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Abstract

ANCA associated vasculitis (AAV) encompasses several autoimmune conditions
characterised by destruction of small vessels, inflammation of the respiratory tract, and
glomerulonephritis. Most patients harbour autoantibodies directed against myeloperoxidase
(MPO) or proteinase 3 (PR3). These antigens are found mainly in the lysosomes of neutrophils
and monocytes and can be externalised when these cells are activated. Clinical and
experimental data suggest that pathogenesis is driven by ANCA-mediated activation of
neutrophils and monocytes. The function of monocytes in disease has been relatively
understudied. Here, | investigated the role of monocytes in AAV.

| first determined the relative proportion of monocyte subsets in patients, and found an increase
in the proportion of intermediate monocytes in patients versus control individuals. | found that
this subset preferentially expressed MPO and PR3 on their surface, and that the expression
of PR3 is not associated with CD177 as it is in neutrophils. | also found that monocytes respond
differently to antibodies directed against MPO and PR3, with anti-MPO but not anti-PR3
leading to increased IL-1pB, IL-6 and IL-8 production. In concordance with the observed higher
surface expression of MPO on intermediate monocytes, this subset produces the highest
guantity of IL-1B in response to anti-MPO stimulation suggesting a potential role in ANCA
vasculitis.

Changes in cellular metabolism, particularly a switch to glycolysis, have recently been linked
to activation of immune cells and to production of IL-13. Therefore, | next investigated the
metabolic profile of monocytes in response to ANCA stimulation. In contrast to their cytokine
production, | found a similar increase in glucose uptake from both anti-MPO and anti-PR3
stimulated monocytes. This increase corresponded to an increase in glycolysis, as measured
by Seahorse extracellular flux analysis, immediately following antibody treatment. Interestingly,
only the anti-MPO treated cells increased oxidative phosphorylation 4hr post stimulation and
these cells were also the only producers of IL-13. These data suggest a potential differential
activation of monocytes treated with ANCA compared to other inflammatory cell types.

The final aspect of this work was attempting to induce disease in a humanised mouse model,
and to study the effects of monocytes on disease pathogenesis in this in vivo setting. | was
unable to effectively induce disease in this model. However, | have shown for the first time that
distinct monocyte subsets are present in these mice. The presence of these subsets provides
a future model for the study of these cells in an in vivo setting and may benefit research into
other diseases along with AAV.

Taken together, these data strongly support a role for monocytes in the pathogenesis of AAV
and implicate changes in their cellular metabolism as a mechanism of activation. These
metabolic pathways may therefore be potential targets for therapeutic intervention.
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Chapter 1: Introduction



1.1 Anti-neutrophil cytoplasmic antibody associated vasculitis

1.1.1 AAV

Anti-neutrophil cytoplasmic antibody (ANCA) associated vasculitis (AAV) is a term which
encompasses several complex autoimmune conditions affecting the microvasculature. AAV is
distinguished from other small vessel vasculitis (SVV) by the lack of immune complex
deposition (Jennette et al., 2013). It presents mainly as a pauci immune necrotising vasculitis
which affects multiple organs and tissues, with the kidneys and lungs being particularly
vulnerable. AAV is the leading cause of rapidly progressive glomerulonephritis (GN) which is
characterised be crescent formation in the glomeruli of patients leading to kidney necrosis.
Currently, the Revised Chapel Hill Consensus Nomenclature is used to define different disease
subsets within AAV (Jennette et al., 2013). These diseases are; microscopic polyangiitis
(MPA), granulomatosis with polyangiitis (GPA) and eosinophilic granulomatosis with
polyangiiitis (EGPA). AAV is a rare disease with an incidence of ~19/million in Europe (Watts
et al., 2001). The prevalence of the different AAV subtypes has been shown to vary
dramatically with patients from Japan and Southern Europe having predominantly MPA while

Northern European countries have predominantly GPA (Hilhorst et al., 2015).

These conditions all share a number of similar clinical features, one of which is the
presence in most patients of antibodies (ANCASs) directed against myeloperoxidase (MPO) and
proteinase-3 (PR3). If left untreated these conditions have a 1 year mortality rate of 80% (Booth
et al., 2003). Even with treatment, MPA and GPA patients have a 5 year mortality rate of ~25%
(Phillip and Lugmani, 2008). Current therapies involve a two-fold strategy. Initial induction
therapy is designed to induce remission and usually consists of high dose glucocorticoids,
cyclophosphamide or rituximab for 12 weeks before switching to maintenance therapy of

azathioprine, methotrexate or rituximab to prevent relapse (Yates et al., 2016).
1.1.2 Granulomatosis with polyangiitis

GPA, formerly Wegener's granulomatosis, is defined as “Necrotizing granulomatous
inflammation usually involving the upper and lower respiratory tract, and necrotizing vasculitis
affecting predominantly small to medium vessels (e.g., capillaries, venules, arterioles, arteries
and veins). Necrotizing glomerulonephritis is common” (Jennette et al., 2013). GPA was first
described as a form of polyarteritis nodosa (PAN) by Klinger in 1931 (Klinger, 1931). It was
later characterised as a separate vasculitis by Wegener in 1939 (Wegener, 1939). The term
GPA, which better encompasses the multiple vessels involved, was first used to describe the
disease in 1954 by Godman and Churg and this has since become the accepted term (Godman
and Churg, 1954). 70% of GPA patients will present with upper respiratory symptoms and

>90% will develop these symptoms over the course of their disease (Hoffman et al., 1992).
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GPA can be limited to the respiratory system or can be more systemic affecting the kidney and
ocular vasculature. In cases where renal disease occurs it manifests as rapidly progressive
glomerulonephritis and often requires dialysis (Specks and DeRemee, 1990). As the name
suggests one of the key clinical characteristics of GPA is the presence of granulomatous

inflammation.
1.1.3 Microscopic polyangiitis

Wainwright and Davson first described patients with segmental glomerulonephritis who also
had features of PAN (Wainwright and Davson, 1950). This condition is now known as MPA.
MPA shares many of the same clinical features of GPA and is defined as “Necrotizing
vasculitis, with few or no immune deposits, predominantly affecting small vessels (i.e.,
capillaries, venules, arterioles). Necrotizing arteritis involving small and medium arteries may
be present. Necrotizing glomerulonephritis is very common. Pulmonary capillaritis often
occurs. Granulomatous inflammation is absent” (Jennette et al., 2013). The defining difference
between GPA and MPA is therefore the presence of granulomatous inflammation in the former.
Renal involvement is more common and severe in MPA patients than GPA patients with up to
50% of patients developing end-stage renal disease after 9 months (Borao-Cengotita-Bengoa
et al., 2010).

1.1.4 Eosinophilic granulomatosis with polyangiitis

EGPA was first defined by Churg and Strauss in 1951 (Churg and Strauss, 1951). It is defined
as “Eosinophil-rich and necrotizing granulomatous inflammation often involving the respiratory
tract, and necrotizing vasculitis predominantly affecting small to medium vessels, and
associated with asthma and eosinophilia. ANCA is more frequent when glomerulonephritis is
present” (Jennette et al., 2013). The main distinguishing feature between EGPA and GPA or
MPA is the presence of asthma and, as the definition suggests, eosinophilia. While eosinophils
are thought to play an important role in disease their exact pathogenic effects have not yet
been elucidated (Khoury et al., 2014).



1.2 What are ANCA?
1.2.1 Why ANCA matter

While the aetiology of AAV is still unknown it is considered to be an autoimmune disease due
to the strong association with ANCA. ANCA were first described by Davies et al in 1982 as
anti-cytoplasmic antibodies (ACPA) with unknown specificity which could stain the cytoplasm
of neutrophils (Davies et al., 1982). The association of ACPA with GPA was then found in 1985
(van der Woude et al., 1985). These antibodies were found to be directed against two main
constituents of neutrophil granules, PR3 and MPO. A specific immunofluorescent staining
pattern was observed for each antibody with anti-PR3 antibodies having a cytoplasmic pattern
(c-ANCA) and anti-MPO having a perinuclear staining pattern (p-ANCA). c-ANCA were found
to be highly specific (>90%) for GPA while p-ANCA are more common in MPA and EGPA,
although the latter is less specific (Hagen et al., 1998). ANCA have been linked to disease
activity and were initially thought of as a useful biomarker for diagnosis (van der Woude et al.,
1985). However, increasing evidence has shown that ANCA can be pathogenic and are likely
to be driving disease (Jennette et al., 2011). Evidence of their pathogenic effect includes the
fact that targeting B cells is an effective treatment for disease (Jones, 2014), as well as a
number of animal models which use ANCA to induce disease (Coughlan et al., 2012a). This
pathogenic effect can also be observed in vitro with ANCA having pro-inflammatory effects on
both neutrophils and monocytes (Falk et al., 1990, Ralston et al., 1997).

1.2.2 MPO

MPO is a key peroxidase enzyme involved in the inflammatory response (Reber et al., 2017).
It is a heme protein expressed mainly in the azurophilic granules of neutrophils (Kinkade et al.,
1983). In response to immune stimuli MPO is released during degranulation. This release of
MPO has direct anti-bacterial effects as well as increasing neutrophil vascular adhesion to
allow for diapedesis (Klinke et al., 2011, Reber et al., 2017). Upon priming using TNF-a, MPO
can become expressed on the surface of neutrophils (Falk et al., 1990). MPO expressed in
this way is thought to act as an e-selectin ligand and therefore increases cellular adhesion
(Silvescu and Sackstein, 2014). This extracellular expression also allows for antibodies
directed against MPO to bind and activate the neutrophil to degranulate (Porges et al., 1994).
MPO has no transmembrane domain and so is incapable of signalling alone. Activation of
neutrophils by anti-MPO antibodies is therefore thought to be mediated by the association of
MPO with other surface molecules such as CD11b and CD18 (Figure 1.1). This complex is
generally referred to as Mac-1. The precise mechanisms behind neutrophil activation as a
result of anti-MPO binding are not known, however, Mac-1 interacting with MPO is thought to

play a key role in this process (Lau et al., 2005).



Fc receptor (CD16)

Neutrophil

Figure 1.1 Neutrophil surface expression of MPO and PR3.

MPO interacts directly with Mac-1 and anti-MPO antibodies likely signal through this complex.
PR3 is bound to CD177 which can interact with Mac-1 to transduce anti-PR3 antibody signals.
Antibodies against MPO and PR3 are thought to also bind to Fc receptors both in cis and in
trans to activate the neutrophil.

While MPO is most abundantly expressed in neutrophils it is also expressed in the
lysosomes of monocytes (Ludemann et al., 1990). The cell surface expression of MPO in these
cells has been shown to differ from that seen in neutrophils, with basal levels of cell-surface
MPO expression without priming (Weidner et al., 2001). In vitro studies have shown that
monocytes can be activated in a similar way to neutrophils by anti-MPO antibodies (Weidner
et al., 2001). Signalling and molecular pathways associated with MPO surface expression on
monocytes are not well defined and require further study. The importance of anti-MPO
antibodies in the pathogenesis of AAV is illustrated by their use in several in vivo models of

disease (Coughlan et al., 2012a).
1.2.3 PR3

PR3, like MPO, is also found in neutrophil azurophilic granules (Campanelli et al., 1990). It is
one of a number of serine proteases whose main function is the breakdown of extracellular
proteins during inflammation (Kao et al., 1988). There is also evidence for PR3 having direct

microbicidal activity, with effects seen on both bacteria and fungi (Gabay et al., 1989). One of
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the most interesting effects of PR3 is its interaction with cytokines and other compounds
involved in the immune system, and thus it's potential to alter the immune response. In this
regard, PR3 has been shown to cleave pro-interleukin (IL)-1f resulting in IL-1B release
(Dinarello, 2011), inactivate IL-6 (Bank et al., 1999) and activate TGF (Csernok et al., 1996).
These effects suggest a possible dual role for PR3 with both pro inflammatory and anti-
inflammatory effects being observed. The anti-inflammatory role is also emphasised by the
ability of PR3 to inhibit NADPH oxidase and thus inhibit the immune response (Tal et al., 1998).
Interestingly, PR3 has also been shown to upregulate the important neutrophil chemokine IL-
8, which may result in increased neutrophil trafficking to sites of PR3 release (Padrines et al.,
1994).

Unlike MPO, PR3 has been shown to be expressed on unstimulated neutrophils in a
bimodal pattern (Halbwachs-Mecarelli et al., 1995), with different phenotypes being observed
between cells which express high levels of membrane PR3 (mPR3"d") vs those that are
mPR3" (Schreiber et al., 2004). High levels of mPR3"9" cells have been associated with a
risk of GPA, as well as rheumatoid arthritis (Rarok et al., 2002, Witko-Sarsat et al., 1999). As
PR3 does not contain a transmembrane domain its surface expression, similar to MPO,
involves its association with other proteins. This interaction is well described in neutrophils,
with PR3 associating with the GPI-linked protein CD177 (also known as neutrophil binding
protein (NB)-1) on the majority of cells (von Vietinghoff et al., 2007). This interaction has been
demonstrated by co-localisation experiments and also by demonstration that the hydrophobic
patch on PR3 can bind to CD177 (Bauer et al., 2007, Hajjar et al., 2008). It has also been
shown that in order to be mPR3"9" a neutrophil must express both CD177 and PR3 (Jerke et
al., 2011).

Due to the lack of a transmembrane signalling domain on both proteins, the mechanism
though which the PR3:CD177 complex signals in response to anti-PR3 antibody binding is not
fully understood. It is likely that this signalling occurs through interactions with other cell surface
proteins, in fact, PR3:CD177 has been shown to be part of lipid rafts which also contain the
Mac-1 complex as well as the FcyRIlIb (David et al., 2003, David et al., 2005) (Figure 1.1).
Signalling by anti-PR3 is therefore likely to be similar to the signalling of anti-MPO antibodies
with CD11b and CD18 providing the transmembrane component (Jerke et al.,, 2011).
Interestingly, some neutrophils which express surface PR3 do not co-express CD177. In these
cells the method by which PR3 is anchored to the surface is thought to be through insertion
into the plasma membrane via interactions between amino acid residues (Hajjar et al., 2008).
The method through which anti-PR3 binding signals in these cells is yet to be elucidated but it
is likely that lipid raft formation, and subsequent clustering of signalling proteins, plays an

important role.



Surface expression of PR3 on monocytes has been relatively understudied in the
literature, however, anti-PR3 antibodies have been shown to activate these cells in vitro
(Ralston et al., 1997). Unlike MPO the pathogenic effects of anti-PR3 antibodies have not been
fully shown in vivo. This is largely due to the absence of a suitable mouse model in which to
induce disease. Recently, humanised mice, which have a functional human immune system,
have been used to overcome this lack of a suitable model. These models have shown promise
in providing an in vivo system to study anti-PR3 ANCA and their use is discussed in more detall
later. Despite the lack of in vivo models, the large amount of in vitro evidence indicates a
prominent role for anti-PR3 antibodies in disease.

1.2.4 Other ANCA targets

While anti-MPO and anti-PR3 antibodies are the autoantibodies most frequently associated
with AAV, autoantibodies directed against other antigens can also occur in AAV patients.
These include antibodies directed against other antigens found in the granules of neutrophils
such as lysosomal membrane protein (LAMP)-2, elastase, cathepsin G and lactoferrin. LAMP-
2 antibodies were initially described by Kain et al and have actually been found to be more
prevalent in patients (up to 93%) than the more commonly known ANCA (Kain et al., 1995,
Kain et al., 2008). Kain et al have also shown in vitro, that neutrophils treated with monoclonal
anti-LAMP-2 antibodies release MPO and cause vascular damage, indicating a potential role
for these antibodies in disease (Kain et al., 2008). This group have also suggested that LAMP-
2 antibodies may play a role in the initial break in tolerance in patients, and this break may be
due to molecular mimicry between LAMP-2 and the bacterial protein FimH. Anti-elastase
antibodies have been shown to elicit a c-ANCA pattern similar to anti-PR3 antibodies, while
cathepsin G and lactoferrin display a p-ANCA pattern similar to anti-MPO. The clinical
relevance of these antibodies remains unclear however they have all been found at varying
frequencies in patients suggesting a possible role in disease (Nishiya et al., 1999, Talor et al.,
2007). Due to their similar staining patterns, these antibodies may lead to discrepancies in
anti-MPO and anti-PR3 detection assays and their potential role in disease requires further

study.

1.3 Immunology of AAV
1.3.1 Neutrophils

Neutrophils are polymorphonuclear cells involved in the innate immune response. They are
short lived cells which survive for 1-2 days in the circulation, and account for approximately
70% of circulating leukocytes. Neutrophils play an important role in the initial immune response
to infection as they are usually among the first cells to encounter immune stimuli. This initial

response is often important in activating the overall immune response with other cells being
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recruited and activated at a later stage. Although they have beneficial effects in their role in
fighting infection, neutrophils have also been shown to have negative effects in some
conditions. These effects have resulted in several studies claiming that neutrophils can be both
friend and foe to the host, depending on the conditions and stimulus met (Lowe et al., 2012,
Drescher and Bai, 2013, Fridlender and Albelda, 2012).

In response to immune stimuli, such as bacterial infection, cancers, or environmental
exposure, neutrophils can transmigrate to sites of inflammation (Craig et al., 2009, Liang and
Ferrara, 2016, Jacobs et al., 2010). This process occurs through extravasation from the
circulation in response to chemokines such as IL-8 and C5a (Zeilhofer and Schorr, 2000,
Ehrengruber et al., 1994). The main effector functions of these cells are to directly phagocytose
material, to produce microbicidal compounds capable of killing bacteria and to produce
cytokines and chemokines which propagate the immune response (Amulic et al., 2012). As
mentioned previously, the majority of research into the pathogenesis of AAV has focused on
the role of the neutrophil in disease. The evidence for the importance of neutrophils in AAV is
derived from both in vitro and in vivo studies. In vitro, ANCA have been shown to cause
neutrophil degranulation and respiratory burst, along with increased inflammatory cytokine
release resulting in damage to endothelial cell walls (Falk et al., 1990, Brooks et al., 1996,
Savage et al., 1992). While activation of these cells requires ANCA binding to antigen and
Mac-1 activation as discussed above, in order to be fully activated binding of the Fc portion
has been shown to be required through the Fcylll receptor CD16. Interestingly, this binding is
thought to occur through both interactions with neighbouring neutrophils as well as in cis
interactions on single cells (Figl.1) (Hewins and Savage, 2003). This CD16 binding

emphasises the important role of this molecule in ANCA pathogenesis.

The particular importance of these cells has been demonstrated in vivo, where
depletion of neutrophils abrogated disease in a passive transfer mouse model (Xiao et al.,
2005). Clinically, neutrophils are found in biopsies of affected glomeruli in patients and the
number of activated neutrophils found in this area correlates with disease severity (Brouwer et
al., 1994). The current model of disease pathogenesis in AAV places neutrophils as the primary
instigators of vascular damage. In this model neutrophils are primed through an external
stimulus which leads to the expression of PR3 and MPO on the cell surface. This priming
allows for the binding of ANCA leading to activation of the neutrophil in the form of

degranulation which leads to vascular damage (Figure 1.2).
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Figure 1.2 Current model of neutrophil driven damage

The current model of AAV postulates that neutrophils are primed by a stimulus such as
infection. This priming leads to surface expression of MPO and PR3. This expression allows
ANCA antibodies to bind and activate the cell resulting in vascular damage.

1.3.2 Monocytes

Monocytes are mononuclear cells of the myeloid lineage making up approximately 10% of
human leukocytes in blood. Together with macrophages they are often referred to as
mononuclear phagocytes (Ziegler-Heitbrock et al., 2010). These cells derive from bone marrow
precursors and are found in the circulation for only a few days before either sequestration in
the spleen or migrating to different tissues and developing into macrophages or dendritic cells
(DCs) (Ziegler-Heitbrock, 2015). The main function of monocytes is in immune defence, as
well as playing a role in homeostasis and tissue repair. Monocytes can mediate an immune
response directly through phagocytosis as well as through release of cytokines and other
inflammatory mediators such as reactive oxygen species (ROS) (Serbina et al., 2008). The
transmigration of monocytes from the circulation and differentiation into monocyte-derived
macrophages is also vital for an adequate immune response to infection (Shi and Pamer,
2011). These macrophages have an initial pro-inflammatory phenotype which can switch to a
more anti-inflammatory and wound healing role in tissue remodelling post infection. The

recruitment of monocytes from the vasculature to tissues is mediated by chemokines.
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Monocyte chemoattractant protein (MCP) 1, 2, 3 and 4 are chemokines of the CCL family
which are important in mediating transmigration of monocytes into tissues (Deshmane et al.,
2009).

Initially monocytes were defined based on their appearance under light microscopy.
These cells contained a unilobed nucleus which was kidney-shaped. With the development of
flow cytometry, surface markers were found which could be used to define these cells. Several
markers can be used to define monocytes with the most commonly used being the co-receptor
for LPS, CD14. Defining monocytes in this way also allowed for the classification of
subpopulations based on their expression levels of the Fcylll receptor CD16. These
subpopulations were found to have differing roles in host defence. Initially these subsets were
divided into CD16- and CD16+ populations (Ziegler-Heitbrock et al., 1991). These
subpopulations were categorised as being inflammatory (CD14++ CD16-) and resident
(CD14+CD16+) monocytes (Geissmann et al., 2003). The CD16+ population has since been
further subdivided so that three current monocyte subsets are defined in the literature (Ziegler-
Heitbrock and Hofer, 2013). These subsets are; classical (CD14++CD16-), intermediate
(CD14++CD16+) and non-classical (CD14+CD16++) (Figure 1.3). The relationship between
these different subsets and whether they represent different cell types or simply transitional
developmental stages is poorly understood, however, several key physiological differences
have been found between the three groups. These subsets have been implicated as having a
role in diseases such as rheumatoid arthritis (Rossol et al., 2012), sarcoidosis (Heron et al.,
2008), severe asthma (Moniuszko et al., 2009) and atherosclerosis (Woollard and Geissmann,
2010)
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1.3.2.1 Classical monocytes

Classical monocytes are the most abundant monocyte subset found in humans. These cells
are highly responsive to TLR agonists and have been shown to produce high levels of IL-10,
IL-6, IL-8 and MCP-1 in response to these stimuli (Cros et al.,, 2010). In addition to their
cytokine producing functions, classical monocytes have also been shown to act as scavengers
and to have strong phagocytic functions (Yang et al., 2014). These effector functions are
supplemented by the production of ROS and anti-microbial enzymes such as myeloperoxidase
in these cells upon activation (Wong et al., 2011). In spite of their strong phagocytosing ability
these cells are thought to have poor antigen presenting capabilities (Liaskou et al., 2013, Cros
et al., 2010). They are therefore likely to play a role in other aspects of the immune response.
In particular, gene expression analysis indicates that these cells may have a prominent role in

wound healing and tissue repair (Wong et al., 2011).

Classical Intermediate Non-Classical

CD14 cbie

Figure 1.3 Identifying markers for monocyte subsets
Surface markers used to identify classical (CD14++CD16-), intermediate (CD14++CD16+) and
non-classical (CD14+CD16++) monocytes.
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1.3.2.2 Intermediate monocytes

The intermediate monocyte subset was initially thought of as a transitional stage in monocyte
development however, recently, this subset has become the subject of increased scrutiny in
disease. The suggestion that cells are transitional is largely based on genetic analysis which
showed that some aspects of their gene expression profile was somewhere between that of
the classical and non-classical subsets (Wong et al., 2011). On the other hand, these cells
have an interesting collection of genes which were expressed at higher levels than those seen
in either of the other two subsets. These included antigen processing genes, such as CD40,
CD74 and HLA-DR, and inflammation related genes such as TGFB1, AIF1 and PTPN6
(Zawada et al., 2011). These variations in gene expression suggest possible unique functions
for this cell type. Intermediate monocytes have phagocytic capacities similar to those seen in
the classical subset (Cros et al., 2010). They have also been shown to produce a different
cytokine profile in response to LPS signalling particularly showing an increase in IL-1f and
TNF-a production (Cros et al., 2010). This increased proinflammatory cytokine production from
these cells was also found using low density lipoprotein (LDL) uptake assays, indicating that
they may have a more pro inflammation phenotype than classical or non-classical monocytes.
Conflicting studies regarding this proinflammatory cytokine production have emerged with
variability between research groups possibly due to non-standardised protocols for isolating
these individual cell types (Wong et al., 2011, Thiesen et al., 2014).

1.3.2.3 Non-classical monocytes

The final, non-classical, subset has been referred to as patrolling monocytes. These cells are
thought of as being highly differentiated due to their increased persistence in circulation in
comparison to the other subsets (Liaskou et al., 2013). The patrolling nature of these cells is
derived from their ability to adhere to and move along endothelial surfaces (Cros et al., 2010,
Thomas et al., 2015). This movement mechanism allows these cells to sample antigens
passing in the circulation more readily and for an increased period to allow activation. One of
the distinguishing features of this subset is their smaller size when compared to the other two
subsets (Stansfield and Ingram, 2015, Boyette et al., 2017). Interestingly, monocytes which
differentiate into macrophages have been shown to increase in size suggesting that the non-
classical subset may have a role in this regard in the immune response (Visioli et al., 2000).
The exact immune functions of non-classical monocytes remains unclear with studies showing
they have only weak phagocytic ability as well as little or no inflammatory cytokine production
(Cros et al., 2010). This subset is therefore likely to have a role in sensing pathogens and injury

rather than having a major role in the effector response.
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1.3.2.4 Monocytes in AAV

While neutrophils have been the main cell studied in AAV, monocytes have also been
implicated in the disease since its first description. In fact, when the antibodies of interest were
first discovered they were known as anti-cytoplasmic antibodies (ACPA) to reflect their binding
to different cell types (van der Woude, 1985). As neutrophils become the primary focus of study
the term ANCA became more predominantly used. The importance of monocytes in disease
is indicated by several clinical characteristics of patients with AAV. In patients with kidney
involvement, monocytes/macrophages are the predominant infiltrating immune cell found in
the glomeruli in biopsies from early stages of disease (Zhao et al., 2015). MCP-1 levels are
also found to be increased in patient kidney biopsies indicating a mechanism by which

monocytes may be recruited to the areas of damaged tissue (Tam et al., 2004).

The presence of these cells in the early lesions along with the fact macrophages are
the dominant cell type in the later stages of ANCA GN suggests they are important throughout
the course of disease (Jennette and Falk, 2015). Monocytes are likely to be particularly
important in GPA due to their involvement in granuloma formation. Monocytes, along with
neutrophils, make up the centre of the granuloma with other immune cells being present
around the periphery (Csernok and Gross, 2013). The interaction of monocytes with T cells in
the granuloma is likely to be an important mediator of pathology in granulomatous disease,
although the exact mechanism and interactions are yet to be fully elucidated (Brunini et al.,
2016). Aberrant T cell populations are thought to be involved in AAV and are discussed below.
Briefly, monocytes are thought to interact with CD4+ T cells in the granuloma of GPA patients,
which can lead to a polarisation to Tw17 cells (Evans et al., 2009). Therefore, monocytes could
be important in driving the transition from more localised inflammation of the respiratory tract
to systemic disease often seen in later stage GPA. More recently, monocytes have also been
heavily implicated in crescent formation in anti-MPO driven disease, with depletion of these
cells resulting in loss of disease in mice (Rousselle et al., 2017). These data emphasise the

potentially important role for these cells in disease.
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1.3.3 Other immune cells

Other immune cells are also thought to be involved in the pathogenesis of AAV. As would be
expected in a disease thought to be driven by autoantibody production, B cells have been
implicated. The key role for B cells, and ANCA, in disease pathogenesis is emphasised by the
success of Rituximab treatment in patients (Rhee et al., 2010). Rituximab treatment results in
depletion of CD20+ B cells and therefore prevents ANCA production. In addition to their role
in antibody production in the normal immune response, B cells also have a role in antigen
presentation to T cells. A subset of these cells produce IL-10 and are involved in the regulation
of T cells. The role of these IL-10 producing regulatory B cells (B:eg) cells has been implicated
in the pathogenesis of disease, with one study showing that AAV patients have impaired
functionality in these cells (Wilde et al., 2013). There are however conflicting results with regard
to this loss of functionality with another study showing that only the frequency, but not the
functionality, of Breg cells is reduced in AAV patients (Todd et al., 2014). This understudied cell
type requires further research to fully establish its importance in disease.

Along with B cells, T cells are the other major arm of the adaptive immune response.
These cells have also been implicated in AAV pathogenesis with T cells being found in the
inflammatory lesions in kidney and lung of patients, as well as being present in granulomas
found in GPA (Wilde et al., 2010). The role of T cells in disease is likely to mainly involve T
helper (Tw) cell activation of B cells to produce antibody. This role, along with defects in
regulatory T (Treg) cell functions which suppress autoimmunity (Lepse et al., 2011) and even
direct damage to the endothelial surface by a subset of these cells (de Menthon et al., 2011),
is likely to be important in disease. Tx cells are mainly divided into three subtypes based on
cytokine production and inflammatory phenotype. These are; pro-inflammatory Tyl cells, anti-
inflammatory Tw2 cells and IL-17 producing Tn17 cells. The role of these cells in AAV is thought
to vary, with Tyl cells being found mainly in lesions in localised disease while Tu2 cells are
more associated with systemic manifestations (Lepse et al., 2011, Sanders et al., 2006,
Csernok et al., 1999).

Tul7 cells are of particular interest in AAV as these cells have been implicated in
several other autoimmune diseases (Tabarkiewicz et al., 2015) and have been shown to be
present in increased frequencies in AAV patients (Abdulahad et al., 2008). IL-17A, the
predominant cytokine produced by Th17 cells, has also been shown to induce IL-13 and TNF-
a production from macrophages as well as to recruit neutrophils (Chen et al., 2013) which may
play a role in developing a proinflammatory environment at sites of vascular damage in
patients. Interestingly, cytokines produced by neutrophils in response to anti-MPO stimulation,
such as IL-6, IL-17 and IL-23, have all been shown to promote Tw17 cells indicating a possible
feedback mechanism (Gan et al., 2010).
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Treg Cells function to inhibit aberrant immune responses and maintain self-tolerance in
a normal immune system. These cells have been shown to be dysfunctional in AAV patients
which may help to explain how autoreactive cells develop (Free et al., 2013). Studies reporting
the proportion of Treq cells found in AAV patients have shown conflicting results, however, each
study has found a similar lack of functionality in these cells (Abdulahad et al., 2007, Rimbert
et al., 2011, Morgan et al., 2010). Trg cells are involved in suppression of T417 cell responses
and this lack of function may explain the increased proportion of the later cell type in patients
(Fletcher et al., 2009). T cells are emerging as important cells in the pathogenesis of AAV and
more research is required to elucidate the exact role these cells play both in the development

and progression of the disease.
1.3.4 Complementin AAV

The complement system is a series of proteins, mainly protease enzymes, which aid in the
immune response to pathogens. The effects of this pathway are mediated in three main ways;
opsonisation of bacteria and target cells, pore formation in bacterial plasma membranes and
chemoattractant effects. The proteins in the complement system are present mainly as inactive
membrane bound precursors. These proteins are then activated by proteolytic cleavage in a
cascade leading to their effector functions. The complement system consists of three main
pathways of initial activation; the classical, mannose binding lectin (MB), and alternative
pathways. Although initial activation may differ in each pathway they each converge when the
C3 convertase enzyme is activated. Two of the main components of the complement system
are C3a and Cb5a. These two proteins act as chemokines and have strong chemoattractant
effects on neutrophils (Ehrengruber et al., 1994).

Complement is also important in the clearance of antibody-antigen complexes, known
as immune complexes. In a normal immune response complement binds to immune
complexes to increase their opsonisation and solubility. When complement proteins are not
functioning correctly, such as in some autoimmune diseases, there is a reduction of this
solubility and this can lead to immune complex deposition (Markiewski and Lambris, 2007).
Due to the lack of immune deposits associated with AAV, complement had largely been
thought of as being unimportant in disease. Recently, however, in vivo experiments have
indicated that complement is important in disease. Xiao et al have shown that depletion of
complement completely abrogates the pathogenic effect of anti-MPO antibodies passively
transferred into MPO”- mice (Xiao et al., 2007). These data have been supported by human
studies where complement components have an increased prevalence in renal biopsies from
AAV patients compared to controls (Xing et al., 2009, Chen et al., 2009). ANCA stimulated

neutrophils have been shown to be primed by C5a (Xiao et al., 2014), as well as to activate
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the complement pathway (Xiao et al., 2007), which may result in a positive feedback loop

recruiting more neutrophils which can then be activated.
1.3.5 Inflammatory cytokines

Cytokines are a group of structurally diverse, small proteins which are involved in signalling
between cells and can be released by many different cell types in the body. Cytokines can be
involved in cell proliferation, activation, apoptosis, and in the recruitment of cells to sites of
infection or injury. In the context of immunity the recruitment of cells to the site of infection is
particularly important. This occurs through specific cytokines known as chemokines (Rollins,
1997). Chemokines are released by immune cells in response to antigen and also by epithelial

cells in response to pro-inflammatory cytokines.
1.3.5.1 IL-1B

IL-1B is a member of the IL-1 family of cytokines. It is produced as a non-biologically active
30kDa protein (pro-IL-1B) and requires cleavage in order to carry out its effector functions
(Dinarello, 2009). Once the pro form has been cleaved a 17kDa active IL-1B protein can be
secreted by the cell where it has a role in activation of other immune cells as well as inducing
further cytokine release from endothelial cells (Johnson et al., 2005). IL-1p is often seen as a
danger signal to the immune system due to its release from innate immune cells such as
monocytes and macrophages. Levels of IL-18 have been shown to be increased in several
autoimmune diseases such as rheumatoid arthritis, type-2 diabetes and psoriasis (Kay and
Calabrese, 2004, Dinarello et al., 2010, Schon et al., 2001). Systemic levels of IL-13 have been
shown to be unchanged in AAV patients (Nogueira et al., 2010), however, this cytokine is found
to be produced by cells in the kidneys of patients with GPA suggesting a more localised
function in disease (Noronha et al., 1993). The production of this cytokine is heavily linked to

changes in cellular metabolism which will be discussed later.
1.3.5.2 IL-6

IL-6 is a pleiotropic cytokine with several functions in the immune response. Initially, this
cytokine was described based on its ability to differentiate and expand T cells and cause B cell
differentiation (Klimpel, 1980, Yasukawa et al., 1987). As well as this role in immune cell
function, IL-6 has since been described as having ‘hormone-like’ effects affecting lipid
metabolism, insulin resistance and mitochondrial activities (Hunter and Jones, 2015). IL-6
production is induced from both immune and stromal cells by other cytokines such as IL-13
(Tosato and Jones, 1990). IL-6 also has important functions in neutrophil activation (Wright et

al., 2014) and trafficking (Fielding et al., 2008) suggesting it may have a role in AAV. This
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hypothesis is supported by data showing that blocking the IL-6 receptor is beneficial as a
treatment (Berti et al., 2015).

1.3.5.3 Other cytokines

Other cytokines have also been suggested to have a role in the pathogenesis of AAV. IL-8 is
a chemokine which induces neutrophil chemotaxis and can increase phagocytosis in these
cells (Dixit and Simon, 2012, Harada et al., 1994). IL-8 production has been shown to be
upregulated by monocytes in vitro in response to ANCA stimulation (Ralston et al., 1997).
Tumour necrosis factor (TNF)-a is another cytokine which has been implicated in disease.
Similar to IL-18, TNF-a production occurs in situ in the lesions of patients (Noronha et al.,
1993). This cytokine is involved in regulation of the immune system and can be induced by
several stimuli such as lipopolysaccharide (LPS), bacterial products and IL-1. The main
immune cell functions of TNF-a derive from its interactions with endothelial cells (Bradley,
2008). This results in the upregulation of adhesion molecules which allows for transmigration
of cells to sites of infection (Munro et al., 1989). The role of TNF in AAV is thought to be as a
result of increased trafficking of neutrophils and other immune cells to the sites of vascular
damage as well as providing priming effects on neutrophils (Hess et al., 2000, Harper et al.,
2001b). In vivo models of disease have shown that TNF-a levels are increased in diseased
animals compared to controls and that inhibition of this cytokine results in reduced disease
severity (Ishida-Okawara et al., 2004, Huugen et al., 2005). In patients, inhibiting TNF-a
resulted in a slight improvement in patient outcomes however, this improvement was not as
consistent as that seen in patients treated with rituximab (Jarrot and Kaplanski, 2014). These
data indicate a potential role for TNF-a in disease however, this is unlikely to be pivotal for

disease progression.

1.4 Animal models of AAV
1.4.1 Anti-MPO models

The availability of murine models of disease has greatly increased our knowledge of a wide
variety of conditions from cancer and autoimmune diseases to infection and obesity (Cheon
and Orsulic, 2011, Lee et al., 2012, Lutz and Woods, 2012). The elucidation of anti-MPO
antibody driven AAV has been aided greatly by the availability of several in vivo models (Table
1.1). These models have helped to provide evidence for the pathogenic effects of anti-MPO
and have allowed for a greater understanding of the mechanisms behind disease. No one
model perfectly replicates disease and therefore each model has advantages and
disadvantages depending on the research question being asked. Some of these models are

discussed in detail below.
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1.4.1.1 Spontaneous cresentic glomerulonephritis/Kinjoh (SCG/Kinjoh)

SCG/Kinjoh mice are an inbred strain which have been selectively bred to have high glomerular
crescent formation. These mice spontaneously produce anti-MPO antibodies and develop
necrotising vasculitis and crescentic glomerulonephritis (Neumann et al., 2003). The main
advantage of this model is the autoimmune nature of disease similar to human disease. There
are however several drawbacks to using these mice to study disease. These include the
presence of anti-nuclear antibodies which may contribute to kidney injury and the presence of

immune complex deposition which is not seen in the human disease.
1.4.1.2 Experimental autoimmune vasculitis

Unlike the majority of the models used to study AAV to date the experimental autoimmune
vasculitis (EAV) model uses rats as opposed to mice. This model was developed using WKY
rats which are susceptible to the induction of glomerulonephritis (Little et al., 2005). The
susceptibility of these rats to disease induction derives from a specific polymorphism in the
Fcgr3 gene. This gene encodes FcyRIll CD16. This polymorphism leads to increased
activation of the CD16 receptor which leads to macrophage overactivity and susceptibility to
glomerulonephritis (Aitman et al., 2006). Immunisation of WKY rats with human MPO results
in the generation of antibodies directed against hnMPO. These antibodies can also cross react
with rat MPO which generates the pathogenic phenotype. Pauci-immune crescentic GN
develops in approximately 60% of animals within 6-8 weeks of immunisation. The lack of total
disease induction is a particular drawback of this model along with the relatively mild form of
disease developed. In order to improve the number of animals developing disease, complete
Freund’s adjuvant and pertussis toxin has been used (Little et al., 2009). While this approach
did improve the susceptibility of the animals to disease it also introduces additional variables
reducing the ability of this model to mirror the human disease. This model has also been only
shown to induce disease in WKY rats with other strains showing no signs of disease. This
indicates a strong genetic component which may confound the design of some experiments in

these animals (Coughlan et al., 2012a).

18



Model

Advantages

Disadvantages

SCG-Kinjoh mice

Spontaneous
autoimmune disease
Robust disease
observed (Crescents

present)

Other
autoantibodies
present besides
ANCA

Not Pauci-immune

Experimental autoimmune

Model is autoimmune

Only WKY rats

Quick readout

vasculitis susceptible
Relies on human
rather than rat
MPO

Passive Transfer of Simple controllable Not autoimmune

transfer IgG from model for studying No cellular

models MPO mice direct effect of ANCA immunity to MPO

Mild disease

Transfer of
splenocytes
from MPO™-

mice

Robust disease

Immune deposits

in kidney

MPO” Bone marrow

transplant mice

Allows the study of
direct effects of ANCA
Disease is induced by
circulating antibody
without need for IgG

isolation

Not autoimmune
No cellular
immunity to MPO

Mild disease

Table 1.1: Animal models of Anti-MPO ANCA vasculitis.
Some of the models used in the study of AAV. (Adapted from (Coughlan et al., 2012a))
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1.4.1.3 Passive transfer models

The passive transfer model of AAV involves the generation of anti-MPO antibodies by
immunising MPO™ mice and the transfer of these antibodies into wild-type mice to induce
disease. These antibodies have been shown to generate a focal necrotising crescentic GN in
the recipient mice 1 week post injection (Xiao et al., 2002). This model was one of the first to
show a direct pathogenic effect of ANCA in an in vivo setting. While the disease seen in these
mice was mild (~5% glomeruli affected), the impact this finding had on the field was
considerable. The same group also showed that disease severity can be improved in this
model by transferring splenocytes from the MPO immunised MPO” mice into recombinase
activating gene (RAG)-2- mice. RAG2” mice lack T and B cells and this system resulted in
crescent development in 80% of glomeruli (Xiao et al., 2002). Unfortunately, this model also
resulted in significant immune complex deposition which limits its suitability to model the

human condition.
1.4.1.4 Bone marrow transplant model

Similar to the passive transfer model described above, this model involves the immunisation
of MPO™- mice with MPO. However, rather than transferring the anti-MPO antibodies produced
into wild-type animals, the immunised mice are irradiated prior to receiving wild-type bone
marrow (Schreiber et al., 2006). Due to the radio resistant nature of plasma cells, anti-MPO
antibody levels remain high following irradiation. These antibodies can then activate cells
produced from the new bone marrow which express MPO, leading to the induction of disease.
The main advantage of this model over the previous model is the presence of cells which
constitutively produce antibody rather than the transient administration of IgG (Coughlan et al.,
2012a). The biggest hindrance to the use of this model to study disease is that crescentic GN

does not develop until 8 weeks post bone marrow transplant.
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1.4.2 Anti-PR3 models

All of the models outlined above use MPO in order to induce disease with varying degrees of
similarity to that seen in humans. These models have allowed for greater elucidation of the
mechanisms behind anti-MPO antibody driven disease and have been important in the
development of new drug targets. In vivo models of anti-PR3 driven disease have proven much
more difficult to establish. This difficulty is thought to be as a result of differences between the
structure and expression of human and mouse PR3. Antibodies raised against human PR3
target epitopes not present on rodent PR3 (Pfister et al., 2004). Interestingly, Pfister et al found
that immunising PR3 and neutrophil elastase double deficient mice with murine PR3 led to
anti-PR3 specific antibodies but no disease. This lack of disease is thought to be due to PR3
not being expressed on the surface of isolated mouse neutrophils in the same way as it is on
human cells (Pfister et al., 2004). Other studies have shown that immunisation of mice with
chimeric human/mouse PR3 leads to high titres of anti-PR3 antibodies however, again no
disease was observed in these animals (van der Geld et al., 2007).

1.4.3 Humanised mice

The models described previously have provided a valuable surrogate for experimentation
using human subjects which has several ethical, moral and financial constraints. The benefit
of these model organisms largely derives from the similar biology of mice and humans. While
there are numerous similarities between the two species the divergence of evolution has
resulted in differences in the some responses which can limit the translational value of using a
mouse model (Constantinescu et al., 2011), as seen in attempts to generate anti-PR3 models
of AAV. In order to compensate for the differences between these two organisms, the concept
of mice which could be given more human-like characteristics was theorised. Initial
experiments in this regard proved largely unsuccessful. These experiments, attempted in nude

mice which lack T cells, failed to support the growth of human cells (Ganick et al., 1980).

Following this, it was shown that low levels of human cell engraftment could be obtained
in mice which had severe combined immunodeficiency (SCID). These mice lacked both T and
B cells which reduced the rejection of the injected human cells. The next breakthrough in
creating humanised mice came when these SCID mice were crossed onto non-obese diabetic
(NOD) mice which have defects in NK cell, macrophage and complement activity (Shultz et al.,
1995). These mice dramatically improved engraftment levels, however, problems remained
with residual NK cells being present and with these mice having a short lifespan (Lowry et al.,
1996, Shultz et al., 2007). The final piece of the humanised mouse puzzle came with the
development of NOD-SCID mice which were also deficient for the IL-2 receptor gamma (IL-

2ry) chain. This deficiency led to a complete loss of NK cells resulting in an improved

21



environment for human cell engraftment (Cao et al., 1995). These mice also had increased
lifespans compared to the previous NOD-SCID strain allowing for increased potential for their
use as an experimental model (Shultz et al., 2007).

While NOD-SCID IL-2ry" (NSG) mice are the most commonly used strain to create
humanised mice, other immunocompromised strains containing the IL-2ry”, such as BALB/c-
RAG-27" IL-2ry"" (RAG™) mice, can also be used (Brehm et al., 2010). The predominant use of
the NSG strain is as a result of increased engraftment levels in these mice when compared to
RAG™ mice (Brehm et al., 2010, Stoddart et al., 2011). Recently, studies have attempted to
increase the levels of human engraftment using mouse strains based on NSG or RAG™
backgrounds which have inserted human cytokine genes. The use of NSG mice with genes
for human cytokines is described in Chapter 5. Two main strains of RAG” mice have been
used to increase engraftment by insertion of human genes. Mice with knocked in human M-
CSF, IL-3 GM-CSF and thrombopoietin (Tpo), named MITRG, or M-CSF, IL-3, GM-CSF, Tpo
and bacterial SIRPa (MISTRG) have been shown to increase human cell engraftment in RAG"
" background animals (Rongvaux et al., 2014). These different strains have different
advantages and disadvantages as model systems outlined in Table 1.2 The reconstitution of
a human immune system in these mice involves the administration of human cells or tissue to
the immunocompromised animals. The cells and methods used can therefore vary. The most
commonly used methods are outlined in Figure 1.4 and the main advantages and

disadvantages are summarised in Table 1.3.

The first method involves the intravenous (1.V.) injection of human peripheral blood
leukocytes. NSG mice are the strain most commonly used to develop this model largely due
to the difficulties associated with conditioning BALB/c-RAG-2" IL-2ry” mice to accept the
peripheral blood leukocytes (van Rijn et al., 2003). The most common human cell type found
in mice engrafted in this way are T cells. These mice are therefore useful in the study of effector
T cell functions, however, the lack of interaction between the human leukocyte antigen (HLA)
restricted T cells and the mouse major histocompatibility complex (MHC) provides a limitation

to the work which can be performed using this model (Shultz et al., 2011).
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Human peripheral
blood leukocytes

NOD-SCID IL-2ry
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NOD-SCID IL-2ry# or
BALB/c-RAG27 IL-2ry "

Human haematopoietic
stem cells
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haematopoietic stem cells

&

Figure 1.4 Methods for generating humanised mice.

The most commonly used methods for generating humanised mice are shown. NSG mice are
injected with human peripheral blood leukocytes (A), NSG of BALB/c-RAG2™ IL-2ry”" mice are
irradiated and injected with human HSCs (B) or human foetal liver and thymus fragments are
inserted beneath the kidney capsule of NSG mice before they are irradiated and injected with
human foetal liver derived HSCs (C).

The second model commonly used involves the injection of human haematopoietic
stem cells (HSCs) in place of peripheral blood leukocytes. These HSCs have the potential to
develop into numerous cell types and therefore should provide a broader range of human
immune cell types. These cells are also self-renewing meaning that model systems can be
extended for longer periods of time (Metcalf, 2007). The HSCs used in this model are usually
CD34+ cells isolated from either peripheral blood, bone marrow, foetal liver or umbilical cord
blood. Mice humanised in this way require sub lethal irradiation to remove bone marrow cells
before injection with the HSCs (Pearson et al., 2008). This is the most commonly used model
in humanised mouse research due to the presence of human T, B, and NK cells along with
myeloid lineage cells such as monocytes, granulocytes and dendritic cells (DCs) (Ito et al.,
2012).
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Strain Advantages Disadvantages
NSG Efficiently engraft human Low levels of myeloid
cells (mainly T cells) engraftment
RAG-27" Can engraft human cells Levels of engraftment are
much lower than NSG
mice
MITRG Show increased human Use of foetal tissue to
cell engraftment vs RAG™ | engraft mice
and NSG mice
MISTRG Show increased human Use of foetal tissue to
cell engraftment vs RAG™ | engraft mice
and NSG mice

Table 1.2 Advantages and disadvantages of humanised mouse strains.
Some of the mouse strains which have successfully engrafted human immune cells

The final model used to humanise mice involves the implantation of human foetal liver
and thymus beneath the renal capsule of adult NSG mice. These mice are then irradiated and
injected with foetal liver CD34+ cells. These mice have been shown to develop B cells,
monocytes, DCs and T cells (Lan et al., 2006). In contrast to the previous models the T cells
present in this model can be class | and class Il restricted due to the presence of a human
thymus like organ (Wege et al., 2008). The primary disadvantage of this model is the
requirement for foetal tissue stem cells which can have ethical implications as well as being

difficult to acquire.

The value of humanised mice as a model system for human disease is increasing.
These animals have proven particularly useful in the study of diseases which have no murine
equivalent such as HIV and Epstein-Barr virus (EBV), as well as in cancer and autoimmunity.
HIV was one of the first pathogens studied in humanised mice due to the inability of this virus
to infect mice. These mice acquire a similar phenotype to humans infected with HIV with a
reduction in CD4+ T cells and a proliferation of CD8+ cells (Sun et al., 2007, Sato et al., 2010).
The human foetal liver and thymus mice have been shown to be susceptible to HIV infection
via a mucosal route further increasing the translational value of these mice (Sato and

Koyanagi, 2011). Humanised mice have
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Strong effector T
cell engraftment

Model Human cells present Advantages Disadvantages
Peripheral T, B, and NK cells, Easy to Mainly T cells
blood leukocyte | monocytes/macrophages | reconstitute present,
injection human cell

populations, Human T cells

don’t interact with
mouse MHC,

Poor myeloid
engraftment

HSC injection

T, B, and NK cells,
monocytes/macrophages,
DCs, granulocytes

Widest variety of
human cells
present,

Self-renewing
populations

Poor myeloid and
T cell engraftment

Foetal liver and
thymus transfer

T, B, and NK cells, DCs,
monocyte/macrophages

Human thymic
organoid
development
allows for HLA
restricted T cell
generation

Foetal tissue
difficult to work
with,

Requires surgery,

Poor myeloid

engraftment

Table 1.3 Humanised mouse models.
Advantages and disadvantages of methods commonly used for the generation of humanised
mice.

provided a mechanism where by not only the pathogenesis of HIV could be investigated but
have also allowed for new therapeutic trials in this area (Choudhary et al., 2009). EBV is
another interesting virus which only infects human cells. For this reason humanised mice are
currently the only animal model of this disease (Ramer et al., 2011). The use of humanised
mice in the study of this disease has led to the discovery that EBV plays an important role in
development of B cell lymphomas (Ma et al.,, 2011) along with the discovery of a virally
encoded tumour EBNA3B, which reduces viral evasion and

suppressor gene,

lymphomagenesis (White et al., 2012).

In the context of AAV, it has been suggested that humanised mice would provide a model
for anti-PR3 disease. Cells in these mice should display human PR3 and therefore may be
susceptible to disease following immunisation with anti-PR3 antibodies. Little et al have shown
that mild disease can be induced in these animals and possible avenues to increase the

severity of this disease are discussed in Chapter 5.
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1.5 Immunometabolism

1.5.1 Cellular metabolism

Cells require adenosine triphosphate (ATP) in order to meet their energy needs. This ATP is
generated by two mechanisms, namely oxidative phosphorylation (ox phos), a multistep,
oxygen-dependent pathway leading to the generation of 32 ATP molecules for each glucose
molecule taken into the cells, and glycolysis, which converts glucose to pyruvate and then
lactate generating 2 ATP molecules per glucose molecule. Ox phos is generally employed by
guiescent cells under normoxic conditions while glycolysis has been traditionally associated
with hypoxic conditions. While the ATP yield from glycolysis is much lower than ox phos, the
rate of production is much higher through this pathway (Pfeiffer et al., 2001). Certain cells have
been shown to become more reliant on glycolysis for the production of ATP despite the
presence of normal oxygen levels. This process of aerobic glycolysis has been particularly well
studied in cancer cells where it is termed the “Warburg effect” (Warburg, 1956). The Warburg
effect is thought to occur in these cells due to their need to rapidly proliferate. Using glycolysis
to produce ATP allows for intermediates usually required for ox phos to be sequestered into
producing biosynthetic precursors. These precursors can then be used to allow the cells to

grow.
1.5.2 Metabolic changes in immune cells

In recent years it has become evident that changes in immune cell metabolism is important for
these cells to function (Pearce and Pearce, 2013). Immune cells are largely inactive under
resting conditions, however, they require rapid activation in response to immune stimuli and
this activation has significant metabolic demands. The majority of the research into this area
of immune cell metabolism, termed immunometabolism, has investigated changes in
macrophages, DCs, and T cells in response to various stimuli. Macrophages and DCs have
been shown to decrease ox phos along with a concomitant increase in glycolysis in response
to lipopolysaccharide (LPS) stimulation (Tannahill et al., 2013). This reduction in ox phos
occurs as a result of nitric oxide (NO) production which leads to inhibition of a number of
electron transport chain (ETC) complexes (Beltran et al., 2000). This reduction in the ETC
results in an upregulation of glycolysis in order to maintain mitochondrial membrane potential
(Awm) and produce energy to ensure cell survival (Everts et al., 2012). Similar to cancer cells,
these activated immune cells require increased biosynthetic precursors to proliferate and
produce cytokines (Palsson-McDermott and O'Neill, 2013).

The classification of macrophages has proved contentious with suggestions that a new
paradigm for describing these cells is required (Murray et al., 2014). The majority of studies on

these cells discuss activated macrophages as being broadly classified into 2 groups, pro-
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inflammatory M1 macrophages and anti-inflammatory M2 macrophages. While the concept M1
and M2 polarisation is important as a mechanism to study macrophage function,
physiologically, macrophages are likely to exist along a spectrum of activation states. The
phenotype of these cells is therefore likely to vary between tissue types as well as in response
to different stimuli. Recently, the awareness of this spectrum has led to the suggestion that
macrophages should be reclassified to better reflect their varying roles (Murray et al., 2014).

Although a new paradigm regarding the classification of these cells may be required,
the majority of research in this area has used the M1 and M2 phenotypes. This is largely due
the the ease of generation of these cells and the increased homogeneity of polarised
populations. These cells have differing functions with M1 macrophages having important roles
in the clearance of infection and damaged cells, and production of inflammatory cytokines such
as IL-12, IL-18 and TNF-a, while M2 macrophages are involved in tissue repair and regulation
of inflammation. As well as these functional differences these cells have been shown to have
differing metabolic signatures. M1 macrophages switch to aerobic glycolysis upon activation
where as M2 macrophages maintain ox phos similar to quiescent cells. The changes in
metabolism between these two cell types are likely due in part to the differing time scales in
which they perform their effector functions; M1 macrophages respond within hours to days
while M2 macrophages have a longer-term resolution role (Galvan-Pena and O'Neill, 2014).
As mentioned above, glycolysis is a much faster form of energy production than ox phos, and
the need for the quick activation of M1 macrophages therefore makes this pathway seem the

more logical option for energy production in these cells.

Although the rate of energy production is important, metabolic pathways have been
shown to have other roles within these cells and therefore this change is likely to be functional
on multiple levels. The link between shifting metabolic pathways and the polarisation of
macrophages is emphasised by the fact that forcing an M1 macrophage into oxidative
metabolism results in a more M2-like phenotype and like-wise making an M2 macrophage
more glycolytic leads to an M1-like response (Rodriguez-Prados et al., 2010, Vats et al., 2006).
The manner in which these metabolic changes can be translated to macrophages when viewed
as a spectrum remains to be elucidated, however, it is likely that physiologically these cells
also have a spectrum of metabolic profiles depending on the stimuli and tissue in which they
reside and more research into the true nature of how macrophages respond in a physiological
setting is required in order to contextualise the importance of these responses. The ways in
which metabolic changes influence T cell fate and effector functions have also been
extensively studied. In these cells, changes in metabolic profile have been shown to be
required both in development and in mature cells (Ciofani and Zuniga-Pflucker, 2005, Janas
et al., 2010, Maclver et al., 2013). During development, T cells upregulate glycolysis in order

to begin differentiation into CD4+ or CD8+ cells (Rodriguez-Borlado et al., 2003). Inhibition of
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this upregulation results in an increase in double positive or double negative T cells being
released from the thymus demonstrating the instructive role that these metabolic pathways
have on the cell (Rodriguez-Borlado et al., 2003). Upon their release from the thymus, naive
T cells have switched back to ox phos similar to the majority of quiescent cells (Buck et al.,
2015). In secondary lymphoid organs, upon stimulation by antigen presenting cells (APCs), T
cells upregulate both glycolysis and ox phos (Maclver et al., 2013). T helper cells subsequently
switch to a glycolytic phenotype in order to carry out their effector functions while Trqg cells
become more reliant on ox phos and fatty acid oxidation (FAO) (Michalek et al., 2011).
Plasticity between T cell subtypes has been well documented and it is thought that metabolic
changes play an important role in these changes (Buck et al., 2015). In fact inhibition of
mechanistic target of rapamycin (NTOR), a key mediator in the upregulation of glycolysis,
leads to the generation of Trg cells despite the presence of other inflammatory signals (Kopf
et al., 2007). Interestingly, while switches to aerobic glycolysis have been the focus of the
majority of study on activated T cells mitochondrial-driven activities are emerging as having an
important role in these cells (Sena et al., 2013). In particular, ROS production from the ETC
has been shown to be important for T cell responses and this production has been linked to

changes in ox phos (Devadas et al., 2002).

Since initial observations by Oren et al in 1963 that alveolar monocyte metabolism differs
from pathways used by peritoneal monocytes (Oren et al., 1963), metabolic changes
associated with activation of monocytes have been relatively understudied. The few studies
which have been performed in this regard have either focused mainly on HIV infected cells,
with the role of the monocyte relegated to a side note in a predominantly T cell focused
literature (Palmer and Crowe, 2014, Palmer et al., 2016) or have conflated monocytes and
macrophages as the same cell type despite obvious differences in their phenotype (Kramer et
al., 2014).

1.6 Hypothesis and aims
The hypothesis of this study is that monocytes play a key role in mediating the pathogenic

effects seen in AAV and that these effects are directly linked to changes in intracellular

metabolism in these cells. The aims of this study were:

e To characterise the proportions of monocyte subsets in patients with AAV

e To identify the inflammatory response of monocyte subsets to ANCA stimulation

e To determine the effect of ANCA on monocyte metabolism

e To develop a robust and reproducible animal model of anti-PR3 AAV in order to test

the effects of monocytes on disease in vivo
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2.1 Reagents

Name Company

0.2um filter BD Biosciences, Oxford, UK
10ml syringe BD Biosciences, Oxford, UK
19G needle BD Biosciences, Oxford, UK
27G needle BD Biosciences, Oxford, UK

2-Deoxyglucose (2-DG)

Sigma Aldrich, Wicklow, Ireland

2-(N-(7-nitrobenz-2-oxa-1,3-diazol-4-
yl)amino)-2-deoxyglucose (2-NBDG)

Cayman Chemicals, Michigan, USA

3,3, 5,5 —tetramethylbenzindine
(TMB) substrate solution

Sigma Aldrich, Wicklow, Ireland

4% paraformaldehyde (PFA)

Santa Cruz, Texas, USA

Anti-CD14 microbeads

Miltenyi Biotec, Bergisch Gladbach,
Germany

BD FACS lysing solution

BD Biosciences, Oxford, UK

Bio-Scale MT high-resolution column

Bio-Rad, Sundbyberg, Sweden

Bovine Serum Albumin (BSA)

Thermo Fisher Scientific, Loughborough,
UK

Brefeldin A

Sigma Aldrich, Wicklow, Ireland

CacCl

Sigma Aldrich, Wicklow, Ireland

CD14 Negative selection beads

Miltenyi Biotec, Bergisch Gladbach,

Germany

CellTak Thermo Fisher Scientific, Loughborough,
UK

CM-H.DCFDA Thermo Fisher Scientific, Loughborough,

UK
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Cord blood Stem cells

Lonza, Basel, Switzerland

CountBright Absolute Count Beads

Molecular Probes, Oregon, USA

CPI-613

Bio-Techne, Minnesota, USA

Cytochalasin B

Sigma Aldrich, Wicklow, Ireland

Dasa-58

Merk Millipore, Massachusetts, USA

D-Glucose

Sigma Aldrich, Wicklow, Ireland

Dichloroacetate (DCA)

Sigma Aldrich, Wicklow, Ireland

Dihydrorhodamine 123 (DHR123)

Molecular Probes, Oregon, USA

Dimethyl sulfoxide (DMSO)

Sigma Aldrich, Wicklow, Ireland

DPX mountant for histology

Sigma Aldrich, Wicklow, Ireland

Dulbecco’s modified eagle medium
(DMEM)

Thermo Fisher Scientific, Loughborough,
UK

Ethanolamine-HCL

Sigma Aldrich, Wicklow, Ireland

Ethylenediaminetetraacetic acid
(EDTA)

Sigma Aldrich, Wicklow, Ireland

FACS tubes

BD Biosciences, Oxford, UK

Foetal calf serum (FCS)

Greiner Bio-One, Kremsmunster, Austria

Carbonyl cyanide-p-
trifluoromethoxyphenylhydrazone
(FCCP)

VWR International, Dublin, Ireland

Fc Block (Human)

BD Biosciences, Oxford, UK

Fc Block (Mouse)

BD Biosciences, Oxford, UK

Formalin

Sigma Aldrich, Wicklow, Ireland

Glasstic Slides

KOVA International, California, USA

Glycine

Sigma Aldrich, Wicklow, Ireland
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H2SO04

Sigma Aldrich, Wicklow, Ireland

Hanks buffered salt solution (HBSS)

Thermo Fisher Scientific, Loughborough,
UK

Hepes

Thermo Fisher Scientific, Loughborough,
UK

HiTrap Protein G column

GE Healthcare Life Sciences,

Buckinghamshire, UK

Hoechst dye

Thermo Fisher Scientific, Loughborough,
UK

IL-1B8 DuoSet R&D Systems, Minnesota, USA

IL-6 DuoSet R&D Systems, Minnesota, USA

IL-8 DuoSet R&D Systems, Minnesota, USA
Isopentane Sigma Aldrich, Wicklow, Ireland

JC-1 Thermo Fisher Scientific, Loughborough,

UK

KHCO3 Sigma Aldrich, Wicklow, Ireland
L-glutamine Gibco

Lipopolysaccharide (LPS)

Sigma Aldrich, Wicklow, Ireland

Live/Dead Agqua stain

Invitrogen, Loughborough, UK

LS Columns

Miltenyi Biotec, Bergisch Gladbach,
Germany

Lymphoprep

Axis-Shield, Oslo, Norway

Maxisorb ELISA plates

Thermo Fisher Scientific, Loughborough,
UK

Mini Leak gel

Kem-En-Tec, Taastrup, Denmark
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MitoSox Red

Thermo Fisher Scientific, Loughborough,
UK

MitoTempo

Sigma Aldrich, Wicklow, Ireland

Mitotracker Green

Thermo Fisher Scientific, Loughborough,
UK

Multistix 10G urine dipstick

Siemens Healthcare, Dublin, Ireland

NaOH Sigma Aldrich, Wicklow, Ireland
(NH4)2SO4 Sigma Aldrich, Wicklow, Ireland
NH4CI Sigma Aldrich, Wicklow, Ireland

Nile Red fluorescent beads

Spherotech, lllinois, USA

Normal Goat serum

Thermo Fisher Scientific, Loughborough,
UK

Oligomycin

Sigma Aldrich, Wicklow, Ireland

OneComp Beads

eBiosciences, California, USA

Osmotic pump

Alzet, California, USA

Paediatric blood collection tube-LiHep

Sarstedt, Numbrecht, Germany

PD10 desalting column

GE Healthcare Life Sciences,

Buckinghamshire, UK

Pegylated filgrastim

Amgen, Cambridge, UK

PermaFluor Thermo Fisher Scientific, Loughborough,
UK
Penicillin Thermo Fisher Scientific, Loughborough,

UK

Periodic acid

Sigma Aldrich, Wicklow, Ireland

Phosphate buffered saline (PBS)

Thermo Fisher Scientific, Loughborough,
UK
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PMSF

Sigma Aldrich, Wicklow, Ireland

Proteinase-3

Wieslab, Lund, Sweden

Pre separation filters

Miltenyi Biotec, Bergisch Gladbach,
Germany

Propidium iodide (PI)

Miltenyi Biotec, Bergisch Gladbach,

Germany

Recombinant human Cha

Peprotech, New Jersey, USA

Recombinant human M-CSF

Peprotech, New Jersey, USA

Recombinant human TNF-a

Peprotech, New Jersey, USA

Rotenone

Sigma Aldrich, Wicklow, Ireland

Roswell Parks Memorial Institute

Medium (RPMI)

Thermo Fisher Scientific, Loughborough,
UK

Saponin

Sigma Aldrich, Wicklow, Ireland

Schiff stain

Sigma Aldrich, Wicklow, Ireland

Sodium azide

Sigma Aldrich, Wicklow, Ireland

Sodium bicarbonate

Sigma Aldrich, Wicklow, Ireland

Sodium pyruvate

Sigma Aldrich, Wicklow, Ireland

Streptomycin

Thermo Fisher Scientific, Loughborough,
UK

Tepp-46 Cayman Chemicals, Michigan, USA
Tris Sigma Aldrich, Wicklow, Ireland
Tris-HCL Sigma Aldrich, Wicklow, Ireland
Trypan Blue Sigma Aldrich, Wicklow, Ireland
Tween-20 Sigma Aldrich, Wicklow, Ireland

Vacuette EDTA tubes

Greiner Bio-One, Kremsmunster, Austria
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Vivaspin Column Sartorious, Goettingen, Germany

XF media Agilent Technologies, Copenhagen,
Denmark

XFe24 cell culture plates Agilent Technologies, Copenhagen,
Denmark

XFe24 FluxPak Agilent Technologies, Copenhagen,
Denmark

Xylene Sigma Aldrich, Wicklow, Ireland

Table 2.1.1 Reagents used

Buffer Components

1% BSA 1mg/ml BSA in PBS

ACK lysis buffer H.O + 8.3g/L NH4Cl + 1g/L KHCO3 + 0.037¢g/L EDTA

Blocking buffer PBS + 20% FCS

cRPMI RPMI + 10%FCS + 100U/ml streptomycin + 1mg/ml
penicillin

ELISA wash buffer PBS + 0.05% Tween-20

FACS buffer PBS + 0.1% sodium azide + 3%FCS

HBH buffer HBSS + 10mM Hepes

MACS buffer PBS + 2mM EDTA + 0.5%BSA

XF+ media XF media + 4mM L-glutamine

XF+++ media XF media + 5.5mM D-Glucose + 4mM L-glutamine +
1mM sodium pyruvate

Table 2.1.2 Solutions and buffers used
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Name Clone Company

Anti-MPO mAb 2C7 Acris Antibodies, Herford, Germany
Anti-PR3 mAb CLB-12.8 HiSS Diagnostics GmbH, Freiburg, Germany
Isotype mAb IgG1 Acris Antibodies, Herford, Germany

Table 2.1.3 Antibodies used for cell stimulations

Target Flurochrome Species Company
antigen targeted

CDl1c FITC L161 Human Biolegend

CD3 FITC UCHT1 Human Biolegend

CDh14 APC RMO52 Human Beckman Coulter
CD14 Pacific Blue RMO52 Human Beckman Coulter
CD14 PE-Cy7 M5E2 Human Biolegend

CD16 APC 3G8 Human Biolegend

CD19 APC-Cy7 H1B19 Human Biolegend

CD45 APC 2D1 Human Biolegend

CD45 VioBlue 30-F11 Mouse Miltenyi Biotec
CD56 PE-Cy7 B159 Human BD Pharmingen
CD66b PerCP-Cy5.5 | G10F5 Human BD Biosciences
CD177 PE MEM-166 Human Molecular Probes
MPO PE 2C7 Human Serotec

PR3 FITC W6M2 Human Abcam

TNF-a PE MAb11 Human BD Pharmingen

Table 2.1.4 Antibodies used for flow cytometry staining
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2.2 Methods

2.2.1 Patient and control individual samples

Blood samples from patients and both healthy and disease control individuals were obtained
through the Rare Kidney Disease (RKD) Biobank and University Medical Center Groningen.
Written consent was obtained from all individuals. The RKD Biobank has full approval from the
Trinity College Dublin Institutional Review Board and Ethics Committee, and approval from
each of the individual hospitals from which samples were obtained (St. James’ hospital,
Tallaght hospital and Beaumont hospital). Similarly, collection of samples at the University
Medical Center Groningen was conducted according to local ethical guidelines and approved
by the ethical committee of the University Medical Center Groningen, and in accordance with
the Declaration of Helsinki. All AAV patients fulfilled the Chapel Hill Consensus Conference
(CHCC) classification criteria (Jennette et al., 2013). Active vasculitis was defined as a
Birmingham vasculitis activity score (BVAS) >3. Where possible, blood was collected from
active patients prior to commencement of immunosuppression therapy. Antibodies against
MPO and PR3 were determined by ELISA. The disease control group comprised patients with
anti-glomerular basement membrane (anti-GBM) disease (n=2), Takayasu’s arteritis (n=1),
uveitis (n=1), isolated leukocytoclastic vasculitis (n=1), IgA nephropathy (n=1), lupus nephritis
(n=1), non-immune chronic kidney disease (n=4), triple vessel coronary artery disease (n=1),
pyelonephritis (n=1), cirrhosis (n=1), megaloblastic anaemia (n=1), end stage kidney disease
due to ischemic nephropathy (n=1), vascular dementia (n=1) and minimal change

glomerulonephritis (n=1).
2.2.2 Flow cytometry
2.2.2.1 Whole blood staining

Blood was collected in vials containing anticoagulant; ethylenediametetraacetic acid (EDTA)
for patient samples or lithium heparin for humanised mouse blood. For humanised mouse
experiments blood was blocked for 10min by the addition of 1ul human Fc block (BD
Biosciences, Oxford, UK) and 1ul mouse Fc block (BD Biosciences, Oxford, UK) per 100ul
blood. Whole blood was stained by adding 5l of the relevant antibodies shown in Table 2.1.4
followed by incubation at room temperature for 20min in the dark. Red cells were lysed by
addition of 2ml 1X BD FACS lysing solution (BD Biosciences, Oxford, UK) and incubation in
the dark for 10min at room temperature. Cells were spun at 400g for 5min, supernatant was
discarded and cells were washed with 500yl FACS buffer (PBS + 0.1% sodium azide +
3%FCS). Cells were spun again at 400g for 5min and the supernatant discarded. Cells were
washed again before being resuspended in 500ul FACS buffer if being run immediately or 2%

paraformaldehyde (PFA) (Santa Cruz, Texas, USA) if being stored overnight at 4°C. For
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humanised mouse experiments 25ul of CountBright Absolute Counting beads (Molecular

Probes, Oregon, USA) were added to each tube prior to analysis.
2.2.2.2 Cell surface marker staining of isolated cells

1x10° cells were added to each tube. Cells were incubated in the dark with a 1:1000 dilution
of Live/Dead aqua dye for 30 min before being spun at 400g for 5min and washed with FACS
buffer. Cells were blocked by incubation with blocking buffer (PBS + 20% FCS) for 10min at
room temperature before 2 washes using FACS buffer. Cells were then resuspended in 100pl
FACS buffer and incubated with 2ul of relevant antibodies shown in Table 2.1.4 for 20min at
room temperature. Cells were then washed X2 with FACS buffer and resuspended in 500l
FACS buffer if being analysed immediately or 2% PFA if being stored overnight at 4°C.
Propidium iodide (PI) staining was performed in the appropriate experiments by addition of 5ul

10pg/ml Pl immediately before the sample was run on the flow cytometer.
2.2.2.3 Intracellular cytokine staining

Cells were stained for surface markers as outlined above before being in 96-well plates and
fixed by addition of 120ul 4% PFA and incubated in the dark for 10min at room temperature.
Cells were then washed with FACS buffer and spun at 5009 for 3 min. The supernatant was
carefully discarded and cells were permeabilised by incubation with 120ul FACS buffer
containing 0.2% saponin for 10min at room temperature. Cells were then washed by addition
of 120ul FACS buffer and spun at 5009 for 3 min before the supernatant was discarded. Cells
were stained by addition of anti-TNFa PE (BD Pharmingen, MAb11) diluted in 100pl 0.2%
saponin and incubated for 10min at room temperature in the dark. Cells were then washed
with 300ul FACS buffer and spun at 500g for 3 min. Supernatant was discarded and cells were
resuspended in FACS buffer and transferred to FACS tubes. Tubes were topped up to 500pl
with FACS buffer if being analysed immediately or 2% paraformaldehyde (PFA) if being stored
overnight at 4°C

2.2.2.4 Flow cytometry analysis

Flow cytometry was performed using a CyanADP analyser using Summit software.
Compensation controls were included in each run using OneComp beads (eBiosciences,
California, USA) stained with appropriate antibodies. At least 10000 events were collected for
each sample and analysis was performed using Kaluza analysis software (Beckman Coulter,

Clare, Ireland).
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2.2.3 lIsolation of cells
2.2.3.1 Isolation of mononuclear cells

Peripheral blood mononuclear cells (PBMCs) were isolated by density gradient centrifugation
from EDTA anti-coagulated fresh samples or buffy coat samples obtained through the Irish
Blood Transfusion Service. All steps were performed in aseptic conditions under a laminar flow
hood. For buffy coats, blood was diluted 1:1 with phosphate buffered saline (PBS) (Thermo
Fisher Scientific, Loughborough, UK) by injection into the buffy coat bag. The buffy coat was
then mixed well and diluted blood was removed to a sterile container. For fresh samples blood
was diluted 1:1 with PBS. Diluted blood was layered slowly onto Lymphoprep (Axis-Shield,
Oslo, Norway) at a ratio of 2:1. Tubes were spun at 400g for 25 min without acceleration and
brake. Plasma layer was aspirated and discarded. The PBMC layer was aspirated off and
saved. The red cell pellet was saved for isolation of granulocytes if required. PBMCs were
washed with PBS and centrifuged at 800g for 5 minutes. Supernatant was discarded and cells
were again washed with PBS before being spun at 400g for 10 minutes. Cells were
resuspended in appropriate buffer or media. Cells were counted by Trypan blue (Sigma
Aldrich, Wicklow, Ireland) exclusion as detailed in Chapter 2.2.3.3.

2.2.3.2 Isolation of granulocytes

Red cells in pellets from the PBMC isolation were lysed by 10:1 dilution with ACK lysis buffer
(H20 + 8.3g/L NH4CI + 1g/L KHCO; + 0.037g/L EDTA) and incubation a room temperature for
10 min. Cells were then washed with 20ml PBS and spun at 400g for 5 min. Cells were
resuspended in Hanks buffered salt solution (HBSS) (Thermo Fisher Scientific, Loughborough,
UK) supplemented with 10mM Hepes (Thermo Fisher Scientific, Loughborough, UK) (HBH

buffer). Cells were counted by Trypan blue exclusion as detailed in Chapter 2.2.3.3.
2.2.3.3 Cell counts and viability

In order to count cells and establish initial viability Trypan blue dye was used. Cells were diluted
in Trypan blue between 1:2 and 1:50 as appropriate for the initial volume of blood. 10ul of
cells/Trypan blue solution was transferred to a chamber of a Glasstic slide (KOVA international,
California, USA). Slides were visualised using a light microscope. Glasstic chambers consist
of a 3 X 3 layout of large squares each containing a 3 X 3 layout of smaller squares as shown
in Figure 2.1. The number of cells in 3 large squares was counted and the average number
was found. Cells touching the bottom and right border of each large square were not counted
to avoid duplication. The average number of cells in one large square was multiplied by 10*
and by the dilution factor to calculate the number of cells per ml. Trypan blue is excluded from

live cells and therefore dead cells could be excluded from the counted.
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Figure 2.1 Counting of viable cells using a Glasstic haemocytometer slide and trypan
blue.
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2.2.3.4 MACS isolation of monocytes

CD14+ monocytes were isolated by magnetic associated cell sorting (MACS). Isolated PBMCs
were resuspended in MACS buffer (PBS + 2mM EDTA + 0.5%BSA) and incubated for 15min
at 4°C with 10pl anti-CD14 microbeads (Miltenyi Biotec, Bergisch Gladbach, Germany) per 10’
cells. CD14+ cells were isolated using an LS column (Miltenyi Biotec, Bergisch Gladbach,
Germany) on a quadroMACS separator (Miltenyi Biotec, Bergisch Gladbach, Germany). A pre-
separation filter was placed in the column and the column was washed with 3mls of MACS
buffer. PBMCs were then added and washed through three times with 3mls MACS buffer per
wash. The column was removed from the separator and bound cells were eluted using 5mls
MACS buffer. Cells were spun at 400g for 5 minutes. Supernatant was discarded and cells
were resuspended in 1ml Roswell Park Memorial Institute (RPMI) media (Thermo Fisher
Scientific, Loughborough, UK,) supplemented with 10% fetal calf serum (FCS) (Greiner Bio-
One, Kremsmunster, Austria), 100U/ml streptomycin and 1mg/ml penicillin (cRPMI). Cells
were counted by Trypan blue exclusion as detailed in Chapter 2.2.3.3. CD14+ monocyte purity

was assessed by flow cytometry.

For monocytes isolated by —ve selection PBMCS were first incubated for 15min at 4°C with
20ul beads from a CD14 negative selection kit (Miltenyi Biotec, Bergisch Gladbach, Germany)
per 107 cells. Columns were prepared as above. Cells were added and the run through from
the column was saved. The column was washed 3 times with MACS buffer and washes were
saved. Run through and washes were pooled and spun at 400g for 5 minutes. Supernatant
was discarded and cells were resuspended in 1ml cRPMI. Cells were counted by Trypan blue
exclusion as detailed in Chapter 2.2.3.3. CD14+ monocyte purity was assessed by flow

cytometry.
2.2.3.5 Isolation of specific monocyte subsets

Specific monocyte subsets were isolated by fluorescence associated cell sorting (FACS).
Isolated CD14+ cells were stained with 2.5ul/1x10° cells of anti-CD14 PE-Cy7 (M5E2,
Biolegend) and 2.5pl anti-CD16 APC (3G8, Biolegend) and incubated for 20 min at room
temperature. Cells were washed X2 with PBS + 3%FCS and resuspended in PBS + 3%FCS
at a concentration of 10°/ml. Cells were then sorted based on CD14 and CD16 expression

using a MoFlo XDP analyser with a 70um nozzle (Beckman Coulter) (Figure 3.3.15).
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2.2.4 Stimulation of cells with ANCA
2.2.4.1 Stimulation of cells for cytokine analysis

Cells were seeded at a density of 2x10° cells/ml in 250ul for total monocytes, or 1.2x10°
cells/ml in 500ul for sorted subsets. The cells were incubated with 5 ng/ml TNF-a (Peprotech,
London, UK) at 37 °C with 5% CO, for 30 minutes as used previously (Schreiber et al., 2012)
for initial experiments and then stimulated with 5ug/ml of either monoclonal antibody (mAb)
directed against MPO (2C7, Acris Antibodies), PR3 (CLB-12.8, HiSS Diagnostics GmbH),
isotype control antibody (IgG1, Acris Antibodies), or 100ug/ml protein G purified IgG from anti-
MPO+ (n=3), anti-PR3+ (n=3) patients or healthy controls (n=4) for 4 hours at 37 °C with 5%
CO.. Supernatants were removed and IL-1[, IL-6 or IL-8 ELISA (R&D Systems, Minnesota,
USA) was performed as described in Chapter 2.2.5

2.2.4.2 Fc blocking of stimulated monocytes

Monocytes were incubated with 2.5ug Fc block (BD Biosciences, Oxford, UK)/1x10° cells @
37 °C with 5% CO; for 30 minutes and then stimulated with 5ug/ml of either monoclonal
antibody (mAb) directed against MPO (2C7, Acris Antibodies) or isotype control antibody
(IgG1, Acris Antibodies) for 4 hours at 37 °C with 5% CO,. Supernatants were removed and
IL-1B8 ELISA (R&D Systems, Minnesota, USA) was performed as described in Chapter 2.5.

2.2.4.3 Stimulation of humanised mouse blood

Humanised mouse blood was diluted 1:1 with cRPMI and stimulated @ 37°C with 5% CO, with
2ng/ml lipopolysaccharide (LPS) for 4hrs in the presence of 10ng/ml brefeldin A to prevent

cytokine secretion. Cells were then stained as in Chapter 2.2.2.3
2.2.4.4 Stimulation of monocytes for measurement of 2-NBDG uptake analysis

Monocytes were plated at a density of 2x10° cells/ml in 250ul cRPMI and treated with Spg/ml
anti-MPO or isotype mAb for 60min. Cells were then removed and placed in FACS tubes.
Tubes were spun at 400g for 5min before supernatant was discarded and the cells
resuspended in blocking buffer for 10min. Cells were then spun and supernatant was
discarded before being resuspended in 200pul of 86.5ug/ml 2-(N-(7-nitrobenz-2-oxa-1,3-diazol-
4-yl)amino)-2-deoxyglucose (2-NBDG) (Cayman Chemicals, Michigan, USA). Cells were
incubated in the dark for 60min @ 37°C with 5% CO.. Anti-CD14 antibody was added for the
last 10min of the incubation. Following incubation, cells were washed and resuspended in

100p! FACS buffer. Cells were analysed immediately on a Cyan ADP analyser.
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2.2.4.5 Measurement of ROS production in neutrophils using DHR123

Monocytes and granulocytes were isolated as outlined above. Cells were incubated with
17pg/ml Dihydrorhodamine 123 (DHR123) (Molecular probes, Oregon, USA) together with
5ug/ml cytochalasin B and 2mM sodium azide for 10min at 37°C with 5% CO in the dark. Cells
were then treated with 2ng/ml TNF-a for 15min at 37°C with 5% CO: before stimulation with
5ug/ml anti-MPO mAb or isotype mAb for 60min at 37°C with 5% CO.. The reaction was then
stopped by the addition of cold 1% BSA. Cells were then stained for CD14 and CD66b as
outlined in Chapter 2.2.2.2 and analysed immediately on a Cyan ADP analyser.

2.2.4.6 Measurement of cellular and mitochondrial ROS in monocytes

Monocytes were isolated and stimulated with 5ug/ml anti-MPO, anti-PR3 or isotype mAb or
5ng/ml LPS for 1 hour at 37°C with 5% CO.. For the final 30min of the incubation cells were
treated with either 5uM CM-H2DCFDA (Thermo Fisher Scientific, Loughborough, UK), 2.5uM
MitoSOX red (Thermo Fisher Scientific, Loughborough, UK), or 10pg/ml JC-1 (Thermo Fisher
Scientific, Loughborough, UK). Anti-CD14 antibody was added for the final 10min of the
incubation. Cells were washed X2 with FACS buffer and run immediately on a Cyan ADP
analyser.

2.2.4.7 Treatment of monocytes with inhibitors and cell death assay

Monocytes were plated at a density of 2x10° cells/ml in 250ul cRPMI. Cells were treated with
10mM 2-deoxyglucose (2-DG) (Sigma Aldrich, Wicklow, Ireland), 8uM oligomycin (Sigma
Aldrich, Wicklow, Ireland), 20mM dichloroacetate (DCA) (Sigma Aldrich, Wicklow, Ireland),
100uM CPI613 (Bio-Techne, Minnesota, USA) or varying concentration of Dasa-58 (Merk
Millipore, Massachusetts, USA), Tepp-46 (Cayman Chemicals Michigan, USA), or MitoTempo
(Sigma Aldrich, Wicklow, Ireland) and incubated @ 37°C with 5% CO; for 20min before the
addition of 5ug/ml anti-MPO mADb, isotype control or vehicle for 4hr @ 37°C with 5% CO..
Plates were then spun @ 400g for 3min. Supernatant was removed and IL-1B levels were
assessed by ELISA. Cells were washed with PBS and placed in FACS tubes and stained with
Pl and antibodies as described in Chapter 2.2.2.2.

2.2.5 Enzyme linked immunosorbent assay (ELISA)

Duoset ELISA kits (R&D Systems, Minnesota, USA) were used to measure cytokine
production from ANCA stimulated monocytes. Each kit contained a capture antibody, biotin
conjugated detection antibody, a known amount of the cytokine to be measured (standard) and
a streptavidin-horseradish peroxidase (HRP) solution. All reagents were diluted based on the

manufactures instructions.
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Maxisorb ELISA plates (Thermo Fisher Scientific, Loughborough, UK) were coated with 50l
per well of capture antibody diluted in PBS. Plates were then covered and incubated overnight
at 4°C. Plates were then washed by being submerged in wash buffer (PBS + 0.05% Tween-
20) and then emptied and dried using blotting paper. This wash was repeated X2 times. Plates
were blocked by the addition of 300ul 1mg/ml BSA in PBS (1%BSA) per well for 2 hours at
room temperature. Plates were then washed X3 times. A 7 point standard curve was made up
by serial dilution of recombinant cytokine in 1%BSA. Samples were diluted in 1%BSA as
required to appear on the linear section of the standard curve (1 in 25 for IL-1B, 1 in 20 for IL-
6 and 1 in 50 for IL-8). 50ul standards, samples or blank (1%BSA alone) were added to the
plate in duplicate. Plates were covered and incubated overnight at 4°C. Cells were then
washed X3 times and 50pl detection antibody diluted in 1%BSA was added to each well. Plates
were covered and incubated at room temperature for 2 hours before being washed X3 times.
50ul HRP solution diluted in PBS was then added to each well and the plate was incubated for
20min in the dark at room temperature. Plates were then washed X3 times before 50ul 3,3',5,5’
— tetramethylbenzidine (TMB) (Sigma Aldrich, Wicklow, Ireland) was added to each well.
Plates were incubated in the dark until the colour of unknown samples matched the colour of
the middle of the standard curve (40min for IL-1(3, 1 hour for IL-8 and 2 hours for IL-6). The
reaction was then stopped by addition of 25ul 2M H,SO4 to each well. Absorbances from each
well were then read at 450nm using a VERSAmax microplate reader (Molecular Devices,
California, USA). Standard curves were drawn using GraphPad prism software (GraphPad

Inc., California, USA) to determine unknown concentrations.
2.2.6 Seahorse extracellular flux technology

Seahorse extracellular flux analysis is a technology which allows for the simultaneous real time
measurement of extracellular acidification rate (ECAR) and oxygen consumption rate (OCR).
These readings are used as correlates of glycolytic activity and oxidative phosphorylation
respectively. This technology involves the use of plates specifically designed to aid binding of
cells in an even monolayer coupled with an XFe FluxPak (Agilent Technologies, Copenhagen,
Denmark). These plates contain a series of probes which have embedded fluorophores which
measure H+ or O, levels. These probes are lowered onto cells in the plate to form a
microchamber which allows for readings to be made. The small volume of the microchamber
allows for great sensitivity in the assay. The FluxPak also contains 4 ports which can be used
to inject various compounds into the cell culture well so that responses can be measured in
real time. FluxPaks cartridges are hydrated by emersion in calibration solution overnight at
37°C with no CO; prior to an experiment. In this study a 24 well XFe24 Seahorse extracellular

flux analyser (Agilent Technologies, Copenhagen, Denmark) was used.
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Using this technology and the addition of several compounds which affect metabolic pathways
in the cell a number of readouts of cellular metabolism can be obtained. These compounds

and their functions are outlined in Table 2.2.1.

Compound Effect on metabolism

Oligomycin Inhibits complex V of electron transport chain
FCCP Uncouples mitochondria

Rotenone Inhibits oxidative phosphorylation

2-DG Inhibits glycolysis

Table 2.2.1 Compounds used to alter metabolism in Seahorse analysis.

For oxidative respiration Seahorse analysis can give readouts of the basal respiration, non-
mitochondrial respiration, proton leak, spare respiratory capacity and maximum respiratory
capacity. This type of experiment is known as a mitochondrial stress test and an example OCR
trace showing how these values can be calculated is shown in Figure 2.2. A similar glycolytic
stress test can be performed to provide readings for glycolysis, non-glycolytic acidification,
spare glycolytic capacity and maximum glycolytic capacity. An example of the ECAR trace

used in this test is shown in Figure 2.3.
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Figure 2.2 Sample mitochondrial stress test trace.
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Figure 2.3 Sample glycolytic stress test trace.

2.2.6.1 Adherence of cells to Seahorse plate

Prior to Seahorse analysis non adherent cells such as monocytes must be immobilised to the
base of the XF cell culture plate wells. CellTak (Thermo Fisher Scientific, Loughborough, UK)
was diluted in 0.1M sodium bicarbonate pH=8 and 2mM NaOH to give a final concentration of
2.85ug/ml. 200ul diluted CellTak was then immediately added to each well of the XF24 well
cell culture plate. CellTak was allowed to adsorb to the plate for 30min at room temperature.
Unbound CellTak was removed by washing by addition of 500pl sterile H.O. The plate was
then emptied and the wash step repeated before the plate was allowed to air dry. Plates were
either used immediately or covered and stored at 4°C. Plates were brought to room

temperature before adherence of cells.

1x106 cells were plated in 100ul cRPMI per well. Plates were pulse centrifuged up to 40g with
acceleration = 4 and no brake. The plate was then turned 180° and pulsed up to 80g with
acceleration = 4 and no brake. This assists with even layering of the cells on the plate. Cells
were then allowed to adhere during incubation at 37°C with 5% CO, for 30min. 200l cRPMI

was then added to each well prior to stimulations.
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2.2.6.2 Optimisation of Seahorse cell numbers and mitochondrial stress test
concentrations

0.25x108, 0.5x10°, 1x10° or 1.5x10° monocytes were plated per well onto CellTak coated
plates. One cell concentration was used per row. The media on the cells was then changed
from cRPMI to XF media. In order to prevent disturbing the adhered cells, this was achieved
by removal of cRPMI leaving 50ul and addition of 450ul XF media (Agilent Technologies,
Copenhagen, Denmark) supplemented with 5.5mM D-glucose (Sigma Aldrich, Wicklow,
Ireland), 4mM L-glutamine (Sigma Aldrich, Wicklow, Ireland) and 1mM sodium pyruvate
(Sigma Aldrich, Wicklow, Ireland) (XF+++ media). This process was then repeated. The plate
was then left to equilibrate for 45 min at 37°C with no CO,. To determine the optimum
concentration of each compound to be used in the mitochondrial stress test a number of
concentrations were investigated for each. These compounds were prepared in a 10X solution
and added to the relevant ports on the XFe24 FluxPak. For each cell concentration duplicate
wells were used to determine oligomycin, rotenone (Sigma Aldrich, Wicklow, Ireland) and
Carbonyl cyanide-p-trifluoromethoxyphenylhydrazone (FCCP) (VWR International, Dublin,
Ireland) concentrations. Final concentrations after addition from each port are shown in Figure
2.4. Optimal concentrations of 2-DG used for the glycolysis stress test were chosen based on
the cytokine stimulation experiments described in Chapter 2.2.4.7.

Oligomycin Rotenone Oligomycin + FCCP

(o) (o) | (o) ()| ) (o) | Gon) ()| (o0 (o) | (o (o £ ™"
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Figure 2.4 Layout of Seahorse optimisation plate

2.2.6.3 Mitochondrial stress test and glycolysis stress test

Monocytes were adhered to CellTak-coated 24 well plates at a concentration of 1x10° per well
as described above. Cells were stimulated with 5pg/ml anti-MPO, anti-PR3, isotype or vehicle
for 4 hours at 37°C with 5% CO,. The media was then changed from cRPMI to XF+++ media,
for mitochondrial stress test, or XF+ media (XF media + 4mM L-glutamine) for glycolysis stress
test as described above in Section 2.2.6.2. The removed cRPMI was frozen for later cytokine
analysis. The plate was then left to equilibrate for 45 min at 37°C with no CO,. Compounds
were then prepared to give final concentrations as shown in Table 2.2.2. Compounds were
added to the appropriate ports of the FluxPak and the plate was then left to equilibrate for 10
min at 37°C with no CO..
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Oligomycin Mitochondrial stress test 2uM
FCCP Mitochondrial stress test 4uM
Rotenone Mitochondrial stress test 4uM
D-glucose Glycolytic stress test 5.5mM
Oligomycin Glycolytic stress test 4uM
2-DG Glycolytic stress test 10mM

Table 2.2.2 Concentrations of compounds used for mitochondrial and glycolytic stress
tests.

The FluxPak was then placed in the Seahorse XFe24 analyser and calibration was performed.
The plate containing the cells was then added to the analyser. Each XFe24 measurement was
set to: mix for 3min, wait for 3min, measure for 3min. 3 initial basal measurements were

performed followed by 3 measurements after injection of each compound.
2.2.6.4 Measurement of real time metabolic changes in response to ANCA

Monocytes were adhered to Seahorse plates as described above. Cells were washed with
XF+++ media or XF+ media for OCR and ECAR measurements respectively and the plate was
then left to equilibrate for 45 min at 37°C with no CO,. Anti-MPO, anti-PR3 or isotype antibodies
were added to port A of an XFe24 FluxPak. For ECAR measurements, D-glucose was added
to port B. For OCR measurements rotenone or vehicle was added to port B. The FluxPak was
then left to equilibrate for 10 min at 37°C with no CO- before being placed in the Seahorse
XFe24 analyser and calibration performed. The plate containing the cells was then added to
the analyser. Each XFe24 measurement was set to: mix for 3min, wait for 3min, measure for
3min. 6 initial basal measurements were performed followed by injection of antibody. For
ECAR experiments 3 more measurements were performed before injection of glucose followed
by 9 further measurements. For OCR experiments 1 measurement was performed before

rotenone injection followed by 9 further measurements.
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2.2.7 Purification of ANCA
2.2.7.1 Total IgG purification by FPLC

Plasma stored at -80°C was thawed in a water bath at 37°C. In order to remove fibrin, plasma
was diluted 1:50 with 1M CaCl (Sigma Aldrich, Wicklow, Ireland) and left to precipitate
overnight at 4°C. Plasma was then spun at 1000g for 30min and the supernatant was removed
and saved. The supernatant was diluted 1:1 in sterile PBS before being passed through a
0.2um filter. A 1ml protein G column (GE Healthcare Life Sciences, Buckinghamshire, UK) was
set up on an AKTA fast pressure liquid chromatography (FPLC) apparatus (GE Healthcare Life
Sciences, Buckinghamshire, UK). The column was washed with 50ml sterile PBS at 3ml/min.
Sample was then injected through the column at a flow rate of 3ml/min. The column was
washed with 4ml sterile PBS. Bound IgG was eluted in 1ml fractions by passing 0.1M glycine
pH 2.7 (Sigma Aldrich, Wicklow, Ireland) through the column at a rate of 3ml/min and collected
into tubes containing 100ul 1M Tris pH 9 (Sigma Aldrich, Wicklow, Ireland). Sample OD was
measured at 280nm and fractions >0.5 were pooled and buffer exchanged into PBS using
PD10 desalting columns (GE Healthcare Life Sciences, Buckinghamshire, UK). Concentration
of antibody was found by measurement at A280 using a ND-8000 nanodrop
spectrophotometer (Thermo Fisher Scientific, Loughborough, UK). Samples were
concentrated to 2mg/ml using Vivaspin 20 columns (Sartorious, Goettingen, Germany) and
stored at -20°C.

2.2.7.2 Binding of PR3 to Bio-Scale MT high resolution column

2mg PR3 (Wieslab, Lund, Sweden) was dialysed overnight against PBS + 1mM PMSF (Sigma
Aldrich, Wicklow, Ireland) to remove Tris. The next day, Mini-Leak gel (Kem-En-Tec, Taastrup,
Denmark) was washed on a glass filter with 2 volumes of H,O. Excess water was removed by
suction. 1.5¢g of gel was added to the dialysed PR3. The volume was measured and 0.53ml of
3.5M (NH.).S0O4 pH 8.8 (Sigma Aldrich, Wicklow, Ireland) was added per ml of mixture. This
was then incubated overnight with gentle rocking. The gel was then washed with 3.5M
(NH4)2SO4 pH 8.8. Active groups were then blocked with 0.1M ethanolamine-HCL pH 8.5
(Sigma Aldrich, Wicklow, Ireland) for 3hrs. The gel was then washed with 50mM Tris-HCL pH
7.5 0.5M NaCl 0.02%NaNs (Sigma Aldrich, Wicklow, Ireland) and poured into a Bio-Scale MT

high-resolution column (Bio-Rad, Sundbyberg, Sweden).
2.2.7.3 Purification of anti-PR3 I1gG

IgG was thawed and diluted 1:10 with PBS. The PR3 bound column was washed with 5
volumes of 0.1M glycine pH 2.7 to remove unbound antigen before being blocked by injection

of 1%BSA and incubation for 30min at room temperature. Antibody was then circulated through
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the column using a peristaltic pump for 1 hr. The column was then added to the FPLC machine
before being washed with 10 column volumes of 1% BSA. Bound IgG was eluted in 1ml
fractions by passing 5 column volumes 0.1M glycine pH 2.7 through the column and collection
into tubes containing 100ul 1M Tris pH 9. Sample OD was measured at 280nm and fractions
>0.5 were pooled and buffer exchanged into PBS using PD10 desalting columns.
Concentration of antibody was found by measurement at A280 on a ND-8000 nanodrop
spectrophotometer. Samples were filtered and stored at -20°C.

2.2.8 Humanised mice
2.2.8.1 Sources of stem cells

CD34+ stem cells were sourced through 3 different routes. Commercially derived cord stem
cells were purchased from Lonza (Basel, Switzerland) and were used at a concentration of
1x10° per mouse. Locally isolated cord blood stem cells were isolated by CD34+ MACS
isolation from cord blood samples obtained from patients undergoing elective caesarean
section in the Coombe Maternity Hospital, Dublin and were used at a concentration of 1.5x10°
per mouse. Adult peripheral blood stem cells were isolated from granulocyte colony stimulating
factor (G-CSF) mobilized apheresis products obtained from normal healthy adult donors on d5
& 6 after stimulation. CD34+ cells were isolated from the apheresis product using ISOLEX 300i
Magnetic Cell Positive Selection System (version 2.5, Baxter Healthcare, Deerfield, IL, USA)

as per the manufacturer’s instructions and were used at a concentration of 8 x10° per mouse.
2.2.8.2 Generation of human chimeric mice

All experiments involving animals were conducted in accordance with Irish Health Products
Regulatory Authority (HPRA) regulations and had full approval from Trinity College Dublin
ethics board. Non-obese diabetic (NOD) severe combined immunodeficiency (Scid) IL-2
receptor y-chain-/- (NSG) mice, NSG mice transgenic for human membrane stem cell factor
(hu-mSCF) and NSG mice transgenic for human IL-3, GM-CSF and soluble SCF (SGM3) were
purchased from Jackson Laboratories (Maine, USA) or bred in house from a breeding pair
purchased from Jackson Laboratories. All animals were housed in specific pathogen free
(SPF) conditions in individually ventilated cages. 6-8 week old mice were irradiated with 2.4Gy
using a Cs-source irradiator. Within 24 hr mice were injected intravenously (i.v.) via the lateral
tail vein with CD34+ stem cells from sources outlined in Chapter 2.2.8.1. Engraftment of
human cells in the peripheral blood was assessed using flow cytometry 12 weeks post
injection. 1 week later mice which had > 15% engraftment were injected i.v. with 50ug
pegylated filgrastim (Amgen, Cambridge, UK). 4 days later mice were bled and changes in

number of monocytes were assessed by flow cytometry.
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2.2.8.3 Immunisation of mice with anti-PR3 antibodies

13 weeks post engraftment mice which had > 15% engraftment were injected sub cutaneously
(s.c.) with 1ug LPS followed by i.v. 1mg of 1gG isolated from either anti-PR3 +ve patients or
disease control individuals or 500ug of affinity purified anti-PR3 IgG from anti-PR3 +ve
patients. 7 days later the mice were anaesthetised using Isoflurane and spot urines were
collected by gently massaging the bladder. Mice were then culled by terminal bleed before

collection of samples.
2.2.8.4 Insertion of C5a osmotic pump

An osmotic pump (Alzet, California, USA) containing 4032ng of human recombinant C5a
(Peprotech, New Jersey, USA) with a release rate of 24ng/hr was inserted s.c. between the
scapula of each mouse 12 weeks post engraftment. 1 day later mice were immunised with
anti-PR3 antibodies as above.

2.2.8.5 Sample collection culled animals

Blood from the terminal bleed was collected in Paediatric Li-Hep tubes (Sarstedt, Numbrecht,
Germany) for flow cytometry. Upon initially opening the chest cavity and before any
subsequent manipulations, lungs were observed for punctate haemorrhage. Haemorrhage
scores were based on the number of petechiae counted on the left lung. All counts were

performed blinded to treatment.

Mice were perfused through the heart by injection of 10ml cold PBS. The kidneys were then
removed and bisected using a scalpel blade. Kidney sections were placed in formalin for
fixation. The other half of the kidney was placed in phosphate-lysine-periodate (PLP) and
incubated for 4hrs at 4°C. They were then transferred to 13% sucrose and incubated overnight
at 4°C before being frozen in isopentane and stored at -80°C. Lungs were inflated by injection
of 1ml cold PBS and immediately removed and placed in formalin. Spleen was removed and

placed in formalin. Hind legs were removed by cutting above the hip and below the ankle.

Haematuria levels were measured by addition of 10l urine to a Multistix 10G urine dipstick

(Siemens Healthcare, Dublin, Ireland).
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2.2.8.6 Periodic acid-Schiff staining of kidney sections

Kidney tissue was processed using an automatic tissue processor before being embedded in
paraffin wax. Tissue sections were cut to 1um thickness and incubated in an oven for 30min.
Kidney sections were then stained with periodic acid-Schiff (PAS) staining. This was done by
first placing the section in xylene for 10min and followed by 20 seconds each in 100%, 90%
and 70% alcohol. They were then washed with H,O for 2 minutes before incubation with 1%
periodic acid for 120min followed by a 3 min was with H,O. They were then incubated with Schiff
reagent for 20min followed by a further 3min wash with H,O. Slides were then moved back
through the graded alcohol concentrations for 20sec each and placed in xylene before being
mounted using DPX mountant for histology (Sigma Aldrich, Wicklow, Ireland) and left to dry.

Evidence of tissue damage was analysed using a light microscope.
2.2.8.7 Immunofluorescent staining of kidney sections

Frozen Kidney sections were cut to 5um thickness using an automatic tissue processor.
Sections were blocked by incubation with 20% normal goat serum for 15min at 4°C. Sections
were then stained with FITC anti-human CD45 (eBioscience, HI30) or isotype control (FITC
anti-mouse IgGk, Abcam). Nuclei were stained with Hoechst dye and sections were mounted
in PermaFluor mounting reagent (Thermo Fisher Scientific, Loughborough, UK). Cell numbers
were taken from the average counts of 5 high-powered fields using a Nikon Eclipse 90i (Nikon

Instruments, Amsterdam, Netherlands) fluorescent microscope.
2.2.8.8 Culture of bone marrow derived macrophages and Phagocytosis assay

Muscle tissue and fat was removed from legs and the femur and tibiae were removed. The
ends of each bone were opened using a scissors and a 27G needle was inserted into the
orifice. Bones were each flushed with 10ml into a petri dish. Aggregates were broken by
passing the bone marrow through a 19G needle. Cells were then spun at 1500rpm for 5min.
Supernatant was discarded and the pellet was resuspended in 2ml ACK lysis buffer. Cells were
incubated at room temperature for 5min before addition of 50ml media to stop the reaction.
Cells were spun at 1500rpm for 5min. Isolated bone marrow cells were resuspended in 10mL
Dulbecco’s modified Eagle’s medium (DMEM) (Thermo Fisher Scientific, Loughborough, UK)
containing 20 ng/mL recombinant human macrophage colony-stimulating factor (M-CSF)
(Peprotech, New Jersey, USA) and cultured at 37°C with 5% CO; for 7 days. Cells were

harvested and counted.

Cells were then loaded with Nile Red fluorescent particles (Spherotech, lllinois, USA) at a
concentration of 50 particles/cell and incubated for 2 h at 37°C with 5% CO.. Cells were spun

at 400g for 5 min and resuspended in FACS buffer to remove unphagocytosed beads. Cells
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were then stained as described in Chapter 2.2.2 with APC anti-human CD14 (Beckman
Coulter, clone: RMO52) and VioBlue anti-mouse CD45 (Miltenyi Biotec; Clone: 3F11) and
analysed by flow cytometry on a CyanADP analyser.
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Chapter 3: Intermediate monocytes
express increased cell-surface ANCA
antigens and produce highest amounts
of pro-inflammatory cytokines in
response to anti-MPO antibodies
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3.1 Introduction
To date, most of the studies into the cellular mechanism behind AAV pathogenesis have

focused on neutrophils as the main cell type of interest. As mentioned in Section 1, monocytes
have also been implicated in disease pathogenesis. Monocytes, along with macrophages, are
the first cell type to infiltrate the kidney of patients (Zhao et al., 2015). While macrophages do
not express MPO or PR3 on their surface (Ohlsson et al., 2012), it has been shown that
monocytes do express these antigens and therefore have the potential to be activated by
autoantibodies (Yang et al., 2000). While macrophages cause the majority of damage at the
lesion site, the lack of surface MPO and PR3 on these cells means that peripheral blood
monocytes must be the cells on which ANCA can have effects and therefore are an important
cell type to study in the context of this disease. The response of neutrophils is well
characterised in disease and monocytes are now re-emerging as a cell of interest in the
pathogenesis of AAV. | therefore wanted to better characterise these cells in patients and to

investigate their response to ANCA.

In particular, | wanted to characterise the monocyte subsets present in patients and to
investigate the differential responses that may occur in these monocyte subsets in response
to ANCA. As outlined in Chapter 1, monocytes can be divided into three subsets based on
their surface expression of CD14 and CD16. These subsets, an overview of their functions,
and the proportion of each found in blood are shown in Table 3.1.1. The current consensus
for identifying the three subsets has yet to provide an unequivocal definition of the intermediate
subset (Ziegler-Heitbrock, 2015), however, the use of CD14 and CD16 is thought to be the
best currently available method to distinguish these populations (Ziegler-Heitbrock and Hofer,
2013).

Due to their short half-life and ability to move in and out of the circulation the study of
monocytes in humans can prove difficult. To address this issue several studies have attempted
to characterise monocytes and their subsets in mice. Similar populations of monocyte subsets
have been identified in the mouse with differing levels of Ly6c and CD43 being used to
distinguish between each cell type similar to CD14 and CD16 in humans (Ziegler-Heitbrock,
2014). Ly6C" murine monocytes show a number of similarities with classical human
monocytes, sharing their pro-inflammatory and anti-microbial characteristics. There are
however some differences between the two species such as differential gene expression in
these cells (Ingersoll et al., 2010). These Ly6C" cells have also been shown to leave the
circulation and differentiate into macrophages (Shi and Pamer, 2011). The non-classical
subset in humans is thought to correspond to the ly6C'*" population found in mice. These cells
appear to have a similar patrolling role and also may be involved in tissue repair (Nahrendorf

et al., 2007, Auffray et al., 2007). Currently there is not thought to be a murine subset which
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corresponds exactly to the intermediate subset found in humans, whether this population is
absent from the mouse or whether further markers would help to identify them remains the
subject of study. The proportion of each subset found in mice varies dramatically to that seen
in humans (Palframan et al., 2001, Burke et al., 2008). This fact, along with the lack of a direct
intermediate subset, suggests that the murine system may not be suitable for translational
studies on monocyte subsets.

It is not yet clear whether monocyte subsets in humans are developmentally linked,
however, a link between the classical and non-classical populations has been suggested
(Weiner et al., 1994, Ziegler-Heitbrock and Hofer, 2013) although the exact relationship

between these cells remains unclear.

Monocyte CD14/CD16 Inflammatory role | % in peripheral blood
Subset expression median (IQR)
Classical CD14"ehCD16ned/low Pro-inflammatory, | 84.3 (81.4- 88.8)
antimicrobial
Intermediate CD14"ehCD16M9n Pro-inflammatory | 9.4 (7.4-13.7)
Non-classical CD14'°“CD16"9" Patrolling, Anti- 4.8 (2.8-7.3)
viral

Table 3.1: Monocyte subset markers and phenotype
(adapted from (Shi and Pamer, 2011)) ‘% in peripheral blood’ refers to the median and
interquartile range (IQR) of all samples included in my study.

Before being distinguished as two separate populations CD16+ monocytes were
mainly thought to be pro- inflammatory TNF-a producing (Schlitt et al., 2004, Belge et al.,
2002). While these roles have yet to be fully attributed to either the intermediate or non-
classical subtype the intermediate monocytes appear to have a more proinflammatory role as
evidenced by their production of IL-13 and TNF-a in response to LPS stimulation (Cros et al.,
2010), while the non-classical subset have a more patrolling and anti-viral function (Shi and
Pamer, 2011). ANCA stimulation of neutrophils has been shown to require the Fc portion of
the autoantibody for full effect (Mulder et al., 1994), suggesting that ANCA may interact with
CD16 on monocytes and therefore, distinct monocyte subsets may play a role in the

pathogenesis of the disease. Interestingly, human Fc receptors have been shown to bind to
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murine Fc, albeit with reduced affinity, and this interaction may allow for stimulation of these
cells with murine monoclonal antibodies which have high affinity for the ANCA antigens
(Lubeck et al., 1985, Stewart et al., 2014). On the other hand some studies have shown that
monocytes may not require Fc binding at all, with Fab fragment stimulation being sufficient to
induce a response (Weidner et al., 2001). Differences in the proportion of monocyte subsets,
particularly an increase in intermediate cells, have previously been shown in several
autoimmune diseases including rheumatoid arthritis (Rossol et al., 2012), sarcoidosis (Heron
et al., 2008), and severe asthma (Moniuszko et al., 2009). This subset has also been shown
to increase after excessive exercise or stress (Steppich et al., 2000). | therefore postulated
that distinct monocyte subsets, particularly the CD16+ subsets, may exhibit differential

responses to the autoantibodies associated with ANCA vasculitis.

57



3.2 Design and rational

3.2.1 Hypothesis

Monocyte subset populations have been shown to be altered in a number of autoimmune
conditions. These subsets are characterised in part by their expression of CD16 which is

important for activation of neutrophils by ANCA. | therefore hypothesised that:

I.  The proportion of each monocyte subset is altered in ANCA associated
vasculitis
IIl.  ANCA stimulation of monocytes induces a pro-inflammatory response
lll.  The response to ANCA varies between monocyte subsets due to
differing CD16 expression

3.2.2 Methods:

Patients and controls were recruited from two cohorts; from Ireland and The Netherlands,
which are defined in Figure 3.2.1 and Figure 3.2.2. The methods used to investigate the
hypothesis outlined in Section 3.2.1 are outlined in Figure 3.2.3.

58



Irish cohort
Recruited from Irish hospitals

Diagnosis of other vasculitidies Diagnosis of AAV
(n=36)
Disease Control Active AAV Remission AAV
Patients with other vasculitidies BVAS >3 BVAS <3
(n=18) (n=13) (n=23)

L

Anti-MPO + Anti-PR3 +
(n=16) (n=20)

/ )
J y

Clinical information recorded
Treatment, CRP, eGFR, White cell count

Figure 3.2.1 Patient and control breakdown of Irish Cohort
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Groningen cohort
Recruited in Gronigen, Netherlands

Diagnosis of AAV Healthy individual

(n=64)
Active AAV Remission AAV Healthy control group
BVAS >3 BVAS <3 (n=28)
(n=5) (n=59)

Clinical information recorded
Treatment, CRP, eGFR

Figure 3.2.2 Patient and control breakdown of Groningen Cohort
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Obtained patientblood
Irish and Groningen cohort
Chapter 2.2.1

Characterisation of monocytes

Flow cytometry
CD14, CD16, CD66b, MPO, PR3, CD177,CD3, CD1c, CD19, CD56
Chapter 2.2.2

Healthy control PBMC isolation Monocyte isolation FACS sorting of subsets
Lymphoprep > MACS purification —> CD14and CD16
(n=10) (n=10) (n=3)
Chapter 2.2.3.1 Chapter 2.2.3.3 Chapter2.2.3.4

Stimulation with antibody
a-MPO, a-PR3 orisotype
Chapter 2.2.4.1

Cytokine analysis
IL-1B, IL-6, IL-8 ELISA
Chapter 2.2.5

Figure 3.2.3 Diagramtic representation of techniques used.

Overview of experimental plan and techniques used to: investigate and phenotype monocyte
subsets in patients with AAV, and to investigate the response of monocytes to ANCA
stimulation. Detailed methods are provided in the section number shown below each

technique.
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3.3 Results

3.3.1 Optimisation of monocyte subset staining

Individual monocyte subsets were identified based on cell surface expression of CD14 and
CD16 as measured by flow cytometry (Fig 3.3.1). Gating monocytes in this way resulted in a
small population of CD14°“CD16"" cells (Figure 3.3.1 E) In order to get an accurate
percentage of the monocyte subsets as a percentage of total CD14+ monocytes | identified
the cells contained in this CD14°“CD16"°" population (Figure 3.3.2). These cells were
comprised mainly of CD1c" dendritic cells (Figure 3.3.2 A) with smaller proportions of CD3" T
cells (Figure 3.3.2 B), CD19* B cells (Figure 3.3.2 C) and CD56" NK cells (Figure 3.3.2 D).
This population was therefore removed from future analysis to allow for correct monocyte
subset proportions.

[Ungated] FS / SS [H]FS / FS [D] CD 66b PE-Cy5.5 / SS
1000 3 1000 1000 CD66b +
800 800
CD66b-
600 D 600
v wv vy
wv w wv
’ 400 ’ 400 g 0
200 ZOOE
860 10‘00 0 260 460 6(')0 860 |DIOO 1(']U |(I)' IIDZ 10°
FS CD 66b PE-Cy5.5
[F] CD14 Pac Blue / SS Yy [CD14] CD14 Pac Blue / CD16 APC . [AA] CD14 Pac Blue / CD16 APC
1007 Tep14 T-+ T+ iNon-Classical : 5.05%
800
104 102 Intermediate :
7.32%
N 600 § §
A — o 104 — o 10"
400 a a
[v] O
T-- 1T--
2004 5 10°4 100
et T+- 3
T T T Classical : 87.63%
100 10' 10? 10° T — T T T T
10° 10' 10% 10 10° 10' 10? 10°

CD14 Pac Blue

CD14 Pac Blue

CD14 Pac Blue

Figure 3.3.1 Gating of monocyte subsets.

Monocytes were initially gated based on size (FS) and granularity (SS) (A). Doublets were
excluded (B). Granulocytes were excluded based on positive CD66b staining (C).
CD14+CD66b- monocytes (D) were gated on and the contaminating CD14lowCD16-
population was removed (E) and the pure CD14+ cells were subdivided into classical,
intermediate and non-classical subsets based on CD14 and CD16 staining (F). Flow plots
represent a typical AAV patient.
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200435 200 2005 o 200
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CD1c FITC CD3 FITC CD19 APC-Cy7 CD56 PE-Cy7
Gate %Gated Gate %Gated Gate %Gated Gate %Gated
All 100.00 All 100.00 All 100.00 All 100.00
CD1c Gate  52.06 CD3 Gate 1.73 CD19 Gate  12.15 CD56 Gate  32.85

Figure 3.3.2 Characterisation of CD14"°" CD16'°" population.

Monocytes were gated as shown in Figure 3.3.1. CD14°“CD16""* cells were gated and
identified using antibodies directed against CD1c, CD3, CD19 and CD56 to remove
contaminating cell populations.

3.3.2 The proportion of intermediate monocytes is increased in AAV patients

Patients were recruited from hospitals in two locations; Ireland and Groningen, The
Netherlands. Patient cohorts are described in Figure 3.2.1 and Figure 3.2.2. A detailed
breakdown of the patient characteristics and demographics is described in Table 3.3.1. These
patients were matched for steroid and immunosuppressive treatment across the three disease
groups in order to account for variations in cell numbers as a result of these treatments.
Monocyte subset populations for each cohort were identified by flow cytometry. | observed no
significant difference in the proportion of classical and non-classical monocytes, as a
percentage of total monocytes, between healthy controls, disease controls and AAV patients
(remission or active) (Figure 3.3.3 A, C). Intermediate monocytes were significantly increased
in both remission and active AAV patients when compared to healthy control individuals
(Figure 3.3.3 B).
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Figure 3.3.3 Intermediate monocyte subsets are increased in both active and remission
AAV patients compared to healthy control individuals.

Peripheral blood was collected from healthy control individuals, AAV patients (both patients
with active disease and those in remission), and patients with other renal disease (disease
controls). Percentages of monocytes in each subset (A-C) were established by flow cytometry
based on CD14 and CD16 staining. Total monocyte counts from the Irish cohort (D-F) were
determined based on available clinical data. Each symbol represents a separate individual.
Data are presented as the median and interquartile range (*p<0.05, ***p<0.005). HC: healthy
control; DC: disease control; Rem: remission. A-C N=44, 18, 81 and 19 for HC, DC, Rem and
Active respectively. D-E N=9, 15 and 8 for DC, Rem and Active respectively.

The fraction of intermediate monocytes in the disease control group was numerically similar to
the vasculitis groups, but the increase was not significantly different from the healthy control
group (Figure 3.3.3 B). The absolute cell counts between the three subsets did not vary across
the patient and control groups (Figure 3.3.3 D-F) however, these counts are available for the
Irish cohort only. No difference was found between the percentage or cell number of each
subset in this Irish cohort when patients were stratified based on ANCA specificity (either MPO
or PR3) (Figure 3.3.4).
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Figure 3.3.4 Patient ANCA type does not affect the proportion of each monocyte subset.
AAV patients were divided based on their ANCA type. Percentages of monocytes in each
subset (A-C) were established by flow cytometry based on CD14 and CD16 staining. Total
monocyte counts from the Irish cohort (D-F) were determined based on available clinical data.
Each symbol represents a separate individual. Data are presented as the median and
interquartile range. Circles represent patients in remission and triangles represent patients with
active disease. N= 16 Anti-MPO and N=20 Anti-PR3

65



<60ml/min

Vasculitis Active Remission Disease Healthy
(n=100) Controls Controls
(n=19) (n=81)
(n=18) (n=44)
Age: 59 (50-70) 55 (51-73) 59 (49-70) 54 (17-87) | 39 (22-75)
Median (Range)
Gender 51 male 14 male 37 male 13 male 19 male
49 female 5 female 44 female 5 female 25 female
ANCA type at 17 anti-MPO | 7 anti-MPO | 10 anti-MPO | N/A N/A
diagnosis _ _ .
83 anti-PR3 | 12 anti-PR3 | 71 anti-PR3
Proportion of 72% 76% 72% 65% 0%
patients on
immunosuppression
Proportion of 53% 68% 32.4% 43% 0%
patients on steroids
Median CRP 3 15 2 9 N/A
(mg/dL, interquartile
(1-12) (10-64) a-7) (1-34)
range)
eGFR 63 49 64 64 N/A
(ml/min, (42-80) (35-87) (42-80) (18-87)
interquartile range)
Proportion eGFR 40% 47% 38% 44% N/A

Table 3.2 Demographic and clinical information for patients and controls
All clinical data were obtained on the same date as analysis of monocytes. CRP=C reactive

protein, GFR=Glomerular filtration rate
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3.3.3 MPO and PR3 antigens are preferentially expressed on intermediate
monocytes

As MPO and PR3 expression on neutrophils has been shown to localise with CD16 (David et
al., 2005), and due to the variability in CD16 expression on monocyte subsets, | hypothesised
that cell surface expression of the MPO and PR3 autoantigens may vary between these
subsets. Using the Irish cohort, | divided the AAV patients into anti-MPO and anti-PR3 positive
groups. Following gating on each subset, the percentage of monocytes within that subset
expressing cell-surface MPO or PR3 was determined by flow cytometry. MPO expression was
significantly increased on intermediate monocytes when compared to the classical and non-
classical subsets (Figure 3.3.5 A, C). Similarly, cell-surface PR3 expression was also

increased on intermediate monocytes (Figure 3.3.5 B, D).
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Figure 3.3.5 ANCA autoantigens are preferentially expressed on intermediate
monocytes.

Peripheral blood was collected from patients with AAV and the percentage of cells expressing
cell-surface MPO and PR3 was examined by flow cytometry. The percentage of MPO and PR3
positive cells in each subset is shown for anti-MPO+ AAV patients (A-B) and anti-PR3+ AAV
patients (C-D). Each symbol represents a separate individual. Open circles represent patients
in remission and filled triangles patients with active disease. Data are presented as the median
and interquartile range. Non-parametric one-way ANOVA (Friedman test) and Dunn’s post-
test were used to test for significance (*p<0.05, **p<0.01; ****p<0.0001). Class: classical; Int:
intermediate: NC: non-classical. N= 16 Anti-MPO and N=20 Anti-PR3
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Figure 3.3.6 Intermediate monocytes from control individuals also express increased
levels of MPO and PRS3.

Peripheral blood was collected from healthy and disease control individuals and the
percentage of cells expressing cell-surface MPO and PR3 was examined by flow cytometry.
The percentage of MPO and PR3 positive cells in each subset is shown for healthy controls
(A-B) and disease controls (C-D). Each symbol represents one individual. Data are presented
as the median and interquartile range. Non-parametric one-way ANOVA (Friedman test) and
Dunn’s post-test were used to establish significance (*p<0.05, **p<0.01; ***p<0.001;
****%n<0.0001). Class: classical; Int: intermediate: NC: non-classical. N= 17 Healthy controls
and N=18 Disease controls

This increase was observed in both AAV patient categories (anti-MPO and anti-PR3) and was
also found in the intermediate subset of both disease control patients and healthy control
individuals, indicating that this is not a disease specific phenomenon but rather a fundamental
feature of the intermediate monocyte subset (Figure 3.3.6). | next looked at the relative amount
of MPO and PR3 on the surface of each monocyte subset. Following gating of MPO/PR3
positive cells in each subset | found a small but significant increase in the median fluorescence
intensity of MPO and PR3 on intermediate monocytes (Figure 3.3.7) indicating that not only
are more of these cells MPO and PR3 positive, each positive cell also has an increased
proportion of both antigens on their surface when compared to classical and non-classical
monocytes. This change appeared quite subtle and more work is required to ascertain the

biological significance of this finding.
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Figure 3.3.7 The MFI of MPO and PR3 expression is increased on intermediate
monocytes in patients.

Peripheral blood was collected from patients with AAV. Cells were stained as described in
methods and analysed by flow cytometry. Following gating on MPO or PR3 positive cells in
each monocyte subset, the median fluorescence intensity (MFI) of MPO and PR3 was
determined. For each individual these values were corrected by subtraction of the MFI for the
fluorescence minus one (FMO) control and expressed relative to the corrected MFI for classical
monocytes in that individual. Relative expression of cell-surface MPO or PR3 in each monocyte
subset is shown for (A-B) anti-MPO+ AAV patients and (C-D) anti-PR3+ AAV patients. Data
are presented as the median and interquartile range. Non-parametric one-way ANOVA
(Friedman test) and Dunn’s post-test were used to establish significance (*p<0.05, **p<0.01;
***p<0.001). Class: classical; Int: intermediate: NC: non-classical. N= 16 Anti-MPO and N=20
Anti-PR3
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3.3.4 Monocyte surface expression of MPO and PR3 is not linked.

As cell-surface expression of both MPO and PR3 was increased on intermediate monocytes |
investigated whether expression of the two autoantigens was linked in this cell type. However,
| found that the majority of autoantigen expressing monocytes were positive for either MPO or
PR3 alone, indicating that expression of MPO and PR3 on the monocyte cell surface occur

independently of each other (Figure 3.3.8).
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Figure 3.3.8 Cell-surface expression of MPO and PR3 is not linked on monocytes.
Peripheral blood was collected from patients with AAV and the percentage of cells expressing
surface MPO and PR3 was examined by flow cytometry. Cells were classified as being
MPO+PR3-, MPO-PR3+, MPO+PR3+. Data are presented for anti-MPO+ patients (A), anti-
PR3+ patients (B), healthy control individuals (C) and disease control patients (D). Each
symbol represents an individual patient. Open circles represent patients in remission and filled
triangles patients with active disease. Data are presented as the median and interquartile
range. Non-parametric one-way ANOVA (Friedman test) and Dunn’s post-test were used to
test for significance (**p<0.01). N= 16 Anti-MPO, N=20 Anti-PR3, N= 17 Healthy controls and
N=18 Disease controls

These data suggest that the mechanism for anchoring the antigen to the plasma membrane is
different for MPO and PR3. In neutrophils, surface expression of CD177 is linked to PR3
expression, with increased membrane expression of PR3 dependent on CD177 (Abdgawad et

al., 2010). | investigated whether the same mechanism accounted for surface PR3 expression
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on monocytes. | found little expression of CD177 on monocytes and no association between
CD177 and PR3 (Figure 3.3.9). As demonstrated previously a high proportion of PR3+
granulocytes co-expressed CD177 (Figure 3.3.9).
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Figure 3.3.9 PR3+ monocytes do not co-express CD177.

Peripheral blood was collected from healthy control individuals, patients with AAV and disease
controls and analysed by flow cytometry. Following gating on monocytes or granulocytes the
percentage of PR3+ cells in each population which co-express CD177 was determined (A).
Representative histograms show the median fluorescence intensity (MFI) of CD177 on
monocytes and granulocytes (B). Data represent the median and interquartile range. Paired t-
test was used to test for significance (**p<0.01). Mono: monocytes; Gran: granulocytes; FMO:
fluorescence minus one control. N=5
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3.3.5 CD16 expression correlates with cell-surface MPO but not PR3
expression on intermediate monocytes

As CD16 positivity is the criterion for differentiation between classical and intermediate
monocytes, as well as being a potential signalling mechanism for ANCA in monocytes, |
investigated the relationship between CD16 and MPO/PR3. Following gating on intermediate
monocytes, | assessed whether the MPO/PR3 median fluorescence intensity was correlated
with that of CD16. | found that surface MPO (Figure 3.3.10 A, C), but not PR3 (Figure 3.3.10
B, D), was significantly correlated with CD16 in both anti-MPO+ and anti-PR3+ AAV patients.
Neither antigen was correlated with CD16 in
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Figure 3.3.10 CD16 expression correlates with MPO but not PR3 expression on
monocytes.

Peripheral blood was collected from patients with AAV and analysed by flow cytometry.
Following gating on intermediate monocytes the MFI of CD16 was plotted against that of MPO
or PR3. Data presented show (A-B) anti-MPO+ AAV patients, (C-D) anti-PR3+ AAV patients.
Each symbol represents an individual patient. Open circles represent patients in remission and
filled triangles show patients with active disease. Correlation was tested by Spearman Rank
Test. NS=not significant. N= 16 Anti-MPO, N=17 Anti-PR3
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healthy controls (Figure 3.3.11 A, B). Interestingly, both MPO and PR3 expression correlated
with that of CD16 in disease control patients (Figure 3.3.11 C, D), suggesting that this may be

a feature of either renal dysfunction or systemic inflammation.
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Figure 3.3.11 CD16 expression correlates with MPO and PR3 on disease controls but is
not correlated in healthy individuals.

Peripheral blood was collected from healthy and disease control individuals. Following gating
on intermediate monocytes the MFI of CD16 was plotted against that of MPO or PR3. Data
presented show (A-B) healthy controls and (C-D) disease controls. Each symbol represents
an individual patient. Correlation was tested by Spearman Rank Test. NS=not significant. N=
16 Healthy controls and N=17 Disease controls

3.3.6 Antibodies directed against MPO stimulate IL-1B, IL-6 and IL-8
production in monocytes

To investigate activation of monocytes following binding of ANCA to surface antigen, |
measured release of pro-inflammatory cytokines; IL-13, IL-6 and IL-8 from isolated monocyte
populations. In order to isolate the required numbers of monocytes healthy donor blood
obtained from the Irish Blood Transfusion Service was used in the following sections. First, |
compared a number of different techniques which had been used in the literature for the
isolation of monocytes from peripheral blood mononuclear cells (PBMCs). These techniques

were adhesion to plastic (Schreiber et al., 2012), positive selection MACS (+ve MACS) (Yoon
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et al., 2014) and negative selection MACS (-ve MACS) (Gelinas et al., 2011). | found that using
+ve MACS based on CD14 expression provided a much higher purity level than either
adherence of PBMCs to plastic or -ve MACS based on CD14 (Figure 3.3.12 A). While | did
see a slight reduction in the percentage of viable cells using the +ve MACS isolation (Figure
3.3.12 B), | concluded that the dramatic increase in purity meant that this method was the most
appropriate to elucidate mechanisms of monocyte activation. Although +ve MACS purity levels
were ~80%, contaminating cells were found to be T and B cells which do not normally produce
the cytokines of interest here and therefore should not interfere with the interpretation of these

results
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Figure 3.3.12 Positive selection provides the highest level of monocyte purity.

PBMCs were isolated from healthy control individuals. The purity of monocytes was measured
using flow cytometry and the %CD14 positive cells is shown for three different isolation
methods, adherence to plastic, positive selection MACS (+ve MACS) and negative selection
MACS (-ve MACS) (A). The percentage of live cells before and after isolation using the three
methods was determined using live/dead staining and flow cytometry (B). N=7
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Based on previously described models of monocyte activation by ANCA,, monocytes were
primed with tumour necrosis factor (TNF)-a in order to ensure antigen surface expression
(Schreiber et al., 2012), before being stimulated with either monoclonal antibodies (mAb)
directed against MPO or PR3 or with immunoglobulin G (1gG) purified from the plasma of
patients with AAV as described in Section 3.2.4. Treatment with anti-MPO mAb resulted in
significantly increased IL-1j3, IL-6 and IL-8 production (Figure 3.3.13 A-C).
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Figure 3.3.13 Stimulation of monocytes with anti-MPO mAb leads to an increase in IL-
1B, IL-6 and IL-8 secretion.

CD14+ monocytes were isolated from the PBMCs of healthy controls by MACS separation.
The cells were plated and incubated with 5 ng/ml TNF-a @ 37 °C for 30 minutes and then
stimulated for 4 hours with Sug/ml of either monoclonal antibody (mAb) directed against MPO
or mAb against PR3 Supernatants were then removed and levels of IL-18 (A, D), IL-6 (B, E)
and IL-8 (C, F) measured by ELISA. Data are presented as the median and interquatrtile range.
Statistical analysis was performed using Wilcoxon signed rank test (*p<0.05,). Iso: isotype
control. N=7
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This increase in inflammatory cytokine production was also observed when monocytes were
stimulated with IgG purified from anti-MPO+ AAV patients (Figure 3.3.14 A-C). Interestingly,
this effect was not seen in monocytes stimulated with either mAb directed against PR3 (Figure
3.3.13 D-F) or protein G purified 1gG from anti-PR3+ AAV patients (Figure 3.3.14 D-F).

A B C
200 . 8000 . 60000
- —_ I o
E = =
3150 gsooo 5,40000
2 =% o
Z100{ T £ 4000 2
= R % 20000
= 50 = 2000 =
" 0 - 0 "
CtrlilgG  Anti-MPO CtrlilgG  Anti-MPO CtrlilgG  Anti-MPO
D E F
200 8000 60000
E 150 < 6000 =
£ E £ 40000
=1 g g
Z100] T £ 4000 2
= R % 200000 —T
= 50 = 2000 =
: 0 : 0 -
CtrllgG  Anti-PR3 CtrllgG  Anti-PR3 CtrllgG  Anti-PR3

Figure 3.3.14 Stimulation of monocytes with IgG from anti-MPO+ patients leads to an
increase in IL-1B, IL-6 and IL-8 secretion.

CD14+ monocytes were isolated from the PBMCs of healthy controls by MACS separation.
The cells were plated and incubated with 5ng/ml TNF-a @ 37 °C for 30 minutes and then
stimulated for 4 hours with 5ug/ml of either protein G purified IgG from anti-MPO+ patients or
IgG purified from anti-PR3+ patients. Supernatants were then removed and levels of IL-1B (A,
D), IL-6 (B, E) and IL-8 (C, F) measured by ELISA. Data are presented as the median and
interquartile range. Statistical analysis was performed using Wilcoxon signed rank test
(*p<0.05, **p<0.01). CTRL: Control. N=7
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3.3.7 Cytokine production in response to stimulation with anti-MPO mAb
varies between monocyte subsets

As | found MPO to be differentially expressed on different monocyte subsets, | next
investigated if the production of pro-inflammatory cytokines IL-1(3, IL-6 and IL-8 observed
following stimulation of total monocytes differed in a subset-specific manner. Classical,
intermediate and non-classical cells were sorted from MACS purified monocytes based on
CD14 and CD16 expression (Figure 3.3.15). Sorted cells were primed with TNF-a and treated
with anti-MPO mAb. This stimulation failed to induce secretion of any of the cytokines tested
(IL-1B; IL-6; IL-8) from non-classical (NC) monocytes (Figure 3.3.16 A-C). IL-13 production
was found to vary most between monocyte subsets, with intermediate monocytes producing
higher quantities than classical monocytes both basally and in response to anti-MPO
stimulation (Figure 3.3.16 A). IL-6 production was found to be similar in classical and
intermediate monocytes and to be increased in both subsets following incubation of cells with
anti-MPO (Figure 3.3.16 B). Conversely only classical monocytes were found to secrete IL-8
in response to anti MPO mAb (Figure 3.3.16 C).
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Figure 3.3.15 Purity of monocyte subsets following sorting.

Monocytes were gated based on size (FS) and granularity (SS). Doublets were excluded.
Purity of sorted subsets was found by subdividing CD14+ monocytes into classical,
intermediate and non-classical subsets based on CD14 and CD16 staining. Flow plots show
typical pre- and post-sort monocyte subsets proportions.
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Figure 3.3.16 Intermediate monocytes produce increased amounts of IL-1B and IL-6 both
basally and in response to stimulation with anti-MPO mAb.

CD14+ monocytes were isolated from PBMCs of healthy control individuals by MACS
separation. Monocyte subsets were then sorted from CD14+ cells based on CD14 and CD16
expression. Sorted subsets of monocytes were incubated with 5ng/ml TNF-a @ 37 °C for 30
minutes followed by stimulation for 4 hours with 5ug/ml of either monoclonal antibody (mAb)
directed against MPO or an isotype control. Supernatants were then removed and levels of (A)
IL-1B, (B) IL-6 and (C) IL-8 measured by ELISA. Data are presented as the median and
interquartile range of the fold increase over control. Statistical analysis was performed using
Two-way ANOVA and Sidak test to correct for multiple comparisons (*p<0.05, **p<0.01,
***n<0.001, ****p<0.0001). Class: Classical; Int: Intermediate; NC: Non-Classical. N=4
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3.3.8 IL-1B production in response to anti-MPO is not dependent on Fc binding
in monocytes

It has been shown previously that the binding of the Fc portion of ANCA antibodies to
neutrophils is required for their activation (Mulder et al., 1994). This finding, along with our own
finding that the Fc receptor (CD16) expression on monocytes correlates with expression of
MPO led us to investigate whether blocking the Fc receptor would abrogate the effect of anti-
MPO stimulation in monocytes. In order to test this hypothesis | treated cells with anti-MPO
mADb after pre-treatment with either Fc blocking solution or vehicle. Monocyte activation was
measured by IL-18 production. Treatment with Fc blocking solution had no effect on the ability
of anti-MPO mAb to activate monocytes (Figure 3.3.17).
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Figure 3.3.17 Fc receptor binding is not required for anti-MPO-induced IL-18 production
by monocytes.

CD14+ monocytes were isolated from PBMCs of healthy control individuals by MACS
separation. Cells were incubated with 2.5ug/10° cells Fc Block @ 37°C for 30 minutes followed
by stimulation for 4 hours with 5ug/ml of either monoclonal antibody (mAb) directed against
MPO or an isotype control. Supernatants were then removed and levels of IL-13 measured by
ELISA. Data are presented as the median and interquartile range. Statistical analysis was
performed using Two-way ANOVA and Sidak test to correct for multiple comparisons
(**p<0.01). N=3
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3.4 Discussion

At the time that the stimulatory effect of ANCA on neutrophils was first described, a similar
phenomenon was described in monocytes (Charles et al., 1992). ANCA were shown to
stimulate oxygen radical production (Weidner et al., 2001) and to induce production of
inflammatory cytokines such as IL-8 from monocytes (Ralston et al., 1997). Following these
initial studies, the focus of research has been almost exclusively on neutrophils. As several
other autoimmune diseases are characterised by an expansion of intermediate monocytes, |
postulated that ANCA vasculitis would also display this phenotype. | have shown for the first
time that the proportion of intermediate monocytes found in AAV patients is increased when
compared to healthy control individuals. A recent paper by Tarzi et al found no difference in
the proportion of each monocyte subset in patients (Tarzi et al., 2015). The change which |
found in the proportion of intermediates is subtle and therefore the differences between these
two results may just be a result of the increased number of patients captured in my study (100
vs 60). In addition, | have demonstrated that the autoantigens associated with ANCA vasculitis
(MPO and PR3) are differentially expressed on distinct monocyte subsets, with the highest
expression being seen on intermediate cells. Interestingly, Tarzi et al found that intermediate
monocytes only preferentially expressed MPO and it was the classical subset which had the
highest prevalence of surface PR3 expression (Tarzi et al., 2015). The reason for discrepancy
between these two sets of results is unclear as similar staining protocols were used in both
studies. Minor differences such as the type of lysis buffer used or the different fluorescent
antibodies used may play a role in these differences however this is unlikely to be the only
reason behind them. More study into the surface expression of ANCA antigens, particularly
PR3, may therefore be needed in order to fully characterise these cells. In concordance with
cell surface expression of MPO on monocytes | confirmed that stimulation with anti-MPO
antibodies results in monocyte activation, as measured by IL-1, IL-6 and IL-8 production,
although anti-PR3 antibodies did not have this effect. Importantly, | also demonstrated that
monocyte subsets respond differently to anti-MPO antibodies, with intermediate monocytes

producing the highest amount of IL-1f and increased IL-6 following stimulation.

| first divided the AAV patients into those with active disease and those who were in
remission based on the hypothesis that those patients with active disease would have
increased inflammatory monocytes. | found that both remission and active patients had an
increased proportion of intermediate monocytes when compared to the proportions observed
in healthy control individuals. This indicates that this cell type is expanded in patients and

therefore may play a role in disease pathogenesis or pathophysiology.
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| also analysed the expression of the autoantigens targeted by ANCA on monocyte
subsets. It has been reported that monocytes express both MPO and PR3 on their cell surface
(Owen et al., 1994, Hattar et al., 2002) although their expression on different monocyte subsets
has not been reported. | found that both of these antigens are expressed preferentially on
intermediate monocytes when compared to the classical and non-classical populations.
Although intermediate cells account for a relatively small fraction of total monocytes in
peripheral blood (6-11% in healthy individuals), the proportion of this monocyte subset is
increased in ANCA patients as | have shown. This increase, in combination with increased
expression of the autoantigens, suggests that this subset may be the monocyte target of
ANCA. Not only do an increased proportion of intermediate monocytes express these antigens,
but these cells express a greater amount of MPO or PR3 on their surface than their classical
or non-classical equivalents. Taken together these data suggest that the intermediate subset

is the monocyte population which is most susceptible to ANCA stimulation.

In anti-MPO+ AAV patients the correlation between surface MPO and CD16 on
intermediate monocytes indicates that expression of these two molecules may be linked. In
neutrophils, ANCA have been shown to induce the activation of the cell through first binding to
MPO or PR3 and subsequent signalling through their Fc region (Mulder et al., 1994). As CD16
is an Fc receptor its expression on the same cells as MPO may provide an insight into the
possible activation of these cells by anti-MPO ANCA. The differential nature of surface MPO
and PR3 expression is highlighted by the fact that in AAV patients CD16 is only correlated with
MPO but not PR3. The significance of this finding remains to be determined as | have found
that Fc receptor binding is not required for the induction of IL-18 by anti-MPO. This finding,
along with the similar response to vehicle and isotype treated cells further emphasises the lack

of requirement for CD16 binding in these cells.

It has been shown that CD16 expression occurs in lipid rafts (Cherukuri et al., 2001).
While CD16 is not directly required for signalling in response to anti-MPO stimulation, the
correlation between MPO and CD16 may indicate that lipid raft formation is occurring and
therefore other glycosylphosphatidylinositol (GPI)-linked proteins may be involved in the
response to anti-MPO antibodies. Another way in which monocytes appear to differ from
neutrophils is the way in which they express PR3 on their surface. In neutrophils, surface
translocation of PR3 usually occurs through an association with CD177 (Abdgawad et al.,
2010). This does not appear to be the mechanism in monocytes; elucidation of how both PR3
and MPO traffic and remain on the plasma membrane of monocytes, as well as presumably
facilitating an outward-in signalling process, will need to be examined closely. CD177 is
thought to form a signalling complex through which neutrophils are stimulated following binding
of antibodies to PR3 (Jerke et al., 2011). As | have shown, monocytes lack CD177 on their
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surface and this may explain why stimulation with PR3 antibodies does not lead to IL-1f3

production in these cells.

It has been shown previously that mAbs directed against both MPO and PR3 lead to
the production of IL-1B from monocytes (Schreiber et al.,, 2012). However, my data
demonstrate that only anti-MPO and not anti-PR3 stimulation leads to the activation and
subsequent IL-1f production from monocytes. The discrepancy between these two results may
be due to the fact that monocytes were isolated by different methods. | have used a positive
magnetic bead selection method, whereas Schreiber et. al. used a plastic adherence method
in order to purify their monocytes. As | have shown here, this plastic adhesion method resulted
in poorer monocyte purity. It has also been shown previously that adherence of monocytes to
plastic can result in partial activation of the cells (Kelley et al., 1987). This presence of impure
monocytes or possible prior activation of these cells may account for the differences in IL-13
production in response to ANCA stimulation. While positive selection produced purer monocyte
populations than the other methods this process may also partially activate these cells
(Beliakova-Bethell et al., 2014). Interestingly, monocyte gene expression was only slightly
altered between positive and negative selection in this study suggesting a minimal role for
isolation method in activating the cells. However, due to the potential trade-off between purity
and activation, the inclusion of isotype and vehicle control stimulations are vital for the
interpretation of these results. | have shown a similar result when mAbs were replaced with
IgG derived from anti-MPO+ and anti-PR3+ patients, with only IgG from anti-MPO+ patients
leading to IL-1B production, further verifying the specificity of the response. This specific anti-
MPO response is also observed when | investigated other inflammatory cytokines, IL-6 and IL-
8. The production of these cytokines mirrored the pattern observed in IL-18 production from

the stimulated total monocyte population.

In order to investigate the hypothesis that the intermediate subset of monocytes, by
virtue of their increased antigen expression, would have the greatest response to anti-MPO
antibodies | used a similar system of stimulation to that used for total monocytes. For these
experiments | went a step further and sorted the individual monocyte subsets based on their
CD14 and CD16 expression. This allowed me to analyse the individual subsets and therefore
show how each group was contributing to the response to antibody stimulation which | had
seen previously. Stimulation of the intermediate subset led to the highest production of IL-1(3.
The magnitude of the increase in anti-MPO induced IL-1p in sorted monocytes was not as high
for any of the subsets as had been observed in total monocytes. This is likely a consequence
of the additional MoFlo sorting procedure, which may have partially activated the cells prior to
stimulation. Intermediate monocytes have previously been shown to produce a number of
cytokines in response to LPS (Cros et al., 2010); however, their response to ANCA has not

been studied until now. | have shown that the three monocyte subsets each have a different
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cytokine profile following stimulation with anti-MPO antibodies. While the intermediate
monocytes showed the greatest increase in IL-1p production, the amount of IL-6 produced in
these cells was comparable to that seen in the classical subset. Conversely, the IL-8
production observed in response to ANCA stimulation of monocytes was shown to be
exclusively a product of the classical subset. Interestingly, secretion of each of these cytokines
was unchanged in the non-classical subset in response to ANCA stimulation. Previous studies
have attempted to classify the three monocyte subsets based on their differential cytokine
production, which also serve to underline the complex nature of cytokine release by each
subset (Skrzeczynska-Moncznik et al., 2008, Cros et al., 2010).

It is unclear whether intermediate monocytes represent a transitional cell type or
whether they are a functionally distinct cell population. While the current consensus of
monocytes is that there are three distinct subsets as discussed above, recent studies have
suggested that these cells may in fact exist on a continuum rather than distinct subsets (Villani
et al., 2017). This study used unbiased RNA-seq in order to characterise monocytes and
dendritic cells from human samples. When using this approach, monocytes could be classified
into 4 subsets rather than the three currently used. The classical and non-classical cells
appeared to form two separate clusters with the intermediate subset being split into two
categories based on gene expression. This study suggests that, similar to macrophages,
monocytes may exist in a continuum rather than the polarised subsets discussed in the majority
of the literature. The fact that myself and others have shown that monocyte subsets have
distinct functions and how these data could be translated to monocytes described on a
spectrum remains unclear. In reality monocytes likely have various activation states depending
on the tissue in which they are situated and the stimuli they have encountered. This research
indicates the importance of further study into this cell type and the exact mechanisms through

which different monocyte types may respond to stimuli.

My data clearly support a distinct functional role for these cells as they differ from both
classical and non-classical monocytes in terms of autoantigen expression, production of the
pro-inflammatory cytokine IL-1B, and response to ANCA. For all of these parameters, non-
classical cells were more similar to the classical subset than they were to the intermediate,

suggesting that intermediate monocytes are not a transitional population.

The production of IL-1 has been shown to play a critical role in disease pathogenesis,
with the IL-1 receptor antagonist anakinra protecting against glomerulonephritis in an anti-
MPO-induced mouse model (Schreiber et al., 2012). By sorting of individual monocyte subsets
I have shown that intermediate monocytes preferentially express the autoantigens associated
with AAV and that these cells produce the highest levels of IL-1B in response to anti-MPO,

suggesting a possible key role for these cells in AAV. It is likely that while neutrophils are
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responsible for initial pathologic responses to ANCA in patients, monocyte interactions with
neutrophils may have a role in this early stage of disease. In this context, IL-13 has been shown
to prime neutrophils for activation (Sullivan et al., 1989), suggesting a feedback loop in which
monocytes and neutrophils continuously activate one another to propagate disease.

My data demonstrating the induction of IL-13, IL-6 and IL-8 by anti-MPO but not anti-
PR3 antibodies highlights differences between the two primary autoantigens associated with
AAV. It is increasingly appreciated that MPO-ANCA and PR3-ANCA vasculitis are different
diseases both genetically and phenotypically (Lyons et al., 2012). The presence of anti-PR3
antibodies portends a high relapse rate (Sanders et al., 2004) and granulomatous disease
affecting the upper and lower respiratory tract (Franssen et al., 1998, Goldschmeding et al.,
1990), while the presence of anti-MPO antibodies is associated with a more “vasculitic
phenotype with a high incidence of scarring in kidney and lung at the time of diagnosis
(Goldschmeding et al., 1990, Falk and Jennette, 1988). While mechanistic explanations linking
the current work with these observations are beyond the scope of this body of work, monocytes
and macrophages are important in both the generation of granuloma (Mukhopadhyay et al.,
2012) and progression of fibrosis, so it is conceivable that the differential effect of anti-PR3
and anti-MPO antibodies on these cells is important in cellular pathogenesis. For example, the
MCP1 / CCR2 chemokine axis is known to be pro-fibrotic (Distler et al., 2006) and may be
preferentially activated by anti-MPO antibodies. Further investigation to understand this

differential effect and its link to clinical phenotype is ongoing.
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Chapter 4: The pro-inflammatory
effects of ANCA on monocytes are
linked to changes in cellular
metabolism
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4.1 Introduction
Cellular metabolism has been the subject of extensive study in cancer. The “Warburg effect”

which occurs in many cancer cells results in a large increase in glycolysis despite non limiting
levels of oxygen (Warburg, 1956, Lopez-Lazaro, 2008). Cancer cells are thought to activate
this pathway in order to produce materials which are vital for growth (Lopez-Lazaro, 2008). For
many years the realm of cellular metabolism was largely ignored by immunologists. This was
despite the fact that it had been shown as far back as 1962 that certain immune cells such as
macrophages have an increase in their glycolytic rate upon activation (Evans and Karnovsky,
1962). In many ways immune cells in the early stages of activation have similar characteristics
to cancer cells; increased requirement for cellular building blocks, ability to proliferate quickly
and need to proliferate in multiple environments, such as in areas of high pH (Zheng, 2012).
Immune cells such as monocytes, macrophages and T cells can often be polarised to perform
a number of different functions. This polarisation within cell types requires tight control to allow
for an adequate and appropriate response to stimuli. Recent studies have shown that changes
in intracellular metabolism play a major role in immune cell function and polarisation (Galvan-
Pena and O'Neill, 2014). These changes are more than just responsive but rather they have
been shown to instruct cell function (Gleeson et al., 2016) and have recently been implicated
in several autoimmune conditions (Yang et al., 2013, Wahl et al., 2010). Functionally distinct
metabolic profiles have been established for a number of cell types. Some of these are shown
in Figure 4.1.1.

The majority of cells in the body, both stromal and resting immune cells, rely mainly on
oxidative phosphorylation (ox phos) for energy production. This efficient metabolic pathway
allows for the production of 36 ATP molecules for each molecule of glucose consumed by the
cell (Rich, 2003). Anti-inflammatory cells such as M2 macrophages and memory T cells rely
on ox phos to meet their energy needs (Jha et al., 2015, O'Sullivan et al., 2014). This pathway,
while extremely efficient, can often be relatively slow to be activated (Pfeiffer et al., 2001). For
this reason cancer cells and immune cells which are considered to be pro inflammatory, such
as LPS activated M1 macrophages or effector T cells, rely mainly on glycolysis for energy
production (Rodriguez-Prados et al., 2010, Michalek et al., 2011). Interestingly, CD4+ T cells
also upregulate ox phos when activated however glycolysis is the more predominant pathway
(Palmer et al., 2016).
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Figure 4.1.1 Predominant metabolic pathways in activated cell types

While the main output of these metabolic pathways is energy in the form of ATP they
also produce a number of intermediates which are used to create the building blocks needed
for cell growth and division (Lopez-Lazaro, 2008). Cells which use glycolysis as their main
source of energy can therefore divert intermediates, such as citrate, which would usually be
used in the TCA cycle into other pathways such as fatty acid synthesis (Martin and Vagelos,
1962). While glycolysis and ox phos are often considered to be the main metabolic pathways
in the cell, other pathways such as the pentose phosphate pathway or glutaminolysis are also
important in immune cell function (Haschemi et al., 2012, Wallace and Keast, 1992). The
interactions between all of these pathways are beginning to emerge as having important roles
in immune cell functionality (O'Neill et al., 2016). In this initial study into the effect of ANCA
stimulation on monocyte metabolism | have focussed on glycolysis and oxidative

phosphorylation.

Monocytes have been less well studied than either macrophages or T cells when it
comes to metabolic shifts upon activation. Some studies have shown that monocytes also
undergo a metabolic shift from ox phos to glycolysis in response to lactate (Dietl et al., 2010).
Other data, using HIV as the stimulus, have however shown the opposite effect with glycolysis

being decreased in activated monocytes (Hollenbaugh et al., 2011). These data show that
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metabolic response of monocytes varies depending on stimulus and therefore specific work
on diseases in which monocytes are thought to play a role is necessary. Monocytes activated
with HIV also display increased levels of the glucose transporter Glut-1 and have increased
glucose uptake (Palmer et al., 2014). These studies show that increased study on the
metabolic changes involved in monocyte activation is required in order to correctly phenotype
this cell type.

IL-1B is a key inflammatory cytokine which has a number of effects both locally and
systemically. These include induction of cyclooxegenase type 2 (COX-2), nitric oxide
production, increase in adhesion molecules, fever induction and polarisation of T cells
(reviewed in (Dinarello, 2009)). In Chapter 3 | observed increased IL-1p production from
monocytes in response to anti-MPO. This result has also been shown by other groups with IL-
1B being used as a signal for monocyte proinflammatory activation (Schreiber et al., 2012). A
number of recent studies have shown links between the production of IL-13 from bone marrow
derived macrophages (BMDMs) and changes in the cellular metabolism of those cells
(Tannahill et al., 2013, Palsson-McDermott et al., 2015). In these studies IL-1 production was
linked to a switch to aerobic glycolysis in these cells and also to an increase in fatty acid
oxidation (Mills et al., 2016, Tannabhill et al., 2013). The molecular changes involved in this
pathway have been the subject of extensive study in macrophages. In these cells activation
with a pro inflammatory signal such as LPS results a complex set of changes which allow for
an upregulation of proinflammatory pathways. The primary change in these cells is a
downregulation of oxidative metabolism through the inhibition of succinate dehydrogenase
(SDH) which results in an accumulation of succinate. Succinate then acts to stabilise Hif-1a
which leads to the production of IL-1B. In macrophages treated with LPS there is also an
upregulation of enzymes associated with glycolysis such as hexokinase 1(HK1) (Tannahill et
al.,, 2013) and enolase (Bae et al.,, 2012). The primary role of these enzymes is in the
conversion of glucose to pyruvate in glycolysis. HK1 can also act outside of the glycolytic
pathway by activating the NLRP3 inflammasome which increases IL-1(3 levels while enolase
can increase proinflammatory cytokines such as TNF and IFN-y. As members of the myeloid
lineage changes in macrophages have provided the basis for my work into monocytes. In
comparison to these cells the elucidation of metabolic shifts in monocytes is in its infancy

however the pathways involved are beginning to become clearer.

The ability to detect changes in cellular metabolism in real time has been greatly aided
by Seahorse extracellular flux technology. This relatively new technology allows for the real
time measurement of extracellular acidification rate (ECAR) and oxygen consumption rate
(OCR). These measurements act as surrogate markers for glycolysis and ox phos respectively.
In recent years the literature has become more and more reliant on using this technology to

explore changes in cellular metabolism. The real time nature of Seahorse measurements,
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compared to techniques such as using oxygen electrodes to measure oxygen consumption,
and the ability to add inhibitors directly to cells of interest provides a more robust method of
elucidating pathways and changes involved in immune cell metabolism. Here | have
investigated the metabolic changes involved in the response of monocytes to ANCA

stimulation.
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4.2 Hypothesis and methods

4.2.1 Hypothesis

Activation of immune cells has been shown to be dependent on switches in cellular

metabolism. In particular IL-1B production from innate immune cells has been shown to be

reliant on a switch to aerobic glycolysis. | therefore hypothesised that:

I.  Activation of monocytes in response to ANCA results in a switch to glycolytic

metabolism

Il.  Metabolic changes in monocytes are required for their pro-inflammatory

response to ANCA

4.2.2 Methods:

The methods used to investigate the hypothesis outlined in Chapter 4.2.1 are outlined in Figure

4.2.1.
PBMC isolation from buffy coat
Lymphoprep separation
Chapter 2.2.3.1
Monocyte isolation by CD14+ MACS purification
Purity > 85%
Chapter 2.2.3.4
I
Stimulation of 1X10° cells with 5pug/ml antibody
a-MPO, a-PR3 orisotype
Chapter 2.2.4
Addition of compounds i Flow cytometry
2-DG (n=6) Seahorse analysis 2-NBDG (glucose uptake) (n=3),
Oligomycin (n=6) OCR and ECAR DCFDA (Cellular ROS) (n=3),
Dasa-58 (n-3) (n=3) MitoSox (mitochondrial ROS) (n=4)
n= M
Tepp-46 (n=3 o 5 . . JC-1 (membrane potential) (n=3)
IFD)EA(n(=6) ) Chapter2.2.6  Qlink proteomics analysis Chapter 2.2.4

CP1613 (n=6) 96 analytes
Chapter 2.2.4 (n=4)

Cytokine analysis
IL-1B ELISA
(n=4)
Chapter 2.2.5

Figure 4.2.1 Diagramtic representation of techniques used.

Overview of experimental plan and techniques used to investigate metabolic changes involved
in ANCA stimulated monocytes. Detailed methods are provided in the chapter number shown

below each technique.
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4.3 Results

4.3.1 TNF-a priming is not required for monocyte activation by ANCA

Previous studies, including Chapter 3 of this work, had used TNF-a to prime monocytes before
ANCA stimulation (Schreiber et al., 2012). This step was performed as a result of previous
data from neutrophil studies which showed that priming was required for neutrophil activation
by ANCA (Csernok et al., 1994, Harper et al.,, 2001a). This priming step is required in
neutrophils as they do not basally express MPO and PR3 on their surface. As | have shown in
Chapter 3.3.2, monocytes in unstimulated whole blood have MPO on their surface. In order to
assess whether priming with TNF-a was necessary in purified monocytes | measured the
amount of MPO on the surface of these cells with and without TNF-a stimulation and also
examined the ability of these cells to produce IL-1B in response to ANCA under the same
conditions. | found that TNF priming did not increase the proportion of monocytes with MPO
on their surface (Figure 4.3.1 A). There was also no significant difference in the amount of IL-
18 produced by ANCA stimulated monocytes which had not been primed when compared to
those which were pre-treated with TNF-a (Figure 4.3.1 B). These results allowed me to
remove the TNF priming step and therefore allow for this important cytokine to be measured

in future work.
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Figure 4.3.1 TNF-a priming is not required for the monocyte response to anti-MPO
antibodies.

CD14+ monocytes were isolated from the PBMCs of healthy controls by MACS separation.
The cells were plated and incubated with vehicle or 5ng/ml TNF-a @ 37 °C for 30 minutes and
then stimulated for 4 hours with Sug/ml monoclonal antibody (mAb) directed against MPO.
Cells were removed and stained for surface MPO (A) or PR3 (B). Supernatants were removed
and levels of IL-1B (C) measured by ELISA. Data are presented as the median and interquartile
range (n=4).

4.3.2 Anti-MPO stimulated monocytes have increased glucose uptake

As IL-1B production had been linked to changes in intracellular metabolism | next wanted to
investigate if similar changes were occurring in the anti-MPO stimulated monocytes which
produce this cytokine (Chapter 3.3.13) and to establish whether differences in metabolism
could be involved in the differential reaction of monocytes to anti-MPO and anti-PR3
antibodies. Firstly | wanted to look at the overall glucose uptake by these cells. To do this |
used 2-[N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl) amino]-2-deoxy-D-glucose (2-NBDG), a non-
metabolisable fluorescent analogue of glucose. This molecule is taken up in the same way as
glucose but is not broken down by the cell and it's fluorescence can therefore be used as a
surrogate marker for glucose uptake (Zou et al., 2005). | have found that anti-MPO stimulation

of monocytes results in an increase in glucose uptake (Figure 4.3.2 A and C).
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Figure 4.3.2 Anti-MPO stimulation of monocytes results in increased glucose uptake.

CD14+ monocytes were isolated from the PBMCs of healthy controls by MACS separation.
The cells were plated and stimulated @ 37 °C for 60min with 5ug/ml monoclonal antibody
(mADb) directed against MPO or isotype control antibody. Cells were then incubated with
86.5ug/ml 2-NBDG for @ 37 °C for 60min. The median fluorescence intensity (MFI) was
compared for isotype, anti-MPO and anti-PR3 stimulated cells. Representative overlays are
shown for anti-MPO (A) and anti-PR3 treatments (B). The fold changes in 2-NBDG uptake
after antibody stimulation are shown for 3 independent donors (C). Data are presented as the
median and interquartile range. Students T-test was used to establish significance (**p<0.01).
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Interestingly, unlike the inflammatory cytokine production, | also found an increase in glucose
uptake from anti-PR3 stimulated cells (Figure 4.3.2 B and C). This result indicated that the
cells were responding to both antibodies however only anti-MPO resulted in IL-13 production.
While this increase in glucose uptake was interesting, | wanted to further investigate the role
of glycolysis and other metabolic pathways in the activation of monocytes by ANCA. In
particular | wanted to investigate whether the changes in cytokine production in response to
anti-MPO stimulation were linked to changes in metabolism. To do this | used 2-deoxyglucose
(2-DG) to block hexokinase and therefore block glycolysis in the cell and oligomycin to block
the electron transport chain. When monocytes were treated with 2-DG | found a dramatic
reduction in IL-1B indicating that glycolysis is required for IL-13 production in these cells
(Figure 4.3.3 A). Treatment with oligomycin resulted in a trend for increased IL-13 production
however this increase did not reach statistical significance (Figure 4.3.3 B). Neither of these
treatments resulted in an increase in cell death (Figure 4.3.3 C).
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Figure 4.3.3 Glycolysis is required for IL-18 production from monocytes in response to
anti-MPO antibodies.

CD14+ monocytes were isolated from the PBMCs of healthy controls by MACS separation.
The cells were plated and incubated for 20min with either 10mM 2-DG (A) or 8uM oligomycin
(B) and then stimulated @ 37 °C for 4hr with 5ug/ml monoclonal antibody (mAb) directed
against MPO or isotype control antibody. Supernatants were removed and IL-1B was
measured by ELISA. Cells were then removed and cell death was measured by flow cytometry
using propidium iodide (PI) uptake (C). Data are presented as the median and interquartile

range. Statistical analysis was performed by one-way ANOVA with Friedman’s post-test
(**p<0.01) (n=6).
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4.3.3 Optimisation of Seahorse extracellular flux analyser for monocytes

In order to further investigate changes in the metabolic profile of monocytes in response to
ANCA | used a seahorse extracellular flux analyser. This allowed for real time measurements
of the extra cellular acidification rate (ECAR), a measure of glycolysis, and oxygen
consumption rate (OCR), a measure of oxidative phosphorylation. | first wanted to optimise the
number of cells that would be used in each well (Figure 4.3.4 A). The manufacturers
recommend that an optimal cell density should yield a basal OCR of ~250pmoles/min. For this
reason, 1x10° cells per well was chosen as the concentration for future experiments. Next, |
wanted to optimise the concentration of the compounds which would be added to the seahorse
in order to allow for the maximum respiratory capacity, spare respiratory capacity and non-

mitochondrial respiration to be calculated.

E 500 E 400-
% 400 =
7 |
2 300 3 %0 —|_
() 1 ()]
= 2004 £ 200+
= =]
¥ 100 - 1004
SN S
o 0.25 0.5 1.0 1.5 o Basal 1uM 2uM 4uM
Cell number X10° I Oligomycin |
< 800 §400_
£ £
w . —
3 600 g 300 T
o ©
£ 400+ £ 200-
< 200 1 2
o 100
& oLmmm | g
Oligo2uM 2uM  4uM  6uM o Basal _ 2uM __ 4uM __ 8uM
I i [ 1
FCCP Rotenone

Figure 4.3.4 Optimisation of cell numbers and compounds for Seahorse.

CD14+ monocytes were isolated from the PBMCs of healthy controls by MACS separation.
Cells were plated in CellTak coated XFe24 cell culture plates at various concentrations and
oxygen consumption rate (OCR) was measured using Seahorse extracellular flux analysis (A).
Cells were then treated with increasing concentrations of oligomycin (B), FCCP (C) or rotenone
(D) and OCR was measured to determine optimum concentrations of each compound. Data
are presented as the median and interquartile range (n=5).
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These compounds were oligomycin, which inhibits complex VI in the electron transport chain
(ETC), Carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazone (FCCP), which uncouples the
mitochondria, and rotenone, which blocks complex | of the ETC. This process is described in
detail in Chapter 2.6. Using multiple concentrations of each compound | found that the
recommended concentrations of 2uM oligomycin, 4uM FCCP and 4uM rotenone had most
consistent effect (Figure 4.3.4 B-D).
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Figure 4.3.5 Anti-MPO, but not anti-PR3 stimulation of monocytes leads to increased
oxidative respiration and respiratory capacity.

CD14+ monocytes were isolated from the PBMCs of healthy controls by MACS separation.
Cells were plated in CellTak coated XFe24 cell culture plates and stimulated @ 37 °C for 4hr
with 5ug/ml monoclonal antibody (mAb) directed against MPO, PR3 or isotype control
antibody. Initial OCR was measured followed by addition of 4puM oligomycin, 2uM FCCP and
4uM rotenone. Basal respiration levels were found by subtracting the non-mitochondrial
respiration from the initial OCR readings (A). Spare respiratory capacity was calculated by
subtracting the basal respiration from the OCR value after FCCP addition (B). Maximum
respiratory capacity was calculated by subtracting the OCR value after rotenone addition from
the post FCCP value (C). For mitochondrial mass experiments cells were plated in 24 well
plates and stimulated as above before incubation with 50nM Mitotracker green for 30min @
37 °C. Cells were then removed and the MFI of Mitotracker green was determined by flow
cytometry for each treatment (D). Data are presented as the median and interquartile range.
Statistical analysis was performed by one-way ANOVA with Friedman’s post-test (*p<0.05,
**np<0.01) (A, B, C n=6, D n=3).
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4.3.4 Anti-MPO stimulation of monocytes results in an increase in OCR

The Seahorse analyser allows for measurements of both glycolysis (ECAR) and oxidative
phosphorylation (OCR). These two readouts require differing experimental conditions in order
to achieve a fully accurate representation of each pathway. | initially examined the OCR. My
initial hypothesis was that the increase in glucose uptake was associated with a switch to
aerobic glycolysis which would be associated with a decrease in OCR. However, | found that
monocytes treated with anti-MPO for 4hr had increased basal OCR (Figure 4.3.5 A) as well
as an increase in their spare respiratory capacity and maximum respiratory capacity (Figure
4.3.5 B, C). This increase was not found in anti-PR3 stimulated cells further illustrating the
differential response of monocytes to these two stimuli. The increase in maximum respiratory
capacity in response to anti-MPO stimulation is particularly interesting due to the relatively
short stimulation time. This increase implies that there may be an increase in the number of
mitochondria present in the cell or an increase in the amount of machinery capable of using
oxygen. To test the hypothesis that the increase in respiratory capacity was due to an increase
in the number of mitochondria present in the cell | used mitotracker green to measure the
mitochondrial mass of the cell. | found no increase in the amount of mitochondria present after
treatment with anti-MPO antibodies (Figure 4.3.5 D). | also looked at the effect of ANCA
stimulation on ECAR. Using the method described in Chapter 2. | measured basal glycolysis,
glycolytic capacity and non-glycolytic acidification. The concentration of 2-DG and oligomycin
used in these experiments was established based on data from Chapter 4.3.2 and 4.3.3
respectively. In contrast to results seen for OCR, both anti-MPO and anti-PR3 treatment
resulted in an increase in basal glycolysis (Figure 4.3.6 A). | also found an increase in the

glycolytic capacity and non-glycolytic acidification in these cells (Figure 4.3.6 B, C).
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Figure 4.3.6 Anti-MPO and anti-PR3 stimulation results in an upregulation of glycolysis
in monocytes.

CD14+ monocytes were isolated from the PBMCs of healthy controls by MACS separation.
Cells were plated in CellTak coated XFe24 cell culture plates and stimulated @ 37 0C for 4hr
with 5ug/ml monoclonal antibody (mAb) directed against MPO, PR3 or isotype control
antibody. Extra cellular acidification rate (ECAR) was measured in glucose free media at
basal levels followed by addition of 4.5mM D-glucose, 4uM oligomycin and 10mM 2-DG.
Glycolytic rate was measured after addition of glucose (A) Glycolytic capacity was calculated
by subtraction of the non-glycolytic acidification rate from the post oligomycin ECAR reading
(B). Non-glycolytic acidification was defined as the ECAR rate after 2-DG (C). Data are
presented as the median and interquartile range. Statistical analysis was performed by one-
way ANOVA with Friedman’s post-test (*p<0.05, ***p<0.001) (n=11).
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4.3.5 Changes in monocyte cellular metabolism in response to ANCA occur
immediately after stimulation

The changes observed in the monocyte response to ANCA occur just 4hr after stimulation.
This relatively short time led me to investigate the real time kinetics of these responses. In
order to achieve this anti-MPO and anti-PR3 were added directly to the cells using the
Seahorse analyser and changes in OCR were measured in real-time immediately following
stimulation (Figure 4.3.7). Interestingly | found that both anti-MPO and anti-PR3 stimulation
resulted in an immediate increase in OCR of similar magnitude. While this response was
sustained in the anti-MPO treated cells, anti-PR3 resulted in a transient increase in OCR.

Figure 4.3.7 Anti-MPO and anti-PR3 stimulated monocytes have divergent OCR kinetics
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CD14+ monocytes were isolated from the PBMCs of healthy controls by MACS separation.
Cells were plated in CellTak coated XFe24 cell culture plates. Cells were then placed in the
Seahorse extracellular flux analyser and basal measurements were recorded. Cells were then
stimulated with 5ug/ml monoclonal antibody (mAb) directed against MPO, PR3 or isotype
control antibody and OCR was measured at regular intervals. Data represent three
independent experiments.

Such an immediate increase in oxygen consumption raised the possibility that this change in
OCR was due to non-mitochondrial oxygen consumption, such as through NADPH oxidase
ROS production. | used the oxidative phosphorylation inhibitor rotenone to investigate the
possible role of non-mitochondrial oxygen consumption. | found that inhibiting ox phos in this
way resulted in a marked decrease in OCR from both anti-MPO (Figure 4.3.8 A) and anti-PR3

(Figure 4.3.8 B) stimulated monocytes,
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Figure 4.3.8 Anti-MPO and anti-PR3 OCR is primarily due to mitochondrial respiration.
CD14+ monocytes were isolated from the PBMCs of healthy controls by MACS separation.
Cells were plated in CellTak coated XFe24 cell culture plates. Cells were then placed in the
Seahorse extracellular flux analyser and basal measurements were recorded. Cells were then
stimulated with 5ug/ml monoclonal antibody (mAb) directed against MPO (A) or PR3 (B) before
immediate addition of rotenone or vehicle and OCR was measured The area under the curve
for each stimulation type was found using Graph Pad Prism and the OCR for each treatment
with or without rotenone was found (C). Data are presented as the median and interquartile
range. Statistical analysis was performed by one-way ANOVA with Friedman’s post-test
(*p<0.05). Data represent three independent experiments.
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indicating that the observed effect was a result of increased mitochondrial respiration and not
another oxygen consuming pathway (Figure 4.3.8 C). In order to more accurately provide
ECAR readings | also used an experimental model in which monocytes were stimulated in
glucose free media. Under these conditions | saw a small but significant increase in ECAR

after anti-MPO and anti-PR3 stimulation (Figure 4.3.9 A).
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Figure 4.3.9 Anti-MPO and anti-PR3 stimulated monocytes have differing initial
glycolytic kinetics.

CD14+ monocytes were isolated from the PBMCs of healthy controls by MACS separation.
Cells were plated in CellTak coated XFe24 cell culture plates in XF media without glucose.
Cells were then placed in the Seahorse extracellular flux analyser and basal measurements
were recorded. Cells were then stimulated with 5ug/ml monoclonal antibody (mAb) directed
against MPO, PR3 or isotype control antibody and ECAR was measured (A). Glucose was the
added to each well and ECAR was measured (B). Statistical analysis was performed by Two-
way ANOVA with Tukey's multiple comparrisons test (**p<0.01, ***p<0.001, ****p<0.0001)

Data represent 3 independent experiments.
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Similar experiments were carried out in order to examine the immediate effects of ANCA on
ECAR. After the addition of glucose, | observed a significant increase in ECAR as a result of
both ANCA stimulations (Figure 4.3.9 B). When the acidification was tracked over time
following this addition the two ANCA stimulations showed markedly different patterns with anti-
MPO ECAR declining quickly before rebounding and anti-PR3 showing a slower rate of steady
decline.

4.3.6 PDH activity may be important for the proinflammatory effect of ANCA

In an attempt to further elucidate the pathway through which anti-MPO antibodies resulted in
IL-18 production | used a number of pharmacological compounds. These compounds allowed
me to inhibit or activate specific parts of the glucose metabolism pathway (Figure 4.3.10).

Glucose

w w
-
w 2DG
Wa . 0000000000000000000¢
-\/ --------------
‘ T 11 6 66 6 R & R S O OBODBOLL L S 6 5 11 51 PP
= OO Lo pe@eeeTTT ORGP
gL R e T gy
ll » e
~at e Glucose Transporter
/’ “J
e w
P J ™ o __— i ————
3 4/ <Q Kﬁ:f"/’ /,~~\,
a o \
S > ( \_
< / — / R
@ oo g,
o vl - DCA
| 4 /| PDHK
Dasa-58 PEP \ ic GoA
\ | ~>CPI613— ?f
C (’ PDH
' R N 7
N
Pyruvate
/ ATP o -
Tepp-46

Pyruvate W& b
-
ve

Lactate /

L4
-

L 4
-

Figure 4.3.10 Pharmacological compounds used to alter glucose metabolism.

| first looked at the effect of activating PKM2, a key step in the glycolytic pathway. Using two
small molecule activators | found no change in the production of IL-1B in response to either
Dasa-58 (Figure 4.3.11 A) or Tepp-46 (Figure 4.3.11 B).
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Figure 4.3.11 PKM2 activation does not alter anti-MPO induced IL-1B secretion from
monocytes.

CD14+ monocytes were isolated from the PBMCs of healthy controls by MACS separation.
The cells were plated and incubated for 20min with varying concentrations of either Dasa-58
(A) or Tepp-46 (B) and then stimulated for 4hr with 5ug/ml monoclonal antibody (mAb) directed
against MPO or isotype control antibody. Supernatants were removed and IL-13 was
measured by ELISA (n=4).

Pyruvate dehydrogenase (PDH) is the enzyme responsible for moving pyruvate into the TCA
cycle and works downstream of PKM2. To investigate the role of this important bridge between
glycolysis and the TCA cycle | used dichloroacetate (DCA), an inhibitor of PDH kinase (PDHK).
PDHK phosphorylates PDH which leads to its inhibition; as such inhibition of PDHK should
result in increased PDH activity and therefore increased flux of pyruvate into the TCA cycle. |
hypothesised that this activation of PDH would increase the flux of pyruvate into the TCA cycle

which would provide insight into the role of this pathway in the pro inflammatory effects of
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ANCA stimulation on monocytes. | found that activation of PDH using DCA caused a significant

reduction in IL-1 production in these cells (Figure 4.3.12 A).

Figure 4.3.12 PDH may be involved in the production of IL-18 by monocytes induced by

anti-MPO antibodies.
CD14+ monocytes were isolated from the PBMCs of healthy controls by MACS separation.

A
6000

H
o
(=4
o

2000+

IL-18 (pg/ml)
—

o

—
gm

50

ECAR (mpH/min)

400-

300

200+

1001

OCR (pmoles/min)

No Ab Vehicle DCA 20mM  CPI 100,M

' Anti-MPO

Cells were plated in Cell-Tak coated XFe24 cell culture plates and incubated for 20min with
either 20mM DCA or 100uM CPI613 and then stimulated for 4hr with 5ug/ml monoclonal
antibody (mAb) directed against MPO or isotype control antibody. Supernatants were removed
and IL-1B was measured by ELISA (A). Cells were then analysed on Seahorse and ECAR (B)
and OCR (C) were measured for each treatment. Statistical analysis was performed by one-
way ANOVA with Friedman’s post-test (*p<0.05) (n=4).

Activation of PDH in this way resulted in a marked decrease in glycolysis as expected (Figure
4.3.12 B). Unexpectedly, | also observed a decrease in OCR in these cells (Figure 4.3.12
C).While PDHK inhibition should result in increased PDH activity, and therefore increased
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oxidative metabolism, these cells may already have upregulated PDH to maximal levels and
so no further increase is possible. The reduction in OCR may also be as a result of other
pathways responding to the inhibition of PDHK and these may be causing inhibition further
down the TCA cycle before oxidative phosphorylation occurs. As this result did not provide a
clear indication of the role of PDH in this pathway | next blocked PDH activity hypothesising
that this would have an opposing effect to DCA on the cytokine production from these cells.
Using CPI-613 to inhibit PDH | found a reduction in IL-13 production (Figure 4.3.12 A) however
| saw no change in the rates of glycolysis or oxygen consumption (Figure 4.3.12 B, C) in these
cells. This IL-18 reduction by CPI-613 may therefore have been a result of off target effects of

this compound.

4.3.7 Mitochondrial reactive oxygen species are induced by anti-MPO
stimulation

Recently the concept of reverse electron transport (RET) and its ability to induce
mitochondrial ROS (mROS) production has been shown to promote a proinflammatory
phenotype in some immune cells. | next tested the hypothesis that mROS were involved in
the effect of ANCA on monocytes. Using the specific mROS scavenger MitoTempo | found
that the IL-1 produced by monocytes in response to ANCA could be completely inhibited
(Figure 4.3.13 A) indicating a role for mROS in this pro-inflammatory pathway. | also looked
at the amount of cellular ROS and mROS in these cells after ANCA stimulation. | found an
increase in cellular ROS in anti-MPO treated cells and to a lesser extent anti-PR3 treated
cells (Figure 4.3.13 B). Interestingly, | found that the mROS was not significantly induced in
response to these stimuli with only a slight upward trend in ANCA stimulated cells (Figure
4.3.13 C). ANCA stimulation also resulted in no change in the percentage of monocytes with
high mitochondrial membrane potential as measured by JC-1 uptake (Figure 4.3.13 D). High
membrane potential indicates functional mitochondria and capacity for oxidative

phosphorylation.
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Figure 4.3.13 Anti-MPO induced IL-1B production is abrogated by the mitochondrial
ROS scavengers MitoTempo.

CD14+ monocytes were isolated from the PBMCs of healthy controls by MACS separation.
The cells were plated and incubated for 20min with MitoTempo and then stimulated for 4hr
with 5ug/ml monoclonal antibody (mAb) directed against MPO, PR3 or isotype control
antibody. Supernatants were removed and IL-13 was measured by ELISA (A). For flow
cytometry experiments monocytes were plated as above and stimulated for 4hr with 5ug/ml
monoclonal antibody (mAb) directed against MPO, PR3 or isotype control antibody or 5ng/ml
LPS. DCF (B), MitoSox Red (C) or JC-1 (D) dyes were added to the cells for the final 30min
of antibody treatment. Cells were stained with 5ul anti-CD14 Pacific Blue antibody for the last
10min of incubation before being analysed on an ADPCyan analyser.

4.3.8 Anti-MPO and anti-PR3 stimulation leads to differential protein secretion
from monocytes

As | had previously shown a difference between anti-MPO and anti-PR3 stimulated
monocytes in terms of cytokine production (Chapter 3), and have now shown that
differences are also present in the metabolic response to these antibodies, | next wanted to
determine if these metabolic differences were linked to the production of other proteins in the
cell and therefore form a clearer picture of how each antibody activates these cells. To
attempt to answer this question | used a proteomic screening panel provided by Olink
Proteomics. This panel allowed for the simultaneous testing of 92 inflammation related
proteins in the supernatants of stimulated monocytes. Of these, 55 were detectable in the
supernatants of monocytes treated with ANCA. These proteins are outlined in Table 4.3.1.

Significance values of anti-MPO and anti-PR3 stimulation compared to isotype control are
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shown in Table 4.2 and 4.3. Using this method | have found a significant increase in
Oncostatin M (OSM), IL-10 receptor subunit A (RA), vascular endothelial growth factor
(VEGF), hepatocyte growth factor (HGF), CXCL5 and matrix metalloproteinase (MMP)-10
(Figure 4.3.14) from anti-MPO treated monocytes. | also found a decrease in some proteins
such as MCP-1, 2, and 3, CXCL-10, CXCL-11 and IL-12B in response to this stimulus. The
response to anti-PR3 stimulation was less pronounced, with only HGF and IL-18 receptor 1
levels being significantly altered. | did, however, see similar trends for OSM, IL-10RA, MCP-
1, IL-12B and the lack of a significant response may be due to the small number of donors

tested.
Surface Enzymes and other
Cytokines Chemokines receptors Growth Factors proteins
FIt3L CCL-3 CD5 DNER 4E-BP1
IL-1a CCL-4 CDhé6 FGF-21 ADA
IL-6 CCL-19 CD40 HGF AXIN1
IL-8 CCL-20 CD244 M-CSF CASP-8
IL-10 CCL-23 IL-10RA VEGF EN-RAGE
IL-128 CCL-28 IL-10RB MMP-1
IL-18 CXCL-1 IL-18R MMP-10
IL-20 CXCL-5 OPG SIRT2
LIF CXCL-6 TNFRSF9 ST1A1
OSM CXCL-9 STAMPB
TGF-a CXCL-10 uPA
TGF-B CXCL-11
TNFSF14 MCP-1
TNFa MCP-2
TRAIL MCP-3
TWEAK

Table 4.1 Proteins analysed from Olink proteomic screening.
List of proteins measured using Olink proteomics inflammation panel which were above the

limit of detection.
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Anti-MPO Anti-PR3 Anti-MPO | Anti-PR3
Cytokines p-value p-value Chemokines p-value p-value
FIt3L 0.200 0.343 CCL-3 0.200 0.114
IL-1a 0.200 0.686 cCL-4 0.343 0.886
IL-6 0.486 0.686 CCL-19 0.114 0.114
IL-8 0.486 0.343 CCL-20 0.200 -
IL-10 0.114 1.000 CCL-23 0.057 0.114
IL-12B8 ! 0.057 CCL-28 0.057 0.057
IL-18 0.486 0.686 CXCL-1 0.114 0.686
IL-20 0.384 0.306 CXCL-5 -j
LIF 0.114 0.686 CXCL-6 0.200 0.200
OSM ! 0.200 CXCL-9 0.057 0.114
TGF-o 0.486 1.000 CXCL-10 0.200
TGF-B 0.343 0.686 CXCL-11 0.343
TNFSF14 0.200 0.057 MCP-1 0.057
TNFol 0.486 0.343 MCP-2 0.114
TRAIL 0.886 1.000 MCP-3 0.114
TWEAK 0.686 0.057

Table 4.2 Significance values vs isotype control for cytokines and chemokines.

List of significance values measured by two sample Wilcoxon t-test. Red indicates an increase

and blue indicates a decrease vs isotype control values
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and other proteins.
List significance values measured by two sample Wilcoxon t-text

VEGF |! 0.686

Table 4.2 Significance values vs isotype control for Surface receptors, growth factors
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Anti-MPO Anti-PR3 Enzymes Anti-MPO Anti-PR3
Surface and other
receptors p-value p-value proteins p-value p-value
CD5 0.343 0.886 4E-BP1 0.057 0.343
CD6 0.686 0.486 ADA 0.343 0.343
CD40 0.686 0.200 AXIN1 0.114 0.886
CD244 0.486 0.486 CASP-8 0.343 0.686
m 0.200 EN-RAGE 0.486 0.200
IL-10RB 0.200 0.114 MMP-1 0.114 1.000
OPG 0.114 0.886 SIRT2 0.114 0.486
TNFRSF9 0.343 1.000 ST1A1 0.057 1.000
STAMPB 0.114 0.686
uPA 0.200 1.000
Growth
Factors
DNER 1.000 0.200
FGF-21 0.686 0.114
HGF
M-CSF 0.486 0.686
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4.4 Discussion

The vital importance of metabolic changes in immune cells is quickly becoming a key area of
interest in the study of immunology. The processes involved in these pathways are complex
and often interwoven with multiple pathways changing in a particular cell type in response to
a specific stimulus (Smith et al., 2014). While it is important to look at these changes as a
whole in order to understand the mechanism behind immune cell phenotypes it is also just as
important to first tease out the specific workings of each pathway. My research is focused on
the latter area and looks mainly at the glycolytic and oxidative respiration pathways. As stated
in the introduction, macrophages have become the subject of intense study in terms of their
metabolic profile in response to stimuli such as LPS. These studies have often focused on
either murine bone marrow derived macrophages (BMDMSs) or tissue resident macrophages
(Fei et al., 2016, Freemerman et al., 2014, Gleeson et al., 2016) and have largely neglected
myeloid lineage cells in blood, specifically monocytes. While these cells can translocate to
tissues and differentiate into macrophages or dendritic cells they can also have effects while
still in the circulation (Munoz et al., 2005, Jia et al., 2008). These effects may be particularly
important in diseases where part of the mechanism of action is not always localised to a
specific tissue but rather to the vasculature such as the case in AAV. For this reason | believe
that studying monocytes as opposed to macrophages would allow for a greater understanding
of the pathogenesis of disease. This work was performed in order to expand on my previous

studies on monocytes and to further develop this emerging area of interest.

As glucose is the main fuel used in the production of ATP from cells, increases in
glucose uptake are indicative of an increase in glycolysis. 18-F-Fluorodeoxyglucose Positron
Emission Tomography with Computed Tomography (PET) can be used to identify glucose
uptake in patients and has been used clinically in the diagnosis of Alzheimer’s disease (Wang
et al., 2017), cancer (Flanagan et al., 1997) and cardiovascular disease (Ziegler et al., 2016).
Patients with AAV show increased rates of glucose uptake in affected organs as measured by
PET (Soussan et al., 2014) indicating a likely upregulation of glycolysis in these immune cell
rich areas. | have shown that monocytes treated with ANCA have an increase in their glucose
uptake as measured by the fluorescent glucose analogue 2-NBDG. This compound has been
shown to be a useful measure of glucose uptake (Zou et al., 2005) although some recent
studies have indicated that this uptake may be lower than that of radiolabelled glucose (Tao et
al., 2016). This potential lowering in uptake of 2-NBDG indicates that our ANCA stimulated
monocytes may actually be increasing their glucose uptake to an even greater extent than |
have observed here. Recently, unpublished data suggests uptake of 2-NBDG may occur
through a different pathway than the glucose transporter (Clair Gardner, personal

communication) and therefore may nay be a suitable readout of glucose uptake. The
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conclusion that ANCA increase glucose uptake may therefore need to be re-evaluated in future

using more accurate glucose uptake assays.

Increased glucose uptake is a requirement for increases in cellular metabolism and
this, along with the IL-1B production from the anti-MPO treated monocytes, led me to further
investigate the metabolic changes in these cells. The development of Seahorse extracellular
flux analysis technology has greatly aided the expansion of the field of immunometabolism in
recent years. As monocytes have not been well studied using this technology I first optimised
the ideal conditions to assess metabolic changes in this cell type. This then allowed me to be
confident in characterising the response of monocytes to ANCA stimulation. As mentioned
previously the current paradigm for immune cell pro-inflammatory activation is that these cells
shift to a more glycolytic phenotype. While this is the case in most cell types it is also true that
some plasticity between pathways exists in cells depending on their level of activation. Treg
cells for example, require ox phos for long term survival (Huynh et al., 2015) however in the
initial stages of activation these cells have enhanced glycolysis (Wei et al., 2016). | have shown
here that unlike macrophages which show an increase in reliance on a particular metabolic
pathway depending on their polarisation, monocytes treated with ANCA show an upregulation
of metabolism as a whole. These changes are likely a result of the monocyte having pro-
inflammatory effector functions of its own as well as beginning the process of differentiation

into macrophages found in the lesion site of AAV patients (Zhao et al., 2015).

Some of the proinflammatory effect of monocytes in response to ANCA appear to be
similar to the proinflammatory macrophage response where blocking glycolysis and
mitochondrial ROS (mMROS) results in a downregulation of proinflammatory cytokines (Mills et
al., 2016) suggesting a role for these two pathways. In LPS stimulated macrophages, which
have switched to glycolytic metabolism, mROS are produced through complex | (West et al.,
2011). This mROS production has been shown to require an increase in membrane potential
(Mills et al., 2016). It has been hypothesised that one reason for the switch to glycolysis in
activated macrophages is the need to maintain mitochondrial membrane potential to allow for
activation of this pathway (O'Neill and Hardie, 2013). Interestingly, | have shown here that
cellular ROS but not mROS are significantly increased in monocytes stimulated with anti-MPO
antibodies for 1 hour. These cells also showed no change in mitochondrial membrane potential
at the same time point. While these data appear to show a divergence in the mitochondrial
responses to stimulation in monocytes and macrophages it may be that later timepoints are
necessary for mROS and membrane potential changes to be observed Some activated T cells
also increase both glycolysis and oxidative respiration upon activation and it is thought that the
oxidative respiration may be needed in order to produce ROS (Sena et al., 2013). ANCA

activated monocytes may therefore be more similar to T cells than macrophages in this regard.
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While IL-1B has been shown by our lab and others to increase in response to ANCA,
other markers of immune cell activation can also be upregulated by ANCA stimulation (Popat
et al., 2017, Ralston et al., 1997). My use of Olink proteomic analysis allowed me to screen a
large number of proteins produced in response to ANCA stimulation. This unbiased approach
allowed for the discovery of a number of upregulated or downregulated proteins which may be
important in the overall cellular response to ANCA stimulation. Of particular interest was the
increased level of IL-10 receptor subunit A (IL-10RA) from anti-MPO stimulated monocytes.
This protein is part of the IL10 receptor and is vital for the signalling of this cytokine and its
downstream anti-inflammatory effects. As a receptor this protein is usually found bound to the
cell surface. The dramatic increase in IL-10RA levels in supernatants from monocytes in
response to anti-MPO stimulation indicates shedding from the cell surface. This loss of the IL-
10 receptor increases the proinflammatory phenotype of these cells. Interestingly, anti-PR3
stimulated cells did not increase IL-10RA secretion to the same degree which may partially
explain why we do not see a similar proinflammatory cytokine induction in these cells. OSM is
also upregulated in response to anti-MPO stimulation. This protein is a member of the IL-6
cytokine superfamily and has several proinflammatory effects such as increasing IL-6
production from endothelial cells as well as increasing adhesion molecules such as p-selectin.
These proteins could therefore have a role in the propagation of disease and recruitment of

neutrophils to the site of inflammation.

Interestingly, | also found a number of cytokines were downregulated in response to
anti-MPO stimulation. The reduction in MCP-1, 2 and 3 levels is interesting as it appears to
indicate a more anti-inflammatory phenotype in these cells. The reason for reducing the
recruitment of monocytes is unclear and further time course studies may help in elucidating
these pathways. The fact that | have seen effects in other proteins secreted from monocytes
stimulated with anti-PR3 antibodies indicates that, while these cells are responsive to these
antibodies, they cannot activate the same proinflammatory pathways which are induced by
anti-MPO antibodies. This interesting divergence in these pathways further emphasises the
dramatic differences between the way monocytes and neutrophils respond to ANCA and

shows how this cell type is of interest to the study of disease.
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Chapter 5: Development of a murine
model of ANCA associated vasculitis
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5.1 Introduction
While in vitro studies have proven valuable in establishing the mechanisms by which ANCA

can activate immune cells, systemic interactions are often lost in these isolated systems.
Therefore, in vivo models of disease are required to fully elucidate the complex cellular and
cytokine interactions underlying disease as well as to allow future drug development. Currently,
several models of AAV exist which are described in detail in Chapter 1. The majority of the
models developed to date focus on anti-MPO driven disease (Salama and Little, 2012). This
is largely due to differences in human and murine biology, particularly the fact that mice do not
express PR3 on the surface of their neutrophils in the same way humans do (Schreiber et al.,
2005). This lack of antigen is thought to be one of the key obstacles in the development of a
murine anti-PR3 driven disease model. Due to the variation in monocyte responses to anti-
MPO and anti-PR3 antibodies | found in Chapters 3 and 4, and as anti-MPO models are
already available, | wanted to develop a functional in vivo model of anti-PR3 driven disease to

further tease out the different responses of monocytes to these antibodies.

In recent years the use of strains of immunocompromised mice to study disease has
increased. Non obese diabetic (NOD) mice are one such strain which have been developed to
aid in the study of autoimmune disease and cancer (Atkinson and Leiter, 1999). These mice
have defects in their T lymphocyte populations and NK cell function (Anderson and Bluestone,
2005). This strain of mice have also been shown to be deficient in the complement system
specifically in complement component C5 due to a homozygous gene deletion (Baxter and
Cooke, 1993). NOD mice have been used in attempts to create a PR3 driven in vivo model of
AAV. Immunisation of these mice with recombinant PR3 led to the development of PR3 ANCA
but no disease (Primo et al., 2010), this lack of disease was likely due to the absence of surface
PR3 in murine cells as discussed above. However, when splenocytes from these mice were
transplanted into NOD-severe combined immunodeficiency (SCID) mice these mice developed
severe renal disease. These data indicate a possible anti-PR3 mediated response however,
as these mice should have a similar lack of surface PR3 expression the exact mechanism of
disease induction is unclear. As disease was not established in the NOD mice it was concluded
that some form of immunological protection was occurring in these animals which prevented
their use as a model organism for this disease. Although the NOD-SCID mice did develop
disease this disease was not granulomatous and therefore was not a true representation of

the human condition.

Mice which are chimeric for human cells have recently become more readily available
and the use of these ‘humanised’ mice has become important in the study of diseases which
have no murine equivalent such as HIV (Stoddart et al., 2011) as well as in cancer research

(Shiokawa et al., 2010, Ninomiya et al., 2004). Studies using humanised mice allow for a more
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accurate model of disease as they provide real human cell interactions as opposed to murine
surrogates. These mice may prove valuable in the study of vasculitis as they could allow for
the differences between PR3 expression in mouse and human to be overcome. With this in
mind Little et al humanised NOD-SCID mice which were also lacking the IL-2 receptor y chain
(NSG) using adult peripheral blood CD34+ stem cells (Little et al., 2012). The addition of the
IL-2Ry knockout has been shown to greatly increase haematopoietic stem cell engraftment
(Shultz et al., 2007, Manz, 2007). These humanised NSG mice have been shown to develop
functional human immune cells particularly cells important in AAV such as neutrophils
(Coughlan et al., 2012b). Little et al successfully induced mild disease in mice injected with
total 1gG purified from patients with anti-PR3 ANCA. The disease was manifested in the form
of crescentic and abnormal glomeruli and lung haemorrhage (Little et al., 2012). This disease
phenotype is much more closely related to the disease seen in human when compared with
the previous NOD-SCID model. While this model may be valuable in the study of this disease,

the lack of a severe disease phenotype indicates that improvements can still be made.

NSG mice are an extremely immunodeficient strain which lack functional T cells, B
cells, NK cells, and have impaired dendritic cells and macrophages (Shultz et al., 2005). These
mice have been shown to engraft moderate levels of human CD45 cells when injected with
CD34+ stem cells. Since they were developed in 2005 a number of other transgenic NSG
strains have been designed in an attempt to increase the levels of haematopoietic stem cell
engraftment. The main reason for this lack of high engraftment levels is thought to be the lack
of a suitable human cytokine environment with a number of important cytokines involved in
immune cell differentiation having no cross reactivity between humans and mice (Hara and
Miyajima, 1992, Shanafelt et al., 1991). In particular, two NSG strains which are transgenic for

human cytokines have been shown to be important in myeloid differentiation:

e NSG mice transgenic for human membrane stem cell factor (hu-mSCF)
e NSG mice transgenic for human interleukin-3 (IL-3), granulocyte macrophage colony
stimulating factor (GM-CSF) and soluble stem cell factor (SCF) (SGM3).
The presence of hu-mSCF has been shown to aid human cell engraftment in these mice, in
particular the differentiation of granulocytes (Takagi et al., 2012). The triple transgenic nature
of SGM3 mice is designed to aid engraftment in several ways; IL-3 stimulates myeloid lineage
cell proliferation (Hara and Miyajima, 1996), GM-CSF stimulates macrophages, monocytes
and granulocytes to be produced from stem cells (Root and Dale, 1999) and SCF has a role
in haematopoiesis similar to GM-CSF (Broudy, 1997). These cytokines are secreted
consistently in SGM3 mice and therefore should aid in human cell differentiation and
development. The majority of research involving these mice has focused on lymphocytes with
myeloid lineage cells being less well studied (Coughlan et al., 2012b). Here | investigate the

human monocyte engraftment of these humanised mouse models and differences in disease
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induction in different NSG strains. | have also attempted to increase the suitability of this model
to display a disease phenotype more closely related to that seen in human by the addition of
Cba, through the use of affinity purified anti-PR3 antibodies and through a comparison of

engraftment levels based on human stem cell source.
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5.2 Methods

5.2.1 Hypothesis

Previous work to humanise NSG mice has resulted in low levels of myeloid cell engraftment.
These mice also displayed only mild disease phenotypes in response to ANCA challenge. |

therefore hypothesised that:

|.  NSG mice transgenic for human cytokines will result in increased monocyte
engraftment levels
[Il.  Transgenic NSG mice will allow for greater disease induction than traditional NSG

strains

5.2.2 Methods

The methods used to investigate the hypothesis outlined in Chapter 5.2.1 are outlined in
Figure 5.2.1 and Figure 5.2.2. Stem cells were sourced through 3 different routes outlined in

Table 5.1. The process used for engraftment and disease induction is shown in Figure 5.2.3.
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NSG, hu-mSCF and SGM3 mice Characterisation of human cell populations

. . 5
Injected with 1 X 10° Cord blood stem cells R Flow cytometry
N—.?.O, 20,10 CD45,CD14,CD16
Section 2.2.8.2 Section 2.2.2.1

Characterisation of human cell populations
Flow cytometry
CD45,CD14,CD16

Section 2.2.2.1

GCSF treatment
1.V. injection 50ug pegylated filgrastim
Section 2.2.8.2

|

Antibodyinjection
Injection of 2mg total IgG from anti-PR3 patients or disease controls
Section 2.2.8.3

Assessment of cell functionality
Assessment of disease induction

Lung haemorrhage score, Whole blood BMDM

Leukocyte glomerular
Infiltration, haematuriascore, Flow cytometry Flow cytometry
Fluorescent microscopy Urine dipstick B RGEseentheat uoeke
Section 2.2.8.5 €D14, TNF-a Seetion2.2.8.8
CD45 Section 2.2.2.1

Section 2.2.8.7

Figure 5.2.1 Diagrammatic representation of NSG strain comparison.

Overview of experimental plan and techniques used to compare engraftment and disease
induction in different NSG strains. Detailed methods are provided in the chapter number shown
below each technique.
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Hu-mSCF mice Hu-mSCF mice

Injected with 1.5 X 10° Cord blood stem cells Injected with 8 X 10° Adult stem cells
Insertion of C5a osmotic pump Insertion of C5a osmotic pump
N=5 N=10
Section 2.2.8.2and 2.2.8.4 Section2.2.8.2and2.2.8.4

Affinity purification
of anti-PR3 IgG

HPLC purified antibody ‘
Section 2.2.7

‘ Characterisation of human cell populations

\ J Flow cytometry

. S CD45,CD14,CD16
Antibodyinjection Section 2.2.2.1

Injection of 500ug purified anti-PR3 1gG or flow through
Section 2.2.8.3

Assessment of disease induction
Lung haemorrhage score, no. abnormal glomeruli
Section 2.2.8.5and 2.2.8.6

Figure 5.2.2 Diagrammatic representation of experimental plan to enhance disease
phenotype in humanised mice.

Overview of experimental plan and techniques used to induce disease in hu-mSCF mice.
Detailed methods are provided in the chapter number shown below each technique.
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Figure 5.2.3 Procedure for engrafting humanised mice and subsequent disease

induction.
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Stem cell source Isolation method Concentration | Experiments
used
Commercial Commercially 1X10° Figure 5.2.1 - 5.2.5,
sourced cord blood | isolated 5.2.8and 5.2.9
Locally sourced Miltenyi MACS 1.5 X 10° Figure 5.2.7 and 5.2.8
cord blood isolation
Adult peripheral Baxter positive 8 X 10° Figure 5.2.8
blood selection

Table 5.1 Source and numbers of stem cells used to engraft humanised mice

5.2.3 Acknowledgments

Due to their complexity humanised mouse experiments were performed with assistance from
a group of individuals in the lab. | would like to thank Dr Alice Coughlan, Dr Vincent O’Reilly
and Dr Dearbhaile Dooley for their assistance in various aspects of the analysis of these
experiments. In particular | would like to thank Dr Coughlan and Dr Dooley for the staining of

sections for histology.
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5.3 Results

5.3.1 Transgenic NSG mice have increased myeloid cell engraftment
compared to control NSG mice

In order to investigate whether transgenic NSG mice would provide a better model system for
AAV than the model described previously | determined the engraftment levels for hu-mSCF
and SGM3 transgenic mice along with NSG mice as a control. Adult NSG, hu-mSCF and
SGM3 mice were irradiated with a sub-lethal dose of irradiation before I.V. injection of
commercially available cord blood derived CD34+ human stem cells from two donors.
Engraftment levels were established by flow cytometry 12 weeks post stem cell injection. |
found a significant increase in the fraction and number of human CD45+ cells in both

transgenic strains when compared to the NSG control mice (Figure 5.3.1 A and B).
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Figure 5.3.1 Transgenic NSG mice have increased human monocyte engraftment.

NSG, hu-mSCF or SGM3 mice were irradiated with 2.4Gy before 1.V. injection of 1 X 10°
human cord blood-derived CD34+ cells. Mice were allowed to engraft for 13 weeks before
reconstitution was assessed by flow cytometry. The percentage and absolute number of cells
are shown for CD45 (A and B), CD14 (C and D). Each symbol represents a separate mouse.
Data are presented as the median and interquartile range (*p<0.05, **p<0.01, ***p<0.001,
****n<0.0001).
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Importantly the proportion of monocytes was also increased in the hu-mSCF strain but not the
SGM3 mice (Figure 5.3.1 C). Interestingly, both strains had an increase in total monocyte
numbers with the SGM3 mice having the highest absolute number of these cells (Figure 5.3.1
D).

5.3.2 hu-mSCF mice reconstitute monocyte subsets with the greatest
efficiency

Monocytes can be divided into 3 subsets as outlined in Chapter 1. In combination with in vitro
studies on these cells shown in Chapter 3 | next investigated whether different monocyte
subsets were established in humanised mice. | found that all three monocyte subsets
(Classical: CD14+ CD16-; Intermediate: CD14+ CD16+; Non-classical: CD14lo CD16+) were
detectable in blood from each of the three mouse strains (Figure 5.3.2 A-C). The NSG (Figure
5.3.2 A) and hu-mSCF (Figure 5.3.2 B) mice had similar proportions of classical monocytes
with SGM3 mice having the highest proportion of this subset (Figure 5.3.2 C). The highest
proportion of intermediate and non-classical monocytes were found in the hu-mSCF mice
(Figure 5.3.2 B) and this strain best represented the proportion of each subset seen in
humans. Interestingly, we found that CD14 expression was highest on the intermediate subset
across the three strains (Figure 5.3.2 D-F). We also found only a moderate (but consistent
and significant) increase in CD16 expression on the intermediate cells compared to classical
indicating a possible deficiency in the differentiation of this cell type (Figure 5.3.2 G-I).
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Figure 5.3.2 Humanised mice reconstitute human monocyte subsets.

NSG, hu-mSCF or SGM3 mice were irradiated with 2.4Gy before 1.V. injection of 1 X 10°
human cord blood-derived CD34+ cells. After 13 weeks mice were bled and stained for flow
cytometry with antibodies against CD14 and CD16. Monocyte subsets were defined as
CD14++CD16- (Classical), CD14++CD16+ (Intermediate) and CD14+CD16++ (Non-
classical). The percentage of each subset as a proportion of total CD14+ cells is shown for
NSG (A), hu-mSCF (B) and SGM3 (C) mice. The median fluorescence intensity (MFI) of CD14
(D-F) and CD16 (G-l) is shown for each strain. Each symbol represents a separate mouse.
Data are presented as the median and interquartile range.
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5.3.3 GCSF treatment had differential effects on monocyte proportions in
different NSG strains

While | had found a reasonable level of myeloid engraftment in our transgenic mice | wanted
to improve this further. Granulocyte colony stimulating factor (GCSF) has been shown to
increase myeloid cell mobilisation from the bone marrow to the periphery. | hypothesised that
administering GCSF to the humanised NSG mice would increase the proportion of myeloid
cells, particularly monocytes, in the peripheral blood. | used filgrastim, an analogue of human
GCSF, to try to mobilise cells from the myeloid compartment to the periphery. Mice were
treated with 50ug pegylated filgrastim and four days later the proportion of human cells in their
peripheral blood was established by flow cytometry. Filgrastim treatment resulted in a
significant increase in the number of CD14+ monocytes in NSG and hu-mSCF mice (Figure
5.3.3 A). The change in monocyte numbers in response to filgrastim was most striking in the
hu-mSCF mice with a doubling in numbers compared to the NSG mice (Figure 5.3.3 B).
Interestingly, while we did see an increase in neutrophils as expected (Figure 5.3.3 C) this
increase was similar across the three strains (Figure 5.3.3 D).
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Figure 5.3.3 GCSF increases monocytes in NSG and transgenic NSG mice.

NSG, hu-mSCF or SGM3 mice were irradiated with 2.4Gy before 1.V. injection of 1 X 10°
human cord blood-derived CD34+ cells. After 13 weeks mice were injected with 50ug
pegylated filgrastim (GCSF). 4 days later the mice were bled and number of monocytes (A).
The overall change in monocyte numbers following GCSF treatment is shown for each strain
(B). Each symbol represents a separate individual. Data are presented as the median and
interquartile range (**p<0.01, ****p<0.0001).
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5.3.4 GCSF treatment significantly altered the proportion of each monocyte
subset in humanised mice

While GCSF treatment had led to a significant increase in the overall monocyte numbers in
our humanised mice (Figure 5.3.3 A) | next determined if this increase occurred in each
monocyte subset or if one subset was being preferentially expanded. | found that GCSF
treatment resulted in significant expansion of the non-classical subset in both NSG and hu-
mMSCF mice with a concomitant reduction in the other subsets (Figure 5.3.4 A, B). Subsets in
SGM3 mice were mainly unaffected by the addition of GCSF (Figure 5.3.4 C) as expected
based on the lack of response in total monocyte numbers in this strain. My in vitro studies had
shown that the intermediate monocyte subset was important in AAV (Chapter 3) and due to
the reduction in this population GCSF was not used for subsequent experiments. Based on
their levels of human cell engraftment and the proportions of monocyte subsets present in their
peripheral blood, hu-mSCF mice were chosen as the most suitable strain to use for further
work to improve the AAV model.
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Figure 5.3.4 Monocyte subsets in humanised mice are altered by GCSF treatment.
NSG, hu-mSCF or SGM3 mice were irradiated with 2.4Gy before I.V. injection of 1 X 10°
human cord blood-derived CD34+ cells. After 13 weeks mice were injected with 50ug
pegylated filgrastim (GCSF). 4 days later the mice were bled and stained for flow cytometry
with antibodies against CD14 and CD16.Monocyte subsets were defined as CD14++CD16-
(Classical), CD14++CD16+ (Intermediate) and CD14+CD16++ (Non-classical). The
percentage of each subset as a proportion of total CD14+ cells before and after filgrastim
treatment is shown for NSG (A), hu-mSCF (B) and SGM3 (C) mice. Each symbol represents
a separate mouse. Data are presented as the median and interquartile range (*p<0.05,
***n<0.001, ****p<0.0001).
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5.3.5 Engraftment levels may be insufficient as a readout of human immune
system reconstitution in humanised mice

Throughout this study humanised mice showed good human cell engraftment however the lack
of disease induction led us to question the functionality of these cells. In order to assess
functionality of the human monocytes found in humanised mice | stimulated peripheral blood
monocytes and investigated their ability to produce TNF-a. | found that human monocytes from
NSG and hu-mSCF mice were capable of producing TNF-a (Figure 5.3.5 A). | also isolated
bone marrow from each mouse strain and expanded bone marrow derived macrophages
(BMDMs). The ability of these BMDMs to phagocytose was established by incubation with
fluorescent beads (Figure 5.3.5 B). | found that despite the increased levels of monocytes in
hu-mSCF mice it is the NSG mice which can develop macrophages with the best functionality
(Figure 5.3.5 C).
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Figure 5.3.5 NSG and hu-mSCF humanised mice can develop functional monocytes and
macrophages.

NSG, hu-mSCF or SGM3 mice were irradiated with 2.4Gy before I.V. injection of 1 X 10°
human cord blood-derived CD34+ cells. After 13 mice received 1pg lipopolysaccharide (LPS)
and 1mg IgG from purified from anti-PR3 patients or disease control individuals. 7 days later
the mice were culled by terminal bleed. Peripheral blood was treated with or without 2ng/mi
LPS and stained for CD14 and intracellular TNF-a (A). Bone marrow was isolated and cultured
in DMEM supplemented with human M-CSF for 1 week to expand BMDMs. Cells were
harvested and incubated with fluorescently labelled polystyrene beads before staining with
anti-CD14 antibody. Representative histogram depicting the fraction of human CD14+ cells
which successfully phagocytosed beads is shown (B) The proportion of BMDMs capable of
phagocytosing beads was established for each strain (C). Each symbol represents a separate
mouse. Data are presented as the median and interquartile range (*p<0.05).
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5.3.6 Humanised mice injected with anti-PR3 patient IgG did not develop
vasculitis

After characterising the cells present in the periphery of humanised mice, | next wanted to
investigate whether | could induce disease in the different transgenic NSG strains. | injected
IgG purified from either patients with anti-PR3 disease or disease control patients. In order to
identify the presence of disease | looked at lung damage in the form of haemorrhage, and renal
impairment by haematuria and presence of human CDA45 cells in glomeruli. | found that there
was no significant difference in the amount of lung haemorrhage observed after anti-PR3
injection in any of the three strains tested (Figure 5.3.6 A-C). The amount of haematuria
compared to disease control IgG treated animals also remained the same across the three
strains (Figure 5.3.6 D-F). Infiltrating human cell numbers into glomeruli were similar in each
strain between anti-PR3 and disease control IgG treated animals, however the two transgenic
strains had markedly increased numbers of these cells in each glomerulus counted when
compared to the NSG mice (Figure 5.3.6 G-I).
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Figure 5.3.6 Anti-PR3 patient total IgG did not induce disease in humanised mice.

NSG, hu-mSCF or SGM3 mice were irradiated with 2.4Gy before I.V. injection of 1 X 10°
human cord blood-derived CD34+ cells. After 13 weeks mice were injected with 50pug
pegylated filgrastim. 1 day later mice received 1ug lipopolysaccharide (LPS) and 1mg IgG
purified from anti-PR3 patients or disease control individuals. 7 days later the mice were culled
by terminal bleed. Lung haemorrhage score was recorded based on the number of observed
haemorrhages on the right lung immediately following opening of the chest cavity for each
strain (A-C). Spot urines were collected where possible and the degree of haematuria was
measured using a urine dipstick (D-F). Kidney tissue was frozen in liquid nitrogen before being
fluorescently stained for hCD45. The number of hCD45 cells in each glomerulus was counted
(G-I). Each symbol represents a separate individual. Data are presented as the median and
interquartile range.
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5.3.7 Affinity purified anti-PR3 antibodies did not induce disease in hu-mSCF
humanised mice.

| hypothesised that the failure to induce disease in the previous model may have been due to
the concentration of specific antibody being too low in the total IgG preparation used from
patients. Previous work in our lab had shown that anti-PR3 monoclonal antibodies would be
unsuitable for inducing disease due to the presence of murine Fc portion. To address the issue
of specificity | affinity purified anti-PR3 specific antibodies from patient IgG in collaboration with
Thomas Hellmark’s group in Lund, Sweden. Affinity purification was performed on pooled total
IgG from 12 anti-PR3 positive patients. The purity of anti-PR3 IgG in the eluted fraction was
assessed by ELISA. Anti-PR3 specific antibodies were enriched to a 6-fold higher

concentration in the eluted fraction compared to the flow through (Figure 5.3.7 A).
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Figure 5.3.7 Isolation of anti-PR3 specific antibodies from total patient I1gG.

IgG was isolated using protein G from plasma exchange samples from 12 patients with anti-
PR3 positive disease. IgG was pooled and anti-PR3 antibodies were affinity purified using fast
pressure liquid chromatography (FPLC). The level of anti-PR3 antibodies in the eluted fraction
was compared to levels in the flow through using an anti-PR3 ELISA (A). Specificity of the
antibodies for PR3 was measured by addition of the eluted fraction to ELISA plates coated
with MPO, BSA and PR3 (B).
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These antibodies were found to be specific for anti-PR3 with minimal binding to MPO or BSA
coated plates (Figure 5.3.7 B). hu-mSCF mice were humanised by injection with locally
isolated CD34+ cord blood stem cells. Affinity purified anti-PR3 antibodies were injected into
humanised mice as above. Flow through IgG was injected into control animals. As discussed
in the Chapter 1, complement has recently been implicated in the pathogenesis of disease. In
order to compensate for the lack of complement in these NSG mice, C5a loaded osmotic mini
pumps were inserted subcutaneously. These pumps provide consistent release of Cba at a
concentration similar to that found in humans. | found no difference between anti-PR3 1gG and
flow through treated animals in terms of lung haemorrhage (Figure 5.3.8 A). | also assessed
the number of normal, abnormal and crescentic glomeruli present in each mouse.
Representative normal and abnormal glomeruli are shown in Figure 5.3.8 B and C. | found no
difference in the number of abnormal glomeruli between anti-PR3 IgG and flow through treated

animals (Figure 5.3.8 D).
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Figure 5.3.8 Affinity purified anti-PR3 antibody did not induce disease in humanised
mice.

hu-mSCF mice were irradiated with 2.4Gy before 1.V. injection of 1.5 X 10° cord blood-derived
CD34+ cells. After 12 weeks an osmotic pump containing 4032ng Cba was inserted
subcutaneously with a release rate of 24ng/hr. 1 day later mice received 1pg
lipopolysaccharide (LPS) and 500ug affinity purified anti-PR3 antibody or flow through 1gG. 7
days later the mice were culled by terminal bleed. Lung haemorrhage score was recorded
based on the number of observed haemorrhages on the right lung immediately following
opening of the chest cavity (A). Kidney tissue was frozen in liquid nitrogen before periodic acid-
Schiff (PAS) staining. The normal (B) and abnormal (C) glomeruli were counted and are shown
based on IgG received (D). Each symbol represents a separate mouse. Data are presented
as the median and interquartile range.
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5.3.8 Adult peripheral blood stem cells and cord blood stem cells did not
increase engraftment or disease induction

In the previous humanised mouse model published by Little et al adult peripheral blood stem
cells were used to reconstitute a human immune system. | therefore investigated whether the
lack of disease induction | observed was due to the use of cord blood derived stem cells. |
compared engraftment levels using adult stem cells with two sources of cord blood stem cells,
commercially sourced and locally isolated through collaboration with the Coombe maternity
hospital. | found significantly lower levels of human CD45+ cells in mice injected with adult
stem cells when compared to the commercial cord cells used previously while the locally
isolated cells had an intermediary level (Figure 5.3.9 A). These adult cells also showed a
reduction in the proportion of monocytes present compared to both the previous commercial

stem cell source and the locally isolated cells (Figure 5.3.9 B).

A &
L 1
1
* Kk k
100+
] . -
(3]
+ ey
g 504
(m]
0 S —— et
X
I~ S |

Com'cord Adult Iso <':ord

B
23"25_ *ekdkek
)
2 ° 20
o
)
= 151
+.0
* 0
S _
52 o T
3o & +
o~ X2 .y
P =
S 0

Com'cord Ad'ult Iso cl:ord

Figure 5.3.9 CD34+ stem cell source influences total leukocyte and myeloid engraftment
of humanised mice.

hu-mSCF mice were irradiated with 2.4Gy before I.V. injection of 1 X 10° commercially sourced
human cord blood-derived (Com cord), 8 X 10° adult peripheral blood-derived (Adult) or 1.5 X
10° locally isolated human cord blood-derived CD34+ cells (Iso cord). After 13 weeks mice
were bled and blood was stained for CD45, CD14 and CD66b. The percentage of human CD45
cells (A) and CD14+ monocytes (B) is shown. Data are presented as the median and
interquartile range (*p<0.05, ****p<0.0001).
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5.4 Discussion

In vivo models of disease are vital for the elucidation of the immunological interactions in
complex diseases such as AAV. The previous work in this area by Little et al found that anti-
PR3-induced glomerulonephritis could be successfully established using a humanised NSG
model (Little et al., 2012), although the severity of disease in these mice was relatively mild.
The mild nature of disease was thought to be a result of insufficient human CD45+ cell
engraftment. | therefore investigated mechanisms through which human CD45+ cell
engraftment could be improved using different transgenic strains. Our results, in agreement
with the literature (Brehm et al., 2012, Billerbeck et al., 2011), indicate that transgenic NSG
strains do have better human cell engraftment than the parental NSG strain. Transgenic NSG
mice also displayed an increase in monocyte engraftment as expected. Importantly, | was able
to identify individual human monocyte subsets in these mice at proportions similar to humans
and show that GCSF leads to marked changes in this subset profile. These subsets and their
potential role in disease are discussed further in Chapter 3. As expected, | found an increase
in the number of neutrophils in response to G-CSF, however, unlike the monocyte data, the
three strains had broadly similar changes in neutrophil nhumbers in response to G-CSF
treatment. Interestingly, | found that while the SGM3 mice appeared to have the greatest
proportion of human cells overall, the proportion of monocytes present in these mice was not
expanded compared to the NSG strain. This lack of increased monocyte engraftment in SGM3
mice, together with both the apparent inability of the monocytes present to respond to GCSF
and the lack of distinct monocyte subset populations, led to hu-mSCF mice being chosen as

the strain to best allow elucidation of monocytes in disease.

In this study we used three strains of NSG background mice, however, as discussed in
Chapter 1, cytokine knock in mice based on a RAG”- background are also available (Rongvaux
et al., 2014). Similar to the SGM3 strain, these mice have human IL-3 and GM-CSF genes
knocked in and also include genes for M-CSF and thrombopoietin (Tpo) (MITRG) and bacterial
SIRPa (MISTRG). These gene insertions have been shown to increase human cell
engraftment in RAG” background animals. Previously, functional monocyte subsets have
been identified in these mice however, this study found that only a small proportion of
monocytes were of a non-classical phenotype (<1%) whereas a high fraction (>20%) were
non-classical (Rongvaux et al., 2014). These percentages do not reflect the human system
where classical monocytes are the most numerous population. The proportion of monocytes

found in our model better reflects the proportions found in humans.

MITRG and MISTRG mice showed increased engraftment when injected with human

fetal liver tissue. Due to the unavailability of this tissue in Ireland our study must be compared
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to the cord blood and adult CD34+ groups used. In this regard, we found considerably higher
engraftment levels when using cord blood derived stem cells when compared to the same
group in the Rongvaux et al study (80% vs 40%) (Rongvaux et al., 2014). These data suggest
that when fetal tissue is not readily available NSG background mice provide a more suitable

model system for humanisation.

| was unable to replicate the results of Little et al in terms of disease phenotype, namely
lung haemorrhage; however, | did find a statistically insignificant trend towards increased
haemorrhage in the hu-mSCF mice treated with anti-PR3 antibodies compared to those
injected with control 1gG. | found similar levels of leukocytes infiltrating the kidneys between
both treatment groups. In human disease leukocytes infiltrate the kidneys and lead to crescent
formation and vascular damage (Weidner et al., 2004). While | found no evidence of vascular
damage, the presence of leukocytes in this area indicates that these cells have received
migratory signals to move out of the vasculature and are therefore in the ideal location to be
activated to induce disease. The discrepancies between the previously published model and
our own may be as a result of differences in stem cell source; | used a commercially available
source of cord blood stem cells where as Little et al used adult peripheral blood stem cells.
Cord blood stem cells have been previously shown to provide increased levels of human cell
engraftment when compared to adult cells (Lepus et al., 2009). While our results showed
consistently increased human cell engraftment in cord vs adult cell recipients other differences
in these cells may explain the lack of disease in our model. For example, cord blood stem cells
differ from peripheral blood stem cells, such as those from the adult donors, in their
composition and properties (Hordyjewska et al., 2015). These cells display higher proliferative
potential, capable of forming colonies (HPP-CFC) cells (Stojko and Witek, 2005, Brunet de la
Grange et al., 2002) than those found in peripheral blood meaning they should in theory have
greater potential to differentiate into cells of interest. However, these sources also have
differing T and NK cell repertoires. The T cell compartment of cord blood stem cells has a
greater CD4+/CD8+ ratio than that seen in peripheral blood while NK cell proportion is also
reduced (Zeman et al., 1996). These cord blood cells are generally considered to be more
“naive” than their adult counterparts (Kaminski et al., 1996). Indeed, cord blood cells have
been shown to be tolerant to endotoxin stimulation indicating a possible more overall inert
phenotype for these cells (Gessler et al., 1999, O’Hare et al., 2016). This “naivety” may help

to explain the differences in these two models.

It has been shown previously that neutrophils from humanised mice can express PR3
on their surface (Coughlan A. unpublished) and therefore we did not investigate the expression
of these antigens in our model. The administration of LPS was designed to aid in antigen
expression however, the lack of PR3 staining means that a lack of surface antigen expression

cannot be ruled out as the cause of our lack of disease phenotype.
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One of the major features of mice which are based on the NOD background is the lack
of a functional complement system (Baxter and Cooke, 1993). Recently it has emerged that
complement may play a role in the pathogenesis of AAV (Kallenberg and Heeringa, 2013) with
complement blockers currently undergoing clinical trials (Jayne et al., 2017). As discussed in
Chapter 1, complement has recently been shown to be important in the pathogenesis of AAV
with clinical trials of anti-C5a mAb currently underway. The lack of functional complement in
NOD mice may therefore play a role in the failure of this model to induce disease, although it
is worth noting that complement was also absent in the previously published model. To combat
this lack of complement | inserted an osmotic pump containing the complement component
Cb5a in a subset of animals. However, these mice also failed to develop disease. Further
studies with larger numbers of animals would be required to determine the potential benefit of

adding complement.

Another potential cause of the lack of disease observed in the previous humanised
mice was the unknown quantity of anti-PR3 specific IgG in the total IgG preparation used. To
overcome this, | hypothesised that monoclonal antibodies against PR3 may improve disease
induction. However, other work from our lab indicated that the lack of human Fc portion on
these monoclonal antibodies, and therefore the reduction in any potential crosslinking which
may be required, would counteract any potential benefits of the increased specificity. In order
to increase the amount of specific antibody being used to induce disease, | established a
collaboration with a group in Lund university which allowed me to purify anti-PR3 specific
antibodies from patient total IgG. This approach was designed to overcome the lack of specific
antibodies in the total IgG prep used previously as well as the lack of human Fc receptors in
monoclonal antibodies. Using these purified antibodies and the mice humanised with cord
blood derived stem cells | was again unable to induce any disease in these animals. The
reason for this lack of replication of the previously published disease model is unclear and
requires further study. One possibility is that differential housing conditions in the different
animal facilities may influence this model. A recent study by Beura et al showed that mice
housed in different environments have drastically different immune cell phenotypes (Beura et
al., 2016). This model requires an immune system boost of LPS administration in order to
achieve disease (Little et al., 2012) however the exact mechanism through which disease is
induced is not known. Other factors, such as environmental conditions, may be important in
establishment of disease and differences in these factors between facilities may result in
differing outcomes. The lack of reproducibility in these models is not isolated to this model but
rather is a problem for the scientific community as a whole (Jilka, 2016). A robust in vivo model
of disease is required to allow for future drug design and therefore further work to improve the

effectiveness and reproducibility of this model is vital.
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Interestingly, | have shown a marked difference in the ability of CD34+ cells from
different sources to reconstitute a human immune system. When using adult peripheral blood
derived stem cells | found very few human CD45 cells in these mice. This lack of human cells
was striking when compared to the impressive levels | had achieved using commercially
sourced cord cells and further highlights the differences between the mice used in our studies
and the previous work. | established a collaboration with the Coombe maternity hospital which
could provide us with cord blood to allow isolation of stem cells from multiple donors. This
approach was taken in order to reduce the potential for donor specific interactions as well as
having significant reduction in the costs involved compared to the previously used commercial
cord cells. While these cells did not provide the same level of engraftment commercially
sourced cord cells | did establish a significantly increased human CD45+ population compared

to the adult stem cells.

The presence of human CD45+ cells is used as the main readout for successful
engraftment in humanised mice however, these data show that high engraftment levels do not
always equate to the best model of a human immune system. The lack of functionality which |
found in SGM3 macrophages and the only partially functional macrophages found in hu-mSCF
mice are of concern in the use of these mice going forward, both in the study of AAV and other
conditions. Further research is required into the role of strain in the ability to train and
differentiate functional cells as well as the role that stem cells from different sources may play
in this regard. The effect of GCSF on monocyte subsets is also of particular interest and the
way in which this may affect the treatment of patients must be explored further. Finally the role
of C5a in disease and its effects in humanised mice must be elucidated in order to establish

an accurate and reproducible model of the human disease.
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Chapter 6: General discussion
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6.1 Monocytes in AAV: A remerging field
The prevailing current model of AAV pathogenesis, as discussed in Chapter 1, places the

neutrophil as the central cell in causing disease. While neutrophils do play a major role in
disease, this model fails to account for the myriad of other immune cells in the circulation which
can encounter ANCA and how these cells may interact with their environment and each other.
Here, | have investigated how another important innate immune cell type, monocytes, are
implicated in this disease. Although implicated in early AAV research, focus subsequently
largely moved away from these cells. However, thanks to research by myself and others in this
field a new paradigm is beginning to emerge for how we interpret the role of monocytes in
AAV. The role of monocytes in this disease is likely to be multifactorial, acting at both the initial
stages of disease development and also having long term functions.

In the early stages of disease it has been suggested that the development of AAV may
be linked to infection (Brunini et al., 2016). The breakdown of tolerance which leads to the
generation of autoantibodies and subsequent disease in patients is still not well understood. It
has been suggested that infection may trigger this breakdown with high levels of S. aureus
being found in AAV patients and postulated as having a role in this process (Stegeman et al.,
1994, Cartin-Ceba et al., 2010). As monocytes are one of the first cells to respond to infection
their role in propagating an immune response is likely to be important in the development of
disease. The major role which monocytes play in providing inflammatory signals which not only
activate neutrophils but also increase inflammation via interactions with B cells and T cells is
also likely to drive the long-term pathogenesis of disease. Here | have shown that several pro-
inflammatory cytokines which can drive the immune response are upregulated in monocytes
following ANCA stimulation. Secretion of these cytokines could drive a positive inflammatory

feedback loop in patients.

One of the primary pathological features in patients is the presence of crescents in the
glomeruli. These crescents are a result of aberrant immune cell infiltration and result in a loss
of function and necrosis of the surrounding glomerular tissue. Macrophages are the main cell
type present in crescents and it has been shown previously that the majority of these
macrophages are derived from circulating monocytes (Clarke et al., 1983) further highlighting
the important role of this cell type in disease progression. Interestingly my research has shown
a marked divergence in the response of monocytes to anti-MPO and anti-PR3 antibodies, the
two primary autoantibodies associated with AAV. However, both of these antibodies elicit
similar effects in neutrophils. As such the differential response in monocytes may be important

in understanding when monocytes should be targeted in disease.
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6.2 Unanswered questions
The research presented in this thesis has helped to increase our understanding of AAV by

establishing a role for metabolic changes in monocytes in response to ANCA stimulation and
by characterising changes in monocyte subset proportions in ANCA patients. However, a

number of key questions remain unanswered:

Why do anti-MPO and anti-PR3 have such differing effects on monocytes?
Can targeting monocyte metabolism be used as a target for treatment of AAV?
3. Why were we unable to induce disease in the humanised mouse model?

6.2.1 Anti-MPO vs anti-PR3 effects

Treatment of MPA and GPA is largely similar for most patients as the two conditions share
numerous clinical symptoms. As discussed in Chapter 1, MPA and GPA are associated mainly
with anti-MPO and anti-PR3 antibodies respectively. Using genome wide association studies
Lyons et al found that anti-MPO and anti-PR3 driven disease are genetically distinct
syndromes (Lyons et al., 2012). These differences have led to suggestions that AAV should
be divided based on ANCA specificity rather than the clinical diagnosis. Interestingly, these
antibodies have broadly similar effects on neutrophil activation in vitro. Here, | have shown that
anti-MPO and anti-PR3 stimulation of monocytes results in differing proinflammatory
responses in these cells. As these diseases are genetically distinct this may indicate that
monocytes are more important to the inflammatory events seen in anti-MPO+ patients as
opposed to anti-PR3+ patients. In this regard, the association of anti-PR3 with GPA is of
specific interest as the formation of granulomas, the hallmark of the disease, depends on the
presence of macrophages. The lack of a strong monocyte response to these antibodies
suggests that granulomas formed in GPA patients with anti-PR3 antibodies may be as a result
of some other process or perhaps through stimulation of tissue resident macrophages rather

than the recruitment of circulating monocytes.

The role of resident cells vs peripheral blood monocytes may also be important in
elucidation of the mechanism through which these cells result in vascular damage, Recently,
Rousselle et al demonstrated that depleting circulating monocyte populations results in a
reduction, but not complete abrogation, of pathogenic effects in a passive transfer model of
AAV (Rousselle et al., 2017). This model found reduced crescent formation and glomerular
necrosis in the monocyte depleted mice suggesting an important role for these cells in these
processes. This result emphasises the importance of studying peripheral blood monocytes in
the context of AAV pathogenesis. Interestingly, the finding that some pathology remains in
these monocyte depleted mice indicates that other cells are still causing damage to the kidneys
(Rousselle et al., 2017). These cells are likely neutrophils, however, tissue resident
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monocytes/macrophages may be having a role in this damage. Studies which identify these
populations and their role in disease are therefore required to aid in our understanding of
monocyte induced damage.

The elucidation of the signalling pathways activated in monocytes in response to anti-
MPO and anti-PR3 antibodies is vital to understanding the differences in the response to these
antibodies. These pathways are well established in neutrophils, particularly the mechanism of
activation by anti-PR3. As discussed in Chapter 1, CD177 is thought to be important in
mediating anti-PR3 signalling through Mac-1 on the neutrophil cell surface. My work showing
that monocytes expressing PR3 on their surface do not co-express CD177 demonstrates an
important difference between these two cell types. The lack of CD177 expression on
monocytes may help to explain why a reduced proinflammatory effect was seen in response
to anti-PR3 when compared with anti-MPO. Interestingly, the changes in the secretion of other
proteins which | have shown using Olink proteomic analysis demonstrates that anti-PR3
antibodies are having a similar effect on monocytes, albeit at a lower level. Elucidating the role,
if any, of Mac-1 in monocyte signalling and the mechanism through which PR3 is displayed
and mediates a signal are therefore important questions to be answered in the future (Figure
6.1).

Pro-inflammatory
effects

)

Monocyte

Figure 6.1 Important questions involved in monocyte activation by ANCA.
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6.2.2 Targeting metabolism

Immunometabolism is fast emerging as a key potential target to alter aberrant immune
phenotypes in patients. Currently, the majority of research in this area is focused on T cells
and investigating the potential to switch on immune cells ex vivo and to use these cells to
combat cancer. The manipulation of these cells has the potential to not only increase the
immune response to fight cancer but using the correct stimulus could also be used to dampen
this response to benefit patients with autoimmune disease. Due to the paucity of data
concerning monocyte metabolism | will outline some of the recent advances and therapeutic
targets identified in other cell types and discuss how similar approaches could potentially be

developed to target monocytes in AAV based on my results.

While the concept of activating most immune cells in autoimmune disease may seem
counter intuitive, if specific regulatory cells such as Trg Or Breg Cells could be activated these
cells could then have a role in reducing the immune response. As these cells have been
implicated in AAV, their regulation in this way may have potential in the treatment of disease.
While this approach may be advantageous in longer lived cells of the adaptive immune system,
it is likely that innate cells, such as monocytes and neutrophils, will require a different approach
due to their more transient nature. Therefore, the possibility of therapeutically altering cellular
metabolism, and consequently cell phenotype, is more promising in targeting these cells in

disease.

Due to the distinct metabolic pathways used by particular effector cells, treatments
which broadly affect these pathways have been studied. For example, in graft versus host
disease (GVHD), where T cells are mainly dependant on ox phos, targeting mitochondrial ATP
production is thought to be a potential treatment (Park et al., 2016). Metformin has been
suggested as one such therapeutic agent as it inhibits complex | of the ETC and therefore
disrupts ATP production. Targeting metabolic pathways has been shown to be effective in
various disease models summarised in Table 6.1. The application of metabolic alteration has
been made possible in these settings by the myriad of research into the pathways involved in
T cell metabolism. As changes in glycolysis and ox phos as a result of monocyte activation are
not well known, the ability to target metabolism in these cells is unlikely in the immediate future.
However, my research has shown that altering metabolic pathways in these cells does affect

their inflammatory phenotype suggesting a potential for these kinds of treatments in future.

Interestingly, the upregulation of the two metabolic pathways which | have shown here
appears to indicate that the metabolic pathways involved in monocyte activation may differ
from those previously described in other cell types. The simultaneous increase in glycolysis
and ox phos which | have found is an interesting divergence from the most commonly studied

innate lymphoid cell; the macrophage. In M1 macrophages, breaks are formed in the TCA
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cycle which results in a build-up of intermediates leading to proinflammatory phenotype in
these cells. These key molecules include citrate and succinate. Succinate accumulation
stabilises Hif-1a leading to an increase in IL-1f production (Palsson-McDermott et al., 2015),
while citrate can be converted to itaconate via immune responsive gene-1 (Irgl) which is
activated in these cells (Michelucci et al., 2013, Meiser et al., 2016). Itaconate inhibits
succinate dehydrogenase (SDH) and therefore reduces ox phos. This increase in glycolysis
therefore usually results in a negative feedback loop further inhibiting ox phos. Whether similar
events occur in monocytes is yet to be elucidated, although, at least in ANCA stimulated cells,
some divergence from this model must occur as both pathways

Drug Pathway Disease model | Effect
targeted
2-DG Glycolysis Systemic Lupus | Decrease clinical

Erythematosus | score while leaving
(SLE) normal immune
function unaffected (in

combination with

metformin)
DCA PDHK Experimental Decrease clinical
autoimmune score and pathogenic
encephalitis Th17 formation while

promoting Tregs

Metformin Electron SLE Decrease clinical
transport chain score while leaving
(complex 1) normal immune

function unaffected (in

combination with

2DG)
Etomoxir Lipid GVHD Decrease clinical
metabolism score while preserving

graft reconstitution

Table 6.1 Drugs used to target metabolic pathways.
Adapted from (Bettencourt and Powell, 2017). 2-DG: 2-Deoxyglucose, DCA: Dichloroacetate,
PDHK: Pyruvate dehydrogenase kinase, GVHD: Graft versus host disease
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are upregulated simultaneously. Interestingly, | have shown here that NADPH oxidase and
respiratory burst are also at least partially involved in this activation. The mechanism behind
the combined activation of both of these metabolic pathways in ANCA stimulated monocytes,
along with the role of respiratory burst and NADPH oxidase, is therefore of major interest.
These differences suggest that the treatments used for other cell types may not be appropriate
for treating monocyte driven diseases and more research is required into the role of
metabolism in this cell type.

6.2.3 Lack of disease induction

| was unable to replicate the disease model previously published by Little et al where crescentic
GN and lung haemorrhage were induced in humanised mice after injection with anti-PR3 IgG.
The exact reason for the lack of disease is unclear and a number of possible explanations exist
as outlined in Chapter 5.4. The most likely explanation is the different facilities used in my
study and the previous work. In order to improve both the levels of human cell engraftment
and disease induction in this model there are a number of possible avenues which could be
investigated. Firstly, we added C5a secreting osmotic mini pumps in order to compensate for
the lack of complement in the NOD background strains. The experiments incorporating these
pumps included small numbers of animals due to a number of mice failing to survive until the
end of the experiment. Further research into the role of complement in disease induction and
the effect which administration of C5a has would be beneficial for this model going forward. In
particular, the use of C5 which has an increased half-life compared to C5a may benefit in the
longer term. Using C5 is dependent on the presence of other complement components, namely
C4, which are required for its cleavage. The presence of these factors, or the possibility for

their co-administration, must therefore first be established for C5 treatment to work correctly.

Another aspect which could be investigated is the strain of mice chosen. | have used 3
different strains of mice to compare engraftment levels; however, each of these strains was
created on the same genetic background, NSG. The use of immunocompromised mice from a
different genetic background such as Rag2” could help to shed more light on the best model
in which to induce this disease. These mice are also complement sufficient meaning that the

addition of human complement would not be required.

Despite the lack of disease development, other aspects of this study unrelated to AAV
may help to improve our knowledge of the mechanisms involved in the immune response. Of
particular interest in the context of the other results chapters in this thesis is the identification
of monocyte subsets in these humanised mice. As there is no direct correlate for all three
human monocyte subsets in wild-type mice this finding provides a potential for studying the

responses of these subsets in vivo.
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6.3 Future work
The work presented in this thesis has helped to better define monocytes and their role in AAV.

Further work is needed to better understand the contribution of this important cell type in the
pathogenesis of disease. The finding that the proportion of intermediate monocytes is
increased in patients with AAV represents the first report of differences in monocyte subsets
in this population. However, the discrepancy between my results and those of Tarzi et al, where
no change in the proportion of each subset was observed, requires further study. Elucidating
the reasons behind these differences would be greatly aided by a more robust mechanism of
defining the monocyte subsets. In this regard, the addition of new markers which are specific
for each subset would greatly assist not only this field but other areas in which these subsets
are becoming the focus of study. This study has shown for the first time that monocyte subsets
have differential responses to ANCA stimulation. This research could be expanded to
investigate differential roles for these cells in disease. In particular, it would be beneficial to
distinguish if one subset, such as the intermediate monocytes, is found more frequently in the
kidneys and granulomas of patients. This could then lead to more focused research and
targeted therapies in future.

With regards to changes in monocyte metabolism, this study has provided initial data
into the response of these pathways to ANCA. More research is required to fully identify
whether increased glycolysis, ox phos or both are critical in the activation of these cells by
ANCA. Other metabolic pathways also require further study to establish their relevance in this
cell type and specifically, their importance in responses to ANCA stimulation. In this context
the role of fatty acid oxidation (FAO) may be important. This pathway has been shown to be
important in other activated immune cells, such as Treg cells, and is often upregulated in cells
which are more reliant on ox phos (Buck et al., 2015, O'Neill et al., 2016). The response of this
pathway to ANCA stimulation could therefore provide further insight into the monocyte effector
function. The results which | have shown here regarding metabolic changes would also benefit
from more molecular biological data such as investigating the effect of ANCA stimulation on
the mTOR pathway and whether Hif-1a is affected by this stimulation. The role of these
proteins is well defined in other cell types and understanding their role in this context would

help to better define the metabolic pathways involved in monocyte activation.

Another area of monocyte metabolism which requires further study is the differences
in the metabolic profile of the distinct monocyte subsets. The main limitation of this kind of
study is in the number of each subset which can be isolated from an individual donor. The
study of these pathways therefore may not be possible using the Seahorse technology used
in this thesis although other surrogate markers of metabolic changes, such as flow cytometric

read outs, may provide insight into differences between these subset populations.
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One of the most important findings of this thesis has been the widely divergent
response between anti-MPO and anti-PR3 stimulated monocytes. One of the biggest obstacles
in establishing the mechanisms behind these differences is the lack of data concerning the
display of these antigens and potential signalling pathways activated in these cells. | have
shown here that PR3 expression differs in monocytes from that seen in neutrophils. However,
anti-PR3 antibody stimulation does result in several changes to these cells indicating some
form of signalling is occurring. The exact signalling pathways involved in this response and
how they compare to the pathways activated by anti-MPO stimulation must therefore be
established to further phenotype these cells in the context of this disease. In particular, the
potential to alter the response of anti-MPO treated monocytes to resemble the less

inflammatory anti-PR3 phenotype could provide a valuable target for therapeutic intervention.

My work on humanised mice has shown that distinct monocyte subsets can be identified
in these mice. This finding provides the potential to study the function of each of these cells in
more detail and may allow for the elucidation of their role in several other models of disease.
Although | was unable to successfully induce vasculitis in these mice, future avenues to
optimise this disease model have emerged from this work. In particular the use of C5a requires
further study using groups with larger N numbers. This along with the potential to use C5 rather

than C5a could allow for an environment in which disease can be more readily induced.
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6.4 Final remarks
The role of monocytes in AAV is likely to be complex with differing functions depending on the

disease type, patient and stage of disease. In this thesis | have attempted to increase our
understanding of these cells and how they may function in disease. This work has however
only begun to unravel the functions of this interesting and understudied cell type. The key

results which | have found are outlined below:

¢ The intermediate monocyte subset is increased in AAV patients and these cells have

increased ANCA antigen presentation

o Monocyte subsets have differential responses to ANCA stimulation with the
intermediate subset having the most pro inflammatory phenotype

e Anti-MPO and anti-PR3 stimulation of monocytes have significantly different effects in

vitro both on inflammatory cytokine production and intracellular metabolism

e ANCA stimulation of monocytes leads to changes in their cellular metabolism and these
changes differ from previously described “Warburg” like metabolism seen in other

activated immune cells

¢ Monocyte subsets populations can be successfully reconstituted in humanised mice

providing a valuable in vivo tool for the study of their function

These results have helped to add to the working model of AAV pathogenesis. Although these
data have advanced our understanding of these cells in disease they have also opened new

avenues for future studies both in AAV and the understanding of monocyte biology as a whole.
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