Shamri et
al., 2005). These modulations of integrin affinity through inside-out signalling are crucial
in leukocyte arrest onto the endothelium.
The final stage of the leukocyte adhesion cascade is the transmigration of leukocytes
through the endothelium into the inflamed tissue. This transmigration through the
endothelium is a very dynamic and complex process that is still not fully understood.
Studies have found that docking structures termed ‘transmigratory cups’ are involved in
the initiation of leukocyte migration through the endothelial layer; these structures
consist of EC projections enriched with ICAM-1 and VCAM-1, along with cytoplasmic
molecules ezrin, radixin and moesin (ERM) proteins and cytoskeletal components such
as vinculin, α-actinin and talin (Barreiro et al., 2002; Carman and Springer, 2004). It
was proposed that the transmigratory cups are necessary for the two pathways that
have been described for leukocyte transmigration: paracellular and transcellular routes.
The majority of cells are thought to use the paracellular pathway whereby leukocytes
migrate between EC junctions. Studies have shown that monocytes and neutrophils
would crawl to EC junctional sites via MAC1 interactions in order to migrate at these
sites (Schenkel et al., 2004; Phillipson et al., 2006). Opening of intercellular junctions
between ECs occur, which is dependent on increased intracellular Ca2+ levels in ECs
that activates motor proteins to cause EC contraction (Huang et al., 1993). ECs also
redistribute junctional molecules to favour leukocyte transmigration and these
molecules include immunoglobulin superfamily members platelet-endothelial cell
adhesion molecule-1 (PECAM-1; CD31), ICAM-1, ICAM-2, junctional adhesion
molecules (JAMs) as well as non-Ig molecule CD99 (Vestweber, 2002). Leukocytes
extend into the EC junction and numerous molecular interactions occur in sequence to
facilitate cell migration as ICAM-1 and ICAM-2 interacts with LFA-1 whereas PECAM-1,
JAMs and CD99 are involved in homophilic interactions (Muller, 2011).
The alternative transmigration pathway uses the transcellular route where the
leukocyte migrates through the body of an EC, which represents approximately 5 - 20 %
of the total transmigration processes (Muller, 2011). This transmigration process was
proposed by Carman et al. (2007) to be initiated by leukocyte protrusions termed
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‘invasive podosomes’ which actively probe the EC surface and invaginate into EC
cytoplasm leading to the formation of a transcellular pore for migration. Transcellular
passages are formed by domains of membrane vesicles called caveolae and enriched
with F-actin. Leukocyte migration occurs as ICAM-1 is translocated to these caveolae
rich domains and eventually onto the EC basal membrane (Millán et al., 2006). This
process also involves PECAM-1, CD99 and JAM-A interactions between the EC
membrane and the migrating cell with these molecules moving in concert as they are
being recycled by an interconnected reticulum of tubulovesicular structures termed the
lateral border recycling compartment (LBRC) (Mamdouh et al., 2003).

1.2.3

Endothelial cell markers and heterogeneity

ECs cultured from different organs and different parts of the vascular tree express
distinct patterns of cell surface markers, proteins and intracellular enzymes, which
contribute to the functional heterogeneity of ECs (Aird, 2007). This allows the
endothelium at different locations to perform a range of different tasks, for example
arteriolar endothelium mediates vasomotor tone, endothelium in postcapillary venules
regulate leukocyte recruitment and capillary ECs provide organ-specific barrier
properties such as the blood brain barrier of the brain microvasculature. ECs contain a
specialised storage and secretory organelle called Weibel-Palade bodies (Weibel and
Palade, 1964), which are rod shaped (0.1µm width, 3µm length) membrane bound
structures that store von Willebrand factor (vWF), a glycoprotein which mediates
platelet and leukocyte adhesion (Rondaij et al., 2006). Weibel-Palade bodies can also
contain mediators including P-selectin and IL-8 which, because of their secretory
function, can be released from the endothelium and act as chemotactic mediators
(Rondaij et al., 2006). Surface markers commonly used to identify ECs include CD31
and endoglin (CD105), which are constitutively expressed by almost all types of ECs
(Garlanda and Dejana, 1997). There are also specific markers for specialized
endothelium including mucosal vascular addressin cell adhesion molecule 1
(MAdCAM-1) expressed by ECs in mesenteric lymph nodes and peyer’s patches (Berg
et al., 1993), and VEGF receptor-3 by lymphatic ECs (Kaipainen et al., 1995).
The expression of adhesion markers are varied between endothelium found in different
vascular beds and also dependent on EC basal or activated states. Diapedesis of
leukocytes occurs mainly at the postcapillary venules, due to preferential expression of
E-selectin, P-selectin, VCAM-1 and ICAM-1 but the mix of adhesion molecules
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expressed is dependent on the vascular bed. This is especially evident for sites such
as

skin, liver

and lung

which require constitutive

leukocyte migration for

immunosurveillance against external insults (Petri et al., 2008). In the skin, dermal ECs
constitutively express E-selectin, CCL17 and ICAM-1, allowing a basal level of rolling
leukocytes and recruitment of CLA+ skin homing T cells during resting state (Chong et
al., 2004). Additionally, in a study by Kluger et al. (1997) it was proposed that Eselectin in dermal EC could be sustained at higher levels compared to ECs from larger
vessels due to slower internalisation and degradation of this adhesion molecule. PNAd,
of which expression is thought to be restricted to HEV, was found to be expressed
constitutively by a subset of ECs located near hair follicles and this may also contribute
to the constitutive recruitment of immune cells in to the skin (Lechleitner et al., 1999). In
contrast, the liver is another organ which requires basal immunosurveillance as it is
constantly exposed to food and microbial antigen from the intestine, but no tethering or
rolling occurs in hepatic sinusoids (Lee and Kubes, 2008). Instead of a selectin initiated
recruitment, leukocytes adhere through integrin-dependent and integrin-independent
mechanism such as CD44 and vascular adhesion protein-1 (VAP-1). Overall, it is
important to appreciate EC heterogeneity and the effect that will have on tissue-specific
functions.
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1.3 Human T lymphocytes
The immune system can be branched into two sections: innate immunity and adaptive
immunity. The innate immune system is composed of cells including neutrophils,
monocytes, macrophages, DCs, natural killer (NK) cells, mast cells, basophils and
eosinophils which act in an antigen-nonspecific manner causing the phagocytosis of
foreign pathogens. During chronic inflammation where the innate immune system is
unable to fully eliminate the foreign antigen, the adaptive immunity is activated where
cells including T cells, B cells and natural killer T (NKT) cells are stimulated by APCs
and respond in an antigen-specific manner.
Activated T cells contribute to cell-mediated immunity through cell contact-dependent
mechanisms and production of soluble mediators, whereas B cells differentiate into
plasma cells that produce antibodies and mediate humoral (antibody-mediated)
responses. NKT cells are cells which function as a cross between T cells and NK cells,
capable of producing cytokines and mediating direct cell cytolysis (Bendelac et al.,
2007). T cells were described in the 1960s, when experiments on thymectomised
animals including the mouse, rabbit and chicken revealed that thymus-derived
lymphocytes (T cells) were responsible for delayed allergy and allograft rejection (Good
et al., 1962; Cooper et al., 1966). They are discriminated from other lymphocytes by
their expression of the T cell receptor (TCR; CD3), with each T cell clone expressing a
unique TCR that recognises specific antigenic epitopes presented on MHC molecules.
TCRs are heterodimers occurring in two main forms; most T cells express the TCR αβ
chains with a minority expressing TCR γδ chains. Ligation of TCR to peptide-MHC
complex, together with costimulatory signals mediated through activation of CD28,
cytotoxic T-lymphocyte antigen-4 (CTLA-4) or other molecules lead to full T cell
activation. Cytokines or chemokines in the inflammatory milieu also provides a ‘third’
signal that influences T cell responses through control of T cell function or
differentiation.
There are two main T cell subtypes: CD4+ T cells and CD8+ T cells. CD4 and CD8 are
co-receptors which assist the TCR during its interactions with MHC molecules on APCs;
CD4 specifically binds to MHC class II molecule (MHC-II) whereas CD8 binds to MHC
class I molecule (MHC-I). MHC-II present exogenous proteins, normally taken up and
processed by phagocytosis or pinocytosis, thus activating naïve CD4+ T cells to
differentiate into cytokine-producing T helper (Th) cells in order to help remove foreign
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antigens. Conversely, MHC-I present endogenous proteins, which have been degraded
in the cytosol and endoplasmic reticulum and induce CD8+ T cells to differentiate into
cytotoxic T lymphocyte (CTL) that serve to remove intracellular infection such as
viruses. Naïve T cells expressing the surface molecule CD45RA+ can differentiate into
long-lived CD45RO+-expressing memory T cells specifically into either subset called
effector memory T (Tem) cells or central memory T (Tcm) cells (Sallusto et al., 1999).
Memory T cells have a lower activation threshold compared to naïve T cells and
provide immediate protection by mounting recall responses to a previously recognised
antigen in the inflammatory site (Tanchot et al., 1997).

1.3.1

Effector T cells

Differentiation of naive T cells into effector T cells (Teffs) is characterised by their
acquisition of effector functions such as specific profiles of cytokine production or
cytotoxic function. T cell differentiation is driven by antigenic clonal expansion of naïve
T cell precursors, usually arising from a multipotential precursor that can differentiate
into various lineages (Wan and Flavell, 2009). Various factors are involved in the
control of T cell differentiation in which the cytokine milieu present has been proposed
as the most important factor in influencing this process. In turn, master transcription
factors and the signalling transducer and activator of transcription (STAT) proteins are
key in determining the T cell lineage and protein production of Teffs (Zhu et al., 2010).
Teffs are classified by the expression of lineage-specific transcription factors and
cytokine production profiles (Figure 1.4). Several types of CD4+ Teffs have been
recognised including Th1, Th2, Th9, Th17, Th22, and follicular helper T (Tfh) cells that
are involved in inflammatory responses and regulatory T cells (Tregs) that mediate
immune suppression. CD8+ Teffs are CTLs which induce cytolysis of infected cells,
contributing to immunity against intracellular viral, bacterial and protozoan infections
(Harty et al., 2000). CD8+ Tregs are also part of the CD8+ effector lineage and the
many subsets of this suppressor cell type are reviewed by Dinesh et al. (2010).
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Figure 1.4 : Classification of Teffs and their cytokine/mediator and transcription
factor expression profile.
Each Teff subtype produces a distinct profile of cytokines and also expresses lineagespecific transcription factors critical for the specific differentiation and function of the
effector cell subtype. Naïve CD4+ T cells differentiate into different Th cells including Th1,
Th2, Th9, Th17 and Th22 and also Tfh and CD4+ Tregs. Naïve CD8+ T cells can differentiate
into CTLs and CD8+ Tregs (Wan and Flavell, 2009).

1.3.1.1 CD4+ T helper cells
The two major defined CD4+ Th subsets are the Th1 and Th2 cells. The Th1-Th2
paradigm was first establish by Mosmann et al. (1986) where Th1 cells produced IL-2
and IFN-γ and were involved in delayed-type hypersensitivity reactions whereas Th2
cells secrete IL-4 to promote IgE production and allergic reactions. It was also
proposed that each Th cell subset promotes its own development while inhibiting the
other through the cytokines that each produces. This study initiated the understanding
that distinct Th cell populations exist which can be defined by their cytokine production,
allowing for the characterisation of other Th cells. Effector CD4+ T cells had been
assumed to be terminally differentiated lineages but studies have found that there is
plasticity in Teff phenotype to allow conversion into other subtypes during specific
cytokine stimulation and this is especially important in the balance of proinflammatory
and anti-inflammatory activities of Th17 cells and Tregs (Zhou et al., 2009).
21

Th1 cell induction is promoted by expression of transcription factor T-bet and cytokines
including IFN-γ and IL-12 (Szabo et al., 2000). Th1 responses are characterised by
cellular cytolytic activities important for removal of intracellular pathogens and also for
antitumour immunity. However, inappropriate Th1 effector activity contributes to
inflammatory conditions including inflammatory bowel disease as well as autoimmune
disorders such as rheumatoid arthritis (Davidson et al., 1996; Leung et al., 2000). Th2
differentiation is driven by IL-2 and IL-4 and mediated by their expression of
transcription factor GATA-3 (Le Gros et al., 1990; Zheng and Flavell, 1997). Besides
IL-4, Th2 cells also produce IL-5, IL-10 and IL-13, promoting class-switching of B cells
and eosinophil recruitment (Wan and Flavell, 2009). Th2 responses are important in
immunity against extracellular pathogens such as helminths and nematodes. Th2
activity is also vital for lung immunity but their overactivity could lead to inflammatory
airway diseases including asthma and allergic rhinitis.
Th17 and Th22 cells are of particular interest in the pathogenesis of inflammatory skin
disorders. Th17 cells were identified by their production of IL-17A, E and F cytokines
but was also later found to produce IL-21 and IL-22 (Langrish et al., 2005; Liang et al.,
2006). Development of this Th subset is driven by TGF-β, IL-6 and IL-23 and the
transcription factor RAR-related orphan receptor gamma t (RORγt) (Bettelli et al., 2006;
Ivanov et al., 2006). Th17 responses have been suggested to have commonality with
both Th1 and Th2 responses but in a pathogenic setting Th17 cells play an important
role in the establishment of autoimmunity. High levels of cytokine IL-17 have been
linked to disorders including multiple sclerosis, rheumatoid arthritis as well as psoriasis
(Kotake et al., 1999; Tzartos et al., 2008). Elevated IL-17 mRNA and Th17 cell
numbers were located in the dermis of psoriatic lesions and increased numbers of
Th17 cells in the peripheral blood of psoriatic patients were also found compared to
healthy controls (Lowes et al., 2008; Kagami et al., 2010).
A more recently defined Th cell subset is the Th22 cell, which are memory CD4+ T cells
that express skin-homing chemokine receptors and secrete IL-22 but not IL-17 or IFN-γ
(Duhen et al., 2009; Trifari et al., 2009). The master transcription factor for Th22
differentiation is the aryl hydrocarbon receptor (Ramirez et al., 2010). Th22 populations
were found to reside in the epidermis rather than dermis and proposed to mediate
epidermal immunity and wound healing (Eyerich et al., 2009) but are also enriched in
many inflammatory skin diseases including psoriasis and atopic dermatitis (Fujita,
2013).
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1.4 Regulatory T cells
Immune tolerance is defined as the lack of reactivity against self-antigens or harmless
antigens including developmental, allograft and food antigens, without the need for
long-term immunosuppression while still maintaining immune competence against
pathogenic antigens (Bluestone, 2011). This is important in ensuring that inflammatory
responses against pathogens or damaged/infected cells occur without infliction of
damage against host tissue. The breakdown of tolerance mechanisms contributes to
the development of autoimmune disorders and chronic inflammatory diseases,
including multiple sclerosis, type 1 diabetes, lupus erythematosus and psoriasis.
Multiple non-redundant tolerance mechanisms are in place to ensure deletion of
autoreactive T cells or inhibition of their activation or function. Central tolerance occurs
in the thymus during lymphocyte development, where autoreactive T cells are deleted
through negative selection before T cells are released into the circulation. Negative
selection occurs in the thymic medulla, mediated by medullary thymic epithelial cells
(mTECs) and thymic DCs. mTECs express the nuclear regulatory protein called
autoimmune regulator (AIRE) which promotes the expression of tissue-specific selfantigens on these cells (Anderson et al., 2002; Derbinski et al., 2001). Thymocytes that
bind to self-antigen-MHC complexes on mTECs or thymic DCs with a high affinity
undergo clonal deletion resulting in the apoptosis of these self-reactive thymocytes.
Some of these thymocytes with high affinity to self-antigens are signalled to
differentiate into Foxhead Box P3 (Foxp3)-expressing Tregs. This process is termed
‘clonal diversion’ which forms part of immune tolerance and will be discussed in later
sections. However, central tolerance mechanisms are not sufficient as the only
mechanism for regulating autoreactivity as mature self-reactive T cells can escape and
enter the circulation. Hence, peripheral mechanisms of immune tolerance are required
to prevent activation of autoreactive T cells in the peripheral tissues. Many
mechanisms are in place including suppressive activity by a specialised T cell subset
called Tregs.

1.4.1

Development of Tregs

Tregs are a specialised subset of CD4+ T cells, which mediate peripheral tolerance by
actively suppressing immune responses. Insights into the existence of a thymusderived cell subset that was capable of mediating immune tolerance resulted from
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neonatal thymectomy experiments (Asano and Toda, 1996; Bonomo et al., 1995;
Sakaguchi et al., 1982). Neonatal thymectomy at day 3 after birth, before Tregs could
be generated, caused various organ-specific autoimmune conditions as self-reactive T
cells, produced before thymectomy, could exert their effector functions in the periphery.
A key study conducted by Sakaguchi et al. (1995) identified Tregs as IL-2 receptor αchain (CD25) expressing CD4+ T cells. Adoptive transfer of CD25+-depleted CD4+ cell
populations into T cell-deficient mice caused systemic autoimmune conditions, which
was prevented when CD4+CD25+ cells were reconstituted within a limited time frame.
In humans, Baecher-Allan et al. (2001) identified that human CD4+ Tregs expressed
high levels of CD25 and CD45RO. The master transcription factor for Treg lineage is
Foxp3 whose expression is necessary for Treg development and function (Fontenot et
al., 2003; Hori et al., 2003). The disruption of Foxp3 expression was found to result in
fatal systemic lymphoproliferative autoimmunity in scurfy mutant mice and in human
immunodysregulation polyendocrinopathy enteropathy X-linked syndrome (IPEX)
patients (Brunkow et al., 2001; Bennett et al., 2001), showing the importance of these
Tregs in immune function.
Tregs are categorized into two main phenotypes: naturally-occurring Tregs (nTregs)
which develop in the thymus and peripherally-induced Tregs (iTregs) that are derived
from naïve CD4+ T cells in the periphery. Development of CD4+CD25+FOXP3+ nTregs
from thymocytes in the thymic medulla requires optimal TCR-MHC interactions and
CD28 signalling from mTECs and thymic DCs as well as in the presence of cytokines
including IL-2 (Burchill et al., 2007; Lio and Hsieh, 2008; Tai et al., 2005). Treg
differentiation in the thymus was proposed to be a two-step process where TCR
signalling first led to CD25 expression on Foxp3- self-reactive thymocytes and IL-2
signalling next induces Foxp3 expression in these CD25hi Treg precursors (Lio and
Hsieh, 2008). It was also suggested that there exist a window of affinity for Treg
differentiation which is higher than positive selection for Teff differentiation but lower
than that which causes clonal deletion (Moran et al., 2011). Peripheral iTregs are
induced from CD4+FOXP3- naïve T cells during different inflammatory conditions in
secondary lymphoid tissue including lymph nodes and spleen and non-lymphoid tissue
such as skin. Induction of Foxp3 expression in CD4+CD25- T cells in vitro can occur
with optimal TCR stimulation and the presence of TGF-β and IL-2 (Chen et al., 2003;
Davidson et al., 2007). iTreg induction has also been demonstrated in vivo during
chronic exposure to antigen, lymphopenic and tolerogenic situations where specific
TCR stimulation, costimulatory signalling and cytokines are needed (Schmitt & Williams
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2013). Tolerogenic environments such as the gut-associated lymphoid tissue (GALT)
also favour iTreg induction where a tolerogenic CD103+ DC subset was found to induce
Foxp3+ iTregs through production of TGF-β and retinoic acid (Coombes et al., 2007).

1.4.2

Treg markers

CD4+CD25hiCD127low expression profile is widely used to identify and purify Treg
populations in humans from cells resident in tissue samples or from peripheral blood.
CD127, the IL-7 receptor, was found to be downregulated on human FOXP3+ cells and
can be used in conjunction with CD4 and CD25 expression to obtain highly purified
human Treg populations (Liu et al., 2006). This marker expression profile mainly
identifies nTreg populations but it may also detect iTregs. However, it has been
relatively difficult in differentiating the two subsets using just these markers. Helios, an
Ikaros transcription factor, was identified as a potential marker specific for nTregs
(Sugimoto et al., 2006). Thornton et al. (2010) proposed that Helios expression was
restricted to thymic-derived nTregs and not inducible in iTregs, but these findings have
been disputed by studies which show that Helios is a T cell activation and proliferation
marker and Helios-non expressing cells were also found within nTreg subsets
(Akimova et al., 2011; Himmel et al., 2013). However, this transcription factor could
play an important role in FOXP3 regulation as Helios can bind to the FOXP3 promoter
(Getnet et al., 2010). To date, there is yet a marker that could be used to clearly
separate nTregs and iTregs. Bilate and Lafaille (2012) reviewed and concluded that
gene expression studies comparing iTregs and nTregs show that gene expression of
iTregs are more typical of conventional T cells rather than nTregs but no gene was
found to be exclusively expressed by iTregs.
In the human system, Foxp3 expression alone is not sufficient to establish full Treg
function and phenotype. Activated human Teffs can express FOXP3 transiently without
acquiring Treg suppressor activity, indicating that Foxp3 alone does not confer
suppressor function (Allan et al., 2007; Gavin et al., 2006). Hence other markers have
been studied for differentiating true functional Tregs from effector or memory T cells.
CD45RA+ expression was suggested as a marker for isolation of CD4+CD25high T cells
that would give rise to homogeneous Treg cell lines upon in vitro expansion (Hoffmann
et al., 2006). A report by Miyara et al. (2009) showed that CD45RA can be used with
FOXP3 to separate human Foxp3+ CD4+ T cells into three functionally and
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phenotypically distinct subpopulations: (1) CD45RA+Foxp3low resting Tregs, (2)
CD45RA-Foxp3hi activated Tregs and (3) cytokine-secreting CD45RA-Foxp3low nonTregs. This can be employed in differentiating Treg subpopulations in vitro, in vivo and
ex vivo in normal and disease states. There are also markers used to differentiate
activated Tregs from naive or resting Tregs including lymphocyte activation antigen-3
(LAG-3) and glycoprotein A repetitions predominant (GARP). LAG-3 is a CD4 homolog
that binds to MHC-II and activated Tregs were found to have higher LAG-3 expression
compared to Teffs and is necessary for maximal Treg suppressive function (Huang et
al., 2004). GARP is a leucine rich repeat-containing transmembrane protein that was
highly expressed at the mRNA level in activated nTregs (Rui Wang et al., 2009). Both
LAG-3 and GARP have been suggested to play roles in the suppressor function of
Tregs. Other markers expressed by Tregs that are linked to their functional status and
capacity also include CTLA-4, perforin, granzyme B, programmed death-1 (PD-1),
glucocorticoid-Induced TNF receptor (GITR), CD39 and neuropilin. The role and
function of these markers will be discussed in following sections.

1.4.3

Suppressor function of Tregs

Several mechanisms exist as part of peripheral tolerance and these mechanisms
include physical separation of self-reactive T cells from tissue compartments which
express the cognate antigen, induction of T cell anergy by immature DCs due to lack of
CD28 costimulation and apoptosis of autoreactive T cells due to chronic engagement
with self peptide-MHC complexes (Mueller, 2010). However, these rather passive
mechanisms could fail and hence active suppressive mechanisms exerted mainly by
Tregs are also important in mediating peripheral tolerance. Tregs express TCR αβ
heterodimers and some have high affinity to self-antigens, allowing Tregs to exert their
suppressive function on autoreactive immune cells. The TCR repertoire of Foxp3+
Tregs and Foxp3- conventional T cells was found to be similarly diverse with only a
small region of overlap, whereas pathogenic autoreactive T cells share common pools
of self-reactive TCRs with Tregs (Hsieh et al., 2004; Hsieh et al., 2006). Apart from
cognate antigens, Tregs can also recognise foreign antigens including viral and
parasitic antigen as well as alloantigen (Belkaid et al., 2002; Ochando et al., 2005;
Suvas et al., 2003). Thornton and Shevach (2000) demonstrated that CD4+CD25+
Tregs require TCR stimulation to exert their suppressor function and that these
suppressive actions were found to be antigen nonspecific. This aspect of Treg
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suppressor function being antigen nonspecific allows bystander effects in Treg control
on non-antigen specific activated T cell subsets during an antigen-specific immune
response, as demonstrated in vivo by Karim et al. (2005).
The cellular targets of Treg suppressive actions include many cell types such as CD4+
T cells, CD8+ T cells, B cells and DCs. CD4+CD25+ Tregs were demonstrated to inhibit
activation and expansion of CD4+CD25- Teffs in vitro (Sakaguchi et al., 1995).
CD4+CD25+ Tregs were also shown to inhibit the proliferation of both naïve and
memory CD4+ T cells in a study by Levings et al. (2001). Tregs can also directly inhibit
CD8+ T cell responses to viral and unrelated antigens including proliferation, cytokine
production and cytotoxicity (Piccirillo and Shevach, 2001; Suvas et al., 2003). Treg
control also extends to CD8+ CTLs where suppressed CTLs were shown to have
reduced granule exocytosis capacity and slower killing rates (Mempel et al., 2006). An
important cellular target of Tregs is the DC where Tregs can dampen costimulatory
molecule expression and antigen presenting capacity, demonstrated with monocytederived DCs by Misra et al. (2004). A study by Tadokoro et al. (2006) showed that
Tregs can also exert effects on the early phase of CD4+ T cell interaction with antigenpresenting DCs by reducing the formation of a stable contact between the two cells. B
cells can also be subjected to Treg control. In B cell areas of germinal centres in the
lymphoid tissue, T cell – B cell interactions occur and Tregs can directly suppress B
cell Ig production and class switch recombination (Lim et al., 2005). CD4+CD25+ Tregs
can also exert suppressive action on NKT cells where they reduce the proliferation and
cytokine secretion of NKT cells and their cytotoxic activity against tumour cell lines
(Azuma et al., 2003). Similarly, Tregs can inhibit NK cell effector functions including
proliferation and cytotoxicity (Ghiringhelli et al., 2005).

1.4.3.1 Mechanisms of Treg-mediated suppression
Tregs can exert their suppressive actions through several contact-dependent and
contact-independent mechanisms and the need for multiple different mechanisms may
be due to the diverse cell targets which Tregs act upon. These mechanisms include
cytokine

deprivation,

production

of

immunosuppressive

adenosine,

cytolysis,

expression of inhibitory ligands and production of anti-inflammatory cytokines, as
depicted in Figure 1.5. Upon discovery of Tregs as high expressors of IL-2 α-chain
CD25, Sakaguchi et al. (1995) suggested that CD4+CD25+ Tregs could mediate
suppression by depleting the local environment of IL-2, acting as a ‘cytokine sink’ thus
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starving surrounding self-reactive Teff of IL-2 for cell survival. It was later demonstrated
that murine CD4+CD25+Foxp3+ Tregs can cause responder T cell apoptosis through IL2 deprivation where cell death was dependent on proapoptotic protein Bim activity
(Pandiyan et al., 2007). However, evidence emerged proposing that IL-2 consumption
is not involved in Treg mediated suppression and human Tregs can be suppressive
without inducing Teff apoptosis (Tran, Glass, et al., 2009; Vercoulen et al., 2009).
Hence, the importance of the suppressive mechanism of IL-2 consumption by Tregs
remains controversial.

Figure 1.5 : Mechanisms of Treg suppression.
Tregs are immune suppressor cells that exert their suppressive actions through various
mechanisms. Tregs could consume IL-2 in the local environment through their highaffinity IL-2 receptor (CD25), causing cytokine deprivation and apoptosis of Teff. The
expression of CD39 and CD73 allows the production of immunosuppressive adenosine.
Tregs can also produce inhibitory cytokines such as IL-10, IL-35 and TGF-β in order to
inhibit cell function or activation. Tregs have cytotoxic actions, where by the release of
granzymes and perforin leads to killing of Teffs. Additionally, through cell-contactdependent interactions with molecules including CTLA-4 and LAG-3, Tregs can cause
inhibition of DC maturation and function and therefore downstream Teff function.
(Adapted from Schmidt et al., 2012)
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Another method whereby Tregs suppress effector cells is by the production of
immunosuppressive adenosine, as evidence has shown that adenosine can inhibit IFNγ and TNF-α production and proliferation of Th1 and Th2 cells (Kobie et al. 2006).
Murine Foxp3+ Tregs were found to express ectonucleotidases CD39, which
hydrolyses adenosine triphosphate (ATP) to adenosine monophosphate (AMP) and
CD73 that converts AMP to adenosine, which then act on adenosine A2A receptors on
T cells (Deaglio et al. 2007). A study by Borsellino et al. (2007) found that CD39
expression on CD4+CD25+ Tregs in mice but this was restricted to a subset of
CD45RO+CCR6+ effector/memory-like Foxp3+ Tregs in humans, where CD39 on
activated murine Tregs contributes to a reduction in ATP-mediated DC maturation.
Human CD4+CD25highFoxp3+ nTregs were also found to express CD39 where CD39+
Tregs were found to suppress pathogenic Th17 cells and in a patient population this
CD39+ Treg subset was reduced in peripheral blood mononuclear cells (PBMCs) of
multiple sclerosis patients (Mandapathil et al., 2010).
A further mechanism of Treg-mediated suppression is the direct cytolysis of target cells.
One of the major mechanisms which mediates cell cytolysis is the perforin/granzyme
pathway. Granzymes are serine proteases which trigger apoptosis whereas perforin is
a membrane-disrupting protein that aids in the delivery of granzymes into target cells
(Trapani and Smyth, 2002). Granzyme A is thought to kill cells directly by cleavage of
nuclear proteins whereas granzyme B activates caspases that initiate apoptosis.
Human nTregs can be activated to express granzyme A whereas activated human
iTregs can express granzyme B (Grossman et al., 2004). In this study, both Treg
subsets were demonstrated to induce perforin-dependent cytotoxicity in autologous
target cells including CD4+ T cells, CD8+ T cells and monocytes. Tregs have also been
shown to preferentially killed antigen-presenting but not bystander B cells, through Treg
upregulation of perforin and granzymes (Zhao et al., 2006).
Tregs express an array of surface molecules that deliver inhibitory signals to the target
cells and dampen their effector functions. This cell contact-dependent suppression
mechanism by Tregs was described mostly on the basis of in vitro suppression assay
and may also operate in vivo depending on the target cell type, activation status and
location, cytokine and microbiome of the immune reaction (Schmidt et al., 2012). Such
inhibitory molecules include CTLA-4, LAG-3 and neuropilin-1. CTLA-4, a CD28
homologue that interacts with CD80 and CD86, is constitutively expressed by Tregs
whereas it is only induced on Teffs following activation. Tregs were shown to
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downregulate CD80 and CD86 expression on DCs in vitro through a LFA-1 and CTLA4-dependent mechanism, thus dampening DC maturation and function (Onishi et al.,
2008; Wing et al., 2008). CTLA-4 has also been shown to be involved in suppression of
activation and proliferation of Teffs in vitro (Takahashi et al., 2000). The importance of
CTLA-4 signalling in Treg function has also been demonstrated in vivo as anti-CTLA-4
treatment abrogates Treg control on intestinal inflammation and Treg-specific
deficiency of CTLA-4 results in spontaneous development of a fatal T cell-mediated
autoimmune condition in mice (Read et al., 2000; Wing et al., 2008). The CD4-related
transmembrane protein LAG-3 is another molecule involved in Treg control of DC
function. Knockout of LAG-3 impaired nTreg suppressive activity in vitro (Huang et al.,
2004) and anti-LAG-3 treatment caused dysregulation of T cell homeostasis in vivo
(Workman and Vignali, 2005). LAG-3 expressed by Tregs was later reported to bind to
MHC-II on DCs and suppress DC maturation and their costimulatory capacity (Liang et
al., 2008). Neuropilin-1 is another surface molecule that contributes to Treg
suppression by regulating the interaction between Tregs and DCs. It is a receptor for
class III semaphorins and was found to be preferentially expressed on Tregs and
induced in Teffs upon ectopic expression of Foxp3 (Sarris et al., 2008). Neuropilin-1
was found to promote long interactions between Tregs and immature DCs and
blockade of neuropilin-1 abrogated Treg suppression of T cell proliferation stimulated
with low concentration of antigen.
Anti-inflammatory cytokines IL-10, TGF-β, and IL-35 are soluble mediators proposed to
be involved in the regulation of immune responses by Tregs. IL-10 and TGF-β are
especially involved in Treg homeostasis and induction of iTregs. However, the
importance of contact-independent mechanisms in Treg suppression is debatable, as
in vitro suppression was largely not observed when Tregs were separated from
responder T cells by a permeable membrane. Still, many reports suggested that these
immunosuppressive cytokines are essential in Treg suppression in vivo. Involvement of
IL-10 in Treg suppression was first shown in a murine colitis model where IL-10
deficient Tregs failed to protect mice from intestinal inflammation compared to normal
Tregs and the protective effect of Tregs was also abrogated with anti-IL-10R treatment
(Asseman et al., 1999). The involvement of IL-10 in Treg suppression has also been
demonstrated with graft rejection and experimental allergic encephalomyelitis (EAE)
(Kingsley et al., 2002; McGeachy et al., 2005). The mechanism by which Treg derived
IL-10 suppresses inflammation is unclear in vivo but a study by Annacker et al. (2001)
suggested that IL-10 prevented the expansion of pathogenic CD45RBhighCD4+ T cells in
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a T cell-induced wasting disease model. Treg suppression of pathogenic Th17 cell may
also require IL-10, whereby it was shown that blockade of IL-10 receptor led to
dysregulation of Th17 responses in intestinal inflammation (Chaudhry et al., 2011;
Huber et al., 2011).
TGF-β is another important anti-inflammatory cytokine, with the TGF-β1 isoform being
predominantly expressed in the immune system. TGF-β is crucial for maintenance and
expansion of Treg populations in vivo and ablation of TGF-β signalling caused lethal
autoimmune conditions in mice (Huber et al., 2004; Marie et al., 2006). It has been
suggested that TGF-β1 acts as a cell-bound molecule on Tregs where activated Tregs
were found to express latent TGF-β1 at high stable levels on their cell surface linked
with latency-associated peptide (LAP) (Nakamura et al., 2001; Nakamura et al., 2004).
Involvement of TGF-β signalling in murine and human Treg suppression was
demonstrated in vitro and Tregs from TGF-β1-deficient mice did not protect SCID mice
from colitis induction in vivo (Nakamura et al., 2004). Studies by Tran et al. (2009b)
proposed that latent TGF-β1 is tethered to the Treg cell surface by GARP. However,
the role of TGF-β in Treg suppression is still debatable as several studies were unable
to show significant TGF-β involvement in vitro and also sometimes in vivo (Oberle et al.,
2007; Piccirillo et al., 2002).
The novel anti-inflammatory cytokine IL-35 is part of the IL-12 heterodimeric cytokine
family and IL-35 constructs have been shown to suppress Teff proliferation and Th17
cell differentiation in vitro plus attenuated inflammation in collagen-induced arthritis in
mice (Niedbala, Wei, et al., 2007). An important study by Collison et al. (2009)
demonstrated the direct production of IL-35 by murine Tregs which increased after
Treg contact with conventional T cells. These contact-activated Tregs were able to
suppress responder T cells in a contact-independent manner, suggesting that induction
of suppression rather than suppression function was contact-dependent. IL-35 has also
been demonstrated to be involved in the suppression of Th17-mediated inflammation,
as IL-35 was necessary in the suppression of IL-17 production and airway
hyperreactivity by inducible T cell costimulator (ICOS)-expressing Tregs (Whitehead et
al., 2012). However the role of IL-35 in Treg suppression has yet to be verified in
humans and opposing evidence has been produced by Bardel et al. (2008) showing
that human Foxp3+ Tregs do not express EBI3, which codes for part of the IL-35
heterodimer.
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1.4.4

Function and Dysfunction of Tregs in the Skin

Tregs are important in the immune homeostasis of peripheral tissue and this is
applicable to the skin as 5 - 10 % of skin-resident T cells are Foxp3+ Tregs (Clark et al.,
2006). This is in line with a study conducted by Hirahara et al. (2006) where the
majority of human Foxp3+ Tregs expressed skin homing receptors CCR4, CCR6 and
CLA, thus allowing constitutive migration of Tregs into human skin for regulation of
cutaneous immune responses. In recent years, a distinct subset of Tregs in murine skin
was characterized with properties typical of Tem cells. These cells were maintained in
the skin and have a greater capacity to suppress subsequent autoimmune responses
when antigen reappears (Rosenblum et al., 2011). These memory Tregs are nonmigratory and reside in human skin with the proposal that they regulate skin immunity
and are defective in psoriasis patients leading to disease (Rodriguez et al., 2014).
Treg function is important for immune homeostasis in human skin. A study found that
Tregs from healthy subjects were capable of inhibiting nickel-specific T cell responses
but Tregs from nickel-allergic patients were not able to suppress these responses
(Cavani et al., 2003). During local inflammatory response in the skin, CD4+Foxp3+
Tregs can expand on site along with memory T cells to control their inflammatory
activity (Vukmanovic-Stejic et al., 2008). Treg migration into skin is also important as
mice with normal levels of Tregs but defective in their ability to migrate into skin
developed severe cutaneous inflammation (Dudda et al., 2008). Different cells in the
skin can contribute to the regulation of immune tolerance by supporting Treg function.
Co-cultures of skin-resident Tregs with IL-15 and dermal fibroblasts in vitro were found
to induce Treg proliferation suggesting that Tregs can be expanded during cutaneous
inflammation to counteract the immune responses (Clark and Kupper, 2007).
Furthermore, a study by Seneschal et al. (2012) proposed that Langerhans cells
promote the basal level of activation and proliferation of skin-resident memory Tregs
during uninflamed conditions in order to maintain immune tolerance in the skin.
Dysregulation of Treg phenotype and function can contribute to the pathogenesis of
inflammatory skin disorders and autoimmunity as well as cancer. In psoriatic patients,
the number and phenotype of CD4+CD25hi Tregs in peripheral blood was similar to
healthy individuals and Tregs were present in the psoriatic lesions but both psoriatic
blood Tregs and lesional Tregs were defective in their suppressor function (Sugiyama
et al., 2005). In a study by Goodman et al. (2009) it was found that psoriatic lesional
skin has elevated levels of IL-6 that was necessary and sufficient to prevent Treg
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suppression and promoted phosphorylation of STAT-3 in T cells that contributes to
Th17 differentiation. Treg dysfunction in psoriasis was further elucidated when Tregs
from psoriatic lesions were found to have an enhanced propensity to lose FOXP3
expression and differentiate into pathogenic IL-17-producing cells contributing to the
sustained inflammation in psoriasis (Bovenschen et al., 2011). Conversely, increased
Treg activity in a cancer setting hampers effective removal of tumour cells as Tregs
could block antitumour immune responses. In squamous cell carcinomas (SCCs), very
few CLA+ T cells were found in a study of tumour infiltrating immune cells and half of
them were FOXP3+ Tregs (Clark et al., 2008). With imiquimod (TLR7 agonist) treatment
in the same study, Treg numbers decreased and SCCs showed histological evidence
of tumour regression. In another skin cancer called Merkel cell carcinoma, CD4+ and
CD8+ Tregs were found in these tumours along with suppressed inactive tumourspecific T cells (Dowlatshahi et al., 2013). Hence, it is important to understand different
mechanisms that control Treg function and phenotype especially in tissue
microenvironments and inflammatory conditions.

1.4.5

Control of Treg phenotype and function

The transcription factor Foxp3 is the master regulator of Treg development and
function. Key studies conducted by Fontenot et al. (2003) and Hori et al. (2003)
showed that stable high levels of Foxp3 expression was restricted to Tregs and that
ectopic expression of Foxp3, where Foxp3 expression was forced into naïve CD4+ T
cells or CD4+CD25- T cells by transduction with Foxp3-expressing retrovirus, could
induce suppressor function in non-regulatory CD4+CD25- T cells. The continuous
expression of Foxp3 in mature Tregs is also important as deletion or decreased Foxp3
expression led to deregulation of many Foxp3 target genes (Wan and Flavell, 2007;
Williams and Rudensky, 2007).
However, it is important to realise that Foxp3 expression alone is not sufficient to
establish full Treg function and phenotype. As previously mentioned, activated human
Teffs can express FOXP3 transiently without acquiring Treg suppressor activity,
indicating that Foxp3 alone does not confer suppressor function (Allan et al., 2007;
Gavin et al., 2006). Studies found that several Treg-specific genes were not controlled
by Foxp3 expression, as ectopic Foxp3 expression did not induce two-thirds of Treg
signature genes in conventional T cells (Hill et al., 2007; Sugimoto et al., 2006). It was
33

later discovered in a study by Floess et al. (2007) that selective DNA demethylation of
a conserved CpG-rich region within the Foxp3 locus called the Treg-specific
demethylation region (TSDR) is necessary for stable Treg phenotype. Overall, Foxp3
expression and demethylation of TSDR are the two events essential in establishing full
Treg lineage and function. Apart from this epigenetic mechanism, there are other
mechanisms that can affect Treg function, including contact-dependent and
independent mechanisms in the tissue microenvironment that will be described in the
next two sections.

1.4.5.1 Contact-dependent mechanisms
The main contact-dependent mechanisms which can regulate Treg function include
TCR signalling and costimulatory signalling. TCR signalling is essential in the
development of nTregs and the induction of iTregs. TCR stimulation is necessary for
both Foxp3 expression and establishment of TSDR demethylation during Treg
development in the thymus (Ohkura et al., 2012). Similarly, the induction of iTregs from
naive CD4+ T cells requires TCR signalling both in vitro and in vivo (reviewed in Schmitt
& Williams, 2013); this requires the presence of cytokines TGF-β and/or IL-2, which will
be discussed further in section 1.4.5.2. TCR signalling also regulates Treg homeostasis
and function. A study by Kim et al. (2009) found that disruption of TCR signalling in
Tregs caused impaired proliferation and homeostatic expansion of Tregs, loss of their
suppressive function and redistribution into lymph nodes. However, sustained TCR
signalling could cause loss of Foxp3 expression and acquisition of inflammatory
phenotype in CD4+CD25+CD127low nTregs (Hoffmann et al., 2009), hence the
regulation of Treg phenotype and function by TCR signalling is complex.
Costimulatory signalling which is the ‘second signal’ for full TCR activation of T cells is
also involved in control of Treg development and function. Costimulatory molecules
include classical B7 receptor family such as CD28, CTLA-4, ICOS and PD-1 and of the
TNF receptor superfamily such as GITR, OX40, and 4-1BB. These signalling pathways
modulate Treg development and function in different manners, and the roles of CTLA-4,
PD-1, OX40 and 4-1BB will be briefly discussed in this section. CTLA-4 is an important
Treg surface molecule involved in Treg suppressive mechanism, as discussed
previously in section 1.4.3.1. In addition, CTLA-4 is also important in the maintenance
of TCR hyposignalling and anergy. Treg suppression and anergy require the external
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domain of CTLA-4 whereas TCR hyposignalling requires the internal domain of CTLA-4
(Tai et al., 2012). CTLA-4 signalling was also shown to be required during TGF-βmediated induction of iTregs from CD4+CD25- T cells (Zheng et al., 2006).
Signalling between PD-1 (CD279) and its ligands PD-L1 (CD274) and PD-L2 (CD273)
provide costimulatory stimulation which are inhibitory in nature, contributing to
regulation of T cell tolerance (reviewed by Francisco et al. 2010). PD-1 is expressed on
activated CD4+ and CD8+ T cells and its expression is especially high on non-functional
exhausted T cells in conditions including chronic viral infections and cancer (Wherry,
2011). PD-L1 is ubiquitously expressed on myeloid and lymphoid cells and also in nonhematopoietic cells including ECs (Freeman et al., 2000), whereas PD-L2 expression is
restricted more to DCs and macrophages (Francisco et al., 2010). The PD-1/PD-L1
interaction has been suggested to regulate induction and maintenance of iTregs. A
study by Wang et al. (2008) demonstrated that splenic DCs were able to induce Foxp3+
iTregs through PD-L1 signalling in vitro. PD-L1 signalling was also demonstrated to
support TGF-β-mediated induction of iTregs and enhance Foxp3 expression and
suppressive function of iTregs (Francisco et al., 2009). Vitamin D3-treated DCs
expressed high levels of PD-L1 which was shown to be involved in the conversion of
CD4+T cells into antigen-specific iTregs that produced IL-10 (Unger et al., 2009).
OX40 (CD134), a costimulatory molecule which is part of the TNFR superfamily, is
expressed on activated CD4+ T cells and CD8+ T cells, whereas its ligand OX40-L is
expressed on APCs including B cells, DCs and ECs (Imura et al., 1996). OX40
signalling is involved in T cell activation and has been shown to induce proliferation and
cytokine production of CD4+ T cells and also promote development of memory CD4+ T
cells (Maxwell et al., 2000; Rogers et al., 2001). OX40 is also expressed on Tregs
where OX40 signalling was found to influence Treg suppressive activity, whereby a
study by Takeda et al., (2004) demonstrated that OX40 signalling inhibited Treg
suppression in vitro and in vivo in a mouse colitis model. OX40 costimulation was also
found to dampen Treg suppression during tumour immunity (Kitamura et al., 2009) and
in skin allografts (Kinnear et al., 2013). OX40 signalling has also been shown to
downregulate Foxp3 gene expression of CD4+FOXP3+ Tregs and prevents Foxp3
induction of CD4+FOXP3- T cells by TGF-β treatment (So and Croft, 2007; Vu et al.,
2007). However, OX40 signalling can also influence Treg homeostasis and expansion,
as an agonist OX40 mAb was shown to cause Treg expansion and inhibition of EAE
(Ruby et al., 2009) whereas lack of OX40 caused increased cell death of Tregs in a
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colitis model (Griseri et al., 2010). Hence the role of OX40 signalling on Treg function
and homeostasis could be dependent on other factors such as the inflammatory milieu
or tissue microenvironment.
4-1BB is a costimulatory molecule which is also part of the TNFR superfamily
expressed on activated CD4+ and CD8+ T cells, whereas its ligand 4-1BB-L is
expressed on activated APCs (reviewed by C. Wang et al., 2009). 4-1BB costimulation
is involved in T cell activation and function where stimulation can lead to proliferation
and effector function of CD4+ and CD8+ T cells including cytokine production and CD8+
cytolytic activity (Cooper et al., 2002; Wen et al., 2002). 4-1BB is also expressed on
Tregs where 4-1BB costimulation has been shown to be involved in Treg function and
expansion. A study conducted by Choi et al. (2004) showed that 4-1BB signalling
abrogated Treg suppressive effects on effector cell proliferation in vitro and prevented
their protective effect in vivo in a graft-versus-host disease model. This was also
demonstrated in a chronic viral infection setting, where 4-1BB signalling caused CD8+
T cells to become resistant to Treg suppression whereas Treg function was unaffected
(Robertson et al., 2008). 4-1BB costimulation has also been shown to increase
proliferation of CD4+CD25+ Tregs whereby these expanded Tregs retained their
suppressor function (Zheng et al., 2004).

1.4.5.2 Contact-independent mechanisms
Soluble mediators in a microenvironment can contribute to the control of Treg
phenotype and function. Inflammatory cues including cytokines, chemokines and
microbial products can signal to positively or negatively affect Treg activity and stability.
The role of TGF-β and IL-10 as anti-inflammatory cytokines in the mechanism of Treg
suppression was discussed in section 1.4.3.1, but these mediators are also important
in the stabilisation of Treg phenotype and induction of suppressive Treg populations.
TGF-β has been demonstrated in vitro to convert CD4+CD25- T cells into suppressive
Tregs by induction of Foxp3 expression in both murine and human systems (Chen et
al., 2003; Walker and Kasprowicz, 2003). In vivo studies have shown that lack of TGFβ1 signalling in mice caused decreased iTreg but not nTreg numbers, associated with
diminished Foxp3 expression and suppressor function (Marie et al., 2005). Furthermore,
studies have also proposed that TGF-β signalling is involved in the development of
nTreg and the maintenance of peripheral Foxp3+ Treg numbers (Li et al., 2006; Liu et
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al., 2008). However, contradicting results were found in studies by Tran et al. (2007)
and Floess et al. (2007) whereby TGF-β-induced FOXP3 expression in human
CD4+CD25- T was not sufficient to produce anergic or suppressive T cell populations
and establish complete TSDR demethylation. It is possible that the induction of stable
suppressive Tregs by TGF-β could be dependent on other factors including the
presence of IL-2. IL-2 is another key cytokine involved in T cell activation and IL-2 can
increase FOXP3 expression and cause expansion of human CD4+CD25+ Tregs in vitro
and in vivo (Zorn et al., 2006). Conversion of Teffs into iTregs with TGF-β in the
presence of IL-2 can enhance Treg integrity. Despite treatment with IL-6 that
antagonises Treg phenotype (reviewed in later section) Zheng et al. (2008) were not
able to show a loss of Foxp3 expression or a reduction in suppressive activity of these
TGF-β/IL-2 induced Tregs. This was supported by Chen et al. (2011) whose study
demonstrated that exogenous IL-2 or effector cell production of IL-2 can stabilise iTreg
phenotype and suppressor function by promoting TSDR demethylation.
IL-10 is another anti-inflammatory cytokine proposed to be important in Treg
maintenance especially during intestinal inflammation. Knockout of IL-10 in colitis
mouse models led to the loss of Foxp3 expression and suppressive activity of Tregs
and thus failure of Tregs to prevent colitis (Murai et al. 2009). However, another study
found that the lack of IL-10 signalling did not decrease Foxp3 expression in Tregs. This
study did provide however, supporting evidence that signalling through IL-10 receptor
on Tregs induced STAT3 phosphorylation which was necessary for Treg production of
IL-10 which in turn suppressed Th17-mediated inflammation in colitis (Chaudhry et al.,
2011). Overall, IL-10 signalling is potentially important in the maintenance of Foxp3
expression and Treg function during certain inflammatory conditions.
IL-6 is a pleiotropic cytokine with stimulatory and also inhibitory effects in inflammation
and immune regulation. IL-6 plays a major role in the context of Treg plasticity where it
can regulate the balance between suppressive Tregs and proinflammatory Th17 cells.
TGF-β, as previously discussed, is critical for the differentiation of iTregs but a key
study by Bettelli et al. (2006) discovered that TGF-β in combination with IL-6
suppressed Foxp3 expression and induced IL-17 expression, converting naive
CD4+Foxp3- T cells into Th17 cells instead. Similar findings were also demonstrated by
Mangan et al. (2006) and Veldhoen et al. (2006), overall demonstrating the key role of
IL-6 in skewing Treg induction towards Th17 differentiation. IL-6 has also been
suggested to regulate nTreg phenotype and function during inflammation. Production of
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IL-6 by DCs in response to TLR ligation was found to block Treg suppression on Teff
proliferation and it was suggested that IL-6 activated Teff are resistant to Treg activity
(Pasare and Medzhitov, 2003). IL-6 was also found to be upregulated in lesional
psoriatic skin, highly produced by DCs and ECs, which was shown to inhibit Treg
suppression in vitro thus suggesting that Treg function could be dampened during an
IL-6 enriched cutaneous inflammatory microenvironment (Goodman et al., 2009).
TNF-α is also a pleiotropic cytokine involved in inflammation and immunity, shown to
have both inflammatory and protective effects as reviewed by Chen & Oppenheim
(2011). In rheumatoid arthritis, a chronic inflammatory disease in which TNF-α plays a
pivotal role, Tregs were found to be dysfunctional as they were unable to suppress
effector cytokine production which was reversed upon anti-TNF-α treatment
(Ehrenstein et al., 2004). A recent study found that TNF can impair Treg function in
rheumatoid arthritis by inducing the expression of protein phosphatase 1 in the
inflamed synovium, the activity of which downregulated Foxp3 expression (Nie et al.,
2013). Many studies have also conversely demonstrated that TNF-α can induce Treg
expansion and promote Treg function. Membrane-bound TNF-α on tolerogenic DCs
modulated by vitamin D3 was found to be involved in the induction of antigen-specific
iTregs (Kleijwegt et al., 2010). A study by Grinberg-Bleyer et al. (2010) showed that
TNF-α produced by the Teffs in a mouse autoimmune diabetes model can expand Treg
populations and enhance their suppressor function which leads to disease protection.
Overall, it appears that regulation of Treg function by TNF-α is complex and may be
dependent on the inflammatory microenvironment.
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1.5 Immunological roles of endothelial cells
Apart from the role of ECs during acute inflammation in augmenting leukocyte
migration into the inflamed tissue, these cells are also capable of expressing various
inflammatory mediators and even take up roles as APCs during certain conditions. At
rest, ECs do not interact with circulating leukocytes in general; their basal expression of
adhesion molecules, including selectins and ICAM-1, would not be sufficient to initiate
leukocyte rolling and adhesion (Jaehyuk Choi et al., 2004). There are only small
interactions between ECs and leukocytes where neither cell type becomes activated.
ECs also actively quiesce circulating leukocytes where the basal production of nitric
oxide and epoxyeicosatrienoic acids by ECs actively dampens leukocyte adhesion and
prevent unnecessary vascular inflammation (Kubes et al., 1991; Node et al., 1999).
During inflammation, ECs have been proposed to act as ‘conditional innate immune
cells’ in a review by Mai et al. (2013), capable of contributing in both innate and
adaptive immune responses.
ECs can act as sentinel cells as part of the innate immune system, to sense and
monitor the presence of foreign antigen as they express pattern recognition receptors
including TLRs and NLRs (Mai et al. 2013). ECs can sense bacterial antigens where
dermal ECs have been shown to recognise Gram-negative bacterial LPS through
expression of TLR-4 and respond by production of cytokines and chemokines (Faure et
al., 2000). Bacterial peptidoglycan muramyl dipeptide was found to bind to nucleotidebinding oligomerization domain-containing protein 2 (NOD2) on dermal ECs, inducing
IL-6 production and promoting Th17 inflammation in the skin (Manni et al., 2011).
Additionally, ECs also express CD14 which is a co-receptor for LPS recognition also
found on cell surfaces of macrophages and DCs (Jersmann et al., 2001). Apart from
cytokines and chemokines, ECs can produce vasodilators (nitric oxide and hydrogen
sulphide),

vasoconstrictors

(endothelins),

platelet-activating

factor

(PAF)

and

coagulation factors leading to platelet recruitment (vWF, Factor V, Tissue Factor),
which facilitate leukocyte activation and migration into the inflamed tissue. In addition to
these immunological functions of ECs during innate immunity, ECs could also present
antigens and stimulate leukocytes in a chronic inflammatory setting (Pober and Sessa,
2007). ECs are known to express MHC-I and MHC-II along with an array of
costimulatory molecules which gives them the ability to present antigen, which will be
further discussed in the next few sections.
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1.5.1

MHC expression by ECs

MHC molecules are necessary for antigen presentation, alongside accessory proteins
that assemble the MHC molecules and antigen processing and peptide loading
proteins (Trombetta & Mellman 2005). All nucleated cells basally express MHC-I
whereas constitutive expression of MHC-II is usually limited to professional APCs.
Human vascular ECs constitutively express both MHC-I and MHC-II in situ, whereby
expression patterns of MHC molecules are dependent on the location of ECs on the
vascular tree (von Willebrand et al., 1985). In the human cardiovascular system,
capillary EC strongly express MHC-I and MHC-II but the large arteries expressed little
to none (Page et al., 1992). However, when ECs are cultured in vitro, MHC-I
expression is reduced whereas MHC-II expression is lost completely but both can be
restored with IFN-γ treatment (Manyak et al., 1988). Indeed, IFN-γ is the only known
cytokine inducer of MHC-II expression and it is thought that IFN-γ produced by T cells
is responsible for basal levels of MHC-II on ECs in vivo (Pober et al., 1983; Collins et
al., 1984). The basal expression of MHC-I by ECs is still sufficient to present antigen
and activate CD8+ T cells even in the absence of IFN-γ pretreatment (Epperson and
Pober, 1994; Johnson, 2003).
In a study by Savage et al. (1995), it was shown that human umbilical vein ECs
(HUVECs) were capable of presenting peptide-MHC-II complexes to antigen-specific T
cell clones, by acquiring full length antigens and processing them to epitope peptides in
a chloroquine-inhibitable manner suggesting a non-autopresentation mediated effect.
IFN-γ treatment on HUVECs can also rapidly increase expression of transporter
associated with antigen processing (TAP) proteins to enhance peptide transport
capacity and MHC-I protein expression (Ma et al., 1997) which provides at least the
basic cellular machinery required to successfully process and present antigen. Dermal
ECs have constitutive low level expression of MHC molecules which is upregulated
upon inflammatory activation (Swerlick et al., 1991), but the physiological purpose of
antigen presentation by ECs in the skin is unclear. Two hypotheses have been
suggested by Pober & Tellides (2012): (1) ECs could provide low level TCR stimulation
to memory T cells for cell survival, and/or (2) ECs display of microbe-derived peptides
could provide a homing signal to Tem cells of recurrent infections.
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1.5.2

Costimulatory molecules expressed by ECs

Two distinct signals are required for full T cell activation with the first signal provided by
TCR complex ligation to MHC molecules whereas the second signal is dependent on
ligation of cell surface molecules that provide costimulatory signals complementary to
the TCR engagement. Presentation of the MHC-peptide complex without costimulatory
signals otherwise renders the T cell anergic (Jenkins and Schwartz, 1987). Classical
costimulatory molecules of the B7 family CD80 (B7-1) and CD86 (B7-2) are expressed
on many APCs, such as DCs, B cells, activated monocytes and activated T cells, which
signal by engaging CD28 and CTLA-4 on the T cells (Lenschow et al., 1996). Cultured
human ECs do not typically express CD80 or CD86 (Denton et al., 1999), but there
have been reports of CD80 and/or CD86 expression by ECs cultured from specialized
endothelium, including brain capillaries, liver sinusoids and pancreatic islets (Ge et al.,
2005; Lozanoska-Ochser et al., 2008; Omari and Dorovini-Zis, 2001). In situ
expression of CD80 and CD86 on ECs has not been widely reported apart from on
human liver sinusoidal ECs which were found to express them in the setting of
fulminant hepatic failure (Leifeld et al., 1999). Due to the lack of CD80 and CD86 on
ECs, it has been shown in several in vitro studies that ECs were capable of
allogeneically stimulating CD4+ memory T cells not naïve CD4+ T cells (Marelli-Berg et
al., 1996; Shiao et al., 2007). Similar findings were obtained with CD8+ T cell subsets
when Dengler & Pober (2000) found that human ECs can activate and expand memory
CD8+ T cells but not naïve CD8+ T cells suggesting a level of regulation dependent on
the activation status of the EC and T cell subset.
Human ECs however have been found to express a number of other costimulatory
molecules, including lymphocyte function associated antigen (LFA)-3, B7-related
molecules ICOS ligand (ICOS-L), PD-L1, PD-L2, and TNF receptor superfamily ligands
OX40-L, 4-1BB-L, CD40 and GITR-L (Table 1.1). Interaction of CD2 on the T cell with
LFA-3 on human ECs was found to be important in EC costimulation of CD4+ T cell IL2 and IFN-γ production in phytohaemagglutinin (PHA)-supplemented co-cultures
(Hughes et al., 1990; Briscoe et al., 1997). Similarly, ICOS-L expressed on human ECs
was found to strongly mediate costimulation of resting memory CD4+ T cells to produce
Th1 (IFN-γ, IL-2) and Th2 (IL-4, IL-10, IL-13) cytokines when co-cultured with ECs in
the presence of superantigen (Khayyamian et al., 2002). HUVECs have also been
described to express PD-L1 after IFN-γ activation and signalling to PD-1 negatively
regulates IL-2 and IFN-γ production of PHA-stimulated T cells (Mazanet and Hughes,
2002). PD-L1 and PD-L2 expressed on activated human ECs were also found to down41

regulate activation and cytolytic capacity of PHA-stimulated CD8+ T cells (Rodig et al.,
2003). The TNF receptor superfamily ligands 4-1BB-L and OX40-L also contribute to
the costimulation capacity of human ECs by sending activating signals to the
interacting T cells (Kunitomi et al., 2000; Shiao et al., 2005; Wen et al., 2002).
Apart from T cell activation, expression of both MHC molecules and costimulatory
molecules on ECs is also thought to facilitate the migration of antigen-specific T cells
during inflammation. Human islet ECs were demonstrated in vitro to process and
present antigen on MHC-II molecules, selectively enhancing the migration of antigenspecific autoreactive T cells (Greening et al., 2003). A study by Savinov et al. (2003)
found that pancreatic ECs can present antigen on MHC-I and mediate homing of
insulin-specific CD8+ T cells in mice. Overall, ECs can support inflammatory responses
in the periphery through recruitment of T cells including antigen-specific T cells and
provide antigenic stimuli and costimulatory signals.

Costimulatory

Receptor

References

CD2

Epperson & Pober (1994); Ma &

Molecule
LFA-3

Pober (1998)
ICOS-L

ICOS

Khayyamian et al. (2002); Shiao
et al. (2005)

PD-L1, PD-L2

PD-1

Mazanet & Hughes (2002)

OX40-L

OX40

Kunitomi et al. (2000); Mestas
et al. (2005); Shiao et al. (2005)

4-1BB-L

4-1BB

Shiao et al. (2005)

CD40

CD40-L

Karmann et al. (1996)

GITR-L

GITR

Maier & Pober (2011)

Table 1.1: Costimulatory molecules expressed by human ECs.
The costimulatory molecules expressed by ECs and their corresponding receptor on T
lymphocytes are as listed in this table with the respective references.
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1.6 Interaction between ECs and Tregs
ECs also have the capacity to interact and activate immune suppressor cells including
Tregs, which is one of the main focuses of this thesis and will be discussed in detail in
this section. Migration of Tregs into peripheral tissue is important for their role in
mediating peripheral tolerance. Disruption of Treg migration and accumulation at target
tissues can lead to the development of tissue-specific inflammatory diseases (Sather et
al., 2007). Hence the recruitment of Tregs by the endothelium allows subsequent
intimate interactions between Tregs and ECs to take place, where ECs could also
induce functional changes to Tregs. The recruitment of Tregs and potential activation of
these populations by ECs will be discussed further in the next sections.

1.6.1

Recruitment of Tregs

Recruitment of Tregs to different anatomical sites would require expression of homing
molecules on both Tregs and the endothelium to allow for tissue specific recruitment. In
homeostatic conditions, Tregs are mainly found in the thymus, spleen, lymph nodes
and peripheral blood but also in non-lymphoid tissue including the skin (Clark et al.,
2006). A study by Zhang et al. (2009) proposed that Tregs are educated by migrating
and acquiring activating signals from the inflamed tissue then migrate to draining lymph
nodes to inhibit DC migration and Teff recruitment. Draining LNs are also crucial in
configuring Tregs with organ-selective homing properties in order for them to traffic
efficiently into target tissue (Siewert et al., 2007). Therefore, it is necessary to
understand the process of Treg migration and the molecules that are involved. These
migration and homing markers such as L-selectin, CCR4, CCR7 and CD103 can
sometimes also be used to differentiate Treg subsets.
Several adhesion and homing molecules aid in the migration of Tregs to lymphoid
tissues. L-selectin is a lymph node homing receptor involved in Treg migration to
draining lymph nodes in order to suppress priming and activation of effector cells.
Studies of bone marrow transplantation models showed that adequate levels of Lselectin expression on Tregs is required for protection against graft-versus-host
disease (Ermann et al., 2005; Taylor et al., 2004). CCR7 is also important in T cell
homing to lymphoid tissues (Debes et al., 2005), and has been shown to mediate Treg
migration in response to CCL19 to T cell zones in germinal centres (Lim et al., 2004).
Activation of T cells led to downregulation of CCR7 and upregulation of CXC
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chemokine receptor (CXCR)-5 on Tregs, which switched Treg migration to B cell zones
instead.
In a similar manner, many molecules and receptors are involved in the migration of
Tregs to different peripheral tissue. Expression of the ligands for E-selectin or Pselectin is important for localisation of Tregs suppression. A study by Siegmund et al.
(2005) demonstrated that Tregs lacking E- or P-selectin ligands failed to migrate into
inflamed tissue and suppress the effector phase of pathogenic T cells in the target
tissue. A study by Schwarz et al. (2007) showed that priming of DNFB-specific UVinduced Tregs with DNFB-loaded Langerhans cells, but not bone marrow-derived DCs,
caused a decrease in L-selectin expression and induced E- and P-selectin ligands
expression on these Tregs. This then allowed migration of Tregs into DNFB sensitized
skin sites. CCR4 is another key chemokine receptor involved in Treg migration.
Peripheral blood Tregs were shown to specifically express CCR4 and CCR8 and
mature DCs could attract Tregs through secretion of CCR4 ligands CCL17 and CCL22
(Iellem et al., 2001). CCR4 was shown to be involved in migration of Tregs into many
types of inflamed tissue including cardiac allografts, inflamed liver and inflamed lungs
(Lee et al., 2005; Oo et al., 2010; Saito et al., 2008). CCR4 is currently extensively
studied as a target for cancer immunotherapy as CCR4 identifies a subset of terminally
differentiated and potent effector Tregs in peripheral blood of healthy individuals and
melanoma patients (Sugiyama et al., 2013). They were able to demonstrate that antiCCR4 treatment removed effector Tregs and augmented antitumour immune
responses and suggests the importance of targeting Treg recruitment.
The integrin αE (CD103) which binds to integrin β7 to form αEβ7 allows recognition of
intraepithelial T cells in the gut wall, skin or lung (Cepek et al., 1994). Its potential
importance as a Treg marker was recognised when Lehmann et al. (2002) reported
that αEβ7 expression identifies a potent suppressive population of CD25+ Tregs in
mouse gut. A role for CD103 in the retention of Tregs and control of Leishmania major
infection in the skin was also proposed in a murine model (Suffia et al., 2005). Skin
homing receptors, including CCR4, CCR6 and CLA, are also expressed by a majority
of CD4+Foxp3+ Tregs in the peripheral blood, to allow constitutive migration of Tregs
into skin (Hirahara et al., 2006). A key study by Tomura et al. (2010) demonstrated that
Tregs are migratory during steady state, circulating from the skin to local draining
lymph nodes. They also found that this Treg migration to lymph nodes increases upon
exposure of skin to an antigen and Tregs also recirculate back to and accumulate in
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the skin and suppress the inflammatory responses. Expression of adhesion molecules
on ECs is also a necessary requirement, as Treg adherence to dermal venules during
resting and inflamed conditions was found to be dependent on ICAM-1 interaction
(Deane et al., 2012). Overall, Tregs have the capacity to respond to skin homing
signals and to adhere in dermal venules for their migration into skin.

1.6.2

Activation and induction of Tregs by ECs

Prolonged interactions between ECs and T cells or Treg populations have been found
to induce activation or expansion of Tregs as well as affecting Treg function. A key
study by Bedke et al. (2010) first demonstrated that murine ECs have the capacity to
augment Treg suppressor function. Activated lung ECs were found to increase the
capacity of CD4+CD25+ Tregs to suppress Teff proliferation. This increased
suppressive capacity was caused by upregulation of Treg expression of inhibitory
molecules PD-1 and IL-10 but the mechanism by which these molecules were
modulated was not elucidated. A recent study reported that rapamycin treatment of
human ECs enhanced their preferential activation of allogeneic Tregs (Wang et al.,
2013). Co-culture of IFN-γ-activated HUVECs with allogeneic CD4+ memory T cells
caused increase in CD4+CD25hiCD127lowFOXP3+ T cell populations which was further
enhanced with rapamycin treatment. Tregs expanded from co-cultures with rapamycintreated HUVECs also showed stronger suppressive activity compared to Tregs from
co-cultures with vehicle-treated HUVECs. Wang and colleagues (2013) suggested that
the increase in PD-L1 and PD-L2 expression of HUVECs caused by rapamycin
treatment contributed to modulation of HUVEC immunogenicity.
Various studies have suggested the capacity of ECs to induce suppressive Treg
populations. A murine study conducted by Krupnick et al. (2005) demonstrated that
IFN-γ-activated mouse thoracic aorta ECs could selectively expand CD4+CD25+Foxp3+
Treg population during co-cultures with CD4+ T cells. They proposed that the expanded
Treg population was attributed to the conversion of effector CD4+CD25- T cells to
CD4+CD25+Foxp3+ T cells which was dependent on PD-L1 costimulation by ECs.
Another murine EC type was also shown to have similar capacities where murine
corneal ECs were shown to induce Treg populations through their expression of CTLA2α and membrane-bound TGF-β (Sugita et al., 2011). More recently, Carambia et al.
(2014) demonstrated that murine liver sinusoidal ECs can induce CD4+CD25+Foxp3+
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Tregs, at a higher efficacy compared to liver DCs or Kupffer cells, through a TGF-βdependent mechanism. A key study was conducted by Taflin et al. (2011) which
demonstrated human EC potential in induction of Treg populations. This study showed
that co-culture of CD4+ T cells with IFN-γ-activated human dermal microvascular EC-1
(HMEC-1) cells for 7 days induced Treg and proinflammatory Th17 populations. More
importantly, Th17 and Treg expansion was also observed with primary human dermal
microvascular ECs (HDMECs). Treg induction was shown to be contact and ICAM-1dependent whereas Th17 expansion was dependent on EC secretion of IL-6 and
STAT-3 phosphorylation within the activated CD4+ T cells.

1.6.3

Effect of Treg on EC immunogenicity

ECs have been proposed to be one of the many target cells that Tregs can exert their
function on, contributing to Treg regulation of peripheral tolerance. Human allospecific
CD8+CD28-FOXP3+ T suppressor cells were found to induce HUVECs into a
tolerogenic

phenotype

which

express

inhibitory

receptors

immunoglobulin-like

transcript (ILT)-3 and ILT-4 (Manavalan et al., 2004). This was supported by Gleissner
et al. (2007) who showed that IL-10 treatment of HUVECs upregulated suppressor of
cytokine signalling 3 (SOCS-3), a negative regulator of cytokine secretion and induced
expression of ILT-3 and ILT-4 which dampens costimulatory capacity of ECs.
Manavalan et al. (2004) proposed that these tolerogenic ECs can elicit differentiation of
CD8+CD28-FOXP3+ T suppressor cells but was disputed by Gleissner et al. (2007) who
failed to observed Treg induction. Nonetheless, these studies showed that alloantigenspecific suppressor T cells could induce tolerogenicity and reduce alloreactivity of
these ECs.
Human CD4+CD25+Foxp3+ Tregs were shown to have protective effects on
inflammatory activation of HUVECs (He et al., 2010). Incubation of HUVECs with Tregs
and anti-CD3 antibodies was found to subsequently reduce HUVEC responses to
oxidised low-density lipoprotein (ox-LDL) or LPS in their expression of CD86, VCAM-1
and proinflammatory cytokines MIP-1 and IL-6. These interactions were thought to be
mediated by Treg CTLA-4 and CD86 expression and possibly by production of IL-10
and TGF-β. Studies have also shown that Tregs can mediate immune suppression
through the dampening of leukocyte recruitment capacity of the endothelium. Tregderived adenosine, produced by ectonucleotidase CD39 on Tregs, was found to
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downregulate E- and P-selectin expression on vascular ECs thus reducing T cell
adhesion to the endothelium (Ring et al., 2009). A study by Maganto-García et al.
(2011) also showed that iTregs dampened leukocyte recruitment by inflamed
endothelium of acute peritonitis in vivo. Co-culture of murine heart ECs with iTregs
reduced the subsequent adhesion and transmigration of Th1 cells to ECs and
dampened E-selectin and P-selectin expression of ECs in response to IL-1β or TNF-α.
Overall, Tregs can regulate immune responses by suppressing EC immunogenicity and
their capacity to recruit leukocytes.

47

1.7 Aims of this thesis
ECs have been proposed to induce Treg expansion and enhance Treg suppressive
capacities but the evidence for this occurring in humans is limited, especially in relation
to chronic inflammatory conditions such as in the skin. It is unclear if there is a specific
phenotype of ECs in the human system that selectively recruits or selectively activates
Tregs. Hence there is a need to further understand EC-Treg interactions in human
physiology.
This PhD aims to study the interactions between human ECs and Tregs through basic
biological investigations to produce data applicable to translational research. This
thesis hypothesised that dermal EC-Treg interactions are important for activation of
Tregs in human skin and insufficient or inadequate activation of Tregs by ECs leads to
continued inflammation and prevents resolution in inflammatory skin disorders.
The aims of this thesis were:
1. To investigate the induction or expansion of Treg population by human ECs.
2. To study the potential activation of Treg suppressor function by human ECs.
3. To examine the mechanisms involved in the interaction between Tregs and
human ECs, especially with regards to modulation of Treg function.
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Chapter 2
Materialsandmethods
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2.1 Human endothelial cell culture
ECs align the luminal surface of blood vessels. Various types of ECs have been
cultured from a range of vascular beds including lung microvascular ECs, dermal
microvascular

ECs

and

synovial

microvascular

ECs.

Extensive

endothelial

heterogeneity exists making it an important consideration when choosing the
appropriate type of EC to study in any given physiology or pathology (Aird, 2012).
HUVECs are routinely used as a model of a postcapillary venule for research in
inflammation, cell adhesion and cell transmigration. Apart from ease of isolation, they
have been shown to exhibit immunological processes which would occur in
postcapillary venules (Bargatze et al., 1994). However, HDMECs are potentially more
appropriate cells to use to study the specificity of skin physiology as the
microenvironment of the skin vascular bed may be one of the important factors in cell
function control.
The isolation method for macrovascular ECs such as HUVEC is relatively simple where
cells can be directly removed from the vessel wall without smooth muscle cell
contamination. Veins can be cannulated and perfused with extracellular matrix
degrading enzymes such as collagenase. In contrast, microvascular ECs such as
HDMECs are more challenging to isolate and purify. These cells are also typically more
demanding in their growth requirements. The crucial step in culturing HDMEC is
acquiring enough of the primary seeding population. Contamination and overgrowth of
other cell types such as fibroblast was one of the main concerns encountered when
isolating HDMECs from a mixed starting population.

2.1.1

Materials

HUVEC media: M199 media (Life Technologies), 20 % pooled off the clot human
serum (TCS Bioscience), 100 U/mL penicillin, 100 µg/mL streptomycin and 292 µg/mL
L-glutamine (Life Technologies). Filter sterilised.
HDMEC media: M199 media (Life Technologies), 20 % pooled off the clot human
serum (TCS Bioscience), 100 U/mL penicillin, 100 µg/mL streptomycin and 292 µg/mL
L-glutamine (Life Technologies), 30 µg/ml endothelial cell growth supplement (ECGS)
(Sigma-Aldrich; Dorset, UK), 30 U/ml heparin (Sigma-Aldrich).

50

Endothelial Cell Growth Medium MV2 (Promocell; Heidelberg, Germany): consist of
SupplementMix [contains 5 % fetal calf serum, 5 ng/mL recombinant human epidermal
growth factor, 10 ng/mL recombinant human basic fibroblast growth factor, 20 ng/mL
insulin-like growth factor (Long R3 IGF), 0.5 ng/mL recombinant human vascular
endothelial growth factor 165, 1 μg/mL ascorbic acid and 0.2 μg/mL hydrocortisone],
100 U/mL penicillin, 100 µg/mL streptomycin and 292 µg/mL L-glutamine (Life
Technologies).
Gelatin (porcine; Sigma-Aldrich) was used as the coating matrix for endothelial cell
culture, where gelatin powder was dissolved to 0.2 % in warmed (56 °C) MilliQ water
with stirring (20 μg/mL), filter sterilised before being cooled and stored at 4 °C. Gelatin
was added to culture surfaces for at least 45 min. Fibronectin (from bovine plasma;
Sigma-Aldrich) was used as the coating matrix for initial culturing of HDMECs or
dermal cell populations from skin samples at 4 µg/mL in phosphate buffered saline
(PBS) and incubated on culture surfaces at 37 °C for at least 30 min. Both gelatin and
fibronectin solutions were removed before cells were seeded onto the matrix-coated
plastic. Coating matrix can affect cell phenotype and behaviour (Relou et al., 1998),
therefore, gelatin was used as the coating matrix for all HUVECs and HDMECs
comparison assays.
All plastics were purchased from Fisher Scientific (Loughborough; UK) and Corning
Life Sciences (Tewksbury; US).

2.1.2

Isolation of primary human ECs

2.1.2.1 HUVECs
Methods for isolating HUVECs were adapted from protocols published by Jaffe et al.
(1973) and Gimbrone et al. (1974). Umbilical cords were collected from the Broadlands
ward, Princess Anne Hospital, Southampton, UK from non-complicated (not requiring
induction or specialist care) natural vaginal births following agreed ethical collection
protocols (Local Research Ethical Committee (LREC) Ref: 07/H0502/83). Cords were
stored immediately at 4 °C and used within 72 hours (h) to ensure successful isolations.
Umbilical cords that appeared healthy without any discolouration were used.
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Umbilical cords were wiped clean with sterile gauze and cut into lengths of 20 – 25 cm,
with any bruised or previously clamped portions removed. Cords have two arteries and
one vein with differences in the amount of smooth muscle surrounding each vessel
(Figure 2.1). Veins were cannulated with 3 inch 16 G metal feeding tubes that were
clamped into place with plastic umbilical cord clamps before being flushed through with
cord buffer (see appendix A) (prewarmed to 37 °C) to remove residual blood and blood
clots. The open end of each cord was then clamped and the veins were filled with
approximately 15 mL of 1 mg/mL type I collagenase solution (Worthington Biochemical;
Lakewood; US) (reconstituted in warm cord buffer and filter sterilised) for 10 min in a
warmed cord buffer water bath. This allowed the detachment of ECs from the vessel
wall with minimal contamination whereas longer incubations would lead to greater
contamination potential especially with smooth muscle and fibroblast like cells.
HUVECs were collected from veins into HUVEC media-containing conical tubes where
the serum content of the media prevents further collagenase activity. Veins were
flushed through with cord buffer to collect any remaining endothelial cells. For each
cord, collected cells were pelleted by centrifugation [5 min, 400 g at room temperature
(RT)], resuspended and plated onto a gelatinised T75 flask in 10 mL HUVEC media
and incubated overnight in 37 °C, 5 % CO2 balanced air humidified incubator. Cells
were then washed with warmed Ca2+, Mg2+-free HBSS in order to remove
contaminating erythrocytes, non-adherent cells and debris. HUVECs were fed with
fresh media every two days and grown to confluence at 37 °C and 5 % CO2 in a
humidified atmosphere. HUVECs were typically used at passage 1 due to the constant
availability of tissue.
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Figure 2.1: Cross section of an umbilical cord.
An umbilical cord is composed of Wharton’s jelly and has one vein, which appears larger
with less surrounding smooth muscle tissue and two arteries that are smaller and have
more surrounding smooth muscle tissue.

2.1.2.2 HDMECs
The first description of EC isolation from newborn human foreskin was reported by
Davison et al. (1980). They later described the isolation and long term culture of
HDMECs sourced from adult human skin (Davison et al., 1983). Isolation of HDMEC
was achieved by tissue disaggregation using dispase, collagenase digestion and
homogenisation of tissue pieces where ECs from both vascular and lymphatic vessels
in the dermis would be collected.
Skin sections of typically no larger than 30 cm2 were obtained (LREC Ref: 07/Q1704/59)
from mastectomy procedures at the Day Surgery, Princess Anne Hospital,
Southampton, UK. Skin sections obtained were otherwise healthy despite the removal
due to suspected breast cancer and without any obvious skin or tissue pathology.
Samples were transported in sterile PBS and used on the same day as removal.
Adipose tissue was removed and cut into pieces of approximately 25 mm2 using
scalpel blades. Skin pieces were incubated in dispase (2 U/mL) (Sigma-Aldrich)
overnight at 4 °C. Dispase cleaves fibronectin and collagen, allowing the epidermis to
separate from the dermis and smaller cut skin sizes allow effective dispase digestion.
For each skin section, the epidermis was peeled from the dermis using forceps. Dermis
sections were washed with PBS and sliced into fine pieces using two crossed scalpel
blades. Dermal tissue was then digested with 1 mg/ml Type I collagenase (Worthington
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Biochemical) for 30 min in a shaking water bath at 37 °C. Tissue was washed with
serum-containing media and centrifuged at 400 g for 5 min at RT without break. This
allowed separation of fat from tissue and cells where the supernatant was later
discarded. Using a manual glass tissue homogenizer, dermis tissue was homogenized
to allow effective extraction of cells. The following supernatant was filtered through a
100 micron nylon mesh and the resultant cell slurry was centrifuged at 400 g for 5 min.
The cell pellet was resuspended with HUVEC media and filtered through a 40 micron
nylon mesh then centrifuged at 400 g for 5 min. Pelleted cells were resuspended and
seeded onto fibronectin-coated tissue culture plastic wells (4 µg/mL in PBS, incubated
at 37 °C for at least 30 min) at a minimum of 20,000 cells per cm2 in HDMEC media
and grown at 37 °C and 5 % CO2.
Variations of this isolation technique were tested, discussed later in section 3.2 with
mixed results in isolation and propagation of pure HDMEC populations from donated
skin samples. Therefore, primary HDMECs were also commercially purchased from
PromoCell for experimentations described in chapters 4, 5 and 6.

2.1.3

Subculture of HDMECs

HDMECs were passaged in order to generate enough replicate cultures for cell
characterisation and experimentation. Trypsin-ethylenediaminetetraacetic acid (EDTA)
(0.25 %; Life Technologies), HUVEC media and Ca2+,Mg2+-free HBSS were used at RT;
HDMEC monolayers were washed with Ca2+,Mg2+-free HBSS and then incubated with
trypsin-EDTA for no more than 2 min. Cells were detached by gentle tapping of the
flask and an equal volume of media was added to neutralise the trypsin-EDTA.
HDMECs were collected and centrifuges at 200 g for 3 min as per manufacturer’s
instructions. Cells were resuspended in Endothelial Cell Growth Medium MV2
(Promocell) (prewarmed to 37 °C) and a cell count with trypan blue staining was
conducted. HDMECs were plated at densities of 10,000 – 20,000 cells/cm2 in gelatincoated culture flasks and were grown to confluence before the next passage. Initial
populations of HDMECs purchased from Promocell were passaged up to P6 and
cryopreserved for storage until use.
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2.1.4

Cryopreservation of HDMECs

Expanded HDMECs were preserved by gradual freezing and stored in liquid nitrogen
until required. Cells were washed with media and resuspended in freezing medium
(sterile cold human serum + 10 % DMSO) at a cell density of at least 1 x 106 cells/mL.
Cells were aliquoted at 1 mL per ampoule and placed in a freezing container filled with
isopropanol. The freezing container was placed in a - 80 °C freezer overnight where
cells were slowly cooled at 1 °C/min, then rapidly transferred to liquid nitrogen storage
until required. When needed, cells were rapidly thawed in a 37 °C water bath and
diluted into a 10-fold volume of media to remove excess DMSO. Cells were centrifuged
at 200 g for 3 min and cell counts with trypan blue staining was used to assess viability
and modulate seeding densities as required.

2.1.5

Cytokine stimulation of ECs

For in vitro assays, cells such as ECs are often stimulated with cytokines to simulate an
inflammatory reaction. HUVECs or HDMECs plated on gelatinised-culture plates at
appropriate cell density were grown until confluent. IFN-γ (human, leukocyte-derived,
3000 U per ampoule; NIBSC) or TNF-α (human, rDNA derived, 42,000 U/µg; NIBSC)
were diluted to required concentrations using prewarmed (37°C) HUVEC media or MV2
media. Media from cultured cells was aspirated and replaced with fresh warm media
(control) or IFN-γ or TNF-α containing media. Cells were incubated for the necessary
time period and then washed twice with warm media to remove cytokine solutions
before further use.
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2.2 Human T lymphocyte culture
Lymphocytes can be isolated from whole blood or tissue in order to study their
characteristics and function in vitro. PBMCs can be separated from whole blood using
a density centrifugation method, obtaining a cell population consisting of T cells, B cells,
NK cells, monocytes and DCs. PBMCs can be further immunophenotyped using cell
surface staining or intracellular staining and then purified into specific cell subtype
populations using various methods of cell sorting such as magnetic-activated cell
sorting (MACS) and fluorescence-activated cell sorting (FACS).

2.2.1

Materials

Complete Dulbecco’s modified eagle medium (DMEM): DMEM (Life Technologies;
Carlsbad, US), 10 % pooled off the clot human serum (TCS Bioscience; Botolph
Claydon, UK), 100 U/mL penicillin, 100 µg/mL streptomycin and 292 µg/mL Lglutamine (Life Technologies).
Complete Roswell Park Memorial Institute (RPMI)-1640 media: RPMI-1640 (Life
Technologies), 10 % heat-inactivated pooled off the clot human serum (TCS
Bioscience), 1 mM sodium pyruvate (Life Technologies), 100 U/mL penicillin, 100
µg/mL streptomycin and 292 µg/mL L-glutamine (Life Technologies).
All plastics were purchased from Fisher Scientific and Corning Life Sciences.

2.2.1.1 Heat inactivation of human serum
Human serum was heat inactivated routinely to destroy any heat labile complement
activity before addition to RPMI media. Human serum contains complement, a system
that consists of soluble proteins that circulate in inactive form in blood but interact with
each other during an inflammatory response. This may affect T cell function if
contained in T cell media. Serum was incubated at 56 °C in a water bath for 30 min,
with regular gentle mixing to prevent protein coagulation. Serum was then placed
immediately on ice in order to cool and prevent degradation of growth promoting
activity of the serum. Higher temperature or extended heat inactivation could increase
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precipitate formation and decrease the capacity of the human serum to promote cell
growth.

2.2.2

Isolation of human PBMCs

The density centrifugation method separates out mononuclear cells from whole blood
by manipulating differences in cell density of different cell types. Anti-coagulated blood
can be layered on a density gradient medium which can be made in house or via
commercially available sources including Lymphoprep, Optiprep (both from Stemcell
Technologies; Vancouver, Canada) and Ficoll-Paque (GE Healthcare; Little Chalfont,
UK).
Whole blood is collected from healthy donors with signed consent following ethically
approved protocols (LREC Ref: 07/H0504/93) into BD Vacutainer® K2E tubes (BD
Biosciences; Franklin Lakes, US) containing anticoagulant EDTA via 19 G butterfly
needles placed into a vein in the cubital fossa and used either immediately or within the
first hour. Whole blood was diluted with an equal volume of sterile PBS at RT.
Lymphoprep was used at RT as the density of the Lymphoprep is temperature
dependent and would affect the isolation technique. 25 mL of PBS-diluted blood was
layered on top of 15 mL of Lymphoprep in 50 mL plastic conical tubes. Tubes were
then centrifuged at 800 g for 20 min at 20 °C without breaking. Granulocytes and
erythrocytes sediment through the density medium due to their higher density, whereas
the mononuclear cells (lymphocytes, monocytes, DCs) form into a buffy coat between
the top layer of plasma/platelet fraction and density medium layer (Figure 2.2).
Buffy coats were harvested where two buffy coats were collected into a single 50 mL
plastic conical tube and topped up to 50 mL with cold (4 °C) sterile PBS. Cells were
centrifuged at 400 g for 7 min at 4 °C. Supernatant was discarded and the cell pellet
was washed with 50 mL ice cold PBS per tube. Tubes were centrifuged again at 400 g
for 5 min at 4 °C before supernatants were removed and cell pellets resuspended in
complete RPMI media. A viable cell count was conducted using a haemocytometer and
trypan blue exclusion.
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Figure 2.2 : Isolation of PBMCs from whole blood using density centrifugation.
Whole blood was diluted with PBS at a 1:1 ratio. 25 mL of diluted blood was gently layered
onto 15 mL lymphoprep in a 50 mL plastic conical tube and centrifuged at 800 g for 20
min at 20 °C with no braking. This allows the separation of the erythrocytes and
granulocytes from the PBMCs that form the buffy coat layer.

2.2.3

Monocyte depletion through cell adherence on plastic

An easy procedure for isolating or eliminating monocyte populations in PBMCs is by
exploiting the ability of monocytes to adhere to plastic (Wahl et al. 2006). However, this
method would not be suitable if the monocytes are the cells of interest as adherence
induces monocyte activation including mRNA expression of c-fos and TNF (Haskill et
al., 1988). PBMCs were resuspended in complete RPMI media at 2 x 106 cells/mL and
each 10 mL of cell suspension was added into one T75 flask. PBMCs were incubated
at 37 °C for 60 to 90 min, during which monocytes would adhere to plastic. Nonadherent cells (including lymphocytes) in media were collected and the adherent cell
layer was washed once with 10 mL PBS to collect any remaining lymphocytes.

2.2.4

Proliferation assay

Measurement of lymphocyte proliferation in response to different stimuli is a basic
technique widely used to assess biological functions of lymphocytes. Different stimuli
can be used to induce lymphocyte proliferation by activating T cells or B cells via
various pathways. Direct activation of the T cell receptor (TCR) can be targeted by
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specific antigen or stimulatory anti-CD3 (aCD3) antibody. Anti-CD28 (aCD28)
stimulatory antibody can also be used to provide costimulatory signals in conjunction
with TCR activation. Polyclonal activation of T cells can be stimulated by PHA which is
a mitogenic lectin derived from red kidney beans. Pharmacological agents including
phorbol 12-myristate 13-acetate (PMA), a protein kinase-C activator and ionomycin, an
ionophore which allows Ca2+ to enter the cell can also be used to activate T cells.
There are various methods of measuring cell proliferation. Proliferation associated
antigens such as Ki67 or Proliferating Cell Nuclear Antigen (PCNA) can be quantified
using immunohistochemistry to calculate a proliferating cell index. Proliferating cells
also have to generate new DNA therefore quantification of DNA synthesis can be
measured using tritiated thymidine (3H-thymidine) or bromodeoxyuridine (BrdU)
incorporation. A colourimetric assay can be utilised to measure the number of viable
cells in culture. Using the conversion of a soluble compound 3-(4,5-dimethylthiazol-2yl)-2,5-diphenyltetrazolium bromide (MTT) to its insoluble formazan product via actively
respiring mitochondria, a measure of cell viability and relative cell number can be
calculated. A further method using fluorescent dyes such as carboxyfluorescien
succinimidyl ester (CFSE) could also be employed to track the proliferation of
lymphocytes. This method relies on the partitioning of the fluorophore between two
daughter cells at cell division. The dilution of fluorescence is used as an index of
proliferation across the whole time course and can be used in a variety of ways. 3Hthymidine and CFSE were the two agents used in this study to measure lymphocyte
proliferation and methods are detailed in sections 2.2.4.2 and 2.2.4.3.

2.2.4.1 Plate binding of stimulatory antibodies
Stimulatory antibodies aCD3 and aCD28 can be used in soluble form but deliver
stronger stimulatory signals when used in solid-state including bound to the plastic
surface of inert beads or culture wells. Mouse anti-human CD3 functional grade purified
antibody (OKT3 clone; eBioscience; San Diego, US) and mouse anti-human CD28
purified (9.3 clone, kind gift from Dr. Ruth French, University of Southampton) were the
stimulatory antibodies used in this study. For 96-well round-bottom culture plates, 30
μL of aCD3 alone or aCD3 with aCD28 (aCD3/28) at desired concentrations in sterile
PBS were added to each well. Control wells containing 30 μL PBS only were also
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included. Plates were incubated at 37 °C for at least 6 h. Wells were washed twice with
200 μL sterile PBS to wash off any excess antibodies before being used with cells.

2.2.4.2

3

H-thymidine incorporation

The 3H-thymidine incorporation assay is a standard assay used widely to measure
DNA synthesis as an indicator of cell proliferation. 3H-thymidine incorporation allows
the sensitive measurement of proliferation of a small number of cells of less than 1 x
105 per well. During the incubation of stimulated cells and 3H-thymidine, proliferating
cells undergoing S phase of the cell cycle incorporate 3H-thymidine into their newly
synthesised DNA. However, 3H-thymidine incorporation does not provide any data on
cell phenotype or number of division undergone.
Cells stimulated in a 96-well flat- or round-bottom microtiter plate were cultured for 72 h.
Liquid methyl-3H-thymidine (PerkinElmer; Beaconfield, UK) was added to each well of
cells at 1 µCi/mL and incubated for a further 16 h at 37 °C. Cells were later frozen at 20 °C to stop proliferation and aid in cell lysis. Culture plates were then defrosted and
harvested onto a UniFilter 96-well GF/B filter microplate (PerkinElmer) using the
MicroBeta FilterMate-96 Harvester (PerkinElmer). Scintillation fluid was added to each
well and radioactivity, in the form of beta particle emission, was measured using the
Topcount liquid scintillation counter (PerkinElmer), which measures the light emitted by
chemiluminescence following interaction of beta particle radiation with the scintillation
fluid, the light being proportional to the amount of radiation detected and therefore
proportional to the proliferating cells which have incorporated the labelled thymidine.

2.2.4.3 CFSE dilution
CFSE is a fluorophore used to monitor lymphocyte migration in vivo and to analyze cell
proliferation both in vivo and in vitro (Parish and Warren, 2001). Carboxyfluorescein
diacetate succinimidyl ester (CFDA-SE) is taken up by cells due to its lipophilic nature.
Inside the cells, intracellular esterases remove acetate groups from the CFDA-SE
molecule, resulting in the highly fluorescent CFSE molecule. CFSE will covalently
couple to intracellular molecules, forming stable conjugates that are unable to exit the
cell. As cells divide, CFSE is halved into each daughter cell, thus daughter cells show
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half the fluorescence intensity of CFSE compared to non divided cells. The advantage
of using CFSE over 3H-thymidine to assess cell proliferation is that the proliferation of
specific cell subpopulation can be analysed as cell marker expression can be
simultaneously analysed along with CFSE fluorescence. CFSE also allows analyses of
cells at all division states, whereas 3H-thymidine only measure cells that were at S
phase during

3

H-thymidine addition. Using CFSE instead of

3

H-thymidine also

eliminates the risk associated with the use of open-sourced radiation. However, higher
cell numbers of more than 1 x 105 per well is required to provide accurate results for
this assay.
Cells were resuspended to 2x106 cells/mL in warm (37 °C) PBS + 1 % bovine serum
albumin (BSA) (Sigma-Aldrich). CFSE (eBioscience) solution at concentrations of 10
µM or 20 µM was made with warm PBS + 1 % BSA. CFSE solution was then added to
the cell suspension at an equal volume to give final concentrations of 5 µM or 10 µM
CFSE. The presence of BSA in the staining solution helps buffer the toxic effect of
CFSE which is especially important when staining low numbers of cells. Cells were
mixed well and incubated at 37 °C for 10 min. Five times volume of complete RPMI
media was then added to quench remaining CFSE reactions. Cells were washed twice
with complete RPMI media by centrifugation at 400 g for 5 min and then resuspended
in RPMI media for viable cell count and for use in assays.
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2.3 Flow cytometry
Flow cytometry is a widely used technique in the field of immunology, which makes
individual measurements on cells or particles as they flow in a single file through a
sensing point (Ormerod, 2000). Flow cytometry is a powerful method of obtaining
multiple cellular information, including surface marker expression, nuclear protein
expression, cytokine expression and cell cycle simultaneously for multiple cell
populations. Using fluorescently-tagged ligands or antibodies to label lymphocytes, the
density and expression of cell surface and cytoplasmic determinants can be studied
and different functional subpopulations of lymphocytes can also be identified (Ormerod,
2000).

2.3.1

Principles of flow cytometry

The fluidic system of a flow cytometer consists of two fluid lines, the sheath fluid line
and the sample line, feeding into the flow chamber (shown in Figure 2.3). The fluidic
system delivers the cells in a single file to a specific point where cells would pass
through one or more laser beams. The excitation optics of the FACSAria™ Cell Sorter
(BD Biosciences) consist of three lasers, each emitting a coherent focused beam of
light at a fixed wavelength: red laser (633 nm), blue laser (488 nm) and violet laser
(405 nm). As cells pass through the laser beam, the light is scattered or excites
fluorophores conjugated to antibodies attached to the cellular antigens and the
resultant scattered and fluorescence signals are excited and emit light at longer
wavelengths. This scattered and fluorescent light is collected by the collection optics
where photodetectors convert the photon pulses into electronic signals (Ormerod,
2000). The forward scatter light indicates the size of the cells and the side scatter
relates to a cell’s granularity. The electronic signals are processed by the FACSDiva
software (BD Biosciences) and displayed as data in histograms or dot plots for multiple
parameters.

2.3.2

Fluorescent-activated cell sorting (FACS)

Cell sorting enables the physical separation of subpopulations of cells or particles of
interest from mixed starter populations using flow cytometry. The sorted cell
populations can be highly purified, where purity can reach to near 99 % or enriched in
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certain cell populations depending on the sort routine chosen. A combination of
parameters can be chosen to select the cells which will be sorted, for example the cell
surface markers CD4+, CD25hi and CD127low can be selected as parameters to sort out
Tregs. Most cell sorters use a principle involving the electrostatic deflection of charged
droplets to sort cells (Davies, 2007). Cells exit the flow chamber and are ejected into air
in a hydrodynamically focused stream of sheath fluid (shown in Figure 2.3), they break
up into stable, regularly spaced droplets and an electrical charge is imposed onto each
group of three droplets which contain the cells of interest. Charged droplets then pass
through a high-voltage electrostatic field created by two charged plates. Charged
droplets are attracted to the plate of opposite polarity and will be deflected into
separate collection tubes (Davies, 2007). Droplets that do not contain any cell of
interest are directed into waste or can be collected separately for a further round of
sorting depending on the number of cells and the purity required.
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Figure 2.3 : A generalized flow cytometry and cell sorting system.
(A) Cells are introduced into the flow chamber together with a column of pressurized
sheath fluid, which delivers cells in a single file as they pass through one or more laser
beams. (B) Cells are analysed at this point, where the flow cytometer collects information
about the fluorescence and scatter profiles of the cell. (C) After travelling through the
stream for the break-off distance, the stream breaks into uniform droplets and an
electrical charged is applied individually to droplets containing cell of interest. (D)
Charged droplets travel through an electrostatic field applied by two electrical plates,
which causes the deflection of charged droplets. (E) Charged droplets are deflected into
collection tubes, producing a pool of specific cell population in each tube. Droplets without
any charge are collected into waste. Figure adapted from Davies (2007).
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2.3.3

Materials

FACS buffer: PBS, 1 % BSA (Sigma-Aldrich)
Blocking buffer: PBS, 1 % BSA (Sigma-Aldrich) and 5 % sterile-filtered human serum
(TCS Bioscience)
Foxp3/Transcription Factor Staining Buffer Set (eBioscience)
OneComp eBeads (eBioscience)
Antibodies used, with details of fluorophore, excitation/emission (ex/em) wavelengths,
clone and concentration, are listed in section 2.3.3.1.

2.3.3.1 Flow cytometry antibody panels

Fluorophore

Ex/Em
(nm)

Clone

Concentration
(mg/mL)

Host/Isotype

Supplier

APC-Cy7

650/785

SK7

0.1

Mouse IgG1, κ

BD
Pharmingen

APCeFluor780

650/785

SK7

0.05

Mouse IgG1, κ

eBioscience

CD4

PerCP-Cy5.5

482/695

RPA-T4

0.025

Mouse IgG1, κ

eBioscience

CD25

PE

496/578

CD253G10

0.2

Mouse IgG1

Invitrogen
(Life
Technologies)

Brilliant Violet
421

407/421

HIL-7RM21

0.1

Mouse IgG1, κ

BD
Pharmingen

eFluor 450

405/445

eBioRD
R5

0.025

Mouse IgG1, κ

eBioscience

APC

650/660

PCH10
1

0.1

Rat IgG2a, κ

eBioscience

Marker

CD3

CD127

FOXP3

Table 2.1: Antibody panel for T cell characterisation.
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Marker

Fluorophore

Ex/Em
(nm)

Clone

Concentration
(mg/mL)

Host/Isotype

Supplier

CD31

APC

650/660

WM-59

0.1

Mouse IgG1, κ

eBioscience

CD105

PE

496/578

SN6

0.2

Mouse IgG1, κ

eBioscience

CD62E (Eselectin)

PE

496/578

P2H3

0.1

Mouse IgG1, κ

eBioscience

CD54
(ICAM-1)

Pacific Blue

401/452

HCD54

0.5

Mouse IgG1, κ

BioLegend

CD106
(VCAM-1)

FITC

494/520

eBM2a

0.05

Mouse IgG2a

R&D Systems

CD274 (PDL1)

PE

496/578

MIH1

0.01

Mouse IgG1, κ

BD
Pharmingen

PerCP-eFluor
710

488/710

MIH18

0.012

Mouse IgG1, κ

eBioscience

PE

496/578

0.25

Mouse IgG1

Ancell

CD273
(PD-L2)
MHC-II
(HLA-DP,
DQ and DR

TCR31.1

Table 2.2: Antibody panel for endothelial cell characterisation.

Marker

Fluorophore

Ex/Em
(nm)

Clone

Concentration
(mg/mL)

Host/Isotype

Supplier

CD152
(CTLA-4)

PE-Cy7

496/785

L3D10

0.2

Mouse IgG1, κ

BioLegend

CD279 (PD1)

PE-Cy7

496/785

Eh12.2H7

0.15

Mouse IgG1, κ

BioLegend

CD134
(OX40)

Brilliant
Violet 421

407/421

Ber-ACT35

0.2

Mouse IgG1, κ

BioLegend

CD127

Brilliant
Violet 421

407/421

4B4-1

0.1

Mouse IgG1, κ

BioLegend

(4-1BB)

Table 2.3: Antibody panel for costimulatory molecule characterisation.
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Fluorophore
APC

Host/Isotype
Rat IgG2a, κ
Mouse IgG1, κ

Ex/Em
(nm)
650/660

Concentration
(mg/mL)

Supplier

eBR2a

0.2

eBioscience

MOPC-21

0.2

BioLegend

MOPC-21

0.2

BD Pharmingen

X40

0.2

BD Pharmingen

MOPC-21

0.1

BioLegend

APC-Cy7

Mouse IgG1, κ

Brilliant Violet
421

Mouse IgG1, κ

eFluor 450

Mouse IgG1, κ

405/445

P3.6.2.8.1

0.2

eBioscience

FITC

Mouse IgG2a

494/520

eBM2a

0.2

eBioscience

PE

Mouse IgG1

496/578

-

0.1

Invitrogen (Life
Technologies)

PE-Cy7

Mouse IgG1, κ

496/785

MOPC-21

0.2

BioLegend

PerCP-Cy5.5

Mouse IgG1, κ

482/695

P3.6.2.8.1

0.2

eBioscience

PerCP-eFluor
710

Mouse IgG1, κ

488/710

P3.6.2.8.1

0.2

eBioscience

Mouse IgG1, κ

650/785

Clone

407/421

Table 2.4: Isotype control antibodies.

2.3.4

Flow sorting machine setup

The FACSAria™ cell sorter was turned on for at least 30 min before use to warm up
excitation lasers. Fluidics start-up was conducted to ensure the fluidics system was
clean and functional. The cooling tank was set at 4 °C and turned on at least 30 min
before sorting to ensure sorting chambers were cooled for T cell collection. The sorting
stream was set up so that efficiency of sorting was maximal without compromising
purity of sorted samples. The voltages of the deflection plates were adjusted so that the
sorted stream is directed straight into collecting tubes. These setting were acheived by
the use of BD FACS™ Accudrop beads (BD Biosciences), which are a single
population of 6 µm particles containing a fluorophore with ex/em wavelengths at
670/750 nm. Nozzle size used was 70 micron, appropriate for sorting of T cells with
minimal stress to the cells. Flow rate used was at the lowest possible to minimise
stress to cells but allow efficient and timely sorting. The fluidics system uses sterile
PBS to protect cell viability and minimise infection. Lines were cleaned with FACS
clean and sterile water before samples were loaded for flow cytometric analysis and
sorting. Sample chamber temperature was kept at 4 °C to aid cell viability.
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2.3.5

Cell viability staining

Cell samples can be stained to allow the discrimination and exclusion of dead cells.
Annexin V is a protein that binds to negatively charged phospholipids such as
phosphatidyl serine which is increased on the outer cell plasma membrane during
apoptosis. Cells that have lost plasma membrane integrity can be stained with
propridium iodide or 7-aminoactinomycin D (7-AAD), which enter the cell and bind
nucleic acids and fluoresce when illuminated with the relevant excitation wavelength.
An amine-reactive fluorescent dye, LIVE/DEAD® Fixable Near-infrared red (IR) Dead
Cell Stain (Ex/Em: 633/780 nm; Life Technologies), was used in this study to stain cells
with compromised membranes. The LIVE/DEAD stain binds to amine on the cell
surface on live cells but penetrates dead cells and binds strongly to cytoplasmic
amines, allowing the differentiation of dead cells from live ones by differences in
fluorescence intensity. Cells were washed with 1 mL cold PBS to remove any external
amine. Cells were centrifuged at 400 g for 5 min at 4 °C and supernatant was
discarded. LIVE/DEAD stain was diluted at 1:1000 into cold sterile PBS and 100 μL
staining solution was added to each cell sample. Cells were mixed well and incubated
on ice for at least 30 min in the dark. Cells were washed with 1 mL FACS buffer,
centrifuged at 400 g for 5 min and the cell pellet was retained for further labelling.

2.3.6

Cell surface staining

Cells were resuspended in blocking buffer at 50 µL volume or 100 µL if more than 5 x
106 cells were in a single tube. Cells in blocking buffer were incubated on ice for 15 min
to minimise non-specific binding of any subsequent labelled antibodies used.
Antibodies or isotype controls to cell surface antigens were then added at pre-titrated
dilutions and mixed well with the cells. Cells were incubated on ice in the dark for at
least 45 min. Cells at higher densities were mixed gently every 15 min as they tended
to sediment in the tube. Cells were washed with 1 mL FACS buffer and centrifuged at
400 g for 5 min at 4 °C. Cell pellets were resuspended in 200 µL FACS buffer except
where cells were to be sorted and in this case cells were resuspended in a larger
volume of 2 – 3 mL when cell number exceeds 1 x 107.
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2.3.7

Intracellular staining

Cells were washed with FACS buffer and centrifuged at 400 g for 5 min at 4 °C.
Supernatant was discarded and cell pellets were resuspended and mixed well in 100
µL fixation/permeabilisation solution (Foxp3/Transcription factor staining buffer set;
eBioscience). Cells were incubated for at least 30 min on ice in the dark. 1 mL of
permeabilisation

wash

buffer

(Foxp3/Transcription

factor

staining

buffer

set;

eBioscience) was added per tube, mixed well and centrifuged at 400 g for 5 min at 4 °C.
Supernatant was removed and cells were resuspended in 50 µL permeabilisation wash
buffer with 5 % human serum to minimise non-specific binding. Cells were incubated
for 15 min on ice in the dark. Antibody or isotype controls were then added at
appropriate dilutions and incubated for at least 45 min on ice in the dark. Cells were
washed well by vortex with 1 mL permeabilisation wash buffer and centrifuged at 400 g
for 5 min at 4 °C. Cells were resuspended in 200 µL FACS buffer ready for FACS
analysis.
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2.4 Chemical and protein quantification
2.4.1

High performance liquid chromatography (HPLC)

The ENO-20 NOx analyser (Eicom; San Diego, US) was used to measure nitrite (NO2-)
and nitrate (NO3-) content in cell culture media which had the sensitivity to detect
concentrations of each analyte as low as 50 nM. Although other methods exist to
determine NO2- and NO3- levels – fluorescence dependent, colourimetric or electrode
based, the HPLC NOx analyser method proves to be the most sensitive method
currently available. The analyser utilises a combination of a diazo coupling method and
chromatography to measure NO2- and NO3-. Injected samples first pass through a
separation column (packed column of styrene polymer gel) where NO2- and NO3- are
separated as each substance is trapped for a specific duration. After the separation
column, both substances are flowed into the reduction column; NO2- first and NO3second. NO3- is reduced to NO2- through a reaction with cadmium and reduced cooper
in the reduction column whereas NO2- passes through this column without any reaction.
Each substance reacts separately next with Griess reagent in the reactor and
generates diazo compounds the levels of which were measured by absorbance at 540
nm by the detector. The responses of the detector are transformed to voltages which
are traced by a data processor. The NO2- peak has a retention time of 4.5 min from
injection of the sample whereas the NO3- peak has a retention time of 8 min.
Concentrations of each analyte was measured by comparing to known standard
concentrations of NO2- or NO3- analysed during the same run.
Supernatants were thawed and an equal volume of methanol was added to each
sample, vortexed for 1 min, and centrifuged at 12,000 g for 10 min at 4 °C. This
allowed protein to precipitate and pellet during centrifugation. Supernatant were
transferred into vials ready for analysis or further dilution at 1:50 with sterile PBS (for
nitrate measurement) then transferred into vials. Standard curves of NO2- and NO3both at 0.1 to 20 µM were conducted alongside the culture media samples. Samples
were injected into the ENO-20 NOx analyser using a Gilson 234 Autoinjector (Gilson;
Middleton, US). Area under peak values for NO2- and NO3- were obtained using
PowerChrom v.2.2.4 analysis software (AD Instruments; Dunedin, New Zealand) and
analysed against the standard curves.
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2.4.2

Bead-based multiplex assay

The Luminex® bead-based multiplex assay was used for the simultaneous quantitative
measurement of multiple human cytokines in cell culture supernatants. The advantage
of this assay allows the measurement of multiple cytokines simultaneously within a
limited sample volume. Analyte-specific antibodies pre-coated onto colour-coded
polystyrene microparticles were incubated with standards or samples in microwells,
allowing binding of immobilised antibodies to respective analyte. Unbound substances
were washed and a biotinylated antibody cocktail specific to the analytes of interest
was added to each well. Unbound biotinylated antibody was washed off and
streptavidin-PE conjugate is added to each well. Wells were washed to remove
unbound streptavidin-PE and microparticles are resuspended in buffer ready to be read
using a dual laser analyser. One laser is microparticle specific and determines which
analyte is being detected while the other determines the intensity of PE signal that is in
direct proportion to the amount of analyte bound. Luminex® performance assay human
cytokine panel base kit A (LUH000) and individual bead sets listed in Table 2.5 were
from R&D systems (Minneapolis, US).
Assays were conducted as per manufacturer’s instructions. Samples and reagents
were prepared, where supernatant samples were thawed and reagents were brought to
RT before use. A standard cocktail containing analytes of interest for an eight point
standard curve was prepared using polypropylene tubes. A diluted microparticle
cocktail containing antibody-coated beads specific for each analyte of interest and a
diluted biotin antibody cocktail containing biotinylated antibody specific for each analyte
was prepared.
A filter-bottomed microplate was pre-wetted by adding 100 µL/well of wash buffer and
liquid was removed by vacuum filtration. 50 µL of microparticle mixture was added to
each well and 50 µL of standard or sample was also added. Supernatant samples were
added neat into wells as duplicates. The plate was covered using a foil plate sealer and
incubated on a horizontal orbital microplate shaker at 500 rpm for 3 h at RT. Wells
were then washed three times with 100 µL of wash buffer and liquid was removed each
time by vacuum filtration. 50 µL of prepared biotin antibody cocktail was added to each
well and the plate was sealed again and incubated on the shaker set at 500 rpm for 1 h
at RT. Wells were washed three times with wash buffer and vacuum filtration then 50
µL of streptavidin-PE solution was added to each well. The plate was incubated on a
shaker at 500 rpm for 30 min at RT. Wells were washed again for three times and
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microparticles were resuspended with 100 µL of wash buffer in each well and
incubated on the shaker set at 500 rpm for 2 min. Bio-Plex™ 200 System analyser with
Bio-Plex™ HTF (Bio-Rad; Hercules, US) was used to read plate.

Analyte

Sensitivity
(pg/mL)

High Standard
Value (pg/mL)

Microparticle
region

CCL2/MCP-1

0.47

2400

78

CCL3/MIP-1α

1.45

12000

59

CCL4/MIP-1β

0.72

4200

74

FGF basic

4.91

2200

54

G-CSF

1.48

2400

58

GM-CSF

1.98

1800

11

IFN-γ

1.27

1900

75

IL-1α/ IL-1F1

0.36

2600

5

IL-1ra/ IL-1F3

10.91

4100

16

IL-1β

0.57

1920

6

IL-2

2.23

2320

17

IL-4

4.46

2200

21

IL-5

0.71

1300

9

IL-6

1.11

2400

32

IL-10

0.30

2320

50

IL-17

1.10

2100

20

TNF-α

1.50

3900

77

VEGF

1.84

2400

52

Table 2.5: Beads set of analytes used in multiplex assay.
Bead sets used for cytokine quantification are as listed, along with the sensitivity level for
each cytokine measurement in this assay. The highest concentration for each cytokine
standard and the microparticle region are also as listed.
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2.4.3

Enzyme-based Immunosorbent Assay (ELISA)

Human CXCL8/IL-8 DuoSet®, Human TGF-beta 1 DuoSet®, Human TGF-beta 2
DuoSet® and Human granulocyte-colony stimulating factor (G-CSF) DuoSet® ELISA
development systems from R&D systems were used. Human IL-6 ELISA Ready-SETGo!® and Human granulocyte macrophage-colony stimulating factor (GM-CSF) ELISA
Ready-SET-Go!® (2nd Generation) from eBioscience were used. ELISA was conducted
as per manufacturers’ protocols, where buffers were prepared fresh and used at RT.
Capture antibodies were diluted in coating buffer or sterile PBS and each added at 100
µL in high-affinity binding 96-well plates (Corning Costar 9018). Plates were sealed and
incubated overnight at 4 °C for IL-6 and GM-CSF plates or at RT for IL-8, TGF-β1,
TGF-β2 and G-CSF. Wells were aspirated and washed at least three times with wash
buffer (PBS + 0.05 % Tween-20), then plates were blocked by adding 200 µL ELISA
diluent for IL-6 and GM-CSF plates or 300 µL of reagent diluent for IL-8, TGF-β1, TGFβ2 and G-CSF. Plates were incubated at RT for 1 h. Plates were then aspirated and
washed at least three times with wash buffer. Standards were reconstituted and
supernatants were diluted to appropriate dilutions with ELISA diluent or reagent diluent.
To activate latent TGF-β1 to immunoreactive TGF-β1 for its analysis, 1 M HCl was
added at 1:6 dilution to each sample then mixed well and incubated for 10 min at RT.
Acidified samples were next neutralised by adding an equal volume of 1.2 M NaOH.
Prepared samples were then added into appropriate wells at 100 µL per well and
plates were incubated for 2 h at RT. Plates were washed five times with wash buffer
and 100 µL of detection antibody diluted in ELISA diluent or reagent diluent were
added to each well and incubated for 2 h at RT.
Plates were next washed five times with wash buffer. Streptavidin-horseradish peroxide
(HRP) was added into each well and IL-6 and GM-CSF plates were incubated at RT for
30 min whereas IL-8, TGF-β1, TGF-β2 and G-CSF plates were incubated at RT for 20
min. Plates were washed five times with wash buffer and 100 µL/well of TMB solution
was added in. Plates were incubated at RT for a maximum of 15 min before 1 M HCl
solution was added to cease HRP activity. Optical absorbance of each well was
determined by using SpectraMax 340PC Microplate Reader (Molecular Devices;
Sunnyvale, US) and SoftMax Pro data analysis software (Molecular Devices), with
readings made at 450 nm. Sample concentrations were calculated by comparing the
absorbance from known concentrations of standards and a plotted standard curve for
each experimental run.
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2.5 Statistical analyses
Statistical significance was determined by carrying out analysis using the GraphPad
Prism 6 software (GraphPad Software, Inc.; La Jolla, US). Two-tailed unpaired or
paired T test was used when comparing two sets of measurements. When comparing
three of more groups, one-way analysis of variance (ANOVA) was used. Two-way
ANOVA analysis was used for data with two affecting factors/variables. Appropriate
post-hoc tests were completed following ANOVA analysis, such as Dunnett’s, Tukey,
and Sidak methods, in order to correct for the multiple comparisons. Dunnett’s test was
used when comparing means with a control mean and Tukey method is used when
comparing every mean with every other mean. Sidak test was used in situations for
which a specialised test has not been developed and was preferred over the Bonferroni
test as Sidak test has been suggested to have more statistical power (Abdi, 2007).
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3.1 Characterisation of HUVECs
ECs can be isolated and identified based on functional characteristics and specific cell
surface marker expression. ECs are known to uptake acetylated-low density lipoprotein
by expressing Type 1 scavenger receptor (Voyta et al., 1984) and they also
constitutively synthesize vWF, stored in unique secretory vesicles called Weibel-Palade
bodies (Weibel and Palade, 1964). Under light microscopy, confluent EC monolayers
have a characteristic cobblestone-like morphology. ECs express markers that are
helpful in identifying these cells in vitro and in vivo. CD31 is expressed by most ECs
but also platelets, B and T cell subsets, monocytes and neutrophils (Garlanda and
Dejana, 1997; Pusztaszeri et al., 2006). Mature and angiogenic ECs express the
marker CD105 (endoglin) but cells including monocytes transitioning into macrophages
and B lymphocytes can also express CD105 (Gougos and Letarte, 1988; Duff et al.,
2003). CD31 and CD105 were used together in this thesis as markers for EC
identification.
To verify that HUVECs isolated routinely from umbilical veins were truly ECs, cells
were stained with fluorescent anti-CD31 and anti-CD105 antibodies then analysed
using flow cytometry for cell phenotype. A representative experiment is shown in
Figure 3.1, whereby isolated HUVECs used in this thesis were both CD31 and CD105
positive. HUVECs were also visualised under phase contrast microscopy for their
morphology, both unstimulated and after 24 h of stimulation with 10 U/mL IFN-γ, 1
ng/mL TNF-α or combination of both IFN-γ and TNF-α. As shown in Figure 3.2,
HUVECs used in this thesis displayed the expected cobblestone-like morphology and
retain this appearance after cytokine stimulation albeit appearing elongated and
convoluted.
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Figure 3.1 : CD31 and CD105 expression of HUVECs.
HUVECs were stained with anti-CD31 (APC) and anti-CD105 (PE) fluorescent antibodies
and analysed using flow cytometry. Cells were gated based on (A) forward and side scatter
profiles, from which (B) CD31 and CD105 expression were analysed. Plots from a
representative experiment are shown.

Figure 3.2 : Micrographs of resting and activated HUVECs.
HUVECs were left (A) unstimulated or stimulated with (B) 10 U/mL IFN-γ, (C) 1 ng/mL
TNF-α or (D) both IFN-γ and TNF-α at the previous respective concentrations for 24 h.
Micrographs were taken with x 100 original magnification; scale bars of 50 µm are
included.
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3.2 Isolation of HDMECs
Isolation of HDMECs from skin samples was attempted as part of this thesis, where
this method was carried out by tissue disaggregation using dispase, collagenase
digestion and homogenisation. Various components of this method were optimized in
order to achieve enough viable cells for primary seeding and expanding. After removal
of epidermis, dermal samples were sliced into fine pieces using two crossed scalpels.
For the collagenase digestion performed routinely after tissue disaggregation, 1 mg/mL
of collagenase alone was used however this was later supplemented with 1 U/mL
DNAse which allowed for easier manual homogenisation of the digested tissue.
Automated homogenisation was tested in a few attempts using gentleMACS™ C tubes
(Miltenyi Biotec; Bergisch Gladbach, Germany), but this method was not viable due to
the toughness of the dermal tissue.

3.2.1

Purification of HDMECs

Contamination of fibroblast-like cells occurs during the isolation of HDMECs; therefore
it is crucial to purify HDMECs from the mixed population through positive or negative
selection. HDMECs could be directly purified on the day of isolation or after the mixed
cell populations have been expanded. Two main methods have been used for selecting
HDMECs: MACS and FACS. Expression of phenotypic surface molecules is required
for the effective use of these methods.

3.2.1.1

Purification of HDMECs by MACS

Dynabeads® CD31 (Invitrogen; Life Technologies) were initially used to positively
isolate HDMECs. These polystyrene beads of 4.5 µm diameter contain a
superparamagnetic core coated with mouse IgG1 monoclonal antibodies that bind
specifically to CD31. Dermal cell populations were trypsinised, washed and
resuspended in 500 µL HBSS. Cell count was carried out and 1 µL CD31 dynabeads (4
x 105 beads) were typically added to the cell suspension. Cell suspensions were
incubated at room temperature for 20 min to allow binding of dynabeads to CD31+ cells.
Cells were then placed in a magnetic field for 2 min after which supernatant was
carefully removed. The tube was removed from the magnet and retained cells were
washed with 1 mL HBSS then placed back into the magnetic field for 2 min when
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supernatant was removed again. The cell pellet was resuspended in HDMEC media
and plated onto fibronectin-coated wells. However, it was difficult to count the initial cell
population extracted from dermis, which often led to over-labelling of cells with >4
beads per cell. This appeared to hinder cell adhesion onto fibronectin-coated wells and
also cell growth.
CD31 MACS® MicroBeads (50 nm diameter; Miltenyi Biotec) were next used to
positively isolate HDMECs via MACS, whereby CD31+ cells were isolated as per
manufacturer’s instructions. Briefly, FcR blocking reagent and then CD31 MicroBeads
were added to the dermal cell suspension. Cells were incubated with MicroBeads for
15 min at 4 °C then washed and resuspended in 1 mL of media. A LS column (for
positive selection of magnetically-labelled cells; Miltenyi Biotec) was placed in the
magnetic field of a MidiMACS separator (Miltenyi Biotec) and washed with 3 mL of
media. Labelled cell suspension was applied onto the column. Washing steps were
performed (3 x 3 mL of media) and effluent from the column was collected as the
unlabelled cell fraction. 5 mL of media was then applied to the column and immediately
flushed through with the plunger to collect the magnetically labelled cells. Cells were
washed and resuspended in HDMEC media then plated on fibronectin-coated wells.
The MicroBeads appeared to successfully pull out cells but the cells failed to proliferate
to confluence in HDMEC media therefore the purity of the isolated cells was not verified
due to the low cell numbers.

3.2.1.2 Purification of HDMECs by FACS
FACS was next investigated as a method of purifying HDMECs. Mixed dermal cell
populations were retrieved by trypsinisation then washed and labelled with fluorescent
anti-CD31 and anti-CD105 antibodies. Using flow cytometry, CD31+CD105+ cells were
identified and sorted into HDMEC media before being plated onto fibronectin-coated
wells for culture. Figure 3.3 shows the FACS plots from the cell sorting of HDMECs
from skin sample HS317. The dermal cell population of sample HS317 showed three
populations of cells based on CD31 and CD105 expressions. The CD31-CD105- cells
were potentially fibroblasts or adipose cells. The CD31+CD105- cells could include
immature ECs but also platelets, monocytes, neutrophils or B and T cells. The
CD31+CD105+ cells were most likely mature dermal ECs. CD31+CD105+ cells were
sorted and cultured in HDMEC media on fibronectin-coated (4 µg/mL) wells which then
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grew into a monolayer with cobblestone-like morphology but also failed to achieve
confluence.
This method was used on six samples of skin tissue. The percentages of
CD31+CD105- and CD31+CD105+ cells yielded from each sample are shown in
Table 3.1. Percentages of these two cell populations vary between different samples.
However, none of the CD31+CD105+ cells sorted and cultured grew into viable cell lines.

Figure 3.3 : Cell sorting of CD31+CD105+ cells from isolated dermal cell populations.
Dermal cell populations successfully isolated from donated skin samples were cultured for
at least two days before being stained for CD31 and CD105 and analysed using flow
cytometry. (A) Cells were gated based on their forward and side scatter profile. (B) CD31
and CD105 expression profile of these cells was analysed and CD31+CD105+ cells were
sorted. (C) Post sort analysis to ensure purity of the sorted population was carried out.
FACS plots of cells isolated from skin sample HS317 are shown.
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Sample

%CD31+CD105- %CD31+CD105+

HS312

1.38

8.33

HS317

18.4

14.9

HS320

15.6

0.57

HS333

9.41

46.5

HS335

23.0

29.1

HS337

6.83

23.3

Mean ± SD

12.4 ± 8.0

20.5 ± 16.3

Table 3.1: CD31 and CD105 profiles of dermal cell populations isolated from skin
samples.
Dermal cell populations successfully isolated from six donated skin samples were cultured
for at least two days before stained for CD31 and CD105 and analysed using flow
cytometry. Percentages of CD31+CD105- and CD31+CD105+ cells of the total cells analysed
for each skin sample are as shown.
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3.3 Characterisation of commercially purchased HDMECs
Primary HDMECs isolated from juvenile foreskins were purchased from Promocell.
Samples arrived as cryopreserved cells and were revived and cultured as per
manufacturer’s instructions. HDMECs were passaged up to P6 to achieve adequate
cell numbers before cryopreservation, then revived and used in assays when needed.
Images captured from phase contrast microscopy of HDMEC monolayers at passage 2
to 6 were taken to check for consistent cell morphology. Figure 3.4 shows that
HDMECs exhibit the expected cobblestone-like appearance at each passage.

Figure 3.4 : HDMEC morphology at different passages.
Captured phase contrast images of HDMECs (purchased from Promocell) were taken at
initial seeding and passages 2 – 6. HDMECs showed similar morphology of typical
cobblestone-like appearance at every passage. Seeding density was different for each
passage shown hence the difference in cell density seen. Micrographs were obtained with
x 100 original magnification; scale bars of 50 µm are included.

HDMECs were used at passage 6 and 7 for functional assay in this thesis. It was
important to ensure that the phenotype of HDMECs at these passages was similar in
order for functional assays to be comparable when using HDMECs of either passage.
HDMECs at both passages were stained and analysed by flow cytometry for CD31 and
CD105 expression. Figure 3.5 shows the majority of HDMEC populations at each
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passage 6 and 7 were positive for both CD31 and CD105 expression and were
therefore comparable at each passage.
Expression of the adhesion molecules ICAM-1 and VCAM-1 were also compared
between HDMECs of passage 6 and 7. HDMECs were used untreated or treated with
10 U/mL IFN-γ, 1 ng/mL TNF-α or a combination of both cytokines for 24 h. Cells were
then gently removed by trypsinisation and washed and stained with fluorescent
antibodies for CD31, CD105, ICAM-1 and VCAM-1 expression. Samples were
analysed by flow cytometry. ICAM-1 expression was found to be similar between
HDMECs of passage 6 and 7, both unstimulated or after stimulation with cytokines
(Figure 3.6). This was also similar with VCAM-1 expression (Figure 3.7).

Figure 3.5 : CD31 and CD105 profile of HDMECs at passage 6 and 7.
HDMECs at passages 6 and 7 were stained and analysed using flow cytometry to make
sure there were no changes in cell phenotype. FACS plots show CD31 and CD105
expression profiles of unstimulated HDMECs at both passage 6 (left) and 7 (right).
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Figure 3.6 : ICAM-1 expression of HDMECs at passage 6 and 7.
HDMECs at passage 6 and 7 were stimulated with 10 U/mL IFN-γ, 1ng/mL TNF-α or
combination of both for 24 h, before being stained for ICAM-1 expression and analysed by
flow cytometry. Graphs show percentages of cells positive for ICAM-1, gated on the stained
population (blue line) as discriminated from the isotype control (red line).
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Figure 3.7 : VCAM-1 expression of HDMECs at passage 6 and 7.
HDMECs at passage 6 and 7 were stimulated with 10 U/mL IFN-γ, 1ng/mL TNF-α or
combination of both for 24 h, before being stained for VCAM-1 expression and analysed by
flow cytometry. Graphs show percentages of cells positive for VCAM-1, gated on the
stained population (blue line) as discriminated from the isotype control (red line).
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3.4 Characterisation of human T cell subsets
In order to study the function of human CD4+ T cells, these cells were isolated from
PBMCs using cell sorting. This method allows for the isolation of CD4+ T cell
populations of high purity. CD4+ T cells were routinely sorted from PBMCs that were
isolated on the same day within 2 h, to ensure a higher yield of viable cells. Typically,
10 mL of human whole blood yields 1 – 2 x 106 PBMCs and 50 – 70 % of PBMCs
would be lymphocytes whereas 10 – 30 % would be monocytes, with a representative
PBMC population as shown in Figure 3.8A. From the lymphocytes, around 40 – 50 %
of these cells are CD3+CD4+ T cells (Figure 3.8C).

Figure 3.8 : FACS analysis of T cell populations in human PBMCs.
Peripheral blood was collect and PBMCs were isolated by density centrifugation. Cells
were subsequently stained for CD3 and CD4 to analyse T cell populations in PBMCs. (A)
Lymphocytes and monocytes can be visualised based on their forward (size) and side
(granularity) scatter. Lymphocytes were gated based on their smaller forward and side
scatter. (B) From the gated lymphocyte population, single cells (singlet) were chosen by
gating the major horizontal population in a forward scatter width vs. area graph. (C) From
the singlet gating, CD3 and CD4 expression of single lymphocytic cells were analysed.
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3.4.1

Teff and Treg populations

CD3+CD4+ T cells can be further characterised into many subsets including Teffs and
Tregs. These two T cell subsets are cells of interest in this thesis and hence
characterisation of these subsets was required before using them in further functional
assays. Using markers CD3, CD4, CD25 and CD127, Teffs and Tregs were
characterised by flow cytometry. Figure 3.9 shows that Teffs were gated as CD4+CD25expressing cells whereas Tregs were gated as CD4+CD25hiCD127low expressing cells
from the gated CD3+ lymphocytes.
FOXP3 is a marker for Tregs but can also be expressed by activated Teffs. FOXP3
expression of these two T cell subsets were also analysed to verify their identity.
Stained PBMCs were fixed and permeabilised then stained for FOXP3 expression
(protocol shown in section 2.3.7) CD4+CD25- Teffs showed low FOXP3 expression,
whereas CD4+CD25hiCD127low T cells showed high FOXP3 expression as required
(Figure 3.10).

Figure 3.9 : Teff and Treg populations in PBMCs.
Experiment was conducted as described in Figure 3.8, where PBMCs were isolated from
peripheral blood and stained with fluorescent antibodies against surface markers for flow
cytometric analysis. From gated CD3+ lymphocytes, (A) Teffs were gated as CD4+CD25cells whereas (B) Tregs were gated as CD4+CD25hiCD127low cells.
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Figure 3.10 : FOXP3 expression of Teffs and Tregs.
Experiment was conducted as described in Figure 3.8 and gated (A) CD4+CD25- Teff and (B)
CD4+CD25hiCD127low Tregs were analysed by flow cytometry for their FOXP3 expression.

3.4.2

Monocyte depletion from PBMCs

To separate the lymphocyte population from the PBMCs, monocytes were first
removed before cell sorting in order to increase sorting efficiency and to remove some
of the potential APCs. A simple plastic adherence method was used as monocytes can
adhere to plastic or glass surfaces at 37 °C. Following PBMC isolation by density
centrifugation, cells were plated into a T75 flask at 5 x 106 cells/mL of complete RPMI
media. Cells were incubated at 37 °C for at least 1 h to allow monocyte adherence to
plastic. Non-adherent cells were later collected and the plastic surface was gently
washed once with PBS to collect any remaining non-adherent cells. Flow cytometric
analysis of PBMCs and monocyte-depleted PBMCs for CD14 expression (cell surface
marker for monocytes) was completed to check for the efficiency of this monocyte
depletion method. It was found that the CD14+ monocyte population was greatly
reduced from 18.4 to 1.01 % after monocyte depletion (Figure 3.11).
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Figure 3.11 : Monocyte adherence method removed most monocytes from PBMCs.
Monocytes were removed by incubating PBMCs on plastic at 37 °C for 1 h, allowing
adherence of monocytes to plastic. Cells were stained with CD14 as a marker for
monocytes and analysed using flow cytometry. (A) Whole PBMCs show the expected
lymphocyte and monocyte population (left), with a population of CD14+ monocytes (right).
(B) Monocyte depleted PBMCs show the expected lymphocyte population (left) but a much
reduced CD14+ monocyte population (right).
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3.4.3

Removal of CD3 as marker for CD4+ T cells

There were concerns over the effect of CD3 staining on CD4+ T cells and their
subsequent proliferation with stimulating aCD3 antibodies as CD3 expression could be
reduced following CD3 ligation (Liu et al., 2000). PBMCs were stained with or without
fluorescent (APC-Cy7) anti-CD3 antibody then sorted by FACS. Cells were then
stimulated with 5 μg/mL plate-bound aCD3 for 48 h before proliferation was measured
during a further 16 h by 3H-thymidine incorporation assay. PBMCs stained with CD3APC-Cy showed potentially lower cell proliferation compared to PBMCs which weren’t
stained, but this was not statistically significant (Figure 3.12). CD3 staining was
removed from the panel and CD4+ T cells were isolated purely based on CD4 staining.
This does not affect the purity of CD4+ T cells, even though some monocytes are
known to express CD4 (Kazazi et al., 1989). From monocyte-depleted PBMCs, gated
CD4+ cells show 99.9 % CD3 expression, confirming that these cells are true T cells
(Figure 3.13).

Figure 3.12 : Proliferation of PBMCs in responses to aCD3 stimulation after sorting
with or without CD3-APC-Cy7 staining.
PBMCs were stained with or without fluorescent (APC-Cy7) anti-CD3 antibody. Cells were
analysed by flow cytometry, whereby lymphocyte and monocyte populations were sorted
into media. Sorted cells were next plated at 10,000 cells/well in 96-well round-bottom
culture plate with 5 μg/mL plate-bound aCD3 in 200 µL complete RPMI media. Cells were
cultured for 48 h and proliferation was measured during a further 16 h by 3H-thymidine
incorporation assay. Proliferation is expressed as counts per minute (CPM) with data
shown as mean ± SD Two-tailed paired t-test was conducted; n=3.

90

Figure 3.13 : All CD4+ cells from monocyte-depleted PBMCs were CD3+.
Monocyte-depleted PBMCs were stained with CD3 and CD4, then analysed with flow
cytometry. (A) From single lymphocytic cells, CD4+ cells were gated based solely on CD4
expression. (B) Gated CD4+ cells (blue line) were nearly all CD3+, as gated with aid from
the isotype control (red line).
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3.5 Titration of T cell stimulus
3.5.1

Titration of PHA on PBMC proliferation

To determine the concentration of PHA to elicit an appropriate level of T cell
proliferation in the Treg suppression assay, PBMC proliferation in response to
increasing concentrations of PHA was examined. PBMCs were plated in RPMI media
at 1 x 105, 1.25 x 105 or 1.5 x 105 cells per well in a 96-well flat bottom culture plate.
Cells were stimulated with PHA at increasing concentrations of 0.312 to 5 μg/mL for 72
h. 1 µCi 3H-thymidine was later added to each well and cells were further incubated for
6 h to allow incorporation of 3H-thymidine. Radioactivity count was measured as a
marker of cell proliferation as detailed in section 2.2.4.2. PHA induced a concentrationdependent increase in thymidine uptake suggesting increasing PBMC proliferation, with
significant increases at PHA concentrations of 2.5 and 5 μg/mL (Figure 3.14). There
was no significant difference in the degree of proliferation between different seeding
densities of PBMCs used.

Figure 3.14 : Concentration-dependent proliferation of PBMC following PHA
stimulation.
PBMC were plated at 1 x105, 1.25 x 105 or 1.5 x 105 cells per well in a 96-well flat-bottom
culture plate in DMEM media. PBMCs were stimulated with PHA at concentrations of
0.3125, 0.625, 1.25, 2.5 and 5 µg/mL for 72 h. 1 µCi 3H-thymidine was then added to each
well and cells were further incubated for 6 h. Plates were harvested for radioactivity
counting as a measure of cell proliferation. Each experiment was completed in triplicates
and proliferation is shown as counts per min (CPM) in which data is expressed as mean ±
SD with fitted nonlinear regression curves (three parameter dose-response curve, Hill
slope = 1.0). Two-way ANOVA with Dunnett’s test was used; ***P<0.001, **P<0.01,
*P<0.05 cf. respective control; n=6.
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3.5.2

Titration of PMA with ionomycin

PMA with ionomycin concentrations were titrated, where PBMCs (20,000 cells/well in
96-well round-bottom plate) were stimulated for 48 h with PMA at 2.5 or 5 ng/mL in
combination with ionomycin at 10, 50, 100 or 500 ng/mL. From Figure 3.15A, no
significant differences in PBMCs proliferation were observed when PMA concentrations
were varied between 2.5 or 5 ng/mL in the presence of ionomycin. Ionomycin, in the
presence of PMA, caused increased PBMC proliferation at ionomycin concentrations of
50 and 100 ng/mL, with proliferation being reduced at 500 ng/mL. Similar results were
also attained when CD4+ T cells alone (20,000 cells/well in 96-well round-bottom plate)
were stimulated with PMA and ionomycin for 48 h (Figure 3.15 B).
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Figure 3.15 : Concentration-dependent proliferation of PBMC and CD4+ T cells in
response to PMA with ionomycin.
Experiments were conducted where (A) PBMCs (n=2) or (B) CD4+ T cells (n=1) were
plated at 20,000 cells/well in 96-well round-bottom plates. Cells were stimulated with
PMA at 2.5 and/or 5 ng/mL along with ionomycin at 10, 50, 100 or 500 ng/mL for 48 h. 1
µCi 3H-thymidine was added and cells were further incubated for 16 h to measure cell
proliferation. Each experiment was completed in triplicates and proliferation is shown as
counts per min (CPM) in which data is expressed as mean ± SD.
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3.5.3

Titration of aCD3/28

In order to investigate the use of aCD3 and aCD28 antibodies as T cell mitogens,
stimulatory aCD3 antibody was first tested on PBMCs to investigate whether it can
induce cell proliferation. Low concentrations of soluble aCD3 antibody starting at 0.1
µg/mL were found to induce high levels of PBMC proliferation (Appendix B).
Stimulatory aCD3 antibody was next titrated together with stimulatory aCD28 antibody,
which provide T cells with both TCR and costimulatory signals. Both antibodies were
bound to plastic (protocol in section 2.2.4.1) in 96-well round-bottom plates at different
concentration combinations shown in Figure 3.16. CD4+ T cells were isolated by cell
sorting (described in section 2.3.2) and plated in at 10,000 cells/well, in the absence of
accessory cells. Cells were cultured for 48 h before proliferation was measured during
a further 16 h using the 3H-thymidine incorporation method. Plate-bound aCD3/28
stimulation caused a concentration-dependent increase in CD4+ T cell proliferation
(Figure 3.16). Concentrations of 5 µg/mL + 5 µg/mL or 5 µg/mL + 10 µg/mL aCD3/28
caused significant levels of proliferation compared to unstimulated control (P<0.05;
n=3).

95

Figure 3.16 : Titration of stimulatory anti-CD3 and anti-CD28 antibodies on CD4+ T
cell proliferation.
Stimulatory anti-CD3 (aCD3; OKT3) and anti-CD28 (aCD28; 9.3) antibodies were prepared
at varying combinations of concentrations in cold PBS and bound to plastic wells of 96well round-bottom plates (described in Section 2.4.1). CD4+ T cells were isolated by FACS
from PBMCs, then cultured at 10,000 cells/well with aCD3/28 antibodies for 48 h. Cells
were then incubated with 1 µCi/mL 3H-thymidine for a further 16 h to measure cell
proliferation. Experiments were conducted in triplicates and proliferation is shown as
counts per min (CPM) with mean ± SD. One-way ANOVA with Dunnett’s test was
conducted; *P<0.05 cf. control; n=3.
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3.6 Titration of CFSE on PBMCs
The CFSE dilution assay is a method of quantifying cell proliferation (described in
section 2.2.4.3), where cells are stained with fluorescent CFSE dye and proliferation is
analysed by flow cytometry. High concentrations of CFSE are toxic to cells and
excessive labelling would impair cell function in vitro (Parish and Warren, 2001). Hence
CFSE was titrated to determine the optimum concentration for further experiments.
Freshly isolated PBMC were stained with CFSE at final concentrations of 5, 10, 15 and
20 µM and cell viability was assessed using trypan blue exclusion. PBMCs were then
plated and stimulated with 3 µg/mL PHA. Cells were harvested after 72 h, stained with
propridium iodide (5 µL per sample tube) to exclude dead cells and analysed for CFSE
fluorescence. After 72 h, small increases in fluorescence intensity for the unstimulated
cell population were observed with increasing CFSE concentrations. The proportion of
dead cells (PI-stained cells) with each CFSE concentration was similar at around 3 6 %, showing CFSE did not produce increased cell toxicity at the concentrations used.
Cells stained with increasing concentrations of CFSE were capable of proliferating
upon PHA stimulation, with no significant difference in the proportion of proliferated
cells (Figure 3.17).
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Figure 3.17 : Titration of CFSE on PBMCs and CFSE dilution after PBMC stimulation.
PBMCs were stained with increasing CFSE concentrations of (A) 5, (B) 10, (C) 15, and (D)
20 µM then cultured with or without 3 µg/mL PHA for 72 h. Cells were harvested and
analysed using flow cytometry for CFSE dilution as a measure of cell proliferation.
Proliferated cells (blue line) were gated by lower CFSE fluorescent intensity as compared
to the unstimulated control (red line). Percentages of proliferated cells are shown.
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3.7 Discussion
3.7.1

Human EC isolation and characterisation

Isolation of HUVECs from human umbilical veins was conducted routinely through
simple enzymatic digestion of the veins and validation of cell identity was necessary to
ensure purity of cell population. HUVEC populations were found to uniformly express
both CD31 and CD105 and displayed the typical cobblestone-like morphology in
culture which confirms their identity as human ECs. Different approaches were used to
isolated HDMECs from adult human skin samples and relatively little success was
achieved in obtaining viable HDMEC cultures. Availability of skin samples of suitable
size was infrequent which dampened the progress of protocol optimisation for HDMEC
isolation. However a few developments were made which would aid in future efforts in
isolating HDMECs. MACS was first examined as a method to purify CD31+ cells from
skin cell population where CD31 Dynabeads® were often found to cause over-labelling
of cells and prevented cell adhesion and growth on culture surfaces. The ratio of beads
to cell number has been shown to affect adhesion previously (Abbot et al., 1992) and
the 3 - 4 micron diameter of the core with the latex shell could potentially act to prevent
adhesion and functional activity of the CD31. CD31 labelled MACS® MicroBeads were
also tested in HDMEC isolations to reduce the potential effect of large surface bound
beads as these MACS® MicroBeads have been shown to be endocytosed (Glombitzat
et al., 1997). However, the purity of these cell populations was not verified as the cells
died and this methodology should be repeated to examine its efficiency in comparison
to other bead based technologies. Isolation of HDMECs by FACS was studied more
extensively than MACS and allowed selection of CD31+CD105+ cells for purification.
Several isolations of CD31+CD105+ cells from dermal cell populations were obtained
but none of these cultures grew into viable cell lines and there may be several reasons
for this:
(i)

Skin samples used were from donors at an average age of 59 ± 7.0, which
may contribute to the difficulty in initiating long-term cultures of HDMECs
from these samples likely due to cellular senescence.

(ii)

HDMEC media may also have been inadequate to meet cell culture
requirements despite containing many growth stimulating factors.

(iii)

Collagenase and homogenisation treatment may also have been too harsh
and contributed to cell death and small seeding cell population number
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reducing the paracrine factors released form ECs which stimulate
proliferation.
To compare the macrovascular HUVECs with microvascular ECs, primary juvenile
foreskin HDMECs were purchased and characterised before use in in vitro assays.
This cell line displayed the characteristic cobblestone-like morphology at every cell
passage (up to passage 7). HDMECs phenotypes were examined at passages 6 and 7
and these cells displayed similar phenotype and responded to cytokine stimulation
equally in terms of cell surface expression of CD31, CD105, ICAM-1 and VCAM-1
between each other. Hence, functional assays using HDMECs of either passage would
be comparable.

3.7.2

Human T cell characterisation

PBMC populations were routinely isolated from human peripheral blood in order to
purify T cell populations for functional assays. Characterisation of T cell populations in
PBMCs and optimisation of protocols were important to ensure high quality and
reproducibility of research. In this thesis, Teffs were defined as CD4+CD25- T cells
whereas Tregs were isolated as CD4+CD25hiCD127low T cells. Their identities were
confirmed by their respective level of FOXP3 expression, as Teffs exhibited low FOXP3
expression whereas Tregs have high FOXP3 expression, similar to that reported by Liu
et al. (2006). The importance of CD127 as a marker for Treg is further discussed in
Chapter 5.
In order to improve the efficiency of cell sorting for T cells, monocytes were removed
from PBMC populations using a simple plastic adhesion method. By examining
monocyte marker CD14 expression, it was found that this depletion method effectively
removed more than 90 % of the pre-existing monocyte population. Concerns of
possible downregulation of CD3 expression after cell surface staining that may cause
suboptimal T cell responses by aCD3 stimulation were investigated by removing CD3
as a marker of T cells from the identification panel and CD4+ T cells were identified
solely on CD4 expression. In conjunction with monocyte depletion, the removal of CD3
marker did not affect the purity of CD4+ T cell populations.
Mitogens including PHA, PMA/ionomycin and stimulatory aCD3/CD28 antibodies were
used to induce T cell proliferation. These mitogens were titrated in order to determine
100

the appropriate concentrations needed to induce optimal T cell proliferation levels as
variation in T cell responses depend not only on mitogen concentration but also cell
number/density, time point of measurement and other factors in the cultures. PHA
concentrations between 2.5 to 5 µg/mL were suitable to produce significant PBMC
proliferation whereas soluble aCD3 stimulation could induce robust PBMC proliferation
even at a low concentration of 0.1 µg/mL. In the absence of accessory cells or APCs,
concentrations of 2.5 ng/mL PMA with 50 or 100 ng/mL ionomycin were adequate to
induce CD4+ T cell proliferation and concentrations of plate bound aCD3/28 stimulation
at 5 + 5 µg/mL or 5 + 10 µg/mL were required to induce CD4+ T cell proliferation. The
proliferation tracker dye CFSE was also titrated to determine the appropriate
concentration required to stain T cells for measurement of T cell proliferation by flow
cytometry. 5 - 20 µM of CFSE were found to be optimal and concentrations of 5 and 10
µM were used for subsequent experiments.
The characterisations carried out as described above allowed for further research
concerning T cell interaction with human ECs, ensuring the quality of experiment and
data. The following chapters will describe the interaction between CD4+ T cells with
human ECs, the potential modulation of Treg function by human ECs and the
mechanisms involved in the interaction of these cell types.
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Chapter 4
EffectofhumanECinteractionwith
CD4+Tcells
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4.1 Introduction
For the effective removal of pathogens or infected cells in organs and tissue, the
recruitment and migration of lymphocytes to the target site is required. T cells are
viewed as part of the adaptive immune system, being highly specialised and
specifically reactive to the invading pathogen. Before recruited T cells enter the tissue,
they interact with and transmigrate through the endothelium in postcapillary venules
hence making ECs the first point of contact just before migration. Besides this situation,
T cells can also come into close contact with vascular ECs when they travel through
true capillaries where lumena are narrower than the diameter of a T cell (Jaehyuk Choi
et al., 2004). During steady state, ECs are rather passive, providing an anti-coagulatory
and anti-inflammatory surface. Upon activation with inflammatory stimuli, ECs not only
express MHC molecules and costimulatory molecules in vivo, but also produce a host
of inflammatory mediators. Therefore, it is desirable to hypothesise that the interaction
of T cells with ECs is not a passive process but one that would lead to functional
changes in both cell types.

4.1.1

T cell activation by human ECs

Many studies have investigated the capacity of ECs to regulate T cell activation,
especially in transplantation immunology as this may play a major role in allograft
rejection. The capability of human ECs to express MHC molecules and costimulatory
molecules means that direct and antigen-specific interactions with T cells are possible.
The contribution of these surface molecules to T cell activation have been studied in
vitro by using expanded antigen-specific T cell clones, studying allogeneic responses,
using bacterial superantigens or polyclonal activators (Pober and Tellides, 2012). This
is to compensate for the low frequency of T cells in human peripheral blood that would
be specific for any given antigen (Geiger et al., 2009). Studies so far have shown that
human ECs are capable of activating T cells such as by augmenting transcription factor
activity, inducing expression of T cell activation markers, cytokine production and
differentiation of T cells to effector subtypes.
HUVECs have been used in many studies as a general model for the postcapillary
venules. A study conducted by Marelli-Berg et al. (1996) found that IFN-γ-stimulated
HUVECs can present peptide via MHC-II and stimulate antigen-specific T cell clones.
This study also found that activated MHC-II expressing HUVECs induced proliferation
104

of allogeneic memory T cells but caused anergy in naïve T cells and proposed that it
was due to the lack of costimulatory molecules CD80 or CD86 that are required to
induce primary T cell responses. For CD8+ T cells, HUVECs were found to directly
stimulate allogeneic CD8+ T cells at rest and following IFN-γ-stimulation via antigen
presentation on MHC-I molecules (Epperson and Pober, 1994). In another study, IFNγ-stimulated HDMECs have been shown in vitro to directly induce cytokine production
and proliferation of CD4+ and CD8+ memory T cells (Shiao et al., 2005). Several studies
have demonstrated similar properties of ECs using polyclonal activators. In a study by
Ma & Pober (1998) it was demonstrated that co-culture with HUVECs in the presence
of PHA led to the production of IL-2, IFN-γ and IL-4 by naive and memory CD4+ T cells.
HUVECs were also shown to support the proliferation of naïve CD4+ T cells stimulated
by PHA, concavalin A (conA) and solid-state stimulatory anti-CD3 antibody beads
(Kunitomi et al., 2000).

4.1.2

T cell differentiation capacity by human ECs

During TCR activation, T cells may undergo differentiation where they acquire effector
functions and human ECs could potentially contribute to this process. Cultured human
ECs were found to be capable of stimulating differentiation of memory CD8+ T cells but
not naïve CD8+ T cells into allospecific CTLs, albeit not as efficiently when compared to
the ability of B lymphoblastoid cells to achieve the same effect (Biedermann and Pober,
1998; Dengler and Pober, 2000). It was expected that, as had been seen with CD8+ T
cells, human ECs would be unable to promote differentiation of naïve CD4+ T cells in a
manner similar to professional APCs (Ma and Pober, 1998), but there has been little
evidence showing capacity of human ECs to promote memory CD4+ T cell
differentiation. Human ECs do secrete a number of cytokines that have been shown to
influence CD4+ T cell differentiation into inflammatory subsets such as Th17 cells, but
few studies have proved that cytokines directly produced by human ECs are majorly
involved in this process.
As discussed in section 1.6.2, studies have demonstrated that prolonged co-cultures of
T cells with murine or human ECs led to increases in Treg numbers (Krupnick et al.,
2005; Taflin et al., 2011). However, there are aspects of this EC-T cell interaction that
have yet to be addressed. It is unclear if this occurs in an inflammatory setting such as
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in co-cultures of ECs with T cells in the presence of T cell mitogen, especially in skin
physiology.
The aim of this chapter is to examine the role of human ECs in supporting T cell
function and especially their potential to induce or expand Treg populations. The
promotion of immunosuppressive cell populations by human ECs would be beneficial in
chronic inflammatory conditions and allografts but detrimental for antitumour immunity
making the role of the EC in inflammation and tolerance an important aspect to
determine.
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4.2 Materials and methods
4.2.1

Cell sorting of CD4+ T cells from human PBMCs

PBMCs derived from full blood were depleted of monocytes, as described in
sections 2.2.2 and 2.2.3, and isolations of CD4+ T cell populations with high purity were
conducted by FACS. Cells were stained with fluorescent anti-CD4 antibody then
analysed using BD FACSAria and sorted into media-containing tubes. Shown in
Figure 4.1A, lymphocytes were gated based on forward and side scatter profile.
Doublets which are cell clumps passing through the laser beam produce an electrical
pulse with a larger area value compared to single cells and were excluded by gating
the major population from the area and width parameters of the forward scatter. CD4+
T cells were then gated based solely on CD4 expression (these cells were double
positive for CD3+ and CD4+ as shown in section 3.4.3) and sorted into complete RPMI
media. Sort purity was routinely checked with a second analysis of the sorted
populations (Figure 4.1B) and trypan blue staining was used to ensure cell viability.
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Figure 4.1 : Cell sorting of CD4+ T cells and purity of sorted CD4+ T cell population.
PBMCs were depleted of monocytes and stained for CD4 expression for cell sorting. (A)
Lymphocytes were gated based on forward and side scatter (left) and single cells were
selected (middle). CD4+ cells were gated based on CD4 expression and sorted into mediacontaining tubes. (B) Sorted CD4+ cell populations were routinely analysed for purity
directly after cell sorting and consistently showed CD4+ populations of >99%.
Representative plots are shown with percentages of parent population indicated.

4.2.2

Co-culture of human ECs with CD4+ T cells

In order to determine the ability of human ECs to support T cell responses, assays
were carried out as depicted in Figure 4.2. Purified CD4+ T cells were co-cultured with
ECs in the presence or absence of T cell mitogens PHA or aCD3/28 and T cell
proliferation and phenotype were analysed after given co-culture periods. Polyclonal T
cell activators were used to address the low frequency of antigen-specific T cells in
peripheral blood. These agents include bacterial superantigens, plant mitogens and
aCD3/28 antibodies, which mimic antigens and require APC presentation but allow for
pan activation of T cells. For experiments in this thesis, T cells and ECs used were not
haplotyped for human leukocyte antigen (HLA), but multiple different HUVECs were
used with multiple different PBMC populations from a range of individual donors. Two
methods of measuring T cell proliferation in these co-cultures were tested:
thymidine incorporation or CFSE dilution assay.
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Figure 4.2 : Experimental design for co-cultures of human ECs and CD4+ T cells.
Purified CD4+ T cells were obtained and co-cultured with human ECs at a 1:1 cell number
ratio. ECs were used unstimulated or prestimulated for 24 h with 10 U/mL IFN-γ or 1
ng/mL TNF-α for 24 h. Mitogen PHA or stimulatory anti-CD3/CD28 antibodies (aCD3/28)
were included. Both cell types were co-cultured for 72 or 120 h and then analysed for T
cell proliferation, cell activation and phenotype including CD25 and FOXP3 expression.

4.2.2.1

3

H-thymidine incorporation method

HUVECs were plated at 2 x 104 cells/well in 96-well flat-bottom plates and cultured
overnight to attain confluence. HUVECs were stimulated with 10 U/mL IFN-γ or 1
ng/mL TNF-α or maintained unstimulated, by replacing media with cytokine-containing
media or fresh HUVEC media and cultured for a further 24 h.
CD4+ T cell populations were isolated from monocyte-depleted PBMCs by cell sorting,
as previously described in section 4.2.1. HUVECs were washed twice with warm RPMI
media and CD4+ T cells were plated in at 1 x 104 cells/well in complete RPMI media.
Co-cultures were stimulated with 3 µg/mL PHA or with 5 µg/mL aCD3 and 10 µg/mL
aCD28 (aCD3/28) stimulatory antibodies in soluble form; controls (unstimulated cocultures) were also included. Co-cultures were kept at a volume of 200 µL. After 48 h
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incubation, 1 µCi/mL of 3H-thymidine was added to each well and co-cultures were
further incubated for 16 h to allow

3

H-thymidine incorporation. Cells were then

harvested onto 96-well filter plates for radioactivity counting as a measure of cell
proliferation (detailed in section 2.2.4.2).

4.2.2.2 CFSE dilution assay method
Confluent ECs were plated onto gelatinised 24-well culture plates at 1 x 105 cells/well
and cultured overnight to achieve confluence. ECs were used unstimulated or
stimulated with 10 U/mL IFN-γ or 1 ng/mL TNF-α for 24 h. CD4+ T cells were isolated
from PBMCs using cell sorting (described in section 4.2.1) and stained with 5 µM CFSE.
ECs were washed twice with warm RPMI media to remove stimulating cytokine media
and CFSE-stained CD4+ T cells were plated at 1 x 105 cells/well. Co-cultures were
stimulated with 3 µg/mL PHA or 5 µg/mL aCD3 and 10 µg/mL aCD28, kept at 500 µL
volumes and cultured for 72 or 120 h. Appropriate controls of unstimulated EC or CD4+
T cell alone cultures and co-cultures were also included.
By 72 or 120 h, cells and supernatants were collected and adherent cells were
trypsinized and collected into FACS tubes. Cells were stained for LIVE/DEAD to allow
for dead cell exclusion and markers of CD4, CD25 and FOXP3 expression (protocol
detailed in sections 2.3.5, 2.3.6 and 2.3.7). Flow cytometric analysis of the co-cultures
was completed on the BD FACSAria and data was analysed using FlowJo software
v7.6.5 (FlowJo, LLC; Ashland, US).
After preliminary results (described later in section 0), this CFSE dilution assay method
of measuring T cell proliferation in co-cultures of human ECs and CD4+ T cells were
primarily used in this thesis chapter. Variations of this assay will be detailed in the
relevant result sections.
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4.3 Results
4.3.1

HUVEC-CD4+ T cell co-culture: 3H-thymidine incorporation

Co-cultures of HUVECs and CD4+ T cells were conducted and cell proliferation was
initially measured using the

3

H-thymidine incorporation method, as described in

section 4.2.2.1. However this approach did not produce expected results as HUVECs
showed a basal level of 3H-thymidine uptake and proliferated upon PHA simulation
while there were no increases in the measured proliferation between control and PHA
or aCD3/28 stimulated co-cultures (results described in Appendix C). It is possible that
changes in CD4+ T cell proliferation in these co-cultures could not be measured
subjectively with this assay as 3H-thymidine uptake by HUVEC posed as a confounding
factor in the analysis.
This relatively simple methodology was not suitable in this form and alternative
approaches were required to measure the proliferation of T cells from co-cultures. To
resolve this problem an approach using proliferation-blocked HUVEC was initially
trialled. This required HUVEC cell division to be inhibited by treating ECs with gamma
irradiation or mitomycin C (conducted and presented in Appendix D). However as
further characterisation of gamma irradiated or mitomycin C treated HUVECs was
required before being used in functional assays, the CFSE dilution assay method
whereby T cells were stained with CFSE was developed as an alternative.

4.3.2

HUVEC-CD4+ T cell co-culture: CFSE dilution assay

CFSE dilution assays were used to allow for the specific measurement of T cell
proliferation and phenotype even in the presence of proliferating ECs. The T cells were
exposed to the proliferation tracker dye CFSE and selectively measured by flow
cytometry whilst the ECs in culture were not exposed to CSFE and as such do not
interfere with the measurement of T cell proliferation. This approach would also allow
for experimental designs to be closer to physiological conditions whereby the full crosstalk between ECs and T cells can be studied as EC proliferation would not need to be
inhibited.
HUVEC-CD4+ T cell co-cultures were set up as described in section 4.2.2.2, where
unstimulated (uEC), IFN-γ-stimulated (iEC) or TNF-α-stimulated (tEC) HUVECs were
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co-cultured with purified CD4+ T cells in the presence of PHA or aCD3/28. At time
points 72 and 120 h, cells were collected and analysed for phenotypic changes and
proliferation of CD4+ T cells using flow cytometry. The gating strategy for the analysis
of these co-cultures is as described in the next section.

4.3.2.1 Gating strategy for flow cytometric analyses
Lymphocytes were first gated (Figure 4.3A) based on forward and side scatter.
Proliferated cells have higher forward and side scatter profiles compared to
unstimulated lymphocytes. From the gated lymphocytes, cells negative for the
LIVE/DEAD stain were gated as live cells (Figure 4.3B) and CD4+ cells were next gated
based on CD4 expression (Figure 4.3C). The same analyses was completed and
compared for data collected on 72 and 120 h (Figure 4.3D and E). Based on CFSE
fluorescence, cells within the highest CFSE fluorescence intensity peak were gated as
the initial “unproliferated” population (with the aid of control unstimulated cells),
whereas cells with lower CFSE fluorescence were gated as “proliferated” cells. Next,
CD25 expression of each population was analysed, with examples of CD25 profiles of
the proliferated population at 72 and 120 h shown in Figure 4.3. FOXP3 expression of
the cell populations was compared between 72 and 120 h by gating the percentages of
FOXP3+ cells.
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Figure 4.3 : Flow cytometric analysis of HUVEC-CD4+ T cell co-culture assay.
Cells were harvested from EC-CD4+ T cell co-cultures at 72 or 120 h and stained for CD4,
CD25, CD127 and FOXP3. Marker expression and cell proliferation were analysed using
flow cytometry. (A) Lymphocyte populations were gated based on forward and side
scatter profiles. (B) Dead cells, which were stained positive for the LIVE/DEAD stain, were
excluded from the analysis. (C) CD4+ cells were gated from the live cell population.
Analysis of marker expression profiles of proliferated and non-proliferated cells at (D) 72
h and (E) 120 h were compared. (i) Cells with the highest CFSE fluorescence were gated as
the unproliferated population and low CFSE fluorescent cells were gated as the
proliferated population. (ii) CD25 expression of both populations was analysed, with an
example of proliferated cell population expression profile shown here. (iii) FOXP3+ cells
(blue line) were gated with the aid of the isotype control (red line), with an example of the
proliferated cell population shown. FACS plots of a CD4+ T cell – IFN-γ-stimulated HUVEC
+ soluble aCD3/28 sample from a representative experiment are shown.
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4.3.2.2 Proliferation of CD4+ T cells in co-culture with HUVECs
In the absence of accessory cells, CD4+ T cells stimulated alone with PHA or soluble
aCD3/28 antibodies showed little to no proliferation at 72 h (Figure 4.4). In contrast,
plate-bound aCD3/28 antibodies caused significant CD4+ T cell proliferation of 83.4 ±
5.2 % compared to the unstimulated control (0.40 ± 0.46 %; P<0.0001; n=10).

Figure 4.4 : CD4+ T cells do not proliferate in response to stimulation without
accessory cells except with plate-bound aCD3/28.
CD4+ T cells sorted from PBMCs were stained with 5 µM CFSE and were cultured alone or
stimulated with 3 µg/mL PHA or with 5 µg/mL aCD3 and 10 µg/mL aCD28 (aCD3/28)
antibodies in soluble or plate-bound form for 72 h in the absence of accessory cells. Cells
were harvested and proliferation (CFSE dilution) was analysed using flow cytometry. Data
is expressed as percentage of proliferated cell from the total CD4+ T cell population, where
each data point represents an independent experiment and means of each group are
shown. One-way ANOVA with Tukey test was conducted; ****P<0.0001 cf. control; n=8.
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When CD4+ T cells were co-cultured with HUVECs in the absence of any stimulus,
these T cells showed little proliferation at 72 h compared to CD4+ T cell alone cultures.
Following pre-activation of ECs with IFN-γ, there was a small but significant increase in
CD4+ T cell proliferation compared to unstimulated controls (P<0.05; n=10) (Figure 4.5).
By 120 h, CD4+ T cell proliferation in co-cultures with IFN-γ- or TNF-α-stimulated
HUVECs increased significantly to 5.54 ± 3.35 % (P<0.0001; n=6) and 4.33 ± 2.98 %
(P<0.01; n=6) respectively, when compared to data points at 72 h (Figure 4.7A).
When co-cultures of CD4+ T cells with HUVECs were stimulated with PHA or aCD3/28,
strong proliferation of T cells at 72 h was observed (Figure 4.6). There were no
differences in percentage of proliferated cells for PHA-stimulated co-cultures between
IFN-γ- or TNF-α-stimulated HUVECs and unstimulated HUVECs. For aCD3/28stimulated co-cultures, TNF-α-stimulated HUVECs caused significantly higher CD4+ T
cell proliferation (58.5 ± 14.4 %) compared to HUVECs that were not pre-treated with
cytokines (43.1 ± 13.8 %) at 72 h (P<0.05; n=10).
When comparing PHA-stimulated co-cultures at two different time points, CD4+ T cell
proliferation was increased at 120 h compared to at 72 h, with statistically significant
increases shown by co-cultures with IFN-γ-stimulated HUVECs (P<0.01; n=6)
(Figure 4.7B). With aCD3/28 as the stimulus, percentages of proliferated CD4+ T cells
increased significantly at 120 h in co-cultures with unstimulated cells (P<0.0001; n=6)
and also IFN-γ- or TNF-α-stimulated HUVECs (P<0.01; n=6) when compared to the
same treatments at 72 h (Figure 4.7C)
.
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Figure 4.5 : Small increase in CD4+ T cell proliferation after 72 h co-culture with IFNγ-stimulated HUVECs.
CD4+ T cells sorted from PBMCs were stained with 5 µM CFSE and plated with HUVECs in
24-well plates which were used unstimulated (uEC) or previously treated with 10 U/mL
IFN-γ (iEC) or 1 ng/mL TNF-α (tEC) for 24 h. Co-cultures were incubated in the absence of
any external stimuli for 72 h. Cells were harvested and proliferation (CFSE dilution) was
analysed using flow cytometry. Data is expressed as percentage of proliferated cell from
the total CD4+ T cell population, where each data point represents an independent
experiment and means of each group are shown. One-way ANOVA with Tukey test was
conducted; *P<0.05 cf. control; n=10.

Figure 4.6 : CD4+ T cell proliferation after 72 h co-culture with HUVECs and stimuli.
CD4+ T cells sorted from PBMCs were stained with 5 µM CFSE and plated with HUVECs in
24-well plates which were used unstimulated (uEC) or stimulated with 10 U/mL IFN-γ
(iEC) or 1 ng/mL TNF-α (tEC) for 24 h. CD4+ T cells were co-cultured with ECs in the
presence of (A) PHA or (B) soluble aCD3/28 for 72 h. Cells were harvested and
proliferation (CFSE dilution) was analysed using flow cytometry. Data are expressed as
percentage of proliferated cell from the total CD4+ T cell population, where each data point
represents an independent experiment and means of each group are shown. One-way
ANOVA with Tukey test was conducted; *P<0.05, ****P<0.0001 cf. control; n=10.
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Figure 4.7 : Increase in CD4+ T cell proliferation in HUVEC co-cultures by 120 h.
Experiments were conducted as mentioned in Figure 4.5 and Figure 4.6 and proliferation
of CD4+ T cells from EC-CD4+ T cell co-cultures at 72 h and at 120 h were compared. CFSEstained CD4+ T cells were co-cultured with unstimulated (uEC), IFN-γ- (iEC) or TNF-αstimulated (tEC) HUVECs (A) in the absence of external stimuli or with (B) 3 µg/mL PHA
or with (C) soluble 5 µg/mL aCD3 and 10 µg/mL aCD28 antibodies (aCD3/28). Data is
shown as percentage of proliferated cells from the total CD4+ T cell population. Mean ± SD
is shown for 72 h data (n=10) and 120 h data (n=6). Two-way ANOVA with Tukey test was
conducted; ****P<0.0001; ** P<0.01 for 120 h cf. 72 h data; ####P<0.0001, ##P<0.01 cf.
control for 120 h data.
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4.3.2.3 CD25 expression of CD4+ T cells in co-cultures with HUVECs
CD25, α chain of the IL-2 receptor, is expressed on activated T cells and activated B
cells. Tregs express a high level of CD25 where CD25hi expression is used as one of
the markers for Tregs (Baecher-Allan et al., 2005). The CD25 expression level of CD4+
T cells from HUVEC-CD4+ T cell co-cultures was analysed at 72 and 120 h by
obtaining the geometric mean values of PE fluorescence intensity using FlowJo V7.6.5
software to represent the mean fluorescence intensity (MFI) for CD25 expression.

4.3.2.3.1 CD25 expression of proliferated CD4+ T cells
At 72 h, the proliferated CD4+ T cell population from HUVEC-CD4+ T cell alone cocultures showed low CD25 expression levels, whereas those from the IFN-γ-stimulated
HUVEC co-cultures had a significant increase in CD25 expression (MFI of 619 ± 203.1;
n=10) compared to unstimulated CD4+ T cell cultures (P<0.05; n=10) (Figure 4.8).
CD25 expression levels in these CD4+ T cell-HUVEC alone co-cultures did not change
significantly at 120 h (Figure 4.10A).

Figure 4.8 : Increase in CD25 expression of proliferated CD4+ T cells from cocultures with HUVECs alone at 72h.
Experiments were conducted as mentioned in Figure 4.5. Co-cultures of CD4+ T cells with
unstimulated (uEC), IFN-γ- (iEC) or TNF-α-stimulated (tEC) HUVECs in the absence of
external stimuli were conducted. CD25 expression of proliferated CD4+ T cell populations
at 72 h were analysed using flow cytometry. Data is expressed as MFI, derived from the
geometric mean of PE fluorescent intensity. Each data point represents an independent
experiment and means are shown. One-way ANOVA with Tukey test was conducted;
*p<0.05 cf. control; n=10.
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When co-cultures were stimulated with PHA, proliferated CD4+ T cells showed high
levels of CD25 expression with MFI values of around 1 x 104 regardless of HUVEC
activation state (P<0.001, P<0.01 cf. PHA-stimulated CD4+ T cell control; n=10)
(Figure 4.9A). Their CD25 expression levels appeared to decrease by 120 h but this
was not statistically significant (Figure 4.10B). With aCD3/28-stimulated co-cultures,
proliferated CD4+ T cells showed similarly elevated CD25 expression levels with MFI
values around 1 x 104 at 72 h (P<0.0001, P<0.001 cf. aCD3/28-stimulated CD4+ T cell
control; n=10) (Figure 4.9B). These CD25 expression levels did not change
significantly by 120 h (Figure 4.10C).

Figure 4.9 : Increase in CD25 expression of proliferated CD4+ T cells from HUVEC cocultures with stimulus at 72h.
Experiments were conducted as mentioned in Figure 4.6. Briefly, co-cultures of CD4+ T
cells with unstimulated (uEC), IFN-γ- (iEC) or TNF-α-stimulated (tEC) HUVECs with (A) 3
µg/mL PHA or (B) 5 µg/mL aCD3 and 10 µg/mL aCD28 antibodies (aCD3/28) were
conducted. CD25 expression of proliferated T cell populations were analysed at 72 h using
flow cytometry. Data is expressed as MFI, derived from the geometric mean of PE
fluorescent intensity. Each data point represents an independent experiment and means
are shown. One-way ANOVA with Tukey test was conducted; ****P<0.0001, ***P<0.001,
**P<0.01 cf. control; n=10.
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Figure 4.10 : CD25 expression of proliferated cells from HUVEC-CD4+ T cell cocultures were comparable at 72 h and 120 h.
Experiments were conducted as mentioned in Figure 4.5 and Figure 4.6. Proliferated T cell
population from co-cultures of CD4+ T cells with unstimulated (uEC), IFN-γ- (iEC) or TNFα-stimulated (tEC) HUVECs (A) in the absence of external stimuli or with (B) 3 µg/mL PHA
or (C) 5 µg/mL aCD3 and 10 µg/mL aCD28 antibodies (aCD3/28) were analysed at 72 h
and 120 h for their CD25 expression using flow cytometry. Data is expressed as MFI,
derived from the geometric mean of PE fluorescence following excitation. Mean ± SD is
shown for 72 h (n=10) and 120 h (n=6) data. Two-way ANOVA with Tukey test was
conducted; ## P<0.01, #P<0.05 cf. control for 120 h data.
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4.3.2.3.2 CD25 expression of unproliferated CD4+ T cells
CD25 expression profile of unproliferated CD4+ T cells from different HUVEC co-culture
conditions were also analysed and compared. From HUVEC-CD4+ T cell alone cocultures shown in Figure 4.11, the unproliferated CD4+ T cells from co-cultures with
IFN-γ- or TNF-α-stimulated HUVECs showed increased CD25 expression at 72 h
(P<0.01, P<0.05 cf. CD4+ T alone control respectively; n=10), albeit lower than that of
proliferated CD4+ T cells from the same co-cultures. When comparing CD25
expression at 72 and 120 h, no significant changes were observed in these co-cultures
based on time in culture (Figure 4.13A).

Figure 4.11 : Increase in CD25 expression of unproliferated CD4+ T cells from cocultures with HUVECs alone at 72h.
Experiments were conducted as mentioned in Figure 4.5. Co-cultures of CD4+ T cells with
unstimulated (uEC), IFN-γ- (iEC) or TNF-α-stimulated (tEC) HUVECs in the absence of
external stimuli were conducted. CD25 expression of unproliferated CD4+ T cell
populations at 72 h were analysed using flow cytometry. Data is expressed as MFI, derived
from the geometric mean of PE fluorescence following excitation. Each data point
represents an independent experiment and means are shown. One-way ANOVA with
Tukey test was conducted; *P<0.05, **P<0.01 cf. control; n=10.

When co-cultures were stimulated with PHA, the unproliferated CD4+ T cells showed
significantly increased CD25 expression at 72 h regardless of HUVEC activation status
(P<0.01 cf. PHA-stimulated CD4+ T cells control; n=10) (Figure 4.12A). These CD25
expression profiles appeared to decrease by 120 h but these reductions are not
statistically significant compared to that at 72 h (Figure 4.13B). With aCD3/28121

stimulated co-cultures, unproliferated CD4+ T cells showed significantly increased
CD25 expression at 72 h only with IFN-γ- or TNF-α-stimulated HUVEC (P<0.01 cf.
aCD3/28-stimulated CD4+ T cells control; n=10) (Figure 4.12B). At 120 h, CD25
expression of unproliferated CD4+ T cells from aCD3/28-stimulated co-cultures did not
decrease significantly from 72 h (Figure 4.13C).

Figure 4.12 : Increase in CD25 expression of unproliferated CD4+ T cells from HUVEC
co-cultures with stimulus at 72h.
Experiments were conducted as mentioned in Figure 4.6. Unproliferated T cell populations
from co-cultures of CD4+ T cells with unstimulated (uEC), IFN-γ- (iEC) or TNF-αstimulated (tEC) HUVECs with (A) 3 µg/mL PHA or (B) 5 µg/mL aCD3 and 10 µg/mL
aCD28 antibodies (aCD3/28) were analysed at 72 h for their CD25 expression using flow
cytometry. Data is expressed as MFI, derived from the geometric mean of PE fluorescence
following excitation. Each data point represents an independent experiment and means
are shown. One-way ANOVA with Tukey test was conducted, where ***P<0.001, **P<0.01
cf. control; n=10.
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Figure 4.13 : CD25 expression of unproliferated CD4+ T cells from HUVEC cocultures were comparable at 72 h and 120 h.
Experiments were conducted as mentioned in Figure 4.5 and Figure 4.6 and CD25
expression of unproliferated T cell populations at 72 and 120 h were analysed by flow
cytometry. Unproliferated T cell populations from co-cultures of CD4+ T cells with
unstimulated (uEC), IFN-γ- (iEC) or TNF-α-stimulated (tEC) HUVECs (A) in the absence of
external stimuli or with (B) 3 µg/mL PHA or (C) 5 µg/mL aCD3 and 10 µg/mL aCD28
antibodies (aCD3/28) were analysed for their CD25 expression. Data is expressed as MFI,
derived from the geometric mean of PE fluorescence following excitation. Mean ± SD are
shown for 72 h (n=10) and 120 h (n=6) data. Two-way ANOVA with Tukey test was
conducted; #P<0.05 cf. control for 120 h data.
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4.3.2.4 FOXP3 expression of CD4+ T cells in co-cultures with HUVECs
FOXP3 is a major transcription factor that controls Treg development and function and
its expression is used as a marker for Tregs (Hori et al., 2003). However, it is known
that activated Teffs can also express FOXP3 without acquiring regulatory functions
(Wang et al., 2007). FOXP3 expression of the CD4+ T cells from CD4+ T cell-HUVEC
co-cultures of different conditions was analysed at 72 and 120 h, whereby the
proliferated and non-proliferated CD4+ T cell populations were analysed separately.

4.3.2.4.1 FOXP3 expression of proliferated CD4+ T cells
At 72 h, CD4+ T cells cultured alone or stimulated with PHA or soluble aCD3/28
antibodies in the absence of accessory cells showed very low to no expression of
FOXP3, as shown in Figure 4.14A. In contrast, CD4+ T cells stimulated with platebound aCD3/28 showed high percentages (74.5 ± 6.4 %) of FOXP3+ expression in
proliferated CD4+ T cells. In HUVEC-CD4+ T cell co-cultures without any external
stimulus, FOXP3+ expressing proliferated CD4+ T cell numbers were minimal at 72 h
(Figure 4.14B) and this remained low at 120 h (Figure 4.16A).
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Figure 4.14 : Low FOXP3 expression in proliferated CD4+ T cell populations from
CD4+ T cells alone or co-cultures with HUVECs at 72h.
Experiments were conducted as described in Figure 4.5. FOXP3 expression of the
proliferated CD4+ T cell population from (A) cultures of CD4+ T cells stimulated with 3
µg/mL PHA or 5 µg/mL aCD3 and 10 µg/mL aCD28 (aCD3/28) antibodies (soluble or
plate-bound form) in the absence of accessory cells were analysed at 72 h using flow
cytometry. (B) Proliferated T cell population from co-cultures with unstimulated (uEC),
IFN-γ- (iEC) or TNF-α-stimulated (tEC) HUVEC in the absence of external stimulation were
also analysed for FOXP3 expression. Data is expressed as percentage of CD4+FOXP3+ cells
from the total CD4+ population. Each data point represents an individual experiment and
means are shown. One-way ANOVA with Tukey test was used; ***P<0.001; n=4.

When co-cultures were stimulated with PHA, at least 60 % of the CD4+ T cells were
FOXP3+ proliferated cells at 72 h regardless of activation status of HUVECs
(Figure 4.15A). This is significantly higher than PHA-stimulated CD4+ T cells alone
(P<0.001; n=4). However, percentages of FOXP3+ proliferated CD4+ T cells decreased
significantly to 10 - 17 % by 120 h (P<0.0001 or P<0.001 cf. 72 h data; n=4)
(Figure 4.16B). For aCD3/28 stimulated HUVEC-CD4+ T cell co-cultures, 32 - 42 % of
CD4+ T cells were proliferated FOXP3+ T cells at 72 h whereby this increase was
statistically significant in co-cultures with IFN-γ- or TNF-α-stimulated HUVECs (P<0.05
cf. aCD3/28-stimulated CD4+ T cell controls; n=4) (Figure 4.15B). At 120 h, the
percentages of FOXP3+ proliferated CD4+ T cells decreased in these co-cultures, but it
was only statistically significant for co-cultures with IFN-γ-stimulated HUVECs (P<0.05
cf. 72 h; n=4) (Figure 4.16C).
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Figure 4.15 : Increased FOXP3 expression in proliferated CD4+ T cell populations
from CD4+ T cell - HUVEC co-cultures with stimulus at 72h.
Experiments were conducted as described in Figure 4.6. FOXP3 expression of the
proliferated CD4+ T cell population from co-cultures with unstimulated (uEC), IFN-γ- (iEC)
or TNF-α-stimulated (tEC) HUVECs with (A) 3 µg/mL PHA or (B) 5 µg/mL aCD3 and 10
µg/mL aCD28 antibodies (aCD3/28) were analysed at 72 h for FOXP3 expression using
flow cytometry. Data is expressed as percentage of CD4+FOXP3+ cells from the total CD4+
population. Each data point represents an individual experiment and means are shown.
One-way ANOVA with Tukey test was used; ***P<0.001, *P<0.05 cf. control; n=4.
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Figure 4.16 : Decrease in the numbers of CD4+ FOXP3+ T cells in co-cultures with
HUVECs by 120h compared to 72h.
Experiments were conducted as described in Figure 4.5 and Figure 4.6. FOXP3 expression
of the proliferated CD4+ T cell populations at 72 h and 120 h from different HUVEC-T cell
co-cultures were analysed using flow cytometry. Proliferated T cell population from cocultures of CFSE-stained CD4+ T cells with unstimulated (uEC), IFN-γ- (iEC) or TNF-αstimulated (tEC) HUVECs alone, (A) in the absence of external stimuli, or with (B) 3 µg/mL
PHA or (C) 5 µg/mL aCD3 and 10 µg/mL aCD28 antibodies (aCD3/28), were analysed for
their FOXP3 expression. Data is expressed as percentage of CD4+FOXP3+ cells from the
total number of CD4+ T cells analysed, with mean ± SD shown. Two-way ANOVA analysis
with Tukey test was conducted, where ****P<0.0001, ***P<0.001, *P<0.05 for data at 120h
cf. data at 72h; n=4.
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4.3.2.4.2 FOXP3 expression of unproliferated CD4+ T cells
When CD4+ T cells were cultured in the absence of any accessory cells, PHA
stimulation appear to increase percentages of FOXP3+ unproliferated T cells to 4.60 ±
3.91 % (n=4), whereas soluble aCD3/28 did not induce this change at 72 h
(Figure 4.17A). However, plate-bound aCD3/28 stimulation induced a significant
increase in FOXP3+ unproliferated T cells to 9.26 ± 4.10 % (P<0.05 cf. CD4+ T cell
control; n=4). When CD4+ T cells were co-cultured with HUVECs without any external
stimulation, the percentage of FOXP3+ unproliferated T cells was minimal at 72 h
regardless of HUVEC activation state Figure 4.17B). These levels of FOXP3
expression remained the same at 120 h (Figure 4.19A).

Figure 4.17 : Level of FOXP3 expression of unproliferated CD4+ T cells from CD4+ T
cell alone cultures or co-cultures with HUVECs at 72 h.
Experiments were conducted as described in Figure 4.5. FOXP3 expression of the
unproliferated CD4+ T cell population from (A) cultures of CD4+ T cells stimulated with 3
µg/mL PHA or 5 µg/mL aCD3 and 10 µg/mL aCD28 (aCD3/28) antibodies (soluble or
plate-bound form) in the absence of accessory cells were analysed at 72 h using flow
cytometry. (B) Unproliferated T cell population from co-cultures with unstimulated (uEC),
IFN-γ- (iEC) or TNF-α-stimulated (tEC) HUVECs in the absence of external stimulation
were also analysed for FOXP3 expression. Data is expressed as percentage of CD4+FOXP3+
cells from the total CD4+ population. Each data point represents an individual experiment
and means are shown. One-way ANOVA with Tukey test was used; *P<0.05; n=4.
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In HUVEC-CD4+ T cell co-cultures stimulated with PHA, there were no differences in
the percentages of FOXP3+ unproliferated CD4+ T cells at 72 h when compared to the
stimulated CD4+ T cell alone controls (Figure 4.18A). When comparing 72 and 120 h,
shown in Figure 4.19B, percentages of FOXP3+ unproliferated cells appear to decrease
at 120 h in the PHA-stimulated co-cultures but these changes were not statistically
significant.
With aCD3/28-stimulated HUVEC-CD4+ T cell co-cultures, percentages of FOXP3+
unproliferated CD4+ T cells of 5.2 – 6.9 % were found in these co-cultures
(Figure 4.18B), where this was significantly higher in co-cultures with unstimulated or
TNF-α-stimulated HUVECs compared to CD4+ T cells alone controls (P<0.05; n=4).
These percentages of FOXP3+ unproliferated CD4+ T cells dropped significantly by 120
h (P<0.0001, P<0.001 or P<0.01 cf. 72 h; n=4), as shown in Figure 4.19C.

Figure 4.18 : Level of FOXP3 expression of unproliferated CD4+ T cells from EC cocultures at 72 h.
Experiments were conducted as described in Figure 4.6 and the FOXP3 expression of the
unproliferated CD4+ T cell population from HUVEC-CD4+ T cell co-cultures were analysed
at 72 h using flow cytometry. FOXP3 expression of unproliferated cell population from cocultures with unstimulated (uEC), IFN-γ- (iEC) or TNF-α-stimulated (tEC) HUVECs with (A)
3 µg/mL PHA or (B) 5 µg/mL aCD3 and 10 µg/mL aCD28 antibodies (aCD3/28) are as
shown. Data is expressed as percentage of CD4+FOXP3+ cells from the total CD4+
population. Each data point represents an individual experiment and means are shown.
One-way ANOVA with Tukey test was used; *P<0.05 cf. control; n=4.
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Figure 4.19 : FOXP3 expression levels of unproliferated T cells from CD4+ T cellHUVEC co-cultures at 72 h and 120 h.
Experiments were conducted as described in Figure 4.5 and Figure 4.6 and FOXP3
expression of the unproliferated CD4+ T cell populations at 72 h and 120 h from HUVECCD4+ T cell co-cultures were analysed using flow cytometry. FOXP3 expression of
unproliferated cell population from co-cultures of CD4+ T cells with unstimulated (uEC),
IFN-γ- (iEC) or TNF-α-stimulated (tEC) HUVECs (A) in the absence of external stimuli or
with (B) 3 µg/mL PHA or (C) 5 µg/mL aCD3 and 10 µg/mL aCD28 antibodies (aCD3/28)
are as shown. Data is expressed as percentage of CD4+FOXP3+ cells from the CD4+ cell
population analysed, with mean ± SD shown. Two-way ANOVA with Tukey test was
conducted; ****P<0.0001, ***P<0.001, **P<0.01 for 72 h cf. 120 h; n=4.
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4.3.3

Co-culture of HDMECs with CD4+ T cells

The interaction of CD4+ T cells with human ECs was further investigated in the context
of skin physiology, by using HDMECs as a comparison to HUVEC. This would
determine the EC-dependent phenomenon and show potential differences in EC
phenotypes dependent on the vascular bed from which the cells were originally isolated.
Co-cultures of HDMECs with CD4+ T cells were conducted similar to that described in
section 4.2.2.2, where HDMECs (used at passage 6 or 7; Promocell) were plated onto
gelatinised 24-well plates at 1 x 105 cells/well and cultured overnight to achieve
confluence. HDMECs were then stimulated with 10 U/mL IFN-γ or kept unstimulated for
24 h, by replacing media with cytokine-containing or normal MV2 media. Purified CD4+
T cells were stained with 10 μM CFSE and plated with HDMECs at 1:1 ratio. Cocultures were incubated in 1 mL complete RPMI media in the absence or presence of 5
μg/mL aCD3 and 10 μg/mL aCD28 (aCD3/28) for 72 h. Co-cultures were then analysed
by flow cytometry for T cell phenotype and proliferation. The gating strategy for
analysis of this assay is detailed in the next section.

4.3.3.1 Gating strategy for flow cytometric analyses
Samples from co-cultures of HDMECs with CD4+ T cells were analysed firstly by gating
the lymphocyte population from the forward scatter versus side scatter plot
(Figure 4.20A). Dead cells were next excluded from the analysis by discriminating live
and dead cells from LIVE/DEAD staining (Figure 4.20B). CD4+ T cells were
subsequently gated based on CD4 expression (Figure 4.20C) and the CFSE staining of
these cells was analysed. Shown in Figure 4.20D, the population in the highest CFSE
fluorescence intensity peak was gated as “unproliferated” cells whereas cells with lower
fluorescence intensities were gated as “proliferated” cells. These two populations were
analysed separately for their CD25 and FOXP3 expression profiles.
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Figure 4.20 : Gating strategy for flow cytometric analysis of CD4+ T cell-HDMEC cocultures.
CD4+ T cells were co-cultured with HDMECs in the presence of 5 μg/mL aCD3 and 10
μg/mL aCD28 for 72 h. Cells were harvested and analysed by flow cytometry. (A)
Lymphocytes were gated based on forward (FSC) versus side scatter (SSC) profile and (B)
dead cells were excluded by removing LIVE/DEAD+ cells. (C) CD4+ cells were gated based
on CD4 expression and (D) CFSE dilution of this population was analysed. The CD25 and
FOXP3 expression profiles of (E) proliferated CD4+ T cells and (F) unproliferated CD4+ T
cells were analysed separately. Plots from a representative experiment of an IFN-γstimulated HDMEC co-culture with CD4+ T cells in the presence of aCD3/28 are shown.
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4.3.3.2 Proliferation of CD4+ T cells
The appearance of HDMECs in EC alone cultures or in co-cultures with CD4+ T cells in
the absence or presence of aCD3/28 after 72 h culture are as shown in Figure 4.21,
where increase in T cell numbers and activation of ECs (shown by their convoluted
morphology) occurred. In Figure 4.22A, CD4+ T cells did not proliferate unless
stimulated with plate-bound aCD3/28 (P<0.001 cf. unstimulated control; n=5), which is
consistent with previous findings described in Section 4.3.2.2. When CD4+ T cells were
co-cultured with unstimulated or IFN-γ-stimulated HDMECs in the absence of external
stimuli, proliferation of these T cells was minimal at 72 h (Figure 4.22B). When
HDMEC-CD4+ T cell co-cultures were stimulated with aCD3/28, shown in Figure 4.22C,
small amounts of proliferation were seen in co-culture with unstimulated HDMEC (11.6
± 10.4 %). Co-cultures with IFN-γ-stimulated HDMECs produced a significant increase
in proliferated CD4+ T cell numbers of 21.6 ± 10.2 % when compared with aCD3/28
stimulated CD4+ T cells alone controls (P<0.05; n=5).

Figure 4.21 : HDMEC-CD4+ T cell co-cultures at 72 h.
Phase-contrast micrographs of HDMEC-CD4+ T cell co-cultures using unstimulated or IFNγ-stimulated HDMECs in the absence or presence of soluble stimulatory anti-CD3 and antiCD28 antibodies (aCD3/28) were taken at 72 h. These micrographs show the interaction
of the two cell types and the change in HDMEC morphology. Micrographs were taken at x
100 original magnification; scale bars of 50 µm included.
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Figure 4.22 : CD4+ T cell proliferation in HDMEC-CD4+ T cell co-culture at 72 h.
CD4+ T cells sorted from PBMCs were stained with 10 µM CFSE and plated with HDMECs in
24-well plates which were used unstimulated (uEC) or stimulated with 10 U/mL IFN-γ
(iEC) for 24 h. (A) CD4+ T cells were cultured alone or stimulated with 5 µg/mL aCD3 and
10 µg/mL aCD28 (aCD3/28) antibodies in soluble or plate-bound form for 72 h, in the
absence of accessory cells. CD4+ T cells were also co-cultured with HDMECs (B) in the
absence of any external stimuli or in the presence of (C) soluble aCD3/28 for 72 h. Cells
were harvested and proliferation (CFSE dilution) was analysed using flow cytometry. Data
is expressed as percentage of proliferated cell from the total CD4+ T cell population, where
each data point represents an independent experiment and means of each group are
shown. One-way ANOVA with Dunnett’s test was conducted; ***P<0.001, *P<0.05 cf.
control; n=5.
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4.3.3.3 CD25 expression of CD4+ T cells
4.3.3.3.1 CD25 expression of proliferated CD4+ T cell population
In HDMEC-CD4+ T cell co-cultures that did not have any external stimulus, the CD25
expression levels for the proliferated CD4+ T cell populations remained low with MFI
values of 200 - 300 at 72 h (Figure 4.23). When these co-cultures were stimulated with
soluble aCD3/28, CD25 expression of the proliferated CD4+ T cells was significantly
higher at 5220 ± 1984 and 5786 ± 1120 MFI for co-cultures with unstimulated or IFN-γstimulated HDMECs respectively (P<0.01, P<0.001 cf. stimulated CD4+ T cell alone
control; n=5).

Figure 4.23 : Increase in CD25 expression of proliferated cells from HDMEC-CD4+ T
cell co-cultures with aCD3/28.
Experiments were conducted as mentioned in Figure 4.22. Proliferated T cell populations
from co-cultures of CD4+ T cells with unstimulated (uEC) or IFN-γ-stimulated HDMECs
(iEC) (A) in the absence of external stimuli or with (B) 5 µg/mL aCD3 and 10 µg/mL
aCD28 antibodies (aCD3/28) were analysed at 72 h for CD25 expression using flow
cytometry. Data is expressed as MFI, derived from the geometric mean of PE fluorescence
following excitation. Each data point represents an independent experiment and means
are shown. One-way ANOVA with Dunnett’s test was conducted; ***P<0.001, **P<0.01 cf.
control; n=5.
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4.3.3.3.2 CD25 expression of unproliferated CD4+ T cell population
When CD4+ T cells were co-cultured with HDMECs alone, the unproliferated CD4+ T
cells had low CD25 expression at 72 h (Figure 4.24A), similar to the proliferated T cell
population from the same co-cultures. When these co-cultures were stimulated with
aCD3/28, the CD25 expression level of the unproliferated CD4+ T cells in co-cultures
with unstimulated HDMECs was higher at 362.8 ± 142.7 MFI compared to stimulated
CD4+ T cell controls but this was not statistically significant (Figure 4.24B). In cocultures with IFN-γ-stimulated HDMECs, the CD25 expression level of these
unproliferated CD4+ T cells was significantly higher at 507.4 ± 83.4 MFI (P<0.001 cf.
stimulated CD4+ T cell control; n=5).

Figure 4.24 : Increase in CD25 expression of unproliferated cells from HDMEC-CD4+
T cell co-cultures with aCD3/28.
Experiments were conducted as mentioned in Figure 4.22. Unproliferated T cell
populations from co-cultures of CD4+ T cells with unstimulated (uEC) or IFN-γ-stimulated
HDMECs (iEC) (A) in the absence of external stimuli or with (B) 5 µg/mL aCD3 and 10
µg/mL aCD28 antibodies (aCD3/28) were analysed at 72 h for their CD25 expression
using flow cytometry. Data is expressed as MFI, derived from the geometric mean of PE
fluorescence following excitation. Each data point represents an independent experiment
and means are shown. One-way ANOVA with Dunnett’s test was conducted; ***P<0.001 cf.
control; n=5.
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4.3.3.4 FOXP3 expression of CD4+ T cells
4.3.3.4.1 FOXP3 expression of proliferated T cell populations
In Figure 4.25, CD4+ T cell alone cultures showed no FOXP3 expression by
proliferated T cells unless stimulated with plate-bound aCD3/28, which is consistent
with previous findings described in Section 4.3.2.4.1. In co-cultures of CD4+ T cells with
HDMECs in the absence of external stimuli, the percentage of FOXP3+ cells was
minimal in their proliferated T cell populations (Figure 4.25B). Upon aCD3/28
stimulation shown in Figure 4.25C, co-cultures with unstimulated HDMEC displayed
7.86 ± 6.99 % FOXP3+ proliferated CD4+ T cells whereas co-cultures with IFN-γstimulated HDMECs showed a significant increase of 12.48 ± 7.03 % FOXP3+
proliferated T cells (P<0.01 cf. stimulated CD4+ T cell controls; n=5).
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Figure 4.25 : Increased FOXP3 expression by proliferated cells in HDMEC-CD4+ T cell
co-cultures stimulated by aCD3/28 at 72 h.
Experiments were conducted as described in Figure 4.22 and the FOXP3 expression of the
proliferated CD4+ T cell population from HDMEC-CD4+ T cell co-cultures were analysed
using flow cytometry. FOXP3 expression of the proliferated CD4+ T cell population from (A)
cultures of CD4+ T cells stimulated with 5 µg/mL aCD3 and 10 µg/mL aCD28 (aCD3/28)
antibodies (soluble or plate-bound form) in the absence of accessory cells were analysed
at 72 h. Proliferated T cell population from co-cultures with unstimulated (uEC) or IFN-γstimulated (iEC) HDMECs (B) in the absence of any external stimulation or with (C) 5
µg/mL aCD3 and 10 µg/mL aCD28 antibodies (aCD3/28) were also analysed for FOXP3
expression. Data is expressed as percentage of CD4+FOXP3+ cells from the total CD4+
population. Each data point represents an individual experiment and means are shown.
One-way ANOVA with Dunnett’s test was used; ***P<0.001, **P<0.01 cf. control; n=5.
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4.3.3.4.2 FOXP3 expression of unproliferated CD4+ T cells
As described previously in Section 4.3.2.4.2, CD4+ T cells alone do not display much
FOXP3 expression in their unproliferated T cell component except upon stimulation
with plate-bound aCD3/28 for 72 h (Figure 4.26A). The percentages of FOXP3+
unproliferated T cells in HDMEC-CD4+ T cell only co-cultures were low whereas in cocultures with IFN-γ-stimulated HDMECs showed 4.88 ± 1.73 % FOXP3+ unproliferated
T cells at 72 h (Figure 4.26B). This was significantly higher than that of unstimulated
CD4+ T cell controls (P<0.01; n=5).
When HDMEC-CD4+ T cell co-cultures were stimulated with aCD3/28, FOXP3
expression of the unproliferated T cells in these co-cultures was significantly higher
compared to stimulated CD4+ T cell controls (P<0.01; n=5) (Figure 4.26C). Co-cultures
with unstimulated HDMECs caused 12.98 ± 3.07 % FOXP3+ unproliferated T cells
whereas co-cultures with IFN-γ-stimulated HDMECs showed 11.50 ± 3.08 % FOXP3+
unproliferated T cells.
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Figure 4.26 : Increased FOXP3 expression by unproliferated cells in HDMEC-CD4+ T
cell co-cultures stimulated by aCD3/28 at 72 h.
Experiments were conducted as described in Figure 4.22 and the FOXP3 expression of the
proliferated CD4+ T cell population from HDMEC-CD4+ T cell co-cultures were analysed
using flow cytometry. FOXP3 expression of the unproliferated CD4+ T cell population from
(A) cultures of CD4+ T cells stimulated with 5 µg/mL aCD3 and 10 µg/mL aCD28 (aCD3/28)
antibodies (soluble or plate-bound form) in the absence of accessory cells were analysed
at 72 h. Proliferated T cell population from co-cultures with unstimulated (uEC) or IFN-γstimulated (iEC) HDMECs (B) in the absence of any external stimulation or with (C) 5
µg/mL aCD3 and 10 µg/mL aCD28 antibodies (aCD3/28) were also analysed for FOXP3
expression. Data is expressed as percentage of CD4+FOXP3+ cells from the total CD4+
population. Each data point represents an individual experiment and means are shown.
One-way ANOVA with Dunnett’s test was used; **P<0.01, *P<0.05 cf. control; n=5.
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4.3.4

Co-cultures of HUVECs with Teffs or Tregs

To examine the interactions between human ECs with specific T cell subsets including
Teffs and Tregs and also investigate the possible induction or expansion of Treg
population caused by HUVEC interaction, co-cultures of HUVECs with Teffs or Tregs
were examined. Assays were conducted as similarly described in section 4.2.2.2 where
HUVECs used were stimulated with 10 U/mL IFN-γ for 24 h. CD4+CD25- Teffs and
CD4+CD25hiCD127low Tregs were isolated from PBMCs by cell sorting (as
characterised in section 2.3.2 and described further in section 5.3.1) and stained with
10 μM CFSE. HUVECs were gently washed twice with warm RPMI media before
CFSE-stained cells were plated. Teffs were plated at 1 x 105 cells/well whereas Tregs
were plated at 25,000 cells /well (due to yield constraints of Tregs from cell sorting) in
complete RPMI media. Co-cultures were either kept unstimulated or stimulated with 5
μg/mL aCD3 and 10 μg/mL aCD28 (aCD3/28) and cultured for 72 or 120 h. Appropriate
controls of Teff cultures were included (Treg control cultures were not feasible due to
low cell yield from cell sorting). Co-cultures were analysed at each time point by flow
cytometry for T cell phenotype and proliferation.

4.3.4.1 Flow cytometric analysis of co-cultures
Samples from co-cultures conducted were analysed where lymphocytes were first
gated and live cells (LIVE/DEAD-) were chosen for analysis. CFSE-stained CD4+ T
cells were next gated based on CD4 expression and CFSE fluorescence. Examples of
Teff or Treg co-cultured with IFN-γ-stimulated HUVECs in the presence of aCD3/28
analysed after 72 and 120 h are shown in Figure 4.27 and Figure 4.28 respectively.
From gated CFSE-stained CD4+ T cells, CFSE fluorescence was first analysed
whereby cells within the highest CFSE fluorescence peaks were gated as the
‘unproliferated’ population and cells with lower fluorescence were gated as the
‘proliferated’ population. Proliferated and unproliferated populations were then
analysed separately for their CD25 and FOXP3 expression profiles. Data at 72 and 120
h were compared.
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Figure 4.27 : Flow cytometric analysis of co-cultures of activated HUVECs with Teffs
or Tregs at 72 h.
Teffs and Tregs were isolated from PBMCs by cell sorting and stained with 10 μM CFSE. (A)
Teffs or (B) Tregs were then co-cultured with IFN-γ-stimulated HUVECs in the absence or
presence of soluble stimulatory aCD3/28 antibodies for 72 h. Live cells were gated based
on LIVE/DEAD staining and CD4+ cells were chosen for analysis. (i) Proliferation of CD4+
cells were analysed by CFSE dilution, where highest CFSE fluorescence intensity peak was
gated as the unproliferated population, and cells with lower fluorescence intensity were
gated as proliferated cells. CD25 and FOXP3 expression profile of the (ii) proliferated and
(iii) unproliferated cell population were then analysed. FACS plots shown are from a
representative experiment of Teff or Tregs with IFN-γ-stimulated HUVECs and aCD3/28 at
72 h.
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Figure 4.28 : Flow cytometric analysis of co-cultures of activated HUVECs with Teffs
or Tregs at 120 h.
Experiments were conducted as detailed in Figure 4.27, where CFSE-stained (A) Teffs or
(B) Tregs were co-cultured with IFN-γ-stimulated HUVECs in the absence or presence of
soluble stimulatory aCD3/28 antibodies for 120 h. Live cells were gated based on
LIVE/DEAD staining and CD4+ cells were chosen for analysis. (i) Proliferation of CD4+ cells
were analysed by CFSE dilution, where highest CFSE fluorescence intensity peak was
gated as the unproliferated population, and cells with lower fluorescence intensity were
gated as proliferated cells. CD25 and FOXP3 expression profile of the (ii) proliferated and
(iii) unproliferated cell population were then analysed. FACS plots shown are from a
representative experiment of Teff or Tregs with IFN-γ-stimulated HUVECs and aCD3/28 at
120 h.
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4.3.4.2 Proliferation of Teffs or Tregs
Controls of Teff alone cultures did not proliferate in the absence or presence of soluble
aCD3/28 stimulation and in the absence of accessory cells. Only when stimulated with
plate-bound aCD3/28 antibodies was Teff proliferation measured (Figure 4.29A). Treg
controls were not completed due to the low yield of Tregs from cell sorting however it is
known from published literature that Tregs show minimal proliferation when stimulated
with either soluble or plate-bound aCD3/28 antibodies (Baecher-Allan et al., 2005).
When Teffs were co-cultured with IFN-γ-stimulated HUVECs, T cell proliferation was
minimal (0.85 ± 0.49 %) but this increased significantly to 13.8 ± 4.59 % (of total CD4+
Teff population) upon aCD3/28 stimulation at 72 h (P<0.05; n=4) (Figure 4.29B). At 120
h, shown in Figure 4.30A, proliferation of Teff in IFN-γ-stimulated HUVECs alone cocultures increased slightly to 9.11 ± 9.09 %, whereas Teff from co-cultures stimulated
with aCD3/28 increased significantly to 41.10 ± 2.97 % compared to that at 72 h
(P<0.0001; n=4). This increase in Teff proliferation at 120 h was significantly higher
than that from Teff-HUVEC only co-cultures and also stimulated Teff control cultures of
the same time points (P<0.0001; n=4).
Tregs co-cultured with IFN-γ-stimulated HUVECs without external stimulus showed low
proliferation of 1.55 ± 0.66 % at 72 h (Figure 4.29C). When this co-culture of Tregs with
IFN-γ-stimulated HUVECs was stimulated with aCD3/28 for 72 h, the percentage of
proliferated CD4+ T cells increased significantly to 8.12 ± 4.48 % (P<0.01 cf. iEC +
Treg; n=4). At 120 h, Treg proliferation in Treg-HUVEC alone co-culture remained low
at 3.46 ± 1.22 %, whereas proliferation in co-cultures stimulated with aCD3/28
increased to 20.43 ± 11.40 % (Figure 4.30B). These increases were not significantly
higher compared to proliferation at 72 h but the difference between the unstimulated
and aCD3/28 stimulated co-cultures was significant at 120 h(P<0.01; n=4).

144

Figure 4.29 : Increase in proliferation of Teff and Tregs in co-cultures with IFN-γstimulated HUVECs and stimulus at 72 h.
Teffs and Tregs were sorted from PBMCs and stained with 10 µM CFSE and plated with
HUVECs in 24-well plates stimulated with 10 U/mL IFN-γ (iEC) for 24 h. (A) Teffs were
cultured alone or stimulated with 5 µg/mL aCD3 and 10 µg/mL aCD28 (aCD3/28)
antibodies in soluble or plate-bound form for 72 h in the absence of accessory cells as
controls. (B) Teffs were also co-cultured with iECs in the absence of any external stimuli or
with soluble aCD3/28 for 72 h. (C) Tregs were co-cultured with iECs in the absence of any
external stimuli or with soluble aCD3/28 for 72 h, without controls due to low cell yield
from cell sorting. Cells were harvested and proliferation (CFSE dilution) was analysed
using flow cytometry. Data is expressed as percentage of proliferated cell from the total
CD4+ T cell population, where each data point represents an independent experiment and
means of each group are shown. One-way ANOVA with Dunnett’s test or two-tailed paired
T tests were conducted where appropriate; **P<0.01, *P<0.05 cf. control; n=4.
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Figure 4.30 : Increase in Teff or Treg proliferation by 120 h in co-cultures of IFN-γstimulated HUVECs with Teff/Treg.
Experiments were conducted as mentioned in Figure 4.29. (A) CFSE-stained Teffs were
cultured alone or with soluble 5 µg/mL aCD3 and 10 µg/mL aCD28 (aCD3/28). Teffs were
also co-cultured with IFN-γ-stimulated HUVECs (iEC) in the absence of external stimuli or
with soluble aCD3/28. (B) Tregs were co-cultured with iECs in the absence of any external
stimuli or with soluble aCD3/28, without controls due to low cell yield from cell sorting.
Proliferation of Teff or Tregs from for these cultures or co-cultures at 72 h and at 120 h
was analysed by CFSE dilution using flow cytometry. Data is shown as percentage of
proliferated cells from the total CD4+ T cell population with each mean ± SD shown. Twoway ANOVA with Tukey test was conducted; ****P<0.0001 120 h cf. 72 h data;
####P<0.0001, ##P<0.01 for 120 h data cf. iEC + Teff + aCD3/28 at 120 h; n=5.
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4.3.4.3 CD25 expression of Teffs or Tregs
4.3.4.3.1 CD25 expression of proliferated T cell populations
When Teffs were cultured alone in the absence of accessory cells, CD25 expression of
the small proliferated T cell population remained low at 72 h whether unstimulated or
stimulated with soluble aCD3/28 (Figure 4.31A). Proliferated cells from Teffs cocultured with IFN-γ-stimulated HUVECs alone also show low CD25 expression but
those from co-cultures stimulated with aCD3/28 have significantly higher CD25
expression levels of 7419 ± 2547 MFI at 72 h (P<0.05 cf. stimulated Teff control or iEC
+ Teff; n=4) (Figure 4.31A). Proliferated cells from these cultures and co-cultures did
not show significant differences in their CD25 expression levels at 120 h (Figure 4.32A).
With co-cultures of Treg and IFN-γ-stimulated HUVECs, proliferated cells show CD25
expression levels of 767.8 ± 149.8 MFI at 72 h in the absence of external stimulus
(Figure 4.31B). Proliferated cells from co-cultures stimulated with aCD3/28 showed
higher levels of CD25 expression of 12925 ± 9280 MFI at 72 h. These proliferated cell
populations from aCD3/28 stimulated Treg-HUVEC co-cultures increased to 15507 ±
8797 MFI at 120 h, which was not significantly different from that at 72 h but is
significantly higher than CD25 expression levels of proliferated cells from Treg-HUVEC
co-cultures without aCD3/28 stimulation (P<0.05; n=4) (Figure 4.32B).
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Figure 4.31 : Increased CD25 expression in proliferated cell population from IFN-γstimuated HUVEC-Teff/Treg co-cultures with aCD3/28 at 72 h.
Experiments were conducted as mentioned in Figure 4.29. (A) CFSE-stained Teffs were
cultured alone or with soluble 5 µg/mL aCD3 and 10 µg/mL aCD28 (aCD3/28). Teffs were
also co-cultured with IFN-γ-stimulated HUVECs (iEC) in the absence of external stimuli or
with soluble aCD3/28. (B) Tregs were co-cultured with iECs in the absence of any external
stimuli or with soluble aCD3/28, without controls due to low cell yield from cell sorting.
CD25 expression of proliferated CD4+ cells from these cultures or co-cultures were
analysed at 72 h by flow cytometry. Data is expressed as MFI, derived from the geometric
mean of PE fluorescence following excitement. Each data point represents an independent
experiment and means are shown. One-way ANOVA with Dunnett’s test was conducted;
*P<0.05; n=4.
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Figure 4.32 : CD25 expression levels of proliferated cells from co-cultures of IFN-γstimulated HUVECs with Teff/Treg at 72 and 120 h.
Experiments were conducted as mentioned in Figure 4.29. (A) CFSE-stained Teffs were
cultured alone or with soluble aCD3 and aCD28 (aCD3/28) at 5 µg/mL and 10 µg/mL
respectively. Teffs were also co-cultured with IFN-γ-stimulated HUVECs (iEC) in the
absence of external stimuli or with soluble aCD3/28. (B) Tregs were co-cultured with iECs
in the absence of any external stimuli or with soluble aCD3/28, without controls due to
low cell yield from cell sorting. CD25 expression of proliferated cell population from these
cultures or co-cultures at 72 h and at 120 h was analysed using flow cytometry. Data is
expressed as MFI, derived from the geometric mean of PE fluorescent intensity, with each
mean ± SD shown. Two-way ANOVA analysis with Tukey test was conducted;
####P<0.001, #P<0.05 for 120 h data cf. iEC + Teff/Treg + aCD3/28 at 120 h data (n=4).
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4.3.4.3.2 CD25 expression of unproliferated T cell populations
When unproliferated T cell populations were analysed from Teff alone cultures, their
CD25 expression levels were found to be low at 72 h whether unstimulated or
stimulated with soluble aCD3/28 (Figure 4.33A). CD25 expression for unproliferated T
cells of Teffs from co-cultures with IFN-γ-stimulated HUVEC alone was also low at 72 h
whereas that for Teff-HUVEC co-cultures stimulated with aCD3/28 was higher at 351.8
± 128.1 MFI. These CD25 expression profiles for Teff cultures and co-cultures did not
change at 120 h (Figure 4.34A).
CD25 expression of unproliferated Treg populations was analysed to investigate
whether Treg phenotype was maintained. CD25 expression levels for unproliferated T
cells from co-cultures of Tregs with IFN-γ-stimulated HUVECs only were 976.3 ± 305.0
MFI at 72 h (Figure 4.33B). Unproliferated T cells from co-cultures stimulated with
aCD3/28 were higher at 3214 ± 1478 MFI when analysed at 72 h. When analysed at
120 h, unproliferated T cells from these Treg-HUVEC co-cultures, either unstimulated
or stimulated with soluble aCD3/28, remain largely unchanged, as shown in
Figure 4.34B.

Figure 4.33 : Increased CD25 expression in unproliferated cell population from cocultures of IFN-γ-stimulated HUVECs with Teff/Treg and aCD3/28 at 72 h.
Experiments were conducted as mentioned in Figure 4.29. (A) CFSE-stained Teffs were
cultured alone or with soluble 5 µg/mL aCD3 and 10 µg/mL aCD28 (aCD3/28). Teffs were
also co-cultured with IFN-γ-stimulated HUVECs (iEC) in the absence of external stimuli or
with soluble aCD3/28. (B) Tregs were co-cultured with iECs in the absence of any external
stimuli or with soluble aCD3/28 for 72 h, without controls due to low cell yield from cell
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sorting. CD25 expression of unproliferated CD4+ cells from these cultures or co-cultures
were analysed at 72 h by flow cytometry. Data is expressed as MFI, derived from the
geometric mean of PE fluorescence following excitement. Each data point represents an
independent experiment and means are shown. One-way ANOVA with Dunnett’s test was
conducted; n=4.

Figure 4.34 : CD25 expression levels of proliferated cells from Teff/Treg in cocultures with IFN-γ-stimulated HUVECs at 72 and 120 h.
Experiments were conducted as mentioned in Figure 4.29. (A) CFSE-stained Teffs were
cultured alone or with soluble aCD3 and aCD28 (aCD3/28) at 5 µg/mL and 10 µg/mL
respectively. Teffs were also co-cultured with IFN-γ-stimulated HUVECs (iEC) in the
absence of external stimuli or with soluble aCD3/28. (B) Tregs were co-cultured with iECs
in the absence of any external stimuli or with soluble aCD3/28, without controls due to
low cell yield from cell sorting. CD25 expression of unproliferated cell population from
these cultures or co-cultures at 72 h and at 120 h were analysed using flow cytometry.
Data is expressed as MFI, derived from the geometric mean of PE fluorescence following
excitation, with mean ± SD shown. Two-way ANOVA analysis with Tukey test was
conducted; n=4.
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4.3.4.4 FOXP3 expression of Teffs or Tregs
4.3.4.4.1 FOXP3 expression of proliferated T cell populations
Teff cultures alone unstimulated or stimulated with soluble aCD3/28 showed little
FOXP3+ proliferated T cells at 72 h (Figure 4.35A). When Teffs alone cultures were
stimulated with plate-bound aCD3/28, %FOXP3+ proliferated cells increased to 40.1 ±
25.7 %. When Teffs were co-cultured with IFN-γ-stimulated HUVECs alone, FOXP3
expression of proliferated T cells remained low at 72 h (Figure 4.35B). However upon
aCD3/28 stimulation, %FOXP3+CD4+ T cells from proliferated T cells of the TeffHUVEC co-cultures was significantly higher at 5.72 ± 2.85 % at 72 h (P<0.05 cf.
stimulated Teff controls; n=4). At 120 h, shown in Figure 4.36A, percentages of
FOXP3+ cells of proliferated T cells from aCD3/28 stimulated co-cultures of Teff with
IFN-γ-stimulated HUVECs increased significantly to 7.89 ± 3.85 % compared to that at
72 h (P<0.01; n=4).
For co-cultures of Tregs with IFN-γ-stimulated HUVECs in the absence of external
stimulus, FOXP3 expression levels of proliferated T cell populations were low at 72 h
(Figure 4.35B). In the presence of aCD3/28, 5.32 ± 3.72 % of Tregs were proliferated
CD4+FOXP3+ T cells at 72 h. By 120 h, shown in Figure 4.36B, percentages of FOXP3+
proliferated CD4+ T cells increased to 10.9 ± 6.84 %, which was not statistically higher
compared to that of 72 h but was significantly higher than that found in co-cultures of
Tregs with IFN-γ-stimulated HUVECs alone at 120 h (P<0.05, n=4).
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Figure 4.35 : Increase in %CD4+FOXP3+ cells by proliferated cell population from
IFN-γ-stimulated HUVECs -Teff/Treg co-cultures at 72 h.
Experiments were conducted as mentioned in Figure 4.29. (A) CFSE-stained Teffs were
cultured alone or with soluble aCD3 and aCD28 (aCD3/28) at 5 µg/mL and 10 µg/mL
respectively. Teffs were also co-cultured with IFN-γ-stimulated HUVECs (iEC) in the
absence of external stimuli or with soluble aCD3/28. (B) Tregs were co-cultured with iECs
in the absence of any external stimuli or with soluble aCD3/28, without controls due to
low cell yield from cell sorting. FOXP3 expression of proliferated cells for these cultures or
co-cultures at 72 h were analysed by flow cytometry. Data is expressed as percentage of
CD4+FOXP3+ cells from the total CD4+ population. Each data point represents an
independent experiment and means are shown. Two-tailed paired T test was conducted;
*P<0.05; n=4.
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Figure 4.36 : FOXP3 expression levels of proliferated cells from IFN-γ-stimulated
HUVECs -Teff/Treg co-cultures at 72 and 120 h.
Experiments were conducted as mentioned in Figure 4.29. (A) CFSE-stained Teffs were
cultured alone or with soluble aCD3 and aCD28 (aCD3/28) at 5 µg/mL and 10 µg/mL
respectively. Teffs were also co-cultured with IFN-γ-stimulated HUVECs (iEC) in the
absence of external stimuli or with soluble aCD3/28. (B) Tregs were co-cultured with iECs
in the absence of any external stimuli or with soluble aCD3/28, without controls due to
low cell yield from cell sorting. FOXP3 expression of proliferated cell populations for these
cultures or co-cultures at 72 h and at 120 h was compared. Data is expressed as
percentage of CD4+FOXP3+ cells from the total CD4+ population with mean ± SD shown.
Two-way ANOVA analysis with Tukey test was conducted; **P<0.01 for 72 h cf. 120h data;
#P<0.01 iEC Treg cf. iEC +Treg + aCD3/28 at 120 h; n=4.
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4.3.4.4.2 FOXP3 expression of unproliferated T cell populations
The unproliferated T cell population from Teff alone cultures, either unstimulated or
stimulated with soluble aCD3/28, show low FOXP3 expression at 72 h (Figure 4.37A).
When Teff were co-cultured with IFN-γ-stimulated HUVECs, percentages of FOXP3+
unproliferated CD4+ T cells were low when co-cultures were unstimulated but
increased to 6.96 ± 7.76 % upon aCD3/28 stimulation at 72 h. When analysed at 120 h,
percentages of FOXP3+ unproliferated CD4+ T cells dropped to 2.24 ± 1.94 % in
aCD3/28-stimulated co-cultures but this was not statistically significant (Figure 4.38A).
In co-cultures of Tregs with IFN-γ-stimulated HUVECs in the absence of external
stimulus, the percentages of FOXP3+ unproliferated T cells was at 19.3 ± 13.3 % at 72
h (Figure 4.37B). This increased to 34.04 ± 14.64 % when co-cultures were stimulated
with soluble aCD3/28. FOXP3 expression of unproliferated T cells in these
unstimulated or aCD3/28-stimulated Tregs-HUVEC co-cultures decreased to 10.92 ±
6.84 % and 14.43 ± 5.67 % respectively but these changes were not statistically
significant (Figure 4.38B).
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Figure 4.37 : Percentage of CD4+FOXP3+ cells in the proliferated cell population
from co-cultures of IFN-γ-stimulated HUVECs withTeff/Treg at 72 h.
Experiments were conducted as mentioned in Figure 4.29. (A) CFSE-stained Teffs were
cultured alone or with soluble aCD3 and aCD28 (aCD3/28) at 5 µg/mL and 10 µg/mL
respectively. Teffs were also co-cultured with IFN-γ-stimulated HUVECs (iEC) in the
absence of external stimuli or with soluble aCD3/28. (B) Tregs were co-cultured with iECs
in the absence of any external stimuli or with soluble aCD3/28, without controls due to
low cell yield from cell sorting. FOXP3 expression of unproliferated cells for these cultures
or co-cultures at 72 h were analysed by flow cytometry. Data is expressed as percentage of
CD4+FOXP3+ cells from the total CD4+ population. Each data point represents an
independent experiment and means are shown. One-way ANOVA with Sidak’s test was
conducted; n=4.
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Figure 4.38 : FOXP3 expression levels of unproliferated cells from IFN-γ-stimulated
HUVECs -Teff/Treg co-cultures at 72 and 120 h.
Experiments were conducted as mentioned in Figure x. (A) CFSE-stained Teffs were
cultured alone or with soluble aCD3 and aCD28 (aCD3/28) at 5 µg/mL and 10 µg/mL
respectively. Teffs were also co-cultured with IFN-γ-stimulated HUVECs (iEC) in the
absence of external stimuli or with soluble aCD3/28. (B) Tregs were co-cultured with iECs
in the absence of any external stimuli or with soluble aCD3/28, without controls due to
low cell yield from cell sorting. FOXP3 expression of unproliferated cell populations for
these cultures or co-cultures at 72 h and at 120 h was compared. Data is expressed as
percentage of CD4+FOXP3+ cells from the total CD4+ population, with mean ± SD shown.
Two-way ANOVA analysis with Tukey test was conducted; n=4.
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4.4 Discussion
4.4.1

Human ECs support T cell proliferation

In order for full T cell activation and proliferation, two essential signals are needed: the
TCR signal from peptide-MHC complex binding and costimulatory signals. Professional
APCs including DCs and B cells have been shown to support full cell activation and
proliferation of both naïve and memory T cells. Non-professional APCs including ECs
and fibroblasts can present antigen but lack classical costimulatory molecules CD80
and CD86; hence can only fully activate memory T cells but not naïve T cells. In this
chapter, human ECs were demonstrated to support CD4+ T cell proliferation,
composed mostly of naïve T cells.
In the absence of any accessory cells, CD4+ T cells did not proliferate in response to
PHA or soluble aCD3/28. Only when stimulated with plate-bound aCD3/28 were the
sorted CD4+ cells shown to proliferate. High levels of proliferation in CD4+ T cell
cultures with plate-bound aCD3/28 stimulation were accompanied with high CD25 and
FOXP3 expression. These controls show that the purity of the sorted CD4+ T cells was
such that any contaminating cell types which could have acted as APCs were not able
to do so and, that under the correct stimulating conditions, sorted CD4+ T cells were
still able to proliferate as expected. With aCD3/28 antibodies coated onto plates, the
TCR activators were in solid state and able to cross link the CD3 and CD28 expressed
on the CD4+ T cell surface. Thus the antibodies are acting to mimic an APC like signal
allowing the formation of the immunological synapse and T cell activation.
When CD4+ T cells were co-cultured with human ECs for 72 h, very little proliferation
was seen. However, when CD4+ T cells were allowed to interact with human ECs for
120 h (tested with HUVECs), significant CD4+ T cell proliferation was seen only in cocultures with IFN-γ- or TNF-α-stimulated HUVECs. In the absence of an external T cell
stimulus, it is possible that alloactivation of the T cells occurred leading to T cell
proliferation whereby the CD4+ T cells recognised and responded to allogeneic
peptides presented by MHC-II complexes on ECs. However TNF-α has not been
shown to stimulate MHC-II expression in EC whereas IFN-γ is a known MHC-II inducer
(Pober et al., 1983; Collins et al., 1984). It is possible then that IFN-γ produced by the
CD4+ T cells in the co-culture could induce MHC expression on the ECs. Hence, it
would be beneficial to analyse MHC expression on ECs post cytokine stimulation and
also post co-culture with CD4+ T cells and also T cell cytokine secretion.
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Contrary to this, Marelli-Berg et al. (1996) argued that IFN-γ-activated HUVECs were
unable to initiate a primary mixed lymphocyte reaction (MLR) and suggested that this
was due to a lack of endothelial B7 expression. With the addition of a B7.1 (CD80)tranfected murine fibroblast cell line, the response of CD4+ T cells to ECs was
reconstituted suggesting the importance of costimulatory molecule expression.
However, more recent studies have shown that human ECs can induce alloproliferation
of CD4+ T cells and specifically, the effector memory CD4+ T cell subset (Shiao et al.,
2007; Taflin et al., 2011). To further probe this ability of human ECs to support T cell
proliferation MHC-mismatched ECs and CD4+ T cells could be used with MHC-blocking
antibody to test the role of this molecule. In a study by Epperson & Pober (1994) they
were able to show that blocking mAbs against MHC-II in co-cultures of CD4+ T cells
with IFN-γ activated HUVECs did reduce but not completely block T cell proliferation.
Hence there could be MHC independent processes that enhance T cell proliferation
such as costimulation and cytokine activation.
When CD4+ T cells co-cultured with HUVECs were supplemented with PHA or soluble
aCD3/28, high levels of T cell proliferation were observed. This shows that human ECs
can act as accessory cells in a similar manner to that of DCs and the APCs found in
PBMC populations in in vitro assays. Similar experiments were carried out by Kunitomi
et al. (2000), whereby irradiated or paraformaldehyde-fixed HUVECs stimulated strong
proliferative responses of CD4+ T cells in the presence of PHA, aCD3-coated beads or
conA compared to the low proliferation levels when CD4+ T cells were cultured alone
with HUVECs or mitogen. This data is also in line with a study by Ma & Pober (1998)
who demonstrated that HUVECs can costimulate the production of IL-2, IFN-γ and IL-4
by naive and memory CD4+ T cells in the presence of PHA.
HDMECs also demonstrated the capacity to support T cell proliferation similarly to
HUVECs. Direct co-cultures of CD4+ T cells with HDMECs without external stimulation
produced little change in T cell proliferation at 72 h. In the presence of soluble aCD3/28
stimulation, proliferation of CD4+ T cells was induced significantly in co-cultures with
IFN-γ-stimulated HDMECs. Co-cultures of HDMECs with CD4+ T cells were not
prolonged till 120 h due to concerns of HDMEC viability in complete RPMI media for
that duration of time. However, CD4+ T cell proliferation levels were lower in HDMEC
co-cultures when compared to HUVEC co-cultures and only showed significance when
using IFN-γ-stimulated HDMECs. This suggests a potential difference in the ability of
ECs derived from different vascular beds to support T cell proliferation, which will be
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discussed in a later section. Nonetheless, this still shows that human ECs could
potentially influence T cell function in skin physiology.
For experiments discussed in this thesis, exogenous mitogens were potentially
presented by HUVECs on their MHC molecules but this is not the case for co-cultures
with otherwise unstimulated HUVECs as these ECs will not have been expressing
MHC-II molecules at least at the start of the culture. It is possible that human ECs
provided an anchoring surface for PHA or aCD3/28 that aids cross-linking of TCR on
CD4+ T cells. In the case of aCD3/28, the stimulatory antibodies provided the TCR
signal and costimulatory signal; hence ECs could have merely acted as an anchoring
surface. However it is also plausible that more than just one mechanism occurred
simultaneously in the co-cultures due to the crosstalk between ECs and T cells.
Activated T cells can secrete cytokines including IFN-γ which could then induce or
boost adhesion molecule or MHC molecule expression on the ECs. This could explain
the difference in proliferation level seen between unstimulated and TNF-α-stimulated
HUVECs in co-cultures with soluble aCD3/28 stimulation.
Further experiments can be designed to investigate the APC function of HUVECs and
also the costimulatory molecules involved. Several studies have addressed the
antigen-dependent effect on T cells by ECs, including a study by Murphy et al., (1999)
which showed EC presentation of bacterial superantigens such as Staphylococcus
aureus Enterotoxin A induced cytokine production of CD4+ T cells. This can also be
studied in vivo by use of transgenic animals for example transgenic mice that express
E. coli β-galactosidase exclusively on ECs were used to demonstrate that ECs can
present self-antigen in vivo to tolerise specific lymphocytes (Rothermel et al., 2004).
Other strategies including transfection of ECs (although transfection efficiencies for
ECs en masse are low (Hunt et al., 2010)) or blocking antibodies could be used to
further examine EC function in activating T cells. Using antigen-specific T cells and
antigen educated EC co-cultures, the specificity of the response and contribution of
costimulatory signalling by ECs to the response could also be investigated. Indeed, this
could also potentially lead into mechanisms of antigen processing and presentation by
the EC which would add weight to their ability to support T cell activation.
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4.4.2

Potential modulation of Treg populations by human ECs

CD25 expression can be used as a marker of T cell activation and high CD25
expression on an individual cell in association with FOXP3 could indicate a Treg
phenotype. Proliferated cells showed high levels of CD25 expression at 72 h reflecting
their level of proliferation or activation seen in the co-cultures. For unproliferated cells,
high CD25 expression levels could also be observed showing the potentially strong
activating signal provided by both mitogen and HUVEC or HDMEC. These two
populations were formed, the proliferated and non-proliferated high CD25 expressing T
cells, which might suggest a complicated and multifaceted activation of T cells by the
EC. However, this CD25 expression cannot be used to simply identify Treg phenotype
since activated T cells have similarly high CD25 expression levels.
FOXP3 is the transcription factor which regulates Treg development and function and
has been used as a marker for Treg phenotype. Caution is required however in the
interpretation of Treg phenotype as activated effector T cells have also been shown to
express FOXP3 without acquiring a regulatory phenotype (Wang et al., 2007). FOXP3
expression at 72 or 120 h was not observed in CD4+ T cells that were not activated,
either cultured alone or in co-cultures with EC, suggesting that the FOXP3 phenotype
may require background stimulation to be maintained. Indeed, a study recently
suggested that TCR signalling events such as from self-antigen recognition is required
in maintenance of both survival and suppressor functions of peripheral Tregs (Delpoux
et al., 2014).
High expression levels of FOXP3 were seen with proliferated T cells in mitogenstimulated HUVEC co-cultures at 72 h, which decreased significantly by 120 h. There
are at least two possible explanations for this observation:
(i)

There was a potential modulation of the Treg population in the co-cultured
CD4+ T cells, where effector T cell could have converted to iTregs

(ii)

Existing Treg populations were expanded.

However, since activated non-regulatory Teffs can express FOXP3 as well (Wang et al.,
2007) extra methods to confirm the identity of these FOXP3-expressing cells are
required. It is possible that a high number of the FOXP3-expressing cells were merely
activated Teffs which expressed FOXP3 and CD25 at 72 h which then lost FOXP3
expression by 120 h whilst retaining their activated phenotype via CD25 expression.
However, the expression levels of FOXP3 were still higher at 120 h compared to the
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initial plating population, indicating the possible modulation of a population of Tregs by
HUVECs. Further characterisation of these FOXP3-expressing cells could be
conducted through assessment of their suppressive activity on Teff function or
conducting DNA methylation analysis for the TSDR demethylation in the Foxp3 locus
(Polansky et al., 2008).

4.4.3

Activation of Teff or Treg with HUVECs

Teffs and Tregs were isolated separately by FACS and co-cultured separately with
HUVECs in order to study the effect of human EC interaction specifically on these
subsets. Controls of Teff alone cultures were not responsive to soluble aCD3/28 as
expected but showed high levels of proliferation with plate-bound aCD3/28 stimulation.
This shows that sorted Teff populations were not contaminated with any APC cell types.
Experimental controls with Treg populations could not be completed due to the low
yield of Tregs from cell sorting. When Teffs were co-cultured with IFN-γ-stimulated
HUVECs, significant levels of proliferation were seen with aCD3/28 stimulation showing
that HUVECs can support Teff proliferation. Similar observations were found with Tregs
when co-cultured with IFN-γ-stimulated HUVECs and aCD3/28. Hence, HUVECs seem
to support both Teff and Treg proliferation in the presence of aCD3/28.
HUVECs also promoted CD25 expression of Teff and Tregs in co-cultures with
aCD3/28; CD25 expression was increased by 72 h and remained similarly elevated at
120 h. This was the case for both proliferated cells and unproliferated cells. FOXP3
expression levels in proliferated cells in Teff-HUVEC co-cultures with aCD3/28
increased by 72 h and also further increased at 120 h. This was similar for aCD3/28
stimulated Treg-HUVEC co-cultures. FOXP3 expression levels in unproliferated cells in
stimulated Teff-HUVEC co-cultures increased slightly by 72 h but decreased to control
levels by 120 h. For Treg-HUVEC co-cultures, the basal FOXP3 levels were higher
compared to Teff, indicating the presence of true Tregs. On aCD3/28 stimulation a
modulation in their expression at 72 h and 120 h was noted, however these changes of
FOXP3 expression were not statistically significant and hence further investigation is
required. It is unclear whether any selective expansion of Teff or Treg by HUVECs
could be deduced. Different ratios of Teff: EC and Treg: EC were used, which might
contribute to the differences in signalling provided by the ECs. FOXP3 expression is an
indicator of Treg phenotype but as previously mentioned non-Treg activated Teff could
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express FOXP3 as well (Wang et al., 2007). For example proliferation of Tregs in
HUVEC co-culture may be due to specific Tregs expansion but could be contributed by
expansion of contaminating Teff. Hence these proliferated cells require further
subtyping in order to confirm Treg or Teff identity.
Overall, this chapter aimed to show the potential for human ECs to induce or expand
Treg populations and these results indicate an important role for ECs in stimulating
Treg proliferation.

4.4.4

Non-autologous nature of EC-T cell co-cultures

Human ECs and CD4+ T cells used for co-cultures in this thesis were non-autologous;
hence it is possible that T cells could respond to allogeneic peptides on ECs. The nonautologous nature of co-cultures in this thesis may be a limitation to the study, posing
as a confounding factor when analysing the resulting T cell activation or proliferation in
co-cultures. Two experiments were conducted where CD4+ T cells of one donor were
co-cultured with HUVECs of two different donors, and no significant differences were
seen in the activation and T cell proliferation of these CD4+ T cells (presented as part
of data in section 4.3.2). Hence, the allogeneity of ECs to CD4+ T cells may not be a
significant confounding factor. Additionally, whole CD4+ T cell populations mainly
composed of naïve T cells were used instead of experienced memory CD4+ T cells,
which would have mounted a greater response against allogeneic ECs and produced
results that are more difficult to interpret. Naivety of HUVECs, coming from their fetal
origin, may also aid in these issues regarding allogenecity.

4.4.5

EC-dependent differences in T cell proliferation and phenotype

Differential effects were seen between unstimulated, IFN-γ- or TNF-α- stimulated ECs
in their immunogenicity. This was perhaps more apparent when T cells were cocultured with ECs alone in the absence of mitogen, where IFN-γ-stimulated HUVECs
induced greater proliferation and higher CD25 expression levels of co-cultured CD4+ T
cells compared to unstimulated or TNF-α-stimulated HUVECs. Similar trends were
seen with HDMECs, where IFN-γ-stimulated HDMECs caused more T cell proliferation
and CD25 expression in co-cultured CD4+ T cells compared to unstimulated HDMECs.
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PHA was a strong stimulus and perhaps a suboptimal stimulation (aCD3/28 or lower
PHA concentrations) would allow for more subtle observations of differential effects
dependent on EC activation status. Additionally, PHA could stimulate EC proliferation
(shown in Appendix C) which poses as a further potential confounding factor.
These differential effects of EC immunogenic capacity dependent on activation status
can be explained by their differential expression of surface molecules and soluble
mediators. IFN-γ-stimulated ECs potentially express greater levels of MHC molecules
that could contribute to the support of T cell proliferation. Activated ECs are known to
also be expressing higher levels of adhesion molecules including ICAM-1 and VCAM-1
that could affect the adhesive interaction of T cells with ECs. It is also likely that the
difference in cytokine and chemokine production profile in these ECs could influence T
cell responses (Nilsen et al., 1998). These parameters will be further examined in
chapter 6. Perhaps high concentrations of IFN-γ or TNF-α with longer incubation
periods could be investigated, as other studies such as that by Marelli-Berg et al. (1996)
have used up to 1000 U/mL IFN-γ with a 72 h stimulation of the ECs compared to 10
U/mL for 24 h in this study. The cytokines used were procured from the NISBC and
although preparations are given in Unit amounts, it may reflect differences in
preparation as to the absolute amounts of cytokine used; this issue will be further
discussed in future chapters.
There were also potential differences in the effect of HUVEC compared to HDMECs on
the activation and proliferation of CD4+ T cells. HDMECs appeared to cause less
‘inflammatory’ activation whereby co-cultures with HDMECs induced less T cell
activation (CD25 and FOXP3 expression) and lower proliferation compared to
equivalent co-cultures using HUVECs. Initial CD4+ T cell control populations were
shown to be intrinsically as responsive to plate-bound aCD3/28 as seen in equivalent
controls in HUVEC experiments despite lower levels of response to HDMEC cocultures. The mechanism of this difference could be due to the differential expression
of cell surface markers or cytokines between these two ECs. Some of the reasons
might include higher sustained levels of E-selectin on HDMECs 24 h post stimulation
whereas E-selectin was shown to peak at 4 h upon TNF-α stimulation for HUVECs
(Kluger et al., 1997). HDMECs also express higher basal levels of ICAM-1 compared to
HUVECs (Swerlick et al., 1991), and express CD32 and CD36 whereas HUVECs do
not (Gröger et al., 1996; Swerlick et al., 1992). This could be studied by characterising
the phenotype of HUVECs and HDMECs, which will be examined in Chapter 6.
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Chapter 5
EffectofhumanECinteractionon
Tregsuppressorfunction
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5.1 Introduction
Tregs are important for the regulation of immune homeostasis in the peripheral tissue.
They help prevent deleterious inflammatory responses against self-antigens and
harmless non-self-antigens such as innocuous environmental substances and
commensal microbes (Sakaguchi et al., 1995). They are also important in immune
regulation as they dampen bystander or unrestrained reactions in order to reduce
tissue damage, autoimmune or allergic reactions (Karim et al., 2005). Hence, Treg
dysfunction is implicated in many autoimmune and inflammatory conditions including
Type 1 diabetes, rheumatoid arthritis and psoriasis (Buckner, 2010). The suppressor
function of Tregs can be regulated and influenced by many factors including cell-cell
interactions and localised tissue microenvironments and this is important both
physiologically and pathologically.
The different mechanisms of Treg suppressive action include the expression of surface
inhibitory ligands such as CTLA-4, production of anti-inflammatory mediators such as
IL-10, IL-35, TGF-β and adenosine, cytokine depletion and cytotoxicity (Schmidt et al.,
2012). Different approaches have been developed to study the suppressor function of
Tregs both in vitro and in vivo. The most widely used in vitro assay for assessing Treg
suppressive activity is by measuring the decrease in Teff proliferation upon addition of
Tregs compared to proliferation of Teff alone (Baecher-Allan et al., 2001). There are
several murine models used to study Treg activity in vivo such as the T cell transfer
model of chronic colitis and EAE models which also allows further study of Treg activity
specific to each tissue microenvironment (Asseman et al., 1999; Collison et al., 2010).
In order for Tregs to effectively and appropriately exert their regulatory function, they
need to be at the appropriate site of action. The migratory capability of Tregs to move
to secondary lymphoid tissue and non-lymphoid sites was demonstrated by several
studies to be necessary for effective Treg control of tissue inflammation (Chen et al.,
2005; Sather et al., 2007; Zhang et al., 2009). Therefore, Tregs are required to interact
with ECs in the lymphatic and vascular system during recruitment and migration. This
intimate interaction between ECs and Tregs could allow functional changes in both of
these cell types. ECs have been demonstrated to modulate Treg suppressor function in
two separate studies. It was first demonstrated in a murine system where activated
lung ECs increased Treg suppressive effects on Teff proliferation (Bedke et al., 2010).
More recently, a study by Wang et al. (2013) found that rapamycin treatment caused
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the modulation of HUVEC immunogenicity which allowed these treated HUVECs to
boost Treg suppressor function compared to vehicle-treated HUVECs.
Studies so far suggest the potential for human ECs to modulate Treg function and
phenotype. There is much to study about this aspect of EC-Treg interaction which will
allow for better understanding of the involvement of human EC in the regulation of
inflammatory responses in the tissue. This chapter aims to investigate the effect of
human EC interaction on Treg suppressor function, especially with regards to skin
physiology. The potential activation of Treg function by human ECs will be examined
using HUVECs and HDMECs.
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5.2 Materials and methods
5.2.1

Cell sorting for Teffs and Tregs

Using FACS, Teffs were sorted based on CD4+ and CD25- expression whereas Tregs
were sorted based on CD4+, CD25hi and CD127low expression. CD127 was used to
mark out the purified population as demonstrated by Liu et al. (2006) and the
importance of this marker is examined later in section 5.3.1.2.
PBMCs were isolated from whole blood by centrifugation following monocyte depletion
by adhesion to tissue culture plastic, as previously described in sections 2.2.2
and 2.2.3. Cells were antibody stained for CD4, CD25 and CD127 expression and
analysed on the BD FACSAria with the appropriate laser lines and settings for PBMCs.
The gating strategy used in order to isolate CD4+CD25- T cells (Teff) and
CD4+CD25hiCD127low T cells (Tregs) is shown in Figure 5.1. Lymphocytes were first
gated based on their forward and side scattering parameters. Doublets, which are
known cell clumps passing through the laser beam produce an electrical pulse with a
larger area value compared to single cells and were excluded based on area and width
parameters of the forward scatter. This is done to avoid loss of purity and to help cell
yield as it reduces the incorrect reading of a particular cell type like Teff and Treg. It is
possible for a CD4+CD25- cell to be misread as CD4+CD25hi if attached to a CD25+ cell.
CD4+ cells were next gated and from that gated population, CD25 and CD127
expressions were analysed. The CD4+CD25- and CD4+CD25hiCD127low cell populations
were then gated and sorted separately into FACS tubes containing at least 1 mL of
complete RPMI media. Sorting cells into media-containing tubes improves cell viability
hence this method was used as the standard protocol in all isolations (Davies, 2007).
Cells were centrifuged at 400 g for 7 min and pooled in small volumes of complete
RPMI media for cell counting with trypan blue exclusion staining used to assess cell
viability.
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Figure 5.1 : Gating strategy for cell sorting of CD4+CD25- T cells and
CD4+CD25hiCD127low T cells.
From freshly isolated PBMCs, monocytes were depleted by adherence to plastic in
complete RPMI media for 1 h at 37 °C in an incubator. Non-adherent cells were collected
and stained with fluorescently labelled antibodies for surface markers CD4, CD25 and
CD127. Cells were gated accordingly in order to sort out CD4+CD25- cells and
CD25hiCD127low T cells using FACS. (A) Lymphocytes were first gated based on their
forward (FSC) and side (SSC) scatter. (B) Doublets were excluded from the lymphocyte
population by gating in the major horizontal population in a forward scatter width vs.
forward scatter area graph. (C) Using the isotype control (red line) as a reference, CD4+
cells were gated from the singlets (blue line). (D) The CD25- population from the CD4+
population were gated and sorted as Teffs. (E) CD4+CD25hiCD127low cells from the same
CD4+ population were also gated and sorted. Representative percentages of the gated
population of their parent population for a typical blood sample are expressed on each
figure.
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5.2.2

Treg suppression assay

Markers can be used to distinguish Tregs from other cells but additional methods of
confirming their identity and further categorising Tregs are required. Functional assays
that quantify the suppressive action of Tregs on Teff activity, in conjunction with
CD4+CD25hiCD127lowFOXP3+ expression, are useful in confirming Treg identity and
characterizing the function of potentially different Treg subsets. Treg suppression
assays require isolated populations of Tregs and Teffs with high purity and the
experimental procedure of this assay is depicted in Figure 5.2. Tregs and Teffs are
next cultured at known ratios with accessory cells (i.e. gamma-irradiated autologous
PBMCs) in the presence of a stimulus (i.e. PHA or stimulatory aCD3 antibody). After
particular time points following stimulation, Teff proliferation can be measured using a
range of different methods including determination of 3H-thymidine incorporation into
proliferated cells, the dilution of the membrane selective fluorescent marker CFSE on
subsequent cell doublings and Ki67 or proliferating cell nuclear antigen (PCNA)
expression; markers expressed in the nuclei of proliferating cells. Functional Tregs will
suppress Teff proliferation and result in reduced 3H-thymidine uptake, a slowing of
CFSE fluorescence dilution or a reduction in the proportion of cells expressing Ki67 or
PCNA.
Development of the Treg suppression assay is described in sections 5.3.2 and 5.3.3,
where Teff proliferation was measured by 3H-thymidine incorporation or CFSE dilution
assay.
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Figure 5.2 : Experimental methods for conducting Treg suppression assays.
Tregs and Teffs can be acquired through cell sorting techniques including FACS. Tregs and Teffs are then plated together at a known ratio with APCs
(including irradiated autologous PBMCs) and a mitogen such as PHA or aCD3 and cultured for a known time period. Teff proliferation is then
measured by various methods including 3H-thymidine incorporation and CFSE dilution assay.
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5.2.3

Co-culture of human ECs with Tregs

In order to investigate whether human ECs are capable of modulating Treg function,
co-cultures of Tregs with HUVECs or HDMECs were conducted. Confluent ECs
seeded at 1 x 105 cells/well 24 h before use in 24-well plates were either unstimulated
or stimulated with 10 U/mL IFN-γ, 1 ng/mL TNF-α or combination of both 10 U/mL IFNγ and 1 ng/mL TNF-α for 24 h prior to co-culture. CD4+CD25hiCD127low cells (Tregs),
CD4+CD25- cells (Teffs) and CD4+ T cells were isolated from monocyte-depleted
PBMCs using cell sorting (described in section 5.2.1). ECs were washed twice with
warm RPMI media and Tregs (30,000 cells/well) were co-cultured with ECs in 1 mL
complete RPMI media for 24 h.
On the same day, Teffs and CD4+ cells were stained with 10 µM CFSE (protocol in
section 2.2.4.3) and rested for 24 h whereas accessory cells (47 Gy gamma-irradiated
autologous PBMCs) were plated at 1 x 105 cells/well with plate-bound aCD3 antibody
(2.5 µg/mL) in 96-well round-bottom plates (kept in 100 µL complete RPMI media) for
the same 24 h. These accessory cells were pre-plated with 24 h aCD3 stimulation due
to concern that monocytes, a major component of the accessory cell signalling, might
be lost if cells were transferred between different culture surfaces and also to avoid the
need to isolate Teff from autologous donors on two consecutive days.
After 24 h co-culture, Tregs were recovered by gentle washing of EC monolayers with
complete RPMI media and supernatants with detached Tregs were collected. Using
this procedure, there was minimal removal of underlying EC. CFSE-stained Teffs and
CD4+ cells were also collected from culture plastic where they had been allowed to
incubate for an equivalent time as Tregs with ECs. Cells were washed and cell counts
with trypan blue for cell viability staining were completed. CFSE-stained Teffs or CD4+
T cells were now plated with the aCD3-stimulated accessory cells at 25,000 cells/well
and Tregs were added to Teffs at a ratio of 1:1 in the appropriate wells and necessary
controls were included. After 72 h stimulation, cells were harvested and stained with
LIVE/DEAD, CD4 and CD25 expression, then fixed and permeabilised for FOXP3
intracellular staining. Cells were analysed by flow cytometry for Teff proliferation as
indicated by dilution of CFSE fluorescence on the BD FACSAria and data was
analysed using FlowJo software v7.6.5. Variations of this assay and gating strategies
for their flow cytometric analyses are further described in the relevant result sections.
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5.3 Results
5.3.1

Isolation of Teffs and Tregs

Isolations of Teff and more importantly Treg populations of high purities are crucial for
a successful Treg suppression assay. Two commonly used methods for the purification
of cell populations are MACS and FACS, both utilising antibody-based systems for cell
surface marker expression. FACS allows direct selection and sorting of cells with the
desired phenotype, obtaining cell populations of high purity. MACS produces a higher
yield of cells compared to FACS, but bead-isolated CD4+CD25+ populations could
potentially contain non-regulatory cells as they were suggested to have lower
regulatory activity compared to FACS-sorted CD4+CD25hi cells (Baecher-Allan et al.,
2005). Following brief preliminary studies, FACS was adopted as the method used for
Treg and Teff isolations.

5.3.1.1 Purity and FOXP3 expression of Teffs and Tregs
Purity and FOXP3 expression of sorted Teff and Treg populations were routinely
assessed before use in functional assays since FOXP3 can be used as a marker for
Tregs (Hori et al., 2003).
Small populations of sorted cells were collected for each Teff and Treg sorting and
reanalysed by flow cytometry immediately. Purities of these populations were recorded
as shown in Figure 5.3. Sorted cell populations were consistently of high purity,
whereby the desired cell phenotypes for Teff and Treg subsets were typically 99.12 ±
0.36 % and 98.96 ± 0.53 % (n=29) respectively of the total cells acquired.
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Figure 5.3 : Purity of sorted CD4+CD25- and CD4+CD25hiCD127low cell populations.
CD4+CD25- cells and CD4+CD25hiCD127low cells were sorted using FACS from monocytedepleted PBMCs as described in Figure 5.1. Sorted cells were routinely reanalysed to
ensure population purity. Purity of cell populations (A) CD4+CD25- cells and (B)
CD4+CD25hiCD127low cells were routinely >98% pure. Representative dot plots of a typical
experiment are shown.

In order to analyse Teff and Treg populations for FOXP3 expression, small numbers of
monocyte-depleted PBMCs stained for CD4, CD25 and CD127 expression were fixed
and permeabilised before intracellular staining for FOXP3. FOXP3 expression of the
CD4+CD25- and CD4+CD25hiCD127low cell populations were analysed by flow
cytometry whereby percentage of FOXP3+ cells of each population were acquired.
Data was collated from 29 different donors and shown in Table 5.1. CD4+CD25- T cells
showed 6.96 ± 4.12 % FOXP3+ cells whereas 87.61 ± 6.74% of CD4+CD25hiCD127low T
cells expressed FOXP3; this difference was statistically significant (P<0.0001; n=29;
Figure 5.5).
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Table 5.1 : CD4+ T cell subsets and FOXP3 expression levels of Teff or Tregs from 29
donors.
CD4+, CD4+CD25- (Teff) and CD4+CD25hiCD127low (Tregs) cell subsets were routinely
isolated using FACS. Percentages of CD4+ T cells from singlet lymphocyte population and
percentages of the CD4+CD25- and CD4+CD25hiCD127low subset as gated from the CD4+ T
cells are shown. FOXP3 expression of Teff and Treg subsets are also as tabulated. Data was
collated from 16 males and 13 females; ages 31.7 ± 7.3.

5.3.1.2 CD127low as an extra marker for Treg identification
During the initial development of the Treg suppression assay, Tregs were sorted
merely by CD4+CD25hi expression. CD127 was found by Liu et al. (2006) to be
downregulated on FOXP3-expressing Tregs and can be used as part of the panel of
cell surface markers for human FOXP3+ Tregs by its absence which potentially allows
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for acquisition of sorted Treg populations with higher purity and FOXP3 expression.
Hence, CD127 was tested by incorporating it into the antibody panel used for Treg
isolation. When comparing FOXP3 expression by flow cytometry, plots of a
representative experiment in Figure 5.4 show that CD4+CD25hiCD127low T cells have
higher FOXP3 expression of approximately 4 % more FOXP3+ cells compared to cells
sorted using CD4+CD25hi expression alone. Data collated from 29 donors showed that
CD4+CD25hiCD127low T cells (87.61 ± 6.74 %) indeed have significantly higher FOXP3
expression compared to CD4+CD25hi T cells (79.17 ± 9.02%; P<0.0001, n=29)
(Figure 5.5).

Figure 5.4 : FOXP3 expressions of CD4+CD25hi cells compared to CD25hiCD127low
cells.
CD4, CD25 and CD127-stained PBMCs (monocyte-depleted) were fixed and permeabilised
for FOXP3 staining. CD4+CD25hi cells and CD4+CD25hiCD127low cells were gated and FOXP3
expression was analysed using FACS. (A) CD4+CD25hi cells have a lower percentage of
FOXP3+ cells compared to (B) CD4+CD25hiCD127low cells gated from the same CD4+
population. Plots of a representative experiment with isotype control (red line) and the
stained samples (blue line) are shown.
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Figure 5.5 : FOXP3+ percentages for CD4+CD25-, CD4+CD25hiCD127low and
CD4+CD25hi T cells.
FOXP3 expression of these T cell subsets was acquired by flow cytometric analysis, as
previously described in Figure 5.4. Each point shows an individual experiment and means
are shown. One-way ANOVA with Sidak’s test was conducted; ****P<0.0001; n=29.
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5.3.2

Treg suppression assay by 3H-thymidine incorporation

The Treg suppression assay was initially conducted using 3H-thymidine incorporation
as the main method of measuring Teff proliferation. Assays were conducted as
described in4.2.2.1 where Tregs and Teffs were plated at known ratios in the presence
of accessory cells (29.4 Gy irradiated autologous PBMCs) and different mitogens were
tested in order to induce the appropriate amount of Teff proliferation that could be
suppressed by the addition of Tregs. PHA, a lectin mitogen that acts as a polyclonal T
cell activator was initially tested but Tregs did not show any suppressive effect on Teff
proliferation (Appendix E). Additionally, accessory cells irradiated with 29.4 Gy
proliferated alone when stimulated with PHA which could pose as a confounding factor.
Titration of gamma irradiation on PBMC proliferation was conducted and it was found
that 47 Gy of gamma irradiation was needed to halt proliferation of PBMCs upon PHA
stimulation without causing significant cell death (Appendix F).
In order to remove the need for accessory cells, which may have an effect on the
results on the suppression assay, two further methods of stimulating Teff proliferation
were tested. PMA, a protein kinase C activator in conjunction with ionomycin, an
ionophore that allows divalent cations such as Ca2+ to cross the plasma membrane,
were used in the absence of accessory cells. Direct T cell activators aCD3 and aCD28
antibodies in solid-state form (plate-bound) were also employed in this assay in the
absence of accessory cells. However, these methods did not produce the expected
result as Treg suppression was not observed (Appendix E).

5.3.3

Treg suppression assay by CFSE dilution

As an alternative method to quantify cell proliferation that would allow further
interrogation of the cell types and their marker expression, the CFSE dilution assay
was explored. CFSE is a fluorescent dye which can be utilized to analyze cell
proliferation in vitro and in vivo and was next employed as the means to measure Teff
proliferation in the Treg suppression assay. This was to test whether the CFSE dilution
assay could produce a more reliable assay that allows measurement of Treg
suppressive function. Higher cell numbers were required for this method compared to
using the 3H-thymidine incorporation assay because a minimum of 10,000 cell events
of interest was needed for data collection during flow cytometric analysis but this assay
could be more sensitive in the detection of significant Treg suppression compared to
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3

H-thymidine incorporation (Venken et al., 2007). Extra information including the

phenotype of different cell subsets and the number of division cycles can also be
obtained from flow cytometric analysis, adding further parameters and power to this
method of cell proliferation analysis.
Following cell sorting as described in section 5.2.1, CD4+CD25- Teffs and
CD4+CD25hiCD127low Tregs were washed with complete RPMI media. Cell counts were
completed in conjunction with trypan blue staining to ensure cell viability. CD4+ T cells
(included as control) and Teffs were stained with 10μM CFSE (detailed in
section 2.2.4.3) and plated at 25,000 cells/well in complete RPMI media. Equal
numbers of Tregs were added to certain Teff cultures, giving a Treg:Teff ratio of 1:1.
Accessory cells (47 Gy gamma-irradiated autologous PBMCs) were plated at 1 x 105
cells/well in each culture. Cells were stimulated with different mitogens including PHA,
plate-bound aCD3 antibody alone, or plate-bound aCD3/28 antibodies. Culture
volumes were kept at 200 μL of complete RPMI media and cells were incubated at
37°C and 5% CO2 for 72 h. Cells were then collected into FACS tubes and
subsequently stained for LIVE/DEAD, CD4 and CD25, then fixed and permeabilised for
FOXP3 staining (detailed protocol in sections 2.3.5, 2.3.6 and 2.3.7). Flow cytometric
analyses were conducted on the BD FACSAria and data was analysed using FlowJo
software v7.6.5
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5.3.3.1 Analysis of CFSE Treg suppression assay
The gating strategy for the flow cytometric analysis of the Treg suppression assay is
shown in Figure 5.6. Lymphocytes were first gated based on their forward and side
scatter profile. This eliminates any cell debris or accessory cells in the analysis. Dead
cells were next excluded by gating of LIVE/DEAD-stained cells. From the live cells,
CD4+ cells were gated and the CFSE-stained cells were next selected. From the CFSE
fluorescence profile (Figure 5.6D), the peak with the highest CFSE fluorescence
intensity was gated as the initial ‘non-proliferated’ population and cells with relatively
lower CFSE fluorescence were gated as the ‘proliferated’ population. The percentage
of cells that have proliferated (% proliferated) was compared between cultures of Teff
alone and 1:1 of Tregs and Teffs in order to determine whether suppression of Teff
proliferation by Tregs had occurred.
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Figure 5.6 : Analysis strategy of CFSE Treg suppression assay.
Teffs were stained with 10 µM CFSE and Treg suppression assays were set up as described
in section 5.3.3. CFSE fluorescence was analysed using flow cytometry to examine Treg
suppressive activity on Teff proliferation. (A) Lymphocytes were gated based on forward
(FSC) and side (SSC) scatter, and dead cells (LIVE/DEAD+) were gated out. (B) CD4+ T cells
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were gated. Differences in CD25 expression can be observed between Teff stimulated
alone (left panel) and Teff stimulated in presence of Treg at a 1:1 ratio (right panel). (C)
From the CD4+ cells, CFSE+ cell population was gated. FOXP3 expression aids in
differentiating Tregs from activated Teffs. (D) CFSE fluorescence was analysed and the
peak with the highest fluorescence intensity is taken as the initial population. Peaks of
lower CFSE fluorescence were gated as proliferated cells, showing the different divisions
of daughter cells. Percentages of proliferated cells were compared as a measure of Treg
suppressive activity. Plots of a representative experiment are shown with % expressed as
percentage of parent population.

5.3.3.2 Effects of different mitogens in the Treg suppression assay
Treg suppression assays were carried out as described in section 5.3.3, where 5
µg/mL PHA, 3 µg/mL of aCD3 or 5 µg/mL aCD3 with 10 µg/mL aCD28 plate-bound
antibodies were tested. Results for six individual experiments are shown in Figure 5.7.
PHA stimulation caused high levels of Teff proliferation but no significant decrease in
proliferation occurred when Teff were cultured with Tregs at 1:1 ratio. With plate-bound
aCD3 antibody alone, Teffs proliferated strongly and this proliferation was significantly
reduced upon addition of Tregs (P<0.0001; n=6). When Teffs were stimulated with
plate-bound aCD3/28, high levels of proliferation were observed. However, contrary to
the suppressive effect seen in aCD3-stimulated Teff-Treg cultures, suppression of Teff
proliferation by Tregs was lost when cells were stimulated with plate-bound aCD3/28
antibodies. This finding is consistent with previous data shown by Baecher-Allan et al.
(2005) where increasing the strength of stimulus by providing CD28 cross-linking or
addition of IL-2 to aCD3 stimulation resulted in CD4+CD25hi proliferation and complete
loss of Treg regulation .
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Figure 5.7 : CFSE-assisted Treg suppression assay conducted using PHA, aCD3 or
aCD3/28.
CD4+CD25hiCD127low T cells (Tregs) and CD4+CD25- cells (Teffs) were isolated from
monocyte-depleted PBMCs using FACS. Teffs were stained with 10 µM CFSE, then plated at
25,000 cells/well alone or with Treg at a 1:1 ratio, in presence of 1 x 105 accessory cells
(47 Gy gamma-irradiated autologous PBMCs). Cultures were stimulated with either 3
µg/mL PHA, plate-bound 5 µg/mL aCD3 antibody, or plate-bound 5 µg/mL aCD3 and 10
µg/mL aCD28 antibodies (aCD3/28) for 72 h. Control unstimulated cultures were also
included for each experiment. Cells were analysed using flow cytometry for CFSE dilution
as a measure of Teff proliferation. One-way ANOVA with Sidak’s test was used;
****P<0.0001; n=6.
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5.3.3.3 Titration of PHA stimulation in Treg suppression assay
PHA as shown in the previous section caused a robust proliferation of Teffs and it
could be possible that Treg suppressive activity was overwhelmed by the strength of
this proliferative signal. A titration of PHA stimulation was therefore conducted in order
to determine whether a weaker PHA stimulation would allow Treg suppression of Teff
proliferation. Treg suppression assays were carried out as described in section 5.3.3,
whereby PHA concentrations of 0.75, 1.5 and 3 µg/mL were tested, together with platebound 5 µg/mL aCD3 stimulation as a positive control. Each PHA concentration tested
in this assay provided strong proliferative stimulation of Teffs, as shown in Figure 5.8.
At a PHA concentration of 3 µg/mL no suppressive activity of the Tregs on Teffs could
be seen as previously demonstrated. At a concentration of 1.5 µg/mL, Teff proliferation
was reduced in the presence of Treg but this reduction was not statistically significant.
There was statistically significant suppression of Teff proliferation by Tregs however
when using concentrations of PHA at 0.75 µg/mL. Therefore, a lower PHA
concentration of 0.75 µg/mL allows the appropriate amount of Teff proliferation that is
then suppressible by Treg and this concentration would be used in future experiments.

Figure 5.8 : Decreasing PHA stimulation allows more effective Treg suppressive
activity.
Experiments were conducted as described in Figure 5.7, whereby Teffs alone or Teffs with
Tregs (at 1:1 ratio) cultures were stimulated with PHA at 3, 1.5 and 0.75 µg/mL or with
plate-bound 5 µg/mL aCD3 as a positive control for 72 h. Control unstimulated cultures
were also included for each experiment. Cells were analysed using flow cytometry for
CFSE dilution as a measure of Teff proliferation. One-way ANOVA with Sidak’s test was
conducted; *P<0.05, **P<0.001; n=5 (data point covered by the bounds of other data).
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5.3.4

Titration of aCD3 stimulation in modified Treg suppression assay

For co-cultures of human ECs and Tregs as described in section 5.2.3, accessory cells
were plated with aCD3 and stimulated for 24 h prior to adding Teffs and Tregs due to
the concern of loss of the adherent monocytes. In Figure 5.9, Teff proliferation caused
by accessory cells pre-stimulated with 5 µg/mL aCD3 was found to be a robust
stimulation which, unlike previously described, provided a proliferation signal that was
less likely to be overcome by the Tregs. This is likely due to the effect of the prestimulation of the accessory cells for 24 h before the addition of Teff and activated
Tregs. Hence the ability of a weaker aCD3 stimulation was investigated to determine
whether Treg suppressive activity could be observed. Accessory cells (47 Gy gamma
irradiated autologous PBMCs) were plated at 1 x 105 cells/well with 2.5, 1.25, 0.625, or
0.3125 μg/mL of plate-bound aCD3 for 24 h, before CFSE-stained Teffs were plated
alone at 25,000 cells/well or with Tregs added at a 1:1 ratio. After 72 h stimulation, cells
were analysed by flow cytometry for CFSE dilution as the readout of Teff proliferation.

Figure 5.9 : Strong stimulation by 5 μg/mL aCD3 may dampen suppressive effect.
CD4+CD25- T cells (Teffs) and CD4+CD25hiCD127low T cells (Tregs) were isolated from
PBMCs using FACS as previously described and Teffs were stained with 10 μM CFSE. 47 Gy
gamma-irradiated autologous PBMCs were plated with 5 μg/mL of plate-bound aCD3 for
24 h, before rested CFSE-stained Teffs were added alone at 25,000 cells/well or with Tregs
at a 1:1 ratio. After 72 h, cells were analysed using flow cytometry for CFSE dilution as a
measure of Teff proliferation. The suppressive effect of Treg on Teff proliferation is less
apparent when compared to previous setups.
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Shown in Figure 5.10, the titration of aCD3 stimulation did not appear to allow for more
effective Treg suppression of Teff proliferation. Lower concentrations of aCD3 caused
less Teff proliferation as expected, but the mean reduction of Teff proliferation in the
presence of Tregs was similar at each concentration. Hence, it was decided that 2.5
µg/mL plate-bound aCD3 antibody would be used in further assays to provide the
appropriate level of stimulation in the EC-modified Treg suppression assay to be able
to discern the activating effects of EC on Treg.

Figure 5.10 : Titration of aCD3 stimulation did not allow more effective Treg
suppressive activity.
CD4+CD25- T cells (Teffs) and CD4+CD25hiCD127low T cells (Tregs) were isolated from
PBMCs using FACS as previously described and Teffs were stained with 10 μM CFSE. 47 Gy
gamma-irradiated autologous PBMCs were plated with 2.5, 1.25, 0.625, or 0.3125 μg/mL
of plate-bound aCD3 for 24 h, before rested CFSE-stained Teffs were added alone at
25,000 cells/well or with Tregs at a 1:1 ratio. After 72 h, cells were analysed using flow
cytometry for CFSE dilution as a measure of Teff proliferation. One-way ANOVA with
Sidak’s test was used; n=5 (data point covered by the bounds of other data).
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5.3.5

Co-culture of HUVECs with Tregs

Tregs interact with ECs as they migrate into target tissue to exert their regulatory
functions and it is possible that this interaction could lead to activation events for Tregs.
Hence, the effect of EC interaction on Treg function was examined and the contactdependent (direct) interaction between HUVECs and Tregs was first investigated.
Co-cultures of HUVECs with Tregs were conducted as described in section 5.2.3 and
the experimental plan was as pictured in Figure 5.11. Briefly, CD4+CD25hiCD127low
cells were isolated, washed then plated in direct co-cultures with unstimulated (uEC 1:1)
IFN-γ-stimulated (iEC 1:1), TNF-α-stimulated (tEC 1:1) or both IFN-γ + TNF-αstimulated (itEC 1:1) HUVECs, for 24 h. On the same day, CD4+CD25- Teff and CD4+
cells were stained with 10 μM CFSE and rested for 24 h, whereas irradiated autologous
PBMCs were plated with 2.5 μg/mL aCD3 for the same 24 h. Tregs were recovered
after the 24 h co-culture, then plated together with CFSE-stained Teff and aCD3stimulated accessory cells in a suppression assay as previously described
(section 5.3.3). Cells were harvested after a further 72 h incubation and analysed by
flow cytometry for Teff proliferation.
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Figure 5.11 : Experimental plan of HUVEC-Treg suppression assay.
Tregs and Teffs were sorted by FACS from monocyte-depleted PBMCs. Tregs were cocultured with unstimulated or 24 h pre-stimulated HUVECs directly for 24 h, whereas Teff
were stained with CFSE then rested for 24 h. Irradiated PBMCs were plated into aCD3
coated wells. After 24 h, Teffs were plated with aCD3-stimulated accessory cells and Tregs
were added in at a 1:1 ratio with Teffs in the appropriate wells. After a further 72 h culture,
cells were harvested, stained with fluorescently labelled antibodies and analysed by flow
cytometry for Teff proliferation to assess change in Treg suppressive capacity.
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5.3.5.1 Increase in Treg function by direct HUVEC interaction
From the Treg suppression assays in this thesis, Tregs were found to suppress Teff
proliferation in the expected manner (Figure 5.12). There was variability in the capacity
of Tregs from different donors to suppress Teff proliferation (reduced to 77.5 ± 18.3 %;
normalised to proliferation from Teff alone culture), but overall this observed Treg
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suppression was significant (P<0.0001; n=16).
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Figure 5.12 : Suppression of Teff proliferation by Tregs.
CD4+CD25- T cells (Teffs) and CD25hiCD127low T cells (Tregs) were sorted using FACS as
previously described. Teffs were stained with 10 μM CFSE and both cell populations were
rested for 24 h in complete RPMI media. 47 Gy gamma-irradiated autologous PBMCs were
plated at 1 x 105 cells/well with 2.5 μg/mL plate-bound aCD3 for 24 h and Teffs were then
plated alone at 25000 cells/well or with Tregs at a 1:1 ratio. Cells were cultured for a
further 72 h before Teff proliferation was analysed by CFSE dilution using flow cytometry.
Teff proliferation (%) was normalised to proliferation in Teff alone cultures as 100 % and
data points for each independent experiment and mean are shown. Two-tailed paired T
test was conducted; ****P<0.0001, n=16.
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After direct co-culture with HUVECs, shown in Figure 5.13, Tregs were found to have
an increased suppressor function as indicated by the larger decrease in Teff
proliferation. Tregs co-cultured with unstimulated HUVECs (uEC 1:1) produced a
greater reduction of 4.4 % (Normalised 5.4 %) in Teff proliferation compared to control
Tregs (1:1). Tregs co-cultured with IFN-γ- (iEC 1:1) or TNF-α-stimulated (tEC 1:1)
HUVECs showed even further enhancements in their suppressive capacity, whereby
they caused 8.0 % (10.4 %) and 8.2 % (11.2 %) further reduction of Teff proliferation
compared to control Tregs (1:1) (P<0.05; n=8). Tregs co-cultured with IFN-γ plus TNFα-stimulated HUVECs also showed increased suppressive function but was not
statistically significant due to variability of the data.

Figure 5.13 : Enhancement of Treg suppressive function on Teff proliferation after
direct co-culture with HUVECs.
Experiments were conducted as described in Figure 5.11, where CD4+CD25- cells (Teffs)
were stained with 10 μM CFSE and rested for 24 h in complete RPMI media, whereas
CD4+CD25hiCD127low cells (Tregs) were plated in direct contact with unstimulated (uEC),
IFN-γ- (iEC), TNF-α- (tEC) or IFN-γ and TNF-α-stimulated (itEC) HUVECs in complete
RPMI media for 24 h. Teffs were then plated alone at 25000 cells/well or with Tregs
recovered from HUVEC co-cultures at a 1:1 ratio, together with 1 x 105 cells/well of 47 Gy
gamma-irradiated autologous PBMCs pre-stimulated with 2.5 μg/mL plate-bound aCD3.
Cells were cultured for a further 72 h and Teff proliferation was analysed by CFSE dilution
using flow cytometry. Raw data is expressed as (A) % proliferated Teffs, with each
experiment represented by a different colour. Data is also expressed where (B) Teff
proliferation is normalised to proliferation in 1:1 cultures as 100 %, showing mean ± SEM.
One-way ANOVA with Dunnett’s test was used; *p <0.05, n=8.
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5.3.6

Contact-independent nature of HUVEC-Treg interactions

The contact-dependent nature of the modulation of Treg function by HUVEC was next
investigated to assess whether EC can control Treg function at a distance or whether
EC-dependent control of Tregs is a contact only phenomenon. Similar assays were
conducted as described in section 5.2.3. Pictured in Figure 5.14, CD4+CD25hiCD127low
cells were isolated, washed then plated either in direct co-cultures with unstimulated
(uEC 1:1) or IFN-γ-stimulated (iEC 1:1) HUVECs, or plated in Transwell (Corning 3470
Transwell; pore size 0.4 μm; Corning Life Sciences) above unstimulated (uEC TW 1:1)
or IFN-γ-stimulated (iEC TW 1:1) HUVECs, for 24 h. On the same day, CD4+CD25- Teff
and CD4+ cells were stained with 10 μM CFSE and rested for 24 h, whereas irradiated
autologous PBMCs were plated with 2.5 μg/mL aCD3 for the same 24 h. Tregs were
recovered after the 24 h co-culture, then plated together with CFSE-stained Teff and
aCD3-stimulated accessory cells in a suppression assay as previously described
(section 5.3.3). Cells were harvested after a further 72 h incubation and analysed by
flow cytometry for Teff proliferation.
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Figure 5.14 : Experimental plan for transwell HUVEC Treg suppression assay.
Tregs and Teffs were sorted by FACS from monocyte-depleted PBMCs. Tregs were cocultured with unstimulated or stimulated HUVECs directly or indirectly in Transwells
above HUVECs for 24 h, whereas Teff were stained with CFSE and rested for 24 h.
Irradiated PBMCs were plated into aCD3 coated wells. After 24 h, Teffs were plated with
aCD3-stimulated accessory cells and Tregs were added in at a 1:1 ratio with Teffs in the
appropriate wells. After a further 72 h culture, cells were harvested and analysed by flow
cytometry for Teff proliferation to assess changes in Treg suppressive capacity.
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5.3.6.1 Boosting of Treg function through contact-independent mechanisms
Upon removal of direct contact between HUVECs and Tregs, shown in Figure 5.15, the
Treg suppressive function was found to be further enhanced compared to Tregs from
direct HUVEC co-cultures. When comparing between direct Treg-HUVEC contact and
Treg suspended above unstimulated HUVECs in Transwells, there is a small but not
significant reduction in Teff proliferation by 1.8 % (normalised 3.3 %) when direct
contact with EC was prevented (Figure 5.15B). However, a greater reduction of Teff
proliferation by 5.6 % (17.1 %) was found when direct contact between Tregs and IFNγ-stimulated HUVECs was prevented, when comparing Tregs that were co-cultured
directly or in Transwells with IFN-γ-stimulated HUVECs (P<0.05; n=8). Hence, there is
a contact-independent mechanism in the enhancement of Treg suppressive function by
ECs. Tregs in Transwells above IFN-γ-stimulated ECs caused a further 4.2 % (12.0 %)
suppression in Teff proliferation compared to Tregs in Transwells above unstimulated
ECs (P<0.05; n=8). Therefore, this suggests that IFN-γ-stimulated ECs are potentially
secreting labile soluble mediators that boost Treg suppressive capacity.
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Figure 5.15 : Contact-independent boosting of Treg suppressive function on Teff
proliferation after co-culture above IFNγ-stimulated HUVECs.
Experiments were conducted as described in Figure 5.14, where CD4+CD25- T cells (Teffs)
were stained with 10 μM CFSE and rested for 24 h in complete RPMI media, whereas
CD25hiCD127low T cells (Tregs) were plated in direct contact with unstimulated (uEC) or
IFN-γ-stimulated (iEC) HUVECs, or suspended above unstimulated (uEC TW) or IFN-γstimulated (iEC TW) HUVECs in Transwells for 24 h. Teffs were then plated alone at 25000
cells/well or with Tregs recovered from HUVEC co-cultures at a 1:1 ratio, together with 47
Gy irradiated autologous PBMCs pre-stimulated with 2.5 μg/mL plate-bound aCD3. Cells
were cultured for a further 72 h before Teff proliferation was analysed by CFSE dilution
using flow cytometry. Raw data is expressed as (A) % proliferated Teffs, with each
experiment represented by a different colour. Data is also expressed where (B) Teff
proliferation is normalised to proliferation in 1:1 cultures as 100 %, showing mean ± SEM.
One-way ANOVA with Dunnett’s test was used; *p <0.05, n=8.
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5.3.7

Co-culture of HDMECs with Tregs

In order to study the interaction of ECs with Tregs in regards to skin physiology,
HDMECs were next investigated as there are potential differences in the phenotype of
ECs derived from different vascular beds (Swerlick et al., 1991). The experimental plan
for this functional assay is as depicted in Figure 5.16.
Co-culture assays were conducted similarly to that described in section 5.2.3. Briefly,
HDMECs were plated into 24-well plates at 1 x 105 cells/well in MV2 media overnight
until full confluence and kept unstimulated or stimulated with 10 U/mL IFN-γ for 24 h.
CD4+CD25hiCD127low Treg and CD4+CD25- Teff population were isolated using FACS
as described in section 5.3.1. HDMEC monolayers were washed gently with warm
RPMI media and Tregs were plated either in direct co-cultures with unstimulated (uEC
1:1) or IFN-γ-stimulated (iEC 1:1) HDMECs. Treg were also suspended above
unstimulated (uEC TW 1:1) or IFN-γ-stimulated (iEC TW 1:1) HDMECs for 24 h on
Transwells. On the same day, CD4+CD25- Teff and CD4+ cells were stained with 10 μM
CFSE and rested for 24 h, whereas irradiated autologous PBMCs were plated with 2.5
μg/mL aCD3 for the same 24 h. After 24 h, differentially conditioned Tregs were
collected by gently washing HDMEC monolayer or Transwells with RPMI media and
supernatants were collected. CFSE-stained Teffs were plated with aCD3-stimulated
accessory cells and Tregs were added with Teffs at a 1:1 ratio in appropriate wells.
After a further 72 h incubation, cells were analysed by flow cytometry for Teff
proliferation as indicated by dilution of CFSE fluorescence.
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Figure 5.16 : Experimental plan of HDMEC-Treg suppression assay.
Tregs and Teffs were sorted by FACS from monocyte-depleted PBMCs. Tregs were cocultured with unstimulated or stimulated HDMECs directly or indirectly in Transwells
above HDMECs for 24 h, whereas Teff were stained with CFSE and rested for 24 h.
Irradiated PBMCs were plated into aCD3 coated wells. After 24 h, Teffs were plated with
aCD3-stimulated accessory cells and Tregs were added in at a 1:1 ratio with Teffs in the
appropriate wells. After a further 72 h culture, cells were harvested and analysed by flow
cytometry for Teff proliferation to assess changes in Treg suppressive capacity.

196

5.3.7.1 Effect of HDMEC interaction on Treg function
After direct co-culture of Tregs with unstimulated HDMECs (uEC 1:1; Figure 5.17),
suppressive capacity of Tregs on Teff proliferation did not appear to increase
significantly compared to control Tregs (1:1). Tregs cultured on Transwells above
unstimulated HDMECs (uEC TW 1:1) showed no difference compared to Tregs that
were in direct co-cultures. With Tregs that were co-cultured directly with IFN-γstimulated HDMECs, their suppressive capacity also appeared to be unaffected as the
amount of Teff proliferation is similar compared to those cultured with control Tregs
(Figure 5.17B). However, Tregs cultured in Transwells above IFN-γ-stimulated
HDMECs showed an increase in their suppressor function compared to those in direct
co-cultures, as Teff proliferation suppressed by these Tregs was reduced by 8.2 / 17.9 %
(raw data / normalised data) compared to those cultured with Tregs which were first cocultured directly with IFN-γ-stimulated HDMECs (P<0.05; n=8).

Figure 5.17: Contact-independent increase of Treg suppression activity on Teff
proliferation after co-culture with IFN-γ-stimulated HDMECs.
Experiments were conducted as described in Figure 5.16, where CD4+CD25- cells (Teffs)
were stained with 10 μM CFSE and rested for 24 h in complete RPMI media, whereas
CD4+CD25hiCD127low cells (Tregs) were plated in direct contact with unstimulated (uEC)
or IFNγ-stimulated (iEC) HDMECs, or suspended above unstimulated (uEC TW) or IFNγstimulated (iEC TW) HDMECs in Transwells for 24 h. Teffs were then plated alone at
25000 cells/well or with Tregs recovered from HDMEC co-cultures at a 1:1 ratio, together
with 47 Gy gamma-irradiated autologous PBMCs pre-stimulated with 2.5 μg/mL platebound aCD3. Cells were cultured for a further 72 h before Teff proliferation was analysed
by CFSE dilution using flow cytometry. Data is expressed as (A) %proliferated Teffs, with
each experiment represented by a different colour. Data is also expressed where (B) Teff
proliferation is normalised to proliferation in 1:1 cultures as 100 %, showing mean ± SEM.
One-way ANOVA with Dunnett’s test was used; *P<0.005; n=8.
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5.4 Discussion
5.4.1

Enhancement of Treg suppression capacity by human ECs

Control of Treg function is important in immune homeostasis. Whilst excess Treg
function is undesirable in an antitumour immunity setting and lack of Treg function
could lead to autoimmune or chronic inflammatory conditions, the resolution and
control of inflammation are important processes which must be balanced to regain
homeostasis. APCs and the inflammatory microenvironment can affect Treg function,
but interaction with ECs during migration into sites of inflammation could also be a
controlling influence on Treg function. There is evidence that Treg function and
phenotype can be influenced upon EC interaction as demonstrated in studies such as
those by Krupnick et al. (2005) and Bedke et al. (2010). However, there are aspects of
the human EC-Treg interactions yet to explore where it is not known if human
microvascular ECs can affect Treg suppressor function in the context of skin
physiology.
This thesis chapter has demonstrated that interactions with HUVECs, both direct and
indirect, enhanced Treg suppressive effects on proliferation of Teff populations. After
direct contact with unstimulated HUVECs, there was a small reduction in Teff
proliferation caused by these co-cultured Tregs compared to control Tregs, indicating a
boost in suppressive activity. Further increases in the enhancement of Treg
suppressive capacity were observed using co-cultures with IFN-γ- or TNF-α-stimulated
HUVECs. These activated human ECs could potentially be providing stronger or extra
signals that further activate Treg function compared to resting ECs. However with
HUVECs stimulated with both IFN-γ and TNF-α there was variability between subjects
in the enhancement of Treg suppressive capacity, indicating a complexity in the
phenotype of EC towards the regulation of Treg function in the mixed cytokine
environment that might be expected in an inflammatory condition. In this thesis, a lower
IFN-γ concentration was used in HUVEC activation when compared with current
literature (Wang et al., 2013). It may be possible that by using higher concentrations of
cytokines to activate ECs a stronger effect on boosting Treg suppressive function could
be produced. However morphological changes were seen in the cultured EC at higher
IFN-γ concentrations in this study. Although the unit amounts of the cytokine
preparations are known, it is difficult to compare between the National Institute of
Biological Standards (NISBC) preparations used in this study and those that are
commercially available. To further this work those comparisons would need to be made
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but also more complicated mixtures of cytokines used to activate the endothelium could
be investigated. This would be particularly interesting to investigate in the context of
skin disease using inflammatory supernatants from activated keratinocytes or dermal
fibroblasts in culture, blister fluid from in vivo inflammation or dialysate from microdialysis of inflammatory skin disease sites.
This thesis aims to study EC-Treg interactions with regards to skin physiology,
therefore HDMECs were employed as there is phenotypic heterogeneity between ECs
of different tissue or organs. For example, HDMECs are known to have higher basal
expression of ICAM-1 compared to HUVECs, and also express CD36 and CD32
(Gröger et al., 1996; Swerlick et al., 1991; Swerlick et al., 1992). This could be
translated into differential effects by the two EC types as ICAM-1 is involved in Treg
adhesion to dermal blood vessels (Deane et al., 2012) and is also important in the
ability of HDMECs to induce Treg populations (Taflin et al., 2011). However, results in
chapter 5.3.7 show that neither direct interaction with unstimulated or IFN-γ-stimulated
HDMECs caused any significant change in Treg suppressive capacity. This implies that
HDMEC interaction potentially does not lead to changes in Treg function but the
scenario is most likely more complicated and is further discussed below.

5.4.2

Contact dependency of Treg activation by ECs

The contact dependency aspect of EC-Treg interaction was next investigated as the
interesting question of whether EC enhancement of Treg suppressive capacity was
contact-dependent or independent could be addressed. This could be studied by
incubating Tregs with EC pre-conditioned media or by conducting Transwell assays
where Tregs are cultured on Transwells with 0.4 μm-sized pores above ECs, thus
examining the effect of soluble mediators produced by ECs on Treg function. Transwell
assays were conducted in this thesis as it was thought to be a method by which the
two-way active interaction between EC and Tregs could best be interrogated. This is
because Tregs, once activated at a distance, may produce soluble mediators that in
turn affect EC protein expression and this cross talk would not be available if using a
conditioned media approach.
With unstimulated HUVECs, there was no difference in Treg suppressive capacity
between Tregs that were directly co-cultured or cultured above EC in Transwells. This
likely shows that the interaction of unstimulated HUVEC which increased Treg function
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was not exclusively through contact-dependent mechanisms. However, Tregs cultured
in Transwells above IFN-γ-stimulated HUVECs showed further enhanced suppressive
activity compared to Tregs which were directly cultured with IFN-γ-stimulated HUVECs.
This removal of direct contact between Treg and activated HUVECs shows potential
involvement of a contact-independent mechanism in the enhancement of Treg function
by EC which has not been previously reported.
In the case of HDMECs, there was also no appreciable effect in Treg suppressive
capacity when Tregs were cultured in Transwells above unstimulated HDMECs
compared to direct interaction of Tregs with HDMECs. Hence, unstimulated HDMECs
overall do not appear to influence Treg function significantly. With IFN-γ-stimulated
HDMECs, even though direct contact of Tregs with these ECs showed no effect, there
was an appreciable increase in Treg suppressive activity on Teff proliferation when
Tregs were cultured in Transwells above IFN-γ-stimulated HDMECs. This shows that
there is a contact-independent interaction by IFN-γ-stimulated HDMECs that can boost
Treg suppressor function when direct contact between the two cell types was removed,
similar to that seen with activated HUVECs. This Treg function enhancement by
possible soluble mediators has been of the greatest effect seen so far in this thesis.
Therefore, it would be beneficial to investigate the molecules responsible for this
contact-independent enhancement of Treg suppressive capacity by human ECs.
This does not mean however that the contact-dependent mechanism in EC boosting of
Treg function is not important, as removal of direct contact between EC and Treg did
not

render

loss

of

EC-dependent

enhancement

of

Treg

suppression.

Paraformaldehyde-fixed ECs could be used to study solely the contact-dependent
mechanisms of EC-Treg interaction, as fixation would render the ECs unable to secrete
soluble mediators but surface ligands are still intact. However, fixation may also affect
the EC ability to express surface molecules and soluble mediators in response to the
ligation and binding of the Tregs. Alternatively, brefeldin A, an antibiotic that inhibits
protein transport into the Golgi apparatus and subsequent cytokine production of the
cell, could be used. Furthermore, there could be potential signals on the cell surface of
activated ECs that diminish Treg suppressive activity, activated only when Tregs are in
direct contact with ECs. For example activated ECs have been shown to express
OX40-L and this could potentially contribute to the contact-dependent reduction in Treg
function as OX40 engagement on Tregs can inhibit their suppressive activity (Mestas et
al., 2005; Vu et al., 2007). Considered together, these different processes allow
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differences in the spatial control of Treg function by human ECs. For example, during
transmigration of Tregs through the endothelium, where direct contact is required as
part of the process of recruitment, the signalling molecules expressed regulate Treg
function to boost or maintain suppressive activity. Upon arrival into tissue such as the
dermis, soluble mediators produced by activated ECs could diffuse into the tissue and
further influence Treg activity. This could be modelled by using Tregs plated onto EClined Transwells and allowing transmigration to a signal such as CXCL12, similar to
that conducted in a study by Oo et al. (2010). The Tregs would then have interacted
with the ECs before migrating and being at a distance. The suppressive activity of
Tregs could then be assessed and compared to activity as described above.

5.4.3

Differential effects between HUVECs and HDMECs

Vascular ECs from various sites can provide distinctive vascular microenvironments,
whereby differential expression of surface ligands and receptors and soluble mediators
can potentially influence T cell phenotype and functions differently. It appears that
HUVECs have the capacity to regulate T cell function compared to HDMECs which
may be related to the site from which they were isolated. Co-culture of HUVECs led to
enhanced Treg suppressive capacity, for both direct co-culture and indirect Transwell
co-culture, especially with cytokine-stimulated HUVECs. HDMEC interactions however
did not affect Treg function significantly unless Tregs were co-cultured in Transwells
above IFN-γ-stimulated HDMECs, hence only the contact-independent interaction
between Tregs and activated HDMECs modulated Treg suppressor function. Therefore,
it seems that the HUVECs can be ‘tolerogenic’ in more situations including spatial and
activation status than HDMECs.
This difference between HUVECs and HDMECs could be translated into the different
roles that they employ at their site of origin. In maternal-fetal immunology, immune
tolerance is important for the protection of the fetus where absence of maternal
immune response against the fetus and placenta is important. Hence, HUVECs may be
required to be more ‘tolerogenic’ and induce Tregs which are more suppressive in
order to dampen immune responses against fetal cells. The skin on the other hand is
an immunological barrier that is constantly exposed to external antigen and immune
surveillance is hence important. It is known that Tregs travel to and from the skin tissue
as part of the skin immune surveillance system (Tomura et al., 2010). It could be
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deleterious if dermal EC interaction allowed Tregs to become more suppressive each
time Tregs transmigrate into skin tissue and in turn dampen necessary inflammatory
responses.
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Chapter 6
MechanismsofhumanEC–Tcell
interactions
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6.1 Introduction
ECs interact with T cells to assist in their adhesion and transmigration but are also
capable of presenting antigens and providing costimulatory signals (Pober and Sessa,
2007), as discussed in previous chapters. ECs can express an array of surface
molecules and soluble mediators which can contribute to the interaction between EC
and T cells including Tregs. Apart from the ECs, other cell types and also the local
microenvironment can influence Treg phenotype and lineage stability. Foxp3
expression is one of the benchmarks used to gauge Treg stability along with
expression of Treg-associated molecules such as CD25, CTLA-4, PD-1, OX40 and
others (discussed previously in section 1.4.5). An important functional hallmark of a
regulatory phenotype requires the observation of suppression of effector cell activity
which includes effector cell proliferation and cytokine release (Baecher-Allan et al.,
2001). Many studies have used these observations to determine the effects of cell
interaction, ligands or mediators on Treg function and phenotype. In general, it is
perceived that Treg integrity is disrupted upon pro-inflammatory encounters whereas
anti-inflammatory or tolerogenic cues could stabilise, enhance or even induce Treg
phenotype (Barbi et al., 2014). However, the control of Treg function is a complex
phenomenon, which will be discussed further.
The effects of the tissue microenvironment on Treg phenotype and function have been
studied extensively including in tumours, lung, intestinal and skin (Campbell and Koch,
2011). Cell types in these microenvironments which contribute to Treg control include
DCs, T cells, B cells, ECs, stromal cells, epithelial cells and fibroblasts (Clark and
Kupper, 2007; Pfisterer et al., 2015; Sun et al., 2007). DCs are a major influencer on
Treg function where tolerogenic DCs can induce Treg populations from naive CD4+ T
cells as reviewed by Maldonado & Andrian (2010). Tolerogenic DCs were shown to
induce Treg populations through expression of inhibitory ligands immunoglobulin-like
transcript (ILT) receptors and PD-1 ligands and production of tolerogenic factors such
as IL-10, TGF-β and retinoic acid (Coombes et al., 2007; Gregori et al., 2010; Unger et
al., 2009). ECs could potentially control Treg function in a similar fashion and this will
be discussed in two general sections outlining potential mechanisms: (i) contactdependent and (ii) contact-independent Treg activation.
(i) The contact-dependent mechanisms between EC and Treg potentially include TCR
signalling through presentation by peptide-MHC complexes and costimulatory
signalling through CTLA-4, PD-1 and OX40. These two types of signals are known to
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be involved in the regulation of Treg function and phenotype during homeostatic and
inflammatory conditions. TCR stimulation is important for maintenance of Foxp3
expression and suppressor function of Tregs in the periphery (Kim et al., 2009)
whereas costimulatory signalling including CTLA-4, PD-1, OX40, and 4-1BB are also
involved in the control of Treg phenotype and function (Beom K Choi et al., 2004;
Francisco et al., 2009; Tai et al., 2012; Takeda et al., 2004). Human ECs have been
demonstrated to express MHC molecules along with these costimulatory molecules
(discussed previously in section 1.5.1 and 1.5.2) suggesting that there is potential for
human EC to modulate Treg activity and phenotype via these mechanisms. For
example, IFN-γ-induced expression of MHC-II on ECs allows Tregs to recognise selfantigen and migrate into peripheral tissue (Fu et al., 2014). However, it has yet to be
proven whether TCR signalling by MHC molecules on ECs can affect Treg function.
Studies conducted by Bedke et al. (2010) and Wang et al. (2013) showed that ECs can
activate Tregs and augment their suppressive capacity which was significantly
mediated by EC expression of PD-L1. ECs have also been shown to induce
suppressive Treg populations through PD-L1 signalling (Krupnick et al., 2005; Taflin et
al., 2011) and provides a further contact-dependent mechanism with which Treg
function can be controlled by ECs.
(ii) Soluble mediators in a microenvironment can contribute to the control of Treg
phenotype and function via diffusive interactions to a distant site. ECs are known to
secrete a range of cytokines and chemokines which can potentially be involved in EC
activation of Treg suppressor function. TGF-β and IL-10 have been demonstrated to be
important in the stabilisation of Treg lineage and induction of Treg populations (Li et al.,
2006; Murai et al., 2009). Conversely, cytokines such as IL-6 and TNF-α could
negatively affect Treg function depending on the inflammatory microenvironment
(Valencia et al., 2006; Goodman et al., 2009). Apart from these cytokines, growth
factors granulocyte-colony stimulating factor (G-CSF) and granulocyte macrophagecolony stimulating factor (GM-CSF) could also potentially be involved in EC-Treg
interaction. G-CSF has been demonstrated to have potential roles in immune tolerance
as a study conducted by Rutella et al. (2002) showed that G-CSF treatment of CD4+ T
cells in a mixed leukocyte reaction (MLR) promoted the generation of IL-10 and TGF-β
secreting Type 1 regulatory T (Tr1) suppressor cells. G-CSF was more recently found
to increase the mobilisation of Tregs from bone marrow into peripheral blood which still
display stable Treg phenotype and suppressive activity in vitro (Ukena et al., 2012).
GM-CSF has been shown to have direct and indirect effects on Tregs. A study by
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Kared et al. (2008) showed that murine Tregs expressed the GM-CSF receptor α-chain
CD116 and GM-CSF treatment of Tregs in vitro expanded the cell population and
enhanced their suppressive capacity. GM-CSF was also found to act through DCs by
inducing differentiation of bone marrow cells into a specific subset of DCs which could
expand nTregs and also induce iTregs through TGF-β production (Bhattacharya et al.,
2011).
In addition to these cytokines, the role of nitric oxide (NO) was investigated in the
contact-independent interaction between ECs and Tregs. NO is an important signalling
molecule and is involved in many physiological processes including control of vascular
tone, platelet adhesion and angiogenesis (Hirst and Robson, 2011). NO signalling
could have anti-inflammatory effects in the skin as a study conducted by Mowbray et al.
(2008) showed that NO administration to human skin induced increased CD4+ T cell
infiltration but showed no clinically visible cutaneous inflammation. Another study found
that sodium nitrate administration, which enhanced NO availability, inhibited T cell
recruitment and suppressed IL-13 production in the lungs of an allergic asthma mouse
model (Garcia-Saura et al. 2010). Studies have also found that NO can induce
suppressor cell populations. A subset of FOXP3-CD4+CD25+ Tregs was induced from
CD4+CD25- T cells by NO treatment in vitro. These Tregs were termed NO-Tregs and
were shown to suppress Teff proliferation in vitro and in vivo by an IL-10-dependent
mechanism (Niedbala et al. 2007). These NO-Tregs were later demonstrated to
suppress Th17 differentiation and function through inhibition of RORγt expression and
prevented disease progression in the EAE mouse model of multiple sclerosis (Niedbala
et al., 2013). ECs are known producers of NO; therefore they can potentially modulate
Treg activity through this soluble mediator.
In this thesis chapter, mechanisms involved in the interaction between EC and T cells
will be examined especially mechanisms relating to enhancement of Treg function by
human ECs demonstrated in the previous chapter. The focus will be on molecules,
ligands and receptors which could potentiate a contact-dependent and contactindependent regulation of Treg suppressor function.
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6.2 Materials and methods
6.2.1

Analysis of HUVEC phenotype

HUVEC phenotype was investigated under different conditions, which will be detailed in
relevant sections. HUVECs were plated at 1 x 105 cells/well on to gelatinised 24-well
plates and incubated overnight to reach confluence. Cells were next stimulated with 10
U/mL IFN-γ, 1 ng/mL TNF-α or a combination of both cytokines for 24 h. Cells were
then washed, trypsinised and collected for cell viability and cell surface staining
(protocols described in sections 2.3.5 and 2.3.6). Samples were analysed by flow
cytometry using BD FACSAria and data was analysed using FlowJo software v7.6.5.
ECs were identified by CD31 expression before analysis for expression of marker of
interest.

6.2.2

Analysis of Treg phenotype after HUVEC interaction

The effect of HUVEC interaction on Treg phenotype was examined. HUVECs were
seeded at 1 x 105 cells/well in gelatinised 24-well plates and incubated overnight to
reach confluence. HUVECs were used unstimulated or pre-stimulated with 10 U/mL
IFN-γ for 24 h. HUVECs monolayers were washed gently to remove cytokine media
and CD4+CD25hiCD127low Tregs (isolated as described in section 5.2.1) were plated at
30,000 cells/well, either directly onto monolayers or in Transwells suspended above
control or stimulated HUVECs. Controls of Tregs cultured alone were also included.
After 24 h co-culture, Tregs were collected and either stained for phenotype analysis by
flow cytometry or further plated into a Treg suppression assay (protocol described in
section 5.3.3). Tregs collected from co-cultures were stained for cell viability and
expression of cell surface markers (protocols described in sections 2.3.5 and 2.3.6).
Samples were analysed by flow cytometry using BD FACSAria and data was analysed
using FlowJo software v7.6.5. Treg populations were identified for their CD4+
expression before analysis for expression of marker of interest.

6.2.3

Measurement of soluble mediator production by ECs

HUVECs or HDMECs were plated in gelatinised 24-well plates at 1 x 105 cells/well and
cultured overnight to reach confluence. Cells were stimulated for 24 h with 10 U/mL
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IFN-γ, 1 ng/mL TNF-α or a combination of both cytokines at the same respective
concentration. Unstimulated controls were also included. Cell monolayers were gently
washed twice and media was replaced with 1 mL warm complete RPMI media. Cells
were cultured for a further 24 h before supernatants were collected. Supernatants were
stored at - 20 °C and thawed before use. Nitrite (NO2-) and nitrate (NO3-) content were
measured by high performance liquid chromatography (HPLC) using the ENO-20 NOx
analyser as described in section 2.4.1.
Conditioned media were also analysed for cytokine, chemokine and growth factor using
ELISA or multiplex-based assays as described in sections 2.4.2 and 2.4.3. Cytokines
IL-8, TGF-β1 and TGF-β2 were analysed by ELISA. Table 6.1 shows the analytes
measured using the multiplex assay and detection outcome for each analyte. Analytes
detected by ELISA or multiplex are discussed in the subsequent sections. Of the
analytes detected, both HUVEC and HDMEC released the same factors.

Analyte

Detection

Analyte

Detection

IL-1α

Negative

GM-CSF

Positive

IL-1Ra

Negative

IFN-γ

Negative

IL-5

Negative

IL-1β

Negative

IL-17

Negative

IL-2

Negative

CCL2 (MCP-1)

Positive

IL-4

Negative

CCL3 (MIP-1α)

Positive

IL-6

Positive

CCL4 (MIP-1β)

Positive

IL-10

Negative

FGF-basic

Negative

TNF-α

Negative

G-CSF

Positive

VEGF

Negative

Table 6.1 : Analytes investigated and detected in multiplex assay.
Confluent HUVECs or HDMECs in 24-well plates were stimulated with 10 U/mL IFN-γ, 1
ng/mL TNF-α or a combination of both cytokines for 24 h; unstimulated control cultures
were included as well. Cells were then gently washed to remove cytokine media and
replaced with 1 mL complete RPMI media. Cells were cultured for a further 24 h before
supernatants were collected and stored at - 20 °C till use. Conditioned media were
measure for analytes listed in the table shown and detection of analyte was listed as
positive if detected or negative if not detectable.
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6.3 Results
6.3.1

HUVEC surface marker expression

Adhesion molecules and MHC molecule expression on ECs can be modulated by
stimulation with cytokine or other mediators. The phenotype of ECs at the beginning of
Treg co-culture was investigated, in order to provide insight into possible molecules or
receptors involved in EC-Treg interaction. Effect of cytokine stimulation on ECs
phenotype was investigated and the potential effect of Treg interaction on EC
phenotype was also studied.

6.3.1.1 Expression of adhesion molecules
HUVEC phenotype was examined after IFN-γ and/or TNF-α cytokine stimulation, as
described in section 6.2.1, where cells were stained with fluorescently conjugated
antibodies for analysis of CD31, CD105, E-selectin (CD62E), ICAM-1 and VCAM-1
expression. Representative FACS plots of HUVEC expression for CD31, CD105, Eselectin, ICAM-1 and VCAM-1 are shown in Figure 6.1, where marker expression of the
stained samples was compared to respective isotype controls. Collated data of marker
expression are shown in Figure 6.2, Figure 6.3, Figure 6.4 and Figure 6.5 for CD31 and
CD105, E-selectin, ICAM-1, and VCAM-1 respectively.
Resting and cytokine-stimulated HUVECs all expressed CD31 and CD105. When
comparing percentages of CD31 or CD105 positive cells between unstimulated and
cytokine treated HUVECs, there were no obvious or statistical differences (Figure 6.1 A
and B). Upon comparing mean fluorescence intensity (MFI) of markers, CD31 MFI was
significantly reduced with cytokine stimulation of IFN-γ, TNF-α or both combined
(P<0.01, P<0.05, P<0.01 cf. unstimulated control; n=6) (Figure 6.2). There were no
statistical differences with CD105 MFI between different treatments.
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Figure 6.1 : HUVEC phenotype after IFN-γ, TNF-α or IFN-γ and TNF-α stimulation.
Confluent HUVECs in 24-well plates were used unstimulated (red line) or stimulated with
10 U/mL IFN-γ (blue line), 1 ng/mL TNF-α (orange line) or combination of both (green
line) for 24 h. Cells were stained for (A) CD31, (B) CD105, (C) E-selectin (CD62E), (D)
ICAM-1 and (E) VCAM-1 using fluorescently labelled antibodies and analysed using flow
cytometry. Marker expression for each stained samples was compared to respective
isotype controls (grey line). FACS plots shown are representative of experiments
conducted.

Figure 6.2 : CD31 and CD105 expression of HUVECs after 24 h cytokine stimulation.
Confluent HUVECs in 24-well plates were stimulated with 10 U/mL IFN-γ, 1 ng/mL TNF-α
or combination of both cytokines for 24 h. Cells were then stained with fluorescent
antibodies and analysed for (A) CD31 and (B) CD105 expression using flow cytometry.
Data is expressed as MFI. Each data point indicates an individual experiment and means
are shown. One-way ANOVA with Dunnett’s test was conducted; **P<0.01, *P<0.05; n=6.
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Low expression of E-selectin was found at 24 h on unstimulated HUVECs (Figure 6.3).
This was increased significantly with cytokine stimulation, where 68.0 ± 13.6 % and
49.8 ± 2.3 % of HUVECs were positive for E-selectin expression with IFN-γ or TNF-α
stimulation respectively (P<0.0001, P<0.001 cf. unstimulated control; n=3). Treatment
with IFN-γ and TNF-α combined caused significantly higher expression of E-selectin
compared to unstimulated HUVECs, indicated by both MFI values and percentage of
positive cells (P<0.01, P<0.0001 cf. respectively unstimulated control; n=3).

Figure 6.3 : E-selectin (CD62E) expression of HUVECs after 24 h cytokine stimulation.
Experiments were conducted as described in Figure 6.2, where HUVECs were stimulated
with 10 U/mL IFN-γ, 1 ng/mL TNF-α or combination of both cytokines for 24 h. Cells were
then stained and analysed for CD62E expression using flow cytometry. Data is expressed
as (A) MFI and (B) percentage of positive cells. Each data point indicates an individual
experiment and means are shown. One-way ANOVA with Dunnett’s test was conducted;
****P<0.0001, ***P<0.001, **P<0.01; n=3.
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From Figure 6.4, ICAM-1 was found to be basally expressed where 74.5 ± 18.4 % of
cells were positive for ICAM-1 expression. Upon cytokine stimulation, percentages of
ICAM-1 positive cells increased to around 95 – 98 % of HUVECs but were not
statistically significant from untreated HUVECs. ICAM-1 MFI increased with cytokine
stimulation in which the increase in ICAM-1 MFI was statistically significant with IFN-γ
or TNF-α stimulation (P<0.05 cf. unstimulated control; n=6).

Figure 6.4 : ICAM-1 expression of HUVECs after 24 h cytokine stimulation.
Experiments were conducted as described in Figure 6.2, where HUVECs were stimulated
with 10 U/mL IFN-γ, 1 ng/mL TNF-α or combination of both cytokines for 24 h. Cells were
stained and analysed for ICAM-1 expression using flow cytometry. Data is expressed as (A)
MFI and (B) percentage of positive cells. Each data point indicates an individual
experiment and means are shown. One-way ANOVA with Dunnett’s test was conducted;
*P<0.05; n=6.
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VCAM-1 was expressed at lower levels by unstimulated HUVECs at 25.7 ± 28.4 % of
the total cells analysed (Figure 6.5B). Percentages of VCAM-1 positive HUVECs
increased significantly after cytokine stimulation, where IFN-γ-stimulated HUVECs
showed 64.2 ± 33.3 % VCAM-1+ cells whereas TNF-α stimulation produced 80.6 ±
18.4 % of VCAM-1+ cells (P<0.05, P<0.01 cf. unstimulated control; n=5). IFN-γ + TNFα-stimulated HUVECs showed equally high levels of VCAM-1+ cells (P<0.01 cf.
unstimulated control; n=5). However, VCAM-1 MFI values did not show significant
differences between treatments (Figure 6.5A).

Figure 6.5 : VCAM-1 expression of HUVECs after 24 h cytokine stimulation.
Experiments were conducted as described in Figure 6.2, where HUVECs were stimulated
with 10 U/mL IFN-γ, 1 ng/mL TNF-α or combination of both cytokines for 24 h. Cells were
stained and analysed for VCAM-1 expression using flow cytometry. Data is expressed as (A)
MFI and (B) percentage of positive cells. Each data point indicates an individual
experiment and means are shown. One-way ANOVA with Dunnett’s test was conducted;
**P<0.01, *P<0.05; n=5.

213

6.3.1.2 Expression of PD-1 ligands
The expression of PD-L1 and PD-L2 on HUVECs was also interrogated using specific
stimulation and antibody labelling techniques, conducted similarly to section 6.3.1.1.
Unstimulated HUVECs showed low level expression of PD-L1, as shown in Figure 6.6.
Upon IFN-γ stimulation, PD-L1 expression on HUVECs increased significantly,
indicated by both MFI value and percentage of PD-L1 positive cells (P<0.001 cf.
unstimulated control; n=3). In contrast, TNF-α treatment of HUVECs did not affect PDL1 expression. Treatment with both IFN-γ and TNF-α combined also increased PD-L1
expression on HUVECs, which was statistically significant compared to unstimulated
(P<0.001, P<0.0001; n=3) but not IFN-γ-stimulated HUVECs. PD-L2 was also
expressed by unstimulated HUVECs at low levels (Figure 6.7). The expression of PDL2 was significantly higher on IFN-γ-stimulated HUVECs compared to unstimulated
cells (P<0.05; n=3). Similar to PD-L1 expression, TNF-α stimulation did not change PDL2 expression. However, PD-L2 expression was increased significantly on HUVECs
with cytokine stimulation of IFN-γ and TNF-α combined (P<0.05 cf. unstimulated
control; n=3). Overall it appears that IFN-γ treatment increased PD-L1 and PD-L2
expression on HUVECs, whereas TNF-α treatment showed no significant effect alone
or in combination with IFN-γ.

Figure 6.6 : PD-L1 expression of HUVECs after 24 h cytokine stimulation.
Experiments were conducted as described in Figure 6.2, where HUVECs were stimulated
with 10 U/mL IFN-γ, 1 ng/mL TNF-α or combination of both cytokines for 24 h. Cells were
stained and analysed for PD-L1 expression using flow cytometry. Data is expressed as (A)
MFI and (B) percentage of positive cells. Each data point indicates an individual
experiment and means are shown. One-way ANOVA with Dunnett’s test was conducted;
****P<0.0001, ***P<0.001; n=3.
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Figure 6.7 : PD-L2 expression of HUVECs after 24 h cytokine stimulation.
Experiments were conducted as described in Figure 6.2, where HUVECs were stimulated
with 10 U/mL IFN-γ, 1 ng/mL TNF-α or combination of both cytokines for 24 h. Cells were
then stained and analysed for PD-L2 expression using flow cytometry. Data is expressed as
(A) MFI and (B) percentage of positive cells. Each data point indicates an individual
experiment and means are shown. One-way ANOVA with Dunnett’s test was conducted;
*P<0.05; n=3.
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6.3.2

Effect of Treg interaction on HUVEC phenotype

EC function and phenotype can be affected by Tregs as shown in studies by He et al.
(2010) and Maganto-García et al. (2011). The effect of Treg interaction on EC
phenotype was investigated to identify possible modulation of EC surface molecule
expression. HUVEC cultures were prepared as described in section 6.2.1, where cells
stimulated with 10 U/mL IFN-γ, 1 ng/mL TNF-α or a combination of both cytokines were
washed and CD4+CD25hiCD127low Tregs (isolated as detailed in section 5.2.1) were
plated at 30,000 cells/well. Cells were co-cultured for 24 h in 1 mL of complete RPMI
media. Control HUVECs were included where cells were cultured alone in 1 mL
complete RPMI media for 24 h. After co-culture, Tregs were removed and ECs were
collected by trypsin digestion. ECs were washed and analysed for CD31, CD105,
ICAM-1 and VCAM-1 expression using flow cytometry.
CD31 and CD105 expression were analysed and expressed as MFI values in
Figure 6.8. Compared to data from Figure 6.2, it appears a further 24 h of culture in
RPMI media alone (24h stimulation + 24h control) restored CD31 expression which
may be an effect of the RPMI media or the 24 h post-stimulation allowed CD31 to reemerge. Treg co-culture with HUVECs did not notably affect CD31 expression on
HUVECs. With CD105 expression (Figure 6.8B), a further 24 h culture in RPMI media
for unstimulated ECs appeared to have reduced their CD105 expression compared to
unstimulated ECs at 24 h (in Figure 6.2B). CD105 expression on ECs, regardless of
their activation status, was not affected by Treg interaction.
ICAM-1 and VCAM-1 expression on HUVECs with or without Treg co-culture are
shown in Figure 6.9. ICAM-1 expression persisted after 24 h of culture in RPMI media
alone, but Treg interaction did not affect ICAM-1 expression on EC regardless of
cytokine treatments. Similar observations were gathered with VCAM-1 expression,
where VCAM-1 MFI did not change after co-cultures with Tregs.
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Figure 6.8 : CD31 and CD105 expression on HUVECs after co-culture with Tregs.
HUVECs plated in 24-well plates at 1 x 105 cells/well were used unstimulated (uEC) or
stimulated with 10 U/mL IFN-γ (iEC), 1 ng/mL TNF-α (tEC) or both 10 U/mL IFN-γ and 1
ng/mL TNF-α (itEC) for 24 h. HUVECs were washed and Tregs were plated in at 25,000
cells/well. Cells were co-cultured in 1 mL complete RPMI media for another 24 h. Tregs
were removed and HUVECs were trypsinised and collected. Samples of HUVECs after coculture with Tregs (24 h stimulation + 24 h Tregs) and control where Tregs were not
added (24 h stimulation + 24 h control) were stained and analysed for (A) CD31 and (B)
CD105 expression using flow cytometry. Data is expressed as MFI and shown as mean ±
SD. One-way ANOVA with Tukey’s test was conducted; n=3.
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Figure 6.9 : ICAM-1 and VCAM-1 expression on HUVECs after co-culture with Tregs.
Experiments were conducted as described in Figure 6.8, whereby samples of unstimulated
(uEC), IFN-γ- (iEC), TNF-α- (tEC) or IFNγ + TNF-α- (itEC) stimulated HUVECs after coculture with Tregs (24 h stimulation + 24 h Tregs) and control HUVEC cultures where
Tregs were not added (24 h stimulation + 24 h control)were harvested. Cells were stained
and analysed for (A) ICAM-1 and (B) VCAM-1 expression using flow cytometry. Data is
expressed as MFI and shown as mean ± SD. One-way ANOVA with Tukey’s test was
conducted; n=3.
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6.3.3

Antigen presentation capacity of ECs

ECs are capable of presenting antigen to CD4+ T cells and CD8+ T cells, as previously
discussed in chapter 1.5. Antigen presentation capacity of ECs in assays of this thesis
was investigated by analysing expression of MHC molecules and the possible
mechanism by which stimulatory aCD3 antibody or PHA binds to EC surface and
enhances T cell proliferation.

6.3.3.1 Expression of MHC-II molecules
Expression of MHC-II molecules on HUVECs were examined as described in
section 6.2.1, where cells were stimulated with 10 U/mL IFN-γ, 1 ng/mL TNF-α or a
combination of both cytokines for 24 h then analysed for MHC-II (HLA-DP, -DQ and DR) expression using flow cytometry. Plots of a representative experiment are shown
in Figure 6.10, where MHC-II fluorescence of CD31+ HUVECs of each sample was
compared to the isotype control and MHC-II+ cells were gated.
From Figure 6.11, unstimulated HUVECs showed no MHC-II expression, as shown by
both MFI and percentages of positive cells. IFN-γ stimulation for 24 h induced MHC-II
expression, whereby 25.4 ± 18.9 % of HUVECs expressed MHC-II (P<0.05 cf.
unstimulated HUVECs). MHC-II MFI values were also increased significantly to 117.2 ±
110.2 by IFN-γ stimulation (P<0.01 cf. unstimulated HUVECs), as shown in
Figure 6.11A. In contrast, TNF-α stimulation did not affect MHC-II expression on
HUVECs. Cytokine stimulation with both IFN-γ and TNF-α appeared to increase
percentage of MHC-II+ HUVECs to 24.7 ± 16.9 %, but this increase was not statistically
significant compared to control HUVECs. This was similar with MFI values of MHC-II
expression on IFN-γ plus TNF-α-stimulated HUVECs, where values were increased to
167.0 ± 96.9 but were not statistically significant.
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Figure 6.10 : IFN-γ stimulation induces MHC-II expression on HUVECs.
HUVECs plated at 1 x 105 cells/well in 24-well plates were used (A) unstimulated or
stimulated with (B) 10 U/mL IFN-γ, (C) 1 ng/mL TNF-α or (D) combination of both
cytokines for 24 h. Cells were harvested and stained with anti-CD31 and anti-MHC-II
(HLA-DR, -DQ, -DP) fluorescent antibodies and analysed using flow cytometry. MHC-II
expression for CD31+ cells of each stained samples (blue line) was compared to respective
isotype controls (red line); percentages of MHC-II+ cells included. FACS plots from a
representative experiment shown.
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Figure 6.11 : Expression of MHC-II molecules on HUVECs after stimulation with IFN-γ.
Experiments were conducted as described in Figure 6.10, where HUVECs were stimulated
with 10 U/mL IFN-γ, 1 ng/mL TNF or both 10 U/mL IFN-γ and 1 ng/mL TNF for 24 h and
stained with anti-CD31 and anti-MHC-II (HLA-DR, -DQ, -DP) fluorescent antibodies for
flow cytometric analysis. MHC-II expression data on CD31+ ECs are shown as (A) MFI or (B)
percentage (%) of CD31+ cells. Each data point represents an individual experiment with
medians shown. Friedman test with Dunn’s test was used; **P<0.01, *P<0.05 cf.
unstimulated control, n=5.
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6.3.3.2 Binding of anti-CD3 antibodies or PHA to the endothelial surface
HUVECs were plated in 24-well plates at 1 x 105 cells/well and incubated overnight to
achieve confluence. Cells were washed gently and 5 μg/mL aCD3 (OKT3) antibodies
or 3 μg/mL FITC-labelled PHA (Lectin PHA-L, Alexa Fluor 488 conjugate; Life
Technologies) were added in 1 mL complete RPMI media. Controls were included;
HUVEC cultures with 5 μg/mL mouse IgG1κ isotype control (eBioscience) to control for
nonspecific antibody binding and HUVEC alone cultures were included. HUVECs were
incubated for 4 or 24 h, following which monolayers were washed gently and collected
by accutase (Life Technologies) treatment. Accutase is a more efficient and gentle cell
detachment solution compared to trypsin-EDTA which may cause less cleavage of cell
surface-bound molecules. This thesis did not compare with trypsin-EDTA to show
different results but was used here to prevent removal of any added and bound
antibody. Samples were stained with anti-CD31 fluorescent antibody and samples
previously incubated with aCD3 or mouse IgG1κ isotype control antibodies were
stained with anti-mouse IgG2a PE antibody (eBioscience). Isotype controls were
included and samples were analysed by flow cytometry.
With aCD3 antibody, incubation with HUVECs monolayers for 4 or 24 h did not show
an increase in fluorescence suggesting that aCD3 antibodies were not located on the
surface of the cell at these time points (Figure 6.12). In contrast, cells treated with
FITC-PHA showed increased fluorescence compared to controls, suggesting HUVEC
PHA interaction either by cell surface binding or surface presentation followed by
uptake. The majority of cells were showing this fluorescence at both time points,
suggesting a relatively rapid association of PHA with the cells which was maintained.
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Figure 6.12 : Binding of aCD3 antibody or FITC-labelled PHA to HUVECs.
Anti-CD3 (OKT3) antibodies (5 µg/mL) or FITC-labelled PHA (3 µg/mL) were added to
confluent HUVECs in 24-well plates and incubated for 4 or 24 h. Controls were included
where isotype control antibody (mouse IgG1κ isotype control) was added instead or
HUVECs alone cultures were maintained. Cells were collected at each time point and
stained for CD31. Samples incubated with anti-CD3 were stained with anti-mouse IgG2a
PE antibody. Samples were analysed by flow cytometry. Labelling of (A) anti-CD3 or (B)
PHA on the CD31+ cells (blue lines) were compared to their respective control (red line).
Percentages show CD31+ cells labelled with either mitogen (n=1).
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6.3.4

Effect of HUVEC interaction on Treg phenotype

Treg phenotype analysis was conducted to investigate the possible molecules
responsible for the increased suppressive function seen after interaction with ECs. This
could also provide insight into mechanisms involved in EC-Treg interactions that
boosted Treg function. Experiments were conducted as described in section 6.2.2,
where Tregs collected from direct or Transwell co-cultures with unstimulated or IFN-γstimulated HUVECs were stained and analysed for expression of CD25, FOXP3,
CTLA-4, OX40, PD-1 and 4-1BB using flow cytometry. Tregs in Treg suppression
assay (identified by as FOXP3+ CFSE- cells) were also stained and analysed for CD25,
FOXP3, PD-1 and OX40 expression.

6.3.4.1 Treg phenotype after co-culture with HUVECs
Treg expression of CD25 and FOXP3 was analysed as an indicator of Treg activation.
In Figure 6.13, CD25 and FOXP3 expression of Tregs post co-culture with HUVECs
was comparable to control except for Tregs that were directly co-cultured with IFN-γstimulated HUVEC (iEC Treg). These Tregs showed significantly higher CD25
expression and FOXP3 expression, in terms of MFI values (P<0.05 cf. control Tregs;
n=6), whereas percentages of FOXP3+ cells were similar among differently treated
Treg populations.
Costimulatory molecule CTLA-4 expression on Tregs is shown in Figure 6.14. There
was no clear effect of Treg-HUVEC interaction on Treg phenotype in CTLA expression
for both MFI values and percentage of positive cells. With OX40 expression, there was
no difference in MFI values between Tregs following different co-culture conditions, but
the percentage of OX40+ Tregs was potentially higher after direct co-culture with IFN-γstimulated HUVEC (iEC Treg) but this was not statistically significant (Figure 6.15). PD1 expression profiles of Tregs are shown in Figure 6.16 and similarly there appears to
be no difference in PD-1 expression, either percentage of positive cells or MFI values,
between Tregs following different co-culture conditions. With costimulatory molecule 41BB, shown in Figure 6.17, there appears to be no effect of HUVEC co-culture on its
expression on Tregs with regards to MFI values, but percentage of 4-1BB+ cells was
slightly higher for Tregs directly co-cultured with IFN-γ-stimulated HUVEC (iEC Treg)
compared to control but this was not statistically significant.
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Figure 6.13 : FOXP3 and CD25 expression on Tregs after co-culture with HUVECs.
HUVECs plated in 24-well plates at 1 x 105 cells/well were used unstimulated or
stimulated with 10 U/mL IFN-γ for 24 h. HUVECs were washed and CD4+CD25hiCD127low
Tregs were plated in 1 mL complete RPMI media and cells were co-cultured for 24 h. Tregs
were plated in direct contact with unstimulated (uEC Treg) or IFN-γ-stimulated (iEC Treg)
HUVECs, or in upper chambers of Transwells with unstimulated (uEC TW Treg) or IFN-γstimulated (iEC TW Treg) HUVECs. Control cultures of Treg only (Treg) were also included.
Tregs were recovered and stained with fluorescent antibodies for flow cytometric analysis
of cell surface and intracellular marker expression. (A) CD25 expression was analysed and
expressed as MFI. FOXP3 expression was analysed and shown as (B) MFI or as (C)
percentage (%) of CD4+ cells recovered. Data points show each individual experiments
with means displayed. One-way ANOVA with Dunnett’s test was conducted; *P<0.05; n=6.
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Figure 6.14 : CTLA-4 expression on Tregs after co-culture with HUVECs.
Experiments were conducted as previously mentioned in Figure 6.13. Expression of CTLA4 on Tregs were measured using flow cytometry after direct co-culture with unstimulated
(uEC Treg) or IFN-γ-stimulated (iEC Treg) HUVECs, or after indirect co-culture in upper
chambers of Transwells with unstimulated (uEC TW Treg) or IFN-γ-stimulated (iEC TW
Treg) HUVECs. Control cultures of Treg alone (Treg) were included. (A) Plots of a
representative experiment are shown. CTLA-4 expression is displayed as (B) MFI or (C)
percentage (%) of CD4+ cells recovered. Data points show each individual experiment with
means displayed, One-way ANOVA with Dunnett’s test was conducted; n=6.
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Figure 6.15 : OX40 expression on Tregs after co-culture with HUVECs.
Experiments were conducted as previously mentioned in Figure 6.13. Expression of OX40
on Tregs were measured using flow cytometry after direct co-culture with unstimulated
(uEC Treg) or IFN-γ-stimulated (iEC Treg) HUVECs, or after indirect co-culture in upper
chambers of Transwells with unstimulated (uEC TW Treg) or IFN-γ-stimulated (iEC TW
Treg) HUVECs. Control cultures of Treg alone (Treg) were included. (A) Plots of a
representative experiment are shown. OX40 expression is shown as (B) MFI or (C)
percentage (%) of Tregs recovered. Data points show each individual experiment with
means displayed; One-way ANOVA with Dunnett’s test was conducted; n=4.
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Figure 6.16 : PD-1 expression on Tregs after co-culture with HUVECs.
Experiments were conducted as previously mentioned in Figure 6.13. Expression of PD-1
on Tregs were measured using flow cytometry after direct co-culture with unstimulated
(uEC Treg) or IFN-γ-stimulated (iEC Treg) HUVECs, or after indirect co-culture in upper
chambers of Transwells with unstimulated (uEC TW Treg) or IFN-γ-stimulated (iEC TW
Treg) HUVECs. Control cultures of Treg alone (Treg) were included. (A) Plots of a
representative experiment are shown. PD-1 expression is shown as (B) MFI or (C)
percentage (%) of Tregs recovered. Data points show each individual experiment with
means displayed; One-way ANOVA with Dunnett’s test was conducted; n=6.
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Figure 6.17 : 4-1BB expression on Tregs after co-culture with HUVECs.
Experiments were conducted as previously mentioned in Figure 6.13. Expression of 4-1BB
on Tregs were measured using flow cytometry after direct co-culture with unstimulated
(uEC Treg) or IFN-γ-stimulated (iEC Treg) HUVECs, or after indirect co-culture in upper
chambers of Transwells with unstimulated (uEC TW Treg) or IFN-γ-stimulated (iEC TW
Treg) HUVECs. Control cultures of Treg alone (Treg) were included. (A) Plots of a
representative graphs are shown. 4-1BB expression is shown as (B) MFI or (C) percentage
(%) of Tregs recovered. Data points show each individual experiment with mean
displayed; One-way ANOVA with Dunnett’s test was conducted; n=6.
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6.3.4.2 Treg phenotype in Treg suppression assay after HUVEC co-culture
Treg phenotype after 24 h co-culture with HUVEC and 72 h in a Treg suppression
assay was analysed. Tregs were differentiated from CFSE-stained Teffs and accessory
cells by gating them as CD4+CD25hiFOXP3+CFSE- cells. CD25 expression of Tregs
previously in direct culture with unstimulated HUVECs (uEC Treg) appeared to be
higher compared to control Tregs but was not statistically significant (Figure 6.18A).
Otherwise, CD25 expression of Tregs from other co-cultures was not dissimilar from
control. Similarly, FOXP3 expression of Tregs in terms of MFI value was not affected
by interaction with HUVECs (Figure 6.18B).
PD-1 expression of Tregs after HUVEC co-culture and Treg suppression assay was
analysed and shown in Figure 6.19. There were no significant changes in PD-1 MFI
values for Tregs regardless of co-culture conditions with HUVECs. However,
percentage of PD-1+ Tregs was increased in Tregs which were in direct contact with
unstimulated HUVECs (uEC Treg) or IFN-γ-stimulated HUVECs (iEC Treg) or in
Transwells above unstimulated HUVEC (uEC TW Treg) (P<0.05; n=5), but not Tregs
which were co-cultured above IFN-γ-stimulated HUVECs (iEC TW Treg). In contrast,
there was a slight increase in OX40 MFI values in Tregs which were in direct contact
with unstimulated HUVECs (uEC Treg) but there was no difference in OX40 expression
profiles of Tregs, both MFI values and percentage of positive cells, for other HUVEC
co-culture conditions (Figure 6.20).
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Figure 6.18 : CD25 and FOXP3 expression of Tregs in Treg suppression assays after
HUVEC co-cultures.
HUVECs plated in 24-well plates at 1 x 105 cells/well were used unstimulated or
stimulated with 10 U/mL IFN-γ for 24 h. HUVECs were washed and CD4+CD25hiCD127low
Tregs were plated in 1 mL complete RPMI media and cells were co-cultured for 24 h. Tregs
were plated in direct contact with unstimulated (uEC Treg) or IFN-γ-stimulated (iEC Treg)
HUVECs, or in upper chambers of Transwells with unstimulated (uEC TW Treg) or IFN-γstimulated (iEC TW Treg) HUVECs. Control cultures of Treg only (Treg) were also included.
Tregs were recovered from the co-cultures and plated in a Treg suppression assay. After
72 h, cells were stained with fluorescently labelled antibodies and (A) CD25 and (B)
FOXP3 expression of FOXP3+ Tregs were analysed using flow cytometry. Data is expressed
as MFI where each data point shows an individual experiment with mean shown. One-way
ANOVA with Dunnett’s test was conducted; n=4.
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Figure 6.19 : PD-1 expression on Tregs in Treg suppression assay after co-culture
with HUVECs.
Experiments were conducted as mentioned in Figure 6.18. Briefly, Tregs were plated in
direct contact with unstimulated (uEC Treg) or IFN-γ-stimulated (iEC Treg) HUVECs, or in
upper chambers of Transwells with unstimulated (uEC TW Treg) or IFN-γ-stimulated (iEC
TW Treg) HUVECs. Control cultures of Treg only (Treg) were also included. Tregs were
then recovered and plated in a Treg suppression assay and then analysed for PD-1
expression using flow cytometry. Plots of a representative graphs are shown in (A). PD-1
expression is shown as (B) MFI or (C) percentage (%) of FOXP3+ Tregs. Each data point
shows an individual experiment with mean shown. One-way ANOVA with Dunnett’s test
was used; *P<0.05; n=4.
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Figure 6.20 : OX40 expression on Tregs in Treg suppression assays after co-culture
with HUVECs.
Experiments were conducted as mentioned in Figure 6.18. Briefly, Tregs were plated in
direct contact with unstimulated (uEC Treg) or IFN-γ-stimulated (iEC Treg) HUVECs, or in
upper chambers of Transwells with unstimulated (uEC TW Treg) or IFN-γ-stimulated (iEC
TW Treg) HUVECs. Control cultures of Treg only (Treg) were also included. Tregs were
then recovered and plated in a Treg suppression assay and then analysed for OX40
expression using flow cytometry. Plots of a representative graphs are shown in (A). OX40
expression is shown as (B) MFI or (C) percentage (%) of FOXP3+ Tregs. Each data point
shows an individual experiment with mean shown. One-way ANOVA with Dunnett’s test
was used; *P<0.05; n=4.
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6.3.5

Production of soluble mediators by human ECs

Due to the contact-independent effects of EC interaction on Treg function discovered in
sections 5.3.6 and 5.3.7, the soluble mediators produced by ECs were investigated to
study molecules potentially involved in this mechanism. Soluble mediators included
nitric oxide (NO), cytokines, chemokines and growth factors from conditioned media of
unstimulated, IFN-γ-, TNF-α- or IFN-γ + TNF-α-stimulated ECs were examined as
described in section 6.2.3 and results are elucidated in the next few sections.

6.3.5.1 NO production by human ECs
ECs can produce NO through the activity of endothelial nitric oxide synthase (NOS)
(Hirst and Robson, 2011). Levels of NOx including nitrite (NO2-) and nitrate (NO3-) were
analysed as a measure of NO bioavailability. NO is an unstable molecule with rapid
metabolism and short half-life, therefore NO synthesis or NOS activity is commonly
assessed by measurement of NO2- and NO3- which are stable degradation products of
NO (Kelm, 1999). Hence NO2- and NO3- production by HUVECs or HDMECs was
examined, where production of these analytes between unstimulated and IFN-γ and/or
TNF-α-stimulated cells were compared.
The background concentration of NO2- and NO3- in complete RPMI media alone was
found to be 0.38 µM for NO2- and 617.97 µM for NO3- respectively. The NO2concentration in unstimulated HUVECs conditioned media was 0.79 ± 0.21 µM,
suggesting constitutive release of NO by HUVEC in culture. In media conditioned by
cytokine-stimulated HUVECs, similar concentrations of NO2- were detected with no
statistically significant differences noted (Figure 6.21A). NO3- levels in media
conditioned by unstimulated or cytokine-stimulated HUVECs were similar to the
concentration measured in complete RPMI media alone. Shown in Figure 6.21B, NO3levels were around 700 to 790 µM for HUVEC supernatants.
NO2- concentrations in HDMEC conditioned media are shown in Figure 6.22A, with
0.86 ± 0.21 µM of NO2- obtained from unstimulated cultures. In cytokine stimulated
HDMEC conditioned media the concentration of NO2- was not significantly different
when compared to unstimulated controls. Concentrations of NO3- in HDMEC
conditioned media were similar between unstimulated and cytokine stimulated HDMEC
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with no significant difference from the concentration found in complete RPMI media
alone (Figure 6.22B).

Figure 6.21 : NO2- and NO3- levels in supernatants collected from HUVEC cultures.
HUVECs were seeded at 1 x105 cells/well in 24-well plates and grown to confluence. Cells
were stimulated with 10 U/mL IFN-γ, 1 ng/mL TNF-α or a combination of both cytokines
for 24 h, then washed twice and replaced with warm RPMI media. Unstimulated cells were
included as well. Cells were cultured for a further 24 h before supernatants were collected.
Supernatants were stored at - 20°C and thawed before use. Protein was removed from
each sample by precipitation using methanol and then analysed using the ENO-20 NOx
analyser for (A) NO2- and (B) NO3- levels. Dotted line shows basal level of NO2- or NO3- in
complete RPMI media. Data points show each individual experiment with means
expressed. One-way ANOVA with Dunnett’s test was conducted; n=3.

Figure 6.22 : NO2- and NO3- levels in supernatants collected from HDMEC cultures.
Experiments were conducted similar to that mentioned in Figure 6.21, where conditioned
media obtained from HDMECs kept unstimulated or stimulated with 10 U/mL IFN-γ, 1
ng/mL TNF-α or a combination of both cytokines were analysed using the ENO-20 NOx
analyser for (A) NO2- and (B) NO3- levels. Dotted line shows basal level of NO2- or NO3- in
RPMI media. Data points show each individual experiment with means expressed. Oneway ANOVA with Dunnett’s test was conducted; n=3.
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6.3.5.2 Cytokine production by human ECs
IL-6 was detected in EC conditioned media by multiplex assay. Shown in Figure 6.23A,
low but detectable levels (above the lower limit of detection) of IL-6 were produced by
unstimulated HUVECs (95.5 ± 69.7 pg/mL). Stimulation with IFN-γ induced a significant
increase in IL-6 compared to unstimulated controls of 4680 ± 1659 pg/mL (P<0.0001;
n=5). TNF-α stimulation, however, did not induce IL-6 production from HUVECs above
unstimulated control levels. Stimulation with both IFN-γ and TNF-α led to an increased
IL-6 production of 3950 ± 580 pg/mL, which was significantly different from
unstimulated HUVECs (P<0.001; n=5) but not when compared to HUVECs stimulated
with IFN-γ alone. For HDMECs, unstimulated cultures produced low but detectable
levels of IL-6 whereas IFN-γ stimulation significantly increased IL-6 levels in HDMEC
conditioned media to 975.6 ± 128.9 pg/mL (P<0.01; n=3) (Figure 6.23B). TNF-α
stimulation did not induce a significant change in IL-6 production compared to
unstimulated controls but in combination with IFN-γ caused a significant increase in IL6 production to 3340 ± 344.8 pg/mL compared to unstimulated and IFN-γ-stimulated
cultures (P<0.01; n=3).

Figure 6.23 : Production of IL-6 by HUVECs or HDMECs.
HUVECs or HDMECs were plated in 24-well plates (1 x 105 cells/well) and were left
unstimulated or stimulated with 10 U/mL IFN-γ, 1 ng/mL TNF-α or a combination of both
cytokines for 24 h. Cells were then washed and media was replaced with 1 mL warm
complete RPMI media. After 24 h, conditioned media was collected and stored at – 20 °C
and thawed for cytokine measurement using bead-based multiplex assays. Production of
IL-6 by (A) HUVECs (n=5) or (B) HDMECs (n=3) are shown with means drawn. One-way
ANOVA with Dunnett’s test was conducted; ****P<0.0001, ***P<0.001, **P<0.01 and
*P<0.05 cf. control.
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IL-8, also known as CXCL8, was detected by ELISA analysis in HUVEC conditioned
media, as shown in Figure 6.24. Unstimulated HUVECs produced low but detectable
levels of IL-8 (above the lower limit of the assay), where 372.8 ± 451.0 pg/mL of IL-8
was detected in the conditioned media. IFN-γ stimulation increased IL-8 production to
6159 ± 2232 pg/mL which was statistically higher than control (P<0.05; n=3). TNF-α
stimulation also caused an increase in IL-8 of 2062 ± 651.9 pg/mL but was not
statistically significant. A combination of IFN-γ and TNF-α caused a significant increase
in IL-8 production from HUVECs to 7284 ± 2639 pg/mL (P<0.01 cf. unstimulated control;
n=3).

Figure 6.24 : IL-8 production by HUVECs.
Experiments were conducted similarly to that described in Figure 6.23, where conditioned
media from cultures of HUVECs kept unstimulated or stimulated with 10 U/mL IFN-γ, 1
ng/mL TNF-α or a combination of both cytokines were analysed by ELISA to measure IL-8
concentrations. Data points show each individual experiment with means expressed and
the insert depicts the IL-8 standard curve obtained. One-way ANOVA with Dunnett’s test
was conducted; **P<0.01, *P<0.05; n=3.
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TGF-β1 and TGF-β2 production by HUVECs was detected by ELISA analysis.
Background levels of TGF-β1 in complete RPMI media alone were 3864 ± 339.4 pg/mL
(shown as dotted line in Figure 6.25 A). Production of TGF-β1 was similar among
conditioned media from unstimulated or cytokine-stimulated HUVECs, ranging from
3900 to 5000 pg/mL, where neither was statistically different from background TGF-β1
levels in RPMI media. Conversely, TGF-β2 was below the detection limit in complete
RPMI media alone but was detected in conditioned media from unstimulated HUVECs
at 358.9 ± 14.5 pg/mL of TGF-β2 (Figure 6.25 B). Cytokine stimulation did not cause
further TGF-β2 production in to the media.

Figure 6.25 : TGF-β1 and TGF-β2 production by HUVECs.
Experiments were conducted as described in Figure 6.23 where conditioned media from
HUVECs kept unstimulated or stimulated with 10 U/mL IFN-γ, 1 ng/mL TNF-α or a
combination of both cytokines were obtained. ELISAs were conducted to measure (A)
TGF-β1 and (B) TGF-β2 levels in the HUVEC conditioned media. Dotted line shows basal
level in RPMI media with the inserts depicting the respective TGF-β1 or TGF-β2 standard
curve. Data points show each individual experiment with means expressed. One-way
ANOVA with Dunnett’s test was conducted; n=3.
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6.3.5.3 Chemokine production by human ECs
Chemokine CCL2 production by HUVECs or HDMECs is shown in Figure 6.26A, as
detected by multiplex assay. HUVECs constitutively produced CCL2 as conditioned
media from unstimulated HUVECs cultures had 2851 ± 549.5 pg/mL of the chemokine.
IFN-γ stimulation appeared to have decreased CCL2 production to 2253 ± 505.8 pg/mL,
but this reduction was not significantly different. Similarly, TNF-α stimulation had no
effect on CCL2 production. The combination of IFN-γ and TNF-α appeared to have
decreased CCL2 production to 1784 ± 1081 pg/mL but again, this was not statistically
different from control. For HDMEC cultures, shown in Figure 6.26B, these cells also
constitutively express CCL2, detected at 2322 ± 384.3 pg/mL in unstimulated HDMECs
culture. IFN-γ stimulation did not affect CCL2 production and although TNF-α
stimulation caused an increase to 3080 ± 247.0 pg/mL this was also not statistically
significant. The combination of both IFN-γ and TNF-α did not cause any change in
CCL2 production (2627 ± 241.1 pg/mL) compared to control.

Figure 6.26 : Production of CCL2 by HUVECs or HDMECs.
Experiments were conducted as described in Figure 6.23 where conditioned media from
(A) HUVECs (n=5) or (B) HDMECs (n=3) which were kept unstimulated or stimulated with
10 U/mL IFN-γ, 1 ng/mL TNF-α or a combination of both cytokines were analysed using
bead-based multiplex assays for production of CCL2. Data points show each individual
experiment with means expressed. One-way ANOVA with Dunnett’s test was conducted.
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CCL3 was also constitutively expressed by HUVECs, where 24.4 ± 7.3 pg/mL of CCL3
was found in media conditioned by unstimulated HUVECs (Figure 6.27 A). IFN-γ
stimulated HUVECs produced concentrations of CCL3 at 46.1 ± 26.1 pg/mL whereas
TNF-α stimulated HUVECs produced 30.3 ± 11.0 pg/mL of CCL3. Stimulation with IFNγ and TNF-α combined caused the production of CCL3 at 61.7 ± 42.0 pg/mL. However,
all of these changes in CCL3 were not statistically different from unstimulated controls.
CCL3 levels in HDMEC conditioned media were detectable where concentrations in
unstimulated HDMEC cultures were detected at 17.7 ± 6.4 pg/mL and were not
considerably affected by IFN-γ or TNF-α cytokine treatments (Figure 6.27 B).
Stimulation with IFN-γ and TNF-α caused a slight increase in CCL3 production by
HDMECs, with 27.5 ± 6.0 pg/mL of CCL3 detected, but this was not statistically
different from control HDMEC cultures.

Figure 6.27 : Production of CCL3 by HUVECs or HDMECs.
Experiments were conducted as described in Figure 6.23 where conditioned media from
(A) HUVECs (n=5) or (B) HDMECs (n=3) which were left unstimulated or stimulated with
10 U/mL IFN-γ, 1 ng/mL TNF-α or a combination of both cytokines were analysed using
bead-based multiplex assay for CCL3 production. Data points show each individual
experiment with means expressed. Dotted line shows basal level in RPMI media. One-way
ANOVA with Dunnett’s test was conducted.
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Production of CCL4 by HUVECs and HDMECs was also detected by multiplex assay,
as shown in Figure 6.28. Unstimulated HUVECs produced a basal level of CCL4,
measured at 9.8 ± 2.1 pg/mL in conditioned media. Stimulation of HUVECs with IFN-γ
increased CCL4 production to 18.4 ± 7.3 pg/mL whereas TNF-α caused a smaller
increase to 14.1 ± 6.2 pg/mL but these changes were not statistically significant.
Stimulation with both cytokines induced a further increase of 21.4 ± 10.3 pg/mL of
CCL4 but again was not statistically different compared to unstimulated controls. A
much less varied profile of CCL4 expression was seen with HDMECs culture compared
to HUVECs. Unstimulated HDMECs produced low but detectable levels of CCL4,
measured at 7.1 ± 1.2 pg/mL, but cytokine treatments of either IFN-γ, TNF-α or both
combined did not change the concentration of CCL4 released by HDMECs.

Figure 6.28 : Production of CCL4 by HUVECs or HDMECs.
Experiments were conducted as described in Figure 6.23 where conditioned media from
(A) HUVECs (n=5) or (B) HDMECs (n=3) which were left unstimulated or stimulated with
10 U/mL IFN-γ, 1 ng/mL TNF-α or a combination of both cytokines were analysed using
bead-based multiplex assay for CCL4 production. Data points show each individual
experiment with means expressed. Dotted line shows basal level in RPMI media. One-way
ANOVA with Dunnett’s test was conducted.
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6.3.5.4 Growth factor production by human ECs
G-CSF production was detected in HUVEC and HDMEC cultures by multiplex assay
(Figure 6.29). HUVECs did not constitutively release G-CSF as it was not detected in
conditioned media from unstimulated HUVEC cultures. Stimulation of HUVECs with
IFN-γ significantly induced G-CSF production to 1554 ± 468.8 pg/mL (P<0.0001; n=4).
Conversely, TNF-α stimulation had no effect on HUVEC G-CSF production. When
HUVECs were stimulated with both IFN-γ and TNF-α, G-CSF levels were increased to
1154 ± 476 pg/mL. This increase was significantly different from unstimulated HUVECs
(P<0.001, n=4) but not statistically different from IFN-γ-stimulated HUVECs. The GCSF production profile of HDMECs is shown in Figure 6.29B, where unstimulated
HDMECs produced very low levels of G-CSF. IFN-γ-stimulated HDMECs produced
significantly higher G-CSF concentrations compared to unstimulated control (P<0.01;
n=3), where 1342 ± 163 pg/mL of G-CSF was detected in these cultures. In contrast,
TNF-α stimulation did not appear to affect G-CSF production from HDMECs
appreciably. Activation of HDMECs with IFN-γ and TNF-α combined caused a possible
synergistic increase in G-CSF stimulation to 1991 ± 346 pg/mL, which was significantly
higher than unstimulated control (P<0.05; n=3) but not statistically different compared
to IFN-γ-stimulated HDMECs.

Figure 6.29 : Production of G-CSF by HUVECs or HDMECs.
Experiments were conducted as described in Figure 6.23 where conditioned media from
(A) HUVECs (n=4) or (B) HDMECs (n=3) which were left unstimulated or stimulated with
10 U/mL IFN-γ, 1 ng/mL TNF-α or a combination of both cytokines were analysed using
bead-based multiplex assay for G-CSF production. Data points show each individual
experiment with means expressed. One-way ANOVA with Dunnett’s test was conducted;
****P<0.0001, ***P<0.001, **P<0.01 and *P<0.05 cf. control.
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GM-CSF was also detected from HUVEC and HDMEC conditioned media analysed by
multiplex assay, as shown in Figure 6.30. GM-CSF was not detected in media
conditioned by unstimulated HUVECs but was strongly induced in IFN-γ-stimulated
HUVECs where 149.3 ± 78.3 pg/mL of GM-CSF was detected in these cultures
(P<0.01; n=5). Conversely, TNF-α stimulation caused minimal changes in GM-CSF
production from HUVECs at 3.1 ± 2.5 pg/mL. Stimulation of HUVECs with both IFN-γ
and TNF-α combined caused a significant increase in GM-CSF to 226.5 ± 107.4 pg/mL
compared to unstimulated cultures (P<0.001; n=5) but was not significantly different
from IFN-γ alone stimulated HUVEC. HDMECs appeared to produce detectable levels
of GM-CSF, as shown in Figure 6.30B. Conditioned media from unstimulated HDMECs
showed low concentration of GM-CSF (5.9 ± 3.6 pg/mL) which was unaffected by
stimulation with TNF-α. IFN-γ stimulation increased GM-CSF production to 70.8 ± 26.0
pg/mL, but this was not statistically different from unstimulated control. The addition of
TNF-α to IFN-γ stimulation further increased GM-CSF production from HDMECs to
179.0 ± 67.0 pg/mL, which was significantly higher compared to unstimulated HDMEC
control (P<0.001; n=3).

Figure 6.30 : Production of GM-CSF by HUVECs or HDMECs.
Experiments were conducted as described in Figure 6.23 where conditioned media from
(A) HUVECs (n=5) or (B) HDMECs (n=3) which were left unstimulated or stimulated with
10 U/mL IFN-γ, 1 ng/mL TNF-α or a combination of both cytokines were analysed using
bead-based multiplex assay for GM-CSF production. Data points show each individual
experiment with means expressed. One-way ANOVA with Dunnett’s test was conducted;
***P<0.001 and **P<0.01 cf. control.
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6.3.6

Contact-independent mechanisms in EC-Treg interaction

The function of the soluble mediators IL-6, G-CSF and GM-CSF on the interaction
between HDMEC and Tregs, in terms of the modulation of Treg suppressive capacity,
was investigated by the use of blocking antibodies specific for each of the three
cytokines. Due to the limitation in the number of Tregs which can be obtained from cell
sorting, these three cytokines were chosen as candidates due to adequate evidence of
their effects on Treg function from published literature (Goodman et al., 2009; Rutella
et al., 2002; Kared et al., 2008), whereas there was little evidence for the role of IL-8 on
control of Treg function.
The experimental plan of this assay is depicted in Figure 6.31. HDMECs were plated at
1 x 105 cells/well and incubated overnight to achieve confluence. Cells were then
stimulated with 10 U/mL IFN-γ for 24 h. Cytokine media was gently washed off and
CD4+CD25hiCD127low Tregs isolated by FACS were plated in Transwells (30,000
cells/well) above IFN-γ-stimulated HDMECs. Blocking antibody against IL-6, G-CSF or
GM-CSF was added at 5 μg/mL in the lower chamber of the co-culture and appropriate
isotype controls were included to control for nonspecific antibody effects (Table 6.2).
Tregs and HDMECs were then co-cultured for 24 h. CD4+CD25- Teffs isolated at the
same time as Tregs were stained with 10 μM CFSE and rested for 24 h in complete
RPMI media. Autologous PBMCs irradiated with 47 Gy of gamma radiation were plated
as accessory cells in 96-well round-bottom plates at 1 x 105 cells/well with 2.5 μg/mL
plate-bound aCD3 antibodies, controls of unstimulated accessory cells were also
included.
After 24 h, Teffs were plated at 25,000 cells/well with aCD3-stimulated accessory cells.
Tregs were collected from co-cultures and added into appropriate wells at a 1:1 ratio to
Teffs. Cells were cultured for 72 h and Teff proliferation was measured by CFSE
dilution using flow cytometry. Conditioned media from the lower chambers of TregHDMECs co-cultures were collected and stored at - 20 °C until required. Samples were
analysed by ELISA for IL-6, G-CSF and GM-CSF concentrations.
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Figure 6.31 : Experimental plan for cytokine blockade in HDMEC-Treg suppression
assay.
CD4+CD25hiCD127low Tregs and CD4+CD25- Teffs were sorted by FACS from monocytedepleted PBMCs. Tregs were co-cultured in the upper chambers of Transwells with IFNγstimulated HDMECs for 24 h, where 5 µg/mL of anti-IL-6, anti-G-CSF or anti-GMCSF
blocking antibody was added to the lower chambers. Controls of Tregs cultured alone
were included. Teffs were stained with CFSE and rested for 24 h. Irradiated PBMCs were
plated into anti-CD3 (aCD3) antibody coated wells. After 24 h, Teffs were plated with
aCD3-stimulated accessory cells and Tregs were added in at a 1:1 ratio with Teffs in the
appropriate wells. After a further 72 h culture, cells were harvested and analysed by flow
cytometry for Teff proliferation to assess changes in Treg suppressive capacity.

Antibody

Clone

Isotype

LEAF Purified anti-human IL-6

MQ2-13A5

Rat IgG1, κ

Purified anti-human G-CSF

BVD13-3A5

Rat IgG1, κ

LEAF Purified anti-human GM-CSF

BVD2-23B6

Rat IgG2a, κ

LEAF Purified Rat IgG1, κ isotype control

RTK2071

Rat IgG1, κ

LEAF Purified Rat IgG2a, κ isotype control

RTK2758

Rat IgG2a, κ

Table 6.2 : List of blocking antibodies and isotype controls.
Functional antibodies used in HDMEC-Treg suppression assay are as listed, with their
respective clone and isotype. Antibodies were purchased from BioLegend.
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6.3.6.1 Involvement of IL-6, G-CSF or GM-CSF
The effects of IL-6, G-CSF or GM-CSF blocking antibodies on the interaction of Tregs
with HDMECs at a distance are shown in Figure 6.32. Control Tregs (1:1), which did
not interact with HDMECs, suppressed Teff proliferation as expected (Figure 6.32A)
and previously shown. Tregs co-cultured above IFN-γ-stimulated HDMECs (iEC TW
1:1) showed slightly increased suppressive activity, as previously demonstrated in
chapter 5.3.7. Inclusion of blocking antibodies against IL-6 appeared to increase Treg
suppressor function, as shown with the greater decrease in Teff proliferation, which
was statistically significant compared to control Tregs (1:1) (P<0.05; n=8). However,
this was not significant when compared with Tregs co-cultured above IFN-γ-stimulated
HDMECs alone (Figure 6.32B). Conversely, blockade of G-CSF or GM-CSF in indirect
co-culture of Tregs with IFN-γ-stimulated HDMECs did not affect the Treg suppressive
capacity on Teffs. Figure 6.33 shows that rat IgG1 and rat IgG2a isotype control
antibodies did not affect HDMEC activation of Treg suppressive function as addition of
either antibody did not change the Tregs ability to block Teff proliferation.
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Figure 6.32 : Enhancement of Treg suppressor activity by co-culture with IFN-γstimulated HDMECs was not affected by treatment of anti-IL-6, anti-G-CSF or antiGM-CSF blocking antibody.
Experiments were conducted as described in Figure 6.31. CD4+CD25- T cells (Teffs) were
stained with 10 μM CFSE and rested for 24 h in complete RPMI media. CD25hiCD127low T
cells (Tregs) were co-cultured in upper chambers of Transwells with IFNγ-stimulated (iEC
TW) HDMECs for 24 h, where 5 µg/mL of anti-IL-6, anti-G-CSF or anti-GMCSF blocking
antibody was added in the lower chambers. Teffs were later plated alone at 25000
cells/well or with Tregs recovered from EC co-cultures at a 1:1 ratio, together with 47 Gy
gamma-irradiated autologous PBMCs prestimulated with 2.5 μg/mL plate-bound aCD3.
Cells were cultured for another 72 h before Teff proliferation was analysed by CFSE
dilution using flow cytometry. Data is expressed as (A) % proliferated Teffs, with each
experiment represented by a different colour. Data is also expressed where (B) Teff
proliferation is normalised to proliferation in 1:1 cultures as 100 %, showing mean ± SEM.
One-way ANOVA with Dunnett’s test was used; *P<0.005; n=8.
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Figure 6.33 : Isotype control antibodies did not affect interaction between Treg and
HDMECs.
Experiments were carried out as described in Figure 6.32. Briefly, Tregs were co-cultured
in upper chambers of Transwells with IFN-γ-stimulated (iEC TW) HDMECs for 24 h, where
5 µg/mL of rat IgG1 or rat IgG2a isotype control antibody was added in the lower
chambers. Tregs were retrieved and plated in a Treg suppression assay, where CFSE
dilution was analysed 72 h later by flow cytometry as measure of Teff proliferation. Data is
expressed as (A) % proliferated Teffs, with each experiment represented by a different
colour. Data is also expressed where (B) Teff proliferation is normalised to proliferation in
1:1 cultures as 100 %; n=2.

6.3.6.2 Depletion of IL-6 and G-CSF by blocking antibodies
IL-6 levels in media conditioned by Treg-HDMEC co-cultures in these assays were
analysed by ELISA and described in Figure 6.34A. For indirect co-cultures of Tregs
with IFN-γ-stimulated HDMECs, 1016 ± 359 pg/mL of IL-6 was measured compared to
cultures containing the IL-6 blocking antibody where IL-6 was undetectable, suggesting
complete neutralisation of this cytokine. In the presence of G-CSF and GM-CSF
blocking antibodies, IL-6 concentrations in these co-cultures were not significantly
different with concentrations of 1391 ± 496 pg/mL and 1428 ± 305 pg/mL respectively.
This suggests that the blocking antibodies were specific for their targets and did not
cross over to inhibit or induce cytokine concentrations of the other cytokines shown to
be induced from EC by IFN-γ. Rat IgG1 or IgG2a isotype control antibodies did not
affect IL-6 content in the co-cultures; 2117 ± 305 pg/mL and 2071 ± 238.5 pg/mL of IL6 were measured respectively (Figure 6.35A).
Figure 6.34B showed G-CSF levels in conditioned media from Treg-HDMEC cocultures, where 3415 ± 490 pg/mL of G-CSF was measured in co-cultures of Tregs
above IFN-γ-stimulated HDMECs. Blockade of G-CSF in these co-cultures significantly
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reduced G-CSF levels to 110.2 ± 54.7 pg/mL (P<0.0001; n=5), whereas anti-IL-6 or
anti-GM-CSF antibodies did not affect G-CSF levels. Similarly, rat IgG1 or IgG2a
isotype control antibodies did not affect G-CSF levels as this cytokine was measured at
3836 ± 975 pg/mL and 3941 ± 1402 pg/mL respectively (Figure 6.35B). GM-CSF levels
were measured using ELISA but conditioned media from all co-cultures did not show
detectable levels of GM-CSF despite positive standard curve of GM-CSF from 5.86 to
750 pg/mL (see Appendix B).

Figure 6.34 : Anti-IL-6 and anti-G-CSF blocking antibodies neutralised IL-6 and G-CSF
respectively in Treg-HDMEC co-cultures.
Experiments were conducted as detailed in Figure 6.32 where conditioned media were
collected from lower chamber of Tregs and IFN-γ-stimulated HDMEC Transwell cocultures (iEC TW Treg) where 5 µg/mL anti-IL-6 (aIL-6), anti-G-CSF (aG-CSF) or anti-GMCSF (aGM-CSF) was added. ELISAs were conducted to detect (A) IL-6 and (B) G-CSF levels
in these conditioned media. Experiments were conducted in duplicates and each data
point represents an individual experiment with means shown. Dotted line indicates assay
sensitivity level and the inserts depict the respective IL-6 or G-CSF standard curve
obtained. One-way ANOVA with Dunnett’s test was conducted; ****P<0.0001; n=6.
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Figure 6.35 : IgG isotype control antibodies did not affect IL-6 or G-CSF levels in
Treg-HDMEC co-cultures.
Experiments were conducted as detailed in Figure 6.32 where conditioned media were
collected from lower chamber of Tregs and IFN-γ-stimulated HDMEC Transwell cocultures (iEC TW Treg) where 5 µg/mL rat IgG1 isotype control or rat IgG2a isotype
control antibodies was added. ELISAs were conducted to detect (A) IL-6 and (B) G-CSF
levels in these conditioned media. Experiments were conducted in duplicates and each
data point represents an individual experiment with means shown. The inserts depict the
respective IL-6 or G-CSF standard curve obtained; n=2.
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6.4 Discussion
6.4.1

Potential cell surface molecules involved in EC – Treg interaction

EC phenotype was investigated to deduce potential molecules or receptors involved in
contact-dependent interactions between human ECs and Tregs. Human ECs can be
activated during inflammatory responses and, shown here, HUVECs and HDMECs can
respond to cytokine stimulation by expressing or upregulating cell surface molecules
linked to leukocyte migration and activation. E-selectin is an adhesion molecule
involved in early events of leukocyte tethering and adhesion. This molecule was
induced upon cytokine stimulation and persisted at 24 h of culture. ICAM-1 and VCAM1 are adhesion molecules involved in the next stages of leukocyte recruitment following
capture including firm adhesion and crawling. ICAM-1 was found to be basally
expressed and upregulated upon EC activation whereas VCAM-1 was only expressed
by cytokine stimulated EC. The expression profiles of these markers are in line with
current literature for example a study by Scholz et al. (1996) which demonstrated the
expression of E-selectin, ICAM-1 and VCAM-1 on HUVECs after IL-1β treatment.
These adhesion molecules, as discussed in chapter 1.6.1, are not only necessary in
Treg recruitment, but ICAM-1 and VCAM-1 are involved in stabilising the interaction
sites between ECs and adherent T cells (Barreiro et al., 2002). Therefore, the
increased expression of adhesion molecules on activated ECs could contribute to their
augmented immunogenicity potentially through increased frequency and length of
interaction between ECs and T cells.
Cytokine stimulation was found to decrease CD31 expression on HUVECs, a
phenomenon which may have implications for the activation and control of recruited T
cells. CD31 is traditionally used as an EC marker as it is directly involved in leukocyte
transmigration hence the original observation that it was Platelet Endothelial Cell
Adhesion Molecule (PECAM). This molecules however, has been proposed to have
regulatory effects on T cell functions, as reviewed by Marelli-Berg et al. (2013). CD31
on ECs was demonstrated in vivo to facilitate T cell migration and act as a gatekeeping mechanism by controlling the rate of antigen-specific memory T cell
transmigration during inflammation (Ma et al., 2012). CD31 has also been shown to
modulate immune responses as CD31 signalling was found to attenuate T cell
responses to chemokines and CD31 agonist peptide administration in a murine model
of atherosclerosis reduced disease development through inhibition of T cell and
macrophage activation (Fornasa et al., 2012; Kishore et al., 2012). Hence, the
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decrease in CD31 expression on HUVECs induced by cytokine activation could also
contribute to the increased immunogenicity of ECs as decreased CD31 expression on
activated ECs could reduce the CD31-mediated attenuation of T cell activation and
immune responses.
The expression of PD-L1 and PD-L2 on HUVECs was also examined, as studies have
implicated the role of PD-L1 on ECs in the interaction between EC and Tregs,
especially with regards to the activation of Treg populations (Krupnick et al., 2005;
Wang et al., 2013). It was shown in this thesis that HUVECs have low basal expression
of PD-L1 and PD-L2 which was further increased upon IFN-γ stimulation or IFN-γ +
TNF-α stimulation. Hence, PD-L1/L2 could potentially contribute to the increased Treg
suppressor capacity seen after direct co-culture with IFN-γ-stimulated HUVECs. This
would be in line with a study conducted by Wang et al. (2013) who demonstrated that
rapamycin-treated ECs showed elevated PD-L1 and PD-L2 which contributes to
activation of Treg suppressive activity. However, due to time constraints of this PhD,
the involvement of PD-L1 and PD-L2 in EC-Treg interaction were not completed.
The effect of Treg interaction on EC phenotype was next studied by assessing the
expression of CD31, CD105, ICAM-1 and VCAM-1 after Treg co-cultures, as Tregs
may have reciprocal effects on EC function. However, it was not observed that any
significant changes in these HUVEC marker expressions caused by Treg interaction
occurred. This does not necessarily mean that Treg interaction had no effect on EC
phenotype as other surface markers or intercellular factors that were not measured in
this assay could have been modulated. However, this would suggest that the Treg
interaction does not prevent adhesion molecule expression on EC which would be a
potential mechanism by which Tregs could suppress the inflammatory response by
preventing the recruitment of further inflammatory cells. Further investigations could be
adopted to study the potential Treg modulation of EC phenotype as those shown in
previous studies, including measurement of inflammatory mediator production or
leukocyte recruitment by ECs after Treg interaction (He et al., 2010; Maganto-García et
al., 2011). In connection with this thesis, the effect of Treg interaction on the ability of
ECs to support CD4+ T cell proliferation would be of particular interest. Tregs can target
APC capacity to present antigen and activate T cells as a mechanism of suppression.
For example, a study by Misra et al. (2004) demonstrated that Tregs decreased CD80
and CD86 expression as well as MHC-II expression on monocyte-derived DCs and
also, Tregs were demonstrated to dampen E- and P-selectin expression and decrease
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effector T cell adhesion on inflamed endothelium through adenosine production (Ring
et al. 2009). This suggests that multiple mechanisms by which suppression could be
achieved may well be acting in concert. Indeed, that ECs can act as APC for Teff
suggests that prior interaction with Tregs may influence the subsequent ability of EC to
induce Teff proliferation and requires further study. However as the effect of Treg
interaction on EC function was not within the main aims of this PhD, further
investigations were not pursued.

6.4.2

Capacity of human ECs to present antigen

The ability of HUVEC to participate in antigen presentation was next examined by
measurement of MHC-II expression. MHC-II was not constitutively expressed by
HUVECs and then was only induced upon IFN-γ stimulation but not by TNF-. This
correlates with the current literature proposing that IFN-γ is necessary for MHC-II
expression on ECs (Pober et al., 1983; Collins et al., 1984). The expression levels of
MHC-II of HUVECs this thesis were relatively low compared to published literature. A
study by Manyak et al. (1988) showed that with 72 h stimulation with IFN-γ at 200 U/mL
there was an induction of 41.3 % HLA-DR+ on HUVECs whereas 1000 U/mL caused
94.2 % HLA-DR+ HUVECs. Similarly, Marelli-Berg et al. (1996) used 1000 U/mL of IFNγ and stimulated HUVECs for 72 h to obtain more than 90 % HLA-DR+ cells. However,
it is not known whether this higher concentration of IFN-γ would be suitable for assays
in this thesis. The levels of IFN-γ in psoriatic lesions are unclear but a study has shown
that average serum levels of IFN-γ in psoriatic patients was 0.95 ± 0.907 IU/mL (Arican
et al., 2005). Hence, it may seem that 200 – 1000 U/mL may not be physiologically (or
pathologically) relevant. Nonetheless, immunohistochemical studies showed that the
majority of blood vessel ECs express moderate to high levels of HLA-DR in healthy
skin (Angel et al., 2007) and was especially upregulated on endothelium of psoriatic
lesions (Abrams et al., 2000). Hence, it may be that high concentrations of IFN-γ are
required to obtain the high expression of MHC-II on ECs in vitro that mirrors the in vivo
condition.
The potential mechanism by which EC may act as an APC and presentation of CD3 or
PHA was briefly investigated. By studying the binding of aCD3 antibody or PHA on the
cell surface of unstimulated HUVECs it was possible that a structural mechanism of
presentation might be revealed. Results showed that there was no fluorescence
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associated with aCD3 antibodies suggesting a lack of binding on the EC surface
whereas PHA was shown to be bound to the ECs as early as 4 h and was still detected
at 24 h. However, further repeated experiments would be necessary to show
definitively that EC process PHA or simply act as a binding substrate for PHA and antiCD3. It may be possible that MHC molecules are required in the presentation of antiCD3; hence IFN-γ-stimulated ECs would also be tested. Although PHA is a lectin and
may bind and be endocytosed for processing via the EC lectin receptor, it is unclear
how PHA is able to stimulate proliferation in combination with ECs. PHA may be
processed and then presented or may remain on the EC surface in an unprocessed but
stimulatory form. Experiments which block antigen processing such as by reducing
membrane uptake with quinine-like drugs may be able to shed some light on the ability
of PHA to act as an antigen in combination with the EC.
From the combined data of MHC expression and PHA binding to unstimulated EC, it is
likely that MHC molecules are not required. Shown in chapter 4.3.2.2, ECs were
capable of supporting proliferation of CD4+ T cells without prior cytokine stimulation;
hence the role of MHC-II may not have been crucial in the EC-CD4+ T cells co-culture
assays. However, MHC-II expression on ECs after co-culture with CD4+ T cells and
mitogen could have been stimulated either by mitogen alone or by EC autocrine
stimulation or from activated T cell mediator release especially of IFN-γ. PHA was
shown in this thesis to stimulate EC proliferation (section 0) therefore has the potential
to cause further EC activation. Further experiments utilising MHC-II blocking antibodies
would be tested to study the involvement of MHC molecules in these assays in an
attempt to clarify their role in EC / CD4+ / Treg function.

6.4.3

Effect of EC interaction in Treg phenotype

Activated Tregs express markers which indicate their status and suppressive capacity.
This was approached by examining Treg phenotype at two different time points: (i) after
24 h co-culture with HUVECs and (ii) at 96 h following a Treg suppression assay with
Tregs from co-cultures with HUVEC, either direct or cultured in Transwells with
unstimulated or IFN-γ HUVECs. CD25 and FOXP3 were analysed as markers of Treg
activation and costimulatory molecules CTLA-4, OX40, PD-1 and 4-1BB were
examined for their expression based on their involvement in Treg suppressive
mechanisms and Treg functional control.
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When Treg phenotype was analysed 24 h after co-culture either directly by contactdependent or in Transwells contact-independent modes with unstimulated or activated
HUVECs, there were no significant changes observed in the expression of
costimulatory molecules. Enhanced CD25 and FOXP3 expression was found for Tregs
that were directly co-cultured with IFN-γ-stimulated HUVECs compared to those
incubated with unstimulated ECs, suggesting that these Tregs show a more activated
phenotype than control Tregs. Tregs phenotype was examined following a Treg
suppression assay that was plated after EC-Treg co-cultures and CD25, FOXP3, OX40
and PD-1 expression was analysed. These markers were chosen due to the limitation
of fluorophores available that could be added onto the antibody panel used for flow
cytometric analysis following Treg isolation, activation and following the Treg
suppression assay. It was found that CD25 and FOXP3 expression in these Tregs was
not significantly different when comparing between different HUVEC co-culture
conditions or at this time point. PD-1 expression was shown to be significantly
upregulated on Tregs after co-culture with EC. OX40 expression was significantly
increased on Tregs but only when co-cultured in direct contact with unstimulated
HUVECs. These results indicate that HUVECs can modulate Treg phenotype which
then directly regulates their function.
It is unclear how this change in PD-1 expression in these assays relates to Treg
function but it has been proposed that PD-1 ligation could augment Treg frequency and
function (Francisco et al., 2010). PD-L1 signalling by murine ECs was shown to
augment Treg suppressive capacity (Bedke et al., 2010) and recently PD-L1 was found
to be required in the induction of iTregs and maintenance of iTreg Foxp3 expression
and suppressor function (Francisco et al., 2009). PD-1/PD-L1 signalling has been
found to inhibit TCR-driven ‘stop signals’ necessary for formation of stable interactions
between DCs and T cells (Fife et al., 2009) and has been suggested as a novel
mechanism by which Tregs dampen T cell activation (Francisco et al., 2010). Hence, it
may be plausible that the increase in PD-1 expression shown in Tregs following EC
interaction in assay conditions of this thesis explains the observed increase in
suppressive capacity of Tregs. This will require further investigation to reach firm
conclusions such as employment of anti-PD-1 or anti-PD-L1 blocking antibodies in the
suppression assays. OX40, however, has been shown to cause opposing actions with
OX40 stimulation of Tregs being known to abrogate their suppressor function
(Piconese et al., 2008; Kitamura et al., 2009) whilst OX40 signalling was found to be
necessary for Treg survival and Treg expansion during certain inflammatory milieu
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(Griseri et al., 2010; Ruby et al., 2009). Hence, it is not completely clear how OX40
expression is linked to Treg function. However, in this thesis, OX40 expression may be
controlled by direct interaction with ECs leading to a changed phenotype which may
form part of the modulation of Treg suppressor function following OX40-OX40-L
interaction and would concur with the studies of Griseri and Ruby mentioned above.
Repeats of these assays may obtain more conclusive data in order to decipher which
molecules are involved in the enhanced Treg suppression and in EC-Treg interactions.
Further investigations of other costimulatory molecules including their ligands would be
assessed to show those that may be differentially expressed following EC co-culture.

6.4.4

Production of soluble mediators by ECs

The contact-independent mechanisms for the interactions between ECs and Tregs
were investigated by examining the production and release of EC-dependent soluble
mediators. By assessing potential modulatory mediators produced by ECs, further
complex experiments could be carried out to pinpoint which specific mediator was
involved in the enhancement of Treg suppressive function observed after non-contactdependent EC interaction. NO, a pleiotropic mediator involved in many physiological
processes and produced by EC amongst other cell types, can mediate antiinflammatory responses and induce specific suppressor cell populations (Bogdan and
Bogdan, 2001; Niedbala, Cai, et al., 2007). Hence, nitrite and nitrate levels in ECconditioned media were examined as a measure of EC-dependent NO production. It
was found that in serum-containing RPMI media, significant levels of nitrite and nitrate
were measurable, especially for nitrate. When the media was conditioned for 24 h with
cultures of ECs the levels of nitrite and nitrate were not statistically different from media
alone. Furthermore, cytokine stimulation of EC cultures did not significantly change the
nitrite or nitrate levels measured. Overall, whilst the exact chemistry of NO, nitrite and
nitrate is complex with multiple reactions potentially confusing the NO signal, it was not
possible to confirm a role for NO in the differential effects on Treg suppressive function
observed after interaction with unstimulated or activated ECs. Further work using
specific NO inhibitors or removing media based nitrate and nitrite before incubation
with cells may help to confirm a role for NO in EC-Treg interaction.
Cytokine and chemokine production by human ECs was examined by means of
multiplex-based assay and ELISA. TGF-β, especially TGF-β1, is an important mediator
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involved in the suppression mechanism and induction of FOXP3 expression in Tregs
(Marie et al., 2005; Yamagiwa et al., 2001). However, background levels of TGF-β1
were detected in complete RPMI media and HUVECs did not produce significantly
higher amounts of TGF-β1 regardless of cytokine treatment. TGF-β2 was expressed by
HUVECs and appeared to be slightly decreased by IFN-γ-stimulation but was not
statistically significant. Overall, these small changes suggest TGF-β was not likely to be
a major component of the contact-independent interaction between EC and Tregs in
assays of this thesis. However, it may be beneficial to examine the expression of TGFβ on the EC surface, as TGF-β could act through its membrane-bound form and was
found to do so on liver sinusoidal ECs (LSECs) (Carambia et al., 2014). Hence, TGF-β
may form part of the contact-dependent mechanism of EC-Treg interaction in these
assays and warrants further evaluation in EC lysates.
The cytokine IL-6 was detected by multiplex assay released by EC into media when
HUVECs or HDMECs were stimulated with IFN-γ or IFN-γ and TNF-α in combination.
Similarly, the cytokines G-CSF and GM-CSF were measured in EC conditioned media
only when ECs were activated with IFN-γ or IFN-γ and TNF-α combined with their
expression profiles similar for both HUVECs and HDMECs. Hence, IL-6, G-CSF and
GM-CSF may play a role in the non-contact interactions between Tregs and IFN-γstimulated ECs. IL-6 can negatively affect Treg function, as previously discussed in
chapter 1.4.5.2, and cause instability of Treg phenotype (Pasare & Medzhitov, 2003;
Bovenschen et al., 2011). On the other hand, G-CSF and GM-CSF may have positive
effects on induction and expansion of Tregs (Rutella et al., 2002; Kared et al., 2008).
Overall, these cytokines could contribute to the increase of Treg function during Treg
interaction with activated human ECs.
Chemokines IL-8, CCL2, CCL3 and CCL4 were also detected in EC conditioned media.
IL-8 was not produced by resting HUVECs but was induced upon IFN-γ or IFN-γ +
TNF-α stimulation. IL-8 may form part of the recruitment cascade for Tregs as it is a
chemotactic mediator and has been shown to induce Treg migration by IL-8 producing
tumour lines (Eikawa et al., 2010) but otherwise has not been shown to affect Treg
phenotype or function. CCL2 was basally expressed at high levels by both HUVECs
and HDMECs, whereas CCL3 and CCL4 were produced at relatively low levels by
HUVECs and even lower amounts by HDMECs. Myeloid-derived suppressor cells in
tumour tissue have been shown to produce CCL3, CCL4 and CCL5 which promote
recruitment of CCR5-expressing Tregs (Schlecker et al., 2012) and one study has
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found that high CCL3 concentrations caused reduced FOXP3 expression in Tregs
whereas low CCL3 concentrations can maintain FOXP3 stability (Chen et al., 2013).
Otherwise, there is little evidence to demonstrate whether these chemokines can
induce functional changes in Tregs. Although the low level of CCL3 released in these
assays may help to maintain FOXP3 stability as reported and the release of
chemotactic mediators could form part of the initial recruitment of Tregs, there was no
enhancement of CCL2, CCL3 or CCL4 with cytokine-activated ECs suggesting it is
unlikely that they are the factors which are important in regulating the Treg-EC contactindependent activation but may form part of the complex milieu required for activation.

6.4.5

Role of IL-6, G-CSF and GM-CSF in EC-Treg interaction

After the characterisation of soluble mediator production by human ECs, the
involvement of specific cytokines IL-6, G-CSF and GM-CSF in the interaction between
human EC and Tregs were chosen for further examination. This was investigated in
particular regards to their contribution to the enhancement of Treg suppressor function
by IFN-γ-stimulated HDMECs. Blocking antibodies were used for each cytokine in cocultures, assessing whether the neutralisation of each individual mediator or their
combination could affect EC modulation of Treg function. It was found that blockade of
IL-6, G-CSF or GM-CSF during Transwell co-culture of Tregs with IFN-γ activated
HDMECs did not cause a significant change in the suppressive capacity of Tregs on
Teff proliferation when compared to control co-cultures. Isotype control antibodies did
not cause any change in suppressive activity. IL-6 and G-CSF levels in the co-culture
supernatants were significantly reduced by their specific blocking antibody indicating
that the appropriate concentration of antibodies to fully examine the involvement of
these cytokines was used. Hence, IL-6, G-CSF and GM-CSF are unlikely to be the
main regulators involved in boosting Treg function by IFN-γ activated HDMECs.
However, it is worth noting that IL-6 neutralisation in Treg-HDMEC co-cultures
significantly increased suppressor function of these Tregs when compared to Tregs
that never came into contact with ECs. This is in line with the current view of IL-6 being
a proinflammatory mediator which can dampen both FOXP3 expression and Treg
function and promote Th17 inflammation (Bettelli et al., 2006; Pasare and Medzhitov,
2003). It was further demonstrated by Fogal et al. (2011) that IL-6 neutralisation during
co-cultures of HUVECs and memory CD4+ T cells led to a decrease in total T cell
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proliferation and the emergence of FOXP3 expressing suppressor cell populations.
This demonstrates that IL-6 production by EC could promote inflammatory responses
through destabilisation of Treg phenotype and function; hence IL-6 produced by human
ECs potentially reduced Treg suppressor function in assays of this thesis.
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Chapter 7
GeneralDiscussion
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7.1 Human ECs support CD4+ T cell proliferation
The interaction between human ECs and T cells is important during inflammatory
responses occurring in peripheral tissue. ECs are vital in the recruitment of T cells and,
as shown in this thesis, can further modulate T cell function during chronic
inflammation. This thesis shows evidence that human ECs can promote CD4+ T cell
activation and proliferation in the absence of other APCs. In the presence of an
external mitogen such as PHA or stimulatory aCD3/28 antibodies, strong proliferation
together with high CD25 expression levels were shown with CD4+ T cell in co-cultures
with HUVECs regardless of prior EC activation with inflammatory cytokines. This thesis
also reported this immunological function with HDMECs, which is a novel finding with
relevance to skin physiology or pathology. Hence, the presence of human ECs allows T
cell proliferation to occur by mechanisms that cause T cell activation. This concurs with
literature that demonstrates EC-dependent activation, cytokine production and
proliferation of CD4+ T cells during the presence of a polyclonal activator such as PHA
or stimulatory aCD3 antibody (Ma and Pober, 1998; Kunitomi et al., 2000). In the
absence of external mitogen, HUVECs pre-treated with cytokines IFN-γ or TNF-α were
also found to induce CD4+ T cell activation, demonstrated by the upregulation of CD25
expression and proliferation of CD4+ T cells in co-cultures at 120 h. This is in
agreement with previous studies showing that human ECs can cause alloproliferation
of CD4+ T cells, specifically of the effector memory CD4+ T cell subset (Shiao et al.,
2007; Taflin et al., 2011).
The precise mechanism of how the presence of EC allows this to occur is unknown but
it can be speculated that the expression of MHC molecules on ECs would allow antigen
presentation to TCR on T cells to facilitate T cell activation. MHC-II expression on ECs
was found to be specifically induced by IFN-γ stimulation, which is in agreement with
previous studies including those by Collins et al. (1984) and Manyak et al. (1988).
Hence, PHA or aCD3/28 could be presented by MHC molecules on IFN-γ-stimulated
EC but this could not be attributed to the effects of unstimulated or TNF-α-stimulated
ECs on T cell activation as these cells would not have expressed MHC molecules at
least initially in co-cultures.
There may also be MHC-independent antigen presentation mechanisms involved in EC
interaction with T cells. EC monolayers could be acting as anchoring surfaces for the
mitogens and, together with expression of costimulatory molecules, human ECs could
then induce the activation and proliferation of T cells. Indeed, it was found that PHA
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(but not aCD3 antibody) rapidly binds to EC surface within 4 hours and remains
present on the cell surface at 24 h. Possible proteins or receptors involved in MHCindependent antigen presentation could include lectin-binding proteins and Fc-gamma
receptors (FcγRs). Human ECs have been recognised to express cell surface
glycoproteins with fucose residues which bind lectins including ulex europaeus lectin 1
(UEA-1) (Jackson et al., 1990) and it is possible that PHA is bound to the EC surface
by attaching to these glycoproteins. Human ECs also express C-type lectin-like
receptors that act as pattern recognition receptors but can also bind to self-antigens or
altered self-antigens, thus are also potentially involved in the antigen presentation
ability of ECs (Sobanov et al., 2001). Other receptors involved could include scavenger
receptors CD36 and mannose receptor but these are found to be expressed on
HDMECs but not HUVECs (Swerlick et al., 1992; Gröger et al., 2000). Similarly,
HDMECs were shown to express FcγR CD32 both in vitro and in vivo, which could
contribute to the binding of stimulatory aCD3/28 antibodies to these specific ECs
(Gröger et al., 1996). Other mechanisms may be involved which have yet to be
explored. For example, a novel MHC-independent antigen presentation mechanism
was recently identified whereby a molecule known as butyrophilin 3A1 was
demonstrated to present phosphorylated antigens to γδ T cells, leading to activation
and cytokine production of these cells (Vavassori et al., 2013) and its expression in the
endothelium should be explored further as a possible antigen presenting candidate.

7.1.1

Potential activation of Treg population

Investigating the induction or expansion of Treg populations by human ECs was an aim
of this thesis which was demonstrated through Treg activation by HUVECs and
HDMECs. In CD4+ T cell co-cultures with human ECs, increased CD25 and FOXP3
expression by proliferated CD4+ T cells was indicative of activation or expansion of
Tregs. However, reduction of FOXP3 expression levels was observed at 120 h. This
transient boost of Treg marker expression could indicate the presence of FOXP3expressing non-regulatory activated T cells as conventional T cells can express FOXP3
upon activation without acquiring the regulatory phenotype (Wang et al., 2007). An
alternative explanation could be that these Foxp3+ T cells were true Tregs which have
lost their Foxp3 expression during the inflammatory condition in the co-cultures. These
scenarios are supported in a study by Miyao et al. (2012) which proposed that the Treg
lineage is very stable but a minor Treg population can lose their Foxp3 expression
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during certain inflammatory settings whereas ‘exFoxp3’ Th cells mostly originate from
non-regulatory Foxp3+ T cells. Therefore, further characterisation of these FOXP3+
populations is required in order to ascertain their true identity.
This thesis also studied the specific interaction of human ECs with Teff or Treg
populations, which showed further evidence of human EC expansion or induction of
Treg populations. It was unclear whether the potential increase in Treg numbers was
due to the expansion of the initial Treg populations or conversion of Foxp3- Teff into
Tregs. Hence, purified CD4+CD25- Teff populations or CD4+CD25hiCD127low Tregs
were co-cultured with HUVECs in order to examine this property. Teff co-cultured with
HUVECs and aCD3/28 proliferated and showed upregulated CD25 and FOXP3
expression, indicating potential conversion to Treg populations in addition to activated
non-regulatory T cells. A small and significant level of proliferation was also observed
with Tregs in co-cultures with HUVECs and aCD3/28, hence demonstrating that human
ECs have the potential to activate Treg proliferation. However, as initial purified Treg
populations could contain contaminating non-Foxp3+ T cells, the expanded cells could
also be non-Tregs. Therefore, further characterisation such as analysis of TSDR
demethylation in the Foxp3 locus is required to ascertain the identity of these FOXP3expressing cells.
Overall, the novel observation described by this thesis of transient increase in FOXP3
expression of CD4+ T cells in co-cultures with human ECs has yet to be reported and is
indicative of the potential of human ECs in activating Treg populations.

264

7.2 Human ECs modulate Treg suppressor function
This thesis has found that human ECs can modulate Treg suppressor function, an
important finding which can have implications in the interactions of these two cell types
during inflammation. Upon co-culture of Tregs with IFN-γ- or TNF-α-activated HUVECs,
the suppressive capacity of Tregs on Teff proliferation was increased. Furthermore,
when Tregs were co-cultured in Transwells above IFN-γ-stimulated HUVECs, the
suppressor function of Tregs was even further enhanced, showing that human ECs
have the capacity to modulate Treg function. With HDMECs, Tregs did not appear to
be affected by direct contact with IFN-γ-stimulated cells but showed boosted
suppressive activity following indirect co-culture with these ECs. Hence there are both
contact-dependent and contact-independent mechanisms involved in the EC-mediated
enhancement of Treg function. Overall, activated human ECs could potentially
modulate Treg suppressive activity and contribute to control of immune homeostasis in
skin. These observations have not been reported in published literature, but there have
been some relevant studies to suggest this property of human ECs. The study by
Wang et al. (2013) demonstrated that Tregs co-cultured with rapamycin-treated
HUVECs showed boosted suppressive activity compared to those co-cultured with
control HUVECs. Another study showed that HMEC-1 cells and HDMECs selectively
expanded Treg populations and also Th17 populations (Taflin et al., 2011).
The EC-Treg suppression assay developed in this thesis could be further exploited to
investigate the control of Treg function by human ECs of different disease states or
even tissue microenvironments. For example by using ECs treated with supernatants
from activated psoriatic keratinocytes or even using ECs isolated from psoriatic dermis,
the EC-Treg interaction in psoriasis could be investigated to determine whether
psoriatic ECs could boost Treg function or if this modulation is impaired. Additionally,
ECs from different tissue source could be use such as liver sinusoidal ECs which would
impart information on the effect of EC-Treg interaction in the liver.
Treg phenotypes after interaction with HUVECs were investigated to examine by what
mechanism the boosting of their suppressor function was caused. However,
parameters analysed including CTLA-4, OX40, PD-1 and 4-1BB expression of Tregs
did not alter significantly after 24 h co-culture with unstimulated or IFN-γ-activated
HUVECs (both direct and indirect co-cultures). However, increased PD-1 expression
on Tregs after EC modulation has been observed in the subsequent suppression assay
which could potentially be involved in the increased suppressor function of these Tregs.
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There may also be other parameters not measured in these assays that could
contribute to the enhanced Treg function, such as expression of immunosuppressive
cytokines, granzymes and perforin or ectonucleotidases CD39 and CD73. For example
a study by Bedke et al. (2010) proposed that the suppressor capacity of EC-modulated
Tregs was boosted by means of increased IL-10 production and PD-1 expression.
Overall, this thesis demonstrated the ability of human ECs to increase Treg suppressor
function. Using this EC-Treg suppression assay the role of human ECs in controlling
Treg function in various models of disease could be further explored.
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7.3 Mechanisms of interaction between human ECs and T cells
This thesis continued to study the interactions between human EC and T cells namely
the contact-dependent and contact-independent mechanisms. There is great
complexity to these interactions as multiple mechanisms were likely involved
simultaneously and crosstalk between different mechanisms potentially occurred,
hence making the study of mechanisms involved in EC-T cell interactions rather
complicated. Hence simple approaches were initially used and contact-independent
mechanisms in regards to interaction between activated HDMECs and Tregs were
prioritised as the greatest increment in Treg suppressor function resulted from this
interaction and this was most relevant to conditions in skin physiology.

7.3.1

Contact-dependent mechanisms for Teff and Treg activation

Cytokine stimulation induces phenotypical changes on ECs which could contribute to
EC-T cell interactions in supporting T cell proliferation and modulating Treg function.
CD31 expression was reduced upon stimulation with IFN-γ or TNF-α which could
contribute to the increased immunogenicity of ECs, as homophillic CD31 interactions
can control T cell function through dampening of T cell reaction to cytokines and
chemokines (Kishore et al., 2012). Furthermore, cytokine activation also induced or
enhanced expression of adhesion molecules including E-selectin, ICAM-1 and VCAM-1.
This likely contributed to the increased reactivity of T cells with activated ECs through
the increase in frequency or strength of T cell adhesion to ECs. Furthermore, ICAM-1
has been shown to be involved in Treg recruitment (Deane et al., 2012) and also in the
selective expansion of Treg populations by HDMECs (Taflin et al., 2011).
Costimulatory molecules could also be involved in the interaction between EC and
Tregs. Inhibitory ligands PD-L1 and PD-L2 expression on HUVECs were examined and
were found to be highly expressed following IFN-γ stimulation. Expression of these
ligands on ECs could contribute to T cell tolerance by dampening T cell migration,
activation and effector function (Mazanet and Hughes, 2002; Rodig et al., 2003).
Additionally, PD-1/PD-L1 signalling is suggested to be involved in the development and
maintenance of iTregs (Francisco et al., 2009) and was even demonstrated to be
involved in EC-mediated enhancement of Treg suppressor function and induction of
Treg populations (Bedke et al., 2010; Taflin et al., 2011). Hence, the involvement of this
signalling pathway in EC-Treg co-cultures in this thesis could be further investigated,
267

such as employment of PD-1/PD-L1 blocking antibodies in the EC-Treg suppression
assay especially as these molecules are the subject of current trials using targeted
antibody therapies (Brahmer et al., 2012).
Expression of other costimulatory molecules such as ICOS-L, 4-1BB-L, OX40-L and
GITR-L and their involvement in EC-T cell interaction could also have been involved
and could be investigated. There may also be other ligands which do not belong to the
B7 family or TNF receptor superfamily that could modulate Treg function. The C-type
lectin-like receptor-1 (CLEC-1) has been shown to be expressed by ECs in tolerated
allografts in rat models and disruption of this receptor expression on rat DCs led to the
decreased Treg population in vitro (Thebault et al., 2009). The novel subset of
costimulatory

molecules

known

as

butyrophilins

were

discovered

to

have

immunomodulatory properties (reviewed by Arnett & Viney 2014) and a member of this
family butyrophilin-like 2 (BTNL2) was found to induce Foxp3 expression and
suppressive activity in murine CD4+ T cells (Swanson et al., 2013). From the initial data
in this thesis on the ability of EC to control Teff proliferation and the potential for
butyrophilin like molecules to be involved in an MHC-II-independent antigen
presentation as well as regulating Treg function, the contact-dependent Treg activation
shows many complicated and potentially competitive mechanisms. Overall, there are
many prospective molecules that could contribute to the contact-dependent modulation
of Treg function by human ECs.

7.3.1.1 Antigen presenting capacity of ECs
Antigen presentation by ECs could contribute to T cell activation and proliferation as
seen in the co-cultures of ECs with CD4+ T cells shown in this thesis. Mechanisms
involved in antigen presentation by ECs could involve MHC molecules and MHCindependent processes. When comparing with other types of APCs, human ECs are
classed as non-professional APCs and shown to be moderate stimulators of T cell
function. A study by Ma & Pober (1998) demonstrated that HUVECs were comparable
to blood mononuclear cells at inducing cytokine production of both naive and memory T
cells but less effective at inducing IFN-γ production and were unable to induce Th1
differentiation. A study by Murphy et al. (1999) compared the antigen presenting ability
of human ECs with other MHC-II expressing cell types and found that B cells and
macrophages were more efficient whereas fibroblasts and capillary ECs were less
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efficient at activating T cells compared to HUVECs. Overall, human ECs contribute
during chronic inflammation by maintaining ongoing inflammatory responses rather
than by initiating primary responses which is the responsibility of professional APCs.
Antigen presentation by ECs could be important for rapid antigen recognition and
migration of antigen-specific T cells. For example, antigen presentation by HUVECs
was found to enhance transmigration of alloantigen or bacterial antigen-specific T cells
through the EC monolayer (Marelli-Berg et al., 1999). Studies have also shown that
transmigration of autoreactive T cells was dependent on antigen presentation by MHC
molecules on endothelium (Greening et al., 2003; Marelli-berg et al., 2004). Recently,
Fu et al. (2014) demonstrated that recognition of self-antigens by ECs in target tissue is
important for Treg recruitment in vivo, where Treg accumulation in non-lymphoid tissue
was abrogated upon blockade of MHC-II. Sustained TCR signalling in the periphery
was also recently found to be necessary in maintaining Treg homeostasis and
suppressor function (Vahl et al., 2014), hence antigen presentation by ECs could
potentially contribute to Treg maintenance. Overall, antigen presentation by ECs is not
only involved in activating T cells but is also important in recruitment of T cells and
Tregs and may even contribute to maintenance of Treg function in the periphery.

7.3.2

Contact-independent mechanism for EC-dependent Treg activation

Cytokines and chemokines were the main soluble mediators investigated in the
contact-independent mechanisms of EC-Treg interactions. Cytokines including IL-6,
TGF-β, G-CSF and GM-CSF as well as chemokines IL-8, CCL2, CCL3 and CCL4 were
detected in HUVEC and/or HDMEC conditioned media. In this thesis, IL-6, G-CSF and
GM-CSF were chosen as targets to be further examined in the contact-independent EC
modulation of Treg function. This was because these mediators were produced by ECs
only after IFN-γ stimulation, indicating the specific involvement of these mediators in
interactions with IFN-γ-activated ECs. However, blockade of these mediators
individually did not abolish the boosted Treg function seen after indirect co-culture with
activated HDMECs, hence it can be concluded that they were not involved in this
interaction or the interaction is multifaceted. It is still worth noting however, that
blockade of IL-6 potentially increased Treg suppressor function during EC-Treg
interactions. This is in line with studies which suggested that IL-6 can dampen Treg
suppressive activity and skew Treg induction toward Th17 differentiation (Goodman et
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al., 2009; Zhou et al., 2008) and therefore still remains a candidate as an indirect
mediator of EC-Treg interactions.
Other soluble mediators could also be involved in the interaction between ECs and
Tregs that led to enhanced Treg function. This thesis studied the release of NO through
measurement of the NO products nitrites and nitrates. However, levels of both products
were present in RPMI media alone and EC conditioned media were only slightly
increased above background levels, hence NO is not likely to be the primary mediator.
Other potential mechanisms includes the enzyme indoleamine 2,3-dioxygenase (IDO),
which has been found to be expressed by HUVECs but not yet in HDMECs
(Beutelspacher et al., 2006). This enzyme mediates the metabolism of tryptophan to
kynurenine and its expression in plasmacytoid DCs has been demonstrated to support
Treg phenotype and mediate induction of iTregs (Chen et al., 2008; Sharma et al.,
2009). However, Bedke et al. (2010) disagree with the involvement of IDO by stating
that there was negligible expression of IDO on murine lung ECs but this could be a
vascular bed or species-specific expression profile. The substrate ATP can be released
by ECs during inflammation and ATP was suggested to be important in the activation of
Treg suppressor function in vivo, in which antagonists against ATP receptor
demolished Treg suppressive effect and their protective effect in a murine contact
hypersensitivity model (Ring et al., 2010). A study by Trabanelli et al. (2012) showed
that high ATP concentrations could enhance proliferation and suppressor function of
human Tregs. Hence, ATP could potentially be a further mediator involved in EC
modulation of Treg function.
Overall, this thesis has explored the potential mechanisms involved in the interactions
between human ECs and T cells especially Tregs, of both contact-dependent and
contact-independent manners. Unfortunately, investigations conducted have not been
able to pinpoint a ligand, receptor or soluble mediator with major function in EC-Treg
interaction. There are many ligands and soluble mediators yet to be explored which
could be involved in EC-Treg interaction and identification of important components in
this interaction could lead to novel targets for the control of Treg function..

270

7.4 EC-T cell interaction in relation to human physiology
This thesis proposes that, as a physical and biochemical and immunologic barrier, the
endothelium is important in the shaping of T cell and Treg responses, where
interactions between these cells is vital during immune homeostasis and inflammation.
T cell interaction with the endothelium is necessary in order to migrate into peripheral
tissues and the proximity between T cells and blood vessels in tissue could allow EC to
influence T cell responses even from a distance through soluble mediators. During
inflammatory responses in the skin, perivascular clusters of skin DCs and Teffs were
found to be important in the activation of Teff responses against antigens (Natsuaki et
al., 2014), thus T cells are in close proximity to the skin vasculature.
Human ECs of two different origins were used in this thesis, each producing differential
results in regards to their capacity to support T cell proliferation or Treg activation.
HUVECs were used as a general model of postcapillary venules but may mimic
maternal-fetal conditions and contribute to fetal tolerance whereas HDMEC cells are
derived from the skin microvasculature and therefore may form a more relevant cell
type. In this thesis, HUVECs were shown to promote T cell proliferation and activated
HUVECs were capable of boosting Treg suppressive capacity in both direct and
Transwell co-cultures. In comparison, HDMECs appeared to induce lower levels of T
cell proliferation and activated HDMECs boosted Treg function only in Transwell cocultures. Hence, HUVECs appear to provide a more ‘tolerogenic’ phenotype compared
to HDMECs which could be explained by their heterogeneity in phenotype and function.
These differential effects of human ECs on T cell function have also been reported for
other vascular beds including the hepatic endothelium. Liver sinusoidal ECs (LSECs)
are important in immune surveillance and also immune tolerance in the liver. LSECs
express an array of endocytic receptors and can process and present antigen. These
cells have been shown to activate memory T cells, but induce tolerance of naive CD4+
and naive CD8+ T cell rather than activating them (Limmer et al., 2000; Knolle et al.,
1999). Additionally, LSECs have been demonstrated to induce suppressive Treg
populations (Carambia et al., 2014)
The differential interactions of ECs with T cells could be related to the specific function
of each vascular endothelium in human physiology. The fetal immunity is a rather
antigen-inexperienced environment and tolerogenic mechanisms are required to
maintain maternal tolerance against fetal material. HUVECs may be required to provide
a more ‘tolerogenic’ phenotype in order to maintain fetal tolerance. Indeed, studies
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have shown that mechanisms exist that contributes to fetal tolerance including
expression of IDO in placenta endothelium and generation of fetal antigen-specific
maternal Tregs (Blaschitz et al., 2011; Samstein et al., 2012). Conversely, the skin is
exposed to environmental and pathogenic insults frequently and a more complex
control of Treg function may be required to ensure appropriate inflammatory responses
against pathogens but tolerance against harmless antigens. Dermal ECs could
contribute to the control of inflammatory responses in the skin through activation of
Treg suppressor function and there are other skin cell types that contribute to Treg
control as well. A study by Seneschal et al. (2012) suggested that Langerhans cells
can maintain tolerance in the skin by activating resident memory Treg populations to
dampen inappropriate responses against self or harmless antigens during homeostatic
conditions but then rapidly activates resident effector memory T cell proliferation when
pathogen is present. A recent paper has proposed that CD90+ dermal stromal cells
which are located perivascularly can differentiate into ECs and could induce Foxp3
expression in CD4+CD25- T cells to produce populations of suppressive Foxp3+ T cells
(Pfisterer et al., 2015). Overall, the balance between inflammatory signals and
tolerance promoting signals could control Treg activation and suppressor function in
order to maintain immune homeostasis in the skin and this may also be vascular bed
specific.
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7.5 Summary
This thesis has demonstrated that human ECs can support T cell activation and
proliferation and potentially increase Treg numbers in CD4+ T cell co-cultures. HUVECs
and HDMECs were found to increase proliferation and CD25 expression of CD4+ T
cells in co-cultures with external mitogens. FOXP3 expression on proliferated CD4+ T
cells was transiently increased, indicating potential induction or expansion of Treg
population. This thesis has also provided important early evidence on the ability of
human ECs to enhance Treg suppressive capacity, which can be important in
regulation of Treg function in the skin. Activated HUVECs were found to increase Treg
suppressor function and this was further enhanced when direct contact was removed
between these two cell types. For activated HDMECs, these cells did not affect Treg
function with direct contact but boosted their suppressive capacity through contactindependent mechanism(s). Hence, human ECs can modulate Treg function through
contact-dependent and contact-independent mechanisms whereby the effect of human
EC on Treg function is dependent on the spatial location of Tregs relative to the
endothelium.
This thesis has found that human ECs modulate T cell and Treg functions which
potentially contribute to immune homeostasis in the skin, as depicted in Figure 7.1. At
rest, few interactions occur between human ECs and Teff or Tregs to cause cell
activation. Upon activation or the presence of antigen, ECs can increase T cell
recruitment into the skin and support T cell proliferation, aiding effective removal of
pathogens. Activated human ECs can also boost Treg suppressor function through
production of soluble mediators, promoting Treg function that controls inflammatory
responses from causing deleterious effects or advancing into chronic inflammation.
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Figure 7.1 : Schematic of EC – T cell interactions in skin.
Resting ECs have little interaction with circulating conventional T cells whereas
constitutive recruitment of Tregs occurs in dermal endothelium. Upon inflammation,
activated ECs have enhanced expression of adhesion molecules which leads to (A) increase
in T cell recruitment. Human ECs can also (B) support T cell proliferation, potentially
through presenting antigen and providing costimulatory signals and producing cytokines.
Human ECs also (C) boost Treg suppressive capacity in the skin, which allows better
control of inflammatory responses.

Overall, this thesis has shown that human ECs have important functions in immunity
that are beyond leukocyte recruitment and can contribute to immune homeostasis in
the skin. Further studies would allow detailed understanding of how immune responses
are regulated in the skin microenvironment. Identifying mechanisms involved in ECTreg interaction could be beneficial as this could generate targets for better control of
Treg function. This thesis has provided groundwork for understanding the importance
of these interactions between human ECs and Tregs which could be applicable to
chronic inflammatory conditions, transplantation and antitumour immunity, marking the
endothelium as a key regulator in inflammation.
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Appendix A
Cord buffer
For 1 L of cord buffer, add 8.18 g NaCl, 0.3 g KCl, 1.98 g D-glucose, 0.2 mL of 1 M
NaH2PO4•H20, and 0.8 mL of 1M Na2HPO4•7H20. Constituted in 1 L ultra-purified H2O
and filter sterilised.
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Appendix B
Stimulation of PBMCs with soluble aCD3 antibody
PBMCs were stimulated with soluble aCD3 antibody at increasing log concentrations of
0.1 to 10 µg/mL for 48 h. Proliferation was later measured using the 3H-thymidine
incorporation method during a further 16 h (method detailed in section 2.2.4.2). As
shown in Figure B1, soluble aCD3 antibody was found to induce high levels of PBMC
proliferation even at the lowest concentration of 0.1 µg/mL (P<0.0001 cf. unstimulated
control; n=3).

Figure B1 : Titration of soluble stimulatory anti-CD3 antibody on proliferation of
PBMCs.
PBMCs were plated at 2x105 cells/well in complete RPMI media in 96-well round-bottom
plates. Stimulatory anti-CD3 (aCD3; OKT3) antibody was serially diluted in sterile cold
human serum then added to PBMCs at 0.1, 0.3, 1, 3 and 10 µg/mL. After 48 h, 1 µCi 3Hthymidine was added and cells were further incubated for 16 h. Experiments were carried
out in triplicates and proliferation is shown as counts per min (CPM) in which data is
expressed as mean ± SD. One-way ANOVA with Dunnett’s test was conducted, ****P
<0.0001 cf. control; n=3.
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Appendix C
HUVEC-CD4+ T cell co-culture: 3H-thymidine incorporation
HUVECs were used unstimulated (uEC), or stimulated with IFN-γ (iEC) or TNF-α (tEC)
and co-cultured with CD4+ T cells, in the presence of PHA or anti-CD3/CD28
antibodies (aCD3/28) for 48 h. Proliferation was then measured by 3H-thymidine
incorporation. In HUVEC alone cultures, PHA appears to have caused increases in 3Hthymidine uptake by HUVECs, which was found with uEC, iEC and tEC (Figure C1A).
This may indicate a proliferative effect of PHA on HUVEC. In co-cultures of HUVECs
with CD4+ T cells, there were no significant changes in the measured proliferation
between control and PHA-stimulated co-cultures (Figure C1B). With aCD3/28 as the
stimulus, HUVEC alone cultures did not show increased 3H-thymidine uptake, albeit
there is a basal level of uptake at around 2000 CPM (Figure C2A). With co-cultures of
HUVECs with CD4+ T cells, there appears to be no changes in proliferation between
control and aCD3/28-stimulated co-cultures (Figure C2B), similar to the PHAstimulated experiments.
The proliferative response of HUVEC in confluent monolayers was expected to be
minimal if not nil, as ECs were assumed to be non-proliferative after attaining
confluency. However, uptake of 3H-thymidine in HUVEC alone cultures suggests a
basal level of cell turnover during the span of the experiment. In addition, PHA
appeared to increase 3H-thymidine uptake, indicating HUVEC proliferation or increased
cell turnover. However, although PHA is a known mitogen, the mechanism by which
PHA causes mitogenesis in ECs is unclear. PHA has been recently shown to act as a
TLR4 agonist and HUVECs are known to express TLRs (Faure et al., 2000; Unitt and
Hornigold, 2011) and the lectin Ulex europaeus agglutinin-1 (UEA-1) is known to bind
specifically to ECs via cell surface glycoproteins (Conrad-Lapostolle et al., 1996).
Hence, PHA could be acting by binding to specific EC surface receptors to stimulate
EC proliferation and thus as ECs have lectin receptors, scavenger receptors and TLRs,
a range of sensors may all be involved in the mitogenic response to PHA.
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Figure C1 : Effects of PHA on proliferation of HUVECs or HUVEC-CD4+ T cell cocultures.
Confluent HUVECs in 96-well flat bottom plates (2 x 104 cells/well) were used
unstimulated (uEC) or stimulated with 10 U/mL IFN-γ (iEC) or 1 ng/mL TNF-α (tEC) for
24 h. HUVECs were washed and 1 x 104 cells/well of CD4+ T cells were plated. (A) HUVECs
alone cultures and (B) co-cultures of HUVECs with CD4+ T cells were incubated without
external stimulus or stimulated with 3 µg/mL PHA for 48 h. Cell proliferation was
measured by 3H-thymidine incorporation, where cells were incubated with 1 µCi/mL 3Hthymidine for 16 h after the 48 h co-culture. Data is expressed in CPM with mean ± SD.
Two-way ANOVA with Sidak’s test was conducted; n=5.

317

A
Proliferation (CPM)

4000

Control
aCD3/28

3000
2000
1000
0

uEC

iEC

tEC

B
Proliferation (CPM)

4000

Control
aCD3/28

3000
2000
1000
0

uEC + CD4 +

iEC + CD4+

tEC + CD4+

Figure C2 : Effects of aCD3/28 antibodies on proliferation of HUVECs or HUVEC-CD4+
T cell co-cultures.
Experiments were conducted as described in Figure C1 where HUVECs kept unstimulated
(uEC) or stimulated with 10 U/mL IFN-γ (iEC) or 1 ng/mL TNF-α (tEC) were plated with
CD4+ T cells. (A) HUVECs alone cultures and (B) co-cultures of HUVECs with CD4+ T cells
were incubated without external stimulus or stimulated with with 5 µg/mL anti-CD3 with
10 µg/mL anti-CD28 (aCD3/28) stimulatory antibodies for 48 h and cell proliferation was
measured by 3H-thymidine incorporation. Data is expressed in CPM with mean ± SD. Twoway ANOVA with Sidak’s test was conducted; n=5.
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Appendix D
Inhibition of HUVEC proliferation by gamma irradiation or mitomycin C
Cells such as autologous PBMCs or B cells are often treated with gamma irradiation or
mitomycin C to be used in in vitro assays as accessory cells or APCs to support T cell
proliferation. Ionizing radiation such as gamma irradiation causes DNA damage
including single- and double-strand breaks, DNA-protein crosslinks and base damage
(Frankenberg-Schwager, 1990). The antibiotic mitomycin C causes DNA lesions by
cross linking complementary DNA strands (Iyer and Szybalski, 1963). These
treatments affect cell division but allow other cellular functions to remain available,
hence permitting the subjective measurement of cell function by the cell population of
interest in the presence of these treated accessory cells.

Titration of gamma irradiation on HUVEC proliferation
To determine the dose of gamma irradiation necessary to halt HUVEC proliferation
without affecting cell viability, HUVECs were trypsinised and resuspended at 1 x 106
cell/mL in HUVEC media. Cells were irradiated with a caesium-137 source, which had
a dose rate of 2.45 Gy/min, for 0, 5, 10, 15, 20 or 25 min that amounted to doses of 0,
12.25, 24.5, 36.75, 49 or 61.25 Gy respectively. Cells were then washed twice using
PBS and centrifuged at 400 g for 5 min. Cell viability of HUVECs was checked using
the trypan blue exclusion method before cells were plated at 2 x 104 cell/well on
gelatinised 96-well flat-bottom plates in 200 µL HUVEC media. Cells were incubated for
48 h following which 1 µCi/mL of 3H-thymidine was added to each well and further
incubated for 16 h. Cells were then harvested onto 96-well filter plates for radioactivity
counting as described in section 2.2.4.2.
Almost all HUVECs were found to be viable after gamma irradiation at each radiation
dose using the trypan blue exclusion method even at the highest radiation dose of
61.25 Gy. Irradiated HUVECs were capable of adhering to gelatin-coated wells within a
few hours of incubation and grew into monolayers in a similar manner to non-irradiated
cells. After 72 h, untreated HUVEC had a CPM of 5325.9 ± 419.8 (n=3) (Figure D1),
showing a basal level of cell turnover. HUVECs irradiated with 12.25 Gy gamma
radiation produced a significantly lower CPM of 125.2 ± 28.9 (P<0.0001 cf. untreated
control), showing that gamma irradiation effectively reduced the proliferative ability of
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the HUVECs. Increasing doses of radiation of up to 49 Gy decreased HUVEC
proliferation to a similar extent as the lowest dose of 12.25 Gy. Further phenotypic
analysis would be required to examine whether irradiated HUVECs display comparable
immunological functions to untreated cells, including MHC molecule and adhesion
molecule expression. However, at all irradiation doses used here, cell monolayers
formed and were otherwise confluent in the well.

Figure D1 : Inhibition of 3H-thymidine uptake by HUVECs upon gamma irradiation.
HUVECs suspended in media were exposed 12.25, 24.5, 36.75, 49.0 or 61.25 Gy of gamma
irradiation from a closed caesium-137 source. Cells were washed and plated at 2 x 104
cells/well in 96-well flat bottom plates, then cultured for 48 h. Cells were incubated with 1
µCi/mL 3H-thymidine for a further 16 h then harvested as a measure of cell proliferation.
The lowest dose of 10.75 Gy was sufficient to decrease HUVEC proliferation. Data is
expressed as CPM with mean ± SD. One-way ANOVA with Dunnett’s test was conducted;
****P<0.0001 cf. control; n=3.

Titration of mitomycin C on HUVEC proliferation
Similar experiments were conducted to determine the necessary concentration of
mitomycin C to stop HUVEC proliferation. HUVECs were plated at 1 x 105 cells/well in
24-well plates and incubated overnight to achieve confluence. Cells were treated with
increasing concentrations of mitomycin C at 1, 5, 10, 50 and 100 µg/mL for 30 min at
37 °C in prewarmed PBS. Controls of untreated HUVECs were included. Cells were
washed twice with warm media then cultured with or without 3 µg/mL PHA for 48 h and
proliferation was measured during a further 16 h by 3H-thymidine incorporation.
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Figure D2 shows that HUVEC proliferation was reduced after mitomycin C treatment
and this was significant at the highest concentration of 100 µg/mL (P<0.05 cf. untreated
control, n=3). The proliferation response curves were similar between unstimulated and
PHA-stimulated cultures. In a similar manner to gamma irradiated HUVECs, mitomycin
C treated HUVECs will require phenotypic characterisation before being employed in
functional assays although confluency was maintained.

Figure D2 : Inhibition of 3H-thymidine uptake by HUVECs after mitomycin C
treatment.
Confluent HUVECs plated at 1 x 105 cells/well in 24-well plates were treated with
mitomycin C (prepared in warm PBS) at 1, 5, 10, 50 and 100 μg/mL for 30 min at 37 °C.
Control untreated HUVECs were included. Cells were washed twice with warm media and
cultured with or without 3 μg/mL PHA for 48 h. 1 μCi 3H-thymidine was added to each and
cells were further incubated for 16 h then harvested for measurement of 3H-thymidine
incorporation. Data is expressed as CPM, with mean ± SD shown. One-way ANOVA with
Dunnett’s test was used, *P<0.05 cf. control; n=3.
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Appendix E
Optimisation of Treg suppression assay with different T cell mitogens
PHA
Isolation of CD4+CD25- cells (Teffs) and CD4+CD25hiCD127low cells (Tregs) was carried
out using FACS as previously described in section 5.2.1. Teffs were plated at 10,000
cells/well with different ratios of Tregs (1:2, 1:6, 1:12 and 1:24 of Treg:Teff) and
separate wells of whole CD4+ T cells were also included as controls. Initially, two
prepared media were compared for their ability to support T cell proliferation, namely
DMEM and complete RPMI media. Autologous PBMCs irradiated with 29.4 Gy (12 min
exposure) of gamma radiation, a dose used routinely within the lab and other parts of
the faculty to prevent accessory cell proliferation, were initially used as accessory cells
where they were included at 50,000 cells/well. Cultures were stimulated with 3 μg/mL
PHA for 48 h at a final volume of 200 μL of media per well. Each experimental
condition was carried out in triplicates and cell proliferation was measured by 3Hthymidine incorporation following the addition of 1 µCi/mL 3H-thymidine for a further 16
h before cells were harvested and the radiation level measured as an indication of cell
proliferation.
Both types of media were shown to support T cell proliferation and there were no
differences between each media type when DMEM was compared to RPMI media
(Figure ). PHA-stimulated Teffs showed slightly higher levels of proliferation compared
to control CD4+ T cells (proliferation of > 100 % when normalised to CD4+ T cell
proliferation), which was as expected due to the absence of suppressive Tregs. Upon
addition of Tregs, Teff proliferation was not significantly decreased even at the highest
ratio of one Treg to two Teffs. Therefore, this assay did not produce the anticipated
results. However, accessory cells irradiated with 29.4 Gy were found to proliferate in
the absence of Teff when stimulated with PHA (P<0.01 cf. unstimulated control; n=5)
(Figure E2), which may have posed as a confounding factor. To address this possible
confounding effect, the appropriate radiation dose to halt PBMC proliferation needed to
be discovered based on a titrated dose or a suppression assay where accessory cells
are not required could be developed.
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Figure E1 : PHA-stimulated Treg suppression assay.
CD4+CD25- T effector cells (Teff) and CD4+CD25hiCD127low cells (Tregs) were isolated from
PBMCs using cell sorting. Teff were plated at 10,000 cells/well along with 50,000
accessory cells (29.4 Gy gamma-irradiated autologous PBMCs). Tregs were added at
different ratios of 1:2, 1:6, 1:12 and 1:24 (Treg:Teff). Cells were stimulated with 3 µg/mL
PHA and cultured in 200 µL of (A) DMEM (n=7) or (B) complete RPMI media (n=3). After
48 h, cell proliferation was measured by incubating with 1 µCi 3H-thymidine for further 16
h. This assay protocol did not show any suppression of Teff proliferation by Treg.
Experiments were completed in triplicates, and data is shown as mean ± SD normalised to
control (CD4+ T cell proliferation). One-way ANOVA with Dunnett’s test was conducted.

Figure E2 : PHA-induced proliferation of 29.4 Gy gamma-irradiated PBMCs.
PBMCs were irradiated with 29.4 Gy gamma-irradiation as a means to halt cell division,
then stimulated with 3 µg/mL PHA in 200 µL DMEM media. After 48 h, cell proliferation
was measured by 3H-thymidine incorporation for a further 16 h. Proliferation is expressed
as radioactivity counts per min (CPM) as measured on a gamma counter by scintillation,
with data shown as mean ± SD. Two-tailed paired T test was conducted; **P<0.01 cf.
control; n=5.
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PMA with ionomycin
The stimulants PMA with ionomycin were next tested in the Treg suppression assay so
that the need for accessory cells could be removed. A similar protocol described in
section 0 was used whereby Teffs were cultured alone at 10,000 cells/well or in the
presence of Tregs at a ratio of 1:2 (Treg:Teff) with PMA and ionomycin in the absence
of accessory cells. PMA was used at 2.5 ng/mL in conjunction with ionomycin at 50 or
100 ng/mL. Controls of CD4+ T cell cultures were included. Each culture condition was
completed in triplicates and with a final volume of 200 μL in RPMI media. Cultures were
incubated for 48 h and proliferation was measured during a further 16 h by 3Hthymidine incorporation (Protocol in section 2.2.4.2).
2.5 ng/mL PMA with 100 ng/mL ionomycin induced Teff proliferation but addition of
Tregs had no suppressive effect on cell proliferation (Figure E3A). At a lower
concentration of 50 ng/mL ionomycin there was no evidence for the suppressive effect
of Tregs on Teff proliferation either (Figure E3B). PMA and ionomycin stimulation may
not have been the appropriate agents to use in the Treg suppression assay due to its
non-specific action on T cells. These pharmacological agents are mainly used in
cytokine release assays and had not been shown to work in Treg suppression assays
to date, suggesting a complexity in the control of T cell proliferation that is stimulus
specific.
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Figure E3 : PMA with ionomycin-stimulated Treg suppression assay.
CD4+CD25- cells (Teff) and CD4+CD25hiCD127low cells (Tregs) were sorted from
fluorescently stained PBMCs using FACS. Teffs were plated at 10,000 cells/well and Tregs
were added at a ratio of 1:2 (Treg:Teff), cultured in the absence of any accessory cells.
Cells were stimulated with PMA and ionomycin, with PMA at 2.5 ng/mL and ionomycin at
(A) 100 ng/mL (n=2) or (B) 50 ng/mL (n=5). Cell proliferation was measured using the
3H-thymidine incorporation assay after 48 h, when cells were further incubated for 16 h
with 1 µCi 3H-thymidine. Experiments were completed in triplicates and data is shown as
mean ± SD normalised to control (CD4+ T cell proliferation). One-way ANOVA with
Dunnett’s test was used.

aCD3/28
Stimulatory antibodies mouse anti-human CD3 (aCD3; OKT3 clone) and mouse antihuman CD28 (aCD28; clone 9.3) targeting TCRs were used in the Treg suppression
assay. Initial experiments using soluble aCD3 stimulation were assessed as part of the
development of the Treg suppression assay. Using a similar protocol, Teffs were
stimulated in the absence or presence of Tregs at a ratio of 1:1, in the absence of
accessory cells. However, there was no evidence of any CD4+ T cell proliferation
(Figure A). Plate-bound aCD3 stimulation was next investigated in the same assay but
this too did not produce any CD4+ T cell proliferation in the absence of accessory cells
(Figure B). This is likely due to the lack of or insufficient costimulatory signal that is
necessary for T cell activation.
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Figure E4 : aCD3 stimulation does not cause T cell proliferation in absence of
accessory cells.
aCD3 antibody (OKT3) was used at 5 µg/mL, either in (A) soluble form or (B) plate-bound
onto 96-well round-bottom plates. CD4+CD25- cells (Teff) and CD25hiCD127low cells (Treg)
were isolated from PBMCs using FACS. Teffs were plated at 10,000 cells/well and Tregs
were added at a 1:1 (Treg:Teff) ratio and cultured for 48 h (in the absence of accessory
cells). 1 µCi 3H-thymidine was added and cells were incubated for a further 16 h to
measure cell proliferation. Experiments were conducted in triplicate and data is expressed
as mean ± SD normalised to % control (CD4+ T cell proliferation0; n=3.

The Treg suppression assay was next tested with plate-bound aCD3/28 where Teffs
cultured alone at 10,000 cells/well or with Tregs at a ratio of 1:1 or 1:2 (Treg:Teff) in the
absence of accessory cells. CD4+ T cell cultures were also included as controls.
Concentrations of aCD3/28 at 0.5 + 0.5, 1 + 2 and 5 + 10 µg/mL respectively were
tested. Each culture condition was completed in triplicate and a final volume of 200 μL
in RPMI media. Cells were cultured for 48 h and proliferation was measured by addition
of 1 μCi/mL 3H-thymidine to each well and further incubated for 16 h before cells were
harvested for measurement of radioactivity.
The lowest concentration of 0.5 µg/mL aCD3 with 0.5 µg/mL aCD28 induced low levels
of Teff proliferation (11.8 ± 10.6 %, normalised to control CD4+ T cell proliferation; n=3)
and no difference in Teff proliferation occurred with addition of Tregs (Figure A). Higher
aCD3/28 concentration of 1 µg/mL aCD3 with 2 µg/mL aCD28, and 5 µg/mL aCD3 with
10 µg/mL aCD28 elicited greater Teff proliferation but there was no obvious Treg
suppressive activity on Teff proliferation (Figure B and C).
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Figure E5 : Anti-CD3/28 -stimulated Treg suppression assay.
CD4+CD25- cells (Teff) and CD4+CD25hiCD127low cells (Treg) were isolated from PBMCs
using FACS. aCD3 and aCD28 antibodies at concentrations of (A) 0.5 + 0.5 (n=3) (B) 1 + 2
(n=4) and (C) 5 + 10 (n=2) µg/mL were plate-bound onto 96-well round-bottom plates.
Teffs were plated at 10,000 cells/well and Tregs were added at a 1:2 or 1:1 (Treg:Teff)
ratio and cultured for 48 h (in the absence of accessory cells). 1 µCi 3H-thymidine was
added and cells were incubated for a further 16 h to measure cell proliferation.
Experiments were conducted in triplicates and data is expressed as mean ± SD normalised
to % of control (CD4+ T cell proliferation) One-way ANOVA with Dunnett’s test was used.
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Appendix F
Titration of gamma irradiation on PBMC proliferation
Accessory cells, in the context of in vitro proliferation assays, present antigens to T
cells to stimulate cell activation and proliferation. For human cell assays, autologous
PBMCs or autologous T cell-depleted PBMCs (TDACs) are often treated by irradiation
with a gamma radiation source or chemically with mitomycin C, a DNA cross-linking
agent, in order to inhibit cell division. This is so that the proliferative response reported
is produced mostly by the responder T cell population rather than by any component of
the accessory cells.
PBMCs were irradiated with increasing doses of gamma radiation to determine the
appropriate radiation dose that halts accessory cell proliferation without causing cell
death. Cells were exposed to an increasing time of exposure to the caesium-137
source relating to a calculated dose of 17.2, 23.3, 29.4, 35.5, 41.6, 47.8, or 53.9 Gy of
gamma radiation from caesium-137 (apparent dose rate = 2.45 Gy/min). Following
irradiation, cells were washed twice with cold PBS then plated into 96-well roundbottom plates and stimulated with 3 µg/mL PHA or plate-bound 5 µg/mL aCD3 with 10
µg/mL aCD28 (aCD3/28) for 48 h. Cell viability was assessed by trypan blue exclusion
while proliferation was measured by further incubating a separate batch of irradiated
PBMCs with

3

H-thymidine for 16 h, where

3

H-thymidine incorporation was later

measured by scintillation.
Gamma irradiation caused a dose-dependent reduction in PHA-induced PBMC
proliferation. The decrease in proliferation was significant at each radiation dose
compared to untreated PBMCs (P<0.0001; n=7) (Figure A). Similar results were also
found with aCD3/28 stimulation, where irradiated PBMCs showed significantly reduced
proliferation (P<0.001 cf. untreated control; n=5) (Figure B). The highest radiation dose
of 53.9 Gy caused significant amounts of cell death for both PHA and aCD3/28
stimulated cultures (P<0.0001, P<0.05 respectively cf. untreated controls). Therefore, a
gamma radiation dose of 47 Gy, which equated to 19.2 min exposure, was chosen to
produce maximal reduction in accessory cell proliferation without causing significant
cell death.
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Figure F1 : Increasing doses of gamma radiation reduce PBMC proliferation.
PBMCs were irradiated with increasing doses of gamma radiation from a closed caesium137 source, and then plated as triplicates in 96-well round-bottom plate in complete RPMI
media. PBMCs were stimulated with (A) 3 µg/mL PHA (n=7) or with (B) plate-bound 5
µg/mL aCD3 and 10 µg/mL aCD28 stimulatory antibodies (n=5) for 48 h. Proliferation was
measured using 3H-thymidine incorporation for 16 h, whereas cell viability was assessed
using the trypan blue exclusion method. One-way ANOVA with Dunnett’s test was
conducted; *P<0.05, ****P<0.0001 cf. control.
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Appendix G
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GM-CSF ELISA standard curve.
Standards of GM-CSF were prepared at concentrations of 6 to 750 pg/mL and analysed
using Human GM-CSF ELISA Ready-SET-Go!® (2nd Generation) ELISA kit (eBioscience) as
per manufacturer’s protocol (detailed in section 2.4.3). Optical absorbance of each
standard concentration at 450 nm was obtained and the standard curve was generated
using a 4-parameter logistic curve-fit. The R2 value, a measure of goodness-of-fit, is shown.
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