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Summary

Haemophilia A is an X-linked blood clotting disorder, where clotting factor, Factor VIII,
is unable to induce the coagulation cascade. Thus, the lack of this clotting factor
prevents efficient clotting of blood during injuries such as open wounds. While
treatable with a number of methods, most commonly with clotting factor replacement,
patients with severe haemophilia A can develop a plethora of co-morbidities, including
osteoporosis, inhibitor development, and haemarthrosis. With haemophilia A
subdivided into varying severities, mild, moderate, and severe, the probability of
comorbidities also varies with that. The development of haemophilic arthropathy is a
natural occurrence that normally coincides with bleeds into the joint in patients with
severe haemophilia A. The increased instances of haemarthrosis can lead to joint
deformation and a reduced quality of life for patients affected by this. However, the
development of the joint disease is dependent on several factors, of which are yet to
be fully elucidated. While there have been strides made in the investigations of
immunological impact in haemophilic arthropathy, there has yet to be a clearly
established number of specific genes that may predispose one to the development of
haemophilic arthropathy. Adolescence, including adolescence leading into adulthood,
is a crucial time for bone development and while treatments for haemophilia have
developed significantly, chronic arthropathy is still of concern for patients with severe

haemophilia A.

Investigating required a model of haemophilic arthropathy to first be established in the
lab. The creation of a novel mouse model of severe haemophilia A, that exhibited
similar characteristics such as spontaneous bleeding, by a previous lab member
allowed me to establish a working model of haemophilia arthropathy in the lab and
identify several genes involved in the development and progression of the disease. As
expected, post-injury induction altered the expression of pro-inflammatory genes
dramatically as immune cells were recruited to the site of injury, such as Tnf, /14, and
16, suggesting perhaps a potential osteoclastogenic mechanism by which a key
feature in haemophilic arthropathy, osteoporosis, may develop during haemarthrosis.
With multiple bleeds overtime, the increased risk of developing osteoporosis may lead
to other negative impacts on quality of life like increased risk of bone fractures.



Concretely identifying genes involved in the development of haemophilic arthropathy,
| used dual-knockout mice to my advantage to further elucidate the roles of a number
of upregulated genes found during the progression of haemophilic arthropathy. While
some had no notable effects on the development and progression of haemophilic
arthropathy, there was some significance specifically in the F8*™"*/lI1rl1- mouse
model, where the severity as seen by measuring the size of the joint, was greatly
reduced. A significant difference was also seen in patient plasma samples, where
levels of soluble ST2 protein were significantly elevated in comparison to healthy
plasma control samples as well. As previously mentioned, specific cytokines are
known to be inducers of osteoclastogenesis, while some, like IL-33, act as alarmins
and inhibit osteoclastogenesis. With the finding that the IL-33/ST2 axis may be
involved in the development and progression of haemophilic arthropathy, this axis
could potentially be a useful starting point for the development of or use of therapeutics
to attenuate haemophilic arthropathy development.

Similarly, while specific pro-/anti-inflammatory genes have been identified as crucial
in the process of haemophilic arthropathy, the effects of genetic background have
proven to yield significant results in our novel mouse model of severe haemophilia A.
Two other strains of mice aside from the C57BL/6J mice were used, BALB/c and A/J,
with the exact same single nucleotide polymorphism in exon 1 of the F8 gene that
created the model of severe haemophilia A, thus allowing investigations between the
effect of varied genetic backgrounds. There was no notable difference between the
C57BL/6J strain and the A/J strain. However, the mice on the BALB/c background had
significantly lower joint measurements throughout the time course of the experiment.
Studies have shown one major difference between the C57BL/6J and BALB/c strains,
and that is the adaptive immune response, particularly the Th1 and Th2 responses.
Th1 in C57BL/6J mice plays a key role in the immune response, whereas Th2 plays a
more vital role in BALB/c mice. Again, referring back to the development of
haemophilic arthropathy, there is evidence that the IL-33/ST2 axis may play a key
element in the development of haemophilia arthropathy, with IL-33 enhancing Th2 cell

cytokine production and thus, having a more anti-osteoclastogenic effect.



The findings in this thesis have proven that there may be a potential role of the IL-33-
ST2 axis in the development and progression in haemophilic arthropathy. By exploiting
this knowledge, therapeutic interventions may potentially be used alongside
replacement of coagulation factors in order to attenuate the effects of haemarthroses.
Thus, potentially preventing development and/or progression of haemophilic
arthropathy.
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Chapter 1 — Introduction

1.1. The Immune System

The immune system is at the forefront of the fight of foreign substances within our
body. The highly adaptive system comprises of a balance between organs, cells, and
cytokines working together to form such a sensitive system. This defence mechanism
is highly specified to prevent a host of agents from entering the body, as well as
maintaining a delicate balance within the body itself. However, should this
homeostasis be broken, and the scales tipped to one side, too long anti-inflammatory
could lead to the development of tumours, while too long pro-inflammatory can lead to
autoimmune diseases. Thus, the fine balance of the immune system must be

maintained to prevent it becoming too anti-inflammatory or too pro-inflammatory.

1.1.1. Cells of the Immune system

The cells of the immune system can be roughly divided into two systems, the innate
immune system, comprising of cells derived from a common myeloid progenitor (CMP)
cell, and the adaptive immune system, comprising of cells derived from a common

lymphoid progenitor (CLP) cell, as seen in Figure 1.1.
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Figure 1.1. General hierarchal depiction of cells of the immune system. Each
immune cell is derived from the haematopoietic stem cell and roughly falls into one of
two categories: myeloid cells or lymphoid cells. Figure created in Biorender and
adapted from (Torang et al., 2019).

1.1.2. The innate immune system

The innate immune system is known to be the first line of defence in the immune
system and responds to pathogen associated molecular patterns (PAMPs) and
damage associated molecular patterns (DAMPs). The cell responses are general and
not specific, including cellular and humoral responses. The cellular response includes
the innate immune cells, macrophages, dendritic cells, neutrophils, eosinophils,
basophils, and mast cells. While the humoral response includes natural antibodies,
complement proteins, C-reactive proteins, and coagulation factors. Here | will briefly
cover only a handful of innate immune cells stemming from the CMP cell.



1.1.2.1. Monocytes — Macrophages

Macrophages are derived from monocytes stemming from granulocyte/macrophage
progenitor (GMP) cells. They are antigen presenting cells (APCs) that work as the first
line of defence against PAMPs and DAMPs, but also serve as a “link” between the
innate and adaptive immune systems. While these innate immune cells can act as
APCs, they also phagocytose pathogens and apoptotic cells, as well as recruit other
immune cells through secretion of cytokines and chemokines. While not further
characterised in Figure 1.1, macrophages have historically been subdivided into two
phenotypes: M1 macrophages and M2 macrophages (Wynn et al., 2013). These two
phenotypes are also known as “classically activated” and “alternatively activated”,
respectively. M1 “classically activated” macrophages are, generally, functionally more
pro-inflammatory compared to M2 macrophages. Thus, they have a critical role in the
immune response in eliminating pathogens and certain cells (e.g., cells infected with
viruses). M2 “alternatively activated” macrophages are, generally, functionally more
anti-inflammatory compared to M1 macrophages. Thus, rather than having a vital role
in eliminating pathogens and virus-infected cells, the M2 macrophages tend towards
promotion of tissue repair and wound healing. These alternatively activated
macrophages play an important role in type 2 immune responses in allergy disease,
asthma, and helminth infections (Joseph et al., 2019). In the context of this thesis, M1
macrophages have shown to be increased during the first week post-joint bleeding in
FVIlI-deficient mice. This was then followed by an increase in M2 macrophages,
approximately from the second week onwards post-joint bleeding. The polarisation of
macrophages contributes to the clearance of the blood in the joint. M1 macrophages
produce pro-inflammatory cytokines, including IL-1b, TNFa, IL-6, that stimulate
catabolic activity and hydrogen peroxide production by cartilage chondrocytes, which
leads to cartilage destruction and poor elimination of iron from the joint
(Nieuwenhuizen et al., 2014, Roosendaal et al., 1998b). M2 macrophages, with its
secretion of growth factors colony stimulating factor and vascular endothelial growth
factor, in the joint can lead to higher vascularisation and remodelling in the joint space
(Cooke et al., 2018).



1.1.2.2. Neutrophils

Neutrophils are one of the many granulocytes forming part of the innate immune
system. These innate immune cells comprise of approximately 50 — 70% of circulating
leukocytes in humans, but only 10 — 25% in mice (Mestas and Hughes, 2004).
Neutrophils are also derived from GMP cells and the primary function of these innate
immune cells involves the recognition, phagocytosis, and elimination of invading
microbe, but can also act as a link between the innate and adaptive immune system
(Rosales, 2020). These cells can be identified morphologically by the lobed nucleus
and by the expression of CD11b and Ly6G surface markers (Misharin et al., 2013).
Circulating neutrophils are attracted to a site of infection or injury from cytokines and
chemokines released during damaged tissues or activated immune cells, including
TNFa, IL-1b, IL-6, and IL-8 (Rosales, 2018). Once at the sight of infection or injury,
neutrophils can rapidly migrate into the tissue and begin to phagocytose the invading
microbes, as well as recruiting other granulocytes, monocytes, and T cells. While
having only a short half-life of 6 — 8 hours, neutrophils can still damage healthy tissues
at the site of recruitment, which occurs in various inflammatory diseases like
rheumatoid arthritis and inflammatory bowel disease (Summers et al., 2010, Zhang et
al.,, 2019). With many commonalities between rheumatoid arthritis and haemophilic
arthropathy, another is the increased presence of neutrophil extracellular traps in the
promotion of joint destruction in both diseases (Kaminski et al., 2020, O'Neil et al.,
2023).

1.1.2.3. Eosinophils

Similar to neutrophils, eosinophils are also granulocytes derived from GMP cells. They
are effector cells and heavily involved in the type 2 immune response, as well as
providing protection against viruses and bacteria. The innate immune cells are well
characterised by the presence of large, granular structures in their cytoplasm, and
identifiable by the expression of CD11b, F4/80, and SiglecF in mice (Misharin et al.,
2013). While primarily involved in defence against parasitic infections, eosinophils are
also involved in the immune response to allergies and asthma, potentially
exacerbating the response in these diseases (Nakagome and Nagata, 2018,
Fulkerson and Rothenberg, 2013). On top of this, eosinophils also play a role in the
regulation of the antibody response (Jacobsen et al., 2012). Immunoregulations by



eosinophils as an APC for B cells and through cytokine secretion for T cells (Akuthota
et al., 2008, Wechsler et al., 2021).

1.1.3. The adaptive immune system

While we have the innate immune system that acts as a first line of defence, the
adaptive immune system is more specific in its response. In juxtaposition to the innate
immune system, the adaptive immune system is pathogen-specific and relies on B
and T lymphocytes that are antigen specific. The specificity from the adaptive immune
system is dependent on APCs, for example macrophages. Unlike the innate immune
system that acts immediately, the adaptive immune response requires several days to
respond effectively to a primary infection. This is due to the APCs digesting pathogens,
presenting the major histocompatibility complex (MHC) to the naive T cells to activate
and expand them. Antibodies from B cells can be membrane bound and secreted
antibodies. Similar to the innate immune response, the adaptive immune response
can be generally categorised into a cellular response, T cells, and a humoral response,
B cells. Here | will only cover two of the cells stemming from the CLP cell.

1.1.3.1. B cells

B cells, or B lymphocytes, play a crucial role in the humoral response of the adaptive
immune system. B cells are responsible for producing antibodies, which can then
identify and bind to specific antigens, such as bacteria or viruses. Originating from the
bone marrow, B lymphocytes migrate to the lymph nodes and other lymphoid tissues,
where they mature and exposure from APCs and T cells allow the B lymphocytes to
activate. Once activated, B cells undergo clonal expansion, where the lymphocytes
rapidly divide and differentiate into plasma cells, thus producing a large number of
antibodies specific to the antigen that initiated the response. B cells may also develop
into memory B cells, remaining in the body after the initial immune response. Thus, a
large amount of antibodies can be produced upon subsequent exposure to the same
antigen, allowing a more rapid response (Clark and Ledbetter, 1989, Tanaka and Baba,
2020). In haemophilia A mouse models, anti-B cell activating factor, along with anti-
CD20, has been shown to help improve the levels of inhibitors in patients with
haemophilia A (Doshi et al., 2021). Targeting B cell differentiation could be key in



ensuring that all patients are able to receive factor treatment without complications.
Without the treatment, patients are highly susceptible to a lot more complications.

1.1.3.2. T cells

T cells, or T lymphocytes, are also produced in the bone marrow but mature
specifically in the thymus gland. These cells can be classified into two main subtypes
based on specific surface proteins: CD4* T cells and CD8* T cells. CD4* T cells, or T
helper (Th) cells, recognise and bind to foreign antigens presented by APCs.
Subsequently, cytokine release from the CD4* T cells from the binding of surface
receptors leads to the activation of other immune cells, such as B cells and CD8" T
cells. CD8* T cells, also known as cytotoxic T cells, directly eliminate infected cells.
Additionally, T cells also play a role in regulating immune responses. Regulatory T
cells (Tregs) are a specific subset of CD4* T cells that suppress immune responses
and prevent autoimmunity. This role is particularly important to prevent illnesses like
overactive immune systems that may lead to autoimmunity. In arthropathies, T cells
have been confirmed to play a role in the early stages of long-term pathology post-
injury as well as infiltrating into the joint space during synovitis (Moradi et al., 2019,
Tran et al., 2005). Thus, T cells could play a key role in the pathology of other joint

diseases as well.

1.2. Haemophilia A

1.2.1. Background

Haemophilia A is an X-linked blood clotting disorder that affects mostly males. With
haemophilia A, Factor VIII (FVIII) clotting factor is unable to induce the coagulation
cascade, thus preventing efficient blood clotting and leading to a prolonged activated
partial thromboplastin time (aPTT) (Mannucci and Tuddenham, 2001, Kitchens, 2005).
The predominantly male-affected disorder, due to the X-linked recessive disease,
affects approximately 1 in 5,000 male births (lorio et al., 2019). The disease can be
classified into three categories based on the FVIII activity; mild, moderate, and severe
(Coppola et al., 2010, Knobe and Berntorp, 2011). As seen in the coagulation cascade
in Figure 1.2, FVIIl is required as a cofactor in the intrinsic pathway to activate Factor
X (tenase) to form a fibrin clot as part of the common pathway (Smith et al., 2015).
Without the ability to efficiently form a clot, patients with severe haemophilia (PwsH)



are at a much higher risk of bleeding into the skin or soft tissues like muscle,
haemarthrosis, or bleeding into the joints, frequent nosebleeds, and in extreme cases
death due to excessive bleeding (Konkle and Nakaya Fletcher, 1993, Berntorp et al.,
2021). There are a number of treatments available to people with haemophilia (PwH)
that have different dosages and treatment regimens, but overall improve the quality of
life for PwH (Blumberg et al., 2018, Bhardwaj et al., 2018, Castaldo et al., 2007).
However, even with treatments being used, breakthrough bleeds may still occur
(Gruppo et al., 2004, Tiede et al., 2021).
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Figure 1.2. Coagulation cascade showing the intrinsic and extrinsic pathways
as well as the common pathway to form a fibrin clot formation. Factor VIIl is
required as a cofactor in the intrinsic pathway to activate the common pathway, to
eventually lead to a fibrin clot formation. Figure created in Biorender and adapted from
(Perez-Pujol et al., 2012).



1.2.2. Severities of Haemophilia A

While haemophilia A is classified as the lack of or decrease in clotting factor FVIII, it
can be further subdivided into three general categories. Firstly, patients with mild
haemophilia A have a FVIII activity ranging from 5% to 40%. No spontaneous bleeding
occurs in these individuals however, during certain circumstances, such as surgery,
excessive bleeding may occur if no pre- or post-treatment is considered. Diagnosis of
mild haemophilia A is generally only later in life. Moderate haemophilia A is classified
as FVIII activity between 1% and 5%. While spontaneous bleeding can occur in these
individuals, it is not common and varies from individual to individual. Frequency of
bleeding occurs more often than in mild haemophilia A, with bleeds occurring between
approximately once a month to once a year. Diagnosis of moderate haemophilia A
generally occurs before the ages of five to six years. Severe haemophilia is
categorised as individuals with less than 1% FVIII activity. Diagnosis is usually made
in the first two years of life. The jump from moderate to severe is quite drastic with lack
of treatment leading to up to two to five spontaneous bleeding incidences monthly.
These bleeding episodes can occur anywhere including into the joint or as deep-
muscle haematomas (Konkle and Nakaya Fletcher, 1993, Coppola et al., 2010,
Bolton-Maggs and Pasi, 2003).

1.2.3. Comorbidities

In haemophilia A, particularly severe haemophilia A, the risk of bleeding is very high
but there are also other risk factors associated with haemophilia A. Bleeding into joints,
or haemarthrosis, can lead to chronic haemophilic arthropathy as the number of bleeds
and frequency of the bleeds increases. Other risk factors related to haemophilia A
include low bone mineral density, which increases the risk of bone fractures,
intracranial haemorrhage, which increases the risk of stroke amongst other symptoms,
and reduced mobility, dexterity, and acuity, overall reducing the quality of life of the
individual (Kempton et al., 2021, Chu et al., 2018). Prophylactic treatment may be
preferred to on demand factor replacement, however, while it does improve quality of
life, this does not completely ameliorate the number of bleeds into joints (Aledort et al.,
1994, Bhardwaj et al., 2018, Mejia-Carvajal et al., 2008, Rehill et al., 2021). Research
has also shown potential negative effects in terms of haemarthrosis in plasma-derived



FVIII compared to recombinant products (Bertling et al., 2017). Thus, further research

is needed to elucidate the exact mechanisms of this comorbidity.

1.3. The Knee Joint

The knee joint is the largest joint in the body (Gupton et al., 2023). The knee joint is
made up of three bones for the articular joint: the femur, the fibula, and the tibia. Within
the knee structure, as seen in Figure 1.3, resides the all-important synovial capsule, a
space within the joint that fills with synovial fluid and provides important components
such as hyaluronan, lubricin, and collagenases, surrounded by the synovium
(Seidman and Limaiem, 2023). The knee joint can become a target joint in PwsH, as
identified by the individual’s healthcare professional, but usually when more than three
bleeds have occurred within a six-month period (Mulder and Llinas, 2004, Kiialainen
et al., 2022). The knee is susceptible to development of arthritis in not only PwsH, but
in patients that have mechanical changes or trauma, are overweight, as well as those
that have developed age-related cartilage degradation (Sinusas, 2012). With
increasing severity and unresponsiveness to drug treatments, patients may turn to
alternatives such as total knee replacement, where suitable, to restore the normal
functions of the knee joint (Vaienti et al., 2017). Within the knee joint, the synovial
membrane (synovium) can become a major target during arthritis in the knee, making
it an ideal tissue to analyse in research to elucidate the pathways of the arthritic
disease (Van Landuyt et al., 2010). The bone structure of the knee joint, namely bone
erosion and cartilage degradation, may also be affected due to osteoclastogenesis as
previous research has shown (Pettit et al., 2001).
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Figure 1.3. The knee joint in both steady state condition and during arthropathy.
The knee joint is usually in a steady state (left side of the figure) where there is a
delicate balance in the involvement of immune cells as well as any cells, such as
osteoclasts and osteoblasts, involved in maintaining bone structure. The right side of
the photo depicts the knee joint in an inflamed state during arthropathy, with increased
cell activation in what is usually only filled with synovial fluid. Some known cytokines
involved in the pathogenesis of arthropathy are listed as well. Figure created in
Biorender and adapted from (Berntorp et al., 2021).
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1.3.1. The synovial capsule

Within the synovial capsule, the synovial fluid is contained by fibroblast like
synoviocytes. The synovium covers the intra-articular tendons and ligaments as well
as the fat pads, but not the cartilage or meniscus (Veale and Firestein, 2017). While
formed of non-immune cells, the synovium is vital in the production of necessary
components for the healthy functioning of the joint, including hyaluronan, lubricin, and
collagenases, amongst other components (Seidman and Limaiem, 2023). However,
dysregulation of this sterile environment in the joint can cause a number of issues to
the joint, as seen in Figure 1.4 (Muirden and Senator, 1968, Sculco, 1998, Lee and
Weinblatt, 2001, Scott et al., 2010, Kapoor et al., 2011).

1.3.2. Diseases associated with (knee) joints

1.3.2.1. Osteoarthritis

Osteoarthritis (OA) is a degenerative bone disease that affects the joint cartilage and
the underlying bone below it, affecting millions of people worldwide (Karsdal et al.,
2014). The disease is generally progressed with age and can also be termed as “wear
and tear” degeneration of the joint but other risk factors for the disease include obesity,
joint injury, and genetic predisposition (Litwic et al., 2013, Ashford and Williard, 2014,
Barnett, 2018, Dulay et al., 2015). While well characterised by the presence of
cartilage and bone degradation, the whole joint is affected and can also affect the
synovial membrane, specifically synovitis may occur (Sharma, 2021). The treatment
of OA can include intervention using exercise, weight management, physiotherapy, as
well as pharmacologic treatments, ranging between analgesics and anti-inflammatory
drugs to biologics (Hochberg et al., 2012, Loeser et al., 2012, Glyn-Jones et al., 2015).
In some cases, where the severity of OA has progressed significantly, total joint

replacement surgery is required (Singh et al., 2015).

1.3.2.2. Rheumatoid arthritis

Rheumatoid arthritis (RA) is a systemic autoimmune inflammatory disease affecting
the joint, with characteristics of synovitis being prominent in the pathogenesis of the
disease (Scott et al., 2010, Buckley et al., 2021, Wasserman, 2011). Similar to OA,
RA develops symptoms of cartilage and bone degradation in the pathogenesis of the
disease. The pathogenesis of RA involves complex interplay between not only genetic
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factors but also environmental factors, that ultimately lead to destruction of the
synovial joint (Mclnnes and Schett, 2011). The disease has been well-characterised
with many drug therapeutics having been developed, such as TNF inhibitors and IL-6
inhibitors (Gibbons et al., 2023, Singh et al., 2016, Joshi et al., 2018). However, the
first biologic treatment that is usually recommend are disease-modifying antirheumatic
drugs (DMARDSs) to improve outcomes and prevent joint damage (Singh et al., 2016).

1.4. Haemophilic Arthropathy (HA)

1.4.1. Background and Clinical Background

HA is one of the comorbidities of severe haemophilia A and can develop from bleeding
into the joints, or haemarthrosis (Christensen et al., 2019). The occurrence of
haemarthrosis begins from birth, but the high cost and need for venous access devices
complicates the treatment in young children. Thus, methods such as serological
biomarker identification for personalised treatment would help identify and prevent
target joints occurring, and subsequent musculoskeletal complications (Rodriguez-
Merchan, 2012). When a target joint, a joint where more than three episodes of
haemarthrosis has occurred in the span of six months, is identified, the likelihood of
HA developing is increased significantly (Mulder and Llinas, 2004). The occurrence of
spontaneous bleeding is not present in mild haemophilia A, is rare (between once a
month to once a year) in moderate haemophilia A, and can occur quite often if left
without treatment in severe haemophilia A (Konkle and Nakaya Fletcher, 1993,
Coppola et al., 2010). To measure the impairment of the joint, one of the methods is
the haemophilia joint health score (HJHS). The HJHS is analysed by taking into
account multiple factors, such as swelling, muscle atrophy, and crepitus on motion.
PwsH may also present symptomatic to medical professionals which can lead to the
identification of HA (Ng et al., 2005). Some characteristics of HA, as seen in Figure
1.4, include synovitis, cartilage degradation, and bone remodelling, along with
elevation of certain biomarkers, and are shared with OA and RA (Hua et al., 2017,
Kotela et al., 2019, Lafeber et al., 2008, Melchiorre et al., 2017, Roosendaal et al.,
1998a, Roosendaal et al., 1999a). Blood-induced joint damage has been clearly seen
both in vitro and in vivo, particularly affecting immature cartilage when compared to
mature cartilage, but without any other mechanical or biological disturbances,
improvements in the joint integrity can occur (Hooiveld et al., 2003a, Hooiveld et al.,
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2003b, Hooiveld et al., 2003d, Jansen et al., 2007, Roosendaal and Lafeber, 2003,
Roosendaal and Lafeber, 2006, Roosendaal et al., 1999b).

Bone
remodelling

Cartilage
Degradation

Synovitis

Figure 1.4. Depiction of an arthritic knee joint. Inflamed synovial membrane is one
of the key characteristics found in chronic HA, OA, and RA cases. Other features that
can be seen are cartilage degradation as well as presence of bone remodelling in
some cases. Figure created in Biorender and adapted from (Berntorp et al., 2021).

1.4.2. Current knowledge of treatments
In HA, there are a number of treatments available, including painkillers, biologics, and
surgical methods. Aspirin and non-steroidal anti-inflammatory drugs are generally
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advised to be avoided in patients with haemarthrosis due to the risk of bleeding.
However, in instances where haemarthrosis is acute, cyclooxygenase-2 (COX-2)
inhibitors may be prescribed to the patient (Nacca et al., 2017). Examples of COX-2
inhibitors include celecoxib and etoricoxib. In more recent years, biologics such as
emicizumab have been prescribed in treatment of severe haemophilia A, with efficacy
of lowering the risk of haemarthroses and the subsequential development of HA
(Kiialainen et al., 2022, Gualtierotti et al., 2021). However, particularly in patients with
chronic HA, procedures such as synovectomies, arthrodesis, where cartilage of two
bones in a joint is removed and the two bones stabilised to heal, or total joint
replacement may be required (Chin et al., 2022, Pulles et al., 2017, Raffini and Manno,
2007).

1.5. Role of Immunity in HA

The mechanisms of development and progression of HA have yet to be clearly
elucidated. Various immune cells and genes have been implicated but a clear
mechanism or specific pathway has yet to be elucidated. It is known that the innate
response is important in the pathogenesis of HA, with responses from different cell
types occurring as the disease progressed (Cooke et al., 2018, Nieuwenhuizen et al.,
2014). Naturally, we see key cytokines playing a major role in the inflammatory
processes of the disease when bleeding into the joint has occurred, including TNFa,
IL-1b, and IL-6 (Wojdasiewicz et al., 2018, Valentino et al., 2004, van Vulpen et al.,
2015, Haxaire et al., 2018), amongst other factors (Valentino et al., 2007). But not only
this, there have been studies showing the similar responses in HA that are found in
OA and RA, indicating potential common pathways may be linked between the

arthropathies (Cooke et al., 2019, Nieuwenhuizen et al., 2013).

1.5.1. Immunology of Arthritis

Joint diseases, namely OA and RA, are multifactorial but the immune system is without
a doubt a key factor in both arthritides. OA, as mentioned in section 1.3.2.1, is a
degenerative bone disease that causes “wear and tear” of the cartilage and underlying
bone (Karsdal et al., 2014). While mechanical distress affects the progression of OA,
there are a number of cytokines involved as well. RA, as mentioned in section 1.3.2.2,
is a systemic autoimmune inflammatory disease affecting the joint (Scott et al., 2010).
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In both OA and RA, key inflammatory cytokines that are involved include TNFa, IL-1b,
and IL-6 (Farrugia and Baron, 2016, Loef et al., 2018, Abramson and Amin, 2002,
Vincent, 2019, Akeson and Malemud, 2017). The signalling pathways can be balanced
with the production in anti-inflammatory cytokines, including IL-4 and IL-10 (Dong et
al., 2018, Katsikis et al., 1994). While all these cytokines are implicated in inflammatory
diseases in general, IL-33 has also been implicated in RA pathogenesis (Xu et al.,
2010a). IL-33, an IL-1 alarmin, could potentially be an indicator for severity of

progression in RA (Hong et al., 2011).

1.5.2. Immunology of HA

As mentioned previously, key cytokines involved in HA pathogenesis include TNFa,
IL-1b, and IL-6. Anti-inflammatory cytokines also play an antagonistic role, for example
IL-4 and IL-10, in HA (Wojdasiewicz et al., 2018). These signalling pathways, while
implicated in HA progression, have yet to be fully elucidated. The activation of TNFa,
IL-1b, and IL-6 cytokines, has already been shown to be increased in HA compared
to OA and RA (Zhang et al., 2015, Roosendaal et al., 1999a, Roosendaal et al., 1998b).
The expression of IL-4 during HA not only normalises proteoglycans through
increased production through chondrocytes, but the cytokine also reduces the
expression of IL-1b and TNFa, two key inflammatory cytokines in HA (van Meegeren
et al,, 2012). In the same study, IL-10 was shown to limit production of pro-
inflammatory cytokines in blood-induced cartilage damage, a critical factor in HA.

1.6. Mouse Models

1.6.1. Current mouse models in haemophilia A

F8mikaz (F8Im1-) and F8'm2kaz mice are two widely used models of severe haemophilia
A. Aside from lack of plasma FVIII activity, the mouse models are otherwise healthy
mice with no signs of spontaneous bleeding. The F8™'- mouse model is a knockout
model affecting the FVIIl mRNA on exon 16. While the F8™2k¢ mouse model is also a
knockout model, it affects exon 17 instead. Both knockout models produce a truncated,
non-functional FVIII protein, but with the exon 17 mouse model it may also be due to
partially delete protein (Bi et al., 1996, Bi et al., 1995). The mouse model used in this
project for comparison is the F8™"* mouse model.
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1.6.2. Limitations of current models

As mentioned above, one of the most widely used mouse model of severe haemophilia
A that is used is the F8™'- mouse model. While a suitable model that displays
prolonged aPTT and FVIII activity levels that are not detectable, the mouse model still
has circulated truncated, non-functional proteins of FVIII which can still potentially
tolerise the system (Bril et al., 2006). When the immune system has been introduced
to foreign FVIII, like rFVIII, the body can begin to produce antibodies against the FVIII
products. These antibodies, in turn, then prevent FVIII from acting on the coagulation
pathway to help form clots during treatment or prevent the prophylaxis from acting
when needed. Tolerisation against FVIII, i.e., inhibitor development, can cause
significant issues, such as breakthrough or spontaneous bleeds (Bril et al., 2006).
Breakthrough bleeds can occur anywhere but are found quite often in the joint spaces
when inhibitors have formed in the immune system to FVIII. Thus, appropriate
treatment and monitoring is extremely important in patients who are receiving FVIII
replacement. In severe haemophilia A, immune tolerance, is induced in increments so
patients do not mount anti-FVIII antibodies, occurring in approximately 30% of patients,
which would result in redundancy of rFVIII replacement (Schep et al., 2018). Tolerance
of the immune system in haemophilia A, where the model cannot respond to the rFVIII
dose prophylactically nor on demand, can cause issues with experimental studies
using rFVIIl, i.e., the factor replacement therapy is rendered redundant. While this also
may seem like merely an observation, this creates an environment that may not be
completely naive to the FVIII protein. In the case of HA, should the immune system
be already tolerised then rFVIII would be ineffective in treatment prevention. To fully
elucidate the exact mechanism, | chose a microenvironment where this would not be
an issue, hence the use of a mouse model that presents with a total deletion of the
FVIIl gene to prevent truncated proteins from translating and tolerising the immune
system. The development of the F8™’ mouse model was also through injection of
targeted embryonic stem (ES) cells, that were 129S4/SvJae derived, into C57BL/6
blastocysts (Bi et al., 1996). Passenger mutations can occur this way, where the ES
cells used are of one genetic background, while the genetic background of the
backcross used is of another genetic background, in short, a genetically engineered
mouse model of mixed genetic background. While suitable as a model for research, it
does not reflect the population of those affected by severe haemophilia A, where
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spontaneous bleeds is something that can occur up to five times in every month
(Konkle and Nakaya Fletcher, 1993, Berntorp et al., 2021).

1.6.3. Current mouse models of experimental HA

From the current literature for induced experimental HA, there are two main methods
found that are used. Firstly, a spring-loaded instrument can be used to induce a blunt
force trauma to the knee joint to induce the injury (Valentino et al., 2004, Valentino et
al., 2007, Hakobyan et al., 2004). In this method, as seen in Figure 1.5. (A), the mice
have a reproducible blunt force applied to the knee joint, without damage to the
cartilage or the bone as the impact of the device is cushioned. Another method is to
induce a needle puncture injury below the patella of the knee joint, which has been
done in many studies as well (Ovlisen et al., 2008, Vols et al., 2019, Hakobyan et al.,
2008). This method, as seen in Figure 1.5 (B), produces an external blood spot on
extraction of the 30 G needle. Research using these models has provided more
knowledge on the pathogenesis of HA, but also potential treatments that have shown
amelioration of the disease in these mouse models (Kashiwakura et al., 2012). The
needle-injury method is less invasive and highly reproducible and thus preferred.
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Figure 1.5. Induction of experimental HA in mice. (A) Blunt force trauma induces
haemarthrosis without external bleeding. (B) Needle-induced injury induces
haemarthrosis, with an external blood spot appearing on confirmation of the injury.

Figure created in Biorender.

1.7. Mouse strains

1.7.1. Heterogeneity and predisposition

Within the lab, there are various strains of mice to choose from but amongst these,
some of the most common strains are C57BL/6J and BALB/c backgrounds. BALB/c
mice, however, possess a more Th2-mediated immunity which juxtaposes that seen
in the more Th1-mediated immune response in C57BL/6J mice (Fukushima et al.,
2006). Thus, comparing two immune environments that are genetically differently

predisposed to the development of diseases. However, we will also look at the A/J
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mouse strain in this thesis to see the effects of genetic predisposition, as seen in
Figure 1.6, on the development of HA. With age, A/J mice develop muscular dystrophy,
and thus muscle strength is weakened (Ho et al., 2004). The loss of muscle strength
is a characteristic found also in PwsH and it is known that atrophy of muscle develops
post-haemarthrosis, thus reducing quality of life (Wojdasiewicz et al., 2018). However,
if a model is already predisposed to weakened muscles, would this have a knock-on
effect on the severity of HA?

1.7.1.1. C57BL/6J

C57BL/6J mice are an inbred strain of mice that share nearly an identical genotype
and one of the most widely used strains in research (Bryant, 2011). These mice are
fantastic models for research as they breed frequently. The C57BL/6J strain has a
more Th1-mediated immune response, and thus a more M1 polarisation of
macrophages (Fukushima et al., 2006). The mouse strain also has a high complement
activity which allows it to be used in research involving observation of the complement
system (Gralinski et al., 2018).

1.7.1.2. BALB/c

While the C57BL/6J mouse strain is more Th1-meditate in immune response, the
BALB/c strain has the opposite where the immune response is more Th2-mediated
(Fukushima et al., 2006). This makes it a very suitable model for allergic and
autoinflammatory diseases (De Vooght et al., 2010, Saunders et al., 2016). And while
the C57BL/6J mouse has high complement activity, the BALB/c mouse still produces
a higher humoral response in comparison to the C57BL/6J mouse (Fornefett et al.,
2018). As a results of the more Th2-type response found in BALB/c mice, macrophage
response also reflects this, with C57BL/6J mice having a more M1 polarisation of
macrophages and BALB/c mice having a more M2 polarisation (Mills et al., 2000).

1.7.1.3. AJ

Unlike C57BL/6J mice, A/J mice require a bit more special care with regards to
breeding as they have reduced productivity and the incidence of non-productive
matings is also high, making them quite challenging to breed. When comparing to the
C57BL/6J mouse strain, A/J have a more Th2-mediated immune response, as
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opposed to the Th1-mediate immune response that is favoured in C57BL/6J mice
(Sellers et al., 2012). However, what is interesting about this strain of mice is that the
mice naturally develop muscular dystrophy after four to five months of age (Ho et al.,
2004), which can lead to muscular atrophy which is a characteristic seen in HA
(Wojdasiewicz et al., 2018). The A/J mice also display different responses to the
C57BL/6J mice with regards to response to vascular injury and haemostasis, an
important aspect when investigating haemophilia A (Hoover-Plow et al., 2006).
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Figure 1.6. Each mouse strain has a different favoured immune response as well
as predispositions unique to its specific background. (A) C57BL/6J mice are Th1-
mediated, favour M1 polarisation of macrophages, and have high complement activity.
(B) BALB/c mice are more Th2 immune response mediated, favour M2 polarisation of
macrophages, and have a much higher humoral response than C57BL/6J mice. (C)
A/J mice are more Th2-mediated compared to C57BL/6J mice, favour a more M2
polarisation of macrophages, and also develop spontaneous muscular dystrophy.

Figure created in Biorender.
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1.7.2. Dual-knockout mouse model strains

Dual-knockout mice are genetically modified mice that have been engineered
specifically to lack two different genes. The use of dual-knockout strains is something
that has been performed in many research experiments and is not something novel
(Chavali et al., 2014, Lemoine et al., 2016). However, the novel mouse model created
in this lab has yet to be generated with another knockout model, where another gene
has not been generated alongside the F8 mutation in the same mouse.

1.7.2.1. Cx3cr1

Cx3cr1”- mice lack expression of Cx3cr1, a receptor for the chemokine Cx3cl1, and
exhibit altered immune responses (Cardona et al., 2006). These mice show a wide
range of altered immune responses, including impaired dendritic cell migration and T
cell priming, thus affecting the viral response (Hertwig et al., 2016), as well as
decreased monocyte recruitment to inflammatory sites, ultimately leading to impaired
wound healing (Sindrilaru et al., 2011). Not only this but the Cx3cr1”- mice also display
altered bone homeostasis and are more susceptible to bone loss and osteoporosis
(Xiong et al., 2018). Alteration of the Cx3cl1/Cx3cr1 interaction has been noted in a

range of human diseases (Lee et al., 2018).

1.7.2.2. li4ra

The li4ra’” mouse model lacks functional IL-4 receptors and has been widely used in
the study of the role of IL-4 in immune responses. The mice exhibit impaired Th2
immune responses, which include reduced IgE production, eosinophil recruitment,
altered macrophage polarisation, and airway hyperresponsiveness (Finkelman et al.,
1993, Mohrs et al., 2001, Weng et al., 2018). In addition to its effects on immune cells,
ll4ra” have been used in research showing reduced collagen deposition and fibrosis,
implicating IL-4 in tissue repair and fibrosis (Nguyen et al., 2020, Allen, 2023). These
mice have been key in the investigation of the role of IL-4 in the pathogenesis of
autoimmune diseases. Dependent on the context, IL-4 can act as a promoter or a
suppressor in the development of autoimmune diseases such as systemic lupus
erythematosus, rheumatoid arthritis, and multiple sclerosis (Jacob et al., 2011, Luo et
al., 2022, Xu et al., 2010b).
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1.7.2.3. St2 (or lI1rl1)

T1/ST2 or IL1RL1 is a member of the IL-1 receptor family that has been implicated in
a number of diseases (Matarazzo et al., 2022). The //1r/1”- mouse model has been
used to show decreased levels of disease severity in asthma and experimental
autoimmune encephalomyelitis (Gordon et al., 2016, Xu et al., 2017). Studies have
also used this knockout mouse in research to find a potential role for IL1RL1 in the
pathogenesis of RA (Hong et al., 2011, Akhabir and Sandford, 2010). Not only this,
but //1r11”- mice have been shown to have reduced bone density, suggesting a
potential role for IL1RL1 in bone metabolism (Lima et al., 2015).

1.7.2.4. 1I133

1133 mice have been used to elucidate immune responses in a variety of diseases
(De la Fuente et al.,, 2015, Demyanets et al., 2021, Monticelli et al., 2015). The
knockout mice exhibit impaired Th2 immune responses as well as impaired wound
healing (Liew et al., 2016, Millar et al., 2017). Of importance to note, elevated levels
of IL-33 have been found in patients with diseases like RA, particularly exacerbating
the pathogenesis of the disease (Xu et al., 2010a, Hong et al., 2011). Working together
with ST2 along the IL-33/ST2 axis, many observations have been made in tandem
with the St27- mouse model that prove that the IL-33/ST2 axis could have a vital role
in a number of diseases (Lima et al., 2015, De la Fuente et al., 2015, Allegra et al.,
2019, Schwartz et al., 2016).

1.8. The IL-33/ST2 Axis

The ST2 receptor was first identified in 1989 as an orphan receptor before the
discovery of its ligand IL-33 in 2005 (Tominaga, 1989, Schmitz et al., 2005). The ST2
receptor can be found in a soluble form (sST2), where it acts as a decoy receptor to
prevent IL-33/ST2 signalling, or as a membrane-bound form (ST2), where the receptor
promotes secretion of inflammatory cytokines via NF-xB signalling. ST2 can be found
expressed on a number of immune cells including Th2 cells, Treg cells, and ILC2s
(Griesenauer and Paczesny, 2017). As seen in Figure 1.7, the IL-33 ligand binds to
sST2, where free IL-33 is sequestered by the receptor and prevents signalling.
However, when IL-33 binds to the ST2 receptor it forms a heterodimer with IL1-RAP,
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initialising NF-kB signalling through the MyD88 pathway, ultimately leading to the
expression of inflammatory cytokines (Schmitz et al., 2005, Liew et al., 2016). A host
of diseases has been associated with the IL-33/ST2 axis including RA, asthma, and
pulmonary fibrosis (Gordon et al., 2016, Shi et al., 2018, Xu et al., 2010a).

IL-33

sST2

IL-33

ST2 IL1-RAP

Cell membrane

Cell cytoplasm

IRAK-1/-4

Nucleus
Inflammatory

cytokines

Figure 1.7. The IL-33/ST2 signalling pathway. The IL-33 cytokine binds to sST2,
where the decoy receptor blocks signalling down the pathway, or to the ST2/IL1-RAP
dimer, where further signalling in the cell activates the release of inflammatory
cytokines. Figure created in Biorender and adapted from (Griesenauer and Paczesny,

2017).
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1.9. Thesis objectives

In this chapter, | have outlined the comorbidity, HA, as well as the potential roles that
certain immune cells and genes might play in the progression of HA. However, despite
the extensive research already in place, our knowledge of exact causes of HA are still
not well developed. It is also clear that certain genes do play a role in HA, as seen in
the research done in the F8™’7- mouse model, but there still remains the question of
whether or not the truncated FVIII proteins produce may have a potential effect on the
microenvironment of the mouse. Thus, in this thesis, | will characterise the

development and progression of HA in this novel mouse model, F8°™.

The first objective in this thesis is to establish the novel mouse model as a suitable
model of HA. There exists already a suitable and well-characterised model of HA, the
F8™- mouse model, but the establishment of the F8°™'* mouse model allows us to
analyse the resulting HA development regarding a microenvironment that has had
completely no exposure to any form of FVIII protein, namely any truncated FVIII
protein. Secondly, the ability to generate new dual-knockout models allows an
innovative way to analyse the potential roles of certain genes in the HA model. And
lastly, the third objective was to further establish HA models in the F8™"/ mice using
different mouse strain backgrounds. In this thesis, | chose to focus on the BALB/c and
A/J mouse strain backgrounds to investigate the effects of different immune
backgrounds on the progression of HA. Thus, establishing a model with varied
backgrounds to reflect the heterogeneity found in man.

1.9.1. Aims
With the F8°™"-- mouse model established as a suitable model for severe haemophilia
A, my aims are summarised as threefold:
1. To characterise the novel mouse model F8°"' in the progression of
haemophilic arthropathy.
2. To utilise dual-knockout mice to analyse the potential roles of genes in
haemophilic arthropathy in the F8°™"- mouse model.
3. To exploit the heterogeneity of mouse strain backgrounds to create a more
reflective research model for haemophilic arthropathy.
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Chapter 2 — Methods

2.1. Ethics

All mice used in this thesis were bred in a Specific Pathogen Free (SPF) facility in
individually ventilated cages (IVCs) under positive pressure. The temperature was
maintained in the range of 20 — 24 °C, and the humidity was maintained in the range
of 45 — 65%, as per EU legislation (2010/63/EU). The SPF facility operated under a
continuous cycle of 12:12 light cycle. All mice used were on a C57BL/6J strain
background unless otherwise stated (Chapter 5). Mice used in experiments were all
male mice and were age-matched, specifically between the age of 10 to 14 weeks,
unless otherwise stated. All animal experiments were performed in compliance with
the Health Products and Regulatory Authority (HPRA) under individual authorisation
number AE19136/1481 and approved by Trinity College Dublin’s ethical review board
(AREC) under Project Licence AE19136/P108.

Blood for plasma controls were obtained from healthy donors through the Irish Blood
Transfusion Service and approved by local ethics committee (Number: 20180403).
Blood from PwsH were from the Irish Personalised Approach to the Treatment of
Haemophilia (iPATH) project, with informed consent from the patients (Approval
number: 20180404). These samples were screened for FVIII activity at blood
collection and plasma samples with <10% FVIII activity were used for further analysis.
The cohort in this analysis comprises of 39 PwsH with an average age of 39.9 years
(range: 19 to 76 years).

2.2. Mice

2.2.1. Mice strains
2.2.1.1. Generation of F8°m1Pfal (Fgem1-~) on a C57BL/6J background

The generation of the F8®™'" mouse model was done through a previous lab
member's PhD thesis (Byrne, 2021). The mouse model was created using
CRISPR/Cas9 technology to provide a novel microenvironment, allowing the lab to
research into inhibitor development, bleeding phenotype, and arthropathy without any
major genomic rearrangements. Using C57BL/6J zygotes was injected with crRNA,
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assembled in a Cas9 ribonucleoparticle, through standard protocols (Aida et al., 2015).
The zygotes were then transferred to pseudo-pregnant CD1 females and offspring
screened for the desired mutation. The 2bp mutation in exon 1 of the F8 gene

ultimately results in the FVIII protein not being translated.

2.2.1.2. Generation of Crosses
2.2.1.2.1. Cx3cr1

In order to create the F8°™"/Cx3cr1”- strain of mice, homozygous female F8°™"" mice
were bred with homozygous male Cx3cr1” mice (Jax number: 00582). The system in
Figure 2.1 was used in order to create F8°""*~ (homozygous or hemizygous)/Cx3cr1”
(homozygous) mice.

2.2.1.2.2. ll4ra

In order to create the F8°™"/ll4ra” strain of mice, homozygous female F8°™"" mice
were bred with homozygous male /l4ra”> mice (mice generated by Prof Frank
Brombacher) (Barner et al., 1998). A similar system in Figure 2.1 was used in order to
create F8°™"- (homozygous or hemizygous)//l4ra’- (homozygous).

2.2.1.2.3. St2 (or lI1r11)

In order to create the F8°™'-"/St27- strain of mice, homozygous female F8°""7- mice
were bred with homozygous male //33r mice (St2” mice or //1rl17- mice) (Cayrol and
Girard, 2018). A similar system as in Figure 2.1 was used to create F8°m'”

(homozygous or hemizygous)/St2”- (homozygous) mice.

2.2.1.2.4. 1133

The generation of F8°™'/lI33” strain of mice was done through breeding of
homozygous female F8°™" mice with homozygous male //337 mice (Zhong et al.,
2019). A similar system as in Figure 2.1 was used to create F8*™’7- (homozygous or
hemizygous)//I337- (homozygous) mice.
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(F): F8om x #WT X (M): F8YT x #Hom

|

(F): F8et x #Het (100%)
(M): F8remi x #et " (100%)

l

(F): FgHom x #Hom (12 5%), F810m x #WT (12.5%), F8"t x #Hom (12.5%),
F8/et x #%7T (12.5%), F8m x #He(25%), F8Het x #+et(25%)

(M): F8tlemi x #Hom (12 5%) F8Hemi x #WT (12.5%), F8YT x #Hom (12.5%),
F8T X #WT (12.5%), F8Hem x #He((25%), F8T x #Het (25%)

l

(F): F8om x #Hom X (M): FgHemi x ¢Hom

l

(F): F8Hom x #tHom (100%)
(M): FgHemix #Hom (100%)

# = Cx3cr1”, lldra’” St2”, or 1133

Figure 2.1. Generation of crossed strains. Method for achieving dual-knockout

mouse strains. Figure created in Biorender.

2.2.1.3. Generation of four strains

The generation of the other strains (BALB/c, and A/J) was done through speed
congenics as in a previous lab member’s PhD thesis (Byrne, 2021). In summary, mice
with the highest genetic material of the desired strain from each generation was
chosen for further breeding and this method repeated for each generation of offspring,
accelerating the breeding of the mice. Thus, the number of generations required
before the recipient strain bore 99.9% sequence identity was greatly reduced to just

after ten generations.
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2.3. Genotyping

As disruption in a specific gene is used as a method in science to study the implications
and roles the gene plays, this can be used to create a “homozygous knockout” in the
diploid mouse model. To identify a mouse to be a knockout for a particular gene, we
used genotyping to identify this. A mouse may also be a homozygous wildtype,
meaning they have two functional copies of the gene. A heterozygous mouse
possesses one functional and one non-functional copy of the gene. These general
terms, knockout/homozygous, heterozygous, and wildtype, are used but do not
identify all genotypes of mice as some may be X-linked, thus males that possess a
non-functional copy of the gene are termed “hemizygous” (Hemi), as seen in the
mouse model used in this project. Ear punches are used to identify mice and these
samples are used to genotype each individual mouse.

2.3.1. Lysis/Wizard Lysis

For standard genotyping, to each tube containing sample (ear punches from mice),
polymerase chain reaction (PCR) Direct Lysis Buffer (100 ul; Viagen, CA) and
Proteinase K (1.5 ul; Sigma, UK) was added, lid closed, and vortexed. This removes
proteins and contaminants from the samples. The tubes were then placed on a heat
block at 55°C for approximately 3 hours, mixing the contents using a vortex at every
hour interval. The temperature was then raised to 85°C for an additional 45 minutes
to denature the enzyme and the samples were stored at -20°C until further use.

Master mixes were made up containing various amount of DreamTaq Buffer, dNTPs,
primers (5’ and 3’), DreamTaq enzyme, and water. The master mix was pipetted into
PCR tubes and DNA from previously lysed samples were added. Appropriate controls
— Homozygous (Hom), Heterozygous (Het), WT (Wildtype), water — were also run in

conjunction with the samples.

For genotyping of F8°™"* mice, Wizard SV lysis procedure (MyBio, Ireland) was used
for genotyping. This protocol was validated by a previous PhD student’s research
(Byrne, 2021). Reagents were added as per Table 2.1 to a 1.5 ml Eppendorf tube
containing the ear punch. This was left overnight for approximately 16 — 18 hours in a
heat block at 55°C. Lysates were removed from the heat block and Wizard SV Lysis
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Buffer (250 pl) was added to each sample and transferred to individual mini column
assemblies. Columns were spun at 13,000 x g for 3 minutes at room temperature, and
flow through was discarded. To each column, Column Wash Solution (550 ul; with 95%
ethanol added as directed) was added and spun at 13,000 x g for 1 minute. Flow
through was discarded. The wash steps using Column Wash Solution were repeated
for a total of four times. Columns were then spun at 13,000 x g for 2 minutes to dry.
Columns were transferred to sterile minifuge tubes and milli-Q water (65 ul) was added
to each column directly and left to incubate for 4 minutes at room temperature.
Columns in the minifuge tubes were then spun at 13,000 x g for 1 minute and eluted
DNA was measured for concentration and purity using a Nanodrop spectrophotometer
(Nanodrop 1000-Spectrophotometer). DNA was stored at -20°C until further use.

Table 2.1. Wizard SV Lysis master mix.

Reagent Amount to be added per sample
Nuclei Lysis Solution 210 pl

0.5 M EDTA (pH 8.0) 50 pl

Proteinase K (20 mg/ml) 10

RNase A Solution (4 mg/ml) 5 pl

Total 275 pl

2.3.2. Polymerase Chain Reaction (PCR)

PCR master mix was made up as per Table 2.2. Lysed DNA samples were added to
PCR tubes, along with the master mix. Appropriate controls were also run in a thermal
cycler (Bio-Rad) in tandem as per PCR protocol (Table 2.3). Once the PCR was
complete, products were subjected to Spel enzyme digest (Sigma, UK) (Table 2.4)
and following electrophoresis, band(s) at different weights were images at 273bp,
200bp, and 73bp, depending on the genotype of the F8°™’” mouse.
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Table 2.2. F8*™'- PCR master mix.

Reagent Amount to be added per sample
10x Dreamtaq Green Buffer 4 ul
dNTPs 1.6 ul
Forward primer (see Appendix I) 1 ul
Reverse primer (see Appendix |) 1 ul
Dreamtaq polymerase 0.2 ul
Milli-Q water 10.2 ul
Template DNA 2 ul
Total 20 ul
Table 2.3. F8°™'/-PCR programme.
Step Action Temperature (°C) Time
1 Denaturation 95 2 minutes
2 Denaturation 95 30 seconds
3 Annealing 61 30 seconds
4 Extension 72 45 seconds
Repeated Steps 2 — 4 for 35 cycles
5 Extension 72 5 minutes
6 Store 4 Infinite
Total time ~ 1hr 10 minutes

Table 2.4. F8°™'/- enzyme digest master mix.

Reagent Amount to be added per sample
Buffer H 2 ul

Spel 1l

Milli-Q water 7 ul

PCR template reaction mix 10 pl

Total 20 ul
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2.3.3. Gel electrophoresis

Once the PCR reaction was completed for standard genotyping, samples were run on
a 1.5% agarose gel. The gel was made up by adding 1.5 g agarose (Sigma, UK) to
100 ml of tris-borate-EDTA buffer (TBE). The flask was heated in the microwave for
approximately 1.5 minutes or until all agarose was fully dissolved. Ethidium bromide
(1.5 ul; Sigma, UK) was added to the flask, swirled and then poured into the mould.
Once the gel was set it was immersed in buffer and DNA ladder (Invitrogen, UK)
loaded along with the samples. Gels were run at 100 V for 40 minutes and then imaged

using a Fusion FX gel documentation system (GelDoc; Vilber Lourmat, Germany).

For the Wizard SV lysis, once the enzyme digest reaction was completed, samples
were run on a 2.5% agarose gel. The gel was made up by adding 2.5 g agarose to
100 ml TBE. The flask was heated in the microwave for approximately 1.5 minutes or
until all the agarose powder had fully dissolved. Ethidium bromide (2.5 ul) was added
to the flask, swirled, and then poured into the mould. Once the gel was set it was
immersed in buffer and DNA ladder loaded along with the samples. Gels were run at
110 V for 40 minutes and the imaged on the GelDoc (Figure 2.2).

Female (Het) Male (Hom)

e e TR SR e TR W T W
- - S— B R e T D RS TR T T T

Figure 2.2. Genotypes for F8°™'/- mice. Female pups (yellow) were genotyped along
with male pups (green), showing some of the various genotypes possible (Het and
Hemi, respectively). Base pairs are in 100 bp increments in Lane 1 (left column), where
the large bright band on the DNA ladder is 600 bp. If the F8°™"~- mutation is present,
the digested PCR product will yield two bands, one at 200 bp and one at 73 bp. The
undigested product will remain at 273 bp.
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2.4. Experimental haemophilic arthropathy

This model was developed by Dr Narine Hakobyan, where a one-time sub-patellar
injury using a 30-gauge needle was used to induce HA (Hakobyan et al., 2008,
Hakobyan et al., 2016).

2.4.1. Protocol

Mice were first anaesthetised using gaseous isoflurane. Mice were then shaved on
the right hind leg before using a 30-gauge needle to induce a one-time sub-patellar
puncture. The right hind leg was bent at a 90° angle and the needle used to make a
mark under the patella before inserting the needle approximately 2mm into the knee
joint, as seen in Figure 2.3.

a oV A

Figure 2.3. Experimental haemophilic arthropathy induced by needle puncture

set up. The right hind leg was bent in a 90° angle. A 30-gauge needle was used to
mark out the bottom of the patella. The needle was then inserted perpendicular to the
fibula and removed, producing a blood spot.

2.4.2. Scoring and monitoring

Mice were scored and monitored (Appendix Il) daily as per HPRA license
(AE19136/P108). Mice were treated with buprenorphine (0.1 mg/kg of body weight)
via subcutaneous injection every 12 hours for the first 72 hours. Mice were scored

daily throughout the experiment based on gait, physical appearance, and unprovoked
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behaviour. Any mouse reaching 3 in a single category or achieving a total score of 6

was removed from the experiment and humanely euthanised.

2.5. Blood collection

Mice were first anaesthetised using 2.5% tribromoethanol (240 mg/kg of body weight)
intraperitoneally. Blood was collected via cardiac puncture into sodium citrate
microcontainers (0.109M; 9:1 v/v). Blood samples collected from mice were
centrifuged at 2,500 x g for 15 minutes at room temperature and plasma was collected

into clean 1.5 ml Eppendorf tubes before storing at -20°C or -80°C.

2.6. Tissue dissection and processing

2.6.1. Synovium

Synovium was extracted from the knee joint and placed into clean Eppendorf tubes
and immediately placed in liquid nitrogen for RNA extraction, and synovium taken for
flow cytometry was placed in a 1.5 ml Eppendorf tube with 1% collagenase D (500 pl;
Roche, Ireland) and RPMI medium (500 pl).

Once euthanised, the area of the leg was sprayed down with 70% ethanol and the
skin removed to expose the joint as seen in Figure 2.4. Using a scalpel, an incision
was made across the quadricep muscles, ensuring that the cut was deep enough that
the femur was felt when cutting down. With a pair of forceps, the lower half of the
dissected quadriceps was pulled down toward the direction of the ankle, removing the
quadricep muscle, tendon, and patella. The synovium was then exposed and possible
to remove using non-ridged forceps. The removed synovium was placed immediately
into the appropriate tube depending on whether it was used for RNA extraction or for

flow cytometry.
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Figure 2.4. Synovium extraction. The leg was sprayed with 70% ethanol and the
muscle, tendon, and patella were removed to expose the synovium for extraction. The

extraction of the synovium was done only with non-ridged forceps.

2.6.2. Legs for micro-computed tomography (mCT) and histology

Mice were euthanised and the skin around the leg removed to expose the leg. Legs
used for mCT and histology were taken from the hip joint to the ankle joint. Once
extracted, the legs were placed in 10% formal saline (Table 2.5).

Table 2.5. Formal saline composition.

Reagents Amount to be added
Sodium chloride (Sigma, UK) 99

Formaldehyde (Sigma, UK) 100 ml

Water 900 ml

Total 1000 ml
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2.7. Histology and micro-computed tomography (mCT)

2.7.1. Bone fixation and mCT

Mice were killed and the hind legs dissected, and skin removed. Hind legs were placed
in 10% formal saline and left for a minimum of 48 hours. These legs were the scanned
using a ScanCo uCT40. The scan settings were as follows: 70kV, 114 mA, 8W. Each
scan was 414 slices at medium resolution, with the patella used as an indication of the
centre of the scan.

2.7.2. Bone decalcification and scout view

Fixed legs were decalcified in EDTA solution (Table 2.6) for ten days, changing the
decalcifying solution every approximately 2.5 days. Fixed and fully decalcified hind
legs were then sent to the Trinity Biomedical Sciences Institutes histology suite for
processing.

Table 2.6. EDTA decalcifying solution composition.

Reagents Amount to be added
EDTA (Sigma, UK) 200 g

Sodium hydroxide (Sigma, UK) 329

PBS 1000 ml

Mixed until all dissolved

Adjusted solution to pH7.4 using hydrochloric acid

Brought volume up to 1333 ml

Tissues received back from processing were dehydrated via six increasing
concentrations of ethanol baths (70%, 95% then 100% four times for 60 — 120 seconds
each time), followed by two xylene baths and two paraffin (58°C) baths for 60 seconds

each and left overnight in liquid paraffin.

2.7.3. Slide preparation

Processed samples were submerged in molten paraffin in the paraffin embedding
station (Leica EG1150H) and samples were embedded by placing them in moulds with
liquid paraffin in the desired orientation. A backing was placed on top, and the mould
filled to the top with liquid paraffin. Moulds were left on a cooling plate (Leica EG1150C)
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for approximately 30 minutes at 4°C to solidify the block. Once solidified the embedded
samples were taken out of the moulds and sectioned. Embedded samples were cut
using a microtome (Leica RM2235) at 5 um and placed onto water at 50°C. Sections

were placed on glass slides and left to dry overnight.

2.7.4. Haematoxylin and eosin (H&E) staining

Haematoxylin binds to basophilic substances, such as DNA and RNA, and stains the
structures violet. Eosin binds to acidophilic substances, such as proteins in the
cytoplasm, and stains the structures pink. Slide sections were deparaffinised in xylene
for 10 minutes. They were then rehydrated in decreasing concentrations of industrial
methylated spirit (IMS) (100% for 6 minutes, 95% for 6 minutes and 70% for 3 minutes)
until rehydrated in water for 3 minutes. Slide sections were then placed in
haematoxylin stain (VWR, USA) for 8 minutes then washed with water. They were
then placed in eosin stain (VWR, USA) for 3 minutes then washed with water. Slide
sections were dehydrated in increasing concentrations of IMS (70% for 1 minute, 95%
for 2 minutes and 100% for 3 minutes) and then cleared in xylene for 20 minutes.
Coverslips were fixed on each slide using DPX mountant (Sigma, UK) and left to dry
overnight before imaging.

2.7.5. Perls’ Prussian blue staining

Dilute mineral acid hydrolysis occurs due to the addition of hydrochloric acid in the
reaction, which causes ferric ions to be released from protein bound tissue deposits.
Potassium ferrocyanide binds to ferric ions and this reaction causes the formation of
ferric ferrocyanide, Prussian blue.

Ks[Fe'(CNg)] + Fe''Cl3 = KFe'!'[Fe''(CNe)] + 3KCl

Due to presence of haemosiderin deposition, which is a source of ferric iron, the above
reaction may occur. Thus, any haemosiderin deposition that may be present in
samples shows as a Prussian blue colour, in contrast to the light pink colour that the
rest of the tissue is stained. Slide sections were deparaffinised in xylene for 10 minutes.
They were then rehydrated in decreasing concentrations of IMS (100% for 6 minutes,

95% for 6 minutes and 70% for 3 minutes) until rehydrated in water for 3 minutes.
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Equal amounts of potassium ferrocyanide (4%) solution (Sigma, UK) and hydrochloric
acid (4%) (Sigma, UK) were mixed together to provide a working solution. Slide
sections were then placed in the working solution twice for 10 minutes each time,
rinsing with distilled water between each change. The slides were then counterstained
with nuclear fast red (Sigma, UK) for 3 minutes and then rinsed in running tap water
for 1 minute. The slides were quickly dehydrated in increasing concentrations of IMS
(10 dips in 95% and 20 dips in 100%) and were then cleared in xylene for 6 minutes.
Coverslips were fixed on each slide using DPX mountant and left to dry overnight

before imaging.

2.7.6. Safranin O staining

Safranin O staining allows for clear visualisation of bone structure, particularly the
cartilage and mucin. Cartilage, mucin, and mast cells are stained a red-orange colour
and the amount present is proportional to the intensity of the colour stained on the
slide. Nuclei appear black with safranin O staining and cytoplasm stains a blue-green
colour. Slide sections were deparaffinised in xylene for 10 minutes. They were then
rehydrated in decreasing concentrations of IMS (100% for 10 dips and 95% for 10 dips)
until rehydrated in water with 3 changes of water. Slides were stained with Weigert’s
haematoxylin working solution (Sigma, UK) for 10 minutes followed by a wash in
running tap water for 10 minutes. They were then stained with fast green solution
(Sigma, UK) for 5 minutes and rinsed quickly in 1% acetic acid for no more than 10 —
15 seconds. The slides were then stained in 0.1% safranin O solution (Sigma, UK) for
5 minutes. The slides were quickly dehydrated in increasing concentrations of IMS (10
dips in 95% and 20 dips in 100%) and were then cleared in xylene for 6 minutes.
Coverslips were fixed on each slide using DPX mountant and left to dry overnight

before imaging.

2.7.7. Image and scoring

All slides were scanned using Aperio Scanscope software and equipment and imaged
using Aperio Scanscope software and Leica DM3000 LED microscope. Sections of
knee joints were scored using the histological HA score from Vgls et al., 2019 (Table
2.7) (Vols et al., 2019).

38



Table 2.7. Histological HA score. Taken from Vgls et al. 2019 (Vols et al., 2019).

stained areas

stained areas

Score 0 1 2 3
Increased number | Increased number
of lining cell layers. | of lining cell layers.

Increased numbers ;
» o Moderate Massive
Synovitis of lining cell layers ; : ; :
. ; proliferation of | proliferation of
(Haematoxylin | No changes | and/or slight ; ; ; ;
) ; : subsynovial tissue | subsynovial tissue
and eosin) proliferation of o o
- and/or infiltration of | and/or infiltration of
subsynovial tissue ;
few inflammatory | large numbers of
cells inflammatory cells
Moderate bone | Severe bone
remodelling remodelling
Bone ] . .
A single area of | covering <50% of | covering >50% of
remodelling No bone ) )
] focal bone | the cortical bone | the cortical bone
(Haematoxylin | remodelling ] .
remodelling surface, and/or | surface, with or
and eosin)
formation of | without subchondral
subchondral cysts cysts
Loss of | Loss of
proteoglycan proteoglycan  and
) and/or chondrocytes ; )
Cartilage ; ) ; Erosions extending
. No cartilage | chondrocytes in the | extending through »
degradation ; o ; - through the calcified
. degradation | superficial cartilage | the calcified layer of ;
(Safranin O) ; cartilage
layer (above the | cartilage, and/or
tidemark) without | fibrillations without
structural changes | loss of cartilage
Minor Moderate Severe
Haemosiderin haemosiderin haemosiderin haemosiderin
deposition No deposition, with on | deposition, with on | deposition, with on
(Perl’s haemosiderin | average <5% of | average between 5- | average >25% of
Prussian deposition FOV in the three | 25% of FOV in the | FOV in the three
Blue) most intensely | three most intensely | most intensely

stained areas
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2.8. Flow cytometry

2.8.1. Sample collection

Mice were killed and legs were extracted and placed in PBS, or 70% ethanol if needed
to be kept sterile. In a cell culture hood, legs were removed from solution and placed
extended in a sterile petri dish. Using a sterile disposable scalpel, an incision was
made above and below the patella and removed with a pair of sterile forceps. The
synovial capsule was exposed, and synovium removed using another pair of sterile
forceps and placed in a tube containing 0.5 ml RPMI and 0.5 ml 1% collagenase D.
The tubes were then left in a shaking incubator for 1 hour at 37°C at 200 rpm. The
tubes containing the samples were then vortexed for 1.5 minutes before centrifuged
at 300 x g for 5 minutes at 4°C. The resulting cell pellet was then resuspended in
sterile RPMI (200 pl) and red blood cell lysis (BD Pharm lyse) performed for samples

contaminated with blood. Cells were counted using a haemocytometer.

2.8.2. Staining

At all stages of staining and incubation periods, the cells were kept in the dark and at
4°C. Each washing stage of the staining process was performed at 1500 rpm at 4°C
for 5 minutes. LIVE/DEAD™ Fixable Aqua Dead Cell Stain Kit (Molecular Probes,
Invitrogen, Ireland) was used to assess cell viability at a 1 in 1000 dilution in PBS for
30 minutes. Cells were then washed in FACS buffer and incubated with Fc Block (BD
Bioscience, UK) at 1 in 100 dilution with FACS buffer for 20 minutes. Fluorochrome-
labelled cell surface antibodies were used at a 1 in 200 dilution with FACS buffer and
incubated for 30 minutes before washing with FACS buffer. Cells were then

resuspended in FACS buffer and events acquired on the flow cytometer.

2.8.3. Data collection and Analysis
Flow cytometry was performed in the flow cytometry facility in Trinity Biomedical
Sciences Institute. A BD LSRFortessa was used alongside FACS Diva programme.

All analysis was performed using FlowJo™ version 10.7.1.
The flow gating strategy utilised in this thesis is shown in Figure 2.5. Cells collected

during flow cytometry were gated based on forward scatter (FSC) and side scatter

(SSC), measuring the relative cellular height (size) and granularity, respectively.
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Singlets were gated for further analysis, with double discrimination based on one
excluding gate of FSC-A vs FSC-H. Live cells were gated for further analysis based

on the negative staining for LIVE/DEAD™ Fixable Aqua Dead stain.

.. JHive Cells
. B3.6

SSC-A
FSC-H
SSC-A

T T T T T T T T A | Ty
SOK N 50l 4 5
0 50K 100K 150K 200 250K 0 50K 00K 150K 200K 250K o ° 10 10 10°

FSC-A ——— FSC-A —— L/DAqua —

Figure 2.5. Representation of flow gating strategy. Cells were gated on the top flow
plot, before gating on singlets, followed by gating for live cells. Orange arrows indicate

cell population selected for further gating.

2.9. RNA
2.9.1. RNA Extraction

RNA was extracted from tissue using a Qiagen RNeasy Mini Kit (Qiagen, Germany).
All equipment was cleaned before, after, and in between each sample using RNALater
(Sigma, UK), 70% ethanol, and milli-Q water. Buffer RLT (350 ul) was added to each
tube containing snap frozen tissue and homogenised using a tissue grinder (IKA T10
basic ULTRA-TURRAX). The tubes were then centrifuged for 3 minutes at 21,000 x g.
The supernatant was taken, and equal parts of 70% ethanol was added and mixed by
pipetting. 700 ul of the mixture was transferred to a RNeasy mini spin column. The
columns were centrifuged for 15 seconds at 8,000 x g and the flowthrough discarded.
700 pl Buffer RW1 was added to the spin columns and centrifuged for 15 seconds at
8,000 x g and flowthrough discarded. 500 nul Buffer RPE was added to the spin
columns and centrifuged for 15 seconds at 8,000 x g and flowthrough discarded. An
additional 500 ul Buffer RPE was added to the spin columns and centrifuged for 2
minutes at 8,000 x g. The spin columns were then transferred to new 2 ml collection
tubes and centrifuged for 1 minute at 21,000 x g to dry the membrane. The spin
columns were then transferred to new 1.5 ml collection tubes. 30 ul RNase-free water

was added directly to the membrane of each tube and incubated at room temperature
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for 4 minutes. The spin columns were then centrifuged for 1 minute at 8,000 x g to
elute the DNA. A Nanodrop was used to determine the concentration of each sample
and stored at -80°C until further use or used immediately to convert to complimentary
DNA (cDNA).

2.9.2. cDNA synthesis

For cDNA synthesis, QuantiTect Reverse Transcription Kit (Qiagen, Germany) was
used to convert RNA to cDNA.

Template RNA was thawed on ice, and genomic DNA (gDNA) Wipeout Buffer,
Quantiscript Reverse Transcriptase (RT), Quantiscript RT Buffer, RT Primer Mix, and
RNase-free water were also thawed along with the RNA, and then kept on ice. The

genomic DNA elimination was prepared on ice as according to Table 2.8 below.

Table 2.8. gDNA elimination reaction master mix.

Reagents Amount to be added
gDNA Wipeout Buffer 2 ul

Template RNA 3ul

RNase Free Water 9 pl

Total Volume 14 ul

Samples were incubated for 2 minutes at 42°C, then placed immediately on ice. The

RT master mix was then prepared according to Table 2.9 below.

Table 2.9. RT reaction master mix.

Reagents Amount to be added
Quantiscript Reverse Transcriptase 1 pl

Quantiscript RT Buffer, 5x 4 ul

RT Primer Mix (m

Entire gDNA Elimination Reaction 14 ul

Total Volume 20
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RNA from the gDNA elimination reaction was added to each tube containing the RT
reaction master mix. Samples were then incubated for 30 minutes at 42°C, followed
by an incubation for 3 minutes at 95°C. The samples were then either placed on ice

and proceeded directly with real-time PCR or stored at -20°C until further use.

2.9.3. Reverse transcription-quantitative PCR (RT-qPCR)

TagMan assay primers were used for analysis as per Table 2.10 from ThermoFisher.
The genes listed in Table 2.10 were chosen based on previous experiments in HA but
also research in RA and OA. The genes are involved in the inflammation of the

diseases, either in an anti- or pro-inflammatory way.

Table 2.10. TagMan RT-qPCR assay primer list.

Target gene TagMan Probe

Tnf Mm00443258_m1
116 Mm00446190_m1
I11b MmO01336189_m1
ll4ra Mm01275139_m1
1133 MmO00505403_m1
Irit Mm00516117_m1

2.9.4. NanoString nCounter Analysis

Synovial RNA was normalized to 30 ng/ul and processed for NanoString analysis
using nCounter Mouse Immunology Panel (561 genes (547 immunology-related
mouse genes and 14 internal reference controls; XT-CSO-MIM1-12)) and nCounter
Mouse Myeloid Panel (754 genes (734 immunology-related mouse genes and 20
internal reference controls; PP-MMI12-12)). Samples were analysed on a NanoString
nCounter MAX Analysis system (NanoString Technologies Inc, UCD, Ireland).
Subsequent analysis was performed using nSolver software. NanoString nCounter
analysis utilises the RNA directly to analyse gene expression. The RNA strands are
directly targeted with specific capture and reporter probes for the gene of interest to
form a target-probe complex. Once excess probes are removed, the complexes are
immobilised on the surface before counting the reporter probes and analysed through
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the software. The use of RNA samples directly reduces any variability that might be
caused due to conversion to and amplification of cDNA.

2.10. Enzyme-linked Immunosorbent Assay (ELISA)

2.10.1. Cytokine ELISA

2.10.1.1. Tissue Factor (TF) ELISA

TF ELISA kit (R&D systems, Germany) was used to analyse plasma samples from
mice. Washing steps were done three times by tipping contents of the plate out into
the sink and then using PBST (see Table 2.11 for reagent constitution) before
removing the liquid from the plate, by tapping on the bench until dry. Plates were
coated with the capture antibody (50 pl), using the working concentration (42 pl in 5
ml PBS). Wet tissue paper was added to a lidded container, the ELISA plate placed
into the container and sealed. This was left overnight in the fridge. The plate was
washed followed by a blocking step, where 1% BSA/PBS (300 pul) was added to each
well and incubated at room temperature for one hour. The plate was washed before
the working concentration (75 ul in 500 ul 1% BSA/PBS) of standard was added (100
ul), with the top standard (A) being the working concentration followed by a 1 in 2
dilution from rows B — G, and the last two wells acting as blanks with no standard
present. Plasma samples (50 ul) were then added as unknowns to the plate and
incubated at room temperature for 2 hours. The plate was washed and detection
antibody (50 ml; working concentration: 84 ul in 5 ml 1% BSA/PBS) added and
incubated at room temperature for 2 hours. The plate was washed and diluted
streptavidin-HRP (50 pl) was added to each well, then incubated at room temperature
for 20 minutes in darkness. The plate was washed, and substrate solution (50 ul) was
added to each well before incubating at room temperature for another 30 minutes in
darkness. Once the colour was developed, stop solution (25 ul) was added to each

well and plate was read at 490 nm using Soft Max Pro 5.4.

2.10.1.2. von Willebrand Factor (vWF) ELISA

For the vWF ELISA, mouse VWF ELISA kit (AssayGenie, Ireland) was used to analyse
plasma samples from mice. All reagents were brought to room temperature before
starting the assay. Wash buffer was made up according to manufacturer’s instructions,
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as seen in Table 2.11. The wash steps included adding wash buffer (350 ul) to each
well, incubating for 1 — 2 minutes, before decanting the solution tapping the plate on
the bench to dry. The wash step is repeated three times each time. Standard solutions
were by centrifuging the standard at 10,000 x g for 1 minute before adding Reference
Standard and Sample Diluent (1 ml) before inverting to mix. The dissolved solution
was used as the top standard and the remaining seven were diluted from the top
standard by a 1 in 2 dilution, with the last standard being blank for the control well.
Both the biotinylated detection antibody and the concentrated HRP conjugate were
diluted from a 100x solution to a working concentration of a 1x solution. The standards,
control standard, and samples (50 ul each) were added to each well. The plate was
sealed and incubated at 37°C for 90 minutes. Liquid was aspirated from the plate and
working solution biotinylated detection antibody (50 ul) was immediately added to each
well. The plate was resealed and incubated at 37°C for 1 hour. The plate was then
washed before HRP Conjugate (50 ul) was added to each well. It was then resealed
and incubated at 37°C for 30 minutes. The plate was decanted, and the wash step
repeated before adding Substrate Reagent (90 ul) to each well. The plate was
resealed and incubated at 37°C for 15 minutes in darkness. Stop solution (50 pl) was

added to each well after 15 minutes and the plate read immediately at 450 nm using
Soft Max Pro 5.4.

2.10.2. Multiplex analysis assay

Meso Scale Discovery (MSD) multiplex assay kits (MSD, USA) were used to analyse
a wide range of murine analytes (Appendix Ill). For each wash step, PBST (150 pl)
was added to each well and tapped out on the bench until all liquid removed. This was
repeated three times for each wash step. For one plate, each biotinylated antibody
(200 pl) was added to the assigned linker (300 ul) and mixed by vortexing and
incubating at room temperature for 30 minutes. Stop solution (200 ul) was then added
to each tube and mixed by vortexing then incubated at room temperature for 30
minutes again. Each U-PLEX linker-coupled antibody (600 ul) was combined and
mixed by vortexing and the solution made up to 6 ml with stop solution. Multiplex
coating solution (50 ul) was added to each well. The plate was sealed and incubated
at room temperature while shaking for one hour before the plate was washed. During
this incubation period, the calibrators for the standard were brought to room
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temperature and reconstituted using Diluent 41 (250 ul). Each calibrator (50 ul) was
added and made up to 250 pl with Diluent 41 to be used as the top standard. The
remaining 7 standards were made up by using a 1 in 4 dilution, with the final dilution
being blank and having no calibrator. Once the plate was washed, standards (25 pl)
were added into columns 1 and 2 and samples (25 nl) were added as unknowns.
Diluent 41 (25 ul) was then added to each well. The plate was incubated shaking at
room temperature for one hour. During this incubation period, each 100x detection
antibody (60 ul) was combined and volume brought up to Diluent 45. Once the plate
was washed, the detection antibody solution (50 ul) was added to each well and
incubated shaking at room temperature for one hour. The plate was then washed, and
MSD GOLD Read Buffer B (150 ul) was added to each well before bringing the plates
to read using the MSD Workbench 4.0 programme.

Table 2.11. Reagent constitution for TF ELISA, vWF ELISA, and MSD assay.

Reagent Constitution

PBST (TF ELISA, MSD assay) 0.05% Tween in PBS

Phosphate citrate buffer (TF ELISA) | 7.38 g Na2HPO4.12H20, 2.04 g Citric acid,
200 ml distilled H20, pH adjusted to pH 5

1% BSA/PBS (TF ELISA) 1 g BSA, 100 ml PBS
Wash buffer (VWWF ELISA) 30 ml Concentrated Wash Buffer, 720
distilled H20

2.11. FIX Assay

FIX complex replacement has been indicated in some PwsH, where inhibitors to rFVIII
have rendered haemophilia A treatments ineffective (Quade-Lyssy et al., 2014). The
FIX complex, working independently of FVIII activity, could potentially be an effective
treatment for PwsH who have developed inhibitors. Thus, | used an FIX assay to
measure the levels in some of the mouse models in this thesis. Biophen™ FIX
chromogenic assay (Hyphen Biomed, Germany) was used to analyse the level of FIX
protein activity. Calibrators and controls were reconstituted as per manufacturer’s
instructions. Calibrators were diluted using R4 buffer and a high range (5 — 200%)
dilution series was made using a 1 in 50 dilution for the top standard. Samples were

diluted 1 in 100 using R4 buffer for the assay and then the following amounts were
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added to the 96-well plate. Calibrators and samples (50 ul each) were added to the
plate incubated at 37°C. Reconstituted R1 reagent (50 ul) was added to each well,
mixed, and incubated at 37°C for 2 minutes. Then reconstituted R2 reagent (50 pl)
was added to each well, mixed, and incubated at 37°C for 3 minutes. Then
reconstituted R3 reagent (50 ul) was added to each well, mixed, and incubated at 37°C
for 2 minutes. The reaction was then stopped by adding 20% acetic acid (50 pl) to
each well. Once stopped, the plate was read immediately at 405 nm using Soft Max
Pro 5.4.

2.12. Statistical Analysis

Statistical analysis was conducted by unpaired Student or paired t test, Welch’s t test,
Mann-Whitney test, or one-way ANOVA on GraphPad Prism (Version 8.0), with the
relative test(s) indicated in the figure legends. Unpaired Student ¢ test was used in the
context of two independent groups of equal sizes. Paired t test was used in the context
of dependent samples. Welch’s t test was used in the context of two independent
groups of unequal sizes. Mann-Whitney test was used in the context of two
independent groups, but the assumption of normality was not met. One-way ANOVA
was used to compare three or more groups. Data were represented as mean +
standard deviation (SD) or mean * standard error of mean (SEM), used as appropriate
and indicated in figure legends. Lowest and highest sample sizes (n) were given as a
range when groups were not of equal sample size. Differences were expressed as
two-tailed p values, where p < 0.05 is assessed as statistically significant. Each p value
range was determined as ns = p =2 0.05, * = p < 0.05, ** = p < 0.01, *** = p < 0.001,
and **** = p < 0.0001.

The analysis for human assays was performed by a lab member using log-
transformation and standardised to generate normal distributions. The resulting values
were expressed as unit measures in SDs above or below the population mean (mean
= 0). Values within + 3 SD units from the mean were considered reliable after log

transformation and standardisation.
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Chapter 3 — The F8°"'"”- Model at Basal Phenotype and
during Experimental Haemophilic Arthropathy

3.1. Results

The creation of a new mouse model guided our lab to analyse whether it was suitable
for use as a model of severe haemophilia A. With prolonged aPTT and bleeding time,
and undetectable FVIII activity, previous lab members have shown that this model was
indeed suitable to be used as a mouse model of severe haemophilia A. The Fgem’-
mouse model was comparable with the F8™'“- mouse model. However, previous lab

members noted spontaneous bleeding in the F8°™"*~ mice (Byrne, 2021).

With the differences seen in previous lab members’ data, | wanted to investigate the
development of haemophilic arthropathy in F8*™" mice. | sought to further identify
any basal differences in the F8°™'- mouse model at different ages before moving on
to the mouse model in the context of development in an experimental HA model. Thus,
investigating whether there were any differences depending on age in the mouse
model. To understand and to be able to identify any differences found during the
experimental HA time course, | first applied the same techniques to determine the

basal phenotype before investigating the experimental HA time course.
Thus, my aims for this chapter were to identify any basal phenotypes of the F8m"*

mice, to characterise the progression of HA in F8™'/ mice, and to identify any

variations in specific genes during HA progression in F8°™"7 mice.
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3.1.1. There is no significant difference in the basal phenotype of 11-week-old
male F8°"'”- mice when compared to matched WT controls

Before inducing HA in F8°"'”~ mice, the basal level at 11-weeks old was first
investigated. mCT and histological analyses were used. mCT was used to identify any
differences that may be present in bone volume and density between WT and F8e™7~
mice. H&E staining was used to identify synovitis and bone remodelling. Safranin O
staining was used to identify any differences in cartilage degradation. Perls’ Prussian
Blue staining was used to identify any deposits of haemosiderin.

There were no significant differences between the knee joints of WT and F8°™" mice
when analysed using mCT. In Figure 3.1 (A) we see representative images of the
graphs in Figure 3.1 (B) where volume and density had no significant difference
between the two groups. The histological results also reflected this. H&E staining, as
in Figure 3.1 (C) and (D), showed no difference in bone remodelling. However, it is of
interest to note that while there were no signs of synovitis in either the WT control
group nor the F8°™'*~ group, the F8°™'" group had a slightly thinner synovial
membrane when compared with matched WT control mice. Analysing the knee joint
using Safranin O staining, as in Figure 3.1 (E) and (F), we see no difference in cartilage
degradation between the two groups. There was also no significant difference seen
between the two groups when looking for haemosiderin deposition, with no deposits
found in either group as seen in Figure 3.1 (G) and (H).
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Figure 3.1. mCT and histology analysis of F8°""“- mice compared to matched WT
control mice showed no significant difference in basal phenotype at age 11-
weeks old. (A) 3D scans of representative images of WT and F8°™"* mice legs using
a ScanCo uCT40. Bar = 1 mm. (B) Bone volume and density analysis of WT and
F8em'7~ mice (n = 8). Graphs presented as mean + SD. (C) H&E staining of
representative images of graphs of synovitis and bone remodelling in (D). Bar = 400
um. (D) Synovitis and bone remodelling in WT and F8°"" mice (n = 8). Graphs
presented as mean + SD. (E) Safranin O staining of representative images of graph
in (F) of cartilage degradation. Bar = 400 um. (F) Cartilage degradation in WT and
F8°m7~ mice (n = 7 — 8). Graph presented as mean + SEM. (G) Perls’ Prussian Blue
staining of representative images of graph in (H) of haemosiderin deposition. Bar =
400 um. (H) Haemosiderin deposition analysis in WT and F8°""” mice (n = 7 — 8).

Graph presented as mean = SEM. Statistical analysis using Welch’s f test.
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3.1.2. There is no significant difference in the basal phenotype of 6-month-old
male F8°"'”- mice when compared to matched WT controls

To further investigate whether any differences would arise in the F8°™"- mouse model
compared to WT mice due to aging, the same techniques used at 11-weeks old were
employed to further analyse any differences that may arise at age 6-months old in the
groups.

Overall, there were no major differences in the F8°™'- mouse model when compared
to matched WT control mice. In Figure 3.2 (A) and (B) we see that during mCT analysis
we see no visual difference and there are also no significant differences between the
two groups in the volume or density. Similar to what we see at 11-weeks old, there is
no significant difference between the two groups histologically. There was no signs of
synovitis or bone remodelling, as seen in Figure 3.2 (C) and (D), when using H&E
staining to identify the structures. There was no significant difference between the two
groups in cartilage degradation nor haemosiderin deposition as seen from the safranin
O and Perls’ Prussian blue staining in Figure 3.2 (E) and (F), and in Figure 3.2 (G) and
(H), respectively.
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Figure 3.2. mCT and histology analysis of F8°""“- mice compared to matched WT
control mice showed no significant difference in basal phenotype at age 6
months old. (A) 3D scans of representative images of WT and F8°™"*- mice legs using
ScanCo uCT40. Bar = 1 mm. (B) Bone volume and bone density analysis of WT and
F8™1" mice (n = 6). Graphs presented as mean + SD. (C) H&E staining of
representative images of graphs of synovitis and bone remodelling in (D). Bar = 400
um. (D) Synovitis and bone remodelling analysis of WT and F8°"' mice (n = 6).
Graphs presented as mean + SD. (E) Safranin O staining of representative images of
graph of cartilage degradation in (F). Bar = 400 um. (F) Cartilage degradation analysis
of WT and F8°™"/ mice (n = 6). Graph presented as mean + SD. (G) Perls’ Prussian
Blue staining of representative images of graph of haemosiderin deposition in (H). Bar
=400 pm. (H) Haemosiderin deposition analysis of WT and F8°™"“ mice (n = 6). Graph

presented as mean + SD. Statistical analysis using Welch’s f test.

54



3.1.3. Both the basal phenotype and experimental haemophilic arthropathy in
male F8°"'”-mice are comparable to F8"'" mice

While the F8°™"- mice were comparable to matched WT mice at basal levels, | wanted
to ensure that the F8™"7- mice were also comparable to F8™'” mice both during
experimental HA and at basal levels. Previous data from the lab has already shown
that the F8°™"” mouse model displays the same characteristics as the F8™'" mice
when looking at aPTT, bleeding time etc (Byrne, 2021). However, there had been no
previous data on the comparability during experimental HA. Thus, | sought to
investigate any differences or similarities between the two groups.

During experimental HA, both the F8°™"*~mice and F8™' mice displayed the typical
traits seen in experimental HA. Both had increased joint size (Figure 3.3 (A)) and
lowered haematocrit levels (Figure 3.3 (B)) throughout the experiment before returning
to normal levels. While there were significant differences between the two groups
during experimental HA, the basal levels, as seen in Figure 3.3 (C — F), of the knee
joint showed no differences when analysed using mCT and histology staining. These
results showed that while both mouse models work as a model for HA, the F8em~
mouse model showed significantly more severe outcomes, when comparing joint size

change and haematocrit, in the time course of experimental HA.
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Figure 3.3. Experimental HA is suitable in F8°"" mice, comparable with the
F8!™' mice. (A) Percentage increase of joint measurements in F8™'/ and F8m!/
mice (n = 7 — 18) during experimental HA. (B) Haematocrit levels of F8™' and F8™-
/ mice (n = 6 — 19) during experimental HA time points. (C) Representative mCT
images of knee joints at basal level of F8™' and F8™'/ mice. Bar = 1 mm. (D)
Representative H&E histology images of knee joints at basal level of F8*™"- and F8!™-
 mice. (E) Representative Safranin O histology images of knee joints at basal level of
F8em'7~ and F8™" mice. (F) Representative Perls’ Prussian Blue histology images of
knee joints at basal level of F8™'" and F8™'" mice. Bar = 400 um for (D — F).

Statistical analysis using area under the curve followed by Student'’s ¢ test.
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3.1.4. F8°™'-mice have a significant difference in bleeding and bone structure
when compared to matched WT controls during experimental haemophilic
arthropathy

Once established as a suitable model for experimental HA, | proceeded to investigate
the progression in the new mouse model. Timepoints of Day 0, 2, 7, 14, and 28 were
chosen throughout the experiment to analyse using mCT and histology staining that

were used in previous experiments.

As the experiment progressed, the external bleeding increased greatly before
resolving back to normal. As seen in Figure 3.4 (A), bleeding occurs around the knee
joint where the injury was induced. The largest bleed seen on Day 2 compared to the
other time points of the experiment, with haematocrit also being the lowest at this time
point as well (Figure 3.3 (C and D)). However, while the bleeding was greatest seen
at Day 2, this was not the case of the bone structure of the knee (Figure 3.3. (B)). As
HA progressed, the bone structure was degraded and bone volume was decreased,
with the lowest point of volume being on Day 7 compared to the other time points, as
seen in Figure 3.3 (E). Along with the volume of bone, density also returned to within
normal levels as the experiment progresses. Overall, the blood loss was reflected in
the increase in joint size throughout the experiment, with lower haematocrit levels
indicating bleeding into the joint, most significantly on Day 2. However, the onset of
bone degradation was after Day 2 of the experiment.
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Figure 3.4. F8°™""-mice showed significant differences during experimental HA
compared to matched WT mice. (A) Images of external bleeding in knee joints of
F8°™1"-mice during time points of experimental HA. Bar = 1 mm. (B) mCT images of
knee joints of F8°™"/ mice during time points of experimental HA. Bar = 1 mm. (C)
Percentage increase of joint measurements in F8°™’/- mice compared to matched WT
mice (n = 12 — 18) during experimental HA. (D) Haematocrit levels of F8°™' mice
compared to WT mice (n = 12 — 18) during experimental HA time points. (E) and (F)
Bone volume and density of F8°™"*~ mice compared to matched WT mice (n =1 — 4)
during experimental HA. Statistical analysis using area under the curve followed by
Student’s t test.
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3.1.5. F8°™'-mice show significant differences histologically when compared to
matched WT controls during experimental haemophilic arthropathy

Previous data showed clear differences in the external bleeding and mCT analysis
and further analysis using histological stains showed notable differences in the various
time points throughout HA.

As seen in Figure 3.5 (A), H&E, Safranin O and Perl’s Prussian Blue staining were
applied to the sections of the knee joint from F8°""*~ mice from various time points
throughout the time course of experimental HA. From induction of the injury, there was
an increase in bleeding, as seen in Day 2 and Day 7, which slowly resolved thereafter.
However, there was clear synovitis in the knee joint from Day 7 onwards and while
this became attenuated as time progressed, even at the last time point (Day 28) we
still saw signs of synovitis, as seen in Figure 3.5 (B). Bone remodelling also increased
at Day 2, as seen in Figure 3.5 (C), and peaked at Day 7 before slowly returning within
normal range by the end of the experiment. There was no significant difference in
cartilage degradation throughout the experiment, with the only difference observed at
the end of the experiment (Figure 3.5 (D)). While synovitis slowly decreased as the
experiment progressed, haemosiderin deposition increased at Day 2 but remained
elevated to the end of the experiment (Figure 3.5 (E)).
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Figure 3.5. F8°™""- mice showed significant differences in the knee joint during
experimental HA compared to matched WT mice. (A) Histology staining (H&E,
Safranin O, Perls’ Prussian Blue) showed notable differences in F8°™'” mice
compared to matched WT control mice during experimental HA. Bar = 500 um. (B)
Synovitis score of F8*™"- mice compared to matched WT control mice (n = 2 — 7)
during experimental HA. (C) Bone remodelling score of F8°"'" mice compared to
matched WT control mice (n = 2 — 7) during experimental HA. (D) Cartilage
degradation score of F8°™7~mice compared to matched WT control mice (n = 3 — 8)
during experimental HA. (E) Haemosiderin deposition score of F8°™'-"mice compared
to matched WT control mice (n = 2 — 9) during experimental HA. Statistical analysis
using area under the curve followed by Student’s f test.
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3.1.6. RNA analyses of F8°""" mice showed significant differences when
compared to matched WT control mice during experimental haemophilic
arthropathy

The synovial capsule is largely affected by the progression of HA and thus | extracted
the synovium from knee joints for analysis. RNA was extracted from the synovial
membranes of mice at timepoints of the experiment (Day 0, Day 2, Day 7, Day 14, and
Day 28). RNA samples were pooled at each time point to acquire high enough sample
concentration for analysis, however limits the experiment to one biological replicate.
The differential expression of genes was analysed using Multiplex gqPCR NanoString
analysis, with use of nSolver software for analysis. Pro-inflammatory- associated
genes (Figure 3.6 (A)) were increased in the synovium post-injury, including Tnf and
I11b as well. The increase in expression was also confirmed using RT-qPCR (Figure
3.6 (B)).

nSolver analysis of the NanoString Innate Immunology cassette showed notable
elevation in Tnf, Il6, II1b, ll4ra, ll1rl1, and //33. There was clear increase in expression
on Day 2 for each gene as seen in the heat map in Figure 3.6 (A). The F8*™"/ mice
were comparable to the WT mice at Day 0, with no elevation of gene expression.
However, this increased drastically in the F8™"“-mice Day 2 post-injury. Some genes
remained elevated on Day 7 post-injury in the F8°™'/ mice, but expression for all
genes returned to basal levels by Day 28.
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Figure 3.6. RNA analyses of synovial samples of F8°"’”- mice during
experimental HA showed significant differences compared to matched WT
control mice. (A) Heat map of various genes upregulated during experimental HA.
Synovium from individual mice (n = 3) were pooled for analysis. (B — G) RT-qPCR of
F8°m~mice plasma samples during experimental HA compared to WT mice for Tnf,
16, Il1b, ll4ra, 111rl1, and 1133, respectively. Synovium from individual mice (n = 3) were

pooled for analysis and run in duplicate. Statistical analysis using paired f tests.
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3.1.7. Flow analysis of F8°""-mice on Day 2 when compared to F8°™'- mice on
Day 0 showed large increases in cell populations

With clear effects on the progression of HA when an induced injury occurs, | sought to
find any immunological differences present within the knee joint. Using the methods
stated in Chapter 2.8, the synovium was extracted and processed as per protocol. All
samples collected for flow analysis was immediately placed in the RPMI/Collagenase

D solution after extraction and processed in a timely manner.

The results, as seen in Figure 3.7 (A), showed a large increase in cells after the
induction of HA on Day 2 in both the WT mice and F8°""* mice. The total number of
live CD45"CD11b*F4/80* macrophages was greatly increased in WT mice. However,
the percentage of the total number of live macrophages was significantly less in the
F8e™"7- mice compared to matched WT mice on both Day 0 and Day 2. Figure 3.7 (B)
shows the pooled samples from each strain on Day 0 and Day 2, showing a great
increase in CD11b*F4/80* macrophages in WT mice, but no significant difference in
the F8°™"- mice when comparing cell numbers as the percentage of live cells. In
Figure 3.7 (C), the absolute numbers for both WT mice and F8°™'“ mice, comparing
the absolute numbers of CD11b*F4/80* macrophages, are shown. While the F8m"-
mice still showed a lower number of cells compared to the matched WT mice, both

groups showed an increased in cells on Day 2 compared to Day 0.
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Figure 3.7. There is a large increase in absolute number of macrophages on Day
2 after induced HA in WT mice and the F8°"'”- mice. (A) Macrophages were
identified as singlets, live cells, CD45*, CD11b*, F4/80" cells. The number on the flow
plot represents the CD11b*F4/80". (B) Percentage frequency of CD11b*F4/80* cells
in live cells in WT and F8°™"/- mice on Day 0 (pre-injury) and Day 2 (post-injury). (C)
Absolute total CD11b*F4/80* cell numbers in WT and F8°""“- mice on Day 0 (pre-
injury) and Day 2 (post-injury). Synovium from individual mice (n = 3) were pooled for

analysis. Statistical analysis using one-way ANOVA.
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3.2. Discussion

The results from this chapter show that not only is the F8"'“- mouse model suitable
for use in an experimental haemophilic arthropathy model, but that it can be used to
investigate the progression of HA as well in a 4-week time course.

Initially, with the new mouse model it was unsure if any specific characteristics would
develop with age. In general, with skeletal development being an important stage
during adolescence, we wanted to simulate this same age range in the mouse model.
The ideal time to use the mice were at approximately 10 — 12 weeks of age. However,
while this is useful to reflect such a critical time in skeletal development, | needed to
be certain that any developments would not occur simply due to age and not just as a
result of induced HA. Thus, by analysing the same basal levels in the 6-month-old
F8em'7~mice, | showed no significant differences in the age-matched WT mice. Thus,
the analysis of the F8™"- mouse model compared to matched WT mice showed for
certain that the following results were not a matter of artifacts due to aging.

The widely used F8™' mouse model proves to be a useful model for severe
haemophilia A. However, as shown by previous lab members, this novel mouse model
for severe haemophilia A, F8°™"”- mice, proved to be a more useful model with no risk
of passenger mutations, as described in Chapter 1.6.2. Not only this, but the use of
this model showed clear advantages as previously described in this chapter. The
F8°m'~mice showed spontaneous bleeding, including into and around the knee joint,
which is more reflective of the human population and what occurs in PwH who develop
HA.

While we see that bone structure, in terms of volume and density, returned back to
within basal levels at the end of the 28-day experiment, during this time, the bone
structure was weakened significantly. Similar to OA and RA, the risk of osteoporosis
or any condition that may cause weakening of the bones can lead to an increase in
fractures in bones. The pathogenesis of HA progresses to a normal level at the end of
the experiment but during this period where bone integrity is compromised, the
likelihood of injury is greatly increased. Inflammation is also increased in the joint, as
seen with the elevation of pro-inflammatory genes during HA progression. This
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actually occurs slightly prior to the degradation of bone and cartilage degradation; the
order being inflammation occurring, followed by reduced bone integrity, and then
increased cartilage degradation and haemosiderin deposition. What would be of
interest to further research would be to see if attenuation of certain inflammatory genes
impact the way HA progresses and whether or not it would increase or decrease the
severity of the progression of the disease.

As mentioned, a number of both pro-inflammatory and anti-inflammatory associated
genes were upregulated during the progression of HA, namely towards the beginning
of the time-course. With the induction of the injury, increased expression of these
genes was a predicted response with pro-inflammatory cytokines recruiting immune
cells to the site of injury, and the production of anti-inflammatory cytokines to ensure
that the inflammatory signalling did not go unchecked. With the increased expression
of /l4ra in the synovium of F8*™' mice, this would indicate a potential role for Th2
response. As time progresses after the injury occurs, blood begins to pool within and
around the knee joint so an immune response, both innate and adaptive, would be
expected. However, in the experiment the //33 and 1/1rl1 (or St2) gene expressions
were also elevated which may indicate a potential role for the IL33-ST2 axis. The
stimulation of the IL-33/ST2 axis can directly affect the Th1 and Th2 response of the
immune system which may potentially affect the progression of HA as well. With the
peak of these genes being on Day 2 and Day 7, this indicates that a critical time point
for the progression of HA is the first week occurring after the injury.

While my initial readings of literature led me to believe that perhaps macrophages
would be the largest culprit in the progression of HA (Culemann et al., 2019, Cooke et
al., 2018, Hooiveld et al., 2003c, Nieuwenhuizen et al., 2014), it seemed that there
was another cell population at play here. As seen in the flow plots in Figure 3.7 (A),
there was indeed an increase in macrophages as a response to the needle-induced
injury. However, there was a clear population that were CD45*CD11b* but F4/80-. With
that in mind, the likelihood of this population being neutrophils is extremely high,
potentially indicating a role for neutrophils in the development and progression of HA.
Of course, without further investigation, it would not be clear whether or not the
increase of neutrophils had a major impact on the progression of HA. Particularly with

the number of mice necessary to perform flow analysis on one experimental sample,
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the use of flow to analyse this data was not sensible. The number of events collected
was only possible up to one million and no further, even after using the full amount of
synovium cells collected and further experimentation, with experimental replicates,
would require more mice than using a different route to analyse immunity within the

synovial capsule.

The data | have gathered here shows that the F8°""~~ mouse model is suitable for use
as a model of severe haemophilia A, particularly in the investigations into the
progression of HA. Not only that but there are clear significant differences present in
the F8°™'”- mouse model that are not found in matched WT or F8™'/- mice. The
severity of HA in this new mouse model indicates clearly in the progression of HA the
potential critical time points in the development of the disease that could be used to
focus on interventions to attenuate the severity of the disease. Not only this, but the
clear elevation of gene expression at these critical timepoints is something that can
be utilised to further analyse the specific genes and/or immune cells that are culprit to
the progression of HA. This can and has been done in a number of manners but the
use of novel mouse models, including dual-knockout mice and the F8°"'* mouse
model on various backgrounds as opposed to only C57BL/6J, is something to exploit
as we will see in the following chapters.
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Chapter 4 - Role of Innate Immunity in Haemophilic
Arthropathy

4.1. Results

The increase in expression of multiple genes, as well as the increase in certain cell
types, during the HA timeline indicates a role for immunity in the progression of the
disease. Using novel mouse models, it may be possible to identify the specific cell
type, or types, that may be specifically involved in the development and/or progression
of HA.

The use of double knockout mice in research is not something novel. As mentioned in
Chapter 1.7.2, there are a number of genes that have roles in the pathogenesis of
arthropathies (Xiong et al., 2018, Luo et al., 2022, Hong et al., 2011, Lima et al., 2015,
De la Fuente et al., 2015, Burgess et al., 2019). Thus, an interruption in the expression
of these genes could affect the homeostasis in the knee joint and predispose the
model to either a more exacerbated or attenuated severity of HA (Buckley, 2019,
Culemann et al., 2019). By specifying the genotype of a mouse that concurrently has
the characteristics of severe haemophilia A, it allows experiments performed
previously before to be used without the need for overhandling by using a depleting
antibody for cell types. By preventing overhandling, we not only prevent stressing the
mice but also prevent any chances of spontaneous bleeding from occurring in the mice,

particularly in this novel mouse model of severe haemophilia A.

Previous data in Chapter 3 has shown that specific genes may have potential roles in
the development and/or progression of HA, either attenuating or exacerbating the
severity as the disease progresses. Thus, my aims for this chapter were to use novel
mouse model knockouts to determine the role of a number of genes associated with

innate and adaptive immunity in HA.
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4.1.1. The F8*™"*|Cx3cr1’- dual-knockout mice showed no significant difference
to the F8*""”- mouse model during experimental haemophilic arthropathy in
terms of attenuation of the joint

In my investigation into the effects of certain genes that potentially have an effect on
the progression of HA, | created a dual-knockout mouse as described previously in
Chapter 2. By creating the F8°™"*/Cx3cr1”- mouse model, |, along with another lab
member, was able to investigate the effect the Cx3cr1 gene had in the experimental
HA model.

The F8°m'*/Cx3cr1”- mice had needle injury induced HA along with control F8™"-
mice to investigate the differences that may occur during HA. Repeated joint measures
were taken daily but as seen in Figure 4.1 (A), no significant difference was observed.
The F8°m"“/Cx3cr1”- mice behaved in the same manner as the F8°™"7 mice, with the
injury causing no more or less in the dual-knockout mice. The area under the curve
(AUC) was calculated resulting in no significant difference between the two groups
(Figure 4.1 (B)).
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Figure 4.1. F8°™'"/|Cx3cr1’- mice showed no significant difference to matched
F8°m"- mice in induced HA injury. (A) Daily measurements of F8°""* mice (red) and
F8em'-|Cx3cr17- mice (green) showing the increase in joint measurement from basal
levels as a percentage. (B) AUC of joint increase (%) from Figure 4.1 (A). Graph
represented as mean + SEM. n = 9. Statistical analysis using area under the curve
followed by Student’s t test.
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4.1.2. The F8*"'/ll4ra’- dual knockout mouse model showed no significant
difference to the F8°"’”- mouse model during experimental haemophilic
arthropathy in terms of attenuation of the joint

While there was no significant difference in F8°""“//Cx3cr1”- mice, | continued to
pursue the effects of genes that were affected during HA progression which led to the
development of the F8°™""/ll4ra”- mouse model. With the upregulation of //4ra during
the progression of HA in F8°™"7~ mice, |, along with another lab member, decided to
explore the effect of using the dual-knockout F8°""*/ll4ra’- mouse model in induced
HA.

The F8°™"[ll4ra’- mice showed no deviation from the previously used F8°™'/ mice
with regards to the repeated daily joint measurement. The curve of the graph
measuring the joint size change continued in the same trajectory as the F8"" mice,
with the peaks appearing at approximately the same days as well (Day 2), as seen in
Figure 4.2 (A). Analysis of the AUC for the joint increase percentage of the graph in
Figure 4.2 (A) showed that no significant difference was seen between the F8°™'-
/ll4ra”- mouse group and the F8°™"* mouse group, as illustrated in Figure 4.2 (B).
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Figure 4.2. F8°™""|ll4ra’”- mice showed no significant difference to matched
F8°m"- mice in induced HA injury. (A) Daily measurements of F8°""* mice (red) and
F8em[ll4ra”- mice (pink) showing the increase in joint measurement from basal levels
as a percentage. (B) AUC of joint increase (%) of Figure 4.2 (A). Graph represented
as mean = SD. n = 16 — 22. Statistical analysis using area under the curve followed
by Student’s ¢ test.
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4.1.3. A potential role of the IL-33/ST2 axis in the progression of haemophilic
arthropathy

4.1.3.1. The F8°™"/lI33" dual-knockout mouse model showed no significant
difference to the F8°"'” mouse model during experimental haemophilic
arthropathy in terms of attenuation of the joint

As seen from the previous chapter, expression of //33 was elevated during HA
progression. Thus, |, along with another lab member, sought to investigate the effects
of /133 during induced HA using a dual-knockout mouse model. The variability in the
increase of joint size from basal levels in the F8™'*/lI337- mice was greater than
expected and while there was a notable increase in the percentage change of joint
size, the difference was not significant compared to the F8*"'-"mouse model, as seen
in Figure 4.3 (A) and (B). However, as there was potential for the involvement of the
IL-33/ST2 axis in the progression of HA, | performed a FIX assay, a vVWF ELISA, and
a TF ELISA (Figure 4.3 (C), (D), and (E), respectively) with another lab member. The
results of these assays showed no significant difference between the F8°™'-/lI133"
mice group and the F8°™"*~mice group. While previous data (Figure 4.3. (F) and (H))
showed elevation in the expression of //33 gene in the F8°™""mouse model, knocking
out the gene in the mouse model seemed to have no significant difference to the HA

progression overall compared to the F8°""~~mouse model.

4.1.3.2. The F8°™"/lI1rI1”" dual-knockout mouse model showed significant
differences to the F8°™"- mouse model

|, along with another lab member, found the opposite with the F8""*/lI1rl17~ dual-
knockout mouse model, where there was a significant difference between the F8m-
/11r117- mice and the F8°™"*~ mice, as seen in Figure 4.3 (A) and (B). With the knockout
of the /1rl1 (or St2) gene, the progression of HA was significantly less severe than in
the F8°™"7- model with a clear attenuation in the increase of the joint size in the
progression of experimental HA. While there is a significant difference in FIX activity
levels between the F8°™""/lI1rl17- mice and F8°"'" mice, the range is still within
normal range of age-matched //7r/17- mice. The VWF ELISA and TF ELISA performed
showed no significance, similar to that in the F8°™"-*/1133"~ group. Previous data (Figure
4.3 (G)) showed significant elevation when RT-qPCR was performed on synovium
samples throughout the timeline of experimental HA. This was also reflected in the
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RNA samples used to analyse using NanoString technology, as seen in Figure 4.3 (H).
The expression of //1rl17- gene was elevated in both Figure 4.3 (G) and (H) on Day 2
and Day 7 before returning back to normal levels by Day 28 of the experiment.
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Figure 4.3. Upregulation in the //1ri1 (or St2) gene shows significant difference
in the F8°"'" mice, indicating a potential role for the //133-St2 axis in the
progression of HA. (A) Daily measurements of F8°™"* mice (red), F8™'//1|337 mice
(blue), and F8™"/lI1rl17- mice (turquoise) (n = 12 — 17) showing increase in joint
measurement from basal levels as a percentage. (B) AUC of joint increase (%) of
Figure 4.3 (A). (C) FIX activity levels in F8™" mice, F8*™'7/1337- mice, and Fg8°™'"
/111117 mice (n = 4 — 5). (D) VWF levels in F8°™"" mice, F8°™'/I133" mice, and F8°™"-
“Ill1rl17- mice (n = 4 — 5). (E) Tissue factors levels in F8°™"7~ mice, F8°™'/I133”- mice,
and F8°™'/lI1rl1- mice (n = 4 — 5). (F) RT-gPCR of F8°""*~ mice plasma samples
during experimental HA compared to WT mice for //33. Synovium from individual mice
(n = 3) were pooled for analysis and run in duplicate. (G) RT-gPCR of F8°""* mice
plasma samples during experimental HA compared to WT mice for //1rl1. Synovium
from individual mice (n = 3) were pooled for analysis and run in duplicate. (H) Heatmap
showing upregulation of //1rl1 and //33 genes in the progression of experimental HA in
WT and F8°™"" mice. Synovium from individual mice (n = 3) were pooled for analysis.
Statistical analysis using area under the curve followed by Student’s t test, or one-way
ANOVA.
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4.2. Discussion

The results from this chapter were to not only find genes that potentially may have a
role in the progression of HA, but to also gain a better understanding of the genes that
have a less to no significant role in the progression of HA. Thus, the results in this

chapter have shown the role of the genes may play in the progression of HA.

Previous literature alluded to a pivotal role of the Cx3cr1 gene in the integral structure
to the knee joint. The lining surrounding the synovial capsule and fluid has been shown
to have Cx3cr1-expressing macrophages. With the understanding that there would
likely be an influx of macrophages from previous data (Chapter 3), the likelihood of the
progression of macrophages being impacted was high. Thus, | used the dual-knockout
F8°m1"-|Cx3cr1”- mouse model to analyse the effect that knocking out the Cx3cr1 gene
would have on the development and/or progression of HA. Synovial macrophages
highly express Cx3cr1, and while these cells are highly specific, the role of Cx3cr1 in
these cell types is to maintain homeostasis within the knee joints and respond to
inflammation by creating a tight barrier junction when necessary. However, the data
gathered here as seen in Figure 4.1 (A) showed no significant difference between the
F8em'7 mice and the F8°™'/Cx3cr17- mice. While the results showed no significant
difference, the difference in joint size from basal level remained slightly more elevated
in the F8°™'-/Cx3cr1”- mouse group compared to the F8°™’”- mouse group. Further
investigations would be needed but perhaps the effect of knocking the Cx3cr1 gene
had an effect on the progression of HA, with the clearance of the blood in the knee
joint being stunted, thus not returning back to normal levels as quickly as the F8°™~

mouse model.

While | investigated the innate side of the immune system, there was uncertainty as
to whether the adaptive immune system also played a role in the development and/or
progression of HA. With the F8°™"~- mouse model, | crossed an /l4ra’ mouse to the
model in order to utilise the novel mouse model and created a dual-knockout mouse
model to investigate the effect of the //4ra gene. While the results showed no clear
significance in the effect of the //4ra gene, there were similarities in the F8™"/ll4ra”
mouse model to the F8°™'7/Cx3cr1”- mouse model. The general trend reflects that

seen in the F8°™"*~ mouse model but the joint increase in the dual-knockout mouse
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did not subside as quick as in the F8°™"”- mouse model. IL-4 has been implicated to
have a potential positive effect on inflammatory diseases in the joint, such as RA.
Concurrently, my previous data has shown an increase in /l4ra expression post-
needle-induced HA in F8°""7- mice. By knocking out the /l4ra gene in the F8°™'”
mouse model, to create the dual-knockout mouse, | expected exacerbation of the
disease as seen in previous literature that showed just a single-nucleotide
polymorphism for /IL-4R had associated development of negative progression in RA.
Thus, while finding no significant difference in the F8°™"**/ll4ra”- mouse model, more
work may be warranted to definitively conclude that there is no significant role played
by the ll4ra gene in the novel F8*""*- mouse model during the development and
progression of HA.

The third dual-knockout model | utilised was the F8°™'*/lI33 mouse model. The
results proved similar to the previous two models where no significant difference was
found to the F8°™"- mouse model. However, | also created a related dual-knockout,
the F8™'/lI1rl1”- mouse model which showed significant difference in the joint
increase during the HA experiment. Lab members have previously shown that the
F8°m"*[111rl17- mouse model showed a shorter aPTT compared to the F8°™'”- mouse
model. Thus, the greater reduction in joint size reflects this with the percentage of joint

increase from basal level returning to within normal range quicker.

In this project, the iPATH collaboration also involved analysis of plasma samples from
PwsH. The processing and data analysis was performed by another lab member with
ethics approval and permission to use data was granted. The plasma was processed
in an ELISA to compare IL-33 and soluble ST2 concentrations in plasma from PwsH
when compared with healthy control plasmas. The data showed that IL-33 protein in
plasma samples from PwsH was not significantly different to that in healthy control
plasma samples (Figure 4.4 (A)). However, when analysing the amount of soluble ST2
protein, there was a significant difference between the plasma samples from PwsH
when compared with health control plasma (Figure 4.4 (B)). While we see elevated
soluble ST2 in plasma from PwsH, as seen in Figure 4.4, but not IL-33, further work
must be done in order to determine the exact role of the IL-33/ST2 axis in HA. The
increase in soluble ST2 protein in plasma has been indicated to play a role in a number
of diseases (Gordon et al., 2016, Hong et al., 2011, Shi et al., 2018). Soluble ST2 as
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a biomarker for indication of prognosis of disease development and/or progression
would allow for a non-invasive assessment and could subsequently lead to better

outcomes for patients who may develop HA.
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Figure 4.4. PwsH showed significant differences in soluble ST2 protein in
plasma compared to healthy control plasma. (A) ELISA was used to detect IL-33
protein levels in healthy control plasma and in plasma from PwsH (n = 31 — 48). (B)
ELISA was used to detect soluble ST2 protein levels in healthy control plasma and in
plasma from PwsH (n = 39 — 65). Statistical analysis using Mann-Whitney test. This
data analysis was performed by Dr Heike Hawerkamp and permission to use data was
granted.
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By utilising the dual-knockout models | have made, it is possible to continue the
experimental work started here in this chapter, but also to further investigate the
potential roles specific genes may play in the development and/or progression of HA.
However, my data in this chapter has shown clear association of the IL-33/ST2 axis in
HA in the F8™'7- mouse model, which is further supported by the data found using

plasma from PwsH.
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Chapter 5 — The Effect of Mouse Heterogeneity on the
Progression of Haemophilic Arthropathy

5.1. Results

The use of more than one mouse strain allows for the heterogeneity of haemophilia to
be reflective of what is seen in the human cohort. While clear progress in our
knowledge and understanding of the progression of experimental HA in a model of
severe haemophilia A has been made, this focuses specifically on and only accounts
for the one strain (C57BL/6J) being used. As previously discussed in Chapter 1.7.1,
the choice of mouse strain can influence the outcome of a disease (De Vooght et al.,
2010, Fukushima et al., 2006). Thus, the introduction of the same gene modification,
in this case a CRISPR/Cas9 model, to different strains, other factors may also be

considered that may or may not be affected by genetic background.

BALB/c mice tend to have a more Th2-mediated response in comparison to the more
Th1-mediated response from the C57BL/6J strain. The difference in responses could
potentially affect the outcome of HA, whether it be that it exacerbates or attenuates
the disease or affects the progression of the disease. While there are more
immunological differences when comparing the C57BL/6J and BALB/c mice, A/J mice
develop muscular dystrophy as they age. With the importance of muscle on the
development of HA (Hakobyan et al., 2005, Mulder and Llinas, 2004), the use of A/J
mice allows comparison between the C57BL/6J mice to the A/J mice and, similar to
the BALB/c strain, determine any exacerbation or attenuation of the disease in both

the development and the progression of it.
Thus, my aims for this chapter were to determine any similarities or differences in

experimental HA in the F8°"""- mouse model but on other mouse strains, namely
BALB/c and A/J.
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5.1.1. Haemophilic arthropathy progression in the F8°""- mouse model on a
BALB/c background showed clear significant differences from the F8m'"
mouse model on a C57BL/6J background

5.1.1.1. Overall basal levels of BALB/c F8°"'”- mice were not significantly
different when compared to BALB/c WT mice, except for when comparing bone
density of knee joints and IL-33 in plasma

The first mouse strain |, along with another lab member, analysed after the C57BL/6J
F8°™""- mouse model was the BALB/c F8°™" mouse model. As the BALB/c F8°™"
mouse model was based on a different strain, some basal levels were analysed to
investigate any differences between the BALB/c F8°™"-~ mice and matched BALB/c
WT mice. As seen in Figure 5.1 (A), bone volume of the knee joints showed no
significant difference. However, the bone density of BALB/c F8°™'/ mice was higher
(denser) than matched BALB/c WT mice, as seen in Figure 5.1 (B), at basal levels.
This was significantly different with almost 0.005 mgHA/ccm difference between the
BALB/c WT and F8°™" mouse groups.

While physically there was significant difference between the two groups, namely bone
density in the knee joints, there were no significant differences in the expression of
various pro-/anti-inflammatory proteins in plasma samples. In Figure 5.1 (C — F), we
see there is no significant differences in protein expression in plasma samples from
BALB/c WT mice and BALB/c F8°™" mice for TNFa., IL-6, IFNy, and IL-1B respectively.
However, in Figure 5.1 (G) we do see that the IL-33 is significantly lower in BALB/c
F8°m7- mice compared to BALB/c WT mice.
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Figure 5.1. Basal levels in BALB/c F8°™'/- mice showed no significant difference
to matched BALB/c WT controls, except in bone density of the knee joint. (A)
Bone volume analysis of WT and F8°""* mice (n = 6 — 8) on a BALB/c background
showed no significant difference. (B) Bone density analysis of WT and F8°™" mice (n
= 6 — 8) on a BALB/c background showed significant difference between the two
groups. (C — G) Multiplex analysis of plasma from WT and F8°""* mice (n = 6 — 16)
on a BALB/c background showed no significant differences between the two groups
when analysing TNFa, IL-6, IFNy, and IL-1p respectively. IL-33 did show significant
differences between the WT and F8°™"- mice. All graphs represented as mean + SEM.

Statistical analysis using Welch’s or Student’s f test.
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5.1.1.2. Experimental HA showed significant differences in the physical
progression in BALB/c F8°™'- mice compared to the C57BL/6J F8°™"- mouse
model

While we saw almost no basal differences between the BALB/c WT mice compared to
the BALB/c F8™'7- mice, the higher bone density could potentially have had an effect
on the progression of induced HA in the BALB/c F8° ™7 mouse group. When
compared to the C57BL/6J F8°™'”- mouse group, the severity of joint increase when
measuring externally was significantly lower in the BALB/c F8°™'- mice, as seen in
Figure 5.2 (A) and (B). The C57BL/6J F8°™"*- mice had a peak at Day 2 as previously
seen in Chapter 3. This is also seen in the BALB/c F8™'“- mice with a peak appearing
at Day 2 as well and continuingly reducing until the end of the 28-day experiment, as
seen in Figure 5.2 (A). This was significantly lower in BALB/c F8°™'”" mice
(approximately 45%) compared to C57BL/6J F8°™'’ mice (approximately 75%).
However, while the trend for BALB/c F8°""7- mice continues in the same fashion as
the C57BL/6J F8°™'7- mice, the curve is significantly reduced as seen by comparison

of the area under the curve (Figure 5.2 (B)).
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Figure 5.2. Experimental HA showed significant differences between the BALB/c
F8°""- mouse model and the C57BL/6J F8°""- mouse model. (A) Percentage
increase of joint measurements in the BALB/c F8°™"* mouse model compared to the
C57BL/6J F8™'7- mouse model (n = 15 — 22). (B) AUC of joint increase (%) from
Figure 5.2 (A). Graph represented as mean + SD. Statistical analysis using area under

the curve followed by Student’s t test.
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5.1.1.3. Immune cell-associated genes in BALB/c F8™'"- mice showed no
significant elevation compared with matched BALB/c WT mice

With previous flow cytometry data showing a higher number of infiltrating
macrophages and potentially neutrophils as well, the use of NanoString nCounter
analyses proved useful in analysing the possible differences between BALB/c WT and
F8°m'7~ mice. Thus, | sought to analyse the RNA extracted from synovium of BALB/c
WT and F8°""7~ mice. As the resulting RNA from the extracted synovium was very low,
the use of NanoString was still able to yield significant data as opposed to traditional
RNA sequencing that requires more RNA concentration but also a higher quality. As
seen in Figure 5.3 (A), macrophage associated genes from the NanoString Mouse
Myeloid cassette (see Appendix IV for list) were elevated compared to matched WT
mice. However, there were no significant expressions found between the two groups
due to the low number of samples. The first two BALB/c F8°™"- mice showed elevation
of a small number of genes but were not elevated in the third mouse. Similarly in the
neutrophil associated genes (see Appendix IV for list) from the Mouse Myeloid
cassette in Figure 5.3 (B), while some neutrophil associated genes were elevated, no
significant expressions were found. As flow cytometry was previously performed, the
same genes being analysed were analysed in the NanoString Mouse Myeloid cassette
in Figure 5.3 (C). However, while there was elevation of some genes, overall, there

was no significant difference.

90



(A)
WT Fgem?-

Cell Surface
Receptor &
Signalling Molecules

Cytokines,
Chemokines, &
Growth Factors

Transcription Factors
& Regulators

(B)
WT Fgemt-

Cell Surface
Receptor &
Signalling Molecules

Cytokines &
Chemokines

Transcription Factors
& Regulators

(©)
wT Fgem?-

H2-Eb1
H2-Ea-ps
H2-Aa
F4/80
CD11b
CD45
Ly6c
CD206
CD86
Ly6g
H2-Ab1

-1.721 2.266

91



Figure 5.3. Various genes associated with macrophages and neutrophils show
elevation at basal level in BALB/c F8°""- mice compared to BALB/c WT mice.
(A) Heat map constructed from NanoString Mouse Myeloid cassette
Monocyte/Macrophage genes using the nSolver programme. Each column represents
an individual mouse. (B) Heat map constructed from NanoString Mouse Myeloid
cassette Neutrophil genes using the nSolver programme. Each column represents an
individual mouse. (C) Heat map constructed from NanoString Myeloid cassette genes

using the nSolver programme. Each column represents an individual mouse (n = 3).
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5.1.2. Haemophilic arthropathy progression in the F8°"" mouse model on an
A/J background showed no clear significant differences from the F8°""- mouse
model on a C57BL/6J background

5.1.2.1. Overall basal levels of A/J F8°™"- mice were not significantly different
when compared to A/J WT mice

While the use of BALB/c F8°™" mice when compared to the C57BL/6J F8°™'- mouse
model proved to show significant difference in the severity of HA, the same might not
necessarily be the same for other strains and so |, along with another lab member,
looked into the A/J F8°™"- mouse model. Thus, | analysed similar basal levels to that

analysed before for the BALB/c F8°""~- mouse model.

There was no significant difference in the physical analysis of the knee joint in terms
of bone volume or bone density, as seen in Figure 5.4 (A) and (B), respectively, when
comparing the A/J F8™"- mice to matched A/J WT mice. However, while no significant
difference was seen in the A/J F8™'/- mice, | still analysed the same protein levels in
the plasma samples from A/J F8*™"*" mice (Figure 5.4 (C — G)). While overall there
was no significant differences in pro-/anti-inflammatory proteins, one specifically did
have a significant difference in the A/J F8°™"~- mice when compared to matched A/J
WT mice. In Figure 5.4 (E), we see that the levels of IFNy in plasma from A/J F8™"
mice was slightly higher than that see in A/J WT mice. While this pro-inflammatory
protein was being expressed at a higher level, none of the other proteins analysed
showed any significant difference.
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Figure 5.4. Basal levels in A/J F8°™'/- mice showed no significant difference to
matched A/J WT controls, except in bone density of the knee joint. (A) Bone
volume analysis of WT and F8°""*~ mice on a A/J background (n = 6 — 8) showed no
significant difference. (B) Bone density analysis of WT and F8°""* mice on a A/J
background (n = 6 — 8) showed no significant difference between the two groups. (C
— G) Multiplex analysis of plasma from WT and F8°™"* mice on a A/J background (n
= 6 — 17) showed no significant differences between the two groups when analysing
TNFa, IL-6, IFNy, IL-1B, and IL-33, respectively. Statistical analysis using Welch'’s or
Student’s t test.
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5.1.2.2. Experimental HA showed no significant differences in the physical
progression in A/J F8°™'- mice compared to the C57BL/6J F8°""- mouse model
While we saw no significant differences in the physical bone structure of the knee joint,
there were differences in the expression of IFNy in plasma which potentially could have
impacted progression of HA. In the comparison of A/J F8°™"* mice to C57BL/6J F8°™'-
 mice in experimental HA as seen in Figure 5.5 (A) and (B), there was no significant
differences in terms of area under the curve. However, unlike the BALB/c F8°™*
mouse model where the graph line mirrored that in the C57BL/6J but in a less severe
way, the A/J F8™"7- mouse model, while still peaking within the first few days of the
experiment, persisted for a longer period of time and did not return back to within
normal baseline range. This can be seen clearly in the purple “A/J” line in Figure 5.5
(A) where the line increased sharply in the first few days, began to decrease but then
continued to stay elevated for the remainder of the experiment. So, while there was
no significant difference in the area under the curve, as seen in Figure 5.5 (B), the
lines in Figure 5.5 (A) ended up overlapping as the experiment progressed as the
C57BL/6J F8°™"- mouse model slowly returned back to within normal baseline range,

but the A/J F8°™" mouse model persisted.
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Figure 5.5. Experimental HA showed no significant difference between the A/J
F8°""- mouse model and the C57BL/6J F8°""- mouse model. (A) Percentage
increase of joint measurements in the A/J F8°""* mouse model compared to the
C57BL/6J F8°™"" mouse model (n = 15). (B) AUC of joint increase (%) from Figure

5.2 (A). Graph represented as mean + SEM. Statistical analysis using area under the

curve followed by Student’s ¢ test.
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5.1.2.3. Inmune cell-associated genes in A/J F8*™""- mice showed no significant
elevation compared with matched A/J WT mice

Similar to the BALB/c mice, | wanted to analyse the basal levels of gene expression
in more depth when comparing A/J F8°™" mice to matched A/J WT mice. The RNA
was extracted from the synovium in the same way as before, thus yielding in a very
low amount of RNA but still suitable for NanoString nCounter analysis. While some
genes were elevated in some samples for macrophage associated genes as seen in
Figure 5.6 (A), there was no significant difference found. Again, similar to both the
BALB/c F8°""*- mouse model and the macrophage associated genes (see Appendix
IV for list) in Figure 5.6 (A), there is elevation of certain genes in some samples but no
significant difference in the neutrophil associated genes (see Appendix IV for list)
(Figure 5.6 (B)). When analysing the differential gene expression of genes associated
with macrophages from previous flow cytometry (Figure 5.6 (C)), there was elevation
of gene expression particularly in one mouse (F8°™'”- mouse on the third column).
However, in the first three genes analysed (H2-Eb1, H2-Ea-ps, and H2-Aa), there was
significant elevation compared to the WT mice, potentially indicating a role for the MHC
Class Il in the progression of the A/J F8°™"*~ mice and why the severity of HA remains
elevated throughout the experiment.
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Figure 5.6. Various genes associated with macrophages and neutrophils show
elevation at basal level in A/J F8°™" mice compared to A/J WT mice. (A) Heat
map constructed from NanoString Myeloid cassette Monocyte/Macrophage genes
using the nSolver programme. Each column represents an individual mouse. (B) Heat
map constructed from NanoString Myeloid cassette Neutrophil genes using the
nSolver programme. Each column represents an individual mouse. (C) Heat map
constructed from NanoString Myeloid cassette genes using the nSolver programme.

Each column represents an individual mouse (n = 3).
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5.2. Discussion

While previous chapters utilised novel mouse models, including dual-knockout mice,
all remained on a C57BL/6J background. The heterogeneity found in the human
population, and for PwsH, cannot be reflected in just one mouse strain when
experiments are carried out. Thus, while some results showed no significance, the use
of different mouse backgrounds allowed for a more comprehensive understanding of
HA when comparing data from all three different mouse backgrounds: C57BL/6J,
BALB/c, and A/J.

Before analysing the effects of experimental HA in the two other mouse strains, | first
analysed any potential basal differences that may give an indication that the outcome
would be different from the C57BL/6J strain. First, in the BALB/c mouse strain, there
was no difference when comparing the BALB/c F8°™"7- mice to matched BALB/c WT
mice with regards to the basal levels of various cytokine expression circulating in
plasma from these mice. There was no significant difference which was what would
be expected pre-injury. However, in the A/J mice, there was a significant difference
found between the WT and F8°™'” mice, specifically in IFNy expression. However,
this could be the result of a number of reasons as to why this was elevated.
Spontaneous bleeding has been recorded for the F8™’“- mouse model, with some not
being as prominent and remaining as subclinical bleeds. These minor bleeds may
potentially have triggered an immune response, and thus the raised levels of IFNy
occurred. Majority of F8°™"*~ mice remained within the same range as the WT mice,
bar two potential outliers. No bleeds were noted at the time of plasma collection from
these mice; however, a full autopsy was not performed and thus cannot be confirmed

whether the cause of the elevated levels of circulating IFNy was due to a bleed or not.

The bone volume and density were also analysed in both the BALB/c and A/J F8™"
mice, comparing them with their matched WT mice. Whilst there was no significant
difference found between the A/J WT and F8°""7 mice, the BALB/c F8°™"/ mice did
show significant difference to their matched WT mice. It has been reported that
increased bone density leads to better outcomes in other inflammatory joint diseases,
with the increase in density leading to reduced co-morbidities like osteoporosis and
reduced bone fractures (Kareem et al., 2021). With the significant difference in bone
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density in the BALB/c F8°™'”- mice compared to the matched WT mice, it was no
surprise that this could affect the progression of HA. Thus, the attenuated severity
could potentially be associated with the higher bone density in the BALB/c F8°™"
mice, with the joint increase returning to within normal levels a lot sooner than
C57BL/6J mice.

With significant difference found between the BALB/c F8°""7- mice and the C57BL/6J
F8em'7~ mice during the time course for experimental HA, | turned to look at potential
immunological differences that could have affected the outcome of the experiment.
The use of NanoString nCounter technology was to my advantage due to the need of
low amounts of RNA. Thus, | analysed the RNA from synovium from WT and F8e™-
mice on BALB/c and A/J strains. For both the BALB/c and A/J WT and F8°™'/ mice,
no significant differences were found at basal levels for macrophages and neutrophils.
While the specificity and ability for NanoString nCounter technology to use low
amounts of RNA vyields good results, the number of samples is still low and would
require larger sample sizes to show any significant differences as the current data
shows no differences. Thus, the conclusion found from these results is that the basal
level from the BALB/c mice in their bone structure likely had more of an effect on the
progression of HA when comparing to the C57BL/6J F8°™'/- mice, while A/J Fgem+
mice showed no significant differences in basal levels structurally nor immunologically
to the C57BL/6J F8°™"/ mice.

While my previous data from Chapter 3 and Chapter 4 indicated a vital role of the
innate immunity in HA, there is still the question of whether certain cells in the adaptive
immunity may also play a role in the development and/or progression of HA. |
specifically chose the BALB/c mouse background to juxtapose the C57BL/6J
background. Literature shows that C57BL/6J mice have a tendency for a Th1-
mediated immune response, while the BALB/c mouse has a tendency for a Th2-
mediated immune response. The varied natural responses of mice on different
backgrounds could potentially lead to the discovery of a certain favoured response to
an injury that causes HA. But more than that, it could help explain why the occurrence
of HA in PwsH can have different severities, not excluding why some PwsH do not
develop HA despite reporting injuries and bleeds into the capsule of the knee joint and
why some develop HA despite not reporting injuries and bleeds into the capsule of the
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knee joint. The BALB/c and A/J F8°™"”- mice both have a tendency to be more Th2-
mediated in immunity compared to the C57BL/6J F8°™'7- mice that are more Th1-
mediated. Previous experiments have shown significant increases in Th2-associated
cytokines in both BALB/c and A/J, but not C57BL/6J (De Vooght et al., 2010). As seen
in Figure 5.2 and Figure 5.5, both the BALB/c F8°""* mice and A/J F8°""7 mice
presented with lower joint increases compared to C57BL/6J F8°™'7 mice. The more
Th2-biased immunity could be a major contributor to the lowered severity of HA in the
BALB/c F8°™" mice and A/J F8*™"* mice. The study conducted by De Vooght also
showed that the Th2-mediated response was more prominent in BALB/c mice, and we
see this reflected in the data in this chapter (De Vooght et al., 2010). When we
compare the differences in levels of IL-33 in plasma in Figure 5.1 and Figure 5.4, there
was no significant difference in Figure 5.4 in the A/J strain but when looking at the
BALBY/c strains, there is a significant difference between the BALB/c WT and Fg8°™’-
mice suggesting that a strong Th2-mediated response may be more beneficial to the
outcoming severity of HA.

Of course, the data here is limited and more research is required to definitively pinpoint
the exact differences that cause different strains of the same model to have different
results. However, the preliminary data here allows for a significant leap into the
analysis of heterogeneity in mouse strains in a mouse model of severe haemophilia A
and indicates that research in haemophilia, as well as the co-morbidities associated
with haemophilia, require more than just one type of model in order to capture the
heterogeneity found in the human population.
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Chapter 6 — Discussion and Future Directions

6.1. Discussion and Future Directions

The aim of this project was not only to establish this novel mouse model of severe
haemophilia A in experimental haemophilic arthropathy, but to also elucidate potential
markers that can be further exploited to attenuate the severity of progression of the
disease.

The F8°™"- mouse model differs from the F8"- mouse model in terms of FVIII protein
production as well as characteristics. The F8™' mouse model produces a non-
functional (truncated) FVIII protein which could potentially tolerise the immune system,
whereas in the F8°™"7- mouse model there is no FVIII protein transcribed and thus this
creates a naive microenvironment in the model, as established by a previous lab
member’s PhD thesis (Byrne, 2021). This model was already established in the lab as
a suitable model for severe haemophilia A and thus, with a model already breeding in
the lab | chose to use it for my experiments. However, there were some advantages
of using this model as it posed a microenvironment that had not previously been
exposed to FVIII protein, which potentially could cause immune intolerance should
rEVII be introduced had it already been exposed. Thus, this provided a mouse model
that could possibly be used to further experiment using rFVIll treatment. As mentioned
previously, inhibitor development can lead to breakthrough or spontaneous bleeds,
particularly in joint areas. This could have also created complications had | gone ahead
with experiments looking at the effect of rFVIII in the attenuation of HA in this mouse
model. Thus, by choosing this mouse model, there is already data for which further
experimentation would be comparable. This mouse model also provided a new insight
to the effects of spontaneous bleeds with the presence of a spontaneous bleeding
phenotype, as described further on. The numbers required for each point were
extrapolated using G-power as per the HPRA licence. However, this F8*™'7- model
had an increase in the severity of HA when | was establishing it in the lab, something
that was much higher than expected when comparing it to literature from the F8™"
model. Thus, numbers for each time point did vary due to the need to remove some
mice from the experiment based on the HPRA scoring. The large increase when
measuring the joint, as well as the large variability found during the experimental
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model, could potentially be attributed to the same cause as the spontaneous
phenotype found in this model as it has been shown in previous research that
subclinical bleeds are associated with an increase in severity of arthropathy (Bhat et
al., 2015). Bleeds naturally occurred more frequently in this model and so the induced
injury was heavily monitored (daily) throughout the experiment. Of course, the
unexpected result of a much higher increased joint size then had a knock-on effect to
my research as an amendment was needed to proceed. While seemingly small, this
meant our approach to the experiment would also need more consideration, namely
how extraction of the synovium from the leg would need to be considered more
carefully, particularly now implementing the need to use red blood cell lysis on
extracted samples. The presence of spontaneous bleeding is something that has been
reported in our novel mouse model, and perhaps this could be related to previous
research done by Wyseure showing impaired thrombin-activatable fibrinolysis inhibitor
in haemophilia A mouse models (Wyseure et al., 2018, Wyseure et al., 2019). It is
possible that the vascular structure could be one of the contributing factors to the
spontaneous bleeds, and thus normalisation of this could lead to better control of
spontaneous bleeding in the novel mouse model of haemophilia A. Subsequently, the
development of bone pathology in HA after bleeding, both spontaneous and induced,
could then be elucidated further (Vols et al., 2020). However, as is seen in PwH,
bleeding is not always the direct cause of HA development (Valentino, 2010, Valentino
et al.,, 2012). Thus, further research into the mechanisms of development or
predispositions to the development of HA is needed.

While this thesis focused on mice from ages 10 to 12 weeks old, there is scope to
identify the effects in older mice as bone development changes with age (Jackson et
al., 2017, Jilka, 2013). Mouse models used at this age are able to reflect that seen in
late adolescence in humans (Ackert-Bicknell et al., 2015, Dutta and Sengupta, 2016).
However, while identification of signs of pathogenesis of HA is vital at this age due to
the stage of bone growth (Aronstam et al., 1979, Weaver, 2002), haemarthroses does
not stop at this age and continues on throughout life in PwsH. Chronic HA occurs after
multiple injuries within a small timeframe, hence the need to identify target joints.
Various factors may also affect the risk of developing HA (EI-Mikkawy et al., 2019),
and thus early diagnosis of any predisposition is advantageous to prevent the
development and progression of HA. While the development of arthropathy may only
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affect a small part of the quality of life of a patient, it is still significant and important for
later on in life as joint damage remains as one of the main causes of disability in PwsH
(Fischer et al., 2005, Rodriguez-Merchan, 1997). Thus, further research would be
needed in addition to this work to identify any changes in biomarkers after a second
induced injury to mimic the repeated haemarthroses found in target joints, and whether
or not this changes from already identified biomarkers (Manon-Jensen et al., 2016).
Certain genes, such as Tnfa, ll1b, and /I6, have been shown here to be involved in HA
progression. However, the extent of their roles after a second injury is unknown and

potentially could be more or less important after a second bleed into the same joint.

As seen from the flow analysis in Chapter 3, the total number of cells produced from
pooled synovium from mice yielded a very low amount compared with typical flow
cytometry procedures. Thus, RNA analysis was utilised to circumvent this issue.
NanoString nCounter systems allows for very low amounts of RNA to be used for their
cassette analyses and thus it was a more viable option that still allowed for in depth
analysis of the synovium. The innate immunology cassette allowed analyses for
multiple innate immune cells which included monocytes (macrophages), neutrophils,
eosinophils, basophils, mast cells, and dendritic cells. With a role for the IL-33/ST2
axis in the mouse model, as well as the local proliferation of macrophages, the analysis
of macrophages was particularly important to see if any particular genes were elevated
in the F8°™' mice compared to matched WT mice (Jenkins et al., 2011). With n = 3
for each group, the presence of a mouse that potentially could have a bleed elsewhere
from the knee joint is something that could have skewed one of the results in the
NanoString nCounter analysis. It might be necessary to increase the sample size for
the analysis to account for potential outliers as well. Overall, there were no significant
differences in gene expression between the WT and F8°"'“ mice, with the outlier in

the F8™"7- mouse group as the exception.

The characterisation of the experimental HA model in the F8°™"*- mouse model was
very successful, with clear paths of potential mechanisms that could be implicated in
the pathogenesis of the disease. Within these potential mechanisms found during the
experiment was the IL-33/ST2 axis. Thus, the establishment of the F8°™"/1/337- dual-
knockout mouse model and the F8°™"*"/l/1rl17- dual-knockout mouse model allowed
further analysis of the importance of the IL-33/ST2 axis in the pathogenesis of HA.

105



The progression of HA was significantly attenuated in the F8%™"-*//I1rl17- mouse model,
indicating that the depletion of ST2 protein could potentially be a therapeutic target for
patients diagnosed with HA. Not only that but it was found that the amount of
circulating sST2 protein in plasma samples from PwsH was significantly elevated.
Elevated ST2 protein has also been found in patients with RA as well, another
arthropathy with similarities to HA (Shi et al., 2018). Thus, the same mechanisms
found in RA could potentially be the same in HA. With various therapeutics available,
such as astegolimab, an anti-ST2 monoclonal antibody, that could potentially be used
in conjunction with FVIII replacement this could improve patient outcomes after
haemarthroses (Yousuf et al., 2022, Kelsen et al., 2021). Further research using
biological interventions in the HA model using the F8°'* mouse model could

elucidate further the dose that would be required to help reduce severity of the bleed.

IL-33 is an alarmin in the IL-1 family and plays a major role in inhibiting
osteoclastogenesis (Lima et al., 2015, Matarazzo et al., 2022). Thus, an imbalance in
bone homeostasis could also cause the bone structure to be further affected in HA, as
seen already in mouse models of haemophilia A (Weitzmann et al., 2019). This
imbalance has already been seen in RA, thus similar mechanisms may be at play in
the pathogenesis of HA (Shim et al., 2018). While IL-33 works as anti-osteoclastogenic,
it also promotes Th2-associated cytokines (Schmitz et al., 2005). As previously stated,
a more Th2-mediated response could be important for the progression of HA. With
impaired Th2 immune responses, F8°"'//lI337- mice had an increase in joint size
change throughout the experiment. Thus, the hypothesis of whether a more Th2-
mediated response could be beneficial to the outcome after inducing haemarthrosis
needed further investigation. BALB/c mice are known to be good models for allergy
and auto-immune diseases, with their more Th2-mediated immune response. Thus,
comparison of the same single nucleotide polymorphism but on a C57BL/6J
background versus a BALB/c background could identify the importance of the different
immune systems. Indeed, we saw the attenuation of the disease in BALB/c F8°™'"
mice. This poses promising targets for patients with HA. Certain DMARDs/anti-
rheumatic drugs have already been shown to suppress both Th1 immune responses,
but to a lesser extent Th2 immune responses in mice (Yamaki et al., 2005). Seeing
how these approved drugs affect our model of HA could improve our understanding of
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the exact mechanism leading to chronic HA, while also exploring the use of these
drugs in the treatment of HA.

The IL-33/ST2 axis in HA would require more experimentation to fully elucidate the
exact point in the pathway that could play a role in HA pathogenesis. The results from
Chapter 4 show this pathway could be targeted for co-therapeutics. Within the IL-
33/ST2 pathway, as seen in Figure 1.7, MyD88 could be targeted using a small
molecule inhibitor in the F8°™'" mouse model and progression of disease tracked
using the same methods in Chapter 3. The small molecule inhibitor to MyD88, M20,
works by targeting the MyD88-TIR domain and subsequently production of pro-
inflammatory markers such as TNFa and IL-6 can be reduced (Song et al., 2021).
Should this not be effective in attenuating the disease at this point in the pathway,
other drugs could be used. Astegolimab is an ST2 inhibitor that is studied for use in
diseases such as severe asthma (Kelsen et al., 2021). Administering the inhibitor to
F8°™""- mouse model would block the IL-33/ST2 pathway by directly binding to the
ST2 receptor (Kotani et al., 2022). However, with the drug in the process of gaining
FDA approved, and side effects studied, the use of the inhibitor as a co-therapeutic
could potentially have great benefits for patients with HA including attenuation or even
prevention of the disease. While this thesis has focused in more on the IL-33/ST2 axis
and the effects of Th2-mediated response, there is scope to analyse further
mechanisms that may also play a role in the development and progression of
experimental HA. A potential role for the Lcn2 gene has been seen in the F8™'
mouse model as well. Preliminary data (not shown) analysing the expression of the
Lcn2 gene in F8™'7- mice compared to matched WT mice showed an increase in
expression in the F8°™'” mice in the first week of the time course. Serum lipocalin 2
(LCN-2) levels have been tested in clinical settings in RA with a significantly higher
level in RA patients than in serum of controls (Gulkesen et al., 2017). Thus, by using
a Lcn2” mouse model with the F8°™' mouse model (to create a dual-knockout
mouse), further research on this specific mechanism can be conducted to identify
another potential pathway in the pathogenesis of HA.

| have focused on two other strain backgrounds along with the C57BL/6J model.
However, the DBA/1 mouse model has been used in many experiments involving

arthropathy research. The use of this mouse model could be of potential value as
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already it is a well-established model in arthropathy research for collagen-induced
arthritis (CIA) and collagen antibody-induced arthritis (CAIA) (Myers et al., 1997,
Khachigian, 2006). While CIA and CAIA provide models for RA, it cannot be doubted
that the choice of DBA/1 mouse strain does not play a factor. The DBA/1 mouse model
is particularly suitable for research in arthropathies as the mouse strain is susceptible
to the spontaneous development of arthritis, already predisposing them to the
development of arthropathy (Braem et al., 2012). Thus, with the DBA/1 F8™"/- mouse
model, the mouse would be predisposed to spontaneous bleeds as well as the
development of arthritis, reflecting the heterogeneity found in the human population
and diversifying the predisposition of the F8°™"7- model. Further experimentation with
the DBA/1 line, using the same experimental techniques as in Chapter 3, could
elucidate the benefit of certain drugs to prevent the pathogenesis of HA. Methotrexate
could be administered pre- and/or post-injury to reduce joint damage and should this
be successful in the context of HA, the use of the drug could be taken alongside factor
replacement. The drug is available as a tablet form and thus injections would not be
necessary and would create less complications for the patient should they be using
antibodies like emicizumab, where injection sites are limited and rotated with each
injection (Morrow, 2018).

6.2. Conclusions

In conclusion, this PhD thesis has established a working experimental HA model using
a novel mouse model of severe haemophilia A. The spontaneous bleeding phenotype
found in the F8*™"”- mouse model is something that requires more attention when
conducting experiments but adds a more comprehensive likeness to what we see in
PwsH. Similarly, our lab was able to develop the same model on various strain
backgrounds and thus | was able to investigate the effects of genetic backgrounds on
the pathogenesis of HA, something more reflective of the patient population. The use
of dual-knockout strains also aids in the research for experimental HA, as the handling
of mice is greatly reduced, and specific gene targets can be investigated. The exact
mechanism(s) of the pathogenesis of HA is something that requires more research,
but this thesis has identified several potential pathways that could play a major role,
namely the IL-33/ST2 axis and Th2-mediated responses. These results provide a
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potential therapeutic target to improve patient outcome for those who are at risk of
developing HA.
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Appendices

Appendix |

Primers for F8°™"-~ genotyping were as below.

Genotyping primers:

Primer name Primer Sequence

Forward primer (USF8_F2) 5-CATGCAAATAGCACTCTTCGCTTG-3

Reverse primer (USF8_R3) 5-CTTTTCTCCATGTCAGTAGAAACAACC-3
Appendix Il

HPRA scoring parameters and sheets for experimental HA induced by needle

puncture.

Procedure 05 — Experimental haemophilic arthropathy induced by needle

puncture

Scoring parameters:

Gait

0

Normal

1

Reduced ambulation

2 | Significantly reduced ambulation, decreased response to stimuli
3 | Complete lack of ambulation, no response to stimuli

Physical appearance

0 | Normal

1 | Lack of grooming

2 | Piloerection, nasal/ocular discharge

3 | Piloerection, hunched posture

Unprovoked behaviour

0 | Normal

1 | Reduced interest in surroundings

2 | Reduced mobility, decreased alertness
3 | Vocalization, inactive
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ACTIONS:
¢ Mice will be humanely euthanised if they reach an overall score of 6.

e Mice will be humanely euthanised if they reach a score of 3 in any

individual category.

Procedure 05 — Experimental haemophilic arthropathy induced by needle
puncture

User:

Experimental number:

Date started:

Cage:

Date Gait Physical Unprovoked behaviour | Overall score
appearance
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ACTIONS:

e Mice will be humanely euthanised if they show sustained leg

impairment.

Appendix Il

MSD murine analytes
IFNg IL33
TNFa IL31
IL12p70 IL17F
IL10 IL17C

Plate 1 Lo Plate 2 L17A

ILS IL16
IL4
IL2
IL1b
KC

Appendix IV

List of macrophage associated genes and list of neutrophil associated genes analysed

in the NanoString Mouse Myeloid cassette.

Neutrophil associated
Macrophage associated genes
genes

2900026A02Rik Cd40 Flt1 Irf7 Ripk2 2810417H13Rik 110
Acad10 Cd47 FIt3 Irf8 Runx2 Alox5ap I10ra
Acly Cd68 Fn1 ltgam S100a10 Amica1 I1M5ra

Acod1 Cd69 Furin Kalrn S100a11 Anxa1 18
Acot11 Cd70 Fzd4 Keng1ot1 S100a4 Arg1 1118r1

Acot3 Cd74 Fzd6 Kit S100a9 Btk l11b
Acox1 Cd83 Gadd45b Kif4 Semada Cbhar1 1r1
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Adam19 Cdsg4 Gata3 Lat2 Semadb Camp ll4ra
Adam8 Cdh11 Gata6 Lipa Semaba Casp1 116
Adamts1 Cdh13 Gk5 Lpl Sema6d Ccl12 lI6ra
Adamts12 Cdh5 Golim4 Lrp5 Serpinb2 Ccl17 Itgad
Adamts14 Ceacam1 Grn Lrp6 Serpinb6a Ccl19 Itgal
Adamts17 Ceacam?2 H2-Aa Lst1 Serpinb7 Ccl20 Iltgam
Adamts2 Cebpd H2-D1 Mafb Serpine1 Ccl22 Itgb2
Adamts3 Cebpg H2-DMa Marco Serpine3 Ccl3 Ltb4r1
Adamts4 Chil3 e Mcm5 Sesn1 Ccl4 Ltb4r2

DMb1
Adamts9 Chil4 H2- Mertk Sfrp4 Ccl5 Ly6g
DMb2
Adgre1 Cldn1 H2-Ea-ps Met Siglec1 Ccl8 Mertk
Adgre5 Clecha H2-Eb1 Mmp10 Sirpa Cd44 Mif
Adora3 Clec7a H2-K1 Mmp12 Ski Cd99 Mmp8
Aif1 Clec9a H2-M3 Mmp13 Smad1 Cebpa Mmp9
Alcam Col10a1 H2-Ob Mmp19 Smad2 Cebpb Mok
Alox15 Col11a1 H2-Q1 Mmp1a Socs1 Clec1b Mpo
Alox5 Col12a1 H2-Q10 Mmp9 Socs2 Clecha Ms4a1
Alox5ap Col14a1 H2-Q2 Mob3c Socs3 Clec7a Ncf2
Angpt1 Col15a1 H2-T23 Mpeg1 Sphk1 Csf2 Nirp3
Angpt2 Col1a2 Hbegf Mrc1 Stab1 Csf2ra Nod1
Aoah Col3a1 Hc Mrc2 Stat1 Csf3 Nod2
Apoe Col4a1 Hdac6 Msh2 Stat3 Csf3r Nos2
Areg Col4a2 Hes1 Mx1 Stat6 Cxcl1 Nox1
Arg1 Csf1r Hip1r Mx2 Tek Cxcl10 Nox3
Arhgef28 Cstb Hmgb1 Myd88 Terf2ip Cxcl11 Nox4
Armc1 Ctof Hspg2 Nectin1 Tgfb1 Cxcl12 Osm
Batf3 Ctnnb1 Icam1 Nectin2 Tgfbr3 Cxcl16 Pdeda
Birc5 Ctsa Id3 Nfkb1 Tgm2 Cxcl2 Pdgfrb
Bmp6 Ctsd Ido1 Nfkbiz Tigit Cxcl3 Pf4
Bmp8a Ctss Ido2 NIrp3 Timp3 Cxcl5 Pglyrp1
Btk Cttnbp2 Ifnar1 Nos2 TIr2 Cxcl9 Pik3cg
C3 Cx3cr1 Ifnar2 Nr1h3 TIr3 Cxcr1 Prok2
C3ar1 Cxcl10 Ifnb1 Nrda1 TIr7 Cxcr2 Ptafr
Cbar1 Cxcl12 Igf1 Nrip3 Tmem173 Cxcr4 Ptprc
Calr Cxcl13 Igf2 Oscar Tnf Cybb Ptx3
Casp1 Cxcl14 Ikbke Pik3cg Tnfrsf8 Edf Rgs16
Cav1 Cxcl9 1110 Plau Traf1 Elane Ros1

113



Ccl1 Cxcr1 l112a Plaur Trem1 F11r S100a11
Ccl12 Cxcr2 112b Pparg Trem2 Fas S100a8
Ccl17 Cxcr3 113 Prdx1 Trex1 Fcerla S100a9

Ccl2 Cxcr4 [1M15ra Prdx3 Trim9 Fcer2a Sell
Ccl20 Cxcr5 M7ra Pros1 Twistnb Fegr1 Selplg

Ccl21a Cxcr6 1118 Ptgs1 Txn1 Fcgr2b Serpinb6a
Ccl22 Cyr61 118r1 Ptgs2 Tyrobp Fegr3 Syk
Ccl24 Ddr2 Ma Ptpn14 Vav1 Fcnb Tgfa
Ccl25 Dhrs3 I11b Ptprb Vsir Fgf10 Tgfb1

Ccl27a Edn1 111r1 Ptprc Yap1 Fgf2 Tir1

Ccl3 Enpep 11r2 Ptprk Yes1 Fgf7 Tir2

Ccl4 Ercc Mrap Pycard Zmpste24 Fpr1 Tird

Ccl5 Erg 1M Rad51 Fpr2 TIrS
Ccr1 Ets1 121r Rapgef4 Fpr3 TIr6
Ccr2 Fabp4 1122 Rasgrf2 Fpr-rs3 TIr7
Ccr3 Fasn [123a Rbp1 Fpr-rs4 TIr8
Ccrd Fbp1 1127 Retnla Fpr-rs5 TIr9
Ccrs FbxI7 114i1 Retnlb Fpr-rs6 Tnf
Ccr9 Fegr1 l15ra Rgl1 Glg1 Tnfrsf11a
Cd14 Fcgr2b 116 Rgs1 Hbegf Tnfrsf1a

Cd163 Fegr3 Insr Rgs16 Hgf Tnfrsf1b

Cd180 Femic Irf1 Rgs6 Hif1a Tnfsf10

Cd209e Fgf10 Irf3 Rhoj Ifna1 Vegfa

Cd247 Fgf18 Irf4 Rictor Ifng Zmpste24

Cd36 Fof7 Irf5 Rin2 Ifngr1
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