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Abstract

The anti-neutrophil cytoplasm antibody (ANCA) associated vasculitides (AAV) are a group of systemic
autoimmune diseases characterised by inflammation of small blood vessels and the presence of
circulating ANCA. Neutrophils are central to disease pathogenesis; they are target of the autoantibody,
ANCA, and contribute to vascular damage. Cell deformability has a marked impact on trafficking of
neutrophils through microvasculature and neutrophil-endothelial interactions. Inflamed vasculature is
characteristically hypoxic, a stimulus which enhances neutrophil secretion and delays apoptosis. The
aim of this study was to investigate morpho-rheological phenotype of neutrophils from patients with

AAYV, and how this may contribute to endothelial injury in hypoxic environments.

A novel technique, Real Time-Deformability Cytometry (RT-DC), was used to identify mechanical cell
signatures. Results presented identified a distinct morpho-rheological phenotype of neutrophils in
patients with active AAV, compared to those in remission and healthy controls (HC), with changes in
cell size, deformation, and elasticity. In keeping with this, in vitro stimulation of neutrophils with MPO-
or PR3-ANCA IgG leads to decreased deformability of cells in comparison to HC-IgG stimulated cells.
MPO- and PR3-ANCA promote NETosis and actin polymerisation; both mechanisms are reduced under
physiological venous oxygen tension (5% O-) but are enhanced under pathological hypoxia (1% O).
MPO- or PR3-ANCA stimulation and hypoxia synergise to impact neutrophil-endothelial cell
interactions, demonstrated by changes in adhesion protein secretion levels and neutrophil

transendothelial migration through glomerular endothelial cells in co-culture.

In conclusion, ANCA- and hypoxia-induced morpho-rheological changes in neutrophils may influence
cell trafficking through microvasculature and potential for neutrophil-mediated endothelial injury, thus
contributing to the pathogenesis of AAV. It is possible distinct biophysical properties of neutrophils in
patients with aAAV promote endothelial injury. Collectively these findings indicate biomechanical
phenotyping can identify pro-inflammatory neutrophils with increased endothelial damage capacity in

active vasculitis, with implications for diagnosis and guiding response to treatment.
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1.1. Neutrophils

In humans, neutrophils are the most abundant cell type in the peripheral blood and large
numbers are produced in the bone marrow daily (1). Generated in the bone marrow from
myeloid precursors, neutrophils undergo a process of development called granulopoiesis
beginning as myeloblast, then maturing through a promyelocyte, myelocyte, metamyelocyte,
and band cell, to a polymorphonuclear segmented cell (2). In health, immature neutrophils
mature in the bone marrow for 4-6 days, before being released into the blood where they remain
for several hours, and arguably up to approximately 5 days, although this timescale is still under
debate (1,3-5). In tissue, neutrophils are typically expected to have a lifespan of 1-2 days (6).
During different stages of maturation, four types of bactericidal granules are formed in the
neutrophil cytoplasm: i) primary or azurophilic (containing myeloperoxidase (MPO),
proteinase 3 (PR3), cathepsin, and neutrophil elastase (NE)) (7-9), ii) secondary (containing
lactoferrin) (10—12), iii) tertiary (containing matrix metalloproteinase 9 (MMP9)) (13,14), and
iv) secretory vesicles, but this is not a complete list of prepackaged proteins. Neutrophils are
defined as granulocytes due to the presence of these cytoplasmic granules and are
characteristically polymorphonuclear, with a multi-lobed nucleus. These properties may
contribute to neutrophils deformable capabilities in the vasculature and endothelial cell (EC)

junctions, which will be discussed further in section 1.3.3. (15,16).

1.1.1. Programmed functions

The key function of neutrophils is to kill pathogens upon activation; their main effector
functions and mechanisms include phagocytosis, degranulation, and neutrophil extracellular
trap (NET) formation. Phagocytosis is the process of engulfing bacteria into a vacuole, called
the phagosome, for destruction (17). Degranulation is the process whereby neutrophil granule

contents are assembled for movement intracellularly to eliminate pathogens within the
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neutrophil phagosome or are released extracellularly to kill external pathogens (18,19). The
respiratory, or oxidative, burst occurs because of increased oxygen consumption leading to
increased production of reactive oxygen species (ROS), modulated through Nicotinamide
adenine dinucleotide phosphate (NADPH), oxidase activity, an enzyme complex which
produces superoxide anion (O2") (20). For neutrophils to carry out these key responses, they
must undergo a two-step activation process, a mechanism implemented to prevent inapt
stimulation in the circulation (21). This includes an initial phase of “priming”, allowing the
neutrophil to enter a pre-activated state, before a secondary activating stimulus triggers the
neutrophil to enter its fully activated, cytotoxic state (22,23). Once activated, dependent upon
the circumstances of stimulation, neutrophils employ the appropriate programmed mechanism

to perpetuate or resolve the state of acute inflammation or clear up a site of infection (24).

Neutrophils are highly plastic cells which exhibit manifold phenotypic and functional
signatures contributing to innate and adaptive immune responses (25). Neutrophils can alter
their functional status in response to immuno-modulating signals or change physical shape (26)
to navigate through narrowed constrictions of the capillary beds. In the innate immune
response, neutrophils have a key role in dampening acute inflammatory response through
cytokine release in addition to having a pro-inflammatory function; while in adaptive
immunity, neutrophils are involved in contributing to chronic inflammation (27-29).
Neutrophil’s role in inflammation and interaction with other immune cells will be discussed

further in sections 1.2.12. and 1.2.13.

1.1.2. Functional responses in disease

The role of neutrophils in health involves carrying out pathogen killing mechanisms for

immune defence, including degranulation, phagocytosis, and NETosis. Of these many
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mechanisms acting as immune system defence strategies, the processes can be disrupted in
disease, potentially enhancing pathogenic responses, and leading to ‘bystander’ tissue injury
(30). Additionally, neutrophils contribute to regulating inflammation and produce cytokines,
such as interleukin-8 (IL-8), which modulate the immune response (31,32). Although
neutrophils are highly effective at pathogen elimination and immune surveillance, excessive or
dysregulated neutrophil activation can be harmful and cause damage to host tissue. In
autoimmune disease, whereby the host improperly recognises self-antigens as foreign, over-
activation of neutrophil effector functions is commonly found. Disease progression in
autoimmunity can consequentially result from dysregulation of main effector functions in

aberrantly activated neutrophils.
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1.2. Neutrophil mechanisms

1.2.1. Primin

Neutrophil priming is a pre-activation state regulating neutrophil responses, which enables a
more robust response to a secondary activating stimulus (21). Neutrophils undergo a state of
priming following exposure to several different agents including tumour necrosis factor (TNF),
granulocyte macrophage-colony stimulating factor (GM-CSF), IL-8 and lipopolysaccharide
(LPS) (31,33). While the exact priming mechanism depends on the activation agent, common
downstream pathways can be activated as reviewed in Futosi et. al 2013 (34). Neutrophils
employ various signalling pathways via activation of different receptors, dependent on which
effector response is required. For example, multiple signalling pathways are activated after
TNF priming, including phosphoinositide 3-kinase (PI3K), nuclear factor kappa-light-chain-
enhancer B (NF-kB), p38, and extracellular signal-regulated kinases (ERK) 1/2, which can
consequentially result in tissue injury (34,36). Once primed, neutrophils become more adhesive
and shed L-selectin, a process regulating several neutrophil mechanisms including recruitment,
signalling, adhesion, and migration (37). When neutrophils are quiescent, they secrete little or
no granule contents or ROS but upon activation, both granule cargo and ROS can be released
extracellularly which results in tissue injury. This process will be further discussed in section
1.2.4. The function of the healthy lung includes de-priming neutrophils, thus returning them to
a quiescent state. This mechanism may fail in inflammation and in disease, inadvertently

releasing primed neutrophils, and therefore increasing circulating neutrophil activation (38).

1.2.2. Morphological changes

In addition to enhancing pathogen-killing mechanisms, priming also alters the morphology of
neutrophils. Neutrophils initially undergo a transient phase of cell shrinkage and stiffening

once primed, then undergo expansion once activated (39—41). This change in cell size is
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accompanied by corresponding changes in cell deformation with smaller cells having low
deformability (stiffer) followed by a sequential increase in deformation (softer) when cell size
increases (41,42). Cell stiffening during neutrophil priming may hinder their ability to transit
through blood vessels, leading to accumulation particularly in the microvasculature such as
pulmonary vessels, and potentially contributing to acute lung injury (43). Neutrophils primed
ex vivo and re-injected become trapped in the lungs (38) and healthy volunteers inhaling LPS
have delayed neutrophil transit through the lungs as a result, with similar findings in patients
with chronic obstructive pulmonary disease (COPD) in the absence of LPS (44). Retention of
neutrophils in the microvasculature has the potential to increase neutrophil-endothelial
interactions, particularly in the lung as seen in the disease setting of COPD (45). The lung can
therefore act as a reservoir for mature neutrophils, harbouring primed neutrophils in the
pulmonary circulation before de-priming and release into the peripheral circulation (38,40).
One of the roles of the lung is to deprime neutrophils as a safety mechanism to prevent primed
neutrophils from circulating; this is thought to be due to repeated mechanical constriction as
they pass through the lung vessels and has been displayed in microfluidic devices using a series
of constrictions to mimic this (46). This mechanism can be faulty in the lung in inflammatory
disease state, resulting in premature release of primed neutrophils from the lung due to a failure
of de-priming (40). Priming agents are present in circulation, therefore at sites of inflammation,
neutrophils can also participate in this cycle of priming, de-priming, and re-priming
spontaneously, outside of the lung, displaying their flexible capabilities (40,46). Primed
neutrophils are also described to be found systemically in patients with trauma or sepsis (47—
50). While priming promotes neutrophil retention in the lung only in disease states, the lung’s

capability to de-prime neutrophils may modulate local and systemic neutrophil responses (40).

1.2.3. Degranulation
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A main pathogen-killing mechanism of neutrophils is the coordinated release of proteolytic
granule contents (51,52). Upon stimulation, granules are directed to translocate within the
cytoplasm and can either fuse with the phagosome or with the plasma membrane, depending
on the stimulus and strength of the activation signal. Receptors, such as Fc-gamma (Fcy) (53),
complement receptor 3 (CR3), and formyl peptide receptor 2 (FPR2), in the neutrophil cell
membrane, once activated, signal to the cytoplasm to secrete granule contents (54-56).
Degranulation, or exocytosis, of preformed granule release first occurs with granule
recruitment (57), and is dependent on calcium signalling (55). Azurophil granules contain the
most potent cytotoxic proteins, such as NE, as well as MPO and PR3, and require the strongest
stimulus for degranulation. Their main role is to fuse with the phagosome to kill pathogens
(16) and they are only released extracellularly when additional excess stimulation occurs, or
when an extracellular pathogen is too large to fully engulf, such as fungal hyphae (58,59).
Granule fusion with the plasma membrane may allow primed neutrophils to present antigens,
or to express granule proteins at the cell surface, including MPO and PR3 (60). Natural
inhibitors of MPO and PR3 after degranulation, ceruloplasmin (MPO) and Alphal-antitrypsin
(PR3) (61,62), can limit the exposure of MPO and PR3 to the healthy immune system (63). In
pro-inflammatory disease states, immune cell activation stimulates the release of
proinflammatory cytokines promoting neutrophil priming, degranulation, and MPO and PR3
cell surface expression (64), which is typically an appropriate response to control pathogens.
If neutrophils are aberrantly or excessively activated in circulation, this may lead to vascular

damage, frequently found in autoimmune rheumatic diseases (ARDs) (65).

1.2.4. ROS and phagocytosis

Neutrophils can respond to infection by engulfing pathogens into the phagosome (66), an

intracellular compartment capable of degrading fungus and bacteria once fused with neutrophil
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granules. NADPH-dependent killing mechanisms occur through degranulation, NET
formation, or generation of ROS, and can eliminate pathogens and microorganisms (67,68).
NADPH oxidase recruitment to the phagosomal membrane can lead to granule activation, and
result in oxidative or respiratory burst within these phagosomes once fused. The release of ROS
through respiratory burst is a pathogen killing mechanism neutrophils can carry out once
primed (20), and opsonisation, or engulfment, of pathogens occurs (69). Although pathogen
killing requires phagosomal ROS, which is generated through NADPH oxidase activation as a
main source, tissue injury can result from extracellular ROS release. If ROS is released
extracellularly, activation of granular proteases occurs, including NE, which can promote
formation of NETs (70). While these mechanisms are programmed as anti-microbial responses,
excess ROS production, degranulation, and overproduction of NETs, can contribute to

endothelial and tissue damage (71).

1.2.5. NETosis

NETosis is a unique type of neutrophil cell death whereby the cells’ granule contents are
expelled into the extracellular space in mesh structures, called NETs. NETs are formed in net-
like structures comprising double-stranded DNA (dsDNA), citrullinated histone peptides (e.g.
citrullinated histone 3 (H3Cit)), and granule derived antimicrobial peptides such as MPO and
PR3 (71). The best studied pathways for the generation of NETosis are those linked to NADPH
oxidase. A variety of stimuli such as PMA, bacteria, immune complexes, or crystals lead to
activation of protein kinase C (PKC) and Ras/Raf/mitogen-activated protein kinase (MAPK)-
extracellular signal-related kinase/extracellular signal-regulated kinase (Ras-Raf-MEK-ERK)
pathways (72). This leads to intracellular ROS production via NADPH oxidase, the release of
neutrophil granule components intracellularly, the migration of these proteases to the nucleus

and chromatin decondensation through histone modification (64,72—76). DNA is then expelled
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through the disrupted plasma membrane. NETs trap foreign bodies such as bacteria (77),
removing them from the circulation, as one of the neutrophil’s anti-microbial defence

mechanisms (78).

1.2.6. Types of NETosis

There are thought to be two types of NETosis, either classical, that occurs by ROS dependent
pathways as described above, which results in programmed cell death, or vital, whereby
neutrophils are speculated to remain viable and functional, although vital NETosis remains
controversial. Viable NET formation is thought to occur through either ROS-independent
mechanism, which rely on nuclear NET formation (79), or ROS-dependent NET formation,
that relies on mitochondrial NET formation (80). In non-lytic nuclear chromatin release, the
neutrophil is thought to then survive without a nucleus and be capable of phagocytosis, but it
is questionable whether this is possible (79). Although, it is unclear how rupture of the
mitochondrial membrane may occur (80), in vital NETosis, NETs may therefore have a
proinflammatory effect rather than bacterial killing effect (82). NET pathways are also thought
to be linked to autophagy, a process by which intracellular degradation occurs facilitating
protein and organelle turnover (83). Due to the complicated mechanisms and multiple
pathways involved in autophagy, how ROS and NETosis impact on this process are not
completely understood. Although there is speculation that mitochondrial ROS provides the link
between ROS and autophagy, by contributing to NADPH oxidase activation and NET
induction being mitochondrial ROS (84), which results in inflammation and the release of
mitochondrial DNA. Yet, some studies have shown autophagy and NETosis may not be linked
(85). Alternative pathways for NADPH oxidase independent NETosis have been identified
through a mechanism of calcium influx with NETosis occurring in response to calcium

ionophores (86). Neutrophils may have low numbers of mitochondria (87,88) in comparison to
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other leucocytes, but nonetheless thesis mechanisms are thought to contribute to programmed

cell death.

1.2.7. Regulators of NETosis

While ROS contributes to autophagy (89), and the amount of intracellular ROS can regulate
whether NETosis will occur after autophagy (90,91), the role of ROS in NETosis is still
controversial. In some settings, NETs are thought to be calcium dependent (92,93). NE role in
NETosis is cleaving histones, which definitively contributes to chromatin decondensation (75).
Prompted by ROS and MPO, NE is translocated to the neutrophil cellular membrane once
released from neutrophil granules where it then activates breakdown, or proteolysis, of
neutrophil proteins (114). In turn, these mechanisms regulate neutrophils undergoing NET
formation, and additionally promote actin cytoskeleton disassembly (64,75). Previous studies
have shown NET formation is also dependent on cell lysis induced by multiprotein complexes
such as Gasdermin D (GSDMD), a protein involved in key processes in controlling membrane
permeability (94). Yet, recent developments have shown agonist induced NET formation
independent of GSDMD can occur and does not result in cell lysis, in addition to these NETs

forming from viable neutrophils through inflammasome activation (95).

Peptidyl arginine deiminase 4 (PAD4) is described in many studies to be essential to NET
formation, by converting arginine to citrulline in histone proteins. Some studies suggest that
auto-citrullination of PAD4 decreases its capability to interact with histone deacetylase
(HDAC) (96) and hyper-citrullination of PAD4 induces chromatin decondensation. As a result,
chromatin unfolding occurs, which promotes NET formation, particularly when PAD4 is
overexpressed. PAD4 is a calcium dependent enzyme and some in vitro studies have suggested

that for activity it requires intracellular calcium levels between 10-8-10" molar, far higher than
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found in normal homeostasis but which may be present following cell damage (97), but PAD4
citrullination is also proven to be calcium dependent (98,99). There is conflicting evidence as
to whether PAD4 is ROS dependent or not with some studies suggesting it is downstream of

NADPH, but others suggesting calcium can activate PAD4 independent of ROS (100, 101).

Influx of intracellular calcium and calcium ionophores have been shown to contribute to
NETosis progression through regulation of actin disassembly (102,103). Time lapse
microscopy has confirmed the role of actin cytoskeleton disassembly in allowing for NETosis
to begin (104). Upon the usage of pharmacological agents (105,106) or through genetic defects
(107), inhibiting actin assembly has also confirmed actin involvement and the importance of
the cytoskeleton in NET formation (108). For NE to be translocated to the cell surface (64),
neutrophil cytoskeletal rearrangements and endomembrane disassembly needs to occur. This
is another mechanism displaying the important of actin in NET formation as NE is necessary

for histone hydrolysis, in turn facilitating chromatin decondensation (75).

1.2.8. NETosis and Cell death pathways

NETosis differs from apoptosis and pyroptosis as the apoptotic mechanism prevents the release
of neutrophil histotoxic contents, and the pyroptotic mechanism retains DNA during cell lysis
(109). Receptor-interacting protein kinase (RIPK1/3)/Mixed lineage kinase domain-like
pseudokinase (MLKL)-dependent necroptosis, PI3K (110), or PAD4 dependency (98,99,111),
and complement activation (112) have all been identified in pathways involved in NETosis.
Necroptosis is a form of neutrophil programmed cell death, with features of both apoptosis and
necrosis but without the typical morphological features of apoptosis such as membrane
blebbing. RIPK1 activates RIPK3/MLK1-dependent necroptotic death, leading to downstream

PAD4 activation for promotion of chromatin decondensation, and expulsion of NETs is
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presumed to occur. Currently, more is known about PAD4’s involvement in this pathway in
murine neutrophils than human neutrophils cellular mechanisms, and human and murine

neutrophils significantly differ as reviewed in Nauseef et. al 2022 (113).

1.2.9. NETs in auto-immune and auto-inflammatory diseases

While neutrophils are responsible for eliminating pathogens intra- and extracellularly through
phagocytosis, degranulation, and NET formation, many ARDs promote an increase in these
neutrophil pathogen killing mechanisms with a consequence being inadvertent host tissue
damage (115,117). Based on the stimulus, neutrophils will release NETs when in their activated

state, comprising different components (116).

There have been studies characterising NETs in several ARDs, including Familial
Mediterranean Fever (FMF), a neutrophil and NETosis dependent, heritable autoinflammatory
disorder (118). During FMF attacks, an influx of neutrophils are recruited to sites of tissue
injury, resulting in NET release. In vitro experimentation showed these NETs to be decorated
with IL-1PB, identifying a potential source of IL-1B production in FMF. Additionally,
neutrophils from patients with remission FMF are not responsive to induced NET production

in vitro (118). Anti-IL-1p is a treatment strategy used to dampen inflammation in FMF (83).

Autoantigens have been found within NETs, including in SLE (119,120), and therefore are
presented to the microenvironment once neutrophils undergo NETosis. An archetype of
autoimmunity is a defective clearance mechanism of apoptotic cells; therefore, autoantigens
remain within the circulation, continuously perpetuating autoimmunity. Autoantibodies in SLE
are directed towards self-antigens, including immunogenic complexes made up of

antimicrobial peptides and DNA from neutrophils. Patients with SLE develop autoantibodies
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against the immunogenic complexes found in NETs (121,122). pDC are then activated by the
immunogenic complex components from NET production, exposing autoantigens, in turn
activating B cells to facilitate autoantibody production, and thereby perpetuating autoimmunity

in SLE (123).

NETs and neutrophils have also been shown to play a critical role in venous thromboembolism
(VTE) in vivo (124), including due to tissue factor (TF) being found within released NETs and
subsequent TF dependent activation of the coagulation cascade (90,125). This mechanism may
also be present in AAV, as there is evidence for neutrophils from patients with AAV displaying
increased TF expression from release of NETs and microparticles decorated with TF (126).

NETs in AAV will be discussed further in sections 1.5.6. and 1.6.1.

1.2.10. Cytokine release

Historically, neutrophil cytokine production was thought to be limited to IL-8 (127). This has
been challenged in many studies and are now widely accepted to make a range of
chemokines/cytokines (128). Neutrophils are proven to express or secrete numerous cytokines
(129): of the proinflammatory, immunoregulatory or anti-inflammatory families; C-C, or C-X-
C chemokines; TNF-superfamily members; colony-stimulating, angiogenic or fibrogenic
factors (117,130-132); and other cytokines that do not fall within these categories. The vast
range of cytokines produced by neutrophils, either constitutively or once activated, indicates
their involvement in many different physiological and pathological processes. It is generally
accepted that neutrophils make less cytokine than monocyte or macrophages (117), but in vivo,
cells numbers may compensate for low absolute levels released by each cell as reviewed in
Altan et. al 2019 (133). Therefore, this emphasises the importance of purity in cell isolation

preparations for accurate results.
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Upon activation, neutrophils can release pro-inflammatory cytokines, such as IL-8, through
myeloid differentiation primary response 88 (MyD88)-dependent pathways, nuclear factor
kappa-light-chain enhancer of activated B cells (NF-kB) upregulation, and MAPK activation
(134). LPS can also trigger activation of this pathway through toll-like receptor 4 (TLR4)
(135,136), and neutrophils may be capable of responding to even extremely low doses of LPS
exposure (137). Chemokines, such as IL-8, act as chemoattractants for neutrophils and other
immune cells to sites of injury, leading to a positive amplification loop (138—140). Molecular
mechanisms that underpin the promotion of the production and secretion of some cytokines are
well established, but expression of other cytokines and pathways for their production and

release are still ill-defined and controversy remains.

1.2.11. Recruitment

Neutrophils are recruited by chemoattractants, such as IL-8, which signal a need for an influx
of neutrophils at the site of infection, inflammation, or vascular damage (141,142), are
recruited in the microvasculature for protection against infection, but in disease neutrophils can
also be recruited to tissue (143,144). Inflammatory mediators stimulate neutrophil recruitment,
leading to neutrophil tethering, rolling, adhesion, crawling along blood vessel walls, and finally
transmigration through the endothelium to become extravasated into the surrounding tissue
(145). This classical description of neutrophil recruitment has been derived mainly from studies
of post capillary venules. Mechanisms in other vascular beds or tissues may not be the same
(146). Neutrophils enter their rolling state upon interaction with an activated endothelium,
through interactions between receptors expressed on neutrophils (P-selectin glycoprotein
ligand (PSGL-1) and CD44)(147) and selectins on ECs (P- and E-selectin) (148,149). Once
rolling, upregulation of integrins on neutrophils occurs (24), particularly lymphocyte function-

associated antigen 1 (LFA-1) and macrophage-1 antigen (Mac-1). Chemokines such as IL-8
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then further activate neutrophils leading to conformational change of integrins and eventually
B2-integrin mediated neutrophil arrest, promoting binding with adhesion molecules (43,150),
such as intracellular adhesion molecule-1 (ICAM-1), expressed by the endothelium (151).
Adherent neutrophils then crawl along vessel walls to sites where chemokine dependent
extravasation occurs (152). Integrin binding to ICAM-1 is vital for cell-cell adhesion and
transendothelial migration (TEM) to occur; this mechanism has also been shown in adherent

neutrophils with endothelial VCAM-1 (153,154).

1.2.11. Neutrophil/endothelial interactions

Primed neutrophils entrapped within the microvasculature are in direct contact with the
endothelium as the diameter of capillaries is approximately 10 um (155). Activated EC express
receptors for immune cells to bind, promoting leucocyte release of chemokines, such as IL-8,
and other cytokines, which encourages immune cell infiltration (156). Proinflammatory
cytokines promote upregulation of adhesion molecules, including ICAM-1 and P-selectin,
which are expressed by the endothelium, allowing neutrophil-endothelial interaction to occur
(157,158). Rolling, adhesion, and TEM are facilitated through increased interaction and
retention of neutrophils at the endothelium. When neutrophils are activated, p2-integrins,
required for cell adhesion particularly to EC (ICAM-1), migrate to the cell surface. However,
in the pulmonary capillaries, B2 integrin-independent neutrophil recruitment and accumulation
has been shown, with the suggestion that deformability plays a role here (159,160). Gelatinase,
within the tertiary granules, can digest extracellular matrix (ECM), aiding in TEM. Due to
upregulation of cytokine production (161) and neutrophil degranulation, increasing neutrophil
transmigration to resident tissues occurs, leading to tissue damage, and decreased neutrophil

clearance, which in turn can result in unresolved, chronic inflammation (Fig 1).
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1.2.12. Resolution of inflammation

Resolution of inflammation relies on the effective ‘switching off” of the neutrophil, promotion
of apoptosis, and the successful clearance of these cells (162—-164). Once physiological
function has been fulfilled at the tissue level, such as destruction of invading organisms,
neutrophils undergo spontaneous apoptosis, which occurs to preserve neutrophil membrane
integrity and prevent uncontrolled release of toxic cell contents (165,166). Apoptotic cell death
allows for the controlled removal of cells in an immunosuppressive manner, predominantly by
macrophages (efferocytosis). Exposure of phosphatidylserine (PS) residues during apoptosis
on the apoptotic neutrophil membrane allows for greater recognition by macrophages, thereby

enhancing clearance of the cells (165,167).

1.2.13. Inflammation

If neutrophil clearance does not follow apoptosis, secondary necrosis can occur, leading to
exacerbated inflammation (168—170). This creates a self-fuelling inflammatory amplification
loop. Activated neutrophils promote continuous inflammation and begin to leave the
circulation, leading to further tissue inflammation. Damaged cells may not be cleared properly
due to deficiency in clearance proteins, such as annexin-Al or PS (171).When clearance
proteins are not expressed, opsonisation of apoptotic cells by macrophages does not occur,
leaving apoptotic cells and their internal proteins in the presence of the immune system; if
released, these proteins may also be taken up by EC (172). As a result, uptake of antigens
(apoptotic cells’ cytoplasmic, nuclear, and cell membranous proteins) by B cells functioning
as antigen presenting cells (APC), can contribute to disrupted immune tolerance, and the

development of ARDs as reviewed in Oleinika 2019 (173).
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While apoptotic neutrophils are typically functionally quiescent, increased TNF, which may
be present in disease states, can alter this phenotype (165). TNF has a dual effect on neutrophil
survival: early apoptosis is extrinsic, typified by TNF triggering whereby this pathway through
binding of the death receptor, tumour necrosis factor receptor (TNFR1) (174), whereas delayed
apoptosis is intrinsic, and inhibited by TNF. In early, intrinsic apoptotic pathways, anti-
apoptotic factors are not present, resulting in permeabilisation of the mitochondrial membrane
and cytochrome C, a protein responsible for apoptosome assembly promotion, being released
into the neutrophil cytoplasm (165). A stressor or stimulus, such as DNA damage or ischaemia,
activates the intrinsic pathway to promote apoptosis (175). In late, extrinsic apoptosis,
pathways include Fas/Fas ligand (FasL), NF-kB and survival proteins, including myeloid cell

leukaemia-1 (Mcl-1) and TNFR associated factor 1/2 (TRAF1/2) (176).
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Figure 1. Neutrophil extravasation, interactions, and pathogen killing mechanisms
Circulating neutrophils bind to cell adhesion molecules (I/'VCAM-1 and selectins) expressed
by the endothelium and are captured through receptors/ligands on their cell surface.
Neutrophils enter a rolling state as integrin (B1/B2) binding follows, allowing neutrophils to
enter an arrested state on the endothelium. Chemoattractants recruit neutrophils to undergo
TEM, where the neutrophil will deform to fit through endothelial junctions. Neutrophils sustain
cytokine production and secretion, while later resorting to other pathogen killing mechanisms
in response to infection, including phagocytosis, degranulation and NETosis. Extracellular
release of granule contents through exocytosis or NETosis can lead to further endothelial or
tissue damage. Apoptotic neutrophils are cleared by macrophages to resolve inflammation.
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1.3. Neutrophil actin cytoskeleton

The cytoskeleton is made up of three proteins: intermediate filaments, actin filaments and
microtubules. Intermediate filaments are fibrous proteins, affording cellular resistance and
mechanical strength against shear stress (review in Hermann et. al 2016,175). Actin filaments
are protein filaments contributing to cell shape and motility (178). Microtubules are proteins
responsible for intracellular transport or positioning of membrane-enclosed organelles (179).
Myosin is a motor protein involved in converting adenosine triphosphate (ATP) to ADP, (180)
and plays a key role in cellular motility through actin-myosin interactions. While these proteins

have integral, individual roles in cell integrity and function, they cannot act on their own.

1.3.1. Actin

Actin is a protein found in majority of eukaryotic cell types and can be found in different states,
including globular (G)-actin, the monomeric form, and filamentous (F)-actin, the polymerised
form (181). G-actin performs as a reservoir for actin monomers (182), which are constituents
for F-actin in forming the actin cytoskeleton of cells. Actin polymerisation is the process by
which the binding sites of actin monomers capable of induction, or G-actin, at the positively
charged, or barbed end of actin, act as a substrate for binding to other monomers, to form F-
actin filaments (183,184). Many cell processes, including cell signalling, locomotion, junction
formation, and division involve actin, particularly due to its binding properties, polarity, and

the potential for reversing actin polymerisation.

1.3.2. Neutrophil actin cytoskeleton

Typically, as cells mature or differentiate, this couples with changes in cellular mechanical
properties, including an increase in cytoskeletal proteins (185,186). This is not observed in

neutrophils (187,188) but instead, upregulation of expression of cytoskeletal proteins occurs
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only once cells are degraded. Thus, as neutrophils undergo apoptosis, the cytoskeleton changes
(189). Neutrophils are small in diameter, typically ranging between 7-11 pm in size, allowing
them to pass through small vessels particularly due to their deformable properties (190). Due
to neutrophils role in vivo as infection monitoring cells, mature neutrophils are required to
transit through vessels or deform and migrate through vessel walls (191,192). There are several
factors which may contribute to a neutrophil’s high deformability. Changes in neutrophil size
are sodium/hydrogen exchanger dependent and this may contribute. The distinct structure of
the mature neutrophil multilobulated nucleus and decreased expression of vimentin, a
cytoskeletal intermediate filament protein also contributes (193). Actin remodelling can be
triggered through environmental signalling and is necessary for neutrophil motility; this
process occurs through remodelling of microfilaments, thereby reorganising the cytoskeleton,

and in some cases, the cellular membrane (194,195).

Pseuodpodia formation, a process by which neutrophils travel and carry out phagocytosis,
extends the cellular membrane and occurs due to actin polymerisation, promoting membranous
tension of the cell (196). These extensions of pseudopods alter neutrophil function, motility,
and deformability (197,198). Pseudopodia pathways (199) include involvement from the
WASP family verprolin homologous protein (WAVE) regulatory complex (WRC), the actin
related protein 2/3 (Arp 2/3) complex, the Rho/Rac pathway, and PI3K. WRC is essential for
cell protrusion and cell migration as WRC links Rho-subfamily guanosine triphosphate
(GTPase) signalling to activate one of the three major actin nucleation factors, the Arp2/3
complex (200-203). The Rho/Rac pathway includes a set of Ras-related GTP-binding proteins,
controlling polymerised actin and its spatial pattern in the cell (204). GTPases, including Cell
division control protein 42 (Cdc42), are part of the Rho-subfamily, and regulate neutrophil

rearrangement of the cytoskeleton and recruitment to sites of infection (205,206). Protrusion
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formation, or lamellipodia, are stimulated by Rac-subfamily proteins (207). Once activated and
actin nucleation occurs beneath the plasma membrane, the Arp2/3 complex promotes forcing
lamellopodia through the cell leading edge (208). Neutrophil activation can therefore lead to
deformation and pseudopod formation allowing them to perform TEM (45,209). Microtubule
dynamics also contributes to neutrophil deformability along with the neutrophil’s actin network

to maximise their migratory capabilities (188,198,210).

1.3.3. Neutrophil deformability

In vitro experiments on isolated neutrophils have shown that after priming, neutrophils undergo
a phase of shrinkage and stiffening (41,42). Once exposed to a secondary stimulus, neutrophils
enter an activated state resulting in a second phase of morphology change with an increase in
cell size. This change in size typically results in an increase in neutrophil deformability, i.e. the
cell becomes softer (22,40,211,212). Previous studies using a range of neutrophil priming
agents, have shown it is possible to identify morphorheological changes as early as 1 minute
after stimulation with formyl-methionyl-leucyl-phenylalanine (fMLP) (41). Neutrophils can
endure extreme cellular deformation by going through three phases: initiation, deformation,
and remodelling. This allows neutrophils to carry out locomotion and processes such as TEM
(213). This is said to be due to their deformable multi-lobulated nucleus (214), nuclear
envelope (215), and cytoskeleton (216), which jointly contribute to the deformability of
neutrophils. Biophysical cellular and nuclear properties of neutrophils have been measured in
vitro, in high resolution imaging (217), utilising lattice light sheet microscopy (218), 3-D
modelling of inflammation-on-a-chip (219), microfluidics in whole blood (220), and
mechanical deformation using an optical stretcher and a mimetic chip (46). These experiments
identified neutrophils can undergo transient deformation in the absence of priming or activation

(209,221). There is evidence for actin-related primary immunodeficiencies altering neutrophil
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cytoskeletal function, and mutations in Wiskott-Alrich syndrome (WAS) gene, influencing
neutrophil adhesion, migration, and cell-cell interactions (222). Moreover, actin remodelling
and immune dysregulation is linked in immunological disorders as reviewed in Papa et. al 2020
(223). More genetic defects targeting neutrophil morphology and rheology therefore need to

be studied to fully characterise the impact of modulating the cytoskeleton.

1.3.4. Neutrophil mechanophenotyping in RT-DC

Recent work analysing cell mechanics has identified mechanical changes in fMLP-treated
neutrophils, identifying a phase of initial stiffening followed by a phase of expansion and
softening (41). Priming-induced neutrophil stiffness may therefore hinder cell transit through
blood vessels, leading to accumulation of cells at sites of injury, amplifying the inflammatory
response. Chemoattracts, including IL-8, enhance neutrophil deformation, potentially linking
neutrophil TEM to biomechanical properties (224). Primed neutrophils have delayed transit
through the lung as evidenced by studies using radiolabelled transferrin in neutrophils (225).
Transferrin is a glycoprotein contributing to iron transport in blood plasma and can be taken
up by permeable blood vessels in tumours, allowing for non-invasive quantitative measurement

using single-photon emission computed tomography (SPECT) (225).

1.3.5. Role of actin in neutrophil function

Dynamic actin remodelling in neutrophils is necessary to support their motile functions, but
the cytoskeleton is also important for neutrophils retaining their structural integrity.
Differentiation of progenitor cells leads to changes in mechanical properties whereby immature
cells are stiff and resistant to deformation, and mature neutrophils are highly deformable
(192,226,227). There is also a cytoskeletal signature of neutrophil activation, as more

deformable neutrophils typify an activated state, while primed cells tend to be stiffer
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(41,216,228). In some disease states such as sepsis or inflammatory conditions, neutrophils are
released prematurely from the bone marrow due to overactivation of the immune system and
depletion of the mature neutrophil population. This neutrophil population exhibits increased
stiffness suggesting they may be primed (229). The retention of primed and/or stimulated
neutrophils in the lung microvasculature is hypothesised to result from their decreased
deformability. Immature neutrophils released due to emergency granulopoesis, or following
increased generation from progenitors are also retained in the lung microvasculature (230). As
this population has increased migratory capabilities from the tissue into lymphatic vessels,
these neutrophils may not be the same population as those found trapped in the lung (231,232),

but this remains to be determined.

Neutrophils sequestered in the lung undergo actin cytoskeletal changes and this may account
for sequestration to a greater degree than changes in adhesion molecules or neutrophil-platelet
interactions (45). Actin polymerisation has also been shown to occur at an early point following
activation in vitro with stimuli such as fMLP or PAF (233,234). In vivo, this may allow for
change in neutrophil cell shape to engulf an organism (235,236). Following initial
rearrangement of the actin cytoskeleton, a pseudopod extension is then formed to make a
phagosomal cup for phagocytosis (237,238) and translocation of granules thereafter occurs
along microtubules to destroy the ingested pathogen. These processes both rely on calcium as
a regulator, displaying the importance of calcium signalling in neutrophil programmed

mechanisms (239-241).

1.3.6. Pharmacological modulators of actin

Many inhibitors of actin polymerisation in non-muscle cells are well established and are

capable of inhibiting actin polymerisation at specific phases of polymerisation process (242—
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244). Actin polymerisation entails three phases: nucleation, elongation, and a steady state
(245). Firstly, three actin monomers form a complex, making up an actin nucleus. Next, this
complex rapidly binds to the positive, barbed end of the filament promoting elongation of the
actin filaments. Finally, capping of the pointed ends of filaments occurs, allowing for the
filament dynamics to achieve equilibrium, or steady state (245). For the cell, this means further

signalling pathways are activated and cytoskeletal rearrangement can occur (246).

1.3.7. Inhibition of actin polymerisation

Cytochalasins are a group of metabolites originating from fungi (247,248). Cytochalasins bind
to the positively charged end of F-actin, disrupting polymerisation by inhibiting monomers
intended for actin filament binding (249). Although not physiological compounds in humans,
cytochalasins are useful experimentally to understand the role of actin dynamics (250).
Cytochalasin B blocks monomer addition to the fast-growing end of the actin polymer (251).
Cytochalasin D increases F-actin content, therefore increasing actin-filament ends for binding
sites forming filamentous aggregates and disrupting organisation (252). In vitro, cytochalasin
D can decrease TNF-priming induced formin-dependent cytoskeletal reorganisation, and
neutrophil adhesion (253), but does not alter integrin-mediated neutrophil rolling or
immobilisation. Functionally, cytochalasin D has been shown to inhibit phagocytosis, and
enhances fMLP-mediated degranulation but NET production is preserved (55,77).

Cytochalasin B also increases fMLP-dependent degranulation (254).

Inhibitors of actin/myosin interaction can also be used to modulate the cell cytoskeleton.
Blebbistatin is a small molecule inhibitor capable of inhibiting class II myosins and ATP
activity through blocking myosin head binding to ATP (255). This promotes actin

polymerisation more so than monomers once bound to ADP (255). Paraaminoblebbistatin is a
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derivative of blebbistatin, and although it has weaker inhibitory capabilities than blebbistatin,
its advantageous experimental properties include being non-fluorescent and photostable (256).
Additionally, in vitro, cytochalasin D and blebbistatin have been shown to decrease NET
formation, which is linked to cytoskeletal changes (257). The individual inhibitory properties

of cytochalasins and blebbistatins on actin polymerisation allows for usage as research tools.

1.3.8. Actin disruption

Once actin dysfunction in neutrophils occurs, not only are their locomotive and deformable
capabilities altered, but other effector functions as well. The neutrophil actin cytoskeleton
regulates granule, and therefore granule contents, exposure to the plasma membrane (55).
Granule contents such as NE are also linked to the degradation of F-actin by arresting the
function of F-actin, and F-actin disruption is linked to increased ROS production as discussed
in section 1.2.4. (258). Once NE is released and undergoes activation, it binds to actin, leading
to actin degradation, allowing for NE entry into the nucleus (259). As described above,
inhibition of actin dynamics using cytochalasins have proven that other neutrophil functions,
such as rolling and adhesion, are modulated by their cytoskeleton (260). Actin microfilament
disruption by cytochalasin D has been shown to alter L-selectin shedding, resulting in increased
membranous L-selectin clustering, and altered neutrophil tethers, containing actin filaments
(261). More studies are still required regarding how the cytoskeleton contributes to neutrophil
responses under different shear stress and pressure gradients, such as in neutrophil

extravasation.

46



1.4. Autoimmunity: breakdown of tolerance

When a foreign antigen is recognised by the body, an immune response is stimulated as a
defence mechanism against this antigen. Under normal circumstances, the immune system
resets the function of autoreactive B and T cells via two self-tolerance processes, central and
peripheral tolerance. Central, or maintenance tolerance is a mechanism controlling tolerance
to self-antigens, while peripheral tolerance mediates anergy and activation induced cell death.
Autoreactive cells are removed or edited through three key mechanisms: clonal deletion, clonal
anergy, and receptor editing. When these self-tolerance processes fail, a breakdown of
tolerance occurs, and, if uncontrolled, leads to autoimmune disease (262). A key biological
mechanistic process leading to breakdown of tolerance, is molecular mimicry, where self and
foreign antigens share similar sequence and structure, causing the persistent stimulation of
autoreactive B and T cells (263). After an initial loss of tolerance, activation of the humoral
immune response through T-helper (Th) cell activation occurs and autoantibodies are produced
by autoreactive B cells, or plasma cells against self-antigens. Once formed, autoantibodies bind
and interact with Fc receptors and through autoantigens, engaging downstream adaptors while
upregulating production of inflammatory cytokines. In turn, dependent upon disease
pathogenesis, immune complex deposition on organs may occur, leading to detrimental
systemic effects (264). Immunologic memory follows, repeating this cycle upon exposure to
the autoantigen, leading to indefinite flare ups and continuous autoimmune disease
activity. This is the central mechanism (265) by which several systemic autoimmune diseases

develop, including AAV.
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1.5. Anti-neutrophil Cytoplasm  Antibody Associated
Vasculitis (AAYV)

The anti-neutrophil cytoplasm antibody (ANCA) associated vasculitides (AAV) are a group of

systemic autoimmune diseases characterised by inflammation of microvasculature and

comprising three clinical phenotypes: microscopic polyangiitis (MPA), granulomatosis with

polyangiitis (GPA), and eosinophilic granulomatosis with polyangiitis (EGPA) (266).

Neutrophils are a main contributor to disease pathogenesis of AAV as they mediate vascular

and endothelial damage (267), in addition to being the main target of the autoantibody, ANCA.

1.5.1. Clinical phenotypes

MPA and GPA are classified based on clinical and histological features. MPA is typically
associated with ANCA directed against MPO (in around 60% of cases). Patients may have
predominant kidney involvement and there is absence of granulomas (266). There may be
pulmonary capillaritis and diffuse alveolar haemorrhage (DAH) (266). Patients with GPA more
commonly have PR3-ANCA positivity (in 75% of cases). The hallmark of disease is
necrotising granulomatous inflammation (268) often involving the upper and lower respiratory
tracts. There may also be involvement of extravascular tissues (269,270). Relapse is more
common in patients with PR3-AAV, particularly in those with persistent antibody positivity
(271). EGPA is AAV with eosinophil involvement, associated with asthma and blood
eosinophilia. EGPA may be associated with ANCA positivity, and patients may have vasculitic
features (266). EGPA is somewhat distinct from GPA and MPA with differing pathogenesis,
clinical features, and genetic associations. My thesis focusses on patients with MPA and GPA,
as such EGPA is not discussed in detail here. Genome Wide Association Studies (GWAS) in
AAYV have reported GPA and MPA to be genetically distinct but there was greater distinction

seen between those who are MPO-ANCA and PR3-ANCA positive. In large GWAS studies,
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anti-PR3 AAV was associated with variants in HLA-DP, PRTN3, and SERPINAI (Alphal-
antitrypsin, a circulating inhibitor of PR3). Anti-MPO AAYV was mainly associated with HLA-
DQ polymorphisms (272,273). There is also evidence for a shared genetic risk between MPO-

and PR3-AAV as PTPN22 variants were common in AAV (272,274).

There are also many reported environmental associations with AAV. Infection can trigger
disease relapse, potentially via mechanisms of molecular mimicry (275). In some patients an
atypical ANCA, anti-human lysosome-associated membrane protein-2 (anti-LAMP-2)
antibody can be identified which has 100% sequence homology with FimH a bacterial protein
(276,277). This finding has not been confirmed in all studies. In one study, patients with PR3-
AAV were shown to have circulating antibodies to both PR3 and anti-sense complementary
PR3 peptides suggesting the initial immune response may be against an anti-sense peptide; this
leads to development of anti-idiotype antibodies which can recognise both complementary PR3
and PR3 (278). There are numerous other environmental risk factors that have been identified
including seasonality, geoepidemiological factors such as UV exposure, drugs, heavy metals,

and silica (279-281) as reviewed in Scott 2020 (282) .

1.5.2. Diagnosis and clinical features

Multiple organ systems and tissues can be affected in AAV with the lung and kidney commonly
involved. AAV is often associated with life threatening clinical manifestations such as rapidly
progressive glomerulonephritis (RPGN) (classified as a decrease in GFR by at least 50% due
to crescent formation in the glomerulus) and pulmonary haemorrhage (283). Other organ
systems involved can include the skin, joints, ear/nose/throat (ENT), peripheral and central
nervous systems, gut, or eyes (Table 1). Patients are usually positive for ANCA, but a negative

ANCA titre does not rule out AAV in the context of a clinical or histological diagnosis. Patients
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may have elevation of c-reactive protein (CRP) and erythrocyte sedimentation rate (ESR)
indicating systemic inflammation. CRP, synthesised in the liver, elevates in response to IL-6
secretion and is used as a non-specific marker of inflammation in whole blood. ESR measures
the sedimentation rate of red blood cells in anticoagulated whole blood and is also used as a
measurement of inflammation. ANCA can be detected using indirect immunofluorescence (IF)
or specific ELISA. On IF of ethanol washed neutrophils typical patterns of ANCA staining are
seen for MPO (perinuclear) or PR3 (cytoplasmic) (284). Disease activity can be measured
using Birmingham Vasculitis Activity Score (BVAS), which evaluates nine organ systems, as
well as defining patients’ response to therapy and status of remission (285). Current treatment

strategies for AAV are summarised in Table 2.
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Two entry requirements

A clinical diagnosis of small- or medium-vessel vasculitis has been made and other
medical conditions mimicking vasculitis should be excluded

Variables Disease classification

At the time of the first classification GPA ‘ MPA ‘ EGPA
Clinical criteria

Nasal passage involvement +3 -3
Cartilaginous involvement +2
Conductive or sensorineural hearing loss +1
Obstructive airway disease +3
Nasal polyp +3
Mononeuritis multiplex +1

Laboratory criteria

PR3-ANCA (or C-ANCA) positivity +5 -1 -3
MPO-ANCA (or P-ANCA) positivity -1 +6

Serum eosinophil * 1000/ul. -4 -4 +5
Haematuria -1

Histological criteria

Granuloma, granulomatous inflammation, or giant cells +2
Pauci-immune GN +1 +3
Extravascular eosinophilic-predominant inflammation +2

Radiological criteria

Pulmonary nodules, mass, or cavitation or chest imaging +2

Fibrosis or ILD on chest imaging +3

Nasal/paranasal sinusitis or mastoiditis on imaging +1

The cut-off of total scores for the classification 35 35 36
Table 1. 2022 ACR/EULAR classification criteria for AAV
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Decrease inflammation through inhibition of vasodilation, vascular permeability, and leucocyte recruitment

Rituximab (RTX)

Biological therapy, anti CD20 monoclonal antibody, targets B cells, leads to B cell depletion

Avacopan

Inhibits C5aR interaction with C5a, blocks neutrophil activation/migration mediated by C5a

Plasma exchange (PLEX)

Filters plasma and removes circulating pathogenic antibodies, replaces with fresh plasma/fluid consisting
of albumin solutions

Disease modifying anti-rheumatic drugs (DMARDs) - Decrease disease effects of overactive immune system

Cyclophosphamide (CYC):

Blocks DNA synthesis, kills immune cells through programmed cell death

Methotrexate (MTX):

Inhibits cellular folate metabolism and decreases nucleic acid synthesis

Azathioprine (AZA):

Inhibits purine synthesis, modulates B and T cell apoptosis

Mycophenolate Mofetil (MMEF):

Selectively inhibits the S phase of the cell cycle/DNA synthesis, halts B and T cell proliferation

Table 2. 2022 EULAR treatment criteria for AAV (MPA/GPA) (286)
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1.5.3. Pathogenicity of ANCA

ANCA, an autoantibody of usually immunoglobulin G (IgG) isotypes, are produced in patients
with AAV. After an initial loss of tolerance, activation of the humoral immune response
through Ty cell activation occurs and ANCA are produced by plasma cells. Circulating ANCA
are directed towards MPO and PR3, found in neutrophil cytoplasm granules and the lysosomes
of monocytes (287,288). Translocation of MPO and PR3 to the neutrophil cellular membrane
occurs during inflammation, exposing the autoantigens for ANCA to readily bind (Fig 2).
There is evidence of a pathogenic role for ANCA from in vitro (289-293), in vivo (294-297),
and clinical studies (298-300). In vitro ANCA directly bind to and activate neutrophils (60,63)
and monocytes (301) leading to cytokine production, degranulation, and generation of
neutrophil extracellular traps (NETosis). In vivo ANCA can be used in passive transfer models
of mouse AAV (294,302,303) in which mice develop crescentic GN and pulmonary

haemorrhage, even in the absence of a cellular immune response (304,305).
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Figure 2. Neutrophil ANCA pathogenesis

Infectious agents are either phagocytosed by neutrophils or the alternative complement
pathway is activated. Neutrophils will simultaneously undergo NETosis. Antigens derived
from infectious agents are presented to TO cells by dendritic cells. TO cells differentiate into
Tnl7 cells and stimulate cytokine production by macrophages. Cytokines, including TNF, and
C5a binding both prime neutrophils. MPO and PR3 antigens are released from the neutrophils
which underwent NETosis, and antigens are presented to Ty cells by dendritic cells. B cells are
stimulated by cytokines, including BAFF produced by neutrophils. Plasma cells produce
ANCA and bind to neutrophil Fcy receptor or MPO and PR3 expressed by TNF/C5a primed
neutrophil on their cell surface. Increased activation of neutrophils occurs due to continuous
ANCA production by plasma cells, ROS generation, and increased NET formation. Endothelial
damage occurs, and vasculitis develops.
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1.5.4. Disease activity

In patients there is significant evidence for the pathogenicity of ANCA. Levels of ANCA may
correlate with disease activity, and therapeutic strategies such as removing autoantibodies with
therapeutic plasma exchange (TPE) or depleting B cells with rituximab (RTX) are used as
treatments (274). However, this relationship is complex with several lines of evidence to
suggest that not all ANCA are pathogenic. ANCA can be identified in healthy people, and
ANCA can persist in remission, or recur without relapse (306). IgG subclass may be important
in contributing to this, as there is evidence IgG3-ANCA induce the most pathogenic responses
in vitro. However, there are conflicting results in clinical AAV with one study identifying no
correlation between IgG3 ANCA titre and relapse (307-309). There is also evidence that
ANCA binding via both fragment antigen-binding (F(ab)) and Fc receptor (FcR) are important.
One study identified that ANCA F(ab) were able to bind to ANCA antigens, but this did not
result in neutrophil activation (310). Cross-linked F(ab) fragments, or F(ab’), ANCA fragments
can both bind to cells and stimulate ROS and cytokine production, although studies vary as to
whether this is the same or lower magnitude than responses induced by intact ANCA
(290,308,311,312).There is evidence from in vitro studies for the importance of ANCA binding
to FcyRIla (CD32A) (308). ANCA also binds to FcyRIIIb (CD16b), which is expressed at much
higher levels on neutrophils than CD32A, although this role is more controversial. FcR
polymorphisms may be another explanation for conflicting results relating to the pathogenicity
of ANCA in vitro and in vivo (311,313). Epitope specificity may also play a role. In healthy
individuals with natural anti-MPO antibodies, differences in MPO epitope specificity were
identified in comparison to patients with AAV. Epitope mapping showed that out of the 25
anti-MPO autoantibody epitopes, 12 were only found in patients with active AAV (aAAV)

(300).
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1.5.5. ANCA induced activation of neutrophils

Neutrophil priming can be achieved using low dose TNF, GM-CSF, or complement component
5a (C5a) (314), which induces increased expression of ANCA antigens on the neutrophil cell
surface. Increased MPO and PR3 expression on the cell surface of neutrophils therefore
facilitates interactions between the antigens and ANCA. Studies have described variable
efficiency levels in activating neutrophils in vitro, more so when using ANCA isolated from
patients with active disease to activate neutrophils in comparison to using ANCA isolated from
patients in remission (60). This may be due to different epitope specificities of ANCA IgG
from patients with aAAV than those from patients in remission. Similarly, neutrophils from
patients with aAAYV, both in whole blood and once isolated, may reflect a different phenotype
as they respond to stimuli more robustly than HC neutrophils incubated with the same stimuli

(296).

1.5.6. Activated neutrophil responses

Activation by ANCA IgG results in neutrophil adhesion and transmigration through the
vascular endothelium, pro-inflammatory cytokine release, and stimulation of neutrophil
pathogen-killing mechanisms (ROS generation, degranulation, and NET formation).
Activation of intracellular signalling pathways occurs downstream of ANCA activation,
including spleen tyrosine kinase (SYK), MAPK, and PI3K (315,316). There are several studies
suggesting a role for ANCA induced NETosis in the pathogenesis of AAV. ANCA stimulation
leads to NET production in vitro, and NETs have also been observed in kidney biopsies from
patients with small vessel vasculitis (SVV) (317). NETs cause tissue injury in AAV both
through release of enzymes and particularly extracellular histones, which contribute to
inducing EC apoptosis and vascular damage (318). PAD4-mediated histone citrullination can

lead to NET formation, and one study has identified that overactivation of PAD4 following
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ANCA stimulation of neutrophils can lead to increased NET formation, resulting in vascular
leakage and thrombosis. Therefore, inhibiting NETs via PAD4 may be a therapeutic option in

AAV (319,320).

Danger signals exposed during NET release may also promote breakdown of tolerance and the
inflammatory response (321). ANCA antigens was proven transferred by NETs to myeloid
dendritic cells in an in vivo mouse model, displaying another method whereby ANCA
production is promoted (321). Excess neutrophils, named emergency granulopoesis, may be
released in circulation, including immature neutrophils (322). This can lead to accumulation of
neutrophils or the inability to dampen inflammation, as well as compromising infection control
due to dysregulated neutrophil pathogen killing mechanisms, ultimately causing disease flares

and tissue damage (323).

1.5.7.0veractivation of neutrophil programmed mechanisms

Degranulation also occurs upon ANCA activation of neutrophils, resulting in neutrophil serine
proteases (NSP) (PR3, cathepsins) and MPO release. NSP such as cathepsins and PR3 have
been shown to contribute to the pathogenesis of AAV, independent of their role as ANCA
antigens. NSP release following ANCA activation of monocytes can lead to EC injury (324),
play a role in NETosis, and drive cytokine release (325,326) studies have also identified
cytokine release, including IL-8, in response to ANCA stimulation in vitro (327). IL-8 has also
been identified to have increased expressed at the protein and mRNA level in monocytes in

AAV glomerulonephritis (GN) (328).
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1.5.8. LDGs

It is increasingly recognised that neutrophils are heterogeneous and can be separated into low-
and high-density granulocyte fractions (LDG and HDG, respectively) (218). LDGs were first
identified in cancer and have subsequently been identified in SLE and other inflammatory
conditions (329,330). The origin and function of LDGs is yet to be fully defined. Some, but
not all LDG may be derived from the immature neutrophil population as some, but not all LDG
exhibit a similar cell surface phenotype to immature cells with absent or low CD10 expression
(331). However, in some cases, as is described in SLE, LDG often display a mature phenotype
and therefore the subset may themselves be heterogenous (332). In lupus, studies suggest LDGs
have a pro-inflammatory phenotype with increased ability to produce ROS and undergo
NETosis (333). Increasing numbers of SLE LDG are associated with increased vascular
inflammation, and atherosclerosis independent of typical cardiovascular risk factors (334,335).
In AAV, the number of LDG correlates with disease activity (336,337), but mechanisms
underlying their production and phenotype, and their contribution to disease pathology, are yet
to be fully understood. Whether LDGs arise after the onset of acute vasculitis, in response to
systemic inflammation signals, or if they act as drivers or initiators of endothelial injury also
remains to be determined. It is hypothesised that a subpopulation of LDGs are immaturely
released from the bone marrow during acute granulopoiesis (338), contributing to pernicious

disease progression, predominantly in autoimmune disease.
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1.6. Neutrophil recruitment and endothelial injury

Characteristically, primed neutrophils are recruited to the endothelium, transmigrate, and kill
pathogens at sites of infection, but activated neutrophils can also accumulate on the vascular
endothelium resulting in inflammation and destruction of the vasculature (330), as occurring
in vasculitis. In AAV, neutrophil adhesion to the endothelium is promoted through increased
ICAM-1 and integrins (339). It has been shown in vitro that ANCA stimulation activates
pathways in neutrophils that simulate contact with an activated and inflamed endothelium
(340). Intracellular calcium increases, which promotes activation of integrins and endothelial
adhesion (339). ANCA stimulation is therefore capable of converting neutrophils from the
rolling to adhesive state, while also promoting migration through the vascular bed (310).
Neutrophils from PR3-ANCA positive AAV patients have an increased proportion of CD177+
neutrophils, which results in increased PR3 presentation at the neutrophil cellular membrane
(341). CD177 interacts with platelet endothelial cell adhesion molecule (PECAM-1) to regulate
neutrophil TEM (590). Patients with MPO-ANCA positive AAV also displayed this
phenotype, but this was not significant in comparison to HC (341-343). Once vascular damage
has occurred this can then lead to an increase in neutrophil TEM allowing neutrophils to pass
through the vessel wall more easily, and exiting into the tissue causing further damage, and

resulting in chronic inflammation.

Neutrophil trapping has been shown in the renal glomeruli, as these vascular beds display
increased adhesion factors and are more susceptible in ANCA-associated disease; this
intravascular trapping may be due to ANCA induced decrease in neutrophil deformability
(327,342). Injury is more prominent in the pulmonary than the glomerular microvasculature,
potentially due to having a lower pressure system in the lung contributing to altering neutrophil

mechanophenotype (344). Additionally, adhesion is independent of neutrophil trapping in
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selectin-independent neutrophil sequestration (159,345). ICAM-1 and 2 integrins interactions
promote neutrophil diapedesis (346), leading to increased microvascular permeability,

enhanced by ROS production, and causes neutrophil induced EC damage.

1.6.1. Thrombosis in AAV

In AAV, fibrinolysis, whereby the protein fibrin involved in blood clotting is broken down, is
delayed. Plasminogen, which binds to fibrin and tissue plasminogen activator (tPA) after fibrin
clot formation, was identified as an autoantigen in PR3-ANCA (347). Antibodies purified from
patients with PR3-ANCA inhibited decreased conversion of plasminogen to plasmin, an
enzyme which degrades fibrin clots, and presence of this antibody correlated with
predisposition to thrombotic events (347). Coagulation factors impaired by ANCA include
prothrombin, and tissue factor-expressing microparticles released by activated neutrophils, in
turn increased thrombogenicity (347,348). Clinical studies have also identified increased
thrombosis risk in AAV (349). These changes in coagulation factors have been shown to be
upregulated when neutrophils are primed by C5a, which also increases NET production, and

therefore tissue factor expression (350,351).

One of the triggering factors of deep vein thrombosis (DVT) is the disturbance of blood flow.
Platelet recruitment to the vessel wall is also required for DVT to occur and this is mediated
through von Willebrand Factor (VWF) (352). VWF is a multimeric glycoprotein, which carries
the coagulation co-factor, Factor VIII. Specifically, the VWF Al domain interacts with
platelets (353), promoting recruitment and adhesion to VWF, and thereafter thrombosis. Once
blood is perfused over intact NETs, NET-bound VWF activates platelets, in addition to
exposed histones inducing platelet aggregation, and clot formation then occurs (354). In in vivo

flow-disturbance modelling, VWF-platelet interaction is proven pathogenic (352). Although in
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vivo, fibrin generation and platelet accumulation diminished, in addition to decreased TF when
neutrophil binding to the vessel wall is inhibited (352). In vivo modelling has proven
neutrophil-endothelial interaction is crucial for platelet accumulation and adhesion thereby

initiating thrombus formation at the site of vessel injury (125).

Individual NET components, such as histones or DNA, can interact with factors of the
coagulation cascade, including NE inhibiting TF pathway inhibitor (TFPI), and histones
promoting thrombin generation independent (355) and dependent (355) of platelet
mechanisms. In AAV, NETs released expressed TF, therefore exposing other initiators of
thromboinflammation to the vessel’s surroundings (126). Yet, some studies have shown that
human intact NETs do not cause as much damage as their individual components; in vitro
human intact NETs did not directly initiate or amplify coagulation, potentially due to their large

scaffolding and histone-histone/-DNA complex interactions (356).

Markers of NETs have been detected in plasma from patients with thrombotic disease such as
DVT (357,358) and acute thrombotic microangiopathies (TMAs), a group of microvascular
thrombotic diseases (359). Patients with TMAs also displayed decreased DNase-I in plasma,
which is required for the degradation of NETs, and has also been found in patients with SLE
(72). In mice with sepsis induced neutrophilia, when DNase-I, and DNAsel-like 3 were present
in the circulation, NET degradation occurred (360). Once both DNAses were absent in vivo,
NETs released within the vasculature formed clots and led to blood vessel occlusion during
neutrophilia and septicaemia (360). In vivo it has been shown that DNase-I inhibits thrombus
formation initially after injury, but this effect may be independent of NET formation (361).
This effect was shown in a NETosis independent laser induced injury model in which DNase-

I treatment, inhibited neutrophil accumulation, secretion of NE, and platelet thrombus
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formation (361). In addition to DNAse-I reducing NET formation and DVT frequency, NETs
have been identified in thrombi in pathological specimens from a mouse model of DVT. This
study also identified a critical role for PAD-4 mediated histone modification in the same

context (362).

The alternative complement pathway has been shown to be activated by NETs, in several
studies, in turn resulting in neutrophil induced EC damage (291,318,363). Overall, these
mechanisms may also contribute to increased thrombosis in AAV. In AAV, necrosis occurs in
the vessel walls whereby plasma components leak into the perivasculature tissue, promoting
the hypercoagulable state found in AAV as reviewed in Al-Hussain et. al & Brilland et. al
(364,365). Endothelial damage can also occur from oxidative stress caused by neutrophils
activated by ANCA (366), in addition to releasing prothrombotic factors facilitating thrombus

formation.

1.6.2. Endothelial interactions

Some studies have shown that MPO and PR3, released from neutrophils, can bind to EC in the
inflammatory environment (367). Circulating ANCA may be able to bind to these ANCA
antigens on the endothelium with some studies suggesting this can lead to enhanced endothelial
injury (170,368). There is speculation that atypical, non-MPO, non-PR3 ANCA are capable of
binding to the endothelium. However, these antibodies are relatively rare and further research
is necessary before this theory is confirmed. Neutrophils accumulate within the vessel wall
through multiple mechanisms, and this ultimately leads to neutrophil cell death. It is possible
that distinct biophysical properties of neutrophils in patients with aAAV, which may occur in
response to direct ANCA stimulation, contributes to endothelial injury, due to increased

neutrophil retention.
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1.7. Complement in AAV

AAV is classically a pauci-immune necrotising vasculitis with few or no immune complex
deposits of immunoglobulin or complement in the vessel walls. Despite this, complement is
increasingly recognised to play a role in the pathogenesis of AAV (369). Mouse models of
AAYV have identified a role for the alternative pathway of complement activation, with C5
deficient and factor B deficient mice protected from disease whereas C4 knockout has no effect
(294,370). Further evidence for alternate complement activation in MPO-ANCA AAV is the
presence of complement at sites of tissue inflammation in AAV wusing tissue
immunofluorescence (IF) and immunohistochemistry (IHC) staining (371). Plasma levels of
complement activation proteins such as C3a, C5a, and C5b-9 have been identified to be
elevated in patients with ANCA-associated GN (371). Complement pathway activation leads
to the formation of the protein fragment C5a which is a powerful chemoattractant for
inflammatory cells, including neutrophils. Neutrophils can also undergo priming by C5a.
ANCA neutrophil stimulation then results in further complement activation via the alternative
pathway, leading to amplification of the inflammatory loop in AAV (370). Activated
neutrophils release complement activating factors, promoting C5a production, increasing
neutrophil recruitment and activation at the site of tissue or vascular injury (291,370).
Additionally, formation of the C5b-9 membrane attack complex injures endothelium leading
to necrosis and activation of coagulation factors (372). Therefore, targeting complement in
AAV as a therapeutic mechanism has been of interest. /n vivo work utilising complement C5a
receptor (C5aR) antagonist treatment in mice with a knock in of human C5a showed that
inhibiting C5aR improved the autoimmune response and renal neutrophil activation in AAV
(373). Now a current therapy, the C5aR antagonist, Avacopan, is not only the first new

treatment for AAV in several years but is non-inferior to steroids (373).
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1.8. B Cells in AAV

B cells clearly play an important role in the pathogenesis of AAV as they produce ANCA upon
differentiation to plasma cells. In addition, B cell depletion therapy with rituximab is a highly
effective treatment for both induction and remission maintenance (280). Antigen presentation
to naive Ty cells results in Thz cell differentiation, promoting the immune system to specifically
trigger antibody production. Proliferation of B cells is promoted by T2 cells and B cell
activating factor (BAFF), leading to plasma cell formation from activated B cells (374). Several
studies have identified alterations in B cell subsets in AAV (375,376). An increased number of
B-cells, including dysfunctional B-cells with increased expression of CD38 and decreased CD5
may be present. Increased B-cell activity and number of activated B cells have also been shown
to correlate with disease activity (377). Some studies have shown decreased Brg (CD5+,
CD24+, CD38), which skew T cell differentiation towards Trees and away from Twu; and Thi7 in
patients with AAV. There is evidence for return of B cells after RTX treatment correlating with
relapse (378). However, the phenotype of B cells which return after RTX may be important,
particularly autoreactive B cells that arise post RTX therapy (375). In vitro studies have shown
Breg cells influence T cell phenotype by limiting Tui differentiation and decreasing cytokine
production (379,380). In vitro neutrophils stimulated with ANCA make BAFF and APRIL,
cytokines which mediate B-cell differentiation, maturation, and survival; therefore, B cell
survival is promoted in AAV (381). In clinical studies, elevated BAFF and APRIL have also

been identified in aAAV (382-385).
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1.9. T Cells in AAV

Abnormal T cell activity is a main contributor to break of immune tolerance. In AAV, as is the
case in many ARDs, autoreactive CD4+ T or Ty cells produce activation signals for B cells to
produce autoantibodies. Circulating ANCA are predominantly IgG1 and 1gG4 suggesting that
T cells have played a role in class switching. Additionally, T cells can be identified in renal
biopsy tissue at sites of glomerular and tubulointerstitial injury (386). Aberrant T cell function
in patients with AAV includes persistent T cell activation (387), and T cells mediated cytokine

release contributes to neutrophil activation.

Cytokines activate Tu cells promoting cell mediated immunity, in turn driving the
differentiation process of T cells into Twui cells. The immune response in ANCA-associated GN
is skewed towards a Twu: type immune response(388), whereas Tre are decreased in active
disease and, Tu2/Treg subset expansion is seen in remission (389). A higher Ty count may
therefore lead to early remission (390,391). In vivo mouse models have shown depletion of Tu
or CD8 T cells are effective treatments for MPO induced vasculitis, while adoptive, or passive

transfer of T cells initiates more severe AAV disease as reviewed in Sochet et. al 2020 (392).

The IL-17 axis also plays a role in the development of AAV, Txi7 differentiation through IL-
17 is promoted by MPO-ANCA activated neutrophils, resulting in IL-17 production (393).
Increased IL-17 levels have been identified in serum from patients with AAV (394). While
Tu17 cells may stimulate neutrophil bacteria responses, in AAV, uncontrolled activation of Tri7
cells occurs. This leads to increased vessel and tissue damage, specifically renal inflammation,
as Tui7 cells are found in renal tissue (395,396). However, it remains incompletely understood

what drives Tui7 expansion in AAV.
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1.10. Hypoxia

1.10.1. Hypoxia and oxygen tensions

Physiological oxygen tensions range from a pO; of 13 kPa in main arteries, 7 kPa in arterioles,
5 kPa in venous blood, and 1.3 kPa in bone marrow (397,398). Within individual organs normal
oxygen tensions may be even lower, such as in the kidney, where the pO> ranges from 2-7 kPa
in the renal cortex down to 0.5-3 kPa in the renal medulla (399,400). Hypoxia can be defined
as the delivery of an inadequate supply of oxygen to a localised area in the body or systemically
(hypoxaemia) (401). Inflamed tissues and blood vessels are characteristically hypoxic (402).
Hypoxia may result from increased utilisation of oxygen by recruited inflammatory cells,
impaired blood flow/sluggish microcirculation, compartmentalisation of infection, and

thrombosis (403-406).

1.10.2. Hypoxia sensing

Cellular adaptation to oxygen levels is coordinated by transcription factors called hypoxia
inducible factors (HIF). HIF is a complex consisting of transcription factor subunits, HIF1- or
2-a, and the constitutively expressed, HIF1-B. Substrates for factors inhibiting HIF (FIH-1) are
HIF1-a subunits, which allow neutrophils to sense oxygen through formed oxygen sensors
(407). Neutrophils are capable of sensing hypoxia through possession of HIF1-a, FIH-1, a
hydroxylase oxygen-sensing pathway, and prolyl hydroxylases (PHDs), which in vivo are
active biological oxygen sensors (408). Regulation of the expression pattern of different HIF o
subunits having nonredundant function may additionally contribute to HIF1-a oxygen sensing
in neutrophil activity (409). Hydroxylases such as FIH-1 and PHDs therefore regulate HIF1a
function and stabilisation (410—414). Neutrophils have HIF1-a and HIF2-a subunits, both of
which can bind HIFp separately. Although, these subunits have different roles in hypoxia

adaptation (415). In normoxia, HIF a is hydroxylated by FIH and PHDs. This prevents binding
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of cofactors and directs HIF o for proteasomal degradation by von-Hippel-Lindau complex. In
hypoxia, this hydroxylation does not occur (416—418). This results in HIF a accumulation,
translocation to the nucleus, and dimerisation with HIF § occurs to control gene transcription
(419-424). Therefore, in hypoxic conditions, PHD and FIH activity is inhibited, resulting in

gene transcription of HIF targets (425).

Cellular and systemic responses that are mediated by the HIF pathway under hypoxia, include
angiogenesis, differentiation, metabolism, and survival (426—430). In hypoxia, cell survival is
promoted through HIF1 regulation of ATP production, a process naturally reliant on oxygen
consumption (431,432). HIF allows for adaptation of metabolic energy production and usage
due to limited oxygen availability in hypoxic environments (407). Hypoxia can promote
excessive activation of the immune host defence, and consequentially, once a foreign body is

present, this may lead to collateral tissue damage for the host (433).

1.10.3. Neutrophil function

Since neutrophils are progenitors of the bone marrow, they are exposed to a hypoxic
environment from the point of development (434-436). While circulating neutrophils are
exposed to a range of physiological oxygen tensions (5-13kpa), they have also adapted to
survive, perform, and undergo their programmed mechanisms in situations of profound
pathological hypoxia in an inflamed environment. Neutrophils have the capability of sensing
and responding to changes in their surrounding oxygen tensions, which alters their survival
rate, secretory capabilities, and programmed pathogen killing mechanisms. Under hypoxia,
overactivation of the immune response occurs, leading to heightened neutrophil responses and

programmed mechanisms, but not all processes have been shown to be HIF-dependent (437).
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1.10.4. Cytokine release

Activated neutrophils secrete cytokines in response to decreased blood levels of oxygen
(438,439). Hypoxia promotes pro-inflammatory cytokine production in macrophages and
activation in tissue through HIF2-a regulation (440). Yet in vitro under hypoxia, neutrophils
displayed varied surface expression and secretion levels of cytokine, dependent upon the
measured cytokine of interest, including IL-8 (439). Enhanced secretion of pro-inflammatory
agents through hypoxia altered cytokine release is linked with delayed neutrophil apoptosis
(430,441). Increased IL-8 gene expression was shown in neutrophils following binding to
hypoxic endothelium (442), and upregulation of IL-8RA expression has been identified in
hypoxic conditions (443),(443), indicating hypoxia can regulate levels of inflammatory

cytokine release and their partnering receptors.

1.10.5. Recruitment and adhesion

Hypoxia causes an increase in integrins, neutrophil-endothelial adhesion, and TEM (444—446).
Once neutrophils arrive to the sites of inflamed vasculature, increased expression of adhesion
molecules on EC are present under hypoxia, therefore facilitating neutrophil adhesion
(447,448). Increased ICAM-1 expression by EC under hypoxia, is comparable to that seen in
a systemic inflammatory response (449,450). In a murine model of fungal infection,
neutrophils lacking HIF1-o showed impaired recruitment to inflamed areas (451).
Additionally, an in vivo murine model of neutrophil motility under hypoxia has shown HIF2-
o increases neutrophil migratory capabilities to areas of inflammation and tissue (452).
Increased expression of B2 integrin and CD11b was shown in whole blood leucocytes under
pathological hypoxia (453). Increase of B2 integrin expression on neutrophils allows for
increased binding of neutrophils to cell adhesion molecules on the endothelium (449,454,455).

Increased adherence of neutrophils to EC treated with hypoxic neutrophil SNs was shown in
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vitro in COPD, demonstrating this effect of hypoxia regulated neutrophil adherence in a disease
setting (456). PI3K is upregulated in hypoxia (457), which may therefore contribute to altering
neutrophil programmed functions and responses. In response to stimulus by fMLP in normoxia,
PI3K influences neutrophil migration by determining which neutrophils partake in
chemokinesis (458) and affects migratory accuracy, shown in neutrophils from healthy older
adults and from patients with COPD (38,40). Yet, PI3K activity modulates chemokinesis
dependent upon the neutrophil priming agent, and the surface neutrophils are undergoing
migration through (458). Whether PI3K signalling involvement alters neutrophil chemotaxis

either in a HIF-dependent or HIF-independent fashion under hypoxia is not confirmed.

1.10.6. Pathogen killing mechanisms

Hypoxia promotes neutrophil extracellular secretion of multiple histotoxic granule proteins,
including NE and MPO (459). This hyperactivated state of increased neutrophil degranulation
is dependent upon PI3K but does not appear to be HIF-dependent (437). Due to the lack of
oxygen and promotion of autophagy under hypoxia, ROS production decreases (459), which
in turn may enhance degranulation (430). While neutrophil phagocytosis is not disrupted under
hypoxia, impairment of ROS production reduces neutrophil bactericidal capacity for certain
pathogens, e.g. Staphylococcus aureus (S. aureus) (439). This provides a potential link between
hypoxic tissue micro-environments and AAV as persistence of AAV in PR3 positive patients
with ENT disease is linked with S. aureus nasal carriage and patients with AAV can also
display decreased immune responses to S. aureus (460). NETosis has been shown in many
studies to be a ROS-dependent mechanism, and therefore would be expected to be reduced
under hypoxia, however, increased granule secretion (437,459) may counter this by promoting
NET formation. Within this dichotomy, there are conflicting studies investigating the impact

of hypoxia on NETosis and the effect seems to depend on whether true hypoxia or HIF

69



manipulation is utilised (459,461). Overall, HIF1-alpha signalling appears to increase NET
production, but NETosis in true hypoxia is more variable, and may depend on the agonist.
Coupled with NET formation, hypoxia also promotes vascular leakage, which could therefore

drive a pathogenic and thrombotic effect (462), as found in patients with AAV.

1.10.7. Hypoxia and the cytoskeleton

The effect of hypoxia on the neutrophil cytoskeleton has been relatively unstudied. Hypoxia
has been shown to alter the neutrophil actin cytoskeleton in a single study in vitro: neutrophils
exposed to hypoxia displayed increased focal actin polymerisation, termed ‘“actin caps”.
Although both jaksplakinolide and cytochalasin B affect actin polymerisation (induction and
inhibition, respectively) neither agent affected hypoxic neutrophil NE release, suggesting that
actin dynamics are distinct from hypoxic upregulation of neutrophil degranulation (459).
Neutrophil agonists, including fMLP, also induce actin polymerisation but the functional
consequences of this on programmed mechanisms in hypoxia need further investigation (459).
Examining other cell types, fibroblasts displayed increased F-actin protrusions under hypoxia,
while in macrophages, secretory vesicle retention occurred through actin cytoskeleton
inhibition (463). HIF1-a expression has been shown to alter cytoskeletal functional changes in

macrophages (464), stem cells (465), and keratinocytes (466).

1.10.8. Prolonged survival

HIF1-a dependent NF-kB activity prolongs neutrophil survival, and this pathway is mediated
by cytokine release through stimulated neutrophil secretion of macrophage inflammatory
protein-1p (407). Hypoxia has shown to delay constitutive neutrophil apoptosis in a HIF1
dependent manner, thus perpetuating inflammation (407,431). Hypoxic delay of neutrophil

apoptosis also delays resolution of inflammation due to increased neutrophil accumulation at
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sites of inflammation, and ongoing neutrophil activation (441,467). The ability of hypoxia to
regulate apoptotic thresholds is mediated through NF-xB activity dependent upon HIF1-a,
independent of PI3K, and sustained hypoxia exposure thereby drives neutrophil autophagy
(430,468). Glucocorticoids, a therapy prescribed to patients with AAV for induction and
maintenance treatment of disease, also increase NF-kB expression and have been shown in
some studies to also delay neutrophil apoptosis (469). Yet, in hypoxic environments, a steroid
induced decrease in apoptosis was not seen in profound hypoxia, and glucocorticoid treatment
also attenuated GM-CSF-mediated neutrophil survival under hypoxia. This suggests a complex
interplay of degree of hypoxia, inflammation, and therapeutic agents in regulating neutrophil

apoptosis (470).

1.10.9. Hypoxia in disease pathogenesis

In health, the lung and the kidney are physiologically normoxic, while in disease states, such
as aAAYV, inflamed vasculature and tissue becomes increasingly more hypoxic (471).
Importantly, in vivo physiological oxygen tensions are often substantially lower than
atmospheric oxygen. In situations of infection and inflammation, oxygen tensions can be
profoundly low, and this is deemed pathological hypoxia (472). Immune cell dysfunction in
pathological hypoxia can result in detrimental effects such as inflammation, decreased blood
flow and tissue ischaemia, increased oxygen consumption and poor resolution of infection.

Tissue hypoxia is described at sites of vascular damage (468), such as in AAV.

Much of the work measuring evidence of hypoxia in the lung and kidney has been performed
in vivo in rat and mouse models (407,473), whilst porcine in vivo modelling has been used for
arterial measurements of hypoxia (474-476). However, there are increasing reports of hypoxia

detected in clinical studies. Histological studies performed using pimonidazole hydrochloride
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(staining tissue <1.3kPa) can measure tissue hypoxia (434), and this method has been used in
irradiated human tissue (477). Hypoxia has been shown to be present in areas of atherosclerotic
plaques; using vascular imaging with '3F-fluoromisonidazole (FMISO). FMISO is, a
nitroimidazole which in normoxia is oxidised and diffuses freely from cells; in hypoxia,
reduced FMISO accumulates and can be detected using PET imaging (478). Hypoxia has
shown to engender a hyper-secretory neutrophil phenotype with increased capacity for tissue
damage in a pathogenic setting, such as in chronic obstructive pulmonary disease (COPD), a
disease of chronic neutrophilic inflammation (456)(459). Here, supernatants from hypoxic
neutrophils applied to epithelial or endothelial monolayers caused significant cell detachment
and death. Additionally, hypoxia promotes fibroblast migration, dependent upon matrix
metallopeptidase (MMP), in rheumatoid arthritis (RA) (479). Furthermore, patients with
chronic inflammatory diseases have increased cardiovascular comorbidities even after
correcting for established risk factors as reviewed in Sorriento et. al (480). Despite the capacity
of hypoxia to promote neutrophil-mediated endothelial damage, no studies have been carried

out investigating the effect of hypoxia on ANCA mediated neutrophil responses.
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1.11. Biomechanics

1.11.1. Previous techniques for biomechanics

Dating back to the 1970s, micropipette aspiration using suction has been used to measure
cellular deformation. Since then, technologies used for quantitative measurement of cellular
mechanical properties have significantly advanced over time (185,481,482). The development
of atomic force microscopy (AFM) allowed for measurement of elasticity of cells in suspension
for the first time (483,484). In AFM, a probe applies additional forces upon individual cells
and the cells’ kinetic processes are recorded through generation of a detailed topographic map
(485-488). Since then, further novel techniques including optical tweezers (489) and the
optical stretcher (490,491) have increased our ability to measure cellular mechanical
properties. Optical tweezers are a contact-free technique whereby force is applied upon a cell
from momentum generated from a single beam of light, also known as a laser trap (492). The
optical stretcher is a double laser beam trap, also transferring force to cells to induce contact-
free deformation (493). The optical stretcher is capable of measuring cells at a rate of 1 cell per
second (490,494). Although optical stretching is a non-contact study technique, it can result in
neutrophil depolarisation due to continued oscillatory mechanical deformation (46). A further
limitation in some of these techniques is due to immobilisation, as the cells can then become
activated (46). To accurately measure neutrophil deformability, a technique is required
whereby cells can be deformed in suspension, under physiological conditions. Microfluidics-
based deformability cytometry introduces a high throughput method of mechanically analysing
cells (495) and was advanced by Otto et al. through the introduction of real-time deformability

cytometry (RT-DC) (496).
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1.11.2. Development of RT-DC

RT-DC is a novel technique whereby cells in suspension (whole blood, or purified cells in
buffer) flow through a microfluidic narrowed channel at a set rate while hydrodynamic force
is applied, leading to reversible deformation of individual cells from shear stress and pressure
gradients (Fig 3) (496,497). A cell tracing algorithm is applied to individual cells allowing
biomechanical readout profiles to be generated from images captured. Individual cell
populations are identified based on variables including cell granularity, obtained from
brightness, and cross-sectional area, obtained from cell size. Morphorheological parameters
(498) can be recorded using a small volume of whole blood and neutrophils can easily be
differentiated from other cell types due to their unique distribution of granules and multi-lobed
nuclei. RT-DC allows analysis of heterogenous populations (e.g. whole blood) and cell
populations can be identified by their distinct area and brightness, while biomechanical
characteristics such as size, deformability, and elasticity of individual cells can be measured
(499). Using the individual cells’ measured area and deformation based on channel size, flow
rate, temperature, and viscosity of the sheath fluid, this technique has the capability of
computing the Young's modulus, or Elastic modulus, by decoupling the other parameters of
the cell such as size (500). Availability of such parameters in real-time is a prerequisite for
sorting of morphorheologically distinct subpopulations, which then provides a novel

opportunity for further biological analysis (499).
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Figure 3. Real-time deformability cytometry

(A) Illustration of RT-DC setup. Sample (red) and buffer (grey) flow from syringes loaded in
centre, and righthand ports of the chip. Cells undergo deformation in the narrow most part of
the channel. Hydrodynamic forces applied upon each individual cell results in the cell
converging, returning to its initial shape once passed through the channel, flowing into the
waste channel. Individual cell still images are captured for usage towards calculated
multivariate analysis of each run. Method is further detailed in section 2.2.8. (B) Plot generated
in ShapeOut analysis software of a whole blood sample and images of individual cells captured
within this population. Images present the difference in image recorded of each cell type.
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1.11.3. RT-DC in cell type/disease

Thus far, RT-DC has displayed the capability of phenotyping neutrophils and other cells in
different disease states (501). LDGs isolated from patients with SLE exhibited a phenotype of
decreased deformability, and delayed transit time through a microfluidic mimetic chip, a 3-
dimensional (3D) model of the pulmonary microvasculature to measure cell trafficking (218).
RT-DC measurement displayed PAF, GM-CSF, or LPS primed neutrophils underwent
sequential contraction and expansion, displaying priming agents stiffen neutrophils (41).
Increased size and deformability were shown in neutrophils from patients with COVID-19
suggesting neutrophils were potentially activated (502). Additionally, in myelodysplastic
syndrome (MDS), dysregulation of bone marrow cell morphology occurs through alterations
in the actin cytoskeleton and correlates with the number of genetic mutations found in the
individual MDS patients (503). RT-DC measurement identified patients with more genetic
mutations with MDS correlated with a significant decrease in deformability in haemopoietic
stem cells (503). Increased deformability in classical and intermediate monocytes was
identified in patients with Systemic Sclerosis (SSc) and rAAV. As suggested by the authors,
this reflects a monocyte specific activation phenotype in SSc as no changes in neutrophil
deformability were seen (504). While deformability is the main variable of interest using RT-
DC, changes of deformability may not be detected as shown in eosinophils from atopic and
non-atopic donors (42). RT-DC mechanophenotyping may therefore have the capability to

identify individual cellular phenotypes for diagnostic purposes in disease.
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1.12.  Hypothesis and Aims

1.12.1. Hypothesis

Neutrophils from patients with active AAV have a distinct morpho-rheological phenotype,

which is exacerbated by hypoxia and contributes to endothelial cell injury.

1.12.2. Aims of the study

i.  Characterise the morpho-rheological phenotype of ANCA-stimulated leukocytes and

compare this with leukocytes from patients with AAV

ii.  Investigate the effect of hypoxia on the morpho-rheological properties of ANCA-

stimulated neutrophils and the impact on neutrophil-endothelial interaction

iii.  Investigate the mechanism(s) by which ANCA/hypoxia influence neutrophil phenotype
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Chapter 2 — Materials and Methods
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2.1. Materials

Experimental buffers
PBS — NaCl 137 mM, KCl1 2.7 mM, NA>HPO4 8.1 mM, KH2PO4 1.47 mM, pH 7.2-7.4

IgG purification

Binding buffer — 20 mM sodium phosphate, pH 7.0
Neutralising buffer — 1M Tris-HCI, pH 8.0

Elution buffer — 0.1 M glycine-HCI, pH 2.7

Neutrophil isolation
Percoll —1:10 10x PBS in Percoll

ELISA

Wash buffer — 0.05% Tween in PBS

Block buffer — 1.0% BSA in PBS

Reagent diluent — 1.0% BSA in PBS or 0.1% BSA, 0.05% Tween-20 in TBS

Staining
Permeabilisation buffer — Triton x100 0.04% (Neutrophils) or Triton x100 0.05% (gEC)
Block buffer — 1.0% BSA in PBS (Neutrophils) or 3.0% BSA in PBS (gEC)

Antibodies for IF

Immunogen Source Host Concentration Catalogue No.
Citrullinated histone H3 abcam Rabbit 1:250 ab5103
Phalloidin ThermoFisher N/A 1:200 A12379
MPO Dako Mouse 1:100 R7209

CDI5 Dako Mouse 1:100 M3631
VE-Cadherin Bio-techne  Goat 1:100 AF938
Secondary antibodies

Immunogen Source Host Concentration Catalogue No.
AF 555 anti-Goat IgG Invitrogen Donkey 1:250 A-21432

AF 568 anti-Rabbit IgG Invitrogen Goat 1:100 A-11011

AF 647 anti-Mouse 1gG Invitrogen Donkey 1:250 A-31571
Anti-human IgG FITC Sigma Goat 1:1000 F9512-1ML
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Table 3.

Primer

CCL20

CCL3

CCL3LI

CCL4

CCRL?2

CD83

CXcL2

CXCLS

CXCR2

FIIR

GADD45B

GCHI

ID2

ILAI

ILIB

ITGB2

Designed primers— Synthesis scale at 25 nmol
Oligonucleotide sequence 5’ to 3’
GGCGAATCAGAAGCAAGCAA
GGATTTGCGCACACAGACAA
GCTCTCTGCAACCAGTTCTCT
TCGCTTGGTTAGGAAGATGACA
AAGCCCAGTGTCATCTTCCTAA
GGTCACACGCATGTTCCCAA
CTCCCAGCCAGCTGTGGTATTC
CCAGGATTCACTGGGATCAGC
CAACAGTGGTTTCTCGTGCC
CATCTTCAGACTGCCCACTG
TTGAGAGTGACAGGATGCCC
TGTAGCCGTGCAAACTTACAA
GAAAGCTTGTCTCAACCCCG
TGGTCAGTTGGATTTGCCATTTT
AGTTTTTGAAGAGGGCTGAGA
TGCTTGAAGTTTCACTGGCATC
GGTCAGAAGTTTCATCGTCAAGG
TTAAATCCTGACTGGGTCGC
CGAGCGGAAACTGTTGTGCC
GCACAGGACAACTTCACAGGATTAT
GCCCTGCAAATCCACTTCAC
GTGTGAGGGTTCGTGACCA
GCAGCGAGGAGGATAACGAG
TATAGCATCGTTTAGGACATCTGAG
ATCCTGTCCTTGCAGGCTTC
ACCGCTTATTCAGCCACACA
GCGTTTGAGTCAGCAAAGAAGT
CATGGAGTGGGCCATAGCTT
TGAGCTCGCCAGTGAAATGA
TGGAGAACACCACTTGTTGC
CAGGGCAGACTGGTAGCAAA
CACTCCTGAGAGAGGACGCA

~ M ®w ™H %™ ™H ® ™ ® ™ X ™% ™R TR TR T T TEE® ™I ™R ™R T

Tm (°C)
76
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72
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NFIL3

NF-xf1

NLRP3

NR4A2

OLRI

PLAU

STATSA

TLRI

INF

TNFRSF14

TRAF1

VEGFA

WAS

m % M %" M W™ M W M ®W T ™ T ® ™R ™R ™R d R TR

R

GCTCAGTCGGCAACAGGTAG
GGGCCTCCTTCGTTATTTGC
GCTTAGGAGGGAGAGCCCAC
AGGTATGGGCCATCTGCTGT
TGAGGCTGGCATCTGGATGAG
TACGGGGCTATGACATTGGAC
GTCCCTTTTGCCTGTCCAGC
CAGCCTGTCCAATCTCCTCCTTAG
TCTTTGGATGCCAAGTTGCTG
CCTCGGACTCTAAATAAGTGGGG
GAGCGACTCCAAACGAACTGT
CCCTCCGAATTTTCTTTGGGC
CTGGACTTTTCTGAAGGGGCT
AGAATAGCCGGGGGAATGTG
GTTTTTGTGGCCAGGGTCTTC
TAGGGGTGCCCAATATGCCT
CTGCACTTTGGAGTGATCGG
CTCAGCTTGAGGGTTTGCTACA
CTGCTGCCACTGGAACCTAC
CACTCCCTGCAGTCCGTATC
GGCCACCTGTTGCAACTTCTT
TGGTGACTGAAGGCTTCCTGG
ACAACAAATGTGAATGCAGACCA
GAGGCTCCAGGGCATTAGAC
TCAGTGAACAAGACCCCTGG
CAGCCACTCAGTCATCCCATT

Commercial primers — Qiagen

Primer
18S
B2M

GeneGlobe ID
QT00199367
QTO00088935
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2.1.1. Tissue culture

Table 4. Cells and media

Name Source .. Catalogue No.
gEC (Pooled donors) Celprogen 36066-05
Human Glomerular Endothelial Primary Cell

Culture Complete Media with Serum Celprogen M36066-05S
Human Glomerular Endothelial Primary Cell

Culture Complete Media without Serum Celprogen M36066-05A
Human Glomerular Endothelial Primary

Cell Culture Freezing Media Celprogen M36066-05FM
Human Glomerular Endothelial Primary

Cell Culture Extra-cellular Expansion Matrix

T25 Flasks Celprogen E36066-05-T25
Human Glomerular Endothelial Primary

Cell Culture Extra-cellular Expansion Matrix

T75 Flasks Celprogen E36066-05-T75
Human Glomerular Endothelial Primary

Cell Culture Extra-cellular Expansion Matrix

12 Well Plates Celprogen E36066-05-12W
Cryovials Starlab E3090-6212
Table 5. Other tissue culture reagents

Name Source _____ Catalogue No.
RPMI-1640 Medium Sigma R8758

Iscove's Modified Dulbecco's Medium Gibco 11504556
Trypsin-EDTA solution Sigma-Aldrich T3924

TrypLE Gibco 12604013
Endotoxin-free HBSS (1x) HyClone SH30588.01
Endotoxin-free H>O HyClone SH30538.FS
Trypan Blue solution Sigma 15250061
FCS-25 PromoCell C-37310

MilliQ HyClone CDUFBIOA1
Improved Neubauer Hawksley AAC1000
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2.1.2. Neutrophil Isolation

Table 6. Reagents for Percoll Density Gradient

Name Source __ Catalogue No.
Safety blood collection set, 21G x 19cm Greiner 450085
Vacuette Tube 9 mL Coagulation

Sodium Citrate 3.8% Greiner bio-one 455382
Vacuette Tube 9 mL Coagulation Heparin Greiner bio-one 455084
Vacuette Tube 9 mL K2E Coagulation K2EDTA  Greiner bio-one 455045
Dextran from Leuconostoc spp. Merck 09184-50G-F
0.9% Sodium Chloride for Irrigation Baxter UKF7124
Percoll Cytiva 17-0891-01
PBS (10X), pH 7.4 Life Greiner bio-one 455045
Dulbecco’s Phosphate Buffered Saline (-/-) Sigma D8537
Dulbecco’s Phosphate Buffered Saline (+/+) Sigma D8662
Human AB serum Sigma H3667-20ML
Table 7. Reagents for Inmunomagnetic negative selection

Name Source __ Catalogue No.
EasySep Direct Human Neutrophil Isolation Kit ~ StemCell 19666
EasySep Direct Isolation Cocktail StemCell 19666C
EasySep Direct RapidSpheres StemCell 50300
EasySep Magnet StemCell 18000
Ethylene diaminetetraacetic acid disodium salt

Dihydrate (EDTA) Sigma E6635-100G
2.1.3. Cytospin

Table 8. Reagents for cytospins

Name Source __ Catalogue No.
Shandon Cytoclip ThermoScientific 59910052
Sample Chamber ThermoScientific A78710018
Shandon Filter Cards ThermoScientific 5991022
Surgipath X-tra Adhesive Precleaned

Micro Slides Leica Biosystems 75809-488
Epredia Shandon Kwif-Diff Stains ThermoScientific 10643649
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2.1.4. ANCA protein purification

Table 9. Reagents for protein purification

Name Source _______ Catalogue No.
HiTrap Protein G HP Cytiva 17040501
Sodium phosphate dibasic dyhydrate Honeywell 04272
Sodium phosphate monobasic anhydrous Sigma-Aldrich S-3139
Plastipak 20 mL syringe BD 301189
Sartorius Minisart NML Syringe Filter Fisher Scientific 11786953
Slide-A-Lyzer 10K Dialysis Cassette G2 ThermoFisher 10717975
Plastipak 1 mL glass syringe BD 309628
Blunt Fill Needle with filter 23G x 1 V4 BD 300700
2.1.5. Recombinant proteins & inhibitors

Table 10. Reagents for assays

Name Source __ Catalogue No.
Recombinant Human TNF-alpha R&D 210-TA
Human IL-8 Peprotech 200-08
Cytochalasin B Sigma C6762-1MG
Cytochalasin D abcam ab143484
(-)-Blebbistatin Bio-Techne Ltd 1760
para-amino-blebbistatin Bio-Techne Ltd 22699
Phorbol 12-myristate 13-acetate Bio-Techne Ltd 1201s

2.1.6. ELISA

Table 11. Reagents for MPO ELISA

Name Source __ Catalogue No.
Human Myeloperoxidase (MPO) AssayMax AssayPro EM6501-1
ELISA Kit

Human Myeloperoxidase Microplate AssayPro EM6501-1
Human Myeloperoxidase Standard AssayPro EM6501-1
Wash Buffer Concentrate AssayPro WASH
MIX Diluent Concentrate AssayPro MIX
Chromogen Substrate AssayPro TMBI15

Stop Solution (0.5 N HCI) AssayPro STOP
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Biotinylated Human Myeloperoxidase Antibody

SP Conjugate AssayPro 31231-05021
Table 12. Reagents for 1L-8

Name Source ... Catalogue No.
Human IL-8/CXCL8 DuoSet ELISA R&D DY208
Human IL-8 Capture Antibody R&D 890804
Human IL-8 Detection Antibody R&D 890805
Human IL-8 Standard R&D 890806
Streptavidin-HRP R&D 893975
Tween 20 Sigma P1397

Assay Diluent — 0.1% BSA, 0.05% Tween-20 in TBS

TMB Liquid Substrate System Sigma T0440

96 well half area microplate, flat

bottomed, high binding Greiner 6750

Table 13. Reagents for ICAM-1

Name Source ... Catalogue No.
Human ICAM-1 DuoSet ELISA R&D DY720
Human ICAM-1 Capture Antibody R&D 840432
Human ICAM-1 Detection Antibody R&D 840433
Human ICAM-1 Standard R&D 840434
Streptavidin-HRP R&D 893975

Assay Diluent — 1.0% BSA in PBS

Table 14. Reagents for VCAM-1

Name Source ... Catalogue No.
Human VCAM-1/CD-106 DuoSet R&D DY809
Human VCAM-1 Capture Antibody R&D 844908
Human VCAM-1 Detection Antibody R&D 844909
Human VCAM-1 Standard R&D 841129
Streptavidin-HRP R&D 893411

Assay Diluent — 1.0% BSA in PBS
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2.1.7. RT-DC

Table 15. Reagents for RT-DC

Tubing FEP Nat 1.16 x 0.30

P-200 Flangless Ferrule, blue EFTE,

1/16>” OD Tubing, 4-28 Flat-Bottom

Flngls Sys Short 1/16 PEEK

Adapter Female luer to 4-28

Plastipak 1 mL glass syringe

Blunt Fill Needle with filter 18G x 1 2 5SmM
CellCarrier

CellCarrierB

Flic20-PDMS Chip

Cole-Parmer

Cole-Parmer
Cole-Parmer
Cole-Parmer
BD
BD

1935247

WZ-02019-33
2047610
02014-14
309628
303129

Zellmechanik Dresden

Zellmechanik Dresden

Zellmechanik Dresden

Plastipak 10 mL syringe BD 305959

2.1.8. Immunofluorescence

Table 16. Reagents for Immunofluorescence

Name Source ... Catalogue No.
Normal goat serum Abcam ab7481
Normal horse serum blocking solution Vector labs S-2012-50
VectaFluor Horse Anti-Rabbit IgG Vector labs DI-1794-15
DyLight[R] 594 Antibody Kit, R.T.U.

Mounting Medium with DAPI- Aqueous,

Fluoroshield Abcam ab104139
Image-iT Fixative Solution Invitrogen FB002

Triton X100 Sigma X100

Ibidi u-slide 8 Well High ibitreat, sterile Ibidi 80826

96 well tissue culture treated microplate,

black, microClear, with lid, sterile Greiner 650209

Dako pen Dako S2002

2.1.9. mRNA quantification

Table 17. Reagents for RNA isolation

Name Source _____ Catalogue No.
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2-mercaptoethanol Sigma-Aldrich 63689

RLT Lysis buffer Qiagen 79216
RNeasy mini kit Qiagen 74106
Nuclease-Free Water Qiagen 129114
RNase-Free DNase Set Qiagen 79254
Molecular Grade EtOH Honeywell E7023
TRIzol Invitrogen 15596026

TE buffer Invitrogen 12090015
Protector RNAse inhibitor 20000 U Roche 3335399001
Table 18. Reagents for cDNA synthesis and RT-qPCR

Name Source ___ Catalogue No.
10X RT buffer ThermoFisher 4368814

25X dNTP Mix (100 mM) ThermoFisher 4368814

10X RT Random Primers ThermoFisher 4368814
MultiScribe Reverse Transcriptase ThermoFisher 4368814
MicroAmp Fast Reaction Tubes (8 Tubes/Strip) ~ Applied Biosystems 4358293
RNA ScreenTape Agilent Technologies 5067-5576
RNA ScreenTape Sample Buffer Agilent Technologies 5067-5577
RNA Screen Tape Ladder Agilent Technologies 5067-5578
QuantiTect Primer Assay Qiagen 249900
MicroAmp Optical 384-Well Reaction Plate

with Barcode Applied Biosystems 4309849

Fast SYBR Master Mix Applied Biosystems 4385612
2.1.10. Protein analysis

Table 19. Reagents for protein quantification

Name Source ___ Catalogue No.
BCA Protein Assay Kit Pierce/Thermo 23227

RIPA Buffer ThermoScientific 89901
cOmplete Tablets-mini EDTA-free Roche 04693159001
PhosSTOP Tablets Roche 04906837001
RIPA Lysis and Extraction Buffer ThermoScientific 89900
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2.2. Methods

2.2.1. Patients and Controls

2.2.1.1.  Study approvals

Blood samples and plasma exchange fluid were obtained from AAV patients and healthy
volunteers under local ethics committee approval (20/WS/0181) Wales Research Ethics
Service. Human renal tissue samples were obtained from patients using the Imperial College

Healthcare NHS Trust Tissue Bank (Application R10015).

2.2.1.2.  Inclusion criteria

The diagnosis of AAV was based upon either (i) the presence of circulating ANCA detected
by indirect immunofluorescence (IIF) or antigen-specific assay, (ii) biopsy-proven pauci-
immune glomerulonephritis (GN), (iii) typical clinical features of extra-renal AAV. Patients
with active disease who had received steroids (oral or intravenous) prior to blood sampling
were included but those who received other immunosuppression or cytotoxics were excluded.

Remission was defined as a BVAS of 0 with prednisolone dose <7.5mg/day.

2.2.2. Tissue culture

2.2.2.1. Neutrophil and PBMC isolation

Up to 40 mLs of blood was collected by venepuncture in citrate or EDTA vacutainers from
patients with AAV and healthy donors. Blood was processed promptly after venesection up to

1 hour to isolate neutrophils and peripheral blood mononuclear cells (PBMCs).

2.2.2.2.  Isolation of human neutrophils — Percoll density gradient

Peripheral venous blood was collected using a 20-gauge butterfly needle into a 9 mL 3.8%

sodium citrate or EDTA Vacuette (Greiner Bio-one, Stonehouse UK). Neutrophils were
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isolated using dextran sedimentation and Percoll discontinuous gradient. Whole blood was
diluted 2:1 with 6% Dextran (Merck, Gillingham, UK) in 0.9% NaCl (Baxter, Newbury, UK)
and allowed to sediment for 30 minutes. Leucocyte enriched SN was collected and centrifuged
in a 50 mL tube at 350g for 6 minutes, at 22°C with the brake and acceleration set to 9. Percoll
(GE Healthcare, Buckinghamshire, UK) was made isotonic by adding 1 mL of 10xPBS
(ThermoFisher, London, UK) to 9 mL Percoll and 3 layers prepared by further dilutions in
1xPBS-/- ‘bottom’ 81% layer, ‘middle’ 68% layer, and ‘top’ 55% layer. The cell pellet was
resuspended in 55% Percoll placed in a 15 mL tube and gently underlaid with the middle and
bottom layers. Gradients were centrifuged at 700g for 20 minutes, at 22°C with the brake and
acceleration set to 0. The 55/68 interface contains PBMCs and 68/81 interface contains
neutrophils and eosinophils, with RBCs separated, and sedimented at the bottom of the tube.
Cell layers were carefully aspirated and resuspended in separate centrifuge tubes with PBS-/-.
Cells were pelleted by centrifugation at 250g for 6 minutes at 22°C with the acceleration set to
5 and brake set to 9. Cells were resuspended in PBS +/+ (with Ca?" and Mg?*; Sigma, Poole,
UK) and centrifuged again. SN was discarded and cells resuspended in 1 mL of neutrophil
culture media and counted on the haemocytometer (Hawksley, Sussex, UK) with 1:1 dilution
in Trypan blue (Sigma). Neutrophils were adjusted to the desired cell concentration by further

dilution in neutrophil culture media.

2.2.2.3.  Assessing neutrophil purity — Kwikdiff staining

Cells were re-suspended in neutrophil culture media at a concentration of 5x10* cells/mL and
100 pL of cells applied to poly-L-Lysine coated slides using a cytospin centrifuge (Cytospin
2, Shandon, ThermoFisher) at 450g for 3 minutes. Slides were dried at RT for 1 hour then
stained with KwikDiffTM (ThermoFisher) by immersing slides in solution 1 (methanol-

fixative) for 30 seconds, solution 2 (Eosin) for 1 minute and solution 3 (Methylene blue) for 2
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minutes. Slides were allowed to air dry before imaging using light microscopy to assess
cytoplasmic and nuclear morphology. Neutrophils prepared in this manner were >99%

neutrophils, with the major contaminating cells being eosinophils.

2.2.2.4. Isolation of human neutrophils — Negative immunomagnetic selection

This isolation method was used for RNA-Sequencing sample preparation to ensure purity of
neutrophil isolation and elimination of all other cell types including eosinophils. Peripheral
venous blood was collected into EDTA a 9 mL EDTA Vacuette (Greiner Bio-one) and used to
isolate neutrophils using negative immunomagnetic selection (Direct neutrophil isolation kit;
Stemcell, Cambridge UK) according to the manufacturer’s instructions. Blood was decanted
into a 50 mL tube. 100 pL 0.1M EDTA in PBS -/- was added per 10 mL blood followed by 50
uL of the isolation cocktail per mL blood. Magnetic beads were vortexed for 30 seconds and
added at 50 uLL/mL of blood. 50 mL tube was gently mixed by inversion and incubated at RT
for 5 minutes. Cell suspension was topped up to 50 mL with ImM EDTA in PBS -/-, again
gently mixed by inversion, and placed in the magnet for 10 minutes at RT. Cell suspension was
aspirated into a new 50 mL tube. Magnetic beads were vortexed, the same volume was added,
tube was inverted, and left to incubate for 5 minutes at RT. Tube was placed into the magnet
for 5 minutes at RT. Cell suspension was aspirated into a new 50 mL tube and placed into the
magnet for 10 minutes at RT. Cell suspension was aspirated into a new 50 mL tube and topped
up to 50 mL with PBS -/-. Cells were centrifuged at 335¢g for 5 minutes with the acceleration
and brake set to 5. SN was discarded, and purified neutrophils were resuspended in neutrophil
culture media for experimental usage or loaded back onto the Percoll density gradient to collect

LDGs from patients with aAAV.
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2.2.2.5. Isolation of LDGs from patients with aAAV

Total neutrophils were isolated using negative immunomagnetic negative selection as
described in 2.2.3.4. Cells were used for Percoll discontinuous density gradient as described in
2.2.3.3. LDGs were isolated from the 55/68 top Percoll layer, while NDGs were separated into
the 68/81 neutrophil layer. Cells were pelleted by centrifugation at 250g for 6 minutes at 20°C
with the acceleration set to 5 and brake set to 9. Cells were resuspended in PBS +/+ and
centrifuged again. SN was discarded and cells resuspended in 1 mL of Neutrophil culture media
and counted on the haemocytometer with 1:1 dilution in Trypan blue (Sigma). LDGs were

resuspended to 10x10%/mL by further dilution in neutrophil culture media.

22.2.6. gEC

Cryopreserved gEC from pooled donors were purchased from Celprogen at P2. Vials were
gently thawed by warming in a 37°C water bath within 1-2 minutes until 90% thawed. Vial
contents were transferred to a sterile 15 mL tube and pre-warmed gEC full culture media
(Celprogen, York, UK) was added to the tube and resuspended. Vial was washed twice with
gEC full culture media to recover any additional cells. 15 mL tube was centrifuged at 100g for
7 minutes. Media was aspirated, and cell pellet (0.9 x 10° cells) was resuspended in gEC full
culture media. Cells were seeded at 10,000 cells/cm? on precoated 25¢cm? flasks (Celprogen)
and cultured in gEC full culture media. Cells were incubated for 2-3 days at 37°C and 5% CO>

with frequent media changes until reaching confluency.

gEC were cultured in gEC full culture media with serum, antibiotic free supplied from
Celprogen, contents of serum and growth factors were not disclosed, in 25 and 75 cm? flasks,
matrix contents were not disclosed. Cells were grown to confluency at 37°C and 5% CO». Once

cells achieved confluency, gEC full culture media was aspirated, and cells were washed with
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PBS -/-. PBS was aspirated, Trypsin-EDTA solution (Sigma) was added to cells for 3 minutes
at 37°C to lift adherent cells, and neutralising media (gEC full culture media) was then added.
Cells were recovered by centrifuging at 100g for 7 minutes. Pelleted cells were resuspended in
gEC full culture media and live cells were counted using the haemocytometer. gEC were
seeded into 75 cm? flasks for further passaging or seeded at 10 x 10° per well on 12-well plates
for experimentation. gEC were used at P5 or P6 for experimentation, then frozen down in gEC
freezing media (Celprogen) as subculturing allows passaging gEC up to P12. Cryovials of cells

stocks were stored at -80°C for 48 hours until further long-term storage in liquid nitrogen.

2.2.3. Purification and dialysis of IeG

2.23.1. 1gG purification

Human anti-MPO, anti-PR3 IgG were isolated from plasma exchange fluid from patients with
AAYV, and HC IgG isolated from serum from healthy volunteers. Samples were centrifuged at
1500g for 5 minutes at 4°C, passed through a 0.22 um filter (ThermoFisher) and diluted 1:1
with binding buffer (20 mM phosphate, pH 7.0). Protein G columns (SLS, Nottingham, UK)
used for purification have a binding capacity of approximately 25mg of human IgG to the
chromatographic matrix. Columns containing 5SmL protein G resin (5 mL=1 column
volume/CV) stored in 20% EtOH were opened, allowing EtOH to flow through. Columns were
equilibrated with 1CV binding buffer, and samples diluted 1:1 in binding buffer was added to
each column at SCV. Excess and non-specific bound protein was washed off the column with
4CV binding buffer, after which 4CV elution buffer (0.1M glycine, pH 2.7) was used to elute
bound IgG into aliquots of neutralisation buffer (Tris-HCI, pH 9.0). Once completed, columns
were washed with SCV of 20% EtOH and stored in 20% EtOH at 2-8°C. To regenerate,
columns were washed with binding buffer and reused for the same sample type, e.g. only MPO-

AAYV serum was used in one column.
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2.2.3.2. 1gG concentration and dialysis

IgG concentration of eluted aliquots was measured by spectrophotometry (Nanodrop,
ThermoFisher). The highest concentration aliquots were pooled and dialysed overnight at 4°C
using a dialysis cassette with molecular weight cut off 10,000 Daltons (ThermoFisher). Protein

content was again quantified by spectrophotometry at 280 nm and samples stored at -80°C.

2.2.4. [Invitro treatment with human IeG, neutrophil SN. and neutrophils

2.2.4.1. Neutrophil stimulation

Human neutrophils were isolated as prescribed. Isolated neutrophils were resuspended in RPMI
+ 10% Human AB serum (neutrophil culture media; Sigma). Cells were seeded at a
concentration of 10 x 10 cells/mL in 1.5 mL microcentrifuge tubes (Eppendorf) and allowed
to recover from isolation for 15 minutes at 37°C. Cells were primed with TNF (2ng/mL; Bio-
Techne, Abingdon, UK) for 15 minutes at 37°C and stimulated with 100 pg/mL of HC IgG or
MPO-/PR3-ANCA IgG for 1 hour or respective time points at 37°C. Tubes were centrifuged
at 250g for 5 minutes at 22°C, SN was removed and either used immediately, or stored in
aliquots at -80°C. All stimulations performed under hypoxia were equilibrated for 15 minutes

prior to starting respective time courses.

2.2.42.  Whole blood IgG treatment

Venous whole blood in EDTA from healthy volunteers was aliquoted at ImL in
microcentrifuge tubes. Whole blood was primed with TNF (2 ng/mL) for 15 minutes at 37°C.
Whole blood was treated with 100 pg/mL of HC IgG or MPO-/PR3-ANCA IgG for 1 hour at
37°C. Tubes were centrifuged at 1500g for 10 minutes at 4°C, serum was removed and either
used immediately, or stored in aliquots at -80°C. All stimulations performed under hypoxia

were equilibrated for 15 minutes prior to starting respective time courses. When inhibitors were
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used, inhibitors were diluted in neutrophil culture media and added following TNF priming as
an additional 10-minute step prior to ANCA stimulation. Individual concentrations were

outlined in Table 21.

2.2.5. MPO binding — immunofluorescence

To confirm the specificity of isolated MPO- and PR3-ANCA IgG, indirect IF was performed
using ethanol washed neutrophils. MPO-ANCA IgG exhibits a perinuclear stain, whereas PR3-
ANCA IgG displays a cytoplasmic stain. Neutrophils were isolated as described in 2.2.2.2.
using Percoll density gradient, resuspended at 1x10° cells/mL and 100 pL of cell suspension
applied to microscope slides using a cytospin (ThermoFisher). Slides were fixed and
permeabilised in ice-cold EtOH for 10 minutes. Slides were allowed to air dry completely and
used immediately or stored at -80°C in a slide box with desiccant silica gel beads. Cells were
defrosted from -80°C 30 minutes before usage. Slides were blocked for 20 minutes in 20%
goat serum (abcam, Cambridge, UK) diluted in PBS-/-. Excess block was tapped off, and slides
were incubated with HC IgG or MPO-/PR3-ANCA IgG at 1:20 in PBS-/- for 1-hour at RT.
Slides were washed thrice in PBS-/-. Slides were incubated with anti-human IgG FITC (Sigma)
conjugation diluted at 1:1000 in PBS-/- for 1 hour in the dark. Slides were washed thrice in
PBS-/-. Slides were mounted with Mounting Medium with DAPI — Aqueous Fluoroshield
(abcam) and incubated for 30 minutes in the dark prior to imaging. Coverslip was laid on top

of slide and imaged using confocal microscopy (Zeiss LSM-780) (Fig 4).
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Figure 4. IgG purified from patients with AAV displays typical cANCA and pANCA of
binding to ethanol washed neutrophils

Indirect immunofluorescence was performed with anti-MPO-/PR3-ANCA IgG. Isolated
neutrophils from AAV patient or HC were applied to microscope slides using cytospin and
fixed for 10 minutes with ice cold 100% EtOH onto ThermoFrost slides. Cells were blocked,
incubated with MPO-/PR3-ANCA or HC IgG as indicated, followed by anti-human IgG FITC
secondary (green) and, and mounted with VectaShield[R] Antifade Mounting Medium with
DAPI (blue), and imaged at 40x using an inverted Zeiss LSM-780 (A/D) HC IgG, (B/E) MPO-
ANCA IgG, and (C/F) PR3-ANCA IgG (A, B, C) HC neutrophils (D,E, F) AAV neutrophils.
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2.2.6. Anti-MPO ELISA

To measure anti-MPO antibody titre from purified IgG preparations, a commercially available
human anti-MPO antibody direct ELISA was used (AssayPro, Cambridge, UK). A 96-well
polystyrene microplate was pre-coated with myeloperoxidase and the standard curve was
prepared with a calibrator of known activity. Patient or control serum was added neat, diluted
at 1:5, and 1:50 in MIX diluent (buffered protein base) in duplicates for a 2-hour incubation.
Plates were washed five times with a concentrated buffered surfactant and coated with
biotinylated anti-human IgG Antibody diluted at 1:50 in MIX Diluent. Plates were sealed at
RT for 1 hour, and following incubation, plates were washed. SP conjugate diluted 1:100 in
MIX Diluent was added to plates for a 30-minute incubation at RT. Plates were washed, and a
stabilised peroxidase chromogen substrate tetramethylbenzidine was added for 12 minutes at
RT in the dark. The reaction was stopped with 0.5 N hydrochloric acid solution and read

immediately at optical density (OD) 450nm (Fig 5).
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Figure 5. Anti-MPO ELISA
Quantification of IgG purified from plasma exchange fluid from patients with AAV was
performed using an anti-MPO ELISA (n=7). HC or MPO-ANCA IgG was serially diluted 1:5
and 1:50 and compared to demonstrate purified IgG preparations contained MPO-ANCA IgG.

Data are shown as mean +/- SEM, statistical analysis was performed using Mann-Whitney test.
*x%p<0.001.
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2.2.7. Hypoxic equilibration — Whitley H35 Hypoxystation

The Whitley H35 Hypoxystation (Don Whitley) was used for experimentation analysing the
effect of various oxygen tensions on whole blood, neutrophils, and gEC. The front panel of the
workstation is transparent, with two sleeves attached to doors with sealed off ports, allowing
manual entry into the chamber. External tanks supply nitrogen (N2), carbon dioxide (CO.), and
compressed air into tubing that feeds into the chamber. Gas levels controlled by an external
touch screen electronic panel allows the user to programme the chamber to desired oxygen
tensions. The chamber was programmed to adjust N> and Oz levels as required experimentally;
CO: was kept stable at 5.0%. A thermostat is internally installed allowing incubation conditions
to be maintained at temperature 37°C and humidity levels monitored at 70% throughout
experimentation to prevent evaporation of media. To prevent oxygen inadvertently entering the
main chamber, an enclosed smaller chamber with a sealed opening allows entry from outside
of the chamber for the user to add materials; this airlock was flushed with N> before entry of
materials into the chamber. Before undergoing any experimentation, the chamber needs to
equilibrate, along with any materials necessary. To allow for sufficient gas exchange, and pH
adjustment, plastics, buffers, and media are placed in the chamber to equilibrate a minimum of
3 hours prior to commencing experiments. To ensure experiments on whole blood were
achieving the desired oxygen tension during shorter time points of equilibration, at 15 minutes
and 1 hour, blood gas analyses were performed on HC blood. All experiments on whole blood,
isolated neutrophils, and gEC were equilibrated first for 15 minutes before starting any time
points. All experiments performed under oxygen tensions less than 21% O were conducted in

this workstation.
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2.2.8. Mechanophenotyping - RT-DC

To perform biomechanical phenotyping of whole blood and isolated neutrophils, the technique
of RT-DC was employed. A syringe was filled with sheath fluid, CellCarrierB (Zellmechanik
Dresden GmBH) buffer for whole blood, or CellCarrier (Zellmechanik Dresden) buffer for
isolated cells. A second syringe contained diluted whole blood 1:20 in CellCarrierB or a cell
pellet (2x10°) resuspended in 200 pL of CellCarrier, for the sample syringe. Both were placed
onto a syringe pump (neMESY'S, Cetoni GmbH) of the AcCellerator (Zellmechanik Dresden),
an extension for an inverted microscope (Zeiss). Syringes were connected to polymer PEEK
tubing (IDX), attached to the sheath fluid and sample inlet of a Flic20 PDMS microfluidic chip
(Zellmechanik Dresden). The chip contains reservoirs connected by a square measurement

channel with a 20x20 pum? cross-section (Fig 3).

RT-DC measurements were collected at a flow rate of 0.12 pL/s (0.03 uL/s of sample flow,
and 0.09 pL/s of sheath flow). An inverted microscope (Zeiss) in combination with a high-
speed CMOS camera (Mikrotron GmbH) captures images of cells as they reach the end of the
constriction channel at a frame rate of 2000 frames/s. For isolated cell populations, an open
gating strategy was used. The aspect ratio is set from 1 to 1.2, and the area is set as a gate from
15 um?, which is sufficient to in exclude erythrocyte singlets and doublets. Variables measured
included cell area, deformability, and elasticity. The Young’s modulus, or elasticity coefficient
is inversely correlated to the deformability of the cells. For analysis, porosity, or the convex to
measured area ratio of the cell, is set to 1.0-1.05 (px: um?). Shapeln is the program used for
data collection while running RTDC, and ShapeOut is the analysis software providing kernel
graphs, statistical analysis, and recorded visualisation of individual cell populations (Fig 6).
Formulas:

deformation = 1 — circularity Young’s modulus (E) = stress/strain
=1-(\nA)l
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Figure 6. RT-DC gating
Whole blood was subjected to RT-DC. (A) Depicts all recorded cells. The neutrophil gating

strategy was then applied, filtering out all other cell types and debris from analysis. (B) Box
filters are applied, setting area to neutrophil size, between 50-100uM2, and porosity (convex
to measured area ratio) to 1.0-1.05 gating out any cells improperly recorded. (C) Polygon gate
is set to include all neutrophils in the density dot plot and exclude monocytes (brighter),
eosinophils (darker) or doublets (larger) that may lie within this filtered population by manually
assessing cell appearance. (D) Ungated cells after box filters, but polygon gate applied (E)
Remaining neutrophils with box filters and polygon gate applied.
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2.2.9. Measuring gene expression levels

2.29.1. RNA extraction stimulation — neutrophils

To assess a selective myeloid panel of differentially expressed genes, mRNA expression levels
were measured by qPCR in neutrophils. Freshly isolated neutrophils were resuspended in
neutrophil culture media at 10x10%/mL. 1 pL (40 U/uL) of Protector RNase inhibitor (Merck)
was added to each sample in 1.5 mL microcentrifuge tubes. Cells were allowed to recover for
15 minutes at 37°C and 5% COs. Cells were primed with TNF (2 ng/mL) for 15 minutes and
stimulated with control or MPO-ANCA IgG at 100 pg/mL, for 1 hour. Once incubation was
completed, cells were centrifuged at 350g for 5 minutes. To lyse neutrophils for RNA
extraction, each cell pellet was resuspended in TRIzol (Life Technologies, London, UK) and
left to incubate for 10 minutes. To homogenise, cells were resuspended using a 0.30-gauge

insulin needle (BD, Wokingham, UK). Cells lysed in TriZol were frozen at -80°C.

2.2.9.2. RNA extraction stimulation — gEC

For isolation of mRNA from gEC, cells were seeded in 12-well plates (as stated in section
2.2.2.6.) in gEC full culture media and incubated at 37°C at 21%, 5%, or 1% O for 24 hours.
Once gEC were approximately 80% confluent, gEC full culture media was aspirated, and cells
were washed with PBS-/- to remove any remaining serum. Cells were serum starved with gEC
media without serum and incubated for 2 hours at 37°C. After 2 hours, gEC media without
serum was aspirated, and cells were treated with various conditions including gEC with
untreated neutrophil HC SN, HC IgG stimulated neutrophil SN, MPO-ANCA IgG stimulated
neutrophil SN, untreated neutrophil rAAV SN, or untreated neutrophil aAAV SN. SN from
neutrophils was diluted 1:4 in gEC media with serum before addition to the wells. Cells were
treated for 6 hours or 24 hours. After designated time points, reactions were stopped by placing

cells on ice for 30 minutes. To lyse gEC for RNA extraction after stimulation, cells were
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washed with ice cold Hank’s balanced salt solution (HBSS; Sigma) and RLT buffer (Qiagen,
Manchester, UK) containing 1:100 dilution of B-mercaptoethanol was added to each well. To

harvest, wells were scraped, and aliquoted into 1.5 mL microcentrifuge tubes.

2.2.9.3. RNA extraction

RNA from neutrophils and gEC was extracted on ice using Qiagen mini kit. 70% molecular
grade EtOH was added to each sample. After resuspension, each aliquot was transferred to
RNeasy tubes for centrifugation at 8000g for 30 seconds at 4°C, discarding flow through. RW1
Buffer was added to each sample and centrifuged at 8000g for 30 seconds at 4°C, discarding
flow through. A 1:8 dilution of DNase in RDD buffer was prepared. DNase was aliquoted to
the centre of each tube for incubation at RT for 15 minutes. RW1 Buffer was added to each
sample and centrifuged at 8000g for 30 seconds at 4°C, discarding flow through. Spin columns
were transferred to new collection tubes. RPE Buffer was added to each sample and centrifuged
at 8000g for 30 seconds at 4°C, discarding flow through. For a second wash, RPE Buffer was
added to each sample and centrifuged at 8000g for 2 minutes at 4°C. Flow through was
discarded and samples were centrifuged to dry at 14000g for 1 minute at 4°C. TE buffer (Life
technologies) was added to the centre of the column and centrifuged at 14000g for 1 minute at
4°C. Flow through was eluted again, added to the centre of the column, and spun down at
14000g for 1 minute at 4°C. Flow through was transferred to into fresh 1.5 mL microcentrifuge
tubes and stored at -80°C prior to analysis. RNA quantity and purity was assessed using
A260:A280 ratio and A260:A230 ratio using a Nanodrop 2000c Spectrophotometer
(ThermoFisher). gEC samples were stored in -80°C. Neutrophil samples prepared for RNA-
seq were stored in -80°C until confirming RNA integrity (RIN) using 4150 TapeStation System

(Agilent, Manchester, UK) before sequencing.
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2.29.4. cDNA synthesis

RNA (250 ng neutrophils and 500 ng for gEC) was diluted in RNase-free H>O and used for
reverse transcription with the MultiScribe Reverse Transcriptase kit (ThermoFisher). Total
reaction volume was 20 pL and consisted of 10x RT Buffer, 10x Random Primers, 25x 100
mM dNTP Mix, and 0.2 mL 50U/uL MultiScribe Reverse Transcriptase (ThermoFisher).
Reverse transcription was carried out using an Agilent Technologies SureCycler 8800. Primer
annealing occurs at 25°C for 10 minutes, RT occurs 37°C for 120 minutes and enzyme
inactivation at 85°C for 5 minutes. cDNA was stored at -80°C until usage for validation of

differentially expressed targets via RT-qPCR.

2.29.5. RT-gPCR

A master mix was prepared containing 5 pL of FastStart SYBR Green Master (Roche,
Notttingham, UK), 0.125 pL of forward and reverse primers at 50 mM working concentration,
and 2.8 pLof RNase-free H>O (Qiagen). cDNA was diluted (1:20 in RNase-free H>O) and 2
L was added to 8 pL of master mix. Thermal cycling parameters were activation (95°C for
10 minutes), cycles of denaturing (95°C for 10 seconds), annealing (58°C for 45 minutes),
cycling [for 39 cycles] (58°C for 10 seconds), and extension (95.0°C for 5 seconds). Real-time
qPCR reactions were performed using a QuantStudio 5 thermocycler. Samples were analysed
in triplicate and primer pairs are detailed in Table 3. All custom primers were synthesised by
Sigma-Aldrich and housekeeping primers were synthesised by Qiagen. B2M and 18S
expression were used as the housekeeping controls, proven stably expressed across samples,
for normalisation of target gene expression of interest. Negative controls were performed using
RNase free water or total RNA. Quantification of target gene compared to housekeeping gene

was calculated using the comparative Ct method and where appropriate fold change calculated

using the 2-AACT method.
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2.2.10. Measuring protein secretion levels in neutrophils and gEC — ELISA

2.2.10.1. Neutrophil and gEC activation analysis

To quantify protein secretion levels, serum, neutrophil, and gEC samples were tested using
R&D Human IL-8, VCAM-1, and ICAM-1 DuoSet ELISA kits. Following manufacturer’s
instructions, 96-well half-well microplates (Greiner Bio-one) were coated with capture
antibody diluted in PBS according to manufacturer’s instructions and incubated overnight at
RT. After coating, plates were washed thrice with washing buffer, blocked with blocking buffer
for 1 hour at RT, and washed again. Recombinant protein of interest was serially diluted to
create a 7-point standard curve and loaded in duplicates on lanes 1 and 2. Samples were added
in duplicate technical replicates to the remainder of the plate. Plates were incubated for 2 hours
at RT and then washed. Detection antibody diluted in reagent diluent was added, for a 2-hour
incubation at RT, and then washed. Streptavadin horseradish peroxidase (HRP) diluted in
reagent diluent was added for 20 minutes at RT in the dark. After washing, 1:1 H2O2 and
tetramethylbenzidine (substrate solution) was added for maximum 20 minutes at RT in the
dark. The reaction was stopped with 2 N H>SO4 (stop solution) and read immediately at
OD450nm. Background ODs were subtracted from standards and samples and a logarithmic

standard curve generated to interpolate sample IL-8, VCAM-1, or ICAM-1 concentration.

2.2.10.2. Co-culture neutrophil SN and gEC treatment conditions

SN from neutrophils stimulated following conditions outlined in 2.2.4.1. were first measured
for IL-8, VCAM-1, and ICAM-1 secretion levels before gEC treatment. Harvesting of SN from
neutrophil SN treated gEC are outlined in section 2.2.9.3. IL-8, VCAM-1, and ICAM-1
secretion in SN from neutrophil SN treated gEC was quantified by subtracting initial IL-8,
VCAM-1 and ICAM-1 secretion levels measured in stimulated neutrophil SN, from the overall

IL-8, VCAM-1, or ICAM-1 in SN from neutrophil SN treated gEC (section 2.2.4.1.)
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2.2.11. Experiments for neutrophil trans-endothelial migration

2.2.11.1. Neutrophil endothelial trans-well migration assay

To quantify neutrophil trans-migration across endothelial cells, trans-well assays were used.
gEC were seeded in 12-well trans-well membrane inserts with 3 pm pores at 5 x 10° per well
and incubated at 37°C at 21% or 1% O; for 48 hours. At 24 hours, 10 ng/mL of TNF was where
indicated as a positive control. At 48 hours (24 hours after addition of TNF to selected wells)
gEC were treated with neutrophils in conditions outlined in Table 20. Neutrophil stimulation
conditions were as stated in section 2.2.4.1. Cells were co-cultured for 1.5 hours. SN from the
bottom chamber was harvested for counting migrated neutrophils and membrane inserts were

fixed for assessing EC monolayer formation and integrity using immunofluorescence.

Oxygen Coculture stimulation conditions
tension
Neutrophils: Neutrophils: Neutrophils: Neutrophils: TNF primed | Neutrophils: TNF primed Neutrophils: TNF primed
Untreated TNF primed Untreated Control IgG stimulated MPO-ANCA IgG stimulated | PR3-ANCA IgG stimulated
EC: Untreated | EC: Untreated | EC: TNF treated EC: Untreated EC: Untreated EC: Untreated
0,
A% 0, Neutrophils: Neutrophils: Neutrophils: Neutrophils: TNF primed | Neutrophils: TNF primed Neutrophils: TNF primed
Untreated TNF primed Untreated Control IgG stimulated MPO-ANCA IgG stimulated | PR3-ANCA IgG stimulated
EC: Untreated | EC: Untreated EC: TNF treated EC: Untreated EC: Untreated EC: Untreated
Neutrophils: Neutrophils: Neutrophils: Neutrophils: TNF primed | Neutrophils: TNF primed Neutrophils: TNF primed
Untreated TNF primed Untreated Control IgG stimulated MPO-ANCA IgG stimulated | PR3-ANCA IgG stimulated
EC: Untreated | EC: Untreated | EC: TNF treated | EC: Untreated EC: Untreated EC: Untreated
0,
1%0: Neutrophils: Neutrophils: Neutrophils: Neutrophils: TNF primed | Neutrophils: TNF primed Neutrophils: TNF primed
Untreated TNF primed Untreated Control IgG stimulated MPO-ANCA IgG stimulated | PR3-ANCA IgG stimulated
EC: Untreated | EC: Untreated | EC: TNF treated EC: Untreated EC: Untreated EC: Untreated
Table 20. Stimulation conditions

Optimisation was performed to determine a suitable media cocktail concentration to ensure no
activation of either the neutrophils or endothelial cells. A media stock of 1:5 neutrophil culture
media in gEC full culture media was made up for further stimulation and incubation from this
point of experimentation onward. 30 minutes prior to addition to trans-wells, isolated
neutrophils were seeded at 5 million cells per mL into 1.5 mL microcentrifuge tubes and
equilibrated at 37°C for 15 minutes. Neutrophils were primed with 2 ng/mL of TNF for 15

minutes. During this neutrophil incubation step, media was aspirated from the top and bottom
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chamber of the trans-well membrane insert. 500 uL of media with or without 200 ng/mL of IL-
8 was added to bottom chambers. 100 pg/mL of control or ANCA IgG was added to each tube
of neutrophils, and directly transferred to the top well insert of each trans-well membrane. Cells
were incubated at 37°C and 5% CO; for 1.5 hours to allow for trans-endothelial migration to
occur. Media from the bottom chamber was carefully removed and pipetted into individual 1.5
mL microcentrifuge tubes. Neutrophils were pelleted at 300g for 5 minutes, resuspended in

100 pL of media, and counted using the haemocytometer.

2.2.12. Immunofluorescence

2.2.12.1. Co-culture trans-well monolayer assessment

To assess adequate monolayer formation, and integrity of the trans-well membranes,
immunofluorescence was performed. Trans-well membrane inserts (from above experiment,
section 2.2.11.1.) were removed and transferred to new 12 well plates. Membranes were
washed twice in PBS-/-. PBS-/- was aspirated and membranes were fixed in Image-iT Fixative
Solution for 15 minutes at RT. PFA was aspirated, and membranes were washed twice in PBS-
/-. Membranes were permeabilised with 0.4% Triton X-100 in PBS-/- for 5 minutes. 0.4%
Triton X-100 was aspirated, and membranes were washed twice in PBS-/-. Membranes were
incubated in blocking buffer for 10 minutes. BSA was aspirated, and membranes were
incubated in primary antibodies for VE-Cadherin (R&D) and CD15 (Agilent), diluted in
blocking buffer at 4°C overnight. Membranes were washed twice in PBS-/-. PBS-/- was
aspirated and membranes were incubated for 1 hour in secondary antibody (donkey anti-goat
IgG Alexa555 for VE-Cadherin and donkey anti-mouse IgG Alexa647 for CD15) diluted in
blocking buffer at 4°C. Membranes were washed twice in PBS-/-. Using tweezers to hold the
chamber, outer edges of the membrane were excised with a scalpel, leaving one point of the

membrane attached to the chamber. The chamber was held over a slide, VectaShield DAPI

105



mount was dropped upon the (still attached) membrane, and the remaining attached portion of
membrane was gently removed using tweezers. Coverslip was placed from one corner,
carefully avoiding air bubbles to ensure a flat layer sealing of the membrane. Slides were stored

at 4°C in the dark until imaging at 20x (Leica Stellaris 8 STED-FALCON).

2.2.12.2. Visualisation of actin polymerisation and quantification

Actin polymerisation was quantified by immunofluorescence and confocal microscopy.
Freshly isolated neutrophils from healthy control donors were seeded at a density of 2x10° per
well into 8 well chamber slides (Ibidi) and allowed to recover for 15 minutes at 37°C. Cells
were primed with 2 ng/mL of TNF for 15 minutes then stimulated with 100 pg/mL of HC IgG
or MPO-/PR3-ANCA IgG for 1 hour. Following stimulation, SN was aspirated, and wells were
washed with PBS-/-. Cells were fixed in Image-iT Fixative Solution (4% PFA; ThermoFisher)
for 15 minutes at RT. 4% PFA was aspirated and wells were washed with PBS-/-. Cells were
blocked with 1% BSA (Sigma Aldrich) for 1 hour at RT. Serum was aspirated, and Phalloidin
(AF488) antibody diluted in PBS-/- was added to each well and left in the dark to incubate
overnight at 4°C. Wells were washed with PBS-/-. VectaShield DAPI mount (Vector labs) was
added to mount slides. Chamber slides were kept in the dark, at 4°C until imaged using confocal
microscopy (Zeiss LSM-780) on 63x immersion oil. Phalloidin staining measures and
represents the F-actin signal. A macro developed by Stephen Rothery (Imperial FILM),
quantified the area and perimeter of each cell utilising Phalloidin stain, the total cell area
staining for Phalloidin was quantified relative to the area of each measured cell, and the total
cell perimeter staining for Phalloidin was quantified relative to the perimeter of each measured
cell. These variables are individually referred to as area, perimeter, relative area, and relative
perimeter. Values generated by the macro were used to quantify protrusions and actin

polymerisation (Fig 7).
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MAX_control norm.czi Cell 5 1 94.891 94.891 98.530 37555.215 40.082 0.742 0.973 11.796 287.000 576 118.713 10.196
MAX_control norm.czi Cell6 1 63.984 63.984 97.267 43190.098 32.912 0.742 0958 10.762 954.000 639 105.994 8.039
MAX_control norm.czi Cell 7 7 101.543 14.506 96.533 18017.756 6.069 0.885 0.898 1.902 336.143 928 92.436 1.622
MAX_control norm.cziRing 1 1 27.724 27.724 96.145 33452.367 34.942 0.285 0.381 11.958 67.000 77 121.938 7.451
MAX_control norm.cziRing 2 1 27.672 27.672 95.993 23319.252 34.667 0.289 0.355 11.016 706.000 329 48.395 8.761
MAX_control norm.czi Ring 3 1 30.785 30.785 96.149 36009.406 39.837 0.244 0.318 11.638 143.000 356 20.898 10.608
MAX_control norm.czi Ring 4 1 31.792 31.792 95.054 37285.789 43.730 0.209 0.321 13.125 368.000 505 15.432 9.302
MAX_control norm.czi Ring 5 1 31.263 31.263 95.910 35764.441 40.082 0.245 0.321 11.796 287.000 576 118.713 10.196
MAX_control norm.czi Ring 6 1 25.670 25.670 93.456 37807.289 32.912 0.298 0.384 10.762 954.000 639 105.994 8.039
MAX_control norm.cziRing 7 1 32.409 32.409 95.607 36013.680 40.862 0.244 0.305 12.517 289.000 912 5.741 10.877
L yl

Figure 7.  Actin polymerisation quantification macro steps

(A) Z-stacks were projected to maximum intensity images. (B) Auto threshold was set to
Huang dark and a mask was created, filling any holes. (C) Area and perimeter were measured
within a 1 pm sized ring around each individual cell. (D) Auto threshold was set to Otsu dark.
(E) Relative area and relative perimeter were measured within a 1 pm sized ring around each
individual cell. (F) Individual cells were divided by cell and ring; cell denoting area and
perimeter measurement, and ring denoting relative area and relative perimeter measurement.
(G) A quantified labelled list of variables is generated.
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2.2.12.3. Visualisation of NET formation

To quantify NET formation, immunofluorescence and confocal microscopy was performed.
Freshly isolated neutrophils from healthy control donors were seeded at a density of 2x10° per
well into an 8 well chamber slide (Ibidi) and allowed to recover for 15 minutes at 37°C. Cells
were primed with 2 ng/mL of TNF for 15 minutes and stimulated with 100 pg/mL of HC IgG
or MPO-/PR3-ANCA IgG for 4 hours. PMA at 60 ng/mL was used as a positive control.
Following stimulation, SN was aspirated, and wells were washed twice with PBS-/-. Cells were
fixed in Image-iT Fixative Solution for 15 minutes at RT. PFA was aspirated, and wells were
washed twice with PBS-/-. Cells were blocked with 2.5% horse serum (Vector labs) for 10
minutes at RT. Serum was aspirated, and anti-Citrullinated histone H3 (H3Cit; abcam)
antibody diluted in PBS-/- was added to each well and left in the dark to incubate overnight at
4°C. Wells were washed with PBS-/- twice. Secondary antibody (horse anti-rabbit IgG
DyLight 594) in PBS-/- was added to each well for 1 hour. Wells were washed with PBS-/-
twice. Slides were mounted with VectaShield DAPI mount. Chamber slides were kept in the

dark at 4°C until imaged using confocal microscopy (Zeiss LSM-780) at 40x immersion oil.

2.2.13. Statistical analysis

Values for statistical analysis were generated using Excel (Microsoft). Graphs and statistical
analysis were carried out in ShapeOut2 (Zellmechanik Dresden) or Prism Software Version 10
(Graphpad). Where statistical tests are used, this is detailed in the text or figure legend. For
non-parametric data or datasets with a small number of replicates, non-parametric tests were
used included a Mann-Whitney test to compare two conditions, Kruskal-Wallis test, with
Dunn’s post-hoc test to compare multiple conditions. For normally distributed data t test for
two variables or one way analysis of variance (ANOVA) for multiple variables with Dunnett’s

post-hoc correction to compare groups to a control group or Bonferroni post-hoc correction for
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multiple comparisons. To compare multiple groups across different conditions, two-way
ANOVA with Geisser-Greenhouse correction, with Tukey’s multiple comparisons post-hoc

test was used. For liner correlation Pearson correlation coefficient was used.

RNA-seq analysis was performed by GeneWiz. Sequence reads were trimmed using
Trimmomatic v.0.36 mapped to Homo sapiens GRCh38.p14 reference genome on EMSEBL
using STAR aligner v.2.5.2b. Hit counts for genes were calculated using featureCounts from
the Subread package v.1.5.2. Downstream differential expression analysis using DESeq2 was
performed; p-values and log2 fold changes were generated using the Wald test. Presentation of
results were displayed using EnhancedVolcano (505,506) package in R for volcano plots and

WebGestalt (507-510) for gene ontology analysis.
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3. Chapter 3 — Characterising the biomechanical phenotype of
neutrophils following stimulation with ANCA 1gG
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3.1. Introduction

Neutrophils are key to the pathogenesis of AAV as ANCA activated neutrophils are direct
mediators of vascular and tissue injury. A chemoattractant, such as IL-8, signals neutrophil
recruitment to sites of vascular damage due to inflammation, localising neutrophils activated
by ANCA to the endothelium and increasing the inflammatory response. As a result of
activation by ANCA, stimulation of neutrophil pathogen killing mechanisms occurs, mediating
tissue injury through ROS generation, degranulation, and NET formation. There is sufficient
evidence for ANCA IgG activation of neutrophils leading to pathogenic responses from several

in vitro studies (289,327,511,512).

Neutrophil priming by inflammatory mediators has been shown to result in a biophysical
phenotypic change whereby neutrophils become smaller and stiffer. Once neutrophils shrink
following priming, they then undergo a second phase of morphological change of enlargement
and softening, displaying yet another example of neutrophil plasticity (41). Activation of
neutrophils has, in other studies, been described to induce both stiffening and softening of cells
(41,513). As such biomechanical changes are likely to depend on the timing, the exact stimulus

used and potentially whether whole blood or isolated neutrophils are used.

RT-DC, a method used for high-throughput characterisation of single cell mechanics, can
detect biomechanical changes in primed and activated cells using a range of conventional
stimuli such as PAF, FMLP, or LPS. Although ANCA IgG is known to induce a range of
pathogenic neutrophil responses, there is only one study of biomechanics, which used single
cell micropipette aspiration to identify that neutrophils may become stiffer following ANCA
IgG stimulation (342). Therefore, it is unknown what the impact of ANCA stimulation is on

cell biophysical phenotype using a high throughput technique capable of fully phenotyping
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morphorheological properties. Increased neutrophil stiffness in AAV would be consistent with
its specificity for small blood vessels as stiffer neutrophils are more likely to become trapped
in the microvasculature (514). Previous studies, in other settings than AAV, have identified
that mechanical changes such as stiffening are associated with a stiffer actin cortex (216); this
is also a typical cytoskeletal feature of neutrophil priming (40). Actin cytoskeletal changes are
also of key importance for neutrophil functions, such as NETosis, as detailed previously in

section 1.3.2.

Determining whether changes in the cytoskeleton and neutrophil biophysical phenotype occur
following ANCA stimulation may lead to identification of novel ways of targeting pathogenic
ANCA responses, such as preventing increased neutrophil stiffness by targeting the regulation

of actin polymerisation.

Hypothesis of this chapter

Stimulation of neutrophils with ANCA IgG induces morphorheological changes due to changes
in the actin cytoskeleton.

Aims

1 To optimise experimental conditions for use of RT-DC

2 Investigate the effect of ANCA IgG stimulation on neutrophil mechanophenotype

3 Investigate the link between neutrophil mechanophenotype and actin cytoskeletal changes

4 To measure if ANCA IgG induced changes in neutrophils are transcriptionally regulated
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3.2. Optimisation of RT-DC

As RT-DC is a novel technique, an important part of my project was optimising conditions for
experimental work. The effect of several experimental parameters on neutrophil biomechanical
phenotype were measured including anticoagulant, cell culture media, processing time, and
cell isolation method. I also explored the effects of different priming agents over a time course,

in addition to initial optimisation of basic conditions.

3.2.1. Whole blood neutrophils in sodium citrate have lower deformability than EDTA

Previous studies showed platelets collected in heparin and EDTA exhibited the lowest
deformability whereas those collected into sodium citrate had the highest deformability (515).
As such, I investigated the effects of different anticoagulants on neutrophil deformability. To
determine if anticoagulants influence deformability of neutrophils in whole blood, RT-DC was
used to analyse this population. Intra-donor and inter-donor effects of anticoagulants (sodium

citrate or EDTA) were compared.

No significant difference in neutrophil size, deformability, or elastic modulus was seen
between different anticoagulants compared in a single donor (Fig 8A, C, and E; ns).
Additionally, the single donor results validated the reproducibility of RT-DC measurement.
Neutrophils in citrate from multiple donors showed no change in size (Fig 8B), significantly
lower deformation (Fig 8D; p=0.0295), and a trend towards having higher elastic modulus (Fig
8F; p=0.0531) in comparison to cells in EDTA. EDTA is commonly available for the collection
of samples in the clinical setting (516) and is required for usage in for EasySep Direct Human
Neutrophil Isolation Kit. From this, EDTA was the selected anticoagulant of choice for blood

donation from healthy donors and patients.
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Figure 8. Whole blood neutrophils in sodium citrate have lowest deformability

(A/C/E) Neutrophils in whole blood from the same HC donor on different days. (n=3 separate
collection days) collected in sodium citrate or EDTA were analysed using RT-DC. Neutrophil
populations were gated and analysed for (A) Cell size, (B) Cell deformability, and (C)
Elasticity. (B/D/F) Neutrophils in whole blood from HC (n=8 volunteers) collected in sodium
citrate or EDTA were analysed using RT-DC. Neutrophil populations were gated and analysed
for (B) Cell size, (D) Cell deformability, and (F) Elasticity. More than 1000 events were
recorded for each sample and results were visualised and analysed in ShapeOut2 software. Data
are shown as mean +/- SEM, statistical analysis was performed using Mann-Whitney test;
*p<0.05.
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3.2.2. Isolation methods do not alter neutrophil mechanophenotype

Previous work has shown that different methods of neutrophil isolation do not activate
neutrophils but may result in different functional responses (67). I compared if methods of
neutrophil isolation impact morphorheological characteristics of neutrophils using two
different methods of cell isolation: dextran sedimentation/Percoll gradient versus
immunomagnetic negative selection beads (EasySep) (517,518). Neutrophils were isolated

using both methods in parallel and analysed using RT-DC.

No significant differences were observed between isolation methods when examining
biomechanical profile of isolated neutrophils (Fig 9A-C; ns). For most experiments, Percoll
gradient isolation method was the isolation method of choice. For RNA-Sequencing
experiments neutrophils were isolated using immunomagnetic negative selection beads to
ensure pure cell populations without contaminating eosinophils (or other rare granulocytes).
Each experiment was performed using a consistent isolation method as there is a trend to

increased deformability in the cells isolated using immunomagnetic negative selection.
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Figure 9. Isolation methods do not alter neutrophil mechanophenotype
(A-C) Neutrophils from HC (n=3) were examined in whole blood, or isolated using Percoll
density gradient or EasySep Direct Neutrophil Isolation and analysed using RT-DC. Neutrophil
populations were gated and analysed for (A) Cell size, (B) Cell deformability, and (C)
Elasticity. More than 1000 events were recorded for each sample and results were visualised
and analysed in ShapeOut2 software. Data are shown as mean +/- SEM, statistical analysis was
performed using Kruskal-Wallis test, with Dunn’s multiple comparisons test.
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3.2.3. Time post-venepuncture does not alter neutrophil mechanophenotype

As this project involves analysis of patient samples, there was the potential for unavoidable
time interval between venesection in the hospital clinic/ward setting and processing of samples.
As such, I investigated the effect of delayed processing on morphorheological characteristics
of neutrophils in whole blood and isolated cells using RT-DC. Whole blood and isolated
neutrophils were measured at time of venepuncture in comparison to blood incubated at room

temperature in collection tubes for 30 minutes post-venepuncture.

All parameter readouts are of similar magnitude when comparing isolated neutrophils versus
whole blood neutrophils (Fig 10A-C). Importantly, there was no difference between immediate
processing and 30 minutes delay. Up to 30 minutes time from venesection to sample retrieval
for analysis was therefore eliminated as a variable which might contribute to changes in size,

deformability, and elasticity.
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Figure 10. Time post-venepuncture does not alter neutrophil mechanophenotype

(A-C) Neutrophils in whole blood from HC (n=3) were analysed using RT-DC at time of
venepuncture and 30 minutes post venepuncture. Neutrophils were isolated either at time of
venepuncture of after 30 minutes delay followed by immediate and analysis using RT-DC.
Neutrophil populations were gated and analysed for (A) Cell size, (B) Cell deformability, and
(C) Elasticity. More than 1000 events were recorded for each sample and results were
visualised and analysed in ShapeOut2 software. Data are shown as mean +/- SEM, statistical
analysis was performed using Mann-Whitney test.
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3.2.4. Neutrophil deformability is not altered by cell culture media calcium concentration

Previous studies have shown the influence of calcium regulation and signalling on neutrophil
cytoskeletal rearrangement (239). I assessed if calcium concentration influenced neutrophil
deformability at baseline by comparing media with different calcium concentrations: IMDM
(1.49 mM) and RPMI (0.42 mM). Untreated isolated neutrophils resuspended in serum free

IMDM or RPMI were analysed using RT-DC at 15 minutes or 60 minutes after isolation.

No significant changes in RT-DC parameters of untreated neutrophils were seen between
different media suspensions at either time point (Fig 11A-C; ns). This data indicates that
increased media calcium content does not alter untreated neutrophil mechanophenotype. As
media calcium content did not alter neutrophil mechanophenotype and majority of experiments

would be performed in suspension culture, future experiments were carried out utilising RPMI.
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Figure 11. Neutrophil deformability is not altered by media calcium concentration

(A-C) Neutrophils from HC (n=5) were isolated, incubated in RPMI or IMDM for 15 minutes
or 60 minutes, and analysed using RT-DC. Neutrophil populations were gated and analysed for
(A) Cell size, (B) Cell deformability, and (C) Elasticity. More than 1000 events were recorded
for each sample and results were visualised and analysed in ShapeOut2 software. Data are
shown as mean +/- SEM, statistical analysis was performed using Mann-Whitney test..
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3.2.5. Low dose TNF priming does not alter neutrophil deformability

Stimulation with TNF has been reported to impact neutrophil function, with increasing doses
of TNF stimulation resulting in generation of ROS (Wright et al., 2010). Priming of neutrophils
is required prior to stimulation with ANCA IgG to elicit a robust stimulation response, and
low-dose TNF (2ng/mL) is commonly used in many published studies as a priming agent that
is relevant to AAV (519-521). Previous work has shown some priming agents LPS and PAF
can alter RT-DC parameters, although TNF was not studied (41). It was important to
understand if TNF priming influenced mechanophenotype so the effect of ANCA could be
examined. I therefore compared the effect of two concentrations of TNF: 2 ng/mL, which I
planned to use in ANCA IgG stimulation experiments, and 20 ng/mL, to examine the effect on

morphorheological characteristics using RT-DC.

Neither TNF concentration had a significant effect on neutrophil size, deformability, or
elasticity (Fig 12). As the sole purpose of TNF in this set of experiments is to prime neutrophils,
which is known to be achieved using low dose TNF (2 ng/mL), this concentration was used in

the remainder of experiments.
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Figure 12. Low-dose TNF priming does not alter neutrophil deformability

(A-C) Neutrophils from HC (n=5) were isolated, primed with 2 ng/mL or 20 ng/mL TNF for
15 minutes, and analysed using RT-DC. Neutrophil populations were gated and analysed for
(A) Cell size, (B) Cell deformability, and (C) Elasticity. More than 1000 events were recorded
for each sample and results were visualised and analysed in ShapeOut2 software. Data are
shown as mean +/- SEM, statistical analysis was performed using Kruskal-Wallis test, with
Dunn’s multiple comparisons test.
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3.3. Neutrophil pathogenic responses following stimulation with

ANCA

ANCA IgG stimulation of neutrophils has been described to induce cytokine release, ROS
production, and NETosis (289,393). To ensure the ANCA 1 isolated were pathogenic, two of

these responses were investigated; IL-8 production and NETosis.

3.3.1. MPO- and PR3-ANCA increases neutrophil I.-8 secretion

IL-8 is a key chemoattractant of neutrophils, shown to be upregulated in serum from patients
with aAAV and present in kidney tissue of patients with AAV associated GN (327). To confirm
the ANCA IgG I isolated were pathogenic, IL-8 secretion from neutrophils was measured over
a time-course of ANCA stimulation using ELISA. Neutrophils were primed with 2 ng/mL TNF
(15 minutes) and stimulated with HC or MPO- or PR3- ANCA IgG for 15 minutes, 1h, 2h, 3h,

or 4h.

IL-8 production peaked at 4h stimulation (Fig 13A; ns) and was higher in MPO-/PR3-ANCA
IgG stimulated cells compared to untreated at all timepoints. As for many of my experimental
protocols, I planned to use 1h stimulation time course. I thereafter measured in a shorter time
course of 15 minutes and 1h stimulation identifying significant IL-8 secretion in MPO-ANCA
or PR3-ANCA stimulated cells in comparison to untreated at 1h (Fig 13B; MPO: p=0.0012,
PR3: p=0.0150). These results confirmed that for techniques where a shorter time course is
optimal for technical reasons, 1h of MPO- or PR3-ANCA IgG stimulation is sufficient to

induce significant neutrophil activation.

Although IL-8 secretion from cells stimulated with PR3-ANCA for 1h was not significantly

different to MPO-ANCA, the magnitude of change compared to untreated cells was lower for
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PR3-ANCA (Fig 13B). Thus, comparing ANCA subtypes, MPO-ANCA significantly induces
greater IL-8 secretion from neutrophils at 15 minutes and 1h (Fig 13B; 15 minutes: p=0.0149,

1h: p=0.0012).
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Figure 13. ANCA induced IL-8 secretion

(A) Isolated neutrophils from HC (n=3) were untreated with media only (neutrophil culture
media, ‘untreated’) or primed with 2 ng/mL TNF (15 minutes) and stimulated with 100 pg/mL
HC IgG, MPO-ANCA IgG for 1h or 4h. (B.) Isolated neutrophils from HC were untreated with
media only (neutrophil culture media, ‘untreated’) (n=12) or primed with 2 ng/mL TNF (15
minutes) and stimulated with 100 pg/mL HC IgG (n=12), MPO-/PR3-ANCA IgG (n=6) for 15
minutes, or lh. Untreated and HC IgG data points were pooled from MPO- and PR3-ANCA
experiments. SN IL-8 content was measured by ELISA. Data are shown as mean +/- SEM,
statistical analysis was performed using Kruskal-Wallis test, with Dunn’s multiple
comparisons test; *p<0.05 **p<0.01 ***p<0.001 ****p<0.0001.
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3.3.2. Increased NET production in ANCA stimulated neutrophils

Increased NET formation occurs when neutrophils are exposed to pathogenic ANCA IgG, and
measurement of NET formation can be used to determine pathogenicity of purified IgG (317).
To visualise NET formation, neutrophils were primed with 2 ng/mL TNF (15 minutes) and
stimulated with HC or MPO- or PR3- ANCA IgG for 4h and stained for H3Cit, a marker of

NET formation, using immunofluorescence (522).

Minimal NET formation was shown in untreated neutrophils (representative images shown in
Fig 14A). Upon visual inspection, there was a substantial increase in NET production in both
MPO- and PR3-ANCA IgG stimulated neutrophils, in comparison to untreated neutrophils,
and to HC IgG stimulated neutrophils (Fig 14A-D). While some NETs were present in HC IgG
stimulated neutrophils, this was to a much lesser degree than seen following ANCA
stimulation, which displayed noticeably thicker and more confluent NETs (Fig 14C and D).
Previous work has shown serum can inhibit NET formation in response to other stimuli such
as LPS or calcium ionophores, but not in response to PMA. In my experiments using ANCA,
the addition of healthy serum to culture media when using 10% RPMI with Human AB serum,
serum did not inhibit NET formation (523). Consideration of how NETosis may contribute to

other experimental findings is discussed in future sections.
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A. Untreated

C. MPO-ANCA IgG D. PR3-ANCA IgG

Figure 14. Increased NET production in ANCA simulated neutrophils

Isolated neutrophils from HC were untreated with media only (neutrophil culture media,
‘untreated’) or primed with 2 ng/mL TNF for 15 minutes and stimulated with 100 pg/mL HC
IgG, MPO- or PR3-ANCA IgG for 4h (A) Untreated, (B) HC IgG, (C) MPO-ANCA IgG, and
(D) PR3-ANCA IgG. Neutrophils were fixed, stained for H3Cit (red) (AF647), mounted with
VectaShield[R] Antifade Mounting Medium with DAPI (blue), and imaged at 20x using an
inverted Zeiss LSM-780. Representative images from n=10 experiments are shown.
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3.4. Effect of ANCA on neutrophil mechanophenotype

Once the pathogenic effect of purified ANCA upon neutrophils was established, I investigated

the effect of ANCA stimulation on neutrophil mechanophenotype using RT-DC.

3.4.1. Neutrophil deformability decreases over time

To assess ANCA stimulation on neutrophil mechanophenotype over time using RT-DC, a 4h
time course experiment was performed. Neutrophils were primed with 2 ng/mL TNF (15

minutes) and stimulated with HC or MPO-ANCA-IgG for 15 minutes, 1h, 2h, 3h, or 4h.

There was sequential decrease in cell size and deformability from 1h onwards under all
conditions suggesting this was a non-specific effect of prolonged neutrophil culture (Fig 15).
The differences between stimulation conditions were not significant although changes in
deformability were most marked in MPO-ANCA IgG stimulated cells (change of 0.006 and
0.011 au. from baseline in untreated and MPO-ANCA IgG stimulated neutrophils
respectively) with a significant decrease in deformability from 15 minutes to 4h of stimulation
(Fig 15B; p=0.0290). Following prolonged stimulation at 3h and 4h time points, ANCA
stimulated neutrophils were more challenging to measure using RT-DC. Strands of material,
which were thought to potentially be NETs, would block single cells flowing through the
microfluidic channel. This is in keeping with the known effect of ANCA stimulation in
inducing NETosis which I described in section 3.3.2. To prevent further interference from this
variable, and to maintain technical feasibility, a 1h stimulation was used for further studies

investigating the effect of ANCA IgG stimulation.
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Figure 15. Neutrophil deformability decreases over time

(A-C) Neutrophils from HC (n=5) were untreated with media only (neutrophil culture media,
‘untreated’) or primed with 2 ng/mL TNF for 15 minutes and stimulated with 100 pg/mL HC
IgG, MPO-ANCA IgG for 15 minutes, 1h, 2h, 3h, or 4h. Neutrophil populations were gated
and analysed by RT-DC for (A) Cell size, (B) Cell deformability, and (C) Elasticity. More than
1000 events were recorded for each sample and results were visualised and analysed in
ShapeOut2 software. Data are shown as mean +/- SEM, statistical analysis was performed

using two-way ANOVA mixed effects model with Geisser-Greenhouse correction, with
Tukey’s multiple comparisons test; *p<0.05.
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3.4.2. No difference between MPO- or PR3-ANCA stimulation on isolated neutrophil

deformability

Clinical studies highlight the difference between ANCA serotype in disease pathogenesis
(524). I measured whether there was a difference between pathogenic ANCA subtypes on
neutrophil deformability by comparing MPO-ANCA and PR3-ANCA IgG stimulated
neutrophils using RT-DC. Neutrophils were primed with 2 ng/mL TNF (15 minutes) and

stimulated with HC IgG or MPO-/PR3-ANCA-IgG for 15 minutes or 1h.

The results suggest stimulation with MPO- or PR3-ANCA do not induce a decrease in
neutrophil deformability compared to untreated neutrophils at 15 minutes and 1 hour. The data
did not achieve significance and similar results were also seen with HC IgG by 1h (Fig 16).
While MPO- and PR3-ANCA may have different effects on other processes in AAV disease
pathogenesis, ANCA subtypes do not differ in their effects on isolated neutrophil

biomechanics.
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Figure 16. No difference between MPO- or PR3-ANCA stimulation on isolated neutrophil
deformability

(A-F) Isolated neutrophils from HC (n=6) were untreated with media only (neutrophil culture
media, ‘untreated’) or primed with 2 ng/mL TNF for 15 minutes and stimulated with 100
ug/mL HC IgG, MPO-/PR3-ANCA IgG for 15 minutes (A/C/E) or 1h (B/D/F) and analysed
using RT-DC. Untreated and HC IgG data points were pooled from MPO- and PR3-ANCA
experiments. Neutrophil populations were gated and analysed for (A/B) Cell size, (C/D) Cell
deformability, and (E/F) Elasticity. More than 1000 events were recorded for each sample and
results were visualised and analysed in ShapeOut2 software. Data are shown as mean +/- SEM,
statistical analysis was performed using two-way ANOVA mixed effects model with Geisser-
Greenhouse correction, with Tukey’s multiple comparisons test.
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3.5. Whole blood treatment with ANCA

3.5.1. Increased IL-8 secretion in whole blood treated with MPO-ANCA

It is possible that neutrophil isolation was a confounding factor in my results investigating the
biomechanical phenotype of neutrophils following ANCA stimulation (section 3.4.2.). As
such, I next investigated if neutrophils in whole blood exhibited changes in deformability when
treated with ANCA as this may be more physiologically relevant. To ensure ANCA stimulation
remained pathogenic in this experimental protocol, IL-8 release was investigated as this is well
characterised in isolated cells. Whole blood was treated with 2 ng/mL TNF (15 minutes) and
then with HC IgG or MPO-ANCA-IgG for 1h. IL-8 secretion in serum from whole blood

stimulation was measured using ELISA.

There was little to no IL-8 secretion in untreated or HC IgG treated whole blood. HC IgG
treated whole blood exhibited minimal IL-8 secretion. MPO-ANCA IgG treated whole blood
displayed a significant increase in IL-8 secretion in comparison to untreated whole blood (Fig
17; p=0.0001). Overall, these results indicate that ANCA can exert a similar pathogenic effect

in this whole blood experimental protocol as compared to isolated cells.
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Figure 17. MPO-ANCA promotes IL-8 secretion in serum following whole blood
stimulation

Whole blood from HC (n=8) was untreated or treated with 2 ng/mL TNF (15 minutes) and

treated with 100 pg/mL HC IgG, MPO-ANCA IgG, or untreated for 1h. Serum IL-8 content

was measured by ELISA. Data are shown as mean +/- SEM, statistical analysis was performed

using Kruskal-Wallis test, with Dunn’s multiple comparisons test; ****p<0.0001.
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3.5.2. Neutrophil deformability decreases in whole blood stimulated with MPO-ANCA

To eliminate the effect of cell preparation on ANCA induced responses, whole blood treated
with HC IgG or MPO-ANCA IgG was analysed using RT-DC. Whole blood was primed with

2 ng/mL TNF (15 minutes) and treated with HC or MPO-ANCA IgG for 1h.

There was a significant decrease in neutrophil deformability in whole blood treated with
ANCA IgG in comparison to untreated (Fig 18; p=0.0365) and a significant increase in elastic
modulus (Fig 18; p=0.0291). The change in deformability in whole blood neutrophils between
conditions was greater than that seen in isolated neutrophils. This suggests that either isolation
method may be impacting cell deformability, or that a more representative physiological

environment ex vivo results in a greater neutrophil response (Fig 18).
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Figure 18. Neutrophil deformability decreases in whole blood stimulated with MPO-ANCA
(A-C) Whole blood from HC (n=14) was primed with 2 ng/mL TNF for 15 minutes, treated
with 100 pg/mL HC IgG or MPO-ANCA IgG for 1h, and analysed using RT-DC. Neutrophil
populations were gated and analysed for (A) Cell size, (B) Cell deformability, and (C)
Elasticity. More than 1000 events were recorded for each sample and results were visualised
and analysed in ShapeOut2 software. Data are shown as mean +/- SEM, statistical analysis was
performed using one-way ANOVA Kruskal-Wallis test, with Dunn’s multiple comparisons
test; *p<0.05.
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3.6. Increase in actin polymerisation in MPO/PR3-ANCA

stimulated neutrophils

3.6.1. MPO/PR3-ANCA promotes actin polymerisation in HC stimulated neutrophils

My previous results have established that pathogenic ANCA stimulation alters neutrophil
deformability in whole blood (section 3.5.2.). To determine if ANCA induced cytoskeletal
changes could explain decreased cell deformability, isolated HC neutrophils were stimulated
with  ANCA followed by measurement of actin polymerisation using Phalloidin
immunofluorescence staining for F-actin. Neutrophils were primed with 2 ng/mL TNF (15
minutes), stimulated with HC or MPO-/PR3-ANCA IgG for 1h, fixed, and stained for F actin

using phalloidin immunofluorescence.

Representative images shown in Figure 19 display a visually brighter stain, extended
protrusion formation, and distorted cell shape in MPO-/PR3-ANCA stimulated neutrophils in
comparison to untreated and HC IgG. Untreated and HC IgG stimulated neutrophils exhibit
minimal Phalloidin staining. Actin “caps” (focal areas of polymerised actin) are present in
ANCA and HC IgG stimulated neutrophils but not in untreated cells. Other variables and
cytoskeletal protrusions were quantified using a macro. Phalloidin staining measures and
represents the F-actin signal. The area and perimeter of each cell were quantified utilising
Phalloidin stain. The total cell area staining for Phalloidin was quantified relative to the area
of each measured cell, and the total cell perimeter staining for Phalloidin was quantified relative
to the perimeter of each measured cell. These variables are individually referred to as area,

perimeter, relative area, and relative perimeter.
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Figure 19. MPO/PR3-ANCA stimulation promotes actin polymerisation in HC neutrophils
(A-D) Neutrophils from HC were isolated, untreated with media only (neutrophil culture
media, ‘untreated’) or primed with 2 ng/mL TNF (15 minutes) and stimulated with 100 pg/mL
HC IgG, MPO-ANCA IgG (n=30), PR3-ANCA IgG (n=16) for 1h. Neutrophils were fixed,
stained with Phalloidin (F actin, AF488, green), and mounted with VectaShield[R] Antifade
Mounting Medium with DAPI (nucleus, blue), and imaged at 63x using an inverted Zeiss LSM-
780 (A) Untreated, (B) HC IgG, (C) MPO-ANCA IgG, and (D) PR3-ANCA IgG.
Representative images from n=30 (MPO-ANCA IgG) or n=16 (PR3-ANCA IgQG) experiments
are shown.
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An increase in area was seen in HC neutrophils when stimulated with MPO-ANCA or PR3-
ANCA in comparison to untreated neutrophils (Fig 20A; MPO p=0.0002, PR3 p=0.0001).
Similar results were seen for perimeter (Fig 20B; MPO p=0.0001, PR3 p=0.0001). However,
the relative area and relative perimeter were only significantly increased in PR3-ANCA
stimulated cells compared with untreated cells (Fig 20C and D; relative area p=0.00006, relative
perimeter p=0.0006). On visual inspection, the changes of greater magnitude following PR3-
ANCA stimulation compared to MPO-ANCA are likely due to larger cell protrusions and
distortion of cell shape (representative images shown in Fig 20). All cells stained positively for
F-actin as expected, but untreated and HC IgG stimulated neutrophils exhibited low intensity
F-actin fluorescence, which was localised to the cell itself with no protrusions, in contrast to
ANCA stimulated neutrophils. Increased F-actin, and cytoskeletal protrusions could result in

not only a deformed cytoskeleton, but increased stiffness of the cell as well.
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Figure 20. MPO/PR3-ANCA promotes actin polymerisation in HC stimulated neutrophils
(A-D) Neutrophils in whole blood from HC were isolated, untreated with media only
(neutrophil culture media, ‘untreated’) or primed with 2 ng/mL. TNF (15 minutes) and
stimulated with 100 pg/mL HC IgG, MPO-ANCA IgG (n=30), PR3-ANCA IgG (n=16) for 1h.
Neutrophils were fixed, stained with Phalloidin (F actin, AF488, green), and mounted with
VectaShield[R] Antifade Mounting Medium with DAPI (nucleus, blue), and imaged at 63x
using an inverted Zeiss LSM-780 (A) Area, (B) Perimeter, (C) Relative area, and (D) Relative
perimeter. Data was analysed using a macro developed for use with ImageJ to measure area,
perimeter, relative area, and relative perimeter. Data are shown as mean +/- SEM, statistical
analysis was performed using Kruskal-Wallis test, with Dunn’s multiple comparisons test;
*p<0.05 **p<0.01 ***p<0.001. ****p<(0.00001.
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3.7. Effect of inhibitors of cytoskeletal remodelling on ANCA

mediated neutrophil actin polymerisation

3.7.1. Cytochalasin D best inhibits ANCA induced actin polymerisation

Having shown ANCA IgG stimulation resulted in increased actin polymerisation and filopodia
formation, I investigated whether this could be inhibited using a range of cytoskeletal
inhibitors. Para-aminoblebbistatin, blebbistatin, cytochalasin B and D were chosen for
treatment. Inhibitors were diluted in neutrophil media and incubated with cells for 10 minutes
after priming and prior to the addition of IgG. Inhibitor mechanisms and concentrations used
are detailed in Table 21. Stimulated neutrophils were treated with actin filament formation or
myosin-ii inhibitors to determine if inhibition of either cytoskeletal element could affect
ANCA-induced actin polymerisation. Neutrophils were primed with 2 ng/mL TNF (15
minutes), treated with one of the selected inhibitors (10 minutes), stimulated with HC or MPO-

ANCA-IgG for 1h, fixed, and stained for Phalloidin using immunofluorescence.

None of the inhibitors used exerted any influence on the actin cytoskeleton in untreated cells;

there was no significant change in any of the parameters measured (Fig 21, Table 21).
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Inhibitor

Site of action

Concentration

Representative confocal image

Para-
aminoblebbistatin

Inhibits myosin II
A/B/C motor
domains

50 uM

Blebbistatin

Inhibits myosin II
and myosin
ATPase activity

100 uM

Cytochalasin B

Binds to barbed
end of F-actin
filaments and

inhibits building of
filament network

10 uM

Cytochalasin D

Binds to F-actin
polymer and
prevents actin
monomer
polymerisation

2 uM

Cytochalasin D

Binds to F-actin
polymer and
prevents actin
monomer
polymerisation

20 uM

DMSO

Vehicle

B

Table 21.

Cytoskeletal inhibitors

Neutrophils in whole blood from HC were isolated, untreated with media only (neutrophil
culture media, ‘untreated’) or primed with 2 ng/mL. TNF (15 minutes), treated with actin
polymerisation inhibitors for 10 minutes at concentrations stated above, and incubated in media
(neutrophil culture media) for 1h. Neutrophils were fixed, stained with Phalloidin (F actin,
AF488, green), and mounted with VectaShield[R] Antifade Mounting Medium with DAPI
(nucleus, blue), and imaged at 63x using an inverted Zeiss LSM-780. Representative images
from n=6 experiments are shown.

141



100
80— ° .
(]
[ 3
&g 60 o :T: 'TO eoge 'T_‘ ?
5 i l _t l oo _L
©
e 40 | * . . . . *
<
20—
0 T T T T T T
Untreated Para Bleb CyB CyD2 CyD 20
Inhibitors
100
80—
fary [ ]
E] °
< 60 .
N R L TR |
[ ]
2 s e o8 o[ o
kS K .
&
20 ° [}
0 T T T T T T
Untreated Para Bleb CyB CyD2 CyD 20
Inhibitors
Figure 21.

Perimeter (um)

Relative perimeter (a.u.)

IS
1)
1

N
o
1

T T T T T T
Untreated Para Bleb CyB CyD2 CyD 20

Inhibitors
° o.. '.o -—.T.
:—[ L T' ;Jr_o 01: 'J._o
SN uE] .

T T T T T T
Untreated Para Bleb CyB CyD2 CyD20
Inhibitors

No change in parameters of untreated neutrophils with cytoskeletal inhibitors

Neutrophils in whole blood from HC (n=6) were isolated, untreated with media only
(neutrophil culture media, “untreated’) or primed with 2 ng/mL TNF (15 minutes), treated with
cytochalasin B 10um, cytochalasin D 2um, paraminoblebbistatin 50 um, or blebbistatin
100pm, and incubated with media (neutrophil culture media) for 1h. Neutrophils were fixed,
stained with Phalloidin (F actin, AF488, green), and mounted with VectaShield[R] Antifade
Mounting Medium with DAPI (nucleus, blue), and imaged at 63x using an inverted Zeiss LSM-
780 (A) Area, (B) Perimeter, (C) Relative area, and (D) Relative perimeter. Data was analysed
using a macro developed for use with ImageJ to measure area, perimeter, relative area, and
relative perimeter. Data are shown as mean +/- SEM, statistical analysis was performed using
Kruskal-Wallis test, with Dunn’s multiple comparisons test.
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Inhibitors resulted in decreased MPO-ANCA induced cytoskeletal changes as measured by for
area and perimeter, with the greatest magnitude of reduction in perimeter seen with
cytochalasin D at 2 uM (representative images shown in Fig 22, Fig 23; p=0.0244) and the
smallest effect on morphology seen with blebbistatin, where protrusions were still formed in
ANCA stimulated neutrophils. Comparing the blebbistatins by visual inspection, para-
aminoblebbistatin was more effective than blebbistatin with some protrusion formation seen in
para-aminoblebbistatin treated ANCA neutrophils, but not as many as seen in blebbistatin
treated ANCA neutrophils. On an observational level, cytochalasin B resulted in visually more
rounded, circular cells. Cytochalasin D at 20 pM resulted in bleb-like formation around the cell
in ANCA stimulated neutrophils, which has been reported to occur in untreated neutrophils as
well (525), and therefore is unlikely to be related to ANCA stimulation. In comparison to the
other inhibitors used, cytochalasin D at 2 uM had the greatest inhibitory effect. This suggests
MPO-ANCA promotion of actin polymerisation may be inhibited through the elongation step

of actin polymerisation.
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Figure 22. Inhibitors of cytoskeletal remodelling inhibit MPO-ANCA promotion of actin

polymerisation in HC stimulated neutrophils
(A-D) Neutrophils in whole blood from HC (n=6) were isolated, untreated with media only
(neutrophil culture media, “untreated’) or primed with 2 ng/mL TNF (15 minutes), treated with
cytochalasin B 10um, cytochalasin D 2um, paraminoblebbistatin 50 pm, or blebbistatin 100pum
for 10 minutes, and stimulated with 100 pg/mL HC IgG, or MPO-ANCA IgG for 1h.
Neutrophils were fixed, stained with Phalloidin (F actin, AF488, green), and mounted with
VectaShield[R] Antifade Mounting Medium with DAPI (nucleus, blue), and imaged at 63x
using an inverted Zeiss LSM-780 (A) Untreated, (B) para-aminoblebbistatin, (C) blebbistatin,
(D) cytochalasin B, (E) cytochalasin D 2 uM, and (F) cytochalasin D 20 pM. Images presented
are MPO-ANCA stimulated conditions. Representative images from n=6 experiments are
shown.
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Figure 23. Cytochalasin D best inhibits ANCA promotion of actin polymerisation
Neutrophils in whole blood from HC (n=6) were isolated, untreated with media only
(neutrophil culture media, “untreated’) or primed with 2 ng/mL TNF (15 minutes), treated with
cytochalasin B 10um, cytochalasin D 2um, paraminoblebbistatin 50 um, or blebbistatin 100pum
for 10 minutes, and stimulated with 100 pg/mL HC IgG, or MPO-ANCA IgG for 1h.
Neutrophils were fixed, stained with Phalloidin (F actin, AF488, green), and mounted with
VectaShield[R] Antifade Mounting Medium with DAPI (nucleus, blue), and imaged at 63x
using an inverted Zeiss LSM-780 (A) Area, (B) Perimeter, (C) Relative area, and (D) Relative
perimeter. Data was analysed using a macro developed for use with ImageJ to measure area,
perimeter, relative area, and relative perimeter. Data are shown as mean +/- SEM, statistical
analysis was performed using Kruskal-Wallis test, with Dunn’s multiple comparisons test;
*p<0.05. **p<0.01.
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3.7.2. No change in deformability in ANCA stimulated neutrophils treated with Cytochalasin

BorD
Cytochalasin B and D were the inhibitors that had the greatest effect on actin polymerisation
in ANCA stimulated neutrophils (section 3.7.1.). As such I selected these inhibitors for use in
further experiments to investigate cell deformability using RT-DC. Isolated neutrophils were
primed with 2 ng/mL TNF (15 minutes), treated with one of the selected inhibitors (10

minutes), and stimulated with HC or MPO-ANCA-IgG for 1h.

Examining neutrophils at baseline without exposure to ANCA IgG in comparison to untreated

neutrophils, neither cytochalasin B nor cytochalasin D significantly altered neutrophil size,

deformability, or elasticity (Fig 24A-C; ns).
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Figure 24. No change in deformability in untreated neutrophils treated with Cytochalasin
B/D

(A-C) Neutrophils in whole blood from HC (n=5) were incubated for 15 minutes, untreated
with media only (neutrophil culture media, ‘untreated’) or primed with 2 ng/mL TNF (15
minutes), treated with cytochalasin B 10pum or cytochalasin D 2um, and incubated in media
(neutrophil culture media) for 1h. Neutrophil populations were gated and analysed for (A) Cell
size, (B) Cell deformability, and (C) Elasticity. More than 1000 events were recorded for each
sample and results were visualised and analysed in ShapeOut2 software. Data are shown as
mean +/- SEM, statistical analysis was performed using Kruskal-Wallis test, with Dunn’s
multiple comparisons test.
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No significant changes in size or elasticity were observed when utilising either actin
polymerisation inhibitor on neutrophils stimulated with ANCA (Fig 25; ns). There is a potential
trend towards decreased deformability with inhibitors (Fig 25; ns) and will be further discussed
in section 3.9. This indicates that under these experimental conditions, neither cytochalasin B

nor D alter ANCA-induced decreased deformability.
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Figure 25. No change in deformability in ANCA stimulated neutrophils treated with
Cytochalasin B or D

(A-C) Neutrophils isolated from whole blood from HC (n=5) were incubated for 15 minutes,
untreated with media only (neutrophil culture media, ‘untreated’) or primed with 2 ng/mL TNF
(15 minutes), treated with cytochalasin B 10um or cytochalasin D 2pum (10 minutes), then
stimulated with 100 pg/mL of HC or MPO-ANCA IgG for 1h. Neutrophil populations were
gated and analysed for (A) Cell size, (B) Cell deformability, and (C) Elasticity. More than 1000
events were recorded for each sample and results were visualised and analysed in ShapeOut2
software. Data are shown as mean +/- SEM, statistical analysis was performed using Kruskal-
Wallis test, with Dunn’s multiple comparisons test
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3.7.3. Inhibitors of actin polymerisation do not influence ANCA stimulated neutrophil protein

secretion levels

Previous studies have shown that exocytosis, or degranulation in neutrophils, is regulated by
actin (55). I next investigated whether actin polymerisation inhibitors can alter ANCA induced
cytokine secretion in addition to their effects on the actin cytoskeleton. I selected cytochalasins
as these inhibitors had the greatest effect on ANCA induced actin polymerisation in isolated
cells. To assess the influence on protein secretion levels, stimulated neutrophils in culture were
treated with inhibitors and SN levels of IL-8, VCAM-1, and ICAM-1 were measured using

ELISA.

As before, IL-8 secretion levels were significantly increased following ANCA stimulation in
comparison to untreated cells (Fig 26A). The addition of cytochalasin B or D had no significant
effect on ANCA induced IL-8 secretion. Although ANCA stimulation had no significant effect
on neutrophil VCAM-1 secretion, in untreated neutrophils there was a decrease in VCAM-1
secretion in with cytochalasin D in comparison to untreated neutrophils without inhibitors but
no effect of cytochalasin D on VCAM-1 secretion from HC IgG or ANCA stimulated cells
(Fig 26B; ns). A similar effect was seen with cytochalasin B, although this was of less

magnitude than seen with cytochalasin D and results were not statistically significant.

An increase in ICAM-1 secretion was seen in ANCA stimulated neutrophils compared to
untreated or HC IgG stimulated cells (without either inhibitor), but data was not significant
(Fig 26; ns). Like VCAM-1, there was a decrease in [CAM-1 secretion in untreated neutrophils
with cytochalasin D in comparison to untreated neutrophils without inhibitors (Fig 26; ns).
When comparing ANCA stimulated neutrophils treated with cytochalasin B or D to untreated

neutrophil conditions, an increase in ICAM-1 secretion levels was seen (Fig 26C; ns).
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Figure 26. Inhibitors do not influence ANCA stimulated neutrophil protein secretion levels
Neutrophils in whole blood from HC (n=5) were incubated for 15 minutes, untreated with
media only (neutrophil culture media, ‘untreated’) or primed with 2 ng/mL TNF (15 minutes),
treated with cytochalasin B 10pum or cytochalasin D 2pm, and stimulated with 100 pg/mL of
HC or MPO-ANCA IgG for 1h. SN IL-8 content was measured by ELISA (A) IL-8, (B)
VCAM-1, and (C) ICAM-1. Data are shown as mean +/- SEM, statistical analysis was
performed using two-way ANOVA with Geisser-Greenhouse correction, with Tukey’s
multiple comparisons test; *p<0.05.
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3.8. RNA-Sequencing of untreated v MPO-ANCA v PR3-ANCA stimulated HC
neutrophils
Neutrophils isolated from age match healthy controls were compared to TNF primed (15
minutes) and MPO-ANCA (100 ug/mL) or PR3-ANCA (100 ug/mL) IgG 1h stimulated cells
using poly(A) RNA-seq. LDGs were separated from this population for future work. There are
several published studies of transcriptional phenotype of leucocytes from patients with active
AAV, identifying up-regulation of genes involved in neutrophil degranulation, activation, NET
formation, and inflammatory pathways. Whether a similar phenotype is seen following ANCA
stimulation of neutrophils, is unknown. I expected to correlate results of other findings from
previous sections, including mechanophenotyping, actin polymerisation, and protein secretion

levels, with gene expression.

3.8.1. Identification of a gene signature comparing 21% untreated neutrophils to 21% MPO-

ANCA or PR3-ANCA stimulated neutrophils

I have shown that ANCA stimulation, modulates the neutrophil cytoskeleton and induces
pathogenic neutrophil responses such as cytokine production and NETosis. I next investigated
whether transcriptional changes may underpin these processes. Untreated HC isolated
neutrophils were equilibrated (15 minutes), TNF primed (15 minutes) and stimulated with
MPO- or PR3-ANCA IgG (100 pg/mL) for 1h. Untreated samples were incubated in culture
media for an equivalent time period. Samples were prepared following method outlined in

2.2.9.1 and 2.2.9.3. in preparation for RNA-seq.

Figure 27 display top DE genes in MPO-ANCA stimulated neutrophils and Figure 28 display
top differentially expressed (DE) genes in PR3-ANCA stimulated neutrophils in comparison

to untreated cells. In MPO-ANCA, there were 14,374 DE genes overall, and of those, 1,933
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were significant (Fig 27; adjusted p value cut 0off=0.05). In PR3-ANCA, there were 13,798 DE
genes overall, and of those, 1,797 were significant (Fig 28; adjusted p value cut off=0.05
adjusted p value cut off=0.05). The top 20 upregulated and top 10 downregulated significant
DE genes are presented in Table 22 (untreated v MPO-ANCA IgG) and Table 23 (untreated
PR3-ANCA IgG). Potential genes of interest that were upregulated following both MPO- and
PR3-ANCA stimulation included /CAM-1, TAGAP, TRAF1, CD83, NLRP3, ILI-B, CCL20,
CXCLS, TNF, VEGFA, IL-6, NFKB1, C3, CD48, RAB21, SRC, and TNFRSF12A. These genes
are involved in processes such as inflammation, chemotaxis, immune response, and PI3K/AKT
signalling. Gene ontology analysis displayed enrichment for several pathways in both MPO-
ANCA stimulated neutrophils (Fig 27) and PR3-ANCA stimulated neutrophils (Fig 28). Of
the dysregulated biological processes, inflammatory response, response to bacterium, and
response to external stimulus were pathways of interest due to the alteration of neutrophil
pathogen killing mechanisms in AAV. As for cellular components, pathways involved in the
cell surface and whole membrane were dysregulated, which potentially may link with the effect
found of ANCA stimulated neutrophil mechanophenotype. No significant DE were found when

comparing MPO-ANCA stimulated neutrophils to PR3-ANCA stimulated neutrophils either.
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Table 22.

Gene name P value FDR Log,FC
Upregulated

F3 1.35E-72 1.94E-68 | 6.70979363
ICAM1 1.09E-51 5.23E-48 | 3.91251196
SLC35B2 6.35E-47 1.82E-43 | 4.06351762
MIR3945 2.26E-45 5.40E-42 | 4.25624469
ETS2 1.60E-44 2.86E-41 | 3.29961192
TAGAP 3.41E-43 5.43E-40 | 3.25254019
AC079753.1 2.48E-42 3.56E-39 | 6.6129507
AP003086.1 7.33E-40 9.56E-37 | 3.89649174
TRAF1 4.87E-38 5.37E-35 | 5.8130019
PDYN-ASI1 4.53E-38 5.37E-35 | 5.25134472
XBP1 2.01E-36 2.06E-33 | 4.80994934
CD8&3 8.87E-34 8.49E-31 | 5.2910612
OLR1 4.76E-33 4.26E-30 | 5.47025307
AC020907.4 2.76E-32 2.33E-29 | 3.51851425
AC010980.1 3.90E-32 3.11E-29 | 7.40184026
Clorf61 5.08E-32 3.84E-29 | 5.79125926
GCH1 1.12E-31 8.00E-29 | 4.14758737
SFR1 1.76E-31 1.20E-28 | 3.83350988
PTX3 4.11E-31 2.68E-28 | 3.13419511
PPPIR15A 7.66E-31 4.78E-28 | 4.32530085
Downregulated

PELO 1.36E-69 9.75E-66 | -4.8310703
AC010542.5 1.19E-48 4.27E-45 | -4.8297583
TNFRSF12A 9.07E-45 1.86E-41 -4.571081
AL662844.3 3.58E-30 2.05E-27 | -3.7830795
CMTM1 1.22E-28 5.30E-26 | -3.4585086
AL513327.1 1.49E-26 4.96E-24 | -2.5465909
PPPIR3D 2.07E-26 6.59E-24 | -3.1430274
LINC00324 9.68E-23 2.07E-20 | -2.0021266
PEAK3 1.41E-21 2.69E-19 | -2.4336105
THBD 4.35E-21 7.67E-19 | -3.2945092

Top upregulated and downregulated genes in MPO-ANCA treated neutrophils
in comparison to untreated neutrophils
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A. Untreated vs MPO-ANCA IgG

Differential expression analysis (edgeR)
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Figure 27. Transcriptomic analysis of untreated versus MPO-ANCA stimulated neutrophils
(A) Volcano plot of untreated versus MPO-ANCA treated. One dot signifies each gene. Red
dots represent genes meeting p-value (<0.05) and Log,FC (<0.05), blue data points represent
genes meeting p-value alone, green data points represent genes meeting Log, FC alone, and
grey data points represent nonsignificant genes. In MPO-ANCA in comparison to untreated,
downregulated genes are presented on the left panel from -5 to 0, and in MPO-ANCA in
comparison to untreated, upregulated genes are presented on the right panel from 0-10.
ns=nonsignificant, p<0.05; Log> FC signifies mean gene expression level of individual genes.
(B) Gene ontology classification of untreated v MPO-ANCA DEGs (Log:FC <0.05, p<0.05).
Over-representation analysis (ORA) was performed on enrichment of cellular component and
molecular function pathway dysregulation.
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Gene name P value FDR Log,FC

Upregulated

ICAMI 1.09E-51 5.23E-48 | 3.91251196
SLC35B2 6.35E-47 1.82E-43 | 4.06351762
MIR3945 2.26E-45 5.40E-42 | 4.25624469
ETS2 1.60E-44 2.86E-41 | 3.29961192
TAGAP 3.41E-43 5.43E-40 | 3.25254019

AC079753.1 2.48E-42 3.56E-39 | 6.6129507
AP003086.1 7.33E-40 9.56E-37 | 3.89649174

TRAF1 4.87E-38 5.37E-35 | 5.8130019
PDYN-ASI1 4.53E-38 5.37E-35 | 5.25134472
XBP1 2.01E-36 2.06E-33 | 4.80994934
CD&3 8.87E-34 8.49E-31 | 5.2910612
OLRI1 4.76E-33 4.26E-30 | 5.47025307

AC020907.4 2.76E-32 2.33E-29 | 3.51851425
AC010980.1 3.90E-32 3.11E-29 | 7.40184026

Clorfo1 5.08E-32 3.84E-29 | 5.79125926
GCH1 1.12E-31 8.00E-29 | 4.14758737
SFR1 1.76E-31 1.20E-28 | 3.83350988
PTX3 4.11E-31 2.68E-28 | 3.13419511
PPPIR15A 7.66E-31 4.78E-28 | 4.32530085
AC112198.2 1.34E-30 7.99E-28 | 5.97127306
Downregulated

PELO 1.36E-69 9.75E-66 | -4.8310703

AC010542.5 1.19E-48 4.27E-45 | -4.8297583
TNFRSF12A 9.07E-45 1.86E-41 -4.571081
AL662844.3 3.58E-30 2.05E-27 | -3.7830795

CMTM1 1.22E-28 5.30E-26 | -3.4585086
AL513327.1 1.49E-26 4.96E-24 | -2.5465909
PPPIR3D 2.07E-26 6.59E-24 | -3.1430274
LINC00324 9.68E-23 2.07E-20 | -2.0021266
PEAK3 1.41E-21 2.69E-19 | -2.4336105
THBD 4.35E-21 7.67E-19 | -3.2945092

Table 23. Top upregulated and downregulated genes in PR3-ANCA treated neutrophils in
comparison to untreated neutrophils
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A. Untreated vs PR3-ANCA IgG

Differential expression analysis (edgeR)
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Figure 28. Transcriptomic analysis of untreated versus PR3-ANCA stimulated neutrophils
(A) Volcano plot of untreated versus PR3-ANCA. One dot signifies each gene. Red dots
represent genes meeting p-value (<0.05) and Log,FC (<0.05), blue data points represent genes
meeting p-value alone, green data points represent genes meeting Log, FC alone, and grey data
points represent nonsignificant genes. In PR3-ANCA in comparison to untreated,
downregulated genes are presented on the left panel from -5 to 0, and in PR3-ANCA in
comparison to untreated, upregulated genes are presented on the right panel from 0-10.
ns=nonsignificant, p<0.05; Log> FC signifies mean gene expression level of individual genes.
(B) Gene ontology classification of untreated v PR3-ANCA DEGs (Log:FC <0.05, p<0.05).
ORA was performed on enrichment of cellular component and molecular function pathway
dysregulation.
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3.9. Discussion

The main objectives of this chapter were to optimise the use of RT-DC and phenotype the
effect of pathogenic ANCA IgG on HC neutrophil biomechanics and actin polymerisation. I
compared untreated HC neutrophil responses to stimulation with HC IgG, MPO-ANCA and
PR3-ANCA IgG. My key findings were that ANCA IgG stimulation promoted a small increase
in cell stiffness in neutrophils in whole blood, and that ANCA induced an increase actin

polymerisation with filopodia formation and deformation of the cell membrane.

Several technical aspects were optimised to ensure my experiments were robust and to ensure
I was seeing an effect of ANCA, not another variable. Importantly, in whole blood and
HC/untreated cells isolated using the same conditions, RT-DC was reproducible with minimal
inter-donor and intra-donor variability across multiple assays. The only variable shown to
significantly alter neutrophil biomechanics during optimisation was that of whole blood
anticoagulant. Previous studies showed heparin and EDTA decrease deformability of platelets,
whereas sodium citrate increases deformability (523). Interestingly, the opposite result was
found in neutrophils, where sodium citrate decreased deformability (section 3.2.1.). EDTA can
optimally preserve blood cells, potentially explaining more deformable cells in comparison to

citrate (516).

EDTA is a calcium chelating agent: blood anticoagulated using EDTA is therefore exposed to
decreased Ca (++) ion. While exposure of whole blood to EDTA still allows ANCA-induced
pathogenic responses that require calcium signalling to occur, the availability of exogenous
calcium may contribute to neutrophil biomechanics and was therefore investigated by
resuspending isolated cells in media with different calcium concentrations. Extracellular

calcium has shown to influence stiffness of other cell types (526). While media calcium
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concentration is lower in comparison to serum (2.1-2.6 mmol/L) (527), IMDM has three times
the amount of calcium concentration than RPMI, yet no significant difference in size,
deformability, and elasticity was found in untreated neutrophils. Potentially recalcification of
isolated neutrophils in greater concentrations may influence these parameters (459) so,

following optimisation, further experiments were kept consistent using RPMI.

Prior to investigating the effect of ANCA stimulation on neutrophil biomechanics, I confirmed
the ANCA I had isolated were pathogenic, measuring the well characterised responses of IL-8
production and NETosis. Not all ANCA are pathogenic (528), but the ANCA I selected were
pathogenic in terms of cytokine release and NETosis. Additionally, I identified the MPO-
ANCA I isolated induced greater IL-8 secretion in neutrophils than PR3-ANCA, aligning with
previous work showing MPO-ANCA stimulates primed neutrophils greater than PR3-ANCA
(529). 1 then tested my hypothesis that ANCA IgG can alter neutrophil biomechanics. My
results using RT-DC identified that once neutrophils are primed with TNF, subsequent MPO-
or PR3-ANCA IgG stimulation both induce a small decrease in deformability in whole blood
neutrophils from healthy volunteers. MPO- and PR3-ANCA IgG did not show a difference in
the magnitude of decreased deformability. These results are perhaps surprising because ANCA
serotypes have a different effect in vivo and may differ in their role in disease pathogenesis; in
vitro data also has shown different activation and responses between MPO- and PR3-ANCA
(529,530). Additionally, healthy donors may respond differently due to variability in PR3 cell
surface expression. My results suggest that MPO- and PR3-ANCA behave similarly in
biomechanics but possible reasons for not detecting a difference could be due to the variability
in TNF responders and PR3 expressors (287) between healthy donors recruited. There may

also be variability in the pathogenicity of isolated ANCA IgG (512).
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For most of my experiments using MPO-ANCA (any experimental technique with more than
an n=5), more than one MPO-ANCA was used; I had access to multiple patients’ plasma
exchange with MPO-ANCA positivity, but only one PR3-ANCA positive patient at the time
of batch purification. The focus of my project was initially investigating MPO-ANCA’s
pathogenic effect, but developed into involving PR3-ANCA as I began recruiting more patients
with PR3 positivity. As such, for PR3-ANCA, I have used one patient’s purified IgG for all
experiments and have fewer replicates as a result. It may be that expanding the pool of PR3
ANCA IgG used identifies some IgG preparations which have a greater effect on neutrophils.
Therefore, this is a limitation in terms of definitively determining a difference between MPO-

and PR3-ANCA stimulation in vitro.

In whole blood, MPO-ANCA IgG induced a greater effect of decreased deformability than
seen in isolated neutrophils. Stimulation of isolated neutrophils resulted in smaller changes in
biomechanics suggesting cells may be less susceptible to ANCA stimulation, perhaps due to
being ‘pre-primed’ during the isolation process. Particularly as the HC IgG had a small impact
on deformability too, perhaps due to cells being partially primed. However, isolated neutrophils
did not have significantly different deformability at baseline compared to whole blood. Not
only do these results suggest RT-DC may phenotype biomechanics of cells in whole blood
more adequately than in isolated cells, but this experiment is a more accurate representation of
ANCA exposure ex vivo. In circulation and in resident tissue, neutrophils are continually
exposed to other cell types, therefore whole blood experiments more representative of crosstalk
which may occur in vivo. Whole blood neutrophils are also subject to less in vitro manipulation
than isolated neutrophils, resulting in less chance for inadvertent activation of cells. Overall,

whole blood is more physiological including cell-cell crosstalk, physiological environment
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rather than artificial buffers or cell culture media. These variables may explain the increased

variability seen between donors for isolated neutrophils in comparison to whole blood.

RT-DC is a highly sensitive, high-throughput technique, capable of detecting small changes in
biomechanical phenotype in cell populations. As previously discussed, following ANCA
stimulation of isolated cells, the changes detected by RT-DC are small, and less significant
than results seen in whole blood. This could be due to RT-DC’s sensitivity, limiting changes
detected in isolated cells, whole blood being of more physiological relevance, or it could also
be argued this set of stimulation experiments does not alter parameters of neutrophils
biomechanically. Moreover, due to the length per run in RT-DC setup, a maximum of 4
conditions can be measured per time point, therefore requiring separate experiments to measure
several variables. In turn, this limits the number of comparisons that can be performed within
an experiment. Overall, from my results, it likely that the difference in ANCA-induced
deformability between whole blood and isolated cells was due to neutrophil isolation. Although
there is unavoidable variability between healthy control donors, this was more apparent in
isolated cell runs compared to the more consistent whole blood runs. Technical aspects of
analysing activated, NETosing cells may also have an impact on results. Additionally, cells
may be lost due to the number of cells acquired within the gate set varying between runs
dependent upon donors, and therefore, the time taken to acquire a set number of cells varies.
These cells acquired may be gated out once the porosity gate (<1.05) is set, therefore decreasing
the number of events analysed in comparison to the number of cells measured in other time

points, and stimulation conditions.

My results showing MPO- and PR3-ANCA promote a decrease in neutrophil deformability

necessitated further investigation on what contributes to this. Various parameters can influence
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cell deformability including nuclear morphology, cell osmolality (41), actin cytoskeleton, and
other cytoskeletal components. I initially chose to study the actin cytoskeleton based on RT-
DC findings of increased stiffness of neutrophils when stimulated with ANCA. One previous
study using electron microscopy has investigated neutrophil actin polymerisation in the context
of ANCA stimulation, comparing FMLP, as a positive control, to up to 20 minutes of PR3-
ANCA stimulation (342). In keeping with my findings, this study also identified significant F-
actin polymerisation following ANCA stimulation. Increased F-actin polymerisation could
explain why neutrophils stimulated with ANCA are stiffer. Stiffer cells, potentially due to an
increase in F-actin, may lead to increased migration of neutrophils through the vasculature and
transmigration through the vessel wall. This hypothesis of increased migration is further

investigated in Chapter 4.

As I identified ANCA IgG promotes neutrophil actin polymerisation and that this likely
contributes to biomechanical RTDC phenotype, I questioned whether this effect could be
inhibited and if this would impact on ANCA induced decreases in neutrophil deformability.
Multiple actin polymerisation inhibitors, targeting different stages of actin polymerisation,
have proven efficacy in vitro in other cell types. It is unknown which stage of actin
polymerisation ANCA IgG stimulation promotes, therefore I tested several inhibitors with
different mechanisms of action. Actin filament formation inhibitors, cytochalasin B and D were
more effective than myosin-ii inhibitors, para-aminoblebbistatin and blebbistatin in inhibiting
ANCA induced changes in the actin cytoskeleton. Previous studies have shown cytochalasin
D increases cell deformability, although this has not been studied extensively (Elson 1984).
Surprisingly, my results using RT-DC indicated a trend towards decreased neutrophil
deformability in the presence of cytochalasin B or D. Incubation with cytochalasins resulted in

visually rounder cells, which has been shown to be a phenotype for stiffer neutrophils, as
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previously shown in primed neutrophils (234,531,532). Cells which are rounder at baseline are
less likely to be deformed by mechanical force, which may explain why there was a trend
towards increased stiffness in ANCA stimulated neutrophils treated with cytochalasins in

comparison to ANCA stimulated neutrophils without an inhibitor treatment.

Cytochalasin D best inhibited ANCA promotion of actin polymerisation both using
quantitative analysis and upon visual inspection of protrusion formation. However, when
neutrophil biomechanics were measured using RT-DC no significant change in size,
deformability, or elasticity was shown between ANCA stimulated neutrophils with or without
inhibitor treatment. In isolated cells, the inhibitors used prevented additional actin
polymerisation promoted by ANCA simulation. This suggests that in the context of ANCA
stimulation there are factors other than actin cytoskeletal changes which underlie the decrease
in neutrophil deformability. One hypothesis is that the inhibitory effect may only be effective
in a static setting with no additional forces applied in vitro. Another hypothesis is that the
inhibitor may need to be added before the TNF priming. There was also minimal effect of
cytoskeletal inhibitors on ANCA-induced cytokine secretion. Cytochalasin B and D did not
alter MPO-ANCA IgG induced IL-8 and ICAM-1 protein secretion levels, suggesting actin
filament formation inhibition does not impact neutrophil secretory capabilities in the presence
of ANCA. However, untreated neutrophil protein secretion was reduced. It is possible that
cytochalasins decrease baseline neutrophil protein secretion, but this effect can be over-ridden
by an additional stimulus such as ANCA. These results require further investigation to interpret
why inhibiting actin polymerisation in the presence of ANCA stimulation has no effect on cell

deformability under flow conditions.
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Key findings:
1. Healthy neutrophil deformability significantly decreases following stimulation
with MPO-ANCA IgG in whole blood
2. ANCA stimulation induces neutrophil actin polymerisation
3. Cytochalasin D inhibits ANCA stimulation induced neutrophil actin
polymerisation but does not change neutrophil deformability in isolated

neutrophils
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4. Chapter 4 — The effect of hypoxia on neutrophil biomechanics
following stimulation with ANCA IgG
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4.1. Introduction

Organs such as the kidney and the lung exist in what is conventionally perceived as a low
oxygen level, (533), however, due to physiological adaptations, the oxygen delivered is
adequate for requirements. As such, this is better described not as hypoxia but rather
physiological normoxia. During inflammation, however, tissues and blood vessels can become
characteristically hypoxic with an insufficient supply of oxygen to meet demands. Neutrophils
are adapted to not only survive under hypoxic conditions, but to function effectively while
carrying out their programmed capabilities. However, these processes can be impacted by the
availability of oxygen or pathological hypoxia, as described in section 1.10. The effect of

changing oxygen tensions on neutrophil mechanical properties is unknown.

Most laboratory research is carried out at atmospheric oxygen levels which are not usually
experienced by cells in vivo. Measuring neutrophil responses under more physiologically
relevant oxygen tensions may allow for more representative ex vivo modelling when studying
neutrophils in the vasculature. Under usual physiological conditions, 10-12% O is the highest
oxygen tension cells are exposed to as they circulate in vivo. In this set of experiments, I
therefore use 10% as an in vitro representation of the oxygen tension experienced by circulating
cells in arterial blood, 5% O: represents the O> level that cells experience in venous blood, and
1% O replicates pathological hypoxia of vessel inflammation (534). As AAV is a disease of
the small vessels, experiments were mostly carried out at 1% and 5% O» compared to 21% O».
In pathological conditions, pathological hypoxia (1% O: or less) has been shown to influence
neutrophil responses to a multitude of stimuli, including fMLP, GM-CSF, and TNF, thereby
impacting on processes such as apoptosis, NET formation, and migration (430,535). Therefore,
performing experimental setups under physiological normoxia and hypoxia in vitro allows for

a more representative model of what occurs in vivo, particularly in AAV.
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In Chapter 3, I identified ANCA stimulation induced neutrophil biomechanical changes at 21%
O and was associated with increased actin polymerisation. Therefore, in this chapter, I use
RT-DC to determine if there is an effect of hypoxia on untreated neutrophils and what the
subsequent effect of ANCA stimulation is on neutrophil mechanical properties. Actin
polymerisation can also be promoted in neutrophils in response to other stimuli including
chemoattractants (234). Studies have shown hypoxia changes neutrophil actin polymerisation
in response to stimulus such as fMLP (459). This raises the question of whether hypoxia alone
may act as an inducer of actin polymerisation in neutrophils, and whether an enhanced effect
is seen once cells are stimulated with ANCA. By correlating biophysical phenotype of ANCA
stimulated neutrophils using RT-DC with actin cytoskeletal changes, I may identify a

neutrophil signature associated with aAAYV in the context of pathological hypoxia.

Hypothesis of current chapter

Hypoxia exacerbates the effect of ANCA on neutrophil biomechanics.

Aims

1 Evaluate effect of hypoxia on neutrophil mechanophenotype

2 Determine the effect of hypoxia on neutrophil biomechanics following ANCA stimulation

3 Measure the effect of hypoxia on neutrophil actin cytoskeletal changes in untreated cells and

following ANCA stimulation

167



4.2. Oxygen tensions

4.2.1. Oxygen tension alters whole blood neutrophil mechanophenotype at 5% O

I performed blood gas analysis on whole blood in microcentrifuge tubes after 15 minutes and
1h incubation at 5% O,. Measured oxygen tensions reflected the setting of the hypoxic
workstation. This included showing ample blood gas equilibration and the blood maintained
physiological pH, between 7.35 to 7.45 (536). Once I confirmed blood equilibrated to the
oxygen level set for the workstation by 15 minutes, this was chosen as the initial experimental
timepoint. I then used RT-DC to measure the impact oxygen tension has on neutrophil
biomechanical profiles. To select oxygen tensions for future experiments, I carried out a series
of measurements investigating a titration from 1%-21% O using whole blood equilibrated for

15 or 60 minutes followed by measurement of biophysical properties of cells using RT-DC.

Oxygen tension exhibited no change on whole blood neutrophil deformability following 15
minutes or 1h exposure to the indicated oxygen tension, except for 5% O2. Compared to 21%
O2, neutrophil deformability remained unchanged at 10% Oz, 7% Oz, 3% Oz, and 1% O2 (Fig
29B; ns). Although, 5% Oz displayed a trending increase in deformability. There were no
significant differences though in neutrophil size, deformation, or elasticity in any of the oxygen
tensions studied. These findings suggest oxygen tension can influence neutrophil
mechanophenotype in the absence of stimulation and is dependent upon the degree of oxygen
tension. For future experiments, 1%, 5%, and 10% O: tensions were selected as the most
physiologically relevant. 10% O2 is representative of arterial blood in vitro, 5% Oz is
representative of venous blood in vitro, and 1% Oz is representative of pathological hypoxia.
Standard culture conditions of 21% O2, is non-physiological but was used as baseline
comparison as most neutrophil phenotyping experiments in the literature have been performed

in atmospheric oxygen.
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Figure 29. Oxygen tension alters whole blood neutrophil mechanophenotype at 5% O,
(A-C) Whole blood from HC (n=5) was aliquoted, incubated for 15 minutes and 1h at 1%, 3%,
5%, 7%, 10%, or 21% O>, and analysed using RT-DC. Data are not matched as it was not
possible to assess this many oxygen tensions simultaneously. Neutrophil populations were
gated and analysed for (A) Cell size, (B) Cell deformability, and (C) Elasticity. More than 1000
events were recorded for each sample and results were visualised and analysed in ShapeOut2
software. Data are shown as mean +/- SEM, statistical analysis was performed using Kruskal-
Wallis test, with Dunn’s multiple comparisons test.
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4.3. Oxygen tension alters isolated neutrophil deformability

Having demonstrated that oxygen tension likely alters whole blood neutrophil
mechanophenotype, I next investigated whether different oxygen tensions would similarly alter
the phenotype of isolated neutrophils. Neutrophils were isolated at 21% O, equilibrated for 15

or 60 minutes at desired oxygen concentrations, and measured using RT-DC.

There were no significant differences in neutrophil size or elasticity between any oxygen
tensions studied, following either 15- or 60-minutes incubation (Fig 30A-C). In comparison to
21% O2,no change in deformability was seen at 1% Oz, but a significant decrease was seen at
5% Oz (Fig 30B; p=0.0207). Interestingly, this is in direct contrast to experiments carried out
under the same oxygen tension using whole blood, where an increase in neutrophil
deformability was seen. These findings suggest oxygen tension influences neutrophil
mechanophenotype dependent upon the oxygen concentration cells are exposed to but that the
cell isolation procedure also has an impact, particularly as the cell isolation process was

performed under 21% Oo.
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Figure 30. Oxygen tension alters isolated neutrophil deformability

(A-C) Neutrophils from HC (n=10) were isolated at 21% O, incubated in neutrophil culture
media for 15 minutes or 1h at 1%, 5%, or 21% O: from different donors recruited on different
days and analysed using RT-DC. Neutrophil populations were gated and analysed for (A) Cell
size, (B) Cell deformability, and (C) Elasticity. More than 1000 events were recorded for each
sample and results were visualised and analysed in ShapeOut2 software. Data are shown as
mean +/- SEM, statistical analysis was performed using Kruskal-Wallis test, with Dunn’s
multiple comparisons test; *p<0.05.
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4.4. The effect of oxygen tension on ANCA stimulated neutrophil
deformability

Hypoxia has previously been shown to augment some neutrophil functional responses but is

dependent upon the stimulus used. For example, GM-CSF promotes neutrophil degranulation

under hypoxia, but this effect is not seen with TNF (459). In this section, I will investigate this

by measuring the biomechanics of ANCA stimulated neutrophils under hypoxia.

4.4.1. Oxygen tension alters neutrophil deformability in whole blood stimulated with ANCA

IgG
To assess the impact of differing oxygen tensions on role of ANCA-IgG stimulation induced
changes in neutrophil deformability in whole blood, I compared the effect of MPO-ANCA IgG
stimulation at 1% Oz, 5% O, 10% O and 21% O; using RT-DC. Whole blood was equilibrated
for 15 minutes at indicated oxygen tensions, primed with 2 ng/mL TNF (15 minutes), and

stimulated with HC or MPO- IgG for 1h.

As shown previously, there was no difference in untreated neutrophil size or deformability
comparing 21% and 10% O (Fig 31A). The reproducible effect of a decrease in neutrophil
deformability in ANCA stimulated whole blood was again shown in comparison to untreated
whole blood neutrophil deformability under 21% O> (Fig 31B; p=0.0566). The effect of ANCA
on deformation was slightly more pronounced under 10% but was not significantly different

between the two oxygen tensions (Fig 31B; ns).
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Figure 31. Oxygen tension alters neutrophil deformability in whole blood stimulated with
ANCA

(A-C) Whole blood from HC (n=10 (21% O2), n=5 (10% O.)) was incubated for 15 minutes at
10%, or 21% O», primed with 2 ng/mL TNF for 15 minutes, stimulated with 100 ug/mL HC
IgG or MPO-ANCA IgG for 1h, and analysed using RT-DC. Neutrophil populations were
gated and analysed for (A) Cell size, (B) Cell deformability, and (C) Elasticity. More than 1000
events were recorded for each sample and results were visualised and analysed in ShapeOut2
software. Data are shown as mean +/- SEM, statistical analysis was performed using two-way
ANOVA mixed effects model with Geisser-Greenhouse correction, with Tukey’s multiple
comparisons test.
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No difference in size was shown at 5% O in either HC or MPO-ANCA stimulated whole blood
either in comparison to 21% O» or between stimulation conditions (Fig 32A). As previously
shown in section 4.2., there is increased neutrophil deformability in untreated whole blood at
5% O in comparison to 21% O; (Fig 32B). At 5% O, neutrophils remain more deformable

despite MPO-ANCA IgG stimulation in contrast to 21% Oz (Fig 32B-C; ns).
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Figure 32. 5% O, alters neutrophil deformability in whole blood stimulated with ANCA
A-C) Whole blood from HC (n=10 (21% O2), n=5 (10% O)) was incubated for 15 minutes at
5% or 21% O, untreated, or primed with 2 ng/mL TNF for 15 minutes, stimulated with 100
ug/mL HC IgG or MPO-ANCA IgG for 1h, and analysed using RT-DC. Neutrophil populations
were gated and analysed for (A) Cell size, (B) Cell deformability, and (C) Elasticity. More than
1000 events were recorded for each sample and results were visualised and analysed in
ShapeOut2 software. Data are shown as mean +/- SEM, statistical analysis was performed
using two-way ANOVA mixed effects model with Geisser-Greenhouse correction, with
Tukey’s multiple comparisons test.
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There is no change in size between any stimulation condition or oxygen tension comparing
neutrophils in WB under 1% O with 21% O, (Fig 33A). However, at 1% O, decreased
deformability was seen with HC IgG, to a greater extent than seen in 21% O,. This effect was
also seen, although to a lesser degree, in untreated cells, suggesting that decreases in
deformability at 1% O> may not ANCA specific and may be related to the effect of hypoxia in

addition to TNF priming (Fig 33B-C; ns).
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Figure 33. Hypoxia alters neutrophil deformability in whole blood stimulated with ANCA
(A-C) Whole blood from HC (n=10 (21% O2), n=5 (10% O3)) was incubated for 15 minutes at
1% or 21% O, untreated, or primed with 2 ng/mL TNF for 15 minutes, stimulated with 100
ug/mL HC IgG or MPO-ANCA IgG for 1h, and analysed using RT-DC. Neutrophil populations
were gated and analysed for (A) Cell size, (B) Cell deformability, and (C) Elasticity. More than
1000 events were recorded for each sample and results were visualised and analysed in
ShapeOut2 software. Data are shown as mean +/- SEM, statistical analysis was performed
using two-way ANOVA mixed effects model with Geisser-Greenhouse correction, with
Tukey’s multiple comparisons test.
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4.4.2. Hypoxia decreases the effect of ANCA on isolated neutrophil deformability

As I had previously identified differences in the effect of hypoxia on neutrophil deformability
between whole blood and isolated neutrophils, I next assessed the impact of differing oxygen
tensions on ANCA IgG induced changes in neutrophil deformability using isolated cells. I
compared MPO-ANCA and PR3-ANCA IgG stimulated neutrophils at 1% Oz, 5% O, or 21%
O using RT-DC. Neutrophils were incubated at the indicated oxygen tension for 15 minutes,
primed with 2 ng/mL of TNF (15 minutes) and stimulated with 100 png/mL MPO-/PR3-ANCA

IgG for 15-minutes and 1h, followed by measurement using RT-DC.

No additional effect of ANCA IgG on size beyond that seen with 5% O» alone was small (Fig
34A-B). In untreated cells, lower neutrophil deformability was seen at 5% O> compared to 21%
O: following 15 minutes or 1h incubation (Fig 34C-D; median deformability at 15 min: 0.072
a.u., 1h: 0.077 a.u. in 5% O and 15 min: 0.077 a.u. and 1h: 0.078 a.u. in 21% O3, ns). The
small decrease in deformability seen following MPO-ANCA IgG stimulation at 21% O is
inhibited by 5% O> (Fig 34D; median deformability at 15 min: 0.074 a.u. and 1h: 0.076 a.u. in
5% 02, median deformability at 15 min: 0.070 a.u. and lh: 0.072 a.u. in 21% O, ns).
Stimulation with PR3-ANCA induces a decrease in deformability following 15 minutes and 1h
stimulation at 21% O: (Fig 34C and D; median deformability at 15 min: 0.072 a.u., 1h: 0.067
a.u.). Unexpectedly, in contrast to MPO-ANCA IgG stimulation, this effect is preserved when
experiments were carried out at 5% O with median deformability of 0.067 a.u. at 15 minutes
and 0.064 a.u. at 1h (Fig 34C and D; ns). Interestingly, at both time points HC IgG stimulated
neutrophils at 5% O> were less deformable than MPO-ANCA stimulated neutrophils, but more

deformable than PR3-ANCA stimulated neutrophils.
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Figure 34. 5% O, decreases the effect of ANCA on isolated neutrophil deformability

(A-C) Neutrophils from HC (n=5) were isolated at 21% O», incubated for 15 minutes at 5%
O», untreated with media only (neutrophil culture media, ‘untreated’) or primed with 2 ng/mL
TNF for 15 minutes and stimulated with 100 ug/mL HC IgG, MPO-/PR3-ANCA IgG for 15
minutes or lh, and were analysed using RT-DC. Neutrophil populations were gated and
analysed for (A/B) Cell size, (C/D) Cell deformability, and (E/F) Elasticity, (A, C, E) 15
minutes, (B, D, F) 1h. More than 1000 events were recorded for each sample and results were
visualised and analysed in ShapeOut2 software. Data are shown as mean +/- SEM, statistical
analysis was performed using two-way ANOVA mixed effects model with Geisser-
Greenhouse correction, with Tukey’s multiple comparisons test; *p<0.05.
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Following incubation at 1% O for 15 minutes or 1h, untreated cells are the same size as they
are in 21% O2 (Fig 35A-B). Yet, both HC IgG and MPO-ANCA stimulation decreases the size
of cells at 1% O but not at 21% O»; PR3-ANCA stimulation did not influence cell size (Fig
35A and B). There is no difference in deformability of untreated cells between neutrophils
incubated at 1% O at either time point (15 min: 0.077 a.u., 1h: 0.078 a.u.) or 21% O> (15 min:
0.077 a.u., 1h: 0.078 a.u.) (Fig 35C and D; ns). MPO ANCA IgG induced a small decrease in
deformability at 21% O: in comparison to untreated cells (15 min: 0.070 a.u., 1h: 0.0723 a.u.),
and this was inhibited at 1% Oz (15 min: 0.080 a.u., 1h: 0.076 a.u.) (Fig 35C and D; ns).
Interestingly, at both time points HC IgG stimulated neutrophils at 1% Oz (15 min: 0.079 a.u.,
1h: 0.077 a.u.) were more deformable than HC IgG stimulated neutrophils at 21% O (15 min:
0.073 a.u., lh: 0.073 a.u.). At 1% O, PR3-ANCA stimulated neutrophils were stiffer than
MPO-ANCA IgG stimulated neutrophils at both time points (Fig 35C and D; 15 min: 0.075
a.u., 1h: 0.078 a.u., ns). For all IgG stimulations, incubation at 1% O inhibited the decrease in
deformability seen at 21% O», with the most striking results seen with MPO-ANCA IgG

stimulation.
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Figure 35. 1% O; decreases the effect of ANCA on isolated neutrophil deformability
(A-C) Neutrophils from HC (n=5) were isolated at 21% O», incubated for 15 minutes at 1%
O», untreated with media only (neutrophil culture media, ‘untreated’) or primed with 2 ng/mL
TNF for 15 minutes and stimulated with 100 ug/mL HC IgG, MPO-/PR3-ANCA IgG for 15
minutes or lh, and were analysed using RT-DC. Neutrophil populations were gated and
analysed for (A/B) Cell size, (C/D) Cell deformability, and (E/F) Elasticity, (A, C, E) 15
minutes, (B, D, F) 1h. More than 1000 events were recorded for each sample and results were
visualised and analysed in ShapeOut2 software. Data are shown as mean +/- SEM, statistical
analysis was performed using two-way ANOVA mixed effects model with Geisser-
Greenhouse correction, with Tukey’s multiple comparisons test; *p<0.05.
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I have identified that in whole blood 5% O: inhibits ANCA induced changes in deformability
whereas 1% Oz promotes these changes (Table 24). In contrast, in experiments using isolated
neutrophils, both 1%, and to a lesser degree, 5% O> diminish the MPO-ANCA IgG induced
decrease in deformability seen at 1h in 21% O». These results suggest oxygen tension coupled
with ANCA stimulation impacts biophysical properties of neutrophils in comparison to 21%
O.. As displayed, the relationship is complex and cell isolation method has a significant impact
on results. It is likely that results are also stimulation, timing, and degree of oxygen tension

dependent as outlined in Table 24.

Oxygen HC IgG MPO-ANCA IgG | PR3-ANCA IgG
Tension (O3)
Whole blood 21% ! !
5% 1 1
1% ! l
Isolated 21% l l l
neutrophils 50, No change 7 |
1% No change 1 1
Table 24. Summary of stimulation conditions in comparison to untreated neutrophil
deformability

‘|’ denotes a decrease in deformability in comparison to untreated and ‘1’ denotes an increase
in deformability in comparison to untreated.
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4.5. Effect of hypoxia and ANCA on actin cytoskeleton

At 21% Oz, ANCA stimulation resulted in significant promotion of actin polymerisation in
neutrophils (section 3.6). Having demonstrated that oxygen tension can have additional effects
on biomechanical profiles, I next investigated whether this effect of ANCA-promoted actin

polymerisation was changed under venous physiological normoxia or pathological hypoxia.

4.5.1. Oxygen tension influences neutrophil actin polymerisation

The increased F-actin polymerisation I have identified in neutrophils treated with ANCA IgG
may contribute to their phenotype of increased cell stiffness. As I have also seen biomechanical
changes in neutrophils in response to changing oxygen tensions, I wished to assess the
cytoskeletal response of untreated neutrophils to hypoxia. HC isolated neutrophils were
cultured at 21%, 5%, or 1% O for 1h, fixed and stained for Phalloidin to visualise actin
polymerisation. Experiments were performed simultaneously comparing 21% v 5% Oz, or 21%
v 1% Oa. Variables and cytoskeletal protrusions were quantified using a macro. Phalloidin
staining measures and represents the F-actin signal. The area and perimeter of each cell were
quantified utilising Phalloidin stain, the total cell area staining for Phalloidin was quantified
relative to the area of each measured cell, and the total cell perimeter staining for Phalloidin
was quantified relative to the perimeter of each measured cell. These variables are individually

referred to as area, perimeter, relative area, and relative perimeter.

Representative images shown in Figure 36 display a visually brighter stain, blebbing at the

cell perimeter and increased actin cap formation at 5% and 1% Oz in untreated neutrophils in

comparison to 21% Ox.
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21% O3

Figure 36. Oxygen tension influences actin polymerisation in neutrophils

Neutrophils from HC were isolated, cultured at 21%, 5%, or 1% O (15 minutes), and incubated
in media only (neutrophil culture media, ‘untreated’) for 1h. Neutrophils were fixed, stained
for Phalloidin (green) (AF488), and mounted with VectaShield[R] Antifade Mounting Medium
with DAPI (blue), and imaged at 63x using confocal microscopy (A) 21% Oa, (B) 5% O, (C)

1% Os. Representative images from 21% O2>n=31, 5% O2n=18, 1% O, n=12 experiments are
shown.
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There was no significant difference in area, perimeter, relative area, and relative perimeter at
5% Oz in comparison to 21% Oz (Fig 36; ns). However, at 1% Oz, there was a significant
increase in area and perimeter (Fig 36A and B; p=0.0002, p=0.0005), and relative area and

perimeter in comparison to 21% Oz (Fig 36C and D; p=0.0001, p=0.0002).
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Figure 37. Oxygen tension influences neutrophil actin polymerisation

(A-D) Neutrophils from HC were isolated and incubated with media only (neutrophil culture
media, ‘untreated’) for 1h (21% O>n=31, 5% O>n=18, 1% O2n=12). Neutrophils were fixed,
stained for Phalloidin (AF488), and mounted with VectaShield[R] Antifade Mounting Medium
with DAPI, and imaged at 63x using an inverted Zeiss LSM-780 (A) Area, (B) Perimeter, (C)
Relative area, and (D) Relative perimeter. Data was analysed using a macro developed for use
with ImageJ to measure area, perimeter, relative area, and relative perimeter. Data are shown
as mean +/- SEM, statistical analysis was performed using two-way ANOVA mixed effects
model with Geisser-Greenhouse correction, with Tukey’s multiple comparisons test;
*#%p<0.001. ****p<0.00001.
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4.6. Oxygen tension influences actin polymerisation in neutrophils

stimulated with ANCA

Next, to determine if alterations in oxygen tension modulate the effect of ANCA on actin
polymerisation, I cultured isolated neutrophils at 21%, 5%, or 1% O2 (15 min), primed them
with 2 ng/mL TNF (15 minutes) and stimulated with HC or MPO-/PR3-ANCA IgG for 1h.

Cells were fixed, stained for Phalloidin, and assessed as above.

Neutrophils in all stimulation conditions displayed brighter phalloidin staining at 5% Oz
(Representative images shown in Figure 38) than 21% Oz (Representative images shown in
Figure 38A-D). Untreated and HC IgG stimulated neutrophils at 5% exhibit a visually brighter
stain and blebbing at the cell perimeter in comparison to untreated or HC IgG treated
neutrophils at 21% O2. Some actin caps were present at 21% Oz following stimulation of
neutrophils with HC IgG, but this was present to a greater extent seen at 5% O:. Following
MPO-/PR3-ANCA stimulation at 5% Oz there was a further visual increase in intensity of
staining and increased actin cap formation in comparison to untreated and HC IgG treated cells.
Incubation at 5% O: resulted in some decrease in ANCA induced protrusions. Visually,
protrusions could still be identified, but they were not as frequent as those seen in ANCA
stimulated neutrophils at 21% Oxz. It could also be seen that more actin was retained at the cell

periphery compared to 21% Ox.

Quantification of phalloidin staining identified that incubation at 5% Oz prevented the MPO-
ANCA induced increase in area (Fig 38A) and perimeter (Fig 38B) that were seen at 21% Oo.
There was no significant change in relative area at either 21% or 5% O:2 (Fig 38C), however
the MPO-ANCA induced increase in relative perimeter found at 21% Oz was also inhibited at

5% Oz (Fig 38D). In contrast to these results seen with MPO-ANCA, my results suggest the
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actin polymerisation effect in PR3-ANCA stimulated neutrophils seen at 21% is preserved at
5% O2 (Fig 38A-D). This may be as the magnitude of effect seen following PR3-ANCA

stimulation is greater than seen with MPO-ANCA.

Similar to at 5% Oz, neutrophils in all conditions displayed visually brighter phalloidin staining
at 1% Oz compared to 21 % O2 (Fig 40I-L). Untreated and HC IgG stimulated neutrophils at
1% Oz exhibit a visually brighter stain and blebbing at the cell perimeter in comparison to 21%
O2 untreated or HC IgG (Fig 39A-B). Again, following MPO-/PR3-ANCA stimulation, there
was an increase in the brightness of phalloidin staining and cell protrusions were formed (Fig

39C and D).

Quantification of area, relative area, and relative perimeter were all significantly increased in
untreated neutrophils at 1% O- in comparison to 21% O», (Fig 39A, C, and D; area p=0.0350,
relative area p= 0.0258, relative perimeter p=0.0212). In contrast to cells at 5% O, when cells
were incubated at 1% O an increase in area and perimeter in response to MPO-ANCA
stimulation was still seen (Fig 39A and B; ns). Incubation at 1% O, significantly enhanced
increased relative area and relative perimeter in MPO-ANCA stimulated neutrophils to a
greater degree than was seen at 21% O: (Fig 39C and D; relative area MPO p=0.0033, relative
perimeter MPO p=0.0034). Results for PR3-ANCA exhibited a similar pattern of results,
displaying an increase in all measurements following stimulation in 1% O2 in comparison to
21% O, but data did not achieve significance for any of the variables measured. However, the
magnitude of the increase in actin parameters was similar to that seen at 21% O, suggesting
the greater area/perimeter staining seen at 1% O is based upon the initial hypoxic uplift seen

at baseline.
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Collectively, 1% O enhances actin polymerisation overall, in comparison to 5% and 21% O,
at baseline in untreated cells and synergising with MPO-/PR3-ANCA to further promote actin
polymerisation in stimulated neutrophils. Conversely, the actin polymerisation effect of MPO-
ANCA stimulation at 21% O> was completely lost at 5% O:. In contrast to MPO ANCA
responses, the polymerisation effect of PR3-ANCA stimulation was maintained at 5% O> and
only slightly increased at 1% O- (representative images shown in Fig 38). Thus, not only does
oxygen tension alone have a significant effect on actin polymerisation in untreated neutrophils,
but it can impact ANCA-induced responses in both directions dependent upon the degree of
hypoxia and the specificity of ANCA. These experiments indicate pathological hypoxia
promotes neutrophil actin polymerisation to a similar extent as previously seen with ANCA

stimulation (section 3.6.1).
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Figure 38. Oxygen tension alters ANC

A induced actin polymerisation in HC stimulated neutrophils

(A-L) Neutrophils from HC were isolated, untreated with media only (neutrophil culture media, ‘untreated’) or primed with 2 ng/mL TNF (15
minutes) and stimulated with 100 ug/mL HC IgG, MPO-ANCA IgG, PR3-ANCA IgG for 1h at 21%, 5% or 1% O. Neutrophils were fixed,
stained with Phalloidin (F actin, AF488, green), and mounted with VectaShield[R] Antifade Mounting Medium with DAPI (nucleus, blue), and
imaged at 63x using an inverted Zeiss LSM-780 (A-D) 21% O», (E-H) 5% O3, (I-L) 1% O, (A/E/T) Untreated, (B/F/J) HC IgG, (C/G/K) MPO-
ANCA IgG, and (D/H/L) PR3-ANCA. Representative images from 21% O2n=31, 5% O2n=18, 1% O2n=12 experiments are shown.
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Figure 39. 5% O; influences actin polymerisation in MPO-ANCA stimulated neutrophils

(A-D) Neutrophils from HC were isolated, cultured at 21% or 5% O (15 minutes), untreated
with media only (neutrophil culture media, ‘untreated’) or primed with 2 ng/mL TNF (15
minutes) and stimulated with 100 ug/mL HC IgG, MPO-ANCA IgG (n=14), PR3-ANCA IgG
(n=4) for 1h. Neutrophils were fixed, stained for Phalloidin (AF488), and mounted with
VectaShield[R] Antifade Mounting Medium with DAPI, and imaged at 63x using an inverted
Zeiss LSM-780 (A) Area, (B) Perimeter, (C) Relative area, and (D) Relative perimeter. Data
were analysed using a macro developed for use with ImageJ to measure area, perimeter, relative
area, and relative perimeter. Data are shown as mean +/- SEM, statistical analysis was
performed using two-way ANOVA mixed effects model with Geisser-Greenhouse correction,
with Tukey’s multiple comparisons test; *p<0.05. **p<0.01 ***p<0.001. ****p<00001.
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Figure 40. 1% O- influences actin polymerisation in ANCA stimulated neutrophils

(A-D) Neutrophils in whole blood from HC were isolated, cultured at 21% or 5% O, (15
minutes), untreated with media only (neutrophil culture media, ‘untreated’) or primed with 2
ng/mL TNF (15 minutes) and stimulated with 100 ug/mL HC IgG, MPO-ANCA IgG (n=8),
PR3-ANCA IgG (n=12) for 1h. Neutrophils were fixed, stained for Phalloidin (AF488), and
mounted with VectaShield[R] Antifade Mounting Medium with DAPI, and imaged at 63x
using an inverted Zeiss LSM-780 (A) Area, (B) Perimeter, (C) Relative area, and (D) Relative
perimeter. Data were analysed using a macro developed for use with ImageJ to measure area,
perimeter, relative area, and relative perimeter. Data are shown as mean +/- SEM, statistical
analysis was performed using two-way ANOVA mixed effects model with Geisser-
Greenhouse correction, with Tukey’s multiple comparisons test; *p<0.05. **p<0.01
*#%p<0.001. ****p<0.00001.
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4.7. Effect of inhibitors on ANCA mediated neutrophil response

4.7.1. Cytochalasin B best inhibits ANCA induced actin polymerisation under hypoxia

At 21% O,, MPO-ANCA induced promotion of actin polymerisation was inhibited by
Cytochalasin D. However, as shown in previous sections, results may differ under different
oxygen tensions. Therefore, I tested the same set of inhibitors I used previously in section
3.7.1., but under different oxygen tensions of 1% or 5% O> to determine whether the effect of
ANCA on neutrophil actin polymerisation under hypoxia could be inhibited using inhibitors of
actin filament formation or myosin-ii. Neutrophils were cultured for 15 minutes at 21%, 5%,
or 1% Oa, primed with 2 ng/mL TNF (15 minutes), treated with one of the selected inhibitors
(10 minutes), stimulated with HC or MPO-ANCA IgG for 1h, fixed, and stained for Phalloidin

using immunofluorescence.

No inhibitor influenced the actin cytoskeleton at 5% O- for any stimulation condition (Fig 41).
This was not surprising as data from section 4.6 suggests that incubation under 5% O alone
(without any additional inhibitors) prevented ANCA induced actin polymerisation and

therefore there was no ANCA stimulation effect to inhibit.
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Figure 41. No change in parameters at 5% O with actin polymerisation inhibitors

(A-D) Neutrophils in whole blood from HC (n=3) were isolated, cultured at 5% O, (15
minutes), untreated with media only (neutrophil culture media, ‘untreated’) or primed with 2
ng/mL TNF (15 minutes), treated with cytochalasin B 10um, cytochalasin D 2um,
paraminoblebbistatin 50 pm, or blebbistatin 100pm, and stimulated with 100 ng/mL HC IgG,
MPO-ANCA IgG for 1h. Neutrophils were fixed, stained for Phalloidin (AF488), and mounted
with VectaShield[R] Antifade Mounting Medium with DAPI, and imaged at 63x using
confocal microscopy (A) Area, (B) Perimeter, (C) Relative area, and (D) Relative perimeter.
Data was analysed using a macro developed for use with ImageJ to measure area, perimeter,
relative area, and relative perimeter. Data are shown as mean +/- SEM, statistical analysis was
performed using one-way ANOVA Kruskal-Wallis test, with Dunn’s multiple comparisons

test.
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At 1% Oz upon visual inspection, blebbistatin resulted in the smallest morphology effect, and
significant protrusions were still formed in ANCA stimulated neutrophils (representative
images shown in Fig 42). Similar results were seen with para-aminoblebbistatin which again
showed significant ANCA induced neutrophil protrusion, although not as many as seen in
blebbistatin treated, ANCA stimulated neutrophils. By visual inspection, cytochalasin B
resulted in more rounded, circular cells. As I also identified at 21% Oz, cytochalasin D at 20
pum resulted in bleb-like formation around the cell membrane in ANCA stimulated neutrophils,
which was identified in untreated neutrophils as well, it seems this is unlikely to be a result of
ANCA stimulation (537,538). In comparison to all the other inhibitors used, cytochalasin B
had the greatest inhibitory effect, particularly upon visual inspection. All inhibitors resulted in
a decrease in MPO-ANCA induced cytoskeletal changes for all variables at 1% O2 (Fig 43).
The smallest effect was seen with the blebbistatins. The greatest magnitude of inhibition on
perimeter was seen with cytochalasin B, which suppressed actin polymerisation to that seen in
untreated cells (Fig 43; ns). This suggests MPO-ANCA promotion of actin polymerisation
under hypoxia may be inhibited through the annealing step of actin polymerisation. Once again,

neutrophil phenotype is altered under hypoxia and in the context of ANCA stimulation.
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Figure 42. ANCA promotion of actin polymerisation in HC is inhibited by Cytochalasin B
at 1% O
(A-D) Neutrophils in whole blood from HC (n=3) were isolated, untreated with media only
(neutrophil culture media, “untreated’) or primed with 2 ng/mL TNF (15 minutes), treated with
cytochalasin B 10um, cytochalasin D 2um, paraminoblebbistatin 50 um, or blebbistatin
100pum, and incubated for 1h at 1% Os. Neutrophils were fixed, stained with Phalloidin (F
actin, AF488, green), and mounted with VectaShield[R] Antifade Mounting Medium with
DAPI (nucleus, blue), and imaged at 63x using an inverted Zeiss LSM-780 (A) Untreated, (B)
para-aminoblebbistatin, (C) blebbistatin, (D) cytochalasin B, (E) cytochalasin D 2mM, and (F)
cytochalasin D 20mM.
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Figure 43. Cytochalasin B best inhibits ANCA promotion of actin polymerisation under
hypoxia

(A-D) Neutrophils in whole blood from HC (n=3) were isolated, cultured at 1% O, (15
minutes), untreated with media only (neutrophil culture media, ‘untreated’) or primed with 2
ng/mL TNF (15 minutes), treated with cytochalasin B 10um, cytochalasin D 2um,
paraminoblebbistatin 50 pm, or blebbistatin 100pm, and stimulated with 100 pg/mL HC IgG,
MPO-ANCA IgG for 1h. Neutrophils were fixed, stained for Phalloidin (AF488), and mounted
with VectaShield[R] Antifade Mounting Medium with DAPI, and imaged at 63x using
confocal microscopy (A) Area, (B) Perimeter, (C) Relative area, and (D) Relative perimeter.
Data was analysed using a macro developed for use with ImageJ to measure area, perimeter,
relative area, and relative perimeter. Data are shown as mean +/- SEM, statistical analysis was
performed using one-way ANOVA Kruskal-Wallis test, with Dunn’s multiple comparisons
test.
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4.8. Discussion

The hypothesis for this chapter was based on the theory that neutrophils trapped in the inflamed
microvasculature, as found in AAV, will be exposed to a characteristically hypoxic
environment. Therefore, in effort to model ex vivo the most representative
physiological/pathological conditions of what occurs in vivo, I used different oxygen tensions
with the intention of more accurately measuring neutrophil function in AAV. The main
objective was to determine the effect of hypoxia alone, and then the combined effect of hypoxia
and ANCA on neutrophil mechanics and actin polymerisation. In Chapter 3, I established the
capability of RT-DC to identify the biomechanical phenotype of neutrophils under various
conditions at 21% Os. I identified an ANCA induced decrease in cell deformability and
promotion of actin polymerisation. In this chapter I explored whether this mechanism in
neutrophils was influenced or replicated under more physiological oxygen tensions in
comparison to pathological hypoxia. ANCA promotion of actin polymerisation was inhibited
at 21% O; using Cytochalasin D. Therefore, I questioned whether inhibition of ANCA
promoted actin polymerisation was similar under physiological or pathological oxygen

tensions, or whether hypoxia acted as an independent stimulus.

Untreated neutrophil responses at 21% O> differed from untreated neutrophil responses at
various oxygen tensions, and 5% (venous) Oz or 1% (hypoxia) O also impacted neutrophil
responses to control and ANCA IgG. The changes in neutrophil biomechanics and cytoskeletal
changes such as actin polymerisation, were dependent upon the oxygen tension measured, and

often occurred in synergy with ANCA IgG stimulation.

In this chapter, I initially identified how different oxygen tensions influence the biomechanical

properties of untreated neutrophils. Unexpectedly, incubation of whole blood at 5% O- resulted
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in an increase in neutrophil deformability, which was a reproducible and consistent effect
throughout my experiments. In Chapter 3, my experiments performed under 21% O- indicated
variability in isolated cell runs, but more consistent effects were displayed in whole blood. As
for experiments under decreased oxygen tensions in Chapter 4, this same relationship held true,
specifically at 5% O:. Thus, in contrast, a significant decrease in deformability at 5% O in
untreated isolated neutrophils was shown in comparison to 21% O;. Minimal change was
shown in whole blood or in isolated untreated neutrophils at 1% Oz in comparison to 21% Oo.
Therefore, this opposite effect shown between whole blood and isolated neutrophil
mechanophenotype may not be an effect of oxygen tension but instead may be related to the
impact of cell isolation on RT-DC measurements of neutrophil biomechanics, as it is also

shown in Chapter 3 at 21% O..

While there is a different baseline for each oxygen tension, my results suggest that when whole
blood ANCA IgG stimulation is performed, 5% O- inhibits the ANCA IgG induced decrease
in neutrophil deformation that was seen at 21% O,. However, at 1% O, following whole blood
stimulation with ANCA IgG, the effect of decreased neutrophil deformability persists, but is
also seen following HC IgG stimulation suggesting cells may be primed or pre-activated by
pathological hypoxia. This effect in HC IgG was equivalent to the effect of decreased
deformability seen in ANCA stimulated whole blood at 1% O.. Due to the differences in
isolated cells, it is difficult to interpret the data. This may be due to performing neutrophil
isolation under 21% O> to then a new challenge of 1 or 5% O, whereas blood is kept in its
physiological environment in the EDTA vacutainer up until any treatment. At 5% O, cells are
somehow more quiescent in their physiological O,. This result has not been examined before

and has important implications for laboratory neutrophil functional work. Hypoxia enhancing
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this result aligns with hypoxia further promoting other function responses in combination with

other stimuli such as degranulation (456).

In Chapter 3, once isolated neutrophils were stimulated with ANCA at 21% O, there was a
small decrease in neutrophil deformability following stimulation with both MPO- and PR3-
ANCA. At 5% O, this effect was diminished in MPO-ANCA stimulated neutrophils,
consistent with my results using whole blood. Surprisingly, in contrast, in PR3-ANCA
stimulated neutrophils, at 5% O- the effect of decreased deformability persisted. At 1% O», a
similar effect was seen with inhibition of MPO-ANCA induced decreases in deformability in
comparison to 21% O> conditions. Unexpectedly, PR3-ANCA stimulated neutrophils exhibited
a different effect at 1% and 5% Oa. At 5% Oz, a PR3-ANCA induced decrease in neutrophil

deformability was still seen, but this was inhibited at 1% Oa.

Following identification of the impact of hypoxia on neutrophil mechanophenotype and the
effect on ANCA induced changes in deformability this prompted further investigation to
determine if hypoxia also altered neutrophil cytoskeleton in conjunction with ANCA
stimulation. Hypoxia has been shown to induce and modulate actin cytoskeletal rearrangement
in multiple cell types (539). Studies of the effects of hypoxia on neutrophil actin cytoskeleton
are limited but hypoxia has been identified to promote actin cap formation in neutrophils (459).
At baseline, untreated neutrophil cytoskeleton was visually altered at 1% and 5% O», with
increased actin polymerisation and cap formation, but in quantified data, a significant increase

was only shown at 1% O in comparison to 21% O,.

My results assessing the actin cytoskeleton following ANCA stimulation were broadly in

keeping with measurements of cell deformability in isolated neutrophils. Incubation at 5% O»
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inhibited MPO- but not PR3- ANCA induced changes in area and perimeter whereas incubation
at 1% O increased the magnitude of these changes. At 1% O, the proportional increase in
area/perimeter following MPO-ANCA stimulation was greater than that seen at 21% O,
whereas following PR3-ANCA stimulation, the proportional increase in actin area/perimeter
was similar between 21% and 1% O; after the initial shift upwards in untreated cells at 1% O,.
At 21% O2, PR3-ANCA induced a greater effect in area/perimeter than MPO-ANCA, therefore
there was not as great of a difference between 21% O2 PR3-ANCA and 1% O> PR3-ANCA
conditions. Yet, at 21% O», MPO-ANCA induced less of an effect on area/perimeter than PR3-
ANCA, and therefore, hypoxia enhanced this effect more so in comparison to 21% O, than
shown with PR3-ANCA. This was an interesting result as some studies have shown MPO-
ANCA to have a greater effect on neutrophil programmed mechanisms than PR3-ANCA such
as ROS production and degranulation (529). In my previous results, confirming the
pathogenicity of the IgG preparations I had isolated, PR3-ANCA induced similar levels of
cytokine production and NETosis. In general, my results were more variable using PR3-ANCA
than MPO-ANCA. This could potentially be explained due to differences in cell surface PR3

expression between donors (287).

In Chapter 3, I showed that cytochalasin D inhibited actin polymerisation promoted by MPO-
ANCA IgG. However, given neutrophil responses at baseline, in addition to when stimulated
with ANCA IgG, are different at 21% O- than other decreased oxygen tensions it was unknown
whether cytochalasin D would inhibit ANCA promoted actin polymerisation under hypoxia
(540). At 1% O3, cytochalasin B best inhibited ANCA promotion of actin polymerisation.
While cytochalasin D was most effective at 21% Oz and cytochalasin B under hypoxia, this
identified the potential step of actin polymerisation involved in ANCA induced cytoskeletal

changes, as the cytochalasins have similar mechanisms of action by binding to F-actin directly.

201



The blebbistatins were less effective, both at 21% O: or under hypoxia. The consistency of
cytochalasins being the most effective inhibitor across oxygen tensions suggests that the
mechanism of ANCA induced promotion of actin polymerisation is consistent. Possibly,
although modulated by hypoxia, the pathways involved may not change, or the cytochalasins

may act on a final common pathway in inhibiting cytoskeletal changes.

In conclusion, my results have identified that hypoxia modulates neutrophil deformability and
actin polymerisation both in untreated cells and following ANCA stimulation. A key finding
is that pathological hypoxia (1% O:) enhances actin polymerisation in response to ANCA
stimulation. It may be that this enhancement is also seen in vivo at sites of tissue injury.
Whether this response of increased actin polymerisation has a protective effect, promotes cell
interaction, locomotion, and communication, or leads to enhanced pathological responses
warrants further investigation. As a result, in the next chapter I investigated functional

neutrophil responses such as TEM, NETosis and cytokine responses (234).

Key findings:
1. Untreated whole blood neutrophil deformability is increased at 5% O>
2. 5% O prevents ANCA stimulated whole blood neutrophil deformability and actin

polymerisation whereas 1% O; further enhances these effects

3. MPO- and PR3-ANCA promoted neutrophil actin polymerisation response differs
under decreased oxygen tension

4. Cytochalasins best inhibit MPO-ANCA IgG promoted actin polymerisation in

neutrophils
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5. Chapter 5 — The effect of hypoxia on ANCA induced functional

responses
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5.1. Introduction

Having identified an ANCA-induced neutrophil mechanophenotype that is influenced by
oxygen tension, I next performed neutrophil functional analysis and examine functional
responses and neutrophil-endothelial interaction in physiological normoxia and pathological
hypoxia environments. In chapter 4, I identified that decreased oxygen tension modulates
neutrophil deformability, both at baseline and following stimulation with ANCA. This was
associated with changes in actin polymerisation. As previously discussed, remodelling of the
actin cytoskeleton is a key process in several neutrophil functions such as exocytosis,
degranulation, and NETosis (55,541,542). In this chapter, I therefore investigated the impact
of physiological and pathological oxygen tensions on functional neutrophil responses in the

context of ANCA stimulation.

In Chapter 3, at 21% O, an increase in NET production was shown in neutrophils stimulated
with MPO- or PR3-ANCA IgG. Considering pathological hypoxia enhances the effect of
ANCA stimulated neutrophil actin polymerisation as shown in Chapter 4, it was important to
determine whether hypoxia also synergises with the effect of ANCA shown at 21% O> to
promote NET formation. Yet, ANCA stimulated neutrophils at physiological normoxia
displayed an unexpected phenotype, therefore I wanted to determine whether 5% O- can inhibit

a pathogenic programmed mechanism, such as NETs.

I also employed a co-culture system with glomerular endothelial cells (gEC) as a more
representative model ex vivo of what interactions, communication, and signalling may occur in
vivo with neutrophils and their surrounding environment. The kidney is a main site of organ

involvement in AAV, therefore gEC were chosen for this model. Whether the relationship I
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identified in Chapter 4 between hypoxia and neutrophil mechanophenotype could impact

neutrophil-endothelial interactions and injury is currently unknown.

Hypothesis of current chapter

Hypoxia exacerbates the effect of ANCA on neutrophil mediated responses and contributes to

endothelial injury.

Aims

1 Determine the impact of hypoxia on ANCA induced functional neutrophil responses

2 Investigate the effect of hypoxia on ANCA mediated responses in a neutrophil-endothelial
cell co-culture setting

3 Identify if transcriptional changes contributed to any differences in neutrophil phenotype

following ANCA stimulation in hypoxic conditions
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5.2. Impact of hypoxia on ANCA induced pathogenic neutrophil
responses

My previous results have identified that oxygen tension can modulate ANCA IgG induced

changes in neutrophil biomechanics. In this chapter I aimed to identify if oxygen tension can

also influence key pathogenic effects of ANCA I identified in earlier sections, by assessing IL-

& secretion and NET release.

5.2.1. Hypoxia alters MPO-ANCA induced neutrophil IL.-8 secretion

The induction of IL-8 secretion following ANCA stimulation of neutrophils is well established
(327) and was replicated at 21% Oz in my experimental work in section 3.3.1. Hypoxic
neutrophils have displayed a ‘hyper-secretory’ phenotype, promoting secretion of several
histotoxic granule proteins. However, there is also evidence that decreased oxygen tension may
decrease IL-8 production in PMN, although results varied depending on stimuli used (543).
The impact of hypoxia on IL-8 responses induced by ANCA is not known. I therefore
investigated if oxygen tension modulates IL-8 secretion following ANCA stimulation. Isolated
neutrophils were primed with 2 ng/mL TNF (15 minutes) and stimulated with MPO-ANCA for
1h and 4h at 1%, 5% or 10% O2 in comparison to 21% O2. SNs were collected and IL-8 was

measured using ELISA at 1%, 5%, or 10% O2 in comparison to 21% Ox.

At 21% Oz, as previously described, an increase in IL-8 secretion was seen in MPO-ANCA
stimulated neutrophils in comparison to HC IgG stimulated or untreated neutrophils with
increased cytokine release at 1h (Fig 44A; ns) and at 4h (Fig 44B; ns). At 1% Oz, this level of
oxygen tension led to decreased MPO-ANCA stimulated neutrophil IL-8 secretion in
comparison to 21% Oz at 1h and 4h (Fig 44A; 1h: ns, Fig 44B; 4h: 0.0359). A decrease in PR3-

ANCA IL-8 secretion was shown at 1% O2 in comparison to 21% Oz at 1h and 4h, but neither
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achieved significance (Fig 44A; 1h: ns, Fig 44B; 4h: ns). At 5% O, there was a decrease in
both ANCA stimulated neutrophil IL-8 secretion at 1h, but this effect was not significant, nor
was there a change IL-8 secretion at 4h (Fig 44A; ns, Fig 44B; ns). At 10% Oz, this level of
oxygen tension displayed a slight decrease in MPO-ANCA IL-8 secretion at 4h in comparison
to 21% Oz but did not achieve significance at either 1h or 4h (Fig 44A; ns, Fig 44B; ns).
Minimal difference in IL-8 secretion was shown when comparing MPO- or PR3-ANCA

stimulation under all oxygen tensions and at both time points (Fig 44A and B).

Overall, at 5% and 10% Oq, cytokine release did not significantly differ from 21% Oz,
suggesting ANCA promoted neutrophil IL-8 secretion is maintained under physiological
oxygen tensions. However, 1% O2 promotes a slight decrease in IL-8 secretion in in ANCA
stimulated neutrophils in comparison to 21% Oz at 4h, but more replicates are necessary before

confirming this effect.
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Figure 44. Hypoxia alters MPO-ANCA stimulated neutrophil IL-8 secretion

Isolated neutrophils from HC (n=3) were incubated for 15 minutes at 1%, 5%, 10%, or 21%
O», untreated with media only (neutrophil culture media, ‘untreated’) or primed with 2 ng/mL
TNF (15 minutes) and stimulated with 100 pg/mL HC or MPO-/PR3-ANCA IgG for 1h (A)
and 4h (B). SN IL-8 content was measured by ELISA. Data are shown as mean +/- SEM,
statistical analysis was performed using two-way ANOVA mixed effects model with Geisser-
Greenhouse correction, with Tukey’s multiple comparisons test; *p<0.05.
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5.2.2. Whole blood ANCA stimulation IL-8 production

In Chapter 3, a greater effect of MPO-ANCA stimulation on neutrophil deformability was seen
in whole blood at 21% O than in experiments where isolated cells were used. Additionally, in
comparison to isolated cells there was less IL-8 secretion in whole blood, but presumably
neutrophil count was comparable in whole blood compared to stimulation of isolated cells. As
I saw differing results in terms of deformability between whole blood and isolated cells, I also

looked at IL-8 release in both whole blood and isolated cells.

To assess the impact of differing oxygen tensions on the role of ANCA-IgG stimulation
induced changes in neutrophil IL-8 secretion in whole blood, I compared the effect of MPO-
ANCA IgG stimulation at 1% O2, 5% Oz, 10% Oz and 21% O using ELISA. Whole blood (1
mL) was equilibrated for 15 minutes at indicated oxygen tensions, primed with 2 ng/mL TNF
(15 minutes), and stimulated with HC or MPO- IgG for 1h. Serum was used for measurement

of IL-8 secretion levels.

ANCA induced a significant increase in IL-8 release compared to untreated at 21%0; (Fig 45;
p=0.0003). While there was peak IL-8 release in response to MPO-ANCA at 21% O, there
was a significant decrease in IL-8 in 5% O» (Fig 45; p=0.0015) and 1% O> (Fig 45; p=0.0010)
and a trend towards decreased IL-8 in 10% O (Fig 45; p=0.0656). A significant decrease in
IL-8 secretion in MPO-ANCA stimulated neutrophils was displayed at 10%, 5% and 1% O in
comparison to 21% O (Fig 45; 10%: p=0.0001, 5%: p= 0.0023, 1%: p=<0.0001). There was
no effect of oxygen tension on IL-8 release from untreated or HC IgG treated WB. These results
display how changing oxygen tension alters the pathogenic effect of MPO-ANCA on

neutrophil IL-8 release.
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Figure 45. Oxygen tension alters MPO-ANCA stimulated whole blood neutrophil IL-8
secretion

Whole blood from HC (n=5) was incubated for 15 minutes at 1%, 5%, 10%, or 21% O,
untreated or primed with 2 ng/mL TNF for 15 minutes, stimulated with 100 ug/mL HC IgG or
MPO-ANCA IgG for 1h, and centrifuged to generate serum. IL-8 levels in serum were analysed
using ELISA. Data are shown as mean +/- SEM, statistical analysis was performed using two-
way ANOV A mixed effects model with Geisser-Greenhouse correction, with Tukey’s multiple
comparisons test; *p<0.05.

210



5.3. Effect of oxygen tension on ANCA induced NETosis

I identified the pathogenic effect of ANCA stimulation in promoting NET formation at 21%
O: in section 3.3.2. (Fig 46). Pathological hypoxia at 1% O has been shown to enhance NET
formation in untreated neutrophils (544). Other studies, however, have identified either
reduction in, or similar levels of NETosis in hypoxia (535,545). Therefore, studies are

conflicting and the effect of ANCA on NETs in hypoxia is unknown.

5.3.1. NET production in ANCA stimulated neutrophils is enhanced at 1% O, and diminished

at 5% O»
To assess if hypoxia impacts NET formation in neutrophils stimulated with ANCA, I identified
NETosis using immunofluorescence in neutrophils incubated at 1% and 5% O2. Neutrophils
were primed with 2 ng/mL TNF (15 minutes), stimulated with HC or MPO-ANCA-IgG for 4h,

fixed, and stained for H3Cit.

Interestingly, at 5% O2, no NET formation was seen, either in untreated or in MPO- or PR3-
ANCA stimulated cells (representative images shown in Fig 46). Untreated and HC IgG
stimulated neutrophils at 1% O: exhibit a visually brighter stain (representative images shown
in Fig 46) and potentially more NET formation in comparison to the same stimulation
conditions at 21% O: (representative images shown in Fig 46). Ultimately, this data shows
hypoxia has the potential to regulate the pathogenic effect of ANCA stimulation with marked

differences depending on degree of oxygen tension.
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Figure 46. Oxygen tension alters ANCA induced NET production

(A-L) Isolated neutrophils from HC were incubated for 15 minutes at 21% O, untreated with media only (neutrophil culture media, ‘untreated’)
or primed with 2 ng/mL TNF for 15 minutes, and stimulated with 100 pg/mL HC IgG, MPO-/PR3-ANCA IgG for 4h at 21%, 5% or 1% Os..
Neutrophils were fixed, stained for H3Cit (red) (AF647), mounted with VectaShield[R] Antifade Mounting Medium with DAPI (blue), and imaged

at 40x using an inverted Zeiss LSM-780 (A-D) 21% O., (E-H) 5% O», (I-L) 1% O, (A) Untreated, (B) HC IgG, (C) MPO-ANCA IgG, (D) PR3-
ANCA IgG. Representative images from 21% O> (n=10), 5% O> (n=5), and 1% O> (n=5) experiments are shown.
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5.4. Effect of ANCA and hypoxia on protein secretion levels from

neutrophil and gEC

In AAYV, increased secretion and expression of cell adhesion and inflammatory molecules has
been shown in neutrophils in addition to increased neutrophil induced endothelial activation
(339). Hypoxia has also shown to alter EC secretion profile by promoting increase in IL-6 and
VEGEF secretion once EC are cultured in hypoxia (546,547). I next investigated whether this
response is modulated in hypoxic conditions with gEC co-cultured with ANCA stimulated

supernatant.

5.4.1. Oxygen tension influences gEC protein secretion levels following treatment with

neutrophil-conditioned SNs

In the presence of ANCA, interaction of activated neutrophils with the endothelium results in
inflammatory cytokine release from neutrophils which leads to endothelial injury (339). To
determine whether secretions from neutrophils induce a difference in endothelial cell release
of cytokines (IL-8), or adhesion molecules (ICAM-1 and VCAM-1) under different oxygen
tensions, at 21%, 5%, or 1% O, I treated gEC with previously harvested ANCA stimulated
neutrophil SN. Experimental set-up included initial incubation of gEC for 24h at 1%, 5%, or
21% O> followed by serum starvation for 2 hours. I then used SN harvested from untreated
neutrophils, or neutrophils primed with 2 ng/mL TNF (15 minutes) and stimulated with 100
pg/mL HC or MPO-ANCA-IgG, and added the SN to gEC under 21%, 5%, or 1% Oz. Degree
of oxygen tension was matched between cell types e.g., neutrophil SN collected from
neutrophils incubated at 1% O was used to stimulate gEC at 1% O.. Protein secretion levels
at 1%, 5%, or 21% O following 6h and 24h incubation with neutrophil SN were measured
using ELISA. Of note, different donor stimulated SN was used for each biological replicate

(n=3), potentially influencing the variability in 21% Ox results between experiments. While IL-
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8, VCAM-1, and ICAM-1 levels were initially quantified in SN used before treatment, other
inflammatory cytokines and levels of such cytokines could be present in the SN, also

influencing endothelial activation.

Minimal IL-8 secretion was seen from gEC following 6h stimulation with neutrophil SN, at
both 21% and 5% O:. At 24h, there was increased IL-8 secretion from gEC following
incubation with SN from ANCA stimulated neutrophils compared to incubation with SN from
untreated or HC IgG stimulated neutrophils. There was no difference between 21% and 5% O»
(Fig 47A). Similarly, there was low levels of VCAM-1 secretion at 6h. There was a small
increase in VCAM-1 secretion from neutrophils incubated with SN from ANCA stimulated
neutrophils, although this was not statistically significant, and there was no difference between
21% and 5% Os. By 24h there was a significant increase in VCAM-1 secretion following
incubation of gEC with SN from ANCA stimulated neutrophils (Fig 47B; p=0.0269). This
effect was of greater magnitude at 21% O compared to 5% Oz, as VCAM-1 levels at 21% O>
(3467.83 pg/mL) were nearly doubled in comparison to VCAM-1 levels at 5% O (1932.63
pg/mL) (Fig 47B; ns). While there was a small increase in ICAM-1 secretion from gEC
following incubation with SNs from ANCA stimulated neutrophils, these results were not
significant and there was no difference in ICAM-1 secretion between either oxygen tension or

time point (Fig 47C).
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Figure 47. 5% O, influences gEC protein secretion levels when treated with ANCA SN
Neutrophils (2x10°) were incubated for 15 minutes, untreated with media only (neutrophil
culture media, ‘untreated’) or primed with 2 ng/mL TNF (15 minutes), stimulated with 100
pg/mL of HC or MPO-ANCA IgG, and SN added directly to the gEC wells for 6h or 24h
incubation (n=3). SN IL-8, VCAM-1, and ICAM-1 content was measured by ELISA. The
amount of cytokine/CAM in the added neutrophil SN was subtracted from the total value and
results presented are EC secretion levels only. (A) IL-8, (B) VCAM-1 (C) ICAM-1. Data are
shown as mean +/- SEM, statistical analysis was performed using two-way ANOVA with
Geisser-Greenhouse correction, with Dunnett’s multiple comparisons test. ns, non-significant.
*p<0.05. **p<0.01.

215



The H35 can be set to 1 oxygen tension at a time; therefore, I compared 21% O, and 1% O> in
a different set of experiments than 21% O2 and 5% Oz. There is a significant increase in IL-8
secretion from gEC following incubation with SNs from MPO-ANCA treated neutrophils
compared to SNs from untreated at 6h (Fig 48A; p=0.0190) or untreated neutrophils at 24h
(Fig 48A; p=0.0218) in 21% O,. At 1% O», there was a trend exhibiting increased IL-8 at 6h
(Fig 48A; p=0.0550) and 24h (Fig 48A; p=0.0051) in the presence of ANCA in comparison to
untreated. Yet, there were no significant differences in IL-8 when comparing 21% versus 1%
O» stimulations. The increase in VCAM-1 secretion from gEC following treatment with SN
from MPO-ANCA stimulated neutrophils was more variable. At 24h in 1% O, there is a
decrease in VCAM-1 secretion gEC following treatment with SN from MPO-ANCA
stimulated neutrophils in comparison to 21% O (Fig 48B, ns). Following 6h stimulation, there
is an increase in I[CAM-1 release from gEC incubated with SN from MPO-ANCA stimulated
neutrophils. Following 6h stimulation there was a small, non-significant increase in 1% O>
compared to 21% Ox. In contrast, following 24h there was less ICAM-1 release at 1% O- (Fig

48C; p=0.0884).

In conclusion, when gEC are exposed to SN from ANCA stimulated neutrophils, this leads to
release of IL-8, VCAM-1, and ICAM-1 from gEC. Hypoxia may modulate this although a
consistent pattern of results was not seen and there was considerable inter-donor variability.
IL-8 secretion was not significantly altered by oxygen tension at either time point, VCAM-1
release was reduced at 24h by both 5% and 1% O, and ICAM-1 release was augmented at 6h

and reduced at 24h by 1% Oz; 5% O had no effect.
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Figure 48. 1% O; influences gEC protein secretion levels when treated with ANCA SN
Neutrophils (2x10°) were incubated for 15 minutes, untreated with media only (neutrophil
culture media, ‘untreated’) or primed with 2 ng/mL TNF (15 minutes), stimulated with 100
ug/mL of HC or MPO-ANCA IgG, and added directly to the gEC wells for 6h or 24h incubation
(n=3). SN IL-8, VCAM-1, and ICAM-1 content was measured by ELISA. The amount of
cytokine/CAM in the added neutrophil SN was subtracted from the total value and results
presented are EC secretion levels only. (A) IL-8, (B) VCAM-1, (C) ICAM-1. Data are shown
as mean +/- SEM, statistical analysis was performed using two-way ANOVA with Geisser-
Greenhouse correction, with Dunnett’s multiple comparisons test. ns, non-significant. *p<0.05.
**p<0.01.
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5.4.2. Increased IL-8, ICAM-1. and VCAM-1 secretion following co-culture of gEC and

ANCA stimulated neutrophils

Having identified an effect of conditioned SN, I next investigated the direct effect of
neutrophils on gEC using co-culture. These experiments had to be conducted at a shorter
timepoint due to the limited survival of isolated neutrophils ex vivo. As I had seen the greatest
impact on gEC secretion at 1% Oz in my previous set of experiments, and this represents
pathological hypoxia, this was the oxygen tension I used in this set of experiments. As a
positive control, 10 ng/mL of TNF was added directly to gEC for 24h. All wells included gEC

and neutrophils with stimulation conditions outlined in Table 20 in section 2.2.11.1.

At 21% Oz co-culture of gEC and neutrophils in the presence of ANCA IgG resulted in a small
increase in IL-8, VCAM-1, and ICAM-1 production compared to wells of untreated cells
(neutrophils and gEC). At 1% O3, there was an overall increase in IL-8 release compared to
21% Oz, with significant increases shown between untreated and MPO-ANCA (Fig 49A; 21%
02: p=0.0004, 1% O>: p=0.0001) and untreated and PR3-ANCA (Fig 49A; 21% O: p=0.0003,
1% Oz: p=0.0001). This effect of hypoxia-potentiated IL-8 release in the presence of ANCA
may be dependent on neutrophils rather than gEC. No effect on IL-8 was seen when gEC alone
were treated with TNF, but the role of ANCA on gEC alone remains elusive. It may also be
dependent on neutrophil-TNF interactions, rather than ANCA stimulation as augmentation was
seen in all conditions where the neutrophils had been primed directly for 15 minutes with TNF
irrespective of the addition of IgG, rather than 24h gEC treatment with TNF. This therefore
compared the difference between the effect of an activated endothelium with unprimed

neutrophils, to resting endothelium with primed neutrophils.
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At 1% Oz, there was also augmentation of VCAM-1 release, although this was of smaller
magnitude than the difference in IL-8 secretion. There was an increase in VCAM-1 secretion
from gEC cultured with TNF in the absence of neutrophils, suggesting increases in VCAM-1
production may be gEC dependent to a greater degree than IL-8 (Fig 49B). It also seemed to
be more specific to the effect of ANCA stimulation; there was no change in VCAM-1 secretion
in TNF primed co-culture wells, untreated wells, or HC IgG stimulated wells. An increase was
seen in MPO-/PR3-ANCA treated wells at both 21% and 1% O> in comparison to untreated

(Fig 49B; 21% O,: MPO: p=0.0034, PR3: p=0.0007, 1% O: MPO: p=0.0001, PR3: p=0.0001).

At baseline at 21% O, ICAM-1 secretion levels were already elevated in untreated co-culture
wells, with a small increase seen in the presence of ANCA stimulation (Fig 49C; MPO:
p=0.0166 and PR3: p=0.0083 comparing untreated wells to MPO- and PR3- ANCA stimulation
respectively). 1% O» had a small effect on enhancing ICAM-1 release in all conditions but the
effect size was similar between all conditions; a small, but significant additional effect of
ANCA stimulation was shown (Fig 49; MPO: p=0.0120 and PR3: p=0.0006 comparing
untreated wells to MPO- and PR3- ANCA stimulation respectively). From this, hypoxia
increases baseline secretion from neutrophils (IL-8, VCAM-1, and ICAM-1) and gEC
(VCAM-1 and ICAM-1) and synergises with ANCA to further increase secretion in

comparison to 21% O».
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Increased IL-8, ICAM-1. and VCAM-1 levels in ANCA stimulated co-culture

Neutrophils (2x10°) were incubated for 15 minutes, untreated with media only (neutrophil
culture media, ‘untreated’) or primed with 2 ng/mL TNF (15 minutes), stimulated with 100
ug/mL of HC or MPO-/PR3-ANCA IgG, and added directly to the gEC wells for 1.5 h
incubation (n=3). SN IL-8, ICAM-1, and VCAM-1 content was measured by ELISA. Data are
shown as mean +/- SEM, statistical analysis was performed using two-way ANOVA with
Geisser-Greenhouse correction, with Dunnett’s multiple comparisons test. *p<0.05. **p<0.01.

wx%p<(0,001. #*+#%p<0.0001
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5.5. ANCA IgG and hypoxia promote neutrophil trans-endothelial

migration through gEC

Having established that both ANCA and hypoxia can increase neutrophil/endothelial secretion
of adhesion molecules, I next performed trans-well migration experiments to assess if ANCA
and hypoxia promote neutrophil endothelial transmigration at the glomerular endothelium, I
performed trans-well migration experiments. I selected IL-8 as the chemoattractant used, to
mimic the disease state in AAV in vivo since IL-8 has been identified at the site of inflammatory
damage in AAV microvasculature (327). I used untreated EC co-cultured with neutrophils as
a negative control and for baseline comparison as previous sections have shown hypoxia alone
can have an effect on gEC. I used gEC treated with 10 ng/mL TNF for 24 hours prior to the
addition of untreated neutrophils as a positive control. Experimental conditions included
neutrophils in microcentrifuge tubes primed with 2 ng/mL TNF (15 minutes), stimulated with
100 pg/mL HC or MPO-ANCA-IgG, and added immediately to respective wells. Neutrophils
were then added to respective EC wells, incubated with EC for 90 minutes, and migrated cells

were quantified.

In the absence of chemoattractant, minimal neutrophil migration was seen at 21% O> with
minimal effect of ANCA stimulation in comparison to untreated (Fig S0A; ns). At 1% O,
without chemoattractant, untreated neutrophil migration increased in comparison to untreated
neutrophils at 21% O (Fig S0A; ns). Neutrophils migrating at 1% O without IL-8 displayed
a significant increase in migration in MPO- and PR3-ANCA treated wells (Fig S0A; MPO:

p=0.0037, PR3: p=0.0069).

Once the chemoattractant was added there was an increase in neutrophil migration seen at both

oxygen tensions. At 21% O when comparing untreated to MPO-ANCA IgG treated wells,
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there was a significant increase in migration (Fig S0A; p=0.0188 compared to untreated
neutrophils). More of an effect was present at 21% O once IL-8 was added, and the percentage
of migration increased in the presence of ANCA (Fig 50B; MPO: p=0.0017, PR3: p=0.0021).
This effect is further increased at 1% O in MPO- and PR3-ANCA treated wells (Fig 50B;
MPO: p=0.0099, PR3: p=0.0066). Therefore, hypoxia potentiates the effect of both ANCA and
itself, and in ANCA combination with IL-8. However, at 1% O in the presence of IL-8 there
was significant migration of even untreated neutrophils meaning the magnitude of the effect of
additional ANCA stimulation was less than was seen at 21% O with hypoxia. In summary, in
the absence of chemoattractant, little TEM is seen at 21% O» even in the presence of ANCA
stimulation. Both hypoxia, and the addition of chemoattractant permit neutrophil TEM and the
greatest neutrophil migration is seen when they are present in combination. There was the

greatest differential effect of ANCA at 21% O in the presence of IL-8.
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Figure 50. Increased migration in neutrophils stimulated with ANCA IgG at 1% O
Neutrophils (2x10°) were incubated for 15 minutes, untreated with media only (neutrophil
culture media, ‘untreated’) or primed with 2 ng/mL TNF (15 minutes), stimulated with 100
pg/mL of HC or MPO-/PR3-ANCA IgG, and added directly to the gEC wells treated with (B)
IL-8 (200 pg/mL) or (A) untreated (media) with recombinant for 90-minute incubation (n=3).
Neutrophil migration was measured by counting migrated cells from bottom chamber using
haemocytometer and brightfield microscopy. (A) Untreated, without IL-8, (B) Treated, with
200 pg/mL IL-8. Data are shown as mean +/- SEM, statistical analysis was performed using
two-way ANOVA with Geisser-Greenhouse correction, with Dunnett’s multiple comparisons
test. ns, non-significant. *p<0.05. **p<0.01.
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5.5.1. gEC form confluent monolayers under pathological hypoxia

gEC were cultured as stated above in section 5.4.2., therefore in total gEC were exposed to 1%
O> for approximately 48 hr. I imaged the trans-well membranes to confirm a confluent
monolayer formed and that cell viability was not impacted when EC were cultured at 1% O>
during this longer time course. gEC were stained for VE-Cadherin (magenta) and neutrophils
were stained for CDI15 (yellow) with nuclear staining using DAPI (cyan). Representative
images display wells from 1% O2 with MPO-ANCA IgG stimulation in Figure 51A-F. These
images identify a confluent gEC monolayer with no morphological differences compared to
21% O (Fig 51B). In addition, these images displayed neutrophils migrating through the

membrane, towards chemoattractant, IL-8 (Fig 51E).
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Figure 51. ANCA IgG promotes neutrophil migration through gEC, and hypoxia enhances
this effect

Neutrophils (2x10°) were incubated for 15 minutes, untreated with media only (neutrophil
culture media, ‘untreated’) or primed with 2 ng/mL TNF (15 minutes), stimulated with 100
pg/mL of HC or MPO-/PR3-ANCA IgG, and added directly to the gEC wells for 1.5 h
incubation (n=3). Transwell membranes were fixed, stained for VE-Cadherin (magenta)
(AF555) and CD15 (yellow) (AF647), and mounted onto coverslips with VectaShield[R]
Antifade Mounting Medium with DAPI (cyan), and imaged at 20x using a Leica-Stellaris 9
STED-Falcon. (A/B/C) MPO ANCA IgG neutrophil/gEC well at 21% O, (D/E/F) MPO
ANCA IgG neutrophil/gEC well at 1% O,. (A/D) Top of membrane (B/E) Cross section (C/F)
Bottom of membrane.
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5.6. RNA-Sequencing of neutrophils in 1% O:; untreated v MPO-

ANCA v PR3-ANCA stimulation

I next investigated whether hypoxia had any effect on gene profile of untreated neutrophils or

on the ANCA induced transcriptional changes identified in Chapter 3.

5.6.1. Identification of a gene signature comparing 21% O» untreated neutrophils to 1% O

untreated neutrophils

Untreated neutrophils in previous sections displayed different responses dependent upon the
oxygen tension neutrophils were exposed to. Although, I expected a longer period of hypoxia
would be needed to induce transcriptional changes in untreated cells, I initially determined if
1% O3 had an impact (548). Isolated neutrophils were cultured at 21% or 1% O- (1h). Samples

were prepared following the method outlined in 2.2.9.1. in preparation for RNA-seq.

There were no significant DE genes when comparing untreated neutrophils at 21% O to
untreated neutrophils at 1% O. This suggests that any significant differences identified in
previous experiments in hypoxia were not due to transcriptional changes at this short time

point.

5.6.2. Identification of a gene signature comparing 1% untreated neutrophils to 1% MPO- or

PR3-ANCA stimulated neutrophils

In previous sections, neutrophils stimulated with MPO- or PR3-ANCA displayed different
responses dependent upon the oxygen tension stimulated neutrophils were exposed to.
Untreated HC isolated neutrophils were equilibrated (15 minutes) and cultured at 1% O (1h)

or TNF primed (15 minutes) and stimulated with MPO- or PR3-ANCA IgG (100 pg/mL) for
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1h at 1% O». Samples were prepared following method outlined in 2.2.9.1. in preparation for

RNA-seq.

Results displayed in Figure 52 display top DE genes for MPO-ANCA or PR3-ANCA
stimulation compared to untreated cells at 1% O». Following MPO-ANCA stimulation there
were 14,007 amount of DE genes overall, and of those, 1,816 were significant in MPO-ANCA
stimulations (Fig 52A). Following PR3-ANCA stimulations, there were 13,658 of DE genes
overall, and of those, 1,806 were significant (Fig 52B). The top 20 upregulated and top 10
downregulated significant DE genes are presented in Table 25 (1% O untreated v MPO-
ANCA IgG) and Table 26 (1% O; untreated v PR3-ANCA IgG). Targets up-regulated were
similar to those seen at 21% O> and potential genes of interest included F3, ILI-B, CD83,
NLRP3, TRAF1, CCL4, CCL20, TNF, TAGAP, IL-18, CXCLS, ICAM-1, NFKBI1, CD48, C3,
VEGFA, RAB21, IL-6, SRC, TLR6, TLRI, and TNFRSFI12A4. These genes are involved in
processes such as bacteria response, complement, inflammation, recruitment, and coagulation.
Gene ontology analysis was used to identify enrichment for genes involved in top dysregulated
processes of MPO- or PR3-ANCA stimulated neutrophils exposed to hypoxia (Fig 53). Of the
dysregulated biological processes, cell-cell signalling, inflammatory response, response to
bacteria, response to external stimulus, and cytokine-mediated signalling pathway were
pathways of interest — particularly cell adhesion, due to findings of increased cell adhesion
molecule protein secretion presented in section 5.4. As for cellular components, pathways
involved in the cell surface, whole membrane, cytoskeleton, and cell projection were
dysregulated, which may link with hypoxia exacerbating ANCA stimulated neutrophil actin

polymerisation (section 4.7).
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These dysregulated pathways at 1% O are similar to results found at 21% O (section 3.8.1.).
Differentially regulated genes at 21% O comparing untreated and MPO-ANCA, or untreated
and PR3-ANCA stimulated neutrophils are similar in comparison to hypoxia. Interestingly,
despite 1% O- exacerbating some neutrophil functional responses to ANCA stimulation, there
were no significant DEG between MPO- or PR3-ANCA stimulations at 21% O versus MPO-

or PR3-ANCA stimulations at 1% O> suggesting this is not due to transcriptional regulation.
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Gene name P value FDR Log,FC

Upregulated

ADO000864.1 6.73E-52 9.07E-48 | 2.32824839
ZFP36 4.91E-36 2.20E-32 | 2.86750502
F3 7.19E-36 2.42E-32 | 6.29796458

AC020907.3 2.12E-35 5.71E-32 | 4.66271479
AC023813.1 1.90E-33 4.27E-30 | 5.51003228
AP003086.1 3.36E-33 6.47E-30 | 3.9165307

IL23A 9.51E-33 1.60E-29 | 5.92620214
AC079753.1 1.78E-32 2.66E-29 | 6.36147944
XBP1 1.42E-30 1.74E-27 | 4.87238836
CCL3 4.21E-30 4.72E-27 | 6.47143242
REPINI 5.29E-30 5.49E-27 | 4.87212533
GCH1 6.48E-30 6.24E-27 | 4.17938989
CD83 1.14E-29 1.03E-26 | 5.43956285
ATP2B1- 1.49E-29 1.26E-26 | 2.21618342
ASl1

PPPIR15A 3.72E-29 2.95E-26 | 4.3819196
NFKBID 2.24E-28 1.68E-25 | 3.21818674
AL391832.3 3.30E-28 2.34E-25 | 2.59736348
BTN2A2 1.23E-27 8.27E-25 | 3.75033065
FFAR2 2.21E-27 1.42E-24 | 2.70784765
RHOH 3.03E-27 1.85E-24 | 3.7372393
Downregulated

PELO 8.81E-39 5.93E-35 | -4.7064261

TNFRSF12A 6.94E-31 9.35E-28 | -4.6847834
CARDS-AS1 6.16E-26 2.77E-23 | -2.4008292

TBCC 3.40E-23 1.02E-20 | -2.8823938
AC010542.5 1.92E-22 5.24E-20 | -4.6898722
TMEM92- 1.28E-20 2.70E-18 | -2.9056381
AS1

LINC00324 1.09E-19 1.81E-17 -1.785722
CLP1 1.45E-19 2.35E-17 | -1.9022647
FADD 2.64E-18 3.52E-16 | -3.4753977

AL662844.3 8.81E-17 9.65E-15 | -3.4529004

Table 25. Top upregulated and downregulated genes in 1% O, MPO-ANCA treated
neutrophils in comparison to untreated neutrophils
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Gene name P value FDR Log,FC
Upregulated

AC020907.3 2.23E-59 3.04E-55 | 5.11733101
AC079753.1 3.89E-44 1.77E-40 | 6.57621517
F3 1.91E-40 6.49E-37 | 6.53310808
LDLR 1.63E-36 3.70E-33 | 3.52793394
CCL3 4.60E-35 8.96E-32 | 6.9526774
PPPIR15A 1.12E-34 1.90E-31 | 4.48124018
Clorf61 3.59E-33 5.44E-30 | 5.66362089
GPR4 8.34E-33 1.14E-29 | 3.72691024
AC023813.1 1.03E-32 1.28E-29 | 5.80736011
SFR1 5.14E-31 5.84E-28 | 4.09390623
CD&3 5.87E-31 6.16E-28 | 5.44596312
AD000864.1 6.61E-31 6.43E-28 | 2.41255527
IL23A 7.28E-31 6.62E-28 | 5.77704611
IL1B 2.17E-30 1.74E-27 | 591321745
CCL3L1 8.51E-30 6.45E-27 | 5.74839785
FDPSP3 1.27E-29 9.08E-27 | 4.28919992
TRAF1 1.93E-29 1.32E-26 | 5.54763434
ILIRN 4.33E-29 2.81E-26 | 5.57395596
XBP1 1.03E-28 6.40E-26 | 4.81050169
NFKBID 1.18E-28 6.98E-26 | 3.23027872
Downregulated

PELO 1.96E-58 1.33E-54 | -4.7710965
TBCC 2.60E-38 7.09E-35 -3.213148
TNFRSF12A 1.40E-30 1.20E-27 | -4.4829675
ACO010542.5 7.45E-27 3.50E-24 | -4.0885581
AL662844.3 1.82E-26 8.01E-24 | -4.0350465
CARDS-AS1 5.10E-25 1.88E-22 | -2.7126422
PEAK3 2.86E-24 9.29E-22 | -2.6773814
CLP1 3.80E-24 1.18E-21 | -2.0654583
FADD 4.61E-24 1.40E-21 | -3.9437396
ALS513327.1 2.38E-21 5.22E-19 -2.431101

Table 26. Top upregulated and downregulated genes in 1% O, PR3-ANCA treated
neutrophils in comparison to untreated neutrophils
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Figure 52. Differential expression analysis of 1% O; untreated v MPO-ANCA v PR3-
ANCA

(A) Volcano plot of 1% O; untreated versus MPO-ANCA. (B) Volcano plot of 1% O> untreated
versus PR3-ANCA. One dot signifies each gene. Red data points represent genes meeting p-
value (<0.05) and Log,FC (<0.05), blue data points represent genes meeting p-value alone,
green data points represent genes meeting LogoFC alone, and grey data points represent
nonsignificant genes. In MPO- or PR3-ANCA in comparison to untreated, downregulated
genes are presented on the left panel from -5 to 0, and in MPO- or PR3-ANCA in comparison
to untreated upregulated genes are presented on the right panel from 0-10. ns=nonsignificant,
p<0.05; Log, FC signifies mean gene expression level of individual genes.
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Figure 53. Enrichment ratio of 1% O untreated v MPO-ANCA v PR3-ANCA

(A) Gene ontology classification of 1% O; untreated v MPO-ANCA DEGs (Log.FC <0.05,
p<0.05). (B) Gene ontology classification of 1% O, untreated v PR3-ANCA DEGs (LogFC
<0.05, p<0.05). ORA was performed on enrichment of cellular component and molecular

function pathway dysregulation.
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5.7. Discussion

The main objectives of this chapter were to determine the effect of hypoxia and pathogenic
ANCA IgG on HC neutrophil mediated responses in neutrophils alone and in co-culture setting
with gEC. I compared untreated HC neutrophil responses to different secondary stimuli, HC
IgG and ANCA IgG, under 1% and 5% O>. Decreased oxygen tension coupled with ANCA
IgG stimulation resulted in alteration of protein (IL-8) secretion levels, NET formation, trans-

endothelial migration, and endothelial injury/activation (ICAM-1 and VCAM-1).

Firstly, having shown different effects of 5% and 1% O on neutrophil biomechanics suggested
that 5% O2 reduced and 1% O; promoted ANCA induced cytoskeletal responses, I investigated
whether there were effects on functional responses by examining pathogenic effects of IL-8
secretion and NETs. Although stimulation of isolated neutrophils with ANCA resulted in
increased IL-8 secretion at 21% O, no additional effect on cytokine release was shown at 5%
or 10% O., and at 1% O, an unexpected decrease in IL-8 secretion occurred. Increased IL-8
in serum has been found in multiple disease types, including AAV (327,550). As shown in
Chapter 3, ANCA stimulated whole blood led to increased IL-8 secretion in serum in
comparison to untreated and HC IgG stimulation, which presumably neutrophils as the
predominant source of this cytokine release. Yet, once whole blood was incubated at decreased
oxygen tensions (1%, 5% or 10% O») a decrease in IL-8 secretion in serum in MPO-ANCA
IgG stimulated whole blood was seen in comparison to 21% O2 MPO-ANCA IgG stimulated
whole blood. More IL-8 secretion was displayed in MPO-ANCA stimulated neutrophils at 5%
Oz in comparison to 1% or 10% O2, which were comparable in secretion amount of IL-8. This
effect of IL-8 secretion in serum is modulated by MPO-ANCA IgG stimulation but is therefore
also coupled with the effect of oxygen tension. Although the effect in size was small, in both

whole blood and isolated cells, decreasing oxygen tension seemed to lead to the same or lower
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levels of IL-8 secretion. Previous work has shown ~3% O> does not increase 1L-8 release in
fMLP or TNF stimulated neutrophils at 2h and 4h (439), but this result additionally displays
the stimulation effect of ANCA does not surpass the effect decreased oxygen tension has on
neutrophil TNF stimulated IL-8 secretion. While in T cells, cytokine exocytosis has shown to
be dependent upon cytoskeletal remodelling through Rho-GTPase Cdc42, this effect has not

been shown in neutrophils (549).

Increased NETs have been described in AAV at areas of microvascular inflammation (320).
Sites of vascular inflammation are also known to be a hypoxic environment (551,552). I then
hypothesised that hypoxia would impact on the pathogenic effect of ANCA IgG induced NET
formation. My results identified that when neutrophils primed with TNF and stimulated with
ANCA IgG are incubated at the physiological oxygen tension of 5% Oz, NET formation is
profoundly diminished in comparison to both 21% and 1% O.. Although physiological
normoxia displayed no effect on isolated neutrophil cytokine release, the main finding under
this oxygen tension was the complete absence of NETosis, even in the presence of ANCA IgG.
This finding again displayed 5% O: may therefore be more physiological, resulting in
neutrophils being more quiescent under this oxygen tension. This therefore suggests
neutrophils at 1% and 21% O> may be equally stressed. Whereas neutrophils primed with TNF
and stimulated with ANCA IgG, incubated under 1% O, NET formation was equivalent or
more pronounced in comparison to 21% Ox. It is likely therefore, that modulation of NETosis
by hypoxia is both dependent on stimulus and degree of oxygen tension used, and whether this
effect is due to pharmacological manipulation or HIF, rather than hypoxia. While pathological
hypoxia displayed decreased IL-8 production from ANCA stimulated neutrophils, the

pathogenic effect of NETosis was increased at 1% Oo.
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In the context of the increased actin polymerisation I identified in 1% Oz, my results
investigating neutrophil functional responses suggest cytoskeletal changes are more relevant
to NET formation rather than cytokine release. In keeping with this, it has been identified in
other studies that cytoskeletal rearrangements are an essential step neutrophils must undergo
to release NETs (108,553). This finding in vitro may also provide insight regarding what occurs
in vivo with NET production correlating with vascular leakage in the microvasculature in AAV
(350). While active NET release can be beneficial in trapping bacteria, in disease context,
NETosis may also initiate or perpetuate the autoimmune response in AAV in addition to
promoting endothelial damage. This suggests a two-hit hypothesis is necessary, so that ANCA
alone in normal venous blood does not mean neutrophils will produce NETs, but ANCA and
hypoxia does so if there is already inflammation present. This would be an interesting future

hypothesis to investigate in co-culture settings.

Having examined the impact of oxygen on neutrophil pathogenic responses to ANCA and
identified the potential for enhanced neutrophil-mediated endothelial damage under hypoxia, I
next examined the effect of hypoxia on neutrophil-endothelial interactions. Due to the
limitation of short neutrophil life span ex vivo, the longest time point of IL-8 secretion
measured in neutrophils alone was 4h. For gEC, a longer time course was performed, using
neutrophil SN from 1h stimulations, as peak cell adhesion molecule secretion from gEC was
expected to occur later (6h or 24h) than the shorter time points measured for neutrophils. At
6h, there was minimal release of IL-8 secretion in ANCA condition wells at all oxygen
tensions, and a small increase was shown at 24h in all oxygen tensions in ANCA condition
wells in comparison to untreated and HC IgG conditions. However, the CAM secretion profiles
are altered by oxygen tension. At 24h in 21% O: there was a reproducible effect of an increase

in VCAM-1 secretion in ANCA conditioned wells in comparison to untreated and HC IgG, but
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incubation at both 1% and 5% O resulted in a reduction of this effect. ANCA condition wells
promoted ICAM-1 secretion at 1% O at 6h, but in comparison to 5% and 21% O, there was
no increase in ICAM-1 secretion at 6h. Considering the diminishment of effects previously
seen at 5% Oz, no difference in secretion levels found at 5% O was unsurprising. While 1%
Oz results in different cytokine profiles, these results show 5% O> may not alter only neutrophil
responses, but endothelial responses as well. Neutrophil endothelial interaction has shown to
be altered under hypoxic conditions including EC ROS generation (554), recruitment (555),
NE release and adherence (456). Endothelial activation is also well established in AAV and is
shown to occur after multiple steps in ANCA activation through other cell types such as
monocytes and neutrophils (556). The increased gEC secretion of adhesion molecules shown
in this experiment could be due to activation from cytokine release from previous stimulation
before gEC treatment, which is already present in the cultured SN such as IL-17 (393), BAFF
(381), or IL1-B (557). Although, this effect could potentially be due to the presence of ANCA
alone. Previous work suggests ANCA may activate the endothelium directly, but this has not
been thoroughly investigated in the field (558). Further experimentation is necessary with
ANCA alone to measure its direct effect on the endothelium and eliminate the potential of

ANCA directly activating the endothelium.

Based on the protein secretion levels measured, I hypothesised that hypoxia would alter
neutrophil-endothelial interactions. As I have shown that 1% O: increases ICAM-1 secretion,
I expected hypoxia may promote neutrophil migration under these conditions. Although
utilisation of neutrophil SN was necessary to examine longer time points, it is hard to visualise
a situation in vivo where EC would be in contact with neutrophil secretion products, but not
neutrophils themselves. I therefore extended these experiments to a co-culture setting where 1

demonstrated a significant increase in IL-8, VCAM-1, and ICAM-1 release was found in MPO-
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and PR3-ANCA stimulated conditions in comparison to untreated, and all other conditions. In
comparison to the positive control of TNF activated gEC, the stark increase in ANCA
stimulated conditions, displays how the pathogenic effect of activating neutrophils with ANCA
promotes increased proinflammatory cytokine release and EC activation. At 1% Oz in
comparison to 21% O», hypoxia further increased secretion levels of IL-8, VCAM-1, and
ICAM-1 in all conditions, acting synergistically with ANCA stimulation. In contrast to isolated
neutrophils alone and neutrophil SN-treated gEC, there was increased IL-8 in co-culture SN,
suggesting that neutrophils are the source but only secrete it once in contact with the
endothelium. Additionally, increased CAM present in co-culture, suggests that hypoxia may
promote neutrophil adherence or recruitment to the endothelium in the context of ANCA.
These findings led me to further investigate neutrophil interaction with the endothelium to

measure TEM under the same conditions later in this chapter.

As findings from section 5.4.3. confirmed increased co-culture IL-8 secretion in MPO- and
PR3-ANCA also correlate with increased adhesion molecule secretion, this suggests this
combination with increased TEM may perpetuate endothelial damage. Having confirmed an
intact endothelial monolayer, hypoxia alone, even without the usage of a chemoattractant,
promoted neutrophil endothelial migration in all stimulation conditions in comparison to 21%
O., but the greatest increase was shown with MPO- and PR3-ANCA stimulation. Once the
chemoattractant was added, an increase in migration was shown in both ANCA conditions at
21% Oz, yet these levels of migration were comparable to what was found at 1% O> without
any chemoattractant, and a further increase was seen in hypoxia, again in synergy with ANCA
stimulation. This result displays how significant the effect hypoxia is on neutrophil TEM.
Although secretion of IL-8 is down-regulated in neutrophils alone in 1% O,, neutrophils clearly

display enhanced capacity to injure and transmigrate across endothelium in hypoxia,
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potentially due to increase in ICAM-1. Hypoxia has been previously shown to increased
neutrophil TEM in the context of increased EC CD108 expression, which promotes integrin
binding (559). Monocyte TEM has also been shown to be increased at 3% O (560). My results
show that this is also the case for neutrophil TEM across gEC, in the context of ANCA
stimulation. Therefore, it may be that a hypoxia micro-environment promotes neutrophil TEM,

which increases the capacity for resultant tissue damage as shown in vivo in AAV.

To investigate whether increased neutrophil transmigration under hypoxia was due tohypoxia
leading to damage of the endothelial cell monolayer, I examined gEC monolayer formation by
imaging transwells using confocal microscopy. Not only did gEC achieve a confluent
monolayer formation under hypoxia alone, but this was also maintained in the presence of
ANCA, with and without the chemoattractant. I also identified neutrophils which did not
completed migration prior to fixation, migrating through the endothelium as well at time of
fixation. Neutrophil migration through endothelium to resident tissue in AAV causes extensive
tissue damage, inflammation to the area, and prolonged exposure of activated neutrophils as
they are not properly cleared once leaving the circulation. These results require further
investigation regarding how ANCA may activate and damage the endothelium directly.
Additionally, indirect endothelial activation and damage may occur as neutrophil and
endothelial functions were proven altered under different oxygen tensions and in the presence
of ANCA in this chapter. Future work would require quantified measurement of permeability

to assess further vascular damage mimicked in vitro.

Lastly, although 1% O altered certain neutrophil responses, there was no transcriptional
changes between 21% and 1% O: in either presence or absence of ANCA stimulation. HIF

dependent neutrophil responses under hypoxia may therefore require a longer time point than
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1h to transcriptionally regulate neutrophils under the conditions (407). Although, hypoxia has
shown to be capable of regulating neutrophil responses at a short time point; neutrophils have
displayed retained oxidative potential upon exposure to hypoxia for 2h and once reoxygenated
for 4h (430). Otherwise, 1% O; enhanced neutrophil responses and in the context of ANCA.
Whereas in 5% O» pathogenic neutrophil responses were diminished, which is in line with
evidence displaying 5% O» may be more physiological for neutrophils (561). To measure the
granulocytic output of cell production, prolonged maintenance of human cord blood and bone
marrow mononuclear cells has been shown at 5% O, (561). Human neutrophil precursors,
peripheral blood CD34+ cells, cultured at 5% O: over the course of 13 days of culture showed
5% O2 enhanced granulocytic differentiation in comparison to 20% O: culture; therefore, ex
vivo, 5% O2 may be a more suitable culture condition for neutrophils (561). Additionally, some
of the responses found in these results may have been altered by exposing neutrophils to 21%
O initially during the isolation process and thereafter subjecting the neutrophils to different
oxygen tensions. Isolating neutrophils under 5% O: then carrying out experiments directly at
physiological normoxia may result in different readouts. Therefore, it is of interest to conduct

future experiments following these conditions.

Overall, incubation at 5% or 1% O alters ANCA stimulated HC neutrophil responses
differently, displaying a reduction or enhancement of ANCA’s pathogenic effect, respectively.
More responses were reduced under 5% Oz and promoted by 1% O in general, supporting that
1% O promotes a neutrophil phenotype with increased capacity for EC and tissue damage.
Thereafter determining mechanisms by which the pathogenic effect of ANCA promotes
endothelial damage is influenced by oxygen tension in HC neutrophils, the pathogenic effect

of ANCA on aAAV neutrophils under 1% and 5% O were investigated in the next chapter.
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Additionally, multiple experiments performed using HC neutrophils were then replicated using

rAAV and aAAV neutrophils.

Key findings:

1.

Oxygen tension alters ANCA’s pathogenic effect on neutrophils, with decreased
NET production at 5% O, increased NET production at 1% O>

Oxygen tension alters protein secretion levels of gEC stimulated with ANCA SN
Co-culture with MPO- and PR3-ANCA results in greater protein secretion levels, and
this effect increases under hypoxia

Co-culture with MPO- and PR3-ANCA results in increased TEM, and this effect
increases under hypoxia

Hypoxia does not transcriptionally regulate the effects seen in neutrophils stimulated

with ANCA for 1h at 1% O,

240



6. Chapter 6 — AAV
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6.1. Introduction

Previous work using RT-DC has shown its capability in defining myeloid cell changes in
whole-blood in disease states, including SLE and COVID-19. There have been no studies to
date using this technique to identify a morpho-rheological phenotype of neutrophils in AAV,
or the biomechanical effect of hypoxia and/or ANCA stimulation on neutrophils in vitro.
Changes in neutrophil deformability can impact their ability to traffic through the
microvasculature, with stiffer cells becoming trapped. I hypothesise that distinct biophysical
properties of neutrophils in patients with active AAV (aAAV) contributes to endothelial injury,
thereby driving disease pathogenesis. Since morphorheological parameters are recorded using
a small volume (50 pL) of whole blood, RT-DC may be a useful technique in the clinical setting

to aid identification of disease activity in aAAV and to guide treatment.

My results from Chapters 4 and 5 identified ANCA induced altered actin polymerisation in HC
neutrophils, that was further enhanced by pathological hypoxia (1% O2). As aAAV neutrophils
may exhibit a different phenotype to those from healthy volunteers (369,562,563), I
hypothesise that neutrophils from patients with aAAV exhibit enhanced responses to ANCA
IgG stimulation and there will be differences in ANCA induced actin polymerisation to that
seen in HC neutrophils. It is possible that clinical parameters in patients with aAAV such as
MPO/PR3 positivity, treatment, lung/kidney involvement, and disease activity, may influence

neutrophil phenotype and responsiveness to ANCA in vitro.

Hypothesis of current chapter

Neutrophils from patients with active AAV have a distinct morpho-rheological phenotype and

show exaggerated responses to ANCA stimulation in vitro.
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Aims
1 Identify the biomechanical phenotype of neutrophils in patients with active AAV
2 Measure the effect of ANCA on actin polymerisation in neutrophils from patients with aAAV

3 Investigate the effect of ANCA and hypoxia in co-culture setting with aAAV SN
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6.2. AAV

Healthy controls included in this study were age and sex matched to patients with

active and remission AAV. Under the terms of my ethical approvals, information

available for healthy volunteers is limited to age and sex.

Clinical and

demographic characteristics of patients and volunteers is shown in Table 27.

Active Remission Healthy control
Characteristic n=46 (%) n=33 (%) n=27 (%)
Age Years (IQR) 60 (40-76.2) 67 (39-78) 42 (34-63.6)
Sex Male 23 (50) 12 (36.4) 14 (51.8)
Comorbidities T2DM 6 (13.0) 8(24.2)
Cancer 1(2.0) 5(15.2)
Asthma/COPD 8(17.3) 11 (33.3)
CVD 0 2 (6.1)
HTN 13 (28.2) 17(51.5)
ANCA MPO 22 (37.5) 9(27.3)
specificity PR3 24 (62.5) 18 (54.5)
Negative 0 6(18.2)
Immunotherapy- | Prednisolone/ 28 (60.8) 19 (57.6)
induction Methylprednisolone
Immunotherapy- | Prednisolone <5mg 18 (54.5)
maintenance Azathioprine 8(24.2)
Rituximab 17 (51.5)
MMF 2 (6.0)
MTX 2 (6.0)
Nil 13.1)
Presentation First presentation 38 (82.6)
Relapse 8(17.4)
Haematology/ CRP (mg/dL) (IQR) 30(3.45-164.8) | 2.5 (0.5-27.5)
Biochemistry Creatinine (umol/L) (IQR) 175 (65.5-558) | 84 (59-239)
BVAS (IQR) 15 (8-21) N/A
WCC (x10%) (IQR) 11 (4.5-13.8) 8 (3.4-22.3)
Neutrophil count (x10%) (IQR) | 9 (6.65-17.6) 5.2 (2.5-13.6)
Organ Renal 37 (80.4) 5(15.2)
involvement ENT 17 (40.0) 10 (30.3)
Lung 21 (46.0) 2 (6.1)
Eye 6 (13.0) 0
Skin 2 (4.3) 2 (6.1)
Cardiac 1(2.0) 2(6.1)
Table 27. Characteristics of patients included in study

Data are median with IQR. MPO-myeloperoxidase, PR3- Proteinase-3, T2DM- Type 2
diabetes mellitus, CVD- cardiovascular disease, HTN- hypertension, MMF- mycophenolate
mofetil, MTX- methotrexate, CRP- C reactive protein, BVAS- Birmingham vasculitis activity
score, WCC- white cell count, ENT- ear, nose, and throat.
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6.2.1. Biomechanical phenotype of neutrophils in whole blood is altered in AAV

Having shown ANCA can affect mechanical properties of healthy neutrophils in vitro, 1
investigated whether neutrophils from patients with AAV exhibited a similar phenotype ex
vivo, potentially reflecting their exposure to ANCA in vivo. To establish if there is a
mechanophenotype of neutrophils in whole blood from patients with aAAV, cells were

phenotyped using RT-DC.

Whole blood neutrophil biomechanical properties from age matched HC, rAAV, aAAV were
compared. Neutrophils from aAAV samples exhibited no change in size (Fig 54A), but a
significant decrease in deformability (Fig 54B; rAAV: p=0.0001, HC: p=0.0175) and a
significant increase in elasticity (Fig 54C; rAAV: p=0.0001, HC: ns) in comparison to rAAV
and age matched HC. Interestingly, neutrophils from rAAV samples were the most deformable
and displayed a small increase in deformability and decrease in elasticity in comparison to HC
(ns) as well as aAAV (p<0.0001). This may suggest that treatments used for remission
maintenance may have an additional impact on cell biomechanics, rather than just returning
circulating neutrophils to a baseline state. A larger sample set of the different maintenance
treatments is required to potentially determine a correlation between therapies and

deformability.
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Figure 54. Biomechanical phenotype of neutrophils is altered in AAV

(A-C) Neutrophils in whole blood from patients with aAAV (n=39), rAAV (n=33) and HC
(n=27) were analysed using RT-DC. Neutrophil populations were gated and analysed for (A)
Cell size, (B) Cell deformability, and (C) Elasticity. More than 1000 events were recorded for
each sample and results were visualised and analysed in ShapeOut2 software. Data are shown
as median with IQR, statistical analysis was performed using one-way ANOVA Kruskal-
Wallis test, with Dunn’s multiple comparisons test; *p<0.05. ****p<0.0001.
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6.2.2. Disease correlations

6.2.2.1. Disease severity (BVAS) correlates with neutrophil deformability

To determine whether this phenotype correlated with disease-specific clinical manifestations
from patients in this study, I compared BVAS score to neutrophil deformability. A significant
inverse correlation between BVAS disease activity score and neutrophil deformability was
found (Fig 55B; r=-0.4039, p=0.0002). In keeping with an association between neutrophil
deformability and disease activity, there was also weak inverse correlation between

deformability and CRP, although this was not statistically significant (Fig 55A; ns).

6.2.2.2.  ANCA specificity does not influence neutrophil deformability

MPO-ANCA IgG and PR3-ANCA IgG do not result in different mechanophenotypic changes
in stimulated HC neutrophils, and no difference is seen between neutrophils from patients with
MPO-AAYV versus those with PR3-AAV (Fig 56A; ns). Additionally, there is no correlation
between ANCA titre and neutrophil deformability in presented heat map. This suggests that
factors other than, or in addition to, a direct effect of ANCA on cells may underlie the decreased

deformability seen in neutrophils from patients with aAAV.

6.2.2.3.  Steroids do not alter neutrophil deformability

Previous work using a microfluidic veins model has shown glucocorticoids (equivalent to 75
mg of prednisolone) induce a cell softening phenotype in leucocytes in vitro , and similar
results were seen in vivo in response to a single dose administered to healthy volunteers (43).
My results show that neutrophils from aAAV patients treated acutely with steroids prior to
blood sampling exhibited no change in deformability in comparison to patients not receiving
treatment (Fig 56B; ns). A larger cohort is required to compare the effect of prednisolone

versus methylprednisolone, as majority of patients on steroid treatment were prescribed
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prednisolone. No correlation was found when comparing the total amount of steroid and
deformability either, with the maximum dose of prednisolone that patients were prescribed in
this study being 60 mg, and most were prescribed 30 mg. Therefore, while previous data
suggested steroids can affect leukocyte biomechanics, in this cohort deformation did not
correlate with steroid treatment. This result may be due to patients in my experiments having

received a lower dosage of steroids.

6.2.2.4.  Association between clinical phenotype and neutrophil deformability

There was a trend towards patients with kidney involvement as part of their AAV having
decreased deformability, although the number of patients included without kidney disease was
small (n=8) (Fig 56C; p=0.0710). In keeping with this, there was no correlation between
neutrophil deformability and serum creatinine (Fig 55A). There was a significant decrease in
deformability in patients with lung involvement compared to no lung involvement (Fig 56D,
p=0.0227).This may be due to neutrophils acquiring a phenotype of decreased deformability
after transiting inflamed lung microvasculature, or that neutrophils with decreased
deformability are more likely to lodge in the extensive capillary filtering network of the lung
and lead to microvascular injury. A larger cohort is required to determine if these findings are
specific to disease manifestations or a reflection of greater disease activity in those with

pulmonary disease.
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Figure 55. Decreased neutrophil deformability significantly correlates with BVAS

(A) Clinical data from patients with aAAV (n=39) are shown as continuous variables (age,
neutrophil count, ANCA titre, CRP, creatinine) in a correlation matrix associated with
neutrophil deformability measured in a gated whole blood population, using RT-DC as before.
(B) BVAS score correlation with neutrophil deformability. Data are shown as continuous
variables, statistical analysis was performed computing Pearson correlation coefficients, two-
tailed summary, with 95% confidence interval; *=p<0.05.
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Decreased neutrophil deformability in patients with renal and lung disease

(A-D) Neutrophils in whole blood from patients with aAAV (n=39) were analysed using RT-
DC. Neutrophil populations were gated and analysed for (A) MPO v PR3, (B) Steroid
treatment, (C) Renal involvement, (D) Lung involvement. More than 1000 events were
recorded for each sample and results were visualised and analysed in ShapeOut2 software. Data
are shown as median with IQR, statistical analysis was performed using Mann-Whitney test;

*=p<0.05.
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6.3. Increased elasticity in AAV is a myeloid phenotype

When comparing HC, rAAV, and aAAV, monocytes from whole blood exhibited no significant
change in size (Fig 57A). There is a trend towards decreased deformability and a significant
increase in elasticity in aAAV in comparison to HC (Fig 57B and C; p=0.0816, p=0.0146).
Due to the limitation of sample recordings having small event counts, runs with events recorded
in the monocyte population below 100 events were excluded, therefore explaining the reduced
number of samples compared to neutrophils. Further limitations regarding monocyte
phenotyping are reviewed in section 6.8. Data suggests the robust phenotype of decreased
deformability is specific to neutrophils in AAV, but more replicates are necessary to determine

if there is a significant myeloid phenotype of decreased deformability in AAV.
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Figure 57. Decreased deformability in AAV is a myeloid phenotype

(A-C) Monocytes in whole blood from patients with aAAV (n=27), rAAV (n=11) and HC
(n=18) were analysed using RT-DC. Monocyte populations were gated and analysed for (A)
Cell size, (B) Cell deformability, and (C) Elasticity. More than 1000 events were recorded for
each sample and results were visualised and analysed in ShapeOut2 software. Data are shown
as median with IQR, statistical analysis was performed using one-way ANOVA Kruskal-
Wallis test, with Dunn’s multiple comparisons test; *p<0.05.
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6.4. Actin polymerisation is altered in neutrophils from patients

with AAV

HC neutrophils stimulated with ANCA exhibit decreased deformability (section 3.4.) and
increased actin polymerisation (section 3.6.1.). As I also identified that neutrophils from
patients with aAAV exhibit a stiffer phenotype than HC at baseline, I next investigated actin

polymerisation in neutrophils from patients with AAV.

6.4.1. Untreated HC v Untreated AAV

HC or aAAV isolated neutrophils were cultured at 21% Oz for 1h, fixed and stained for
Phalloidin to visualise actin polymerisation. As previously determined, the area and perimeter
of each cell were quantified utilising Phalloidin stain, the total cell area staining for Phalloidin
was quantified relative to the area of each measured cell, and the total cell perimeter staining
for Phalloidin was quantified relative to the perimeter of each measured cell. These variables

are individually referred to as area, perimeter, relative area, and relative perimeter.

Representative images shown in Figure 58 display a visually brighter stain and increased actin
cap formation in untreated aAAV neutrophils in comparison to untreated HC neutrophils at
21% Oz. Quantification of actin parameters did not identify any significant differences in
untreated HC or aAAV neutrophils under 21% O (Fig 59; ns). Therefore, I next investigated

the effect of ANCA stimulation of neutrophils from patients with AAV in comparison to HC.
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Figure 58. Increased actin capping in AAV neutrophils at baseline

Neutrophils from HC (A) or aAAV (B) were isolated, cultured at 21% O (15 minutes), and
incubated in media only (neutrophil culture media, ‘untreated’) for 1h. Neutrophils were fixed,
stained for Phalloidin (green) (AF488), and mounted with VectaShield[R] Antifade Mounting

Medium with DAPI (blue), and imaged at 63x using confocal microscopy. Representative
images from HC (n=31) and AAV (n=22) experiments are shown.
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Figure 59. Baseline actin polymerisation is increased in aAAV

(A-D) Neutrophils from HC or AAV were isolated and incubated with media only (neutrophil
culture media, ‘untreated’) for 1h at 21% O, (HC n=31, aAAV n=22). Neutrophils were fixed,
stained for Phalloidin (AF488), and mounted with VectaShield[R] Antifade Mounting Medium
with DAPI, and imaged at 63x using an inverted Zeiss LSM-780 (A) Area, (B) Perimeter, (C)
Relative area, and (D) Relative perimeter. Data was analysed using a macro developed for use
with Image] to measure area, perimeter, relative area, and relative perimeter. Data are shown
as mean +/- SEM, statistical analysis was performed using Mann-Whitney test.
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6.4.2. Increase in actin polymerisation in MPO/PR3-ANCA stimulated AAV neutrophils at

21% O2
To determine if ANCA promotes increased cytoskeletal changes in AAV, I stimulated AAV
neutrophils with ANCA to measure actin polymerisation using immunofluorescence.
Neutrophils were primed with 2 ng/mL TNF (15 minutes), stimulated with HC or MPO-/PR3-

ANCA IgG for 1h, fixed, and stained for Phalloidin.

As described previously, when HC neutrophils are stimulated with MPO-/PR3-ANCA,
(representative images shown in Fig 61A/C/E/G), this results in a visually brighter stain,
extended protrusion formation, and distorted cell shape in MPO-/PR3-ANCA stimulated
neutrophils in comparison to untreated and HC IgG. Untreated and HC IgG stimulated
neutrophils exhibit less actin staining, with actin caps present in HC IgG stimulated
neutrophils. I then compared aAAV to HC neutrophils, and the visual features described were
all heightened in aAAV in all stimulation conditions (representative images shown in Fig
61B/D/F/H). Images were quantified using the same macro from section 6.4.1. to measure actin

area, perimeter, relative area, and relative perimeter.

Although non-significant, untreated aAAV neutrophils in 21% O, exhibit a small increase
across all parameters in comparison to untreated HC neutrophils. A greater magnitude of
change is then displayed in aAAV neutrophils once stimulated with ANCA in comparison to
HC neutrophils responses. Although, this increase in area, perimeter, relative area, and relative
perimeter seen in ANCA stimulated aAAV neutrophils in comparison to ANCA stimulated HC
did not achieve significance for any parameter (Fig 60ABCD; ns). The most striking difference
was that aAAV neutrophils were more responsive to stimulation with HC IgG, compared to

HC neutrophils which exhibited very little change in the actin cytoskeleton in response to HC
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IgG stimulation. There were significant increases in actin area (p=0.002), relative area
(p=0.006), and relative perimeter (p=0.01) between aAAV and HC neutrophils following
stimulation with HC IgG. A similar effect, although of lower magnitude was seen following
MPO-ANCA stimulation, with significant increases in relative area (p=0.008) and relative
perimeter (p=0.02) of actin. There were no differences seen in quantified parameters between
aAAV and HC neutrophils following PR3-ANCA stimulation, although there were fewer
replicate values for these conditions (Fig 66A-D). This suggests aAAV neutrophils may have
undergone significant priming or activation in vivo leaving them more susceptible to

stimulation ex vivo.
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Figure 60. Increase in actin polymerisation in MPO/PR3-ANCA stimulated AAV
neutrophils

(A-D) Isolated neutrophils from HC or aAAV were isolated, untreated with media only
(neutrophil culture media, ‘untreated’) or primed with 2 ng/mL TNF (15 minutes) and
stimulated with 100 ug/mL HC IgG, MPO-ANCA IgG (HC: n=23, aAAV n=22), PR3-ANCA
IgG (HC: n=15, aAAV: n=10) for 1h at 21% O.. Neutrophils were fixed, stained for Phalloidin
(AF488), and mounted with VectaShield[R] Antifade Mounting Medium with DAPI, and
imaged at 63x using an inverted Zeiss LSM-780 (A) Area, (B) Perimeter, (C) Relative area,
and (D) Relative perimeter. Data was analysed using a macro developed for use with Imagel
to measure area, perimeter, relative area, and relative perimeter. Data are shown as mean +/-
SEM, statistical analysis was performed using two-way ANOVA mixed effects model with
Geisser-Greenhouse correction, with Tukey’s multiple comparisons test.
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Figure 61. Increase in actin polymerisation in ANCA stimulated AAV neutrophils
Neutrophils in whole blood from HC and aAAV were isolated, untreated with media only
(neutrophil culture media, ‘untreated’) or primed with 2 ng/mL TNF (15 minutes) and
stimulated with 100 ug/mL HC IgG, MPO-ANCA IgG, PR3-ANCA IgG for 1h at 21% Oa.
Neutrophils were fixed, stained for Phalloidin (green) (AF488), and mounted with
VectaShield[R] Antifade Mounting Medium with DAPI (blue), and imaged at 63x using an
inverted Zeiss LSM-780 (A/B) Untreated, (C/D) HC IgG, (E/F) MPO-ANCA IgG, and (G/H)
PR3-ANCA IgG. Representative images from HC (n=31) and AAV(n=22) experiments are
shown.
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6.4.3. Hypoxia increases actin polymerisation in AAV neutrophils

Having shown that pathological hypoxia can alter actin polymerisation in untreated HC
neutrophils, I next examined the effect of decreased oxygen tension on aAAV neutrophil actin
polymerisation. HC or aAAYV isolated neutrophils were cultured at 21%, 5%, or 1% O (1h),
fixed, and stained for Phalloidin using immunofluorescence to visualise actin polymerisation
Experiments were performed comparing 21% v 5% O, or 21% v 1% O2 to examine the effects
of venous physiological oxygen or pathological oxygen versus standard atmospheric culture

conditions.

Representative images shown in Figure 62 display a visually brighter stain and increased actin
cap formation at 5% and 1% O> in both HC and aAAV untreated neutrophils in comparison to
21% O:. Untreated HC and aAAV neutrophils at 5% and 1% O exhibit a visually brighter stain
and blebbing at the cell perimeter in comparison to 21% O untreated. No significant changes
were shown in 1% or 5% O untreated aAAV neutrophils in any parameter in comparison to
21% O untreated aAAV neutrophils (Fig 63). 1% O, promoted actin polymerisation in HC
and although not significant, a similar effect was seen in aAAV at 1% O.. Interestingly, there
is also a suggestion that aAAV neutrophils are displaying this increased actin polymerisation

at 5% O3, unlike HC neutrophils.
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Figure 62. Oxygen tension influences actin polymerisation in HC and AAV neutrophils
Neutrophils from HC (A/C/E) or AAV (B/D/F) were isolated, cultured at 21%, 5%, or 1% O>
(15 minutes), and incubated in media only (neutrophil culture media, ‘untreated’) for 1lh.
Neutrophils were fixed, stained for Phalloidin (green) (AF488), and mounted with
VectaShield[R] Antifade Mounting Medium with DAPI (blue), and imaged at 63x using
confocal microscopy (A/C/E) HC, (B/D/F) AAV, (A/B) 21% O, (C/D) 5% O, (E/F) 1% O».
Representative images from HC: 21% O> (n=30), 5% O (n=18), 1% O2 (n=12), AAV: 21% O
(n=22), 5% O3 (n=5), 1% Oz (n=9) experiments are shown.
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Figure 63. Oxygen tension influences HC and AAV neutrophil actin polymerisation

(A-D) Neutrophils from HC or AAV were isolated and incubated with media only (neutrophil
culture media, ‘untreated’) for 1h (HC: 21% O2n=30, 5% O, n=18, 1% O,n=12, AAV: 21%
02n=22, 5% O2n=5, 1% O2n=9). Neutrophils were fixed, stained for Phalloidin (AF488), and
mounted with VectaShield[R] Antifade Mounting Medium with DAPI, and imaged at 63x
using an inverted Zeiss LSM-780 (A) Area, (B) Perimeter, (C) Relative area, and (D) Relative
perimeter. Data was analysed using a macro developed for use with ImageJ to measure area,
perimeter, relative area, and relative perimeter. Data are shown as mean +/- SEM, statistical
analysis was performed using two-way ANOVA mixed effects model with Geisser-
Greenhouse correction, with Tukey’s multiple comparisons test; ***p<0.001.
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6.4.4. Hypoxia increases actin polymerisation in AAV ANCA stimulated neutrophils

Next, I investigated if the enhanced effect of ANCA on actin polymerisation in aAAV is
augmented or diminished by different oxygen tensions. In section 4.6 I identified that in
neutrophils, ANCA induced actin changes were inhibited by incubation at 5% O but were
equivalent or enhanced at 1% O,. However, as aAAV neutrophils were more responsive to
ANCA stimulation, I hypothesised this may not be the case when experiments were replicated

at aAAYV cells.

I first assessed the impact of 5% Oz on ANCA-induced responses in aAAV neutrophils in
comparison to HC. Representative images shown in Figure 66 display a visually brighter stain
and increased protrusion formation at 5% in both HC and aAAV MPO-/PR3-ANCA stimulated
neutrophils in comparison to untreated and HC IgG. While the increase in area previously seen
at 21% O2 in MPO-ANCA stimulated HC neutrophils (Fig 60) is here prevented by 5% O,
this reduction was not seen in aAAV neutrophils, which exhibited an increase in area upon
MPO-ANCA stimulation (Fig 64; p=<0.0001 for HC vs aAAV following MPO-ANCA
stimulation). There was an increase in perimeter at 5% O2 in aAAV neutrophils compared to
HC in untreated cells and following HC IgG stimulation, but this was not augmented further
by ANCA stimulation (Fig 64B; MPO ns). There were significant increases in relative area
and relative perimeter in MPO-ANCA aAAYV stimulated neutrophils at 5% O2 in comparison
to to HC MPO-ANCA stimulated neutrophils at 5% (Fig 64C and D; relative area p=<0.0001,
relative perimeter p=0.001). AAV neutrophils therefore behave differently from HC
neutrophils under 5% O: and as seen in the untreated neutrophils, the quiescence signal seen
in HC neutrophils following ANCA stimulation at 5% O2 is lost in aAAV neutrophils.
Although PR3 ANCA stimulation is displaying a similar pattern as that identified in 21% Oz,

more replicates are required before drawing conclusions on the effect of incubating PR3-
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ANCA with aAAV neutrophils at 5% O2 as I was only able to recruit one patient with PR3

active disease whilst conducting these experiments.
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Figure 64. 5% O; increases actin polymerisation in AAV ANCA stimulated neutrophils
(A-D) Neutrophils in whole blood from HC or aAAV were isolated, untreated with media only
(neutrophil culture media, ‘untreated’) or primed with 2 ng/mL TNF (15 minutes) and
stimulated with 100 ug/mL HC IgG, MPO-ANCA IgG (HC: n=14, aAAV: n=5), PR3-ANCA
IgG (HC: n=4, aAAV: n=1) for 1h at 5% O:. Neutrophils were fixed, stained for Phalloidin
(AF488), and mounted with VectaShield[R] Antifade Mounting Medium with DAPI, and
imaged at 63x using an inverted Zeiss LSM-780 (A) Area, (B) Perimeter, (C) Relative area,
and (D) Relative perimeter. Data was analysed using a macro developed for use with Imagel
to measure area, perimeter, relative area, and relative perimeter. Data are shown as mean +/-
SEM, statistical analysis was performed using two-way ANOVA mixed effects model with
Geisser-Greenhouse correction, with Tukey’s multiple comparisons test.
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I next assessed the impact of 1% Oz on ANCA-induced responses in aAAV neutrophils. Similar
to results in HC neutrophils, and in aAAV neutrophils at 5% O», decreased oxygen tension
induced a visually brighter actin signal in all stimulation conditions (Fig 67). In contrast to
cells at 5% O, the effect of ANCA stimulation on area was similar between aAAV neutrophils
and HC neutrophils at 1% O> was (Fig 65A; ns). Unexpectedly, there was less change in cell
perimeter in MPO- and PR3-ANCA stimulated aAAV neutrophils was shown at 1% O in
comparison to 1% O2 MPO- and PR3-ANCA stimulated HC neutrophils (Fig 65B; MPO:
p=0.001, PR3: p=0.005). Relative area and relative perimeter were both increased following
MPO- and PR3-ANCA stimulation in aAAV neutrophils at 1% O, but the changes were

similar to those seen in HC neutrophils (Fig 65C and D; ns).
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Figure 65. Hypoxia increases actin polymerisation in AAV ANCA stimulated neutrophils
(A-D) Neutrophils in whole blood from HC or aAAV were isolated, untreated with media only
(neutrophil culture media, ‘untreated’) or primed with 2 ng/mL TNF (15 minutes) and
stimulated with 100 ug/mL HC IgG, MPO-ANCA IgG (HC: n=8, aAAV: n=9), PR3-ANCA
IgG (HC: n=11, aAAV: n=9) for 1h at 1% O>. Neutrophils were fixed, stained for Phalloidin
(AF488), and mounted with VectaShield[R] Antifade Mounting Medium with DAPI, and
imaged at 63x using an inverted Zeiss LSM-780 (A) Area, (B) Perimeter, (C) Relative area,
and (D) Relative perimeter. Data was analysed using a macro developed for use with Imagel
to measure area, perimeter, relative area, and relative perimeter. Data are shown as mean +/-
SEM, statistical analysis was performed using two-way ANOVA mixed effects model with
Geisser-Greenhouse correction, with Tukey’s multiple comparisons test.
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Taking these results together, decreased oxygen tension alters actin polymerisation overall, in
comparison to 21% O, in untreated, HC IgG, and MPO-/PR3-ANCA stimulated aAAV
neutrophils. At 21% Oz, ANCA induces actin polymerisation, with increases in all measured
parameters compared to untreated HC neutrophils. In aAAV neutrophils, at 21% O, there is
enhanced actin polymerisation at baseline, and a greater increase in relative area and relative
perimeter following both HC IgG and MPO-ANCA stimulation. In contrast, at 5% O then
prevents ANCA responses in HC neutrophils, this was not found in ANCA stimulated aAAV
neutrophils. 1% O» appears to synergise with ANCA to promote actin polymerisation in HC
neutrophils, even starting from an increase at baseline in untreated HC neutrophils. For most
parameters, these were similar in aAAV neutrophils, although there was significantly lower
ANCA induced cell perimeter at 1% Oz in aAAV neutrophils compared to in HC neutrophils
possibly due to more polymerised actin building up around the cell membrane. Oxygen tension
alone had less of an effect on actin polymerisation in untreated aAAV neutrophils, possibly
due to the changes that were already present at baseline in these cells. Overall, these
experiments indicate pathological hypoxia promotes actin polymerisation in aAAV neutrophils
to a similar extent as previously seen with ANCA stimulation in HC neutrophils but the
quiescent effect, in contrast to HC neutrophils at 5% O; (section 4.6) is not seen in aAAV

neutrophils at 5% Oo.
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Figure 66. Increase in actin polymerisation in ANCA stimulated AAV neutrophils at 5% O»
Neutrophils in whole blood from aAAV were isolated, cultured at 5% O (15 minutes), primed
with 2 ng/mL TNF (15 minutes) and stimulated with 100 ug/mL HC IgG, MPO-ANCA IgG,
PR3-ANCA IgG or media only (neutrophil culture media, ‘untreated’) for 1h. Neutrophils were
fixed, stained for Phalloidin (green) (AF488), and mounted with VectaShield [R] Antifade
Mounting Medium with DAPI (blue), and imaged at 63x using confocal microscopy (A/C/E/G)
HC, (B/D/F/H) AAV, (A/B) Untreated, (C/D) HC IgG, (E/F) MPO-ANCA, (G/H) PR3-ANCA.
Representative images from HC: 5% O2 (n=18), AAV: 5% Oz (n=5), experiments are shown.
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Figure 67. Increase in actin polymerisation in ANCA stimulated AAV neutrophils under
hypoxia

Neutrophils in whole blood from aAAV were isolated, cultured at 1% O> (15 minutes),
untreated with media only (neutrophil culture media, ‘untreated’) or primed with 2 ng/mL TNF
(15 minutes) and stimulated with 100 ug/mL HC IgG, MPO-ANCA IgG, PR3-ANCA IgG for
1h. Neutrophils were fixed, stained for Phalloidin (green) (AF488), and mounted with
VectaShield [R] Antifade Mounting Medium with DAPI (blue), and imaged at 63x using
confocal microscopy (A/C/E/G) HC, (B/D/F/H) AAV, (A/B) Untreated, (C/D) HC IgG, (E/F)
MPO-ANCA, (G/H) PR3-ANCA. Representative images from HC: 1% Oz (n=12), AAV: 1%
02 (n=9) experiments are shown.
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6.5. Protein secretion levels

6.5.1. Increased IL-8, ICAM-1., and VCAM-1 secretion in aAAV

Previous work has shown increased CAM expression in neutrophils in inflammation (129,564).
ANCA stimulates IL-8 secretion from neutrophils (327), therefore I wanted to assess whether
untreated aAAV neutrophils differ in IL-8 secretion levels in the absence of additional
stimulation. To assess whether neutrophils from patients with AAV have hypersecretory
tendencies ex vivo, I measured cytokine release from untreated neutrophils isolated from
patients with rAAV and aAAV in comparison to age match HCs. Neutrophils were isolated
from HC or AAV, incubated at 37°C at 21% O for 1h, and SN was harvested for measurement

using ELISA.

There is a significant increase in IL-8 secretion from untreated neutrophils from patients with
rAAV and aAAV in comparison to HC (Fig 68A; rAAV p=0.0001, aAAV p=0.0001).
Neutrophils from patients with aAAV secrete increased VCAM-1 in comparison to HC and
rAAV (Fig 68B; HC p=0.0186, rAAV p=0.0438), and an even greater increase in I[CAM-1
secretion (Fig 68C; HC p=0.0875, rAAV p=0.0001). This likely contributes to increases seen
in neutrophil recruitment to sites of inflammation and promotion of adhesion at the vascular

endothelium.
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Figure 68. Increased IL-8, ICAM-1, and VCAM-1 secretion in AAV

Isolated neutrophils from HC, rAAV, or aAAV whole blood (10x10°) were incubated for 15
minutes to recover from isolation at 21% O, and then incubated for 1h untreated. Neutrophils
were pelleted, and cell-free SN was stored. SN IL-8, VCAM-1, and ICAM-1 content was
measured by ELISA. Data are shown as mean +/- SEM. Statistical comparison by one-way
ANOVA Kruskal-Wallis test, with Dunn’s multiple comparisons test. aAAV (n=37), remission
(n=19) and HC (IL-8 (HC n=16), VCAM-1 (HC n=7), and ICAM-1 (HC n=7)); A. IL-8, B.
VCAM-1, and C. ICAM-1. Data are shown as mean +/- SEM, statistical analysis was
performed using one-way ANOVA Kruskal-Wallis test, with Dunn’s multiple comparisons
test; *p<0.05. ****p<0.0001.
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6.5.2. Effect of hypoxia on co-cultured neutrophil and gEC protein secretion

As mentioned in section 6.5.1., neutrophil secretion of cell adhesion and inflammatory
molecules potentially increases endothelial activation in AAV. I then investigated whether co-
culture with neutrophil supernatant promotes endothelial activation to a greater degree from

aAAYV neutrophils than HC, and whether this is modulated by oxygen tension

6.5.2.1. Hypoxia influences gEC protein secretion levels when treated with AAV SN

Data from section 5.4.1. showed in the presence of ANCA, hypoxia decreased EC
inflammatory cytokine release occurred over time. I therefore investigated whether hypoxia
would influence endothelial secretion levels once exposed to secretion products from AAV
neutrophils, in a similar manner to that seen with HC neutrophils stimulated with ANCA IgG.
To determine if there is a difference in endothelial secretion of IL-8, ICAM-1, and VCAM-1
under hypoxia, gEC incubated at 21%, 5%, or 1% O> were treated with supernatant from
untreated neutrophils at 21% O isolated from patients with aAAV, rAAV or healthy

volunteers.

As expected, there were very low levels of IL8 secretion from gEC. However, by 24 hours
there was increased IL-8 production from gEC treated with aAAV neutrophil supernatants,
compared to HC at both 21% and 5% O» (Fig 69A; 21%: p= 0.087, 5%: p=0.0584). Similarly,
by 24h there is a significant increase in VCAM-1 secretion from gEC treated with aAAV
neutrophil supernatants compared to HC at both 21% and 5% O: (Fig 69B; 21%: p=0.0027,
5%: p=0.0169). There was no significant difference between any stimulation condition
comparing 21% and 5% O; for IL-8 or VCAM-1 secretion. Levels of ICAM-1 secretion were
low and quite variable, with no significant differences in ICAM-1 release at 6h or 24h between

oxygen tensions or stimulation conditions (Fig 69C).
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Figure 69. aAAV SN promote gEC secretion of IL.-8 and VCAM-1 at 21% and 5% O,
Untreated HC, rAAV, or aAAV neutrophils (2x10°) were incubated for 1h in neutrophil culture
media, and SN (corrected for cytokine amount in the neutrophil SN during quantification) was
added to gEC wells for 6h or 24h incubation at 21% or 5% O (n=3). SN IL-8, VCAM-1, and
ICAM-1 content was measured by ELISA. SN was corrected for during quantification of the
cytokine amount in the added neutrophil SN (A) IL-8, (B) VCAM-1, (C) ICAM-1. Data are
shown as mean +/- SEM, statistical analysis was performed using two-way ANOVA with
Geisser-Greenhouse correction, with Dunnett’s multiple comparisons test. ns, non-significant.
*p<0.05. **p<0.01.
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There is a significant increase in gEC IL-8 secretion after aAAV neutrophil supernatant
treatment compared with HC for both 21% and 1% O at 6h and 24h (Fig 70A; 21% 6h:
p=0.0190, 1% 6h: p=0.0551, 21% 24h: p=0.0218, 21% 24h: p=0.0051). Secretion levels
increase slightly at 24h compared to 6h in both 21% and 1% Oz aAAV treatment but this was
not significant. The increase in ICAM-1 (Fig 70B; p=0.0436) and VCAM-1 (Fig 70C; ns)
secretion levels in aAAV versus HC treated gEC showed a similar overall pattern but were
more variable. Secretion profiles in 21% and 1% O were very similar. This suggests it may be
the impact of hypoxia on neutrophils which is more important than the impact of hypoxia on

gEC as neutrophil SNs were all prepared at 21% O,.
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Figure 70. gEC protein secretion levels when treated with aAAV SN are similar in 21% and
1% O>
Untreated HC, rAAV, or aAAV neutrophils (2x10°) were incubated for 1h in neutrophil culture
media, and SN (corrected for cytokine amount in the neutrophil SN before addition) was added
to gEC wells for 6h or 24h incubation at 21% or 1% O> (n=3). SN IL-8, VCAM-1, and ICAM-
1 content was measured by ELISA. SN was corrected for during quantification of the cytokine
amount in the added neutrophil SN (A) IL-8, (B) VCAM-1, (C) ICAM-1. Data are shown as
mean +/- SEM, statistical analysis was performed using two-way ANOVA with Geisser-
Greenhouse correction, with Dunnett’s multiple comparisons test. ns, non-significant. *p<0.05.

*4p<0.01.
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6.6. Optimising isolation of RNA isolation and gene expression

analysis from aAAYV neutrophils

Having identified differences in neutrophil biophysical phenotype and function in patients with
aAAV, I next investigated whether transcriptional changes underlie this phenotype. I
conducted initial optimisation experiments using a panel of gene targets identified as
differentially expressed in MPO-ANCA IgG stimulated neutrophils using the NanoString
targeted gene expression platform (311). From results generated using the Nanostring myeloid
gene expression panel, I selected the top 30 DE genes and investigated expression in
neutrophils from patients with AAV. Fold change was measured using RT-qPCR by
performing relative quantification of untreated rAAV and aAAV neutrophils to HC neutrophils

(Fig 71).

In keeping with the NanoString data, all genes from the panel were upregulated in aAAV
neutrophils (Fig 71). This included those involved in chemokine and cytokine signalling
(CXCLS, CCL20, CCL3, CC3LI1, CCL4, CCRL2, ILIA, ILIB, NLRP3, TNF, TRAF1, NF-xf),
chemotaxis (CCL20, CCL3, CCL4, CCL3L1, CXCLS, ILIB), adhesion (ITGB2, FI1IR),
angiogenesis (PLAU, VEGFA), and stress response (NRFA2, GADD454). Of these, CXCLS,
NFKBI, PLAU, STAT5A, TRAFI, and VEGFA were significantly upregulated in aAAV
neutrophils in comparison to rAAV neutrophils (Fig 71). A specific target of interest that was
upregulated in aAAV is WAS, which is a gene involved in signalling for the actin cytoskeleton
polymerisation. These results suggest significant differences in neutrophil transcriptional

profiles in aAAV versus rAAV neutrophils.
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Figure 71. Top DE genes express greatest fold change in aAAV

Neutrophils (10x10°) from untreated HC, rAAV, or aAAV were incubated for 15 minutes to
return from their active state, and then 1h with RNAse inhibitor in neutrophil culture media
(n=7). Neutrophils were pelleted, and cell-free SN was stored. Cell pellet was lysed in TriZol,
homogenised with a 0.3-gauge syringe, and RNA was extracted following Qiagen mini prep.
Sample was eluted in TE buffer and cDNA was prepared as 250 ug/ mL. mRNA expression
was measured via RT-qPCR. mRNA expression is shown relative to untreated HC; Data are
normalised to the housekeeping gene, B2M. Data are shown as mean with SEM, statistical
comparison by multiple unpaired t-test, FDR 5%; *p<0.05.
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6.7. RNA Sequencing — Age match HC v rAAV v aAAV

Following optimisation of protocols and confirming that I could identify a gene signature of

neutrophils from patients with aAAV using RT-PCR, I next carried out poly(A) RNA-seq using

untreated neutrophils from patients with aAAV, rAAV and healthy controls.

Active Remission Healthy control
Characteristic n=20 (%) n=10 (%) n=10
Age Years (IQR) 58 (42.3-73.9) 72 (44-77) 52(48-63)
Gender Male 10 (50.0) 4 (40.0) 5(50.0)
Comorbidities T2DM 6 (13.0) 0 (0)
Cancer 1(2.0) 1(10.0)
Asthma/COPD 8(17.3) 1 (10.0)
CVD 0 1 (10.0)
HTN 13 (28.2) 7 (70.0)
ANCA MPO 22 (37.5) 4 (40.0)
specificity PR3 24 (62.5) 5(50.0)
Negative 0 1(10.0)
Immunotherapy- | Prednisolone/ 28 (60.8) 5(50.0)
induction Methylprednisolone
Immunotherapy- | Prednisolone <5mg 6 (60.0)
maintenance Azathioprine 3(30.0)
Rituximab 6 (60.0)
MMF 0 (0.0)
MTX 0 (0.0)
Nil 0(0.0)
Presentation First presentation 38 (82.6)
Relapse 8(17.3)
Haematology/ CRP (mg/dL) (IQR) 21 (3.05-180) 2.4 (0.5-13.6)
Biochemistry Creatinine (umol/L) (IQR) 176 (67.5-636.8) | 87 (63-239)
BVAS (IQR) 15 (8-20) N/A
WCC (x10%) (IQR) 12 (6.6-16.6) 8.1 (4.3-13.5)
Neutrophil count (x10%) (IQR) | 10 (4.7-13.8) 5.7 (3.0-10.9)
Organ Renal 37 (80.4) 1(10.0)
involvement ENT 17 (40.0) 1(10.0)
Lung 21 (46.0) 1(10.0)
Eye 6 (13.0) N/A
Skin 2 (4.3) 0
Cardiac 1(2.0) 1 (10.0)
Table 28. Characteristics of patients included in RNA-seq

Data are median with IQR. MPO-myeloperoxidase, PR3- Proteinase-3, T2DM- Type 2
diabetes mellitus, CVD- cardiovascular disease, HTN- hypertension, MMF- mycophenolate
mofetil, MTX- methotrexate, CRP- C reactive protein, BVAS- Birmingham vasculitis activity
score, WCC- white cell count.
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6.7.1. Identification of a gene signature comparing aAAV to age matched HC

Comparing the transcriptome of neutrophil from patients with aAAV to healthy controls
identified a gene signature of active AAV, with 627 significantly DE genes (Fig 72A, Table
29). The top 20 upregulated and top 10 downregulated significant DE genes in aAAV
compared to HC are presented in Table 29 (healthy control v aAAV). Pathway analysis
identified enrichment for genes related to positive regulation of T-helper 1 type immune
response, response to bacterium, and defence response were over-represented on gene ontology
analysis (Fig 72B). Analysis of cellular processes identified over-representation of DEG
related to dysregulation of neutrophil specific granules and the condensed chromosome
kinetochore, which potentially may link with the effect found of ANCA stimulated increased
actin polymerisation (565). There was also DE of many genes which may play a specific role
in AAV including CCL20, CD177, ELANE, CD163, MYOIB, ANXAI, OLFM4, MMPS,
PRTN3, ADAM22, CCL3, C5, MYO10, IL18, CIR, CD93, and C4A. These genes are involved
in processes such as apoptosis, the complement pathway, cell protrusion formation,
senescence, degranulation, and cell adhesion. The top 20 upregulated and top 10

downregulated significant DE genes are presented in Table 29 (healthy control v aAAV).
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Table 29.

Gene name | P value FDR Log2 FC
Upregulated in aAAV

GRBI10 1.21E-15 1.78E-11 | 3.75462873
OLAH 6.80E-12 4.97E-08 | 4.85060803
CORO2A 2.18E-10 8.33E-07 | 1.91500897
SERINC2 2.28E-10 8.33E-07 | 2.21881467
MAP2K6 2.02E-09 5.92E-06 | 1.96093767
VWAS 4.56E-09 7.46E-06 | 3.17679634
DAAM?2 4.43E-09 7.46E-06 | 3.96398633
ZNF608 4.69E-09 7.46E-06 | 3.37406634
UBE2F 5.02E-09 7.46E-06 | 1.14869531
FAMI183DP 5.10E-09 7.46E-06 | 4.91261646
CITED4 1.54E-08 2.05E-05 | 2.41255689
CD177 1.71E-08 2.08E-05 | 3.74609567
CD163 2.27E-08 2.56E-05 | 3.94221776
RRAGC 2.67E-08 2.79E-05 | 1.31735689
TSPAN14 5.00E-08 4.57E-05 | 1.16572613
FKBP5 6.78E-08 5.83E-05 | 3.15290936
SNHG16 7.77E-08 6.29E-05 | 1.13459735
AC020636.1 8.17E-08 6.29E-05 2.798254
TMIGD3 1.07E-07 7.54E-05 | 3.23220212
SORT1 1.08E-07 7.54E-05 | 1.63685128
Downregulated in aAAV

ARRDC4 7.50E-07 | 0.00035413 | -2.2967119
ERI1 1.98E-06 | 0.00067427 | -1.2681231
TSPANI13 5.80E-06 | 0.00133328 | -2.0203268
HLA-DRB6 5.80E-06 | 0.00133328 | -3.7117105
IL18BP 6.51E-06 | 0.00141263 | -1.3852522
PLD2 8.20E-06 0.00168 | -1.4104315
SDC2 1.28E-05 | 0.00217587 | -1.8523427
KRT17 2.74E-05 | 0.00348992 | -2.3136877
IL1RL2 3.04E-05 | 0.00370936 | -2.0402206
SIGLEC12 3.39E-05 | 0.00393933 | -1.8475957

Top upregulated and downregulated significant DE in HC v aAAV
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Healthy control vs Active AAV

Differential expression analysis (edgeR)
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Figure 72. Transcriptomic analysis of healthy control versus active AAV

(A) Volcano plot of 21% O healthy control versus active AAV. One dot signifies each gene.
Red dots represent genes meeting p-value and Log,FC, blue dots represent genes meeting p-
value alone, green dots represent genes meeting p-value (<0.05) and Log-FC (<0.05), blue data
points represent genes meeting p-value alone, green data points represent genes meeting
LogoFC alone, and grey data points represent nonsignificant genes. (B) Gene ontology
classification of 21% O> healthy control v active AAV DEGs (Log:FC <0.05, p<0.05). ORA
was performed on enrichment of cellular component and molecular function pathway
dysregulation.
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6.7.2. ldentification of a gene signature comparing rAAV to age match HC

Comparing the transcriptome of neutrophils from patients with rAAV to healthy controls
identified a gene signature of remission AAV, with 7,182 significantly DE genes (Fig 73A,
Table 30). The top 20 upregulated and top 10 downregulated significant DE genes are
presented in Table 30 (healthy control vrAAV). DEGs (Fig 73B) related to positive regulation
of cell adhesion, cell-cell signalling, cytoskeleton, and cell projection were over-represented
on gene ontology analysis. There was also DE of many genes which may play a specific role
in AAV including C3, TRAF1, VEGFA, F3, CCL3, CCL20, RHOU, CD48, NFKBI1, RAB21,
TRAF3, ICAM-1, SRC, CD163, TNFRSF124, MMPS8, ELANE, and PRTN3. These genes are
involved in processes such as inflammation, coagulation, cell protrusion formation, autophagy,

neutrophil-endothelial adhesion, and immune cell activation.
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Table 30.

Gene name | P value FDR Log,FC
Upregulated in rAAV

NCR3LG1 2.72E-58 4.84E-54 | 6.86807895
CLIC4 9.12E-53 8.13E-49 | 5.37591376
VILL 2.39E-51 1.42E-47 | 5.41545698
Clorf61 3.96E-51 1.76E-47 | 6.60298846
TRIP10 5.75E-51 2.05E-47 | 4.72150114
ZC3H12C 9.21E-51 2.74E-47 | 6.81049832
TPRA1 1.81E-49 4.61E-46 | 4.78197833
AC124798.1 4.55E-49 1.01E-45 | 6.89843491
SH2D3A 5.24E-46 1.04E-42 | 4.52002365
SLC11A2 1.06E-45 1.89E-42 | 5.79930061
RALGDS 7.22E-45 1.17E-41 | 5.23792021
MFSD2A 5.21E-43 7.73E-40 | 5.6795056
AC048341.1 1.41E-42 1.93E-39 | 2.94171795
AC010980.1 1.57E-41 2.00E-38 | 7.26745473
MRNIP 2.47E-40 2.94E-37 | 3.5121808
LINCO01093 7.00E-40 7.80E-37 | 4.27378848
CCRL2 9.85E-40 1.03E-36 | 4.32772592
HCARI1 1.21E-39 1.19E-36 | 4.84661546
SLC43A3 1.87E-39 1.75E-36 | 4.82460752
C3 3.74E-39 3.33E-36 | 5.03955265
Downregulated in rAAV

IGHV3-23 9.05E-25 2.09E-22 | -8.9898544
NCBP3 6.21E-24 1.30E-21 -1.171362
TOPBP1 8.35E-23 1.43E-20 | -1.4906562
PPMI1G 2.29E-22 3.79E-20 | -1.0819263
LINCO00957 2.46E-22 3.98E-20 | -1.8122961
FAM214B 1.06E-20 1.43E-18 -2.171427
MS4A1 1.94E-20 2.51E-18 | -6.3227291
CD79A 3.19E-20 3.95E-18 | -5.3410869
RASAL3 3.93E-20 4.80E-18 | -1.2993186
CAMKKI1 8.46E-20 9.78E-18 | -1.9184505

Top upregulated and downregulated significant DE in HC v rAAV
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A. Healthy control vs Remission AAV

Differential expression analysis (edgeR)
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Figure 73. Transcriptomic analysis healthy control versus remission AAV

(A) Volcano plot of 21% O» healthy control versus remission AAV. One dot signifies each
gene. Red dots represent genes meeting p-value (<0.05) and Log,FC (<0.05), blue data points
represent genes meeting p-value alone, green data points represent genes meeting Log2FC
alone, and grey data points represent nonsignificant genes. Downregulated genes are presented
on the left panel from -5 to 0, and upregulated genes are presented on the right panel from 0-
10. ns=nonsignificant, p<0.05; log> FC signifies mean gene expression level of individual
genes. (B) Gene ontology classification of 21% O healthy control v remission AAV DEGs
(LogoFC <0.05, p<0.05). ORA was performed on enrichment of cellular component and
molecular function pathway dysregulation.

285



6.7.3. ldentification of a gene signature comparing aAAV to rAAV

Comparing the transcriptome of neutrophil from patients with aAAV to patients with rAAV
identified a gene signature of active AAV, with 2,356 significantly DE genes (Fig 74A, Table
31). The top 20 upregulated and top 10 downregulated significant DE genes are presented in
Table 31 (rAAV v aAAV). DEGs (Fig 74B) related to positive regulation of immune response,
response to bacterium, cell activation, and leucocyte activation were over-represented on gene
ontology analysis. Analysis of cellular processes identified over-representation of DEG related
to dysregulation of neutrophil whole membrane and plasma membrane part, which potentially
may also link with the effect found altered neutrophil mechanophenotype in section 5.9.1.
There was also DE of many genes which may play a specific role in AAV including MPO,
PRTN3, MMPS, TNFRSF124, CD163, ANXAI, ERG, CCL20, CCL3, SRC, NFKBI1, VEGFA,
TRAF3, RAB21, and RHOU. These genes are involved in angiogenesis, cell adhesion,

chemotaxis, inflammation, degranulation, and immune response.
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Table 31.

Gene name P value FDR Log,FC
Upregulated in aAAV

MPO 8.56E-19 1.84E-15 | 5.44517171
RSBNI1 3.72E-18 7.12E-15 | 2.2048865
ELANE 1.28E-17 2.21E-14 | 6.12318697
IGHGI 2.22E-17 3.47E-14 | 7.43859116
IGHV3-23 3.20E-17 4.59E-14 | 8.60925119
IGHGP 2.70E-16 2.45E-13 | 8.37923888
IGHA1 3.08E-16 2.66E-13 | 7.91809401
DEFA4 4.00E-16 3.13E-13 | 6.16098128
ZNF784 6.57E-16 4.72E-13 | 2.53831126
NKIRASI1 1.36E-12 2.49E-10 | -1.9536584
IGHM 5.31E-15 3.13E-12 | 6.46995447
IGKV1-5 5.45E-15 3.13E-12 | 8.36805861
IGLC2 1.00E-14 5.23BE-12 | 7.00397412
IGLV1-40 1.92E-14 8.71E-12 | 7.95568312
CREB5 2.11E-14 9.09E-12 | 1.59190669
IGKV3-15 2.07E-14 9.09E-12 | 7.8616977
DRAMI1 1.04E-11 1.41E-09 | -1.8236157
IGHD 3.78E-14 1.51E-11 6.554752
IGLC3 4.01E-14 1.52E-11 | 6.83948713
IGKC 6.12E-14 2.07E-11 | 7.23058923
Downregulated in aAAV

AGAP3 2.76E-24 4.75E-20 | -4.3051453
AC098613.1 1.04E-22 8.95E-19 | -3.7568863
LSS 8.81E-22 5.06E-18 -3.851687
TPRA1 3.23E-21 1.39E-17 | -3.5352357
TCFLS5 1.52E-19 5.23E-16 | -2.6773038
UBE2E1 1.97E-19 5.65E-16 | -2.7845786
ZC3H12C 2.36E-19 5.81E-16 | -5.3769726
ADORA2A 4.06E-17 5.38E-14 | -3.0489344
DENND4A 4.55E-17 5.60E-14 | -2.3116373
DUSP16 5.58E-17 6.40E-14 | -3.3688795

Top upregulated and downregulated significant DE in rAAV v aAAV
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Remission AAV vs Active AAV

Differential expression analysis (edgeR)
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Figure 74. Transcriptomic analysis of remission AAV versus active AAV

(A) Volcano plot of 21% O, remission AAV versus active AAV. One dot signifies each gene.
Red dots represent genes meeting p-value (<0.05) and LogFC (<0.05), blue data points
represent genes meeting p-value alone, green data points represent genes meeting Log2FC
alone, and grey data points represent nonsignificant genes. Downregulated genes are presented
on the left panel from -5 to 0, and upregulated genes are presented on the right panel from 0-
10. ns=nonsignificant, p<0.05; log> FC signifies mean gene expression level of individual
genes. (B) Gene ontology classification of 21% O, untreated v MPO-ANCA DEGs (Log,FC
<0.05, p<0.05). ORA was performed on enrichment of cellular component and molecular
function pathway dysregulation.
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6.8. Discussion

The main objectives of this chapter were to phenotype neutrophils from patients with aAAV
using RT-DC and investigate how neutrophil function and ANCA IgG responses differ from
those in neutrophils from healthy volunteers. aAAV whole blood neutrophils exhibited a
significant decrease in deformability which correlates with disease activity score, an increase
in ex vivo cytokine and adhesion molecule (IL-8, ICAM-1, and VCAM-1) secretion without
additional stimuli, and increased actin polymerisation, particularly once stimulated with

pathogenic ANCA and/or exposed to decreased oxygen tensions.

Mechanophenotyping using RT-DC identified a significant decrease in neutrophil
deformability in whole blood samples from patients with aAAV compared to both healthy
controls and AAV patients in remission. It is known that stiffer, less deformable neutrophils
are more likely to be trapped in the microvasculature (566). In AAV, this phenotype of
increased stiffness may lead to retention of neutrophils in microvascular beds such as the lung
or the kidney and thus perpetuate neutrophil-endothelium interaction and exacerbate
endothelial injury. There was a significant negative correlation between a deformability and
disease severity as measured by the BVAS activity score. Therefore, patients with more severe
aAAYV have stiffer cells. Previous studies have shown glucocorticoids can mediate granulocyte
cytoskeleton remodelling and softening (43,567). However, I did not identify any differences
between patients with aAAV in my study who had received treatment with steroids
(prednisolone) prior to sampling and those who were treatment naive. These previous studies
using HC protocolised timing of sampling after steroid treatment and had a difference in steroid
doses. An equivalent of 75 mg of prednisolone was used in Fay et. al, which was greater than
the dosage prescribed to most patients in this study, as in this single centre a low steroid

approach is used (43). There were also variable time points for sampling post steroid dose.

289



Additionally, the effect mediated by aAAV may outweigh any potential effect of steroid

treatment that was seen when healthy volunteers are treated with steroid.

One potential explanation for decreased neutrophil deformability in patients with aAAV is a
direct effect of ANCA on cells in vivo, particularly as I identified an effect of ANCA
stimulation in vitro on neutrophil biomechanical phenotype. However, I did not identify any
difference in deformability between patients with MPO-AAV and PR3-AAV (in contrast to
later in vitro experiments investigating actin remodelling), and there was no correlation with
ANCA titre. This suggests that other factors in vivo, such as the transit of neutrophils through
inflamed vasculature or exposure to additional inflammatory mediators, may play a role.
Alternatively, the phenotype of neutrophils in patients with AAV may be inherently different.
Another possibility regarding the lack of correlation with ANCA suggests that it is the
neutrophil response, such as the cell stiffness, that is important for regulating fundamental cell
behaviour; therefore, patients whose neutrophils are “more reactive”, once activated by ANCA,
may develop more severe disease. This association between neutrophil stiffness has also been
seen in other inflammatory conditions, although using less sensitive techniques than RT-DC.
Using micropipette aspiration, data from Linderkamp et. al suggested neutrophil stiffness

correlated with disease severity in septicaemia (568).

There was an association between decreased neutrophil deformability and lung involvement in
patients with aAAV. Patients with lung disease may have lower cell deformability due to a
failure of the de-priming mechanism (38) in the lung in disease such as has been shown in
ARDS. Neutrophils travelling slower within the lungs is a consequence of neutrophil trapping
within the lung (46,232) and this trapping within the pulmonary capillaries could be a result of

activated neutrophil’s decreased deformability due to actin reorganisation (45,229,569).
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Worthen et al. identified fMLP stimulated neutrophils, which are larger in size (8 pm) than
pulmonary capillaries (5 um), have decreased deformability, increased actin assembly, and
retention in the lung. Interestingly, cytochalasin D also inhibited these effects, suggesting that
targeting the actin cytoskeleton in neutrophils with increased stiffness may be of therapeutic
potential (569). In AAV, therefore similar mechanisms may occur, with stiffer neutrophils
retained in the lungs, exacerbating pulmonary vasculitis. Decreased deformability has also
previously been identified in neutrophils from patients with advanced chronic kidney disease
(570). and there was a trend of decreased neutrophil deformability (p=0.0710) shown in
patients with aAAV kidney involvement in this thesis. In my study, there was a trend to patients
with renal involvement having lower neutrophil deformability, although the number of patients
without renal disease was small. I did not identify a difference in neutrophil deformability
between patients requiring renal replacement therapy and those not, and there was no
correlation between eGFR and neutrophil deformability. A key difference between my study
and previous results in CKD is that most patients with AAV have acute derangement of their
renal function, whereas patients in the published study had been receiving haemodialysis for
at least 3 months. This suggests that in CKD, altered deformability may be due to a prolonged

effect of e.g. uraemia on the bone marrow.

Monocytes are of a much lower percentage in whole blood, therefore obtaining an adequate
number of monocytes for analysis during a whole blood RT-DC run was challenging.
Potentially due to patients being on immunotherapies, they may have depleted monocyte
populations, again making it challenging to record enough monocyte events for analysis.
Therefore, it was only possible to analyse monocyte biophysical properties in a subgroup of
the patients as a result. However, a trend to increased cell stiffness was shown in aAAV

monocytes in comparison to rAAV or age matched HC monocytes, suggesting a myeloid
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phenotype may be present in aAAV. In contrast to my findings in AAV, larger, more
deformable neutrophils have been identified in patients with acute COVID-19 (502), and
larger, more deformable monocytes were found in patients with SSc (504). No biomechanical
difference in lymphocytes or monocytes were found in patients with SLE in comparison to HC,
but a small sample set data showed increased deformability in active SLE neutrophils in
comparison to HC (218). Therefore, my results suggest that a phenotype of decreased
deformability may be specific to AAV, and also identifies how activated neutrophils may

present with a different mechanophenotype dependent upon disease processes (218,502).

Prior to any additional stimulus, there were trending differences in actin polymerisation in
aAAV neutrophils in comparison to HC neutrophils, and actin capping in aAAV neutrophils
upon visual inspection, suggesting a different phenotype of aAAV neutrophils at baseline. As
shown in Chapter 3, ANCA stimulation of HC neutrophils promotes increased actin
polymerisation, and this same effect was also seen in neutrophils from patients with aAAV.
Due to unplanned timing of active patients, access to the hypoxia chamber was not always
possible so fewer replicates were performed in low oxygen tension compared to 21% O> which
may impact on the interpretability of my results. However, I consistently identified that while
5% O2 decreased the effects of ANCA stimulation on actin cytoskeleton seen at 21% O2 in HC
neutrophils, neutrophils from patients with aAAV still exhibited actin polymerisation in
response to ANCA stimulation at 5% O:. In physiological normoxia, the quiescent response
seen in HC neutrophils is lost, and aAAV neutrophil still respond to ANCA. This may suggest
that AAV neutrophils may have more capacity to cause vascular damage. 1% Oz enhances HC
neutrophil responses, therefore potentially when hypoxia occurs in inflammation, this
perpetuates the damaging phenotype of all neutrophils, whether or not they have encountered

ANCA.
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The role of hypoxia and HIF role in the actin cytoskeleton potentially involves multiple
signalling pathways activated in different tissues by hypoxia, but consistent evidence has
shown Rho GTPases are a main contributor in this overall effect (571-574). In other studies,
the mechanism of hypoxia increasing actin polymerisation is shown to be dependent upon the
environment and degree of hypoxia. In keeping with this, hypoxia has shown to increase
cellular protrusion formation by increasing actin polymerisation and therefore cell motility
(575,576). This relationship between aAAV neutrophils and actin polymerisation is of interest
as patients with actin cytoskeletal or remodelling defects are more prone to autoinflammatory
disease, as displayed in patients with WAS, a primary immunodeficiency genetic disorder
characterised by thrombocytopaenia (Volpi 2016). Additionally, although Rac and RhoA were
found to be upregulated in COPD, proteomic analysis from bronchoalveolar lavage cells from
patients with COPD displayed dysregulation of FcyR-mediated phagocytosis; this correlated
with decreased Arp 2/3 complex levels and dysregulated actin cytoskeletal processes (577).
My results from RNASeq have identified differential expression of some of these pathways,
suggesting that there may be transcriptional differences in genes which regulate the actin
cytoskeleton in aAAV. Genes related to Cdc42 (CDC42EP3, CDC42BG30), Rho GTP binding
family proteins (RHOB, RHOC), and Rho GTPases (RHOV, RHOU, RND1) were differentially
expressed in aAAV neutrophils compared to rAAV neutrophils. HIF'la was also differentially

expressed.

I also identified increased IL-8, VCAM-1, and ICAM-1 secretion from aAAV untreated
neutrophils in comparison to rAAV and age matched HC. Increased IL-8 release was also
shown in patients with rAAV suggesting that even though these patients are in remission, they
still have some increased proinflammatory responses. This result coupled with the effect shown

when rAAV supernatant is co-cultured with gEC, where there is a small increase in cytokine
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release compared to when gEC are cultured with HC neutrophil SN, suggests these cells are
slightly inflammatory and potentially these patients are still experiencing some neutrophil
induced EC injury. aAAV neutrophils may display a primed phenotype ex vivo due to being
more prone to activation in vivo, explaining their increase in size, cytokine production, and
response to secondary stimuli, therefore effecting their programmed mechanisms like actin
polymerisation. Although, there is no secondary stimulus in the untreated aAAV neutrophils,
which potentially suggesting there may be a full activation signal shown in these cells. A
similar phenotype of gEC treated with aAAV neutrophil SN was displayed in comparison to
gEC treated with ANCA IgG stimulated HC neutrophil SN at 1% and 5% O> with IL-8,
VCAM-1, and ICAM-1 secretion levels at both time points. This showed that secretion
products from untreated aAAV neutrophils may exert similar effects on EC as do HC
neutrophils stimulated with MPO-ANCA IgG, indicating that aAAYV cells display an activated
phenotype, without additional stimulation, which can alter EC behaviour even following ex

vivo isolation.

Results from my RNA sequencing identified the main gene signature of aAAV and rAAV was
dysregulation in cell adhesion, cytoskeleton, chromatin, and granule genes in comparison to
HC. I identified up-regulation of genes related to the actin cytoskeleton, which may explain

the differences I saw in aAAV patients prior to additional stimulation.

Most previously published studies of RNA-Seq data in AAV have focussed on whole blood or
PBMC (336,580). There are a small number of studies which have used isolated neutrophil
transcriptional analysis. Yamaoka et al compared 26 patients with AAV to 28 HC and
identified up-regulation of a NET signature in neutrophils isolated from patients with AAV in

comparison to HCs, in addition to IL-6 signalling, which aligned with my results identifying

294



up-regulation of genes involved in NETosis. However this study has significant differences
from my own; the majority (90%) of patients had a clinical diagnosis of GPA, any patient
prescribed greater than 10mg of prednisolone was excluded, and the majority of patients were
in remission (579). Interestingly, I also identified significant transcriptional differences
between neutrophils from patients with rAAV and HC, including up-regulation of many genes
related to NETosis (CYBB, ILIB, IL6, PTAFR, TLR2, HPSE) suggesting there may be
fundamental differences in neutrophil phenotype in AAV which persists in remission and
despite immunosuppression treatment. This signature of up-regulation of NETosis genes in
AAYV has also been identified in the kidney using pooled analysis of five datasets with
sequencing data from human kidney tissue. Jones et. al also used sequencing of isolated
neutrophils; a key finding from this study was up-regulation of auto-antigen genes in patients
with aAAV (589). This was also a feature of my sequencing results, with significant up-
regulation of MPO and PRTN3 in aAAV compared to rAAV. In this study, expression of MPO
and PRTN3 correlated with ANCA induced activation (ROS production), and it would be
interesting to investigate if a similar hypothesis is true for ANCA induced changes in actin

cytoskeleton or EC injury.

Using whole blood transcriptional analysis, Banos et. al, identified neutrophil degranulation
and IFN signalling were the top dysregulated pathways found in GPA and MPA patients, which
also was similar to signatures found in aAAV neutrophils in my study, which identified
upregulation of numerous granule protein transcripts including those related to primary
granules (MPO, ELANE, CTSG, PRTN3, AZUI, PRSS57, ARGI were all significantly
upregulated in aAAV compared to rAAV) and secondary granules (LTF, CAMP, MMPS,
CRISP3 were all significantly upregulated in aAAV compared to rAAV), I did not identify a

particular interferon related signature in my study, although there were several differences
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which may explain this. In particular, the previous study performed whole blood mRNA
sequencing as opposed to isolated neutrophils suggesting interferon signatures may be more
relevant to other leucocyte populations. There were also significant differences in patient
clinical phenotype, the majority of patients had lung involvement (90%) and had BVAS at a
maximum of 8.25, whereas patients from my cohort had more severe disease with BVAS up
to 27 (580). A granulocyte signature related to disease activity in Grayson et al was determined
in deep whole blood large RNA-seq, which also displayed bacterial defence, myeloid
differentiation, and neutrophil activation as upregulated pathways, as also found in my
preliminary sequencing results. Yet, due to this being measured in whole blood, this signature
may not be specific to neutrophils in AAV (336). Taken together, my current sequencing results
confirm the reproducibility, and specificity of signatures first found in whole blood panels

(336,580) and isolated neutrophil sequencing (579) in AAV.

Overall, aAAV neutrophils display a different phenotype than rAAV and age match HC,
potentially reflecting increased priming and/or activation. This is displayed through
mechanophenotyping, neutrophil programmed processes, and response to different oxygen

tensions, and correlates with clinical parameters in patients with AAV.

Key findings:
1. Neutrophils from patients with aAAV have decreased deformability that correlates with
disease activity, and potentially pulmonary/renal involvement
2. ANCA stimulation induces greater neutrophil actin polymerisation in aAAV than HC

3. Physiological 5% O, appears to reduce ANCA actin responses in HC neutrophils but

not aAAV, whereas pathological 1% O promotes ANCA responses
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4. aAAV neutrophils have increased cytokine and adhesion molecule production at
baseline in comparison to HC neutrophils

5. Neutrophils from patients with aAAV display a distinct gene signature in comparison
to TAAV and HC with implications for the actin cytoskeleton, NETosis and

degranulation
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7. Chapter 7 — Concluding remarks
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7.1. Discussion and Future work

In this project I aimed to define a biomechanical phenotype of neutrophils in AAV, in response
to ANCA IgG stimulation, and to investigate the role hypoxia plays in this and in other
functional neutrophil readouts. Using the novel technique of RT-DC, I studied neutrophil
deformability using AAV patient samples and in response to in vitro stimulation. I defined
neutrophil actin cytoskeletal changes to identify how this relates to cell stiffness and used a
range of neutrophil functional readouts including cytokine production, NETosis, and EC injury

to investigate how hypoxia may modulate ANCA induced neutrophil responses.

My key findings include:

1. Neutrophils from patients with active AAV have altered biophysical phenotype

2. ANCA stimulation alters HC and AAV neutrophil actin polymerisation

3. Oxygen tension alters actin polymerisation and NET formation

4. Hypoxia and ANCA increase neutrophil migration though endothelial cell monolayers

5. Cell protrusion formation is transcriptionally dysregulated in AAV neutrophils

7.1.1. Active AAV neutrophils have altered biophysical phenotype

One of the goals of this thesis was to determine whether there is an individual phenotype of
neutrophils specific to patients with AAV, and how this may contribute to neutrophil retention
in the microvasculature, promoting neutrophil-mediated tissue injury in the disease state. To
measure this, untreated HC neutrophils were mechanophenotyped in comparison to ANCA
stimulated HC neutrophils or AAV neutrophils. A significant decrease in deformability was
exhibited by aAAV neutrophils without any priming or secondary stimulus (Chapter 6). Thus,
the focus of this work was based upon the finding of increased stiffness in neutrophils from

patients with aAAV.
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There is evidence that neutrophil priming can become dysregulated in inflammatory disease in
autoimmunity (581) and idiopathic inflammatory myopathies (582). Accumulation of primed
neutrophils in the pulmonary vessels hinders neutrophil transport through blood vessels,
resulting in inflammation and increased vascular damage (38,583). While this mechanism has
so far only been demonstrated during cell trafficking through the lung microvasculature in vivo
(584), similar mechanism may also be relevant in the glomerular capillary bed. These capillary
beds vary in size as the pulmonary capillary bed has the largest surface area of any capillary
bed in the body at 125 m?, in comparison to the glomerular capillary bed which is only 0.6 m?
(585,586). This means that an in vivo retention signal may be more difficult to detect in the
kidney. In addition to the lung having to filter the blood, the kidney only receives a portion of
this blood, so a lung signal may be more obvious or occur sooner. In keeping with neutrophil
microvascular trapping, my results indicated that those patients with the stiffest cells were more

likely to have pulmonary or renal involvement.

I propose RT-DC would aid phenotyping of whole blood samples in experimental medicine
studies. RT-DC can be used for mechanophenotyping isolated cells; however, isolation
techniques may alter their biomechanics due to activating the cells, and readouts are not as
robust in comparison to whole blood measurements. For other experiments, using isolated cells
was unavoidable, but in terms of RT-DC, the results are less reliable and the alternative of
using whole blood is preferred as a result. Therefore, whole blood mechanophenotyping is a
more accurate method due to being more physiologically relevant and cells are less

manipulated.

7.1.2. ANCA stimulation leads to altered biophysical phenotype and changes in actin,

which associates with EC injury
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To investigate the effect of ANCA IgG on neutrophil deformability, untreated HC neutrophils
were mechanophenotyped in comparison to ANCA IgG stimulated HC neutrophils. ANCA
IgG stimulation in neutrophils induced decreased deformability significantly in whole blood
and in isolated cells (Chapter 3), similar to results in aAAV neutrophils. In keeping with
decreased deformability, both HC and aAAV neutrophils displayed increased actin
polymerisation following stimulation with ANCA IgG. I identified a greater increase in aAAV
neutrophils suggesting they are more responsive to the effect of ANCA IgG stimulation. The
effect of increased ANCA induced actin polymerisation and protrusion formation was able to
be inhibited by the cytochalasins, either at 1% or 21% O, suggesting there was a reduction in
the F-actin polymerisation effect as a result of cytochalasin treatment. Although further
replicates are required, the cytochalasins did not enhance ANCA induced decreased
deformability in HC neutrophils either. This was in contrast to a previous study using HL.-60
cells, in which cytochalasin D increased HL-60 deformability in a dose dependent manner
(496). Therefore, I expected to see an increase in deformability was expected when ANCA
stimulated neutrophils were treated with the cytochalasins, but this was not seen. Technical
aspects, such a timing of stimulation, or differences between primary cells and cell line
responses, could potentially explain differences between my study in neutrophils and the
previous one using HL60 cells. The seeming divergence of my results between actin
cytoskeletal changes and deformability could be due to comparing static versus flow
conditions. Alternatively, there may also be other factors which are influencing cell
deformability following ANCA stimulation such as cell cytoplasm osmolality. Changes in
neutrophil cytoskeletal integrity contributes to alteration in neutrophil properties, such as actin
cytoskeletal rearrangement contributing to NE release, ROS generation, and NET formation

(108,553). Although the cytochalasins and other inhibitors I used had no impact on ANCA
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induced cytokine release, it may be that they would be more effective in inhibiting other

functional readouts such as NETosis.

Taken together, I suggest neutrophil biophysical properties, including area, deformation,
elasticity, are altered because of increased actin polymerisation present in aAAV neutrophil
phenotype and promoted by ANCA stimulation thereafter. My data suggests that altered
neutrophil phenotype from ANCA IgG and/or additional stimuli in aAAV neutrophils
promotes the alteration of neutrophil programmed mechanisms, in turn promoting an amplified

inflammatory disease state in patients with aAAV.

7.1.3. Oxygen tension alters NET formation and actin polymerisation

Following stimulation of neutrophils with ANCA IgG, increased proinflammatory (IL-8)
cytokine release and NET formation are well defined functional readouts. While decreased
oxygen tension (5% or 1% O>) did not alter IL-8 secretion in isolated neutrophils, 5% and 1%

0> did alter NET formation.

Increased NET formation and actin polymerisation were displayed in neutrophils stimulated
with ANCA at 21% and 1% O, but both functions were profoundly diminished at 5% O-
despite ANCA treatment. Furthermore, untreated neutrophils displayed increased deformation
in whole blood at 5% O, likely reflecting these differences in actin polymerisation, whereas
neutrophil deformability was comparable at 21% and 1% O,. Whilst this difference in
neutrophil phenotype observed for several functional parameters measured at 5% O: was
unexpected, it indicates that oxygen tension alone alters neutrophil homeostasis. Given that the
pathogenic mechanism of NETosis (which is promoted by ANCA at other oxygen tensions)

could in fact be diminished due to incubation at 5% O-, these findings suggest that 5% O»
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(representative of normal venous oxygen tension) exerts a “quiescent” homeostatic effect.
aAAV neutrophils were still displaying an active phenotype at 5% O, therefore an additional
factor may be regulating this effect that cannot be reverted by oxygen homeostasis. While I
anticipated changes in oxygen tension would alter neutrophil function and mechanisms, I had
not predicted to see such changes at 5% O, in comparison to other oxygen tensions measured.
Neutrophils are not exposed to 21% O> physiologically and it likely alters their responses to
do so. 21% O may potentially increase cell stress, therefore explaining why neutrophils may
be more likely to have a pathogenic reaction in this oxygen tension. Additionally, I am curious
to continue investigating this homeostatic difference at 5% O; and the mechanisms by which

this alters neutrophil responses and effector mechanisms as a result.

Overall, my data supports the importance of oxygen tension in modulating cells programmed
mechanisms, behaviours, and interactions within their physiological environment to measure
accurate readouts in experiments. Now that neutrophil phenotype has been further
characterised mechanically and functionally under hypoxia, and in the context of ANCA, more
representative ex vivo modelling of what occurs in vivo may produce more accurate results.
Due to limitations of measuring neutrophils ex vivo, such as their being terminally
differentiated and a shortened life span, determining their optimal environment for responses
ex vivo is essential for measuring their roles in health and disease models, particularly AAV. I
suggest that there needs to be greater consideration of the impact of oxygen tension in in vitro
studies which are carried out to model an in vivo environment. As I have shown that more
physiological oxygen tensions can alter neutrophil responses, it may be important to perform
cell isolations under physiological oxygen tensions to eliminate exposure to supra-

physiological oxygen tensions, which may alter subsequent responses to other stimuli.
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7.1.4. Hypoxia and ANCA alters neutrophil TEM

I identified that oxygen tension alters neutrophil biomechanics, NET production, and actin
polymerisation in neutrophils alone, and in the context of ANCA stimulation. Increased NET
production, and actin polymerisation were displayed in neutrophils incubated at 1% O: in
comparison to 21% O2, and an additional enhancement of these effects were shown once
neutrophils were stimulated with ANCA. These results display collectively how hypoxia and
ANCA can synergistically alter neutrophil mechanisms involved in pathogenic defence,

motility, and cytoskeletal rearrangement.

Considering the structural and locomotive effects of neutrophils are altered by hypoxia and
ANCA, I then wanted to also investigate how this influenced cell-to-cell interaction in a co-
culture setting. ANCA stimulated HC neutrophil SN and untreated aAAV SN promoted
comparable effects of cytokine release in gEC that was not further influenced by oxygen
tension However, in a co-culture setting with neutrophils and gEC there was increased TEM
and cytokine release (IL-8, VCAM-1, ICAM-1) in the presence of ANCA IgG, and TEM was
further enhanced by exposure to pathological hypoxia (1% O2), this may reflect changes in the

neutrophil cytoskeleton enabling migration.

7.1.5. Cell protrusion formation is transcriptionally dysregulated in AAV neutrophils

Multiple known pathways are involved in actin polymerisation and cytoskeletal rearrangement
but have not been investigated in the context of ANCA stimulation or in AAV. Nor is it known
how these processes are dysregulated in the context of ANCA stimulation or AAV neutrophils.
Therefore, I wanted to determine whether the effect I found of ANCA promoted neutrophil
actin polymerisation in neutrophils was transcriptionally regulated. Pathways involved in

neutrophil cell surface and whole membrane were dysregulated in aAAV in comparison to
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rAAV, and in MPO-ANCA stimulated neutrophils and PR3-ANCA stimulated neutrophils in
comparison to untreated neutrophils at both 21% and 1% O». This therefore may link why there

is increased neutrophil stiffness and actin polymerisation in the presence of ANCA.

I also wanted to determine whether aAAV neutrophils had transcriptionally regulated
differences in membrane reorganisation and protrusion formation. This could provide rationale
for the increased neutrophil stiffness mechanophenotype I found in untreated aAAV
neutrophils, and the difference in aAAV neutrophil actin polymerisation response to ANCA
stimulation. Certain cytoskeletal proteins were upregulated in aAAV neutrophils in addition to
cell protrusion pathways being one of the top dysregulated pathways in GO analysis. Whether
the effect of increased neutrophil stiffening, protrusion formation, and NET formation in aAAV

neutrophils and resultant of ANCA stimulation is linked, is a planned focus of further analysis.

7.1.6. Future work

To complete this project, I plan to measure the effect of ANCA induced actin polymerisation
of neutrophils in a co-culture setting with gEC under flow, to determine the difference in effect
as found under static conditions. Considering that many patients recruited within this study had
lung involvement and that this likely correlated with neutrophil stiffness, I also plan to perform
the same co-culture experiments with pulmonary microvascular endothelial cells, as I
conducted with gEC. Lastly, I will conduct further covariate analysis on my RNA-seq from
patient samples to determine whether other variables such as sex, steroid treatment, and lung

or kidney involvement may correlate with transcriptional dysregulation.

There are then several aspects of my results which would be potential avenues for future

studies. For example, it is known the neutrophil cytoskeleton contributes to programmed
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mechanisms and my study has shown altered biophysical phenotype of aAAV neutrophils,
suggesting this may also contribute to altered neutrophil function in disease. As increased pro-
inflammatory and adhesion molecule secretion levels were shown in untreated aAAV
neutrophil SN, it would be interesting to investigate alteration of other cytokine levels and
compare this with levels in serum or plasma. As part of this project, I have developed a biobank
of stored neutrophil supernatants, serum, and plasma from patients and HC, and plan to use
this with either a multiplex cytokine panel, or potentially proteomic analysis. This data would
couple with RNA-seq results to determine whether identified proinflammatory or adhesion
molecule expression are dysregulated at both the gene and protein expression level, which

could potentially inform development of a disease biomarker.

Additionally, future work in determining how to alter the neutrophil cytoskeleton in aAAV as
a mode of therapeutic targeting, would be desirable as a novel method to prevent neutrophilic
inflammation and damage in AAV, perhaps without causing unintentional additional
immunosuppression. This could be investigated through in vitro usage of additional inhibitors
not included in this study, targeting cytoskeletal remodelling, in addition to determining how
inhibitors alter neutrophil effector functions in aAAV neutrophils. While actin polymerisation
inhibitors were proven effective on ANCA stimulated HC neutrophils, future work would
therefore involve experimentation with aAAV neutrophils and replicating experiments

performed in vitro with HC neutrophils.

While I would measure how these inhibitors alter degranulation, phagocytosis, and NETosis in
HC and aAAV neutrophils, I consider NETosis the main effector function of interest
warranting further investigation. As shown in this thesis, ANCA induce increased NET

production, and patients with aAAV are prone to thrombotic events, perhaps because of NET
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induced vascular damage. Additionally, tissue factor (F3) was a top upregulated significant DE
gene in my RNA-seq results comparing ANCA stimulated neutrophils to untreated neutrophils.
This may be another contributor to increased coagulation, potentially coupling with increased
tissue damage induced by NETs. These effector mechanisms, specifically NETosis, would be
most interesting to measure in a co-culture model with venous and capillary EC. I also have
access to paraffin-embedded tissue slices (FFPE) from sites of active vasculitis; and it would
be interesting to perform IHC to investigate the presence of tissue factor and NETs in the tissue,
not only in circulation (587). It is difficult to confirm tissue hypoxia in human samples but
potentially also using IHC for HIF 1alpha as a surrogate may show evidence of hypoxia at sites

of active vasculitis in aAAV.

I would also perform endothelial damage and integrity assays, measuring vascular permeability
and angiogenesis. This would particularly be of interest under hypoxia due to the role of
hypoxia in wound repair and whether ANCA alters this. A standard scratch assay could be
performed to measure cell migration and angiogenesis, particularly considering VEGFA, a
HIIF regulated gene, was a top significantly upregulated DE gene in MPO-ANCA stimulated
neutrophils in the RNA-seq. RNA and protein lysates from gEC experiments were collected
and stored; therefore, future work would include measurement of top DE gene expression from
RNA-seq results and protein expression levels in these samples. While this study did not focus
on elucidating the molecular effects of EC, how these cells are regulated is of interest for future
work, as neutrophil EC interactions are what drive disease pathogenesis. Results displaying
increased proinflammatory cytokine and adhesion molecule release would promote neutrophil
recruitment, adhesion, and inflammation in co-culture. Future work is necessary to assess

whether further endothelial damage occurs due to exposure of these conditions through
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measurement of oxidative and shear stress, senescence, angiogenesis capacity, and cell

viability assays.

While this study did not focus on EC pathways, as the focus of my thesis was on neutrophil
function, how these cells are regulated is of interest for future work, as neutrophil EC
interactions are what drive disease pathogenesis in AAV. EC are also exposed to the same
oxygen tensions as circulating leucocytes in vivo and it would be interesting to further study
the impact of hypoxia on EC activation and injury in the context of AAV. For example, I could
perform endothelial damage and integrity assays, measuring vascular permeability and
angiogenesis. This would particularly be of interest under hypoxia due to the role of hypoxia
in wound repair and whether ANCA alters this. A standard scratch assay could be performed
to measure cell migration and angiogenesis. I have stored RNA and protein lysates from gEC
experiments, some of which were carried out under hypoxia and following incubation with
aAAYV supernatants; therefore, future work would include initial analysis of protein and gene

expression in these samples to guide future studies.

Another potential future direction for this study is to expand my analysis to investigate
neutrophil subsets. There is increasing evidence that neutrophils are not a homogenous
population and LDGs have been identified AAV and studied more extensively in SLE.
Increased NETosis and alterations in other functional readouts have been shown to occur LDGs
have displayed in SLE (331,588). Future work could investigate differences in
mechanophenotype, actin cytoskeleton, and NET production in LDGs. It would also be
interesting to investigate potential pathways for the development of LDG such as senescence

as the stage of LDG maturation and phenotype is still speculated in AAV.
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Lastly, as the focus of this thesis was neutrophils, further future work in mechanophenotyping
could include further assessment of monocytes due to their contribution to disease pathogenesis
in aAAV. Optimisation of an improved gating strategy for separating neutrophils from the
monocyte population may be necessary first in whole blood. Isolated monocytes have been
mechanophenotyped using real time deformability fluorescence cytometry (504), but due to
the limitation I found when using RT-DC for isolated cells, optimising an approach for whole
blood analysis is preferred. Monocytes and neutrophils fall within the same gating strategy of
area between 50-100mM? and overlap in the brightness average within contour (a.u.) between
65-70 a.u., whereby I employed a polygon gate to separate populations during ShapeOut
analysis. Due to the abundancy of neutrophils in whole blood, events recorded in Shapeln reach
the number necessary for neutrophil analysis within 10 minutes, whereas recording the
equivalent number of monocyte events may take up to 30 minutes which is not technically
feasible. Therefore, for future work, optimising a more efficient and accurate gating strategy
for monocyte measurement in whole blood would be necessary and of interest to

mechanophenotyping in aAAV and other immune-mediated diseases.

7.2. Conclusions

The focus of my thesis was to evaluate how neutrophil biophysical phenotype is altered in
response to ANCA stimulation and in patients with aAAV, and whether hypoxia exacerbates
this effect, contributing to EC injury. My results identify that neutrophil trapping in the
microvasculature in disease may be a result of altered neutrophil mechanophenotype in patients
with aAAV or in the presence of ANCA IgG. I present a novel pathogenic effect of ANCA
IgG on neutrophil actin polymerisation and demonstrate how reduced oxygen tension to
pathological levels alters neutrophil and EC functional responses in the presence of ANCA,

thus increasing the potential for neutrophil-mediated vascular injury. Targeting ANCA
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promoted neutrophil stiffening in AAV may be a potential option for treatment to reduce
neutrophil trapping in the microvasculature, therefore decreasing inflammation and dampening

pathogenic mechanisms.
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