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Abstract
Glomerulonephritis is a primary cause of end stage renal disease and current therapy
involves relatively non-specific high-dose immunosuppression that can have serious side
effects. Previously, the importance of the NLRP3-inflammasome and its associated
cytokines, IL-1b and IL-18, were demonstrated in a number of experimental
glomerulonephritis models, where their deficiency or pharmacological blockade proved
beneficial in reducing inflammation and renal cell apoptosis. Whilst the role of P2X7R
in the activation of the canonical NLRP3-inflammasome pathway is well established
in immune cells, it remains controversial whether P2X7R is expressed and functional
on intrinsic renal cells. Here, I show that levels of IL-18 are significantly augmented in
the circulation of patients with IgA Nephropathy (IgAN), ANCA-vasculitis (AAV) and
membranous nephropathy (MN). My studies suggest that in IgAN the primary source
of this cytokine may be renal, whereas, in AAV it may be largely systemic.
Furthermore, I demonstrated that renal cell-derived IL-18 may be released in a P2X7Rindependent manner as at steady state intrinsic renal cells express, and in response to
inflammatory stimuli can upregulate non-large pore forming surface P2X7Rs.

The human P2X7R has multiple splice variants (P2X7RA-J). However, only two
(P2X7RB and P2X7RJ) are thought to be translated. Both have been demonstrated
to regulate full-length receptor function. I hypothesised that renal cell non-large pore
forming P2X7Rs may be due to the expression of these variants. Accordingly, my
results showed that intrinsic renal cells express all identified P2X7R splice variants.
Additionally, I demonstrated for the first time that the previously undescribed
P2X7RE variant can also be expressed as a mature protein. Moreover, my studies
revealed that P2X7RE and P2XRJ are differentially expressed on PBMCs from IgAN
and AAV patients compared to healthy controls, potentially leading to overactivated
P2X7R in the periphery of AAV patients.
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1.

Introduction

1.1 Kidney Physiology

1.1.1 Structure and function of kidney
The kidneys are paired organs located behind the peritoneum on the either side of the
vertebral column and constitute less than 0.5% of total body weight1. Despite the small
mass, kidneys are crucial organs as they are responsible for filtering plasma, removing
metabolic waste and maintaining electrolyte, fluid and acid-base balance of the body.
Furthermore, kidneys receive 20-25% of the cardiac output, which is among the highest
in the body relative to organ mass2.

The main functional unit of the kidney is the nephron, which contains the renal
corpuscle, also known as the glomerulus (Figure 1.1). The glomerulus is composed of
glomerular capillaries and is enwrapped within the Bowman’s capsule. The first step
in urine formation begins in glomeruli through the glomerular filtration barrier (GFB),
where blood plasma solutes undergo selective filtration based on their size and charge.
Following the GFB, the filtered water and small molecules flow through into the
Bowman’s capsule then down into tubules of the collecting duct system. Here water is
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re-absorbed and essential substances, such as glucose, amino acids and ions, are
exchanged between tubular fluid and blood.

After entering the glomerulus via the afferent arterioles, the glomerular filtration of
plasma occurs via highly specialised and complex membrane barriers3,4. Each
glomerulus is composed of numerous cell types that makes a multi-layer structure,
which forms and supports the GFB; the fenestrated glomerular endothelial cells
(GEnCs), the intervening glomerular basement membrane (GBM), contractile
mesangial cells, epithelial podocytes and parietal epithelial cells (PECs). These cells
work collaboratively to maintain the specialised function of glomerular filtration. The
intricate multi-layered structure of the GFB, being the only barrier between the
bloodstream and the urinary space, is critical in facilitating the normal flow of plasma
and preventing the permeation of macromolecules, such as albumin.

1.1.1.1

Glomerular endothelial cells

The GEnCs are in direct contact with the bloodstream, and are first in line in filtrating
blood components through their trans-cytoplasmic holes5, or fenestratae, which are 6080nm in size and devoid of a diaphragm6,7. The fenestrae are arranged in sieve plates
opposite the podocyte foot processes and slit across the GBM. At the ultrastructural
level, each fenestrae is encapsulated by a network of actin microfilaments8.
Furthermore, both the fenestral and interfenestral domains are covered with a thick
negatively charged gelatinous surface coat, or glycocalyx, which creates a molecular
sieve that prevents the passage of macromolecules9,10.
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Figure 1.1 Basic structure of the glomerulus and glomerular constituents
involved in glomerular filtration barrier.
Each glomerulus is composed of an afferent arteriole that supplies blood to the
glomerular capillaries, and an efferent arteriole into which the blood drains. Structural
integrity of the glomerular capillaries is provided by mesangial cells and mesangial
matrix produced by these cells. The fenestrated endothelium and glomerular basement
membrane enwrap the mesangial cells, which face the capillary lumen. The upper
surface of the endothelium is surrounded by podocytes and podocyte foot processes,
which are critical in preventing the passage of macromolecules, such as albumin. The
urinary space is lined with parietal epithelial cells, which are adhered on the Bowman’s
capsule membrane proteoglycans and sialoproteins11,12. The segment from the
Bowman’s capsule to the beginning of loop of Henle is covered by proximal tubular
epithelial cells that have distinct brush border membrane. The scheme of the
glomerulus has been adapted from13.
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1.1.1.2

Glomerular basement membrane

The GBM is the extracellular matrix (ECM) component of the GFB that separates
the vasculature from the urinary space. This ECM sheet is comprised of four primary
macromolecules, including laminin, type IV collagen, nidogen proteins and heparan
sulphate proteoglycan, agrin14. The GBM is distinctively negatively charged; the agrin
is critical in providing this physical environment due to the presence of sulphated
glycosaminoglycan (GAG) side chains15,16. The electrical charge of the GBM is believed
to be an important component of the GFB at the capillary wall in preventing
negatively charged plasma albumin permeating across; whereas, positively charged
molecules are presumed to cross the GFB more readily17.

1.1.1.3

Glomerular mesangial cells

Mesangial cells are critical in maintaining the structural architecture of the glomerular
capillary network18. From a phenotypic point of view, they are strikingly similar to
vascular smooth muscle cells and demonstrate similar contractile properties19. These
cells are encapsulated by their own extracellular matrix, which provides stability to
the glomerular tuft and GFB. This matrix is different from the GBM, and is comprised
of type IV and type V collagen, laminin, fibronectin, heparan sulphate and chondroitin
sulphate proteogylcans; entacin and nidogen18. At the ultrastructural level, mesangial
cells form loops that surround blood capillaries, and by doing this they are able to
modulate the intraglomerular capillary flow and ultrafiltration surface by contracting
and relaxing20. This action ultimately is believed to influence the hydrostatic pressure,
ultrafiltration surface area and, therefore, glomerular filtration rate (GFR)19.
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1.1.1.4

Podocytes

Podocytes are terminally differentiated visceral epithelial cells that are distinct for
their branching multiple foot processes enwrapping the outer layer of GBM covering
the glomerular capillaries within the Bowman’s capsule. These cells are composed of a
large cell body and extending major processes. The foot processes are enriched in actin
filaments and cortical actin, and the perturbation of this cytoskeletal network is
believed to drive foot process effacement and the dismantling of the slit-diaphragm21.
Moreover, the foot processes forms unique porous intracellular junctions called the ‘slit
diaphragm’22, where they adhere to the GBM. This structure is particularly critical to
the GFB due its selective retention of high-molecular-weight plasma constituents (>6070 kDA) as well as in keeping adjacent foot processes connected22. The structural
integrity of the slit-diaphragms is provided by membrane-associated nephrin and
podocin proteins23–25, which are integral components of the slit-diaphragm25,26.

1.1.1.5

Proximal tubular epithelial cells

The PTECs are a specific type of cell that constitute the segment of the nephron from
the Bowman’s capsule to the beginning of loop of Henle. These cells are distinguished
from the rest of the renal tubule by their brush border membrane, which enhances the
luminal surface area, thus, facilitating HCO3- and Na+ absorption27,28. This mechanism
is believed to be mediated by flow-induced NHE3 and H-ATPase activity here at
proximal tubules, which is not dependent on local neural and systemic hormonal
regulation, but requires an intact cytoskeleton to transmit signals from axial flow that
is sensed by brush-border microvilli28. Furthermore, PTECs are densely packed with
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mitochondria, similar to other renal tubular epithelial cells, which are necessary to
generate the large amount of energy by Na-K-ATPases that is required to promote the
transcellular transport of the Na+29.

1.2 Glomerular diseases
The target of the injury in glomerular diseases, or glomerulonephritis (GN), is the sizeand charge-selective GFB and in particular, the highly specialised cells of the
glomerulus described above30. GN diseases are rare but today remain a significant
cause of end-stage renal disease (ESRD). With the exception of hereditary nephritis,
such as Alport’s disease31, virtually all types of GN are immunologically mediated.
There are different categories of GN with different immunological manifestations,
however, immune deposits, such as anti-GBM antibodies, and immune complexes such
as in lupus nephritis and Immunoglobulin A nephropathy (IgAN), are hallmarks of
disease initiation and inflammation32–34. Nonetheless, there are also types of GN where
patients do not have any histological evidence for immune complex or autoantibody
localisation in the kidney35. These pauci-immune GNs count among the most frequent
causes of rapidly progressive GN (RPGN) and 80-90% of the patients with the renal
manifestations (i.e. haematuria, hypertension) are associated with vasculitis36,37. In all
of these situation, the local inflammation and tissue injury can drastically change the
morphology

of

the

glomerulus

through

induction

of

glomerular

scarring

(glomerulosclerosis), crescent formation and fibrosis38.
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1.2.1 IgA nephropathy
IgA Nephropathy (IgAN) is the commonest type of primary GN worldwide39. The
disease prevalence varies geographically, however, highest incidence remains in Pacific
Asian regions. Although the disease course is benign in majority of cases, almost 40%
of patients with IgAN still progresses to ESRD over the course of 30 to 40 years40.
Poorly O-galactosylated IgA1 plays an important role in the pathogenesis of IgAN.
Large percentage of circulatory IgA1 is monomeric, highly O-galactosylated and are
originated from bone marrow-residing plasma cells, whereas, IgA1 secreted by the
mucosa-residing plasma cells are polymeric and relatively under-galactosylated40. It is
speculated that increased galactose-deficient polymeric IgA1 typically found in serum
and mesangium of IgAN patients is due to misdirected secretion of mucosal IgA1 into
circulation41,42. Dysregulated production of ‘mucosal IgA1’ may be stemming from mistrafficking of mucosa-derived plasma cells into bone marrow as the number of mucosal
polymeric IgA1 producing plasma cells are decreased in mucosal tissue, but increased
in bone marrow in IgAN43,44.

In IgAN, mesangial cells are the primary sites for immune complex deposition with
limited podocyte and tubular epithelial cell deposits40. Enhanced levels of circulatory
galactose-deficient polymeric IgA1 and subsequent production of anti-glycan
autoantibodies leads to formation of IgA1-immune complexes or aggregates that can
accumulate in the mesangium and cause glomerular injury40. How IgA1-containing
immune aggregates can bind and activate mesangial cells remains unclear, however,
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current best candidate for mesangial IgA1 detection is the transferrin receptor (CD71),
which is overexpressed by the proliferating human mesangial cells and is also colocalised with IgA1 staining in kidney biopsies of IgAN patients45. Upon recognition
by the mesangial cells, IgA1 immune aggregates lead to local production of cytokines
and growth factors, such as interleukin-6 (IL-6), tumour necrosis factor-alpha (TNFα) and transforming growth factor-beta (TGF-b), collectively promoting increase in
mesangial cell proliferation, expansion of mesangial matrix and eventually causing
glomerular crescent formation and glomerular and tubulointerstitial fibrosis.

1.2.2 ANCA-associated vasculitis
Anti-neutrophil cytoplasm antibodies (ANCA)-associated vasculitis (AAV) affects
small blood vessels in the body and is linked with enhanced ANCAs in the circulation.
The ANCA in patients with GN usually recognises two main self-antigens; proteinase3 (PR3) and myeloperoxidase (MPO), which are primarily expressed in granules of
neutrophils that are believed to induce local microvascular injury36. AAV can present
with different syndromes including microscopic polyangiitis (MPA), granulomatosis
with polyangiitis (GPA), eosinophilic granulomatosis with polyangiitis (EGPA) and
drug-induced AAV37. The histological characteristics of MPA is the necrotising small
vessels, particularly around the renal glomeruli, and majority of the patients with MPA
present with MPO-ANCA46. Conversely, GPA presents with necrotising vasculitis
accompanied with granulomatous inflammation, and GPA patients are mostly PR3ANCA positive46. In the pauci-immune necrotising and crescentic GN, both MPA and
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GPA symptoms are observed46. EGPA is associated with adult-onset of asthma and
allergic sinusitis, and is eosinophil-mediated vasculitis46. Over 50% of AAV patients
with EGPA are positive for MPO-ANCA46. Lastly, ANCA production can also be
triggered by several drugs, including anti-thyroid (i.e. propylthiouracil) and antihypertension (i.e. hydralazine) medications, and cocaine46.

Most types of GN will enter chronic phase, leading to progressive glomerular injury.
Despite the improved understanding of the disease mechanisms in the past decade, the
majority of GN are still not treatable and current therapies usually involve preventive
medications that target to manage complications arising from GN, such as
hypertension,

proteinuria,

aggressive/fast

progressing

corticosteroids

in

hyperlipidaemia
cases

combination

and

hypercoagulability,

immunosuppressive
with

medications,

cyclophosphamide

or

or

in

involving

rituximab,

and

plasmapheresis39. These therapeutic interventions are necessary to prevent glomerular
fibrosis, and to stabilise renal function, yet significant number of patients will relapse
or reach ESRD38. On that note, there is a controversy surrounding the use of
immunosuppression in GN as the effectiveness of corticosteroids are debatable,
particularly considering the associated serious adverse effects including infection,
cardiovascular diseases, diabetes, osteoporosis and overall decreased survival rate. For
instance, the STOP-IgAN and TESTING clinical trials highlighted reno-protective
benefits with the use of corticosteroids47,48, however, proven serious imbalance between
the benefits and the toxicity, particularly made evident in the TESTING trial, which
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had to be terminated due to methylprednisolone-inflicted severe infection and infection
related deaths47. Similarly, in AAV, immunosuppressive intervention maintains
remission or at least improves the renal status, nonetheless, it has been estimated that
over 50% of deaths were due to high-dose immunosuppressive use and only 15% were
actually direct consequence of AAV49.

Besides stabilisation of renal function and proteinuria remission, future therapeutic
interventions should focus on patient-related outcomes and quality-of-life measures as
well as prevention of cardiovascular diseases, infection and patient mortality,
particularly in cases of RPGN. Although there are continuous efforts made in
optimising the use of immunosuppressive therapy, these drugs take time to dampen
the immunological responses and significant number of patients are resistant to therapy
and often relapse50. Patients prescribed with high-dose immunosuppression at the start
of therapy still present with progressive deterioration of renal function associated with
an ongoing inflammatory response51, therefore, it is believed that anti-inflammatory
treatment may prove beneficial, especially, during early stages of treatment to
interrupt the glomerular inflammation.

1.2.3 Glomerular injury in glomerulonephritis
In all cases of GN the glomerulus and GFB are target sites of tissue injury. AAV is
typically characterised by inflammation at the vasculature, involving neutrophil
accumulation and subsequent endothelium injury and podocyte loss. The release of
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neutrophil priming pro-inflammatory cytokines such as TNF-α and IL-1b from
macrophages during inflammation exacerbates neutrophils activation as well as the
expression of surface antigens MPO and PR352. Mesangial cells can readily respond to
a wide variety of injury-inflicting mediators including cytokines, growth factors,
oxidative stress and danger associated molecular patterns (DAMPs), which collectively
can initiate mesangial hypercellularity, autocrine cytokine, chemokine and enzyme
production, hypertrophy, ECM expansion and re-organisation18,53–59.

A progressive fall in GFR is a serious consequence of active GN, and this is primarily
dictated by a reduction in glomerular capillary ultrafiltration30,60. This process is highly
dependent on two glomerular components; intact glomerular architecture and
contractility of mesangial cells, which regulate the number of open capillary loops30,60.
The binding of polymeric IgA1 induces increased proliferation and secretion of TGFb, TNF-α, IL-6, IL-8, monocyte chemotactic protein 1 (MCP-1), fibronectin and
angiotensin II from mesangial cells, which leads to recruitment and activation of
leukocytes56,61–63. In the glomerulus, podocytes and mesangial cells are the primary
sources of TGF-b58. Upon binding with TGF-b receptor type I (TbR1) and type II
(TbRII), TGF-b leads to initiation of pleiotropic cellular events via SMAD- as well as
non-SMAD-mediated manner. It is believed that enhanced TGF-b/SMAD signalling
particularly plays a role in renal fibrosis through collagen synthesis and collagen
accumulation - thus ECM expansion, mesangial expansion and GBM thickening, which
are hallmarks of most glomerular diseases64. Additionally, enhanced levels of TGF-b
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can also induce vascular endothelial growth factor (VEGF) synthesis from
podocytes65,66. VEGF is particularly important in survival of the GEnCs67,68, however,
the overexpression of VEGF induces enlargement of fenestrae that is observed in
various forms of renal diseases including AAV and lupus nephritis65,66.

TNF-α has a pivotal role in glomerulo-tubular crosstalk in the development of
interstitial damage in IgAN. For instance, mesangial-derived TNF-α in pathogenic
polymeric IgA (isolated from IgAN patients) cultured medium can induce the
expression of TNF-α from podocytes63. This finding is paralleled by the upregulation
of TNF receptors 1 and 2 in podocytes in patients with IgAN63. Moreover, mesangialderived TNF-α can induce IL-6 synthesis and apoptosis from podocytes63. IL-6 can
additionally enhance the expression of tubular angiotensin II receptor as well as trigger
the synthesis of its ligand, angiotensin II69. The interaction between the angiotensin II
receptor and angiotensin II is responsible for activating protein kinase C that triggers
the Na+ ATPases activity in the proximal tubules70, which can damage PTECs if
overstimulated by angiotensin II. The PTEC injury disturbs the energy metabolism
and the axial flow rate, which subsequently can decrease the re-absorption efficiency71.

Albumin is the most abundant protein found in the circulation. The presence of
albumin in the urine, known as albuminuria (a form of proteinuria), can be indicative
of GFB damage and/or decreased tubular reabsorption72. Excessive amounts of
albumin in the tubular lumen can induce inflammation and fibrosis through tubular
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epithelial cell and podocyte damage72. Majority of filtered albumin is re-absorbed by
PTECs via receptor-depended endocytosis73. Once albumin is internalised, it is recycled
back into interstitium via transcytosis. Like PTECs, podocytes are also capable of
internalising and recycling albumin via receptor-mediated endocytosis74. Previously,
upon enhanced albumin exposure, PTECs induced the expression of inflammatory
cytokines and chemokines, including RANTES/CCL5 (C-C motif chemokine 5),
fractalkine, MCP-1, IL-8, TNF-α as well as TGF-b72. Podocytes stimulated with high
amounts of albumin displayed enhanced micropinocytosis75, increased levels of IL-1β,
TNF-α, IL-6 and podocyte death76. Similarly, HK2 cells (an immortalised PTEC cell
line) that have been overloaded with albumin produced significant amounts of IL-1β
and IL-1877.

Collectively, the autocrine and paracrine release of mediators by the intrarenal cells in
response to immune complexes or autoantibodies as well as proteinuria and infiltrating
leukocytes in response to chemokines establish a critical environment for glomerular
cross talk, where mesangial damage may lead to increased mesangial matrix formation
and podocyte dysfunction, thus, subsequent GEnCs injury and tubulointerstitial
fibrosis. Identification of novel immune mediators involved in glomerular damage will
not only allow us to elaborate the pathogenesis of many renal diseases, including GN,
but will also contribute to development of more effective and less harmful antiinflammatory therapies.
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1.2.4 Role of IL-1b and IL-18 cytokines in glomerulonephritis
Accumulation of activated leukocytes in the glomeruli and tubulointerstitium is a
common finding in most GNs, and is associated with rapidly declining renal function78–
80.

Despite this, the molecular mechanisms controlling the inflammation in various

kinds of GN remains unclear. Upregulation of many key cytokines and chemokines are
noted in different entities of GN and renal cells in response pathogenic immune
complexes/aggregates and to inflammatory stimuli81,82. The prototypic proinflammatory IL-1 is among the cytokines that has received particular attention for its
role in renal injury. IL-1 contributes to the induction of a wide range of inflammatory
and

pro-fibrotic

mediators

including

IL-6,

TNF-α,

IFN-g

TGF-b,

reactive

oxygen/nitrogen (ROS/RNS) species and IL-1 itself, as well as promotes recruitment
of leukocytes, including neutrophils and macrophages83–85.

1.2.4.1

Interleukin-1b

IL-1 has two biologically active isoforms that present with similar downstream actions;
IL-1a, which is primarily located to the cell-membrane, and IL-1b, which is released
as a soluble product predominantly from monocytes, macrophages and epithelial cells86.
Cellular responses to the both isoforms are principally mediated through the type I IL1 receptor (IL-1R1), which is broadly expressed on various kinds of tissues and cells
and hardly regulated87. Upon binding to its ligand, IL-1R1 induces the synthesis of
soluble IL-1 receptor antagonist (IL-1RA), which neutralises the biological activity of
IL-1a and IL-1b. In addition to this, IL-1 can induce the mRNA expression of a large
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pool of genes, including IL-1a and pro-IL-1b, through MyD88-mediated activation of
the NFkB signalling pathway88. Pro-IL-1b is a pre-cursor protein that requires
enzymatic processing by caspase-1 for activation. Although there are proteases, such
as PR3 in neutrophils or granzyme A in NK cells89, and a family of matrix
metalloproteinases (MMPs), including MMP-3, MMP-2 and MMP-9, that show the
ability

to

cleave

pro-IL-1b

into

its

biologically

active

form90,

the

inflammasome/caspase-1 mechanism remains the best established pathway in the
synthesis and maturation of IL-1b91. Previously, IL-1b from leukocytes was shown to
interact with IL-1R expressed on intrinsic renal cells, and promote leukocyte
infiltration, crescent formation and subsequent glomerular injury in crescentic antiglomerular basement membrane (GBM) model92. The role of IL-1 in experimental GN
was further solidified in studies using IL-1RA93, and, IL-1R-/- and IL-1b-/- mice94,
where IL-1RA administration and IL-1R and IL-1b deficiency provided protection from
antibody-mediated injury in experimental crescentic GN.

1.2.4.2

Interleukin-18

Caspase-1 activation is also known to induce production of mature IL-18. Similar to
IL-1b, IL-18 is also produced as an inactive precursor and requires caspase-1 mediated
cleavage for activation. However, unlike IL-1b, IL-18 precursor is constitutively
expressed in almost all cell types and active IL-18 is also detected in the circulation
from healthy individuals. Mature IL-18 forms a signalling complex by binding to its
respective receptors, IL-18 receptor alpha chain (IL-18Ra) at a low affinity and beta
chain (IL-18Rb) at a high affinity95. Similar to IL-1b, IL-18 signalling conveys MyD8832

dependent release of NFkB. Nonetheless, IL-1a or IL-1b can execute signalling on cells
as low as picograms per millilitre (pg/mL) range, unlike IL-18, where cells expressing
both IL-18 receptor chains require at least 10-20 nanograms/mL of the ligand to
initiate activation96. IL-18 activity is regulated by the IL-18 binding protein (IL-18BP),
which is a soluble receptor and displays exceptionally high affinity against IL-18. In
healthy individuals, serum levels of IL-18BP is in the range of 2,000-3,000 pg/mL as
opposed to IL-18, which is almost 20-fold less, around 80-120 pg/mL97. In addition to
this, IL-18BP presents with six naturally occurring isoforms (a-f). The human IL18BPa, the equivalent of the murine IL-18BPd, shows the highest affinity for IL-18
with a rapid on-rate and a slow off-rate98.

A role for IL-18 in renal pathology has been demonstrated in variety of models. For
instance, IL-18-/- mice were proven to be protected from ischemia reperfusion injury
(IRI), where IL-18 deficiency reduced interstitial infiltrates and limited generation of
downstream pro-inflammatory molecules within the kidney99. Similar observations
have also been made in kidneys from IL-18 deficient mice with anti-GBM induced
crescentic GN100. Conversely, mice overexpressing human IL-18BP presented with
reduced levels of IL-18, collagen deposition, fibroblast and macrophage infiltration,
TGF-b1 and TNF-a production after ureteral obstruction101. Moreover, the strong
induction of renal IL-18 upon injury has raised much attention as an early predictive
biomarker of acute kidney injury102, further demonstrating the significant role of IL18 expression in the kidney.
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As described above, both IL-1b and IL-18 precursors can be activated by caspase-1.
NOD-like receptor (NLR) containing inflammasomes were shown to associate with
ASC (Apoptosis-associated speck-like protein) to recruit and cleave pro-caspase-1103.
Pro-IL-18 is expressed by tubular epithelial cells in the kidney as well as infiltrating
immune cells, however, whether IL-18 expression and secretion is inflammasomedependent or not remains under debate. Inflammasomes are proteins that form
scaffolds and are induced upon an activating stimuli104. The activation process for some
of these protein scaffolds are starting to be clarified, however, many questions regarding
the inflammasome induction and assembly remains unanswered. Thus far, NLRP3
(NACHT, LRR and PYD domains-containing protein 3), AIM2 (Interferon inducible
protein AIM2, also known as absent in melanoma 2) and NLRC4 (NLR family CARD
domain-containing protein 4) are the only inflammasomes that have been studied
extensively,

although

NLRP3

is

undoubtedly

the

best

characterised

inflammasome103,104. Unlike NLRC4 and AIM2, NLRP3 responds to wide array of
stimuli, thus has gained attention for its involvement in numerous diseases, including
multiple sclerosis, Alzheimer’s disease, Parkinson’s disease, atherosclerosis, type 2
diabetes, obesity as well as acute and chronic kidney diseases and autoimmune kidney
diseases103–105. Other less characterised inflammasomes include NLRP1, NLRP6,
NLRP7, NLRP12 and IFI16 (Interferon gamma-inducible protein 16). Most
inflammasomes, with the exception of NLRC4 and NLRP1, can directly interact with
caspase-1 without prior ASC recruitment and induce the maturation of caspase-1,
which in return cleaves pro-IL-1b and pro-IL-18 as well as triggering pyroptosis.
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1.2.5 NLRP3-inflammasome activation in glomerulonephritis
The NLRP3-inflammasome is a critical feature of innate immunity and is involved in
sculpting adaptive immune responses. Intrarenal mononuclear phagocytes are known
to express all the key components required for NLRP3-ASC oligomerisation and can
produce IL-1b and IL-18106. In contrast, the expression of inflammasome components
in kidney tissue cells are less defined. Kidney-restricted blockade of ASC molecule
proved beneficial in mouse models of renal disease107,108, nonetheless, in these studies
ASC was silenced by delivering silencing RNA (siRNA) via the renal artery, which in
effect can influence both kidney cells and intrarenal immune cells, deeming the origin
of ASC activity inconclusive. Murine tubular epithelial cells and human cortex/tubular
epithelial cells/cell lines can secrete IL-1b and IL-18, therefore, it is believed that these
cells are equipped with necessary components required for activating NLRP3
inflammasome109–113. On that note, similar in vitro studies showed conflicting results
in glomerular endothelial cells, mesangial cells and podocytes, where some failed to
report production of IL-1b or cleaved caspase-1 and some have shown varying degrees
of evidence for inflammasome activation in these cells114.

In many GN, including ANCA-GN, lupus nephritis, IgAN and anti-GBM disease,
autoreactive T-cells play a central role in driving the pathogenesis115. Upon activation
by an antigen, naïve CD4+ T-cells can differentiate and expand into distinct effector
populations. The NLRP3-inflammasome induced release of IL-1b and IL-18 is known
to influence the polarisation of CD4+ T-cells into Th1 and Th17116. IL-1b is crucial in
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Th17 differentiation from naïve CD4+ T-cells. Similarly, IL-18, previously known as
IFN-g inducing factor117, is an important mediator of Th1 and Th2 responses, and also
known to enhance chemokine release, cellular adhesion, promote nitric oxide synthesis
and prime neutrophils118–120. The role of NLRP3-inflammasome and associated
cytokines in promoting Th1 and Th17 responses were also proved in multiple sclerosis
experimental model, EAE (experimental autoimmune encephalomyelitis), where
NLRP3- and IL-18-deficient mice had impaired IL-17A and IFN-g synthesis compared
to wild-type mice, thus were protected from disease121.

Previously, renal histological analysis of lupus nephritis patients showed enhanced
protein expression of NLRP3122. Similarly, lupus-prone mice showed attenuated renal
injury upon NLRP3, caspase-1 and IL-18 blockade, suggesting a role for the NLRP3
inflammasome in disease pathogenesis. The role of IL-18 and IL-1b has also been
demonstrated in AAV. ANCA promotes degranulation and ROS generation from
normal human neutrophils and these effects are significantly enhanced in TNF-αprimed neutrophils123. Like TNF-α, IL-18 is also capable of priming neutrophils, and
IL-18 expression was found to be enhanced in circulation and renal histology samples
from patients with AAV118,124. Furthermore, inflammasome-mediated IL-1b and IL-18
can contribute to development of autoimmune response in AAV. Neutrophil
extracellular traps (NETs) can activate NLRP3-inflammasome/Caspase-1 from both
human and murine macrophages125. As ANCA is capable of inducing NETosis from
neutrophils126, and NETs are observed in kidney sections of patients with ANCA-
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associated GN127, NETs can promote inflammasome activation from leukocytes and
renal cells, thus release of IL-1b and IL-18.

NLRP3 inflammasome has also been implicated in IgAN. Tsai et al. showed that
polymeric IgA can activate NLRP3 in macrophages, through ROS synthesis, and
induce the IL-1b production from intrinsic renal cells128. They also showed that
NLRP3-deficiency greatly attenuated polymeric IgA-dependent activation of BMDCs
(Bone marrow-derived dendritic cells) and T cells, and improved renal function and
renal injury in the mouse model of IgAN. Although this study sheds light to potential
role of NLRP3 in the development and progression of IgAN using passively induced
IgAN model, the results should be carefully interpreted as the pathogenic IgA in human
IgAN is IgA1 isoform, which is absent in mouse.

1.3 NLRP3-Inflammasome
Inflammasomes are intracellular multiprotein complexes that are responsible for the
release of cytokines, such as IL-1b and IL-18. These complexes are also capable of
inducing cell death, pyroptosis and alterations in

cellular metabolism129. In

mammalian cells, there are several types in inflammasomes, but among these NLRP3
remains the best-defined inflammasome. NLRP3 activation has been linked to
numerous glomerular diseases and subsequent induction of this inflammasome has been
associated with glomerular inflammation and sclerosis, subsequently progression to
ESRD114,130.
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The NLRP3 inflammasome complex is formed by a sensor (NLRP3), an adaptor (ASC
or PYCARD) and an effector (caspase-1) molecule129. NLRP3 consists of an aminoterminal pyrin domain (PYD), a central NACHT domain and a carboxy-terminal
leucine-rich repeat domain (LRR). There are two protein interaction sites on ASC, an
amino-terminal PYD and carboxy-terminal caspase recruitment domain (CARD).
Upon stimulation, NLRP3 and ASC oligomerises through their NACHT and PYD
terminal domains. This oligomerisation initiates the recruitment of pro-caspase-1
through CARD-CARD interactions that enables cleavage of caspase-1. This active
caspase-1 then goes on to cleave pro-IL-1b and pro-IL-18 into their secretory mature
forms. As the NLRP3 inflammasome activation initiates an inflammatory process, it
needs to be tightly regulated. The activation is considered to be a two-step signalling
process; the first-step is the ‘priming’ signal and the second-step is the activation signal,
where inflammasome-dependent downstream events are initiated, i.e. cytokine release
and pyroptosis129.

1.3.1 NLRP3 inflammasome-mediated IL-1b and IL-18 release
The inflammasome activation is a two-step process. The first ‘priming’ step upregulates
the transcriptional expression of inflammasome components including NLRP3, IL1B,
IL18, CAS1 (encoding caspase-1) and PYCARD (encoding ASC) in an NFkBdependent pathway. The second step is believed to induce post-translational
modification of NLRP3, which converts NRLP3 into an auto-suppressed, but signalcompetent state. The first signal is initiated through TNF-receptors, IL-1R1 or via
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PRR (Pattern recognition receptors)-mediated recognition of a wide spectrum of
pathogen-associated molecular patterns (PAMPs) or damage-associated molecular
patterns (DAMPs). These substances bind to pattern recognition receptors (PPRs),
such as toll like receptors (TLRs). Following this priming signal, a second activation
signal is required to initiate the assembly of NLRP3-inflammasome components
(Figure 1.2). This second step is generated after engaging bacterial, viral and fungal
constituents, environmental irritants or endogenous DAMPs, such as adenosine
triphosphate (ATP), uric acid, ROS and cholesterol115.

Although the mechanism behind the activation of inflammasomes remains elusive, K+
efflux and Ca+2 influx are believed to be crucial upstream elements in NLRP3inflammasome assembly131,132. Undoubtedly, ATP-mediated activation of P2X
purinergic receptor 7 (P2X7R) is one of the best-known promoters of NLRP3
inflammasome activation and caspase-1 cleavage mediated mature IL-1b release. Early
studies have first identified extracellular ATP as potent inducer of mature IL-1b from
mouse macrophages133. This was initially thought to be due to cytotoxic effects of ATP,
however, shortly after this discovery, P2X7R was identified as high ATP-sensitive
receptor that was responsible for caspase-1 activation and pro-IL-1b processing134.
With the identification of NLRP3, the role of P2X7R in generation of NLRP3-induced
IL-1b synthesis became clear135. Pore formation appears to be crucial for NLRP3
activation, further supporting the requirement for large K+ efflux, although exact
mechanism involved in this process needs further research. Moreover, it is believed
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Figure 1.2 Canonical NLRP3 Inflammasome Pathway.
Two-step activation of NLRP3-inflammasome first involves a priming signal through
TLRs or TNFRs, which response to a wide array of stimuli including PAMPs, i.e. LPS,
DAMPs, i.e. high mobility group box 1 proteins (HMGB1), low density lipoproteins
(LDL) and endogenous cytokines, i.e. IL-1b, TNFs. The priming signal initiates the
localisation of NFkB components to the nucleus, thus inducing transcriptional and
translational upregulation of NLRP3-inflammasome constituents. After this, the
NLRP3 is inactive and requires a second signal for activation. The ATP-P2X7R axis
is regarded as a major driver of inflammasome activation. The binding of high
concentrations of ATP to the P2X7R leads to formation of a large pore that causes
rapid and large reduction in the intracellular K+ concentration and Ca+2 influx, leading
to the assembly of a multimeric inflammasome complex consisting of NLRP3, ASC
and pro-caspase 1. This leads to cleavage of caspase-1 and caspase-1-mediated
maturation of pro-IL-1b and pro-IL-18. Abbreviations; PAMPs: pathogen associate
molecular patterns, DAMPs: danger associated molecular patterns, TLR: toll like
receptor, TNFR: tumour necrosis factor receptors, NLRP3: NOD-like receptor protein
3, ASC/PYCARD: Apoptosis-associated speck-like protein containing CARD, IL:
Interleukin, ATP: Adenosine triphosphate.
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that P2X7R is the main driver in the externalisation process of IL-1b via lysosomes,
exosomes, or plasma-derived membrane macrovesicles, as lack of P2X7R leads to defect
in these pathways136. IL-18 secretion can also be promoted by ATP-induced P2X7Ractivity, as demonstrated in LPS-primer macrophages and monocytes137. On that note,
researchers showed that monocytes are capable of generating active IL-1b just by
priming, possibly through an alternative inflammasome pathway138, however, despite
this, there is enhanced release of IL-1b with application of high ATP137.

A non-canonical pathway, involving caspase-11 activation, can also stimulate NLRP3.
For instance, certain Gram-negative bacteria can upregulate caspase-11 expression and
subsequently induce pyroptosis and activate caspase-1-dependent maturation of IL-1b
and IL-18139. Pyroptosis is often induced in immune cells, particularly in macrophages
and dendritic cells, during clearance of bacterial infection, which can be triggered via
canonical caspase-1 or non-canonical caspase-11 in mouse, and caspase-4 and caspase5 in human140. The ATP-P2X7R-caspase-1 axis is also believed to be associated with
the initiation of pyroptosis in both canonical and non-canonical manner through
gasdemin-D activation141,142. Gasdermin D is critical in driving pyroptosis and it is
cleaved by caspase-11, as well as caspase-1105. The cleaved gasdermin D can interact
with phosphoinositides, phosphatidylserine and cardiolipin, which can subsequently
promote lysis of cell membrane. In this piece of research, my main focus of interest will
be the canonical P2X7R-mediated assembly of NLRP3-inflammasome and subsequent
cytokine production.
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1.4 Purinergic Receptors
Adenosine triphosphate (ATP) is a vital source of cellular energy for intracellular
reactions. In physiological conditions, ATP is present at nanomolar range in the
extracellular milieu as opposed to intracellular stores which can reach high micromolar
levels143,144. This balance is lost during inflammatory conditions, such as by injured,
apoptotic or necrotic cells, causing a massive increase in ATP in the extracellular space.
Outside the cells, ATP and its ectoapyrases-generated by-products, ADP, AMP and
adenosine, initiate evolutionary conserved purinergic signalling145. Although purinergic
receptor signalling through extracellular ATP (eATP) was first reported almost a
century ago146, only in last few decades has eATP-mediated P2X7 receptor signalling
became centre of attention and one of the most established signalling processes in the
field of infection and inflammatory diseases, mainly due to its emerging role in NLRP3inflammasome activation136,147,148

Low levels of eATP are constitutively expressed in the kidney, in particular in
perivascular and peritubular nerve terminals, aggregating platelets and intrarenal
endothelial and epithelial cells149. In addition, researchers reported eATP expression
in the interstitial fluid of the canine renal cortex, potentially originating from macula
densa cells in response to blood pressure-induced pressure on the renal vasculature150.
The effects of eATP levels are highly influenced by their activity through purinergic
receptors as well as activity through the hydrolysing enzymes, ectoapyrases. The eATP
signalling is mainly mediated by purinergic 2X receptors (P2XRs), and to a lesser
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extent by purinergic 2Y receptors (P2YRs). These sub-classes of P2 receptors are
distinct from one another based on their ligand specificities, signalling mechanisms and
functional characteristics. The P2XRs are classified as ionotropic ligand-gated ion
channel receptors, whereas, P2YRs as metabotropic G-protein-coupled receptors151.
The P2XRs are predominantly activated by ATP in a dose-dependent manner, whereas
P2YRs respond to both ATP and, but mainly to its hydrolyte, ADP, as well as uridine
triphosphate (UTP) and its hydrolytes, uridine diphosphate (UDP) and uridine
monophosphate (UMP).

Each P2 receptor family has subtype receptors; eight subtypes of P2YR including
P2Y1 (ADP and ATP), P2Y2 (ATP and UDP), P2Y4 (UTP), P2Y6 (UDP), P2Y11
(ATP), P2Y12 (ADP), P2Y13 (ADP and ATP) and P2YR14 (UDP, UDP-glucose)152,
and seven subtypes of P2XRs, including P2X1, P2X2, P2X3, P2X4, P2X5, P2X6 and
P2X7 have been recognised153. Unlike P2XRs, each G-protein coupled P2YR is
composed of seven transmembrane domains with an extracellular N-terminus and a
cytoplasmic C-terminus. Moreover, P2YRs are further divided into two groups based
on their interaction with specific G proteins, Gq (P2Y-4, -6, -11) and Gi (P2Y-12, -13,
-14)154.

The P2YRs are predominantly expressed in renal epithelia, including proximal tubules,
loop of Henle and collecting duct, whereas, vasculature expression seems sparse155.
Little is known about the specific roles of P2YRs in kidney largely due to a lack of
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P2YR subtype specific antagonists, however, it is believed that P2YRs signalling is
largely involved in vasoconstriction and tone-dependent vasodilation in the renal
vasculature, and, bicarbonate and Na+ reabsorption and glucogenesis in renal epithelia.

1.5 P2X Receptor Family
As mentioned previously, there are seven subtypes of the P2X receptor family, which
are membrane bound ion channels that gate within milliseconds upon binding to
ATP156. Each subtype is transcribed by a specific gene (Table 1.1), which are located
on different chromosomes. Only P2X4 and P2X7 genes are located at a close proximity
on the long arm of chromosome 12, less than 130kb apart. Similarly, P2X1 and P2X5
are also close together on the short arm of chromosome 12, whereas, the remaining
P2XRs are scattered at distant chromosomal locations (Table 1.1). Although previous
research put forward evidence for homotrimeric or heterotrimeric complex formation
among P2XRs, these were largely based on functional expression studies and were
rather inconclusive in regard to the actual number of subunits. A major breakthrough
in the field of P2XRs were made in 2009 when the crystal structure of a truncated
mutant of the zebrafish P2X4.1 receptor (DzfP2X4.1) was reported157. This study
confirmed previous findings and revealed that P2XRs can form homotrimeric or
heterotrimeric receptors on plasma membranes each consisting of two trans-membrane
domains connected by an extracellular loop, and intracellular N- and C- terminal
residues (Figure 1.3). Furthermore, in 2016, Mansoor et al. successfully defined the
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P2X Receptor
P2X1
P2X2
P2X3
P2X4
P2X5
P2X6
P2X7

Chromosome

ATP

Transduction

Intracellular

Location

EC50 (µM)

Mechanism

Events

17p13.2
12q13.26
11q12
12q24.31
17p13.3
22q11
12q24.31

1
10
1
7
0.5
0.5
³100

Cation-selective ion channel

Ca+2 and Na+2 influx

Cation-selective ion channel, and non- Ca+2 and Na+2 influx, K+
selective pore
efflux

Table 1.1 Summary of properties of P2X Receptors.
Summary of properties of P2X Receptors. In this table the chromosomal locations, ATP sensitivity (based on EC50 values),
transduction mechanism and activation-induced intracellular events for each P2X receptor subunit are represented. Chromosomal
locations are obtained from Ensembl (ensembl.org).
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crystal structure of human P2X3, which aided in our understanding the conformational
rearrangements responsible for P2XR gating158. In the same year, Karasawa and
Kawate presented the crystal structure of mammalian (from panda) P2X7 and
identified distinct drug-binding pockets that can facilitate the development of new
P2X7-specific drugs159.

The P2XRs are trimeric structures that form homomeric structures with themselves,
but are also believed to multimerise with each other to form heterotrimeric receptor
complexes160. At least two subunits are proposed to contribute to ion channel formation,
based on recombinant expression experiments in HEK293s, however, it remains unclear
what the actual number of subunits are in physiological conditions. Early studies have
recognised heterologous expression of cloned receptors in HEK293s as follows; P2X1/2-3-5-6, P2X2/3-5-6, P2X3/5 and P2X4/-5-6. In 2007, heteromer P2X4/7 expression
was demonstrated for the first time161, however, numerous follow-up studies produced
contradicting results in regards to self-association between P2X4 and P2X7, and
deemed physical interaction by close contact more likely162–165.

1.6 The P2X7 Receptor
The P2X7R is distinguished from other P2XR subunits by its structure and unusually
low sensitivity for ATP (³100 µM). Unlike other P2XRs, P2X7R can form a large pore
that allows permeation of molecules as big as 900 Da, thus once fully activated, it is
able to induce eATP-dependent cell lysis. Moreover, the receptor displays high
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sensitivity to the synthetic ATP analog, benzoyl benzoyl ATP (BzATP), thus leading
to widespread use of BzATP as a P2X7R-specific agonist160. P2X7R was first cloned
from rat brain166, and was originally believed to be restricted to cells of the
hematopoietic lineage, including monocytes, macrophages, lymphocytes and dendritic
cells, and brain. It is now evident that P2X7R is widely expressed across different cell
types from other lineages too, such as osteoblasts, fibroblasts, endothelial and epithelial
cells167. However, the relative distribution of P2X7R in different cell types within a
whole tissue remains elusive.

1.6.1 Homomeric P2X7 receptors
The P2RX7 gene encodes a 595-amino acid (aa) long monomeric P2X7 protein that
assembles to form a trimeric functional receptor complex. In the presence of high eATP,
the trimeric receptor can form a poorly selective large pore allowing the passage of
cations and leading to membrane depolarisation. Each P2X7R monomer consists of a
short intracellular N-terminal (26aa), an elongated extracellular loop (282 aa), two
transmembrane domains (TM1 and TM2 roughly 24aa each) and a bulky cytoplasmic
carboxy-terminal tail (239aa) (Figure 1.3)168. The most striking feature of the P2X7R
is its unique long intracellular C-terminus, which is not found in other P2XRs. The
amino acid sequence of the C-terminus is not similar to any known proteins, yet shows
significant homology with numerous binding motifs including those for bacterial
lipopolysaccharide (LPS), calmodulin, b-arrestin and some kinases169. The N-terminus
has also been associated with the eATP-induced activation of ERK1 and ERK2170
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kinases. The N-terminus alongside C-terminus are critical for localisation and gating
of P2X7R at the cell membrane. Additionally, important N-glycosylation sites have
been identified in human P2X7R that are also believed to be involved in membrane
trafficking and cell membrane stabilisation171.

1.6.1.1

P2X7 receptor gating

Brief agonist stimulation of the P2X7R initiates the opening of a non-selective cation
ion channel. This permeation of monovalent and divalent cations, such as Na+2, K+
and Ca+2, leads to cell membrane depolarisation. Prolonged or repetitive agonist
application eventually leads to pore formation, where larger cations such as N-methyD-glucamine (NMDG), and fluorescent dyes (i.e. Yo-Pro-1 or ethidium bromide) can
pass across the plasma membrane. Interestingly, ATP-potentiated large pore formation
has also been observed during sustained agonist stimulation of other P2XRs including
P2X2, P2X2/3, P2X2/5 and P2X4, though to a smaller extent when compared to the
P2X7R pore172–174.

The P2X7R C-terminus has been described to be essential for the formation of a large
conducting pore that is unique to the P2X7R168. The requirement for C-terminus has
been demonstrated by cells expressing C-terminally truncated P2X7R isoforms and
mutated C-terminus, where defect in this domain prevented the passage of large
molecules, i.e. Yo-Pro-1 or ethidium bromide, but did not impair cell surface expression
or ion channel property (passage of small cations, e.g. Ca+2)168,175–177. Conversely,
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Figure 1.3 P2X7 Monomeric Structure.
The membrane topology of monomeric of P2X7R consists of four vital domains; An
intracellular N-terminus, two transmembrane domains separated by an elongated
extracellular loop that contains critical N-glycosylation and ATP-binding sites, and a
C-terminus. The P2X7R monomers assemble into a trimeric configuration to form fully
functional receptor complex, as demonstrated above in 3D configurational state160. In
the trimeric form, ATP binds to intersection points of the three monomers. The
positions of ATP-binding sites are approximated. The 3D structure is adapted from178.
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mutations in C-terminus were previously associated with trafficking defects still
evidencing a critical role for this domain in membrane localisation179,180. Moreover,
deletion of the N-terminus does not impair Ca+2 mobilisation across the plasma
membrane170, attributing a potential role for TMs and extracellular loop as well in the
ion channel formation.

The literature has discussed two separate mechanisms that are believed to cause the
micropore formation. The ‘pore dilation’ theory suggest that the pore formation occurs
intrinsically and is a transition from initial cation selective channel to large nonselective pore. Alternatively, involvement of an assisting membrane protein, i.e. large
transmembrane channel Pannexin-1 (Panx1), in P2X7R pore formation was suggested
through direct or indirect interaction with P2X7R, however, this view is under
debate181.

Researchers have devoted much effort in understanding the P2X-receptor pore
formation, however, this has proved difficult to elucidate from the studies investigating
different receptor activity in various cell types with varying expression levels. Although
literature suggest that C-terminus is indispensable in the pore formation, this view has
recently been challenged when Kawate and his group showed that the nature of P2X7R
pore may also be attributed to the unique cellular lipid components present in different
cell types182. In their paper, when expressed in HEK293s, both N- or/and C- termini
truncated versions of the receptors had diminished pore formation, however, when
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reconstituted in a liposome, particularly enriched in phosphatidylglycerol and
sphingomyelin, truncated versions re-acquired the pore and ion channel activity.
Furthermore, they demonstrated that cholesterol could inhibit the P2X7R activity in
a dose-mediated manner182. There are multiple cholesterol recognition motifs located
on the N- and C- termini of P2X7R, which show sensitivity to cholesterol183. Thus, the
presence of cholesterol may be inhibiting P2X7R function through interactions with
these motifs. If P2X7R pore formation can happen independently of the C-terminus,
what is the biological purpose of the C-terminus? Is it involved in regulating the
activity of P2X7R? For instance, juxta-transmembrane residues can influence P2X7R
gating183. Similarly, palmitoylation of cysteine residues at the C-terminus were shown
to interact with lipid rafts, which are believed to consequently regulate the P2X7R
pore opening180. Collectively, these evidences suggest that the long-established
formation of eATP-induced P2X7R pore may be additionally modulated by membrane
lipid compositions and not solely dependent key receptor domains. Nevertheless,
alternative mechanisms that may be consequence of P2X7R activity in the abovementioned scenarios cannot be excluded.

1.6.1.2

P2X7 receptor antagonists

Given the role of the P2X7R in pro-inflammatory downstream events, great effort has
gone into understanding the function of mammalian P2X7Rs and into the generation
of small molecule inhibitors for potential use as therapeutic reagents in inflammatory
diseases. Different groups of selective and non-selective P2X7R antagonists have been
developed and tried in inhibiting ATP-induced P2X7R cell surface membrane currents,
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ion channel and pore formation. Some of these antagonists that have been widely used
in the past include; prototypic non-selective compounds, i.e. suramin, Brilliant Blue G
(BBG) and periodate-oxidised ATP (oATP)184; non-competitive compounds, i.e.
isoquinoline KN-62; cyclic imides, i.e. AZ11645373, and adamantane amides185;
tetrazoles, i.e A438079186, and cyanoguanidines, i.e. A740003187. Although most of
these compounds shown to be effective in blocking P2X7R function, some display low
specificity and show non-competitive antagonism. For instance, researchers showed
that oATP still can ameliorate pro-inflammatory events in P2X7R KO (knock-out)
BMDMs (Bone marrow-derived macrophages) and 1321N1 astrocyte cell line, which
lack P2 receptor subtypes, suggesting that oATP may exert anti-inflammatory actions
in both P2-receptor-dependent or independent manner188,189. Furthermore, number of
P2X7R inhibitors listed above show species differences. For instance, BBG is more
effective in blocking rat P2X7R function over human P2X7R, and, KN-62 and
AZ11645373 has enhanced selectivity over human P2X7R versus rat P2X7R190. This
observed inter-species variation limits the usefulness of these antagonists in vivo to
investigate P2X7R activity in rat preclinical models. Conversely, both tetrazoles and
cyanoguanidine group of antagonists display better selectivity and potency against
both rat and human P2X7Rs as opposed to many other non-selective/non-competitive
compounds186,187. These compounds also demonstrate reversible and competitive action
against P2X7R, and no activity against other P2 receptor subtypes when used at
specified concentration186,187.
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1.6.1.3

P2X7 receptor in disease

P2X7R activation has been linked to numerous signalling events and critical cellular
functions,

including

maturation

and

release

of

proinflammatory

cytokines,

(NLRP3/Caspase-1-mediated release of IL-1b and IL-18), membrane blebbing, killing
of pathogens, ROS generation and release, and the activation of mitogen-activated
protein kinases ERK1 and 2 as well as induction of NFkB nuclear translocation156,191–
193.

Furthermore, ATP-induced activation of P2X7R is known to stimulate wide range

of downstream cellular trafficking responses, including shedding of cell surface proteins,
phagosome maturation, exocytosis of secretory lysosome and autophagy194–196.

The role of P2X7R in infection and inflammation is long standing. Studies from both
human tissue and experimental models suggest a significant role for P2X7R in
numerous disorders, including cancer, ischemia, neuropathic and inflammatory pain,
rheumatoid arthritis, multiple sclerosis, Parkinson’s disease, Alzheimer’s disease,
depression, psychotic disorders as well as GN136,148,153,197,198. Interestingly, P2X7R
activation can be beneficial or deleterious in context dependent manner. For instance,
P2X7R blockade is shown to be protective in human immunodeficiency virus (HIV)
infection due to reduced HIV-transmission in CD4+ T-cells and macrophages199,200.
Conversely, P2X7R KO mice contracting vesicular stomatitis displayed enhanced viral
replication and reduced IFN-β expression due to defect in eATP/P2X7R-dependent
anti-viral activities201. Similarly, large body of literature has demonstrated a protective
role for P2X7R function in various protozoa and helminth infections primarily due to
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failure in initiating inflammatory response, such as release of key pro-inflammatory
cytokines, i.e. IL-1β, in the absence of P2X7R activity202.

In another context, P2X7R is involved in numerous inflammatory diseases, and the
lack of it proved beneficial in several conditions, including respiratory, gut, liver, renal
and

cardiovascular

diseases.

In

majority

of

cases

enhanced

ATP

in

the

microenvironment of the tissues and resultant hyperactivity of P2X7R has been linked
with exacerbation of the condition, where upon pharmacological inhibition, the
inflammatory response was ameliorated202. Conversely, in some inflammatory
conditions, lack of P2X7R proved disadvantageous. For instance, Hashimoto-Hill et al.
reported that in their Citrobacter rodentium-induced colitis model, increased
expression of P2X7R in CD4+ effector T-cells observed in the gut proved beneficial as
increased P2X7R prevented the excessive expansion of Th2 and Th17 cells203.

P2X7R attracted attention also as a potential target in cancer therapy204. Although
the receptor has been branded as ‘the suicide receptor’ due to its ability to inflict
cytotoxic effect upon prolonged activation, tonic activation of P2X7R by basal levels
of ATP in physiological conditions have been reported194. This basal ATP found in
extracellular milieu have been proposed to induce ATP-generation, promote cell
survival and proliferation in the absence of serum in P2X7R pore-dependent manner194.
For this reason, P2X7R is believed to play a role in promoting tumour growth.
Numerous studies have demonstrated promising outcome using P2X7R antagonists in
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wide variety of cancer forms202,204. Nonetheless, there are conflicting effects of P2X7R
inhibition as in some cases P2X7R over-activity was demonstrated to be beneficial due
to high-ATP/P2X7R-associated cell death202.

1.6.2 P2X7 receptor in kidney
The P2X7R was initially thought to be exclusively expressed by immune cells of
haematopoietic lineage, however, this view has fundamentally changed in recent times
as its expression is now well-established in most human cells205. Some of these results
appear controversial for both human and murine/canine renal cells, and remains
mainly based on mRNA expression or Western blotting (of whole cell lysates)
techniques, which are not necessarily reflective of surface P2X7R activity206–210. The
lack of specific antibodies against the P2X7R as well as the complex structure of the
P2X7R may have contributed to the inconclusive immunohistochemistry analysis.
Although P2X7R expression is low in physiological conditions, there are studies
reporting enhanced levels during renal inflammation. For instance, P2X7R expression
was shown to be upregulated in the glomeruli of diabetic and hypertensive rats210,211.
It has also been implicated in a number of acute renal injury and immune-mediated
glomerulonephritis models212–216. Similarly, preclinical studies also showed increased
P2X7R mRNA and protein from patients with lupus nephritis and diabetic
nephropathy210,217.
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1.6.2.1

Role in glomerulonephritis

Hyperactivation of P2X7R via ATP plays a critical role in inflammatory response
observed in numerous renal diseases and can contribute to glomerular, tubular and
vascular injury147,212,214. Low levels of P2X7R transcript and protein are detectable in
the tubules of healthy kidneys, however, the levels are scarce in the glomerulus and
upregulation is only observed in inflammatory conditions147,210–212,215,218–220. Similarly,
following renal damage, glomeruli infiltrating immune cells, such as macrophages and
T-cells can upregulate their P2X7R at the cell surface214,221,222.

Several observations particularly associate glomerulonephritis to the P2X7R/NLRP3
pathway205, thus bringing much attention to P2X7R as an important mediator of
inflammasome activation, and its subsequent role in IL-1b and IL-18 release in
glomerular diseases. High ATP/P2X7R-induced release of IL-1b and IL-18 is
dependent on NLRP3-inflammasome activation, which is also validated in studies
showing defect in the in vitro processing of IL-1b and IL-18 in response to ATP as
secondary signal in murine macrophages lacking ASC or NLRP3223,224.

The role of P2X7R/NLRP3-inflammasome has been demonstrated in several studies
where treatment of MRL/lpr mice, a model for lupus nephritis, with a P2X7R
antagonist limited the activation of the NLRP3/ASC/Caspase-1 pathway, attenuated
the severity of renal lesions and decreased the generation of anti-double-stranded DNA
(anti-dsDNA) antibody levels215. Similarly, mice lacking P2X7R were protected from
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an accelerated nephrotoxic nephritis (ANTN)-induced GN model, where less severe
glomerular thrombosis, proteinuria and macrophage accumulation was observed
compared to P2XR+/+ ANTN mice213. Researchers also showed that in a heterologous
NTN induced crescentic GN in the WKY rat model, which is highly dependent on
glomerular-immunoglobulin deposition mediated macrophage infiltration and shows
similarities in histological forms to human crescentic GN, early treatment with a
P2X7R antagonist resulted in markedly improved renal function compared to vehicletreated controls213. Deplano et al. demonstrated a genetic determination of macrophage
activation and downstream processing of IL-1b and IL-18 in different strains of rats,
(the NTN-susceptible WKY rat and the NTN resistant LEW rat), and described
enhanced levels of P2X7R and NLRP3-inflammasome-associated transcripts in bone
marrow-derived macrophages (BMDM) of the WKY rat in comparison to BMDM from
Lewis rats They also found that P2X7R/NLRP3-inflammasome dependent IL-1β and
IL-18 production was markedly increased in macrophages from WKY rats upon LPS
and ATP challenge as opposed to macrophages from Lewis rats. Interestingly, when
LEW-origin crescentic GN-associated loci were interiorised into the WKY rat, a
reduction in the expression of P2X7R, NLRP3 and active forms of IL-1b and IL-18
were observed in the glomeruli after 10 days of NTN induction. This study may also
highlight the importance of genetic control and could be applicable to human nature
too, where P2X7R/NLRP3 function may be under genetic control in humans too,
subsequently influencing the outcome of glomerulonephritis and response to treatments.
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1.6.3 P2X7 Receptor Splice Variants
Alternative splicing allows diversification of transcriptome; however, the pre-mRNA
processing may be subject to changes leading to splicing errors or presence of SNPs in
splicing sites or cis-acting splicing regulatory sites, which may collectively cause
disease-promoting differential expression of spliced variants of multiple transcripts.
This is most evident in cancer, where large number of cancer-related abnormal
alternative splicing events in various oncogenes, tumour suppressor genes and
components of spliceosome have been recognised225. It is believed that these
demodulated splicing events found in cancer are not the outcome of cancer, but rather
a driving force in promoting and maintaining cancer226. Similarly, numerous hereditary
diseases are caused by splicing mutations that subsequently affects the pre-mRNA
splicing of critical regulatory genes227. An example of this is seen in numerous kidney
diseases caused by an imbalance in isoforms deriving from VEGF and its signalling
partners as well as VEGF receptors. For instance, in IgAN, an imbalance of VEGFA/soluble Flt-1 is thought to promote endothelial dysfunction228. Human VEGF-A is
one of the many isoforms of VEGF that signals through VEGF Receptor 1
(VEGFR1/Flt-1) and 2 (VEGFR2/Flk-1)229. VEGFR1 further gives rise to two
isoforms, soluble and membrane bound Flt1. Human VEGF-A is angiogenetic and is
highly expressed by podocytes. Despite this high expression, the renal cortex is not
subject to angiogenesis, partially due to fine balance between VEGF-A and VEGF-Ab
isoforms, which are thought to be disturbed in several kidney diseases, such as in
chronic

kidney

diseases

and

diabetic

nephropathy229,230.

Collectively,

these
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observations evidence the importance of alternative splicing in haemostasis, and how
changes in the splicing events can promote disease-state.

1.6.3.1

Mouse P2X7 receptor splice variants

The murine P2RX7 gene maintains the same genomic structure as the human P2RX7.
Thus far, four alternatively spliced P2RX7 gene variants have been identified in mouse;
P2X7RB (or P2X7R13B), P2X7RC (or P2X7R13C), P2X7RD and P2X7RK (Figure
1.4)191. Two of these variants, P2X7RB and -C, are C-terminally truncated and their
expression is associated with decreased ion channel activity. The P2X7RD variant is
severely truncated, only retaining the N-terminus, TM1 and a short extracellular loop,
producing the shortest form of mouse P2X7R variant231. The mouse P2X7RD is
comparable to human P2X7RJ in regard to functionality. Similar to human P2X7RJ,
cells expressing P2X7RD cannot mobilise calcium or uptake dye, and when coexpressed with the full-length receptor there is attenuated effect in the receptor
activity231. P2X7RK is spliced at exon 1 and an alternative exon insertion results in
encoding of a different N-terminus and TM1 (Figure 1.4)232,233. This variant has gained
much attention as it is fully functional and displays enhanced pore activity when
compared to P2X7RA231. Moreover, it can respond to ADP-ribosylation, whereupon
ADP ribosylation of the receptor is able to initiate a second mode of activation231.

The discovery of the mouse variants prompted a re-evaluation of the most commonly
used P2RX7 KO models; Glaxo (GSK) and Pfizer P2RX7

-/-

mice234. It was revealed

that P2X7RK escapes inactivation in the GSK KO model, where LacZ gene was
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inserted after ATG at the 5’ end232. On the contrary, this variant is efficiently deleted
in the Pfizer KO model, where the region encoding from Cys506 to Pro532
(corresponding to C-terminus) was substituted with neomycin resistant casette232.
Given that the P2X7RK is fully functional, and potentially more potent than the
original receptor, it is not surprising to see that P2X7R-associated effects are
unchanged or amplified in the GSK KO model, i.e. enhanced P2X7R activity from
macrophages, dendritic cells, and T-cells despite the lack of full length P2X7R213.
While the Pfizer KO lacks P2X7RK, it retains the C-terminally truncated versions
(P2X7RB, -C and -D), which are absent in GSK KO model. Conversely, two separate
EAE studies showed that each P2X7R KO model exhibited different phenotypes upon
disease induction; Pfizer P2X7R KO mice displayed enhanced susceptibility to EAE235,
whereas, the disease incidence was greatly reduced in GSK P2X7R KO mice236.
Collectively, it is likely that the differential expression of P2X7R splice variants are
causing the phenotypic and functional differences observed between the two strains.

1.6.3.2

Human P2X7 receptor splice variants

The human P2RX7 gene consists of 13 exons and is subject to alternative splicing. To
date, 11 naturally occurring P2X7R splice variants have been reported, named from
P2X7RB to -J and P2X7RV3, in addition to the full-length receptor P2X7RA (Figure
1.5)175–177,237,238. Among these, P2X7RA encodes the full length-receptor and is the
best-established variant. Additionally, P2X7RB, P2X7RJ and P2X7RV3 were studied
in more detail, but the significance of the remaining variants remains unanswered176,177.
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Figure 1.4 Genomic organisation of mouse P2X7R splice variants resulting
from alternative splicing
The 13-exon length transcript encodes for N-terminus (N-), two transmembrane
domains (TM1 and TM2), extracellular loop and C-terminus in P2X7R-A variant,
which corresponds to 595 amino acid long full-length receptor. P2X7R-B, -C and -D
produce shorter peptides due to premature stop codon (indicated with letter S).
P2X7RD is truncated at exon 12. Similarly, P2X7RC is severely truncated at exon 4.
P2X7RK has an alternative N-terminal. Abbreviations; N-: N-terminus, TM1 & TM2:
Transmembrane domains 1 and 2, bp: base pairs, aa: amino acid.
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On that note, according to the DNA sequence deposited on the NCBI the P2X7RV3
peptide coding sequence (CDS) is identical to P2X7RG and P2X7RH as they share
same insertion of alternate exon N3175,238, which sustains a premature stop codon
causing early termination of the CDS. However, these three variants differ from one
another by the 3’ untranslated region (UTR) that follows exon N3; the 3’UTR region
of P2X7RV3 is identical to P2X7RA, whereas 3’UTR of P2X7RG is identical to
P2X7RB; and P2X7RH to P2X7RA CDSs and 3’UTRs239.

Aside from P2X7RG, -H and -V3, the -C, -D and -F variants also encode for short
peptides due to the presence of splicing-induced premature stop codons in the coding
sequence175. The corresponding proteins lack the C-terminus, TM2 and a large portion
of the extracellular loop, which harbours critical N-glycosylation sites that are thought
to be important for cell membrane stability169,240. Also, given the importance of the Cterminus in ion channel gating, cell surface trafficking and expression, it is likely that
even if expressed in a heterologous system, these variants will be non-functional and/or
localised to the cytoplasm or to intracellular vesicles. P2X7RH mRNA was detectable
in tissues of different origin, however, this variant was not functional when expressed
in HEK293 cells175. Similarly, P2X7RV3 mRNA was found to be overexpressed in uveal
melanoma cell lines, MUM2B and OM431, and V3 silencing was found to suppressed
tumour growth238. On that note, it is unclear whether P2X7RV3 acts as a short peptide
or long non-coding RNA, however, its presumed to be latter.
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Figure 1.5 Genomic organisation of human P2X7R splice variants resulting
from alternative splicing
Similar to mouse P2X7R, the 13-exon length transcript encodes for N-terminus, two
transmembrane domains (TM1 and TM2), extracellular loop and C-terminus in
P2X7RA variant, which corresponds to 595 amino acid long full-length receptor.
P2X7R-C, -D, -F, -G and -H produce short peptides due to premature stop codon
(indicated with S), and lack TM2, C-terminus as well as a large portion of the
extracellular loop, which bears critical ATP binding sites. These variants are assumed
to be non-functional. P2X7R-G and -H have an alternate extracellular loop due to
insertion of a new exon, N3, between exons 2 and 3. P2X7RE, which is structurally
closest to P2X7RB, corresponds the third longest peptide among the all variants.
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Conversely, P2X7RB and P2X7RJ are functional and can influence full-length receptor
activity176,177,237. P2X7RB, which is expressed in a wide variety of cells, is truncated
at the C-terminus by deletion of the last 249 amino acids and instead has 18 alternative
amino acids at the deletion site. Homomeric P2X7RB cannot form a large pore, but is
capable of channelling Ca+2 ion175. Co-expression of P2X7RB with P2X7RA displayed
enhanced ion and dye-uptake176,177. Moreover, cells co-expressing P2X7RA/P2X7RB
has sustained osteosarcoma growth and increased mineralisation due to enhanced
NFATc1 activation176. Researchers also found that human osteosarcoma histology
sections expressed high levels of C-termini truncated P2X7Rs as detected by an
antibody targeted against the extracellular loop domain, which they concluded to be
P2X7RB177. The P2X7RJ homomer is unable to mobilise Ca+2 or form large pore,
however, it is capable of blocking P2X7R pore and ion channel formation when coexpressed with the full-length receptor237. Furthermore, cells expressing P2X7RJ was
protected by BzATP-induced apoptosis as opposed to cells expressing the original
receptor, further confirming lack of ion or pore formation by P2X7RJ237. Although
receptor gating is altered in cells expressing P2X7RA/J, the apoptosis assays were not
tested in cells co-expressing the both variants, thus, it is remains unknown whether
the combined effect of P2X7RA and -J alters BzATP-induced apoptosis in these cells237.
Additionally, researchers also showed that P2X7RJ was predominantly localised in the
cytosolic and perinuclear regions, but some were also detectable at the cell surface
membrane237.
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P2X7RE remains undescribed despite its retention of the TM2, and a small part of the
C-terminus with alternative 18 amino acid sequence that is identical to P2X7RB. This
variant is further discussed in Chapter 5. Undoubtedly, more research is needed to
explore the potential role of the P2X7R splice variants and their functional
consequences in human cells and disease.
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1.7 Project Aims and Hypothesis
Given the previously established association between IL-1b and IL-18 and
glomerulonephritis, it is crucial to understand the control of the NLRP3-inflammasome
cascade that can ultimately lead to release of these cytokines and cause inflammation.
High eATP mediated activation of P2X7R is known to induce NLRP3inflammasome/Caspase-1 assembly and the subsequent release of IL-1b and IL-18 both
in human and murine leukocytes, but this cascade is less defined in human renal cells.
Thereby, understanding the potential role of P2X7R-mediated inflammasome
activation in intra-renal cells is relevant in exploring the disease pathogenesis. Thus,
my hypotheses were that (A) the NLRP3 inflammasome and P2X7R activation leads
to excessive accumulation of pro-inflammatory cytokines, IL-1b and IL-18, which
subsequently exacerbate GN/reduce renal function; (B) renal cells are capable of
releasing IL-1b and IL-18 in NLRP3/P2X7R-dependent manner; (C) renal cells
express P2X7R at the cell surface during steady state and can upregulate the
expression of the receptor in response to inflammatory stimuli and lastly (D) mRNAs
coding for P2X7R splice variants are detectable in renal cells and are differentially
expressed in GN patients versus healthy individuals. My specific project aims were to;

1. Evaluate the levels of circulatory NLRP3-inflammasome dependent cytokines,
IL-1b and IL-18, in patients with GN and compare with healthy subjects
2. Assess the expression of NLRP3-inflammasome components and P2X7R
expression from GN patients and compare with healthy subjects
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3. Study the processing and release of IL-1b and IL-18 in response to canonical
two-step activation of NLRP3-inflammasome in P2X7R-agonist dependent
manner in intrarenal cells in vitro
4. Analyse the cell surface expression of P2X7R on intrarenal cells in vitro
5. Clone and express P2X7R splice variants, particularly P2X7RE as previously
undescribed variant, in HEK293T cells, and assess the receptor function
6. Assess the P2X7R splice variants mRNA expression levels in intrarenal cells
and peripheral blood mononuclear cells isolated from patients with GN and
healthy subjects.
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2.

Materials and Methods

2.1 Materials

2.1.1 Chemicals and reagents
Chemicals and reagents used in the experiments are summarised below.
Table 2.1 Below are the chemicals and reagents used in this study.
Name

Abbreviation

Supplier

Catalogue No.

2-Mercaptoethanol

-

Sigma-Aldrich

M6250

Acetic acid/Ethanoic Acid

-

Fisher Scientific

A/0400/PB17

Adenosine 3' Phosphate

ATP

Sigma-Aldrich

A 2383

Agar

-

Sigma-Aldrich

5040

Agarose

-

Invitrogen

16500500

Ampicillin sodium salt

-

Sigma-Aldrich

A0166

A438079

-

Imperial College
London

n/a

BAPTA-AM

-

Invitrogen

B1205

Benzoylbenzoyl-adenosine 3'
Phosphate

BzATP

Sigma-Aldrich

B6396

Fluka

32712

Bromphenol blue
Bovine serum albumin

BSA

Sigma-Aldrich

A2153

Boric acid

-

Gibco

15630

Calcium chloride

CaCl2

Sigma-Aldrich

746495

Calcimycine

A23187

Sigma-Aldrich

C7522

Chloroform

-

Sigma-Aldrich

528730

Dithiothreitol

DTT

BioRad

161-0610

Dimethyl sulfoxide

DMSO

Sigma-Aldrich

D4540

D-isomer of glucose

D-Glucose

Sigma-Aldrich

G7021

Ethanol

-

Sigma-Aldrich

32221

Ethidium bromide

EtBr

Sigma-Aldrich

46067
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Name

Abbreviation

Supplier

Catalogue No.

Ethylenediaminetetraacetic acid

EDTA

VWR

443885J

Enhanced chemiluminescent
Substrate

ECL

Promega

W1001

Fluo-4

-

Life Technologies

F14201

Gel Loading Dye Purple (6X)

-

NEB

B7025S

Glycerol

-

Fisher Scientific

10021083

Glycine

-

Fisher Scientific

I53421

Goat serum (normal)

-

PAN BioTech

P30-1001

Harris hematoxylin solution

-

CellPath

RBA-4123-00A

HEPES buffer

-

Sigma-Aldrich

G7126

Histopaque - 1077

-

Sigma-Aldrich

10771

Human serum (normal)

-

ThermoFisher Sci

31876

Hydrochloric acid

HCl

Fisher Scientific

H/1100/PB15

Isopropanol

-

Fisher Scientific

10588630

Kanamycin sulfate

-

Fisher Scientific

10031553

Luria Bertani broth

LB Broth

Sigma-Aldrich

L3022

L-isomer of glucose

L-Glucose

Sigma-Aldrich

G5500

Lipopolysaccharide

LPS

Sigma-Aldrich

L6529

Methanol

-

Sigma-Aldrich

M5904

Magnesium chloride

MgCl2

Sigma-Aldrich

M8266

MTT

Sigma-Aldrich

M2128

Nigericin sodium salt

-

Tocris

4312

Nonidet P-40

NP-40

Fluka

74385

Pertex mounting medium

-

CellPath

SEA-0104-00A

Polyethylenimine HCl

PEI

Polysciences

24765

Phosphate buffered saline

PBS

Sigma-Aldrich

P4417

Protease inhibitor cocktail

-

Sigma-Aldrich

P8340

Paraformaldehyde (16%)

PFA

Pierce

28906

Pluronic® F-127

-

Invitrogen

P6867

Immobilon-P PVDF Membrane

-

Merck Millipore

IPVH00010

Potassium sulfate

KH2PO4

Sigma-Aldrich

04248

Potassium chloride

KCl

Sigma-Aldrich

P5405

Sodium dodecyl sulphate

SDS

Sigma

L4390

Sodium chloride

NaCl

Sigma

C3434

Sodium fluoride

NaF

Fisher Scientific

S/3120/165

Sulfuric acid

H2SO4

VWR

102761C

Sodium citrate tribasic
dihydrate

-

Sigma-Aldrich

C0909

TRIzol Reagent

-

Invitrogen

15596026

Thiazolyl blue tetrazolium
bromide
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Name

Abbreviation

Triton-X 100

Supplier

Catalogue No.

Fisher Scientific

Trizma (Tris) hydrochloride

Tris-HCl

Sigma-Aldrich

T3253

Trizma base (Tris)

-

Sigma-Aldrich

T1503

Tween-20

-

Sigma-Aldrich

P1379

Xylene

-

Sigma-Aldrich

T1503

2.1.2 Buffers and solutions
Buffers and the recipes used in the experiments are summarised in the table below.
Table 2.2 Below are buffers/solutions and their recipes used in this study.
Abbreviations; WB: Western blot, FACS: Fluorescent-activated cell sorting, ELISA:
Enzyme-linked immunosorbent assay, TBS: Tris-buffered saline.
Buffer/Solution
Agar plate solution (500 mL)

Recipe
10 g LB Broth
7.5 g Agar

Balanced extracellular Solution (ECS), pH 7.4

140 mM NaCl
5 mM KCl
1.8 mM CaCl2
2 mM MgCl2
5 mM D-Glucose
10 mM HEPES

Blocking buffer (for WB)

5% Marvel milk powder (w/v)
1X TBS Tween-20

Citrate buffer pH 6.0

10 mM Sodium citrate
0.05% Tween-20
pH to 6.0 using acetic acid
58.8 mM NaCl

Divalent cation free assay buffer, pH 7.8

FACS Buffer

0.67 mM KCl
0.4 mM EDTA
4.6 mM Tris HCl
1% (w/v) BSA
1 mM EDTA
1X PBS
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Buffer/Solution

Gel sample buffer (5X)

Recipe
250 mM Tris-HCl, pH 6.8
2% SDS (w/v)
50% Glycerol (v/v)
2.5% β-mercaptoethanol (v/v)
5 Bromphenol Blue Crystals

ELISA block buffer (also reagent diluent)

1X PBS
2% BSA
0.05% Tween-20

ELISA stop solution

2 N H2SO4
Distilled H20

ELISA wash buffer

1X PBS
0.05% Tween-20

MTT solution
MTT lysis solution

10 mg/mL MTT
1X PBS
10% (w/v) SDS
0.01 N HCl
1% NP40
25 mM Tris, pH 7.6
150 mM NaCl

NP40-lysis buffer (1X)

1X Protease Inhibitor Cocktail
1 mM DTT
1 mM Sodium fluoride
1 mM EDTA

PBS (1X) - Tablets

2.7 mM KCl
1.5 mM KH2PO4
137 M NaCl
6.5 mM NaHPO4

Stripping buffer (1X)

200 mM Glycine, pH 2.0 (w/HCl)
1% SDS
1% Tween-20

TBE buffer (1X)

50 mM Tris-Cl pH 7.5
90 mM Boric Acid
1 mM EDTA

TBS buffer (1X)

50 mM Tris-Cl, pH 7.5

TBS-Tween 20 (1X)

Transfer buffer (for WB)

150 mM NaCl
50 mM Tris-Cl, pH 7.5
150 mM NaCl
0.05% Tween-20
192 mM Glycine
25 mM Tris
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2.1.3 Antibodies and recombinant proteins
Antibodies and recombinant proteins along with their applications and concentrations
used are summarised in the table below.
Table 2.3 Below are the antibodies and recombinant proteins with
concentrations used in this study.
Abbreviations; FC: Flow cytometry, IHC: Immunohistochemistry,
Antibody

Application Amount

Supplier

Catalogue
No.

Anti-HLA-DR-FITC

FC

1:100

BD Bioscience

555560

Anti-CD14-Pacific Blue

FC

1:100

Biolegend

301828

Anti-CD16-PE/Cy7

FC

1:100

Biolegend

360708

Anti-CD2-PE

FC

1:100

BD Bioscience

555327

Anti-CD19-PE

FC

1:100

BD Bioscience

555413

Anti-CD66b-PE

FC

1:100

Biolegend

305106

Anti-CD56-PE

FC

1:100

BD Bioscience

345810

Anti-NKp46-PE

FC

1:100

BD Bioscience

557991

Anti-P2X7R APC

FC

1:50

Miltenyi

REA875

Biotin rat anti-human IL-6

ELISA

-

BD Bioscience

554546

Goat anti-rabbit IgG (H+L)-HRP

WB

1:5000

BioRad

172-1019

Human IL-1b/IL-1F2 capture

ELISA

2 µg/ml

R&D Systems

MAB601

Human IL-1b/IL-1F2 biotin detect

ELISA

0.1 µg/ml

R&D Systems

BAF201

Human recombinant IL-1b standard

ELISA

-

PeproTech

200-01B

Human recombinant IL-6 standard

ELISA

-

PeproTech

200-06

Human recombinant TNF-a

Cell culture

-

PeproTech

300-01A

Human recombinant M-CSF

Cell culture

-

PeproTech

300-25

Isotype IgG APC

FC

1:300

Miltenyi

MA5-18093

Mouse anti-human NLRP3
(NALP3)

IHC

1:100

Novus Bio

BP1-97601

Mouse isotype IgG

IHC

ThermoFisher

31903

Rabbit anti-P2X7R (extracellular)

WB

1:1000

Alamone

APR-008

Rabbit anti-p38 MAP Kinase

WB

1:1000

SantaCruz

SC-535

Rat anti-human IL-6 capture

ELISA

-

BD Bioscience

554543

/Recombinant Protein
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2.1.4 Kits
Kits used in this study are demonstrated in the table below.
Table 2.4 Below are the kits used at various experiments in this study.

Kit Name

Supplier

Catalogue No

Deoxyribonuclease I (DNase I) Kit

Sigma-Aldrich

AMPD1-1KT

Herculase II Fusion DNA Polymerase Kit

Agilent

600675

Human CCL2/MCP-1 DuoSet ELISA

R&D Systems

DY279

Human IL-18BP PicoKine™ ELISA

BosterBio

EK1282

Human Total IL-18 DuoSet ELISA

R&D Systems

DY318

GoTaqÒ Hot Start Colorless Master Mix

Promega

M5132

LIVE/DEAD™ Fixable Aqua Dead Cell Stain Kit

Life Technologies

L34965

MESA BLUE qPCR Master Mix

Eurogentec

05/SY2X/03WOUB

Mouse EnVision Kit for IHC

DAKO

K400711

NuPAGE™ 4-12% gradient Bis-Tris Kit

Invitrogen

NP0335BOX

PureLink™ Quick Gel Extraction Kit

Invitrogen

K210025

QIAquick PCR Purification kit

Qiagen

28104

QIAprep Plasmid Mini Prep Kit

Qiagen

27104

QIAprep Plasmid Midi Prep Kit

Qiagen

12143

SuperScript III First-Stand Synthesis System

Invitrogen

18080051

T4 Ligation Kit

Invitrogen

15224017

TaqMan® Fast Advanced Master Mix

Applied Biosystems

4444556

2.1.5 Cell culture reagents
Cell culture media used for various types of cells are listed in the table below.
Table 2.5 The media and supplements used in in vitro cell culture works.
Medium

Supplier

Catalogue No.

DMEM High Glucose

Sigma-Aldrich

D6429

Endothelial Cell Medium

Lonza Group

CC-3162
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Medium

Supplier

Catalogue No.

Fetal Calf Serum

BioSera

FB-1003

Fetal Bovine Serum

ThermoFisher Sci

10500-064

Hank's Balanced Solution

Gibco

14170138

L-Glutamine

Gibco

25030081

Keratinocyte Serum Free Medium

Invitrogen

17005042

OptiMEM Reduced Serum Medium

Invitrogen

51985034

Penicillin/Streptomycin Solution

Gibco

15070063

Primary Podocytes Culture Medium

Celprogen

M36036-08

RPMI-1640

Gibco

11879020

2.1.6 Plasmid vectors & molecular cloning reagents
The human C-termini truncated (ΔC) P2X7 receptors (ΔCP2X7R) were cloned into
a mammalian expression vector pEGFP-N1, with an EGFP cassette at the C-terminus,
that was kindly donated by Dr. Tom McKinnon (Imperial College London, Department
of Haematology). The full-length P2X7 receptor and other splice variants were then
sub-cloned into a dual expression vector pTandem-1 (Novagen-Merck, Darmstad,
Germany), which was a kind gift from Dr. Talat Malek (Imperial College London,
Centre for Inflammatory Disease). P2X7R and ΔCP2X7Rs were also cloned into the
bi-directional pBI-CMVI vector (TakaraBio, Kusatsu, Japan). Plasmid maps are
shown in Figure 2.1, and relevant molecular reagents including restriction enzymes and
buffers, are summarised in Table 2.6.
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A

B

C

Figure 2.1 Maps of the plasmids used in this study
(A) pEGFP-N1, (B) pTandem-1, (C) pBI-CMV1. The restriction sites used in each
plasmid at the multiple cloning sites are presented too. The plasmid maps were
obtained from SnapGene Software.
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Table 2.6 Below are the restriction enzymes used for the molecular cloning
techniques.
Abbreviations; HF: High fidelity.
Restriction Enzyme

Target (5’-3')

Supplier

Catalogue No.

AgeI-HFâ

ACCGGT

NEB

R3552S

ApaI

GGGCCC

NEB

R0114S

BlpI-HFâ

GCTNAGC

NEB

R0585S

HindIII-HFâ

AAGCTT

NEB

R3104S

KpnI-HFâ

GGTACC

NEB

R3142S

NheI-HFâ

GCTAGC

NEB

R3131S

NcoI-HFâ

CCATGG

NEB

R3193S
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2.2 Methods

2.2.1 Specifications for biological specimens from human

2.2.1.1

Study approval for use of human specimens

Human whole blood and tissue samples were collected from patients and healthy donors
under the ethics committee approval from NRES committee London-West London
(previously Hammersmith and Queen Charlotte’s & Chelsea Hospital Research Ethics
Committee REC Reference No.:04/Q0406/25). Histologically normal kidney tissue
specimens were obtained from healthy kidneys that were turned down for
transplantation. Human brain tissues were obtained from the Parkinson’s UK Brain
Bank.

2.2.1.2

Characteristics of the study groups

Following written informed consent, venous blood was obtained from patients
attending the nephrology clinic at the Hammersmith hospital, Imperial College
Healthcare NHS Trust. Samples from anti-neutrophil cytoplasm antibody (ANCA)associated vasculitis (AAV), IgA nephropathy (IgAN), minimal change nephrotic
syndrome (MC) and idiopathic membranous nephropathy (MN) patients were used in
this study. The IgAN, AAV, MC and MN serum specimens were kindly collected by
Professor Frederick Tam, Dr. Stephen McAdoo, Dr. Lina Nikolopoulou and Dr.
Andreas Kousios, and were processed by Dr. Theresa H. Page or I from the section of
Renal and Vascular Inflammation, department of Medicine Imperial College London.
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Patients presenting with concurrent infection, malignancy, metabolic diseases (e.g.
diabetes mellitus), other systemic diseases, such as those associated with secondary
glomerulonephritis or autoimmune diseases (e.g. systemic lupus erythematosus), and
patients on haemodialysis were excluded from this study. None of the patients
described in this research were treated with cyclosporine or cyclophosphamide. In some
cases, patients receiving immunosuppressive medications were not excluded from the
study. Characteristics, histological and immunological diagnosis of individual disease
states were carried out by renal histopathologist at Imperial College Healthcare NHS
Trust, and summarised below;

IgA Nephropathy was proven upon demonstration of diffuse and global deposits of IgA
in the mesangial or mesangio-capillary regions, and absence of C1q in the renal tissue
specimens by immunofluorescence microscopy or immunohistochemistry. None of the
patients used in this study received immunosuppression therapy or corticosteroids in
the 6 months prior to the day of sample collection.

ANCA-associated vasculitis was diagnosed upon serological assessment for ANCA
along with confirmed renal involvement, either via clinical or histopathological
assessment. The AAV patients in this study were composed of both clinically active
and remission state of the disease and had either biopsy or non-biopsy-proven renal
involvement. In rare cases of non-biopsy-based diagnosis, renal involvement was
presumed due to strongly suggestive features, e.g. haematuria, proteinuria,
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deteriorating renal function, in which biopsy would not further contribute to clinical
management, or the patients were not stable enough for the biopsy procedures. In this
study, different cohorts of AAV patients were analysed for cytokine release and P2X7R
gene expression. None of the patients who were included in the cytokine research were
receiving immunosuppression therapy or corticosteroids. Among those observed for
P2X7R gene expression, two were receiving corticosteroid treatment and two were on
immunosuppression therapy.

Minimal change glomerular disease, which often presents with nephrotic syndrome, is
characterised by intense proteinuria, low serum albumin, oedema and reduced
intravascular volume241. All patients presented with nephrotic syndrome with clinically
significant proteinuria. Renal biopsies were performed by light and immunofluorescence
microscopy, where the glomeruli lacked visible alterations or showed minor changes
with no immunoglobulins and complement deposition. The classical feature of this
disease is podocyte effacement, this feature was detected and confirmed by electron
microscopy. Minimal change patients were only studied for cytokine release and all
were being treated with immunosuppressive medications.

Idiopathic membranous nephropathy can present itself in various forms, from subnephrotic-range proteinuria to nephrotic syndrome with heavy proteinuria242. The
patients enrolled to this study had a biopsy-proven diagnosis based on deposition of
IgG and C3 molecules in the subepithelial space, around the glomerular basement
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membrane and the podocytes. The subjects also presented with a heavy proteinuria
(>300 mg/mmoL) and were in active state. MN patients were studied for cytokine
release alone. On the day of sample collection, none of the participants described in
this study were receiving immunosuppressive medication.

Results obtained from the glomerulonephritis patients were compared with a healthy
donor control and/or a disease control group. Detailed information regarding the
characteristics and demographics of the specific groups studied are demonstrated in
results chapters. The disease control group was composed of patients with polycystic
kidney syndrome, chronic kidney disease or diabetes mellitus. Due to the small number
of samples collected in each of these diseases, the above-mentioned renal diseases were
instead combined into a single ‘disease control’ group. Healthy donors formed the
negative control group for this study; all subjects gave their consent. The demographic
and clinical data of the subjects were collected on the day of sample collection. It was
not possible to collect biopsy, serum and whole blood from the same subject, and
therefore, different cohorts were compiled from the above-mentioned populations to
study the aims of this research.

2.2.2 Human serum preparation
Whole venous blood was collected in red topped silicone coated (glass) BD
Vacutainer® blood collection tubes (Becton Dickinson, Franklin Lakes, USA). After
collection, the blood was allowed to clot by incubating the tubes in an upright position
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for one hour at room temperature. The blood clot was removed by centrifugation at
2,500 rpm for 10 minutes at 4°C using refrigerated Eppendorf Centrifuge 5810R
(Eppendorf, Hamburg, Germany). The resultant supernatant (serum) was immediately
aliquoted into sterile protein LoBind polypropylene Eppendorf® tubes (Eppendorf)
and stored at -80°C until use. Serum samples were aliquoted in small volumes to avoid
freeze-thaw cycles.

2.2.3 Peripheral blood mononuclear cells isolation
Peripheral blood mononuclear cells (PBMCs) were isolated from whole venous blood
using the density gradient centrifugation method243. Whole blood was collected in
EDTA sprayed BD Vacutainer® blood collection tubes and processed within an hour
of collection. First, samples were diluted in Hank’s Balanced Salt Solution (HBSS)
with no calcium and magnesium (Gibco-ThermoFisher, Waltham, USA) in a 50 mL
falcon tube and gently mixed using a strippette. Then, the diluted blood sample was
layered on top of an equal volume of Histopaque®-1077 (Sigma-Aldrich, St. Louis,
USA) carefully, ensuring that a sharp line was formed at the intersection point of the
blood and the medium, and that two solutions did not mix. After layering, samples
were centrifuged at 2,000 rpm for 20 minutes with the brake on one at room
temperature using conventional bench-top centrifuge, Centrifuge 5810R (Eppendorf).
At the end of the centrifugation, in the falcon tube three layer of separation was
achieved, where the top plasma layer comprised of least dense blood structures
including platelets, cytokines and hormones, middle mononuclear layer of lymphocytes
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and monocytes, and finally the bottom portion, beneath the Histopaque® solution,
consisted of the densest cell types including polymorphonuclear cells, such as
neutrophils, and erythrocytes. The mononuclear cell layer was carefully isolated using
a sterile Pasteur pipette, avoiding extracting plasma or medium and the bottom
portion which would contaminate PBMCs. In a new tube isolated mononuclear cells
were washed twice with HBSS, at 2,000 rpm for 10 minutes then 1,250 rpm for 7
minutes to remove residual Histopaque® solution.

2.2.4 Cell culture
All cells were maintained in ventilated flasks or plates in a humidified atmosphere at
37°C and 5% CO2. Media used for each cell type and added supplements can be found
in the following sections. Upon reaching confluency adherent cells were first washed
with HBSS with no calcium and magnesium (Gibco), or with culture media, followed
by incubation in enzyme free PBS based cell dissociation buffer (Gibco) until the cell
layer was dispersed (usually within 15-20 minutes) at 37°C and in a 5% CO2 atmosphere.
The buffer was neutralised by addition of an equal volume of foetal calf serum (FCS)
(Life Technologies, Carlsbad, USA) supplemented cell media followed by pelleting
down the cells by centrifugation at 1,250 rpm for seven minutes. Medium was then
aspirated, and cells were re-suspended in fresh supplemented medium and transferred
into a new T75/T175 flask or following a cell count transferred into multi-well plates.
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2.2.4.1

Transformed human mesangial cells

Transformed human mesangial cells (tHMCs) were developed by Prof. Roger Mason244
and were already available in the lab. This cell line was obtained by transforming
normal human mesangial cells with simian virus 40 (SV40) large T-antigen. tHMCs
were maintained in RPMI 1640 (Gibco) cell culture medium with added 4 mM Dglucose, 5% (v/v) FCS (Life Technologies), 1% (v/v) Pen-Strep (from 10,000 U/mL
penicillin and 10,000 ug/mL streptomycin solution) (Gibco) and 2 mM L-glutamine
(Gibco). The cells were treated with various inflammatory stimuli including
lipopolysaccharide (LPS) (E.Coli 055:B5, Sigma-Aldrich), tumour necrosis factor alpha
(TNF-α) (PeproTech), D-Glucose or L-Glucose (Sigma-Aldrich) with or without
adenosine triphosphate (ATP) (Sigma-Aldrich), benzoylbenzoyl-ATP (BzATP)
(Sigma-Aldrich) or Nigericin (Tocris, Bristol, UK). The concentration and conditions
of treatments are detailed in Chapter 4.

2.2.4.2

Conditionally immortalised glomerular endothelial cells

Conditionally immortalised endothelial cells (CiGEnCs) were a gift from Dr Simon
Satchell, at the University of Bristol, UK, and were available to use in the lab. These
cells were grown in complete endothelial-growth medium 2 (EGM2) (Lonza Group).
CiGEnCs were treated with LPS (Sigma-Aldrich) and/or ATP (Sigma-Aldrich),
BzATP (Sigma-Aldrich) and Nigericin (Tocris). Further details regarding the
treatment conditions are in Chapter 4.
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2.2.4.3

Immortalised proximal tubular epithelial cell line HK2

The human kidney cortex/proximal tubular epithelial cell line, HK2, was previously
purchased from ATCCâ (ATCC, CRL-2190Ô). This immortalised cell line was derived
from normal human kidney by transduction with human papilloma virus (HPV-16)
targeted against E6/E7 genes245. HK2 cells were maintained in Keratinocyte Serum
Free Medium (Gibco) supplemented with 0.05 mg/mL of bovine pituitary extract
(BPE), 5 ng/mL of human recombinant epidermal growth factor (EGF), 5% (v/v)
FCS (Life Technologies), 1% (v/v) Pen-Strep (from 10,000 U/mL penicillin and 10,000
ug/mL streptomycin solution) (Gibco) and 2 mM L-glutamine (Gibco). Similar to
tHMCs, these cells were treated with LPS (E.Coli 055:B5, Sigma-Aldrich), TNF-α
(PeproTech), D-Glucose or L-Glucose (Sigma-Aldrich) in the presence or absence of
ATP

(Sigma-Aldrich),

BzATP

(Sigma-Aldrich)

or

Nigericin

(Tocris).

The

concentration and conditions of treatments are further described in Chapter 4.

2.2.4.4

Primary human podocytes

Human primary podocyte cells were previously purchased from Celprogen (Celprogen,
36036-08) and were cultivated in serum-free, supplemented human podocyte media
provided by the supplier. 10% (v/v) FCS (Life Technologies) was added prior to
culturing. Cells were grown on extracellular matrix coated plates (Celprogen, Torrance,
USA) and used between passages 6 to 12. Podocytes were treated with various stimuli
including LPS (E.Coli 055:B5, Sigma-Aldrich), TNF-α (PeproTech, London, UK), DGlucose or L-Glucose (Sigma-Aldrich) with or without ATP (Sigma-Aldrich), BzATP
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(Sigma-Aldrich) or Nigericin (Tocris). The concentration and conditions of treatments
are further detailed in Chapter 4.

2.2.4.5

THP-1 Cells

THP-1 cells were available in the lab. These cells are an immortalised monocyte-like
cell line and were maintained in RPMI 1640 (Gibco) medium supplemented with 5%
(v/v) FCS (Life Technologies), 1% (v/v) Pen-Strep (from 10,000 U/mL penicillin and
10,000 ug/mL streptomycin solution) (Gibco) and 2 mM L-glutamine (Gibco). THP-1
cells were differentiated with phorbol 12-myristate 13-acetate (PMA) (Sigma-Aldrich)
to generate a model for human macrophages. Briefly, cells were incubated with
complete RPMI 1640 with added PMA at a final concentration of 10 ng/mL for three
days, then harvested for downstream analysis.

2.2.4.6

Primary human macrophages

Primary human macrophages were generated from PBMCs isolated from NHS
lymphocyte blood cones (NC24 CD leucocyte cone, NHS Blood and Transplant).
PBMC isolation was as detailed in the section 2.2.3. After two washes, mononuclear
cells were re-suspended in pre-warmed RPMI 1640 (Gibco) media and plated onto
T175 flasks at a density of about 80% confluency. Monocytes were enriched by plastic
adherence for one hour in an incubator at 37ºC in a 5% CO2 atmosphere. At the end
of one hour, media containing non-adherent cells were removed and adherent cells were
washed once with RPMI 1640. A differentiation culture medium with 100 ng/mL of
recombinant human macrophage colony-stimulating factor (MCSF) (PeproTech) in
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RPMI 1640 (Gibco) supplemented with 10% (v/v) FBS (Biosera, Nuaillé, France), 1%
(v/v) Pen-Strep (from 10,000 U/mL penicillin and 10,000 ug/mL streptomycin
solution) (Gibco) and 2 mM L-glutamine (Gibco) was prepared and transferred to the
flask. Monocytes were differentiated for 6 days into macrophages and harvested for
protein or RNA extraction. For other downstream experiments, macrophages were replated on day 4, and assayed on day 6.

2.2.4.7

Transformed human embryonic kidney cells 293

Transformed line of human embryonic kidney cells 293 (HEK293Ts) were a kind gift
from the Section of Haematology, Department of Medicine, at Imperial College London.
Cells were maintained in DMEM medium (Sigma-Aldrich) with added 5% (v/v) FCS
(Life Technologies), 1% (v/v) Pen-Strep (from 10,000 U/mL penicillin and 10,000
ug/mL streptomycin solution) (Gibco) and 2 mM L-glutamine (Gibco).

2.2.5 Enzyme-linked immunosorbent assays (ELISAs)

2.2.5.1

IL-1β

The IL-1β in human sera and cell culture supernatants were quantified using a
commercially available sandwich ELISA kit (R&D Systems, Minneapolis, USA) (see
Table 2.4). Wells were coated with human IL-1β capture antibody (R&D Systems) at
a concentration of 2 µg/mL diluted in PBS and incubated overnight at room
temperature. The following day, the plates were washed three times with ELISA wash

87

buffer (see Table 2.2), and non-specific binding sites were blocked using ELISA
blocking buffer (see Table 2.1.2) for one hour at room temperature. After three washes,
50 µL of samples, standards and blank control were added in duplicate and incubated
for two hours at room temperature. Recombinant human IL-1β was used to construct
a seven-point standard curve using three-fold serial dilution made up in reagent diluent
(see Table 2.2) that ranged from 5,000 pg/mL to 6.7 pg/mL. A sample containing
reagent diluent alone was used as a ‘blank’ control. After the wash cycle, biotinylated
goat anti-human IL-1β detection antibody at concentration of 0.1 µg/mL diluted in
reagent diluent was applied to each well and incubated for two hours at room
temperature. Finally, following three washes the plates were developed by applying
TMB substrate solution mix (Biolegend, San Diego, USA) for approximately 20
minutes at room temperature. The reaction was stopped by addition of stop solution
(see Table 2.2). Optical density absorbance of each well at 450nm was determined
using BioTek ELx800 microplate reader (Agilent, Santa Clara, USA). This ELISA did
not distinguish between the cleaved and the precursor molecule, and therefore, data
obtained reflects the total concentration of IL-1β protein in samples.

2.2.5.2

IL-18

IL-18 levels were measured using a DuoSet ELISA kit (R&D Systems) according to
the manufacturer’s instructions. The IL-18 capture antibody was targeted against the
mature protein; therefore, the kit detected the cleaved mature protein in the samples
tested. Wells were coated with the capture antibody at a concentration of 2 µg/mL
and incubated overnight at 4ºC. The following day, the plates were washed with
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ELISA wash buffer and blocked ELISA blocking buffer before loading with samples,
standards and blank control. A seven-point standard curve using two-fold serial
dilution ranging from 750 pg/mL to 11.7 pg/mL was used. Biotinylated mouse antihuman IL-18 detection antibody was used at 4 µg/mL. Colour was developed using
TMB and stopped with acid stop solution. Optical density absorbance was recorded
at 450nm using a BioTek ELx800 microplate reader (Agilent).

2.2.5.3

IL-18BPa

Serum IL-18BPa levels were measured using PicoKine™ Human IL18BP pre-coated
ELISA kit according to manufacturer’s instructions (BosterBio Technology,
Pleasanton, USA). There are 6 naturally occurring isoforms of IL-18BP named from a
to f. The ELISA kit used in this study was specific for the ‘a’ isoform, which exhibits
the greatest affinity for IL-18. Briefly, all the reagents were prepared as guided and
equilibrated to room temperature prior to the experiment. Then 100 µL of samples,
standards and control were added per well in duplicate. Human IL18BP standards
were prepared to generate a seven-point standard curve (ranging from 6,000 pg/mL to
93.75 pg/mL) using 3-fold serial dilutions in the provided sample diluent reagent. The
sample diluent reagent was used as a negative ‘blank’ control. The plate was incubated
for two hours at room temperature and washed three times with provided wash buffer.
After the washing step, avidin-biotin-peroxidase complex was added into each well and
incubated for 40 minutes at room temperature followed by five washes. The colour
developing reagent was applied to the wells and colour change was monitored for about
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30 minutes in the dark at room temperature. Stop solution was added to the plate and
optical density absorbance was determined with at 450 nm.

2.2.5.4

IL-6

Wells were coated with human IL-6 capture antibody at a concentration of 1 µg/mL.
After incubation at 37°C for one hour, the plates were washed three times with PBS/T
before proceeding to next step. Similar to protocols the detailed in the IL-1β and IL18 ELISAs above, wells were washed, blocked and loaded with samples, standards and
blank control. A seven-point standard curve, using three-fold serial dilution, ranged
from 10,000 pg/mL to 15.6 pg/mL. The plates were incubated with specimens at 4ºC
overnight. Biotinylated goat anti-human IL-6 detection antibody was applied at 0.5
µg/mL concentration in the following day. The optical density readings for each well
was acquired at 450 nm.

2.2.5.5

MCP-1

Cytokine CCL2/MCP-1 was quantified from cell culture samples using the human
CCL2/MCP-1 DuoSet ELISA kit (R&D Systems), according to the manufacturer’s
instructions. Briefly, wells were coated with capture antibody at 1 µg/mL and
incubated overnight at room temperature. The following day, wells were washed,
blocked and loaded with samples, standards and blank control. A seven-point standard
curve was prepared, using two-fold serial dilution ranging from 1,000 pg/mL to 15.6
pg/mL. Biotinylated detection antibody was applied the next day at a concentration
of 2 µg/mL. The optical density absorbance was read at 450 nm.
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Samples were assayed in duplicates and a co-efficient variance of 10% between sample
duplicates were considered valid for all the above-described ELISA sets. The data was
interpolated from standard curves to calculate the concentration of cytokines in
specimens. Those below the limit of detection were given a value of ‘0’. Samples that
did not fall within the linear part of the standard curve were discarded and repeated
at higher/lower dilutions to achieve a reliable reading.

2.2.6 Immunohistochemistry

2.2.6.1

Preparation of sections

Histological analysis was conducted on formalin fixed paraffin embedded tissue
specimens. Sections were dewaxed by incubation in two sequential xylene baths
followed by washing in graded ethanol concentrations and finally water to remove
residual xylene and rehydrate the tissue. To break the cross-links between the amino
groups in the antigens, that had been facilitated by formaldehyde, specimens
underwent a heat-induced antigen retrieval step. This is crucial to allow binding of
primary antibodies in later stages. De-waxed and rehydrated sections were incubated
in 0.1 M citrate buffer at 95ºC for 20 minutes. Endogenous peroxidase activity was
then blocked by submerging the sections in 0.3% hydrogen peroxide for 10 minutes,
followed by incubation in 20% (v/v) goat serum (PAN Biotech, Aidenbach, Germany)/
PBS for 20 minutes to block non-specific binding sites of the secondary antibody.
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2.2.6.2

Antibody staining

The primary target antibody was applied to the sections at an appropriate dilution
(see Table 2.3 for details) and incubated overnight at 4ºC in a covered, humidified
chamber to reduce evaporation. The following day, samples were washed in PBS and
treated with appropriate secondary HRP-conjugated antibody raised in goat and
directed against mouse immunoglobulins for detection of primary antibody (DakoAgilent). Sections were then washed in PBS and developed using chromogen solution
containing 3,3’-diaminobenzidine (DAB).

2.2.6.3

Detection and image analysis

The DAB solution was prepared by mixing 20 uL of DAB chromogen and in 1 mL of
DAB substrate buffer (Dako-Agilent). The sections were incubated in DAB solution
and observed for dark brown colour change under the light microscopy at 10X. The
reaction was stopped by placing sections in PBS and then rinsing in water.
Counterstaining was performed by dipping the section in hematoxylin solution
(CellPath, Newton, UK) for 40 seconds. Sections were washed thoroughly under water
to remove excess hematoxylin and followed by immersing briefly (>1 second) in 1%
HCl/70% ethanol solution. Specimens were then washed in water and dehydrated in
ascending grades of ethanol, and finally in xylene. Slides were mounted with xylene
based Pertexâ mounting medium (CellPath) and covered with glass coverslips and
allowed to dry completely before analysis. Biopsies of low quality or those missing
glomeruli were excluded from the examination. The samples were also stained with an
appropriate isotype control of the primary antibody. In each tissue specimen, at least
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three sections and three glomeruli were analysed by light microscopy. Subsequent
image analysis was done on open source Java image processing software, Fiji (ImageJ)
(http://fiji.sc/Fiji)246 using Threshold feature, in a blind-folded manner. Briefly, the
total area of a tissue section, excluding the white space, and DAB chromogen positive
areas were computed using the Colour Threshold tool. After this, the percentage of
DAB+ areas were calculated against the total area of the tissue section (DAB+ area
/ total area * 100).

2.2.7 RNA extraction
Cells were pelleted by centrifugation at 1,250 rpm for seven minutes and 0.5 mL of
TRI Reagent® (Invitrogen, Carlsbard, USA) was added. Cells were homogenised by
pipetting up and down several times and incubated for five minutes at room
temperature. 0.125 ml chloroform (Sigma-Aldrich) was added and incubated for five
minutes at room temperature followed by centrifugation at 14,000 rpm for 15 minutes
at 4ºC using refrigerated table-top Hettich EBA 12R centrifuge (Hettich, Kirchlengern,
Germany). The mixture separated into lower phenol-chloroform, interphase and upper
colourless aqueous layer. The upper aqueous layer containing RNA was transferred
into a new tube and 0.250 ml of isopropanol (Fisher Scientific, Hampton, USA) was
applied. The samples were incubated in isopropanol for 10 minutes at -80ºC to
facilitate the precipitation of total RNA. This was followed by centrifugation at 14,000
rpm for 15 minutes at 4ºC. The resultant supernatant was discarded and the pellet
containing RNA was washed twice in 75% (v/v) ethanol (Sigma-Aldrich) by vortexing
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briefly then centrifuging at 8,500 rpm for five minutes at 4ºC. The pellet was air-dried
for about 5 minutes and re-suspended in RNase-free water. To eliminate DNA from
the preparations the samples were incubated with Deoxyribonuclease I (DNase I)
(Sigma-Aldrich) on a thermocycler at 37ºC for 30 minutes. After heating, to denature
the DNase I, the reactions were treated with 2.5 mM EDTA at 68ºC for 10 minutes.
The total RNA was stored at -80ºC until use.

2.2.8 Single stranded cDNA synthesis
Single stranded cDNA was synthesised from total RNA using the Superscript III firststrand synthesis reverse transcription kit (Invitrogen) according to manufacturer’s
instructions. Briefly, RNA, oligo(dT)20, dNTPs and DNase/RNase-free water was
mixed and incubated at 65ºC for five minutes on a thermocycler. For cDNAs to be
analysed in downstream quantitative polymerase chain reaction assays, random
hexamers were also included in the mixture, but prior to heating, was first incubated
at room temperature for ten minutes. The reaction was cooled down for one minute
on ice then the cDNA synthesis mix comprising of RT buffer, DTT, RNaseOUT™ and
SuperScript™ III RT enzyme was applied to the RNA/primer mix and incubated at
50ºC for 50 minutes. The reaction was terminated by heating at 75ºC for 15 minutes.
For cDNA cloning, RNase H was added in the end and incubated further at 37ºC for
20 minutes. The synthesised cDNAs were stored at -20ºC or used for PCR/RT-PCR
immediately. See Table 2.7 for detailed information on the cDNA synthesis components.
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Table 2.7 Components used in a single reaction for cDNA synthesis.
Components

Single Reaction

50 µM oligo(dT)20

1 µL or 0.5 µL

Random Hexamers (50 ng/uL)

0.5 µL

10 mM dNTPs

1 µL

RNA

X µL

Autoclaved DNase/RNase free water

to 10 µL

5X RT Buffer

4 µL

0.1 M DTT

1 µL

RNaseOUT (40 U / µL)

1 µL

SuperScript III RT (200 U / µL)

1 µL

E.coli RNase H (2 U / µL)

1 µL

2.2.9 Real-time polymerase chain reaction (RT-PCR)

2.2.9.1

SYBR Green gene expression assays

Gene specific primers were designed using web versions of open-source PCR design
software Primer3 and Primer-BLAST (NCBI). General guidelines followed in the
designing of the primer sequences were obtained from openwetware.org. The primer
specifications were analysed on OligoAnalyser online software (Sigma-Aldrich) and
purchased from Sigma-Aldrich (Table 2.8 for RT-PCR primer pair sequences and
annealing temperatures used).

Total RNA was isolated, and reverse transcribed as previously described (see sections
2.2.6, 2.2.7 for details). RT-PCR reaction mix was prepared as below;
— 1X MESA Blue qPCR MasterMix (Eurogentec)
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— 100 nM forward and reverse primers
— 1 µL cDNA template
— autoclaved distilled water up to 25 µL (or 12.5 µL).
A 3-step cycling protocol was performed (Table 2.9) in a ViiA7® Real-Time PCR
system (Applied Biosystems, UK). Annealing temperatures used for each set of gene
specific primer pairs are summarised in Table 2.8. Sample data was represented as
delta cycle threshold (DCt) by normalising against housekeeping gene 60S acidic
ribosomal protein P0 (RPLP0), i.e. RPLP0

Ct

- Target Gene

Ct =

DCt. In the past, a

number of internal control/housekeeping genes had been used for normalising qRTPCR data in PBMCs isolated from healthy individuals and patients with other diseases,
including most commonly used glyceraldehyde 3-phosphate dehydrogenase (GAPDH),
beta-actin and 18S ribosomal RNA. However, many of these internal control genes are
not stable and show variations from diseased and control subjects247,248. RPLP0 was
identified as a stable reference gene for PBMCs isolated by density gradient
centrifugation249, hence, was standardised as housekeeping gene in this research.

2.2.9.2

TaqMan® gene expression assays

The mRNA levels of total P2X7R, P2X7R-E and P2X7R-J in patients and healthy
donors were determined by a TaqMan® gene expression assay consisting of a pair of
unlabelled PCR primers and a TaqMan® probe conjugated with FAM dye on the
5’end sequence and minor groove binder (MGB) on the 3’ end. Specific primer pairs
and complimentary probes against the target transcripts were designed using Primer3
software. The primer and probe specifications were analysed using OligoAnalyser
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software (Sigma-Aldrich) and purchased from ThermoFisher Scientific. The forward
and reverse primers for P2RX7E mRNA were; 5’ CACAACTACACCACATACGCCA
3’ and 5’ TGAGCCGATGTACACAACCA 3’ respectively. The FAM labelled probe
was; 5’ ATCCTGGTTTTTGGCACCGGAGGAAA 3’. For P2RX7J the forward and
reverse primer pair sequences were 5’ CACCACGAGAAACATCCTGC 3’ and 5’
AGTACTTGGCGTATCTGAATTG 3’ respectively. The FAM labelled probe was; 5’
ATCCTGGTTTTTGGCACCGGAGGAAA 3’. For P2RX7F/J the forward and
reverse primer pair sequences were 5’ CACCACGAGAAACATCCTGC 3’ and 5’
AGTACTTGGCGTATCTGAATTG 3’ respectively. The FAM probe was targeted
against 5’ TCCGACTAGGAGACATCTTCCGAGAAACA 3’. Total P2RX7 mRNA
levels were analysed using a commercially available, pre-developed TaqMan® assay in
conjunction with the above variants (Assay no.: Hs00951600_m1, ThermoFisher
Scientific), where the probe spanned the exon 2/3 junction. This assay was chosen
from several options as it provided the best coverage of all P2X7R splice variants,
thereby providing a “total P2X7R” transcript read-out. RPLP0 was employed as a
housekeeping gene and was also purchased as a pre-developed assay (no.:
Hs00420895_gH, ThermoFisher Scientific).

Quantitative TaqMan® PCR was carried out according to the manufacturer’s
instructions (ThermoFisher Scientific). The 10 µL reaction mix comprised of;
— 1X TaqMan® Fast Advanced Master Mix (2X)
— 1X TaqMan® assay mix
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Table 2.8 Below are gene specific primer pair sequences used in PCR and RT-PCR.

Gene

Forward Primer (5’ to 3’)

Reverse Primer (5’ to 3’)

Anneal (°C)

NLRP3

GGCAACACTCTCGGAGACAA

GGAAAGATCCCAGCAGCAGT

61

IL1B

ACTACAGCAAGGGCTTCAGG

AGATGAAGGGAAAGAAGGTGCT

61

IL18

CCTGGAATCAGATTACTTTGGCA

GAGGCCGATTTCCTTGGTC

61

CASP10

TGCTTCGGACATGACTACAGAG

CTTCCCACAAATGCCTTCC

61

PYCARD

TTCTACCTGGAGACCTACGGC

TAAAGTGCAGGCCTGGCTTG

61

RPLP0

GGCAGCATCTACAACCCTGA

AGGACTCGTTTGTACCCGTTG

56-63

P2RX7C

CGAGGAATTCAGACCGGAA

GCAGGATGTTTCTCGTGGTGTA

63

P2RX7D

AGCAAAGGCCTGCTCTCTTG

TCTCGTGGTGTAGTTGTGGC

63

P2RX7E

CAACTACACCACATACGCCAAG

AATTTTCCTCCGGTGCCA

63

P2RX7F

TCAGATGTGGCAATTCAGATACG

AGCGGCCAGACCGAAGTAG

63

P2RX7J

TTGTGTCCCGAGTATCCC

ACTTGGCGTATCTGAATTGC

56

Table 2.9 Below are the cycling conditions used for SYBR green RT-PCR.
Steps

Time & Temperature

Taq activation

5 min 95oC

40 cycles
Melting curve

Denaturing

15 sec. 95oC

Annealing

20 sec 55-63oC

Extension

40 sec 72oC
20 min.
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— 1 µL cDNA template (10-20 ng)
— water to a final volume of 10 µL.
Thermal cycler conditions were as in Table 2.10. The data was acquired on ViiA7®
Real-Time PCR system (Applied Biosystems, Foster City, USA) and analysed on
ViiA7® software. Data were normalised against the RPLP0 and expressed as DCt.

Table 2.10 Cycling conditions for TaqMan® qPCR of P2RX7 genes.

Steps

Time & Temperature

UNG incubation

5 min 50°C

Taq activation

2 min 95°C

40 cycles

2.2.10

Denaturing

15 sec. 95°C

Annealing/Extension

20 sec 60°C

Flow cytometry

Cell suspensions were prepared from appropriate adherent or non-adherent cell types
and washed once in PBS by spinning at 1,500 rpm for five minutes. Cell clumps were
removed by passing through a cell strainer (0.100 micron) and cells were counted using
a haemocytometer. Samples were pelleted and re-suspended in 200 µL of ice-cold FACS
buffer (Table 2.2) in a polypropylene 96-well plate and washed one more time by
centrifugation at 1,500 rpm for five minutes at 4ºC. For each flow cytometry staining
condition, up to 106 cells were used. Fc receptors were blocked by 20% (v/v) human
serum (ThermoFisher Scientific) diluted in PBS for 30 minutes on ice, followed by a
washing step. Specific fluorochrome-conjugated antibodies (see Table 2.1.3 for the list
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of antibodies used) were applied to the cell suspensions in each well and left to incubate
on ice protected from light for 45 minutes. After incubation, cells were washed twice
in FACS buffer by centrifuging at 1,500 rpm for five minutes at 4ºC using refrigerated
Eppendorf Centrifuge 5810R. A viability test was performed by staining the cells with
fixable LIVE/DEAD™ viability dye according to supplier’s instructions (Life
Technologies). Briefly, cells were washed twice in ice cold PBS and stained for 30
minutes on ice. The samples were washed twice with FACS buffer followed by fixation
with 4% paraformaldehyde made up in 1XPBS and 1% (w/v) bovine serum albumin
(Sigma-Aldrich) for 15 minutes on ice or overnight at 4ºC before acquiring on the BD
LSR Fortessa™ X-20 using the BD FACSDiva™ software. Data was analysed on FlowJo
version 10 (Tree Star Inc.-Beckton Dickson).

2.2.11

MTT Assay

An ‘MTT (3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide) assay’
utilising a yellow tetrozole dye (Sigma-Aldrich) was performed to assess cell viability
in stimulated cells (see Table 2.2 for MTT-solution recipe). Viable and metabolically
active cells are able to convert MTT to a purple coloured insoluble formazan product,
which has the absorbance of 550nm and reflective of the number of viable cells in a
culture250. After cell culture, medium was removed, and fresh complete media with
added 0.5 mg/mL MTT was applied and cells incubated overnight. The next day,
formazan crystals were dissolved by adding equal volume of MTT-lysis solution (Table
2.2) and optical density absorbance was recorded at 595nm using a microplate reader.
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2.2.12

Immunoblotting

2.2.12.1

Whole cell lysate preparation

The cell culture media from adherent cells was aspirated and cells were washed three
times with sterile PBS and were incubated with 1X non-enzymatic cell dissociation
buffer (Invitrogen) at 37ºC for 15 minutes. An equal volume of complete cell culture
media was then added to each well and the cell suspension was collected in a fresh
tube. Cells were pelleted by centrifugation at 2,000 rpm for five minutes and the
supernatant was removed. The cell pellet was re-suspended in NP-40 cell lysis buffer
(Table 2.2) and incubated on ice for 20 minutes to ensure complete lysis. Following
this, cells were sonicated at a frequency of 32 kHz for 30 seconds at room temperature
using Ultrawave sonicator (Ultrawave, Cardiff, UK). Lysates were then clarified by
centrifuging at 13,500 rpm for seven minutes at 4ºC. The supernatants were transferred
into a fresh tube. 5X reducing gel sample buffer (see Table 2.1.2) was added to achieve
a final concentration of 1X, and the mix boiled for 3 minutes on a heating block at
95ºC, processed immediately or stored at -20ºC until use.

2.2.12.2

Western blotting

Samples were separated on NuPAGE™ 4-12% gradient Bis-Tris 1.5 mm pre-cast
polyacrylamide gels with 1.5 mm thickness (Invitrogen). The gels were allowed to run
at 120 volts for approximately 1.5 hours. The samples were then transferred onto 0.45
µm polyvinylidene difluoride (PVDF) membrane (Merck) by wet transfer. Proteins
were transferred onto PVDF for 1.5 hours at 100 volts in the presence of methanol-
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based transfer buffer (Table 2.2). The blot was briefly washed in TBS with added 0.1%
Tween 20 (TBS/T) then non-specific sites were blocked in 5% (w/v) skimmed milk
solution / TBS/T for one hour at room temperature. The blot was incubated with
antibody against the antigen of interest diluted to 1:1,000 in 5% skimmed milk TBS/T
overnight at 4ºC. The next day, blots were washed with TBS/T three times for 15
minutes each and subsequently probed with second stage goat anti-rabbit HRPconjugated antibody (BioRad, Hercules, USA) diluted at 1:5,000 in 5% skimmed milk
TBS/T for one hour at room temperature. After washing the blots three times for 15
minutes each, signal was developed using the enhanced chemiluminescence (ECL)
Western blotting substrate kit (Promega, Southampton, UK) on AmershamÔ
Hyperfilm ECL (#28906835, GE Healthcare, Chicago, USA).

2.2.13

Ethidium bromide uptake

Ethidium bromide uptake was used to assess P2X7R large pore formation. ~2.5 x 105
cells in suspension were washed twice with divalent cation free assay buffer (Table 2.2)
and re-suspended in 500 µL of the same buffer in a polypropylene flow cytometry tube.
Ethidium bromide (Sigma-Aldrich) was added into the suspension at 25 µM and
incubated at 37ºC in a water bath for 30 seconds before recording. Events were
analysed continuously on either a BD Accuri C6 or BD LSR Fortessa™ X-20 in the
PE-channel for 30 seconds, then 300 µM of BzATP was applied and recording
continued for up to five minutes. As a positive control, at the end of the fifth minute
Triton-X100 (Fisher Scientific) at a final concentration of 1% made up in PBS was

102

added to the cells. The linear median channel fluorescence intensity against time was
analysed by FlowJo version 10 (Tree Star Inc.).

2.2.14

Calcium imaging

2.2.14.1

Fluo-4 AM staining protocol

The calcium fluorescent dye Fluo-4 AM (Molecular Probes®, Life Technologies) was
reconstituted in DMSO to a final concentration of 5 mM. The reconstituted dye was
aliquoted, stored at -80°C protected from light and used within a month.

Cells of interest were plated onto 35 mm µ-Dish glass bottom chamber dishes (#81158,
ibidi, Munich, Germany) at a density of ~70% confluency a day before imaging. The
following day, an hour prior to the calcium imaging experiments, the culture media
was aspirated, and the cell sheet was washed three times with sterile, filtered (0.2 µm)
balanced extracellular solution (ECS) (see Table 2.2). The Fluo-4 dye was diluted to
a working concentration of 8 µM in ECS. The cells were loaded with the dye for 30
minutes at 37°C in the dark. Following three-washes with ECS, the cells were incubated
in fresh buffer for another 30 minutes at 37°C in the dark to allow de-esterification of
the dye. After a wash cycle, 1 mL of fresh ECS was applied and cells were equilibrated
for further five minutes at 37°C prior to imaging.

As a negative control, cells were treated with 1 mM BAPTA-AM (Invitrogen) (for 15
minutes in the presence of ECS) prior to imaging. BAPTA-AM is a non-fluorescent

103

cell-permeant Ca2+ chelator. It has a higher affinity for Ca2+ than EDTA and EGTA
and is less affected by changes in pH. Cells were additionally treated with 10 µM of
A438079, a P2X7R antagonist, in ECS for 30 minutes.

2.2.14.2

Imaging acquisition and analysis

Cells were imaged on a Zeiss AxioObserver inverted microscope and data was acquired
using Zeiss Zen software at the LMS/NHIR Imperial Biomedical Research Centre Flow
Cytometry Facility. Phase contrast (20X) or bright field (40X) images were taken prior
the start of the experiment to localise the cells. The cells were kept at 37°C in ECS at
all times. The chamber dish was located on the microscope stage and a random field
of view was selected for imaging. Initially, baseline fluorescence level was recorded for
one minute to ensure cells were not spontaneously increasing intracellular calcium
([Ca2+]i) prior to any treatment. Cells spontaneously fluxing calcium were excluded
from data analysis. After the baseline recording, 3 mM of ATP was applied to the cells
and calcium activity was recorded. The fluorescent changes were recorded either every
0.3 millisecond using either the 20X or 40X objective. Fluo-4 was excited with an
Argon laser (5% laser power) at 488 nm wavelength and the emission was detected at
509 nm wavelength. As a positive control, the cells were treated with calcium ionophore,
calcimycine (A23187) (Sigma-Aldrich); at the end of the experiment the chamber dish
was washed three times with ECS buffer and equilibrated for 10 minutes before reimaging. Figure 2.2.3 shows representative images of primary human podocytes stained
with Fluo-4 in (A) bright field, (B) the fluorescent channel and (c) both channels
merged, where most of the cells within the field of view showed positive staining for
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Fluo-4 post-stimulation with 30 µM calcium ionophore calcimycine. The change in
fluorescent intensity that corresponds to the activity of [Ca2+]i post-treatment was
quantified using the open-source software Fiji (Image J). First, background
fluorescence (Fb) was calculated using the threshold tool, in which the background
prior to stimulus was selected and the mean pixel value was measured by the software.

A

B

C

Figure 2.2 Representative images of human podocytes stained with Fluo-4
(A) Bright field, (B) fluorescent channel and (C) both channels merged, where most
of the cells within the field of view showed positive staining for Fluo-4 post-stimulation
with 30 µM calcium ionophore calcimycine (A23187).

Then the cells of interest in the field of view were defined using the region of interest
(ROI) tool. For each cell under investigation, the mean pixel values in each ROI were
interpolated for the entire duration of the experiment and exported to excel for further
analysis. First, the Fb was subtracted from the raw readings then the change in [Ca2+]i
was computed as a ratio using the equation below;
!"/"! (%) = [("" − "! )/"! ] , 100
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where the "" is the fluorescent intensity at a given time (t) and "! is the fluorescent
intensity at baseline calculated by averaging mean intensities for 50-100 consecutive
frames in the absence of any activity. The term !"/"! is a relative measurement of
changes in the [Ca2+]i and was previously described. Cells presenting with an increase
in more than 15% !"/"! was considered responsive, whereas those failing to reach a
15% rise from the baseline were classified as non-responsive to the stimulation. The
cut-off was set to 15% as a slight increase in [Ca2+]i potentially from intracellular stores
was observed in response ATP in the absence of extracellular calcium.

2.2.15

Polymerase chain reaction

Genes of interest (P2RX7 gene variants) were amplified from single-stranded cDNA
templates using gene specific primers in 25 µL reaction volumes containing;
— 1 µM Forward and Reverse primers
— 1Χ GoTaq™ Colorless Master Mix (Promega)
— 1 µL cDNA template
— autoclaved distilled water up to 25 µL
P2RX7 primers used for PCR and their respective annealing temperatures are shown
in Table 2.8. Cycling conditions are described in Table 2.11.

106

Table 2.11 Below are the cycling conditions used for SYBR green RT-PCR.
Steps

Time & Temperature

GoTaq activation

2 min 95oC

40 cycles

Denaturing

30 sec. 95oC

Annealing

30 sec 55-63oC

Extension

40 sec 72oC

Final Extension

2.2.15.1

5 min 72oC

Polymerase chain reaction for cDNA cloning

The primer sequences used in the PCR reactions for cDNA cloning are shown in Table
2.2.5. High-fidelity PCR was employed using Herculase II fusion DNA polymerase
(Agilent). The final following components were mixed in a 50 uL reaction to achieve
the final concentrations shown.
— 1X Herculase II reaction buffer
— dNTP (0.25 mM each)
— 1.25 uM of each primer
— 0.5 U Herculase II fusion DNA polymerase
— 5% (v/v) DMSO
— up to 400 ng cDNA template
— autoclaved distilled water to 50 uL.
Samples were amplified using a SimpliAmpä Thermal Cycler (Applied Biosystems).
The cycling conditions for each PCR reaction can be found in Table 2.13, and the
primers used for cDNA cloning are shown in Table 2.12 and
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Table 2.12 Phusion enzyme cycling conditions
Steps

Time & Temperature

Phusion activation

2 min 95oC

40 cycles
Final Extension

Denaturing

15 sec. 95oC

Annealing

20 sec 63oC

Extension

2:15 min 68oC
8 min 68oC
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Table 2.13 Primer sequences used for P2X7Rs cDNA cloning.
Abbreviations; DC: C-termini truncated.
pEGFP-N1 Cloning

5’-3’ Sequence

P2RX7-HindIII- Forward

ATAAAGCTTATGCCGGCCTGCTGCAG

P2RX7-KpnI-Reverse

ATAGGTACCATGTAAGGACTCTTGAAGCCACTG

P2RX7DC-KpnI- Reverse

ATAGGTACCATGTCACTTCCTTCTCCAAACCATTTTC

pTandem-1 Cloning

5’-3’ Sequence

P2RX7-NcoI-Forward

ATACCATGGTTATGCCGGCCTGCTGCAG

P2X7A-AgeI-Reverse

ATAACCGGTATGTAAGGACTCTTGAAGCCACTG

P2X7DC-NheI-Forward

ATAGCTAGCTATGCCGGCCTGCTGCAG

P2X7DC-BlpI-Reverse

ATAGCTCAGCATTAGTCACTTCCTTCTCCAAACCATT

pBI-CMV Cloning

5’-3’ Sequence

P2RX7-AgeI-Forward

ATAACCGGTCATGCCGGCCTGCTGCAG

P2RX7-NheI-Forward

ATAGCTAGCTATGCCGGCCTGCTGCAG

P2RX7-ApaI-Reverse

ATAGGGCCCTCACTTGTCGTCATCGTCTTTGTAGTCGTAAGGACTCTTGAAGCCA

P2X7A-HindIII-Reverse

ATAAAGCTTATATTACTTGTCGTCATCGTCTTTGTAGTCGTAAGGACTCTTGAAGCCACTG

P2X7DC-ApaI-Reverse

ATAGGGCCCTCAGTGGTGGTGGTGGTGGTGGTCACTTCCTTCTCCAAACC

P2X7DC-HindIII-Reverse

ATAAAGCTTATATTAGTGGTGGTGGTGGTGGTGGTCACTTCCTTCTCCAAACCATT
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2.2.16

Agarose gel electrophoresis

Agarose gels were prepared as 1% or 2% (w/v) by mixing agarose powder (Invitrogen,)
with 1X TAE buffer. Ethidium bromide (Sigma-Aldrich) at a final concentration of
0.5 µg/mL was added for DNA visualisation before allowing the gel to set. The samples
were electrophoresed at 90 volts (1% agarose gel) or 120 volts (2% agarose gel)
alongside a DNA hyper-ladder (New England Biolabs, Ipswich, USA). Gels were
visualised under UV light at 302nm wavelength using UVP BioDoc-It 2 Imager
(Analytikjena, Endress Hauser, Reinach, Switzerland).

2.2.17

DNA digestion with restriction enzymes

For restriction digestion of up to 1 µg of DNA, a 50 µL reaction volume containing 5
uL of 10X CutSmart® buffer and 1 unit (U) of High-Fidelity™ enzyme in autoclaved
distilled water was prepared and incubated at 37°C for one hour (all from New England
Biolabs). Products were either immediately cleaned using QIAquick PCR Purification
kit (Qiagen, Hilden, Germany) for ligation or the reaction was stopped by applying gel
loading dye (New England Biolabs) then run on an agarose gel for visualisation.

2.2.18

T4 ligation

Ligations were performed using the T4 ligase kit (Invitrogen) following the
manufacturer’s instructions. Briefly, following PCR clean-up, restriction enzyme digested target inserts, and vector were mixed at a 10:1 ratio to allow maximal ligation
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efficiency and incubated overnight at 16ºC. Ligation mixtures were transformed
immediately or stored at -20ºC until use.

2.2.19

DNA gel extraction and purification

Following restriction digest of target DNA templates, the DNA fragments were run on
1% agarose gels made in 1X TAE buffer and bands of interest were excised under UV
transilluminator using a disposable sterile scalpel. DNA from the cut gel pieces was
subsequently purified using a PureLink Quick Gel Extraction kit (Invitrogen). Samples
were further purified using QIAquick PCR purification kit (Qiagen) and sample purity
and concentration was measured by nanodrop. DNA fragments were stored at -20ºC
until use.

2.2.20

Bacterial transformation

Max efficiency DH5α™ chemically competent E.coli were used for bacterial
transformation according to the supplier’s instructions (Invitrogen). Briefly, up to 10
ng of DNA was added to the competent cells and incubated on ice for 30 minutes. The
cells were heat-shocked for 45 seconds in a 42ºC water bath and chilled on ice for two
minutes. The mixture of bacteria/DNA and S.O.C. (Super Optimal Broth) medium
was incubated at 37ºC shaker for one hour then plated on LB Agar plates with either
ampicillin (Sigma-Aldrich) at a final concentration of 100 µg/mL or kanamaycin
(Fisher Scientific) at a final concentration of 50 µg/mL, and incubated overnight at
37ºC.
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2.2.21

Miniprep™ and Midiprep™ DNA extraction

Following bacterial transformation, individual colonies were picked from LB Agar
plates and cultured in 5 mL of LB Broth medium, with either ampicillin or kanamycin
at a final concentration of 100 µg/mL and 50 µg/mL respectively, overnight at 37ºC
in an orbital shaker at 220 rpm to facilitate further growth. Next day, the plasmid
DNA was extracted using a QIAprep™ Miniprep kit (Qiagen) following the
manufacturer’s instructions and screened for positive colonies by diagnostic digest.
This was performed by restriction digest at sites where insert DNAs were ligated. After
the identification of the positive colonies, plasmids were sent for Sanger sequencing.
For validated colonies, larger scale plasmid preparation was done by first culturing in
5 mL of LB Broth with added antibiotics for 6 hours, then transferring into larger
volume of 100 mL and growing overnight at 370C on an orbital shaker set at 220rpm.
The next day, plasmid DNA was extracted using QIAprep™ Midiprep kit (Qiagen)
following the manufacturer’s instructions.

2.2.22

Recombinant expression in HEK293Ts

Recombinant expression of P2X7Rs in HEK293T cells was done using the PEI
transfection system

[REF].

The PEI transfection reagent (Polyethylenimine HCl MAX,

Linear, MW 40,000) (Polysciences, Warrington, USA) was made up in autoclaved H2O
at pH 7.0. This reagent was a kind gift from Dr. Tom McKinnon. A day before
transfection, the cells were harvested and seeded onto 6-well plate at a confluency of
60%. At the time of transfection, the cell density reached 80-90% of confluence. The
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culture media was aspirated, and adherent cells were carefully washed twice with
OptiMEM™ reduced serum medium supplemented with GlutaMAX™ (Gibco) and left
to equilibrate in the same medium for 15-20 mins at 37°C, 5% CO2. Meanwhile, the
DNA and PEI was diluted in an appropriate volume of autoclaved 150 mM NaCl prior
to mixing in a 3:1, PEI to DNA, ratio such that the final amount of DNA in solution
per well was 2 µg. The mixture was allowed to incubate at room temperature for 20
minutes before applying to the equilibrated cells and left in the incubator for 6 hours.
After this, the medium was replaced with complete DMEM. After 24 hours, cells were
washed with PBS and harvested for downstream experiments.

2.2.23

Statistical Analysis

Data results are presented as mean ±SD or median (percent frequency). Homogeneity
of variances and data normality was tested using Levene’s and Sharpio-Wilk Normality
test. Between and across-group comparisons were calculated using the parametric
unpaired t-test or non-parametric Mann-Whitney U test and Kruskal-Wallis test
respectively. For data that was cross compared, paired non-parametric Wilcoxon test
was used. For non-parametric multi-comparison analyses Dunn’s mutli-comparison test
was employed. Correlations between two sets of data were performed using
nonparametric Spearman’s rank correlation test. A two-tailed P value less than 0.05
was considered statistically significant. Statistical analysis was performed using
Microsoft Excel and GraphPad Prism version 7.
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3.

NLRP3/P2X7R Axis in Glomerulonephritis

3.1 Introduction
The Glomerulonephritides (GN) include a group of immune mediated kidney diseases
and are a major cause of end-stage renal disease38, which is often characterised by the
glomerular deposition of antibodies against exogenous antigens or autoantigens251.
Therapeutic options for glomerulonephritis can include immunosuppression, which are
often non-specific and toxic to the patient in the long-run, and supportive therapy such
as renin-angiotensin receptor blockade and treatment of hypertension to delay the
progression of the disease39. Although the infiltration of inflammatory cells into the
damaged glomeruli and tubulointerstitium is a common finding of inflamed kidneys
with rapidly declining renal function79,80,252, the molecular mechanisms which regulate
the inflammation in different entities of glomerulonephritis still are only partially
understood.

Renal injury, whether mechanical or antibody-mediated, exposes intrinsic cells to
numerous inflammasome activators, such as ATP, uric acid, histones oxalate or cystine
crystals, and matrix degradation products114. However, whether the inflammasome
machinery is expressed in the kidney, and if so, whether this machinery is activated
canonically or non-canonically remains unclear130. Nevertheless, deficiency in several
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NLRP3-inflammasome-associated genes has proven beneficial to renal function in
autologous anti-GBM GN92,94,253 and chronic kidney disease (CKD) models, such as in
diabetic nephropathy113. The role of IL-1β and IL-18 in the pathogenesis of
glomerulonephritis is also well-established in the literature, thus are proposed
therapeutic targets92,100,254,255. Essential elements of the NLRP3 inflammasome,
including NLRP3, ASC and Caspase-1, have been demonstrated in renal parenchymal
cells, and the primary expressors of these appear to be endothelial cells, podocytes and
tubular epithelial cells114, further suggesting a role for the inflammasome in these cells.

Both canonical and non-canonical activation of NLRP3 requires two distinct steps129.
In the canonical activation of NLRP3, step one can be triggered by ligands that are
recognised by TLRs, TNFRs, or IL-1R, whereas, step two involves recognition of, i.e.
DAMPs, ROS, ATP/P2X7R. P2X7R is a likely candidate in the pathogenesis of
glomerulonephritis, potentially through activation of the NLRP3 inflammasome and
subsequent cytokine release as previously discussed in Chapter 1. Nevertheless, its
functional importance and downstream mechanisms of action need to be further
elucidated, particularly in human. Therefore, in this chapter, I focused on analysing
the expression of NLRP3-inflammasome associated cytokines, IL-1b and IL-18, as well
as NLRP3 and P2X7R in different entities of GN, where possible, to see whether any
of these components are upregulated and are correlated to human kidney disease.
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3.2 Aims & Experimental Design
As discussed above, there is an established link between raised IL-1β and IL-18
cytokines, which are components of NLRP3-inflammasome pathways, and GN diseases.
Furthermore, relevant studies have implicated a potential role for P2X7R and NLRP3inflammasome in both experimental and human models of GN. Nevertheless, the role
of NLRP3/P2X7R axis in IL-1β and IL-18 release in different entities of human GN,
in particular IgA nephropathy (IgAN), which is the commonest type of
glomerulonephritis worldwide, remains unclear. Therefore, I sought to determine the
levels of IL-1β and IL-18 as well as P2X7R and the NLRP3-inflammasome in a range
of human GN, with a particular focus on IgAN. To do this, I looked at expression
levels of IL-1β and IL-18 as well as the NLRP3 protein, P2X7R transcript and protein,
in range of clinical samples. The aims of this section were to;
1. Quantify serum levels of IL-18 and IL-1β in IgAN and other entities of
glomerulonephritis, and compare with disease and healthy control groups;
2. Assess the mRNA expression levels of NLRP3 and IL-1b in AAV and IgAN;
3. Investigate the protein expression of NLRP3 in histology sections from patients
with IgAN and AAV, as well as normal kidneys;
4. Determine the surface protein levels of P2X7R in peripheral blood monocytes
from IgAN patients and healthy subjects.
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3.3 Results

3.3.1 ANCA-associated

vasculitis,

IgA

nephropathy

and

idiopathic membranous nephropathy patients have higher levels
of serum IL-18 than healthy individuals
IL-1β and IL-18 are important mediators of inflammation. Although a member of the
IL-1 family of cytokines, IL-18 biology is not the recapitulation of IL-1β. For instance,
in healthy human subjects, both IL-1β and IL-1β precursor are absent in the circulation
whilst IL-18 and IL-18 precursor are ubiquitously present86,95. In this study too, healthy
volunteers all presented with detectable levels of IL-18 (Figure 3.1A), but not IL-1β
(Figure 3.1B) in the serum. However, circulatory levels of IL-18 were significantly elevated
in IgAN (410.5 ±262 pg/ml, *p=0.0431), AAV (453.7 ±172.1 pg/ml, **p=0.0091) and MN
(376.5 ±90.17, *p=0.0336) patients versus healthy controls (192.8 ±96.82 pg/ml) (Figure
3.1A). Both in IgAN and AAV cohort, small group of patients appeared to have exceptionally
higher levels of IL-18 as opposed to rest of the cohort (Figure 3.1A), however, this did not
seem to correlate with disease activity (active or remission), treatment or, in case of AAV,
ANCA-antibody phenotype (PR3 or MPO). In contrast, serum IL-18 levels in disease control
group (consisting of DN, CKD and PCK) and patients with MC, did not significantly differ
when compared to healthy subjects (ns, p>0.9999 in all cases), however, the analysis is
limited by the sample size, thus not necessarily applicable to the general population.
Furthermore, serum IL-1β was not detectable in the majority of samples across the groups
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Parameters

HC

DC

AAV

IgAN

MN

MC

n (M/F)

12 (3/9)

11 (7/4)

8 (8/0)

22 (15/7)

9 (5/4)

5 (5/0)

Age (years)

39.09 ±14.06

55 ±20.94

49.29 ±21.15

48.94 ±14.92

64.33 ±8.16

38 ±5.13

sCr (µmol/L)

n/a

215.55 ±104.37

271.5 ±215.59

260.24 ±230.63

87.17 ±37.60

74.6 ±9.13

eGFR (ml/min)

n/a

35.63 ±26.16

45 ±37.95

49.72 ±37.56

72 ± 20.10

89.4 ±1.79

n/a

270 ±334.59

229.69 ±233.50

1175.67 ±1309.13

n/a

2.67 ±2.71

41.50 ±38.41

9.56 ±14.67

1.27 ±0.80

n/a

uPCR (mg/mmol) n/a
sCRP (mg/L)

n/a

Table 3.1 Clinical and demographic characteristics of healthy volunteers, disease control group and GN patients
included in cytokine studies.
Values expressed as mean ±SD. Abbreviations; M: Male, F: Female, sCR: Serum creatinine, eGFR: Estimated glomerular filtration
rate, uPCR: Urine protein to creatinine ratio, sCRP: serum C-reactive protein, HC: Healthy Control, DC: Disease Control, AAV:
Anti-neutrophil cytoplasm antibody associated vasculitis, IgAN: IgA Nephropathy, MN: Membranous Nephropathy, MC: Minimal
Change, n/a: Not Available, n=number
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A

B

Figure 3.1 Serum levels of IL-18 and IL-1β in GN patients, disease control
and healthy control groups.
(A) Levels of IL-18 were significantly increased in GN patients (AAV, n=8; IgAN,
n=22; MN, n=9; MC, n=4) with AAV (**p=0.0091), IgAN (*p=0.0431) and MN
(*p=0.0336) in comparison to healthy control group (n=12). There was no statistical
significance associated between any of the GN entities and the DC group (n=11),
although the sample size is small (in MC, CKD, DM and PCK). (B) IL-1β was not
significantly different between IgAN (n=16) and DC (n=4) or HC (n=8) groups (ns,
p=0.9372). Horizontal lines represent mean values. Data analysed by the KruskalWallis test and Dunn’s multiple comparison test. Abbreviations; ns: not significant.
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A

B

C

D

Figure 3.2 Correlation of serum IL-18 levels and creatinine, sCRP, eGFR
and uPCR in IgAN patients.
There was no correlation between serum IL-18 and (A) Serum creatinine (r=0.2788,
p=0.2636), (B) uPCR (r=0.1939, p=0.4407), (C) eGFR (r=-0.2662, p=0.2857) and
(D) sCRP (r=0.3419, p=0.1779) in IgAN patients (n=18). Data analysed by the
Spearman correlation test. Abbreviations; sCRP: Serum C-reactive protein, eGFR:
Estimated glomerular filtration rate, uPCR: Urine protein-creatinine ratio.
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(p=0.9372, see Figure 3.1B). The clinical and demographic characteristics of patients
and healthy controls used in this study are shown in Table 3.1.

Raised IL-18 in the serum was not a consequence of renal impairment in IgAN patients, as
there was no direct correlation between the level of IL-18 and serum creatinine (r=0.2788,
p=0.2626, Figure 3.2A), C-reactive protein (sCRP) (r=0.3419, p=0.1779, see Figure
3.2B), estimated glomerular filtration rate (eGFR) (r=0.2662, p=0.2857, Figure 3.2C)
and urine protein:creatinine ratio (uPCR) (r=0.1939, p=0.4407, Figure 3.2D), which
are indicators of kidney function and can reflect severity of glomerular disease
(r=0.3419, p=0.1779, see Figure 3.2B). These results suggest that the high levels of
serum IL-18 may be occurring independent of renal impairment.

3.3.2 Enhanced levels of serum IL-18 are not counteracted by
raised levels of IL-18BP in IgA Nephropathy
IL-18 activity is modulated by a soluble inhibitor named IL-18BP, which is present in
excess in the circulation97. To investigate the potential involvement of IL-18BP in our
cohort, serum samples from patients with IgAN (n=12), MC (n=2) and MN (n=2), as
well as from a disease control (n=9) and healthy control (n=8) groups were assayed.
Serum IL-18BPa levels did not significantly vary between IgAN (141 ±129.7 pg/ml),
disease control (99.82 ±164.5 pg/ml) and healthy control (107.6 ±229 pg/ml) groups
(p=0.6907, see Figure 3.3A). Regression analysis also showed no direct correlation
between the elevated serum IL-18 and IL-18BP in IgAN patients (r=0.4206, p=0.1748
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A

B

Figure 3.3 Serum levels of IL-18BP in GN patients, disease and healthy
control groups.
(A) Serum levels of IL-18BP were not significantly different in GN entities (IgAN,
n=12; MC, n=2; MN, n=4) when compared to disease control (n=9) and healthy
control (n=8) groups (ns, p=0.6907). (B) There was no correlation between raised
serum IL-18 and IL-18BP levels in the cohort of IgAN patients (r=0.4206, p=0.1748).
Horizontal lines represent mean values. Data analysed by the Kruskal-Wallis test and
Spearman correlation test.
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see Figure 3.3B), which confirmed normal levels of IL-18BP in our cohort of IgAN
patients. Previously, imbalance between IL-18/IL-18BP ratio was associated with high
levels of circulating IL-18 in IgAN patients256. The report showed that despite the
significant increase in IL-18, the levels of IL-18BP failed to parallel the raised IL-18 in
the serum, thereby, leading to an imbalance in the IL-18 to IL-18BP ratio, which is in
agreement with the results represented here, however, it is unclear whether augmented
IL-18 is due to defective IL-18BP production.

3.3.3 Gene expression levels of NLRP3 and IL-b are upregulated
in peripheral blood mononuclear cells from patients with ANCAassociated vasculitis but not with IgA nephropathy
In the previous section I showed that serum IL-18 levels were significantly elevated in
AAV and IgAN, which poses the question of whether the serum IL-18 is generated by
the intrarenal cells, tissue resident or peripheral mononuclear cells. To answer this
question first NLRP3, an upstream requirement for IL-18 production, mRNA
expression was assessed from AAV and IgAN patients using quantitative RT-PCR.
NLRP3 mRNA expression in PBMCs from AAV patients (*p=0.0316, Figure 3.4A),
but not from IgAN patients (ns p>0.9999, Figure 3.4A), were significantly increased
in comparison to healthy controls. The AAV patients also had significantly enhanced
mRNA levels for NLRP3 when compared to IgAN patients (*p=0.0297).
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Parameters

HC

AAV

IgAN

n (M/F)

7 (3/4)

6 (4/2)

7 (3/4)

Age (years)

39.80 ±17.20

66.17 ±18.61

48.3 ±7.90

MPO/PR3

n/a

5/1

n/a

Disease state

n/a

Active

Active

Immunosuppression

n/a

Yes (4), No (2)

No

Table 3.2 Clinical and demographic characteristics of healthy volunteers
and GN patients included in gene expression assays.
These patients were included in transcript analysis of NLRP3 and IL1B by qPCR
detailed in section 3.3.3. Values expressed as mean ±SD.
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A

B

Figure 3.4 NLRP3 and IL-1b mRNA levels in AAV, IgAN and HC groups.
Cytokine gene expression levels were measured in unstimulated PBMCs isolated from
AAV (n=5) and IgAN (n=7) patients, and healthy individuals (n=7) by real-time
PCR. (A) There were significantly higher mRNA levels of NLRP3 in AAV patients
when compared to IgAN patients (*p=0.0316) and healthy controls (*p=0.0297). (B)
Similarly, PBMCs from AAV patients had significantly upregulated levels of IL-1b
against healthy control group (***p=0.0005), but not against IgAN group (ns,
p=0.0968). NLRP3 and IL1B mRNA levels did not differ versus healthy controls (ns,
p>0.9999 and p=0.2581 respectively). Data corresponds to mean ±SD of the DCt
values. DCt was calculated against housekeeping gene, RPLP0. The group statistical
analyses of was conducted by the Kruskal-Wallis test. Abbreviations: DCt: Delta cycle
threshold, RPLP0: 60S acidic ribosomal protein P0.
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Additionally, in spite of the enhanced serum IL-18 levels in GN patients, serum IL-1b
remained undetectable (Figure 3.1), although both cytokines are known to be
subsequent products of NLRP3 inflammasome activity. To evaluate whether IL-1b is
involved in GN, PBMCs collected from AAV and IgAN patients were alternatively
screened for IL1B mRNA expression levels. In common with the findings for NLRP3,
IL1B mRNA levels were significantly upregulated in AAV, but not in IgAN when
compared to healthy subjects (***p=0.0005, ns p=0.0968 respectively, see Figure
3.4B). These findings may suggest a peripheral origin of serum IL-18 (and IL-1β) in
AAV, and an intra-renal origin in IgAN. AAV is a more systemically active disease as
opposed to IgAN, which presents with exclusively localised glomerular inflammation.
To investigate this hypothesis, NLRP3 protein levels were assessed in renal tissue
specimens in AAV and IgAN (see section 3.3.3). The clinical and demographic
characteristics of patients and healthy controls used in this study are shown in table 3.2.

3.3.4 NLRP3 protein expression is increased in the renal tissue
of IgA nephropathy patients but not in AAV compared to
normal renal tissue
To identify whether the potential source of raised serum IL-18 in IgAN and AAV may
be renal, NLRP3-inflammasome protein expression in AAV (anti-PR3+) (n=3), IgAN
(n=4) and renal tissue sections from healthy controls (n=4) were assessed by
immunohistochemistry (Figure 3.5). The localisation of NLRP3 in the normal human
kidney remains unclear, however, in the past investigators have observed detectable
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A

Isotype Control

50 µM

B

Non-Disease Control

50 µM

C

D

AAV

50 µM

IgAN

50 µM

Figure 3.5 Representative NLRP3 expression from renal histology sections.
NLRP3-protein expression as detected in non-disease control (B), AAV (C) and IgAN
(D) tissue sections by immunohistochemistry. Isotype control is also shown in panel
(A). Taken at 20X magnification. Bar in the bottom right corner indicates 50 µM.

levels in podocytes and tubular epithelial cells257,258. Consistent with these reports, in
control tissues NLRP3 staining primarily localised to the tubules with no glomerular
detection (Figure 3.5B). However, tubular NLRP3 expression was markedly enhanced
in IgAN tissue (Figure 3.5F) compared to control tissue (*p=0.0167 Figure 3.6A), but
not compared to AAV tissue (Figure3.4C), (ns, p=0.3000, Figure 3.6A). In contrast,
NLRP3 localisation in renal tubules did not significantly differ between AAV versus
control tissues (ns, p>0.9999). NLRP3 was also detectable in cells within the glomeruli
in IgAN (Figure 3.5D), and the percentage of cells positive for NLRP3 was markedly
higher when compared to normal sections (*p=0.0085 versus control, Figure 3.6B),
but not when compared to AAV sections (ns, p=0.5012). Glomerular NLRP3
expression was moderately enhanced in AAV sections too (ns, p=0.5012 versus control),
however, this was not significant. Isotype control staining was negative (Figure 3.5A)
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A

B

Figure 3.6 The comparison of the glomerular and tubular NLRP3 protein
positive cells from the histology sections of AAV, IgAN and normal kidneys.
The expression of NLRP3 was enhanced in the tubules of IgAN kidneys (n=4)
(*p=0.0167 versus control), however, this was not the case for AAV (n=3) versus
normal kidneys (control) (n=4) (ns, p>0.9999), and AAV versus IgAN (ns, p=0.3000).
(B) In the same set of samples, the percentage of NLRP3 positive cells in the glomeruli
of IgAN patients was significantly increased relative to control kidneys (n=4)
(*p=0.0085), but not relative to AAV kidneys (n=3) (ns, p=0.5012). A moderate
increase in the expression of glomerular NLRP3 was also seen in AAV kidneys,
although not significant (ns, p=0.5012). Results correspond to the mean ±SD of at
least three different segments of the same histology sample. Data analysed by MannWhitney U test.
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3.3.5 Cell

surface

P2X7R

levels

are

elevated

in

classical

monocytes isolated from IgA nephropathy patients
In canonical activation of NLRP3-inflammasome/Caspase-1, secondary signal typically
from ATP/P2X7R axis is required to induce the release of IL-1b and IL-18. Although
mRNA levels of NLRP3 or IL-1b were not increased when compared to healthy
individuals, this does not exclude the possibility of accumulated inactive NLRP3inflammasome constituents, which may be induced by increasing the extend of
secondary signal, i.e. ATP via P2X7R, thus, promote raised cytokine levels. Therefore,
I sought to determine if monocytes from IgAN patients presented with increased
P2X7R on their cell surface. To determine this, I isolated peripheral blood monocytes
from IgAN patients (n=4) and a healthy donor (n=1) by fluorescence-activated cell
sorting (FACS). Cells were separated into classical (CD14+, CD16-), intermediate
(CD14+, CD16+) and non-classical (CD14-, CD16+) monocytes based on their
relative expression of CD14 and CD16 (see Figure 3.7 for gating strategy). Due to low
numbers of CD16+ cells collected in the patient samples; only classical monocytes were
assessed for P2X7R expression. This experiment is limited by the small sample size and
single healthy subject, but two of the four patients examined showed higher surface P2X7R
as opposed to healthy control (Figure 3.8B). In parallel to FACS analysis, PBMCs from
this cohort of IgAN patients were also screened for their P2X7R transcript (P2RX7)
level using a TaqManâ assay (Figure 3.8C). Interestingly, P2RX7 was lower in three
of the four IgAN patients when compared to the healthy volunteer. On that note, gene
expression level of P2X7Rs are further explored in Chapter 5.
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Figure 3.7 FACS gating strategy for identifying classical monocytes.
The flow cytometry gating algorithm is shown for a representative sample. SSC-A to
FSC-A gating used to identify monocytes based on the granularity and size. Doublets
were discriminated using side scatter area and height (single cells). Lineage-specific
antibodies against, B-cells, T-cells, Dendritic cells, NK cells and neutrophils were used
to exclude these cells (Dump Channel). In the non-dump population, HLA-DR+ cells
were selected. Then CD14 and CD16 surface markers were used to identify the
monocyte populations; CD16+, CD14+CD16+, CD14+. Graphs were generated using
FlowJo software (Becton Dickinson, New Jersey, USA).
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B

C

Figure 3.8 Assessing P2X7R expression in patient PBMCs with IgAN.
PBMCs from active IgAN patients (n=4) and a single healthy volunteer (over 4
separate occasions) were stained to identify P2X7R+ cells in CD14+ classical
monocytes by FACS. (A) Representative dot plot of gated classical monocytes,
histogram of P2X7R+ cells (Blue) against relative isotype control (Grey) in the healthy
individual and histogram of P2X7R expression compared between the healthy subject
(Blue) and an IgAN patient (Red). (B) P2X7R-MFI levels in classical monocytes
between IgAN patients and the healthy individual. (C) P2X7R transcript level
detected by TaqManâ assay in the same cohort of subjects. Experiments were
conducted on different days, using fresh PBMCs from one healthy subject and four
different IgAN patients. FACS results correspond to the median ±SD of the P2X7R+
cells; MFIs for each patient were normalised against a control sample from the same
healthy individual collected on the day of the experiment. TaqManâ data corresponds
to mean ±SD of the DCt values calculated against housekeeping gene, RPLP0.
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Lastly, I also examined the expression of P2X7R protein within healthy and IgAN
kidneys by immunohistochemistry, however, results have been inconclusive due to
antibody batch variation and heavy background staining (data not shown), which is
also in agreement with other researchers259.
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3.4 Discussion
These results show that circulatory IL-18 was significantly raised in a sub-population
of GNs, including IgAN, AAV and MN (Figure 3.1A). These observations are in
concordance with previous reports showing enhanced serum IL-18 levels in patients
with these entities of GN120,255,256,260, where positive correlation between raised serum
IL-18 and disease activity, or outcome, was also displayed. It has been suggested that
the serum cytokine levels may not be reflective of an on-going inflammation partially owing
to their functional state as complex molecules bound to their respective soluble receptors, i.e.
IL-18 to IL-18BP, or IL-1b to IL-1RA261. Nevertheless, this may not be the case in IgAN
cohort presented here, as IL-18BP levels did not parallel enhanced IL-18 in the circulation
in this group of patients (Figure 3.3). This observation is in agreement with previous
studies256, where researchers suggested a defect in the production of IL-18BP in patients
with IgAN that subsequently lead to excessive accumulation of IL-18 in the serum.
Concurrently, it remains unclear whether the circulatory IL-18 is produced systemically or
locally. To address this possibility, I attempted to assess IL-18 in renal biopsies by
immunohistochemistry, but this proved inconclusive due to high background and non-specific
staining (data not shown). Alternatively, IL-18 expression may be inspected from biopsy
specimens using in situ hybridisation or RNA-scope techniques as part of future work.

One of the early studies that characterised the transcript levels of pro-inflammatory cytokines
in PBMCs from IgAN patients also found upregulated levels of IL1B262. Likewise, other
researchers found a genetic link between AAV and IL-1β, as well as IL-1a, genotype from
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patients manifesting PR3-ANCA vasculitis, but not MPO-ANCA, and a potential
contribution of this outcome with fast progression to end-stage renal disease263. The
AAV cohort I screened for IL-1β was primarily composed of patients with active MPOANCA vasculitis, suggesting that patients manifesting this phenotype of ANCA may
be more prone to the pro-inflammatory actions of IL-1β. It is widely accepted that
patients with anti-MPO-ANCA experience chronic inflammation patterns, whereas,
anti-PR3-ANCA display more active renal pathology associated with accelerated loss
of kidney function264. This may be partially explained by the elevated levels of IL-1b
transcript in anti-MPO-ANCA, which is a result of chronic inflammation.

IL-1β is produced by a variety of cell types, including intrinsic renal cells, however, the
pre-eminent source of this cytokine is the peripheral blood monocytes. IL-1β is secreted
by a distinct mechanism and, unlike IL-18, its expression is not sustained and declines
rapidly soon after reaching its peak106. Considering the pro-inflammatory potency of
IL-1β and its short half-life in the circulation, it is reasonable to suggest that it is
rather reserved for inflammatory sites and not actively released into the circulation.
Therefore, it may not be surprising to see that IL-1β was undetectable in the patient sera,
and that perhaps kidney tissue should be the main focus of interest for protein expression.
Previously, researchers demonstrated production of IL-1β in activated infiltrating leukocytes
and resident renal cells in situ, which also correlated with intrarenal generation of IL-1β from
AAV renal biopsies265. Although this partially supports the hypothesis of IL-1β being
reserved for inflammatory regions, we cannot conclude without inspecting AAV patients for
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their circulatory IL-1β too. Another point to consider is the ELISA detection range. The
ELISA baseline threshold might have been too high and has failed to distinguish the
small changes that had occurred in the circulation.

In search of the origin of IL-18, histological analysis was done (Figure 3.5). Although
NLRP3 appears to be localised to tubules in AAV and IgAN, it is less clear which cells
are activating NLRP3 in the glomeruli in IgAN. Based on the pattern of staining, we
can speculate podocytes to be the source of NLRP3. Previously, researchers reported
NLRP3 expression being largely confined to the tubules from human IgAN sections,
which is in concordance with the findings in this study, whilst, glomerular NLRP3 was
scarce258. This report is in contrast to what has been reported previously, where
podocytes were proposed to be main expressors of NLRP3 and subsequent producers
of inflammasome cytokines107,108,266–269, however, may be in agreement with my study
if as speculated NLRP3 staining correlated with podocytes. Similarly, a former study
showed NLRP3 expression not only in tubules but also in glomeruli from human AAV
sections, which mainly co-localised with synaptopodin, marker for podocyte, and CD31,
marker for endothelium270, which is not in accord with the findings presented here.
Nonetheless, large portions of patients tested for NLRP3 in this publication composed
of MPO-ANCA vasculitis270. It is also not specified what histology sections were used
as representative figures in this paper; therefore, it is not possible to tell what NLRP3
expression was like in the kidneys of PR3-ANCA vasculitis270. In my study, all the
histology sections assessed for NLRP3 was from patients with PR3-ANCA vasculitis,

135

suggesting that in activated intrarenal NLRP3 is not a common feature of PR3-ANCA.
On that note, larger cohort of patients should be analysed to reach a strong conclusion.
Based on these results, I speculate that besides the other sources of IL-18, such as
lymphoid tissue and spleen, the intrinsic source of IL-18 within the kidney contributes
to raised levels of circulation IL-18 observed in IgAN, whereas, in AAV elevated levels
of IL-18 may be of peripheral origin.

Lastly, overall P2X7R cell surface protein was higher in classical monocytes, whereas, the
P2RX7 transcript level was decreased in PBMCs from active IgAN patients (Figure 3.8C).
This may be due to the fact that the comparison is between monocytes and PBMCs, which
is unlikely to parallel as only small percentage of PBMCs represent monocytes. Similarly,
there may be a mismatch of time scales between the transcription and translation of the
P2X7R gene or that the surface protein expression may be more related to the trafficking of
the receptor to the cell surface from the intracellular stores271, and not necessarily reflected
by the transcriptional activity. A presence of a SNP or P2X7R splice variants may have also
influenced the TaqManâ assay outcome. The pre-designed assay probe used was targeted
to detect most of the P2X7R splice variants (spanning exon junction 1 and 2), therefore,
down-regulation in the IgAN patients may suggest a differential expression profile of the
P2X7R variants that has subsequently affected the qPCR amplification. This is further
explored and discussed in Chapter 5.
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3.4.1 Limitations
My study has limitations. First, the overall sample size in each patient group was small.
This, therefore, reduced the statistical power and results are not necessarily
representative of general population. In addition to this, we are unable to link each
finding as the outcome represents different portion of patients with varying disease
phenotype. Second, it was not possible to gender, and age match the disease cohorts
and control groups. Moreover, the healthy donors recruited for this piece of work were
significantly younger than the patients (Table 3.2). Another point of concern was the
immunosuppression therapy or corticosteroid treatment received by a minority of the
AAV patients. These treatments might have interfered with the cytokine production
or P2X7R expression from the PBMCs in the blood. However, thus far, there are no
reports of PBMC-P2X7R expression being affected by immunosuppressive medications
or corticosteroids in the literature. A study suggesting a defect in the P2X7R-mediated
responses from rat-bone marrow derived mast cells upon corticosteroid treatment has
been reported272, though further investigation involving leukocytes is necessary. On
that note, I found no apparent link between the medications received and the levels of
P2X7R transcript measured from the patients.

This piece of work is the first to study the relation of P2X7R and P2X7R-mediated
pathways with IgAN using human samples. While varying portions of IgAN patients
presented with (1) raised serum IL-18, (2) positive glomerular and tubular
immunostaining for NLRP3, and (3) upregulated P2X7R from classical monocytes,
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further work looking at all these events within one single cohort is required to establish
a solid link between IgAN and the P2X7R/NLRP3 pathway. The IgAN disease
phenotype is very varied and, it could be that the pathway is relevant to a certain
clinical presentation of the disease. Similarly, AAV pathology may also be influenced
by the P2X7R/NLRP3 axis. On final note, this piece of work leaves some questions,
which I aimed to answer in the following chapters; What is the cellular origin of the
augmented IL-18 production in glomerulonephritis? Is this production P2X7Rmediated? Do the P2X7R splice variants have a role in this picture?

3.4.2 Future Work
There is more research to be done to further elucidate the outcome and understand
the role of P2X7R/NLRP3 in human glomerulonephritis. A larger cohort of patients
should be analysed for IL-1β and IL-18 release, gene expression levels of inflammasome
components, including NLRP3, ASC, caspase-1, IL-1β and IL-18, as well as P2X7R,
from patient PBMCs, preferentially within a single group, which would allow direct
comparison between different indices. Considering potentially protected production of
IL-1β (short-distant acting of IL-1β), kidney sections can be investigated for its gene
activity. To do this, RNA-scope or in situ hybridisation against IL-1β transcript from
kidney histology sections can be applied. Same can also be done for IL-18, to see
whether IL-18 is locally synthesised in GN patients presenting with elevated circulatory
IL-18.
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Construction of a cohort large enough to split the subjects to different disease states
and phenotypes, i.e. anti-PR3-ANCA and anti-MPO-ANCA, active/ remission would
also prove beneficial. Urinary IL-18 can also be measured by ELISA in this cohort to
reflect renal function. Although, NLRP3 staining localises with tubules in the renal
histology sections both in AAV and IgAN, it is unclear which cells in the glomeruli are
staining for NLRP3 in IgAN. To overcome this, sections can be double stained with a
glomerular or leukocyte cell marker and NLRP3. This method may prove challenging;
therefore, frozen tissue sections can also be used to double stain with fluorescently
conjugated antibodies and analysed by immunofluorescence microscopy.

Nonetheless,

it

is

scientifically

challenging

to

measure

true

activation

of

NLRP3/inflammasome from clinical samples as transcript analysis alone would not
necessarily be reflective of NLRP3 or caspase-1 activity. For this reason, pro-caspase1, pro-IL-1b and pro-IL-18 cleavage should also be assessed from patient samples in
parallel to gene expression assays. As the current antibodies cannot distinguish
between the precursor and mature/active protein, immunohistochemical analysis of
renal sections would prove futile. For this reason, precursor cleavage can only be
visualised by Western blotting technique. Given the amount of material required for
reliable Western blotting analysis, such assay would only be feasible using whole cell
lysates from patient blood/PBMCs sample. Furthermore, many commercially available
anti-NLRP3 antibodies are non-specific and unreliable273, thus, leading to data
discrepancies in various subjects.
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3.5 Summary
Patients with IgAN, AAV and MN present with higher levels of serum IL-18 compared
to healthy donors, but not IL-1β (only in IgAN). In IgAN, increased detection of serum
IL-18 may be due to a defect in the regulation by IL-18BP. It is unclear whether there
is a link between enhanced IL-18 levels and disease activity, however, there may be
link with GN specificity, as not all entities presented with similar profile. In another
IgAN cohort tested, there was no significant change in the transcript level of NLRP3
or IL-1β in relation to healthy controls, unlike what has been observed in AAV. NLRP3 is
detectable in the tubules of histologically normal specimens, with almost no glomerular
expression. In IgAN tissues, we see up-regulation of NLRP3 in the tubules,
accompanied by additional glomerular localisation, suggesting increased activity of this
pathway in this entity. There may also be a moderate increase in glomerular expression
of NLRP3 in AAV. Overall, the source of IL-18 remains unclear, however, in concordance
with the above observations, there is a strong indication towards a renal origin in IgAN and
a circulatory, and possibly moderately renal, origin in AAV. P2X7R cell surface protein
may be upregulated in peripheral blood monocytes in patients with IgAN. Interestingly,
protein up-regulation did not parallel the transcript levels, and this is most likely due
to differences in the compared population.
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4.

Characterising P2X7 Receptor in Renal Cells

4.1 Introduction
Renal parenchymal cells are critical in maintaining the normal physiology of the
glomerulus and overall kidney function but are targets of a range of processes that can
inflict injury and thereby result in renal impairment as seen in glomerulonephritis
(GN). There are three predominant cell types in the glomerulus that collaboratively
work together to maintain the specialised function of glomerular filtration and have
been extensively studied for their role in GN; mesangial cells, GEnCs and podocytes.
Aside from this, the proximal tubular epithelial cells are equally important in carrying
out filtering and endocrine functions.

The resident glomerular cells promote selective glomerular filtration by maintaining
an effective crosstalk system through secreted signalling molecules, which needs to be
tightly controlled274,275. Reports have demonstrated that by engaging in paracrine
communication network between themselves and immune cells within glomerulus,
intrarenal cells are capable of inflicting renal injury. For instance, podocyte damage
may induce mesangial cell proliferation, and mesangial cell injury can induce podocyte
foot process loss and fusion through the release of cytokines, chemokines and other
signalling ligands62,274,276,277. Likewise, podocytes play a crucial role in promoting
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GenCs survival, differentiation, proliferation and migration via the release of VEGF278.
Kidney residing macrophages also play a pivotal role in regulating extracellular matrix
accumulation via TGF-b release, which is also the most potent cytokine for stimulating
the epithelial-myofibroblast trans-differentiation of proximal tubule cells279. Therefore,
it is important to understand the alterations occurring in the molecular profiles and
phenotypes of intrarenal cells that leads to renal dysfunction, and subsequently GN.

The role of eATP in inflammation and immunity has previously been addressed280.
Researchers have demonstrated eATP concentrations within the hundreds micromolar
range of both in vivo and in vitro from inflamed tissue as opposed to healthy tissue,
where eATP was essentially undetectable143,144. Although the effective eATP
concentration is influenced by several factors, including the expression and activity of
the hydrolysing ectoapyrases281,282, the shift in balance towards increased eATP buildup during inflammation or injury particularly through apoptotic or necrotic cells, can
expose the intrarenal cells, as well as infiltrating immune cells, to high concentrations
of eATP in renal diseases. Once in the extracellular milieu, ATP can promote the
activation of the P2X7R283.

Early studies identified P2X7 as the receptor regulating the ATP mediated K+ efflux
that is required for LPS-induced IL-1β processing in murine microglial cells and human
macrophages134,284. Later, with the discovery of NLRP3285, the molecular mechanisms
underlying P2X7R-dependent maturation of IL-1β and IL-18 cytokine was better
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understood286. NLRP3 is primarily expressed in immune cells, however, nonhaematopoietic cell types, including those within the kidney, are also capable of
regulating NLRP3 and inflammasome constituent expression, which has been
previously discussed.

My results from Chapter 3 suggested that in AAV the circulating IL-18 may be
generated peripherally, whereas in IgAN the origin maybe localised to renal tissue, and
that there may be a link between the raised level of serum IL-18 and NLRP3
inflammasome expression in GN. Therefore, in this chapter I have sought to investigate
the contribution of P2X7R-mediated induction of NLRP3 inflammasome in the release
of IL-1β and IL-18 from intrarenal cells. Furthermore, as it is unclear whether
glomerular P2X7R expression contributes to disease severity through activation, I have
also aimed to investigate the renal P2X7R function.
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4.2 Aims & Experimental Design
In this chapter, I have focused on exploring the role of canonical P2X7R-mediated
NLRP3 inflammasome activation in vitro using human renal cells and cell lines. The
significance of P2X7R expression and activation remains unclear in cell types other
than immune cells, particularly in human. Therefore, I sought to evaluate P2X7Rdependent cytokine profiles in renal cell types as a way of investigating the potential
contribution of renal cells to the raised circulatory IL-18 levels described in chapter 3,
and to characterise P2X7R/NLRP3 activity in tHMCs, primary podocytes,
conditionally immunised GenCs (CiGEnCs) and a proximal tubular epithelial cell line,
HK2 cells. Specifically, the aims of this piece of research were to;
1. Measure high ATP-mediated IL-18 and IL-1β release in a model two-step (LPSprimed) signalling system;
2. Assess the expression of NLRP3-inflammasome components in podocytes;
3. Determine the expression levels of P2X7R on the cell surface;
4. Investigate the P2X7R ion channel and pore activity;
5. Determine P2X7R regulation and subsequent changes in pore formation under
pro-inflammatory conditions.
Where applicable, primary human MCSF-derived macrophages were employed as
positive controls, as they represent the best characterised cell type that can canonically
activate the NLRP3 inflammasome via TLRs/P2X7Rs129.
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4.3 Results

4.3.1 Renal cells do not produce IL-1β and IL-18 in response to
LPS/ATP
To evaluate the canonical P2X7R/NLRP3 inflammasome-mediated IL-1β and IL-18
release from renal cells I chose a two-step signalling model system where I used LPS
to promote TLR4 activation and subsequent upregulation of the inflammasome
components, followed by high ATP as a secondary signal to induce the assembly of
the inflammasome complex.

Macrophages and monocytes require only a brief exposure to LPS, ranging from 2-4
hours(h), for priming286–289. Therefore, in a preliminary set of experiments, IL-1β and
IL-18 release was tested in tHMCs, primary podocytes and GenCs that have been
stimulated for varying time points (1, 2, 4 and 18h) with 1 µg/mL LPS followed by
high ATP, however, neither of the cytokines were detectable from the cell supernatants
(data not shown). In contrast, previously researchers showed that LPS-induced
cytokine release in podocytes peaked at 24h as opposed to shorter LPS-induction290,291.
This was also in agreement with my findings, where I found podocytes and CiGEnCs
that have been treated with LPS overnight (18h) generated the highest levels of IL-6
and MCP-1 respectively (Figure 4.1A and B). The viability of LPS and/or ATP treated
cells at this time point was also comparable to untreated cells (Figure 4.2C for
CiGEnCs, and 4.2D for podocytes). Therefore, based on these preliminary results
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A

B

Figure 4.1 Assessment of IL-6 and MCP-1 from CiGEnCs and primary
podocytes.
Cell supernatants from LPS-stimulated cells were tested for the release of IL-6 in
CiGEnCs (A) and MCP-1 in podocytes (B) by commercially available ELISA. Black
bars represent the untreated controls and white bars represent the 1 ug/mL LPS
treated cells. Graphs represents mean ±SD from 2 independent experiments.
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D

Figure 4.2 The percentage of viable cells from cytokine study.
Presented here in tHMCs (A), primary podocytes (B), CiGEnCs (C) and HK2 cells
(D). Cell viability was assessed by MTT viability assay. Percentage (%) was calculated
by dividing OD520 values of treated cells with untreated cells. Bar graphs represented
mean ±SD from 3 independent experiments
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I chose 24h time point as optimal exposure time to pro-inflammatory stimuli.

The tHMCs, podocytes, HK2s and CiGEnCs were treated with 1 µg/mL LPS for 23 h
in the presence of 5% FCS in a supplemented cell culture media. Then cells were
exposed to 5 mM ATP for an additional hour. 10µM Nigericin, (a K+ ionophore),
treatment was used as a positive secondary signal control. However, IL-1β and IL-18
were not detected in the cell culture supernatants from any of the cell types tested
under these conditions (see supplementary Figure S4.1A-D for IL-1β, and Figure
S4.2A-D for IL-18). The viability of each kind of cell was confirmed at the end of the
experiment by MTT assay, represented in Figure 4.2A-B. Given that podocytes and
CiGEnCs successfully responded to LPS stimulation by producing IL-6 and MCP-1,
confirms in-tact TLR-Myd88 signalling in these cells. However, it is not possible to
conclude whether this is the case in tHMCs and HK2s based on the cytokine data.

To validate the feasibility of the above-mentioned model system MCSF-differentiated
human macrophages were also tested for IL-1β and IL-18 production. On day 6 of
MCSF differentiation, macrophages were treated with 100 ng/mL of LPS for 6 hours
and/or 5 mM ATP for a further 30 minutes in the presence or absence of 10 µM of the
P2X7R antagonist, A438079, to validate P2X7R-dependent cytokine release. LPS and
ATP combined caused significant increase in the production of IL-1β (Figure 4.3A)
and IL-18 in a P2X7R dependent manner (Figure 4.3B). LPS or ATP treatment alone
had no effect on cytokine release (Figure 4.3A, 4.3B). The viability of cells was
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B

Figure 4.3 P2X7R-dependent release of IL-1β and IL-18 in macrophages.
MCSF-differentiated macrophages at day 6 were exposed to 100 ng/mL of LPS for 6
hours followed by 5 mM ATP for 30 minutes. The cell culture supernatants were tested
for IL-1β (A) and IL-18 (B) release by ELISA. Macrophages produced significant
amounts of IL-1β and IL-18 in an ATP dependent manner, and the release was
inhibited when the P2X7R antagonist, A437089, was introduced to the system. Bar
graphs represent mean ±SD from 3 independent experiments using different blood
donors. Data was analysed by Kruskal-Wallis test (n=3, ****p=<0.0001). Asterisks
denote statistical significance. Abbreviations;

LPS: Lipopolysaccharide; ATP:

Adenosine triphosphate.
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Figure 4.4 The percentage of viable cells from cytokine study in
macrophages.
Cell viability was assessed by MTT viability assay. Percentage (%) was calculated by
dividing OD520 values of treated cells with untreated cells. Bar graphs represented
mean ±SD from 3 independent experiments.
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confirmed by MTT assay (Figure 4.4). These results in macrophages confirmed the
model system and suggested that the lack of mature IL-1β and IL-18 from renal cells
was linked to a deficiency of LPS/ATP-mediated inflammasome assembly.

4.3.2 LPS-induced kinetics of inflammasome genes in podocytes
Next I aimed to determine why the model system I have employed using LPS and
ATP did not elicit the expected cytokine secretion from the renal cells. To address this
question, I sought to investigate LPS-induced changes in the gene expression levels of
inflammasome components including NLRP3

(NLRP3),

CASP1

(Caspase-1),

PYCARD (ASC), IL1B (IL-1β) and IL18 (IL-18). This assay was conducted in
podocytes, as previously numerous studies have confirmed NLRP3-inflammasome
activity in these cells107,267,292,293.

Podocytes were stimulated with 1 µg/mL of LPS in the presence of 5% FCS in
supplemented cell culture media for different time intervals (1 to 6, 8, 18 and 24 hours)
and cDNA was synthesised from RNA extracted by the TRIzol/chloroform method
(Chapter 2, section 2.2.6). Real time RT-PCR analysis revealed waves in the expression
of NLRP3, PYCARD, CAS1, IL1B and IL18 genes over the course of 24 hours when
compared to cells at 0 hours (untreated cells) (Figure 4.5A). The NLRP3 expression
significantly peaked at 2 hours (Figure 4.5B), followed by a steady drop for the next
4 hours; thereafter a rise in a second wave by 8 hours of LPS treatment was observed.
The podocytes began downregulating NLRP3 expression by 24 hours of LPS exposure
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Figure 4.5 Kinetics of podocyte NLRP3, CAS-1 IL1b, IL18 and PYCARD
mRNA expression following LPS stimulation.
Cells were treated with 1 µg/mL of LPS at different time intervals for up to 24h, and
subsequently processed for real-time RT-PCR analysis. Individual plots for (B)
NLRP3, (C) PYCARD, (D) CAS-1, (C) IL1B and (F) IL18 are also presented. The
0 h point represents the untreated cells. Fold change values were calculated relative to
the expression of the housekeeping gene RPLP0. Data are expressed as mean ±SD
from 3 independent experiments and were analysed by Tukey’s multiple comparison
(2way ANOVA) test against 0 h. Asterisks denote statistical significance (*p<0.05,
**p<0.01). Abbreviations; NLR: Nucleotide oligomerisation domain (Nod)-like
receptor protein; Cas-1: Caspase-1; PYCARD: PYD and CARD domain containing
protein (ASC) IL: interleukin, h: Hour/s
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(Figure 4.5C), then dropped swiftly by 24 hours of exposure. CAS1 remained relatively
unchanged over the course of 24 hours of LPS stimulation, however, a significant drop
was observed at the 4-hour time point. The IL1B mRNA was induced and reached
maximum levels by 2 hours of LPS induction, and then declined steadily (Figure 4.5E).
Lastly, the IL18 gene presented with fluctuating waves until the end of the 24 hours
incubation period, peaking at 4 and 8 hours (Figure 4.5F). This data firstly suggests
that podocytes are equipped with the necessary TLR4-Myd88-NFkB signalling
pathway molecules and mediators needed for production of TLR-induced first-signal
in canonical inflammasome activation. Secondly, this data showed that in the presence
of an inflammatory response NLRP3-inflammasome components are dynamically
regulated in these cells. Having confirmed the responsiveness to LPS in podocytes, next
I sought to find out whether ATP was eliciting the expected response from renal cells.
To do this, I first decided to determine the surface expression profile of P2X7R in renal
cells by FACS.

4.3.3 Renal cells express P2X7R on the cell surface at steady
state
To evaluate the relative protein expression level of P2X7R at the plasma membrane,
I investigated the binding of an anti-P2X7R-APC conjugated antibody in a panel of
human renal cells, including tHMCs, podocytes and HK2s (Figure 4.6), MCSFdifferentiated macrophages, monocytic cell line THP-1s and PMA treated THP-1s
(Figure 4.7). tHMCs, podocytes and HK2 cells tested positive for P2X7R expression
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at the cell surface. There was approximately a three-fold change over the isotype
control in all the renal cell types (Figure 4.6). Macrophages, THP-1s and PMA-treated
THP-1s also showed similar fold change against isotype control (Figure 4.7A, B and C
respectively).

When the relative expression of P2X7R was compared between tHMC, podocytes, HK2
cells, macrophages, THP-1, PMA-treated THP-1s and CD14+ monocytes from a single
donor, there was a significant variation in the relative amount of P2X7R present on
the cell surface (Figure 4.8, *p=0.0168). Specifically, MCSF macrophages and the HK2
cell line showed the highest relative expression of surface P2X7R, which was
approximately two- to four-fold higher than the values for podocytes and tHMC, THP1 cells, PMA treated THP-1 cells and CD14+ monocytes. Podocytes and PMA-treated
THP-1s also showed comparable levels of surface P2X7R expression. Representative
flow cytometry gating strategy for the cells mentioned above is demonstrated in the
supplementary Figure S4.3.

These finding suggests that P2X7R is expressed broadly in the kidney. Furthermore,
P2X7R expression may be modulated in a cell specific manner and is likely to be
influenced by cellular differentiation -this latter finding is also displayed by CD14+
monocytes which were weakly positive for P2X7R whilst MCSF-differentiated
macrophages showed significantly higher expression of P2X7R. Furthermore, these
observations are not due to possible non-specific binding of the antibody as these cells
are also positive for P2X7Rs mRNAs, which have been demonstrated in Chapter 5.
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Figure 4.6 Membrane expression of P2X7R in renal cells.
P2X7R at the cell surface was assessed in tHMC (A, B), primary podocytes (C, D)
and HK2 cells (E, F). Surface expression was assessed using APC-conjugated P2X7R
antibody and compared to isotype control by flow cytometry. Representative P2X7Rstaining histograms (red) of untreated cells were overlaid on APC-conjugated isotype
control (black) of the same sample (A, C, E). Bar graphs show MFI ±SD of P2X7R
or isotype control from 3-4 different experiments (B, D, F). Data was analysed by
Mann-Whitney U test (n=3-4). Asterisks denote statistical significance between
indicated groups (*p≤0.05, **p≤0.01). Abbreviations: P2X7R: P2X7 receptor; MFI:
Median fluorescence intensity.
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Figure 4.7 Membrane expression of P2X7R in MCSF differentiated human
macrophages, THP-1s and PMA induced THP-1s.
MCSF differentiated human macrophages (A, B), THP-1s (C, D) and PMA treated
THP-1s (E, F) were assessed for cell surface P2X7R as previously described in Figure
4.3. Representative P2X7R-staining histograms (red) of untreated cells were overlaid
on APC-conjugated isotype control (black) of the same sample (A, C, E). Bar graphs
show MFI ±SD of P2X7R or isotype control from 3-4 different experiments (B, D,
F). Data was analysed by Mann-Whitney U test (n=3-4). Asterisks denote statistical
significance between indicated groups (*p≤0.05, **p≤0.01).
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Figure 4.8 Comparison of P2X7R surface protein expression levels in
tHMC, podocytes, HK2 cells, MCSF differentiated macrophages, THP-1s,
PMA-treated THP-1s and classical monocytes.
Classical (CD14+) monocytes were from the healthy individual presented in Figure
3.6C. Bar graphs show ΔMFI ±SD of P2X7R normalised against isotype control MFI
from 3-4 different experiments. There was a significant variation in the expression of
surface P2X7R in both mononuclear immune cells/cell lines and renal cells. Data was
analysed by Kruskal-Wallis test (n=3-4, *p=0.0188). Abbreviations; tHMC:
Transformed mesangial cells; Pods: Primary human podocytes; PMA: Phorbol
myristate acetate; Mono: Monocyte.
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4.3.4 Renal cells show no large pore formation in response to
BzATP
Ethidium bromide (EtBr) is a membrane-impermeant cationic dye that fluoresces upon
incorporation with nucleic acid strands constitutively present intracellularly. For this
reason, it is widely used to evaluate the formation of the large pore by P2X7R in
response to high ATP. This assay was conducted by time resolved FACS. A
representative gating strategy for quantification of end-point EtBr influx is
demonstrated in the supplementary Figure S4.4.

BzATP is a strong agonist of P2X7R, as it has been described to be up to 100 times
more potent than ATP in activating the P2X7R, however, it is also known to weakly
stimulate other P2XRs294. For this reason, the assay was also performed in the presence
of the P2X7R-selective inhibitor, A438079184, to confirm P2X7R-dependent pore
formation. The dye influx was assessed after addition of BzATP at a final
concentration of 300 µM for up to 6 minutes. Primary human MCSF-derived
macrophages showed a rapid influx of EtBr in response to BzATP stimulation, which
was inhibited by pre-treatment with 10 µM of A438079 (Figure 4.6A) and end-point
quantification of EtBr flux revealed a significant difference in the total uptake of EtBr
between untreated and A438079-treated macrophages (Figure 4.9B, ***p≤0.001)
confirming the role of P2X7R in this process.
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Figure 4.9 Human MCSF differentiated macrophages were activated with
the P2X7R agonist, BzATP, and ethidium bromide flux was assessed by
time-resolved flow cytometry.
Background fluorescence was recorded for 30 seconds, then 300 µM of BzATP was
added to untreated (black) or P2X7R antagonist, A438079, (green) treated cells and
uptake was visualised for up to 5 minutes, as shown in a dot plot graph (A). BzATP
stimulation evoked significant P2X7R-mediated uptake of ethidium bromide in
macrophages, as cells treated with A437089 did not flux the dye in the presence of
P2X7R agonist (B). Black and grey squares attached to the top of the FACS dot plot
profiles show the segment of assay exposed to indicated reagents, BzATP or TriX.
MFI fold change ±SD was calculated against the background fluorescence (collective
events prior to BzATP addition). Data was analysed by Mann Whitney U test (n=3).
Asterisks denote statistical significance between indicated groups (***p≤0.001).
Abbreviations; BzATP: Benzoyl(benzoyl) adenosine triphosphate.
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Formerly, LPS-injected rat striatum induced increased expression of P2X7R mRNA
and protein from brain tissue295. Formerly, LPS-injected rat striatum induced
increased expression of P2X7R mRNA and protein from brain tissue295. Similarly,
microglia pre-treated with LPS elicited more than 2-fold greater membrane current
density in response to high ATP296. Combined effect of LPS/IFN-y also showed
enhanced surface expression of P2X7R from PMA-differentiated THP-1 cells297. To see
whether renal cells could also upregulate surface P2X7R in response to LPS, thus its
function, I pre-treated tHMCs, podocytes, CiGEnCs and HK2 cells with LPS and
compared EtBr flux to untreated cells. However, none of the cells tested fluxed EtBr
upon 300 µM BzATP-stimulation, in both untreated and 24 hours of LPS-treated
conditions (Figure 4.10A, expressed as end-point quantification of EtBr uptake in bar
graphs).

To assess the possibility of small changes occurring in the P2X7R-associated pore
formation in response to BzATP, cells were also pre-incubated with A438079, however,
there was no significant difference in the total EtBr uptake between the groups (Figure
4.10). A representative dot-plot of tHMCs from this assay is included in the
supplementary (see Figure S4.5A-B). Cells were additionally treated with 0.01%
Triton-X after BzATP stimulation to confirm responsiveness (see supplementary
Figure S4.4A-D).
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Figure 4.10 P2X7R-mediated ethidium bromide uptake (end-point) in renal
cells pre-treated with LPS and/or P2X7R-antagonist.
Renal cells tested included tHMCs (A), podocytes (B), CiGEnCs (C) and HK2 cells
(D). Samples were stimulated with 300 µM of BzATP in the presence or absence of 1
µg/mL of LPS and/or 10 µM of P2X7R antagonist, A437089. Renal cells did not flux
ethidium bromide upon induction of 300 µM BzATP. Bar graphs for each experiment
represents experimental end point, and values are expressed as MFI fold change ±SD
calculated against the population prior addition of BzATP. Data was analysed by
Kruskal-Wallis test (n=3-4). Representative gating strategy for measuring EtBr
uptake and tHMCs flow data included in the supplementary (see supplementary Figure
S4.8).
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The absence of EtBr flux in renal cells is clearly not due to a lack of surface P2X7R,
as these cells all tested positive for P2X7R at the cell surface membrane (Figure 4.6A,
B, C). This is in contrast to macrophages, which displayed functional P2X7R as
evidenced from positive surface P2X7R staining and responsiveness by pore formation
to high ATP. These data suggest that intrarenal cell may express non-pore forming
P2X7R at the plasma membrane.

4.3.5 High concentrations of ATP induce rapid calcium fluxes in
tHMCs and podocytes, but this is independent of the P2X7R
As previously described, the P2X7R can form a cation selective ion channel upon initial
binding to ATP, followed by large pore formation when exposed to ATP for prolonged
periods of time. To investigate P2X7R-associated ion channel formation in tHMCs and
podocytes, binding of calcium ions to Fluo-4-AM calcium dye in response to 5 mM of
ATP was assessed by live microscopy in the presence or absence of the P2X7Rantagonist, A438079. Cells were also pre-treated with 10 µM of the calcium chelator,
BAPTA-AM, as a negative control. Both tHMCs and podocytes showed a rapid
calcium uptake into the intracellular space ([Ca+2]i) when stimulated with 5 mM ATP,
followed by a slow inactivation period before returning to baseline, however, this was
not blocked by the P2X7R-inhibitor (Figure 4.11A and C respectively). There was also
no significant difference in the percentage of cells that responded to high ATP in the
presence of P2X7R-antagonist both in tHMCs and podocytes (Figure 4.11B and D
respectively). respectively). The [Ca+2]i was completely abolished in 10 µM of
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Figure 4.11 High ATP-mediated intracellular calcium changes in tHMCs
and podocytes.
ATP-induced calcium mobilisation in tHMCs (A, B) and podocytes (C, D) are
independent of the P2X7R. (A, C) Kinetics of calcium uptake in untreated control
cells (black), 10 µM of P2X7R antagonist, A438079, (green) and 10 µM BAPTA-AM
(grey) treated cells before and after ATP application in the presence of 1.8 mM Ca+2
over 5 minutes. Values are expressed as percentage mean ratio of Fluo-4 fluorescent
intensity (%ΔF/F0) ±SD. (B, D) ATP-responsive cells were counted and presented
as percentage against unstimulated cells. Black and grey squares attached to the top
of the FACS dot plot profiles show the segment of assay exposed to indicated reagents,
BzATP or TriX. Bar graphs represent mean ±SD. Data analysed by Mann Whitney
U test (n=3). Abbreviations; Min: Minute
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BAPTA-AM treated cells. The ATP-mediated calcium influx in tHMCs and podocytes
is unlikely to be due to unloading of intracellular calcium stores as proven by
preliminary data in podocytes that were pre-treated with 10 µM EDTA for 5 minutes
in a calcium free extracellular solution, which revealed a minimal response to high
ATP (see supplementary Table S4.2, Sample/EDTA). The ATP-responsiveness was
however recovered when the extracellular media was replaced with calcium containing
media (see Table S4.2, Sample/EDTA Recovery). Macrophages, which express poreforming surface P2X7R, were also tested for ion channel opening in a P2X7R-mediated
manner in the same experimental setting. Similarly, high ATP concentrations induced
a rapid influx of [Ca+2]i in macrophages with a slower desensitisation period when
compared to renal cells. Moreover, the ATP-mediated calcium influx was reduced in
cells pre-treated with A438079. These observations confirmed P2X7R-induced
mobilisation of calcium ions across the plasma membrane, and further evidenced the
presence of fully functional P2X7R in human macrophages (see supplementary Figure
S4.7). Representative live microscopy recordings of the renal cells mentioned above are
included in the supplementary section (see Table S4.1 for tHMCs and Table S4.2 for
podocytes).

Taken together, these data suggest that in tHMCs and primary podocytes, surface
P2X7R may not function as an ion channel or a pore. The fact that A438079 reduced
ion channel activity and attenuated pore function in macrophages in response to high
ATP confirms the antagonist specificity against P2X7R.
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4.3.6 Surface P2X7R expression is upregulated in high glucose
and TNF-α conditioned environments in podocytes and HK2
cells respectively
Previous studies showed that the P2X7R can be dynamically regulated by
inflammatory stimuli, such as by LPS295–297, high glucose210,298, IFN-g297 and
palmitate298 in numerous cell/tissue types both in vivo and in vitro. Surface expression
of the P2X7R appears to be altered during monocyte to macrophage differentiation as
well as in the model of monocyte/macrophage maturation that utilised THP-1/PMAdifferentiated THP-1 cells (Figure 4.8). This observation is in concordance with
previous studies that assessed surface P2X7R levels and saw an increase in monocytederived macrophage299 or in differentiated THP-1 cells297. Furthermore, enhanced
P2X7R expression has been implicated in human diabetic nephropathy210,293. The link
between P2X7R and diabetic nephropathy is likely directly associated with
hyperglycaemia as researchers have found that human primary mesangial cells have
increased levels of P2X7R after exposure to hyperglycaemic conditions210. Additionally,
Feng et al. reported significant induction of NLRP3, pro-caspase-1 and mature IL-1b
from rat mesangial cells that have been exposed to high concentrations of glucose for
24 h in vitro300. On a separate note, a substantial body of evidence has associated
TNF-a in renal inflammation and glomerular injury in glomerulonephritis265,301–304,
where renal and serum expression of TNF-a was significantly enhanced in both
experimental and human glomerulonephritis. Interestingly, TNF-a is enriched in renal
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epithelial cells during inflammation and these cells express significant levels of TNF-a
receptors301,303,304. The eATP stimulation of the P2X7R is known to induce TNF-a
secretion in BMDMs305, and previously researchers showed that P2X7R mRNA
expression is raised in TNF-a stimulated PBMCs306. Collectively, the above-mentioned
observations support the dynamic regulation of P2X7Rs in response to a wide variety
of pro-inflammatory stimuli. Therefore, to see whether the P2X7R can be regulated
directly by inflammatory mediators relevant to kidney disease, tHMCs, podocytes and
HK2s were exposed to either 1 µg/mL of LPS, 2 ng/mL of TNF-α or 30 mM of DGlucose for 23 hours in the presence or absence of 5 mM ATP for a further one hour.
A mixture of L-Glucose and D-Glucose at a final concentration of 26 mM and 4 mM
respectively were used as an osmotic control.

Cells were subsequently analysed for surface P2X7R expression by flow cytometry.
Untreated cells were taken as baseline, and the results were represented as percentage
change from this baseline (Figure 4.12A-C). Hyperglycaemic conditions induced a more
than two-fold upregulation of P2X7R at the cell surface in podocytes compared to cells
grown in normal conditions (Figure 4.12B, *p=0.0286). Conversely, this was not the
case in tHMCs and HK2s (Figure 4.12A and C respectively). No significant change
was observed in L-Glucose treated podocytes when compared to untreated cells.
Interestingly, there was a trend for the reduction of surface P2X7R after the addition
of ATP in cells pre-incubated with D-glucose. For instance, in podocytes, ATP caused
downregulation of the receptor below baseline level (Figure 4.12B), and, similarly, a
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drop in the levels of P2X7R was seen after ATP treatment in tHMCs under
hyperglycaemic conditions. These observations were not due to high ATP-induced
cytotoxic effect on the cells, as a viability test (LIVE/DEAD staining) was used to
exclude dead/dying cells during FACS analysis. In addition, this trend was absent in
cells pre-incubated with LPS, TNF-α and L-Glucose. In HK2 cells treated with TNFα, there was a trend towards increased amounts of surface P2X7R. This increase
following the combination of TNF-α and high ATP application compared to untreated
cells, was not present in tHMCs and podocytes (Figure 4.12C). To test whether
increased amounts of surface P2X7R in high glucose-treated podocytes, and, TNF-α
and TNF-α + ATP treated HK2s conferred the ability to produce P2X7R large pores,
an EtBr assay was performed. However, pore formation was unchanged compared to
untreated cells in podocytes and HK2s (Figure 4.13A and Figure 4.13A respectively).
Further analysis by quantification of end-point EtBr uptake also revealed an
insignificant outcome (Figure 4.13B in podocytes and Figure 4.13B in HK2s).

Collectively, these results suggest that P2X7R expression changes in a stimuli and cell
dependent manner in kidneys. High ATP induction during hyperglycaemic conditions
also may be causing loss of P2X7R from the cell surface. Hyperglycaemia and TNF-α
stimulation of podocytes and HK2 cells respectively appear to induce the upregulation
of non-pore forming P2X7R.
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Figure 4.12 P2X7R plasma membrane expression in pro-inflammatory
conditions.
As seen in tHMCs (A), podocytes (B) and HK2 cells (C). Cells were exposed to 1
µg/mL of LPS, 2 ng/mL of TNF-α, 30 mM of D-Glucose or 26 mM of L-Glucose + 4
mM of D-Glucose for 23 hours, then to 5 mM of ATP for one hour. Bar graphs
represent ΔMFI percentage change against untreated cells (baseline). The horizontal
line at 100% represents the mean MFI of untreated cells. Data between subgroups was
analysed by Mann Whitney U test, and group analysis by Kruskal-Wallis test (n=34). Abbreviations; Glu: D-Glucose; TNF-α: Tumour necrosis factor alpha; L-Glu: LGlucose.
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Figure 4.13 Assessing pore formation in podocytes after exposure to a high
glucose environment by time-resolved flow cytometry.
Cells were stimulated with 30 mM D-Glucose or 26 mM L-Glucose+ 4 mM D-glucose
in vitro. First, background fluorescence of ethidium bromide was recorded for 30
seconds, then 300 µM of BzATP was added to untreated (black), or D-Glucose (blue)
or L-Glucose pre-treated (grey) cells and ethidium bromide uptake was visualised for
up to 5 minutes, then 0.01% Triton-X (TriX) was applied to ensure responsiveness for
a further 30 seconds (see Figure S4.9 for end-point analysis), as shown here in a
representative dot plot graph (A). No dye uptake was observed in the indicated groups
when compared to untreated cells. Bar graphs represent end-point MFI fold change
±SD calculated against the background fluorescence (collective events prior to BzATP
addition (B). Black and grey squares attached to the top of the FACS dot plot profiles
show the segment of assay exposed to indicated reagents, BzATP or TriX. Data was
analysed by Kruskal-Wallis test (n=3, p=0.6857). Abbreviations; TriX: Triton-X
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Figure 4.14 Evaluating pore formation in HK2 cells pre-stimulated with
TNF-α alone or TNF-α with ATP using time-resolved flow cytometry.
Cells were either exposed to 2 ng/mL of TNF- α for 24 hours or for 23 hours followed
by one hour of 5 mM ATP in culture prior to the experiment. Background fluorescence
of ethidium bromide was recorded for 30 seconds, then 300 µM of BzATP was applied
to unstimulated (black) or TNF-α (purple) or TNF-α + ATP pre-treated (yellow) cells
and uptake was visualised for up to 5 minutes. 0.01% Triton-X (TriX) was added to
cells to ensure responsiveness for further 30 seconds (see Figure S4.X for end-point
analysis). No dye uptake was observed in the indicated groups compared to untreated
cells, as shown in a representative dot plot graph (A). Bar graphs represent end-point
MFI fold change ±SD calculated against the background fluorescence (collective events
prior to BzATP addition) (B). Black and grey squares attached to the top of the
FACS dot plot profiles show the segment of assay exposed to indicated reagents,
BzATP or TriX. Data was analysed by Kruskal-wallis test (n=3, p=0.6286).
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4.4 Discussion
A widely used protocol for in vitro testing of canonical NLRP3-inflammasome mediated
release of IL-1β and IL-18 employs LPS-priming and ATP stimulation as originally
demonstrated in immune cells. Here, I have utilised this model system to theoretically
induce P2X7R-dependent two-step activation of the NLRP3 inflammasome to test the
production of IL-1β and IL-18 from renal cells. However, renal cells failed to release
detectable levels of these cytokines (see supplementary Figure S4.1, S4.2), unlike
MCSF-differentiated macrophages (Figure 4.1). Interestingly, some of these cells were
not completely un-responsive to LPS; for instance, podocytes produced MCP-1 and
CiGEnCs IL-6 in an LPS-dependent manner (Figure 4.1) revealing that the lack of IL1β and IL-18 production in these cells could not be explained by a lack of LPS signalling.

The published literature is conflicting with regards to ATP/P2X7R-associated NLRP3
activation, and subsequent cytokine release from intrinsic renal cell types. For example,
24 hours of LPS induction in cultured rat renal mesangial cells caused upregulation of
NLRP3 protein and IL-1β mRNA300. This is in contrast to my findings in human
podocytes where IL-1β mRNA is downregulated to a level below detection range by 24
hours of LPS stimulation (Figure 4.5), which supports the variation seen between
species. Conversely, another group reported that LPS treatment of mouse glomeruliderived mesangial cells, podocytes and glomerular endothelial cells failed to induce proIL-1β production, nor did further ATP application cause mature IL-1β release, as tested
by Western blotting technique using whole cell lysates109. However, the 6-hour LPS
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pre-incubation period may have been too short for renal cells to initiate transcription
and translation of pro-IL-1β in these cells. This is partially supported by my
preliminary studies, where shorter exposure to LPS followed by high ATP stimulation
still failed to elicit cytokine release from renal cells (data not shown). To reach a
definitive conclusion in this context, cells can be tested for production of pro-IL-1b
protein after LPS stimulation as part of future work.

Nonetheless, the lack of detectable IL-1β and IL-18 in podocytes cannot be attributed
to deficiency of TLR-stimulation or TLR-mediated regulation of inflammasome
constituents as podocytes had enhanced mRNA levels of inflammasome components in
response to LPS in a time-dependent manner (Figure 4.5). Although not studied in
this piece of research, mesangial cells and HK2s have also been reported to have the
ability to upregulate the expression of NLRP3, ASC, IL-1β and IL-18 mRNAs and
proteins in response to LPS57,77,292,293,307. I have found that tHMCs, podocytes and
HK2 cells constitutively express pro-caspase-1 at steady state (see supplementary
Figure S4.8), however, it remains unclear whether LPS was insufficient in upregulating
NLRP3 and ASC proteins or ATP treatment failed to facilitate the inflammasome
assembly, and therefore, cleavage of pro-caspase-1 in these cells. Meanwhile, it is clear
that LPS sufficiently enhanced the expression of inflammasome components in
podocytes, thus, it is more likely that the second signal, via ATP, failed to initiate the
inflammasome assembly, consequently, the release of mature IL-1β and IL-18 in
podocytes. This is supported by the observed lack of high ATP-mediated pore
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formation in podocytes, tHMCs and HK2 cells as tested by ethidium bromide assay
(Figure 4.7). In addition, I have shown that although high ATP can regulate calcium
mobilisation across the plasma membrane in podocytes and mesangial cells, the calcium
signal was independent of P2X7R (Figure 4.11B, D). To my knowledge, ATP-induced
calcium responses in mesangial cells have not been previously studied, however, the
ATP-mediated induction of Cl- currents has been reported in rat mesangial cells308. It
is known that accumulation of intracellular calcium can activate Cl- currents in
podocytes309, therefore, the observed ATP-induced Cl- current in mesangial cells may
be a response to the increase in [Ca+2]i.

ATP can induce membrane polarisation and transient calcium influx in murine
immortalised podocytes310. In this study, BzATP, a potent P2X7R agonist, also
induced membrane polarisation and calcium mobilisation comparable to the responses
elicited by ATP and UTP. However, the researchers observed that in the presence of
UTP further treatment of podocytes with BzATP failed to cause additional
depolarisation at the membrane, which indicated non-functional P2X7R in these cells
despite the detection of P2X7R mRNA. In the current study, calcium mobilisation was
tested against ATP, and not BzATP, which may partially explain P2X7R-independent
ion influx.

The results from the current research may also suggest a role for other P2X and P2Y
receptors, which may be expressed at higher levels at the plasma surface on tHMCs
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and

podocytes311.
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milliseconds, whilst in others this decline is 1,00-1,000 times slower160. This process is
more prolonged in the context of kinetics of calcium influx, but is reflective of
electrophysiological responses312. Therefore, by taking these factors into account, P2X
family members may be distinguished by their estimated desensitisation time313. In the
work presented here, both in tHMCs and podocytes a rapid increase in [Ca+2]i levels
were observed, a characteristic of P2XRs sensitisation. After reaching a peak, signal
activity slowly declined to baseline, which took approximately two minutes in tHMCs
and a little longer in podocytes, suggesting the involvement of P2X2R or P2X4R as
these were previously shown to induce prolonged membrane polarisation similar to
P2X7R in response to ATP160.

This inability to form large pores and lack of P2X7R-independent calcium influx was
not due to an absence of surface P2X7R, as at steady state renal cells, (as well as
macrophages, THP-1s and PMA-treated THP-1s) expressed significant levels of surface
P2X7R (Figure 4.7 and Figure 4.8). Furthermore, podocytes and HK cells, but not
tHMCs, are capable of upregulating P2X7R in response to various pro-inflammatory
stimuli (Figure 4.9). This is in opposition with has been reported before, where a slight
increase in the amounts of P2X7R was observed from whole cell lysates of D-glucose
treated primary human mesangial cells210. This may reflect the changes that may be
occurring intracellularly in mesangial cells, where upregulated P2X7R may have
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accumulated in the endoplasmic reticulum by 24 hours. Conversely, the receptor
expression significantly differed in podocytes exposed to high glucose conditioned
media. This data is in agreement with previously published papers linking diabetic
nephropathy and localisation of P2X7R in kidney, which may, in accordance with the
data presented here, suggest that podocytes could be the primary cell type being
affected by hyperglycaemia in terms of their P2X7R expression314–316.

On a final note, hetero/homotrimer receptor formation with P2X7R splice variants,
i.e. P2X7RB or P2X7RJ, may be modulating canonical receptor function in the renal
cells tested here - particularly in podocytes, such that P2X7RB, which is only able to
flux calcium upon activation, may be preferentially expressed on the cell surface or
P2X7RJ may be co-expressed with the full-length receptor to inhibit the receptor
activity. In the next chapter, I aimed to characterise the P2X7R splice variants and
explore their potential association with GN.

4.4.1 Limitations
A primary limitation of this section of research was the lack of an anti-P2X7R antibody
that could distinguish between the full-length receptor and its splice variants. I have
used Alamone anti-P2X7R targeted against the extracellular domain (see Chapter 2
Materials & Methods, Section 2.1.3) due to its reported specificity as well as its wide
range of applications including Western blotting, immunohistochemistry and FACS.
However, I have experienced batch variations with this product, and, therefore, was
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unable to generate reliable and reproducible results. Instead I relied on a recently
produced mouse specific FACS antibody provided by Miltenyi. This antibody,
although specific for the extracellular domain of the mouse P2X7R, cross-reacts with
human P2X7R, a claim which I have validated using HEK293Ts transiently expressing
the human P2X7R (see supplementary Figure S5.3). Nevertheless, as it is unclear
which epitope this antibody recognises, we were unable to vouch for its specificity
against other splice variants.

Secondly, although in vitro cell culture is an important alternative for animal
experiments and deemed an essential part of research, studying individual cells in a
cell culture flask has its drawbacks. Due to the rapid growth rate of cells in artificial
culture systems, genetic variation may arise within a cell population over prolonged
periods of time, which can ultimately cause heterogeneity. This is particularly true for
transformed cell lines, as such in tHMCs and HK2 cells. Also, the culture vessel is
bound to induce various changes to the cells, which would subsequently affect their
function. Lastly, the crosstalk between intrinsic renal cells as well as with infiltrating
immune cells in a kidney microenvironment may have a considerable impact on the
functioning of the cell as have been widely reported before274,276,277. Thus, results
obtained from these cells in isolation in a cell culture flask may not reflect their true
functionality during homeostasis or inflammation in the dynamic microenvironment of
the kidney. Therefore, it is useful to expand beyond in vitro cell lines to obtain most
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reliable research outcome, including use of in vivo or ex vivo techniques, as well as use
of clinical samples.

Another limitation was with the use of CiGEnCs; these cells were only available in the
laboratory for a limited amount of time, therefore, the significance of NLRP3/P2X7R
in CiGEnCs remains unknown in the context of this study.

4.4.2 Future Work
To further elucidate the findings in this chapter and expand our understanding of
ATP-mediated responses in renal cells, future work is required. Cytokine release was
only assessed in response to LPS and ATP, however, given that high glucose and TNFa can enhance surface levels of P2X7R in podocytes and HK2s respectively, IL-1b and
IL-18 release should be assessed under these conditions as well to see whether these
pro-inflammatory stimuli can induce cytokine release.

The LPS-induced gene expression profile of NLRP3-inflammasome components should
be screened in tHMCs and HK2 cells in the same way as podocytes (Figure 4.5), as
the literature, particularly in human, remains vague in this context. Only P2X7R
surface expression was analysed in the renal cells, however, it will be useful to assess
the protein and mRNA expression profiles of other P2Xs to further understand their
potential involvement in tHMCs, podocytes and HK2cells, which can also shed light
to the calcium imaging data.
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Although FACS is a sensitive method for detecting increasing and decreasing
fluorescent signals from cells, often small changes are undetectable. As an alternative
to FACS, BzATP-induced EtBr uptake can be assessed by fluorescent microscopy,
which would allow analysis at the single-cell level, and, therefore, offer a more sensitive
detection.

For the calcium imaging assay, I have only examined P2X7R-associated responses by
using high ATP stimulation and a single P2X7R-selective antagonist, A438079. Given
that ATP and BzATP elicit a different transient calcium signal, cell responses to
BzATP should be assessed too. This might help to differentiate the activity of the
P2X7R against other P2X and P2Y receptors. To further elucidate the potential
involvement of other P2XRs, experiments using lower ATP concentrations in
conjunction with other P2X-inhibitors can be performed. For instance, the use of
suramin, which non-specifically blocks most homomeric P2X receptors, except for the
P2X7R and P2X4R, can narrow down the possible involvement of other P2 receptors
responding to ATP/Bz-ATP184. Furthermore, calcium uptake kinetics in podocytes
after high glucose and in HK2s after TNF-α should be assessed to elucidate whether
the [Ca+2]i are changed and can be correlated with the upregulated surface P2X7R.

Renal cells were assessed for their ability to upregulate P2X7R in response to proinflammatory stimuli including LPS, TNF-a, high concentrations of glucose and ATP
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at a 24 h time point, which does not provide information about the kinetics of the
P2X7R upregulation, therefore, different time points can be introduced to better
understand whether P2X7R is frequently upregulated at the cell surface or a peak/base
is reached at 24 h (or longer). Furthermore, combined effects of these inflammatory
mediators can be assessed, i.e. LPS + TNF-a, LPS + TNF-a + ATP. Considering the
primary role of IL-18 in inducing IFN-g, the effect of this cytokine on renal cells can
be tested alone or in conjunction with other stimuli, i.e. LPS or TNF-a.

In parallel to the above, the effects of the pro-inflammatory stimuli on NLRP3
inflammasome components, i.e. ASC formation, NLRP3 expression, pro-caspase-1/proIL-1b/pro-IL-18, maturation can be investigated. Cleavage of precursor proteins can
be analysed by Western blotting technique using whole cell lysates. My previous
attempts in detecting NLRP3 by Western blotting techniques were inconclusive (data
not shown), therefore, a more sensitive method such as fluorescent confocal microscopy
should be used to assess expression of NLRP3 as well as ASC. Furthermore, given that
both AAV and IgAN patients had raised serum levels of IL-18, as described in chapter
3, it will be of great importance to test the effects of ANCA-IgG or polymeric IgA on
these renal cells in parallel to above mentioned scenarios.

Lastly, in the current research the focus was on P2X7R-associated NLRP3
inflammasome activation and subsequent IL-1β and IL-18 release in human renal cells,
however, other P2X7R-induced events should be considered as well. It is believed that
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P2X7R-activity also plays role in non-canonical activation of NLRP3 via gasdermin-D
and caspase-11 (caspase 4/5 in human), thus their activity can be measured, i.e. upon
ANCA-IgG or polymeric IgA priming followed by high ATP stimulation. Other events
to asses include, release of ROS300,317; autophagy195,318; phosphorylation of kinases such
as ERK1/2170 or MAPK1/2319; production of other NLRP3-independent cytokines such
as TGF-β320 and MCP-1213,321, which all have been implicated in renal inflammation
and various immune-mediated kidney diseases.
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4.5 Summary
The overall aim of the work presented in this chapter was to characterise the role of
the P2X7R in IL-1β and IL-18 production by renal cells. I have demonstrated that
renal cells are not capable of producing the pro-inflammatory cytokines in response to
TLR4 (through LPS) and ATP/P2X7R stimulation, unlike MCSF-differentiated
macrophages. I have shown that in podocytes this was not due to a lack of response
to LPS/TLR as LPS induced time dependent waves in the transcription levels of
NLRP3-inflammasome associated genes. Rapid ATP-mediated calcium flux was
observed in tHMCs and podocytes in a P2X7R-independent manner, and, the
prolonged de-sensitisation period may suggest the involvement of other P2XRs, such
as P2X4Rs. Nonetheless, this does not preclude the significance of renal P2X7R
expression, as the receptor may be tightly regulated, such as by its splice variants, to
prevent progression into apoptosis through large pore-formation in these highly
specialised and indispensable cells. On that note, changes may be occurring subtly,
which may have escaped detection in the above used methods. In the following chapter,
I focus on the P2X7R splice variants and attempt to further elucidate their significance
in vitro using a recombinant expression system, as well as in PBMCs isolated from
patients with GN.
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4.6 Supplementary Figures
A

B

C

D

Figure S 4.1 Assessing IL-1b release from renal cells.
tHMCs (A), primary podocytes (B), CiGEnCs (C) and HK2 cells (D) were exposed
to 1 µg/mL of LPS for 24 hours followed by 5 mM of ATP for a further hour. Nigericin
was used as a K+ ionophore control. Nigericin was made up in ethanol, therefore, an
ethanol control was included too. Cell supernatants were eventually collected and
tested for IL-1b by commercially available ELISA. Graphs represents mean ±SD from
3 independent experiments.
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C

D

Figure S 4.2 Assessing IL-18 release from renal cells.
tHMCs (A), primary podocytes (B), CiGEnCs (C) and HK2 cells (D) were exposed
to 1 µg/mL of LPS for 24 hours followed by 5 mM of ATP for a further hour. Nigericin
was used as a K+ ionophore control. Nigericin was made up in ethanol, therefore, an
ethanol control was included too. Cell supernatants were eventually collected and
tested for IL-18 by commercially available ELISA. Graphs represents mean ±SD from 3
independent experiments.
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Figure S 4.3 Representative tHMCs for cell gating strategy.
First the cellular population was distinguished using side scatter (SSC) and forward
scatter (FSC) parameters. Then doublets were excluded by using area and height for
side scatter. Finally, viable cells were singled out using Live/Dead Aqua dye.

Figure S 4.4 Representative dot-plot used for end-point quantification in
time-resolved EtBr uptake assay by flow cytometry.
After doublet discrimination, EtBr profile against time was obtained as above. Regions
for before BzATP (A), after BzATP (B) and after Triton-X (TriX) (C) application
were gated. Black and grey squares attached to the top of the FACS dot plot profiles
show the segment of assay exposed to indicated reagents, BzATP or TriX. These gates
were then analysed for MFI values were then extracted from these gates using FlowJo
software.
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A

B
Untreated tHMCs

LPS Treated tHMCs

Figure S 4.5 Representative dot-plot used for analysing EtBr uptake in
untreated or LPS treated tHMCs by flow cytometry.
Cells were either untreated and/or incubated with the P2X7R antagonist (A),
A438079, or, pre-treated with 1 µg/mL of LPS for 24 hour and/or incubated with
A438079 (B) followed by exposure to 300 µM of BzATP in the presence of EtBr. After
doublet discrimination, EtBr profile against time was obtained as above. Black and
grey squares attached to the top of the FACS dot plot profiles show the segment of
assay exposed to indicated reagents, BzATP or TriX.
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D
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F

Figure S 4.6 Renal cells before and after addition of 0.01% Triton-X
stimulation in stated conditions.
tHMCs, (B) podocytes, (C) CiGEnCs, (D) HK2s, (C) podocytes (from glucose
challenge experiment) and (F) HK2s (from TNF-α challenge experiment). Bar graphs
represents ΔMFI (delta MFI) fold change ±SD from 3-4 independent experiments.
Triton-X fold change was calculated against quantified BzATP endpoint (right before
Triton-X addition).
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Figure S 4.7 Preliminary data showing kinetics of high-ATP mediated
calcium uptake in macrophages.
Presented here are untreated control cells (black), 10 µM of P2X7R antagonist,
A438079, (green) and 10 µM BAPTA-AM (grey) treated cells before and after ATP
application in the presence of 1.8 mM Ca+2. Values are expressed as percentage mean
ratio of Fluo-4 fluorescent intensity (%ΔF/F0) (n=1).
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Figure S 4.8 Assessing pro-caspase-1 protein expression in renal cells.
Protein blots of untreated PBMCs (positive control), mesangial cells, podocytes, HK2s
and HEK293Ts (negative control) were probed with an anti-caspase-1 antibody, which
can detect both the pro-caspase-1 (45 kDa) and mature caspase-1 (10 kDa) proteins.
Total p38 was used as a housekeeping control (~38 kDa).
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Sample

Video Link

Untreated

https://youtu.be/LWxNUA-CcBQ

A438079 Treated

https://youtu.be/xlJJaGF7xwM

BAPTA-AM Treated https://youtu.be/pQZONUNV0Z0
Calcimycin Treated

https://youtu.be/USWJbj0u5gI

Table S 1 Representative live-calcium imaging videos.
Presented here in tHMCs under different conditions. Conditions are described in detail
in Chapter 2, section 2.2.14.

Sample

Video Link

Untreated

https://youtu.be/fz4s8uSo0No

A438079 Treated

https://youtu.be/yJW6aS6kQhc

BAPTA-AM Treated

https://youtu.be/jhEi9Agt4XQ

Calcimycin Treated

https://youtu.be/AXDdU67ptAw

EDTA Treated

https://youtu.be/C0hqGAlCE1o

Post-EDTA Recovery https://youtu.be/JKBF8hyvePU
Table S 2 Representative live-calcium imaging videos recorded.
Presented here in podocytes under different conditions. Conditions are described in
detail in Chapter 2, section 2.22.
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5.

Exploring P2X7R Splice Variants

5.1 Introduction
Previous studies have focused on P2X7RA as the fully functional receptor, and the
significance of the P2X7R splice variants remained unknown until their identification
in 2005175. Both P2X7RB and P2X7RJ can be expressed in HEK293 cells and have
been shown to interact with P2X7RA, and subsequently influence the receptor
activity175–177,237. P2X7RH was found to be broadly expressed in numerous cell and
tissue types, however, the primer pairs used to target P2X7RH are not specific to this
variant and can also detect P2X7R-G and P2X7RV3175.

P2X7RV3 was identified as a novel oncoRNA with critical role in tumorigenesis; this
variant was overexpressed on uveal melanoma cell lines and its knockdown was found
to significantly decrease tumour growth in vitro and in vivo238.However, small
interfering RNAs (siRNA) used to knockdown P2X7RV3 were targeted to multiple
regions on exon N3, and thus, would not specifically target V3, but P2X7RG and
P2X7RH as well. Likewise, what has been claimed as P2X7RV3 mRNA overexpression,
is in actuality combination of P2X7R-V3, -G and -H variants due to primers targeting
the common exons in all three.
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P2X7RB has particularly become the focus of interest by Elena Adinolfi and her team
members due to its potential involvement in osteosarcoma, its wide tissue distribution
and its ability to function as an ion channel on its own as well as through
oligomerisation with the full-length receptor, P2X7RA, to enhance receptor large pore
formation175–177. However, cells expressing P2X7RB was exposed to unusually high
concentrations of BzATP (EC50=500 µM), which may not be reflective of P2X7RB
activity considering the cytotoxic and potentially nonspecific effects of such high
BzATP amounts on cells. Furthermore, these studies lack merit regarding P2X7RB
mRNA/protein expression. The primer pairs used to screen for P2X7RB mRNA in
various human tissues by RT-PCR are non-specific and can also amplify P2X7RE176.
Intriguingly, however, this study showed that P2X7RB/P2X7RE mRNA expression
from a range of human tissues is significantly higher than that of P2X7RA, with the
exception of liver, where P2X7RA expression is higher.

Another important point is that, in these studies, as well as many in the history of
P2X7R research, transcript assessment of P2X7RA by PCR/RT-PCR is not reflective
of the full-length receptor as there is no specific site on the coding region that would
distinguish P2X7RA from the rest of the splice variants. Additionally, what has been
observed as enhanced P2X7RB protein expression in human osteosarcoma may be a
combination of P2X7RB, -E and -J variants, as the anti-P2X7R (extracellular domain)
antibody used to analyse C-termini truncated P2X7R expression on tissue sections
would not only detect P2X7RB, but might also detect the variants P2X7RE and
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P2X7RJ

177.

Overall, these findings suggest that alternative splicing of P2X7RB may

be considerably higher in frequency than P2X7RA in human and may be upregulated
in osteosarcomas along with other C-termini truncated variants.

Our knowledge of the significance of P2X7R splice variants are limited to the abovementioned studies and appears to have not received much attention. Nevertheless, it
is widely speculated that the remaining splice variants are non-functional as they
encode for short peptides and lack critical domains required for receptor membrane
expression and activity (Section 1.6.2.1-1.6.2.2). However, we think this may not be
the case, particularly with the P2X7RE variant, which shows resemblance to P2X7RB
variant as both share identical truncated C-termini (Figure 1.4), and may have
functional significance, at least if co-expressed with P2X7RA. This variant is the third
longest peptide among all the variants (275 aa), is devoid of C-terminus and a portion
of the extracellular loop, but retains the TM2, unlike P2X7RJ. Therefore, in this
present study, I have aimed to further study the P2X7R splice variants, with a
particular focus on P2X7RE, and investigate their relevance in kidney and
glomerulonephritis.
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5.2 Aims & Experimental Design
In the previous chapter, I showed that renal cells expressed non-pore forming P2X7Rs
at the plasma membrane. Considering the ability of some P2X7R splice variants to
modulate full-length receptor function, I speculated that P2X7R activity may be finely
tuned via its splice variants in renal cells, and therefore, may be differentially regulated
in glomerulonephritis patients. The aims of this chapter were to;
1. Design and validate variant-specific primers and utilise these to explore the
expression profiles of P2X7R splice variants in renal cells and peripheral
mononuclear immune cells;
2. Co-express P2X7R splice variant proteins with full-length P2X7Rs in HEK293T
cells, and investigate the heteromeric receptor function,
3. Assess the gene expression level of P2X7R-E and P2X7R-J in PBMCs collected
from IgA Nephropathy (IgAN) and ANCA (Anti-neutrophil cytoplasmic
antibodies)-associated vasculitis (AAV) patients, and healthy donors to see
whether alternative splicing of P2X7RE and P2X7RJ isoforms are changed in
GN.
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5.3 Results

5.3.1 P2X7R splice variants mRNAs are expressed in renal cells
To investigate the functional diversity of the P2X7R driven by its isoforms, it is crucial
to distinguish the expression profile of the alternatively spliced variants that arise from
the P2RX7 gene. The P2X7RC, -D, -E, -F and -J variant mRNAs can be specifically
detected by PCR as they have unique exon-exon junctions, unlike P2X7RA, -B, -H
and -G. These variants are presumed unlikely to be translated into functional proteins,
however, some are still detected when assessing the gene expression of original receptor.
Therefore, variant-specific primer pairs were designed to unravel the expression profile
of these variants as opposed to P2X7Rs as illustrated in Figure 5.1A. The specificity
of these primers was verified by melt curve analysis on real time-PCR using healthy
donor PBMCs. Representative real time-PCR melt curve plots are demonstrated in
Figure 5.2A-E. As seen in this figure, the amplicons presented with a single peak,
indicating generation of a single product. Amplified products were further validated
by Sanger sequencing, and the expected sequences were obtained with each set of
primers (data not shown). Acrylamide gel electrophoresis also revealed single PCR
products of the expected size (Figure 5.3).

In contrast, P2X7RA and P2X7RB mRNAs cannot be specifically detected by PCR,
as they lack unique exon/exon junctions that can be distinguished from the other splice
variants. For that reason, primer pairs against the full length P2X7R, which would
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Figure 5.1 Positions of primer pairs used to detect P2X7Rs by PCR.
Primer pairs were specific to P2X7RC, -D, -E, -F and -J splice variants, and they span
across the exon-exon junctions are demonstrated above. Primers were also designed to
detect P2X7Rs and ΔC-P2X7Rs. Primers amplified regions between exons 4/5 and
10/11 for P2X7R; exons 4/5 and 10/unique 10 end for ΔC-P2X7R; exons 3/5 and 6/7
for P2X7RC; 4/6 and 7/8 for P2X7RD; 6/9 and 9/10 for P2X7RE; 3/5 and 7/9 for
P2X7RF and 4/5 and 7/9 for P2X7RJ. Yellow arrows indicate the primers.
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A

B

C

D

E

Figure 5.2 Representative melt curve plots extracted from RT-PCR
performed on cDNAs from healthy donor PBMCs.
RT-PCR products revealed a single peak following the melt curve analysis, confirming
the generation of a single amplicon from P2X7RC (A), P2X7RD (B), P2X7RE (C),
P2X7RF (D) and P2X7RJ (C).
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B

Figure 5.3 The P2X7R alternatively splice variants are detectable by PCR
in various cell types.
The P2X7RC, -D, -E and -F mRNAs were assessed in 1. PBMCs, 2. MCSFdifferentiated macrophages, 3. THP-1s, 4.

tHMCs, 5. Primary mesangial cells, 6.

Transformed podocytes, 7. Primary podocytes, 8. HPTEC and 9. HEK293Ts (A) and
P2X7R, DCP2X7R and P2X7RJ were assessed in 1. PBMCs, 2. MCSF-differentiated
macrophages, 3. THP-1s, 4.

tHMCs, 5. Primary mesangial cells, 6. Transformed

podocytes, 7. Primary podocytes, 8. HPTEC and 9. CiGEnCs, 10. HEK293Ts (B).
GAPDH was employed as housekeeping gene and products. Abbreviations; DCP2X7R:
C-termini truncated P2X7Rs, GAPDH: Glyceraldehyde 3-phosphate dehydrogenase.
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detect P2X7RB, -E and -G, were designed instead and used (the primer pairs are listed
in the Materials and Methods section, Table 2.2.2). Attempts to detect P2X7RG and
P2X7RH by PCR have been proven difficult, despite trying in numerous cell types,
thus, they have been excluded from this study. P2X7RC, -D, -E, -F and -J transcripts
were all presenting primary human PBMCs, MCSF-differentiated human macrophages,
THP-1s, tHMCs, primary mesangial cells, primary podocytes, HK2s, CiGEnCs and
HEK293T cells (Figure 5.3A). As expected, these cells were also positive for total
P2X7R and ΔC-P2X7R (Figure 5.3B). Although it is not possible to accurately
quantify the amplicon amount per reaction by agarose gel, it is clear that variants can
be differentially expressed in different cell types based on the band intensities,
particularly P2X7RE and P2X7RJ; P2X7RE may be expressed more in podocytes,
HPTEC and CiGEnCs as opposed to other cell types Similarly, P2X7RJ expression
may be higher in PBMCs, MCSF-differentiated macrophages, THP-1 cells and
CiGEnCs, and almost undetectable in tHMCs, primary mesangial cells and
transformed podocytes (Figure 5.3B). This data suggests that P2X7R alternative
splicing may be regulated in a cell-specific manner.

5.3.2 P2X7RE is expressed as a mature protein and can be
transiently expressed in HEK293Ts
In this piece of research, P2X7RE has become my focus of interest as previously
undescribed P2X7R splice variant. Based on the published sequence, P2X7RE is 275aa
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A

B
206-294aa

347-364aa

N-

NC-

P2X7RA = 595 aa

365-595aa
C-

P2X7RE = 275 aa

Figure 5.4 Comparison between P2X7RE and P2X7RA coding sequences.
(A) Lack of exons 7-8 in the extracellular loop and exons 10-13 in the C-terminus
(highlighted in blue) distinguishes P2X7RE from the canonical sequence. The insertion
of 18 aa at the end of TM2 (highlighted in green), which stars at the end of TM2 and
spans towards beginning of the C-terminus, leads to termination of the sequence. The
region highlighted in yellow in the canonical receptor represent TM domains (A and
B). Monomeric P2X7RE is devoid of 206-294 aa peptide stretch at the extracellular
loop as opposed to P2X7RA monomer (B). Furthermore, 18 aa replaces the end of
TM2 and beginning of C-terminus from the canonical peptide sequence, which
subsequently introduces a stop codon, leading to formation of C-termini truncated
(from 365 aa to 595aa) monomer. Peptide sequences are obtained from UniProt322.
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Acid long, (320 aa shorter than P2X7RA, 89 aa shorter than P2X7RB and 19 aa longer
than P2X7RJ) (Figure 1.4). Whilst it retains the intracellular N terminus, the first
transmembrane domain and much of the extracellular loop of the full-length receptor,
alternative splicing results in the removal of exons 7 and 8 and the insertion of an
alternative 18 aa at exon 10. Collectively this leads to modified structure at the
extracellular loop and an alternative TM2 and short carboxyl terminus (Figure 5.4A,
B)175.

P2X7RB and P2X7RE cDNAs with sticky ends that were generated from normal
human substantia nigra tissue (see Section 2.2.15.1 for PCR conditions, and Table 2.12
for primer pairs) cloned into the enhanced green fluorescent protein (EGFP) expressing
reporter vector, pEGFP-N1 (see Sections 2.2.17-2.2.21 for methods). Then P2X7RB
and P2X7RE-EGFP proteins were transiently expressed in HEK293T cells using a
polymer-based transfection method (see Section 2.2.22). Transfection was confirmed
by wide-field fluorescence microscopy, where the EGFP-signal was readily detected in
cells transfected with the P2X7RB-EGFP and P2X7RE-EGFP constructs (Figure
5.5A). Although distinct from one another, P2X7RE protein shares amino acid identity
with P2X7RB, since they share an identical truncation at the C-terminus. The two
splice variants differ however, by the lack of exons 7 and 8 in P2X7RE. When
expression of these variants was compared in HEK293Ts (Figure 5.5A), a distinct
cellular distribution was observed. P2X7RB appeared to localise to cellular vesicles,
the perinuclear area (possibly to endoplasmic reticulum) and slightly to the plasma
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EGFP

DAPI

MERGED

P2X7E

P2X7B

A

B

Figure 5.5 Confirmation

of

P2X7RB

and

P2X7RE

expression

in

HEK293Ts.
Cells were transfected with P2X7RB and P2X7RE constructs fused with EGFP
reporter gene, which is readily detectable by fluorescent microscopy (A). DAPI was
used for nuclear staining, images taken at 40X. To validate the receptor identity,
lysates

of

HEK293Ts

transiently

expressing

P2X7RB

and

P2X7RE

were

immunoblotted with the anti-P2X7R antibody that is targeted to extracellular domain.
Expected sizes for P2X7RB (~65 kDa) and P2X7RE (~45 kDa) were detected
(indicated with orange arrows) (B). GAPDH was used as loading control (~36 kDa).
Abbreviations; EGFP: Enhanced green fluorescent protein.
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membrane (linear diffusion). Whereas, P2X7RE showed more diffuse distribution that
was restricted to intracellular areas, particularly around the perinuclear region. To
validate that the expressed proteins were P2X7R, the lysates from transfected cells
were blotted with an anti-P2X7R antibody raised against the extracellular domain
corresponding to exons 4/5 of the receptor (Alamone #008), which is present in both
of the variants. The predicted size for P2X7RB and P2X7RE are 41 kDa and 31 kDa
respectively322. However, as the molecules expressed by this plasmid are produced as
an EGFP fusion protein, the predicted sizes for both of the variants was increased by
~27 kDa. The HEK293T-P2X7RB and HEK293T-P2X7RE lysates that have been
probed with anti-P2X7R revealed band sizes at ~68 kDa and ~58 kDa respectively
based on the protein ladder used (Figure 5.5B). There was also an unidentified band
detected from lysates of both mock and transfected cells at ~38 kDa, which is likely to
be caused by the non-specific binding of the primary or secondary antibodies.
Additionally, in P2X7RE expressing HEK293T cells, a band at ~45 kDa was detected;
this band is most likely due to insufficient protease inhibitor activity during lysate
preparation, that consequently lead to cleavage of P2X7RE protein. Regardless, here
I show for the first time that P2X7RE variant can be expressed as a mature protein
in contrast to what has been previously presumed before.
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5.3.3 Method development for P2X7RA cloning and expression
for downstream analysis
The demonstration that P2X7RE can be expressed as a mature protein raised the
question of whether, in common with P2x7RB and -J, this molecule would alter the
activity of the full-length receptor when the two molecules were expressed in the same
cell. To investigate this question, I aimed to first generate separate constructs
containing P2X7RA, P2X7RB and P2X7RE. These would then be used to facilitate
sub-cloning into a multi-cistronic vector to allow co-expression of P2X7RA and
P2X7RE or P2X7RA and P2X7RB. This would be achieved by inserting variant
cDNAs into pEGFP-N1, followed by sub-cloning into an IRES containing bi-cistronic
vector with a CMV promoter (pTandem-1). P2X7RE and P2X7RB cDNAs were
successfully cloned into pEGFP-N1, and subsequently into the second multiple cloning
site in pTandem-1 (Figure 2.1B), however, attempts to isolate cDNA encoding
P2X7RA from PBMCs or brain, which are known to express high levels of P2X7R,
have proven difficult as unknown DNA sequences were detected at different regions of
subsequently cloned cDNAs. This observation was most probably due to a cloning
artifact, where genomic fragments were joined during ligation and incorporated into
the cloning vector.

As a result of the sequence artefacts encountered in the P2X7RA clones, a construct
containing the correct P2X7RA sequence was generated as follows. First, the P2X7RBpEGFP-N1 construct was fragmented by digesting at the EcoRI and BsrGI sites, and
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the resultant 567 bp DNA fragment (exon 4 to 10) was gel purified. In parallel, the
pTandem-1 plasmid containing the artifact P2X7R cDNA was digested with EcoRI
and BsrGI to remove the defective coding region and also to utilise compatible sticky
ends for subsequent ligation reaction. The summary of this cloning strategy is
demonstrated in Figure 5.6.

This above method allowed generation of pTandem-1-P2X7RA at the first multiple
cloning site (MCS1). Co-expression constructs were also produced where P2X7RB or
P2X7RE were sub-cloned into IRES-site/MCS2 of the pTandem-1 plasmid. The
pTandem-1 constructs containing P2X7RA, P2X7RB, P2X7RE and P2X7RA/E and
P2X7RA/B were transiently expressed in HEK293Ts and protein expression was
confirmed by Western blotting using an anti-P2X7R antibody specific for the
extracellular domain of the molecule (exons 4/5) (Alamone #008) (see supplementary
Figure S5.1). However, the IRES mediated co-expression of P2X7RB and P2X7RE
were low/undetectable by Western blotting. Therefore, I sought to find an alternative
plasmid that would allow comparable expression levels of both genes.

For this purpose, I have chosen the pBI-CMV1 vector, which had a stronger promoter
at its second multiple cloning site, specifically, a CMV-minimal promoter (Figure 2.1C).
P2X7RA and P2X7RE cDNAs isolated from the pTandem-1 constructs described
above were sub-cloned into the pBI-CMV1 vector. First, both variants were inserted
into either MCS1 or MCS2 sites to compare the CMV versus CMV-minimal driven
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Figure 5.6 Cloning strategy used to generate pTandem-1 construct
containing the full-length receptor, P2X7RA, cDNA.
Firstly, both P2X7RB-pEGFP-N1 (red arrow) and pTandem-1-P2X7RA (at multiple
cloning side 1) with cloning artifact (purple arrow) was digested with EcoRI and BsrGI.
The resultant 567 bp sized DNA from pEGFP-N1 vector was extracted by gel
purification and ligated with pTandem-1 vector, that had the artifact sequence
previously removed. The ligation product was then subsequently transformed and a
clone positive for P2X7RA-pTandem-1 (pink arrow) was prepared for downstream
experiments. Abbreviations; CMV: Cytomegalovirus promoter, MCS2: Multiple cloning
site 2, IRES: Internal ribosome entry site, bp: base pairs.
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expression level. As expected, CMV promoter-driven expression was stronger as
opposed to expression driven by CMV-minimal promoter (Figure 5.7). However,
P2X7RA retained relatively strong expression regardless of the type of promoter when
compared to P2X7RE, suggesting that the expression of P2X7RE may not be as
efficient as the original receptor. For this reason, P2X7RE was preferentially inserted
into MCS1 and expressed under CMV-promoter, whereas, P2X7RA was inserted into
MCS2 under CMV-minimal promoter in order to achieve relatively comparable levels
of the two variants.

The Alamone anti-P2X7R (#008) used in the above scenarios also successfully detects
the endogenous P2X7R-protein as evidenced in Western blots loaded with whole
PBMCs lysates isolated from a healthy individual (see supplementary Figure S5.2).
Approximate size of full-length P2X7R is 68-76 kDa, which is detectable in PBMCs.

5.3.4 P2XRE can be co-expressed with P2X7RA, but does not
influence pore-formation
Previously, it has been demonstrated that the co-expression of P2X7RA with P2X7RB
leads to enhanced pore activity176,177, whilst expression of P2X7RA with P2X7RJ
antagonised full-length receptor activity based on increased ethidium bromide uptake
and Ca+2 mobilisation237. Moreover, membrane expression of P2X7RB and
P2X7RA/P2X7RB proteins were confirmed in HEK293s by immunofluorescent
microscopy or co-immunoprecipitation methods176.
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Figure 5.7 P2X7Rs expression and co-expression in pBI-CMV plasmid in
HEK293Ts
P2X7RA and P2X7RE cDNAs were cloned into two different MCSs in pBI-CMV
plasmid and transiently expressed in HEK293Ts. MCS1 was under CMV-promer,
whereas, MCS2 was under CMV-minimal. CMV-promoter induced P2X7RA and
P2X7RE expression was stronger when compared to CMV-minimal induced expression
(~76 kDa and ~31 kDa respectively) (indicated with orange arrows). When coexpressed at different MCSs, P2X7RE expression was undetectable in cells expressing
P2X7RA/E (P2X7RA at MCS1 and P2X7RE at MCS2) as opposed to cells expressing
P2X7RE/A (P2X7RE at MCS1 and P2X7RA at MCS1). Experiments were repeated
at least three times with similar outcome.
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Conversely, when expressed in isolation, P2X7RJ was primarily localised in the cytosol
of HEK293 cells with only a small fraction of P2X7RJ detected at the plasma
membrane237, suggesting that membrane localisation of J variant may require
association with the full-length receptor. I too wanted to investigate whether P2X7RE
presented with similar properties when expressed in isolation or in combination with
P2X7RA in HEK293 cells. After successfully generating and validating the coexpression constructs (Figure 5.7), P2X7RA, P2X7RE and P2X7RA/E transfected
HEK293Ts were analysed for protein localisation and other downstream events.

First, surface expression of P2X7Rs was assessed by FACS (Figure 5.8A-F). This study
utilised a mouse specific anti-P2X7R antibody conjugated with APC which cross reacts
with the full length human P2X7R (see supplementary Figure S5.3) and recognises an
unknown domain on the extracellular loop. This antibody was also used to assess cell
surface expression of P2X7R in renal cells demonstrated in Chapter 4. The gates were
adjusted against an isotype control antibody and the percentage of cells positive for
surface P2X7R was determined (Figure 5.8A-D). Then, histogram profiles were
constructed by comparing each variant expressing cell type against mock transfected
cells (Figure 5.8E-H). P2X7R expression was significantly higher at the cell surface in
HEK293Ts transfected with P2X7RA and P2X7R-A/E when compared to mock
transfected HEK293Ts (Figure 5.8H, ***p<0.005 and **p<0.01 respectively).
Interestingly, a moderate reduction in P2X7R expression was observed in cells
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Figure 5.8 Cell surface assessment of P2X7Rs in HEK293Ts transiently expressing P2X7RA, P2X7RE or coexpressing P2X7RA/E.
Representative contour plot graphs of mock (A), P2X7RA (B), P2X7RE (C) and P2X7RA/E (D) transfected cells showing the
percentage of surface P2X7R positive cells. Histogram graphs comparing cells expressing P2X7RA ©, P2X7RE (F) and P2X7RA/E
(G) against mock transfected cells. Bar graph represents P2X7R-MFI fold change calculated against mock transfected cells (all
corrected against isotype control first) (G). Experiments were repeated three times and represented as mean ±SD. Data analysed by
Kruskal-wallis test. Statistical significance indicated with asterisks, **p<0.01 and ***p<0.005. Abbreviation; MFI: Median
fluorescence intensity.
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transfected with P2X7RA/E when compared to cells with P2X7RA alone (Figure 5.8H).
There was no significant difference in the surface P2X7RE MFI compared to mock
MFI (Figure 5.8H, ns), however, a small percentage of cells, showing higher than
background staining, were consistently detected (Figure 5.8D). Although this
observation requires further investigation, it suggests that a small number of P2X7RE
molecules may be trafficked to the cell surface in the absence of full-length receptor.

In parallel to the surface analysis, BzATP-mediated pore formation using EtBr dye
was also assessed in variant-transfected HEK293Ts. Cells expressing P2X7RA and
P2X7RA/E rapidly fluxed EtBr in response to 300 µM BzATP as assessed by FACS
(Figure 5.9B and D respectively), whereas P2X7RE transfected cells failed to respond
to BzATP (Figure 5.9C). It has been difficult to demonstrate possible alteration in the
kinetics of pore formation in response to BzATP in cells expressing P2X7RA/E as
opposed to P2X7RA alone, primarily due to high background signal generated.
Therefore, whether P2X7RE influences large pore formation currently remains
unknown and alternative methods should be employed to further elucidate this. Use of
the P2X7R-specific antagonist, A437089, inhibited BzATP-mediated EtBr uptake in
HEK293Ts transfected with plasmids expressing P2X7RA and P2X7RA/E, confirming
P2X7R-mediated pore formation in these cells (Figure 5.9E and F respectively). The
effectiveness of A437089 in blocking P2X7RA/E-mediated large pore formation
suggests that it may also be selective against P2X7RE isoform.
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Figure 5.9 Pore formation assessed by ethidium bromide uptake assay in
response to BzATP in HEK293Ts transiently expressing P2X7R splice
variants.
Pore kinetics in cells expressing pBI-CMV1 alone (mock transfection) (A), P2X7RA
(B), P2X7RE (C) and P2X7RA/E (D) are shown in the above representative contour
graphs. Cells were treated with 300 µM BzATP in divalent cation free medium in the
presence of ethidium bromide by time-resolved flow cytometry. P2X7RA (C) and
P2X7RA/E (F) transfected cells were also treated with P2X7R-antagonist, A437089,
to confirm P2X7R-dependent dye uptake. The experiments were repeated three times
with similar results.
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Calcium imaging assays have not been successful using the transient expression system
as the recombinant isoforms did not express fluorescent proteins, therefore, it was not
possible to trace the cells expressing P2X7RA, -E or A/E under the fluorescent
microscopy (data not shown). Alternatively, I attempted to measure calcium influx in
HEK293Ts by FACS, but as the cells simultaneously fluxed calcium I have not been
able to detect considerable changes in P2X7RA, -E, A/E expressing cells versus mock
control cells (data not shown). Hence, whether P2X7RE can flux ions, similar to
P2X7RB, or whether it has an effect on ion channel formation/activity remains to be
further elucidated.

Although I showed above that P2X7RE can be expressed and co-expressed with the
original receptor, whether the presence of this isoform has an effect on the full-length
receptor activity will need further investigation. Nonetheless, to understand if the
P2X7RE endogenous mRNA expression are be changed in health and disease, I looked
at real life scenarios, where I investigated the differential expression profiles of P2X7RE
and P2X7RJ in healthy individuals versus patients with IgAN and AAV.

5.3.5 P2X7RJ is differentially expressed in AAV patients
Given the ability of P2X7RB and P2X7RJ to modulate full-length receptor
activity176,177,237, P2X7RE may also have an effect on the function of P2X7RA
independent of pore formation since it can be expressed as a mature protein. I showed
in Figure 5.3 that P2X7R splice variants may be differentially expressed across primary
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renal cells and cell lines, particularly the P2X7RE and P2X7RJ variants. I hypothised
that alternative splicing of the P2X7R may be disturbed in GN, thereby affecting the
expression of P2X7RE and P2X7RJ in patients. To investigate this, I employed
TaqMan® gene expression assays to measure mRNA levels of total P2RX7, P2RX7E
and P2RX7J in PBMCs isolated from patients with active or remission disease state
of AAV and active IgAN, and healthy donors.

Specific assay design for P2X7RA and P2X7RB isoforms were not possible since these
isoforms do not harbour unique exons/exon-exon junctions. The characteristics of
patients included in this study are summarised in Table 5.1.

Parameters

HC

AAV

IgAN

n (M/F)

13 (7/7)

29 (16/13)

9 (3/4)

Age (years)

34.57 ±9.77

59.39 ±17.4

48.71 ±7.25

MPO/PR3

n/a

10/19

n/a

Active/Remission

n/a

18/11

9/0

Immunosuppression

n/a

Yes (11), No (13)

No

Table 5.1 Clinical and demographic characteristics of healthy volunteers
and GN patients included in TaqMan® assays.
The patients presented here were included in TaqManÒ analysis from section 5.3.5.
Values expressed as mean ±SD. Abbreviations; HC: Healthy control, AAV: ANCAvasculitis, IgAN: IgA Nephropathy, MPO: Myeloperoxidase, PR3: Proteinase 3, M:
Male, F: Female, n/a: Not available or applicable
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Information regarding the assay probes are detailed in Section 2.2.8.2. The ‘total’
P2RX7 oligo set used in this assay covers exons 1 and 2, and the FAM-conjugated
probe spans the exon-exon junction. As this region is a common sequence in all P2RX7
splice variants, except for P2RX7I, the results reflect the overall P2RX7 transcript
level. P2RX7E probes were designed specifically to detect this variant, whereas,
P2RX7J targeted both P2RX7J and P2RX7F, as it was not possible to design optimal
probes specific to P2RX7J for TaqMan® qPCR use

The data shows that there was no significant difference in mRNA expression levels of
total P2RX7 and P2RX7E in PBMCs isolated from remission (n=11) or active (n=18)
AAV and IgAN (n=9) patients when compared to PBMCs from healthy donors (n=13)
(Figure 5.10). Conversely, P2RX7F/J expression was significantly lower in both
remission and active/acute AAV patients in comparison to healthy subjects
(***p<0.005 remission AAV vs HC, and ****p<0.0001 active/acute AAV vs HC) and
IgAN patients (*p<0.05 remission AAV vs IgAN, and *p<0.05 active/acute AAV vs
IgAN, Figure 5.10C). On that note, there was no detectable difference in P2RX7F/J
mRNA levels between AAV remission and AAV active/acute patients, nor between
IgAN versus healthy subjects (ns, p>0.9999 remission AAV vs active/acute AAV and
ns, p>0.9999 IgAN vs HC, Figure 5.10C).

The AAV group presented here combined individuals with ANCA autoantibodies
directed against proteinase 3 (PR3) (n=19) or myeloperoxidase (MPO) (n=10).
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Figure 5.10 TaqMan® expression profile of P2RX7 variants in GN and
control groups.
Gene expression of P2RX7 (A), P2RX7E (B) and P2RX7F/J (C) in active (n=18)
and remission (n=11) disease state of AAV, active IgAN (n=9) and healthy control
(n=13) groups. Data was normalised against housekeeping gene, RPLP0 (ΔCt) and
presented as mean ±SD. Mean is showed as “+”, and, error bars as whiskers. Data was
analysed by Kruskal-Wallis test and Dunn’s multiple comparison test. Statistical
significance is indicated with asterisks, *p<0.05, ***p<0.005, ****p<0.0001 and nonsignificance with “ns”. P values are indicated in the graphs for non-significant results.
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To clarify how total P2RX7, P2RX7E and P2RX7F/J mRNA expression was
distributed between sub-types of AAV (PR3 or MPO), levels were analysed in active
PR3 (n=11), active MPO (n=7), remission PR3 (n=8) and remission MPO (n=2)
disease states. Total P2RX7 and P2RX7E mRNA expression levels in both active and
remission PR3+ or MPO+ AAV patients were not significantly different from the
healthy control group (p=0.8535 for P2X7R and p=0.2383 for P2RX7E, Figure 5.11A,
B). However, P2RX7F/J mRNA expression was significantly decreased in all entities
of AAV when compared to healthy controls (Figure 5.11C). Furthermore, the
P2RX7F/J levels were significantly lower in patients with PR3+ ANCA (both in
active/acute and remission state) than in patients with MPO+ ANCA (***p<0.005
active MPO vs active/acute PR3, and **p<0.01 active MPO vs remission PR3).
Statistical analysis was not conducted between active MPO patients with every other
disease group due to small number size.

Collectively, these results suggest P2RX7F/J mRNA levels may be downregulated in
PR3+ ANCA patients irrespective of their disease activity whilst MPO patients may
only show this down-regulation when experiencing active disease. Nevertheless, the
sample size is small for MPO-ANCA and IgAN, therefore, the data is not conclusive
and needs to be interpreted with caution in these cohorts. Because function of the
P2X7R will likely be influenced by the relative expression levels of its variants, I
wanted to elucidate the expression patterns of P2RX7 mRNAs at individual patient

216

A

B

C

Figure 5.11 TaqMan® expression profiles of P2RX7 gene variants in
ANCA subclasses.
P2RX7 (A), P2RX7E (B) and P2RX7F/J (C) analysed in active-PR3 (n=11), activeMPO (n=7), remission-PR3 (n=8) and remission-MPO (n=2), and in healthy donors
(HC) (n=13). Data was normalised against RPLP0 (ΔCt) and is presented as mean
±SD. Mean is shown as “+”, and error bars are represented as box and whisker plots.
Statistical analysis was done by Kruskal-Wallis or Mann-Whitney U test. Statistical
significance

indicated

with

asterisks,

*p<0.05,

**p<0.01,

***p<0.005

and****p<0.0001. p values are indicated in the graphs for non-significant results.
Abbreviation; PR3: Anti-proteinase 3-ANCA, MPO: Anti-Myeloperoxidase-ANCA.
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Level in each group. To do this, cross-comparison analysis was carried out between the
variants in active AAV patients, IgAN patients and healthy subjects (Figure 5.12).
Although previous results reflect the averaged transcript expression levels of the splice
variants in a group, cross-compared variants would provide information regarding the
potential shifts occurring within each cohort at an individual patient level. This
analysis revealed that in active AAV patients (Figure 5.12A) and healthy individuals
(Figure 5.12C) transcript levels of P2RX7E is similar to the total levels of P2RX7.
However, in IgAN patients a significant downward shift in P2RX7E is observed when
compared to total P2RX7 (*p<0.05). P2RX7F/J may be expressed at relatively low
levels in healthy subjects versus total P2RX7 (**p<0.01, Figure 5.12C), nonetheless,
P2RX7F/J transcript is much lower in patients with AAV and IgAN (***p<0.005 and
*p<0.05, respectively, Figure 5.12A and B). Lastly, healthy individuals tend to express
higher P2RX7F/J transcript than P2RX7E (ns, p=0.4143, Figure 5.12C), yet, this
pattern was changed in AAV (**p<0.01, Figure 5.12A), but not in IgAN (ns, p=0.4961,
Figure 5.12B). Raw Ct values across samples are provided in supplementary figures of
this chapter (Figure S5.4).
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Figure 5.12 Cross comparison analysis of P2X7R versus P2X7RE or
P2RX7F/J, and P2RX7E versus P2RX7F/J TaqMan® expression.
In active AAV (n=18) (A) and active IgAN patients (n=9) (B) and healthy
individuals (n=13) (C). Dots represent individual patients. Data was analysed by
paired Wilcoxon test. Significance was indicated by asterisk, *p<0.05, **p<0.01,
***p<0.005 and non-significance with “ns”.
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5.4 Discussion
In the present study, I have shown that renal cells and immune cells/cell lines,
including PBMCs, macrophages and THP-1s, express mRNA for the P2X7R splice
variants -C, -D, -E, -F and -J (Figure 5.3A-B) as well as total P2X7R and C-termini
truncated P2X7Rs (DC-P2X7R=P2X7RB, -E and -G combined).

Since the discovery of the P2X7R splice variants, only P2X7RB and P2X7RJ have
been further explored176,177,237, whereas, P2X7RE, despite the close resemblance with
P2X7RB, has been widely considered to be subject to nonsense mediated decay and
has remained undescribed. However, here, for the first time, I have shown that
P2X7RE can be transiently expressed in isolation and can also be co-expressed with
the original receptor in HEK293Ts (Figure 5.7).

In common with P2X7RJ, P2X7RE was unable to form large pores as opposed to cells
expressing P2X7RA. This was not a surprising observation considering the fact that
P2X7RE receptor was not detectable on the cell surface (Figure 5.8A, D), and
considering the reported requirement for the C-terminus in pore formation and
subsequent dye uptake. This is also evident in HEK293s expressing the C-termini
truncated variants P2X7RB and P2X7RJ176,237. Interestingly, however, and in contrast
to studies with B and J variants, co-expression of P2X7RA and P2X7RE did not
impair or have a significant effect on the large pore gating/dye uptake of P2X7RA in
HEK293Ts (Figure 5.9D). P2X7RE differs from P2X7RB by the lack of exons 7 and 8
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(residues from 205/206aa to 294aa), whereas, the truncated C-termini is identical
between the two variants. Other investigators have reported that P2X7RA and
P2X7RB co-expression led to an almost 50% enhanced Ca+2 and dye uptake in
HEK293s176, yet, it is unclear, whether P2X7RB contributes to enhanced receptor
activity by increasing sensitivity to ATP, (thereby, retaining the pore function for a
prolonged period of time), or by increasing the diameter of the pore176,177. The latter
may be more likely for several reasons. It is believed that the ATP-sensitivity is
determined by extracellular loop. For instance, substitution of Val154-Asn183 in
human P2X7R with the corresponding region from the rat P2X7R drastically elevated
the receptor sensitivity to ATP and BzATP323. Similarly, replacement of the
extracellular domain with that of the rat P2X7R led mouse P2X7R to display the same
agonist sensitivity as the rat P2X7R. Nonetheless, in the case of P2X7RB, which
retains the same extracellular loop as P2X7RA with all the core ATP-binding sites
and important regions surrounding this site324, there was still enhanced agonist
sensitivity, suggesting a potential role for the truncated C-termini or altered TM2 in
P2X7RB in the control or kinetics of pore formation. P2X7RE is devoid of one of the
key extracellular regions for ATP binding, Thr282-Phe288, that is known to surround
the ATP-binding pocket. Nevertheless, the presence of P2X7RE did not hinder agonistinduced pore formation in cells expressing P2X7RA/E (Figure 5.9D). Yet, disrupted
ATP-binding pocket may have been theoretically compensated by the truncated Cterminus and alternative TM2 in P2X7RE, which are identical to P2X7RB. This
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hypothesis may also be partially supported by the fact that homomeric P2X7RB can
still function as a cation-selective ion channel.

Cell surface expression of a protein is dependent on several factors including
palmitoylation, glycosylation, trafficking/re-distribution from intracellular stores to
the cell membrane; internalisation, degradation and recycling from and to the cell
membrane325. Truncations of the P2X7R between 551-581aa, as well as SNPs at
various regions on the P2X7R C-terminus were previously shown to result in a loss of
surface expression326,327. This is true at least in HEK293s as previously Karasawa et al.
showed that impaired pore activity in C/N-termini truncated mutants in HEK293s
were re-acquired when these mutants were expressed in liposomes with different lipid
components. Yet, this observation does not explain why and how P2X7RB was
localised to the cell surface176, but P2X7RE was not (Figure 5.8A, D). It is believed
that N-glycosylation may also contribute to stable expression of P2X7R at the plasma
membrane160, thus lack of these sites may also affect the cell surface expression.
P2X7RE retains only the first two of the five predicted N-glycosylation sites in the
extracellular domain of the original receptor (Asn187, -202, -203, -241 and -284),
whereas, P2X7RB preserves all and P2X7RJ preserves the first four328. This
observation may explain cell surface localisation of B and J variants, but not the E
variant. Lack of crucial N-glycosylation sites on P2X7RE may also be affecting the cell
surface expression of P2X7RA/E from transfected HEK293Ts (Figure 5.8H).
Nonetheless, the epitope of the antibody used in this study is unknown. If the epitope
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is targeted against extracellular regions that P2X7RE is devoid of (exons 7-8), then we
would not detect any surface expression.

Data presented here shows that P2X7RE and P2X7RJ mRNA expression levels may
be regulated differentially in health and may be disturbed in disease as demonstrated
in patients with AAV and IgAN versus healthy individuals (Figure 5.10, 5.11 and 5.12).
The observed downregulation in P2X7RJ expression particularly in PR3+ AAV
PBMCs is intriguing and may be explained by either decreased transcription of the
P2X7RJ variant or due to reduced PCR efficiency by a presence of a common SNP in
the probe binding site. Several non-synonymous SNPs in the exon region were reported
by the 1000 Genome Project (Arg230Gln, Ile234Phe, Arg236Gln, Thr238Ile)239 that
may have been detected by the probe. None of these SNPs have been studied before,
therefore, the potential downstream effects remain unknown. Nevertheless, minor allele
frequencies for these SNPs are close to zero, thus, are unlikely to be involved here.

Oligomerisation of the P2X7RJ with P2X7RA is reported to inhibit receptor function,
and this may be an important factor in regulating the pore/channel activity in
homeostasis. It is believed that, phosphorylation on tyrosine and serine residues
influence the cellular re-distribution of the P2X7R329. P2X7RJ however, lacks most of
these tyrosine and serine residues239, which predicts attenuated internalisation of
P2X7RJ, and, therefore, prolonged expression on the cell surface. Researchers also
showed that in HEK293s P2X7RJ oligomers and P2X7RA/J hetero-trimer formations
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were preferred over the P2X7RA homotrimeric complex237, suggesting that P2X7RJ
may be competing with P2X7RA monomers for oligomerisation and subsequently
down-modulating P2X7R activity by blocking its function on PBMCs, thus,
maintaining haemostasis. In AAV, downregulation of P2X7RJ may therefore interfere
with this regulatory loop, which would result in a surge of available full-length P2X7R
homotrimers on the cell surface. During inflammation this would be expected to cause
enhanced P2X7R activity and subsequent NLRP3-inflammasome induction, and, IL1β and IL-18 release from leukocytes.

5.4.1 Limitations
The study represented here has number of limitations. Firstly, it was not possible to
design primer pairs that would specifically detect P2X7RA, -B, -G and -H, which
otherwise would have allowed assessment of frequency of each splice variant in a cell
type. Likewise, a lack of specific antibodies against the splice variants meant that it
was not possible to confidently distinguish between variants in renal cells and
leukocytes despite knowing the predicted molecular weights.

Calcium imaging of transfected cells was also difficult for several reasons. Firstly, it
was not possible to trace the cells expressing the variants during live imaging as they
lacked endogenous expression of a fluorescent protein. Additionally, HEK293Ts
continuously fluxed calcium at steady state, as opposed to other cell types tested, such
as podocytes and mesangial cells. Therefore, despite the addition of ATP, no significant
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change was detected in variant transfected versus mock transfected cells possibly due
to exhausted dye (data not shown). For this reason, it remains unclear if P2X7RE
influences calcium mobilisation when co-expressed with P2X7RA in HEK293Ts. Stable
transfection of the variants could have aided in studying P2X7Rs activity, however,
due to time restrictions it was not possible to generate these cell lines.

Lastly, although interesting, some results from the TaqMan® splice variant expression
assays should be interpreted with caution as sample size was small in certain cohorts,
i.e. AAV patients with MPO autoantigen or IgAN, and, therefore, may not be
representative of the general disease population. Additionally, P2X7RJ probe used here
detects the P2X7RF variant as well, thus, the expression levels may also reflect possible
changes occurring in P2X7RF mRNA. Nevertheless, P2X7RF is likely non-functional,
since it is severely truncated.

5.4.2 Future Work
Here, using PCR method I showed that P2X7R splice variants are detectable in various
cell types, however, given that some variants may be differentially expressed across
different cell/tissues and conditions (i.e. disease state), future work should include to
assess transcript levels by qPCR.

It was difficult to prove whether the P2X7RE was trafficked to the cell surface with
P2X7RA in cells co-expressing both of the variants by FACS (Figure 5.8C, F). This
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may have been possible to address if a P2X7RE specific antibody was available. To
get around this issue FLAG or HIS tags could be inserted to one or both ends of the
P2X7RA and P2X7RE cDNAs during cloning, which would allow co-detection of both
variants by fluorescence microscopy, thus revealing the receptor expression pattern in
HEK293Ts. Although I attempted this, an insufficient nucleotide gap between the end
of the P2X7R CDS and tag may have caused issues experienced in detection by
fluorescent microscopy and Western blotting. This experiment, therefore, should be reattempted taking into consideration the nucleotide gap between end of CDS and
beginning of tag CDS. The individually tagged constructs can also be used to identify
the

assembly

of

P2X7RA

and

P2X7RE

(homo/heteromerisation)

by

co-

immunoprecipitation and chemical cross-linking techniques. Moreover, cell lines stably
expressing P2X7RA, P2X7RE and P2X7RA/E can be established to allow more
effective and easier investigation of receptor activity, i.e. dye uptake and Ca+2
mobilisation, which was difficult to do in the transient expression system described
here due to relatively low transfection efficiency (20-30%) (data not shown).

Due to time restraints P2X7RJ was not further studied in this piece of research,
although a construct in pEGFP-N1 was established. Given the changes detected in the
expression levels of P2X7RJ in AAV patients, it will deem valuable to shed a light on
the role of P2X7RJ in haemostasis and inflammation. To do this, P2X7RJ can be overexpressed using retroviral transduction or knocked-down using siRNA in cells such as
primary human macrophages, T-cells and THP-1s, and studied in more detail for its
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possible effects on P2X7R-associated downstream effects, which is not possible in
HEK293s as they lack the machinery required for most of the inflammatory processes,
i.e. inflammasome activation and cytokine release. P2X7RE can also be investigated
in a similar manner.

The sample size for GN patients, particularly those with IgAN and ANCA/MPO in
remission, in the TaqMan® assay was small. For this reason, the cohort should be
expanded and further categorised in sub-classes i.e. active disease state or disease in
remission and MEST-C category for IgAN. In addition, any effect of treatment on
P2X7R splice variant expression levels could be analysed.
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5.5 Summary
In this chapter, I showed that most of the P2X7R splice variants mRNAs can be
specifically detected in renal cells and immune cells, including primary human
macrophages and PBMCs. However, it is not possible to exclusively identify mRNAs
for P2X7RA, -B, -G and -H as they share common sequence with all of the splice
variants. In this chapter, I have shown for the first time that the P2X7RE splice
variant is not subject to nonsense-mediated decay but can be transiently expressed as
a mature protein in HEK293 cells. However, on its own this variant cannot function
as a pore, which was not a surprising finding as P2X7RE was not detectable on the
cell surface. Moreover, co-expression of P2X7RE with P2X7RA does not seem to have
an obvious effect on large pore formation. Lastly, I have shown that in PBMCs,
P2X7RJ mRNA is downregulated in both the active and remission state of AAV when
compared to healthy controls. My data also revealed that the P2X7RE transcript may
be downregulated in patients with IgAN as detailed in cross-comparison analysis.
Taken together, these data suggest that P2X7RJ and P2X7RE may be differentially
regulated in physiological conditions, which may be subject to reprogramming during
disease state, i.e. in active AAV and IgAN, and thus could have functional
consequences for the disease.
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5.6 Supplementary Figures

Figure S 5.1 CMV/IRES promoter induced transient expression of
P2X7Rs in pTandem-1 plasmid.
P2X7RA (blue arrow) expression was at the MCS1, whereas, P2X7RB (orange arrow)
and P2X7RE (red arrow) was under IRES at MCS2. The IRES driven expression is
markedly lower for P2X7Rs at MCS2, which is seen in P2X7RB, P2X7RE alone or
when co-expressed with P2X7RA. Arrows indicate the expected band size for respective
proteins. GAPDH was used as loading control.
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Figure S 5.2 Endogenous detection of P2X7R protein from lysates of
healthy human PBMCs
PBMCs from a healthy individual was lysed and assessed for P2X7R protein expression
by Western blotting technique using Alamone anti-P2X7R (#008). Full-length P2X7R
is detected at approximately ~70-76 kDa (indicated with orange arrow), confirming
the endogenous detection of the receptor by Alamone antibody. B-actin was used as
loading control.
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Figure S 5.3 Assessing cross-reactivity of mouse specific anti-P2X7R
antibody.
HEK293T cells were transfected with P2X7RA-pTandem-1 plasmid and analysed for
surface P2X7R expression using an anti-mouse anti-P2X7R (P2X7R-Miltenyi) and a
human specific anti-P2X7R (P2X7R-Alamone 008). Both antibodies stained surface
P2X7R with similar efficiencies (%58.4 and %54.4 respectively) when compared to
mock transfected cells, confirming cross reactivity of the anti-mouse P2X7R-Miltenyi
antibody with human-P2X7R.
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A

B

C

Figure S 5.4 Raw Ct values from TaqMan® assays
Distribution of raw Ct values of reference gene, RPLP0, P2RX7, P2RX7E and
P2RX7F/J obtained from TaqMan® assays across all AAV patients (n=32) (A),
IgAN patients (n=9) (B) and healthy individuals (n=13) (C). Abbreviations; Ct:
Cycle threshold.
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6.

Conclusion

6.1 Discussion

6.1.1 Enhanced circulatory IL-18 in GN
This study examined the role of P2X7Rs in the canonically activated NLRP3
inflammasome and subsequent release of IL-18 in IgAN and AAV, however, it remains
unclear whether the enhanced circulatory level of IL-18 is NLRP3/P2X7R mediated in
these entities of GN. Furthermore, it remains uncertain whether enhanced circulatory
IL-18 is due to impaired IL-18BP production in the IgAN patients assessed here. In
any case, as a consequence of insufficient IL-18BP in the circulation, IL-18 is not
neutralised, and thus, may be potentially bioactive.

On a parallel note, recently a gain-of function single-nucleotide polymorphism (SNP)
in the promoter region of IL-18 (607A>C) was found to be relevant to the increased
susceptibility to IgAN in a Chinese Han Population330. The study showed that this
SNP was significantly more common in IgAN patients than in healthy controls,
however, there was no association between the carriers of this SNP and clinical indices
and disease severity of IgAN nor there was a cross-analysis of enhanced serum IL-18
versus SNP frequency in the tested population. Therefore, it is difficult to say whether
there is a direct relationship between this SNP and the raised IL-18 in the serum.
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Whether a similar SNP may be relevant in our cohort will require further investigation,
however, data from this study reveals that raised IL-18 was at least relevant to disease
entity and may be potentially aggravating inflammation in the circulation or in the
kidney. Moreover, my demonstration that podocytes within IgAN biopsy specimens
exhibit raised NLRP3 levels suggest that the source of this cytokine may include
podocytes in IgAN. In contrast, lack of NLRP3 protein in the kidney and upregulation
of NLRP3 mRNA from PBMCs suggests a systemic origin of IL-18 in patients with
AAV.

Canonical activation of the NLRP3-inflammasome via P2X7R is a well-established
phenomenon in immune cells, particularly in monocytes and macrophages286, and has
been further validated in this study. I also found elevated levels of the P2X7R in
PBMCs from a small cohort of IgAN patients, which may be contributing to excessive
NLRP3-activation in these individuals and subsequently raised circulatory IL-18.
Conversely, the NLRP3 mRNA was not significantly upregulated in IgAN patients
when compared to healthy controls. Nevertheless, as PBMCs include several types of
immune cells that are known to express different levels of P2X7R299,331, it is likely
that PBMCs subpopulations would reveal differential NLRP3 mRNA expression in a
cell-specific manner.

The mechanism of NLRP3-inflammasome activation is less defined and contradicting
in intrinsic renal cells57,77,109,292,293,300,307. For instance, previously rat mesangial cells
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were demonstrated to be capable of upregulating NLRP3 protein and IL-1β in response
to canonical stimulation (LPS)300, whereas another group reported that this failed to
induce synthesis of IL-1β from mouse mesangial cells109. On that note, my in vitro
findings (discussed in more detail in the next section) might suggest a P2X7Rindepdent production of IL-18 from renal cells in IgAN.

Non-canonical activation of NLRP3 has been implicated in renal disease before. For
instance, although NLRP3- and ASC- deficiency proved beneficial in a lupus nephritis
experimental model, the lack of either did not suppress the expansion of B-cells and
T-cells that was associated with aggravated lupus nephritis as opposed to controls332.
Similarly, NLRP3-activation seems to be non-canonical in tubular epithelial cells as
shown in vitro in HK2 cells, where cells exposed to albumin were able to activate and
cleave caspase-1, and subsequently release IL-1β and IL-1877.

6.1.2 Lack of cytokine production from renal cells
In this study, I showed that intrinsic renal cells do not respond to canonical-activation
(LPS and ATP) of the NLRP3-inflammasome, as IL-18 and IL-1b were not detected
from cell supernatants. This came as a surprise since these cells expressed both procaspase-1 and P2X7R at steady state and both podocytes and HK2 cells were able to
upregulate P2X7R at the cell surface in response to 30 mM of D-glucose and 2 ng/mL
of TNF-a conditioned media respectively. Furthermore, both podocytes and tHMCs
were capable of mobilising calcium into intracellular stores upon high ATP treatment,
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although this flux was not affected by the P2X7R antagonism. Whilst these findings
suggest that A438079 may be ineffective against P2X7R isoforms, such as P2X7RB, I
showed that large-pore formation was blocked in HEK293Ts expressing P2X7RA and
P2X7RE. This observation evidences the fact that A438079 is effective in blocking any
potential functional consequence of P2X7RE over the full-length receptor, nonetheless,
it remains unknown whether this would be the case for cells expressing
P2X7RA/P2X7RB or P2X7RB alone. Furthermore, my findings may also suggest the
presence of non-functional P2X7Rs in intrinsic cells, which may, therefore, be
irrelevant in kidney and GN. However, full-length receptor or other isoforms may be
upregulated in response to a more unique stimuli found in GN, i.e. polymeric IgA or
ANCA.

Previously, a crosstalk between P2X7R and Panx1 ion channels has been described,
although controversial333,334. Numerous studies suggested that Panx1 is involved in
large pore formation by P2X7R by physical interactions and lack of it would, therefore,
affect P2X7R activity, other workers however have refuted this idea181. Previously,
researchers observed that Panx1 inhibition selectively blocked P2X7R-induced dye
uptake335. They also showed that Panx1 is an indispensable factor in P2X7R-mediated
release of mature IL-1b in LPS-primed mouse and human macrophages as well as in
human THP-1 cells. In contrast, LPS-primed BMDMs devoid of Panx1 were able to
induce caspase-1 cleavage and subsequent release of IL-1b and IL-18 in response to
high ATP336. Similarly, inhibition of Panx1 had no effect on BzATP-induced dye
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uptake in human microglia296. Formerly, researchers showed Panx1 protein expression
was enriched in murine podocytes in the glomerulus337, proximal tubules, loop of Henle
and the collecting duct system338. These observations would suggest that here the lack
of P2X7R pore formation in podocytes and HK2 cells cannot possibly be due to the
lack of Panx1.

P2X7R overexpression has been reported in numerous cancer cells, however, the lack
of cell death in cancer cells came as surprise, considering the capacity of P2X7R to
induce cell death339. It is believed that these observations may be due to the presence
of non-functional P2X7Rs expressed by the diseased cells. This hypothesis is partially
supported by several studies suggesting non-functional confirmation of the full-length
receptor. Non-functional P2X7Rs were first identified in lymphocytes from a subpopulation of patients with B-chronic lymphocytic leukaemia, where a portion of
patients’ lymphocytes, although positive for surface P2X7R, lacked the large pore and
cation selective ion channel formation in response to ATP or BzATP340. Specific
detection of the non-functional P2X7Rs were later evidenced on cancerous breast
lesions using an antibody raised against an extracellular epitope located in close
proximity to the

eATP binding pocket, which is unavailable in the functional

P2X7R341. Moreover, researchers found that the non-functional P2X7Rs were highly
expressed in various cancer pathologies as opposed to normal tissue342. It is believed
that the ATP-induced channel and large pore formation is abolished due to loss of a
positive charge at the putative ATP-binding site or loss of a negative charge at in
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intracellular location341. Furthermore, the transformation from functional to nonfunctional receptor confirmation may be also due to interruption in the P2X7R
packaging and trafficking due to the presence of these epitopes.

It is also likely that genetic factors play a pivotal role in the P2X7R phenotype.
Previously, researchers showed that among healthy donors, some show minimal dye
update in response to high ATP as opposed to rest of the donors343. Similarly, Gu et
al. demonstrated that homozygosity of the SNP causing a glutamic acid substitution
to alanine at amino acid 496 generates a non-functional surface P2X7R, whereas,
heterozygosity for this SNP leads to cells with half of the potency of germline P2X7R
protein344. A large number of non-synonymous SNPs have been identified in the P2X7R
gene that have been shown to affect full-length receptor function, and are associated
with many different conditions, such as mental disorders, chronic pain, obesity, gout,
and osteoporosis136,198,345–348. Moreover, P2X7R functionally can also be modulated by
its splice variants. One of the two previously described spliced variants, P2X7RJ,
which has a dominant negative effect when co-expressed with the full-length receptor,
is also overexpressed on cervical carcinoma cell lines and is believed to inhibit the
receptor pore function, thus, protecting cancer cells from cell death237. These
observations suggest that functional phenotype and expression of the P2X7R is
influenced by genetic predispositions as well as its splice variants.
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Although the cells studied in this work possess the in vivo phenotype of mesangial cells,
biological functions are likely to change upon transformation/immortalisation and
during culture in an isolated environment. Therefore, results obtained from these cells
should be interpreted with caution. Given the potent apoptotic properties of P2X7R
due to its ability to induce large membrane pores, the presence of non-pore and nonion channel forming P2X7Rs, even under pro-inflammatory conditions, may suggest a
tight regulation of this receptor in renal cells through other mechanisms. For instance,
considering the potential role of lipid rafts, particularly cholesterol, in controlling
P2X7R large pore formation182, it is tempting to speculate that the receptor poreactivity may be affected in podocytes, which are enriched in lipid-rafts containing
cholesterol and other unsaturated fatty acids at the plasma membrane349.

The observations made in this thesis suggest that any renal derived circulatory IL-18
in IgAN may be produced in a P2X7R-independent manner. Nonetheless, this does not
take into consideration the fact that the full-length P2X7R may be upregulated on the
surface of renal cells by disease-specific stimuli i.e. polymeric IgA in IgAN and ANCA
in AAV, subsequently promoting NLRP3-inflammasome activation.

6.1.3 Differentially regulated P2X7R splice variants in GN
In this study, I have shown that mRNAs for all the P2X7R splice variants are present
in intrarenal cells as wells as in primary macrophages and PBMCs at steady state. I
have also shown that P2X7RE, a previously undescribed P2X7R splice variant can be
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expressed as a mature protein. My investigations to date suggest that P2X7RE does
not influence canonical pore activity when co-expressed with the full-length receptor.
Its effect on Ca+2 mobilisation and K+ efflux is currently unexplored. P2X7RE may
be a non-functional isoform, however, further work is required to reach a definitive
conclusion.

My studies, in common with previous works by others with P2X7RB and P2X7RJ,
have used transient expression systems to investigate the effect of P2X7R splice variant
co-expression on the full-length receptor, but the endogenous expression of the P2X7R
splice variants remains unclear. Furthermore, splice variants were only studied
individually or co-expressed with the wild-type P2X7R; thus, it is unknown to what
degree P2X7R splice variants, other than P2X7RA, can form oligomers within
themselves.

Nevertheless, here I have shown that P2X7RE and P2X7RJ are differentially expressed
in PBMCs from healthy individuals, and that P2X7RJ expression is significantly
downregulated in PBMCs from AAV patients as opposed to IgAN patients and healthy
individuals. This decrease in P2X7RJ expression was particularly strong in patients
with ANCA against the PR3 antigen, regardless of their disease state. Previously,
P2X7RJ was shown to have a dominant negative effect on the full-length receptor237.
Therefore, it is possible that the downregulation of potentially regulatory P2X7RJ may
be causing overaction of the full-length P2X7R in PBMCs in the circulation, thus
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promoting enhanced NLRP3-inflammasome activation and subsequent IL-18 release
from patient PBMCs. This may explain the enhanced levels of IL-18 in the serum
observed in AAV patients as demonstrated in Chapter 3. Furthermore, crosscomparison analysis reveals that the P2X7RE transcript may be downregulated in
patients with IgAN, even though group analysis showed no significant differences when
compared to healthy individuals. It is currently difficult to interpret this data without
knowing the functional consequence of P2X7RE expression or co-expression with
P2X7RA on the cell surface, or intracellularly.

P2X7R needs to be correctly assembled in the ER and trafficked to the cell surface in
order to be fully functional, at least in some immune cells271. Moreover, researchers
have shown that membrane P2X7R density as well as the concentration and type of
ions in the extracellular milieu are crucial in regulating receptor pore activity and
subsequent IL-1β release350. In addition, P2X7R-activity may be further modulated by
the formation and expression of heterotrimeric isoforms, where the full-length monomer
assembles with truncated variants. Recently, Benzequen et al. proposed several SNPs
association with P2X7RJ splicing351. I speculate that an intronic SNP at a splicing site
may be leading to reduced splicing of P2X7RJ from P2X7R pre-mRNA in AAV. The
majority of these SNPs have low minor allele frequencies, thus, it’s difficult to predict
their involvement in health and disease. However, one of the identified intron variants,
rs28360455, displays high frequency, particularly in Western Europe ancestry239. Thus
far, there are no studies linking this SNP with P2X7R alternative splicing, or with
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AAV, however, it is tempting to speculate the existence of such an association.
Alternatively, SNPs in the spliceosome or its components352 may also explain the
reduction in P2X7RJ transcript, as there is also a downward trend (although not
significant) in P2X7RE expression compared to healthy individuals, (Figure 5.11, 5.12).

Alternative splicing is an important cellular mechanism that determines binding
properties, intracellular mobility, enzymatic activity, protein stability and also post
translational modifications through enriched protein isoforms that have derived from
a relatively low number of human genes353. A defect in the spliceosome responsible for
splicing of P2RX7 gene could also explain the downregulation of P2X7RJ observed in
PBMCs from patients with AAV versus healthy individuals. Understanding the
function of protein isoforms resulting from alternative splicing is crucial to advance
our understanding of systems biology. P2X7R splice variant functions so far remain
largely elusive175–177,237. Wild-type P2X7R hetero-oligomerisation with its splice
variants may represent an important regulatory mechanism for receptor function,
particularly in haemostasis, which may be reprogrammed in the disease state.

6.2 Future directions
The results reported in this study suggests that further investigation is necessary to
further elucidate the role of P2X7R in the pathogenesis of GN, and potentially in
homeostasis.
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6.2.1 Identification of source of IL-18 in IgAN and AAV
The analysis conducted on patient serum samples revealed that circulatory IL-18 is
enhanced in patients with IgAN and AAV. My results suggest that in both entities the
source of this cytokine is different, thus it would be important to better understand
the source and mechanisms by which IL-18 is generated in IgAN and AAV in order to
reveal biomarkers of disease and new therapeutic targets. In IgAN, my results propose
a potentially renal/podocyte origin of IL-18 due to increased NLRP3 activity detected
in patient biopsy samples. As mentioned earlier, double-immunohistochemical staining
of NLRP3 with a podocyte marker would aid in identifying the localisation of NLRP3protein. Following this, in situ hybridisation or RNA-scope targeted against the IL-18
transcript would provide fundamental insight into whether this cytokine is upregulated
from IgAN renal tissue. Alternatively, using the laser capture microdissection (LCM)
method, renal glomerulus or specifically podocytes from patient biopsy samples could
be isolated and subsequently analysed for NLRP3-inflammasome components.

In AAV, as opposed to IgAN, the primary source of IL-18 appears to be in the
periphery. To further validate this, PBMCs from AAV patients can be collected and
tested for IL-18 mRNA. Moreover, PBMCs lysates can be assessed for pro-IL-18 levels
by Western blotting and compared to healthy donors. AAV patient PBMCs can also
be cultured in the presence of an inflammatory stimuli, i.e. LPS, ANCA (isolated from
AAV patients), and/or ATP to see whether IL-18 production is more robust in patients
versus healthy donors. Additionally, a P2X7R antagonist could also be used in this
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system to unravel the potential role of P2X7Rs in IL-18 production from diseased cells
in AAV.

Urinary IL-18 is generally accepted as a biomarker for acute kidney injury and have
been proposed as an alternative to sCR test to aid early diagnosis and prediction, and
also to exploit as a mediator of specific renal injury subtypes102,354. Previously, elevated
urine IL-18 was also detected in patients with acute tubular necrosis as well as other
renal pathologies, including urinary tract infection, chronic renal insufficiencies and
diabetic nephropathy355,356. In parallel to above mentioned points, urinary IL-18
measurement may deem useful as future work to understand the extend of the renal
injury in GN. It was not possible to measure urine cytokine levels here as only patient
serum samples were obtainable.

6.2.2 Investigating the activity of P2X7R in intrinsic renal cells
My studies suggest that the renal cells tested here do not produce NLRP3inflammasome cytokines in response to canonical stimulation (LPS and ATP).
Nevertheless, these cells express and can upregulate non-large pore forming P2X7Rs,
suggesting that the raised IL-18 observed in the sera of IgAN patients may be
generated in an NLRP3/P2X7R independent manner in the kidney. On that note,
these cells were studied in isolation, thereby, excluding the potential effects of crosstalk
between cells that may be occurring in the microenvironment of the kidney.
Furthermore, the GN disease associated stimuli may produce differential effects. For
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this reason, it is important to study these cells in a co-culture environment and assess
the effect of disease specific stimuli. To do this, cytokine release may be tested in the
intrinsic renal cells in response to, i.e. polymeric IgA or ANCA purified from patients
and/or high ATP. Moreover, these cells can be cultured together using a trans-well coculture system, i.e. podocytes and mesangial cells, podocytes and GEnCs, podocytes
and HK2 cells, and observed for cytokine production and P2X7R expression and
function, i.e dye uptake and calcium mobilisation. In the trans-well co-culture system
conditioned media from immune cells can also be used.

In this study, cytokine production and P2X7R activity was not studied extensively in
immune cells, such as in macrophages, DCs and monocytes. For instance, immune cells
can be stimulated with canonical stimuli (LPS) as well as inflammatory mediators
employed in this study, i.e. high glucose and TNF-α, and the expression and activity
of P2X7R can be investigated. Furthermore, the immune cells could be stimulated
with polymeric IgA or ANCA directly or polymeric IgA or ANCA-conditioned media
from intrinsic renal cells to test whether pIgA or ANCA might mediate effects directly
or indirectly on expression and function of surface P2X7R, as well as NLRP3/P2X7Rmediated IL-18 and IL-1β production.
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6.2.3 The effects of P2X7R splice variants on the original
receptor function
I demonstrated here for the first time that, the previously presumed non-translated,
P2X7RE can be expressed as a mature protein and be co-expressed with the full-length
receptor. Moreover, I showed that P2X7RE, as well as the previously identified P2X7R
splice variants are expressed in both intrinsic renal cell lines and primary cells.
Although the functional influence of P2X7RE over the full-length receptor remains
unclear, further experiments can be conducted to elucidate this as previously described.
To do this, firstly cells stably expressing P2X7RE and P2X7RA/E should be
established. Indeed, each truncated variant could be expressed and co-expressed with
one another, and analysed for surface expression, channel/pore activity in
ATP/BzATP-dependent manner.

Interestingly, PBMCs isolated from AAV patients, specifically those with anti-PR3
ANCA, presented with significantly downregulated levels of P2X7RJ, the splice variant
which was previously demonstrated to have a dominant negative effect when coexpressed with the full-length receptor237. I speculate that the downregulation of this
variant may be causing overactivation of surface P2X7R, therefore, causing enhanced
IL-18 release in the circulation. Within the PBMC population, IL-18 would be
produced by monocytes and dendritic cells95. Therefore, it is important to identify
exactly which type of cells within PBMCs population have decreased P2X7RJ mRNA.
PBMCs are mixture of mononuclear cells including, lymphocytes (T-cells, B-cells and
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natural killer cells), monocytes and dendritic cells. In humans, PBMCs are typically
70-90% lymphocytes, 10-20% monocytes and 1-2% dendritic cells, although the
frequencies of these populations can vary across individuals357.

If the P2X7RJ

downregulation observed in AAV patients is associated with monocytes or DCs, these
cells can be isolated and tested for IL-18 production in vitro. Additionally, these cells
can be tested for dye uptake to assess large pore formation. To correlate the results,
the serum IL-18 levels should also be evaluated. Furthermore, surface P2X7R
expression can also be analysed in specific cell types to see whether P2X7RJ
downregulation would have an effect on the surface P2X7R levels.
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6.3 Summary of findings
Taken together, data presented here contribute to a relatively limited pool of published
studies that link NLRP3/IL-18 to GN in human. My findings also suggest that human
renal cells may express non-functional P2X7R splice variants that are regulating the
canonical receptor activity. Moreover, P2X7RJ may be associated with AAV and there
may be functional consequences of the downregulated P2X7RJ, particularly, in AAV
patients presenting with ANCA against PR3 protein. Although, the investigation of
clinical data here is limited by the small sample size, these results can have implications
in GN and should be further explored. The points below summarise the findings
presented in this study;

1. Circulatory IL-18 is significantly upregulated in patients with AAV and IgAN.
The augmented IL-18 in the serum may be due to impaired production of IL18BP in IgAN patients. Levels of IL-18BP in AAV were not tested in this study.
2. IL-18 in the circulation may be largely originating from the kidney in IgAN
based on enhanced NLRP3 expression found in the renal biopsies from patients.
On the other hand, in AAV a peripheral origin is suggested as NLRP3 mRNA
expression was enhanced in patient PBMCs, but not in renal biopsy sections.
Nevertheless, kidneys may also be contributing to increased cytokine levels in
AAV as a trend towards increased NLRP3 was observed.
3. In the case of renal origin of cytokines, podocytes are the most likely candidates
in mediating canonical activation of NLRP3 despite lacking large pore forming
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P2X7Rs on the cell surface as these cells were capable of upregulating
transcripts of NLRP3-inflammasome components in response to LPS.
Furthermore, following an appropriate stimulus, podocytes, as well as HK2 cells,
can upregulate surface non-large pore forming P2X7Rs.
4. A previously undescribed P2X7R splice variant, P2X7RE, which was presumed
to be non-translated, can be transiently expressed in HEK293Ts, although may
not influence full-length receptor large pore formation. Nonetheless, this variant
is trafficked to the cell surface when co-expressed with P2X7RA and thus, may
have a functional impact on the full-length receptor.
5. P2RX7J is markedly downregulated in PBMCs from AAV patients, particularly
in those presenting with anti-PR3 ANCA. Given that P2X7RJ has a dominant
negative effect on the full-length receptor, downregulation of this variant may
be leading to overreactive surface P2X7Rs in PBMCs. Moreover, P2X7RE may
also be downregulated in active IgAN patients as revealed by cross-analysis
between the total P2RX7 versus P2RX7E.
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