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Abstract
Autoimmune posterior uveitis is a potentially blinding ocular disorder characterized by inflammation
of the choroid and retina. Etiology is unknown and is assumed to be autoimmune and proposed to
involve activation of autoreactive retinal-peptide specific T-cells, blood-retinal barrier breakdown,
further leukocyte recruitment and ensuing ocular inflammation.
The P2X7 receptor is a transmembrane purinergic receptor activated by high concentrations of
ATP. Expression is ubiquitous with highest expression in immune cells. Stimulation results in the
production and release of pro-inflammatory cytokines and potentiates leukocyte recruitment.
Differences in mechanisms of P2X7 regulation in macrophages, dendritic cells and T cells were
explored in vitro. Dendritic cells and macrophages have been proposed to release IL-1β through the
NLRP3 inflammasome, requiring TLR4 stimulation followed by P2X7 stimulation. Dendritic cells
were found to release IL-1β with TLR4 stimulation only, unlike macrophages which required
additional P2X7 stimulus. Potential mechanisms of P2X7 regulation were explored, and it was found
that T cells and not macrophages or dendritic cells exhibited significantly potentiated P2X7
mediated dye uptake upon lipid raft disruption. These results suggested a role for lipid rafts in P2X7
regulation in T cells.
In vivo experiments utilized animal models of anterior, posterior and pan-uveitis. Mice deficient in
P2X7 were protected against developing severe posterior uveitis, and treatment of mice with
established EAU with P2X7 specific antagonist A438079 prevented the development of severe panuveitis. Finally, the role of the spleen tyrosine kinase (SYK) was investigated in murine posterior
uveitis. Recent research implicates potential crossover of the P2X7 and SYK signalling pathways.
SYK inhibition with the specific inhibitor fostamatinib did not prevent the development of uveitis in
mice.
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Introduction and Background
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The eye is generally considered to be an immune privileged organ, limiting inflammatory responses
in order to preserve vision. Disruption in ocular homeostasis can result in inflammatory disorders
including uveitis. Uveitis is a potentially blinding, heterogeneous group of intraocular inflammatory
disorders with both infectious and non-infectious causes, and can be both chronic and acute in
nature. Non-infectious uveitis can occur alongside systemic symptoms, although many instances
are idiopathic and confined to the eye, and both autoimmune and autoinflammatory involvement
have been proposed.
Current treatment options involve non-specific immunosuppression, commonly employing
glucocorticoid steroids which have well documented adverse side-effects and to which a number of
uveitis cases are still refractive. More targeted therapeutic intervention in use includes intravitreal
injection of non-steroidal anti-inflammatory drugs (NSAIDs) and systemic and intravitreal biologic
agents targeting cytokines involved in uveitis such as TNF-α. Studies also indicate the central role
of T cells in uveitis, and biologics in use include those inhibiting T cell activation [1]. Current
treatment options will be discussed in more detail later; however there is a clear unmet need for
more specific therapy and therefore it is crucial to understand underlying pathogenic mechanisms of
disease to identify therapeutic targets.
The P2X7 receptor is a purinergic receptor activated by high levels of ATP. This receptor is
expressed highly on cells of haemopoietic origin and activation induces the release of proinflammatory cytokines. As a result, P2X7 has been implicated in the pathogenesis of chronic
inflammatory conditions. However the potential role of the P2X7 receptor in the pathogenesis of
uveitis is unknown. In this work, I will examine the role of P2X7 in murine models of anterior and
posterior uveitis utilizing P2X7-/- animals. Additionally the efficacy of treatment with a P2X7
antagonist in a murine model of posterior uveitis will be explored. The non-receptor spleen tyrosine
kinase (SYK) is a crucial molecule in intracellular signalling pathways for immunological receptors
such as the Fc receptor and the B cell receptor. As a result it is a potential therapeutic target for
autoimmune diseases, and in this project its efficacy in treatment of murine posterior uveitis will be
explored.
Within this introductory chapter I aim to summarise present understanding of the P2X7 receptor
structure and function, and current experimental methods employed to explore this receptor. Of
relavence to this project on murine models of uveitis, in-depth immunological consequences of
P2X7 stimulation and its potential pathogenic role in other ocular disorders and autoimmune
diseases will be discussed. The different uveitic entities and current therapeutic strategies will be
summarised, and mechanisms regulating the immune privilege of the eye will be covered.
Additionally, the cellular basis of disease and current theories of pathogenic mechanisms will be
discussed. Furthermore, current knowledge of the SYK receptor, function and role in autoimmunity
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will be surmarised. The second chapter describes the materials and methods employed, and the
following three chapters contain the experimental results and discussion, including a small
introduction and research aims at the beginning of each chapter.
Chapter 3 describes my research into P2X7 biology, investigating current discrepancies in the
literature and potential mechanisms of receptor regulation. Chapter 4 describes my investigations in
the role of P2X7 in the in vivo murine models of anterior and posterior uveitis utilizing P2X7-/animals and a P2X7 specific antagonist. Chapter 5 reports my research into the treatment of uveitis
with a SYK inhibitor. Finally Chapter 6 concludes my research chapters and discusses future work.
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1.1

Uveitis- background and classification

Uveitis describes a group of highly heterogeneous, sight-threatening inflammatory conditions
affecting the uveal tract which comprises of the choroid, iris and ciliary body. Surrounding ocular
tissue including the retina, sclera, optic nerve, vitreous and lens may also become inflamed. The
disorder is principally classified according to the anatomical location of primary inflammation.
Anterior uveitis involves inflammation of the iris and ciliary body, and is the most common form of
uveitis. In some studies anterior uveitis comprises around 50-60% of cases in tertiary referral
centres [2]. Intermediate uveitis, the least common form of uveitis, involves inflammation of the pars
plana of the ciliary body and the peripheral retina. Posterior uveitis accounts for 15% to 30% of
uveitis cases and involves inflammation of the choroid and retina [3]. If anterior through to posterior
structures are involved, the term panuveitis is used.
Uveitis is classified etiologically according to infectious or non-infectious origin. Infectious uveitis is
caused by a wide-range of parasitic, fungal, bacterial and viral infections; commonly herpes simplex
virus and varicella-zoster virus and Toxoplasma gondii [4].

More recently identified causative

organisms include Epstein-Barr virus and Rubella virus [5]. Infectious uveitis is more prevalent in
developing countries where tropical climate, poverty, poor hygiene and lack of medical facilities
enable these organisms to flourish [6]. In contrast to developing countries, non-infectious uveitis is
the most common type of uveitis in the western world. Non-infectious uveitis can manifest alongside
multi-organ immune disorders, which vary in prevalence according to geographical location. This is
as a result of environmental factors, race and genetics [7]. Uveitis associated with Behçet’s disease
is common in Turkey and Iran and Vogt-Koyanagi-Harada (VKH) disease is the most common form
of uveitis in Japan where it accounts for 8% of uveitis cases [8, 9]. Up to 30% of children who suffer
from juvenile idiopathic arthritis also suffer from uveitis [10].
Other types of non-infectious uveitis include association with the class I surface antigen HLA-B27.
HLA-B27 associated acute anterior uveitis (AAU) includes 18–32% of all cases of AAU worldwide
[11]. As possession of HLA-B27 is associated with development of a variety of systemic conditions
including spondyloarthritis and sarcoidosis, development of HLA-B27 uveitis could signify an
underlying undiagnosed systemic disorder. Possession of HLA-B27 varies between different
populations. The prevalence of this allele in the UK has been estimated to be 8% whereas in India
this allele exists in only 2% of the population [12]. In contrast, in eskimo populations the presence of
HLA-B27 has been reported to be over 25% [13].
Physical trauma to one eye in a condition called sympathetic ophthalmia results in development of
uveitis in the other “sympathising” eye [14]. Side effects to medicines can also cause uveitis, for
example from the use of bisphosphonates; medication used for treating osteoporosis. However half
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of non-infectious uveitis cases are idiopathic, where disease is presumed to be autoimmune due to
absence of associated systemic disease or infectious cause [15].
Anterior, intermediate and posterior uveitis can be chronic or acute, where chronic is made distinct
from recurrent acute inflammation as active uveitis lasting for longer than three months [16]. A major
cause of visual loss in chronic uveitis is cystoid macula oedema [17]. This is the collection of
intraretinal fluid forming cystoid structures in the macula. In a cross-sectional study by Lardenoye et
al, 33% of all patients suffered from this [18]. If fluid collects between the macula and underlying
retinal pigment epithelium, serous retinal detachment can occur.
Other causes of blindness related to uveitic inflammation include chorio-retinal infiltrates and
scarring, vitreous opacities and retinal detachment. Blindness can also result from secondary ocular
complications such as accelerated cataract and glaucoma [19]. Uveitis accounts for 10-15% of total
blindness in the USA, 3-7% of blindness in Europe and 25% of blindness in the developing world
[20, 21]. Notably, the cost of blindness from uveitis to the United States government is equal to the
cost of blindness from diabetic retinopathy, which has an incidence double that of the former [22].
The population prevalence of uveitis in European countries varies from 38 to 76.6 per 100,000, and
in the United States a study suggests a prevalence of 200 per 100,000 [20, 23]. As 70% to 90% of
uveitis presents in patients aged between 20 and 60 years, this disorder affects individuals of
working age, and subsequently has a significant socioeconomic impact [24].

1.2

Clinical features of uveitis

Although features vary greatly between different uveitic types, inflammation in uveal structures
arises as result of blood retinal barrier breakdown leading to ocular inflammatory infiltrate. In
anterior uveitis, inflammation of the iris vasculature can lead to inflammatory infiltrate and proteins
into the aqueous humour, described as flare. In intermediate uveitis, yellow-white inflammatory
aggregates termed “snowballs” are present in the mid-vitreous. In severe forms of disease,
snowbanks can form; inflammatory exudates on the pars plana [25]. In posterior uveitis, retinal
vasculitis can manifest which can lead to accumulation of extracellular fluid within the retina or in the
subretinal space [26]. In chronic uveitis patients, macular edema can occur as a secondary
complication of can occur, which is this is the most common cause of decreased visual acuity and
blindness in uveitis, where it can affect up to one third of patients [17, 27]. Other sight threatening
complications secondary to uveitis include glaucoma, cataract, retinal vascular abnormalities, retinal
detachment, corneal opacities and macular inflammatory lesions.
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1.3

Treatment options

Uveitis is mediated by the strength of the immune response, and classically synthetic
glucocorticosteroids are administered to resolve inflammation. Since their discovery over 60 years
ago, glucocorticosteriods have been employed to successfully treat a range of acute and chronic
inflammatory and autoimmune conditions including rheumatoid arthritis, and chronic allergy
conditions including asthma and to support immune suppression in organ transplantation.
Glucocorticosteriods work via non-specific mechanisms on a broad range of effects on both
adaptive and innate cells of the immune system [28]. Mechanisms of action include interference of
gene transcription, which inhibits synthesis of a wide range of cytokines including the pleiotropic
interleukin-1 (IL-1), TNF-α and interferon gamma (IFN-γ). Gene transcription of anti-inflammatory
genes such as interleukin-10 (IL-10) is also upregulated by recruitment of transcription factors to
promoter sites. Glucocorticosteriods negatively impact leukocyte trafficking and hinder the ability of
leukocytes to adhere to and exit the vascular endothelium, impairing entry into sites of tissue
inflammation thereby decreasing inflammation. Apoptosis of T cells is also induced; as is inhibition
of interleukin-2 (IL-2), a T-cell growth factor. These factors cumulatively decrease the amount of
available circulating T cells. Studies in animal models have shown cluster of differentiation 4 (CD4+)
T cells as crucial for development of uveitis, and it is widely thought that this correlates with human
disease too, hence the efficacy of glucocorticosterioids. In innate immune cells such as
macrophages and dendritic cells (DC), mechanisms involved in antigen presentation are supressed,
and circulating and tissue resident populations of these cells are decreased due to induction of
apoptosis and decreased ability to migrate from the vasculature [29].
Topical administration of corticosteroids has been the traditional method for application in uveitis
since the 1950’s to avoid adverse side effects from long-term systemic use. However penetration of
steroid particles is limited to the lens, therefore this method of application has limited use for
treatment of posterior uveitis [30]. Intravitreal injection of corticosteroids in uveitis has become
routine, particularly with the use of triamcinolone acetate. As the steroid remains restricted within
the eye, systemic side effects are unlikely, however the risk of cataract development is increased
and raised intraocular pressure is a common side effect [31].
Corticosteroid releasing intraocular implants have shown efficacy, but with complications of ocular
hypertension leading to glaucoma or cataract. The biodegradable Ozurdex dexamethasone implant
has shown efficacy and a good safety profile in a randomised controlled trial in patients with noninfectious posterior and intermediate uveitis [32]. This implant has marketing authorisation in the UK
to treat non-infectious posterior uveitis.
Despite the vast array of anti-inflammatory effects, long-term systemic use of glucocorticosteriods
have severe side effects including diabetes, hypertension, osteoporosis, growth retardation in
30

children and weight gain [33]. Additionally up to a third of patients are unresponsive to steroid
treatment at tolerable doses in a phenomenon called steroid refraction [34]. This is proposed to be
due presence of a subpopulation of steroid refractory CD4+ cells prevalent in patients with uveitis
[35]. Steroid refractory disease is not a phenomenon specific to uveitis, and is a common problem in
a range of disorders treated with steroids inducing ulcerative colitis and asthma [36, 37].
The limitations of steroid use have led to extensive research for alternative or supplementary
immunomodulatory therapies to control inflammation in uveitis. This includes the use of biological
agents. These are genetically engineered products, often antibodies, designed to target specific
effectors of the immune system. Currently in use are biologics that target pro-inflammatory
cytokines with key involvement in the pathogenesis of uveitis, such as TNF-α, Interleukin-6 (IL-6),
IFN-γ and Interleukin-1 beta (IL-1β) [38].
Of particular focus is TNF-α, which is elevated in the aqueous humour and serum of patients with
idiopathic uveitis [39]. Intraocular injection of TNF-α in mice is able to induce blood-retinal barrier
breakdown [40]. This cytokine is also increased in animal models of uveitis and anti-TNF- α therapy
is effective in treatment of disease in animal models [41]. The humanized monoclonal chimeric anti
TNF-α antibody Infliximab was approved by the US food and drug administration in 1998, initially to
treat ulcerative colitis, and later other autoimmune conditions such rheumatoid arthritis and
ankylosing spondylitis. In a recent multicentre observational study, the efficacy of Infliximab and
Adalimumab (monoclonal human anti-TNFα antibody) were tested and compared in patients with
refractory non-infectious uveitis. The rate of complete or partial response was high for both and
treatment also had corticosteroid sparing efficacy. However almost a third of patients suffered from
at least one side effect whilst on treatment, commonly infections including bronchitis and herpes
infections. Additionally over 10% developed a serious side effect including neoplasia and
autoimmune disease including systemic lupus erythematosus and psoriasis [42].
Uveitis is considered a T cell mediated disease, therefore T-lymphocyte inhibitors offer an
alternative or supplementary treatment to corticosteroids. First used in renal transplant patients in
1978, cyclosporin A (CsA) has shown efficacy for the decrease of inflammation in patients with
severe posterior uveitis including birdshot chorioretinopathy, Behçet's and sympathetic ophthalmia
[43]. Studies have shown high incidence of side effects of systemic use of CsA which include renal
toxicity, systemic hypertension and metabolic problems. Small risks of malignancy also exist, in
particular lymphoma and carcinoma of the skin and mucosae.
A popular alternative to CsA is Tacrolimus, a more potent T cell inhibitor with long term efficacy and
a better safety profile [44] [45]. This T cell inhibitor exerts repressive functions on a variety of T cell
outcomes similar to CsA, including preventing the release of pro-inflammatory cytokines proposed
to be involved in the pathogenesis of uveitis- IL-1, IL-6, TNF-α and IFN-γ [46]. Unlike CsA,
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Tacrolimus can inhibit T cell proliferation induced by Interleukin-2 (IL-2) and Interleukin-17 (IL-17)
and inhibit the expression of these cytokine specific receptors and [47]. Clinical efficacy has been
reported in patients with oral treatment in non-infectious refractory uveitis, however complications
including nephrotoxicity, hypertension and hypercholesterolemia are reported [45].
Topical administration of CsA and Tacrolimus present with problems in the ability to penetrate
ocular tissues, which is compromised due to drug hydrophobicity. Eye-drop emulsions are
alternatives where the drug is emulsified in a solution containing castor oil, olive oil, peanut oil or
dextrose. These are not tolerated well and can induce burning, itching or blurred vision. Improved
ophthalmic formulations of CsA and Tacrolimus are currently in development and the use of
“nanoemulsions” for delivery of treatment is promising [48]. This involves the encapsulation of the
drug inside nano-sized droplets of oil in water, resulting in more favourable passage across ocular
tissues [46].
Other methods to control uveitis include non-biological immunosuppressants such as antimetabolites, including intravitreal injection of the folic acid inhibitor Methotrexate (MTX). Widely
used for treatment of cancers, this drug also exerts anti-inflammatory effects at much lower doses
and frequency than required for cancer treatment. The mechanism of anti-inflammatory effects are
undetermined, however are considered to be distinct from the anti-proliferative mechanisms.
Mechanism of action is proposed to involve inhibition of cytokine production and reduced adhesion
molecule expression. MTX induces the synthesis of adenosine which is likely to contribute greatly to
the anti-inflammatory properties of the drug [49]. Additionally, a study by Spurlock et al. has shown
MTX treated T cells are more sensitive to the induction of apoptosis through the stimulation of
reactive oxygen species (ROS) production [50].
MTX has been used to treat uveitis from a wide variety of classifications. Studies have shown
efficacy with this drug in combination with corticosteroid treatment in patients refractory to
corticosteroid treatment alone [51]. Adverse events associated with use of methotrexate are
predominantly related to folic acid deficiency, and can be overcome with supplementation alongside
medication. Independent from folic acid based adverse events, side effects to methotrexate use can
be severe and include pulmonary toxicity and pneumonitis [12]. Intravitreal treatment allows
circumvention of systemic side effects. Taylor et al found. efficacy of intravitreal injection of MTX in
patients with active non-infective uveitis which included improvement in visual acuity, corticosteroid
sparing effects and an extended period of remission (17 months average compared to 3-4 months
untreated) in 73% of patients [52, 53].
Biologics being applied for treatment of ocular inflammation include agents targeting vascular
endothelial growth factor (VEGF). Bevacizumab is a recombinant humanized full-length monoclonal
antibody targeted against VEGF. Intravitreal levels of VEGF are increased in patients with uveitis,
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and is proposed to play a significant role in blood retinal barrier (BRB) breakdown leading to
macular edema [54]. Al-dhibi et al. reported decreased macular edema and improved visual acuity
with intavitreal injection of Bevacizumab in patients with macular edema and controlled intraocular
inflammation [55].
The efficacy of new therapies and targeted treatment depends on an understanding of the
immunopathology of uveitis, and elucidating key cytokines, chemokines and cell types in
propagation and maintenance of inflammation. Experimental animal models of uveitis have provided
significant insight into disease mechanisms, and therapeutic treatment in animal models have
shown efficacy in human clinical studies. Currently, corticosteroids remain the treatment of choice
for uveitis but it is hoped future therapies will target particular components of the immune response
in order to diminish the use of corticosteroids and associated adverse side effects [56].

1.4

Animal models of uveitis

Most of the current understanding of the pathophysiology of uveitis has been obtained through the
use of experimental animal models. Understandably limitations exist with human ocular studies with
difficulty obtaining human tissue samples. Animal models of both anterior and posterior uveitis have
allowed underlying immunopathologic mechanisms driving and exacerbating disease to be
dissected, paving the way for more tailored therapeutic treatment in human disease [57].

1.4.1

Experimental autoimmune uveitis

The most widely used experimental uveitis model is experimental autoimmune uveitis (EAU). This is
recognised as a representative model for human posterior autoimmune uveitis and shares essential
histopathological features with human disease. This CD4+ TH1/TH17 cell mediated disease targets
the retinal layers of the eye and can be induced in several genetically susceptible animal species
including rabbits, mice, rats and guinea pigs. Disease can be induced by adoptive transfer
(discussed below) or by subcutaneous injection of retinal antigen emulsified in complete Freund’s
adjuvant (CFA), which contains inactivated and desiccated Mycobacterium tuberculosis H37RA in
mineral oil. This acts as an immunopotentiator; stimulating the innate immune response which in
turn drives the adaptive immune response.
The retinal antigen used to induce disease differs in accordance with the species and strain of the
animal. Commonly used across species are interphotoreceptor retinoid-binding protein (IRBP),
retinal arrestin (S-Ag), rhodopsin, recoverin and phosductin. In certain murine strains additional
adjuvant in the form of purified Bordetella Pertussis toxin (PTX) is also required to overcome
immunological resistance mechanisms. Pertussis toxin is used to overcome resistance in low33

responder strains in a variety of animal autoimmune disease models including experimental
autoimmune encephalomyelitis (EAE). The exact mechanism of action of PTX in EAU is unknown
but it proposed to be a result of increased vascular permeability and resultant breakdown of the
blood-ocular barrier. PTX enhances polarization of a TH1 immune response [58].
In the murine model of EAU the B10.rIII is the most susceptible strain followed by B10.A and
C57BL/6. For disease to develop, both a susceptible genetic background and a particular major
histocompatibility complex (MHC) haplotype (H-2 in mice) are necessary [59]. The H-2r haplotype is
most susceptible to uveitis and this is found in the B10.rIII strain, followed by the H-2k and H-2b
found in B10.A and C57BL/6 respectively. EAU in B10r.III mice is traditionally induced using a
synthetic epitope 161-180 of human interphotoreceptor retinoid binding peptide (IRBP). The disease
is severe and reaches clinical peak two weeks after induction. Destruction of the retina is extensive,
and this severity level does not emulate human disease. In the less commonly used B10.A strain,
bovine IRBP 201-216 can induce a severe form of uveitis [60]. In the least susceptible C57BL/6
strain, disease is commonly induced with epitope 1-20 of human IRBP. Time taken to reach clinical
peak time is longer and develops 3 weeks post disease induction. Despite similarities in clinical
symptoms and severity to human disease, disease is not chronic or recurrent as it is in human
disease, thus its applicability for translational medicine is limited. A large number of knockout and
genetically modified strains are available on the C57BL/6 background however, so there is a need
for a more clinically relevant animal model of uveitis in this strain [61].
The main features of EAU are vasculitis, retinal and choroid inflammation, vitritis, and destruction of
the photoreceptor cell layer. Disease severity is assessed primarily by histological grading of retinal
sections from enucleated eyes at peak clinical disease [62, 63]. These semiquantitative grading
systems consider several histological features of disease including extent of retinal folding,
vasculitis, inflammatory infiltrate, integrity of retinal layers and degree of detachment to provide an
overall score of severity. Additionally a mechanism of imaging called optical coherence tomography
(OCT) is a well established imaging technique and provides close to histological levels of detail but
in real time and in vivo [64]. OCT is additionally used to monitor vascular leakage in animals and
assess macular oedema in a clinical setting.
EAU supports a central role for disease initiation by autoreactive T cells responsive to retinal
antigens. In a method called adoptive transfer, retinal antigen specific T cells acquired from EAU
induced animals and primed in vitro with retinal peptide; are introduced into susceptible naïve
recipients and induce disease [36]. This model has advantages as adjuvant to stimulate the immune
response is not required, the immune response is therefore not polarised by immunopotentiators
and disease may represent a more physiological course. Additionally, this method of disease
induction may parallel human disease in that autoreactive T cells to retinal antigens have been
found in the peripheral blood and eyes of patients, particularly to retinal S-antigen (S-Ag) [65].
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1.4.2

Endotoxin induced uveitis

The established animal model for human acute anterior uveitis is endotoxin induced uveitis (EIU). In
mice, rats, cats and guinea pigs, gram-negative bacterial cell wall component lipopolysaccharide
(LPS) is injected systemically and results in an acute anterior ocular inflammatory response peaking
in mice 24 hours after injection and subsiding within the next 72 hours. This model is not a direct
correlate to human anterior uveitis due to differences in severity levels and time-course, but
provides insight into the role of the innate immune system in ocular inflammation. [66-68].

1.4.3

Spontaneous models of uveitis

As the term suggests, in spontaneous models of uveitis intraocular inflammation develops in the
absence of an induced trigger. In the AIRE mouse model, the autoimmune regulator gene (AIRE) is
knocked out in mice resulting in spontaneous development of posterior chamber immune infiltrate
that resembles those seen in rodent EAU models. AIRE is a putative transcription factor,
responsible for promoting the expression of tissue specific self-antigens in the thymus; this
expression is localised to the medullary thymic epithelial cells [69]. In AIRE deficient mice,
expression of retinal specific antigens in these cells is eliminated. As a result, central tolerance
mechanisms are perturbed and this allows survival of tissue specific (including retinal specific)
autoreactive T cells [70]. Inflammatory infiltrate develops in multiple organs and autoantibodies to
these antigens are produced. The autoantigen targeted in this model of disease was identified as
IRBP. The reason why this particular autoantigen alone was the initiator for development of uveitis
is unknown. Its pathogenicity requires further investigation. A transgenic mouse model expressing a
T cell receptor (TCR) specific for IRBP spontaneously develops uveitis [71].

1.4.4

Humanized models of uveitis

The associations between certain autoimmune diseases and possession of specific human
leukocyte antigen (HLA) alleles are well documented. The highly polymorphic HLA molecules are
crucial for presentation of antigen to T-lymphocytes to initiate adaptive immune response pathways.
In the context of uveitis, half of patients with acute anterior uveitis possess the MHC-class I
molecule HLA-B27 [72].
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It is important therefore to investigate the mechanisms of these molecules in disease pathogenesis.
In a humanized model of uveitis, transgenic HLA class II expressing mice were induced with uveitis
with various retinal peptides. Notably, wild-type mice are highly resistant to S-Ag. However
transgenic HLA mice (expressing HLA-DR3) developed severe uveitis after immunization with this
antigen. The epitope used to immunize mice overlaps with the epitope “peptide M” which
lymphocytes from uveitic patients are responsive to [73]. This humanized model of uveitis implicates
an autoantigenic etiology in the pathogenesis of human uveitis, and could identify pathogenic
peptides, driving future development of specific antigen targeted therapies.
Transgenic mice expressing human HLA-A29 spontaneously develop uveitis [74]. Strong
association of class I HLA-A29 and birdshot retinochoroidopathy exists, with Baarsma et al.
reporting possession of this allele in 95% of patients [75]. The HLA-A29 transgenic mouse
spontaneously develops an inflammatory ocular disease with histological features very comparable
to birdshot retinochoroidopathy. The exact autoantigen remains to be identified.

1.5

Mechanisms of immunosuppression in the eye

The definition of immune privilege is the prolonged and sometimes indefinite survival of foreign
grafts inserted into a tissue. Conventional sites would reject such graft and mount an immune
rejection response [76]. The term immune privilege was first used in 1940 by Sir Peter Medawar,
who discovered foreign tissue grafts in the anterior chamber of the eye were not rejected [77]. Other
immune suppressive tissues and organs include the testis, pregnant uterus and the brain. Multiple
mechanisms of regulation constitute immune privilege in the eye and key contributors are the
immunosuppressive ocular microenvironment, anatomical structures and active immune deviation
[78].
The physical blood-ocular barrier secludes the eye from the passage of molecules larger than 300
kDa and cells in and out of the eye. This is maintained at two sites. The inner-blood retinal barrier
consists of retinal vessel endothelial cells, which form a barrier as a result of the dense arrays of
tight junctions and adherens junctions between them. This barrier is also supported by interactions
with the surrounding microenvironment including perivascular cells, basement membrane, microglial
cells and extracellular fluid. The outer barrier is formed from retinal pigment epithelial (RPE) cells on
the Bruch’s membrane, which forms a barrier between the inner retina and choroid vessels [79]. An
additional anatomical factor contributing to the blood-ocular barrier is the lack of lymphatic drainage
in the interior of the eye [80].
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The absence and presence of specific receptors within the ocular environment assists with creation
of an immunosuppressive environment. Decreased expression of MHC-I on corneal endothelium
and the neural retina prevents activation of CD8+ T cells, protecting them from lysis. However,
absence of MHC-I could lead to destruction by natural killer cells (NK), a specialist type of effector
lymphocyte able to exert cytotoxic effects on cells absent of MHC-I. However, corneal epithelial cells
and neural retina express non-classical MHC-Ib molecules such as HLA-G and HLA-E (human)
which can substitute for MHC-I, bind to inhibitory receptors on NK cells including killer cell
immunoglobulin-like receptors (KIR) preventing destruction [81, 82].
The expression of the cell death promoting Fas ligand on ocular cells including the ciliary body, iris
and RPE induces apoptosis of infiltrating Fas+ neutrophils and T cells. Programmed death-ligand
1 (PD-L1) is also expressed constitutively on ocular cells, with detection on eye tissues such as
corneal epithelium, retinal pigment epithelium, iris and ciliary body, and endothelium. Upon
engagement with its receptor programmed death-ligand 1 (PD-L1) expressed on T cells, it is able to
induce downregulation of T cell proliferation, cytokine production and induces apoptosis [83].
Additionally, the expression of OX-2 membrane glycoprotein (CD200), complement decayaccelerating factor (CD55), complement regulatory protein (CD46) and decay-acceleration factor
(DAF) all contribute to creating an immunosuppressive environment [84].
The immunosuppressive ocular environment is able to confer a suppressive phenotype to naïve
CD4+ cells, and these cells are known as regulatory T cells (TREG). In vitro assays with normal
aqueous humour applied to in vivo primed murine TCR activated T cells displayed a regulatory
phenotype based on cytokine production, with production of anti-inflammatory cytokine transforming
growth factor-β (TGF-β), and decreased amounts of IFN-y. Additionally, these aqueous humour
derived regulatory type T cells were able to repress fresh TCR activated primed T cells [85]. TREG
cells are described as a CD4+ CD25+ heterogeneous subset of T cells involved in dominant
immunological homeostasis, also able supress pathological responses. TREGS can arise naturally in
the thymus and express transcription factor winged-helix/forkhead transcription factor FoxP3,
considered a “master regulator” for the development and function of this suppressor phenotype. In
humans, mutations in the FoxP3 gene can result in immunodysregulation, polyendocrinopathy,
enteropathy, X-liked syndrome (IPEX), which manifests with multiple autoimmune disorders of
various organs, commonly involving the intestine, skin and endocrine organs [86]. Scurfy mice with
a missense mutation in the gene encoding for FoxP3 have a lack of CD4+ FoxP3+ TREG cells and
develop autoimmune disease in most organ systems, displaying similar clinical symptoms to the
human IPEX syndrome [87] [88].
A study by McPhearson et al. suggests that in vivo naïve T cells can be converted to a regulatory
phenotype within the ocular structure. CD4+ FoxP3- T cells from transgenic mice expressing a
retinal antigen (IRBP) specific TCR from FoxP3-GFP transgenic mice were injected into the eyes of
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recipient mice. A third of these donor cells became FoxP3+ and regulatory function of these was
confirmed in vitro with suppression assays and fresh IRBP TCR transgenic T cells. Native retinal
dendritic cells in the quiescent mouse retina, mainly situated in the retinal ganglion cell and nerve
fibre layer have shown to possess immunosuppressive properties [89]. Heuss. et al. performed
experiments in a system where mice were induced to express β- galactosidase (βgal) in the eye
and βgal specific transgenic CD4+ T cells. In vitro co-culture of retinal dendritic cells with these naïve
βgalTCR CD4 T cells and βgal antigen, induced up-regulation of FoxP3 production suggesting TREG
induction. However, dendritic cells isolated from spleen co-cultured with naïve periperhal βgalTCR
CD4 T cells and antigen resulted in small amounts of FoxP3 positive cells and highly activated T
cells, suggestive of an effector phenotype [90].
TREGS can impart suppression on a range of immune cell types, through a variety of methods
including cytokine secretion; particularly through the release of anti-inflammatory cytokines IL-10,
TGF-β and IL-4. TREGS are also able to supress effector T cells through several mechanisms
involving direct cell-cell contact or indirectly through contact with dendritic cells. TREGS are
constitutive expressers of the cytotoxic T lymphocyte antigen-4 (CTLA-4) co-stimulatory molecule,
which can downregulate expression of CD80 and CD86 (B7) expressed on dendritic cells, in turn
decreasing ability to promote T effector cell proliferation. [91].
Soluble factors produced by parenchymal cells, neurons and immune cells in the ocular
compartment also contribute to an immunosuppressive environment [92]. In vivo primed T cells
activated with anti-CD3 antibody in the presence of aqueous humour, fail to produce IFN-γ, but
produced five-fold more anti-inflammatory cytokine TGF-β than primed T cells stimulated without
aqueous humour [93]. In addition, these in vivo primed T cells activated in the presence of aqueous
humour had the ability to suppress activation and production of IFN-γ of fresh in vivo primed T cells
[93].
1.5.1 Immunosuppresive factors
The pleiotropic anti-inflammatory cytokine TGF-β is a major component of aqueous humour. This
soluble factor is proposed to be produced by resident non bone-marrow derived iris and ciliary body
parenchymal cells.

Three isoforms of TGF-β exist - β1, β2, and β3, with TGF-β2 exclusively

produced in the eye. In both human and murine CD4+ CD25- T cells, treatment of these cells with
TGF-β2 alongside TCR co-stimulation in vitro, induces the upregulation of FoxP3 and CD25, and
also confers an anergic phenotype to these cells [94]. TGF-β2 is also able to induce a tolerogenic
dendritic cell APC phenotype. Intravenus injection of ovalbumin (OVA) pulsed TGF-β treated APCs
into mice induces an ACAD type tolerance, measured through an impaired delayed type
hypersensitive response 7 days post APC treatment. Additionally mice injected with these tolergenic
APCs contained a significantly increased amount of splenic CD4+ CD25+ FoxP3+ T cells [95].
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In murine EAU, tolerogenic APCs cultured in TGF-β2 and ocular antigen and injected into EAU
induced mice had reduced clinical symptoms and pro-inflammatory cytokines [96, 97] [98]. In vitro
studies on co-cultures of TGF-β2 treated APCs presenting ovalbumin (OVA) antigen to OVA TCR
specific T cells suggests that the mechanism of regulatory action of TGF-β2 on T cells is the
inhibition of production of TH1 type cytokines inducing IFN-γ and IL-2 [99].
Exposure to the neuropeptide α-melanocyte–stimulating hormone (α-MSH) is an important factor
required for the generation of TREGS. α-MSH binds to its cognate melanocortin receptor on cells of
the innate immune system including neutrophils, dendritic cells and macrophages. This binding
inhibits the release of pro-inflammatory cytokines, production of reactive oxygen species and nitric
oxide (NO) and decreases migration ability. α-MSH inhibits IL-1β and TNF-α release and endotoxin
induced inflammatory effects of innate immune cells by inhibiting transcription factor nuclear factor
kappa-light-chain-enhancer of activated B cells (NFκB) nuclear translocation and subsequent
activation. This neuropeptide also promotes production of itself and its melanocortin receptor by
these cells, and promotes the production of anti-inflammatory cytokines TGF-β1 and IL-10[100].
In a mouse model of EAU, adoptive transfer of α-MSH treated antigen activated T cells at disease
induction is able to supress and limit disease severity. α-MSH is able to induce in vivo primed T
cells to a CD25+CD4+ regulatory phenotype. These cells had supressed ability to produce IFN-γ and
IL-4, and increased ability to produce TGF-β1. These regulatory cells were also able to supress the
activation of freshly primed T cells [101]. Alongside α-MSH, other neuropeptides in ocular fluids
contributing to immune privilege include vasoactive intestinal peptide, calcitonin gene-related
peptide, and somatostatin [102]. Corneal cells produce a tryptophan catabolizing enzyme
indoleamine dioxygenase which promotes T cell survival and proliferation as tryptophan is crucial for
these processes [103].
The immune privilege mechanisms in the eye repressing inflammation from damaging irreparable
ocular structures come at cost. Due to sequestration of ocular antigens behind these multiple layers
of regulation, peripheral tolerance to these self-antigens fails to develop, leaving persistence of
circulation of ocular antigen specific T cells and the eye at risk of disorders of autoimmune
inflammation including uveitis.
1.5.2 Anterior chamber-associated immune deviation
TREGS can also be induced in the periphery from naïve CD4+ cells. A clear demonstration of this is
the phenomenon of anterior chamber-associated immune deviation (ACAID) [89]. Introduction of
foreign antigen into the anterior chamber elicits a specialized type of systemic immune tolerance
called ACAID [104]. This model was first described in mice by Streilein et al, and demonstrates an
impaired delayed-type hypersensitivity response, presumed to be mediated by F4/80+ antigen
presenting cells residing in the murine iris and ciliary body [105, 106]. In this model, approximately
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72 hours after exposure to antigen in the eye, these F4/80+ antigen presenting cells (APC) migrate
to the spleen via the blood vasculature where alongside multiple cell types including natural killer T
(NKT) cells and B lymphocytes they are able to induce antigen specific CD4+ and CD8+ regulatory T
cells. 4 days post antigen challenge, as a result of macrophage inflammatory protein 2 (MIP-2)
production, NKT cells of a CD4−CD8−, NK1.1+ T phenotype migrate from the thymus to the spleen
marginal zone. APCs and marginal zone B cells here present antigen to NKT cells through a class
of MHC-class-I-like glycoproteins; CD1d; and these NKT cells produce a variety of cytokines and
chemokines including RANTES, TSP-1, IL-10 and TGF-β [107]. These APCs, NKT cells and
marginal zone B cells cluster together attracting CD8+ and CD4+ T cells. Antigen presentation by the
APCs and by the B cells via Qa-1 molecules on the B cell surface to these CD4+ and CD8+ T cells
results in production of regulatory CD8+ and CD4+ cells able to supress TH1 and TH2 responses in
the local site and TH1 induction in secondary lymph tissues respectively. Characteristic of this
phenomenon is the ability of these TREG to downregulate inflammation in response to a repeated
challenge with the antigen [82, 96, 104, 108].

1.6

The cellular basis of uveitis

Animal models of uveitis have provided crucial information on lymphocyte involvement in disease
pathogenesis. In particular, the central role of macrophages in tissue damage and the importance of
T cells and dendritic cells in disease initiation has been reported. Outcomes from animal studies
have shown applicability to human disease, and efficacy has been reported with the treatment of T
cell and macrophage inhibitors as previously discussed. The following section discusses current
understanding and reported research of the roles of different lymphocyte subsets in the initiation
and effector stage (and resolution) of uveitis.

1.6.1

Disease initiation

Growing evidence supports a main role of autoreactive effector T cells as key cells in the induction
of uveitis. This concept is based on several observations. As discussed previously, EAU in animal
models can be induced by the adoptive transfer of polarised CD4+ T lymphocytes, supporting their
role as disease initiators. T cell inhibition has shown success for treatment of certain types of human
uveitis discussed previously. Calcineurin inhibitors prevent T cell proliferation and pro-inflammatory
cytokine release [109]. Voclosporin, a more recently developed calcineurin inhibitor prevented the
development of severe EAU in a rat model of uveitis. In vitro lymphocyte proliferation assays on
purified human T cells treated with Voclosporin showed decreased lymphocyte proliferation and
lower amounts of T cell proinflammatory cytokine release including IFN-γ, TNFα and IL-17 [110].
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Originally, EAU was considered a TH1 mediated disease. Over 30 years ago, Mosmann et al.
identified CD4+ effector T cells could be categorised into TH1 and TH2 subsets, distinguishable due
to specialized effector functions and hallmark cytokine release [111]. TH2 cells are involved in
allergic response pathways and clearance of helminthic parasites. TH2 cytokines include IL-4, IL-5,
and IL-13. TH1 cells are involved in clearance of intracellular pathogens such as Mycobacterium
Tuberculosis. Hallmark cytokines produced by TH1 cells include IFN-γ IL-2 and TNF-α [112].
Differentiation of naïve T cells into TH1 or TH2 occurs during the priming phase where they
encounter professional antigen presenting cells (APC), dendritic cells. Activated APCs can produce
IL-12 in response to bacterial products and upon contact with T cells [113]. IL-12 is crucial for
differentiation of naïve T cells into TH1 cells.
Results from animal models of EAU have challenged the role of TH1 cells as the main effector cell in
disease pathogenesis. IFN-γ deficient mice induced with EAU were able to develop severe uveitis,
and endogenous IFN-γ neutralization did not ameliorate disease [114, 115]. This phenomenon was
also observed in experimental autoimmune encephalomyelitis (EAE) and collagen induced arthritis,
both previously assumed to be TH1 mediated diseases [116, 117]. IL-12 is a heterodimeric molecule
composed of two subunits p35 and p40. In EAE, mice deficient in p35 developed disease but p40
deficient animals did not [118]. This lead to the characterization of IL-23, whereby subunit p19 was
identified as an alternative binding partner of p40 [119].
The TH17 subset of CD4+ T cells was subsequently recognised. IL-23 is a crucial cytokine for
promotion of differentiation and maintenance of the TH17 phenotype [120]. Naïve TH cells do not
express the IL-23 receptor however, and the combination of TGF-β1 and IL-6 results in murine IL-17
producing TH17 cells in vitro [121]. The cytokine profile of this TH17 subset of cells includes IL-6,
TNF-α, IL-21, IL-22, IL-17A and IL-17F. IL-17A and IL-17F are particularly crucial for the induction
and recruitment of neutrophils. These cytokines promote local production of IL-1, IL-6, IL-8, CXC
ligand 1 and TNF by endothelial cells, epithelial cells and stromal cells. This cytokine environment in
turn promotes the induction of neutrophil recruitment and activation [122] [123].
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Figure 1.1 CD4 T cell subsets. The main CD4 T cell subsets – TH1, TH17, TREG and TH2 are illustrated. Cytokines
required for differentiation of these subsets are depicted alongside arrows. Cytokines in italics represent those required for
maintenance of polarization. Key cytokines produced by each subset are also displayed.
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Studies in EAU by Luger et al. have shown that both TH1 and TH17 CD4+ subsets are capable of
inducing EAU independently with similar outcomes in terms of tissue damage. Similarly to IFN-γ
deficient mice able to develop EAU upon disease induction, IL-17 deficient mice are also able to
develop severe EAU. In terms of leukocyte recruitment, TH17 and TH1 mediated EAU have shown to
differ. Adoptive transfer of TH17 effector cells produce a mainly neutrophil mediated disease, and
adoptive transfer with TH1 effector cells promotes recruitment of mainly monocytes and
macrophages. This work by Luger et al. suggests the environment surrounding disease induction
influences polarization of T cell mediated disease. EAU induced with immunization of retinal peptide
in CFA is a TH17 mediated disease. This is also true for EAE and collagen induced arthritis, which
are similarly induced with myelin proteins or peptides or type II collagen respectively in CFA. The
heat killed Mycobacterium tuberculosis in CFA is recognised by a variety of APCs. A non-classical
model of EAU whereby mice are injected with in vitro antigen pulsed dendritic cells is a TH1 driven
disease [120]. These animal models show the innate environment in which the initial exposure takes
place, including specific APCs involved and innate receptors stimulated, appears to polarise the
dominant T cell subset driving disease. This could also parallel in human disease and contribute to
the heterogeneity of human idiopathic autoimmune uveitis [119].
MHC-I recognising effector CD8+ T cells have been implicated in the pathogenesis of Bechet’s
uveitis. Traditionally these cells are known for roles in clearance of intracellular pathogens through
mechanisms involving IFN-γ release and expression of cytotoxic proteins such as granzymes and
perforin [124]. Cellular phenotypic analysis of aqueous humour from patients with Behçet's uveitis
revealed a higher percentage of CD8+ effector T cells compared to patients with recurrent acute
anterior uveitis, idiopathic intermediate uveitis, or VKH [125]. The extensive tissue damage
experienced as a result of the chronicity of Behçet's uveitis has been proposed to be a result of
CD8+ effector cells. This mechanism has been likened to type I diabetes, a CD4+ disease of which
CD8+ cells are responsible for tissue damage in the chronic stages of disease [126].
The ocular environment is able to suppress inflammation which could lead to irreversible damage.
However, in some cases this potent immunosuppressive environment is clearly insufficient to
prevent inflammation and uveitis from developing. In EAU, T cells are proposed to be primed in the
periphery. A study by Zhou et al. found that in vivo primed uveitogenic effector T cells activated in
the periphery from animals immunized with IRBP for induction of EAU, and injected into the eye of
recipient animals were resistant to conversion to a regulatory phenotype within the eye, and uveitis
developed [102] [127]. Decreased percentages of TREG cells in patients with active uveitis have been
implicated in the pathogenesis of uveitis in several studies, for example a study by Ruggieri et al.
reported PMBC’s from patients with non-infectious uveitis but in clinical remission had higher levels
of FoxP3+ CD4+ CD25+ T cells, similar levels to healthy control patients; in comparison to patients
with active uveitis who had significantly lower percentages of these TREG cells [128]. Additionally,
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dysfunctional TREG mechanisms have been implicated in contributing to uveitis experienced with
VKH. In vitro assays showed that CD4+ CD25+ FoxP3+ T cells from patients with active VKH uveitis
had significantly diminished ability to supress proliferation of autologous and allogenic (from control
patients) CD4+ CD25- T cells [129]. Treatment of uveitis with intraocular administration of TREG cells
has shown promise in an in vivo setting. Mice with established uveitis had pre-activated autologous
polyclonal-TREG cells injected into the vitreous, and this was able to supress development of uveitis
[130] [131]. In a randomised trial in Behçet's patients, Lightman et al. added a pegylated interferon
alfa-2b- peginterferon-α-2b, which binds to interferon-α (IFN- α) receptor 1 and 2, to established
treatment regimes which already included systemic corticosteroids and/or immunosuppressive
agents. It was found that in peginterferon-α-2b treated patients, the circulating TREG population
increased and TH17 decreased. Patients treated with corticosteroids at baseline and given
additional peginterferon-α-2b benefited the most from IFN-α treatment and were able to decrease
corticosteroid dose whilst remain with no active inflammation [132]. The exact mechanism of the
association with IFN-α and upregulation of TREGS is unknown, but has also been demonstrated in
interferon therapy for liver fibrosis and hepatitis B infection [133] [134].
The body contains ocular antigen specific T lymphocytes within the circulation. At least 10 ocular
antigens have been discovered to be uveitic in animals, and this is likely to be similar in humanswith many probably unaccounted for. Caspi hypothesised 80 ocular specific T cells per million T
lymphocytes in human peripheral blood [135]. These autoreactive T cells remain in the circulation
as a result of escaping negative selection in the thymus, as ocular antigens are isolated behind the
blood-ocular barrier [136].
Autoreactive retinal-peptide specific T cells are proposed to be key to the cellular basis of uveitis.
Due to the cross-reactive nature of T cells receptors these naïve autoreactive T cells can become
primed in the periphery by unknown stimuli, possibly a microbial mimic which could originate from
gut commensal bacteria, or from food peptides. In a mouse model of spontaneous uveitis,
transgenic mice expressing T cells with a TCR specific to residues 161–180 of IRBP spontaneously
develop uveitis by 2 months old [137] [138]. These mice show activated T cells in the lamina propria
of the gut before the development of clinical disease. In this transgenic mouse line, treatment with
an antibiotic to deplete commensal microbiota delayed the development of uveitis and attenuated
the severity of disease that eventually developed [139].
Antigenic mimicry has been demonstrated in a rodent model of uveitis, where peptides from
rotavirus and the harmless bovine milk casein were able to cross-react with retinal S-Ag peptide
PDSAg, and induce EAU. Both these antigens enter the body through the gastrointestinal tract and
have similar amino acid sequences to the PDSAg. The disease that developed was
indistinguishable from EAU induced by PDSAg. Peripheral blood lymphocytes from patients with
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autoimmune uveitis had enhanced proliferation to rotavirus and casein peptides compared to
healthy controls. [140]
In this primed state these activated T cells are equipped to pass through the retinal blood-retina
barrier. Production of metalloproteinases from these activated T cells are proposed to initiate the
breakdown of tight junctions of the blood retinal barrier and extravasation into the tissue [141].
Proinflammatory chemokine and cytokine production activate resident APCs providing the signals
required to activate the T cells through the TCR and induce uveitis. Proinflammatory cytokines also
condition the local environment, activating and recruit inflammatory leukocytes and APCs from the
circulation. Breakdown of the blood-retinal barrier and leakage of retinal antigens into draining
lymph nodes also ensues, thereby priming and expanding these autoreactive T cells to further
promote inflammation [138]. The exact mechanism of blood-barrier breakdown is unknown.
Controversy exists with the sequence of events. Lightman et al. found lymphocyte infiltration
precedes breakdown, with a more recent study concluding the blood retinal barrier breakdown is
required for cellular infiltrate [142, 143]. This study by Xu et al. proposed initial adhesion of activated
lymphocytes by unknown mechanisms, with up regulation of vascular endothelial adhesion
molecules, particularly intercellular adhesion molecule 1 (ICAM-1) and P-selectin, with eventual
BRB breakdown [142]. Upregulation of these adhesion molecules has been suggested to be by
cytokines release from these activated lymphocytes [144]. This initial event was localized to the post
capillary venules and eventually spread to larger veins and venules.
Further support for the role of T cells in human disease propagation is from T lymphocytes from
patients with uveitis, which proliferated in vitro in response to uveitic antigens; a response more
common to particular epitopes of S-antigen than others. T cells from the non-uveitic controls did not
show significant proliferation to any epitope or the native S-antigen [145]. Furthermore, significantly
elevated IL-17 and IFN-γ were detected in sera of patients with active Behçet’s disease. These
cytokine levels decreased in patients Behçet’s disease in remission [146, 147]. In patients with VKH
disease significantly increased levels of serum IL-17 was found in patients with active VKH disease
compared to healthy control serum. Additionally, recombinant human IL-17 induced significantly
increased proliferation of peripheral blood monocytes and purified CD4+ cells cultured with anti-CD3
and anti-CD28 antibodies from VKH diseased patients and healthy controls. IFN-γ and IL-17 levels
were significantly increased in diseased peripheral blood mononuclear cell (PBMC) and CD4+ cells
compared to healthy controls [148].
Alongside T cells, dendritic cells have also been proposed as a crucial player in the initiation of
uveitis. The existence of dendritic cells as a distinct phenotype from macrophages and monocytes
with specific morphology and function is a controversial topic of debate. Dendritic cells are
described as having stellate morphology, and function as efficient professional antigen presenting
cells, where endogenous and exogenous antigens are loaded and presented on MHC-I and MHC-II
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receptors respectively. Effective signalling requires co-stimulatory molecules CD80/CD86. In the
presence of innate stimuli these cells are able to engulf, process and present antigen to naïve T
cells. Cell surface markers are often used to classify these cell types and typically used in mice
dendritic cells are high CD11c+ MHCII+ [149]. Dendritic cells originate from either bone marrow
progenitors or from blood monocytes. In both mouse and human, two main subsets exist, classical
or myeloid dendritic cells and plasmacyotid dendritic cells. Myeloid dendritic cells have a wide
distribution and occupy both lymphoid and non-lymphoid tissues. Plasmacytoid dendritic cells are
found circulating in the blood and the periphery. In the mouse, these subsets are distinguishable
due to surface markers CD11c+ in myeloid dendritic cells and PDCA1+ in plasmacytoid dendritic.
Plasmacytoid dendritic cells have crucial roles in recognition and clearance of viral infection via tolllike receptor 7 and 9 (TLR7/9) and release high amounts of type 1 interferon (IFN) cytokines.
Myeloid dendritic cells function as antigen presenters and inducing T cell responses to CD4 + and
CD8+ T cells [359[150].
Within the intraocular environment, DCs have both immunomodulatory roles as previously
discussed, and critical roles in the development of inflammation, particularly during the initial stages
of disease induction. This is clearly demonstrated in an animal model of autoimmune uveitis, where
peripheral injection of mature antigen-pulsed dendritic cells induces a mild to moderate CD4+TH17
cell driven disease, implicating a critical role of this innate immune cell in the pathogenesis of noninfectious uveitis [151]. Additionally, Jiang et al. identified MHC class II and CD11c+ presumed
dendritic cells in the retina and choroid, particularly associated with granulomas in retinal samples
from IRBP induced EAU in B10.RIII mice [152]. Injection of bone marrow derived CD11c+ dendritic
cells increased severity EAU in an adoptive transfer CD4+ T cell mouse model [90].
Bone marrow derived precursor DCs become immature DCs after encountering microbial challenge.
After homing to draining lymph nodes, these APCs present captured antigen and present to naïve T
cells [150]. These autoreactive T cells must be re-activated to induce disease, and only activated T
cells can penetrate the BRB to induce EAU [153]. The exact location of this re-activation is unknown
and whether tissue resident or infiltrating DCs are responsible for initiating inflammation [150].
Howard et al. has demonstrated a chemotactic role for retinal antigens S-Ag and IRBP on human
monocyte induced dendritic cells, implicating recruitment of these cells to the area [154].
However, there is evidence that the quiescent retina contains a small population of phenotypically
distinct dendritic cells. Xu et al. Identified within retinal whole mounts from different strains of mice a
population of high MHCII+ 33D1+ Cd11blow antigen cells identified as dendritic due to morphology.
The exact function of the 33D1+ is unknown however this antigen only reacts with a mouse subset
of DCs. The function of these cell types is unknown, however they are anatomically located at sites
of initial leukocyte entry [60]. Few studies of DCs in human eyes exist, however in a human postmortem wholemount retina, a very small number of HLA-DR+ CD1a+ antigen presenting cells were
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located associated with blood vessels in the peripheral margins of the retina [155]. Additionally,
Chang et al. showed that TLR4 protein and its associated signalling molecules were expressed in
the eye and restricted to a subset of HLA-DR+ DCs. Chang et al. proposed these cells to be
strategically positioned in perivascular and subepithelial positions in the ciliary body and iris root, in
optimal positions to survey and respond to blood-borne or intraocular LPS producing bacteria [341].
In humans, three subsets of DC exist in the blood. Two types of myeloid dendritic cells - CD1c+
myeloid dendritic cell 1 (mDC1), CD141+ myeloid dendritic cell 2 (mDC2), and plasmacytoid DCs
characterized by CD303+ (pDCs). It is the myeloid dendritic cells that have been isolated from
aqueous humour from patients with uveitis [156].
Dendritic cell dysfunction has been implicated as a potential pathogeneic mechanism contributing to
uveitis. pDCs isolated from blood of patients with refractory autoimmune posterior uveitis showed
reduced frequency, and reduced capacity to secrete the immunoregulatory and anti-inflammatory
cytokine IFN-α in vitro. IFN- α therapy showed clinical efficacy in these patients, with results
showing an increased amount of intracellular T cell IL-10, possibly representing an increase in the
level of the TREG population [157].
In addition, maturation states of DCs has been implicated in disease pathogenesis. Significantly
higher levels of mature, CD1+ dendritic cells were isolated from the blood of patients with noninfectious uveitis compared to healthy controls. These CD1c+ mDC cells had decreased capacity to
uptake antigen and increased HLA-DR expression, consistent with a more mature phenotype,
skewed towards antigen presentation as opposed to uptake. In addition, these cells showed an
increased up-regulation of HLA-DR and the co-stimulatory molecule CD86. Even in patients with
remission, levels of these receptors had not reached levels of healthy controls, implicating a role for
maturation of DCs in the chronicity of uveitis. [158]. In vivo studies utilizing EAU have supported DC
maturation as a potential pathogenic mechanism in uveitis. Fixed immature BMDC prevented the
development of severe uveitis in mice, compared to a severe phenotype exhibited in mice treated
with fixed mature BMDC. The mechanism of resistance here was a result of decreased activation
and differentiation of naïve T cells [159].

1.6.2

Effector stage

The essential role of T cells and APCs for disease induction has been discussed, however most of
the tissue damage and destruction in uveitis is thought to be caused during the effector stage of
disease by innate phagocytes- specifically macrophages and potentially neutrophils. Macrophages
are thought of as professional phagocytic cells mainly derived from blood monocytes, produced by
bone marrow and derived from macrophage/dendritic cell progenitor cells. Egression of these
monocytes from blood to tissue results in macrophages with characteristic phenotype dependent on
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tissue and surrounding environment.

However a recent model of macrophage development

proposes the existence of tissue resident macrophages, derived early in embryogenesis from yolk
sack macrophages. Examples of these include adult microglia, alveolar macrophages and red pulp
macrophages [160]. Monocyte derived macrophages have traditionally been categorised into
classically activated M1 macrophages and alternatively activated M2 macrophages. M1
macrophages are induced by IFN-γ, TNF-α, components of bacterial cell wall including LPS and
intracellular pathogens. These cells produce nitric oxide and pro-inflammatory cytokines with
microbicidal functions. M2 polarization is stimulated by IL-4/IL-13, and these cells are involved in
parasite encapsulation, tissue remodelling, angiogenesis, tumour progression, and also exhibit
immunoregulatory functions. Traditional thought is that these M1/M2 mirror the states of T H1/TH2
cells respectively. This M1/M2 system of classification falling into disuse however, as macrophages
have vast plasticity in terms of polarization, characteristics of which are dependent on environment
is difficult to describe in defined subsets [161].
Jiang et al. analysed uveal infiltrate using flow cytometry of B10.RIII mice induced with EAU with
IRBP. Predominant cell populations were CD4+ cells and macrophages expressing MOMA-2, F4/80,
and/or CD11b [152]. Classical “M1” macrophages have been described as the main effector cells
causing tissue damage in uveitis. These macrophages are activated by TNF-α release induced by
IFN-γ producing TH1 cells [162]. Activated macrophages in turn produce pro-inflammatory cytokines
TNF-α, and IL-6. Additionally, high amounts of nitric oxide and reactive oxygen species are
produced, which are damaging to cellular lipids, nucleic acids and cellular proteins at high
concentrations, with the rod outer segments as the main target site for destruction in EAU [137]. In
mice deficient in the inducible nitric oxide synthase enzyme (NOS-2), delayed onset and decreased
severity of EAU was apparent when compared to wild type diseased controls. Phagocytosis of these
cells by macrophages occurs during peak stages of disease [163] [164]. The crucial role of
macrophages in uveitis has also been demonstrated with depletion of macrophages in EAU induced
Lewis rats. Using dichlorodimethylene diphosphonate at the start of clinical disease, this resulted in
a decrease of infiltrate and retinal destruction, ultimately resulting in decreased disease severity. In
addition, as previously discussed, anti TNF-α treatment in experimental models of uveitis and in
humans has shown efficacy [165].
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Figure 1.2 M1 and M2 macrophages and the origins of tissue macrophages. (a) Classically, monocyte derived macrophages have been categorized into two subsets,
classic and alternative - M1 and M2. Cytokines promoting polarization to each phenotype are displayed alongside arrows. M1 macrophages induce prototypic inflammatory
responses against viruses and bacteria, and the signature cytokine profile of this macrophage subtype includes proinflammaory cytokines such as IL-1 and IL-6 and toxic
effector molecules such as nitric oxide. M2 macrophages are involved in an array of responses including allergy, response against parasites and subsequent clearance,
angiogenesis, tissue remodelling, immunoregulation, and tumour promotion. Some of the signature cytokines/chemokines of this macrophage subset have been listed. (b) The
current concept of the mononuclear phagocyte system proposes tissue macrophages are derived from two origins and this is displayed in this simplified diagram. The majority
of tissue resident macrophage types including microglia, red pulp macrophages and alveolar macrophages, populate tissue originating before birth from yolk-sac progenitors
erythro-myeloid progenitors (EMP). Tissue resident macrophages can be established after birth and arise from blood monocytes after birth, derived from hematopoietic stem
cells (HSC) from a bone marrow origin. Both embryonic- and adult-derived macrophages can coexist in tissues, with relative contributions differing according to tissue type.
Microglia are proposed to be an exception, originating almost exclusively from yolk sac derived hematopoietic progenitors.
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Emerging but currently very limited research suggests a role for neutrophils in the pathogenesis of
uveitis. Sonoda et al. demonstrated that mice devoid of macrophage CC chemokine receptor-2
(CCR-2) a receptor for monocyte chemoattractant protein-1 (MCP-1) surprisingly still developed
EAU. The time course, clinical symptoms and severity level were similar to disease induced in mice
with functional CCR-2. This was due to the development of a neutrophil dominated disease [166]. In
humans, neutrophil involvement has been implicated in the pathogenesis of Behçet's disease.
Neutrophils from patients with this disorder are “hyperactive” exhibiting increased superoxide
production, increased enzyme production and increased chemotaxis [167]. In the in vivo model of
acute anterior uveitis (AAU) – EIU, neutrophils have been identified as the predominating population
of ocular cellular infiltrate [68]. Whether this is representative of human AAU is unknown.
My discussion thus far has focused on lymphocyte involvement in disease pathogenesis, but
recently microglia, resident ocular glial cells, have been proposed to have involvement in disease
pathogenesis. Microglia are a resident monocyte/macrophage of the retina and brain, with similar
functions to macrophages, and sharing some macrophage markers including F4/80 (in mice) CD14
and CD11b. In the normal retina, microglia are distinguishable from macrophages by their highly
branched morphology, and location at perivascular locations. Microglia in the retina are constantly
replaced, however controversy exists as to if this is replenishment from the bone marrow or In situ
proliferation. In the adult retina, these cells participate in retinal homeostasis and the clearance of
cellular debris [168]. Microglia are normally quiescent in the healthy retina, maintained by the
immunosuppressive ocular environment. RPE contribute to this anti-inflammatory state, particularly
through the production and release of TGF-β, which programmes microglia to become antiinflammatory [169].
A further mechanism of microglial quiescence is through the interaction with transmembrane
glycoprotein CD200- expressed on the vascular endothelium, photoreceptors and ganglion cells.
This is an inhibitory ligand, which upon binding to the cognate CD200 receptor on microglia
prevents proinflammatory activation through inhibition of NO generation and migration. Blocking this
receptor with an anti-CD200 receptor monoclonal antibody in rats induced with EAU, resulted in an
aggravated disease phenotype compared to non-treated disease controls. In addition, in mice
induced with EAU, those deficient in the CD200 receptor displayed an accelerated disease, with
increased macrophage infiltrate, increased amount of NOS-2 and increased photoreceptor cell
death [170] [171].
In response to inflammation, injury, ischemia injury and infection microglia can become
proinflammatory, and cell surface markers shared with infiltrating macrophages such as OX42, ED1,
5D4, and OX6 become upregulated [172]. In vivo studies in rats induced with EAU have shown the
migration of activated microglia to the photoreceptor cell layer prior to macrophage infiltration in the
early stages of disease and generation of TNF-α and the highly cytotoxic peroxynitrite by these
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activated microglia. This study by Rao et al. suggested a role for retinal microglia in initiating stages
of EAU and further recruitment of macrophages and amplification of disease [173]. In particular, the
poly-unaturated fatty acid component 22:6, which comprises 50% of the fatty acid pool in
photoreceptor cells, is susceptible to lipid peroxidation to 22:6HP by peroxynitrites. In vitro studies
have shown 22:6HP to be chemotactic to microglia [174] .

1.7

Chemokines and cytokines in uveitis

During disease pathogenesis, the previously discussed lymphocytes, vascular endothelial cells and
retinal cell populations release a variety of proinflammaotry cytokines and chemokines upon
activation, resulting in amplification of the inflammatory response. The following section will discuss
the current understanding of the roles of cytokines and chemokines in the pathogenesis of uveitis.

1.7.1

Cytokines in EAU

The destructive effect of immune cell infiltration and activation in EAU is mediated by the
proinflammatory cytokines produced by these activated cells. As discussed, T cells play a central
role in the propagation of EAU; therefore anything affecting T cell priming will affect severity of
uveitis. IFN-γ produced by activated TH1 cells induces the upregulation of HLA-DR on APCs
including macrophages and dendritic cells. These activated cells produce TNF-α, which induces
further development of TH1 cells and propagating inflammation resulting in tissue destruction. In
rodent IRBP induced uveitis, at peak inflammation IFN-γ levels in intraocular extracts reached the
highest concentrations compared to other cytokines present (TNF-α, IL-2, IL-4 and IL-10) and was
undetectable in adjuvant only immunized rats [175].
As extensively discussed, TNF-α released by macrophages, dendritic cells, T cells, monocytes,
neutrophils, and mast cells plays a central role in the macrophage mediated photoreceptor cell
damage in uveitis [289]. Retinal cells including RPE, Müller cells and microglia also release TNF-α.
IRBP induced EAU in B10.RIII mice were treated with TNF-α neutralizing antibody P55-TNFR-Ig
during both afferent (days 0-7) and efferent (8-14) phases of disease. Photoreceptor layer damage
was significantly decreased when treatment was administered in both phases however cellular
infiltrate numbers were comparable to non-treated diseased controls. Despite the efficacy of antiTNF-α agents such as Infliximab in the treatment of various uveitic disorders, anti- TNF-α has been
documented to induce autoimmune disease, commonly lupus-like syndrome and cutaneous
vasculitis [176]. Therefore it is crucial to understand other key cytokines in disease pathogenesis.
The pro-inflammatory cytokine IL-1β is predominantly released by activated macrophages and
dendritic cells, however can also be released from vascular endothelial cells [177]. Intravitreous
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injection of Sprague-Dawley rats with IL-1 induced intraocular inflammation, which was markedly
reduced with intraperitoneal injections of Il-1β blockers 4-Benzylidenehydrazinocoumarin (CK 123)
or 5-benzylidenehydrazino-2-methylpyridazin-3-one (CK 124) [178]. IL-1β also induces NOS-2
mediated production of NO[179]. Furthermore, Il-1β has proposed roles in the breakdown of the
blood-retinal barrier. Intravitreal injection of Lewis rats with IL-1β stimulated the blood-retinal
breakdown and infiltration of leukocytes across retinal endothelial cells. These were predominantly
monocytes-macrophages, neutrophils and a limited number of T cells [180]. Additionally, EAU
induced in IL-1 receptor deficient mice exhibited reduced disease severity, and less inflammatory
infiltrate compared to mice with a functional IL-1 receptor [181]. A contributing mechanism to
decreased disease severity was proposed to be a result of decreased differentiation of TH17 cells,
as IL-1β works in collaboration with IL-6 and IL-23 to promote differentiation of this T cell subset
[182].
IL-2 is a cytokine produced by activated CD4+ T cells and has crucial roles in supporting
proliferation and differentiation of T cells. Intraocular injection of IL-2 into rabbits induced a delayed,
milder form of anterior uveitis compared to disease phenotype produced with IL-1, IL-6 and
endotoxin. However inflammatory infiltrate and retinal destruction was still significant compared to
non-diseased controls [183]. Lewis rats induced with EAU contain a considerably higher amount of
intraocular IL-2 at peak disease compared to non-diseased controls [175]. In a Lewis rat model of
EAU induced by adoptive transfer of S-Ag specific T cells, treatment with an anti IL-2 receptor
monoclonal antibody had partial efficacy in suppression of disease when treatment course began in
the efferent-stage [184]. IL-2 has also been associated with immunologic tolerance and is required
for the induction of FoxP3+ CD4+ CD25+ T cells from naïve CD4+ CD25- T cells [185].
Oral ingestion of antigen prior to disease induction can protect against disease progression in a
phenomenon called oral tolerance, and has been demonstrated in animal models of autoimmune
diseases including EAE, collagen-induced arthritis and EAU [186]. IL-2 has involvement in this
phenomenon. In a murine model of IRBP induced EAU, oral tolerance was potentiated with injection
of IL-2 simultaneous to oral administration of antigen, compared to mice administered with antigen
alone. Peyer’s patches immune cells in the intestine are proposed to be the first point of contact
with antigen in this model, and these cells produced higher amounts of anti-inflammatory cytokines
IL-4, IL-10, and a marked effect in TGF-β levels compared to non-protected diseased animals.
These experimental results proposed that addition of IL-2 enhanced the expansion of a TREG
population thereby protecting mice against development of severe uveitis upon disease induction
[187].
IL-6 is a pleiotropic pro-inflammatory and anti-inflammatory cytokine, and acute phase reaction
protein. This cytokine is crucial for the differentiation of TH17 cells [188]. The release of this cytokine
by macrophages is induced by TNF-α, IFN-γ and IL-1. In IL-6 deficient mice, IRBP induced EAU
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showed decreased cellular infiltrate, structural damage and granuloma formation. Therapeutic
efficacy was seen with the application of MR16-1, an IL-6R blocking antibody injected at disease
induction, and ameliorated development of EAU in wild type mice. The mechanism of this was
proposed to be similar to IL-1β deficient mice, where TH17 differentiation is inhibited affecting the
recruitment of infiltrating cells, importantly macrophages [178].
The anti-inflammatory roles of IL-6 are associated with the anti-inflammatory cytokine TGF-β2. As
discussed, TGF-β plays a crucial role in the maintenance of an immunosuppressive ocular
microenvironment. At the start of IRBP induced murine EAU locally produced levels of IL-6 are such
that the immunosuppressive capacity of the eye is lost due to antagonism of TGF-β2 by IL-6.
However, pathogenic levels of IL-6 have also been shown to inhibit T cell responses, in
mechanisms involving either de novo synthesis of TGF-β or induction of enzymes by macrophages
able to activate latent TGF-β2 [76, 189].

1.7.2

Chemokines in EAU

During the course of uveitis, the activation and release of a family of small polypeptides called
chemokines, and binding to respective G-protein-coupled receptors is a crucial process in the
initiation of disease. These chemokines induce the influx of inflammatory cells into the intraocular
compartment through adhesion, chemotaxis and activation[190]. Chemokines are classified
according to the position of cysteine residues with a four residue motif, into the following families
CXC, CC, C, and CX3C [191]. In particular, the CC chemokines MCP-1, MIP-1α/β and regulated on
activation, normal T cell (RANTES) expressed and secreted and are chemoattractant and activating
to monocytes and T cells, whereas the CXC family including IL-8 are attractive to neutrophils [192,
193].
The role of chemokines in uveitis has been demonstrated in animal models. In the rat model of
autoimmune anterior uveitis, mRNA detection of significant amounts of chemokines prior to retinal
cellular infiltrate included MCP-1, MIP-1α (macrophage inflammatory protein-1) Interferon gammainduced protein 10 (CXCL10) and RANTES [194]. In an S-Ag induced rodent model of uveitis,
introduction of a mutant form of MCP-1; significantly decreased the disease score of uveitis
compared to non-injected disease controls, suggesting this importance of this chemokine for
pathogenesis of disease [195].
The potential role of MIP-1α in uveitis pathogenesis was shown in mice induced with EAU. Injection
of anti-MIP-1α prior to onset of clinical disease had a significant negative impact on leukocyteendothelial adhesion and subsequently reduced extravasation through post-capillary venules, the
proposed site of initial BRB breakdown. This resulted in lower infiltration of leukocytes into the
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retina. Histological scoring of ocular sections showed that blocking MIP-1α did not completely
ameliorate disease but severity was significantly reduced [196]. MIP-1α is produced by a variety of
cell types including monocytes, lymphocytes and endothelial cells. It has been suggested that MIP1α and other chemokines containing glycosaminoglycan can bind and be presented by
proteoglycans on the luminal side of endothelial cells in blood vessels. A rat model with EAU was
shown to express MIP-1α on its retinal vessels [197]. A cascade effect is proposed whereby
leukocytes in the circulation expressing MIP-1α receptors are recruited by endothelial cells with
immobilized MIP-1α and themselves produce MIP-1α, attracting further leukocytes and creating an
amplification effect [196, 197] [197].

1.7.3

Key cytokines and chemokines in human uveitis

The difficulty in obtaining human ocular samples means the majority of the understanding of the role
of cytokines and chemokines in uveitis comes from animal models of disease. Whether these
findings are translatable to human disease is controversial. The significant innate immune
stimulation required for successful induction of animal models at disease induction dictates the
polarization of disease in terms of dominant effector cells, and resultant chemokine and cytokine
profile.
Cytokine and chemokine analysis of serum and aqueous and vitreous humour from human uveitis
patients indicates different uveitis disease entities have different cytokine profiles [177]. IL-2, IL-6,
IFN-γ and TNF-α have been proposed to be increased and involved in the pathogenesis of a wide
range of clinical subtypes of uveitis including sarcoidosis, Behçet’s disease and ankylosing
spondylitis; with serum levels correlating with aqueous humour levels and disease activity and
severity [198-200].
In sarcoidosis, few studies exist investigating chemokine and cytokine profiles associated with this
disease, however in one such study of patients with presumed sarcoid intermediate uveitis, the
spontaneous production of IL-1α, IL-6, and IL-8 from T cell clones established from PBMCs and
infiltrating aqueous humour cells, was significantly higher than non-diseased controls [201].
Significantly increased levels of IL-6 were also documented in the vitreous humour of patients with
sarcoidosis compared to controls [202]. Similar to research in sarcoidosis, Fuch’s heterochromic
cyclitis (FHC) have few studies profiling aqueous chamber cytokines. A study comparing aqueous
humour cytokine content from patients with FHC to idiopathic anterior uveitis showed significantly
elevated levels of IFN-γ in FHC samples compared to samples from patients with idiopathic uveitis
[203].
Chemokines IL-8, MCP-1, MIP-1α and MIP-1β have been proposed to play a role in the recruitment
of inflammatory cells to ocular tissues in human uveitis. In a study of aqueous humour from patients
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with idiopathic anterior uveitis, there were strong correlations between disease severity and the
aforementioned chemokine concentrations [204, 205]. In another study of patients with idiopathic
acute anterior uveitis, aqueous humour levels of IL-6, IL-8, IFN-γ, and MCP-1 were significantly
increased compared to non-diseased controls [206].
The success of targeted cytokine treatments, for example anti-TNF-α in the treatment of Behçet’s
disease, has fuelled cytokine and chemokine profiling of different clinical subtypes of human uveitis.
Analysis of cytokine profiles could lead to tailored anti-cytokine immunotherapies and potential use
for diagnostic and prognostic purpose. However the pleiotrophic nature of some cytokines must be
taken into account. An example of this is the treatment of multiple sclerosis patients with IFN-γ in a
clinical trial. Studies in mice showed efficacy in the treatment of EAE with IFN-γ, however
exacerbation of symptoms presented in humans resulting in termination of the trial [207, 208].

1.8

Autoimmune and autoinflammatory mechanisms in uveitis

Classically non-infectious uveitis has been considered an autoimmune disease and the critical role
of the adaptive immune system in disease initiation has been recognised in vivo. The adoptive
transfer of primed retinal antigen specific T cells induces EAU in rodents. In humans, the ability of
retinal antigens, commonly S-Ag and IRBP to stimulate T cell proliferation from patients with uveitis
also supports a critical autoimmune component of disease [209] [210]. However, autoantibodies
have not been detcted in patients suffering from non-infectious uveitis, which is uncharacteristic of
autoimmune diseases [211]. This has lead to the investigation of an autoinflammatory eitiolgy of
uveitis.
Autoinflammatory uveitis
Firstly to support this, the importance of mycobacterial adjuvants in induction of EAU implicates a
role for the innate immune system in disease etiology. In addition, the ability of systemic injection of
lipopolysaccharide (LPS) and other bacterial products inducing peptidoglycan and muramyl
dipeptide and diaminopimelic acid to induce acute anterior uveitis greatly implies a role of infection
in the etiology of non-infectious uveitis [211]. Therefore the role of the innate immune system in
uveitis is increasingly becoming recognised, and has led to the classification of some forms of
uveitis as autoinflammatory diseases, where tissue damage is caused by the innate immune system
rather than the adaptive immune system which would be considered an autoimmune disease.
Autoinflammatory diseases can result from genetic defects in the innate immune system- including
bacterial pathogen sensing receptors commonly nucleotide-binding oligomerization domaincontaining protein 2 (NOD2), NOD like receptor (NLR) and TLR4, and often several organs are
affected; including the eye [211]. An example is Blau syndrome: patients suffer from a triad of
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uveitis, arthritis and dermatitis. This is a result of specific autosomal dominant mutations in the
NOD2 gene encoding for an intracellular receptor specific for muramyl dipeptide- which is found in
gram positive and negative bacterial cell wall. It is possible that mutations in this gene render it
auto-reactive and independent from a bacterial activation mechanism [211, 212]. Muckle-Wells
syndrome is a rare autosomal dominant disease causing recurrent fevers, sensorineural hearing
loss, and amyloidosis. Occasionally anterior uveitis will present. The disease is characterised by
defective NACHT, LRR and PYD domains-containing protein 3 (NALP3) due to a mutation in the
NACHT domain. A common mutation in these patients is a R260W mutation, and monocytes from
these patients show spontaneous IL-1β release without the need for stimulation. IL-1β receptor
antagonist has shown efficacy in treatment of patients with this syndrome [213-215].
In some cases, a clear infectious etiology has resulted in non-infectious uveitis. An example is
Fuchs’ heterochromic cyclitis (FHC). FHC is a unilateral chronic anterior uveitis with characteristic
white keratic precipitates. This disorder is typically painless with low grade inflammation, anterior
chamber flare and small numbers of infiltrating cells. Iris heterochromia is a common clinical feature
of this disease. Intraocular antibody synthesis against rubella virus was discovered in aqueous
humour of all patients with FHC and not detected in patients with anterior uveitis resulting from other
disorders including toxoplamosis retinitis, herpes simplex virus iritis and anterior uveitis of unknown
etiology. Additionally aqueous humour in a few of these FHC patients tested positive for the rubella
virus genome [216]. Additional support comes from an epidemiological association between the
introduction of the rubella vaccine in the United States in 1969 and a subsequent decrease in FHC
patients [217]

Behçet’s disease
In some cases, both autoimmune and autoinflammatory involvement appears to play a role in
development of disease. An example is in Behçet’s disease, a chronic inflammatory multisystem
disorder with high prevalence in countries including Turkey, along the ancient silk road. Clinical
symptoms present as oral and genital ulcerations and cutaneous manifestations. Ocular
involvement is bilateral, non-granulomatous and often panuveitis with retinal vasculitis [218]. No
specific microorganism has been identified to be causative, however evidence exists to suggest an
infectious etiology of Streptococcus (S.) Sanguinis. This bacteria has been isolated from oral flora of
Behçet’s patients [219, 220]. In addition PBMCs isolated from patients with Behçet’s disease show
a significantly increased amount of IFN-γ and IL-6 release compared to PBMCs from control
patients, when stimulated with a specific recombinant peptide from Streptococcus Sanguis serotype
KTH-1 (uncommon serotype1)[221].
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Behçet’s does not display classical clinical features of autoimmunity including anti-nuclear antibody
(ANA) positivity, female dominance, and association with other autoimmune systemic diseases for
example Sjorgen’s syndrome [222]. However, autoimmune aspects are suggested in Behçet’s,
particularly with the efficacy of treatments involving the use of classical immunosuppressants
azathioprine and cyclophosphamide [223, 224]. T cell inhibitor Cyclosporine A has also shown
efficacy in treating ocular manifestations of Behçet’s in several studies [225]. Additionally, studies
have shown increased T and B cell responses to autoantigens, among which human heat shock
protein 60 (HSP60) and bacterial HSP65 have been extensively investigated. Human HSP60 is
expressed in the mitochondria at homeostasis but under stress has been shown to have cell surface
localization [226]. HSP’s have potent immunostimulatory properties and have been implicated in the
pathogenesis of autoimmune diseases [227].
Selected peptides derived from the human HSP60 sequence have shown the ability to induce
significant proliferation in T cells from patients with Behçet’s, particularly the human HSP60 peptide
336-351 [227]. Oral or nasal immunization with this peptide has been shown to cause uveitis in rats
without other clinical manifestations of Behçet’s [228]. This has been suggested to mimic a clinical
situation, in a molecular mimicry situation whereby cross-reacting HSP of oral microorganisms such
as streptococci induce an immune response [204] . Microbial HSP65 and human HSP60 have
significant sequence homology and a study by Pervin et al. showed four epitopes of mycobacterial
HSP65 (111-25, 154-72, 219-33, and 311-26) and their human equivalents with 50–80% homology
were able to induce strong significant T cell proliferation in T cells from Behçet’s patients [229].
Another aspect of autoimmune involvement in Behçet’s is the strong association of the HLA-B
serotype HLA-B51 with Behçet’s disease. One study reported 70.6% positivity for this this allele in a
Turkish study of patients with Behçet’s compared to healthy age matched controls of which 6%
were positive for HLA-B51 [230]. HLA-B molecules function in immunity to present self, or non-self
(mainly viral) antigenic peptides to CD8+ Cytotoxic T-lymphocytes [231]. Over 89 subtypes of HLAB51 exist and of these HLA-B5101 is the major suballele proposed to be associated with Behçet’s
[232]. The pathogenic role of this suballele in Behçet’s disease is unknown due to lack of studies.
HLA-B51 has been proposed to be involved in the excessive neutrophil function seen in patients
with purified peripheral blood neutrophils from patients with Behçet’s disease. Animal studies in
HLA-B51 transgenic mice also contain hyperfuctioning neutrophils; however surprisingly clinical
manifestations of Behçet’s do not develop [233].
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1.9 HLA associated uveitis
HLA-B27 associated uveitis accounts for approximately 50% of anterior uveitis cases in North
America. HLA-B27 is a highly polymorphic class I surface antigen with 31 alleles encoding a range
of subtypes varying in frequency among different ethnic groups. Aside from acute anterior uveitis,
possession of HLA-B27 is strongly associated with spondyloarthropathy, most commonly ankylosing
spondylitis or reactive arthritis. The frequency of HLA-B27 varies in populations, and 8% of the UK
population carries this allele, whereas in Japan, the frequency of this allele has been reported to be
as low as 0.5% [11, 13]. Many individuals positive for HLA-B27 never develop uveitis or
spondyloarthropathy and it is hypothesized that a microbial trigger is absent in the immediate
environment of these individuals [72] [234].The potential role of microbial triggers in HLA-B27
associated diseases has been demonstrated in transgenic rats expressing HLA-B27. When housed
in sterile environments these rodents remain healthy. However upon transfer to a normal
environment where they are exposed to commensal bacteria, they develop a multisystem disease
exhibiting ankylosing spondylitis symptoms including arthritis, enteritis and psoriasis [235]. This
provides an important link between the microbial exposure and the development of HLA-B27
associated diseases. The environment is clearly important in the risk of developing AAU and other
HLA-B27 associated diseases and development of non-infectious uveitis is likely to be interplay
between innate and adaptive immunity.
The pathogenic mechanism of bacterial association with certain HLA-B suballeles is unclear, and
there are arguments to support both autoimmune and autoinflammatory involvement.

The

arthrogenic peptide hypothesis proposes presentation of a peptide to CD8+ T cells by HLA-B27.
However, in transgenic rats expressing HLA-B27, depletion of CD8αβ T cells had no effect on the
clinical manifestations or the time of onset of these symptoms [236]. Another potential pathogenic
mechanism is misfolding of HLA-B27 molecules in the endoplasmic reticulum. It has been proposed
that accumulation of this misfolded form of protein in the ER can result in an intracellular stress
response [237]. HLA-B27 transgeneic mice lacking the β2-microglobulin gene (a component of the
MHC-I complex), have low surface expression of HLA-B27 on CD8+ cell surfaces, and develop a
spontaneous inflammatory disease, resembling ankylosing spondylitis when transferred from a
pathogen free environment. This implicates misfolding may lead to vulnerability to pathogenic
stimulation [238].
A third hypothesis relates to the capacity of HLA-B27 to form heavy chain homodimers on the cell
surface. Peripheral blood monocytes, from patients with spondylarthritis express both heavy chain
homodimers and heavy chain homodimer receptors [239]. Specifically, killer-cell immunoglobulinlike receptors (KIR) and leukocyte immunoglobulin-like receptors (LILR) on natural killer cells and T
cells respectively, recognise these heavy chain homodimers, and this engagement promotes
survival and cytokine production [240]
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1.10

TLR4 in uveitis

Despite the strong genetic association of HLA-B27 and AAU, the majority of HLA-B27 individuals do
not develop AAU or HLA-B27-associated spondyloarthropathies, implicating other genetic factors
and environmental factors in the pathogenesis of disease. Emerging research has implicated a role
for a microbial trigger, specifically TLR4 stimulating gram-negative bacteria as a trigger in the
development of AAU [241]. The most direct demonstration of the importance of TLR4 stimulating
bacteria in uveitis is with the animal model of acute anterior uveitis- endotoxin induced uveitis (EIU).
In susceptible strains of rodents, subcutaneous, intraperitoneal or intravitreal injection of endotoxinusually LPS, induces an acute anterior form of uveitis as discussed previously. Lipopolysaccharide
consists of three parts - a core oligosaccharide, an O-side-chain and a lipid-A component. The lipidA moiety is able to stimulate the toll-like-receptor 4 (TLR4). Toll-like receptors are germ-line
encoded type I transmembrane pattern-recognition receptors able to recognise conserved structural
bacterial, viral and fungal motifs called pathogen-associated molecular patterns (PAMPS).
Additional exogenous and endogenous PAMPS able to stimulate TLR4 include fusion protein from
respiratory syncytial virus RSV, envelope protein from mouse mammary tumour virus, heat-shock
proteins, hyaluronic acid and β-defensin-2 [242]. LPS signalling through TLR4 requires additional
proteins including LPS binding protein (LBP), CD14 and lymphocyte antigen 96 (MD-2). LBP and
CD14 transfer LPS to MD-2-TLR4 complex [243]. Cellular signalling downstream TLR4 receptors is
mediated by the Toll-IL-1 receptor (TIR) domain-containing intracellular adaptor molecules: MyD88
(myeloid differentiating factor 88), TRIF (TIR domain-containing adaptor inducing interferon beta),
TIRAP

(TIR

domain-containing

adaptor

protein)

and

TRAM

(TRIF-related

adaptor

molecule). Signalling downstream TLR4 can be divided into Myd88 dependent and independent
pathways, which induce proinflammatory cytokines and type-1 interferon’s (and inflammatory
cytokines) respectively [241].
In humans and mice, predominant expression of TLR4 has been identified in myeloid cells and
microglia. However moderate expression in the human has been documented in various other
tissues including the colon, ovary, lungs, small intestine, and placenta [243]. TLR4 expression has
also been reported in normal human ocular tissue in the uvea, sclera, and retina. Chang et al.
reported TLR4 receptor and its associated signalling molecules were expressed in the eye,
restricted to a subset of HLA-DR+ dendritic cells. These cells were proposed to be strategically
positioned in perivascular and subepithelial positions in the ciliary body and iris root, in optimal
positions to survey and respond to blood-borne or intraocular LPS producing bacteria [244]. This
same group in a separate report found iris pigment epithelial cells expressed a functional TLR4
complex, produced a host of proinflammtory cytokines and chemokines upon LPS stimulation in
vitro, including IL-6, IL-8, CXCL10, MCP-1, MIP-1β and RANTES, inferring capability of promoting
intraocular inflammation [245].
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AAU has traditionally been considered autoimmune in origin, however recent animal and human
studies suggest the role of gram-negative bacteria in disease initiation. Significantly C3H/HeN mice
(with a point mutation in the coding region for TLR4), injected with Salmonella typhimurium
endotoxin did not develop EIU but the congenic C3H/HeN developed severe uveitis [246]. In a
rodent model of EIU, TLR4 was absent in healthy Wistar rats but those induced with disease
exhibited reported TLR4 upregulation in the iris and ciliary body tissue during the course of disease,
with this expression localized to macrophages [247].

Figure 1.3. The TLR4 signalling pathway. TLR4 is able to signal through both Myd88-dependent and Myd88independent pathways. In this simplified diagram, stimulation of TLR4 by LPS requires LBP, which transfers LPS to CD14.
Presentation of LPS to the TLR4-MD-2 complex results in aggregation of this complex and downstream signalling. The
Myd88-dependent signalling pathway involves the intracellular TIR domains (purple lines) of TLR4 interacting with
intracellular TIR domains of Myd88 and TIRAP. Through a signalling cascade the transcription factor NFκB (composed of
subunits p50 and p65) is activated resulting in the induction of proinflammatory cytokines including IL-6, TNF and IL-1. In
the Myd88 independent pathway, signalling is independent of Myd88 and instead through TIR containing TRIF and TRAM.
NFκB is induced in a delayed manner with the additional activation of transcription factor interferon regulatory transcription
factor 3 (IRF3). This leads to induction of IFN-β and IFN- inducible genes (secondary to STAT1 (signal transducer and
activator of transcription 1)) including CXCL10, glucocorticoid attenuated response 16 (GARG-16) and immunoresponsive
gene 1 (IRG1. Image adapted from Miguel et al. [248].
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In a whole blood setting, monocytes from patients with no signs of ocular inflammation, but with a
history of idiopathic or recurrent anterior uveitis had reported hyper-responsiveness to physiological
doses (10 ng/mL) of LPS compared to healthy controls, measured through TNF-α production.
Hutinen et al. proposed that monocyte hyper-responsiveness to LPS may be a mechanism by which
individuals are predisposed to development of TLR4 induced uveitis [249]. In EIU, monocytes and
neutrophils are the predominant cell types recruited to the anterior chamber of the eye, which may
also be the case in human anterior uveitis, and a hyper-responsive monocyte phenotype may confer
ability to breakdown innate immune privilege in the eye.
Complementary to the research by Huhtinen et al, whole blood from humans with active AAU was
stimulated in vitro with LPS. Chang et al. reported significantly reduced amounts of IL-6 and IFN-γ
release compared to healthy controls, suggesting a previous encounter with TLR4 stimulants in a
phenomenon

called

endotoxin

tolerance,

whereby

pre-exposure

to

LPS

results

in

hyporesponsiveness and reduced sensitivity to an additional LPS challenge [250].
Inhibition of TLR4 has shown efficacy in other autoimmune mediated diseases. Mice with collagen
induced arthritis and treated with TLR4 antagonist showed suppression of the development of
severe symptoms [251]. These experimental reports from both animal and human studies, and
efficacy with inhibition in other animal models of autoimmune disease suggest TLR4 antagonism
may provide an effective treatment option for uveitis.
It is worth noting that research implicates other TLR receptors in uveitis. Allensworth et al. reported
that stimulation of TLR1/2, TLR2/6 and TLR9 was able to induce inflammatory infiltrate (mainly
neutrophil) into the anterior chamber of mice [252]. In a whole blood setting, Chang et al. reported
significantly downregulated expression of TLR2 on neutrophils and monocytes in patients with
active AAU compared to healthy controls. TLR2 responds to various lipoproteins including grampositive bacterial cell wall component peptidoglycan and it has been reported that stimulation of this
receptor induces its internalization and subsequent downregulation of surface expression [250].
Reduced levels of TLR2 on active AAU patient leukocytes would imply an encounter with TLR2
ligand [253]. Additionally supporting a role for TLR2 in uveitis is the fact that HLA-B27 AAU is
associated with LPS from Chlamydia trachomatis, which Erridge et al. showed to signal via TLR2
[254].
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1.11

The P2X7 receptor

1.12

Purinergic receptors

In the late 1960’s Burnstock et al. proposed the concept that Adenosine-5’-triphosphate (ATP) plays
a role as an extracellular signalling molecule, a conclusion drawn from initial experiments in guineapig taenia coli [255]. Prior to this point, the fundamental role of ATP in cell metabolism was well
established. Despite resistance from the scientific community, particularly questioning feasibility of
an intracellular molecule with an additional extracellular function, purinergic receptors was
described in 1972. Two years later this receptor family was further classified into P1 and P2
receptors according to activation by adenosine and ADP/ATP respectively. The P1 purinergic
receptors are G-protein coupled receptors and to date four have been cloned – A1, A2A, A2B and A3.
Since 1985 the P2 receptors have been further classified into P2X and P2Y subfamilies. P2Y
receptors are G-protein coupled receptors and P2X receptors are ligand-gated ion channel
receptors. Currently 8 members of the P2Y receptor family and 7 members of the P2X receptor
family are known to exist in mammals [256]. Research to date has shown ATP involvement as an
important extracellular messenger through purinergic receptors in many physiological conditions
including synaptic transmission, blood pressure regulation, peristalsis, male fertility and
inflammation [257].
Multiple P2 receptors are expressed on most mammalian cells, mediating both long-term and shortterm biological effects. Transcripts for multiple P2X receptors are found in most mammalian cells
and there is also evidence to suggest expression of different receptors on different subpopulations
of cells in tissue [258]. P2X receptors have been identified in a variety of eukaryotic organisms
including vertebrates and invertebrates, algae and amoeba but are absent in Drosophila
melanogaster and Caenorhabditis elegans genomes. Existence of P2X receptors in bacteria and
archae is uncertain. Some bacteria have been shown to produce high levels of ATP, and
sporulation is initiated in Bacillus subtilis by purines and pyrimidines indicating possible presence of
purinergic receptors [259].
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1.13

P2X genomics.

In the human genome, the P2X receptor genes are distributed across chromosomes 11, 12 15 and
22. Genes encoding P2X4 and P2X7 reside on chromosome 12 and chromosome 5 in human and
mice respectively, and in both species, adjacent to each other, likely a consequence of gene
duplication. In humans based on amino acid sequence, these subtypes share 48.6% similarity and
are the closest related of all P2X receptors. Similarly, genes encoding P2X1 and P2X5 are both
located in proximity on chromosome 17. P2X gene sizes range in length for example mouse P2X3
is 40 kb and human P2X6 is 12 kb, and is comprised of 11-13 exons [260] [261].
Topology is shared across P2X receptor subtypes. These receptors are comprised of two
hydrophobic transmembrane spanning domains, with the majority of the receptor consisting of a
highly glycosylated extracellular domain. Both COOH and NH termini reside intracellularly. Amino
acid length of P2X receptors varies from the shortest (human) P2X4 384AA to the longest P2X7
595AA. P2X receptors have no homology to any other known receptor; however have similar
topologies to acid sensing ion channel (ASIC) receptors. Despite structural similarity they are not
related by amino acid sequence and are likely to have evolved separately [262].
The COOH terminus of P2X receptors comprise the most amino acid diversity. At 26AA long P2X6
has the shortest COOH terminus. P2X7 has the longest with 239AA. P2X receptors are similar in
sequence in the C terminus in the first 25 amino acids only, suggesting differences between
receptors are a result of this vastly diverse region. The C terminal region of P2X receptors contain
motifs for specific protein interactions and motifs involved in trafficking and localization to the
plasma membrane [263]. The N termini of P2X receptors are typically 20-30 amino acids in length
and contain a highly conserved protein kinase C site [264].
Amino acid identity is mostly found at the transmembrane and extracellular regions where 40-55%
identity is shared between subtypes. This is mostly as a result of 10 conserved cysteine residues
which lie in the extracellular domain and form disulfide bond pairs. A typical ATP binding motif does
not exist in P2X receptors however mutagenesis experiments have identified a putative ATP binding
site. This is formed from highly conserved lysine residues close to the extracellular portions of
transmembrane 1 (TM1) and TM2 and aromatic residues in the extracellular loops are proposed to
co-ordinate adenine [261] [265, 266].
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Figure 1.4. The P2X receptor structure. P2X receptors share topology, and are comprised of two hydrophobic
transmembrane spanning domains. The majority of P2X receptors are comprised of a highly glycosylated extracellular
domain. Both N and C-termini reside intracellularly. P2X7 pictured is the largest in terms of amino acid composition of the
P2X receptors (585 AA).
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P2X receptors function in trimers, and this was first discovered through chemical cross-linking and
native page studies of P2X1 and P2X3 in Xenopus laevis oocytes [267]. Later, the first x-ray
crystallography structure of the zebrafish P2X4 in its closd resting state confirmed the trimeric
strcture of P2X receptors[268]. Homomeric P2XR expressed in heterologous systems often do not
parallel physiological and biochemical properties with those expressed in native systems, and it is
likely that unidentified combinations of P2X subtypes as well as splice variants and interacting
proteins account for these differences. The following P2X receptor combinations have been copurified after epitope tagged expression in HEK293 cells: P2X1/2, P2X1/3, P2X1/5, P2X1/6,
P2X2/3, P2X2/5, P2X2/6, P2X3/5, P2X4/5, P2X4/6, and P2X5/6 [269]. Although there is current lack
of evidence to support the expression of most of these combinations in native tissues, P2X2/3 is an
exception. Strong evidence suggests the presence of P2X2/3 heterotrimers in rat dorsal root
ganglions, with a role in transmitting pain signals in neuropathic pain [270]. The stoichiometry of this
heterotrimer has been reported to comprise of two P2X3 and one P2X2 subunit [271] [272].

Research indicates a potential heterotrimeric P2X7/4 may exist in native systems. These receptors
have overlapping tissue distribution- particularly in epithelial cells, immune cells and endothelial
cells [273] [274]. Complexes comprising both receptors have been co-immunoprecipitated from
transfected HEK293 cells and murine bone marrow derived macrophages (BMDM) [275, 276].
However biochemical evidence for receptor interactions is controversial, and blue native page
analysis of receptor complexes from various native tissues including lymph node, salivary gland and
lung among several others found no P2X4/7 heteromers with homomers of P2X7 the predominant
complex present [277]. Differences in results could be due to isolation methods used, particularly
the choice of detergent, or could indicate tissue or cell type specific expression of heteromers.
In the mouse macrophage RAW246.7 cell line experiments by Kawano et al. proposed P2X4
regulation of inflammatory functions of P2X7 including ATP induced IL-1β and high mobility group
box 1 (HMGB1) release. P2X4 shRNA knockdown or suppression of Ca2+ intracellular increase
suppressed ATP induced IL-1β release. Knockdown of P2X4 however did increase Ca2+ influx
dependent autophagy and reactive oxygen species (ROS) production, suggesting P2X4 negatively
regulates these processes [278].
Crosstalk between the two receptor subtypes has been demonstrated in the mouse alveolar
epithelial E10 cell line. This may represent interaction between P2X7 and P2X4 homotrimers or
functional P2X4/7 heteromes. In these studies, both receptors were found to be associated partially
with cholesterol and sphingolipid rich microdomains called lipid rafts in these cells.

Co-

immunoprecipitation experiments showed a specific interaction between caveolin-1 (a protein
associated with a particular type of microdomain called caveolae) and P2X7 [279]. Further studies
showed that short hairpin RNA (shRNA) down-regulation of P2X7 in E10 cells affected protein
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levels and localization of cavelolin-1 and P2X4. In contrast, P2X4 down-regulation affected P2X7 in
terms of protein levels and localization but not caveolin-1. Additionally knockdown with shRNA of
either P2X7 or P2X4 induced up-regulation of the other. [280].
Additionally to different P2X receptor heteromer combinations, presence of splice variants of P2X
receptors have been proposed as reasons for differences exhibited in different tissue types. A clear
example is from investigations in guinea pig cochlea. ATP responses have been seen to differ
greatly in different cell types in this organ, for example, ATP induced current response shows barely
any desensitization in outer hair cells (OHCs) and in comparison, fast desensitization is observed in
Deiters' cells, pillar cells, and inner hair cells. Three homotrimeric splice variants of P2X2 found in
this tissue exhibited different desensitization, agonist sensitivity and pharmacological properties of
ATP induced currents when expressed in HEK293 cells [281] [282-285].

1.13.1 Basic channel properties
Activation of P2X receptors induces influx of sodium and calcium ions down an electrochemical
gradient, which leads to cell depolarization and downstream calcium signalling. Pharmacological
properties of receptors differ between different subtypes, cell type, species, and trimeric receptor
composition. Studies show P2X1 and P2X3 have the highest affinity for ATP (submicromolar Ec50)
and are rapidly desensitized in 1-2 seconds. P2X2/3 hetertrimeric complexes are also highly
sensitive to ATP, however unlike P2X3 trimers, have a relatively slow rate of desentitization, similar
to their P2X2 homomeric counterparts. P2X7 receptors require the highest concentration of ATP for
activation (Ec50 ranges from 0.1 mM in rat and 1 mM in mouse) and exhibit very small amounts, if
any desensitization [260].
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1.14

Purinergic receptors in inflammation

Inflammation is the response of the body to damaging stimuli in cells and tissues, with the purpose
of removing the danger, limiting damage, and promoting repair of tissue. Damaging stimuli can
result from physical trauma from mechanical forces, excessive heat or cold, toxic effects from
chemicals and poisons, ischemia or hypoxia, and intruding pathogens [286]. The innate immune
system recognises pathogens through pathogen-associated molecular pattern molecules (PAMPs).
These are a range of essential pathogen components including bacterial membrane constituents
such as LPS, peptidoglycans, lipoteichoic acid and nucleic acids including dsRNA, ssRNA and
DNA. Germ-line encoded PPR expressed on professional APCs recognise specific PAMPs, and this
process is critical for triggering the innate immune response. Extensively studied PRRs include
TLRs and nucleotide-binding oligomerization domain (NOD)-like receptors (NLR) [287].
In the absence of obvious infection, endogenous molecules known as damage-associated
molecular pattern molecules (DAMPs) can also initiate inflammation through recognition by PRRs.
DAMPs are intracellular products ordinarily confined to the cell cytoplasm. Damaged, stressed or
necrotic cells will leak intracellular content into the extracellular milieu exposing these molecules to
cells of the innate immune system. ATP plays a critical role as a DAMP during inflammation [288].
Ordinarily it is confined to the cell cytoplasm at concentrations of 5-10 mM and extracellular
concentrations in the nanomolar range [289]. In pathological conditions, high concentrations of ATP
exist extracellularly [288]. ATP is either metabolised to adenosine by ecto-nucleotidases expressed
on the plasma membranes of most cells [290], or ATP molecules bind and activate the P2
purinergic receptors. The P2X7 receptor in particular is considered to play a crucial role in the
propagation of inflammation, as ATP stimulation is associated with the release of a variety of proinflammatory cytokines. P2X7 is highly expressed on cells of hematopoietic lineage, particularly in
high amounts on macrophages, and in decreasing amounts: dendritic cells, monocytes, natural killer
cells, B-lymphocytes, T-lymphocytes and erythrocytes [291]. P2X7 is also upregulated in several
diseased states, therefore may prove effective as a potential therapeutic target in inflammation [292]
[293].
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1.15

The P2X7 receptor

The P2X7 receptor is a non-selective cation channel permeable to small mono-and divalent cations
including Ca2+, Na+ and K+. It is stimulated by high concentrations of ATP and the non-physiological
ATP analogue BzATP [2´-3´-O-(4-benzoyl)benzoyl ATP]. Activation of P2X7 leads to several
downstream signalling events which are dependent on cell type. P2X7 activation in monocytes and
macrophages have been extensively studied and ATP stimulation leads to mediation of
inflammation through the release of pro-inflammatory leaderless cytokines IL-β and IL-18, nitric
oxide release, activation of NF-κB (nuclear factor kappa-light-chain-enhancer of activated B cells)
and intracellular mycobacterial killing, release of metalloproteases such as matrix metallopeptidase
9 (MMP-9) and release and activation of phospholipase D and phospholipase A2. Downstream
cellular effects of P2X7 activation in these cell types include apoptotic cell death, membrane
blebbing, changes in outer and inner plasma membrane phosphatidylserine (PS) composition, and
cell volume changes [294]. At least three molecules of ATP must bind to P2X7 to open channels
[295].
Additionally to cells of haemopoietic lineage expression of the P2X7 receptor in mammalian tissues
has been found on a wide range of cell types including cells of the epithelial, mesenchymal and
neural lineages [296]. The exact distribution of P2X7 expression on heterogeneous cell populations
in one tissue is still undefined, however transgenic green fluorescent protein (GFP) P2X7 mice exist
and should prove valuable in determining receptor distribution [297].
In contrast to its role in apoptosis, P2X7 has a proposed role in cell proliferation. Mouse microglia
proliferate less when P2X7 is downregulated or antagonised [298]. ATP activation of P2X7
receptors on T cells induce proliferation and production of IL-2 through activation of nuclear factor of
activated T cells (NFAT), which become activated as a result of the influx of cytosolic Ca2+ [296].
P2X7 expression is up regulated in tumours of certain cancers such as prostate cancer, breast
cancer, chronic lymphocytic leukaemia and thyroid cancer and has potential use as a biomarker in
these diseases [299]. The exact role of P2X7 in cancer is unclear. In some studies P2X7 has been
reported to have anti-apoptotic and growth promoting effects in tumour cells. In breast cancer, P2X7
has a proposed role in the invasiveness of cancer cells. Tumour sites are areas of high ATP
concentration, particularly concentrated to areas of active necrosis. In the aggressive human breast
cancer cell line MDA-MB-435s, P2X7 receptor stimulation induced a migratory phenotype, the
absence of membrane blebbing and presence of cellular protrusions. Cellular invasiveness of these
cells was also potentiated as a result of increased breakdown extracellular matrix (ECM) due to
increased release of mature forms of ECM metabolizing enzymes cysteine cathepsins [300] .
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1.15.1 The P2X7 pore
The P2X7 receptor is unique compared to other P2X receptors in terms of its structure and function.
Within a few milliseconds of stimulation, P2X7 forms a cationic channel. This leads to depolarization
of the cell membrane and initiation of downstream of Ca2+ signalling pathways. The long
hydrophobic C-terminal tail confers the receptor with the ability to form a reversible pore, permeable
to hydrophilic solutes of up to 900 Da. This pore forms upon sustained activation of the receptor.
Assays investigating pore formation commonly use large DNA staining dyes such as ethidium
bromide, propodium iodine and YO-PRO-1 [301]. Activation of P2X7 (>30 min) results in cell death
exhibiting features of both necrosis and apoptosis. The C terminus contains motifs proposed to be
crucial for pore function, as mutations in this region have shown to inhibit YO-PRO-1 uptake [302].
The mechanism of pore formation is not completely understood and strong evidence proposes the
permeable pore is formed through a conformational change of P2X7 upon ATP stimulation, and
recruitment of further P2X7 subunits which results in dilation of the ion channel [53]. A second
mechanism proposes ATP activation of P2X7 causes interaction and opening of a distinct
accessory channel protein, separate to the receptor itself [68].
Origionally, connexins were proposed form the the P2X7 channels. These proteins had the ability to
conduct the passage of molecules of up to 1000 kDa, similar to the permeability limits of P2X7.
Connexins as the P2X7 channel were discredited after P2X7-/- cells were unable to take up dye
despite overexpression of connexin [303]. Current popular thought proposes the P2X7 pore is
formed by the hemichannel protein pannexin-1. The family of pannexin proteins contains 3 identified
members, pannexins 1,2 and 3. These channel proteins have 25-33% sequence identity to the
invertebrate gap junction proteins innexins, and structural similarity to connexions; vertebrate gap
junction proteins. Gap junctions are intercellular clusters of channels, linking the cytoplasm of
adjacent cells, allowing the intercellular passage of ions, metabolites and second messengers [304].
Pannexin-1 has ubiquitous tissue distribution, pannexin-2 expressed mainly in the brain, and
pannexin-3 in connective tissue and skin. One of the most characterized functions of panenxin-1 is
the efflux of ATP, which is a feature of a variety of cell types including T cells, neurons, erythrocytes,
endothelial cells and astrocytes [305]. Experimental results investigating relationships between
P2X7 and pannexin-1 have been conflicting and produced opposing results. When ectopically
expressed in Xenopus oocytes, pannexin-1 forms hemichannels and intercellular channels, able to
conduct membrane currents. As a result this protein was identified as a possible pore forming
candidate [306].
Pelegrin et al. found high expression of pannexin-1 in human and mouse macrophages which coimmunopreciptiated with P2X7 [69]. Application of a panx1-mimetic inhibitory peptide and small
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interfering RNA (siRNA) knockdown of pannexin-1 in HEK-293 cells and THP-1 cells inhibited
channel function measured through ethidium dye uptake. Over expression of pannexin-1 in HEK293
cells deficient in P2X7 resulted in a constitutive uptake of ethidium bromide. Overexpression of
pannexin-1 in HEK293 cells with expression of P2X7 resulted in significantly increased amounts of
dye uptake following ATP stimulation[303]. Contradictory to these results, Qui et al. found in LPS
primed BMDM from pannexin-1 knockout mice, were still able to release IL-1β following ATP
stimulation, and YO-PRO-1 uptake was not affected [307]. Supporting this, Alberto et al. found
application of pannexin and connexin antagonists and siRNA, had no effect on ATP induced pore
formation in mouse peritoneal macrophages [68].
More recently, a Ca2+ dependent phospholipid scramblase anoctamin 6 (ANO6) has been proposed
as an promising P2X7 pore forming candidate [302]. Application of ANO6 inhibitors (NBBP and TA)
to P2X7 expressing HEK293 cells prevented the uptake of YO-PRO-1. In the human THP-1
macrophage cell line, siRNA knockdown of ANO6 prevented fluorescein uptake, and
overexpression of ANO6 resulted in the opposite effect with enhancement of fluorescein uptake.
Strikingly, Ousingsawat et al. have shown ANO6 is crucial for a variety of downstream P2X7
functions in experiments carried out in murine peritoneal macrophages including cell shrinkage, cell
blebbing, PS exposure and apoptosis [302].
The discussed literature shows that the exact mechanism of pore formation is very unclear. It has
not been ruled out that the P2X7 pore could be fomed by the P2X7 receptor itself, but involves a
variety of accessory proteins which could have cell type specificity.

1.15.2 P2X7 cation channel
As mentioned previously, brief stimulation (under 1s) of P2X7 with agonist induces the opening of a
cation channel permeable to monovalent and divalent cations Na+, K+ Ca2+. This leads to an
increase in intracellular Ca2+ and Na+ and a decrease in K+, causing membrane depolarization and
initiation of downstream Ca2+ signalling pathways.
Extracellular ionic concentration has been shown to affect the affinity of ATP for P2X7 in some cell
types. Human blood monocytes in a solution of isotonic saline lose the ability to form the ATP
induced large “pore” as measured through YO-PRO-1 uptake. This is in contrast to human
macrophages (blood monocyte derived) which form the pore under identical conditions. In these
monocytes, pore formation becomes active if this media is replaced with a solution containing K+
and nonhalide anions. Agonist potency is also increased with this change of media, with ATP
concentrations as low as 30 μM (1 mM normally) able to induce pore formation. The reason for the
differences in cation channel activity in these two cell types is unclear. In areas of inflammation,
damaged and dying cells lyse and release cytosolic content including intracellular ions into the
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extracellular space. This changes the local extracellular ion composition, and thereby affinity to ATP.
This may represent a mechanism to control pore formation in some cell types [308].
The physiological role for these non-selective membrane ion channels is undefined. However in
inflammation, many P2X7 downstream processes, are coupled to intracellular Ca2+ influx,
particularly those involving protease signalling pathways which require changes in intracellular ion
concentration. Perturbance of normal transmembrane gradients with both calcium influx and
potassium efflux is required for the production and release of IL-1β through the activation of
caspase-1 in monocytes and macrophages [309, 310]. Additionally, calcium influx through P2X7
stimulation is crucial for caspase-8/9/3-dependent apoptosis in rat primary cortical neurons [311].

1.15.3 Phosphatidylserine exposure
Activation of P2X7 induces the reversible translocation of PS from the inner plasma membrane
leaflet to the outer leaflet. In healthy cells, distribution of this phospholipid is asymmetric, with higher
amounts existing in the inner leaflet. Traditionally translocation has been associated with apoptosis,
with PS receptors on macrophages able to recognise exoplasmic PS on apoptotic cells for rapid
removal before lysis occurs, in an immunologically silent manner. PS is maintained in the inner
leaflet by aminophospholipid translocase (APLT) and translocation is achieved by specific proteinsflippases, floppases and scramblases which mediate an inward outward and bidirectional transport
of PS molecules respectively [312]. Transient PS exposure has been identified in several cellular
processes aside from P2X7 stimulation and apoptosis, including sperm capacitation, myotube
formation, phagocytosis and neutrophil stimulation. Experimentally, PS exposure can be detected
by fluorescently conjugated binding of annexin V [313].

1.15.4 P2X7 induced CD62L shedding
The cellular leukocyte rolling receptor CD62L, also known as L-selectin, is widely expressed on
leukocytes including lymphocytes, neutrophils, monocytes, eosinophils, and hematopoietic
progenitor cells [314]. This adhesion molecule plays a role in the recruitment of leukocytes to
lymphoid tissues by increasing adhesion to endothelia and promoting extravasion into areas of
inflammation. Cell surface expression of CD62L is regulated by mechanisms such as PS exposure,
which prevents re-entry of activated T cells into secondary lymphoid organs [315]. CD62L shedding
can be induced in human CD4+ and CD8+ cells following ATP activation of P2X7. In mouse T cells
this P2X7 induced CD62L shedding process occurs within seconds [316]. Functional P2X7 is
required for this shedding, as is PS translocation to the outer membrane leaflet. This was shown in
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CD4+ and CD8+ T cells from humans homozygous for the P2X7 SNP rs3751143, which results in a
non-functional P2X7 receptor. These cells have drastically reduced ability to shed CD62L [317].

1.15.5 PS exposure and apoptosis
Prolonged P2X7 stimulation with sufficient levels ATP results in a cell death pathway, which is
dependent on P2X7 pore formation. This death pathway exhibits both features of necrosis and
apoptosis. Initially discovered in mouse tumour cell line P815, ATP stimulation induced DNA
fragmentation and cell lysis [318]. This was further confirmed in murine thymocytes, where
additional features of apoptosis were noted in ATP stimulated cells, such as membrane blebbing,
nuclear condensation and apoptotic body formation. Supporting the role of P2X7 in this process,
ATP stimulated sustained increase in intracellular Ca2+ concentration was noted, a classic feature of
P2X7 activation [319].
The use of P2X7 antagonists has allowed the direct role of P2X7 in cell death to be demonstrated.
In rat primary cortical neurons, inhibition of P2X7 with antagonist oxidised ATP or an antisense
oligonucleotide to P2X7 decreased nuclear condensation and caspase-3 cleavage; both features of
apoptosis [320]. The direct action of P2X7 in cell death has been reported in a variety of cells
including macrophages, dendritic cells and T cells [321] and in the nervous system in microglia
[322], Schwann cells [323] and photoreceptor cells[324] [325] [326].
Controversy exists as to the type of cell death P2X7 stimulation induces, probably due to shared
indicators or markers used to experimentally distinguish between the two pathways. For example,
the release of lactate hydrogenase and the nuclear protein high mobility group box 1 (HMGB1) are
features of both necrosis and apoptosis and have been used experimentally as markers of both
pathways [327]. Features of both necrotic and apoptotic cell death were demonstrated in ATP
stimulated microglial N13 cells. Application of caspase inhibitors supressed DNA fragmentation,
chromatin condensation and other morphological signs of apoptotic damage. However, necrotic
features of cell death including cell lysis and cytoplasmic vacuolization still occurred, independent of
caspase activation [328].
Apoptosis is classically distinguished by caspase dependent chromatin condensation, PS exposure,
cell blebbing, DNA fragmentation, cell shrinkage and apoptotic body formation and release. This
mechanism of cell death can occur as a regulated process occurring during cell damage and also
during development and morphogenesis. On the other hand necrosis, a mechanism of cell death
often preceding inflammation and associated with pathology, does not show chromatincondensation or PS exposure, and is characterized by cell swelling which precedes membrane
rupture and is independent of caspase activation [327, 329].
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The signalling pathways of ATP induced cell death are still unclear. The sphingolipid ceramide is a
crucial cellular second messenger and Raymond et al. proposed a role for ceramide in P2X7
induced cell death. Production of ceramide in vivo is either de novo or by the sphingomyelinase
pathway involving hydrolysis of sphingomyelin in the plasma membrane or lysosome. De novo
synthesis takes place on the cytoplasmic face of the endoplasmic reticulum, and involves
condensation of serine and palmitoylCoA, a reaction catalzyed by serine palmitoyltransferase. ATP
stimulation of P2X7 in RAW 264.7 macrophages induced cell death mediated by activation of
caspase 3/7 as a result of de novo biosynthesis of ceramide, and blocking this de novo systheis,
decreased levels of caspase 3/7 activation and as a result cell death, measured through LDH
release. [330].
As mentioned, apoptosis and necrosis have been distinguished by cell volume changes, with the
latter associated with P2X7 swelling and rupture and the previous associated with cell shrinkage.
Taylor et. al investigated P2X7 induced apoptosis in murine lymphocytes and discovered a novel
pathway of a combination of ATP induced shrinkage and swelling preceding cell death. Murine
lymphocytes stimulated with ATP for longer than 2 minutes underwent shrinkage and PS
translocation to the outer leaflet, a feature of apoptosis. This was followed by cessation of PS
translocation and cell swelling resulting in membrane rupture, a feature of necrosis [327]. No cell
membrane blebbing, a hallmark of apoptosis was noted through the sequence of events. This novel
P2X7 induced death pathway exhibits features of both necrosis and apoptosis thereby supporting
the hypothesis of a P2X7 induced “aponecrotic” pathway of cell death.
P2X7 induced cell death has been implicated in the pathogenesis of a variety of diseases including
death of transplanted Schwann cells in the CNS of patients with neurotrauma and
neurodegenerative diseases, cardiovascular disease and Crohn’s disease [323] [292, 331].
In the context of ocular disease, P2X7 induced Müller glial cell death has been implicated in the
pathogenesis of age related macular degeneration (AMD). This is a progressive degenerative
disease of the macula, and results in irreversible vision loss mainly in the over 50 population. Under
normal physiological conditions, Müller cells are specialized glial cells responsible for the
homeostasis of the retina, and for forming and maintaining the integrity of the blood-retinal barrier
[332]. Transgenic mice created for selective Müller cell ablation resulted in blood retinal barrier
breakdown, intraretinal vascular abnormalities and deep retinal neovascularization [333]. Amyloid-β
peptide is a constituent of Drusen, a hallmark feature of AMD which describes plaques of
extracellular material build up under the RPE on the Bruch’s membrane. Drusen is proposed to
stimulate an immune response, and overlying photoreceptors die by apoptsis. Support for the role of
P2X7 stimulated Müller cell death in AMD was investigated by Wakx. et al. Amyloid-β peptide
induced a caspase-independent apoptic cell death on the human retinal Müller cell line MIO-M1.
This was drastically inhibited when P2X7 antagonist BBG was applied [332].
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1.16

Tissue distribution of P2X7

The P2X7 receptor was initially cloned from rat brain and subsequently has been identified in many
different cell types as identified through RT-PCR, western-blot, permeability assays and
immunohistochemical techniques [334]. P2X7 has particularly high expression on cells of
hematopoietic lineage with the highest expression on macrophages and decreasing amounts on
dendritic cells, monocytes, natural killer cells, B-lymphocytes, T-lymphocytes and erythrocytes in
descending order. Cell surface P2X7 has recently been identified on both murine and human
neutrophils, able to release IL1-β in response to ATP stimulation [335]. Initial reports found the
presence of P2X7 protein intracellularly only [336].
Non-immunological cell types expressing P2X7 include epithelial cells from the skin, lung, urinary
and reproductive tracts [337]. P2X7 expression has also been identified on exocrine glands such as
salivary glands, pancreas, and lacrimal glands.
P2X7 expression is detected in the kidney at low levels; however experiments in rat mesangial cells
have shown up regulation of the receptor by TNF-α, IFN-γ and LPS [338]. Additionally, in two rat
models of renal injury, streptozotocin induced diabetes and ren-2 transgenic hypertension, glomeruli
expression of P2X7 was increased [339].
Protien and mRNA P2X7 expression has been detected in the eye in cornea, conjunctiva, lens,
retina and ciliary body in rat, mouse and human[340-342] [343].
P2X7 expression has also been identified in both peripheral and central nervous systems on cell
types such as astrocytes, oligodendrocytes, schwann cells, and particularly high expression has
been identified in microglia. Expression of P2X7 in neurons identified by immunohistochemical
methods has provided conflicting results [344]. In order to elucidate this, Sim et al. analysed the
staining patterns of three different P2X7 antibodies in mouse hippocampus, each antibody targeting
different epitopes of P2X7. Two antibodies targeted the ectodomain of P2X7, and one the C
terminal region. In both wild type rat and wild type mice brain hippocampus sections, different
antibodies positively stained for P2X7 in different cell types. The C-terminal antibody labelled
hippocampal CA3 mossy fibre terminals. This was in contrast to the ectodomain antibodies which
were negative for mossy fibre terminals however stained positive in astrocytes [345].
Controversially, brain tissue from both Pfizer P2X7-/- and GSK P2X7-/- presented with a similar
staining pattern to wildtype counterparts with all antibodies. GSK P2X7-/- sections had slightly more
intense staining, and Pfizer P2X7-/- slightly less intense staining compared to wild-type
sections[345]. In contrast to this positive hippocampal staining, all three antibodies stained negative
for P2X7 expression in the submandibular gland in both Pfizer and GSK P2X7-/- mice, and stained
positive in wild-type mice in these tissue types. Western blot analysis employing these antibodies
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resulted in identification of the expected 75 kDa band in mouse brain in Pfizer P2X7-/- and GSK
P2X7-/- but this was absent in submandibular gland from both knockout mice.
The reason for the positive identification of P2X7 in P2X7-/- mouse brain was initially proposed to be
due to the antibody identification of a P2X7-like protein in the brain. RT-PCR with primers targeting
epitopes of P2X7 antibody binding was positive in cerebellum of P2X7-/- mice. In vitro calcium
uptake experiments

in cerebellar granule cells from Pfizer P2X7-/- mice showed functional

responses with agonist stimulation albeit with different kinetic properties to cells from WT mice
[346]. More recent research suggests a strong possibility that the P2X7-like protein identified could
in fact be one of the murine P2X7 splice variants. Masin et al. identified through RT-PCR analysis
strong presence of different splice variants in brain tissue from both GSK and Pfizer P2X7-/- mice
[347].

1.17

Pharmacological determination of P2X7 activity

1.17.1 P2X7 agonists
P2X7 ATP receptor pharmacology differs across species for both agonist and antagonist responses,
as does receptor kinetics. It is important these differences are considered when interpreting results
from animal experiments, and applying these concepts to human P2X7 receptors.
Experiments to investigate these pharmacological differences have used both native and
recombinant receptor expression systems to assess calcium uptake to measure ion channel
functionality, and YO-PRO1 uptake to measure pore formation. In terms of P2X7 activity, BzATP is
the most potent P2X7 agonist in mouse, rat and human species. For pore formation, BzATP is 10fold more potent on human P2X7 than rat receptors, and 100 fold more potent than mice P2X7. The
natural in vivo ligand of P2X7, ATP, is 17-fold less potent than BzATP on human P2X7, and ATP
shows weak agonist activity in mouse P2X7 and only partial activity in rat P2X7. 2MeSATP and
ATPgS show weak agonist activity in the human P2X7 receptor and have no effect on the mouse or
rat receptor [348].
The differences in ATP receptor pharmacology could be explained by the research of Young et al.,
who compared the rat and mouse P2X7 amino acid sequences [78]. Two residues 127 and 284
were discovered in the extracellular loop of the receptors and proposed to be responsible for the
species differences in agonist sensitivities. In the case of ATP, changing residue 284 in the mouse
P2X7 from aspartate to the rat residue asparagine, decreased the Ec50 value from 936 μM to
146μM, similar to the rat value 123μM, which is only weakly responsive to ATP. An additional
alanine to lysine substitution at position 127 in the mouse P2X7 increased the sensitivity of the

75

receptor to BzATP by 30-fold. This research proposed the involvement of these residues directly
with agonist binding [78].
Additional differences in kinetics include the response of P2X7 orthologues to repeated agonist
application. In cells expressing the mouse P2X7R, repeated BzATP application leads to current
growth, and this phenomenon does not occur in rat and human P2X7. Additionally in this situation of
repeated agonist application, the time taken for responses to return to a baseline level after agonist
removal is prolonged in the rat P2X7 compared to human receptors and this is unnoticeable in
mouse P2X7, where the deactivation remains uniform over several agonist applications [349].
These differences could be a result of species differences in the mechanism of pore formation.
Investigating the presence and function of P2X7 in various cell types is often carried out utilizing
pharmacological methods. ATP is only a partial agonist on rat P2X7, and a potent alternative is
commonly used across species is - p2′, 3′-(benzoyl-4-benzoyl)-ATP (BzATP). This agonist is
approximately 30 times more potent than ATP as a P2X7 agonist and as a result is widely used
experimentally [348]. However, BzATP is not specific for P2X7 and is able to activate other P2X
receptors with equal potency [261]. There are also species differences in response to agonists.
Murine P2X7 stimulation with BzATP is less responsive compared to human and rat [350]. Caution
must be applied therefore when analysing experimental data utilizing BzATP to stimulate P2X7.
ADP and AMP are very weak agonists of P2X7. In mice microglial cells, a phenomenon was
observed whereby initial brief exposure to ATP rendered cells more sensitive to the agonist effects
of ADP and AMP, so much so that they were able to elicit inflammatory responses, specifically the
release of IL-1β. This did not occur with application of ADP and AMP without this initial ATP
“priming” phase [351].
Other P2X7 agonists include 2-methylthio adenosine triphosphate (2-MeSATP), which is a weak
agonist for human P2X7 only with no effects on mouse or rat receptors [348]. Murine T lymphocytes
are exclusively activated by NAD+ stimulated ADP-ribosylation of P2X7 [352].

1.17.2 P2X7 antagonists
Experimental inhibition of P2X7 can be implemented with a variety of antagonists, classified into
four main groups. The first group contains ions including calcium, magnesium, and zinc. The
second group consist of generic and non-selective P2X receptor antagonists including oxidised ATP
(oATP),

suramin,

pyridoxalphosphate-6-azophenyl-2',4'-disulfonate(PPADS),

and

Coomassie

Brilliant Blue G (BBG). The third group comprises of compounds containing two large organic
cations

and

this

includes

KN-62

(1-(N,O-bis[5-isoquinolinesulfonyl]-N-methyl-L-tyrosyl)-4-

phenylpiperazine). The last group are P2X7 specific monoclonal antibodies [353].
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A potential issue is the presence of extracellular ecto-nucleotidases which metabolise extracellular
nucleotides. ATP is metabolized to adenosine, a potent anti-inflammatory molecule, and sufficient
levels are present even with millimolar concentrations of ATP. This is enough to activate cell surface
A1 adenosine receptors and downstream signalling pathways [354]. Extracellular ectonucleotidases are also able to metabolise BzATP to Bz-adenosine, and this breakdown product is
able to stimulate adenosine responsive A1 receptors.
Decreasing the divalent cation concentration can potentiate P2X7 responses to agonists. Specific to
P2X7, receptor mediated currents are potently inhibited by zinc or copper. Less potent are calcium
and magnesium, which can also inhibit other P2X receptors, albeit at much higher concentrations.
This was shown, when mutation of residues known to be important in coordination of zinc binding in
a variety of ion channels including P2X2, were mutated in rat P2X7 expressed in a HEK293
recombinant system, and effects on ATP mediated currents were measured. Several histidine to
alanine mutations had significant effects on agonist potency [355].

Although controversy and

conflicting data between research groups exists as to which P2X7 residues are involved in agonist
binding, mechanism of inhibition is generally accepted to be a result of altered affinity of P2X7
agonist binding to P2X7, due to direct interaction of divalent cations with the receptor. This could be
a mechanism of control of the receptor as the IC50 values for calcium and magnesium are within the
range of extracellular concentrations at physiological conditions. In terms of inflammation,
extracellular concentrations of these divalent ions are diluted as a result of release of cytoplasmic
content of damaged cells, thereby potentiating the P2X7 response to ATP [356].
oATP is an irreversible P2X7 antagonist when cells are pre-incubated 1-2 hours prior to agonist
application. oATP however is not specific for P2X7, as P2X1 and P2X2 receptors are also blocked
at similar concentrations to those used for inhibition of P2X7 (100 μM ) [334]. BBG is a fairly
specific, potent non-competitive P2X7 receptor antagonist

[357]. Human P2X7 receptors are

blocked at 200 nM and rat receptors with 10 nM. Other P2X receptors require much higher
concentrations of BBG for efficient blocking, with antagonism of rat P2X4 and human P2X4
requiring more than 10 mM and 3.2 mM respectively [358].
The isoquinoline derivative KN-62 (1-[N, O-bis(5-isoquinolinesulphonyl)-N-methyl-L-tyrosyl]- 4phenylpiperazine) was the first drug like P2X7 antagonist to be discovered. This is one of the most
potent P2X7 agonists with an IC50 of 13.4 nM. KN-62 fully antagonises the uptake of ethidium in
human THP-1 monocytes. However it shows species differences in potency with strong antagonist
effects on human P2X7 and is ineffective on rat receptors, even with concentrations up to 10μM
[359]. KN-62 and its derivatives are not appropriate for therapeutic use as it has a high molecular
weight (721.8444 g/mol) high lipophilicity and metabolically labile sulfonate groups [353] [360, 361].
A human monoclonal antibody has shown efficacy as a receptor antagonist, against human P2X7 in
THP-1 monocytes, measured through BzATP induced currents and IL-1β release [362].
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It is difficult to determine the presence of P2X7 through pharmacological methods alone, as current
antagonists and agonists available seem to be non-specific. To investigate P2X7, several sets of
pharmacological data utilizing different agonists and antagonists should be obtained or additional
methods of determination used. Potency estimates are affected greatly by assay conditions and
literature available on P2X7 antagonists vary between research groups [359]. Species differences
with use of these antagonists make pre-clinical trial studies difficult to interpret and apply to human
disease.

1.17.3 Recently developed antagonists
More recently developed P2X7 antagonist A-438079, the antagonist used in this thesis, exhibits
high specificity for P2X7 and has a IC50 of 6.26 in mice. In human astrocytoma 1321N1 cells
expressing recombinant mouse, rat and human P2X7, A-438079 potently blocks P2X7 mediated
calcium influx and pore formation stimulated by 10μM BzATP, with greater potency than other P2X7
antagonists including KN-62 and BBG. Additionally, many antagonists increase in potency with
longer incubation times, however this is not the case with A-438079 [348].
Abbot laboratories developed two series of P2X7 antagonists in 2006, di-substituted tetrazaled and
cyanoguanidines selective towards human and rat P2X7 receptors. A-4380793-(5-(2, 3dichlorophenyl)-1Htetrazole-1-yl) methyl pyridine has been utilized in various in vitro and in vivo
experiments with success. The antagonist has an IC50 of 100 and 300 nM in humans and rats
respectively (IC50>10 μM for other P2 receptors). LPS and IFN-γ differentiated human THP-1 cells
treated with A-4380793 and stimulated with BzATP had reduced IL-1β release and decreased
uptake of Yo-Pro1 [363]. Similarly, A-4380793 inhibited the release of IL-1β in BzATP stimulated
murine peritoneal macrophages in a dose dependent manner [364]. A-740003 is a highly specific,
potent rat and human P2X7 antagonist. IC50 values are 40 nM for and 18 nM for human and rat
P2X7 respectively. Similarly to A-4380793, A-740003 treatment of BzATP stimulated TNF and IFNγ
differentiated THP-1 cells resulted in inhibition of IL-1β release and YO-PRO1 uptake [365]. More
recently developed P2X7 antagonist JNJ-4796556, is highly specific for P2X7, and highly potent
with no apparent species differences. In BzATP stimulated human PBMCs, JNJ-4796556 was able
to attenuate IL-1β and IL-18 release. This compound has shown efficacy in rodent models of mania
and neuropathic pain [366].
New generation antagonists often display higher potency in human P2X7 compared to animal P2X7
receptors. Therefore, results from antagonist treatment of animal models of disease may not be
translatable to human disease. These species differences in activity need to be taken into account
when analysing in vivo experimental results. Differences may partially be explained by variations in
amino acid sequences at presumed antagonist binding sites between species. This is demonstrated
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with

N2-(3,4-difluorophenyl)-N1-(2-methyl-5-(1-piperazinylmethyl)phenyl)glycinamide

dihydrochloride GW791343, which is a negative allosteric modulator of human P2 X7 and a positive
allosteric modulator of rat P2X7. Michel et al. found amino acid residue 95 located in the
extracellular domain of the receptor was responsible for this striking species differences in response
to GW791343 between the rat and human P2X7 [367]. This residue was phenylalanine in human
P2X7 and leucine in the rat receptor.

1.17.4 P2X7 antagonists in animal models of disease
Pharmacological inhibition of P2X7 has proven to be efficacious in a variety of mouse and rodent
models of disease and tissue injury. oATP, BBG and PPADs have been traditionally used widely for
in vivo blockade of P2X7. Despite lack of P2X7 receptor specificity, these compounds are still
employed with in vivo work mainly due to cost reasons, effectiveness in earlier investigations and in
the case of BBG, the ability to permeate the blood-brain barrier [368]. More recently developed
antagonists, particularly A-438079 have improved pharmacokinetics and are less susceptible to
degradation, thereby making them more suitable for in vivo work and are more frequently being
utilized in experiments [296].
P2X7 receptor antagonists have been most extensively investigated in rodent models of neurologic
disease and neurologic injury and shown efficacy. Supplementary to antagonist studies,
experiments in P2X7-/- animals have supported antagonist findings [296]. In animal models of
depression, P2X7 deficient mice showed anti-depressant like phenotypes in the tail suspension test
and forced swim test when compared to wild-type controls [369]. These results support those
obtained from the use of antagonists BBG and AZ10606120 in a murine model of depression [370].
In terms of ocular disorders, P2X7 antagonists have been used in animal models of retinitis
pigmentosa photoreceptor degeneration, retinal ganglion cell death and glaucoma, retinal
pigmented epithelium degeneration, subretinal haemorrhage, and optic nerve injury [371] [117][371]
[372] [373]. Retinitis pigmentosa is a family of inherited disorders where photoreceptor degeneration
leads to loss in visual acuity and blindness [371]. Mechanisms of photoreceptor apoptosis are
unclear, however are proposed to be a consequence of increased intracellular calcium
concentrations, which in turn activate degrading proteases such as calpains, able to degrade
photoreceptor cells [374]. Stimulation of P2X7 induces intracellular influx of Ca2+, as a result, this
receptor has been proposed in disease pathology. In a murine model of human recessive retinitis
pigmentosa, rd1 mice contain a naturally occurring nonsense mutation in the Rod cGMP-specific
3',5'-cyclic phosphodiesterase subunit β gene [375]. By four weeks of age, the retinal layer has
completely degenerated. Intraocular injection of P2X7 antagonist PPADS applied to these rd1 mice
prior to induction of disease provided significant protection against photoreceptor cell death [376].
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Glaucoma is progressive neurodegenerative disorder, characterized by degeneration and loss of
retinal ganglion cells (RGC), that leads to optic nerve atrophy and can result in blindness [377]. In
vitro experiments initially proposed a role of P2X7 in RGC death. BzATP stimulation of P2X7 on
RGCs receptors induced a large intracellular calcium increase and apoptosis in these cells. P2X7
antagonists BBG and oATP prevented this cell death [378]. A rodent model of glaucoma commonly
employed is the optic nerve crush injury model. The progressive loss of RGCs in this model parallel
human disease [379]. Intraocular injections of P2X7 antagonists oATP and BBG into rats post optic
nerve crush protected against RGC cell death [380, 381].

1.17.5 P2X7 antagonists in human clinical trials
Efficacy of P2X7 receptor antagonists in a variety of animal models of disease has encouraged
translation to human application. Currently, two antagonists AZD9056 and CE-224,535 have
published reports documenting efficacy and safety in human rheumatoid arthritis.
The efficacy of the adamantine amide AZD9056 in rheumatoid arthritis was evaluated in phase IIa
and phase IIb clinical trials in randomised, double-blind, placebo-controlled, parallel-group studies.
Safety data showed the antagonist was well tolerated with no serious adverse side effects. Results
from phase IIa trials were initially promising, with antagonist treated patients exhibiting decreased
tender and swollen joint counts. However on a larger scale appropriately powered phase IIb study,
no significant improvements as a result of AZD9056 treatment were seen [382] .
In a separate randomized, double-blind placebo-controlled, parallel-group multicentre phase IIA
trial, efficacy of the P2X7 antagonist CE-224,535 was evaluated in patients with active rheumatoid
arthritis. Despite a good safety profile, no significant improvements in treated patients compared to
placebo controls was found. [383]
Both studies concluded these antagonists were not effective drugs for treatment of rheumatoid
arthritis. There is a possibility that patient P2X7 genotype affects efficacy of drugs. Numerous SNP’s
exist in the P2X7 gene. In vitro P2X7 responses of leukocytes from patients homozygous for gain of
function 1068G>A (A348T) and loss of function 1513A>C (E496A) to P2X7 specific antagonist
GSK1370319A (N-[(2,4-dichlorophenyl)methyl]-1-methyl-5-oxo-L-prolinamide), show altered P2X7
pharmacodynamics. This suggests the need for genetic stratification when investigating clinical
efficacy of P2X7 antagonists [384].
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1.18

P2X7-/- animals

Two separate pharmaceutical companies have generated P2X7 deficient mice. First reported in
2001 Pfizer generated a P2X7 knockout mouse by insertion of a neomycin resistance gene after the
arg505 codon which deleted the region in between cys506 to pro532 in the carboxy terminal tail of
the receptor [385]. The background strains of these mice is a combination of 129/Ola, C57BL/6J
and DBA/2, and maintained on a C57BL/6J-DBA2 background.
The alternative P2X7 knockout mouse developed in 2005 by GlaxoSmithKline had a LacZ reporter
gene and neomycin resistance gene inserted into exon 1 immediately after the initiation site. These
knockout mice were generated on a 129/Sv and C57BL/6J background, and maintained in
C57BL6/J [386].

1.19

Murine P2X7-/- splice variants

In addition to identification of P2X7 in P2X7-/- murine brain tissue, in vitro and in vivo experiments
using and comparing GSK and Pfizer P2X7-/- mice have shown opposing results.
CD4+ lymphocytes from Pfizer P2X7-/- mice do not respond to BzATP stimulation and the opposing
effect is observed in GSK P2X7-/- T cells which are hyper-responsive to BzATP stimulation. However
both peritoneal macrophages and bone marrow derived dendritic cells from GSK P2X7 -/- mice are
unresponsive to BzATP stimulation [387]. Peritoneal macrophages from Pfizer P2X7-/- mice showed
a 3-fold reduction in IL-6 production with ATP and LPS stimulation compared to wild type cells, and
GSK macrophages produced the opposite effect with an increase in IL-6 production [386] [388]. In
experimental autoimmune encephalomyelitis, the animal model of multiple sclerosis, disease was
exacerbated in the Pfizer knockout strain, and reduced in the GSK knockout strain [389, 390].
The discovery of P2X7 splice variants with different functional properties accounted for these
conflicting results. Five splice variants are currently known to exist in the mouse; P2X7 variants A,
K, 2, 3 (13b) and 4 (13c) [391]. P2X7VA has a silent mutation and is therefore considered to be the
same as the wild-type receptor.
P2X7VK escapes inactivation in the GSK P2X7-/- mice, due to the use of an alternative exon 1. This
gives it a unique portion of 42 amino acids spanning the N terminus and part of TM1. Nicke et al.
investigated the functional properties of this splice variant in a HEK293 expression system, and
found it to be more efficient in several P2X7 induced cellular outcomes. BzATP stimulation of
P2X7VK induced more rapid pore formation measured by dye uptake compared to P2X7VA, and 4
times more intense fluorescence was measured in P2X7VK expressing cells. Additionally, more
extensive membrane blebbing occurred in P2X7VK cells compared to P2X7VA expressing cells
[392]. Tissue expression of P2X7VK mRNA has been detected in brain, liver, lung, kidney, salivary
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gland and spleen of GSK P2X7-/- mice and WT P2X7+/+ mice. Additionally to ATP and similarly to the
P2X7VA, P2X7VK in T cells is activated by nicotinamide adenine dinucleotide (NAD), a substrate
for ADP-ribosylation [393].
P2X7 variants 2 and 3 escape inactivation in the Pfizer P2X7-/- [347]. Both variants are identical to
the WT receptor from amino acids 1-430; however both utilize alternative exons 13 with variant 3
terminating at T431, and variant 4 with an additional 11 amino acids at the C terminal end.
Expression of mRNA of these splice variants have been identified in the brain, salivary gland, lung
and spleen of Pfizer P2X7

-/-

mice and WT mice. Research regarding functional properties of these

splice variants is limited. Masin et al. showed in HEK293 cells expressing these variants that these
C-terminal truncated splice variants can from homotrimers but are ineffectively trafficked to the
plasma membrane, and as a result display low cell surface expression. Whole cell currents
measured through patch clamp experiments showed decreased amplitude in variants 3 and 4
compared to the WT receptor, and no ethidium bromide uptake was measured indicating no ability
to form the pore. In HEK293 cells, co-expression of V3 with and P2X7VA in a heterotrimeric
complex was shown that the former acted in a dominant negative way to regulate the expression
and function of P2X7VA [347].
Discovery of splice variants provide the opportunity for the role and function of different regions of
the P2X7 receptor to be partially elucidated. They also demonstrate the importance of P2X7 in the
pathogenesis of disease. There is a possibility that co-expression of less functional splice variants
with the P2X7VA WT variant may be a mechanism of regulation of the receptor.
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Figure 4.5 Knockout strategies for creation of P2X7 mice and murine P2X7 splice variants. (a) The structure of the
P2X7 gene with numbered exons and lines inbetween representing introns. The transmembrane domains 1 and 2 span
exons 1 and 2 and exons 10 and 11 respectively. (b) The gene targeting strategy for creation of the GSK P2X7

-/-

and

-/-

Pfizer P2X7 mice. The GSK mouse has a LacZ transgene inserted after the first ATG in exon 1. The Pfizer mouse has
1527-1607 deleted and insertion of a neomycin cassette 5’-3’. (c) An illustration of the known murine splice variants.
Amino acid lengths are written under the receptor name. Parts of the receptor in blue depict differences in sequences from
the WT variant P2X7VA. (a) and (b) adapted from S.R.Taylor [394]. (c) adapted from Kido et al. [391].
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1.20

Human splice variants

The human P2X7 gene is located at chromosomal position 12q24, and to date 12 splice variants
have been identified. The full length 595 amino acid P2X7 receptor is P2X7VA, with other splice
variants lettered from P2X7B-P2X7VK. Two variants, P2X7B and P2X7H in particular have been
further investigated.
Variant H contains a novel exon (named N3) located in the intron region between exons 2 and 3,
creating a new start codon and potentially resulting in translation of a protein lacking
transmembrane domain I [395]. Variant B has an intron included in the final cDNA between exons
10 and 11, introducing a premature stop codon which deletes 171 amino acids of the C terminus of
P2X7VA but has an alternate 18 amino acids in the C terminus following the transmembrane
domain II. Tissue and cell expression of these variants shows presence of transcripts in a variety of
tissue and cell types, with the variant B with overlapping tissue distribution with P2X7VA and
expressed at similar and increased levels. Brain, lymph node, spinal cord, spleen and lymphocytes
had particularly high levels of expression of P2X7B compared to P2X7VA [396] [395]. Variant H has
very low transcript expression in contrast to both variants. The protein expression of these variants
is currently unclear however due to lack of commercial availability of suitable epitope directed
antibodies [397] .
Expressed in HEK293 cells, functionally variant B is 5-fold less sensitive to BzATP compared with
the full length receptor as measured through calcium flux and membrane potential assays. Variant B
cannot form a functional pore as measured through dye uptake. Investigations show variant H is
non-functional in both pore formation and ion channel function. Downstream events from P2X7
stimulation are also affected. Both splice variants have impaired apoptotic mechanisms as
measured by cleavage of cytokeratin-18[395]. When co-expressed in HEK293 cells, P2X7VA/B
heterotrimers are potentiated in both pore forming and ion channel function. Expressed alone in
HEK293 cells, P2X7B has similar levels of growth promoting abilities as P2X7VA however when coexpressed, P2X7VA/B heterotrimers have enhanced growth promoting and survival abilities;
measured through activation of key lymphocyte proliferation transcription factor nuclear factor of
activated T cells c1 (NFATc1) [398].
The relevance of these splice variants to human health and disease is undefined. Investigations
into human splice variants demonstrate a crucial role for the C terminal domain in pore formation
and importance in downstream pro-apoptotic functions. It is possible that P2X7 responses could be
partially adjusted by controlling splice variant expression. Therefore expression of splice variants
could be a method to confer plasticity of cell responses.
To this date, one other splice variant in rat has been characterized. Similar to the mouse P2X7VK,
the rat P2X7 employs an alternate exon 1 which encodes for the N terminus and part of TM1. This
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receptor variant displays higher sensitivity to activation compared to the wild type P2X7VA variant.
Experiments with this rat isoform expressed in HEK293 cells reveal the receptor has faster kinetics
in terms of agonist induced membrane blebbing and dye uptake, and additionally much slower rates
of de-activation [392].
Various SNPs in P2X7 have been associated with human disease. Studies have shown the 1513
A/C polymorphism that converts glutamine to alanine at amino acid position 496 in the C terminus of
the receptor is associated with a range of diseases including Crohn’s disease, chronic lymphocytic
leukaemia and unipolar and bipolar disorders across a range of racial groups. This allele is
homozygous in 1-2% of the caucasian population, and heterozygotes at 15-20% [399]. However a
limited number of studies exist investigating association of 1513 A/C polymorphism and disease,
and sample sizes within each study are small and statistical validity of association is uncertain.
However, one of the strongest associations of 1513 A/C and disease is with increased susceptibility
to Tuberculosis. A meta-analysis identifying nine case–controlled studies linking 1513 A/C and
Tuberculosis found a significant association with this allele and susceptibility to disease [400].
Susceptibility of tuberculosis in these patients is proposed to be a result of impaired intracellular
killing. In macrophages from patients homozygous for this allele, ATP induced intracellular
mycobacterial killing was abolished [401]. Other contributing mechanisms to increased susceptibility
include decreased IL-1β release, which have been shown in vitro in ATP stimulated monocytes from
patients homozygous for this mutant allele [402].

1.21

Murine P2X7 polymorphisms

Four strains of mice - C57BL/6, C57BL/10, DBA/1, and DBA/2 contain an allelic variant of P2X7,
where a proline to leucine mutation at position 451 as a result of a single coding mutation T1352C
results in decreased P2X7R activity. This impaired function is observable in experiments comparing
P2X7 properties in T cells in the BALB/c strain which expresses the wild type P451 and C57BL/6J
expressing the 451L. Consequences of P2X7 activation such as PS exposure and calcium uptake
were reduced in cells from C57BL/6 mice, and pore formation measured by YO-PRO1 uptake was
also reduced. HEK293 cells transfected with cDNA encoding each variant showed 50% decrease in
P2X7R pore formation in the 451L variant, verifying decreased activity was caused by the mutation
[403]. Surface expression of P2X7 was not affected as a result of this mutation. Interestingly the
P451L mutation lies within the C terminal cytosolic domain of the receptor, in a region with
homology to a TNFR 1-death domain (TNFR1-DD) and to a fragment of the Src homology (SH)3binding protein (SH3BP) 1. As the C terminal region interacts with other proteins in a signalling
complex, the location of this mutation could account for the impaired function of the receptor [404].
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1.22

P2X7-/- in disease models

P2X7-/- mice have been used extensively for investigating various human diseases particularly those
autoimmune and autoinflammatory in nature. Experiments utilizing the P2X7-/- Pfizer mice have
demonstrated the importance of this receptor in bone formation, cytokine production and
inflammation [385, 405, 406]. Experiments utilizing the GSK P2X7-/- mice demonstrated the
importance of this receptor in neuropathic and inflammatory hypersensitivity [386].

1.22.1 Experimental Autoimmune Encephalomyelitis
Experimental Autoimmune Encephalomyelitis (EAE) is the animal model of multiple sclerosis. This
degenerative disease of the central nervous system involves a proinflammatory response with
immune cell infiltration, resulting in demyelination, oligodendrocyte and axon damage. In myelin
oligodendrocyte glycoprotein peptide (MOG) induced EAE, P2X7 antagonist treatment with BBG or
oATP reduced disease severity and neurological effects of EAE; and in particular reduction in
demyelination, suggesting P2X7 could be a potential therapeutic target for the treatment of multiple
sclerosis [407, 408]. Experiments investigating the involvement of P2X7-/- in EAE however, have
produced conflicting results dependent on knockout mouse strain used. Sharp et al. reported that
incidence of EAE was reduced in GSK P2X7-/- mice compared to wild type controls [390]. In the
Pfizer P2X7-/- mice however, MOG induced EAE was exacerbated in P2X7-/- mice compared to WT
controls. Splenic cells isolated from the Pfizer P2X7-/- mice proliferated more than splenic cells from
WT mice and exhibited decreased apoptosis. [389]. Loss of apoptotic activity has been proposed to
contribute to increased disease severity in Pfizer P2X7-/- mice. Experiments have shown that MOG
induced cell death in the CNS is involved in recovery in the acute phase of EAE [409].

1.22.2 P2X7 in Glomerulonephritis
Glomerulonephritis (GN) is a group of diseases causing renal inflammation and eventually renal
impairment [410]. Autoimmunity is regarded as a prominent cause underlying most forms of GN,
including lupus nephritis; anti-neutrophil cytoplasmic antibody (ANCA) associated vasculitis and
anti–glomerular basement membrane (GBN) glomerulonephritis. In anti-GBM GN, the initiating
event appears to be deposition of auto-antibodies directed against GBM [410]. In human GN and
animal nephrotoxic nephritis (NTN), macrophages are the main effector cells. Stimulation of P2X7
induces the release of a variety of pro-inflammatory cytokines including Il-1β and MCP-1 on both
infiltrating inflammatory cells and intrinsic renal cells. These cytokines have established roles in the
pathogenesis of human GN and animal model NTN. Macrophage and monocyte secretion of these
cytokines as a result of P2X7 stimulation are well established. IL-1β induces macrophage infiltration
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into the glomerulus, and promotes TNF-α production and glomerular injury in murine GN [411].
MCP-1 is crucial for macrophage recruitment and plays a role in crescent formation. [412]
Several experiments employing NTN; the animal model of GN; have demonstrated the involvement
P2X7 in pathogenesis of disease. Turner et al. found increased mRNA levels of P2X7 in glomeruli
of a rat model of NTN, which coincided with increased mRNA levels of IL-1β [413]. Mouse NTN had
increased positive P2X7 immunostaining compared to wild type tissue, and an increased number of
apoptotic glomeruli. Renal biopsies from patients with lupus nephritis also displayed increased
glomerular P2X7 staining compared to control kidney tissue.
Exploring these results further, Taylor et. al found NTN induced GSK P2X7-/- mice had reduced
disease severity compared to wild types. Pathological hallmarks of this mouse model of GN were
reduced, such as decreased proteinuria, reduced glomerular macrophage infiltration, lower fibrin
deposition and reduction in glomerular thrombosis. IL-1β levels were undetectable but urine MCP-1
levels were also decreased significantly in P2X7-/- mice and coincided with reduced glomerular
macrophage infiltration [414].
Selective P2X7 antagonist A-438079 showed efficacy as therapeutic treatment in reducing GN
severity in both murine and rodent models of NTN. Reduced levels of proteinuria and glomerular
thrombosis as well as reduced renal levels of MCP-1 were observed [414]. Reduced severity of
animal models of GN from both P2X7-/- and P2X7 antagonist experiments show a clear association
of the receptor with disease pathology, thereby proposing its use as a potential therapeutic target to
treat GN.

1.22.3 Age–related macular degeneration
Age–related macular degeneration is a leading cause of blindness in the over 50 population. The
disease is characterised by degeneration of the macula, with the retinal pigment epithelium (RPE)
the area of initial insult. The RPE is a layer of cells specialized in maintaining homeostasis of the
neural retina. Briefly, this involves removal of waste products and transport of nutrients into
photoreceptors cells in the adjacent neural layer. The development of “soft drusen” - neutral fat,
vesicle, and membranous debris containing deposits in the region of the macula on the Bruch’s
membrane is proposed to be the initial insult contributing to the development of neovascular (wet)
and atrophic forms (dry) of AMD [415]. Aging, smoking, genetic association and more recently P2X7
have all been linked to the development of AMD [416].
Geographic Atrophy (GA), an advanced form of dry AMD is characterised by loss of RPE, which in
turn causes loss of photoreceptor cells [417]. P2X7 is expressed in the murine and human retinal
pigment epithelium on both basolateral and apical sides, with a proposed physiological role in the
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clearance of photoreceptor outer segments- which are shed from photoreceptor cells on a daily
basis. P2X7 is a proposed scavenger receptor in the absence of ATP stimulation, able to
phagocytise bacteria and apoptosing cells [418]. Stimulation of P2X7 with ATP induces alkalization
of lysosomes. Lysosomal enzymes function optimally at acidic pH; therefore alkalization impairs the
ability of cells to dispose of debris. This results in partially degraded material build up inside
lysosomes and extracellularly, in particular in the Bruch’s membrane [419]. Human retinal pigment
epithelial cell line ARPE-19 cells fed with photoreceptor outer segments and treated with
lysosomotropic pH raising agent chloroquine showed impaired lysosomal function through the buildup of intra-lysosomal material. Treatment of ARPE-19 cells (human retinal epithelial cell line) with
P2X7 antagonist BBG reverse this effect, implicating the involvement of the receptor in degradation
of lysosomal material.[343]
Other mechanisms of RPE loss in dry forms of AMD are proposed to involve the non-coding
microRNA processing enzyme DICER1 which is reduced in RPE of GA [420]. This allows the buildup of toxic non-coding Alu-RNA transcripts, which are cytotoxic when present in abundance in
cultured human RPE. In wild type mice, RPE degeneration was induced with subretinal injection of
Alu-RNA cloned from human eyes with GA. Toxicity is proposed to be induced through Alu-RNA
priming of the NLRP3 inflammasome and subsequent cleavage and maturation of the interleukin
protease caspase-1 in RPE. Unusually this process is independent of TLR. Mature caspase-1 is
able to cleave IL-18, resulting in release of mature peptide, and through Myd88 signalling, a TLR
adapter, is able to promote RPE cell death. This mechanism has been supported by in vivo data
which reports that RPE did not degenerate in Il-18-/- or Myd88−/− mice injected with Alu-RNA [421].
Furthermore, in Pfizer P2X7-/- mice Alu-RNA induced toxicity in the RPE is abolished, and
intravenous treatment of Alu-RNA inoculated P2X7+/+ mice with P2X7 inhibitor prevented RPE
degradation [417]. The exact mechanism of P2X7 contribution is unknown but these experiments
have demonstrated an importance of the receptor as an intermediate in Alu-RNA activation of the
NLRP3 inflammasome and may represent a viable therapeutic target for the treatment of GA.
Neovascular or wet AMD is characterized by photoreceptor cell loss due to sub retinal haemorrhage
as a result of growth of abnormal blood vessels, which can lead to leakage of vessels and macular
edema. VEGF is a major stimulus in choroidal neovascularization (CNV). Anti-VEGF therapy is a
current therapeutic approach to treat neovascularization associated with wet AMD. This growth
factor is elevated in aqueous humour of patients with AMD [422]. P2X7 has been implicated in
VEGF release; in a neuroblastoma cell line pharmacological inhibition of P2X7 reduced amounts of
VEGF release [423]. P2X7 also has been shown to induce the production of IL-8, a chemotactic
cytokine for neutrophils and T lymphocytes also involved in induction of angiogenesis [424].
Concentrations of this cytokine are elevated in vitreous fluid from patients with active retinal
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neovascularization. Incubation of this recombinant IL-8 as well as vitreous fluid containing increased
levels of IL-8, were able to induce tubular like morphology in bovine aortic endothelial cells [425].
Due to apparent multicytokine and growth factor involvement in neovascular AMD, P2X7 inhibition
is a viable therapeutic target option. The P2X7 antagonist PPADs has shown efficacy in treatment
of a common animal model of wet AMD – laser induced CNV. Laser induced rupture of the Bruchs
membrane in mice and topical treatment with P2X7 inhibitor PPADs immediately following laser,
and daily treatment in the following 3 days, attenuated development of CNV and migration of
choroid endothelial cells [426].

1.22.4 P2X7 in diabetic retinopathy
Diabetic retinopathy is a major cause of blindness in the working population. The disease develops
secondary to diabetes mellitus, a group of conditions whereby failure to metabolize glucose can
lead to hyperglycaemia, resulting in pathological damage to the kidney, brain and eye [427].
A fundamental pathological hallmark of diabetic retinopathy is the breakdown of the retinal
microvasculature as a result of the death of retinal microvasculature pericytes and endothelial cells.
Retinal vessel pericytes are contractile cells located on the abluminal wall of the vasculature. These
cells are more numerous in the retina than any other location in the body, indicative of the central
role in vasculature functioning. Pericytes regulate endothelial cell proliferation and vascular stability
[428]. Apoptosis of pericytes lead to endothelial cell death and formation of acellular capillaries and
neovascular tufts. [429]. Eventually this results in breakdown of the microvasculature and macular
oedema [430].
The exact cause of pericyte apoptosis is unclear, and P2X7 involvement has been proposed. In rats
immunohistochemical studies identified the expression of P2X7 in pericyte containing retinal
microvasculature, supported through pharmacological identification of P2X7 through agonist
induced YO-PRO1 uptake and agonist induced currents [431]. Cell death of the microvasculature
has been associated with P2X7 activation through purinergic cytotoxicity.

In streptozotocin (STZ)-

induced diabetes in adult rats, lower concentrations of agonist are required to stimulate P2X7 in
isolated microvasculature and induce apoptosis compared to non-diseased rats. This suggests
retinal microvasculature has increased sensitivity to P2X7 induced apoptosis in diabetic retinopathy
[432]. Studies have reported decreased retinal blood flow in patients with diabetes mellitus but
without diabetic retinopathy. P2X7 has been proposed to be involved in this reduced blood-flow
[433].
Alloxan induced diabetes in rabbits required lower concentrations of ATP to reduce retinal-blood
velocity when compared to non-diabetic rabbits [434, 435]. Enhanced P2X7 responses from
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fibroblasts from patients with type II diabetes have also been demonstrated. Fibroblasts are crucial
structural elements of the microvasculature, able to produce inflammatory mediators and are a main
source of extracellular matrix (ECM). Additionally, they secrete fibronectin, a component of ECM,
which collects in the arterial wall and has been proposed to play a role in tissue damage in diabetes
[436].
Cultured at physiological glucose concentration, fibroblasts from diabetic patients showed
potentiated P2X7 responses compared to fibroblasts from healthy patients. In the absence of added
agonist, fibroblasts from diabetic patients were able to release IL-6 and fibronectin through a
proposed ATP autocrine-paracrine loop. Additionally, normal human fibroblasts cultured in high
glucose media have hyper responsive P2X7 receptors. These conditions represent an in vitro mimic
of hyperglycemia [437].

1.23

Immunological consequences of P2X7 stimulation

1.23.1 Il-1β release
Extensive research has focused on the role of P2X7 in immune cells, as its activation in
macrophages and dendritic cells results in the release of pro-inflammatory cytokines. A principal
consequence of P2X7 receptor stimulation in human myeloid cells is the release of the Interleukin-1
cytokine (IL-1). Interleukin-1 has two isoforms, IL-1α and IL-1β. In humans, the genes encoding
these cytokines are located adjacent to each other on chromosome 2. Amino acid homology is
dissimilar at 27%, however both isoforms share similar three-dimensional structures forming a βtrefoil from 12 β strands, and bind to the same receptor- IL-1R1 [438, 439]. Once IL1α/β is bound to
IL-1R1, the intracellular IL-1R accessory protein (1R-AcP) binds and a collection of intracellular
adaptor proteins are recruited starting with myD88, inducing signal cascades which culminate with
the activation of transcription factors NF-κB and activator protein 1 (AP-1). This results in
transcription of IL-1β alongside other proinflammatory chemokines and cytokines [440].
IL-1β is a multipotential pro-inflammatory mediator with central roles in the innate inflammatory
cascade, the release of which leads to up-regulation of genes involved in an inflammatory state. Il1β is crucial for fighting infection but can also be detrimental, and elevated levels have been
measured in a variety of chronic autoinflammatory and autoimmune conditions including rheumatoid
arthritis (RA), non-infectious uveitis, osteoarthritis (OA), chronic obstructive pulmonary disease
(COPD), asthma, inflammatory bowel disease (IBD), atherosclerosis multiple sclerosis (MS),
Alzheimer's disease and stroke [441].
Biological effects of IL-1β production are diverse. Nitric oxide sythase is up-regulated which
subsequently increases the production of nitric oxide (NO) by inducible nitric oxide (iNOS), one of
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three isoforms of this enzyme associated with inflammation. This signalling molecule, a member of
the reactive oxygen species of molecules, was first discovered for its role in blood vessel relaxation,
and is now known to have multifunctional roles in inflammation and neurotransmission.

Its

downstream effects include apoptosis promotion, promotion of vasodilation and stimulation of TNFα production [442]. When synthesized in excessive amounts, NO causes tissue destruction.
IL-1β induces inflammatory cell recruitment to sites of inflammation due to the up-regulation of
cellular adhesion molecules intercellular adhesion molecule-1 (ICAM-1) and vascular cell adhesion
molecule (VCAM)-1 on endothelial cells, and release of chemoattractant chemokines [438]. Several
matrix metalloproteinase enzymes are released which contribute to tissue breakdown. Additionally
to its role in initial defence, IL-1β is also an important link between innate and adaptive immune
response, as it stimulates the adaptive immune response by inducing the differentiation of
interleukin-17 producing T cells (TH17).
IL-1β is not constitutively expressed, and transcription and translation of an inactive 31 kDa
precursor pro-IL-1β is induced through the NF-κB transcription factor

in response to cellular

stimulation of TLR4 with PAMPs [443] . The best known inducer is the microbial product LPS from
gram-negative bacterial outer membrane. This first signal is termed “priming” and can also be
induced by other exogenous signals such as asbestos. Endogenous signals stimulating TLRs
include monosodium urate, calcium pyrophosphate dihydrate crystals, fibrilar amyloid-β,cholesterol
crystals, silica crystals and aluminium salts [444].
Conversely, pro-Il-1α is biologically active and does not require further processing. IL-1α is
associated with the plasma membrane of cells after post-translational modification- myristoylation,
where it proposed to be involved in paracrine signalling. The physiological relevance of cleaved IL1α is unclear due to its activity in its pro-peptide form.
For maturation and release of pro-IL-1β to take place, cleavage to the 17 kDa mature form is
required induced by a second signal. This cleavage is carried out intracellularly by caspase-1. Like
IL-1β, caspase-1 is initially biologically inactive (pro-caspase-1) and collects in the cytosol, requiring
auto-proteolytic cleavage to its active p10/p20 tetrameric form [445]. Pro-caspase-1 is a
constitutively expressed 45-kDa enzyme; activation to the mature form is aided by a complex of
cytosolic proteins called the inflammasome.
The best characterised inflammasome is NLRP3 (nucleotide-binding domain leucine-rich repeat
containing family, pyrin domain containing 3), comprised of the adaptor protein ASC (apoptosisassociated speck-like protein which contains a C terminal CARD domain) and N terminal PYD
domain, and the NLRP3 sensor protein belonging to the NOD‑like receptor (NLR) family [9].
Members of the NLR family contain a common central nucleotide-binding and oligomerization
(NACHT) domain with C terminal leucine rich repeats (LRR) and N terminal CARD or PYD domains.
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The ASC protein functions to recruit caspase-1 to complete the inflammasome complex, and the
NLR protein acts as a molecular scaffold [446]. Agonist stimulation of P2X7 through high
extracellular concentrations of ATP provides the second signal required for maturation and release
of IL-1β induce K+ efflux and Ca2+ influx. This is a rapid process and occurs within 10-20 minutes of
P2X7 stimulation with ATP [440].
P2X7 pore formation is required for IL-1β release, as the previously discussed C terminal glutamine
496 to Alanine polymorphism abolishes the release of mature IL-1β [402]. K+ efflux is a requirement
for maturation and release of IL-1β, as inhibition of efflux prevents release of the mature cytokine,
and receptor stimulation in a sucrose solution where potassium efflux is potentiates increased the
release of IL-1β [[447, 448]. The exact reason for this is undetermined.
Additional agonists able to stimulate the P2X7 receptor and release of IL-1β in primed cells include
the toxin nigericin, cytolytic toxins, cathelicin-derived antimicrobial peptide LL37 from infiltrating
neutrophils, and cytolytic T cells [449]. Peritoneal macrophages from P2X7-/- mice fail to produce
mature forms of IL-1β when stimulated with ATP. P2X7R is therefore crucial in post-translational
processing of IL-1β [385]
The exact mechanism of IL-1β maturation within the inflammasome complex and its subsequent
release is not completely understood. The mature form of IL-1β is leaderless, thereby follows nonclassical pathways of release, separate from the endoplasmic reticulum-golgi apparatus pathway. Il1β release has been proposed via two main pathways. Mackenzie et al. proposed the release of IL1β through microvesicles less than 0.5μm in diameter, originating from the plasma membrane. This
was seen to occur within 2 minutes of receptor activation in THP-1 monocytes [327] [450].
Preceding the release of exosomes, PS translocation from the inner to the outer membrane occurs
alongside loss of membrane asymmetry. The phenotype of these microparticles has yet to be
explored in depth.
Rubartelli proposed a secretory lysosome method of release whereby IL-1β and caspase-1 are
packaged into endocytic vesicles. Intracellular increase of Ca2+, and efflux of K+ activates three
phospholipases: phosphatidylcholine-specific phospholipase C (PC-PLC), calcium-independent
phospholipase A2 (iPLA2) and calcium-dependent phospholipase A2 (cPLA2). cPLA2 is proposed
to be responsible for exocytosis of lysosomes and ultimately externalization of caspase-1 and IL-1,
and iPLA2 for caspase-1 activation. PC-PLC plays a role in increase of intracellular Ca2+
concentration providing the appropriate environment for cPLA2 activation [451] [452]. Similarly to IL1β, IL-18 is also synthesized as a biologically inactive precursor of 24kDa, and is cleaved by
caspase-1 into its active 18kDa form. Its release induces the synthesis of other pro-inflammatory
cytokines including IL-6, IL-8, TNF-, IL-1, and IFN-γ [438]. In recently published research, Martin-
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Sanchez et al. showed with a novel membrane stabilizing agent that the release of IL-1β in
macrophages was dependent on plasma membrane permeabilisation[453] .
Currently research shows different cell types have different requirements for IL-1β release. Human
primary monocytes release IL-1β after stimulation of TLR4 only, in contrast to human monocyte
derived macrophages and dendritic cells which require the additional P2X7R stimulation [454]. The
exact reason for this is unidentified. Netea et al. proposed the environment different cell types
inhabit could explain differential requirement for one or two signals. Monocytes are circulating in an
effectively microbial free environment thereby must be able to respond promptly to insult.
Macrophages however exist in an environment where they are frequently exposed to microbes and
microbial derived products. A two signal requirement would decrease the sensitivity of response and
prevent a sustained and unnecessary inflammatory state [454]. He et al. reported that murine
macrophages and dendritic cells have different requirements for IL-1β release, with macrophages
requiring both ATP and TLR4 stimuli and dendritic cells TLR4 stimuli only [445]. However
experimental conditions used and conflicting reports from other studies make this phenomenon
disputable [455].
If these different requirements are genuine, P2X7 splice variant expression as a mechanism of
regulation could also underlie this phenomenon; however investigation into differences in splice
variant expression between different lymphocyte cell types has not been carried out.
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Figure 1.6 The two signal hypothesis of IL-1β release. A popular model to explain IL-1β release in macrophages
involves two signals. The first signal, termed “priming”, involves a TLR4 stimulus; commonly LPS is used experimentally.
Priming activates NF-κB signalling cascades resulting in the synthesis of 31 kDa pro-IL-1β. Pro-IL-1β remains in the
cytosol until a second signal induces its maturation into its cleaved 17 kDa form. Cleaving can occur via the zymogen
caspase-1, which resides in the cytosol in an inactive but constitutively expressed pro-caspase-1 (45 kDa) form. Procaspase-1 requires auto-proteolytic cleaving to its active p10/p20 tetrameric form in order to cleave pro-IL-1β. The NLRP3
inflammasome complex is required for cleaving of pro-caspase-1. This is comprised of NLRP3 protein and ASC adaptor
and is made complete with pro-caspase-1. Inflammasome activation is mediated through P2X7 stimulation, in this diagram
+

depicted by potent agonist ATP. This induces a K efflux and Ca

2+

influx, ultimately resulting in activation of the NLRP3

inflammasome, and release of mature IL-1β. P2X7 pore formation is required for IL-1β release, however it is highly
debated whether the pore is formed by P2X7 receptors themselves, or by associated pore forming proteins, of which
popularly proposed as a candidate for the role is pannexin-1.
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1.23.2 SYK involvement in NLRP3 inflammasome activation
The spleen tyrosine kinase (SYK) molecule is a 72 kDa non-receptor tyrosine kinase containing two
tandem N terminal SH2 domains connected by an interdomain A, and one C terminal tyrosine
kinase domain connected to the tandem SH2 domains by an interdomain B. This molecule is highly
expressed in cells of haemopoeitic origin, but also expressed in epithelial, neuronal, fibroblasts and
endothelial cells [456]. The importance of the SYK signalling pathway has been well established in
adaptive immunity. Mice deficient in the SYK gene die shortly after birth, and fail to develop mature
B cells; with T cell development also severely impeded [457]. Due to its crucial role in immune
receptor signalling, SYK is an attractive therapeutic target for the treatment of autoimmune
diseases, and small molecule inhibitors including SYK inhibitor fostamatinib have shown efficacy in
attenuating disease of in vivo models of spontaneous diabetes in non-obese diabetic (NOD) mice,
collagen induced arthritis and experimental autoimmune glomerular nephritis [458].
In its resting state, SYK is inactive, thought to be due to an autoinhibitory mechanism. A “linkerkinase sandwich” is held in position by interdomain A and B binding to the kinase domain [459].
SYK associates with phosphorylated immunoreceptor tyrosine-based activation motifs (ITAMs)
through its SH2 domains. These motifs are present on adaptor chains of TCR including CD3γ,
CD3ε, CD3δ and ζ chains and BCR (B cell receptor) associated adaptor molecules Igβ and Igα, or
present on the cytoplasmic domain of these receptors themselves, as is the case with FCγRIIA
receptors [460]. Activation of SYK has been proposed to occur in two ways, both with similar
potency, and has been described as an “OR-gate mechanism”. Binding of SYK to phosphorylated
ITAMs (after receptor ligation) activates SYK and phosphorylation of SYK either by other ITAM
associated kinases such as tyrosine protein kinase [461].
This leads to direct binding of PLCγ, Vav, SLP76/SLP65 and PI3K to phosphorylated SYK residues.
This activates various cellular intermediates ultimately resulting in downstream cellular responses
including proliferation, promotion of cellular survival, ROS production, cytoskeletal rearrangement,
pathogen clearance and cytokine release [462].
Use of SYK inhibitors have implicated this molecule in NLRP3 inflammasome activation. In LPS
primed murine macrophages, pre-treatment with SYK inhibitor (BAY61-3606) following ATP
stimulation resulted in a reduction of mature IL-1β. Caspase-1 activation was also significantly
decreased [463]. This phenomenon was also seen with a range of other NLRP3 activators- alum
crystals, nigericin and monosodium urate. The contribution of SYK in this pathway has implicated
SYK as a member of the NLRP3 inflammasome complex. In SYK-/- macrophages, the interaction
between ASC and caspase-1 is reduced, and ASC is known to be required for pro-caspase-1
processing [464]. In particular, ASC oligomerization was found to be significantly inhibited in SYK-/macrophages and SYK inhibitor treated macrophages. In a separate study, Hara et al. showed that
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SYK inhibition in LPS primed macrophages resulted in a decrease in the amount of IL-18 release
after alum and nigericin treatment [465]. Results from these antagonist experiments further implicate
that SYK inhibition may represent a potential therapeutic target in diseases with excessive IL-1β
signalling leading to pathogenic consequences, in addition to its inhibitory action on FcR-mediated
signalling.

Figure 1.7 The structure of SYK (a) The 72 kDa SYK molecule is composed of two tandem N terminal SH2 domains
connected by an interdomain A, and one C terminal tyrosine kinase domain connected to the tandem SH2 domains by an
interdomain B. (b) At rest, it is proposed that the conformation of the SYK molecule is such that interdomains A and B
associate with the kinase domain holding the SYK molecule in an inactive state. Image adapted from S. McAdoo [466].
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Figure 1.8 The SYK signalling pathway. An illustrative figure of SYK signalling. The TCR, BCR and FCεRI associate
with transmembrane adaptor molecules containing ITAM motifs. In the case of FCγRIIA, the ligand-binding receptor itself
contains ITAMs in its cytoplasmic portion. Receptor ligation results in phosphorylation of two tyrosine residues on ITAMs
by SRC family kinases, which leads to SYK/ZAP70 binding to these phosphorylated residues via their tandem SH2
domains. Recruitment activates SYK leading to direct association with VAV,PI3K, PLCγ and SLP76/SLP75. This leads of
activation of downstream signalling intermediates, ultimately resulting in a variety of cellular outcomes listed. Image based
on Mócsai et al. [467].
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1.23.3 Cell membrane blebbing
In some cell types, P2X7 stimulation induces cell membrane blebbing; cellular protrusions and
retractions where the membrane becomes detached from the actin cortex [468]. This phenomenon
has been visualized in HEK293 cells transfected with rat P2X7 and in native P2X7 expressing
including RAW 264.7 macrophages, hepatocytes, thymocytes and osteoblasts [469]. In RAW 264.7
macrophages, stimulation of P2X7 with BzATP (250 μm) for 5 minutes resulted in drastic cellular
morphological changes. Filopodia retracted cells took on a more rounded appearance and
membrane blebs developed [470]. In rat P2X7 expressing HEK293 cells, blebbing was shown to be
reversible if P2X7 stimulus was not prolonged (> 20 minutes) and developed within 2 minutes of
agonist application [471]. Blebbing in these cell types occurs with stimulus from ATP only and does
not require LPS “priming”. A functional actin cytoskeleton has been shown to be crucial for
membrane bleb formation as actin filament antagonist cytochalasin toxin attenuated bleb formation
in RAW 264.7 macrophages and P2X7 transfected HEK293 cells, whilst preserving the ionic
functions of the receptor [470]. Intracellular influx of Ca2+ is also required for bleb formation.
Formation of membrane blebs has been linked to cellular motility and migration. In an
immunological context this has been experimentally observed in neutrophils moving across threedimensional collagen matrixes [472]. Recently, P2X7 induced membrane blebbing has been
proposed to be involved in cellular survival, after failure of toxin induced plasma membrane
perforation to reseal. Membrane blebs in these situations are proposed to confine the area of injury
including the surrounding cytosol, and prevent it spreading and damaging other areas of the cell
[473]. In parallel, the release of ATP from the perforated cell acts in a paracrine method on
surrounding cells, creating a warning of toxin attack in the vicinity [474].

1.23.4 Mycobacteria killing
Mycobacteria, the causative agent of Tuberculosis are intracellular pathogens phagocytosed by
macrophages into phagosomes, but able to survive and replicate inside these intracellular
organelles, evading death through phagosome-lysosome fusion [475]. ATP stimulation of human
Mycobacterium bovis (BCG) infected macrophages is able to induce cell death and mycobacterial
death. This pathway is independent of other known mechanisms of mycobacterial killing such as
complement induced lysis, cell death through Fas ligand and through production of hydrogen
peroxide.

P2X7 activation is proposed to stimulate lysosome-phagosome fusion through

phospholipase D activation and alter the pH of the phagosome to more favourable conditions for
mycobacterial death. In patients homozygous for the single nucleotide polymorphism A153C, P2X7
induced killing of mycobacterial infected macrophages is abolished, thereby predisposing the host
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to infection. Extra pulmonary tuberculosis has been strongly associated with this particular SNP in
Australia, Russian Slavic populations, and the Punjab region of India [476].

1.23.5 Giant cell formation
Cells from the macrophage and monocyte lineage are able to fuse to form multinucleated giant cells
(MGC). Highly virulent Mycobacterium such as Mycobacterium tuberculosis are able to form MGC
with over 15 nuclei per cell [477]. Chronic granulomatous reactions are characterized by the
presence of MGC, and distinct morphological phenotypes of these MGC’s exist, formation of which
is dependent on environmental conditions, surface receptors and cytokine milieu. Morphologically
different types of MGCs exist and these include Langhans giant cells, foreign body giant cells and
multinucleated osteoclasts [478].

Langhans giant cells are typical features of infectious

granulomatous disorders such as tuberculosis, leprosy and sarcoidosis, and foreign body giant cells
form as result of the foreign body response- typically at the sites of implanted materials such as
medical devices and biomaterials [477]. Osteoclasts are bone-reabsorbing cells with crucial
functions in bone-homeostasis and remodelling.
Mechanism of MGC formation is not clear, but P2X7 has been proposed to be involved in the
formation pathway in several MGC phenotypes. In human monocytes, concanavalin-A (con-A) and
IFN-γ induced MGC formation was inhibited by the addition of P2X7 antagonist oATP. Murine J774
macrophages overexpressing P2X7 spontaneously fuse to form MGC whereas those with low P2X7
expression do not [479]. Monocyte derived human macrophages pre-treated with an inhibitory mAb
specific to the extracellular domain of human P2X7 did not form MGCs, despite P2X7 stimulation
with ATP and addition of MGC inducer con-A [480].
Monocytes from patients with sarcoidosis display enhanced ability to form MGCs, which is reversed
when treated with angiotensin I-converting enzyme (ACE) inhibitors such as captopril. Angiotensin
is found at elevated levels in the serum of patients with sarcoidosis and released at higher levels
from monocytes from sarcoidosis patients. ACE inhibitors have been proposed to down regulate the
expression of P2X7 thereby preventing MGC formation [481]. The exact mechanism of P2X7
involvement in osteoclast formation has provided conflicting results. Osteoclast MGC have been
isolated from P2X7-/- mice [405], however human osteoclasts are prevented from fusing to form
multinucleated cells using P2X7 antagonists oATP and an inhibitory mAb [482].
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1.24

Project aims

The hypothesis of this thesis is that P2X7 deficiency or pharmacological blockade of P2X7 and SYK
should protect mice from developing severe uveitis.
This hypothesis was investigated with the following aims of this thesis:
i)

Investigate mechanisms of P2X7 regulation and differences in expression in
leukocytes. Mechanisms of NLRP3 inflammasome mediated IL-1β release were
investigated in dendritic cells and macrophages. Following this, mechanisms of P2X7
regulation were investigated in T cells macrophages and dendritic cells, which
included exploring the role of lipid rafts as a potential mechanism of P2X7 regulation.
Finally, levels of P2X7 splice variants expression were explored in leukocytes from
wildtype and P2X7-/- animals.

ii)

Investigate the role of P2X7 in the pathogenesis of uveitis The first aim here was
to investigate if P2X7 deficiency in mice provided a protective role against EAU
development. Following this, the efficacy of P2X7 antagonist A438079 was explored
in the treatment of established EAU. Fially, the role of P2X7 in the pathogenesis of
EIU was explored in P2X7-/- animals.

iii)

Investigate the role of SYK in the pathogenesis of uveitis The role of SYK as a
potential therapeutic target in the treatment of established EAU was explored by
utilizing the SYK inhibitor pro-drug fostamatinib (R788) for treating EAU in mice.
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Chapter 2: Material and Methods
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2.1 Experimental media and reagents

All chemicals were obtained from Sigma Aldrich (Poole, UK) and plasticware from
ThermoFisherScientific (London, UK) unless indicated.

General


1 x phosphate buffered saline (PBS)- NaCl 137 mM, KCl 2.7 mM, Na2HPO4 8.1
mM, KH2PO4 1.47 mM.

Enzyme-linked immunosorbent assay (ELISA)


ELISA wash buffer- 0.05% Tween-20 in PBS pH 7.2-7.4.
ELISA block buffer- 1% bovine serum albumin (BSA) in PBS.



ELISA reagent diluent- 0.1% BSA, 0.05% Tween-20, Tris-Buffered Saline (20 mM
Trizma base, 150mM NaCl) pH 7.2-7.4

Western Blot


Transfer buffer - 20% Methanol, 25mM Tris base, 190 mM Glycine



Tris-buffered Saline with Tween-20 (TBS/T) buffer- 20 mM Tris pH 7.5, 150 mM
NaCl, 0.1% Tween-20.



Western blot block buffer - TBS/T and 5% Marvel milk powder (Marvel, Dublin,
Ireland)



5 x laemmli buffer- 4% SDS, 20% Glycerol, 10% β-mercaptoethanol, 0.004%
Bromophenol blue, 0.125 M Tris HCL.



Cell lysis buffer - 1% Nonidet P40 (NP40) (Invitrogen, Paisley,UK), 200mM
Phenylmethylsulfonyl fluoride (PMSF) stock, protease inhibitor tablet (Santa Cruz
Biotechnology, Dallas,Texas, U.S.A)


Flow Cytometry


Flow cytometry cell staining buffer- 0.5% BSA,PBS



Flow cytometry running buffer- 2% paraformaldehyde (PFA), PBS



NaCl buffer- 140 mM NaCl,4 mM KCl, 2mM CaCl2, 10 mM (4-(2-hydroxyethyl)-1piperazineethanesulfonic acid) (HEPES), 25 mM Glucose, 1 mM MgCl2.
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Cell culture


T

cell

isolation

media

-

Dulbecco's

Modified

Eagle's

Medium

(DMEM)

(ThermoFisherScientific), 10% Fetal Calf Serum (FCS) (LabTech, East Sussex,
UK), L-glutamine 2 mM, Penicillin-Streptomycin 100 u/100 µg/mL.


Macrophage culture media-

DMEM, 25% FCS, L-glutamine 2 mM, β-

mercaptoethanol 50 µM, Penicillin-Streptomycin 100 u/100 µg/mL


Dendritic cell culture media (And T cell media)- Rowell Park Memorial Institute
medium-1640 (RPMI) (ThermoFisherScientific), 10% FCS, L-glutamine 2 mM,
Penicillin-Streptomycin 100 u/100 µg/mL.



Macrophage cell culture experimental buffer - DMEM, 1% FCS, L-glutamine 2 mM,
Penicillin-Streptomycin 100 u/100 µg/mL.



Dendritic cell culture experimental buffer - RPMI-1640, 1% FCS, L-glutamine 2 mM,
Penicillin-Streptomycin 100 u/100 µg/mL.



T cell isolation buffer - 2 mM Ethylenediaminetetraacetic acid (EDTA), BSA 0.5%,
PBS.



Retinal digestion media - RPMI-1640, 5% FCS, 1 mM HEPES, 0.5 mg/mL
collagenase D (Roche, Basel; Switzerland), 750 U/mL DNase I (Roche).
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2.2 Mice
Wild type 6-8 week old female C57Bl/6J mice were purchased from Charles-River Laboratories
(Saffron Walden, UK). Female mice deficient in P2X7 from Pfizer on the C57BL/6 background and
B10.RIII mice were obtained from Jackson Laboratories (Maine, U.S.A). Breeding colonies of
GlaxoSmithKline P2X7 deficient mice were established onsite. All mice were maintained in a
specific pathogen–free facility at the central biomedical services (Hammersmith Hospital, UK) and
had access to food and water ad libitum.
2.3 Genotyping P2X7-/- mice
2.3.1

Extraction of DNA

To ensure on-site bred P2X7-/- GSK mice were homozygous knockouts, genotyping was performed.
The QIAamp DNA Mini Kit (Qiagen, Valencia, CA) was used to extract DNA from mouse ear
clippings. All buffers were provided by Qiagen. Samples were lysed in 100 µL supplied Buffer ATL
supplemented with 20 µL proteinase K at 56°C for ~3 hours or until samples had lysed completely.
Manufacturer’s

instructions

were

followed

to

obtain

DNA

in

nuclease

free

water

(ThermoFisherScientific).
2.3.2
DNA

Polymerase Chain Reaction (PCR)
was

amplified

using

primers

5’-CTTCCTCTTACTGTTTCCTCCC,

5’-

GCAAGGCGATTAAGTTGGG, 5’-TGCCCATCTTCTGAACACC. PCR conditions were 94ºC 3
minutes, followed by 35 cycles of 94ºC 30 seconds, 60ºC for 1 minute, 72ºC for 1 minute, followed
by 72ºC for 10 minutes and cooled at 4ºC on a PTC-200 Pelltier Thermal Cycler (MJ Research,
Waltham, Massachusetts, U.S.A). Products were loaded onto a 2% agarose gel with a 1 kb
Hyperladder™ (Bioline, London, UK) at 150 V for 40 minutes. Expected band sizes were 568 bp for
WT C57BL/6, 393 bp for homozygous P2X7-/- mice and both bands for heterozygous P2X7-/- mice.
2.4 Cell culture
The following protocols describe methods of murine T cell isolation and differentiation of murine
bone marrow derived macrophages (BMDM) and bone marrow derived dendritic cells (BMDC).
2.4.1

T cell isolation

Splenocyte isolation
Inguinal and cervical lymph nodes; and spleen were excised from sacrificed mice and stored in Tcell isolation media on ice. A single-cell suspension was prepared by pulverising lymph nodes
through a 100 µM cell strainer using the plunger from a 20 mL syringe. After rinsing through with Tcell isolation media, cells were centrifuged at 1500 rpm for 7 minutes and red blood cells were lysed
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with red blood cell lysing buffer Hybri-Max™ (Sigma Aldrich) for 1 minute at room temperature.
Pellets were re-suspended in T-cell isolation buffer, counted with a haemocytometer and
resuspended to a density of 1 x 107 cells per 40 µL.
T cell separation
The murine CD4+ T cell Isolation Kit mouse or the Pan T cell Isolation kit II (Macs Miltenyi Biotec,
Oxford, UK) were used to isolate CD4+ T cells, or pan T cells respectively. The CD4+ kit depletes
cell suspensions of all other cell types by indirect magnetic labelling of non-target cells with a
cocktail of biotin-conjugated monoclonal antibodies against CD8a, CD11b,CD11c, CD19, CD45R
(B220), CD49b (DX5),CD105, Anti-MHC Class II, Ter-119, and TCRγ/δ. The pan T cell kit depletes
cell suspensions of all other cell types by indirect magnetic labelling of non-target cells with biotinconjugated monoclonal antibodies against CD11b, CD11c, CD19, CD45R (B220), CD49b (DX5),
CD105, Anti-MHC class II, and Ter-119. Unlabelled T cells were separated by magnetic separation
in MS/LS columns (Macs Miltenyi Biotec) placed in a magnetic field. Manufacturer’s instructions
were followed.
2.4.2

Bone marrow isolation

Wild type 6-8 week old C57BL/6 female mice were sacrificed and femurs and tibias excised. After
removing excess tissue, bones were rinsed in 70% ethanol and the ends of the bones were cut. A
25-gauge needle attached to a 10 mL syringe filled with Hank's Balanced Salt Solution (HBSS) was
used to flush out bone marrow cells. After filtering through a 100 µM cell strainer (Corning,
Flintshire, UK), cells were centrifuged at 1500 rpm for 7 minutes and red blood cells were lysed with
red blood cell lysing buffer Hybri-Max™ for 1 minute at room temperature. Pellets were resuspended in HBBS and centrifuged at 1500 rpm for 7 minutes. Cells were resuspended in culture
medium, and counted with a haemocytometer.
2.4.2.1 Bone Marrow Derived Macrophage Cell culture
Isolated bone marrow cells were seeded at 2.5 x 106 cells per 100 mm plates in macrophage culture
media supplemented with 100 ng/mL murine recombinant macrophage-colony stimulating factor
(rM-CSF) and incubated at 37ºC in 5% CO2. Fresh media and rM-CSF was added at day 3 and
adherent cells collected and used after 7-8 days of culture.
2.4.2.2 Bone Marrow Dendritic Cell culture
Harvested bone marrow was resuspended in full culture media containing 20 ng/mL recombinant
granulocyte macrophage-colony-stimulating factor (rGM-CSF) and 5 ng/mL recombinant rIL-4
seeded at 5 x 106 cells per well in 6 well plates. Cells were incubated at 37ºC in 5% carbon dioxide
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(CO2). On day 3 media was changed, and non-adherent cells were collected and used after 6 days
of culture.
2.5 P2X7 stimulation
BMDM or BMDC were differentiated as described in sections 2.4.2.1 and 2.4.2.2 respectively. After
collection, cells were plated into 6-well plates at 1 x 106 cells per well, and incubated for 24 hours at
37ºC 5% CO2 in macrophage or dendritic cell experimental culture media (1% FCS). Cells were
washed with HBSS, resuspended in experimental culture media and primed with 1 µg LPS for 4
hours at 37ºC 5% CO2. Selected cultures contained 10 units of apyrase in addition to 1 µg LPS.
After washing with HBBS, cells were stimulated with 5 mM ATP for 30 minutes. Supernatant was
collected for analysis and stored at -80ºC. Cells were collected for western blot or real-time reverse
transcription-polymerase chain reaction (qRT-PCR) as described in sections 2.13 and 2.14
respectively. Experiments were performed in triplicate.
2.6 Lipid raft disruption
BMDM and BMDC were seeded into 6 well plates at 1 x 106 cells per well. Lipid rafts were disrupted
by depletion of cholesterol with the addition of 10 mM methyl-β-cyclodextrin (MβCD) for 30 minutes.
The inactive analogue α-cyclodextrin (αCD) 10 mM was added to cultures as a control. Following
this, P2X7 was stimulated in BMDM and BMDC as described in section 2.6. Cells were collected for
western blot or qRT-PCR as described in sections 2.8 and 2.9.3 respectively. Experiments were
performed in triplicate. A fluorometric method was utilized to measure cholesterol levels in BMDM,
BMDC and T cells to validate MβCD (and αCD) had desired effects on depletion. Cells were seeded
into 2 x 106 cells/ well in 6 well plates and incubated with 10 mM MβCD and αCD for 30 min or
media-only control. Cells were rinsed with ice cold PBS twice and homogenised in 200 µL cell lysis
buffer per well on ice for 10 minutes. Lysates centrifuged at 13000 rpm at 4ºC for 10 minutes in
microcentrifuge tubes. Protein levels were measured using the Pierce™ BCA protein assay kit as
described in 2.9.3. Cholesterol levels were measured using the Amplex Red cholesterol assay kit
(Life Technologies). Manufacturers instructions were followed to measure fluorescence on the BMG
FLUOstar OPTIMA Microplate Reader. Data was extrapolated from a standard curve created from
fluorescence levels of provided cholesterol standards.
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2.7 Cytokine analysis
2.7.1

IL-1β and IL-18 release

IL-1β production was determined in duplicate per biological sample from collected supernatant
using a mouse sandwich ELISA as per manufacturer’s instructions (R&D systems, Minnesota,
U.S.A) and measured against a provided recombinant mouse IL-1β standard with the top standard
1000 pg/mL. Supernatant was also assayed for IL-18 levels with the mouse IL-18 platinum ELISA
kit (eBioscience, CA, U.S.A), with a top mouse IL-18 standard of 2000 pg/mL and manufacturer’s
instructions were followed. Optical density was measured at 540 nm on an ELx800 absorbance
reader (Biotek, Vermont, U.S.A). Experiments were performed in triplicate.
2.8 Flow Cytometry
2.8.1

Cell surface expression of P2X7

Differentiated BMDM and BMDC were primed with 1 µg LPS for 4 hours as described in section 2.5.
Cells were harvested and re-suspended in 0.5% PBS-BSA. Cells were incubated for 20 minutes on
ice with fluorochrome-conjugated antibodies against P2X7 and cell type specific surface markers
detailed in table 2.3. After fixation in 2% paraformaldehyde cells were analysed on the BD Accuri™
Plus C6 Flow Cytometer (BD Biosciences, Oxford, UK). Gating strategy and analysis was performed
in FlowJo (Treestar, California, U.S.A).
2.8.2

YO-PRO-1/TO-PRO-3 uptake

BMDM and BMDC were harvested and plated into 12 well plates at 1 x 106 million cells per well in
dendritic or macrophage experimental culture media. T cells were extracted from C57BL/6 mouse
splenocytes as described in 2.4.1. Cells were harvested and re-suspended in T cell media and
seeded at 1 x 106 cells/well in 96 well plates. Cells were depleted of lipid rafts by addition of 10 mM
MβCD for 30 minutes. BMDM and BMDC were primed with 1 µg/mL LPS for 4 hours followed by
lipid raft depletion with 10 mM MβCD for 30 minutes. For all cell types, prior to dye/ATP addition,
media was changed to NaCl buffer. A final concentration of 10 µM of the dye YO-PRO®-1 Iodine
(491/509) or TO-PRO®-3 Iodide (642/661) was added to cell suspensions simultaneous to 5 mM
ATP addition for 30 minutes.

The reaction was stopped with addition of ice cold NaCl buffer

containing 20 mM MgCl2. Cells were harvested and re-suspended in 0.5% PBS:BSA. Cells were
incubated for 20 minutes on ice with fluorochrome-conjugated antibodies against cell type specific
surface markers as described in table 2.3. After fixation in 2% paraformaldehyde YO-PRO-1/TOPRO-3 uptake in cells was analysed on the BD Accuri™ Plus C6 Flow Cytometer (BD Biosciences,
Oxford, UK). Further analysis was performed on FlowJo software. This was adapted from Robinson
et al.[483]
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2.9 Western blot analysis
2.9.1

Cell homogenisation

Cells were rinsed with ice cold PBS twice and homogenised in 100 µL cell lysis buffer per 1 x 106
cells on ice for 10 minutes. Lysates were transferred to microcentrifuge tubes and centrifuged at
13000 rpm at 4ºC for 10 minutes.
2.9.2

Precipitation of supernatant protein

Supernatant was removed from cell cultures, mixed with 4 volumes of ice-cold acetone and left for
12 hours at -20ºC to precipitate. Culture-acetone mixtures were centrifuged at 15,000 g for 10
minutes and supernatant removed. Pellets were air-dried for approximately 5 minutes until all
acetone had evaporated. Pellets were re-suspended in 150 µL sterile ddH2O.
2.9.3

Quantification of protein concentration

The Pierce™ BCA Protein Assay kit (ThermoFisher) was used to quantify total protein concentration
of cell lysates or supernatant protein. Provided albumin was diluted with cell lysis buffer (excluding
protease inhibitor and PMSF) and a set of standards prepared with the highest at 2000 µg/mL. Each
sample was tested in duplicate and 10 μL of each sample was added 96 well plates. Working
reagent was prepared according to manufacturer’s instructions and 200 µL added per
sample/standard. Plates were incubated for 30 minutes at 37oC before cooling to room temperature
and measuring the absorbance at 562 nm on the ELx800 absorbance reader.
2.9.4

Sample preparation and electrophoresis

Samples containing 10 µg of protein were prepared in 1 x laemmli buffer, denatured for 3 minutes at
95ºC and cooled at room temperature. Samples were briefly centrifuged to recover full volume.
Samples and 10 μL of full range molecular weight ladder ranging from 12 kDa to 225 kDa (GE
Healthcare Life Sciences, Amersham, UK) were loaded onto 4-12% NuPAGE® Novex® Bis-Tris
mini gels (ThermofisherScientific) in Novex® Bis-Tris gel apparatus. Lower chambers were filled
with 1 x NuPAGE® MOPS SDS running buffer (ThermofisherScientific) and upper chambers with 1
x running buffer supplemented with 2.5% of antioxidant (ThermoFisherScientific) and proteins
electrophoresed for 2 hours at 100 V.
2.9.5

Transfer to nitrocellulose membrane

Nitrocellulose 0.45 μM membrane (Hybond ECL; GE Healthcare) was activated by submerging in
100% methanol and proteins were transferred in ice-cold transfer buffer in a transfer tank at 100 V
for 90 minutes.
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2.9.6

Blocking and antibody application

Membranes were blocked for non-specific binding in 5% skimmed milk powder (Marvel) at room
temperature in TBS/T for 1 hour at room temperature on a rocker. Block was removed and replaced
with primary antibodies detailed in table 2.2, in 5% milk powder in TBS/T and incubated for 12 hours
at 4ºC on a rocker. Membranes were washed in TBS/T 3 x 1 minute, 1 x 15 minutes and 3 x 5
minutes. Biotinylated secondary antibody was diluted as detailed in table 2.2 in 5% milk powder
TBS/T for 1 hour at room temperature on a rocker. The previous wash step was followed in
preparation for the signal detection step.
2.9.7

Chemiluminescence and signal detection

Proteins were detected on nitrocellulose membrane placed on cellophane with the enhanced
chemiluminescence kit containing hydrogen peroxide and luminol (ECL; GE Healthcare). The two
reagents were mixed in a 1:1 ratio, applied to the membrane for 1 minute, drained off, exposed to
hyperfilm (ECL. GE Healthcare) and developed using the SRX-101A automatic film processor
(Konica Minolta, Tokyo, Japan).
2.10

Extraction of RNA

2.10.1 Phenol-Chloroform method
Spleen and brain tissue were homogenised in 1 mL TRIzol per 5 mg. Retinas were dissected from
enucleated eyes in PBS and pooled together in 500 µL TRIzol- 3 pairs of eyes collectively
comprised one sample. Cells were homogenised in 1 mL TRIzol (ThermoFisherScientific) per 1 x
107 cells. Homogenised tissue and cells were incubated at room temperature for 10 minutes. 1:5
Chloroform was added to cells and samples shaken vigorously for 15 seconds. Samples were
incubated for 3 minutes at room temperature followed by centrifugation at 12,000 RCF for 15
minutes at 4ºC. The upper aqueous phase containing RNA was removed, and precipitated with 1:2
volume of 2-propanol added per 1 mL TRIzol used for homogenisation. This was incubated at room
temperature for 10 minutes and centrifuged at 12,000 g for a further 10 minutes at 4ºC. Supernatant
was removed and the remaining pellet washed with 1:1 75% ethanol per 1 mL TRIzol used for
homogenization. This was centrifuged at 7,500 g for 5 minutes and this wash step repeated. The
pellet was air-dried for 6 minutes at room temperature to remove remaining ethanol, and resuspended in 20µL nuclease free water. DNA was digested using a deoxyribonuclease I
amplification grade (DNase I) Kit (Sigma Aldrich). Manufacturer’s instructions were followed. The
concentration and purity of RNA was assessed using the A260:A280 ratio and A260:A230 respectively on
the Nanodrop 2000c Spectrophotometer (ThermoFisherScientific).
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2.10.2 Column extraction
Alternatively, RNA was extracted using the RNeasy Micro kit (Qiagen). A maximum of 5 x 105 cells
or 5 mg of tissue was homogenised in provided buffer RLT and manufacturer’s instructions were
followed.
2.10.3 Reverse transcription
Reverse transcription was performed from 1 µg total RNA per sample using the iScript™ Reverse
Transcription Supermix for RT-qPCR (BioRad, Hertfordshire, UK) according to manufacturer’s
instructions.
2.10.4 qRT-PCR
qRT-PCR was performed using the MESA BLUE qPCR MasterMix Plus for SYBR® Assay
(Eurogentec, Southampton, U.K), or the SensiMix SYBR® Low-ROX Kit (Bioline). Each sample was
performed in duplicate in 96-well PCR plates (ThermoFisher Scientific) on an Eppendorf
Mastercycler® RealPlex2. Primer pairs and respective thermal cycling parameters are detailed in
table 2.5. A melt curve analysis was performed for every reaction. Housekeeping genes for murine
glyceraldehyde-3-phosphate dehydrogenase GAPDH was used as a positive control and primer
pairs for these genes are detailed in table 2.4. Negative controls were nuclease free water and
extracted DNase digested total RNA. All primers were synthesised by Sigma Aldrich. Relative
quantification of a target gene compared to the reference gene were calculated using the
comparative Ct method.
2.10.5 Sequencing qRT-PCR products
The QIAquick PCR Purification Kit (Qiagen) was used to clean-up cDNA produced from qRT-PCR
for sequencing analysis. Manufacturer’s instructions were followed to obtain purified cDNA and
sequenced with relevant primers at the MRC CSC Genomics Core Laboratory (Imperial College,
London). Sequencing data was analysed with ApE A plasmid editor software (U.S.A).
2.11

Experimental Autoimmune Uveitis

2.11.1 Induction of EAU
All procedures were performed under the Home Office Project License 70/7014 until April 2015 then
70/7011 from June 2016 and personal license I6A02D29E in accordance with the regulations of the
United Kingdom Animal (Scientific Procedures) Act (1986).
2.11.1.1

C57BL/6 background EAU

EAU was induced in 6-12 week old female WT C57BL/6, Pfizer P2X7-/- or GSK P2X7-/- mice with a
subcutaneous

right

flank

injection

of

500

µg

recombinant

IRBP

peptide

1-20
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(GPTHLFQPSLVLDMAKVLLD) (Cambridge peptides, Cambridge, UK) in PBS emulsified in CFA (1
mg/mL, 1:1 volume/volume) with 2.5 mg/mL per mouse of Mycobacterium tuberculosis stain H37Ra
(BD Bioscience). Additional adjuvant of 1.5 µg Bordetella pertussis toxin was injected into the
intraperitoneal cavity. Control mice were injected with all reagents excluding IRBP peptide (CFA
control group).
2.11.1.2

B10.RIII background EAU

EAU was induced in 6-12 week old WT B10.RIII female mice with a subcutaneous right flank
injection of 50 µg recombinant IRBP peptide 161-180 (SGIPYIISYLHPGNTILHVD) (Cambridge
peptides) in 2% Dimethyl Sulfoxide supplemented PBS emulsified in CFA (1 mg/mL, 1:1
volume/volume) with 1.5 mg/mL per mouse of Mycobacterium tuberculosis H37Ra (BD Bioscience).
Additional adjuvant of 1 µg Bordetella pertussis toxin was injected into the intraperitoneal cavity.
Control mice were injected with all reagents excluding IRBP peptide (CFA control group).
2.11.2 A438079 antagonist treatment of EAU
Mice were given intraperitoneal injections of 275 μmol of P2X7 antagonist A438079 in sterile water
twice daily from day 10 p.i and control mice injected with sterile water only.
2.11.3 Treatment of EAU with SYK inhibitor fostamatinib pro-drug R788
B10.RIII mice were induced with EAU according to sections 2.10.1.2. Mice were treated with spleen
tyrosine kinase (SYK) inhibitor pro-drug R788 fostamatinib (a gift from Rigel Pharmaceutical, San
Francisco, USA) at 40 mg/kg prepared in 0.1% carboxymethylcellulose sodium or a vehicle control,
twice daily (8 hours apart) by oral gavage from the start of clinical disease (day 10 p.i). Mice were
sacrificed 16 days p.i.

2.11.4 TEFI imaging
The method for imaging described below has been described by Copland et al. [63].
Equipment
An endoscope with a 5-cm-long tele-otoscope which had a 3 mm outer diameter was connected to
a xenon lamp (201315-20; Karl Storz) through a flexible optic fibre cable (1218AA; Karl Storz,
Tuttlingen, Germany). The endoscope was also directly connected to a digital camera (D90 Nikon,
Tokyo, Japan) through an adaptor attached to a +4.00-D magnifying lens. The preferred camera
settings were as follows: manual focus; operating mode S (shutter speed priority), shutter 1/100 s,
and fluorescent white balance large and superfine image.
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Imaging method
Mice were anaesthetized using inhalational anaesthesia. Pupils were dilated by topical
administration of tropicamide 1% and phenylephrine 2.5% (Minims; Chauvin Pharmaceuticals,
Romford, UK). Eye gel (Novartis Pharmaceuticals, Camberley, UK) was also applied for anaesthetic
purposes and for contact with the endoscope. The camera endoscope system was attached to a
bench-clamp, and the mouse was positioned so an eye-gel covered cornea made contact with the
tip of the endoscope. The position of the mouse and the focus of the camera were finely tuned until
a suitable objective was obtained, and the image was captured. Images were transferred to a
computer and contrast adjusted if required using Adobe Photoshop.

2.12

Analysis of EAU

2.12.1 CD45 immunohistochemistry
Mice were sacrificed and eyes were enucleated and immersed in 4% paraformaldehyde for 24
hours. Eyes were transferred to 70% ethanol, embedded in paraffin wax and sectioned into 6 µm
sections. Eyes were processed and stained by the Leukocyte Biology Section (Imperial College,
South Kensington, London). Sectioned eyes were deparaffinized in xylene for 5 minutes twice
followed by rehydration in 100% ethanol for 5 minutes, twice. After rinsing gently in H2O, slides
were heated in 10mM sodium citrate buffer for antigen retrieval for 15 minutes at 90ºC.
Endogenous peroxidase was blocked with 30% H2O2 for 15 minutes followed by two PBS washes
for 5 minutes each. Non-specific binding was blocked with 1.5% rabbit serum (Vector laboratories)
in 2% BSA:PBS for 30 minutes. For CD45 staining, sections were incubated with rat anti-mouse
monoclonal CD45 (1:250), isotype control rat IgG1 (1:250) or PBS alone, all diluted in 2% BSA:PBS
at 4ºC for 12 hours. Slides were washed in PBS twice and incubated in secondary antibody
biotinylated-rabbit anti-rat IgG (1:200, for CD45) diluted in 0.1% BSA:PBS for 30 minutes at room
temperature. The VECTASTAIN Elite ABC Kit (Vector laboratories) was utilized to detect bound
biotinylated antibodies and manufacturer’s instructions followed. Slides were washed twice in PBS
and the DAB Peroxidase Substrate Kit (Vector laboratories) used to detect and stain peroxidase
enzyme according to manufacturer’s instructions. Slides were washed in PBS for 5 minutes, running
tap water for 3 minutes and counterstained in haematoxylin for 30 seconds. Slides were returned to
running tap water for 3 minutes and rehydrated through a series of graded alcohols and xylene, and
mounted

in

Pertex

mounting

medium

(Histolab,

Sweden)
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2.12.2 EAU grading scale
The scale developed by Dick et al. was used to score disease severity in terms of structural damage
and inflammatory infiltrate on CD45 stained eye sections [484]. These two scores were added
together and the total score recorded per mouse eye (maximum total score = 42). Stained eye
sections were graded in a blinded manner.
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Table 2.1 Grading scale for EAU severity

Cellular infiltration

Anatomical location

Grading level

Score

Ciliary body

Cell infiltrate <5

1

Mild thickening

2

Moderate thickening

3

Gross thickening

4

Cells <5

1

Cells 5-24

2

Cells 25-49

3

Cells 50-99

4

Cells >100

5

<10% vessels involved

1

10-24%

2

25-49%

3

50-74%

4

>75%

5

Cells in or around wall

1

Mild perivascular cuffing

2

Moderate cuffing

3

Gross cuffing

4

Cell infiltrate

1

Partial loss

2

Moderate loss

3

Subtotal loss

4

Total loss

5

Cell infiltrate

1

Mild thickening

2

Moderate thickening

3

Gross thickening

4

Granulomas

1

Vitreous

Vasculitis (mural or extravascular
cells)

Rod Outer Segments

Choroid

Granulomas 2-4

2

Granulomas >5
3

Maximum score = 30
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Structural/morphological changes
Anatomical location

Grading level

Score

Rod outer segments

Cell infiltrate <5

1

Partial loss

2

Moderate loss

3

Subtotal loss

4

Cell infiltrate

1

Partial loss

2

Moderate loss

3

Subtotal loss

4

Total loss

5

< 10% folds

1

10-50% folds

2

>50% folds

3

Neuronal layers

Retinal Morphology

Maximum score=12
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2.12.3 Flow cytometry analysis of retinal infiltrate
Left eyes were enucleated from diseased animals, and retinas dissected. Digestion of retina took
place in retinal digestion media for 20 minutes at 37ºC. Digested retina were supplemented with a
further 0.5 mg/mL collagenase D and 750 U/mL DNase I and incubated for an additional 10 minutes
at 37ºC. After filtering through a 40 µm cell strainer, cells were centrifuged at 1500 rpm at 4ºC for 10
minutes and resuspended in flow cytometry staining buffer. This method was adapted from Copland
et al. [485]. Cell suspensions were incubated with anitbodies against cell surface markers for CD45,
CD3, CD4, and CD11b for 15 minutes at 4ºC. Retinal cells for each sample were resuspended in
200 µL flow cytometry running buffer containing 2% paraformaldehyde. 50 µL of each sample was
run on a medium setting on the BD Accuri C6 Plus flow cytometer, which can directly measure cell
numbers.
2.12.4 Flow cytometry analysis of splenocyte populations
Splenocytes were obtained from diseased/non-diseased mice and treated/vehicle-treated mice at
the start of clinical disease and at peak disease respectively. Splenoctyes were obtained as
described in section 2.4.1 and resuspended in flow cytometry staining buffer. Cell suspensions were
incubated with fluorochrome conjugated murine antibodies against cell surface markers for CD45,
CD4, MHC-II, CD11b, and CD11c for 15 minutes at 4ºC. Cells were re-suspended in 200 µL flow
cytometry running buffer containing 2% paraformaldehyde and 50 µL analysed on the BD Accuri™
C6 Plus Flow Cytometer.
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Figure 2.1 Flow cytometry gating strategy. Gating strategy employed for ocular infiltrate and splenocytes B10.RIII,
C57BL/6 or P2X7

-/-

mice were induced with EAU as described. The plots displayed are representative of the gating

strategy employed to identify different infiltrating ocular leukocyte populations and splenocytes. Eyes were enucleated at
the appropriate time point according to the model utilized. Spleens were removed from mice at time points dependent on
the model utilized. Retinal cell suspensions and splenocytes were prepared and stained with fluorochrome-conjugated
anti-CD45, anti-CD3, anti-CD4 and anti-CD11b, anti-CD11c and anti-MHC-II and analysed on the BD Accuri™ C6 Plus
+

Flow Cytometer. Single cell populations were gated followed by pan leukocyte populations (CD45 ) in spleens and eyes
+

+

+

+

as shown in (a). Further gating was applied on CD11b , CD3 CD4 and MHC-II+CD11c subsets.

117

2.12.5 Splenocyte cytokine analysis
Splenocytes were isolated from diseased mice, treated mice and control mice as described in
previously. Cells were seeded into 24 well plates at 1 x 106 cells per well in T cell media and
stimulated with 10 µg/mL recombinant IRBP peptide 161-180/ IRBP peptide 1-20, or sterile water.
After 48 hours, supernatant was removed and analysed for IFN-γ and IL-17A by ELISA as per
instructions (both R&D systems).
2.12.6 Analysis of Foxp3 expression
Splenocytes were isolated from diseased mice, treated mice and control mice as described in
section previously. 1 x 106 cells were resuspended in TRIzol and RNA was extracted and cDNA
conversion was performed on 1 µg RNA, as described in section 2.9. Primer pairs for CD3Ɛ and
Foxp3 were used for qPCR analysis. GAPDH was used as a reference gene (Details of all primer
pairs in table 2.4).
2.13

Endotoxin Induced Uveitis

Female C57BL/6 and Pfizer P2X7-/- mice aged 6-10 weeks were given a single 2 μL intraocular
injection of 1 ng LPS from E.coli strain 055:B5 into the vitreous cavity utilizing 33G 9 mm needles,
0.6 mm from the corneal limbus and perpendicular to the sclera according to the protocol described
by Chu et al [68]. Injections were carried out under general anaesthesia. 24 hours post injection,
mice were culled and right eyes removed for histological analysis. Left eyes were enucleated for
dissection. Eyes were dissected in eye wash media and an incision was made at the corneal limbus
and expanded around the circumference of the eye. The lens and cornea were removed and
aqueous humour pooled into the media. Additionally the retina and vitreous were removed, the
retina cut into small pieces and added to the media containing aqueous humour and the media
containing these ocular components was transferred to an Eppendorf tube. Addition of 0.5 mg/mL
collagenase D and 750 U/mL DNase I at 37ºC for 20 minutes digested the tissue, with
supplementation of the same concentrations of both enzymes for an additional 10 minutes. After
filtering through a 40 µm cell strainer, cells were centrifuged at 1500 rpm at 4ºC for 10 minutes and
resuspended in flow cytometry staining buffer. Cell suspensions were incubated with murine
fluorochrome antibodies against cell surface markers for CD45, CD11b, LY6C, and LY6G for 15
minutes at 4ºC. Cells were re-suspended in 200 µL flow cytometry running buffer containing 2%
paraformaldehyde and 50 µL of each sample was analysed on the BD Accuri™ C6 Plus flow
cytometer.
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2.14

Statistical analysis

For in vivo experiments, statistical significance in disease severity between animal groups was
determined using the Mann-Whitney U test. For in vitro experiments, for comparisons between two
groups the students T-test or Mann-Whitney U test were used to calculate statistical significance
where appropriate. For three or more groups, statistical significance was calculated by applying a
repeated-measures one-way ANOVA. Either Bonferroni or Dunnett’s post hoc tests were applied. P
values less than 0.05 were considered as statistically significant. All statistical analysis was
performed in Prism 6 (GraphPad; LaJolla, CA, USA).
Table 2.1 Immunohistochemistry and western blot antibodies

Name *

*All antibodies mouse reactive

Isotype

Dilution

Source

Catalogue
reference

Monoclonal rat IgGb2

1/250

AbD Serotec (Oxford,UK)

MCA1388

1/5000

Vector Laboratories

BA-4001

Immunohistochemistry
Primary antibodies
CD45

Secondary antibodies

Biotinylated rabbit
anti-rat IgG
Western blot
Primary antibodies
IL-1β

Polyclonal goat IgG

1/800

R&D

AF-401-NA

GAPDH

Polyclonal goat IgG

1/1000

R&D

AF5718

Caspase-1

Monoclonal mouse
IgG1

1/200

Adipogen (Liestal

AG-20B-0042-C100

Caspase-8

Monoclonal rat IgG1

1/200

Enzo Lifesciences

ALX-804-448-C100

MMP-9

Polyclonal goat IgG

1/800

R&D systems

AF909

HRP-conjugated anti-goat
IgG

Polyclonal rabbit IgG

1/5000

R&D systems

HAF017

HRP-conjugated anti-mouse
IgG

Polyclonal goat IgG

1/5000

R&D systems

HAF007

HRP-conjugated anti-rat IgG

Polyclonal goat IgG

1/5000

R&D systems

HAF005

Switzerland)

Secondary antibodies
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Table 2.2 Flow cytometry antibodies

Name*

Isotype

Fluorochrome

Source

Catalogue
reference

P2X7

Rabbit Polyclonal IgG

FITC/ATTO633

Alomone

APR-008/ APR-008FR

F4/80

Rat IgG2a, κ

PerCP/Cy5.5

eBioscience

45-4801-80

(Hatfield,UK)
CD11c

Armenian Hamster IgG

eFluor® 660

eBioscience

50-0114-80

MHC-II

Mouse IgG2a, κ

PerCP-eFluor® 710

eBioscience

46-5320-80

APC
CD4

Rat IgG2a, κ

PE-Cy5.5

BD Bioscience

552775

CD11b

Rat IgG2b

Alexa Fluor® 647

BD Bioscience

557657

CD45

Rat IgG2b

FITC

BD Bioscience

552848

CD8a

Rat LOU

Alexa Fluor® 647

BD Bioscience

557682

CD3Ɛ

Armenian Hamster IgG

PE

eBioscience

12-0031-82

LY6C

Rat IgG2c, κ

PE

Biolegend

LY6G

Rat IgG2a, κ

PerCP/Cy5.5

Biolegend

127615

7AAD

eBioscience

00-6993-50

OneComp beads

eBioscience

01-1111-42

128007

Compensation beads

*All antibodies mouse reactive and monoclonal unless stated
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Table 2.3 Other reagents

Reagent

Source

Diluent

YO-PRO®-1 Iodide (491/509)

Life technologies

NaCl buffer

Y3603

TO-PRO®-3 Iodide (642/661)

Life technologies

NaCl buffer

T3605

P2X7 antagonist A438079

In-house

and

Tocris

Sterile water

Catalogue reference

N.A /2972

(Bristol, UK)
Spleen tyrosine kinase inhibitor
fostamatinib disodium (R788)

5-(and 6)-carboxyfluorescein

Rigel
(South

Pharmaceuticals
San

Francisco,

0.1%

N/A

carboxymethylcellulose

California)

sodium

Invitrogen

PBS

65-0850

Sigma

PBS

B6396-5MG

Sigma Aldrich

Cell culture experimental

diacetate succinimidyl ester
(CFSE)
2′(3′)-O-(4Benzoylbenzoyl)adenosine 5′triphosphate triethylammonium
salt
Methyl-β-cyclodextrin

C4555-5G

buffer
α-Cyclodextrin

Sigma Aldrich

Cell culture experimental

C4680-5G

buffer
Recombinant murine M-CSF

Peprotech (London, UK)

Sterile H2O + 0.1% BSA

315-02

Recombinant murine GM-CSF

Peprotech

Sterile H2O + 0.1% BSA

315-03

Recombinant murine IL-4

Peprotech

Sterile H2O + 0.1% BSA

214-14

LPS from E.coli 0111:B4

InvivoGen

Endotoxin free water

tlrl-3pelps

LPS from E.coli 055:B5

Sigma Aldrich

Endotoxin free water

L2880-10MG

Immunizing peptide Human

Cambridge peptides

PBS 2% DMSO

Made to order

Cambridge peptides

PBS 2% DMSO

Made to order

IRBP1-20
(GPTHLFQPSLVLDMAKVLLD)
Immunizing peptide IRBP 161-180
(SGIPYIISYLHPGNTILHVD)
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Table 2.4 Mouse primer pairs and conditions
Name

Forward

Reverse

Primer

MgCl2

Melting
temperature*

concentration

(Tm)
IL-1β

CACAGCAGCA

GTGCTCATGTCCTCATCCTG

200 nM

4 mM

63.3ºC

AGGTCGGTGT

TGTAGACCATGTAGTTGAGGTC

200 nM

4 mM

61.1 ºC

GAACGGATTT

A

200 nM

6.5

61.3 ºC

CATCAACAAG
GAPDH

G
P2X7VK

GCCCGTGAGC

GGTCAGAAGAGCACTGTGC

CACTTATGC

P2X7VA

ACACCGTGCT

[391]

TACAGGTGCT

mM

GCAACAGCTGGGCAGAATG

200 nM

4 mM

67 ºC

TAGATCCGACCCCTTCCTTCTG

200 nM

6 mM

65.7 ºC

TAGAGTCAGTCAAAGCATCTC

300 nM

4 mM

56.2 ºC

AAGCCTTCTTCCTTCTTGGC

200 nM

4 mM

61.3 ºC

TTCTCACAACCAGGCCACTTG

200 nM

4mM

65.2ºC

ATG
P2X7V2

TCAAAGGCCA

[391]

AGAAGTTCCA
GTA

P2X7V3

AAGTCTGCAA

[391]

GTTGTCAAAG
G

P2X74
[391]
FoxP3

TTCCAACCTCC
AGGAGAGTA
CCCAGGAAAG
ACAGCAACCT
T

*Temperature displayed is lowest Tm out of primer pair.
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Chapter 3 –
Mechanisms of P2X7 regulation in leukocytes
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3.1 Introduction
P2X7 expression is highly ubiquitous and is distributed among most tissue and cell types of the
body. Expression levels are heterogeneous, with highest levels found on cells of haemopoietic
lineage. P2X7 can be activated by DAMPS such as ATP, heat shock proteins and mitochondrial
DNA; these are inherently intracellular but exhibit increased extracellular concentrations as a result
of passive release due to cell damage or necrosis [486]. These molecules can stimulate plasma
membrane purinergic receptors including P2X7. Active release of ATP has also been demonstrated
in primary human monocytes, where LPS addition alone stimulated the release of ATP from these
cells; stimulating P2X7 in an autocrine manner [487].
One of the most widely investigated consequences of P2X7 stimulation is the processing and
release of the pro-inflammatory cytokine IL-1β as a result of TLR4 and P2X7 stimulation in
macrophages, monocytes, dendritic cells and neutrophils [335]. Briefly to reiterate this well
investigated pathway, LPS provides the first stimulus where it is recognised by pattern recognition
receptor TLR4, resulting in the transcriptional up-regulation of NLRP3 and pro-IL-1β and pro-IL-18.
The second signal provided by an ATP stimulus, promotes K+ efflux through the P2X7 pore and
oligomerization of the NLRP3 inflammasome complex which includes NLRP3 protein, ASC and procaspase-1. This results in in cleavage, production and secretion of mature IL-1β and IL-18 [488]. IL1β is a potent initiator of innate inflammation, and additionally to its role in responses to viral, fungal
and bacterial infection, has shown significant involvement in the pathogenesis of animal models of
autoinflammatory diseases including rheumatoid arthritis, EAE and uveitis [489] [490].
Several other intracellular proteases have reported ability to cleave pro-IL-1β. These include the
neutrophil-derived serine proteases proteinase 3, neutrophil elastase and cathepsin G. The latter
two enzymes are up-regulated at sites of inflammation [491]. Chymase and granzyme A; mast cell
derived serine proteases are also able to cleave pro-IL-1β. Proteases such as matrix
metalloproteinases stromelysin-1 (MMP-3), gelatinase A (MMP-2) and gelatinase B (MMP-9) have
also shown ability to cleave pro-IL-1β into its active mature form through caspase-1 independent
mechanisms [492]. Specifically MMP-9 has been implicated as an alternative candidate for the
cleavage of IL-1β in an inflammatory setting. In a positive feedback loop, Il-1β released by activated
macrophages induces the up -regulation of pro-MMP production [493]. Lipopolysaccharide has
been shown to upregulate MMP-9 expression through TLR4/NF-κB signaling in human arterial
smooth muscle cells [494].
Increasing evidence has also suggested a role for the proapoptotic protease caspase-8 in
processing pro-IL-1β. This protease is known for its role in preventing necroptosis an inflammatory
form of cell death; by inducing an alternative apoptotic pathway after activation by Fas Ligand and
TNF. To this date, investigations into the role of caspase-8 in mature IL-1β production is unclear.
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Maelfait et al. showed overexpression of caspase-8 in HEK293 cells was able to produce mature IL1β in response to TLR3 and TLR4 stimulation. In addition in vitro cleavage of pro-IL-1β was shown
to be at the same site as caspase-1 (Asp117) [495].
Noncanonical routes of IL-1β production have also been reported. Stimulation of a C-type lectin
receptor dectin-1 by various mycobacteria, fungi and β-glucans activates SYK, and induces the
recruitment of proteins Bcl-10 (B-cell lymphoma/leukemia 10), CARD9 and MALT1 (mucosaassociated lymphoid tissue lymphoma translocation protein 1) resulting in induction of transcription
of IL-1 and the production of mature IL-1β through the formation of a MALT1–caspase-8–ASC
complex [496-499].
EAU is a well-established T cell CD4+ mediated disease, however there are increasingly realised
roles for dendritic cells and macrophages which have been extensively discussed in the
introduction.

High levels of nitric oxide released by activated macrophages leads to lipid

peroxidation; resulting in damage in surrounding cells. In EAU, tissue damage is decreased when
macrophage activation is neutralized by TNF-α inhibition [500]. Dendritic cells are likely to be
involved in the early stages of EAU. These cells are stimulated by exogenous microbial peptides or
endogenous DAMP molecules through TLR receptors, resulting in maturation and upregulation of
co-stimulatory and MHC II molecules followed by antigen processing and migration to lymph nodes.
Here, interaction with antigen specific naïve T cells triggers the adaptive immune response. Matured
splenic DCs loaded with the major IRBP peptide for B10.rIII mice develop uveitis [120]. Recently
published data by Klaska et al. reported BMDC primed for 24 hours in vitro with TLR4 specific LPS
(induction of endotoxin tolerance) were unable to induce EAU in an adoptive transfer model where
BMDC are loaded with immunizing peptide and injected into animals prior to EAU induction [501].
Klaska et al. reported the mechanism of immunity due to reduction in NF-κB signalling and as a
result decreased levels of pro-inflammatory cytokines. Although utilizing this endotoxin tolerance
phenomenon in this report demonstrated a role for tolergenic DCs in promoting an anti-inflammatory
response, this research does strongly implicate the importance of TLR4 stimulation for successful
EAU induction in BMDC.
Current literature shows that P2X7 mediated responses are different between different cell types. In
murine BMDM, research by Taylor et al. investigated morphological responses to LPS/P2X7
stimulation in murine BMDM and BMDC. BMDM exhibited rapid formation of organelle free large
membrane-associated vesicles in a phenomenon termed “blebbing” as a result of LPS priming
followed by P2X7 stimulation by ATP. This blebbing formation did not occur in BMDC. [387].
Differences in mechanisms of pore formation also exist between BMDM and BMDC. Englezou et al.
found that BMDM uptake significantly more dye than BMDC when stimulated with high levels of ATP
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(5mM) after LPS priming. In addition this investigation found BMDM and not BMDC are able to
uptake dye in the absence of LPS priming and stimulation with high levels of ATP only (5mM) [455].
Recently published data has challenged the traditional LPS/ATP two-signal hypothesis for IL-1β
release in macrophages and dendritic cells. This study by He et. al reported that unlike murine
BMDM murine BMDCs were able to release significant levels of cleaved IL-1β with LPS priming
alone. This study proposed an increased amount of NLRP3 expression in unstimulated BMDCs
compared to BMDMs accounting for these differences. It was concluded a partially P2X7
independent pathway of release of this IL-1β, as BMDCs from P2X7-/- mice (Pfizer) were also able
to release IL1-β with LPS priming alone. In contrast to macrophages and dendritic cells, T cells do
not require LPS priming for P2X7 mediated outcomes. T cells do not release IL-1β, and P2X7
stimulation results in the influx calcium and sodium ions, cell shrinkage and translocation of PS to
the outer leaflet of the plasma membrane and shedding of ectodomains cell surface proteins
including CD27, CD62L and IL-6R [327, 502-504].
The history of P2X7 in animal models has been fraught due to failure to understand the importance
of the P2X7 splice variants, and the failure to knock them out completely in either Pfizer or GSK
P2X7-/- mouse. For example in EAE, disease was exacerbated in the Pfizer knockout strain, and
reduced in the GSK knockout strain [389, 390]. Thus an understanding of splice variant function and
expression in immune cell types is required in order to understand mechanisms of disease when
utilizing P2X7-/- animals.
To summarise from the introduction, five murine P2X7 splice variants exist- P2X7VA, V2, V3, V4
and P2X7VK. The murine P2X7V3 contains a truncated C terminus and has been demonstrated to
have significantly decreased pore function. Transfection of P2X7V3 alongside the WT P2X7VA
variant into HEK293 cells forms heterodimers with P2X7V3 acting in a dominant negative manner to
decrease wildtype pore function [396]. Several murine tissue types including brain, kidney, spleen,
salivary gland and lung have shown to have co-expression of multiple splice variants [347].
Although expression levels of murine splice variants have not been characterized in lymphocyte
subsets, expression levels have been investigated in cultured mouse astrocytes. P2X7VA
expression levels in resting astrocytes have been shown to be negatively regulated by C-terminal
truncated variants 3 and 4 [391]. The hyperactive P2X7 variant K has been reported to have high
expression in mouse T cells. The absence of an equivalent human variant in human T cells has
been proposed to explain the species differences in kinetics of ATP induced P2X7 mediated cell
death in these cell types. Micromolar concentrations of ATP are sufficient to induce cell death in
murine T cells within 30 minutes of stimulation. In comparison, milimolar amounts of ATP are
required in human T cells for apoptosis, and the period of time required is in the range of a few days
[321].
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3.2 Experimental aims
If P2X7-/- models and an antagonist are to be used to investigate the role of this receptor in animal
model experiments EAU and EIU, it is important to understand differences in receptor stimulation
outcomes between different the main cell types involved in uveitis- macrophages, dendritic cells and
T cells. This might also help with understanding the pathogenesis of disease in the models used.

In light of these questions, the aims of the experiments in this chapter were to:


Investigate and explore differences between macrophages and dendritic cells in terms of
P2X7 mediated IL-1β release. It is currently unclear if macrophages and dendritic cells are
different in the need for TLR priming for functional responses to P2X7 stimulation and this
will be explored.



Explore

potential

mechanisms

behind

differences

in

P2X7

responses

between

macrophages, dendritic cells and T cells. This includes identification and measurement of
P2X7 splice variant expression in these cell types, and the role of LPS stimulation on splice
variant levels. Additionally, possible mechanisms of P2X7 regulation will be investigated
between different cell types by investigating the role of LPS priming on cell surface receptor
expression.


Explore the role of lipid raft disruption on P2X7 mediated responses in macrophages,
dendritic cells and T cells. The role of lipid raft association as a potential mechanism of
P2X7 regulation will be investigated.

3.3 Experimental methods
The following experiments used C57BL/6 WT and Pfizer P2X7-/- female mice, 6-8 weeks of age from
Charles River and Jackson Laboratories respectively. All experiments were conducted at
Hammersmith hospital. CD4+ T cells were isolated from spleen using magnetic labelling and BMDM
and BMDC were cultured from bone marrow as described in the methods section. Experiments in
this chapter were conducted with three biological replicates per condition, where cells were
isolated/cultured from three separate mice. ELISA and qRT-PCR experiments were conducted in
duplicate per biological replicate.
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3.4 Results
This first section will explore the differences in macrophages and dendritic cells in their need for
TLR4 priming for P2X7 mediated IL-1β release.

3.4.1 BMDC release IL-1β in response to LPS priming alone
Tissue resident macrophages and dendritic cells play crucial roles in the initiation and development
inflammation in EAU as discussed. IL-1β signalling has been reported to be crucial in the
pathogenesis of EAU. Ocular myeloid cells produce IL-1β during the course of disease, and IL-1
receptor deficient mice have significant suppression of disease compared to wild-type counterparts
[181].
Literature to date reports conflicting data concerning stimuli required for the release of mature IL-1β
in macrophages and dendritic cells. The traditional model in monocytes and macrophages requires
an LPS priming phase, followed by a second ATP stimulus. The study by He et. al found murine
BMDCs were able to release significant levels of cleaved IL-1β post LPS priming alone, a
phenomenon not present in BMDM [445]. These experiments however were conducted with an
excessive period of LPS priming phase of 24 hours, and a small quantity of ATP hydrolysis enzyme
apyrase, insufficient to metabolise passively or actively released ATP, which could be providing a
feedback loop of activation. Additionally this data reported by He et al. is conflicting, as tolerance to
second LPS exposure has been demonstrated after long periods of priming. It is likely during this 24
hour period of priming, reprogramming of mechanisms of cytokine release and inflammatory
response is occurring [505]. My aim is to study the acute response to LPS/ATP stimulation. On the
other hand, Englezou et al. investigated the differences in P2X7 activation between BMDM and
BMDC focusing again on IL-1 β release, with a much shorter LPS priming time (2 hours). No
cleaved IL-1β was detected in supernatant or lysates of either cell subset and addition of P2X7
specific inhibitor A-740003 prior to LPS priming prevented any IL-1β release upon further ATP
stimulation, inferring release of mature IL-1β is P2X7 dependent [6].
To clarify discrepancies in the literature and to answer the question, BMDM and BMDC were
cultured from WT C57BL/6 as detailed in the methods section. Cells were seeded into 6 well plates
at 1 x 106 cells/well, primed with 1µg/mL LPS for a 4 hour and 24 hour period followed by 5mM ATP
stimulation of selected cultures. Selected cultures also contained 10 Units of apyrase added in
parallel to LPS. Control cultures were incubated with endotoxin free water. Culture supernatant was
analysed for IL-1β release by ELISA. Results showed that a significant amount of IL-1β was
released from LPS primed DCs at both 4 and 24 hours (Fig 3.1 a+b). As the ELISA does not
distinguish between immature and cleaved forms of IL-1β, western blot analysis was performed on
10 µg protein precipitated from BMDC cell culture supernatants. Antibodies applied in the western
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blot analysis identified IL-1β in both immature and cleaved forms (Fig 3.1c). It must be considered
however, that in BMDC despite a statistically significant release of IL-1β with LPS priming only,
despite the addition of apyrase, which eliminates endogeonous ATP inducing stimulation of the
P2X7 receptor. IL-1β release is drastically potentiated by addition of ATP, with levels measured
almost 30 times greater in BMDC with the addition of ATP.
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Figure 3.1 BMDC release significant amounts of IL-1β with LPS stimulation alone Culture supernatant was analysed
by ELISA for the presence of IL-1β in WT BMDM and BMDC incubated with 1μg/mL LPS for 4 hours (a) or 24 hours (b).
Control cultures contained media only, ATP (5 mM for 30 minutes) only, LPS + apyrase (10 U) and LPS + ATP (5 mM for 30
minutes). ELISAs were performed in duplicate for three biological cultures for each condition. Error bars represent SD.
Culture conditions between BMDM and BMDC were analysed by a 1 way ANOVA followed by Dunnet’s multiple comparison

3.4.2
Metabolic activity is reduced in BMDCs after LPS priming for 24 hours
test with unstimulated cells as the control. Significance was recorded where ns P > 0.05 and *** P ≤ 0.001. Western blot
analysis (c) was performed in BMDC cell culture supernatants at 4 hours LPS priming and detected pro-IL-1β and cleaved
IL-1β in BMDC lysates from cultures primed by LPS priming. Western blot analysis was performed on lysates from three
biological cultures. A protein ladder was included per gel to determine molecular weights of bands. GAPDH from cell lysates
were used as a loading control.
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3.4.2 Metabolic activity is not reduced in BMDM or BMDC after 24 hours LPS priming
To determine if the significantly higher release of IL-1β after 24 hours of LPS priming in both cell
types is a result of decreased metabolic activity and therefore either actively or passively released
from aponecrotic cells, the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide)
tetrazolium reduction assay was used to measure viable cells. Metabolically active cells uptake and
convert MTT to formazan, a purple coloured substance with an absorbance at 562nm. Metabolic
activity in BMDC and BMDM was measured in unstimulated, LPS primed, LPS and apyrase primed
and LPS and ATP stimulated cells.
Figure 3.2 show that BMDCs seem to be more sensitive than BMDM to a chronic period of LPS
priming with an overall decrease in culture cell viability in 24 hour LPS stimulated cells, however this
is not significant.
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Figure 3.2 There is no significant difference in metabolic activity between BMDM and BMDC primed for 24
hours compared to 4 hours MTT assays were performed to asses metabolic activity, providing an indirect measure
of cell viability for each experimental condition. In (a) and (b) there were no significant changes in viability in BMDM
and BMDC respectively between unstimulated cells and primed/stimulated cells at 4 and 24 hour time points. Assays
were performed in duplicate for n=3 independent biological cultures for each condition. Error bars represent SD.
Results were analysed by 1-way-ANOVA followed by Dunnet’s multiple comparison test with no stimulus as controls.
Significance was recorded where ns= P > 0.05.
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3.4.3 P2X7-/- BMDC release mature IL-1β with LPS stimulation only
To establish if IL-1β release in BMDC is independent from P2X7, BMDC from P2X7-/- mice were
cultured as described in the methods section. Englezou et al. found no significant release in A740003 treated LPS primed and ATP stimulated BMDC [455]. Utilization of cultured cells from
genetically modified P2X7-/- mice eliminates off-target effects and pharmacokinetics associated with
P2X7 inhibitor use. In these experiments, after seeding at 1 x 106 cells/ well in 6 well plates, cultures
were incubated with endotoxin free water, or primed with LPS with or without 10 U apyrase for 4
hours, as this was deemed a more reliable time point, and either further stimulated with ATP or left
unstimulated. Cell culture supernatant was collected and used for ELISA analysis of IL-1β or protein
precipitated for western blot analysis. The results in Fig 3.3(a) show that even with apyrase addition,
which deals with the issue of endogenous ATP release, a significant amount of IL-1β was detected
in P2X7-/- BMDC primed with LPS compared to unstimulated cultures. The addition of ATP to LPS
primed cultures did not significantly increase the amount of IL-1β release when compared to LPS
primed cultures only. Figure 3.3 (c) shows in LPS stimulation only IL-1β was detected by western
blot in both immature and cleaved forms. These results show that BMDC are able to replease IL-1 β
independent from P2X7 stimulation. In Fig 3.3(b), cell viability was assessed by MTT assay and
showed the time periods and concentrations of LPS priming and ATP stimulation did not decrease
cell viability.
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Figure 3.3 P2X7 BMDC release IL-1β with LPS priming alone BMDC from Pfizer P2X7

-/-

C57BL6 mice were primed

with 1μg/mL LPS for 4 hours. Control cultures contained 10 U apyrase, or were further stimulated with 5mM ATP for 30
minutes. Supernatants were collected and IL-1β concentrations were analysed by ELISA and showed similar and
significant amounts of IL-1β were released in LPS primed cells and those stimulated further with ATP, compared to
unstimulated control cells. ELISAs were performed in duplicate for three separate biological cultures per condition. Error
bars represent SD. Results were analysed by 1-way-ANOVA followed by Dunnett’s multiple comparison test.

ns = P >

0.05, **P ≤ 0.01, ***P ≤ 0.001. In (b) an MTT assay was performed and showed no significant changes in viability between
experimental conditions. Western blot analysis (c) was performed on 10 µg of protein from three biological cell culture
supernatants per condition. Both pro-IL-1β and cleaved IL-1β were detected in P2X7

-/-

BMDC with LPS and LPS +

apyrase priming only. A protein ladder was included per gel to determine molecular weights of bands. GAPDH from cell
lysates were used as a loading control.
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3.4.4

LPS does not induce caspase-1 activation

As BMDC are able to release IL-1β independently from P2X7 stimulation, NLRP3 inflammasome
involvement was investigated by examining the activation state of caspase-1 in response to 4 hour
LPS priming. Cleavage of pro-caspase1 into its activated form is dependent on inflammasome
activation [439]. Several studies have demonstrated caspase-1 release soon after conversion into
the active form; therefore supernatant levels were measured also [505]. BMDM and BMDC were
cultured as described in the methods section and seeded at 1 x 106 cells/ well in 6 well plates.
Cultures were left un-primed or primed with 1 µg/mL LPS for 4 hours. Cell lysates were collected
and proteins precipitated from culture supernatant for analysis of caspase-1 by western blot. In
figure 3.4, neither BMDM (a) nor BMDC (b) contained any mature caspase-1 (20 kDa and 10 kDa
subunits) after LPS stimulation, and only the pro-caspase-1 form (45 kDa) was detected. These
results further support an alternative method of IL-1β release in BMDC that is independent of the
NLRP3 inflammasome.

Figure 3.4 LPS does not induce caspase-1 activation in BMDC and BMDM Western blot analysis was performed on
10 µg of protein from three independent cell culture lysates and supernatants per condition to detect caspase-1. Only procaspase-1 was detected in both unstimulated and LPS primed WT BMDM (a) and BMDC (b). A protein ladder was
included per gel to determine molecular weights of bands. GAPDH from cell lysates were used as a loading control.
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3.4.5 LPS priming does not activate caspase-8 in BMDC and BMDM
As levels of inactivated caspase-1 were similar between BMDC and BMDM after LPS priming, this
suggests an inflammasome independent pathway of IL-1β release. As discussed, research
indicates that caspase-8 has a role in processing pro-IL-1β. The levels of caspase-8 in response to
LPS priming in BMDM and BMDC were measured. After seeding at 1 x 106 cells/ well in 6 well
plates, cultures were left un-primed or primed with LPS. Cell cultures were lysed and 10 µg of
protein from each culture was analysed by western blot analysis with an anti-caspase-8 antibody
able to detect full length (~55kDa) and cleaved caspase-8 (~18kDa). In figure 3.5, both BMDM (a)
and BMDC (b) cultures, similar levels of full length caspase-8 were detected in unstimulated and
LPS primed cells,with no detection of cleaved caspase-8. These results show that LPS does not
induce activation of this caspase-8 in these cell types.

Figure 3.5 Caspase-8 is not activated by LPS priming in BMDM and BMDC Western Blot analysis was performed on
6

10 µg of protein from three independent cell culture lysates (1 x 10 cells/well) from unstimulated cells and 1 μg/mL LPS
primed cells to detect caspase-8. Full length, uncleaved protein (55kDa) was detected in both unstimulated and LPS
primed BMDM (a) and BMDC at similar levels (b). A protein ladder was included per gel to determine molecular weights of
bands. GAPDH from cell lysates were used as a loading control.
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3.4.6 NLRP3 mRNA expression is not modulated by ATP stimulation in BMDM and BMDC
If BMDM and BMDC are different in their requirements for LPS priming, they may also be different in
responses to ATP stimulation. As discussed the NLRP3 inflammasome complex containins ASC,
NLRP3 and pro-caspase-1. LPS primed BMDM from NLRP3-/- mice are unable to release mature IL1β upon inflammsome stimulation with vaccine component aluminum hydroxide which shows its
requirement in the complex [506].
The mechanisms regulating this complex have not been completely elucidated. P2X7 has not been
identified

as

a

component

within

the

inflammasome

complex

however

recent

co-

immunoprecipitation and immunofluorescence data from Francesini et al. demonstrate colocalization with the NLRP3 protein at definitive sites on the plasma membrane, particularly after
P2X7 stimulation [507]. Additionally in this study, P2X7 was shown to upregulate NLRP3
expression- N13 murine microglial cells were stimulated with BzATP for 30 minutes (or 2mM ATP
for 60 minutes). This induced a small but significant increase in NLRP3 mRNA levels. These levels
also mirrored changes in protein levels.
To investigate this phenomenon the NLRP3 mRNA levels were measured in BMDM and BMDC,
post stimulation with one of the following conditions; LPS (1μg, 4 hours), ATP (5mM, 30 minutes)
and TNF-α (5 ng/mL, 4 hours). Levels of NLRP3 scaffold were measured by RT-qPCR and
expressed as fold change relative to unstimulated cultures. The results in Fig. 3.6 show neither
BMDM (a) or BMDC (b) experienced an increase in NLRP3 mRNA after ATP stimulation. Significant
increases were observed with LPS stimulation, which is expected.
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Figure 3.6 mRNA levels of NLRP3 in BMDM and BMDC do not increase as a result of ATP stimulation only. NLRP3
mRNA levels from BMDM (a) and BMDC (b) stimulated with 5mM ATP for 30 minutes do not significantly increase
compaired to unstimulated cultures. For comparison, known induces of NLRP3 upregulation have been included- 4 hours
1µg/mL LPS and 4 hours 5 ng/mL TNF-α. Ct values were normalized to housekeeping gene GAPDH and expressed as
fold change relative to expression levels in unstimulated cells. Error bars represent SD and n=3 independent biological
cultures per condition. Results were analysed by 1-way-ANOVA followed by Dunnett’s multiple comparison test. ns = P >
0.05, *P ≤ 0.05, *** P ≤ 0.001.

My experiments thus far have showed that BMDM and BMDC have different requirements for
priming for IL-1β release, with BMDC requiring LPS priming only. My data implies this is a NLRP3
inflammasome independent mechanism and pro-IL-1β cleaving caspase-8 cannot explain these
different requirements either. The following section aims to explore differences in P2X7 splice
variants in different cell types. As I used P2X7-/- animals to explore EAU and EIU, the expression
levels of different splice variants were investigated in leukocytes from these animals too.
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3.4.7 P2X7 splice variant mRNA expression differs between different leukocyte cell types
The five splice variants characterized in the mouse have been discussed in section 1.6.

To

reiterate, they are P2X7VA (NM_011027.3), V2 (NM_001038845.2), V3 (NM_001038839.2), V4
(NM_001038887.1) and P2X7VK (NM_001284402.1). At the protein level, unfortunately no
commercially available antibodies exist currently to distinguish between these splice variants.
However, mRNA levels can be measured and Kido et al. investigated levels of these splice variants
in mouse astrocytes and Masin et al. in different murine tissues [347]. Levels of splice variant
expression in WT murine immune cells, and immune cells in the GSK and Pfizer P2X7-/- mice have
not been investigated.
For this next set of experiments, In vitro derived bone marrow dendritic cells and macrophages were
used for experiments throughout this thesis and this was kept consistent for splice variant
measurement. Unstimulated BMDM and BMDC were cultured as previously described, RNA
extracted and 1 μg RNA converted into cDNA. CD4+ T cells were purified through negative selection
MACs Miltenyi columns, RNA extracted and 1 μg converted into cDNA. Primer pairs designed and
used by Kido et al. to investigate murine astrocytes were utilized [391].
The results from qPCR analysis in Fig 3.7 show that WT BMDM contain significantly higher levels of
P2X7VA, V2 and V3 compared to all other analysed cell types from the WT mouse and GSK and
Pfizer P2X7-/- mice. T cells from WT mice express significantly high levels of P2X7VK. Additionally,
P2X74 appears to be expressed at significantly higher levels in Pfizer P2X7-/- BMDM compared to
several other cell types.
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Figure 3.7 mRNA levels of known P2X7 murine splice variants show different levels of expression in BMDM,
-/-

BMDC and T cells from WT, Pfizer and GSK P2X7 mice P2X7VA (a) P2X7V2 (b) P2X7V3 (c) P2X7V4 (d) P2X7VK
were conducted in unstimulated BMDM, BMDC and T cells from wild type C57BL6 mice, Pfizer P2X7
P2X7

-/-

-/-

mice and GSK

mice. Primer pairs and experimental conditions are detailed in the methods section. Ct values were normalized to

housekeeping gene GAPDH and expressed as fold change. Relative expression levels were determined by taking mRNA
P2X7 expression levels in unfractionated WT (C57BL/6) splenocytes as 100%. Error bars represent SD and n=4
independent biological cultures per column, each culture analysed in duplicate. Results were analysed by 1-way-ANOVA
followed by Bonferroni’s multiple comparison test. ns = P> 0.05, * P ≤ 0.05, **, P ≤ 0.01 **** P ≤ 0.0001.
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3.4.8 LPS stimulation induces upregulation of hyper-responsive P2X7VK in BMDC and
downregulates P2X7VA in BMDM
Levels of P2X7 splice variants were measured in response to LPS priming in BMDM and BMDC and
compared to unstimulated cultures. After seeding at 1 x 10 6 cells/well in 6 well plates, cultures were
incubated with endoxin free water or primed with 1 µg/mL LPS for 4 hours. RNA was extracted as
discussed in the methods section,1 μg per condition converted into cDNA. Primer pairs in 3.4.7
were used to analyse levels of P2X7 splice variants in the different cell types and culture conditions.
Analysis of the results in figure 3.8 show that P2X7V4 (d) and P2X7VK (e) are significantly
upregulated in BMDC post-LPS priming and P2X7VA (a) is significantly downregulated in BMDM as
a result of LPS priming.
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Figure 3.8 LPS stimulation induces upregulation of P2X7VK and P2X7V4 in BMDC and downregulates P2X7VA in
6

BMDM BMDM and BMDC cultured from C57BL/6 WT mice (1 x 10 ) were incubated in media alone or in media with 1
µg/mL LPS for 4 hours. RT-qPCR analysis of expression levels of mRNA of P2X7V1 (a) P2X7V2 (b) P2X7V3 (c) P2X7V4
(d) and P2X7VK (e) was performed. Primer pairs and experimental conditions are detailed in the methods section. Ct
values were normalized to housekeeping gene GAPDH and expressed as fold change relative to expression levels in
unfractionated C57BL/6 splenocytes. Levels of mRNA in three separate biological cultures per cell type were analysed in
duplicate. Error bars represent SD and statistical significance of differences between unstimulated and LPS primed cells
within BMDM and BMDC populations were measured with an unpaired two-tailed student’s t-test (ns = P> 0.05, ∗ = P <
0.05, ** = P ≤ 0.01).
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Experiments thus far have shown at an mRNA level that splice variant levels differ between different
leukocytes, specifically with “loss-of-function” variants expressed at higher levels in BMBM
compared to BMDCs. Priming with LPS induced a significant upregulation of P2X7VK in BMDCs
and similarly low levels of this variant remained in BMDM’s post and pre- LPS priming. This data
implicates the levels of the splice variants in these cell types may contribute to the differential
requirements for LPS priming for IL-1β release. However as mRNA levels do not always reflect
protein levels, it is also important to investigate at this level. The next section focused on the
investigation of the regulation of the P2X7 receptor at a translated level in its receptor form. The
possibility of LPS induction of P2X7 trafficking to the surface will be explored, and the experiments
exploring the potential role of lipid rafts in P2X7 regulation will be reported.
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3.4.9 Cell surface expression of P2X7 on BMDM and BMDC is not upregulated by LPS
priming
Current research suggests receptor surface expression is cell and species type specific. Human
monocytes and lymphocytes have predominantly intracellular P2X7 receptors and monocyte
differentiation into macrophages changes P2X7 subcellular location to the plasma membrane [308].
Rodent microglia and macrophages have mainly cell surface P2X7 expression [508].
LPS induced trafficking of the receptor to the cell surface is a potential explanation for differences
between BMDM and BMDC release of IL-1β. My previous experiments demonstrate that P2X7
stimulation is crucial for LPS mediated IL-1β release, particularly in BMDM, but also to augment
LPS induced cytokine release in BMDC. Due to the close association of TLR4 and P2X7, the
possibility of an LPS induced up-regulation of surface expression of P2X7 was considered. The
uniquely long C terminal tail of P2X7 contains several protein and lipid binding motifs, including a
potential LPS binding site, with amino acid and structural similarity to the LPS binding site of LBP
[509]. Mutation of Arg 578 and Lys 579 within this LPS binding region inhibits binding of LBP in
vitro. It has been proposed that this lipid interaction motif is required for P2X7 trafficking to the cell
surface. Denlinger et al. transfected HEK293 cells P2X7 Arg

578

and Lys

579

mutant, and reported

substantially decreased cell surface expression of P2X7 in addition to functionality [509, 510]. The C
terminal tail of LPS is intracellular; therefore LPS would be required to be internalized for interaction.
LPS has been detected in the cytoplasm of macrophages, therefore interaction is theoretically
conceivable [511].
Masin et al. was able to distinguish between truncated C terminal variants, and full length P2X7VA
in a protein context due to different protein sizes (~60 kDa versus 75 kDa respectively), however
P2X7VK/A cannot be distinguished using this method [347]. To investigate the role of LPS priming
on P2X7R surface expression, BMDM and BMDC were cultured in 6 well plates at 1 x 106 cells/well
with 1 μg/mL LPS for increasing time points between 1-24 hours or left un-primed, harvested and
incubated with anti-P2X7-FITC or isotype control. In figure 3.9 flow cytometry analysis of P2X7
surface expression in both cell types showed no significant increase in median fluorescence
intensity over increasing time periods or compared to non-primed (endotoxin free water incubated)
cells. These results suggest P2X7 is present on the cell surface prior to LPS priming, and is not
trafficked to the plasma membrane as a result of interaction with the P2X7 receptor.
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Figure 3.9 P2X7 cell surface expression does not change after LPS priming in BMDM and BMDC as
+

+

+

assessed by flow cytometry. F480 BMDM and MHCII CD11c BMDC were primed with 1 μg/mL LPS for
increasing time points of incubation or left unstimulated. Representative histograms for each time point have been
included for BMDM (a) and BMDC (b). BMDM (c) and BMDC (d) were gated and median fluorescence intensity
(MFI) was calculated as a measure of P2X7 cell surface levels with extracellular anti-P2X7

FITC

(Alomone), and

FITC

normalized to Isotype control goat anti rabbit-IgG

. No significant change in fluorescence intensity was observed

upon increasing time points of 1 μg/mL LPS incubation for either cell type. Error bars represent SD and n=3
cultures per time point. Results were analysed by 1-way-ANOVA followed by Dunnett’s multiple comparison test.
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3.9.10 Is P2X7 association with lipid raft a mechanism of regulation?
The experiments so far have established it is unlikely that LPS and P2X7 interaction results in
trafficking the receptor to the cell surface. Flow cytometry data shows presence of the receptor on
the cell surface in unstimulated BMDM and BMDC. It is conceivable therefore that the P2X7
receptor is held in an inactive conformation on the cell surface, potentially as a result of interactions
with surrounding proteins or lipids present in the plasma membrane. The following sets of
experiments were performed to explore this hypothesis.
Another potential explanation for regulation of the P2X7 by an association with lipid rafts was
explored. Lipid rafts are areas of cholesterol and sphingolipid rich microdomains present in
exoplasmic leaflets. Lipid rafts are widely recognised as important intracellular signalling platforms
as they are able to include or exclude specific proteins. Proteins with raft affinity include cytoplasmic
proteins with GPI-anchored proteins, cytosolic acylated proteins such as SCR-family kinases,
palmitoylated and myristoylation and some transmembrane proteins including P2X7 [512]. To date,
literature relating to raft association is very limited, however association has been found in rat
submandibular glands, transfected HEK293 cells, peritoneal macrophages and mouse lung alveolar
cells [513, 514]. Controversy exists with receptor and lipid raft association, with different membrane
isolation procedures producing conflicting results. In rat submandibular gland cells, P2X7 was
absent in detergent based raft- isolation methods but present in sonication detergent free-based
methods. This study concluded that addition of detergent could be disrupting P2X7 interactions with
other raft proteins [513]. Experiments depleting rafts with MβCD in TSA cells transfected with
human and murine P2X7 showed enhanced pore activity measured through uptake of EtBr. This
phenomenon was reversed by addition of cholesterol [483]. This study proposed P2X7 targeted to
lipid rafts as a mechanism of restricting receptor activation; particularly through association with
cholesterol. However depletion of lipid rafts on other P2X7 mediated downstream events such as
pro-inflammatory cytokine release and dye uptake through the P2X7 pore is unknown.
Emerging research suggests P2X7 is distributed in raft and non-raft areas of the plasma membrane.
Research in cells from rat submandibular glands by Garcia-Marcos et al. propose that receptors
associated with rafts are involved in signalling transduction cascades, and those in non-raft areas
function exclusively as ion channels [32]. P2X7 has also been detected in rafts in mouse lung
alveolar epithelial cells, [33], mouse peritoneal macrophages and heterologously expressed P2X7 in
HEK293 cells [34].

As discussed previously, the C terminus of P2X7 contains a region with homology to LBP. This
region may also be able to associate with lipid rafts via binding to phospholipids within the lipid raft.
LBP is able to bind to phospholipids and shuttle them to high density lipoproteins [515].
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Palmitoylation of the cysteine rich region in the receptor C terminus is proposed to be involved in
raft association [34, 35]. Palmitoylation is a post-translational modification involving covalent linkage
of palmitate to a protein usually via cysteine residues. Experiments by Gonnard et al. demonstrated
that heterologously expressed P2X7 was Palmitoylated and co-localised with rafts. Further
experiments with mutated P2X7 receptors on C terminal cysteine residues had disrupted
palmitoylation; and demonstrated decreased P2X7 surface expression with increased retention on
ER membranes [34].
Another potential method of receptor localization to rafts is association with caveolae. These lipid
raft microdomains are characterized by the presence of caveolin protein and morphologically
identified as a flask shaped invagination [36]. Caveolae are considered as multifunctional organelles
with proposed roles in macromolecule transcytosis,cholesterol transport and signal transduction.
Three isoforms of caveolin exist (1,2 and 3) and caveolin-1 has been associated with the immune
response. Caveolin-1 knockout mice have decreased surface expression of P2X7R in alveolar
epithelial cells compared to wild-type counterparts [33].
The potential LPS binding site located on the C terminal tail of P2X7 may also be binding to
phospholipids in in lipid raft regions, and could also be a mechanism of lipid raft localization.
Abundance of caveolae is cell type specific and present in large amounts in endodothelial cells,
vascular smooth muscle, adipocytes, fibroblasts and lung epithelial cells [37]. The expression and
function of caveolae in immune cells is not well defined and is proposed to be less abundant than
other cell types. caveolae however have been identified in murine macrophage cell lines, splenic T
cells and dendritic cells. Activation and maturation level of cell types is proposed to influence levels
of plasma membrane caveolae [38]. In murine macrophage cell lines RAW264.7 and J774.1 LPS
induced upregulation of Caveolin-1 mRNA and protein product. Studies in rat peritoneal
macrophages propose the presence of Caveolin-1 is crucial for the presence of caveolae [516].
Limited research exists in the field of lipid rafts and P2X7. Robinson et al. explored the role of acute
lipid raft depletion on human and mouse P2X7 channel function with measurements of pore
formation using fluorescent dye uptake and ion channel function with patch clamp experiments.
Cholesterol depleted murine BMDM cells had potentiated P2X7 responses, implicating targeting of
receptors to these cholesterol dense regions as a mechanism of negative control [16].
Stimulation of P2X7 has proposed involvement in lipid metabolism. BzATP stimulation of P2X7 in rat
submandibular cells induced the up-regulation of ceramide and concominant decrease in
sphingomyelin secondary to sphingomyelinase activation content in lipid rafts fractions in these cells
[32]. Remodelling of the lipid raft in this way may be a mechanism of receptor regulation.
The following series of experiments aimed to investigate the role of lipid rafts as a potential
mechanism of P2X7 regulation. The effect of lipid raft disruption on murine BMDM, BMDC and T
145

cells on P2X7 mediated outcomes including pro-inflammatory cytokine (BMDM and BMDC only)
release and dye uptake was investigated using the cholesterol depletion agent MβCD and its
analogue αCD. Intracellular membranes also contain cholesterol thereby depletion is potentially
exposing intracellular membranes to MβCD too. However care was taken to apply experimental
conditions which exposed cells to lower concentrations of MβCD with a minimal time period using
the current literature as a guide [517] [483].
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3.4.11 MβCD depletes cholesterol levels in BMDM, BMDC and T cells
To validate MβCD (and αCD) had the desired effects on cells, cholesterol assays were performed
on cell lysate from BMDM, BMDC and T cells. Cultures were seeded into 2 x 106 cells/ well and
incubated with media only, MβCD (10 mM), or αCD (10 mM) for 30 mintues. Cells were lysed, and
protein levels quantified using the Pierce™ BCA Protein Assay kit. 500 µg protein per condition was
used to measure cholesterol levels utilizing the Amplex® Red cholesterol assay kit, with resultant
fluorescence measured on the BMG FLUOstar OPTIMA Microplate Reader. A standard curve was
created from kit provided cholesterol standards, which had known cholesterol levels. In figure 3.10,
fluorescence in samples were extrapolated from this standard curve which allowed calculation of
cholesterol levels in these samples.
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Figure 3.10 MβCD treated BMDM, BMDC and T cells resulted in the depletion of cholesterol in these cells. To test
6

the cholesterol depleting effects of MβCD 2 x 10 cells per well of BMDM (a), BMDC (b) and T cells (c) were incubated
with MβCD (10 mM), αCD (10 mM), or media only for 30 minutes. Fluorometirc analysis of cholesterol levels in lysates
(500 µg) showed depletion with MβCD resulted in significantly decreased levels of cholesterol in lysates compared to
analogue control αCD or media only. n= 5 per condition. Error bars represent SD and results were analysed by 1-wayANOVA followed by Dunnet’s multiple comparison test (ns = P> 0.05, ∗ = P < 0.05, ** = P ≤ 0.01).
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3.4.12 Lipid raft depletion in BMDM and BMDC does not affect Il-1β release or caspase-1
activation
IL-1β release has been used throughout this chapter to measure P2X7 mediated outcomes,
therefore to stay consistent with my previous experiments, the effect of lipid raft depletion on IL-1β
release was investigated to explore potential differences between BMDM and BMDC. BMDM and
BMDC were seeded into 6 well plates at 1 x 106 cells/well. Cells were either left unstimulated,
primed with LPS (1 μg/mL) followed by ATP stimulation (5 mM) or incubated with 10 mM MβCD
post LPS priming and prior to ATP stimulation. 10 μg from cell culture lysates and corresponding
supernatants were probed for mature and pro-forms of IL-1β levels measured by western blot
analysis. In figure 3.11 the results show that lipid raft disruption does not affect cleaved IL-1β levels,
implying that lipid raft localization of P2X7 is not a method of receptor regulation in terms of IL-1β
release in either BMDM or BMDC.

Figure 3.11 Lipid raft disruption followed by LPS/ATP stimulation of BMDM and BMDC does not affect IL-1β and
6

caspase-1 release and activation respectively. BMDM (a) and BMDC (b) were (2x10 cells/well) primed with 1 μg/mL
LPS (4 hours) followed by 5mM ATP (30 minutes), incubated with 10mM MβCD for 30 minutes post LPS priming and preATP stimulation, or left unstimulated. Western blot analysis of cell culture supernatants and lysates with anti-IL1β and anticaspase-1 antibodies showed in both BMDM and BMDC cultures, depletion of lipid rafts with MβCD addition did not affect
the processing and release of IL-1β, and similar levels of both cleaved and pro-forms of this cytokine were detected in cell
lysates and supernatants.This result was mirrored with caspase-1. Experimental conditions were performed in triplicate
from three independent biological cultures. A protein ladder was included per gel to determine molecular weights of bands.
GAPDH from cell lysates were used as a loading control.
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3.4.13 Lipid raft depletion does not change mRNA levels of IL-1β
BMDM and BMDC were cultured as previously described and seeded into 6 well plates at 1 x 106
cells/well. Cells were either left unstimulated, incubated with 10 mM MβCD (30 minutes), primed
with LPS 1 μg/mL for 4 hours followed by ATP stimulation (5 mM) for 30 minutes, or incubated with
10 mM MβCD post LPS priming and prior to ATP stimulation. RNA was extracted and 1 μg RNA
converted into cDNA from each culture condition. Similar to western blot data, RT-qPCR analysis of
IL-1β levels in these conditions show no significant differences between LPS+ATP and LPS+
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Figure 3.12 Lipid raft depletion prior to LPS+ATP stimulation does not change mRNA levels of IL-1β BMDM (a) and
BMDC (b) primed with LPS (1μg) followed by 30 minutes ATP (5mM), MβCD 10mM only, or MβCD incubation for 30
minutes post LPS priming and prior to ATP stimulation. Ct values were normalized to housekeeping gene GAPDH and
expressed relative to expression levels in unstimulated cells. Error bars represent SD and n=3 cultures per condition.
Results were analysed by 1-way-ANOVA followed by Bonferroni’s multiple comparison test. No significant differences
were apparent between LPS+ATP and LPS+MβCD+ATP in either BMDM or BMDC. ns P > 0.05.
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3.4.14 P2X7 surface expression does not change after acute lipid raft depletion in BMDM and
BMDC but increases in T cells
To examine the surface expression of P2X7 as a result of lipid raft disruption, BMDM and BMDC
were cultured as previously described and seeded into 6 well plates at 1 x 106 cells/well. Cells were
either left unstimulated in fresh media, incubated with 10 mM MβCD (30 minutes), primed with LPS
1 μg/mL for 4 hours followed by ATP stimulation (5 mM) for 30 mimutes, or incubated with 10 mM
MβCD post LPS priming and prior to ATP stimulation. Purified CD4+ splenic T cells were stimulated
with 5 mM ATP (30 minutes), incubated with 10 mM MβCD alone (30 minutes), MβCD followed by
ATP (30 mins each) or left unstimulated in fresh media. Harvested cells were incubated with antiP2X7-FITC/ATTO633 or isotype control and analysed by flow cytometry for P2X7 surface
expression. In Figure 3.13, flowcytometry analysis shows that lipid raft depletion with MβCD after
LPS incubation and before ATP stimulation does not change surface expression of P2X7 when
compared LPS+ATP stimulated BMDM (a) and BMDC (b). However T cells (c) show significantly
increased P2X7 expression when treated with MβCD prior to ATP compared to ATP alone.
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Figure 3.13 P2X7 surface expression in lipid raft disrupted BMDM, BMDC does not change but increases in T cells In (a) and (b) BMDM and BMDC were subject to
6

several conditions (1x10 cells/well) including primed with 1 μg/mL LPS for 4 hours followed by 5mM ATP stimulation for 30 minutes, incubated with 10 mM MβCD for 30
+

+

+

minutes post LPS priming and pre-ATP stimulation, incubated with 10mM MβCD alone or left unstimulated. F480 BMDM (a) and MHCII CD11c BMDC (b) were gated by
flow cytometric analysis and median fluorescence intensity (MFI) was calculated as a measure of P2X7 cell surface levels with extracellular anti-P2X7

FITC/ATTO633

(Alomone),

+

and normalized to appropriate isotype controls. (c) Purified CD4 splenic T cells were stimulated with 5mM ATP (30 minutes), incubated with 10 mM MβCD alone (30 minutes),
+

MβCD followed by ATP (both 30 minutes each) or left unstimulated. CD4 (c) T cells were gated and P2X7MFI calculated and normalized to appropriate isotope controls.
+

CD4 cells had significant P2X7 upregulation with MβCD incubation followed by ATP stimulation. Error bars represent SD and n=3 cultures per experimental condition. Results
were analysed by 1-way-ANOVA followed by Bonferroni’s multiple comparison test (ns P > 0.05. **** P ≤ 0.0001). Representative histograms for each condition have been
included adjacent to each graph
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3.4.15 Lipid raft disruption does not affect pore function in BMDM or BMDC but potentiates T
cell responses
As an additional investigation into potential lipid raft regulation of P2X7 the measurement of uptake
of the dye TOPRO3 was analysed post raft disruption. Unique to P2X7, stimulation of the receptor
results in the formation of a pore permeable to high molecular weight compounds and organic dyes
of up to 900 Da in size. BMDM and BMDC were seeded into 6 well plates at 1 x 106 cells/well. Cells
were either left unstimulated, primed with LPS (1 μg/mL) followed by ATP stimulation (5 mM for 30
minutes) or incubated with 10 mM MβCD post LPS priming and prior to ATP stimulation. Pore
formation was assessed by the uptake of fluorescent dye TOPRO3 (10 µM) which was added to
cells simultaneous to ATP addition or in control unstimulated cells for the equivalent time point (30
minutes). The mechanism of lipid raft disruption in murine splenic T cells was also investigated.
Cells were separated as described in the method section and seeded at 1 x 106 cells per well. Cells
were either stimulated with ATP alone, MβCD alone, MβCD followed by ATP stimulation, or cells
were left unstimulated in fresh media. TOPRO3 was added to cultures simultaneous to ATP
stimulation, MβCD addition alone or for 30 minutes in unstimulated cells. TOPRO3 uptake levels
were measured by flow cytometry analysis. The MβCD analogue α-cyclodextrin (αCD) (10mM) was
utilized in place of MβCD in some cultures as a negative control. Similar to the previous
experiments measuring Il-1β release, acute lipid raft disruption with 10mM MβCD post LPS priming
and pre-P2X7 stimulation did not affect dye uptake in BMDM or BMDC. However in CD4+ T cells,
lipid raft disruption resulted in significantly increased dye uptake. These results suggest that P2X7
receptors in T cells are associated with cholesterol rich lipid rafts which contribute to regulation of
receptor functions.
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Figure 3.14 Lipid raft disruption does not affect pore function in BMDM or BMDC but potentiates T cell responses
BMDM (a) and BMDC (b) were primed with 1 μg/mL LPS for 4 hours followed by 5mM ATP stimulation for 30 minutes,
incubated with 10mM MβCD/αCD for 30 minutes post LPS priming and pre-ATP stimulation, or left unstimulated. Purified
splenic T cells (c) were stimulated with 5mM ATP (30 minutes), incubated with 10 mM MβCD alone (30 minutes), MβCD
followed by ATP (30 minutes each) or left unstimulated. 10μM TOPRO3 was added to cultures alongside ATP stimulation,
+

+

+

+

or added to unstimulated cells for 30 minutes. F480 BMDM (a) MHCII CD11c BMDC (b) and CD4 T cells (c) were
+

gated by flow cytometric analysis and median fluorescence intensity (MFI) were calculated for TOPRO3 uptake. F480
+

cells (a) had a significant decrease in MβCD uptake when MβCD was added to cultures pre-ATP stimulation. CD4 T cells
(c) had significant TOPRO3 uptake after MβCD incubation followed by ATP stimulation. Error bars represent SD and n=3
separate biological cultures per experimental condition. Results were analysed by 1-way-ANOVA followed by Dunnett’s
multiple comparison test (∗ = P < 0.05, ** = P ≤ 0.01).

153

3.4.16 Acute lipid raft disruption in BMDM and BMDC prior to LPS priming prevents the
release of mature IL-1β and IL-18
Lipid rafts have not shown to be required for regulation of P2X7 receptor signalling, however
literature reports the importance of intact lipid rafts for TLR4 signalling. Fluorescence resonance
energy transfer (FRET) studies have shown that LPS induces TLR4 clustering into lipid rafts
alongside other proteins involved in TLR4 signalling including growth differentiation factor 5 (GDF5)
and chemokine receptor 4 (CXCR4). CD14 and heat shock protein (hsp) 70, hsp 90 have been
shown to already reside inside rafts [396]. Therefore in this next set of experiments I investigated
the necessity for TLR4 to raft localization for P2X7 mediated responses including mature IL-1β
release and P2X7 pore formation through the measurement of dye uptake [518, 519]. IL-18 levels
were additionally measured. This pro-inflammatory cytokine is also synthesized as an inactive 24kDa precursor, requiring activation by caspase-1 into its mature 18-kDa form. Lipid raft perturbation
with MβCD has shown to inhibit LPS-induced TNF-α secretion in human monocytes [520].
Cultured BMDM and BMDC were seeded at 1 x 106 cells/well and lipid rafts were perturbed with
10mM MβCD (30 minutes) prior to LPS priming for 4 hours (1µg). Cells were further stimulated with
ATP (5mM) for 30 minutes. Control cells were left unstimulated or were incubated with αCD as
replacement for MβCD. Supernatant and cell lysate were collected for analysis of IL-1β production.
Results in figure 3.15 show that ELISA analysis of IL-1β and IL-18 in BMDM and BMDC supernatant
decrease after treatment with MβCD. Further western blot analysis in figure 3.16 of lysate and
supernatant showed these decreased levels as a result of both pro-IL1β and mature IL-1β. Levels of
cleaved caspase-1 were also decreased in the MβCD treated samples.
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Figure 3.15 IL-1β and IL-18 levels in BMDM and BMDC decrease when lipid rafts aredisrupted prior to LPS priming
and ATP stimulation. Selected BMDM and BMDC cultures from WT C57BL6 were incubated with 10 mM MβCD, 10mM αCD
or media alone followed by priming for 4 hours with 1 μg/mL LPS or left unprimed. Cultures were then stimulated with 5mM
ATP or left unstimulated. Supernatants were collected and analysed for IL-1β and IL-18 concentrations. Depletion of lipid rafts
with MβCD significantly reduced the amount of both IL-1β and IL-18 release in both BMDM (a,c) and BMDC (b,d) cultures.
ELISAs were performed in duplicate for n=3 cultures for each experimental condition. Error bars represent SD. Results were
analysed by 1-way-ANOVA followed by Bonferroni’s multiple comparison test. Significance was recorded where ns P > 0.05
,* P ≤ 0.05, ** P ≤ 0.01, **** P ≤ 0.0001.
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Figure 3.16 Mature caspase-1 and IL-1β in BMDM and BMDC lysate and supernatant decreases after MβCD
treatment prior to LPS+ATP stimulation. BMDM and BMDC cultures from WT C57BL6 were incubated with either
10mM MβCD, 10mM αCD or media alone followed by priming for 4 hours with 1 μg/mL LPS or left unprimed. Cultures
were then stimulated with 5mM ATP or left unstimulated.10 µg of protein from lysate and precipitated supernatant was
loaded per condition and western blot analysis was performed to detect IL-1β and caspase-1 in both inactiave and active
forms. Both cultures demonstrate a decrease in mature IL-1β and caspase-1 (p-20) in both lysate and supernatant when
lipid raft disruption precedes LPS+ATP stimulation. GAPDH from cell lysates was used as a loading control. Each
condition was performed on three independent biological triplicates. αCD treated samples were run on separate gels
alongside all other conditons due to lack of well space to run on the same gel.
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3.4.17 Acute lipid raft disruption prior to LPS priming does not significantly change levels of
surface P2X7 in BMDM and BMDC
BMDM and BMDC were plated into 6 well plates at 1 x 106 cells/well. Surface expression of P2X7
was measured by flow cytometry analysis after cells had lipid rafts disrupted with addition of 10 mM
MβCD prior to LPS (4 hours 1 μg/mL) + ATP stimulation (30 minutes 5 mM). In figure 3.17, no
differences in surface expression between LPS+ ATP and MβCD (30 minutes 10 mM) LPS + ATP
can be seen in either cell type. Controls were unstimulated cells or cells incubated with αCD
(10mM) to replace MβCD.

(b)

BMDM

(a)

ns

150000

MFI-P2X7FITC [a.u.]

150000

100000

50000

0

ns

100000

50000

A
TP
C
D
+L
PS
+A
TP

M

C
D
+L
PS
+

LP
S+
A
TP

ns
tim
.

D
+L
PS
+A
TP

C

D
+L
PS
+A
TP

TP
A
M

C

LP
S+

U

ns
tim
.

0

U

MFI-P2X7ATTO633 [a.u.]

BMDC

Figure 3.17 Cell surface levels of P2X7 in BMDM and BMDC do not change after lipid raft disruption followed by
LPS + ATP stimulation. In (a) and (b) BMDM and BMDC primed with 1 μg/mL LPS for 4 hours followed by 5mM ATP
stimulation for 30 minutes, incubated with 10mM MβCD for 30 minutes pre LPS priming and ATP stimulation, incubated
with 10mM MβCD alone or left unstimulated. Median fluorescence intensity (MFI) was calculated as a measure of P2X7
cell surface levels with extracellular anti-P2X7FITC/ATTO633 (Alomone), and normalized to appropriate isotope controls.
Treatemnt with MβCD prior to LPS+ATP did not significantly change P2X7 surface levels of expression were detected
between LPS+ATP vs MβCD+LPS+ATP in either BMDM or BMDC. Error bars represent SD and n=3 independent
biological cultures per experimental condition. Results were analysed by the Dunnett multiple comparisons test with
unstimulated cells as the control. ns= P > 0.05.
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3.4.18 Acute lipid raft disruption prior to LPS priming does not significantly change levels of
TOPRO3 uptake in BMDM or BMDC
To measure any affects lipid raft disruption prior to LPS + ATP stimulation had on P2X7 pore
mediated dye uptake in BMDM and BMDC, cells were plated into 6 well plates at 1 x 10 6 cells/well
and incubated with 10mM MβCD prior to LPS (4 hours 1 μg/mL) + ATP (30 minutes 5 mM).
Simultaneous to ATP addition, cells were incubated with TOPRO3 (10 μm). The reaction was
stopped and TOPRO3 uptake levels were measured by flow cytometry analysis. In figure 3.18, no
differences in dye uptake were measured in either cell type between MβCD+LPS+ATP or LPS+ATP
conditions.
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Figure 3.18 TOPRO3 uptake does not significantly change in BMDM and BMDC after lipid raft disruption BMDM (a)
and (b) BMDC were incubated with 10mM MβCD for 30 minutes pre- LPS priming (1 μg/mL LPS for 4 hours ) followed by
ATP stimulation (5mM for 30 minutes). Control cells were left unstimulated or incubated with αCD replacing MβCD.
Median fluorescence intensity (MFI) was calculated for TOPRO3 uptake. No significant changes in TOPRO3 uptake were
observed when MβCD was added to cultures pre-LPS priming and ATP stimulation compared to LPS+ATP simulation.
Error bars represent SD and n=3 independent biological cultures per experimental condition. Results were analysed by 1way-ANOVA followed by Bonferroni’s multiple comparison test. ns= P > 0.05.
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3.5 Discussion

BMDM and BMDC are different in their requirements for LPS priming
My findings in this chapter elucidate key differences between macrophages, dendritic cells and T
cells in terms of P2X7 responses and potential mechanisms of regulation. LPS priming/ATP
stimulation is a well-established experimental method for investigating P2X7 responses in cells of
monocyte/macrophage origin; however literature shows conflicting results in terms of stimulating
agonists required to activate this pathway, mainly due to different experimental conditions
particularly in terms of time period of LPS incubation.
The first set of experiments provided data to strongly suggest that BMDC possess an NLRP3
inflammasome independent mechanism of IL-1β release. After LPS priming, these cells were able
to produce small yet still significant levels of cleaved IL-1β. This is similar to monocytes, which
Netea et al. found are able to produce biologically active IL-1β after LPS stimulation alone. This
mechanism in monocytes involves constitutively activated caspase-1, where in a feedback
mechanism, LPS induces endogenously released ATP which is able to stimulate P2X7 [454]. In my
experiments, BMDC exhibited similar levels of pro-caspase-1 in LPS primed and unstimulated cells.
Any ATP release was metabolized by ATP hydrolysing enzyme apyrase included the culture
medium. BMDM in contrast were unable to produce any significant levels of cleaved IL-1β post LPS
priming alone.
To further support this data, I was able to show that BMDC cells from P2X7-/- mice could release
mature IL-1β after LPS priming only. My results showed that involvement of the P2X7 receptor does
seem to be crucial for augmentation of this response, as release of this cytokine is highly
potentiated with ATP stimulation in P2X7+/+ BMDC, a phenomenon not observed in P2X7-/- BMDC;
with similar levels of IL-1β release with the addition of ATP. The levels of IL-1β release measured
with LPS priming only were significant, but still much lower compared to additional ATP incubation.
This low level of IL-1β release may still be significant for the role of dendritic cells in a biological
system. Dendritic cells are initial responders to invading pathogens, and provide a crucial link
between adaptive and innate immune responses, with primary functions as APCs. Chang et. al
reported a subset of LPS receptor complex expressing dendritic cells in the cililary root and iris
body, and proposed these cells occupy strategic positions to respond to blood-borne pathogens
[521]. The ability to mount a low/medium inflammatory response to LPS as demonstrated by my in
vitro data may alert or prime the system to invading pathogen and potential danger without inducing
an unnecessary mass inflammatory cascade and preventing unwarranted damage to surrounding
cells, which is particularly significant to a system with non-regenerating cells such as the eye. The
drastically augmented release of IL-1β after ATP stimulation may subsequently alert the system to
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more serious damage, thereby mounting an appropriate level of response in this instance.
Macrophages are widely considered as crucial effector cells, with activation resulting in the
activation of anti-microbicidal properties including production and release of reactive oxygen and
nitrogen intermediates, toxic to surrounding cells. Stimulation of these responses with small
amounts of IL-1β release may promote the induction of an inflammatory cascade to a situation
whereby it is not required, causing unnecessary damage to surrounding tissue and cells.
Investigation into the metabolic activity of BMDM and BMDC as a result of the experimental
conditions applied showed no significant differences in cell viability for both BMDM and BMDC at 24
hours of LPS stimulation compared to 4 hours. It is unlikely that cell death pathways are inducing IL1β release at either 24 or 4 hours LPS priming in BMDCs. BMDC’s did show a trend in decreased
levels of cell viability with 24 hours of LPS incubation, which could suggest that dendritic cells are
more sensitive to longer periods of LPS exposure than macrophages.
As the mechanism of LPS induced IL-1β was deemed to be caspase-1 independent in BMDC,
another potential pro-caspase-1 cleaving enzyme was investigated. Caspase-8. This cysteine
protease also plays a central role in the induction of apoptotic cell death. Briefly, upon activation of
cell surface death receptors Fas, TNFR1, or DR5, pro-caspase-8 molecules residing in the cytosol
are

recruited

via

FAS-associated

death

domain

adaptor

molecules

(FADD),

where

homodimerization results in activation and induction of downstream apoptotic signals [492]. LPS
induced HEK293T cells overexpressing caspase-8 and pro-IL-1β, are able to cleave pro-IL-1β into
its mature form at the same cleavage site as caspase-1. In vitro, recombinant caspase-8 is directly
able to cleave pro-IL1β [489]. My western blot analysis showed the presence of the full length unactivated caspase-8 enzyme only in LPS stimulated cells, indicating IL-1 β production is a capsase8 independent mechanism in BMDC (and BMDM).
My experimental results support literature which reports a close association between P2X7 and the
inflammasome, due to the requirement or drastically potentiated response post P2X7 stimulation in
LPS primed BMDM and BMDC respectively. P2X7 and NLRP3 have been reported to coimmunoprecipitate and co-localise, visualised by confocal microscopy in N13 murine microglial cells
[507] .This colocalization is proposed to concentrate K+ efflux, a requirement for NLRP3 activation,
to specific membrane sites preventing the potential damage that a more generalized loss of K+ may
cause. P2X7 is not a component of the NLPR3 inflammasome, however NLRP3 stimulation is
required in the P2X7 dependent maturation of pro-Il-1β into IL-1β, therefore it is not unreasonable to
speculate that one may upregulate the expression of the other. Unlike experiments by Franceschini
et al. on a N13 mouse microglial cell line, my results did not show mRNA up-regulation of NLRP3
after BMDM and BMDC were incubated with ATP. These results suggest that P2X7 does not
modulate NLRP3 expression differently in these cell types [507]. mRNA levels do not always
correspond to protein levels, and western blot analysis with two separate anti-mouse-NLRP3
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antibodies proved unsuccessful. However measurements of protein levels may not be the most
suitable approach as the time frame of ATP stimulation (30 minutes) may be too fast to detect
noticeable changes in levels of protein.

P2X7 splice variant expression differs in BMDM, BMDC and T cells
As BMDM and BMDC have different requirements for LPS priming for IL-1β release, the role of
P2X7 splice variant expression was then investigated. Cell-type specific differences in P2X7 slice
variant expression could also explain BMDM/BMDC differences in LPS responses and additionally
may clarify why T cells also do not require LPS priming for P2X7 mediated responses. P2X7-/- mice
are frequently employed to investigate a range of autoimmune diseases and conflicting data
obtained between experiments utilizing the different knockout mice, for example attenuation of EAE
in GSK P2X7-/- and exacerbation of disease in Pfizer P2X7-/- mice; has been attributed to differential
P2X7 splice variant expression. Masin et al. investigated the presence of splice P2X7V2 and
P2X7V3 in different murine tissues, and Kido et al. explored the expression of all known murine
splice variants in murine astrocytes [347, 391]. However the expression of all currently
characterised murine splice variants has not been investigated in macrophages, dendritic cells and
T cells from wildtype and P2X7-/- mice.
My results show that P2X7VA is detected abundantly in in WT BMDM, BMDC and T cells only and
not in GSK or Pfizer knockout murine leukocytes [522].

Negligible amounts of P2X7VK were

detected in GSK P2X7-/- BMDM and BMDC but were detected in GSK P2X7-/- T cells, however at
low and non-significant levels. Two separate studies have reported GSK-/- mice T cells express
P2X7VK with the absence of this splice variant in macrophages and dendritic cells [389, 390] [387].
However literature reports the P2X7VK splice variant is hyperactive, and even low presence of the
receptor may still be adequate to elicit P2X7 responses [392]. In WT cells, my data supports current
literature reporting P2X7VK is the dominant form in T cells, with detected levels significantly higher
than in another cell types in both WT or knockout strains.
Highest levels of P2X7V2 and P2X7V3 were detected in WT BMDM. As discussed, several
independent experiments have reported the ability of P2X7V3 to negatively regulate the WT
receptor when co-expressed in a heterologous system. Additionally in a heterologous system,
P2X7V2 and P2X7V3 homotrimers have very reduced pore function, are inefficiently trafficked and
have been reported to be predominantly intracellular [391] [347].The detection of P2X7V2 and
P2X7V3 mRNA in Pfizer leukocytes in low amounts in addition to Masin et al. discovering the of the
loss P2X7 activity of these translated variants in a heterologous system, further cements that the
Pfizer P2X7-/- mouse represents a better knockout to study autoimmune diseases [347] .
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Unexpectedly, P2X7V4 mRNA levels were significantly higher in Pfizer BMDC compared to several
other cell types. According to the genetic targeting strategy designed to create the P2X7 -/- Pfizer
mouse, V4 should not be present in cells from these animals. Current literature searches reveal a
lack of research regarding this splice variant. Research by Kido et al. currently is the only literature
available investigating this variant. P2X7V4 is the shortest splice variant and translation would result
in a protein missing the C terminus, all of the C terminal transmembrane domain, and half of the
ectodomain. When P2X7V4 is co-expressed in HEK293 cells with P2X7VA, decreases in P2X7
function result measured through dye uptake [391]. Protein expression of P2X7V4 has yet to be
detected in a native mouse system. This could be because the absence of a large proportion of the
receptor structure in this severely truncated splice variant may render it too faulty to be expressed in
a or rapidly degraded native system. An example of this are splice variants of the human endothelial
receptor where products are either degraded soon after translation, or fail to translate in the first
place [523].
There is also the possibility that detection of a non-specific product is occurring. However, to
validate qPCR products from splice variant analysis, WT BMDM qPCR products obtained with
primer pairs P2X7V1-4 and WT T cells with P2X7VK primer pairs were separated by agarose gel
electrophoresis. This was to confirm sizes of products of amplified cDNA were as expected for
specific primer pairs used. These results have been provided in the appendix. Agarose gels show
all the presence of one band only for every qPCR product, measuring at predicted sizes apart from
P2X74. The RT-qPCR product was at a larger size (~80 kDa) than the predicted 75 bp. A nonspecific product may have been detected in my experiments. RT-qPCR products were “cleaned-up”
and additionally sent for sequencing, however analysis of sequencing results were of poor quality.
Kido et. al cloned these sequences into plasmid vectors prior to sequencing [391]. Repeat
sequencing by cloning into plasmid vectors prior sequencing would provide validation of the identity
of the P2X7V4 RT-qPCR product. Cloning into plasmid vectors has been reported to produce better
quality data [524].

LPS priming significantly upregulates mRNA levels of P2X7VK in BMDC
My experiments continued to explore the consequences of LPS priming on BMDM and BMDC as a
potential explanation for differences in priming requirements. As discussed, the P2X7VK variant
contains 42 amino acids, which differ to the P2X7VA variant resulting in an alternative N terminus
and part of TM1. Initial experiments by Nicke et al. found this splice variant is translated into a
functional receptor a exhibiting gain-of-function phenotype, with 8 times more sensitivity to agonist
application than the P2X7VA variant and increased pore forming ability and slower deactivation
kinetics [392]. My results show the expression of P2X7VK in BMDCs when primed with LPS
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significantly increases, a phenomenon not seen in BMDM. This may be of advantage to BMDCs,
initial responders to invading pathogen, with upregulation of the hypersensitive P2X7VK splice
variant resulting in increased sensitivity to respond to potential pathogenic danger signals; and to
prime the immune system for an increased inflammatory response if necessary.
Within this set of experiments, P2X7V4 was also significantly upregulated post LPS-priming in
BMDCs. Again, the significance and importance of this is uncertain, due to lack of current literature
regarding this splice variant and the validity of this data in question, as discussed previously.
My results also showed that P2X7VA was downregulated upon LPS priming in BMDM. Although this
is an unexpected result, the levels of P2X7 did not decrease to undetectable amounts. There could
still be an adequate quantity to appropriate a significant response upon ATP induced P2X7
stimulation. This experiment would need to be repeated to validate this data.

P2X7 surface expression
The mechanism of LPS priming was then investigated by exploring the expression of surface P2X7
on BMDM and BMDC after LPS incubation. The hypothesis that LPS induced trafficking of P2X7 to
the cell surface was investigated. My results in both BMDM and BMDC showed that LPS incubation
at time points investigated between 1 hour and 24 hours did not induce upregulation of P2X7
surface expression; and levels post LPS priming were similar to those seen in unstimulated cells.
My results suggest that P2X7 is present on the cell surface of both BMDM and BMDC.

The

presence of P2X7 at the surface could imply the receptor is present in a conformationally inactive
form with LPS inducing a structural change.

The role of lipid rafts in P2X7 regulation
MβCD is a cyclic- oligosaccharide comprised of α-(1–4)-linked D-glycopyranose units. Multiple
investigators have used exposure of this substance as a method for lipid raft disruption in a range of
cell types. Exposure of cells to MβCD results in removal of cellular cholesterol, and current evidence
suggests a heterogeneous distribution of plasma membrane cholesterol which is mostly
concentrated within lipid rafts [517]. It has been reported that ~ 90% of free cellular cholesterol is
present within the plasma membrane in several cell types [525] [526].
Mounting evidence supports protein localization as a method of P2X7 regulation and this was
investigated by exploring the role of lipid raft disruption on P2X7 function. As discussed,
investigators utilizing methods of isolation of detergent resistant membrane fractions have localized
P2X7 to lipid rafts. Robinson et al. found enhanced dye uptake in murine BMDM post lipid raft
disruption. My results were opposing, and I found no effect of acute lipid raft disruption in BMDM or
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BMDC on P2X7 pore formation (measured through TOPRO3 uptake) or downstream signalling
through IL-1β release. Robinson et al. used the potent BzATP as a P2X7 stimulator [483]. This is
physiologically less relevant; however it may be that ATP stimulation in my experiments was not
potent enough to reveal subtle yet significant changes in uptake to be identified. However my
results do suggest that lipid raft association is not a mechanism of P2X7 receptor regulation in these
cell types. My results do not discount the presence of P2X7 in lipid rafts in BMDM and BMDC
however it may be that raft association has neither negative nor positive regulatory functions in
terms of P2X7.
In contrast, I did find splenic CD4+ T cells P2X7 responses were potentiated with the acute
disruption of lipid rafts, as well as increased levels of P2X7 surface expression. This data is implying
that perturbing lipid rafts is somehow unmasking P2X7 at the cell surface resulting in its increased
detection and increased function, and a negative regulatory role of raft association is inferred.
Perturbation of lipid rafts has been reported in an inflammatory setting and enhanced P2X7
responses in T cells may contribute to pathogenicity during inflammation [527].
Referring back to my experimental results from splice variant analysis, WT T cells expressed
significantly higher levels of P2X7VK compared to all other cell types investigated. There is the
potential that lipid raft association is splice variant specific. It could be hypothesized from my data,
that P2X7VK associates with lipid rafts, whereas P2X7VA predominantly found in BMDM and
BMDC (WT) do not. P2X7VK and P2X7VA differ in amino acid sequence at the N-terminus of the
receptor, and current literature would suggest a C-terminal mediated localization to raft areas.
However this warrants further investigation, as N-termini are also intracellular and may be
interacting with raft components. A further potential explanation for T cell specific responses, could
be that T cells were more sensitive to ATP and were undergoing cell death upon ATP stimulation;
hence the increase in dye uptake. A formal cell viability assay was not performed on T cells under
the applied experimental conditions so this would need to be performed. As mentioned, Nicke et al.
found that P2X7VK is more 8-10 times more sensitive to BzATP stimulation compared to the wild
type variant, however a search literature does not report any measurements on differences in cell
death between the two variants [392].
My data exploring the effects of raft disruption prior to LPS priming (+ATP stimulation) in BMDM and
BMDC indicated that in these cell types, TLR4 is also associated with lipid rafts. Significantly
decreased levels of mature IL-1β and IL-18 (and cleaved caspase-1) were detected in both lysate
and supernatant in both cell types. Additionally, these experiments also support earlier findings that
both functional TLR4 and P2X7 signalling is required for optimal IL-1β responses in these cell types.
P2X7 surface expression was not significantly different in either cell type when lipid rafts were
perturbed prior to LPS priming. This data also supports my earlier findings that LPS stimulation of
TLR4 is not inducing trafficking of P2X7 to the cell surface, and it is present at the cell surface
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already. Lipid raft depletion prior to LPS priming + ATP stimulation (and post LPS priming) of both
BMDM and BMDC did not affect dye uptake in either cell type. This data implicates that P2X7
mediated dye uptake is lipid raft independent in these cell types, and additionally suggests that LPS
priming is not required for this process, with only ATP stimulation required.

Summary
To conclude this work overall, my findings add to current reports that T cells, macrophages and
dendritic cells are different in terms of LPS priming and ATP responses. Thus there are many
different mechanisms for responding to ATP stimulation via the P2X7 system. This does not appear
to be due to trafficking to the cell surface or to a lipid raft phenomenon (conformation change), but
appears to be due to alterations in the balance of splice variants. This is important because there
are many splice variants and this makes interpretation of experimental work more complex.
However, it also reduces the applicability of murine experiments to human disease and might
explain why P2X7 clinical trials have not been particularly successful. There is therefore a need to
be careful with P2X7-/- mice, as to which splice variants are knocked out, and with inhibitors as to
which splice variants they target and how effectively. This also means that Pfizer vs GSK
experiments are interesting as their splice variant profiles are different and knowledge of cell type
expression of splice variants may even allow the role of these different splice variants to be
explored in different animal models of disease. My data is preliminary in exploring splice variant
expression in macrophages, dendritic cells and T cells due to lack of available commercial
antibodies. However if the balance of splice variants is important, questions requiring answering
include- do cells make more of one variant and traffic it to the surface, or is it again a conformational
change question? If so, what are all these other splice variants doing? And what is the purpose in
having so many splice variants with many varying functional characteristics.
3.6 Future work
One of the main hindrances furthering my investigation into differences in P2X7 regulation in
BMDM,BMDC and T cells was the unavailability of commercial antibodies to distinguish between the
difference murine splice variants. The anti-P2X7 antibody used throughout this chapter is targeted
towards an ecto-domain common to all splice variants. Once these antibodies become available,
investigation of protein and surface expression of these variants will provide further insight into
differences in mechanisms of regulation.
As discussed, it seems that BMDC are able to release mature IL-1β through a caspase-1
independent mechanism. The role of caspase-8 as an alternative enzyme was explored and
findings indicate this caspase is not involved in an NLRP3 inflammasome independent induction of
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the release of mature IL-1β. Future work should include investigations of other enzymes with known
IL-1β cleaving ability, including MMP-2, MMP-3, MMP-9 and caspase-11 [528, 529].
A potential mechanism of P2X7 regulation in different cell types that would be important to
investigate is the composition of P2X7 trimers in native cells, which have shown to assemble in
heteromers. A particular focus should be P2X4, as recent research has proposed a role for the
P2X4 receptor in the regulation of P2X7 mediated outcomes. Perez-Florez et al. found in murine
P2X4-/- BMDM cells P2X7 mediated responses which included dye up take and IL-1β release were
attenuated [530].
The experiments performed on lipid raft analysis have shown that murine CD4+ splenic cells show
potentiated P2X7 mediated dye uptake and increased P2X7 surface expression after acute
cholesterol depletion. It would be beneficial to see if other P2X7 responses are also affected for
example PS exposure and L-selectin shedding. Future work should also include further
investigations into potential localization of P2X7 receptors to lipid rafts by employing FRET analysis
by labelling P2X7 and lipid raft component GM-1 ganglioside with a cholera-toxin.
Currently no human equivalent of murine P2X7VK has been characterized. My results show that the
hyperactive splice variant P2X7VK may be involved in the ability of BMDC to release IL-1β with LPS
priming only. Future work should involve characterization of splice variant expression in the different
human lymphocyte subsets, as this would impact future drug design and therapeutic targeting.

3.7 Key findings


Murine BMDC (and not BMDM) release significant amounts of IL-1β upon LPS priming only.



In BMDC (and BMDM), caspase-8 is not activated by LPS priming.



Levels of P2X7 splice variants expression is cell type specific.



WT T cells predominantly express P2X7VK, and BMDM express high levels of P2X7V2 and
P2X7V3.



P2X7VK mRNA expression is significantly upregulated by LPS priming in BMDC.



Lipid raft disruption potentiates P2X7 mediated dye uptake in CD4+ splenic T cells and also
increases surface expression of P2X7.



P2X7 dependent responses (IL-1β release and pore formation) are not regulated by lipid raft
association in BMDM and BMDC.



IL-1β release through TLR4 stimulation requires lipid rafts in BMDM and BMDC.



Novel characterization of P2X7 splice variant expression in murine lymphocyte populations
allows further understanding of the roles of these cell types in inflammatory and autoimmune
disease models.
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Chapter 4 –
P2X7 in uveitis
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4.1 Introduction
Uveitis is potentially blinding group of inflammatory disorders of the uvea and can affect the
surrounding ocular tissue including the retina, optic nerve and vitreous. The disease is defined by
anatomical location of inflammation and can be infectious or non-infectious in nature. Non-infectious
uveitis is the more prevalent form of disease in western countries. Uveitis can affect any age group
but highest prevalence of disease is found in the adult population of working age, which leads to
economic burden [531]. Currently approved treatment options employ the use of local or systemic
immunosuppression using corticosteroids, chronic use of which have well documented adverse side
effects including secondary ocular complications including raised intraocular pressure and cataract
[532]. Furthermore, some patients can be refractory to such therapies [533] Alternative treatment
options include systemic immunosuppressant’s including T cell inhibitors, alkylating agents and
antimetabolites [534]. Similarly to corticosteroid use, these agents have relative non-specificity and
chronic use can result in serious side effects. Off-label treatment of uveitis with the use of biologics
is a relatively novel practice and most studies have investigated efficacy of TNF-α inhibitors with
relative success but high rates of adverse side effects. Suhler et al. found anti-TNF-α agents to
have good efficacy in patients with refractory uveitis, however 7% of the cohort developed drug
induced lupus [535].
The P2X7 receptor offers a novel potential therapeutic target for the treatment of non-infectious
(autoimmune presumed) uveitis. Under homeostasis conditions, ATP is converted into adenosine in
a two-step mechanism involving ectonucleotidases CD39 and CD73 [536]. ATP is a well
characterised DAMP molecule, and at sites of inflammation extracellular ATP levels increase as a
result of cellular stress or apoptosis. These increased levels are chemotactic to phagocytes
dependent on P2Y2 and P2Y12

and stimulate immune cells to promote rapid inflammation,

alongside the down regulation of ectonucelotidases [537, 538] [486] [539].
The data in chapter 3 has shown that P2X7 is highly expressed on CD4+ T cells. The central role of
T cells in the animal model of autoimmune posterior uveitis, EAU, is well established [540]. ATP
signalling through P2X7 enhances TCR mediated responses. Stimulation of the TCR increases the
oxidative synthesis of ATP in CD4+ T cells, which is followed by release of ATP through pannexin
hemichannels [541, 542]. Paracrine and autocrine signalling through P2X7 in T cells results in
sustainment of mitogen-activated protein kinase (MAPK) signalling and downstream production of
IL-2, promoting T cell proliferation [543]. In vitro inhibition of P2X7 signalling reduces proliferative
capacity of T cells and reduces levels of IL-2 released [544]. Therapeutically blocking or genetically
knocking-out this receptor should therefore decrease disease severity in EAU.
Experimentally, the crucial role of P2X7 in the pathogenesis of animal models of several
autoimmune disorders has been established employing P2X7 deficient mice and P2X7 specific
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antagonists.

Decreased severity of disease in both P2X7 deficient murine models and P2X7

antagonist treatment has been reported in animal models of glomerulonephritis [545], lung
inflammation [414], allergic airway inflammation [546] hypertension and renal injury [547],
haemorrhagic cystitis [548], pancreatitis [549] and graft-versus-host disease [550].
The experiments in Chapter 3 and supporting literature have demonstrated the crucial role of P2X7
in cytokine release in both macrophages and dendritic cells, specifically the central pro-inflammatory
mediator IL-1β. The role of IL-1β in EAU has recently been established, with severe EAU
ameliorated in IL-1β deficient mice [181]. Experiemntal autoimmune uveitis, EAU, is the animal
model for posterior uveitis. IL-1β has also been detected in vitreous aspirates of patients with
idiopathic pan uveitis where it has been proposed that presence of this cytokine amplifies
inflammation in chronic manner [551]. Collectively, these findings implicate strong potential for
therapeutic disruption of agents upstream of the IL-1β signalling pathway. The role of P2X7 in the
pathogenesis of uveitis is currently unknown, but is likely to involve the activities of IL-1β, and
additionally other P2X7 downstream pro-inflammatory cytokines including MCP-1, IL-6 and IL-8
[424]. Levels of these cytokines have been measured at increased levels in ocular fluid from
patients with active uveitis [552].
As discussed, recent observations suggest involvement of the innate immune system in uveitis.
Innate immune cells are activated upon interaction with PAMPs or DAMPs and PRR, which
activates inflammasomes and production and release of IL-1 cytokines. Autoinflammatory disorders
with ocular manifestations such as Blau syndrome is associated with a defective PRR - NOD2 [212].
Additionally, the fact that adjuvant is essential for induction of EAU suggests an important role of the
innate response in shaping disease in vivo. It has been proposed in EAU that the way in which the
initial antigen exposure occurs may polarize towards a TH1 or TH17 response [135]. For example
B10.rIII mice induced with EAU via the IRBP161-180 immunizing method and treated with anti-IL-17
antibody exhibited reduced disease severity. However the same treatment does not ameliorate
disease in B10.rIII mice induced with mice via adoptive transfer of CD4+ cells from IRBP161-180
immunized mice into naïve mice [120]. Perhaps the most outstanding example demonstrating the
role of the innate immune system in uveitis, is the ability of systemic or intraocular injection of LPS
to induce acute anterior chamber inflammation in EIU in susceptible strains of mice. Mice missing a
functional TLR4 do not develop EIU indicating this receptor is crucial for disease pathogenesis
[553].

169

4.2 Experimental aims
The main aim of the experiments in this chapter was to establish if P2X7 is a potential therapeutic
target for the treatment of EAU. The experiments conducted were performed to investigate the role
of P2X7 in the pathogenesis of uveitis mechanistically and on a cellular basis. This was achieved by
comparing ocular infiltrate, splenocyte populations, measuring signature cytokine levels from restimulated splenocytes, and comparing levels of TREGS.
Firstly disease severity in the murine model of posterior uveitis, EAU, was compared in P2X7 -/Pfizer (and additionally GSK) and wild type P2X7+/+ mice (C57BL/6). Following this, the role of the
P2X7 selective antagonist A438079 as a potential therapeutic was investigated in EAU induced
B10.rIII mice with established clinical disease. Finally, due to potential role of the innate immune
system in the pathogenesis of uveitis, and the requirement for the dual stimulation of TLR4/P2X7 for
TLR4 mediated outcomes in cells of monocyte origin, the role of P2X7 was investigated in P2X7 -/mice with EIU induction.

4.3 Experimental design
EAU
In this chapter, the murine EAU model was induced in female P2X7-/- mice (Pfizer and GSK) and
control P2X7+/+ wild-type mice (C57BL/6) 6-10 weeks. Mice were immunized subcutaneously with
500µg recombinant IRBP peptide 1-20 (GPTHLFQPSLVLDMAKVLLD) emulsified in CFA, with
additional adjuvant 1.5 µg Bordetella pertussis toxin into the intraperitoneal cavity. For the definitive
investigation of antagonist efficacy, EAU was induced in B10.rIII mice with 50 μg peptide IRBP 161180 (SGIPYIISYLHPGNTILHVD) emulsified in CFA with additional intraperitoneal injection of 1µg
Bordetella pertussis toxin. Half the cohort were treated with intraperiotneal injection of 275 μmol of
P2X7 antagonist A438079, the other half were injected with vehicle (both twice daily).
For definitive experiments, 2 mice per group were injected with all immunizing reagents but omitting
uveitogenic peptide. These mice were “CFA controls”. Histology images from these mice have been
included in the appendix.
For in vivo EAU experiments mice were sacrificed at peak disease; determined in preliminary
experiments and through TEFI imaging. Right enucleated eyes for each mouse were embedded in
paraffin wax, sectioned, and stained with anti-CD45 for grading purposes. The remaining
enucleated eye was dissected, and the retina digested and prepared for flow cytometry analysis of
cellular infiltrate.
Unfractionated splenocytes from P2X7-/- vs P2X7+/+ diseased mice were removed at the start of
clinical disease (day 14). At peak disease severity (day 15), unfractionated splenocytes from B10r.III
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mice A438079 treated or vehicle treated mice were removed. After red blood cell lysis,
unfractionated splenocytes were plated at 0.2 x 106 cells/well and stimulated with immunizing IRBP
for 48 hours. Levels of cytokines IFN-γ and IL-17 in the culture supernatant were measured using
ELISA. Additionally, splenic cells were removed for qRT-PCR analysis of FoxP3 levels.
For these experiments, where group numbers are uneven, this is a result of mice being culled
before peak disease due to development of ulceration at the peptide immunization site.

EIU
For induction of EIU, female P2X7-/- mice (Pfizer) 6-10 weeks were anaesthetised and right eyes
injected with 1 ng LPS (E.coli 055:B5) in 2 μL sterile PBS into the vitreous cavity, at a site 0.6 mm
from the corneal limbus using a 33-gauge needle attached to a Hamilton syringe. Control mice were
injected with 2 μL sterile PBS only. 24 hours post disease induction the experiment was terminated
and left eyes removed for flow cytometry analysis of cellular infiltrate. Right eyes were removed for
processing and haematoxylin and eosin staining for histological analysis
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4.4 Results
For reference purposes, a healthy right eye from a WT C57BL/6 mouse has been presented. After
enucleating and paraffin embedding, eyes were cut into 6 μm sections until sections cut through the
optic nerve were made. As this is the area that disease develops initially, only these sections were
included for analysis of disease throughout this thesis. Sections were stained for CD45+ cells and
counterstained with haematoxylin. The images in figure 4.1 are mainly focused on the posterior
chamber of the eye, as this is the region of inflammation in EAU, but some anterior structures have
been included as animal models of pan-uveitis and anterior uveitis have been investigated further
on.

Figure 4.1 Histological images of the healthy mouse eye. Images taken at x 4 (top only) and x 10 magnification of a
healthy P2X7

+/+

C57BL/6 mouse eye stained with anti-CD45 and counterstained with haematoxylin. Various anatomical

features have been labelled.
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Figure 4.2 Histology of the retinal layers At x 20 magnification, the retinal layers are discernable. Abbreviations: RPE,
retinal pigment epithelium; ROS, rod outer segments; RIS rod inner segment; ONL, outer nuclear layer; OPL, outer
plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell layer; NFL, nerve fibre layer. During
+

EAU these layers become infiltrated with CD45 cells, and the uniform layers become disrupted.
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4.4.1 P2X7 deficiency partially protects against development of severe EAU

To investigate the role of P2X7 in development of intraocular inflammation, EAU was induced in 8
P2X+/+ and 8 P2X7-/- (Pfizer) mice with 500µg recombinant IRBP 1-20 in CFA per mouse and
additional Bordetella pertussis toxin. Disease was monitored using TEFI imaging (figure 4.3) and on
day 22 - peak clinical disease as determined in preliminary experiments, mice were sacrificed.
Enucleated right eyes were embedded in paraffin wax and 6 µm sections stained by
immunohistochemistry with anti-CD45 and graded on cellular infiltrate and morphological changes
using the scale provided in the methods section. Significantly reduced disease scores were seen in
P2X7-/- mice compared to P2X7+/+ mice. These results show that mice deficient in P2X7 are partially
protected from developing severe EAU. Representative anti-CD45 histology images in fig 4.3 show
the cellular and morphological differences in EAU severity between P2X7-/- and P2X7+/+ mice.

(b)
15

Cellular infiltrate
ns

Total score

10

Score

(a)
15

5

*

0
2X
7
Pf
iz
er
P

P2
X7

Score

+/

- /-

+

10

5
(c)

Structural damage

6

ns

Score

Pf
iz
er
P

2X
7

+/

P2
X7

4

-/-

+

0

2

2X
7
er
P
Pf
iz

P2
X7

+/

-/-

+

0

-/-

Figure 4.3 Disease severity scores are decreased in EAU induced P2X7 mice (a) Total scores of cellular infiltrate
and morphological changes are significantly worse in P2X7

+/+

EAU induced mice compared to P2X7

-/-

mice day 22 p.i.

Maximum score is 42. Each point represents blinded score per right eye. Error bars represent median +/- interquartile
range n= 8 right eyes per mouse per group. In (b) and (c) scores for cellular infiltrate (maximum score 30) and structural
damage (maximum score 12) are displayed respectively. The two-tailed Mann-Whitney-U test was applied to scores to
test significance level where ns= no significance P > 0.05, * = P ≤ 0.05.
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Figure 4.4 EAU CD45 stained ocular sections show decreased disease severity in P2X7

-/-

mice Representative anti-

CD45 stained paraffin eye sections at x 40 magnification day 22 p.i. Sections of 6 µm have been cut through the pupillaryoptic nerve plane. (a) EAU induced P2X7

+/+

-/-

mouse (b) EAU induced P2X7 mouse. Features of disease are present in

both strains of mice, but are more severe in P2X7

+/+

mice compared to P2X7

-/-

mice. (a) Histological features of disease in

this strain of mouse include ocular infiltrate (<), retinal folds (*), retinal vasculitis (>), and perivascular cuffing (+). In P2X7

-/-

mice (b) ocular infiltrate is minimal (<) as are retinal folds (*).
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Figure 4.5 TEFI imaging of non-diseased P2X7

+/+

-/-

and P2X7 fundi Presented are fundus images of a P2X7

+/+

and

-/-

P2X7 healthy mice taken by TEFI imaging. The optic nerve is clearly visible and retinal vessels are uniform in colour. No
inflammation is present in either of these eyes.
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-/-

Figure 4.6 Disease progression of EAU in P2X7 and P2X7

+/+

mice Disease progression was monitored in real-time by

imaging the fundus using TEFI. Representative images of (a) EAU induced P2X7
mouse at baseline. Representative images at day 16 (c) P2X7

+/+

+/+

mouse (b) Pfizer P2X7

-/-

EAU induced

-/-

(d) Pfizer P2X7 show the start of clinical symptoms in

both mice, noticeable by a blurred optic disc. Images in (e) and (f) show 22 days p.i from a P2X7
respectively. More severe clinical features of EAU are present in the P2X7

+/+

+/+

-/-

P2X7 mouse

at peak disease, which includes a more

raised and swollen optic nerve , perivascular cuffing and white flecks which are possible retinal folds. The white specs in
(f) are most likely reflective specs from the use of the light and eye gel.
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4.4.2 There is significantly decreased T cell ocular infiltrate in P2X7-/- mice
To elucidate potential cellular mechanisms behind reduced disease scores in P2X7-/-mice, left eyes
were enucleated at day 22 p.i, retina carefully dissected out and digested, and single cell
suspensions obtained as described in the methods section. Cells were stained with fluorescently
conjugated antibodies against CD45, CD3, CD4 and CD11b and analysed by flow cytometry. The
gating strategy for ocular infiltrate has been provided in methods section. In figure 4.7 (b) Cell
numbers of infiltrating CD3+CD4+ T cells were significantly decreased in and P2X7-/- animals
compared to those P2X7+/+.
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Figure 4.7 In EAU CD4 T cells are significantly reduced in P2X7 mice 22 days post immunization with IRBP1–20
peptide in CFA and an i.p. injection of PTX, P2X7

+/+

-/-

and P2X7 mice were sacrificed, right eyes enucleated and retina

dissected, digested and prepared for flow cytometry analysis. Cells were incubated with fluorochrome conjugated - anti+

mouse antibodies against CD45, CD3, CD4 and CD11b surface molecules. After gating on pan leukocytes (CD45 ), cells
+

+

+

were gated according to CD11b or CD3 CD4 T cells. n=7 right eyes per group. Error bars represent SD

+/-

. Statistical

significance between of each group was tested by applying the two tailed students T test where ns = P > 0.05 and *** P ≤
0.001.
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4.4.3

P2X7 deficiency does not affect spleen and lymph node antigen presenting cell and
CD4+ T cell balance after IRBP1–20 peptide immunization

Cellular composition of spleen 12 days p.i were analysed between P2X7-/- and P2X7+/+ mice to
determine if differences in composition were underlying a potential mechanism for less susceptibility
for developing EAU in P2X7-/- deficient mice. Spleens were removed, single cell suspensions
obtained and cells incubated with fluorochrome tagged antibodies against CD3, CD11c, CD11b and
MHC-II. In figure 4.8, no differences were seen in proportions of cell types in spleens between
P2X7-/- and P2X7+/+ animals. The gating strategy for unfractionated splenocytes in EAU models is
included in the methods section.
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Figure 4.8 Splenocyte phenotypes in EAU and WT P2X7 and P2X7
with IRBP 1–20 peptide in CFA and an i.p. injection of PTX, P2X7

+/+

+/+

mice do not differ 14 days post immunization

and P2X7

+/+

mice were sacrificed and unfractionated

splenocytes prepared. (a) Cellular phenotype of splenocytes were characterized by flow cytometry with fluorochrome
conjugated anti-mouse antibodies against CD3, CD11b, CD11c and MHC-II surface molecules. Statistical significance
between the mean score of each group was tested with a one-way ANOVA. Mean +/- SEM. N = 4 per group or n=1 per
group for healthy controls. ns = P > 0.05. No significance was calculated between each group for all cell types
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4.4.4

Splenocytes from P2X7-/- diseased mice release significantly less IL-2 compared to P2X7+/+ diseased mice when re-stimulated
in vitro with IRBP 1-20

To determine if decreased disease severity in P2X7-/- mice is a result of decreased T cell proliferation, cytokine release in response to in vitro
stimulation with IRBP1-20 was determined in both splenocytes from EAU P2X7-/- and P2X7+/+ mice. Unfractionated splenocytes were prepared
from culled mice at the start of clinical disease (day 14). Cells were plated into 24 well plates, 1 x 106 cells per well, and re-stimulated with 10
μg/mL IRBP

1-20

for 48 hours. Controls included splenocytes incubated with IRBP solvent; sterile PBS. In figure 4.9, ELISA analysis of

supernatant cytokine levels of IFN-γ and IL-17, signature cytokines produced by activated CD4+ TH1 cells and TH17 cells respectively, showed
no significant differences between P2X7-/- deficient mice and P2X7+/+

mice. Levels of IL-2 were significantly decreased in P2X7-/- mice

compared to P2X7+/+ mice.
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Figure 4.9 Significantly less IL-2 is released from IRBP1-20 stimulated splenocytes from EAU induced P2X7 mice 14 days post disease induction, P2X7

+/+

and P2X7

-/-

mice were sacrificed and unfractionated splenocytes prepared. Cells were incubated with 10 µg/mL IRBP 1-20 peptide or incubated with an equal volume of sterile PBS.
Supernatant levels of IFN-γ (a), IL-17 (b) and IL-2 (c) were quantified by ELISA after 48 hours of re-stimulation. n= 4 mice per group. Supernatant levels of IFN-γ, IL-17 and IL2 from healthy controls and PBS incubated cultures from immunized mice from P2X7

+/+

-/-

and P2X7 splenocytes have not been included as levels recorded were undetectable.

Statistical significance between the mean score of each group was tested by applying the Students two-tailed T test. ns = P > 0.05, *= P ≤ 0.05. IFN-γ levels were significantly
lower in P2X7-/- animals compared to P2X7

+/+

animals. Levels of IL-17 and IL-2 were not significantly different between the two groups of mice however a general trend of a

-/-

decrease in levels are observable in P2X7 animals
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4.4.5

No significant differences in mRNA levels of FOXP3 exist between P2X7-/- and P2X7+/+
mice.

The expression of the TREG cell transcription factor FoxP3 was examined by RT-qPCR from
extracted mRNA from splenocytes from P2X7-/- and C57BL/6 WT mice 14 days post immunization
with IRBP1-20, to examine whether levels of TREG cell were contributing to protection of P2X7-/- mice
from developing more severe EAU. The levels were not significantly different in P2X7-/- mice
compared to P2X7+/+.
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Figure 4.10 FoxP3 mRNA levels in splenocytes from IRBP1-20 stimulated splenocytes from EAU induced P2X7
-/-

+/+

-/-

and P2X7 mice do not differ 14 days post EAU induction, unfractionated splenocytes were removed from P2X7 and
P2X7

+/+

mice, processed and analysed by RT-qPCR for GAPDH and FoxP3 mRNA expression. Expression is plotted as a

ratio to the housekeeping gene GAPDH. No significant difference was apparent between P2X7

-/-

mice and P2X7

+/+

mice.

Mean = SD +/-. n=4 mice per group. Statistical significance between the mean score of each group was tested by applying
the Students two-tailed T-test. ns = P > 0.05.
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4.4.6

GSK P2X7-/- mice are not protected from developing EAU

EAU was induced in GSK P2X7-/- mice and P2X7+/+ mice. The tissue specific knockout of P2X7 in
this strain, with the hyperactive slice variant P2X7 expressed in T-lymphocytes and inactive P2X7 in
macrophages and dendritic cells may potentially elucidate the role of P2X7 signalling in T
lymphocytes to be evaluated in disease pathogenesis. As GSK P2X7-/- mice are on a C57BL/6
background, the method to induce disease was used as described in previously. At peak clinical
disease (day 22) mice were sacrificed, eyes enucleated and processed for histological analysis.
Disease severity of stained sections was graded according to cellular infiltrate and morphological
changes. In figure 4.11, no significant differences in disease scores were apparent between P2X7+/+
and P2X7-/- groups. Disease scores for WT C57BL/6 mice were unexpectedly low compared to
those obtained in previous experiments, with low levels of cellular infiltrate and mild vasculitis the
main pathological features observable in Figure 4.12. Due to optimal levels of disease severity not
reached, there is a possibility that these low levels of disease may be masking any apparent
differences in disease severity between strains.
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Figure 4.11 EAU disease severity scores do not differ in GSK P2X7 and P2X7
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mice EAU was induced in C57BL/6

-/-

and P2X7 mice (GSK). Mice were sacrificed at day 21. Histological scoring was conducted in a blinded manner

and no significant differences in disease scores in P2X7

-/-

mice compared to P2X7

+/+

mice was found (a). Each point

represents score per right eye (maximum score 42). Error bars represent median +/- interquartile range. n= 6 eyes in each
group. In (b) and (c) scores for cellular infiltrate (maximum score 30) and morphological changes (maximum score 12) are
displayed respectively. The two-tailed Mann-Whitney-U test was applied to scores to test significance level where ns= no
significance.
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Figure 4.12 CD45 stained sections of EAU in GSK P2X7

-/-

and P2X7

+/+

mice show no differences in disease

severity Eyes were enucleated at day 21, embedded in paraffin, sectioned through the optic nerve and stained with antiCD45. Images are representative of a P2X7

-/-

+/+

mouse (a) and a P2X7 mouse (GSK) (b). In both images, structural

damage is minimal with few retinal folds present (+) and intact retinal archaeology. The main pathological features present
are cellular infiltrate into the vitreous (<) and vasculitis with perivascular cuffing (*).
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P2X7-/-

P2X7+/+

Day 0

Day 14

Day 18

Day 22

Figure 4.13 Disease progression of EAU in (GSK) P2X7

-/-

and P2X7

+/+

real-time by imaging the fundus using TEFI. EAU was induced in P2X7
-/-

representative of P2X7 mice (a)(c)(e) and (g) and P2X7

+/+

-/-

mice Disease progression was monitored in
mice (GSK) and P2X7

+/+

mice. Images are

mice (b) (d) (f) (h) at the indicated time points. In both strains

of mice clinical symptoms of uveitis are minimal with optic disc blurring the main feature present.
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4.4.7

C57BL/6 is an unsuitable strain to study effects of antagonist A438079

My experiments with P2X7-/- mice thus far showed decreased severity of EAU which strongly
implicates P2X7 in the pathogenesis of disease. The Pfizer strain of mouse was utilized for the main
analysis, and as discussed, it is not a complete knockout as two severely reduced-function splice
variants P2X7V2 and P2X7V3 were detected through qRT-PCR analysis in chapter 3 in
macrophages, dendritic cells and T cells. However, the presence of the receptor even in these
dysfunctional forms may not provide a true read-out of P2X7 deficiency. Therefore the highly P2X7
specific antagonist A438079 was utilized to treat established disease and to support findings in
experiments with the P2X7-/- strain. C57BL/6 mice were induced with EAU as described in the
previous section (500 µg IRBP 1-20 in CFA, 1.5 ug PTX).

At the start of clinical disease as

determined by fundus imaging (day 14), half the cohort were treated twice daily with an I.P injection
of 300 μmol/kg A438079. The other half were injected with vehicle (sterile water). The disease was
terminated at day 22 post disease induction. Enucleated right eyes were processed for histological
grading. No significant difference in disease severity was apparent between the P2X7 antagonist
treated group and the vehicle treated group. Again, disease sores were uncharacteristically low in
mice with the highest total score recorded as 12 (maximum 40), compared to the first definitive
experiment with the C57BL/6 mouse strain where the highest score recorded was 22. Similarly to
the previous experiment with GSK P2X7-/- mice, full severity of disease for this strain was not
reached and this made any antagonist treatment outcomes difficult to interpret.

Total score

15

ns

Score

10

5

A

43
9

07
9

Ve
hi
cl
e

tr
ea
te
d

0

Figure 4.14 EAU disease severity scores in A438079 or vehicle treated mice do not differ EAU was induced in
C57BL/6 P2X7

+/+

mice. Half the cohort was treated with vehicle and the other half with 300μmol/kg P2X7 antagonist

A438079 twice daily from day 15 until sacrifice at day 21. Histological scoring conducted in a blinded manner found no
significance difference in disease scores between the two groups (maximum score 42). Each point represents score per
left eye. Error bars represent median +/- interquartile range. n= 6 eyes in each group. The two-tailed Mann-Whitney-U test
was applied to scores to test significance level where ns= no significance.
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Figure 4.15 CD45 stained sections of EAU induced and A438079 or vehicle treated mice show no difference in
severity Eyes were enucleated at day 21, embedded in paraffin, sectioned through the optic nerve and stained with antimouse anti-CD45. Images are representative of a vehicle treated mouse (a) and an antagonist treated mouse (b) at x 40
magnification. In both images, retinal morphological damage is minimal with few folds and the main features of EAU
present are limited to vitreous cellular infiltrate.
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4.4.8

Systemic P2X7 antagonist A438079 treatment protects against development of severe
uveitis in B10r.III mice

As a result from the lack of disease induced in results 4.4.2 and 4.4.3, the strain of mouse used to
study potential therapeutic benefits of P2X7 antagonist A438079 was switched to the
B10.RIII(71NS)/SnJ. This strain is more susceptible to disease, which develops rapidly, peaking 15
days post immunization and exhibits a more severe pathology. EAU was induced in 20 mice with
human IRBP161–180 (50µg) in CFA and a lower concentration of PTX (0.5 µg). At day 10 p.i. half the
cohort was treated with P2X7 antagonist A438079 300µmol/kg with an I.P injection twice daily. The
other half were treated with vehicle (sterile water). At day 16, determined as peak clinical disease by
fundus examination, the experiment was terminated and eyes enucleated. Right eyes were
removed and processed for histological analysis in figure 4.17. Severity was graded according to
cellular and morphological changes. In figure 4.16, A438079 treated mice exhibited significantly
decreased levels of disease, with relatively intact retinal structures and decreased cellular infiltrate
compared to vehicle treated counterparts.
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Figure 4.16 EAU disease severity scores are decreased in A438079 treated B10.rIII mice (a) Cellular infiltrate and
morphological changes are significantly worse in vehicle treated IRBP (161–180) immunized mice compared to A438079
treated mice day 16 p.i. (Maximum score is 39). Breakdown of the scoring show that both (b) cellular infiltrate (maximum
score 27) and (c) morphological changes were significantly worse in vehicle treated mice. Each point represents a blinded
score per mouse right eye. Error bars represent median

+/-

interquartile range. Vehicle treated n = 8 right eyes and

A438079 treated n = 7 right eyes. Statistical significance was determined by applying the Mann-Whitney U test where * =
P ≤ 0.05.
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Figure 4.17 EAU CD45 stained ocular sections show decreased disease severity in A438079 treated B10.rIII mice
Right eyes were enucleated at day 16, embedded in paraffin, sectioned at 6μm sections through the optic nerve and
stained with anti-mouse anti-CD45. Images are representative of a vehicle treated mouse (a) and an antagonist treated
mouse (b). Smaller images are at x 40 and larger at x 10 magnification. Heavy vitreous (<) and anterior chamber cellular
infiltrate (^) is visible in vehicle treated mice (a), with subtotal loss of retinal layers (*) and extensive choroid thickening (x).
In contrast, P2X7 antagonist treatment mice display less vitreous and anterior chamber infiltrate (^), relatively intact retinal
layers with moderate retinal folds (+) and cellular infiltrate; and moderate levels of choroid thickening (x).
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4.4.9

Both CD4+ and CD11b+ ocular infiltrating cell numbers are significantly decreased in
A438079 treated mice compared to vehicle treated mice.

Similarly to experiments on P2X7-/- animals, to further dissect potential cellular mechanisms behind
reduced disease scores in A438079 treated mice left eyes were enucleated at day 16 p.i, retina
carefully dissected and digested, and single cell suspensions obtained as described in the methods
section. Cells were incubated with fluorescently conjugated anti-mouse antibodies against CD45,
CD3, CD11b and CD11c and analysed by flow cytometry. In figure 4.18, significantly higher
numbers of infiltrating macrophages and dendritic cells (CD11b+) and T cells (CD3+CD4+) were
present in the eyes of vehicle treated mice compared to A438079 antagonist treated mice.
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Figure 4.18 EAU ocular infiltrate is decreased in A438079 treated mice compaired to vehicle treated B10.rIII mice
16 days post immunization with IRBP 161–180 peptide in CFA and an i.p. injection of PTX, treated and untreated mice
were sacrificed and left eyes enucleated, and retina dissected digested and prepared into a single cell suspension for flow
cytometry analysis. Cells were incubated with fluorochrome conjugated - anti-mouse antibodies against CD45, CD3, CD4
and CD11b surface molecules. N=10 right eyes per group (vehicle) or n=8 A438079. Error bars represent median +/interquartile range. Statistical significance was tested by applying the Mann-Whitney U test. * = P ≤ 0.05 and *** = P ≤
0.001.
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4.4.10 Treatment of EAU induced mice with A438079 does not affect spleen and lymph node
APC and CD3+ T cell balance
Cellular composition of spleen at peak experimental disease was analysed between vehicle treated
and A438079 mice to determine if differences in composition of this secondary lymphoid organ were
underlying a potential mechanism for reduced disease scores in A438079 treated mice. Spleens
were removed, single cell suspensions obtained and cells incubated with fluorochrome conjugated
antibodies against CD45, CD3, CD11c, CD11b and MHC-II. Cells were gated on CD45+ and were
further gated into CD3+, CD11c+ MHCII+ and CD11b+ cell types. No significant differences in these
splenic cell populations were apparent between vehicle treated and antagonist treated animals.
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Figure 4.19 Splenocyte phenotypes in EAU induced and A438079 or vehicle treated B10.rIII mice do differ 16 days
post immunization with IRBP 161–180 peptide in CFA and an i.p. injection of PTX, vehicle treated and antagonist
A438079 treated mice were sacrificed and unfractionated splenocytes prepared. (a) Cellular phenotype of splenocytes
were characterized by flow cytometry with fluorochrome conjugated anti-mouse antibodies against CD45, CD3, CD11b,
CD11c and MHC-II surface molecules. No differences existed between vehicle treated, antagonist treated or healthy
controls. Mean +/- SD. Statistical significance was tested with a one-way ANOVA followed by Dunnett’s multiple
comparison test. n= 4 per group or n=1 per group for healthy control. ns = P > 0.05.
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Figure 4.20 Disease progression of EAU in A438079 or vehicle treated B10.rIII mice Topical Endoscopic Fundus
Imaging was performed to monitor disease progression. Pictured is a B10r.III mouse induced with EAU. Images were
taken from one mouse at baseline (a), day 7 p.i. (b) day 10 p.i (c). No clinical disease is evident in fundus images at
baseline and day 7 p.i. Optic disc swelling is visible on day 10 p.i. At day 15 p.i. both vehicle treated (d) and antagonist (e)
treated mice had obscured fundi due to vitreous haze and anterior chamber infiltration.
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4.4.11 Splenocytes from A438079 treated mice release significantly less IFN-γ and IL-17
compared to vehicle treated mice when re-stimulated in vitro with RBP-3
Similarly to the analysis in P2X7-/- mice, to further investigate mechanisms behind decreased
disease severity in A438079 treated mice, cytokine release in response to in vitro stimulation with
RBP-3 was determined in splenocytes from A438079 treated mice and vehicle treated mice.
Unfractionated splenocytes were prepared from culled mice at termination of the experiment (day
16). Cells were plated into 24 well plates, 1 x 106 cells per well, and re-stimulated with 50 μg/mL
RBP-3 for 48 hours. Controls included splenocytes incubated with RBP-3 solvent; sterile PBS.
ELISA analysis of supernatant cytokine levels of IFN-γ and IL-17, signature cytokines produced by
activated CD4+ TH1 cells and TH17 cells respectively, showed significantly lower levels of both
cytokines in antagonist treated mice compared to vehicle treated mice.
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Figure 4.21 IFN-γ and IL-17 levels in RBP3 stimulated splenocytes from EAU induced A438079 treated mice are
significantly decreased 16 days post disease induction, A438079 and vehicle treated mice were sacrificed and
unfractionated splenocytes prepared. Cells were incubated with 50 µg/mL RBP-3 peptide or incubated with an equal
volume of sterile PBS. Supernatant levels of IFN-γ (a), and IL-17 (b) were quantified by ELISA after 48 hours of restimulation. n= 4 mice per group. Both IFN-γ and IL-17 levels were significantly lower in A438079 treated animals.
Splenocytes cytokine analysis from non-diseased B10.rIII animals and PBS incubated cultures from EAU A438079 treated
and vehicle treated mice have not been included in these graphs as levels recorded were undetectable. Statistical
significance between the mean score of each group was tested by applying the Students unpaired two-tailed T-test. *= P ≤
0.05.
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4.4.12 A preliminary investigation finds EIU induced P2X7-/- mice have significantly
decreased monocyte infiltration
The requirement for P2X7 stimulation in TLR4 mediated processes are well established, particularly
in regard to IL-1β release in macrophages and dendritic cells. Therefore the role of P2X7 in LPS
induced ocular inflammation was investigated. Pfizer P2X7-/- mice and P2X7+/+ C57BL/6 mice were
induced with EIU by an intravitreal injection of 2μL of 1ng LPS from E.coli 055:B5. Control mice,
P2X7+/+ and P2X7-/- were injected with 2μL sterile PBS (vehicle) according to the protocol published
by Chu et al. [68] 24 hours post disease induction the experiment was terminated, left eyes
removed and retina and vitreous were prepared into a single cell suspensions as described in the
methods section, for flow cytometry analysis with fluorochrome-conjugated anti-mouse antibodies
against CD45, CD11b, Ly6C and Ly6G. Infiltrating leukocytes were gated according to CD45 +
staining, and further categorised according to CD11b+Ly6C+ (monocytes) or CD11b+Ly6G+
(neutrophils) surface markers.

The gating strategy applied has been included in the methods

section. Right eyes were enucleated for paraffin embedding, sectioning and haematoxylin and eosin
staining for histological analysis. Significantly decreased infiltrating monocytes were seen in P2X7-/mice in figure 4.22. No difference in total infiltrate or neutrophils alone was seen in P2X7-/- mice.
Histological images in figure 4.23 show similar levels of infiltrate between the two strains of mice.
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intravitrial immunization with 1 ng LPS from E.coli 055:B5, mice were sacrificed and left eyes enucleated, and retina and
vitreous dissected, digested and prepared into a single cell suspension for flow cytometry analysis. Cells were incubated
with fluorochrome conjugated - anti-mouse antibodies against CD45, CD11b, Ly6C and Ly6G surface molecules. N=6 left
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eyes per group. Significantly decreased Ly6C cells infiltrated eyes of P2X7 mice during EAU (c) . Statistical significance
between the median score of each group was tested by applying the Students two-tailed T-test. Error bars represent mean
+/- SD. ns = P > 0.05, * P ≤ 0.05. No significance was calculated between P2X7
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194

Figure 4.23 Haematoxylin and Eosin stained sections of EIU induced P2X7

+/+

-/-

and P2X7 mice EIU was terminated

24 hours post disease induction. Right eyes were excised, embedded in paraffin, sectioned into 6μm sections and stained
with haematoxylin and eosin. EIU is characterised by mass cellular infiltrate into the anterior chamber and vitreous. Similar
levels of infiltrate were observable in both P2X7

+/+

mice (a) and P2X7

-/-

mice (b). P2X7

+/+

(c) and P2X7

-/-

mice were

injected with vehicle (1 x PBS) and did not develop ocular inflammation.
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4.5 Discussion
My investigation into the role of P2X7 in uveitis utilizing mice genetically deficient in P2X7, and
treatment of established diseased with a P2X7 specific antagonist strongly implicate P2X7 has a
role in the pathogenesis of disease, and that P2X7 is a potential therapeutic target for the treatment
of disease.
Results characterizing murine P2X7 splice variants in the different knockout mice strains were an
important consideration when selecting a P2X7-/- mouse model as the focus for these experiments.
My data from chapter 3 showed the splice variant P2X7VK is expressed in T in GSK P2X7-/- mice –
and research has shown it exhibits enhanced P2X7 stimulated responses [392]. Additionally,
experiments by Deplano in murine BMDM utilizing the well-established LPS/ATP stimulation
protocol in both Pfizer and GSK P2X7-/- cells do not release IL-1β in Pfizer P2X7-/- cells, and GSK
P2X7-/- cells exhibited an intermediate phenotype able to release low levels of mature IL-1β [554]. In
the previous chapter I characterized the splice variants expressed in BMDM, BMDC and T cells in
Pfizer P2X7-/- mice and reported these to be expressed in low and non-significant levels.
Additionally, these splice variants have significantly reduced function [385]. Collectively this data
indicated the Pfizer P2X7-/- was a more suitable receptor deficient strain to study the role of the
receptor in EAU.

P2X7-/- mice are partially protected from developing EAU
My results from experiments on Pfizer P2X7-/- mice show that receptor deficiency partially protects
mice from developing a severe EAU due to decreased T cell functioning. As previously discussed,
ATP signalling through P2X7 enhances TCR mediated responses, and in vitro inhibition of P2X7
signalling reduces proliferative capacity of T cells and reduces levels of IL-2 released [555]. My
results showed a general but not significant decrease in levels of ocular macrophage (CD11b+)
infiltrate at peak disease between P2X7-/- and P2X7+/+ mice, and a significant decrease in CD4+ T
cells in P2X7-/- mice. This data indicates that P2X7 deficiency is partially inhibiting recruitment of
these cells types to the eye.
Splenic T cells isolated from EAU induced P2X7-/- mice also had significantly decreased capacity to
produce IL-2 (compared to P2X7+/+). IL-2 is released upon activation of T cells and plays an
important role in further activation and proliferation [556]. IFN-γ and IL-17 release, signature
cytokines produced by activated CD4+ TH1 and TH17 cells respectively were not significantly
reduced in P2X7-/- mice.
Current literature reports ATP signalling through P2X7 on TREG cells has the opposite effect on T
effector cells, and inhibits the suppressive ability of T REG cells. Among the release of anti196

inflammatory cytokines discussed extensively in the introduction section, T REG cells express
ectonucleotisidases CD39 and CD73 which metabolize ATP into the anti-inflammatory adenosine
[557]. At sites of acute tissue injury, IL-6 levels increase, which induces the rate of ATP production
and synthesis in TREG cells, inhibiting FoxP3 expression and polarising CD4+ FoxP3 cells to a TH17
phenotype [539]. Silver et al. found that during EAU, ocular FoxP3+ IRBP specific T cells increase
[558]. FoxP3 levels of mRNA from splenocytes were measured in diseased P2X7-/- and P2X7+/+
mice. Although not significant, a general increased trend in FoxP3 splenocytes was clear in Pfizer
P2X7-/- mice compared to wildtype counterparts. This data suggests FoxP3+ cells may be increased
in Pfizer P2X7-/- mice and contribute to the protection conferred to these mice. Further
characterization of intraocular levels of these TREGs would be required to confirm this finding.
Analysis of splenocyte populations showed no difference between percentage phenotypes between
EAU induced P2X7+/+ or P2X7-/- mice. This data is implicating that P2X7 deficiency has not resulted
in differences in recruitment of immune cells in this secondary lymphoid organ in EAU.

Treatment of EAU induced mice with A438079 protects against the development of severe
disease
C57BL/6 mice induced with EAU and treated with P2X7 inhibitor A438079 produced significantly
milder disease scores than expected. It is widely accepted that this strain of mouse is difficult to
induce disease in, possibly due to the 451L allelic variant of P2X7 in this strain of mouse. When
compared to the P451 variant found in other strains of mice, T cells exhibited reduced function, and
EAU is considered a T cell mediated disease [403]. The exact reason behind milder disease scores
in my experiments is unknown, as various steps were taken including obtaining new immunization
reagents including immunizing peptide. These lower disease scores are however in accordance
with scores from Shao et al. who found disease incidence was low in induced mice with a mild
inflammation. Pathological features of disease were cellular infiltrate with only minor retinal
structural damage, similar to the results I have obtained [559]. There is a possibility that genetic drift
may have resulted in disease activity being lost.
The multiple sclerosis in vivo model EAE produced conflicting results in Pfizer and GSK P2X7-/mice, where disease was exacerbated and attenuated respectively [389, 390]. The hyperresponsive P2X7VK splice variant is expressed on T cells in the GSK P2X7-/- model, and T cells are
key cells involved in the induction of EAU. My experiments showed no significant difference in
disease severity was apparent between GSK P2X7-/- mice and WT C57BL/6 mice. However,
unfortunately similarly to the previous experiment of EAU in the C57BL/6 strain, disease scores
were uncharacteristically low, suggesting the disease model was not functioning to its normal level
which does not provide an accurate analysis of disease.
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To ensure future experiments would induce successful disease, an alternative more reliable model
was employed. The strain of mice was switched to the B10r.III and immunogenic peptide to human
IRBP161-180 (RBP3). Disease induced in this model is acute and severe, and as a result is not
particularly physiologically relevant to human posterior uveitis. The disease induced is more
representative of pan-uveitis, as anterior structures of the eye also become inflamed.
The P2X7 antagonist treatment regime administered resulted in partial protection from development
of severe uveitis. Semi-quantitative grading showed antagonist treated mice had better structural
integrity and lower cellular infiltrate. Examining cellular infiltrate in more detail, flow cytometry
analysis showed significantly reduced CD4+ T cells and CD11b+ cells (pan macrophage marker).
Due to high disease severity, antagonist affects were clearly discernable. The systemic treatment
regimen originated at the start of clinical disease, which is during the efferent phase of EAU. This is
clinically relevant for treating human uveitis as clinical disease manifests in the efferent stages.
Disease progression was monitored by TEFI imaging.
Recruited “M1” type macrophages have been shown to be responsible for the tissue damage and
necrosis of photoreceptors and ganglion cells in EAU as a result of the release of NO [163, 560,
561]. It has been reported that P2X7 stimulation in macrophages is able to induce ROS production
through the MAPK ERK1/ERK2 pathway [562]. My data showed that inhibition of P2X7 with specific
antagonist has resulted in decreased recruitment of macrophages to the ocular environment. It
could be hypothesized from my data that this is potentially decreasing levels of ROS produced
through direct inhibition and indirectly through decreased recruitment, therefore decreasing the level
of retinal damage caused.
Similar to experiments in P2X7-/- mice, protection conferred by antagonist treatment also seemed to
be due to decreased T cell activation. Both IFN-γ and IL-17 levels were significantly lower in
splenocytes from antagonist treated mice. These findings implying antagonist treatment is
preventing the activation of TH1 and TH17 cells. In addition to TH1 cells, this data also indicates a
crucial role for TH17 cells in disease pathogenesis, and this supported by literature which has
reported the crucial role of this cell type in disease progression in the B10.rIII strain of mouse [563].
ATP stimulation through P2X7 has been shown to promote T H17 responses during inflammation
[564, 565]. Unfortunately data for mRNA FoxP3 levels is unavailable for this antagonist study due
to an error in the RNA extraction process. Therefore the role of these regulatory cells in protecting
against disease pathogenesis in antagonist treated mice is unknown.
Stimulation of P2X7 with ATP has been shown to induce rapid shedding of CD62L (L-selectin) in
CD4+ and CD8+ T cells, the shedding of which is crucial for lymphocyte homing to lymphoid organs
and for extravasation to sites of inflammation [314, 566] [567]. Expression of the CD62-ligand
(CD62L) has shown to be important in the trafficking of monocytes in EAU and L-selectin deficient
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mice have impaired leukocyte recruitment to inflammatory sites [568, 569]. P2X7 antagonism and
deficiency is potentially inhibiting this shedding process therefore diminishing leukocyte recruitment
to the retina. This would need to be investigated further.
My results utilizing A438079 are supported by a study by Zhao et al. who administered oxidized
ATP systemically twice weekly to C57BL/6 mice induced with EAU starting day one post
immunization, which attenuated disease development [570]. oATP is a potent P2X7 antagonist,
however it is also unselective and is able to inhibit inflammatory responses independent of P2X7
[571]. Therefore, additionally to showing reduced disease in P2X7-/- mice, I have provided novel
data showing specific P2X7 blockade is able to partially protect mice from developing severe EAU
at initial presentation of disease.
TEFI imaging allows repeated examination of the fundus in a non-invasive manner. Initially, it was
planned for this technique to be employed as an additional means of quantifying disease dynamics.
Images were to be taken at various time points and graded according to a clinical scale developed
by Xu et al. where changes in retinal vessels, retinal tissues and the optic disc are examined [572].
Unfortunately, the imaging process had unexpected adverse side effects on the mice, and casued
corneal burn. This completely occluded the fundus from being imaged. However for animal welfare
reasons, due to this adverse unexpected side-effect the experiment had to be terminated early at
day 14. Fundus images and histological staining of eye sections from this experiment are available
in the appendix. This led to the decision to exclude fundus imagining from grading for analysis and
use it only for occasional use to monitor disease progression. Optical coherence tomography
imaging is also non-invasive and would have been a less destructive imaging choice, providing indepth detail of disease progression, in much more detail than TEFI imaging.

EIU induced P2X7-/- have decreased monocyte infiltrate
In a preliminary experiment the TLR4/P2X7 axis was investigated in the in vivo model of acute
anterior uveitis - EIU. EIU has been used extensively to study acute ocular inflammation. Although
not a direct model for human anterior uveitis, due to several factors including chronicity of the
disease, which is monophasic in C57BL/6 mice and follows a recurrent relapse and remising pattern
in humans. However this model does allow investigation into the association of gram-negative
bacteria and anterior forms of uveitis.
The importance of the stimulation of both P2X7 and TLR4 to produce mature central inflammatory
mediator IL-1β has been discussed. IL-1β plays an important role in cellular recruitment and can
induce endothelial cells to produce MCP-1 (monocyte recruitment), IL-8 (neutrophil recruitment) and
adhesion molecules including intercellular adhesion molecule-1 (ICAM-1), all known to be crucial for
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the development of EIU [573, 574]. Additionally in humans, MCP-1 and IL-8 have been detected at
increased levels in the aqueous of patients with acute anterior uveitis [205].
This requirement for stimulation of both receptors, implicates the necessity of stimulation of this
P2X7 to produce disease in EIU. My results showed no significant difference in total CD11b+ cellular
infiltrate between P2X7-/- and P2X7+/+ mice. The main cell type detected in both mice strains was
Ly6G+ cells (neutrophils) followed by Ly6C+ (monocyte) cells, which is supported by research by
several groups [68, 575]. However, significantly less monocytes (Ly6C+) were detected in P2X7-/mice. These results indicate that P2X7 deficiency is abrogating recruitment of monocytes. However
as this is not the predominating infiltrating leukocyte in EIU, this has not affected overall infiltrate
number. Crucial cell types in the development of inflammation are not well-characterized in human
anterior uveitis. Therefore the applicability of these findings of decreased monocyte recruitment to
the anterior chamber in EIU to human disease is unknown.
Reduced levels of monocytes in my results could be a result of reduced MCP-1 levels. Activation of
P2X7 has been shown to increase levels of MCP-1 expression in astrocytes [576]. BMDM from
P2X7-/- rats have shown decreased release of MCP-1 compared to P2X7+/+ BMDM after LPS
stimulation (personal communication-Dr Maria Prendecki). However it has also been shown that
LPS stimulation alone is adequate to induce release of MCP-1 in cell types including macrophages,
monocytes, vascular endothelial cells and RPE (also high levels of IL‐6, IL‐8, INF‐γ, MCP‐1 and
intercellular adhesion molecule‐1 (ICAM‐1))[577-579]. It would be crucial to measure levels of this
chemokines in EIU in future experiments.
Initially controversial, recent research reports the presence of P2X7 on both human and mice
neutrophils. This research has shown neutrophils to exhibit a P2X7 and NLRP3 inflammasome
dependent mechanism of IL-1β release [335]. Monocytes also express P2X7, requiring ATP
stimulation through P2X7 in an autocrine manner [454]. Partially supporting my results, Rosenzweig
et al. induced EIU in NLRP3 and caspase-1 deficient mice, and found that IL-1β levels were
increased in wild-type mice in eye tissue homogenates, and decreased significantly in knockout
mice [575]. However despite these changes in IL-1β levels, the severity level of EIU was not altered
in knockout mice. Similar trafficking responses were recorded in knockout mice and wild-type mice
with similar levels of intraocular leukocyte accumulation with neutrophils the predominant infiltrating
cell. Inhibition of IL-1 in rabbits with an intraocular injection of antagonist has shown failure to inhibit
development of disease [580]. The lack of protection from EIU in P2X7-/- mice therefore could be
due to the importance of unidentified cytokines or chemokines in disease pathogenesis, not
mediated by P2X7. My data also indicates that P2X7 stimulation is not crucial for neutrophil
recruitment. As a final point, it must be taken into account that EIU in the C57BL/6 strain is mild
compared to other strains of mice, for example the C3H/HeN where disease is severe [581]. As a
result, differences in severity may be difficult to distinguish.
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4.4

Future work

Further investigation into the mechanistic and cellular basis of protection conferred against
development of severe EAU in P2X7-/- mice and A438079 treated mice would be advantageous to
perform. The role of P2X7 deficiency in T cells in EAU can also be studied in a more direct manner
by performing an adoptive transfer model of EAU, and taking purified IRBP 1-20 reactive T cells from
EAU induced P2X7-/- mice and transferring these into naïve C57BL/6 WT mice. Supernatant levels
of IL-17 and IFN-γ have been utilized in my experiments as indirect readouts of activated CD4+ TH1
and TH17 cells respectively. Characterization and functioning of intraocular TREG cells at peak
disease would also be advantageous, to discern the extent of the role these play in decreased
severity of disease in P2X7-/- mice, taking into account experiments by Schneck et al. who reported
antagonism of P2X7 aids in polarisation of naive CD4+ T cells into a TREG phenotype.
Focusing on other cell types, it would be valuable to measure the activation capacity of APCs
between P2X7-/- mice and P2X7+/+, and vehicle treated vs A438079 treated APCs, to determine
whether underlying defects in APC function are also contributing to protection of P2X7-/- mice
against developing severe EAU.
In terms of effects of P2X7-/- on leukocyte recruitment, it would also be important to measure levels
of MCP-1, as the release of this chemokine is potentially being abrogated in P2X7-/- mice and those
treated with antagonist. Additionally, as P2X7 stimulation induces the shedding of CD62L, there is
potential that decreased shedding is inhibiting leukocyte recruitment to the retina. Investigation into
CD62L levels in the serum could be performed to assess this in diseased P2X7-/- , P2X7+/+ and
antagonist/ vehicle treated animals.
As systemic treatment of EAU has shown success, the subsequent step would be to assess efficacy
of intraocular treatment of this inhibitor. Confined to the intraocular space this would decrease the
likelihood of any potential unwarranted systemic side effects, mainly associated with neurotoxicity.
Future experiments with EIU would include repetition of this experiment with higher levels of mice
per group. The protocol by Chu et al. was followed whereby 24 hours was considered peak disease
[68]. This has also been regarded as the peak disease in similar research by Shen et al [582]. Due
to variability between laboratories and origin of mice, it would be beneficial to firmly establish this is
indeed the case for my experiments by performing a time course experiment to establish peak
disease, terminating mice at varied time points between 24 hours-72 hours.

Additionally,

measurement of serum levels of pro-inflammatory cytokines in mice; particularly those downstream
P2X7 signalling affecting leukocyte recruitment- MCP-1, IL-8 and IL-6, would be beneficial to further
dissect disease pathogenesis in P2X7-/- mice.
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Conclusion
To my knowledge, this is the first study to induce EAU in P2X7-/- mice and the first study to utilize the
P2X7 antagonist A438079 to treat mice presenting symptoms of uveitis. I have shown that P2X7 is
important in disease pathogenesis, however due to the partial protection and not total attenuation
that P2X7 deficiency and antagonism of the receptor confers, it is likely that other factors are
contributing to inflammation. Recently, the G protein coupled purinergic receptor P2Y2, activated by
both ATP and UTP, has been shown to attenuate EAU in mice deficient for the receptor as a result
of defective antigen presentation capacity of APCs and proliferative capacity of T cells [583].
Additionally, recent research into functional consequences of P2X4/P2X7 stimulation, which result
in attenuation of P2X7 mediated responses including IL-1β release in macrophages deficient in
P2X4, would also implicate the role of this purinergic receptor in EAU pathogenesis [530]. P2X5 and
P2X6 receptors are also activated by ATP and are expressed on T cells, stimulation of which result
in activation [555, 584].

4.7 Key findings


P2X7-/- mice (Pfizer) are partially protected from developing uveitis, and to some extent
protection is conferred by a dysfunctional CD4+ T cell proliferation and activation.



IRBP1-20 immunization of mice with a C57BL/6 genetic background does not induce a
disease severe or reliable enough to investigate mechanisms of P2X7 involvement.



P2X7 selective antagonist A438079 is effective in preventing the development of severe
EAU in B10.rIII mice when treatment is administered at initial clinical symptoms of disease in
a mechanism involving decreased leukocyte trafficking to the ocular compartment.



Initial investigations indicate P2X7-/- (Pfizer) mice are not protected from monocyte infiltrate
in EIU.
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Chapter 5 –
SYK in experimental autoimmune uveitis
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5.1 Introduction
The main focus of this thesis has been to investigate the role of P2X7 as a potential therapeutic
target in uveitis. This chapter however investigates the role of the non-receptor spleen tyrosine
kinase (SYK) as a potential therapeutic target for uveitis.
To recap, the 72kDa SYK resides in the cytoplasm of cells of the hematopoietic system; and is
crucial molecule involved in signal transduction pathways downstream TCR, BCR and FCγ receptor
expressing cells. Mammals also express a SYK homologue called ζ-chain-associated protein kinase
of 70 kDa (zap70), mainly expressed in NK cells and T cells only. To reiterate in terms of the murine
system, IgG-antigen complex induces cross-linking of one of the classes of the activating murine
FCγ receptors (FcγRI, FcγRIIIA and FcγRIV), expressed on cells including basophils, neutrophils,
dendritic cells, B cells, macrophages and monocytes [585]. This then induces phosphorylation of
tyrosines by members of the SRC family kinases on ITAMs, existing either on α subunits of FC
receptors themselves (FcγRIIA) or on the accessory γ chain, with which the α subunit associates
(FcγRI and FcγRIII). Phosphorylated ITAMs recruit SYK molecules, which dock via its tandem SH2
domains. Activated SYK initiates signalling pathways of Ras/ERK, PLCγ/NFAT, Vav-1/Rac,
PI3K/Akt and IKK/NFκB which ultimately induces downstream events including platelet activation,
ROS producton, cytokine production, degranulation, phagocytosis, maturation of B-cells, and
osteoclastogenesis [459] [467].
In terms of T cell receptors, a similar mechanism occurs where engagement of the TCR by anti-TCR
monoclonal antibodies or MHC-II-antigen complexes, induces phosphorylation of ITAMs on
intracellular tails of CD3 or the ζ subunits of the TCR complex by SRC family kinases p56lck and
p59fynT, leading to recruitment and activation of the SYK family member zap70 [586]. SYK is also
able to phosphorylate the TCR complex itself. SYK/zap70 signalling in T cells is crucial for T cell
activation, differentiation and proliferation [587].
SYK signalling is also required for downstream B-cell receptor (BCR) pathways. B cell receptors are
composed of a membrane immunoglobulin bound to adaptor heterodimer CD79α/CD79β (Igα/Igβ).
Binding of antigen to mIg results in receptor aggregation, and transduction of signals via Igα/Igβ to
the cell interior. These adaptor signalling subunits contain ITAMs and SRC family kinases are
proposed to phosphorylate these, specifically Lyn (LYN proto-oncogene, Src family tyrosine kinase);
which induces docking and activation of SYK molecules and downstream signalling. SYK mediated
B cell receptor signalling is crucial for the survival maturation and of B cells, and SYK-/- B cells arrest
developmentally as pro–B-cells [588].
Inhibition of SYK therefore represents an attractive target for the treatment of a variety of
inflammatory diseases, as targeting this molecule targets multiple immunoreceptor mediated
pathways. The methylene-phosphate pro-drug fostamatinib (R788) is an orally available ATP
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competitive SYK inhibitor, developed Rigel Pharmaceuticals. It is a pro-drug of R940406 (R406);
which exhibits low solubility. In vitro studies by Braselmann et al. utilizing R406 showed efficacy in
inhibition of FCRγ mediated responses in macrophages, neutrophils, mast cells and BCR signalling
in B cells. Mechanisms of drug action were mediated through inhibition of intracellular
phosphorylation events downstream of SYK. Off-target effects of R406 in this study were also
investigated by performing in vitro cell based assays. R406 inhibited other kinases tested at 5-100
fold less potency than SYK, assessed by phosphorylation of target proteins [589].
R406 or its pro-drug R788 has shown efficacy in the reduction of pathology in multiple animal
models of autoimmune disease. R788 treatment after glucose intolerance developed delayed the
onset of diabetes in non-obese diabetic mice. Efficacy of treatment with fostamatinib has been
seen in murine models of lupus and collagen induced arthritis [590] [591]. In an AstraZeneca phase
three clinical trial on patients with rheumatoid arthritis, fostamatinib treatment reduced disease
activity, however treatment was not as effective current marketed treatment with anti-TNF-α
antibody [592]. In a rat model of glomerular nephritis –accelerated nephrotoxic nephritis (NTN), a
disease where macrophages are important effectors of glomerular injury; akin to macrophages as
the main mediators of retinal damage in EAU, early treatment of diseased rats with P2X7 selective
inhibitor A438079 prevented the development of severe disease [414]. In a separate report, Smith
et al. found that treatment of NTN induced rats with SYK inhibitor fostamatinib was able to
completely reverse established disease [593].
The crucial role of P2X7 stimulation and the activation of the NLRP3 signalling pathway has been
extensively discussed, and disruption of this pathway is proposed in the efficacy of P2X7 inhibitor
treatment. Additionally, as discussed, the SYK molecule has also been proposed to be involved in
this signalling pathway. Pre-treatment of LPS primed macrophages with SYK inhibitor (BAY613606) after ATP stimulation resulted in reduced levels of mature IL-1β and significantly decreased
caspase-1 activation [464]. The SYK molecule has been proposed to play a role in NLRP3
dependent IL-1β production.

In macrophages, a crucial cell type in EAU development,

phosphorylated SYK phosphorylates ASC and enhances NLRP3 inflammasome activity [594].
Lee et al. reported SYK inhibition with picatannol treatment of EAU induced mice every 4 days from
the day of immunization until day 16 prevented development of EAU [595]. However, picatannol is
not syk specific and is a pan-kinase inhibitor with ability to antagonise PKA, PKC, MYLK, Lck, IKKβ,
CaMK, JNK, IKKα, PI3K and activate caspase-3 and SIRT1.
As a result of the efficacy of fostamatinib treatment in a variety of animal models of autoimmune
diseases, the involvement of SYK signalling in multiple cell types and proinflammatory pathways,
and the potential crossover of the P2X7 and SYK signalling pathways particularly in NLRP3

205

inflammasome activation, treatment of EAU induced mice with SYK inhibitor fostamatinib was
hypothesized to result in decreased disease severity.

5.2 Experimental aims
The aim of this section was to determine if SYK plays a significant role in the development of EAU.
This was investigated utilizing B10.rIII mice, which were induced with EAU and treated with oral
administration of SYK inhibitor fostamatinib at the start of clinical symptoms of disease. The aim
was to establish if obstruction of the SYK signalling pathway was able to attenuate or decrease
disease severity, with the ultimate goal of ascertaining if SYK represents a potential therapeutic
target for the treatment of uveitis.

5.3 Experimental design
EAU was induced in 12 B10.rIII mice with 50 μg peptide IRBP 161-180 (SGIPYIISYLHPGNTILHVD)
emulsified in CFA with additional intraperitoneal injection of 1µg Bordetella pertussis toxin. Due to
the issues experienced in establishing and maintaining a working model of IRBP1-20 induced EAU in
the C57BL/6 strain of mouse, the more reliable and more severe form induced by RBP-3 in the
B10.rIII was chosen to investigate the role of SYK. At the start of clinical disease (day 10),
ascertained from previous experiments, half the cohort were treated with 40mg/kg fostamatinib
twice daily via oral gavage, and the other half with an equivalent volume of vehicle

0.1%

carboxymethylcellulose sodium. At peak disease (day 16) mice were sacrificed and right enucleated
eyes were embedded in paraffin wax, sectioned, and stained with anti-CD45 and graded as
discussed in the methods section. The left eye was dissected, and retina digested and prepared for
flow cytometric analysis of cellular infiltrate.
Splenic cells from vehicle treated and fostamatinib diseased mice were removed at disease
termination. At peak disease severity, splenic cells from B10r.III fostamatinib treated or vehicle
treated mice were removed. Splenic cells were utilized for further analysis. Cells were stained for
surface markers to identify different populations using flow cytometry. Additionally 2 x 106 cells were
taken for RNA extraction and RT-qPCR analysis of FoxP3 levels
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5.4 Results
5.4.1

The severity of EAU in mice was not reduced by treatment with SYK inhibitor
significantly

As described extensively in chapter 4, EAU is ultimately semi-quantified in a blinded manner at
peak disease (day 16) by grading CD45 stained right ocular sections; and separately scoring
cellular infiltrate and morphological changes. Addition of these scores provides a final total score.
No statistical significance was seen between fostamatinib (R788) and vehicle treated mice.
Moderate levels of disease still developed in fostamatinib treated mice and extensive cellular
infiltrate, retinal vasculitis and retinal folding and structural damage to the retinal layers is visible at
similar levels to vehicle treated controls In figure 5.2. These results show that the SYK molecule
does not play a role in the development of autoimmune experimental uveitis.
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Figure 5.1 Disease severity scores in EAU of SYK and vehicle treated mice do not differ. EAU was induced in
B10r.III mice. Half the cohort was treated with vehicle (0.1% carboxymethylcellulose sodium) and the other half with
fostamatinib (prodrug R788 disodium) 40mg/kg twice daily from day 10 until sacrifice at day 16. Histological scoring was
conducted in a blinded manner on right eyes from anti-CD45 stained 6 μm paraffin sections (cellular infiltrate +
morphological changes) and total scores are displayed in (a). The severity of EAU was not significantly reduced by treated
with fostamatinib compared to vehicle treated mice, however a trend in decreased scores is discernable in these SYK
inhibitor treated mice. In (b) and (c) scores for cellular infiltrate (maximum score 30) and structural damage (maximum
score 12) are displayed respectively. Error bars represent median +/- interquartile range n=7 mice in each group. Twotailed Mann-Whitney-U test was applied to scores to test significance level (ns = no significance where P > 0.05).
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Figure 5.2 CD45 stained sections of SYK and vehicle treated EAU mice show no differences in disease severity.
Right eyes were enucleated at day 16 p.i, embedded in paraffin, sectioned 6μm thickness through the optic nerve and
stained with anti-CD45. Images are representative of a EAU induced vehicle treated mouse (a) and a fostamatinib treated
mouse (b). In both images, disease is at a similar level- moderate with extensive vitreous and retinal layer inflammatory
infiltrate, retinal vasculitis and damage to the retinal layers the main pathological features.
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5.4.2

No significant differences in ocular infiltrate between fostamatinib and vehicle treated
mice

Alongside histological ocular scoring, characterisation of ocular infiltrate at peak disease provides
more in-depth knowledge into disease mechanism and drug action. At peak disease (day 16), left
eyes were removed, retina dissected and digested as described in (2.3.4). Cells were incubated
with fluorochrome-conjugated anti-mouse monoclonal antibodies against surface markers for CD45,
CD3, CD4 and CD11b and acquired through flow cytometry and analysis performed on FlowJo
software. No statistically different numbers of ocular infiltrating T cells (CD3 +CD4+) and APCs
(macrophage/dendritic cell -CD45+CD11b+) were measured between fostamatib treated and vehicle
treated mice.
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Figure 5.3 EAU ocular infiltrate is not significantly different in R788 treated mice compared to vehicle treated
mice. EAU was induced in B10r.III mice. Half the cohort was treated with vehicle (0.1% carboxymethylcellulose sodium)
and the other half with fostamatinib (prodrug R788 disodium) 40mg/kg twice daily from day 10 until sacrifice at day 16. Left
eyes were enucleated and retinal infiltrate characterised and quantified. Post antibody incubation, retina were
resuspended in equivalent volumes of flow cytometry buffer (200 μL) and 50μL of each sample was collected on the BD
+

+

+

Accuri™ C6 Plus flow cytometer. (a) No significant differences in numbers of T cells (CD45 CD3 CD4 ) and APCs
+

+

(CD45 CD11b ) was apparent between treated and vehicle treated diseased mice. n=6 mice per group. Error bars
represent median +/- interquartile range n=6 mice in each group. Two-tailed Mann-Whitney-U test was applied to scores to
test significance level (ns = no significance where P > 0.05)
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5.4.3

There is no difference in splenic cell phenotypes in fostamatinib treated mice
compared to vehicle treated mice

To further investigate potential mechanisms of fostamatinib treatment on disease severity, spleens
were removed from diseased fostamatinib and vehicle treated mice simultaneous to enucleation on
day 16. Spleens were digested according to the method in 2.3.4. and splenic cellular composition of
vehicle treated and fostamatinib. The same proportions of CD4+ (T cells), MHCII CD11c+ (dendritic
cell) and CD11b+ populations were seen between vehicle treated and SYK inhibitor treated mice.
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Figure 5.4 There are no differences in splenocyte phenotypes in SYK and vehicle treated EAU induced mice.
Vehicle treated and fostamatinib treated EAU mice were sacrificed 16 days post disease induction, spleens removed,
dissociated and characterized for cellular phenotype with fluorescently conjugated anti-mouse antibodies directed against
CD4, CD11b, CD11c and MHC-II surface molecules on the BD Accuri™ C6 Plus flow cytometer. The same proportions of
+

+

+

CD4 , MHCII CD11c and CD11b populations were seen between vehicle treated and SYK inhibitor treated mice n=4
mice per group. Median

+/-

SD Two-tailed Mann-Whitney-U test was applied to scores to test significance level (ns= no

significance, *P ≤ 0.05).
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5.4.4

There are no differences in splenic FoxP3+ T regulatory cell levels between
fostamatinib and vehicle treated mice.

The expression of FoxP3+ T regulatory cell expression in the spleen was investigated between
fostamatinib treated and vehicle treated mice by qPCR analysis. No significant different in the
proportion of Treg cells (FoxP3+) was seen between treated versus untreated diseased mice.
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Figure 5.5 There were no significant differences in mRNA levels of FoxP3 in splenocytes in EAU induced mice
treated with SYK or vehicle. At peak disease (day 16) spleens from fostamatinib treated and vehicle treated RBP-3
immunized mice were separately processed and analysed by qPCR for GAPDH, Foxp3 and CD3 mRNA expression. Data
is expressed as relative expression of CD3 vs Foxp3. N= 4 mice per group. Mean +/- SD. The Students two-tailed T test
was applied to scores to test significance level where ns= P > 0.05.
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5.5 Discussion
The results presented in this chapter demonstrate clearly that treatment of EAU induced mice at the
start of clinical disease; with the oral SYK inhibitor fostamatinib does not decrease disease severity.
Disease scores were not statistically significant and treated mice exhibited moderate levels of
disease comparable to vehicle treated mice.
It is likely the mechanism of disease pathogenesis of EAU does not involve antibody mediated FcγR
immune responses – one of the primary targets of fostamatinib inhibition. IgG Immune complexes
(IC), IgG antibody complexed with antigen, play a crucial role in both humoral and cellular immunity.
The activating FcγR inflammatory response is initiated by IC binding to activating FCγR on
leukocytes. Crosslinking of these FCγR by IC’s induces a variety of proinflammatory responses,
including degranulation, phagocytosis, cytolysis, and pro-inflammatory cytokine release, cell type
dependent [596]. The Importance of FCγR signalling in autoimmune disease pathogeneses has
been demonstrated in an animal model of rheumatoid arthritis, induced by the passive transfer of
anti-collagen II antibodies or immunization with a collagen antigen (CIA). FCγR

-/-

mice do not

develop arthritis in either animal model, demonstrating the crucial role of FCγR receptor signalling
and indirectly SYK in disease pathogenesis [597] [598].
Cells involved in adaptive immunity are also indirectly affected. Research by Platt et al. found in
vitro that R406 prevented murine dendritic cells from priming and driving proliferation of CD4+ cells,
proposed to be a result of interference with peptide loading of immune- complex associated antigen
onto MHC-II. Significant downregulation of “homing receptor” CD62L on CD4+ cells also resulted
from R406 incubation [599].
The importance of SYK signalling and B cell activation and antibody production has been
discussed. Fostamatinib has shown potent efficacy in animal models of autoimmune diseases that
are primarily B-cell and antibody mediated including rat nephrotoxic nephritis [593] and rat
experimental autoimmune glomerular nephritis [458]. B cell involvement in human non-infectious
uveitis is relatively unexplored. Immunohistochemical analysis of ocular tissue from patients with
VKH and diffuse subretinal fibrosis uveitis both had detected CD22+ B cells, the predominant
infiltrating cell type in the later disorder [600, 601]. Non-human primates Mucaca mulatta induced
with EAU with S-antigen emulsified in CFA, showed CD22+ B cell infiltrate at levels equal to or more
than CD4+ T cells 70 days post immunization [602]. In my analysis, no IgG antibody deposition was
present in EAU ocular sections. This supports current literature where B-cell infiltration is not a
feature of rodent EAU or EIU. [603]. In B10.A mice induced with EAU with IRBP, ocular B
lymphocyte infiltration was rarely seen [604]. Despite SYK involvement in diverse biological
functions and pathways, my results suggest that SYK signalling has more crucial involvement in
diseases where pathogenesis is dependent on BCR cell signalling and autoantibody production.
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EAU is a CD4+ TH1 or TH17 T cell mediated disease. The importance of CD4+ T cells in disease
induction has been shown with S-antigen induced uveitis in rats. Five days post disease induction,
treatment with an anti-CD4 antibody prevented the development of EAU [605]. Unlike EAU, it is
likely that antibody mediated T-cell immunity is driving pathogenesis in animal models of
autoimmune diseases where SYK blockage has shown efficacy for disease treatment. Autoimmune
T cells are crucial in driving disease pathogenesis in autoimmune rheumatoid arthritis and collageninduced arthritis is attenuated in IL- 17-/- mice [606]. Additionally treatment of RA patients with a
CTLA-4Ig fusion protein (Abataceptin) in a pilot clinical study demonstrated improvement of
symptoms [607]. SYK inhibition is with fostamatinib ameliorates disease in a mouse model of
rheumatoid arthritis (RA), collagen (antigen) induced arthritis.
However RA is also associated with autoantibodies directed against a variety of well documented
antigens including stress proteins, citrullinated proteins, components of cartilage, enzymes
(glucose-6-phosphate isomerase,) and nuclear proteins [608]. Induction of RA in mice in two
common animal models of RA with anti-collagen antibodies demonstrates the importance
autoantibodies in disease pathogenesis. SYK-/- mice are unable to develop antibody induced
arthritis [609]. In patients with RA, significantly increased levels of phosphorylated SYK was
detected in peripheral blood B cells compared to healthy control patients. Increased levels of
phosphorylated SYK correlated with levels of anti–citrullinated protein autoantibodies in these
patients. Treatment of patients with Abatacept in this study also inhibited SYK phosphorylation in B
cells, proposed to be a result of decreased levels of follicular T cells; a subset of CD4 + T cells found
in B cell follicles, and these cells are crucial in driving B cell maturation and antibody production
[610, 611].
Systemic lupus erythematosus is a chronic autoimmune disease with multiorgan tissue damage.
Like EAU, T cells are crucial in disease pathogenesis, and SLE is characterised by hyperresponsive T cells. After TCR activation as a result of recognition of antigen bound to MHC
complexes, instead of signal transmission through the CD3ζ chain and zap70, signalling instead is
through FcγR and SYK, which is 100 times enzymatically more potent than CD3ζ chain and zap70
and contributes to the hyper-responsive state of T cells [612] [613]. SYK inhibition with fostamatinib
in lupus prone mice is able to completely reverse established disease. However autoreactive B cell
involvement is equally crucial, as SLE is also characterized by high levels of autoantibodies.
Deposition of immune-complexes and inefficient clearance of these complexes lead to tissue
damage in the skin and kidney [614].
SLE and RA treated effectively with fostamatinib may have crucial T cell effector components, but
rely on B cell involvement and autoantibody pathogenicity, a component of immunity likely not to be
as crucial to the pathogenesis of EAU. This in addition to the unimportance of activating FCγR in the
development of EAU may explain lack of efficacy of fostamatinib in results.
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Dosing of fostamatinib administered to mice in these experiments (40mg/kg) was chosen on the
ground of efficacy in other murine autoimmune disease and murine immunotoxicity assessments by
Zhu et al. [615] The pharmacokinetics of fostamatinib show this pro-drug has a shorter half-life in
plasma in mice (>2 hours) compared to humans (12-15 hours). In work by Colonna et al.
fostamatinib was provided in the drinking water to treat non-obese diabetic (NOD) mice. These mice
spontaneously develop type 1 diabetes. However, it was found that due to the pharmacokinetics of
the drug in the mouse, rapid systemic clearance and rapid gastrointestinal absorption were causing
serum levels of R406 to vary greatly. The experiment was modified to include fostamatinib in the
chow which resulted in more stable levels of the drug in the blood, similar to levels seen in patients
[616]. It is possible that in my experiments due to the pharmacokinetics of fostamatinib in the
mouse, the routine administration twice daily by oral gavage at an average of 12 hours between
each dose resulted in rapid systemic clearance and fostamatinib may have failed to reach target
cells at optimal concentrations. Oral gavage was chosen to ensure an equal dose of drug was given
to each mouse. Ideally, administration is advised at three-hour in 3 divided doses, which would
provide continuous SYK inhibition and plasma levels similar to the plasma half-life of R406 in
humans (15 hours). However, I was limited to two doses per day according to the project license in
vivo experiments were conducted under.
Current in vivo data and clinical trial reports support my findings that fostamatinib is not suitable to
treat inflammatory eye conditions. Fostamatinib has been tested as a potential therapeutic in a
mouse model of retinoblastoma, a childhood cancer of the retina [617]. The delivery route of
fostamatinib in these experiments was tested through variety of administration routes including
topical application, subconjunctival and intravitreal injections and via an oral route. Fostamatinib
treatment was found to be non-viable for the treatment of retinoblastoma throughout all
administration routes including oral gavage. This was in contrast to in vitro data where fostamatinib
treatment was able to induce caspase mediated cell-death to retinoblastoma cells. It was concluded
that the levels of the active metabolite R406 was not reaching therapeutically effective levels
required to cause an inhibitory effect [617]. The physiochemcial properties of fostamatinib may not
allow it to be effective in an intraocular environment. There is a possibility that this is also transpired
in my experiments. It must also be taken into account, that citrate buffer was used as a solvent for
oral administration of fostamatinib in this report by Pritchard et al. and this may have had a negative
effect on the pharmacokinetics of the drug and its ability to reach the intraocular area at required
levels. Another study where treatment of an ocular disorder with a syk inhibitor did not show
efficacy, was a recent phase two clinical trial with topical application of Rigel pharmaceuticals
JAK3/SYK inhibitor R348 for the treatment of keratoconjunctivitis sicca. Administered to patients
suffering chronic ocular graft versus host disease, this trial did not meet primary or secondary
endpoints.
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5.6 Future work
Analysis in this chapter has shown that inhibition of SYK signalling does not have any efficacy in the
treatment of established EAU. My data is in complete contrast to results from experimental
autoimmune glomerular nephritis (EAG) a rodent model of anti-glomerular basement membrane
(GBM) disease -GBM, an autoimmune disease whereby auto-antibodies are produced and are
directed against an antigen intrinsic to GBM, causing destruction. EAG is induced by immunizing
susceptible rat strains with a recombinant rat protein- the NC1 domain of the α-3 chain of type IV
collagen [618]. Oral administration of fostamatinib in rats with established EAG completely reversed
disease symptoms [458]. One of the main mechanisms of SYK inhibition in EAG; is through the
inhibition of autoantibody production. Decreased levels of circulating and glomerular deposited
autoantibody (anti-GBM antibody) were detected in fostamatinib treated mice.
It would therefore be important to investigate if antibody deposition in EAU has a significant role in
the pathogenesis of disease, as this could explain the lack of efficacy of fostamatinib. Ocular
sections from vehicle treated and fostamatinib treated EAU B10.rIII mice, B10.rIII mice with EAU,
undiseased B10.rIII mice and kidney sections from NTN positive mice were stained for IgG
deposition with an anti-mouse IgG unconjugated antibody followed by peroxidase detection of an
appropriate secondary, or directly with an anti-mouse IgG-FITC conjugated antibody. Eye sections
were all negative for IgG, however the positive control NTN kidney sections were all negative too.
This is likely to be a technical error, associated with immunohistochemistry on paraffin sections.
Both heat-mediated and enzymatic mediated methods for antigen retrieval and several different
antibodies with peroxidase detection and fluoresence were utilized with no success. Future work
would employ the use of frozen sections for anti-IgG staining (which were not available to me), as a
literature search reveals a more common use for IgG detection with these type of sections.
Currently only one published report exists documenting the detection of mouse IgG immune
complexes in paraffin sections [619].
To confirm the non-viability of fostamatinib for the potential treatment of uveitis is not due to species
differences in pharmacokinetics, it would be valuable to induce EAU in susceptible strains of rat
followed by treatment with fostamatinib. Conventional SYK knockout mice are not viable and results
in embryonic lethality. However SYK deficient bone marrow chimeras exist, which result in a SYKdeficient hematopoietic system [609]. It would be interesting to investigate the disease severity of
EAU in these conditional SYK-/- mice compared to wild type SYK+/+ controls. This would also to
overcome the effects of absorption kinetics providing a clearer answer. Finally, to exclude the
possibility that levels of fostamatinib reaching the ocular compartment in murine EAU were too low
to exert an inhibitory effect on infiltrating immune cells, a future experiment would involve
measurement of active drug levels (R406) in the ocular fluid of fostamatinib treated EAU induced
mice, and if required; increase dosing in a repeated experiment.
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5.7 Key finding


EAU in mice is not protected by the SYK inhibitor Fostamatinib .
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Chapter 6:
Final conclusions
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The aim of the work in this thesis has been to investigate P2X7 and SYK as potential therapeutic
targets for the treatment of uveitis. This was achieved by utilizing P2X7 receptor deficient animals
and highly specific SYK and P2X7 receptor antagonists in established animal models of posterior
and anterior uveitis, EAU and EIU respectively.

These in vivo experimental results have

demonstrated the crucial role of P2X7 but not SYK in the pathogenesis of EAU, and preliminary
results indicate that P2X7 does not play a crucial role in the development of EIU. Due to
controversies surrounding the use of P2X7-/- deficient mice in animal models of disease and the
recent characterization of murine P2X7 splice variants, it is important to understand any differences
in receptor stimulation outcomes between cell types with crucial involvement in uveitismacrophages, dendritic cells and T cells. My in vitro investigations showed cell specific splice
variant expression, differential reponses between macrophages and dendritic cells to LPS
stimulation, and differences in P2X7 regulation between cell types. My investigations found that
P2X7 has distinct physiological properties according to cell type, which may be owing to cell specific
expression of splice variants.
IL-1β release is one of the most characterized responses to P2X7 stimulation, but published data is
conflicting as to requirements for release of the mature form of this proinflammatory cytokine in
dendritic cells. My experiments showed a single LPS signal was required for low, but significant
levels IL-1β release in P2X7-/- (Pfizer) and WT BMDC. In contrast, both LPS and ATP were required
for mature IL-1β release in BMDM. LPS induced IL-1β production in BMDC was a caspase-1
independent mechanism, and could not be explained by an alternative pathway involving caspase8. Due to time constraints, other potential cleaving enzymes were not investigated. Investigations of
splice variant expression in WT T cells, dendritic cells and macrophages found that macrophages
express higher levels of P2X7V2 and P2X7V3, variants non-functional or with reported negative
regulatory functions [347, 391]. Pfizer P2X7-/- macrophages, dendritic cells and T cells expressed
low but not significant amounts of P2X7V2 and P2X7V3 only, supporting the use of these as
knockouts for the in vivo experiments. T cells from GSK P2X7-/- mice expressed low but not
significant amounts of P2X7VK; however as this splice variant is exceptionally sensitive this has
potential to make a difference in vivo.
LPS incubation resulted in a significant increase in P2X7VK in dendritic cells but not macrophages.
The significance of this finding is unknown, however it could be speculated that this is of advantage
to these initial pathogen responding cells, where expression of this sensitive splice variant in
reponse to a potential pathogenic danger signal could prime the immune system for an increased
inflammatory reponse if necessary.
Mechanism of receptor regulation with a potential LPS induced trafficking mechanism was explored
in BMDM and BMDC by analysing the surface expression of P2X7 after LPS priming. No differences
in surface expression were seen which implied that P2X7 is expressed on the cell surface. A
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conformational change may be taking place. Expression at the cell surface with a conformational
change was explored focusing on potential lipid raft involvement in P2X7 receptor mediated
functions.

Lipid raft disruption prior to ATP stimulation resulted in potentiated P2X7 mediated

uptake, and increased P2X7 expression. Splice variant analysis had found that T cells
predominantly expressed P2X7VK, a splice variant 8-10 times more sensitive to agonist than the
WT P2X7VA [392]. It is therefore possible that P2X7VK but not P2X7VA or associates with lipid
rafts and its function is mediated by its interaction with these specialized areas of plasma
membrane, potentially by an ATP mediated conformational change. Lipid raft petulance of BMDM
and BMDC prior to ATP stimulation did not affect pore mediated dye uptake or IL-1β release.
My results show that P2X7 murine splice variants are likely to contribute to the diversity of P2X7
signalling. Understanding cell-specific reponses to P2X7 stimulation may ultimately allow more
targeted therapeutics in treatment of human diseases. Currently analysis is limited to mRNA level.
A clearer picture of regulatory mechanisms at a translated level will be possible once commercially
made antibodies become available with ability to detect distinct splice variants.
A number of in vivo studies with P2X7-/- animals and P2X7 antagonists have implicated the crucial
role of P2X7 in the development of a range of autoimmune diseases including glomerular nephritis,
EAE and collagen-induced arthritis [390, 414, 620]. The central role of P2X7/TLR4 simulation in proinflammatory cytokine release, particularly in the production of mature IL-1β is well established in
monocytes, macrophages dendritic cells and neutrophils [621]. Increased IL-1β levels have been
reported in LPS (and LPS+ATP) stimulated PBMC’s of Behçet's patients [552]. Wan et al. reported
increased levels of intraocular IL-1β during murine EAU, and IL-1β-/- mice were significantly
supressed from developing EAU [622]. Research therefore implicates that blockade or deficiency of
signalling upstream IL-1β would protect against development of EAU.
My experiments have indeed shown the crucial role of P2X7 in the development of EAU utilizing
P2X7-/- animals, which exhibited significantly reduced disease severity compared to P2X7+/+ wildtype counterparts. P2X7-/- were protected from developing more severe uveitis as a result of
reduced ocular infiltrate and reduced structural damage. Additionally, my data implicated that
reduced T cell proliferation and activation contributed to protection from disease. The use of P2X7-/mice in animal models of disease has been fraught with controversy due to the characterization of
murine P2X7 splice variants. The Pfizer P2X7-/- mice utilized for the main investigation are not
complete knockouts, but my in vitro investigations found macrophages, dendritic cells and T cells
from Pfizer P2X7-/- mice express low levels of P2X7V2 and P2X7V3. The use of P2X7 specific
antagonists in my in vivo experiments however supports my data with P2X7-/- mice. Application of
P2X7 selective antagonist A438079 in established disease significantly reduced disease severity in
RBP-3 induced EAU in B10.rIII mice. Due to the potential role of an innate trigger in uveitis, and the
interdependence of TLR4 and P2X7 signalling for proinflammatory cytokine release in innate
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immune cells, the role of P2X7 in EIU was investigated. Significantly reduced numbers of
monocytes were detected in P2X7-/- mice compared to P2X7+/+ mice. P2X7 deficiency seems to be
inhibiting recruitment of these monocytes, however this is not the predominating infiltrating
leukocyte in EIU. Whether this is clinically relevant or sufficient to prevent inflammation in human
anterior uveitis is unknown due to difficulties faced in obtaining human samples.
Although the main focus of this thesis has investigated P2X7 involvement in uveitis, SYK has shown
involvement in a variety of animal models of autoimmune disease murine models of lupus and
collagen induced arthritis. Additionally there has been suggested potential cross-over of the SYK
and P2X7 signalling pathways with reports showing SYK involvement in IL-1β release. My
experiments showed no significant difference in disease severity with the treatment of EAU induced
B10r.III mice with SYK inhibitor fostamatinib compared to vehicle treated mice. It is likely that SYK
does not play a critical role in the pathogenesis of EAU probably as EAU is not antibody mediated
and fostamatinib is more effective in autoimmune diseases where FCγR and/or BCR signalling play
a crucial role in disease pathogenesis.
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Appendix
Agarose gel electrophoresis separation of P2X7 splice variant RT-qPCR products.

(a)

Target

Expected product size

P2X7VA

82 bp

P2X7V2

94 bp

P2X7V3

99 bp

P2X7V4

75 bp

P2X7VK

383 bp

GAPDH

123 bp

Appendix figure 1. Products from the RT-qPCR amplification of P2X7 splice variants were separated on a 1.5% agarose
gel. Expected band sized are presented in the table.
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MTT assay results from the various conditions applied in the lipid raft disruption
experiments.
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Appendix figure 2. As an indirect method of cell viability, cell metabolic activity was tested with the MTT assay on the
different conditions applied during the lipid raft disruption experiments. Error bars represent SD. A 1-way-ANOVA was
applied followed by Dunnett’s multiple comparison to test significance between the control group and other groups. No
significant differences were seen in either BMDM (a) or BMDC (c) between no stimulation and all other conditions.
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Images from the preliminary experiment EAU in P2X7-/- and P2X7+/+ mice

-/-

Appendix figure 3. PX7 (b) and P2X7
apart from IRBP. A P2X7

+/+

+/+

(c) mice were induced with EAU with IRBP1-20 or control mice with all reagents

CFA control is displayed in (a). Fundus imaging every five days resulted in corneal burn,

forming in the eye in imaged mice, occluding the fundus from imaging. The experiment was terminated at day 14 due to
this adverse side effect for the welfare of the animals. It was proposed that the heat from the endoscope was inducing this
effect, as no posterior or anterior infiltrate can be seen in analysing histological images. Pictured are images of the eyes
containing the white substance and corresponding histology stained by haematoxylin and eosin.
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Haematoxylin and eosin stains of eye sections from CFA control mice

Appendix figure 4. CFA/PBS only injected mice represented the CFA control group of mice. These animals were injected
as according to the method, with all substances omitting the uveitogenic peptide. No disease developed in these mice and
-/-

pictured are representative histological images from CFA control group (a) P2X7 (Pfizer), P2X7

+/+

and B10.rIII mice.
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