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Abstract

Vascular endothelial growth factor A (VEGF-A) is a key regulator of vascular growth,
permeability, and neuronal function. During articular inflammation in osteoarthritis (OA) and
rheumatoid arthritis (RA), there is increased synovial angiogenesis and upregulation of
angiogenic growth factors such as VEGF-A. VEGF-A comprises of two splice variant families,
VEGF-Awxa and VEGF-Aub (xxx represents the number of amino acids, from 121 to 206),
resulting from alternative splice site selection in exon 8. Distal site selection and VEGF-A«a
expression is controlled by Serine/Arginine Rich Splicing Factor Kinase 1 (SRPK1), which
phosphorylates Serine/Arginine Rich Splicing Factor 1 (SRSF1), inducing its translocation to the
nucleus. In most normal tissues, VEGF-Axb isoforms predominate, with anti-nociceptive and
anti-angiogenic functions. In contrast, in pathological conditions such as inflammation and solid
tumours SRPK1/SRSF1 activation causes VEGF-Ax.a isoforms to predominate, exerting pro-
nociceptive and pro-angiogenic actions. VEGF-A has been proposed as a therapeutic target in
OA. To date, a relation between VEGF-A and pain in OA has been reported, but there are no
published data on the functionally distinct VEGF-A splice variants inflammation and pain in
human OA and RA.

This thesis examines the relationships between the expression of VEGF-A splicing isoforms and
the components of the VEGF-A splicing axis, inflammation and pain in human sex, and
macroscopic chondropathy-matched OA and RA synovial samples from total knee replacement
and post-mortem donors. The expression and regulation of the VEGF-A splicing axis was
examined by immunohistochemical staining for activated splicing factor SRSF1, splicing kinase
SRPK1, total VEGF-A and the two families of VEGF-A splicing isoforms VEGF-Axxa and VEGF-Auxb.
Protein expression was measured as the fractional area of staining (VEGF-A and isoforms, SRSF1,
SRPK1 and Dyrk1A. SRSF1 activation was measured by the degree of nuclear localisation of SRSF1
compared to the total cell numbers in superficial synovium.

According to principal component analysis structural abnormalities such as synovial thickening
significantly contribute to the VEGF-A«b. Similarly, synovitis was positively correlated with the
levels of SRSF1 and VEGF-A, but no alterations were documented regarding the two isoforms in
relation to the synovitis. Expression of the related splicing kinase Dyrk1A, implicated in RA, was
also positively related to the degree of inflammation. Nuclear SRSF1 was significantly correlated

with inflammation score (r= 0.52, p<0.05). Total VEGF-A expression was significantly increased



in RA compared to PM and OA (H (2) =23.3, p<0.001 RA cf. OA,PM; ;RA median=0.4,
IQR(0.37,0.59); OA median=0.24, IQR(0.19,0.33);PM median=0.18, IQR(0.15,0.2) and was also
correlated with the severity of inflammation (r=0.47 p<0.05). VEGF-Axxxb showed no change in
expression in OA or RA, although VEGF-Axxxb staining intensity was significantly higher in RA
samples, compared to controls (H (2) =7.2 p=0.02; RA median=2.3(1, 4); PM median=0.9 (0.7,
1.4).

Similarly, symptomatic OA was associated with significantly increased SRPK1, SRSF1 and VEGF-A
expression, while the VEGF-Ax«b isoform was significantly reduced. SRPK1 expression was similar
across all conditions. SRSF1 showed significantly higher expression in the OA tissue compared to
PM (H(2)= 11.29, p=0.002; OA median=0.2, IQR(0.15, 0.28); PM median=0.09, IQR(0.07, 0.16)),
and significantly higher nuclear localisation (indicating activation) in RA vs. OA, and in both RA
and OA vs PM (H(2)=37.65, p<0.0001 RA cf. PM; p=0,007 OA cf. PM; RA median=89, IQR(83, 93);
OA median=36.1, IQR(29, 42); PM median=19.8, IQR(14,21)). Nuclear SRSF1 was significantly
correlated with inflammation score (r= 0.52, p<0.05). Total VEGF-A expression was significantly
increased in RA compared to PM and OA (H (2) =23.3, p<0.001 RA cf. OA,PM; ;RA median=0.4,
IQR(0.37,0.59); OA median=0.24, IQR(0.19,0.33);PM median=0.18, IQR(0.15,0.2)) and was also
correlated with the severity of inflammation (r=0.47 p<0.05). VEGF-Axxxb showed no change in
expression in OA or RA, although VEGF-Axxxb staining intensity was significantly higher in RA
samples, compared to controls (H (2) =7.2 p=0.02; RA median=2.3(1, 4); PM median=0.9 (0.7,
1.4)).

Cultures of human primary fibroblast-like synoviocytes (FLS) were stimulated with tumour
necrosis factor-a, and the effects on SRPK1, SRSF1 and VEGF-A expression were determined. An
in vitro model of synovial inflammation, using fluorescently labelled THP1 monocytes and was
used to determine the effect of VEGF-A, VEGF receptor tyrosine kinase inhibitors, and SRPK1
inhibition on monocyte adherence to an FLS monolayer.

Alteration of splicing kinases CLK1-4 and DYRK1a with T-025 was able to significantly increase
SRSF1 mRNA expression, and | also confirmed the presence of VEGF-A mRNA in HFLS, however,
no splice variants could be detected.

These results indicate that the VEGF-A expression and splicing axis is altered in relation to both
inflammation and pain, but in distinct ways. | present evidence that inhibition of VEGF-A splicing

controls could affect both inflammation, such as in OA flares, and pain in OA.
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1. Introduction

1.1 Arthritis

Arthritis is a common chronic condition with at least 1 in 5 adults in the UK suffering from knee
arthritis. The term “arthritis” is used as an umbrella term to reference joint pain and/or disease.
More than 100 types of arthritis are prominent, in people of all races, genders and ages, such as
osteoporosis, osteoarthritis, autoimmune and inflammatory arthritis or rheumatoid arthritis,
axial spondylarthritis, or juvenile idiopathic arthritis (versusarthritis.org). A true estimate of
people affected by arthritis cannot be calculated, as many patients do not seek medical help
until they show severe symptoms. A rough estimate suggests that at least 54 million people in
the US are suffering from arthritis with 10 million people in the UK suggested to have arthritis.
According to the CDC (Centre for Disease Control and Prevention), in the period between 2013
and 2015, 7.1% of people aged 18-44 years, 30% of people aged 45 to 64 years old and 50% of
people aged above 65 have reported doctor-diagnosed arthritis. In the same period, 26% of
women and 19% of men have been reported with doctor diagnosed arthritis. 16% of normal
weight adults and 31% of obese adults have been diagnosed with arthritis respectively.

These numbers suggest that the disease places a heavy burden on society (Bitton 2009) due to
the cost of treatments and the increased life expectancy. Currently, more than 100,000 total
knee replacement (TKR) operations are performed yearly by the NHS (NHSDigital Feb 2022). The
disease seems to be more prevalent among women, not to mention that the number of people
with arthritis increases yearly. Current estimates support that by 2040 26% of US adults aged
over 18 years old will have doctor-diagnosed arthritis (CDC.com).

Some of the more common arthritis symptoms include pain, decreased range of motion, stiffness
and swelling. There is a variance in how the symptoms present themselves; for example, they
can be mild or severe and they can progressively get worse over time, or stay the same through
the years. Arthritis may also result in chronic pain, rendering daily tasks such as walking or
climbing stairs impossible. Joint damage and changes are also evident in severe arthritis.
Osteoarthritis (OA) and rheumatoid arthritis (RA) are two of the most common forms of arthritis
affecting many synovial joints, with OA affecting nearly 9 million people in the UK and RA
affecting nearly 500 000 people in the UK in NHS (www.nhs.uk). A variety of joints throughout

the human body can be affected by either of these conditions, but they occur most often in the

22



knees, hips, lower back and neck, small joints of the fingers and the bases of the thumb and big
toe for OA and the hands, feet, wrists, elbows, knees, and ankles for RA.

The knee joint is a common target in arthritis research. Knee arthritis (either OA or RA) is highly
prevalent when compared to the other joints (e.g., hip OA), and it also often presents in younger
age groups (Heidari 2011). The occurrence of knee OA for example is positively related to age
and further increases with the higher expectancy of life as well as the higher average weight of
the population (Heidari 2011).

Alteration in the knee joint, evident through radiographic imaging as well as the presence of
pain, are the two primary clinical manifestations of arthritis. However full understanding of the
contribution of joint pathology in the development and maintenance of inflammation and pain
is still poorly understood. The pathological alterations in joint tissues in early onset OA/RA are
difficult to characterise since they can develop in absence of symptoms such as pain or stiffness,

so investigation of mechanisms in preclinical knee OA and RA is challenging.

1.2 Anatomy of the normal human knee joint

The synovial joint connecting the upper and lower bones of the leg, namely the knee, is the
largest synovial joint in the human body. The joint is formed by the articulation of the medial
and lateral condyles of the femur with the medial and lateral plateaux of the tibia (tibia and
femur are respectively the lower and the upper bones of the leg (Figure 1). The articulation of
the bones is stabilised by ligaments and surrounded by the joint capsule. The main knee joint
ligament is the posterior and anterior cruciate ligament, the medial ligament and lateral
collateral ligaments (Figure 1, (Claes, Vereecke et al. 2013). Ligaments are identified as intra-
articular (positioned within the joint), or extracapsular (outside the capsule). The menisci are
fibrocartilage structures that also stabilise the joint and additionally distribute the load on the

joint and reduce the shock of load bearing.
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Figure 1 Anterior view of the anatomy of the knee joint, the anatomy of the cartilage of a
synovial joint as well as of the synovium. The knee joint is made up of three bones the tibia,
femur, and patella. Four ligaments, thick bands of tissue stabilise the knee joint. These are
the Medial Collateral Ligament (MCL), the Lateral Collateral Ligament (LCL), the Anterior
Cruciate Ligament (ACL) and the Posterior Cruciate Ligament (PCL). Cartilage is separated into
calcified and non-calcified. In the synovium, fibroblasts, endothelial and macrophages can be
encountered alongside nerves such as the Aa, AB, A and C fibers. Figure adapted from
(Mandelbaum et al., 1998).
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1.2.1 Healthy articular cartilage

The bony ends of the knee joint are covered with articular cartilage. Articular cartilage has
unique properties which act to protect the joint from weight bearing and dissipate tensile loads.
In conjunction with the synovial fluid present in the synovial capsule, cartilage plays a major role
in the generation of a low-friction joint surface. Chondrocytes in cartilage are responsible for the
production and maintenance of a highly organized extracellular matrix (ECM) comprising of
collagen type Il, proteoglycans, glycoproteins as well as non-collagenous proteins. This ECM
matrix provides the compressive resistance properties of the articular cartilage (Goldring and

Marcu 2009, Heijink, Gomoll et al. 2012).

Cartilage has four distinct layers; at the top is the superficial or tangential layer (Figure 1). This
area is adjacent to the synovial cavity and represents between 10-20% of the cartilage in the
knee joint. Elongated chondrocytes are evident in the superficial layer (Pearle, Warren et al.
2005). Moreover, it lacks proteoglycan components, with collagen 1,2 and 3 being present
(Fujioka, Aoyama et al. 2013). After the aforementioned layer, there is the middle or
intermediate layer representing approximately half of the cartilage. Chondrocytes are more
round in this area, with thick collagen fibres diagonally oriented (Martel-Pelletier and Pelletier
2010). The deep layer or radial zone, rich in proteoglycans, contains chondrocytes aligned
distinctly in columns (Pearle, Warren, & Rodeo, 2005). Below this is the calcified layer which is
adjacent to the subchondral bone (Madry, van Dijk et al. 2010). The point at which the deep
cartilage layer changes to the calcified layer is referred to as the tidemark and is a mineralized
area approximately 3-5 um thick.

Chondrocytes in the different layers of the cartilage have different structures as well as they
have the ability to produce different growth factors and specific ECM proteins (Akkiraju and
Nohe 2015). Chondrocytes in the superficial zone are flat and elongated producing collagen Il, IX
and Xl and aggrecans, while when in the middle zone they are still elongated but produce
procollagen Il, collagen IX and Xl, biglycan and decorin (Akkiraju and Nohe 2015). Chondrocytes
on both layers express growth factors such as IGF-1, FGF-2 -9 -18, TGf-B1 and Wnt -5a, -7a. Of
course, the corresponding receptors of these growth factors can be found in the chondrocytes
such as FGFR-2, IGF1R, TGFBR1, TGFBR2 (Witt, Salamon et al. 2017). In the deep zone of the

cartilage, chondrocytes are big cells with larger nuclei producing procollagen I, collage type X,
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biglycan, decorin, aggrecans and MMP13, with different growth factors compared to the other

layers such as BMP2, VEGF, FGF-2, TGF-B1 (Akkiraju & Nohe, 2015).

Articular cartilage is both avascular and aneural (see section on nerve supply below). Normal
articular cartilage is hypoxic, and since no blood vessels exist oxygen and nutrients are supplied
by diffusion from the synovial environment or from the subchondral bone (Walsh and Haywood
2001, Sophia Fox, Bedi et al. 2009). Chondrocytes in articular cartilage are specifically adapted

to a low oxygen environment (Lafont 2010) and mechanical compression.

1.2.2 Normal subchondral bone

The role of the subchondral bone is to support the cartilage by absorbing the mechanical
pressure extruded to the joints (Radin and Rose 1986). The subchondral bone consists of the
subchondral bone plate which is mineralised (Milz and Putz 1994), the subchondral trabecular
evident due to its porous appearance, and subchondral bone marrow which contains fatty
marrow (Milgram 1983, Walsh, McWilliams et al. 2010).

Evidence exists of channels that originate in the subchondral bone and breach the tidemark
extending into the decalcified cartilage in human OA and animal models (Clark 1990, Suri, Gill et
al. 2007, Walsh, McWilliams et al. 2010). These channels are indicative of subchondral bone
remodelling, and it has been shown that blood vessels and fine unmyelinated sensory nerves are
localized in these channels potentially contributing to pain and inflammation in arthritis (Duncan
1983, Burr and Schaffler 1997, Suri, Gill et al. 2007). The subchondral bone contains, in normal
tissue, both sensory and sympathetic nerves, potentially demonstrating the role of the bone in
tibiofemoral pain. Substance P-immunoreactive sensory nerve fibres have been described in the
subchondral bone of patellae and lumbar facet joints from patients with OA, however it is

unclear if these sensory nerves display enhanced sensitivity in OA joints.

1.2.3 Normal synovium
The synovial capsule which encases the knee joint is comprised of two parts: the synovium and
the external fibrous connective tissue (Ralphs and Benjamin 1994). The synovium also consists
of two layers, the intimal lining, also referred to the as synovial membrane, which is a
discontinuous layer normally 1-4 cells thick (Haywood, McWilliams et al. 2003, Smith 2011). The

intimal layer is responsible for the production of synovial fluid, absorption from the joint cavity
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as well as exchanges between blood and the fluid. Fibroblast like cells in the synovium are
present in the intimal layer, synthesizing and secreting extracellular proteins such as hyaluronic
acid, and also possessing stem cell-like properties being able to differentiate into cells for
cartilage repair (Iwanaga, Shikichi et al. 2000).

The subintimal layer has sparse cellularity, contains loose and dense collagenous and adipose
tissue, blood and lymphatic vessels, and few inflammatory cells (e.g., macrophages) Haywood et
al., 2003; Smith, 2011). The subintimal layer consists of loose connective tissue with the ability
to prevent damage and collision between the bursae, tendons, and joints by re-shaping itself.
The subintimal layer is highly vascularized, serving as a transport mediator of nutrients, immune

modulation, and inflammation responses in the joint (D. A. Walsh & Haywood, 2001).

While the work presented in this thesis concentrates on synovial mechanisms contributing to

inflammation and pain, primarily in human OA, | also include a brief overview of RA.

1.3 Rheumatoid arthritis

1.3.1 Aetiology and pathophysiology of rheumatoid arthritis

Rheumatoid arthritis is one of the most common forms of inflammatory arthritis affecting
approximately 1% of the UK population according to the National Institute for Health and Care
Excellence (NICE). It affects 1.5 men and 3.6 women per 10 000 people in UK ranging from ages
between 30-50 years. Inflammatory arthritides form a group of chronic diseases many of which
are triggered by an autoimmune response directed against the joints and multiple other tissues,
resulting in joint inflammation and damage (Karmakar, Kay et al. 2010). Joint pain and stiffness
on movement are the primary symptoms, however, connective tissue may also be affected such
as heart, lungs and other organs leading to cardiovascular diseases (atherosclerosis),
lymphomas, pleural effusion, interstitial lung disease, Felty’s syndrome (enlarged spleen and low
white blood cells) etc, (cks.nice.org.uk/topics/rheumatoid-arthritis, (Adams, Walsh et al. 2010).
The joint inflammation caused by the autoimmune “attack” results in inflammation, swelling and
pain in the synovial joints. A cardinal feature of RA is the proliferation, migration, and invasion
of fibroblast-like synoviocytes into other tissues. Pannus is a type of extra growth in your joints
specifically in the synovium, that can cause pain, swelling, and damage to your bones, cartilage,

and other tissue encountered in RA. Due to the aggressive nature of pannus invasion, it has been
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likened to a tumour (Charbonneau, Lavoie et al. 2016), and fibroblast-like synoviocytes are active
contributors to joint destruction in RA (Miller-Ladner, Ospelt et al. 2007). Hands, particularly
finger joints, feet, wrists, elbows, ankles, and knees are most commonly affected
(https://www.ncbi.nlm.nih.gov/books/NBK384455/). As the disease progresses the articular
cartilage and subchondral bone are progressively damaged, and eventually the cartilage can be
completely degraded, and due to extensive remodelling joints can become fused, leading to
reduced mobility and increased pain (Guo, Wang et al. 2018). RA is typically a symmetrical
disease, a feature that is usually part of the diagnosis of the disease, along with the presence of

active inflammation, which can result in pain at rest (Guo et al., 2018).

1.3.2 Classification and diagnosis of rheumatoid arthritis

The American College of Rheumatology alongside the European Alliance Association for
Rheumatology proposed criteria in 2010 to enable consistent classification of RA in the early
stages of the disease, in order to begin effective early treatment to prevent bone destruction
and radiological progression (Finckh, Liang et al. 2006, van der Kooij, le Cessie et al. 2009).
Specifically, polyarthralgia with symmetrical joint involvement in the joints of hands and feet
was considered the most typical presentation for RA. Morning stiffness accompanied by
symmetrical inflammation was also considered as a baseline common symptom for RA. To
confirm the diagnosis of RA joint erosion must be present. This is shown as bone erosion, a peri-
inflammatory destructive bone lesion that radiologically refers to a break in cortical bone with
destruction of the natural barrier between the extra skeletal tissue and the bone marrow
compartment. The criteria set out by ACR, and EULAR only accepts clinical examination with the
presence of definitive synovitis for diagnosis of RA. MRI and radiographic practices are used in
the prediction of the progression of RA and to aid in the distinction between RA and
undifferentiated arthritis (Colebatch, Edwards et al. 2013). The classification scoring criteria for

RA as described by ACR/EULAR 2010 are described in Table 1.
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Table 1 Classification criteria of the ACR/EULAR 2010 for diagnosis of RA (Kay and Upchurch
2012)

Joint Grading Serology Grading Acute Grading Duration  Grading
involvement phase of
(clinical reactants symptoms
synovitis)
1 large joint 0 RF and 0 Normal C 0 <6 weeks 0
anti-CCP reactive
protein
and ESR
2-10 large 1 RF or 2 Abnormal 1 >6 weeks 1
joints anti-CCP C reactive
<3 protein
and ESR
1-3 small 2 RF or 3
joints anti-CCP
>3
4-10 small 3
joints
>10 joints 5

*RF=rheumatoid factor, anti-CCP= anti-cyclic citrullinated peptide, ESR=erythrocyte
sedimentation rate. Depending on the grading on each individual category (joint involvement,
serology, acute phase reactants and duration of symptoms) an overall score is produced. If the
sum of the grades is equal or higher than 6 then the patient can be diagnosed with definitive

RA.

1.3.3 Treatment and management of rheumatoid arthritis
In the UK, the strategy for RA treatment is one of ‘treat-to-target’ and aims to achieve disease
remission or low activity. First line management for patients suffering from RA is therefore
administration of conventional disease modifying anti-rheumatic drugs (cDMARDs) such as

methotrexate alone or in combination with other cDOMARDs (e.g., leflunomide, sulfasalazine or
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hydroxychloroquine). The most common traditional DMARD is methotrexate (MTX), an analogue
to folic acid that inhibits dihydrofolic acid (FH2) conversion to folinic acid (FH4). MTX is an
effective DMARD working through immunosuppression, but that has potentially dangerous side
effects such as liver problems, cirrhosis, and bone marrow deterioration. However, when
compared to other DMARDs the incidence of these side effects is relatively low (Tian and
Cronstein 2007). Hydroxychloroquine (Plaquenil) is one alternative to MTX; an antimalarial drug
that decreases the expression of pro-inflammatory cytokines from monocytes (Silva, Mariz et al.
2013).

If this treatment does not achieve remission or low disease activity, then the biological/synthetic
DMARDs that primarily target TNF-a are prescribed. One of the main targets of the biological
DMARDs is TNF-a, an inflammatory cytokine elevated in the joints of people with RA. Etanercept
(TNF-a inhibitor protein), infliximab (chimeric anti- TNF-a antibody) and adalimumab
(monoclonal antibody against TNF-a) promote alleviation of symptoms by blocking the migration
of inflammatory cells in the joints. It is common for these drugs to be used in conjunction with
other DMARDs such as MTX, and their efficacy in reducing disease activity and halting the
progression of joint destruction in RA is great (Gay, Clarke et al. 2010, Lis, Kuzawinska et al. 2014,
Perpétuo, Caetano-Lopes et al. 2017). Adverse effects associated with the biologic DMARDs can
be serious, particularly in people with cardiac conditions, and also include neurological effects
and increased risk of infection (Tovey and Lallemand 2011, Rein and Mueller 2017, den Broeder,
van Herwaarden et al. 2018). Previously DMARDs have been considered to cause lymphomas as
an adverse effect, however, after a study in 2021, namely on (Hellgren, Di Giuseppe et al. 2020),
they showed that bDMARDs do not further heighten the risk of lymphoma but rather reduce the
lymphoma risk in RA.

Even when the disease is well controlled by DMARDs a significant proportion (~30%) of people
with RA still experience pain (Altawil, Saevarsdottir et al. 2016). In these circumstances, RA pain
is controlled by non-steroidal anti-inflammatory drugs (NSAIDs), either traditional drugs such as
acetylsalicylate (aspirin) or ibuprofen or selective Cox-2 inhibitors. As effective as these NSAIDS
can be, for instance, aspirin one of the longest NSAIDs used against RA due to inhibition of
prostaglandins, adverse effects such as tinnitus, hearing loss, renal damage, and gastric
ulceration are major concerns. Selective COX-2 inhibitors (e.g., Celebrex) have also been used as
a potential drug depending on the risk of adverse events with traditional NSAIDs (Ong, Lirk et al.

2007). They are only used when the risk of the traditional NSAIDs is high, for example when there
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is an existing kidney disease. If prescribed with proton pump inhibitors, the adverse effects are
not high for the traditional treatments, and the adverse effects with Cox-2 selective inhibitors
are not significantly lower in most people (Ong, Lirk et al. 2007). Some opioid analgesics have
been used and played a role in an effective but short management of RA pain however the
adverse effects far outweigh the benefits. UK recommendations are that the evidence does not
support the use of opioids for the treatment of RA pain

(https://www.nice.org.uk/guidance/ng100/evidence/evidence-review-g-analgesics-pdf-

4903172324). Weak opioids could be considered such as codeine, dextropropoxyphene, and
tramadol, however, great care must be exercised by practitioners and patients a practice
however that is not as common in UK (Richards, Whittle et al. 2012, Whittle, Colebatch et al.
2012).

Systemic, intramuscular, and intraarticular corticosteroids have been used with success to
combat local symptoms of inflammation (Combe, Landewe et al. 2017). The underlying
mechanism includes the inhibition of phospholipid release, decreasing the activity of eosinophils
and thus decreasing the levels of inflammation. Due to adverse effects such as suppression of
the hypothalamic-pituitary-adrenal axis (HPA) great care is advised when corticosteroids are
being prescribed (Liu, Ahmet et al. 2013), and they are only recommended in the UK for the
management of short-term flares, or where other drug treatments have been discussed and not
taken up, and/or failed.

Finally, surgery is also used in the treatment of RA, particularly in the case of persistent pain and
synovitis, loss of joint function, and joint deformity. Total joint replacement is however often
only available to people with “end-stage” RA pathology with severe pain, joint destruction and

deformity and compromised function, although this is not always the case.

1.4 Osteoarthritis

1.4.1 Aetiology and pathophysiology of OA

According to OARSI, OA is a disorder that involves joints, and it is associated with cell stress as
well as extracellular matrix degradation. These changes are initiated by injury which in turn
initiate repair responses and pro-inflammatory pathways of innate immunity. Manifestation and

progression of the disease includes abnormal joint tissue metabolism, anatomic and physiologic

31


https://www.nice.org.uk/guidance/ng100/evidence/evidence-review-g-analgesics-pdf-4903172324
https://www.nice.org.uk/guidance/ng100/evidence/evidence-review-g-analgesics-pdf-4903172324

alterations such as cartilage degradation and bone remodelling, and joint inflammation
(https://oarsi.org/research/standardization-osteoarthritis-definitions).

Osteoarthritis (OA), the most common form of arthritis is a disease of the aged population. It is
a chronic condition that can affect any joint, but it occurs most often in the knees, hips, lower
back and neck, small joints of the fingers and the bases of the thumb and big toe (Heidari, 2011).
Development of OA is linked to previous trauma and can affect athletes, members of the military
and people who work physically demanding jobs. Age, weight, and trauma to the joint due to
repeating movements, in particular, squatting and kneeling are common risk factors of OA, but
the precise aetiology of the disease is not completely understood. Knee OA has been thoroughly
researched since it is highly prevalent when compared to the other types (e.g., hip OA), but also
since it can be presented at younger age groups. The occurrence of knee OA is positively related
to age and further increases with the higher expectancy of life as well as the higher average
weight of the population (Heidari 2011). OA is characterised by stiffness and pain on movement,
particularly after periods of immobility. There may also be ‘flares’ when joints become inflamed,
and these are usually painful.

Although OA has long been regarded as a degenerative disease of the cartilage, recent studies
have shown that the pathophysiology of OA is more complex than initially thought, with all the
tissues in the synovial joint being involved in the pathogenesis (Loeser, Goldring et al. 2012,
Aspden and Saunders 2019) re-examined the idea of OA being characterised as a joint disorder
than a cartilage disorder suggesting that changes encountered in the bone and soft tissue of the
joint alongside cartilage changes promote a more balanced approach for characterizing OA as a
joint failure disease.

Current estimates suggest that cases of OA will increase in the future, due to longer life
expectancy, increased levels of obesity in the population and sports injury. There are no existing
disease-modifying osteoarthritic drugs (DMOADs) (see also section 1.4.6 treatments for OA), and

thus OA represents a significant clinical unmet need.

1.4.2 Classification and diagnosis of osteoarthritis

Two distinct classification grades exist for OA; idiopathic OA (or primary) where no obvious cause
of the disease can be identified, or secondary OA where joint trauma or medical conditions such

as inflammatory arthritis can be identified as a precipitating factor (Altman, Asch et al. 1986,
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Gelber, Hochberg et al. 2000). While OA can affect single joints (monoarticular OA), it can also
affect more joints in the human body and in this case, it is classified as generalized OA.

The different clinical and pathological OA classification criteria were defined in 1986 by the
American College of Rheumatology (Altman et al., 1986), as illustrated in Table 2. Joint pain is
the main clinical criteria present in all the diagnosis for knee joint OA alongside a combination
of clinical radiographic and pathological features. The European League Against Rheumatism
(EULAR), have defined a standard procedure to identify and diagnose knee OA which includes
high importance clinical signs such as (knee) pain, morning stiffness, reduced function, and bone

growths/ enlargement (osteophytes) (Zhang, Nuki et al. 2010).

Table 2 The ACR criteria to identify idiopathic osteoarthritis of the synovial knee joint table
(adapted from Altman et al., 1986)

*Synovial fluid signs of OA include viscous or clear and white blood cells below 2000.mm3

Clinical and laboratory Clinical and radiographic Clinical

Knee pain Knee pain Knee pain

At least 5 of: Osteophytes At least 3 of:
Age>50 At least 1 of: Age>50

Stiffness Age>50 Stiffness

Crepitus Stiffness Crepitus

Bone tenderness Bone tenderness
Bone enlargement Bone enlargement
No palpable warmth No palpable warmth

Synovial fluid signs of OA

1.4.3 Articular cartilage changes in osteoarthritis

Articular cartilage damage is a key pathology in OA, but given its aneural nature, and the lack of
correlation between radiographic joint changes, and pain (Felson 2005, Hill, Hunter et al. 2007),
destruction and loss of cartilage itself is unlikely to be the direct cause of pain (Swales, Athanasou

et al. 2014).
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Degradation of cartilage is a major pathological feature of OA and can be measured histologically
with a grading system developed by Mankin (Mankin, Dorfman et al. 1971), using a scale from 0
(normal) to 6 (complete degradation). Currently, OARSI grades are more commonly used for the
evaluation of cartilage damage as described in Li et al., 2021 (Li, Liem et al. 2021).

Early OA — (normal cartilage, or beginnings of surface fibrillation, loss to surface, normal
chondrocytes, or slight hypercellularity, normal matrix, or slight loss of constituents and
structure).

Characteristic evidence of OA progression in the cartilage includes surface fibrillation and loss of
cartilage surface (Pesesse, Sanchez et al. 2011). In early OA, overexpression of collagen type 2
and aggrecan synthesis by chondrocytes is evident (Swales, Athanasou, & Knowles, 2014).
Molecular changes in the structure of cartilage proteoglycans are also evident in OA or
inflammatory arthritis without OA (Malfait and Schnitzer 2013). In healthy joints aggregated
proteoglycans are present, which disaggregate following cartilage damage, resulting in increased
hydraulic permeability, and chondromalacia and loss of cartilage stiffness (Franz, Hasler et al.
2001). This cartilage softening is a key early pathological feature of OA and is also evident at
macroscopic inspection of the knee joint.

Moderate OA - (clefts, chondrocyte clusters, loss of matrix, changes in tide mark)

As the disease progresses, release of proteolytic enzymes and matrix metalloproteases (MMPs)
from chondrocytes, results in further degradation of the cartilage (Reboul, Pelletier et al. 1996).
Signalling through receptors such as the Fibroblast growth factor-2 (FGF-2) (Nummenmaa,
Hamalainen et al. 2015), or the activin-like kinase 5 receptor ALK5 affect the levels of MMP13
(Blaney Davidson, Remst et al. 2009). More specifically, as OA progresses, chondrocytes become
hypertrophic and cluster, which is associated with increased levels of MMP13 and expression of
collagen type X (Aigner, Reichenberger et al. 1993, Sandell and Aigner 2001, James, Appleton et
al. 2005). As a result of these changes, clefts perpendicular to the cartilage surface develop,
which can penetrate as deep as the calcified layer in advanced OA. The loss of integrity in the
collagen network and ECM, as well as reduced adhesion of chondrocytes, results in increased
water content in the cartilage (Berberat, Nissi et al. 2009).

Advanced OA — (cartilage disorganisation, hypocellularity, loss of matrix, calcification, loss of
tidemark, loss of cartilage). Calcification of the cartilage and duplication of the tidemark. In end

stage OA, complete loss of articular cartilage can be observed.

34



Vascular and neuronal invasion into clefts in the cartilage (Aso, Shahtaheri et al. 2020) can be
identified as a potential mechanism of OA pain. Cartilage tidemark breaching was evident in 43%
of TKR cases compared to only 11% of non-OA control cases (Suri, Gill et al. 2007). Phenotypic
modification of chondrocytes to express angiogenic factors, such as vascular endothelial growth
factor (VEGF) may play a crucial role in vascular invasion (Murata, Yudoh et al. 2008). NGF
production has been identified as a mediator for innervation of the damaged cartilage alongside

the blood vessel invasion in late-stage OA.

1.4.4 Synovial inflammation in osteoarthritis

Inflammation in the synovium, synovitis, is now a well-recognised feature of OA in both early
and late stages (Smith, Triantafillou et al. 1997). Synovitis in OA can present with varying levels
of inflammation and can be either episodic or persistent.

Synovitis can be observed from the stages of early OA. During OA synovitis, synovial histology is
altered, characterised by an increase in the thickness of the synovial lining, now comprising by
more than 7 cells deep, accompanied by cellular hypertrophy and hyperplasia, and characterised
by the presence of CD4 positive lymphocytes or T helper cells and CD68 positive macrophages,
increased angiogenesis and vascularisation associated with increased expression of angiogenic
factors such as VEGF-A, and synovial tissue expansion (Benito, Veale et al. 2005). Infiltrating
macrophages form multinucleated giant cells (MGCs), that are present in increased numbers in
OA and RA. Macrophages and MGCs produce many of the pro-inflammatory cytokines important
in OA progression (Mathiessen and Conaghan 2017). In severe cases, lymphoid aggregates may
also be observed (Haywood, McWilliams et al. 2003). Synovial inflammation in end-stage OA has
a positive relationship with the degree of synovial angiogenesis and VEGF-A expression in
macrophages and synoviocyte-like fibroblasts. Synovial tissue for histological examination can
be obtained during arthroplasty in patients with symptomatic OA (Myers, Brandt et al. 1990,
Haywood, McWilliams et al. 2003). Synovitis can often be present before evidence of cartilage
damage in OA (Mathiessen and Conaghan 2017), and products of cartilage damage cause
synovial inflammatory responses, showing complex interactions of changes in different parts of

the joint in OA.
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1.4.5 Inflammatory mediators in osteoarthritis

There are many important pro-inflammatory mediators released in osteoarthritic joints, such as
cytokines, chemokines, matrix metalloproteases (MMPs) and growth factors that contribute to
the propagation and maintenance of inflammation and joint damage in OA, leading to a complex
OA pathogenesis. This thesis cannot give a fully comprehensive list of all mediators potentially

involved, so | concentrate on the major cytokines, chemokines, and growth factors here.

1.4.5.1 Cytokines

Cytokines are glycoprotein molecules secreted from inflammatory cells inducing inflammation,
that can have both pro-inflammatory and anti-inflammatory profiles, and that are strongly
associated with the maintenance and progression of OA (Zhang and An 2007, Kapoor, Martel-
Pelletier et al. 2011).

Two of the most studied pro-inflammatory cytokines in the context of OA pathogenesis are
tumour necrosis factor-alpha (TNF-a) and interleukin-1 beta (IL-1B), both of which are also
targets for bDMARDSs treatment in RA. Synovial, and inflammatory cells and chondrocytes can all
secrete these cytokines (Sellam and Berenbaum 2010). IL-1B and TNF-a can also trigger the
release of other cytokines such as IL-6 or IL-8, leukocyte inhibitory factor and COX-2 (Fernandes,
Martel-Pelletier et al. 2002, Fehrenbacher, Burkey et al. 2005, Goldring and Otero 2011). MMP
gene expression and growth factor expression, such as NGF and VEGF-A, have also been proved
to be related to the actions of TNF-a and IL-1 (Fernandes, Martel-Pelletier et al. 2002, Honorati,
Cattini et al. 2004).

IL-1B and TNF-a activate downstream signalling pathways such as the nuclear factor kappa-b and
the p38 mitogen-activated kinase pathway (Albert S. Baldwin 1996, Kapoor, Martel-Pelletier et
al. 2011). The role of these pathways in inflammation is facilitated through activation of different
pro-inflammatory cytokines including IL-2, IL-6, IL-8, IL-12, and interferon gamma IFN-y) (Albert
S. Baldwin 1996, Roman-Blas and Jimenez 2006). Cytokines, e.g., IL-6, are positively related to
heighted pain sensitivity in people with inflammatory OA (Wojdasiewicz, Poniatowski t et al.
2014), and can act directly on nociceptive neurons (Schaible 2014). Other cytokines, such as IL-
17 can induce the production of chemokines e.g., IL-8, from cells including chondrocytes and
synovial fibroblasts, implying a catabolic role for some chemokines in OA pathogenesis

(Honorati, Bovara et al. 2002).
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1.4.5.2 Chemokines

Chemokines are cytokines with distinct chemotactic properties, that can induce movement of
immune cells such as macrophage, monocytes, and lymphocytes, to and from inflammatory
tissue (Haringman, Gerlag et al. 2006, Zhang and An 2007, Wojdasiewicz, Poniatowski t et al.
2014). There are four chemokine groups in the chemokine family; C-C chemokine group,
including the monocyte chemotactic protein (MCP) and the macrophage inflammatory protein
(MIP); the C-X-C group, which includes example members such as the chemokine ligand 1/2/5/10
(CXCL1, CLXCL2, CXCL5, CXCL10); the C group including lymphotactin; and finally, the CXXXC
chemokine group with fractalkine being an example member (Zhang and An 2007). Some
chemokines are associated with increased pain states in OA, for example, MCP and CCL2
(monocyte chemoattractant protein 1/chemokine ligand 2) are associated with increased pain
scores in patients (Cuellar, Scuderi et al. 2009). Fractalkine, the only member of CX3C, is detected
in the synovial fluid of people with OA, and fractalkine levels are positively related to the severity

of OA (Zou, Li et al. 2013, Wojdasiewicz, Poniatowski t et al. 2014)

1.4.5.3 Matrix metalloproteases (MMPs)

Matrix metalloproteases (MMPs) are part of a larger family of zinc dependent endopeptidases,
classified into 5 groups described in Table 3 (Murphy, Knduper et al. 2002, Park, Lee et al. 2004).
During inflammatory OA, MMPs have been identified as enhancers of joint destruction through
proteolytic matrix degradation (Park et al., 2004), while inducing inflammation through
upregulation of other cytokines and chemokines (McQuibban, Butler et al. 2001, McQuibban,
Gong et al. 2002).

Table 3 Classification of the different groups of matrix metalloproteases with their individual

family members

Matrix metalloprotease group Family members
Collagenases MMP1, MMP8, MMP13
Gelatinases MMP2, MMP9

Stomelysins MMP3, MMP10, MMP11
Membrane type MMP14/15/16/17, MMP24
Other MMP7/11/12/20/23/28
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1.4.5.4 Growth factors

Several different growth factors are involved in the development and maintenance of OA, with
prime examples including NGF (nerve growth factor), transforming growth factor (TGF)-B and
vascular endothelial growth factor (VEGF) -A (for detailed overview, see section 1.6) (Ferrara and

Henzel 1989, Tsuchida, Beekhuizen et al. 2014).

1.4.5.5 Nerve growth factor

NGF is a member of the neurotrophin family and is essential in the development of the
sympathetic and parasympathetic neuronal growth as well as the survival of the nervous system
(Levi-Montalcini 1987). Previously published data support the role of NGF as the origin and
maintenance of hyperalgesia particularly in inflammatory conditions (Woolf, Ma et al. 1996).
During arthritis, the NGF levels are elevated in the synovial fluid of patients with symptomatic
OA (symptoms include joint pain, aching, and stiffness) (Halliday, Zettler et al. 1998, Barthel,
Yeremenko et al. 2009, Raychaudhuri, Raychaudhuri et al. 2011). Evidence suggests that NGF
increases nociceptor excitability and pain behaviour in OA, thus mediating inflammatory pain
through this pathway (Ashraf, Mapp et al. 2014). Clinical trials that blocked NGF using specific
antibodies against the growth factor have shown successful reduction of pain in patients with
severe OA, also suggesting a link between NGF and symptomatic OA. Inflammatory mediators
that are upregulated in inflammation and damaged tissue (IL-1B and TNF-a for example)
promote the expression of NGF in surrounding cell types such as macrophages and synoviocytes
(Barthel, Yeremenko et al. 2009, Takano, Uchida et al. 2019) (which in turn binds to TrkA
receptors (tyrosine kinase receptors) (Kras, Weisshaar et al. 2015, Nwosu, Mapp et al. 2016)
inducing further release of other inflammatory molecules and NGF (Bruno and Cuello 2006,
Sellam and Berenbaum 2010). This interaction induces pain transmission through NGF, which

further induces peripheral sensitization of nociceptors leading to hyperalgesia.

1.4.5.6 Transforming growth factor (TGF)-8

TGF-B regulates functions in healthy and disease states such as cell proliferation, formation and
repair of tissues and inflammation. Three distinct peptides are recognised namely TGF-f1, TGF-
B2, and TGF-B3 (Newfeld, Wisotzkey et al. 1999). Deficiencies of these peptides leads to
developmental issues in mice, for instance TGF-B1 deficiency results in lethal knock outs due to

defective endothelial differentiation (Dickson, Martin et al. 1995). TGF-B2 knockout mice show
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developmental defects of the heart, spinal column, eye, and inner ear while being lethal shortly
after birth (Sanford, Ormsby et al. 1997). TGF-B3 knockout mice exhibit defectiveness in lung
development, with a cleft palate, and are lethal shortly after birth (Proetzel, Pawlowski et al.
1995).

Healthy synovial joints and more specifically articular cartilage contain large quantities of TGF-B,
with TGF-B1 representing 60%-85% (Albro, Nims et al. 2013). When sufficient mechanical force
is applied in the joint TGF-B is released from its latency binding peptide (LAP), however as soon
as 2 hours after the mechanical stimuli the active TGF-B signalling is reduced to the initial levels
(Zielinski, Bartels et al. 2000, Hinz 2009, Hinz 2015).

In OA joints, TGF-P is upregulated in synovial fluid by proteolytic activation and has been found
to be overexpressed (Aida, Maeno et al. 2006). Overexpression of the growth factor activates
cells that are not normally exposed to high levels of TGF-B, leading to altered cell differentiation
and leading to hypertrophic cells. This event occurs through the Smad1/5/8 pathway, leading to
the growth factor losing its protective effect on the cartilage. Such events promote the
inflammatory profile and destruction of the joint leading to extended inflammation (Retting,

Song et al. 2009, Finnson, Parker et al. 2010, Hellingman, Davidson et al. 2011).

1.4.5.7 Vascular endothelial growth factor

Multiple studies have shown that VEGF-A is involved in the pathogenesis of arthritis, mainly
because the principal function of VEGF-A is the ability to promote the growth of vascular
endothelial cells (ECs) (Ferrara and Davis-Smyth 1997) in angiogenesis in inflammation.
However, the functions of VEGF-A are not limited to angiogenesis and vascular permeability
(Senger 2010), for example it can also affect the function of immune cells and consequently
affect the host response to inflammation or tumours (Goel and Mercurio 2013). VEGF-A is
expressed by many cell types in addition to endothelial cells, such as fibroblasts, platelets,
neutrophils, macrophages, (Peach, Mignone et al. 2018) neurons (Beazley-Long, Hua et al. 2013),
and astrocytes (ljichi, Sakuma et al. 1995). VEGF-A is best known for its actions on endothelial
cells and blood vessels, through which it promotes physiological and pathological angiogenesis.
These actions are important in physiological angiogenesis, such as in wound healing and in the
reproductive systems (Shibuya 2013), and pathological angiogenesis promoting tumour growth

(Florea, Mottaghy et al. 2021), neovascularisation in retinal diseases such as diabetic retinopathy
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and age-related macular degeneration (Sadda, Guymer et al. 2020), in diabetic renal disease (Cai,
Chatziantoniou et al. 2021), and in RA and OA (Le and Kwon 2021).

VEGF-A is increased in the serum of RA patients (Nakahara, Song et al. 2003), and VEGF-A levels
in synovial fluid and serum correlate well with arthritic disease activity in both late-stage OA and
RA and are strongly associated with the number of swollen joints (Sokolove and Lepus 2013).
VEGF-A expression is induced in synoviocytes by hypoxia, and inflammatory mediators (Jackson,
Minton et al. 1997). Synovial tissues of people with arthritis show increase numbers of
macrophages, as well as fibroblasts and macrophages show increased expression of VEGF-A
(Hamilton, Nagao et al. 2016). In more advanced OA, VEGF-A contributes to articular cartilage
degeneration, and neurovascular invasion, increased migration, and activity of macrophages in
synovium, and activation of fibroblasts and neutrophils that contribute to a feed-forward loop
that increases the levels of cytokines and VEGF-A, amplifying the inflammatory response
(Hamilton, Nagao et al. 2016, Nagao, Hamilton et al. 2017). VEGF-A has multiple splice variants
of varying amino acid length, with different potential functions and tissue distributions. Vascular
endothelial growth factor isoforms VEGF1;1 and VEGFies are expressed in RA synovium (the
number denotes the number of amino acids in the variant) (Pufe, Petersen et al. 2001), and
different isoforms like VEGF1,1and VEGF189 are found in osteoarthritic cartilage (Pufe, Petersen
et al. 2001).

As vascular endothelial growth factor, its splice variants and their contribution to inflammation
and pain in arthritis is the main focus of this thesis, greater detail on the complete VEGF family,

its splice variants and the function of the family members is given in sections 1.6 below.

1.4.6 Management and treatment of osteoarthritis

Even though several different treatments for OA exist, given its complex disease process no cure
has yet been developed. Management of the symptoms requires a holistic approach, with a
combination of pharmacological and non-pharmacological treatments to alleviate symptomes,
inflammation, pain and increase joint mobility as well as quality of life. Table 3 shows a schematic
analysis for the roadmap of treatments currently available and recommended for patients with
OA in the USA. Similarly, in UK patients diagnosed with OA are offered first non-pharmacological
treatment (exercise, weight loss, electrotherapy, acupuncture), before being offered

pharmacological management such as oral analgesics (NSAIDs, Cox-2 inhibitors), topical
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treatments or intra-articular injections. Following this the patients may be referred for
consideration for joint surgery.

Initially people with OA are provided with the core treatment strategy, consisting of non-
pharmacological modalities. In the case of no remission of symptoms and pain, pharmacological
options may be prescribed, and in the severe cases of OA, when the pain is assessed as an 8/10
in a pain questionnaire from the patients, surgical treatment may be offered. Of course, each of

these treatments have adverse effects which are described in Table 4.

Table 4 Flow chart for the diagnosis of OA based on the classification criteria used by the
American College of Rheumatology

* Education, exercise, life-style changes, weight loss, orthopedic
Non aids, physical therapy, thermotherapy

pharmacologica
| management

* Paracetamol and topical non-steroidal anti-inflammatories (NSAIDS) in
conjuction with core treatments

Pharmacologica * Adverse effects:
EUFIFITE ¢ Hepatotoxicity (paracetamol)

* Oral NSAIDs/cyclo-oxygenase (COX)-2inhibitors (co-therapy with proton pumﬁ
inhibitor). Intra-articular corticosteroid injection, Opioids

* Adverse effects:
aernwespee|  * Gastric ulcers, bleeding, worsening asthma and renal toxicity (Oral NSAIDs)

QELEEERERE « Possible addiction and dependence (Opioids), possible acceleration of joint
destruction

* Osteotomy, Partial or total knee replacement R
* Adverse effects:

* Post-operative pain has been reported in some people following surgery
(total knee replacement)

* Infection, deep vein thrombosis, death -
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1.4.6.1 Non-pharmacological management of OA

The first step of the core treatment for non-pharmacological management of OA is life-style
changes. Moderate exercise is encouraged, to maintain joint motility, range of movement, and
muscle strength to stabilise joints. Weight loss is also recommended where obesity is a major
co-morbidity factor for OA (Christensen, Astrup et al. 2005). In most cases these two approaches
have shown good results, reduced pain and improving function of knee OA (Messier, Loeser et
al. 2004). Finally, combination with physiotherapy also reduces symptoms through increased

muscle strength and stability.

1.4.6.2 Pharmacological management of OA

The first option for pharmacological treatment alongside non-pharmacological management is
paracetamol, which is effective against mild to moderate OA pain. Of course, the adverse effects
of long-term paracetamol use can be dangerous providing its toxicity effects, thus OARSI
guidelines advice caution in the prescription of it (McAlindon, Bannuru et al. 2014). Of course,
this is not the only issue with paracetamol use; there is a narrow therapeutic window and the
potential for overdose, particularly in the forgetful elderly. However, at the correct dose
paracetamol is safer than NSAIDs. Similarly, NICE guidance recommends paracetamol as the first
line of treatment, alongside topical NSAIDS, before intra-articular steroid injections and opioids.
Non-steroidal anti-inflammatory drugs (NSAIDs) are primary candidates for prescription to
alleviate inflammation in the affected joints. All NSAIDs including ibuprofen and naproxen, two
core examples, inhibit the cyclo-oxygenase enzymes (COX-1 and COX-2) to reduce the synthesis
of prostaglandins, which induce inflammation and pain (Zarghi and Arfaei 2011). However,
prostaglandins are also part of the gastric mucosal defence, and integral to kidney function, thus
long-term use of NSAIDs have the potential of adverse effects in the gastrointestinal tract and
renal systems (Ofman, MaclLean et al. 2002, Harirforoosh and Jamali 2009).

In more severe OA, paracetamol and topical NSAIDs may not be effective to alleviate
inflammation and pain. In these cases, either oral NSAIDs or COX-2 inhibitors are considered
alongside therapies to avoid the adverse effects of NSAIDS, such as proton pumps inhibitors
(Scheiman 2013).

Cortico-steroid injections are recommended as adjunct treatment alongside NSAIDs in patients

with severe pain and can alleviate symptoms in patients that were not responding in the previous
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treatments (Raynauld, Buckland-Wright et al. 2003). However, due to the nature of the
corticosteroids, the injections should be offered up to four times a year.

Injections with hyaluronic acid (a natural protein component of cartilage and synovial fluid) have
similar efficacy to NSAIDs, while reducing the potential adverse effects (Ishijima, Nakamura et
al. 2014), however, there are studies suggesting that hyaluronic acid is not effective (McAlindon,
Bannuru et al. 2014), with OARSI suggesting caution when prescribed and not recommending it
for use. Contrary to that, recent publications such as (Bucci, Chen et al. 2022), suggest that HA
injections are effective in delaying TKR, like glucocorticoid.

All the OA treatments used and described primarily target pain control, and none are capable of
affecting OA disease progression. There are therefore many treatment strategies in active
development for both alleviation of pain and modification of disease.

Anti-nerve growth factor (NGF) however, has been reported to alleviate pain in patients suffering
from rapidly progressing OA (Lane, Schnitzer et al. 2010, Sanga, Katz et al. 2013), however, it

carries the risk of aggravating the structural progression of OA (Miller, Block et al. 2017).

1.4.6.3 Total-knee replacement surgery

In end stage OA, and when pharmacological treatments are not effective in alleviating the
symptoms (severe pain, stiffness, disability, loss of function) surgical treatments are indicated.
These can include osteotomy, which attempts to shift the weight borne from the diseased area
to a healthy compartment of the knee joint, and joint replacement surgery to replace either part
or the whole diseased knee joint (uni-compartmental knee replacement for the former, and TKR
for the latter).Of course, it is important to note that the treatments suggested here are not
necessarily sequential; not every patient is treated with osteotomy before knee replacement).
However, patients experience post-surgical pain 3 years after the replacement surgery. A study
by Wylde et al. (Wylde, Rooker et al. 2011) showed that 44% of patients experienced pain 4 years
after arthroplasty with 6% experiencing severe neuropathic pain. In a re-examination of the
same concept in 2018, (Wylde, Beswick et al. 2018) approximately 20% of patients experience

chronic pain after TKR.
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1.5 Osteoarthritis and pain

1.5.1 Innervation of the knee joint

Both sensory and sympathetic nerves innervate the knee joint (Gardner 1948). The majority of
the synovial joint is innervated by low (touch/pressure sensitive) and high threshold
(nociceptive) sensory neurons (Dye, Vaupel et al. 1998), including but not limited to the
synovium, fat pad, the subchondral bone, and the joint capsule (Lehner, Koeck et al. 2008). The
articular cartilage is however aneural (Amin, Guermazi et al. 2008, Ashraf, Mapp et al. 2011,
Ashraf, Wibberley et al. 2011). There is very little known about why cartilage remains aneural
unless damaged, but proteoglycans seem to maintain the non-innervation of the cartilage, as
loss of proteoglycan from cartilage is associated with increased vessel and nerve growth in
intervertebral discs (Binch, Cole et al. 2014, Pecchi, Priam et al. 2014). Moreover, NGF is
expressed in deep normal chondrocytes in the knee joints however it is not clear why its
expression does not translate to innervation (Gigante, Bevilacqua et al. 2003).

Sensory nerves have cell bodies in the dorsal root ganglia, and long fibres (in humans > 1m in
length innervating distal areas) which function to convey sensory information from the

peripheral innervated areas to the central nervous system.

Table 5 and 6, show the classification and properties of sensory neurons (Eitner, Hofmann et al.
2017).

Large, myelinated Aa and AP fibre neurons (also known as group | and |l afferents) are rapidly
conducting (>30m.sin larger animals) and are predominantly low threshold mechanoreceptors,
primarily supplying proprioceptive information from joints (Julius and Basbaum 2001). Aa fibres
innervate muscle spindles rather than joint tissues. In joints, AB fibres innervate the capsule and
subcapsular tissues, and are activated by low intensity stimulation such as joint movement in
the normal range. Although nociceptive AB fibres can represent up to 30% of the nociceptive
innervation in some tissues such as skin (Djouhri and Lawson 2004), there are very few reports
of AB nociceptors innervating joints or contributing to arthritic pain. It is unclear whether /how
they contribute to joint pain as the small number of available studies reports are contradictory

(Schaible and Schmidt 1988, Dorn, Schaible et al. 1991, Wu and Henry 2010).
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Joint Ab fibre neurons (also known as group Ill neurons) are characterised by a fast conduction
speed of 12-30m.s?, and can have low threshold or nociceptive properties, i.e., they are
activated by actual, or potential tissue damaging stimuli. Cutaneous Ad fibres are classified as
Types | and Il, both of which are mechanosensitive but with different thresholds (Table 5). Type
I Ab fibres are thought to mediate ‘first pain’, rapidly perceived, well localised sharp pain, and
contribute to acute noxious spinally-mediated withdrawal reflexes (Ploner, Gross et al. 2002).
Ab fibres respond to both normal joint movement, and noxious movements outside the normal
range, and can also become sensitised at rest and to movement and direct stimulation in arthritis
(Coggeshall, Hong et al. 1983, Schaible and Schmidt 1985, Schaible and Schmidt 1988, Okun, Liu
et al. 2012).

C fibre neurons (or group IV neurons) have unmyelinated fibres with slower conduction
velocities <1.4 -2 m.s? depending on species. There are several groups of identified C fibre
sensory neurons that respond to different modalities of stimuli, both noxious (high threshold,
tissue damaging) and innocuous (Table 5-6). C fibre nociceptors mediate ‘second pain’, slower,
longer lasting poorly localised burning aching pain that can often result in incapacity. C-fibre high
threshold mechanoreceptors (HTM), C-polymodal, and C-unresponsive, also known as ‘silent’
nociceptors are all important in arthritis pain (Coggeshall, Hong et al. 1983, Schaible and Schmidt
1985, Schaible and Schmidt 1988, Okun, Liu et al. 2012, Neogi, Guermazi et al. 2016).

Both Ab fibres and C fibres, can be activated by either mechanical or thermal stimuli, with a main
difference being the higher threshold for activation evident in the C fibres (Voscopoulos and

Lema 2010).
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Table 5 Classification and properties of sensory neurons (Julius and Basbaum 2001)

Response properties of primary afferent neurons

Modified from Julius and Basbaum, Nature 2001
Thermal threshold Mechanical threshold

I~ Aa and Ab fibres None Low
'.. (non-nociceptive) (NR not responsive)

Myelinated
Large diameter
Proprioception, light touch

/@\ ) Aband Ad fibres Type | (AMH/polymodal)(Ab& Ad)
'. (nociceptive) High >53°C Low (‘First pain’)
@ Myelinated (thick —thin)
NICK = ype Il (AMH) (all Ad)
U™ Large — medium diameter _ygoc (‘First pain’) V. High (?'silent or
First pain ‘unresponsive’)
. . :C
@__) Cfibres C-HTM High~43°C High T
, C-heat High _g-
Unmyelinated C-cold Low ~6°C =
Small diameter C-polymodal  High High 3
. Nociception _  _ c-unresponsive’ NR ______________ NR______ P
'InnOCUOLIS temperafure, C-cool/warm Low NR
itch C-pruriceptive NR NR
‘stroking’ C-LTM NR Low

Table 6 Classification and properties of sensory neurons

Neuron Function Myelinated Diameter Innervation target

type

AB Proprioception | Yes Thick Capsule, fat pads, ligaments,
menisci

Ab Nociception Yes <5um Capsule ligaments, menisci
bone

C Nociception No <2um Capsule ligaments, menisci
bone
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1.5.2 Pain

Pain as defined by Merksey and Bogduk in 1994 is “an unpleasant sensory and emotional
experience associated with actual or potential tissue damage or described in terms of such
damage”; it is an evolutionary need to prompt us to avoid harmful stimuli from our environment.
According to IASP (International Association for the Study of Pain) (https://www.iasp-
pain.org/publications/iasp-news/iasp-announces-revised-definition-of-pain/), the definition of
pain has been expanded including 6 key notes:

e Painis a personal experience, affected by biological, psychological, and social factors.

e Pain and nociception are not the same event, since pain cannot be inferred only on

activity of sensory neurons

e The concept of pain is learnt by individuals through their life experiences

e Report of pain differs based on individuals and should always be respected

e Pain has an adaptive role, but it affects function, social and psychological well-being

e Pain can be described verbally, however inability to communicate does not translate to

inability to communicate pain

Distinct forms of pain, defined by mechanisms or clinical presentation are nociceptive,
nociplastic, inflammatory or neuropathic, which can be acute or chronic, and mediated by
peripheral and/or central mechanisms.

Pain can be characterised as brief, acute, driven by minor tissue damage excitating sensory
nociceptors before it recedes; or chronic, when the pain persists over a longer period becoming
debilitating.

Under normal conditions nociceptor terminals located in the periphery only respond to, and are
activated by high intensity mechanical, physical, or chemical potentially harmful stimuli. These
stimuli are transduced into action potentials by receptors and channels in the nerve terminals in
peripheral tissues. These mechanisms are not in the scope of this thesis, but key channels are
TRPV1 and TRPA1l in C fibre nociceptors and their involvement in heat nociception and
mechanical and chemical sensitisation respectively (Delmas, Hao et al. 2011, Khan, Khan et al.
2019), and TRPV4 and Piezo channels in mechanonociception (Tsunozaki and Bautista 2009)
(Giniatullin 2020). Signals are transmitted to the dorsal horn of the spinal cord where nociceptive
endings terminate on projection and interneurons in laminae | (C and Ad-fibres), 1l (C-fibres), IV

(AB fibres) and V (AB-fibres) (Cohen and Mao 2014, Garcia-Ramirez, Ha et al. 2021). Incoming
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signals are processed and integrated in the spinal cord, and transmitted through ascending pain
pathways (the spinothalamic, spinoreticular and spinomesencephalic tracts) to the thalamus and
then somatosensory and insular cortexes where sensation is perceived. Descending pathways
from cortex, periaqueductal grey, and rostroventral medulla can also inhibit or facilitate
processing of signals at spinal cord and higher levels (Hassan and Walsh 2013, Ossipov, Morimura
et al. 2014).

Repeat and intense stimulation of the peripheral or central nociceptive pathways marks the
remodelling of the neuronal architecture transforming the pain from an acute brief sensation to
chronic. When the nociceptor threshold is reduced resulting in altered pain processing, both the
dorsal horn and the brain centres where pain is being perceived are subject to phenotypic
alterations. Nerve damage could potentially induce neuropathic pain; chemicals secreted from
damaged tissue can sensitise the sensory endings of afferent nerves leading to development of
neuropathic pain, which in turn may lead to excitability changes within the nerves (Dickenson
2002). In OA, symptoms of neuropathic pain may be evident (lower pain thresholds) in patients,
while also pertaining a connection with joint damage from previous knee injuries (Valdes, Suokas

et al. 2014).

1.5.3 Pain and peripheral nociception in OA

The synovial joint and all its tissues, except the articular cartilage, are innervated by nociceptive

fibres (McDougall 2006, Hunter, Guermazi et al. 2013). Theories of pain generationin OA include:

1.5.3.1 Joint tissue remodelling and destabilisation.

Bone changes, such as osteophytes, sclerosis and cysts are some of the main alterations in the
remodelling of the articular joint happening in OA (Sofat, Ejindu et al. 2011). Loss of articular
cartilage results in joint space narrowing alongside subchondral bone defects, osteophyte
formation and synovitis (Woldin B. Pain in osteoarthritis: can prolotherapy help? Pain 2014;
24:17). Studies show that pain has a strong association with bone marrow lesions, synovitis, and
joint effusion, but a weaker association with cartilage damage (Felson, Chaisson et al. 2001, Hill,

Gale et al. 2001, Kornaat, Bloem et al. 2006, Baker, Grainger et al. 2010).
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1.5.3.2 Inflammatory pain mechanisms.

During inflammation pro-inflammatory mediators are released from local damaged cells and
tissues, and from infiltrating immune cells and local nerve terminals. Tissue injury and immune
cell infiltration and activation results in release of multiple mediators including the
prostaglandins, ATP, bradykinin, serotonin, and NGF, into synovial joints (Rang, Bevan et al.
1991). Activation of local nerve terminals stimulates neurogenic inflammatory responses and
release of neuropeptides such as substance P and calcitonin-gene-related peptide from nerve
terminals. Substance P is also released from the inflammatory cells and causes blood vessel

dilation and increased permeability, promoting inflammation.

These inflammatory mediators are induced by inflammatory cytokines and chemokines such as
TNF-a and IL-18 which not only perpetuate the inflammatory process, but also act directly on
nociceptors (Schaible et al., 2014) changing their responses, and lead to pain. Pro-inflammatory
cytokines and their association to pain has been well explored. One important example in both
inflammatory and OA is TNF-a (a mediator that is successfully targeted in treatment of RA
disease (Ma and Xu 2013)). Synovial TNF-a levels are positively associated with OA knee pain
(Stannus, Jones et al. 2013) and synovial thickening in early OA in humans (Youssef, Haynes et
al. 1997), and increased nociception in arthritis in rats (Orita, Koshi et al. 2011). TNF-a and IL-6,
another pro-inflammatory cytokine important in the pathogenesis of arthritis, strongly correlate
with pain measured on the Western Ontario and McMaster Universities Osteoarthritis index
(WOMAC) questionnaire, and joint stiffness and radiographic grading based on the Kellgren-
Lawrence scale (Orita, Koshi et al. 2011) respectively. Chemokines are also associated with pain,
with monocyte chemotactic protein (MCP-1)/CCL2 and macrophage inflammatory protein-1beta
(MIP-1B/CCLA4) being significantly associated with acute knee pain (Cuellar, Scuderi et al. 2009).
MCP-1 has been previously linked to pain behaviour in the destabilisation of the medial meniscus
model in mice (Miller Rachel, Tran Phuong et al. 2012), in active RA (Meehan, Regan et al. 2021)
and OA (Kanyama, Kuboki et al. 2000), and in the generation of neuropathic pain (Ji, Xu et al.
2009). Finally, recent data show that autoantibodies may also be involved in peripheral
mechanisms of pain in RA (Goebel, Andersson et al. 2022).

Many inflammatory mediators, chemokines and cytokines are known to act directly on
peripheral nerve terminals to sensitise and activate them by changing their excitability (Yam, Loh

et al. 2018). Sensitisation of nerve terminals in joints causes them to fire more easily, in response
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to low threshold stimuli that could be in the normal physiological range, such as normal joint
movement (Schaible and Schmidt 1985, Schaible and Schmidt 1988, Schaible 2014). Activation
causes them to fire action potentials, which may result in the perception of pain under normal
conditions if the signals are strong enough to activate cortical perceptual areas. In addition to
nociceptors becoming more excitable, a class of neurons known as silent nociceptors that cannot
be activated by physiological stimulation can become sensitised and active. Together these
changes increase the action potential barrage and nociceptive input in the spinal cord (Schaible

and Grubb 1993).

1.5.4 Synovitis and pain

Synovitis in both RA and OA is recognised as an important feature for the pathologies of both
diseases (Smith, Triantafillou et al. 1997, Haywood, McWilliams et al. 2003, Bondeson,
Wainwright et al. 2006). The synovial tissue is richly innervated with sensory nerves and is
believed to play a major role in the pathogenesis of both arthritic disease and pain, due to the
increase in inflammatory mediators described above (de Lange-Brokaar, loan-Facsinay et al.
2012), and synovial hyperplasia and invasion in RA (Mduller-Ladner, Ospelt et al. 2007). The
fluctuations in pain levels experienced by patients with arthritis are correlated to the levels of
synovitis evident in their synovial joints (Zhang, Nevitt et al. 2011). Moreover, intra-articular anti-
inflammatory drugs such as glucocorticoids (Raynauld, Buckland-Wright et al. 2003) and NSAIDs
(Pincus 2001, Boureau, Schneid et al. 2004) can reduce inflammation in arthritis, showing the
importance of synovial inflammation in OA pathophysiology. The relationship between synovitis
degree and pain is sometimes not as clear as the association between synovitis and functional
impairment (Liu et al., 2010). In late-stage OA, matrix fragments from the damaged articular
cartilage as well as loose osteophytes, may be incorporated into the synovium through
phagocytosis (Sellam and Berenbaum 2010, Swales and Athanasou 2010). This drives an
inflammatory response against the “foreign” bodies in the synovium, with pro-inflammatory
mediators diffusing into the cartilage promoting cartilage degradation (Sellam and Berenbaum

2010), resulting in release of more inflammatory molecules, and potentially increased pain.

1.5.5 Neuropathic pain.

OA pain has been considered to be part neuropathic (Soni, Batra et al. 2013). Based on definition,

a lesion affecting the somatosensory system with a plausible distribution of the pain
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corresponding to peripheral innervation, is called neuropathic pain (Treede, Jensen et al. 2008,
Thakur, Dickenson et al. 2014). Thus, a neuropathic component would imply that the neurons
innervating the joint undergo some damage, and such a condition may cause pain by itself,
independently of the pathological changes in the joint.

Questionnaires such as PainDETECT alongside description of pain by OA patients, lead to the
conclusion that approximately 34% of the individuals diagnosed with OA suffer from neuropathic
pain like symptoms such as burning pain, tingling, numbness, more referred pain, and high pain
intensity (Hochman, French et al. 2010). However, no information is available for nerve damage
in human OA. Stimuli of the QST (quantitative sensory testing) are focused on cutaneous

sensation, making assessment of sensory changes not easily diagnosable (Treede et al., 2008).

1.6 Vascular endothelial growth factors

The mammalian VEGF family includes VEGFs-A, B, C, and D, and placental growth factor (PIGF)
(Ferrara 2005, Chung and Ferrara 2011). Each of the VEGFs have distinct functions and act
through three distinct receptor tyrosine kinases, VEGF receptors (VEGFR) - 1 (a.k.a. Flt-1),
VEGFR2 (a.k.a. Flk-1/KDR) and VEGFR3 (a.k.a. Flt-4), and their co-receptors neuropilins (NRP)-1
and 2. Members of the VEGF family and its receptors are implicated in a large number of
physiological and pathological processes including both RA and OA, and solid tumours,
principally due to their actions on angio- and lymphagiogenesis, and on cellular proliferation
(Shaik, Cuthbert et al. 2020, Le and Kwon 2021).

Vascular endothelial growth factor-A (VEGF-A) A is the prototypical member of the VEGF family
and was first identified and named as Vascular Permeability Factor (Senger, Galli et al. 1983),
denoting its profound effects on extravascular fluid accumulation. VEGF- A is a key regulator in
promoting endothelial cell survival, migration, proliferation and permeability and of course
physiological and pathological angiogenesis (Ourradi, Blythe et al. 2017). Knockout of VEGF-A is
embryonically lethal, even in heterozygotes, because of its major role in the embryonic
development of blood vessels (Hiratsuka, Kataoka et al. 2005). VEGF-A is best known for its
actions on endothelial cells and blood vessels, through which it promotes physiological and
pathological angiogenesis. These actions are important in physiological angiogenesis, such as in
wound healing and in the reproductive systems (Shibuya 2013, Pang, Bates et al. 2017, Pang,
Bates et al. 2017), and pathological angiogenesis promoting tumour growth (Florea, Mottaghy

et al. 2021), neovascularisation in retinal diseases such as diabetic retinopathy and age-related
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macular degeneration (Rebhun, Moreira-Neto et al. 2020), in diabetic renal disease (Cai,
Chatziantoniou et al. 2021), and in RA and OA (Le and Kwon 2021). The functions of VEGF-A are
however not limited to angiogenesis and vascular permeability, for example it can also affect the
function of immune cells and consequently affect the host response to inflammation or tumours
(Goel and Mercurio 2013). VEGF-A is expressed by many cell types in addition to endothelial
cells, such as fibroblasts, platelets, neutrophils, macrophages, (Peach, Mignone et al. 2018)

neurones (Beazley-Long, Hua et al. 2013), and astrocytes (ljichi, Sakuma et al. 1995).

The functions of VEGF-A have been principally thought to be mediated through binding to the
vascular endothelial growth factor 2 (VEGFR2), but VEGF-A also binds to VEGFR1, thought to act
as a decoy receptor, with a 10-fold higher affinity (Lal, Puri et al. 2018). VEGFR1 is expressed in
the same cells as VEGF-A and when activated is known to exert effects such as resistance to
synoviocyte apoptosis, cell survival and proliferation, monocyte/macrophage activation and
migration (Shibuya 2001, Shibuya 2015), promotion of pathological rather than physiological
angiogenesis (Lohela, Bry et al. 2009), and of inflammation and vascular permeability (Gavard
and Gutkind 2006, Uemura, Fruttiger et al. 2021), all recognised features of OA and RA.

VEGF-B is highly expressed in the heart and skeletal muscles, and it is not necessary and sufficient
for normal development since genetic VEGF- B knockout mice had no change in mortality rates.
Interestingly VEGF-B does not promote angiogenesis, however recent studies have identified the
prominent role of VEGF-B in sensitizing endothelial cells to VEGF-A angiogenesis (Kivela, Bry et
al. 2014, Robciuc, Kivela et al. 2016). Moreover, treating cells like cardiomyocytes with VEGF-B
(which also plays a role in the nervous and the cardiovascular system) after hypoxia significantly
reduces the percentage of apoptotic cells (Zentilin, Puligadda et al. 2010).

Both VEGF-C and VEGF-D promote angiogenesis while acting on permeability through VEGFR2
and lymph-angiogenesis through VEGFR3, suggesting a critical role in neuronal and
cardiovascular development. Treatment with VEGF-C VEGF-D induces lymphatic EC
angiogenesis. Knockout of VEGF-D has no obvious phenotype, and deletion of VEGF-C is
embryonically lethal due to non-complete lymphatic vessel development (Lal, Puri et al. 2018).
Finally, PIGF, is a pro-angiogenic growth factor that binds only to VEGFR1. PIGF knockout shows
that this factor is not required for angiogenesis during embryogenesis, as knockouts show no

obvious phenotype. Interestingly, knockout of PIGF results in impaired pathological angiogenesis
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in conditions such as ischemia, (Lal et al., 2018), and evidence suggests that this results from a
loss of the synergy between PIGF and VEGF-A under such conditions (Shibuya 2011).

Activation of all the VEGF receptors is associated with events key to arthritis, particularly the
associated inflammation, including angiogenesis (VEGFR2), lymphagiogenesis (VEGFR3), and
monocyte/macrophage activation in both inflammatory and non-inflammatory conditions

(VEGFR1) (Shibuya 2015).

1.6.1 Alternative splicing and vascular endothelial growth factor-A

As mentioned in section 1.4.5.7 (growth factors in OA - vascular endothelial growth factor)
above, multiple VEGF-A splice variants have been described with different features and
potentially different functions. These are generated by alternative pre-mRNA splicing. Before |
describe the complex alternative splicing of VEGF-A and the implications of this for function, |

will first explain the relevant mechanisms of alternative splicing.

1.6.2 Splicing mechanisms — constitutive and alternative splicing

For the majority of genes in eukaryotic organisms, RNA is transcribed from DNA as pre-mRNA
and during transcription, is processed to become mature messenger RNA (mRNA). RNA splicing
is an important step of this processing, involving the removal of introns. The coding sequences
in exons are spliced together in this process to form mRNA. Currently two types of splicing are
recognised; constitutive and alternative (or regulated) splicing. The former is the process of
removing introns and recombining the exons in the order they appear in the gene to generate a
mature mRNA. Constitutive splicing is a key process in the formation of many mRNAs/proteins
necessary for normal function and often cell survival and if inhibited can result in cell death.
Inhibition of constitutive splicing is being actively explored as cancer treatment (Salton and
Misteli 2016).

Alternative splicing is a process where different exons from the same gene are combined in
mMRNAs to produce diverse mature mRNAs. Exons may be skipped, only alternative /exclusive
exons included, introns can be retained, and alternative start and stop sites used to generate
different mature mRNAs from the same gene (Wang, Liu et al. 2015). These alterations in gene
transcription increases the size of the proteome in comparison to the genes of an organism.
Current estimates suggest that the human genome contains approximately 20 - 25 000 genes,

while the number of identified proteins surpass 100 000. It is currently estimated that over 95%
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of the human genome is alternative spliced, effects that can be inhibited by developmental stage
or tissue relative factors (Chen and Manley 2009). Analysis of expression sequence tags have
revealed 6 main mechanisms of alternative splicing (Blencowe 2006). Figure 2 shows a visual

representation of these mechanisms (Donaldson and Beazley-Long 2016).

- -] -

Figure 2 Pre mRNA transcript that showcasing different splicing mechanisms. Different
colours denote different exons, with black lines expressing introns, and the dotted lines
showing splicing events. A) Constitutive splicing, with intron exclusion and exons connected.
B) Mutually exclusive exons. The result of the alternative splicing here that the same exons
can be used for different splicing results and that exons can be omitted from splicing
selection. C) Exon skipping with exon 1 or 2 being omitted from the final mRNA transcript. D,
E) alternative splice site selection; 3’ for D and 5’ for E, resulting in different 3’ or 5’
sequences. F) Intron retention, where the intron between the last two exons is retained.

Alternative splicing plays a major role in the production and function of multiple proteins, and
any potential dysregulation in the process can contribute to pathological conditions such as
cancer, dementia, and arterial disease (Ward and Cooper 2010, Zhang, Qian et al. 2021). Altered

or un-regulated splicing in pathological conditions may lead to non-functional proteins, or
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nonsense-mediated decay of mRNAs with loss of function, and changes in alternative splicing
may lead increased resistance to drugs (e.g. chemotherapy), contributing to tumour survival
(Eblen 2012). Alternative splicing can affect both normal tissues, and pathological changes,

therefore control of the splicing events is pivotal to counter dangerous pathologies.

1.6.3 The spliceosome

The process by which introns are removed, and exons may be skipped, is mediated by a dynamic
and flexible macromolecular mechanism, namely the spliceosome. It is composed of the U1, U2,
U4, U5 and U6 small nuclear ribonucleic proteins, snRNPs (Wilkinson, Charenton et al. 2020),
configured to identify the 5’ splice site. This is a branch point sequence near the 3’ end of an
intron in the nuclear pre-mRNA that contains adenosine and is responsible for combining two
exons after the intron release (Zhang, Tolzmann et al. 2011, Hoskins and Moore 2012) . The Ul
and U2 regions form a complex (namely the “A complex”) which can identify the intron by the 5’
splicing site. The complex then attaches to the pre-mRNA using interactions with other 3 snRNPs
(U4/5/6) (which form the “B complex”). Initially the U4 snRNP detaches from the complex to
begin the process of intron exclusion, before being remodelled to the “C complex” to catalytically
enable the connection of the exons in the mature mRNA (Will and Lithrmann 2011). The excised
intron decays and the components of the dismantled spliceosome are recycled (Lee and Rio
2015).

The process described above is constitutive splicing. For alternative splicing, the spliceosome is
modified by differential motifs on the pre-mRNA sequence, which alter the behaviour of the
complex. For example, the branch point sequence is an example of such a motif, where the
adenosine on the 3’-end of splice site of an intron accepts the guanosine residue at the 5’ splice
site end of the next exon, creating an intron-exon AG boundary motif at the 3’ splice site.
Upstream or downstream of these motifs, the nucleotide sequence determines whether the
splice site is weak or strong. It is interesting to note that when the spliceosome encounters a
weaker spice site, it leads to removal of the intron and the exon together (Dvinge 2018).
Several key regulators exist that can control alternative splicing and could “guide” the
spliceosome. RNA Binding Proteins (RBPs), also known as splicing factors, could regulate
alternative splicing (Fu and Ares 2014). Two of the most common RBPs encountered are the

hnRNPS (heterogeneous nuclear ribonucleoproteins) and the serine/arginine rich splicing factors
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(SR proteins). These splicing factors could bind to pre-mRNA and regulate the mRNA splicing and
thus the resulting protein (Zhou and Fu 2013).

The human SR protein family has some distinct structural features as shown in figure 3.

SRp2 _ RRM: RNA recognition motif
RRMH: RNA recognition motif
homologue

o |

Figure 3 The human serine/arginine splicing proteins. 9 human SR proteins are described here,
with their distinct morphological features. The RRM domain which is a RNA recognition motif,
the RRMH domain, with H standing for homology, the RS domain an arginine/serine rich
domain in the proteins and the Zn domain, a Zinc knuckle (Shepard and Hertel 2009).

All SR proteins contain a serine/arginine rich RS domain at the C terminus, which is responsible
for enhancing splicing. Furthermore, one of the functions of the SR domain is to facilitate nuclear
translocation of the SR protein, acting as a signal, mediating interactions between the SR protein
and the nuclear receptor transportin-SR (first paper to show this (Shepard and Hertel 2009)). The
RNA Recognition Motif (RRM) domain facilitates the recognition of small RNA sequences namely
the SREs (splicing regulatory elements) which can be enhancers of exon or intron splicing (Shen

and Green 2006, Wang and Burge 2008, Ghosh and Adams 2011).
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The hnRNPs have a competitive relationship with the SR proteins. An example of this is the
relationship between SRSF1 (also known as ASF/SF2), an SR protein that shuttles between the
nucleus and the cytoplasm depending on the phosphorylation state, and the hnRPA1 protein.
When hnRNPA1 concentration is higher than SRSF1, it antagonises SRSF1 leading to selection of
the distal splicing sites. However, when SRSF1 is upregulated, the opposite occurs with splice
site selection preferentially at proximal splice sites. The balance between such functions of
splicing factors dictates the levels, the nature, and the results of the alternative splicing within
the human body (Ladomery, Harper et al. 2007, Golan-Gerstl, Cohen et al. 2011, Gongalves,
Henriques et al. 2014).

1.6.4 Splicing kinases and arthritis

There is a large family of splicing kinases, which are involved in the assembly of the spliceosome
largely through their actions on the phosphorylation of splicing factors, such as the SR proteins.
This family of includes the cyclin-dependent-like (cdc-like) kinases CLKs 1-4, the serine/arginine-
rich protein kinases (SRPKs), and the dual-specificity tyrosine phosphorylation-regulated kinases
(DYRKs) (Qin, Qin et al. 2021).

To date, DYRK1A and CLKs 1 and 2 splicing kinases have been directly implicated in arthritis. In
humans DYRK1A is expressed in both adults and embryos, (Guimera, Casas et al. 1996) and is
implicated in both Down’s syndrome and Alzheimer’s disease (Liu, Wang et al. 2022). Recent
evidence also suggests it is involved in tumorigenesis (Rammohan, Harris et al. 2022). DYRK1A is
increased in human fibroblast like synoviocytes (HFLS) in RA, and inhibition of DYRK1A prevents
the migration, invasion, and proliferation of HFLSs (Guo, Zhang et al. 2018), as seen in pannus
formation in RA joints. It also regulates the differentiation of T-helper and T-regulatory cells
(Khor, Gagnon et al. 2015).

CLK2 and DYRK1A affect Wnt signalling (Granno, Nixon-Abell et al. 2019), which when
dysregulated causes disease in most tissues, and is implicated in cartilage and synovial changes
in OA (Qin, Qin et al. 2021). A novel Wnt inhibitor, Lorecivivint, in successful clinical trial as a
DMOAD due to its positive effects on pain, and potentially also on cartilage damage and synovial
inflammation, is thought to exert its actions through CLK and DYRK inhibition (Deshmukh,
O'Green et al. 2019, Yazici, McAlindon et al. 2020).

57



1.6.5 Control of SR proteins

The function of SR proteins is tightly regulated, denoting their essential role in health and
disease. The SR proteins themselves can also be alternative spliced, with transcripts that are
functional, or transcripts that are targeted for NMD (nonsense-mediated decay) (Ladomery
2013), which downregulates or autoregulates the functions of SRs depending on the state and
needs of the organism (more details on the autoregulation of SR proteins can be found in Results
chapter 5. In many cases, upstream mediators such as the splicing kinases influence the
expression or the active state of SR proteins, a prime example being SRSF1 which translocates
to the nucleus after phosphorylation by the serine/arginine protein kinase, SRPK1. Modifications
such as phosphorylation take place in the RS domain of the SR proteins. It is important to note
that even after phosphorylation, SRSF1 may still not be functional in the nucleus as it may be
held in nuclear speckles (Spector and Lamond 2011). CLK-1 can act to release SRSF1 from
speckles, through additional phosphorylation (Aubol, Wu et al. 2016). Briefly, the complex of the
two kinases CLK-1 and SRPK1 release SRSF1 in two distinct ways:

1. Rapid phosphorylation pathway (Figure 4). CLK-1 phosphorylates the Ser-Pro residues of the
RS domain of SRSF1, while in a complex with SRPK1, to circumvent its slow turnover number (the
number of chemical conversions at a given concentration), before releasing the splicing factor
to facilitate the spliceosome (Nowak, Woolard et al. 2008, Aubol, Wu et al. 2016).

2. Slow phosphorylation pathway. CLK-1 binds to SRSF1 at its N-terminus where it
phosphorylates the RS domain stochastically (Aubol, Plocinik et al. 2013). SRPK1 then removes
the attached CLK-1 from the N terminus, releasing the phosphorylated protein (figure 4). The
mechanisms involved in this control of alternative splicing demonstrate its complexity and

illustrate the potential number of splicing targets that could be identified and controlled.
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Figure 4 Schematic of the two potential pathways through which SRSF1 is phosphorylated by
the complex of CLK-1 and SRPK1. SRPK1 phosphorylates SRSF1 in the cytoplasm, resulting in
SRSF1 translocation into the nucleus, usually into nuclear speckles. On the left, the fast
phosphorylation pathway is shown, where a CLK-1/SRPK1 complex rapidly further
phosphorylates the SRSF1 RS domain leading to release from speckles. On the right, while in
the right is the slow phosphorylation pathway, where phosphorylated SRSF1 is hyper
phosphorylated by CLK1, and then released from the complex with CLK1 by SRPK1, allowing
release from speckles and interaction with the spliceosome. Figure adapted from (Aubol
Brandon, Wozniak Jacob et al. 2021).

There is also evidence supporting interactions between DYRK1A and SRSF1. DYRKIA
phosphorylates SRSF1 at Serines-227, 234 and 238 (Shi, Zhang et al. 2008), promoting movement
into nuclear speckles. This increases alternative splicing of 3R-tau, increasing this compared to
4R tau, which can promote neurofibrillary degeneration (Shi, Zhang et al. 2008), which is related
to Alzheimer’s disease and other neurodegenerative diseases, and suggests potential

therapeutic value of DYRK1A inhibition.

1.6.6 Control of VEGF-A alternative splicing

While there is considerable understanding of splicing kinase, and SR protein contributions to
spliceosome function and alternative splicing mechanisms, there are relatively few identified
downstream targets of specific splicing kinases. Fewer than 20 SRPK1 targets are currently

known, all of which are implicated in tumorigenesis/neoplasia (Hulse, Beazley-Long et al. 2014).
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One prominent target of SRPK1-mediated alternative splicing is VEGF-A, which is also a key factor
in RA and OA pathology. In addition to the alternative splicing that produces the different
isoform variants, SRPK1 drives the production of has two distinct splicing isoform families.
Splicing due to the actions of SRSF1, results in the VEGF-A«a and the VEGF-Axb isoforms, with
pro-angiogenic and nociceptive functions for the former, and anti-angiogenic, anti-nociceptive
functions for the latter, denoting that control of the VEGF-A splicing events could potentially lead
to new therapeutic targets for analgesia in general and new potential therapeutic targets against

inflammation in arthritis.

1.6.7 The VEGF-A families of alternatively spliced isoforms

The human VEGF-A gene has 8 exons (Figure 5) and complex alternative splicing results in two
distinct VEGF-A families. Currently, nine VEGF-A transcripts of various lengths exist in humans;
VEGF-A0s, VEGF-A1gs, VEGF-A1s3, VEGF-A165, VEGF-Assy, VEGF-A1ss, VEGF-A1s, VEGF-A1,1 and
VEGF-A;13, the 6 most studied of these are shown in Figure 5 (Woolard, Bevan et al. 2009, Guyot
and Pages 2015) .

The VEGF-Axxa family (Figure 5), where xxx denotes the number of amino acids, is the best
characterised family, the archetypal and predominant form being VEGF-Ajgsa. This is the isoform
best characterised for its actions on angiogenesis, lymphagiogenesis and vascular permeability
as described in section 1.6.

Alternative splicing affects the function of the members of the VEGF-Axa family - exons 1-5 are
key for cellular location (exon 1), ligand dimerization, VEGF receptor 1 binding and glycosylation
(exon 3), VEGF receptor 2 binding (exon 4) and plasmin cleavage. Isoforms containing exons 6
and 7 (isoforms 206, 189, 145, 143) can bind heparin, which affects whether the isoform can
easily diffuse, and binding to the co-receptor NRP-1 is facilitated by exon 7 (isoforms 206,
189,183, 165, 148) which affects the strength of VEGFR2 signalling, as engagement with NRP on
ligand binding results in full receptor activation (Woolard, Bevan et al. 2009, Guyot and Pagés
2015). VEGF-A«xa isoforms are the pro-angiogenic variants and perform key roles in vascular
development during embryogenesis (Harris, Craze et al. 2012) to the extent that heterozygote
knockout of VEGF-A is embryonically lethal (Carmeliet, Ferreira et al. 1996, Ferrara, Carver-
Moore et al. 1996). VEGF-Axxa upregulation and splicing is controlled by hypoxia through
hypoxia inducible factor HIF-1alpha (Levy, Levy et al. 1995). Very little is known about the control

of splicing of the different VEGF-Awa isoforms, but there are significant variations in the
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expression of isoforms in healthy tissues (Whittle, Gillespie et al. 1999), as well as in disease, as
mentioned above (section 1.4.5.7 VEGF-A and arthritis). The most commonly studied variants

are VEGF—Ama, VEGF-A1453, VEGF-A1553, VEGF-Algga and VEG F-A1gga.

VEGF-A is also alternative spliced to produce a second isoform family, which are known to be
anti-angiogenic (VEGF-Aub isoform), and to antagonise binding of VEGF-Aua isoforms at
VEGFRs. The two families result from alternative splicing in exon 8, with use of either the
proximal (VEGF-Auxa) or distal (VEGF-Auxb) splice sites in exon 8 (Bates, Cui et al. 2002,
Ladomery, Harper et al. 2007, Gammons, Lucas et al. 2014). In theory all transcripts can be
present in each family, except for VEGF-Aissa since it lacks exon 8 (Whittle, Gillespie et al. 1999).
The function of VEGF-A1ssa remains unclear (Woolard, Bevan et al. 2009). The most commonly
studied variants above are also the only variants for which a VEGF-Aub variant has been

identified (Nowak, Woolard et al. 2008).

In most healthy tissue, under normal physiological conditions the VEGF-Auxb isoforms
predominate in accordance with their core functions of maintaining tissue integrity and function
in non-angiogenic tissue (DRG, skin and colon) (Pritchard-Jones, Dunn et al. 2007, Varey, Rennel
et al. 2008, Hulse, Beazley-Long et al. 2014).

The only difference between VEGF-Axa and VEGF-Awb isoforms are the 6 C-terminal amino
acids, which are CDKPRR (cysteine, aspartate, lysine, proline, arginine arginine) in VEGF-Auxxa and
SLTRKD for VEGF-A««b (serine, leucine, threonine, arginine, lysine, aspartate) (Bates, Cui et al.
2002). These six amino acids are sufficient to confer the functional differences between the

isoform families, i.e., the pro- and anti-angiogenic properties.

The selection of either the proximal or distal splice site in exon 8 depends on the activation of
splicing kinases and splicing factors. Hypoxia, IL-1B or TNF-alpha (TNF-a) activate the splicing
kinase SRPK1, which leads to the selection of the proximal splice site and alternative splicing to
produce VEGF-Axxa mRNAs (Nowak, Woolard et al. 2008, Nowak, Amin et al. 2010, Carter,
Cherry et al. 2011, Biselli-Chicote, Biselli et al. 2017, Lin, Lee et al. 2017). This splicing event
introduces a stop codon in exon 8a (Figure 5) and results in a C terminal sequence of CDKPRR.
Under physiological conditions, controlled by Wnt signalling (Amin, Oltean et al. 2011), or in

response to transforming growth factor beta, CLK and SRSF6/SrP55 activation (Nowak, Woolard
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et al. 2008) lead to distal splice site selection, a frame shift and introduction of an alternative
stop codon in exon 8b, resulting in the C terminal sequence SLTRKD and VEGF-Asb isoforms

(figure 5 (Donaldson and Beazley-Long 2016)).

1.6.8 VEGF-A isoform interaction with VEGF receptors

Both isoform families could bind and exert effects through the tyrosine kinase
receptors/vascular endothelial growth factor receptors 1 and 2, VEGFR2 (Ferrara, Gerber et al.
2003). However, it is important to note that even though they can bind to the same receptors,
they do not facilitate the same downstream signalling pathways (Kawamura, Li et al. 2008,
Peach, Mignone et al. 2018), and this is a consequence of the difference in the C terminal 6 amino
acids (Delcombel, Janssen et al. 2013).

On binding to VEGF-Axa forms dimers and stabilises the interaction between the VEGFR2 dimer
and the co-receptor NRP-1 (Ballmer-Hofer, Andersson et al. 2011). The creation of the complex
of the VEGFR2, NRP-1 and VEGF-Auxa is then followed full receptor phosphorylation especially
at key residues such as the Y1175, which controls the activation of signalling from the receptor
(Hulse, Drake et al. 2016, Peach, Kilpatrick et al. 2018, Peach, Mignone et al. 2018, Peach,
Kilpatrick et al. 2019) , and downstream signalling leading to angiogenesis and changes in
vascular permeability (Carmeliet, Ferreira et al. 1996, Fu and Shen 2004, Beazley-Long, Hua et
al. 2013). Signalling through activation of phospholipase C, protein kinase C, phosphoinositide 3-
Kinase (PI3 kinase) and protein kinase B (Harper and Bates 2008, Kerbel 2008) leads to
downstream events such endothelial proliferation and migration occur, as well as vasodilatation
and angiogenesis (Benton and Whittemore 2003, Qiu, Hoareau-Aveilla et al. 2009). VEGF-Ai¢sa
is a full agonist of VEGFR2 whereas VEGF-Asesb is a partial agonist but has the same affinity for
VEGFR2 (Woolard, Wang et al. 2004, Peach, Kilpatrick et al. 2019). When VEGF-Asssb binds to
VEGFR2, NRP-1 is not stabilised in its interaction with VEGFR2 dimers (Harper and Bates 2008,
Ballmer-Hofer, Andersson et al. 2011, Peach, Kilpatrick et al. 2018, Peach, Mignone et al. 2018,
Peach, Kilpatrick et al. 2019), there is a different tyrosine phosphorylation pattern, and partial
receptor activation, which is theorised to be a result of incomplete rotation of the kinase domain
(Kawamura, Li et al. 2008). This may be because there is incomplete phosphorylation of Y1175
by VEGF-Aiesb binding. As NRP-1 binds to exon 7, however there is evidence that exon 8 is also

involved in NRP-1 binding. Therefore, since both isoform families can bind to VEGFR2, it is
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theorised that both exon 7 and 8 are required for full activation of the receptor through NRP-1
(Kawamura, Li et al. 2008, Peach, Kilpatrick et al. 2019).

We know that in the absence of the other family there is less effective receptor binding by VEGF-
Auxb isoforms. The competition for binding is a different thing, which also affects the activation
of the receptor and the downstream effects of course: VEGF-Aigsb isoform binds VEGFR2 with
approximately equal affinity as VEGFissa, and VEGFR1 with much higher affinity and can
therefore also act as a competitive antagonist to VEGF-Ajgsa at the receptors (Ladomery, Harper
et al. 2007). VEGF-Aissb may exert its anti-angiogenic effects by either blocking or competing for
binding at VEGFR2, and/or by stimulating different downstream signalling pathways that do not
stimulate angiogenesis. The full signalling cascade evoked in response to VEGF-Aigsb acting at
VEGFR2 is not yet fully known but may be similar in the same cell type. For example, VEGF-Agsa
signals through PLC, diacyl-glycerol, and calcium release in endothelial cells (Pocock et al 2002
Moss et al 2015) but not in primary sensory neurons where neither isoform stimulates increased
intracellular calcium (Moss et al 2015). In HUVECs (Human umbilical vein endothelial cells) VEGF-
Ajgsa and VEGF-Ajgsb activate similar signalling pathways, despite less activation of VEGFR2 by
VEGF-Aiesb (Magnussen, Rennel et al. 2010).

1.6.9 Vascular endothelial growth factor and pain

The two VEGF-A splice variant families exert opposite effects on angiogenesis (Harper and Bates
2008). Both VEGF-Assa and VEGF-Asesb are cytoprotective in vitro and in vivo (Sondell, Lundborg
et al. 1999, Beazley-Long, Hua et al. 2013, Hulse, Beazley-Long et al. 2014). We were the first to
show that VEGF-A«xa and VEGF-A«b have distinct and opposite effects on nociception (Hulse,
Beazley-Long et al. 2014), and that this, like angiogenesis, is attributable to the C-terminal 6
amino acid differences in the sequences. VEGF-Ai¢sa directly activated and sensitised nociceptive
neurons in vivo (Hulse, Beazley-Long et al. 2014, Selvaraj, Gangadharan et al. 2015), and
sensitised primary sensory neurons in vitro, actions that could be blocked with VEGF-Ajgsb
(Hulse, Beazley-Long et al. 2014). VEGF-A has been reported to contribute to pain in multiple
models of musculoskeletal (Das, Kc et al. 2018, Micheli, Parisio et al. 2021), visceral (Xie, Iguchi
et al. 2022), and neuropathic pain (Kiguchi, Kobayashi et al. 2014, Micheli, Parisio et al. 2021).

Both VEGFR1 and VEGFR2 have been described as contributing to both peripheral (Hulse,
Beazley-Long et al. 2014, Lopez-Bellido, Puig et al. 2019, Micheli, Parisio et al. 2021) and central
nociception (Hulse, Drake et al. 2016, Hu, Yang et al. 2019, Lee, Son et al. 2019, Lopez-Bellido,
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Puig et al. 2019) in various animal models, while others suggest that the nociceptive actions of
VEGF-A appear to be mediated through VEGFR1 (Selvaraj, Gangadharan et al. 2015). While
VEGFR1 has higher affinity for VEGF-A than that of VEGFR2, the induced tyrosine kinase activity
is 10-fold weaker (Sawano, Takahashi et al. 1996). It is possible that VEGF-A isoforms can act on
nociception through both receptors as both receptors are expressed on nociceptors (Hulse,
Beazley-Long et al. 2014, Selvaraj, Gangadharan et al. 2015) and both possess tyrosine residues
in the carboxy terminal region which are believed to be crucial for downstream signalling
through PLCy (Shibuya 2013). The receptor(s) involved may also be dependent on site (peripheral

versus central) or the condition studied.

1.7 Hypothesis
Overall hypothesis
Alternative splicing and control of vascular endothelial growth factor isoform expression is

associated with pain and disease in osteoarthritis

Subsidiary hypotheses
e Changes in VEGF-A splicing and splicing control are positively associated with
inflammation in OA and RA synovium.
e Changes in VEGF-A splicing and splicing control mechanisms are positively associated
with pain in OA.
e Control of alternative splicing of VEGF-A in the synovial joint of arthritic patients is
facilitated by the presence of inflammation and pain, an effect that is inhibited in human

synovial fibroblasts via inhibition of splicing kinases.

Thesis Aims
e To identify the relationship between the splicing axis of VEGF-A and inflammation in the
synovium of the joint from patients with OA and RA
e Investigate the relationship of VEGF-A and its splicing axis with the pain developed in
symptomatic OA versus non-symptomatic OA
e Assess the results of splicing kinase inhibition in human fibroblast like synoviocytes, in

relation to the VEGF-A splicing axis
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2. Methods

2.1 Introduction

The general methodology used within the research project outlined in the thesis will be
presented here. Human tissue was obtained with consent from either patients of symptomatic
OA and/or RA patients who underwent total knee replacement surgery (TKR) or the next of kin
(closest living relative or relatives including spouses, siblings etc) of post-mortem (PM) cases. All
procedures involving human tissue were approved by the United Kingdom National Research
Ethics Service (Nottingham Research Ethics Committee 1 (05/Q2403/24) and Derby Research
Ethics Committee 1 (11/H0405/2)).

2.2 Case Selection

The Arthritis Research UK Pain Centre’s joint tissue repository, containing samples from > 3000
cases was screened to select cases according to each study criterion. All arthroplasty samples
were collected from patients based on the classification criteria from the American College of
Rheumatology (ACR) (Altman, Asch et al. 1986) at the time of their surgery, with their consent.
In the case of post-mortem tissue samples informed consent was also obtained from next of kin.
Arthroplasty samples with primary features including pain, stiffness, decreased range of motion,
bone enlargement, presence of osteophytes, sclerosis of the joints, and cysts were collected
from patients. Post-mortem tissue samples were carefully selected, for which no pain had been
reported by the donor in the last year of life. Clinical data available to us rely on case notes and
from interviews with relatives. Clinical data are limited regarding the PM cases, but include
presence of knee pain, and any previous diagnosis of OA, presence of osteophytes or joint
stiffness. To validate that the PM knees had no evidence of OA, radiographic and macroscopic
evaluation of the knees was performed by the clinical technician Roger Hill. Exclusion criteria for
non-OA controls consisted of a history of OA, Heberden's nodes identified on clinical
examination, macroscopic chondropathy lesions of grade 3 or 4 in the medial tibiofemoral
compartment, or osteophytes on direct visualization of the dissected knee.

For the PM cases both left and right knees were available, and for all studies tissue from the left
knees were collected unless otherwise stated. For the arthroplasty cases tissue samples were

selected based on availability of the tissue but focusing on left knee tissue samples when

65



applicable. | focussed on the left knees to as a general guideline through the study to minimise
potential variance.

Even though the basis for the selection criteria was that cases were age and sex matched, specific
selection criteria for the individual studies will be described in later chapters since case selection

was in accordance with the individual hypotheses.

2.3 Tissue collection and processing

After collection, all tissue samples were processed at King’s Mill Hospital by Roger Hill (research
technician).

Synovium from the medial joint line from PM and TKR cases was collected from the surgeons
and the technician (Roger Hill). The samples were fixed in formalin for 3-5 days and embedded
in paraffin wax blocks. For the embedding procedure, metal moulds were placed onto a hot
plate. Paraffin wax was dispensed into the metal moulds using a Tissue Tek® embedding centre
(model TEC5 EME2; Sakura Finetek Europe, The Netherlands). The samples were orientated
parallel to the block surface and pressed down with forceps, before transferring to a cold plate
to allow the wax to set. For labelling purposes, a cassette was placed on top of the mould and
filled with wax. After the wax had completely solidified, by placing the mould on to a cold plate,
excess wax was shaved off, and the cassette was stored in room temperature.

Thin paraffin tissue sections (8 um) were cut with a Bright 8000 sliding microtome with the help
of Dr. Seyed Shahtaheri in the Rheumatology lab in the Clinical Sciences building in the City
Hospital Nottingham. The individual sections were placed in a water bath at 402C for 3 minutes
to help the sections to flatten before collecting the samples, on electrostatically charged poly-I-
lysine glass slides. Sections were left to dry at room temperature before being heated to 59°Cin
an oven for 2 hours to allow the embedded tissue to dry and adhere on the slides. Samples were

then stored in sealed slide boxes and kept at room temperature.

2.4 Histological Staining

2.4.1 Haematoxylin and eosin

Haematoxylin and eosin (H&E) co-staining is one of the most common staining procedures used
in histology to examine tissue morphology and structural detail. In this procedure, haematoxylin

is chemically oxidised, producing haematein, which when combined with aluminium ions
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produces haemalum (King and King 1986). The latter is the active staining agent and can bind
and stain nuclear basophilic or acidic structures (such as DNA or RNA) to a blue/purple colour
when rinsed with a weak base such as alkaline tap water. Eosin on the other hand is an acidic
dye, used as a counterstain to haematoxylin, which binds to acidophilic structures such as
proteins, cytoplasmic filaments, and intracellular membranes. These structures are stained in
varying degrees of pink and red (Downie 1990).

Haematoxylin and eosin staining protocol.

Haematoxylin and eosin staining was used for synovial histological scoring (section 2.7). 8um
paraffin tissue sections were immersed in xylene for 5 minutes, which acts as a paraffin solvent
to remove the wax. The sections were then re-hydrated in descending ethanol concentrations
(100%, 90%, 70%) for 5 minutes respectively, followed by a 5-minute wash with distilled water.
The sections were then immersed in Mayer’s haematoxylin for 15 minutes, followed by rinsing
in tap water. After a brief immersion in acid alcohol for (1% HCl in 70% ethanol for 20seconds)
to remove excess stain, sections were washed with tap water for 3 mins, before being placed in
a 1% eosin solution for 1 minute and then washed again for 1 minute in tap water. Sections were
then dehydrated in ascending concentrations ethanol (70%, 90%, 100%) and xylene for 5

minutes each respectively before being mounted with DPX and a glass coverslip.

2.5 Immunohistochemistry

Immunohistochemistry (IHC) uses immunological, histological, and biochemical methods to
determine the presence and localisation of specific cellular components (antigens). Labelled
antibodies are used to bind to the antigens, either in tissue samples or cell preparations.
Proteins, lipids, or carbohydrates can be some of the antigens that are generally targeted. The
antibody binding site is what we refer to as epitope of an antigen. To visualise the binding of the
primary antibody to the epitope a step of enzyme or fluorescent conjugation to the antibody is
required. Currently IHC plays a central role in clinical diagnosis.

Antibodies are immunoglobulins formed in the humoral immune system by plasma cells after
recognition of specific foreign antigens. IgG is the most common type of antibody used; it has a
Y-shaped structure with two light and two heavy polypeptide chains (Figure 6). Three distinct
regions can be identified on an antibody, one Fc section (which interacts with cell surface
receptors) and two F(ab) regions (the antigen binding regions). The Fc fragment binds to Fc

receptors on the immune cells and enables activation of immune responses. The antigen-
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antibody binding requires specificity which is achieved by variations in the Fc regions of the

antibody, which are specific to particular antigenic epitopes.

Antigen binding sites Variable region

> v

F(ab) Light chains

Fc Disulphide

\ bridges

Heavy
chain

Figure 5 lllustration of a Y-shaped structure of an IgG antibody. The heavy and the light
chains are joined by disulphide bonds. Specificity of antigen-antibody binding is achieved
by the variation in amino acid sequences of the variable region of the antibody. The
antibody is comprised of two regions: Fc and F(ab) regions.

2.5.1 Indirect Immunohistochemistry

Currently two different IHC methods are most widely used - direct and indirect
immunohistochemistry. In direct IHC the primary antibody is directly labelled for detection of
binding. Direct IHC is most useful for detection of highly expressed antigens as it has lower
sensitivity than indirect IHC.

Indirect IHC methods use primary antibodies that are not labelled or conjugated with other
molecules and secondary antibodies which are conjugated or labelled instead. In indirect IHC the
primary antibody binds the antigen, and then a secondary antibody, raised against the host
species of the primary antibody is bound to the primary antibody. The secondary antibody is
labelled either with a fluorescent agent, an enzyme that generates a chromogen, or bound

directly to a chromogen.
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The most common methods to enhance the signal from antibodies is the peroxidase/anti-
peroxidase (PAP) or the Avidin-Biotin complex (ABC) detection methods. The PAP method

depends on the formation of the PAP complex as shown in Figure 7.

* * L_ PAP
* complex
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L Primary
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Figure 6 Representation of the Peroxidase/Anti-Peroxidase (PAP) detection method adapted
from Enzo life sciences (Enzo Life Sciences, Plymouth Meeting, PA, USA) where the PAP
complex will bind to the secondary antibody after the latter was bound to the primary
antibody and the antigen.

The ABC method also uses a secondary antibody to bridge between the primary antibody and an
avidin-biotin complex, based on the non-covalent interaction between these molecules.

The ABC method comprises of a three-step detection procedure as shown in Figure 8.
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Figure 7 Schematic representation of the Avidin- Biotin detection method. An un-labelled
primary antibody (dark blue) binds specifically to an antigen of interest on the cell surface
(light blue on yellow matrix). A biotinylated secondary antibody (green) binds to the
primary antibody. Incubation of the tissue section with avidin (purple) and biotinylated-
peroxidase enzyme (grey/orange) which forms macromolecular complexes through avidin-
biotin interactions. These can then be visualised by a variety of chromogens labels such as
DAB. (Enzo Life Sciences, Plymouth Meeting, PA, USA).

The main advantage of the ABC procedure is that the formation of the complex increases the
enzyme-antibody ratio, resulting in higher signal. There are a few drawbacks that also need to
be considered. For example, due to the size of the AB complex, the structures may be difficult to
be diffused from the tissue. Moreover, there is endogenous biotin which is a source of
background because of avidin binding. However, due to the benefits described, the avidin biotin

complex is the most widely used procedure in both research and the diagnostic field.

2.5.2 Indirect Immunohistochemistry protocol
Indirect ABC IHC was used to visualise VEGF-A (isoforms and panVEGF-A), SRSF1, SRPK1, and
DYRK1a immunoreactivity as it demonstrates distinct advantages over direct IHC.
The finalised general IHC protocol can be seen in Figure 9 below. Information on how different
steps in the protocol were optimised for each primary antibody and to minimise non-specific

staining are detailed in sections below.
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Initially the samples were rehydrated in xylene for 5 mins to remove the paraffin wax. Sections
were rehydrated in sequential descending concentrations of ethanol (100%, 90%, and 70%) for
5 minutes each, followed by tap water and phosphate buffered saline (PBS) washes for 5 minutes
respectively. Antigen retrieval was then performed by incubation of sections in Tris-EDTA-
Tween20 solution for 30 minutes in a water bath at 65 °C. The samples were cooled for 10
minutes using running tap water, before a wash with PBS for 5 minutes. Endogenous peroxidases
were blocked by immersion in 3% H,0, for 30 minutes, and following a further 5-minute PBS
wash, blocking was performed with freshly made 5% BSA in PBS for 1 hour at room temperature

in a humid environment. Primary antibody concentration was antibody specific (Table 9).

Sections were incubated in primary antibody in blocking solution overnight at 4 °C in a humid
environment. The following day, sections were washed twice for 5 minutes in PBS before
application of the secondary antibody in the appropriate concentration in PBS for 2 hours in
room temperature in a humid environment. Sections were then washed twice in PBS for 5
minutes, before applying the ABC kit for 15 minutes, followed by another 5-minute PBS wash,
application of diaminobenzidine (DAB) for 5 minutes, and then two quick washes in distilled H,0,
to remove excess DAB product. Sections were then counterstained with haematoxylin as in
section 2.4.1. with the change that after the tap water wash, instead of eosin staining, the
sections were dehydrated in ascending ethanol concentrations (70%, 90%, 100%) for 5 minutes
each, and dehydrated in xylene for 5 minutes. Finally, the sections were coverslipped with glass

coverslips and DPX.

2.5.3 Optimisation of the indirect IHC method

Primary and secondary antibodies

Several different primary and secondary antibodies were used throughout the experiments
described in the thesis. Specific information regarding the primary antibodies and secondary
antibodies used is detailed in Table 9, and any differences between the information in this Table

and in results chapters are highlighted in those chapters.
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Table 7 List of antibodies used in the different IHC studies presented

Antibodies Active Catalogue Details Manufacturer

Concentration

anti-SRSF1 0.005mg/ml  |No. 32-4500 [Mouse monoclonal antiThermofisher Scientific,

antibody SRSF1 (96) UK

anti-SRPK1 0.002mg/ml  |No. Rabbit polyclonal AntiSigma Aldrich, UK

antibody SAB4502857 |SRPK1

VEGF C-1 0.002mg/ml  |No. sc-7269 |[Mouse monoclonal antiSanta Cruz, UK
VEGF

VEGF-A1gsb 0.005mg/ml  |No. Monoclonal Mouse IgG1|R&D systems, UK

MAB3045-SP [Clone # 56-1

VEGF-Axx@ - -

Anti-DYRK1A [0.001mg/ml  |No. Rabbit polyclonal Anti-Sigma Aldrich, UK
HPA015323 |DYRK1A

Secondary Goat0.012mg/ml  |No. 65-6140 |Goat anti-Rabbit IgG[Thermofisher Scientific,
a-Rabbit Secondary Ab UK

Secondary Goat0.13mg/ml No.31800 [Goat anti-Mouse IgG[Thermofisher Scientific,

a-Mouse Secondary ab UK

Nonspecific staining. This can occur due to antibody binding to antigens other than the desired
target. Consequently, non-specific binding of the primary antibody can induce high background
staining masking the signal from the antigen of interest. Non-specific staining can be reduced by
blocking steps that reduce primary antibody binding to non-specific sites before incubation with
the primary antibody. Serum is usually used for this purpose as this will prevent binding of the
primary antibodies to the Fc receptors on the cell surfaces. The serum used can be derived from
any species, except the species in which the primary antibody was raised, as in this situation the
secondary antibodies will bind to the serum in the blocking solution and generate significant
non-specific signal. Best results are usually achieved when using blocking serum from the species
in which the secondary antibody was developed, i.e. if the secondary antibody is an anti-mouse

antibody raised in goat, goat serum should be used.
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By using a protein blocking reagent, non-specific binding of antibodies to tissue or to Fc receptors
can be prevented. Blocking is essential in IHC since, despite the specificity of the primary
antibody, intermolecular forces can promote non-specific binding. In theory, any protein with
no affinity to the target antigen can be utilised for blocking, however certain proteins are more
efficient to bind in non-specific sites. One of the most common blocking agents is serum, since
it contains antibodies that bind non-specifically to sites. As a standardised procedure the serum
should match the species where the secondary antibody was raised. Bovine serum albumin is
also a commonly preferred blocking agent, with the benefit that no matching to the species of
the secondary antibody is needed. Endogenous peroxidases, enzymes that catalyse oxidation by
hydrogen peroxide, are also a source of background staining, by reacting to the chromogens
producing non-specific staining. Following standardised protocols, | used a 5% BSA blocking
solution to block non-specific binding of the two antibodies, as well as 3% H,0,, to block any
activity of the endogenous peroxidases (Figure 3). This resulted in consistently low background
/non-specific staining. Further information on optimisation of blocking protocols for specific
investigations are detailed in later chapters.

Following the incubation of the samples with both antibodies, two major steps of IHC protocols
were employed, namely the amplification step using the Avidin-biotin complex (ABC) as well as
the visualisation step using either alkaline phosphatase (AP) or 3,3’-Diaminobenzidine (DAB).
Both reactions can result in non-specific staining. When using DAB staining, the conjugated
horseradish peroxidase oxidises DAB, forming a brown precipitate, which can be visualised using
light microscopy. The longer the DAB is allowed to precipitate the lower the signal to noise ratio
can become, due to exacerbation of background staining with non-specific precipitation in
tissues. | maintained the length of DAB incubation at 5 minutes, a time frame that was long
enough for the immunoreactivity to be enhanced and allow for further analysis, without
exacerbating the non-specific staining. Optimisation steps for protocols using alkaline

phosphatase are detailed below.
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Figure 8 Schematic representation of the IHC protocol used throughout the experimental
work of the thesis.

2.5.4 Controls for indirect IHC.

Finally, the last step in optimising the IHC experiments was the inclusion of controls to confirm
and validate the IHC staining results. Negative controls are used to determine whether the
immunoreactivity detected is due to the epitope of the target correctly interacting with the
paratope of the antibody. Two negative controls were used: first, omission of the primary

antibody and replacing it with blocking solution. This control is used to show whether there is
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non-specific binding of the secondary antibody. To verify that the primary antibody binds an
antigen in the tissue, additional tissue sections were incubated with an IgG from the same
species in which the primary antibody of interest, i.e., either mouse or rabbit IgG. This controls
for non-specific binding of the primary antibodies and this isotype-matched control was used for

all the primary antibodies.

2.6 Immunofluorescence

Immunofluorescence (IF) is a common technique used to detect the location of the antigen of
interest using fluorescence. One of the main benefits of IF is the ability to investigate the
relationship of two antigens of interest by double labelling with two different fluorescent labels,
as this is possible but less straightforward using IHC. Primary or secondary antibodies are
conjugated to a fluorophore label (like the direct and indirect IHC protocols) for direct and
indirect IF (Odell and Cook 2013).

The absorbance of excitation light by fluorophores and the consequent emission of light is the
main method of detection in immunofluorescence. The detected fluorescent emission is
attributed to a conformational change in the structure of the fluorophore. When electrons,
which are normally based on an orbital around the nucleus are excited by absorption of photons,
they are rapidly move to a less stable energy position further away from the nucleus. The
excitation of the electrons is rapid, and the light emitted is due to the electron dropping back to
its initial energy state (Lichtman and Conchello 2005).

Figure 10 shows an overview of the process for the visualisation of an immunofluorescent
specimen. A light source illuminates the subject through an excitation filter specific for the
fluorophore. Three commonly used fluorescent molecules are DAPI (4',6-diamidino-2-
phenylindole) (359nm excitation peak, 457nm emission peak), FITC (Fluorescein isothiocyanate)
(496nm excitation peak, 519nm emission peak) and TRITC (tetramethyl rhodamine

isothiocyanate) (561nm excitation peak, 570nm emission peak).
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Emission filter
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Dichroic Mirror

Obijective lens

Specimen

Figure 9 Schematic demonstration of a fluorescent microscope. The excitation filter permits
only the desired wavelength of light to pass through. The light is reflected off the dichroic
mirror to illuminate the fluorophore bound to the specimen. Emitted light from the
fluorophore passes through the dichroic mirror and emission filter to the eyepiece.

Immunofluorescence was trialled as a technique to enable us to take advantage of double
labelling in the tissue, to enable more precise cellular identification in addition to localisation of
the targets. However, due to the processing of the tissue from collection to experimental use,
which included formalin fixing steps, de-calcification and paraffin embedding, very high levels of
auto-fluorescence were evident. Previous work suggested that standard immunofluorescent

protocols can rarely be used effectively in similarly processed archived tissue due to the nature
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of formaldehyde to produce high volumes of autofluorescence (Baschong, Suetterlin et al. 2001).
Some studies have used alkaline phosphatase-Fast Red (ALP-FR) substrate in IHC, combined with
the nuclear stain 4',6-diamidino-2-phenylindole (DAPI) for colocalization of signal, using a
combination of light and fluorescent microscopy to visualise the fluorescent immunostaining
with ALP-FR and the fluorescent nuclear DAPI signal (Walsh, Wade et al. 1998) with some

success.

DAPI is a blue-fluorescent DNA stain that exhibits ~20-fold enhancement of fluorescence upon
binding to AT regions of double stranded DNA. It is excited at 405 nm and is commonly used as
a nuclear counterstain in fluorescence microscopy, flow cytometry, and chromosome staining.
Alkaline phosphatase (AP) is a substrate commonly used in IHC visualisation; fast red (FR) is the
chromogenic substrate that in reaction with AP produces an insoluble red fluorescent precipitate
at the reaction site (Speel, Schutte et al. 1992). This precipitate results from hydrolysis of
naphthol phosphate esters, included in the reaction, to phenols and phosphates, followed by
coupling to colourless diazonium salts to produce the insoluble dye. The aim of the optimisation
of ALP-FR IHC was to provide us with the ability to both automate the counting for the
localisation of activated/phosphorylated SRSF1 by detection of nuclear SRSF1 signal by
colocalization with DAPI.

| therefore developed an immunofluorescence labelling protocol for SRSF1 in archived formalin-
fixed human synovial samples, to take advantage of the property of alkaline phosphatase to

fluoresce under illumination at the 560nm wavelength.

The protocol developed used the same protocol as that for the general IHC experiments (as in
Figure 10) with a few minor differences (Figure 11). Firstly, HIER was reduced to 20 minutes
instead of 30 minutes but was done at the same temperature. Another difference during this
procedure, is that instead of incubating the slides using the ABC kit for the HRP enzyme, | used
the VECTASTAIN® ABC-AP Kit with AP-Fast red, (AK-5000, Vectorlab UK) for 30 minutes as per
the instructions of the manufacturer. After secondary antibody incubation and two 5-minute
washes in PBS, the AP substrate was applied to visualise the immunoreactivity signal (Vector®
Red Substrate Kit, Alkaline Phosphatase, SK-5100 Vectorlab, UK) as indicated in Figure 11. The 5-
minute incubation took place in the dark to prevent bleaching of fluorescent signal and was
followed by four 5-minute washes in PBS, before the slides were mounted using a DAPI

fluoromount (cat. number: 00-4958-02 - ThermoFisher Scientific, UK). After mounting, the slides
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were kept in the dark at 4 °C, to avoid bleaching of the fluorescent properties of both AP-FR, and
DAPI. It is important to note that the number of washes between every step were also increased

compared to the previous protocol, to reduce the background staining.

Rehydration of the samples |:> Tissue preparation

PBS wash 2x5minutes ‘

Antigen retrieval (| Tris-EDTA-Tween20, 20 minutes

‘ PBS wash 4x5minutes

3% H202, 30 minutes ) Inactivation

PBS wash 4x5minutes ‘

Blocking (| 5% BSA, 1 hour

]

Primary antibody
incubation

L ]

Secondary antibody
incubation

PBS wash 2x5minutes ‘

ABC-APKit, 30 | ABC amplification

minutes
‘ PBS wash 4x5minutes

AP-FR staining (| AP-FR, 5 minutes

‘ PBS 4x5minutes

Mounting of slide with
fluoromount + DAPI

Figure 10 Schematic representation of the IHC protocol using the Alkaline phosphatase -
fast red substrate kit.

2.7 Synovial Histological Scoring
Haywood et al developed a 4-point scaling system (Haywood, McWilliams et al. 2003) which is
the one used throughout the studies presented here (Figure 12). In contrast to the Krenn score
which was used previously, the Haywood scale examines the three criteria, as shown in Table

10.
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Grade 0: the tissue was normal with a synovial lining of <4 cells thick, sparse cellular distribution,
with few or no inflammatory cells).

Grade 1: mild inflammation with synovial lining of 4 or 5 cells thick, increased synovial cellularity
as well as some presence of inflammatory cells.

Grade 2: moderate inflammation with synovial lining of 6 to 7 cells thick, dense cellularity with
a high percentage of inflammatory cells present, no lymphoid aggregates.

Grade 3: severe inflammation with a synovial lining >7 cells thick, dense cellularity, inflammatory
cell infiltration, as well as evidence of perivascular lymphoid aggregates (Haywood, McWilliams
et al. 2003).

PM samples were used as controls and as such, cases from that group should not have synovitis
score >=2 as a synovitis score of 0 or 1 would be considered normal/healthy tissue. PM samples
with high synovitis score, as determined post-hoc, were thus excluded unless otherwise

indicated.

Table 8 Scoring system for the histological accession of the synovial tissue inflammation

developed by Haywood et al. 2003

S E] Cellularity Inflammatory cells
lining
thickness
0: Normal <4 cells Sparse None or Few
1: Mild Inflammation 4-5 cells Increased Some
2:Moderate inflammation 6-7 cells Dense Many, with no lymphoid aggregates
3: Severe inflammation >7 cells Dense Many, with lymphoid aggregates
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Figure 11 Demonstration of synovial inflammation scoring based on the Haywood et al
criteria. A. Normal synovium (grade 0), B. low inflammation synovium (grade 1), C.
Moderately inflamed synovium (grade 2) with the dotted circles showcasing a cluster of
inflammatory cells, D. Severely inflamed synovium (grade 3) with the circle indicating a
lymphoid aggregate. Arrows indicate the lining surface. Image captured at 4x magnification.
Haematoxylin and eosin were used to visualize the tissue.

2.8 Image analysis and quantification

Histological scoring for the studies described in this work was completed by a single observer
(Dimitrios Amanitis) blinded to classification criteria and the details of the samples using a Zeiss
Axioscop-50 microscope (Carl Zeiss, Welwyn Garden City, UK). Prior to the scoring the observer
was trained and his ability to score the samples was evaluated based on a comparison to a
secondary observer (more details can be found in chapter 3.2). The blinding process was
completed with the help of Seyed Shahtaheri after the IHC protocol had been completed. The

samples were given a provisional code number before being assessed to reduce bias. Synovial
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inflammation was graded by examining haematoxylin and eosin-stained sections using both 20x
and 40x magpnification depending on the stain and the method of quantification used (see
chapters 3 and 4).

Fibroblast-like synoviocytes fractional area of IHC staining was quantified using a 3-CCD camera
and KS300 image software (Zeiss). Immunoreactivity areas were identified by an individual
observer, an image was captured, and the ROI (region of interest) was highlighted which included
synovial lining and approximately 100um of sub-lining tissue. Background staining was removed
from the positive staining after thresholding the image based on the negative control to create
a mask as seen in Figure 13. The total area of the tissue captured, as well as the area of the
positive staining was also measured. Fractional area was calculated as the quotient of the
positive are divided by the total area.

Data was collected using a 20x objective lens with 3 different fields of view per sample. This was
determined as the minimum number of fields of view that could be collected that would result
in the lowest variation in fractional area measurement in a pilot study (see Chapter 3). More
detailed explanation on the validation of the most appropriate approaches to the analysis of
synovial staining is in Chapter 3, section 3.3.1 Results. If no synovial lining was detected in the

sample, then the sample was excluded.
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Figure 12 Analysis of Fractional area using a custom-made macro implemented in KEIS imaging software. A-B) First an image of
the desired field of view is acquired and saved locally within the macro. C) The tissue of interest is selected by outlining it with
the selection tool of the software used. D-E) By previously setting the background staining levels using the negative controls, the
thresholding excludes any background staining. It is important for these values to remain equivalent throughout the data
extraction. F-H) Results are saved and transferred to an Excel file for further analysis.



Following the fractional area analysis cells with SRSF1 nuclear localisation were counted
manually by using the cell counter plugin in Fiji (Rueden, Schindelin et al. 2017). The plugin the
cells counted can be separated with several different “pointers” (depending on how many
distinct cell groups there are) and provides the final numbers of the cells marked. Using the
plugin and counting the cells on a captured image enabled high quality digital image enlargement
and ensured high precision throughout the process of cell counting. To avoid potential bias, the
observer was completely blinded to the details of the image analyses. This was achieved by using
a custom-made macro, which saved all the images with a random coding number. The initial
identification for the images was automatically saved by the macro in an excel file which was
only accessed by the observer after the analysis was concluded. For SRSF1 nuclear localization,
the number of cells with strong nuclear staining were first counted (strong nuclear staining
would be considered if more than 70% of the nuclei was stained) and then divided by the total
number of positive cells in the same area, to provide a ratio representing the percentage of
SRSF1 nuclear translocation.

Quantification of staining intensity was measured as per integrated density using a custom
written macro in Fiji (Rueden, Schindelin et al. 2017) (Dimitrios Amanitis see Appendix 1). The
macro automated the process of selecting the images from a specified folder and scaled /re-
calibrated the images from pixels to micrometres using the embedded scale bars. The macro
then de-convoluted the images to three channels: one containing the stain of interest, one
containing only the haematoxylin staining, and one with no staining. The channel with the stain
of interest was then thresholded to a specific value previously set using the negative control as
a basis and finally the macro automatically set the region of interests (ROIl) and measured the
integrated density of the stain in the ROI. To confirm consistency in the output of the macro, for
example if there were artifacts in the tissue, pause steps were included in the macro to allow
the researcher to validate that no errors occurred. The results were then exported directly to
Excel using a commercially available plugin Read and Write Excel (Anthony Sinadinos, Brenden
Kromhout) for further analysis. The sum of each of these values was calculated and then, the
average area, mean, and density was calculated. In certain samples due to the condition of the
tissue post-experiment, the target of 3 images acquired could not be reached, because the lining
had been destroyed during tissue processing. In these cases, by necessity, fewer technical

replicates were used.



2.9 General cell culture methods

To investigate fibroblast-like synoviocytes (FLS) activation and differentiate normal FLS activity
from inflammation derived activity, human fibroblast like synoviocytes (HFLS) were used (Cell
Applications Inc, US). The inflammatory profile of HFLS was investigated after treatment of the
cells with TNF-a to trigger an inflammatory response. All cell lines were grown in T25 flasks
(Corning) following thawing and then passaged to T75 flasks (Corning) following expansion.
Incubation of the cells was at 37°C at 5% CO; unless otherwise stated (Sanyo MCO-18AC).

Normal HFLS and HFLS from people with RA were acquired through Cell Application Inc US or the
European Collection of Cell Cultures (ECACC) at passage 1 and cultured and expanded in high-
glucose Dulbecco’s Modified Eagle Medium (DMEM, GIBCO 13345364-500ml), containing 20%
fetal bovine serum (FBS, SIGMA F2442- 500ml) and 2mM L-Glutamine (SIGMA G7513-100ml).
Cells were grown until they reached a maximum of 80% confluence, after which they were
passaged. For passage, culture medium was aspirated, and cells washed with phosphate
buffered saline (PBS, D8537-500ml). PBS was consequently aspirated and replaced by 3ml of 1x
Trypsin-EDTA (Trypsin=0.05%w/v, EDTA = 0.5mM —T4049, 100ml) in a T75 flask. Cells were then
placed in the incubator at 37°C in 5% CO, /95% O, for no longer than 2 minutes. Using no less
than three times the trypsin volume, the Trypsin-EDTA solution was quenched using the HFLS
growth medium and following centrifugation at 150G for 5 minutes the cells were counted using
a Haemocytometer (catalogue number:5610, Vetlab supplies UK). HFLS were split and plated at

1:2 ratio due to the low expansion rates of the cell line.

2.9.1 Preparation and storage of cell stocks

Cell stocks were prepared by following the protocol above for general culture, but after
trypsinisation and centrifugation, cells were collected in a 50ml Falcon tube. Cells were then re-
suspended in freezing medium consisting of basal growth medium (DMEM + 20%FBS + 2mM L-
glutamine) and 10% dimethyl-sulfoxide as cryo-preservant (DMSO, ThermoFisher 20688) at a
cellular density of 5x10°/ml. Cryo-vials (Nunc V7384) were used to aliquot the cells and were
placed in an isopropanol chamber (Mr Frosty, SIGMA C1562), for freezing overnight at -80°C
before storage in liquid nitrogen (LN).

When thawing cell stocks, aliquots were rapidly removed from LN and mixed with pre-warmed

growth media (heated to 37°C) to a final volume of 5ml. Immediately after, the cells were
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centrifuged for 5 minutes at 150G to remove any excess DMSO content, then resuspended and

transferred to a T75 flask with 7ml of medium.

2.10 Protein isolation and quantification

Following culture under experimental conditions as above (2.9.1), FLS were washed three times
in ice cold PBS, followed by a 5-minute incubation with lysis buffer to dissociate the cells. Lysis
buffer contained RIPA buffer containing (30mM HEPES, pH 7.4,150mM NaCl, 1% Nonidet P-
40,0.5% sodium deoxycholate, 0.1% sodium dodecyl sulphate, 5mM EDTA, 1mM NaV04, 50mM
NaF, 1ImM PMSF, 10% pepstatin A, 10 pug/ml leupepsin, and 10 pg/ml aprotinin - SIGMA R0278),
with added phenylmethylsulphonyl Fluoride (PMSF) protease inhibitor (1ImM SIGMA P7626),
protease inhibitor cocktail (blocking serine proteases e.g., trypsin, aminopeptidases, cysteine
proteases and acid proteases - SIGMA P8340), 1ImM NasV0O, and 10mM NaF. All procedures were
performed on ice throughout the procedure.

Cells were detached from the wells with a cell scrapper and collected in cold Eppendorf tubes
after thorough pipetting to break up clumps of cells. Centrifugation of the samples at 13000G
for 15 minutes at 4°C, was followed by isolation of the supernatant which was stored -80°C until
use. Protein quantification was performed on a plate reader (Victrox4, PerkinElmer) using the
Bradford Assay (Bradford reagent, SIGMA B6916).

The principle of the Bradford assay to detect and quantitate proteins is based on the binding of
protein molecules to Coomassie dye under acidic conditions, resulting in a colour change from
brown to blue in proportion to the amount of protein present in a sample. The presence of lysine,
arginine and basic amino acids contribute to the formation of a protein dye complex which is
detected in the assay. Protein standards are used alongside the assay to subtract background as
well as to create a standard curve to quantify the amount of protein in the experimental samples.
The protein standards include concentrations to cover the potential range of protein
concentrations in the samples, and the range covered by the sensitivity of the assay. At high
concentrations the assay colour intensity plateaus as at high protein concentrations the
colimetric change saturates. Thus, at high protein concentrations, sample dilution may be
needed to ensure that the protein is measurable within the assay limits. Bovine serum albumin
(BSA) is the most used standard protein for the Bradford assay. Specifically, the standard curve
usually consists of ten serial concentrations between 4000 pg/ml to 0 pg/ml. Alongside the

standards, samples are assessed in 2 or 3 technical replicas. For each sample, 300 ul of the

85



Bradford assay reagent is added, before completing the assay in a suitable plate reader. From
the assay results the protein concentration of the samples is calculated and used for calculation

of gel loading and further analysis.

2.11 Western blotting

Western blotting, or protein immunoblotting, is a commonly used analytical technique to detect
and quantify specific proteins either in homogenized tissues or cell extracts. Western blotting
was first introduced by Towbin (Towbin, Staehelin, & Gordon, 1979) for qualitative and semi-
guantitative protein analysis. The technique is based on the technique of separation of a mixture
of proteins based on their molecular weight, usually measured in kiloDaltons (kDa). In a typical
Western blot protocol, the samples are denatured and separated by PAGE (polyacrylamide gel)
electrophoresis. Proteins are then transferred to a membrane, usually either nitrocellulose or
polyvinylidene difluoride (PVDF) by wet or dry electrophoretic transfer. Both types of membrane
have merits, for example PVDF is often preferred as it has a higher protein binding capacity than
nitrocellulose, thus allowing higher sensitivity. In contrast, nitrocellulose membranes produce
lower background noise and are ideal for detecting lower molecular weight proteins. For all the
experiments here, nitrocellulose membranes were used. Following transfer to the membrane of
choice, protein is detected by a method like that described for indirect
immunochemistry/immunofluorescence in sections 2.5 and 2.6.

Western blotting was attempted to identify expression of the adhesion factor ICAM-1 in
response to incubation with tumour necrosis factor alpha (TNF-a) to determine the contribution
of inflammatory mediator stimulation to the adhesion of monocytes to FLS.

After calculating the concentration of protein in the samples of interest, samples were separated
using SDS-PAGE gel. A volume of each protein sample containing 20ug of protein was mixed with
2x Laemmli buffer (Sigma S3401- 62.5mM Tris-HCI, 2% SDS, 20% glycerol, 0.01% bromophenol
blue, 5% B-mercaptoethanol, ph 6.8) to give a final protein concentration of 1ug/uL in 1x
Laemmli buffer. Proteins are denatured for 5 minutes at 95 C, centrifuged for 5 minutes at
12000g, and loaded on a 4-15% gradient SDS-PAGE gel (BIORAD Mini-PROTEAN® TGX™ Precast
Protein Gels, 4561084) along with a protein size marker (LI-COR Biosciences™ Chameleon Duo
Pre-stained Protein Ladder — 15521165 FischerScientific).  Proteins were subject to
electrophoresis in chilled running buffer (0.25M Tris, 1.92M glycine, 1% SDS Ph8.6) for 70

minutes at 120V, or until the loading buffer dye reached the end of the gel. The gel was then
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removed from the plates and equilibrated in chilled transfer buffer (25mM Trizma, 192mM
glycine, 20% methanol) on a shaker for 10 minutes.
Samples were then transferred to nitrocellulose membranes by wet sandwich transfer (BioRad)

in transfer buffer. Initially a “sandwich” transfer block is made (as shown in the figure 14).

Blot papper x2

Nitrocellulose
Gel

Blot papper x2

Figure 13“Sandwich” transfer block cassette. The block comprises of 2 sponges, 4 blot
papers, 1 nitrocellulose membrane and the gel of interest

The block comprises of 2 sponges, 4 blot papers, 1 nitrocellulose membrane and the gel of
interest. After soaking the individual parts in the TB buffer, the cassette was assembled as
following: 1 sponge- 2 blot papers-gel-nitrocellulose membrane-2 blot pappers-1 sponge. The
cassette was closed firmly and was placed in the gel tank completely submerged in TB.
Electrophoretic protein transfer to the membrane took place at 80V for 2 hours, then the
membrane was removed and transferred for 5 minutes to a buffer solution of 0.01% TBS-Tween
20 on a shaker.

Any incubation or wash step from this point forward was performed with gentle agitation either
on a shaker or a roller. Membranes were blocked for non-specific binding using 2% BSA in 0.01%
TBS-Tween solution for 1 hour in room temperature. Incubation with the primary antibody was
performed overnight in a cold room (anti- ICAM-1, Thermofisher Scientific MA5407) with gentle
agitation. Membranes were also incubated with anti-GAPDH (Glyceraldehyde 3-phosphate
dehydrogenase) secondary antibody (0.5 pg/ml) as a loading control. Fluorescent secondary

antibodies specific to the primaries were applied for 1 hour in room temperature after three 10-
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minute washes in 1x TBS-T. Two secondaries were used exclusively: a donkey anti-rabbit 1gG
IRDye 680RD (ab216779, Abcam) and a Goat anti-Mouse 1gG H&L IRDye® 800CW (ab216772
Abcam). Membranes were washed three times with 0.01% TBS-Tween for 5 minutes
respectively, and secondary antibody binding visualized on the Licor Odyssey imaging system (Li-

Cor, UK).

2.12 RNA extraction

Total ribonucleic acid (RNA) was extracted from cultured HFLS to investigate differences in the
splicing pathway of VEGF-A. After treating the cells with the appropriate compounds/drugs
(Chapter 5), the cells were washed with PBS. Following removal of PBS, 250ul of Tri-reagent
(ThermoFisher, AM 9738) was added to each well (for cells cultured in 24well plates). Cells were
scraped repeatedly until the mixture became homogenized with no cellular clumps. The cell
lysates were then transferred to sterile Eppendorf tubes and incubated for 5 minutes in room
temperature to promote the release of RNA from the breakdown of the nucleoproteins.
Chloroform (SIGMA, C2432) was then added to each of the mixtures (50 pl), and after thorough
mixing tubes were incubated at room temperature for 15mins. Centrifugation for 15 minutes at
12000G and 4°Cresulted in three distinct layers; the top clear, agueous solution containing RNA,
a milky interface white layer containing DNA and a lower organic solvent pink layer containing
proteins. Aspiration of the upper layer yielded approximately 150ul of the solution containing
RNA which was then transferred to fresh sterile Eppendorf tubes. RNA was precipitated by
addition of 125ul of isopropanol (Thermo-Fischer, 9500-1) followed by thorough mixing,
incubation at room temperature for 10 minutes and centrifugation at 12000G for 10 minutes at
4°C. After centrifugation, the supernatant was discarded, and the RNA pellet washed with 250pl
of RNase free 75% Ethanol (SIGMA 459836-1L) to remove residual salts. Following final
centrifugation at 10000G for 5 minutes at 4°C, removal of the supernatant and drying with mild
heat for 10 minutes, pellets were dissolved in 20l of DEPC treated water (Invitrogen, 10289104),
and either stored at -20°C if they were to be used the next day, or immediately quantified and
purity tested using a Nanodrop 2000 spectrophotometer (Thermo-Fisher). For quantification,
absorbance ratios at 260/280nm (absorbance wavelength of RNA/ absorbance wavelength of
DNA) and 260/230nm (absorbance wavelength of RNA/ absorbance wavelength of proteins)

were determined for 1ul samples of each RNA sample. RNA centration was also determined

(ng/ml).
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2.13 cDNA synthesis

1ug of RNA solution acquired as described in section 2.12 was made up to 8ul in nuclease free
water in a 200l PCR tube (Starlab, 11402-8100), to synthesise complementary DNA (cDNA).
When the concentration of RNA in the initial samples was significantly higher than 1ug/ul, final
concentration was adjusted by addition of nuclease free water to ensure that the same input of
RNA was used for each sample. Subsequently, when the total RNA derived from the cell lines
was less than 1ug/ml, the total RNA used was dictated by the lowest yield sample. Avoiding
genomic DNA contamination was critical in the samples, consequently they were treated with
1uL of RQ1 DNase (in 10mM HEPES, 50% v/v glycerol, 10mM CaCl, and 10mM MgCl2.), per 1ug
of RNA and 1uL of RQ1 DNase buffer (400mM Tris-HCI, 100mM MgS0O,4 and 10mM CaCl,) for a
total reaction mixture of 10ul (1ug of RNA in 8ul of water, 1ul of DNase and 1l DNase reaction
buffer). Tubes were incubated at 37°C for 30 minutes in a PTC-200 Thermocycler. The DNase
activity was halted by addition of DNase stop solution (1l of the stop solution — 20mM EGTA)
to a final sample volume of 11l and incubation at 65°C for 10mins, and the reaction was placed
onice.

Reverse transcription was performed by addition of 0.5ug of Oligo-dT primer (Promega C110A),
which hybridizes to the mRNA polyA tails, plus 250ng of random hexamer primers, to prime the
reverse transcription reaction, and the single-stranded DNA or RNA for extension. The reaction
was incubated at 70°C for 10minutes and samples then placed on ice to stop the RNA from
entering secondary conformation structures. 0.5mM dNTPS (deoxyribonucleotides), 4ul of 5x
Molony Murine Leukaemia Virus (MMLV) reverse transcriptase (RT) buffer (250mM Tris-HClI,
375mM KCl, 15mM MgCI2 and 50mM DTT) were added, along with 1.5ul nuclease free water to
make the reaction volume up to 19ul, and finally 1pl of MMLV-RT enzyme was added to a final
reaction volume of 20ul. MMLV-RT is an RNA-dependent DNA polymerase enzyme that can be
used to generate cDNA from long messenger RNA templates (>5kb). It has lower RNAse H
activity, compared to other transcriptases, which helps to ensure the integrity of the RNA
template. The enzyme is a product of the pol gene of MMLV and consists of a single subunit with
a molecular weight of 71kDa. The final reaction volume was made up to 20ul by addition of 1pl
of MMLV-RT enzyme to all samples. To generate cDNA, following addition of MMLV-RT, samples
were incubated at 37°C for 60 minutes for cDNA extension, 42°C for 30 minutes for DNA
polymerisation and 70°C for 10 minutes to inactivate the MMLV-RT. A ‘no-RT’ negative control,

where the reaction mixture was exactly the same and went through the same incubations, but
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did not include the MMLV-RT enzyme, was included for all the experiments to control for
genomic DNA contamination. Following reverse transcription, samples were kept at -20°C until
further use. All products used in this protocol were from the Promega Reverse Transcription

System. (Promega A3500)

2.13.1Polymerase Chain Reaction Primers

Investigating physiological changes in gene expression via detection of molecular markers
required the identification of primers and optimisation of protocols for the identification of key
targets using polymerase chain reaction (RT-PCR) amplification of the reverse transcribed cDNAs
from treated synoviocytes. The primers shown in Table 10 (listed in 5’ to 3’ format), derived from
previous literature investigating these targets in human tissues. The human pan-VEGF-A primers
were those described and used by Bates and colleagues (Bates, Cui et al. 2002) , the human
VEGF-Aigsa and VEGF-Ajssb competitive primers used by the same group (Woolard, Wang et al.
2004), the human SRSF1 primers were those used by Zhou and colleagues (Zhou, Wang et al.
2019), and the human SRPK1 primers were those used by Wang and colleagues (Wang, Zhou et
al. 2020).

All the primers shown in table 11 (sourced from Sigma-Aldrich) were checked for specificity for
the targets using the NCBI primer blast, and to identify exon-intron junctions using Ensembl. The
primers were lyophilised and reconstituted in RNAse-free water to give 100 uM stock solutions
that were stored at -20 C freezer. Prior to usage, the forward and reverse primers were combined
in Eppendorf tubes from the aforementioned stock with 10 pl of the forward and 10 pl of the
reverse primer alongside 80 ul of RNAse free H,0, providing working stock solution of 10 uM, to

avoid constant thawing cycles on our initial stocks.
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Table 9 Primers and accompanying product sizes

Primer  Forward Primer Reverse Primer Product

Target Size
(bp)

Human 5’- ATGGATCCGTATCAGTCTTTCCT 130b

VEGF-A  GTAAGCTTGTACAAGATCCGCAGA p and

isoform CG 64bp

s pair 1

Human  GAGATGAGCTTCCTACAGCAC TTAAGCTTTCAGTCTTTCCTGGTGAGAGATCTGC  220b

VEGF- A p

Asesa

and

VEGF-

Aissb

pair 2

Human  GCCGCATCTACGTGGGTAAC GAGGTCGATGTCGCGGATAG 95

SRSF1

Human  GTGTGCCAGTCTTCCTCAACTG GGTCAGCAATCTTCACCTTGAG 217

SRPK1

2.13.2Polymerase chain reaction (PCR)

The PCR method described here is the general protocol used, and more specific information on
precise conditions are in Chapter 5, section 5.2.

A reaction mixture containing 50ng of cDNA (produced as described before in chapter 2.13),
0.5uM of each forward and reverse primer (1ul primer mix), 10ul of PCR Master Mix (Promega)
(the master mix contains: 50 units/ml of Tag DNA polymerase supplied in a proprietary reaction
buffer (pH 8.5), 400uM dATP, 400pM dGTP, 400pM dCTP, 400pM dTTP, 3mM MgCl,) and
nuclease free water to a final volume of 20ul was prepared for each cDNA sample. Controls for
DNA contamination of reagents were included with water replacing the cDNA sample in the
same reaction mixture, the ‘no-RT’ control samples were included to determine whether
genomic contamination was present even after DNase treatment. PCR reactions were carried

out in 200ul thin-walled tubes in a PTC-200 thermocycler, using s denaturation step at 95 °C for
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5 minutes, annealing and extension temperatures and times as detailed in Chapter 5, section
5.2, a final extension step of 72°C for 10 minutes, and cooling to 4°C. Reactions were stored at
4°C overnight or visualized by gel electrophoresis immediately.

For gel electrophoresis, 3% agarose gels were made by dissolving 6g of agarose (Sigma, A9535)
in 200m| of TAE buffer (40mM Tris base, 1mM EDTA, 0.1042% v/v glacial acetic acid), dissolved
by heating in a microwave at maximum power for 30seconds. Once dissolved the agarose
solution was allowed to cool until it could be held, before adding ethidium bromide (5ul per
100mL Sigma, E1510) for DNA visualization on a GelDoc system (BioRad, UK). The gel was formed
in the gel running plate with loading wells created with a plastic ‘comb’. Once the gel had
solidified, After the comb was removed and the gel on the plate submerged in fresh TAE buffer
in a gel tank (BioRad), 4l of 6x loading buffer (Thermo, R061, Orange G Dye + Xylene cyanole FF
in Glycerol) was added to each sample for a total volume of 24 pl. Up to 20ul of each sample
reaction, was then loaded onto the gel, alongside with 5ul of DNA markers (Bio-Line 50BP
Hyperladder) also included in at least one lane for amplicon size comparison. The DNA was
electrophoresed at 90V for 90minutes, and then DNA was visualised on a UV transilluminator to
check separation and imaged with a GelDoc UV visualisation plate system and software (BioRad

UK). Images were exported in TIFF format.

2.14 Statistical Analysis

All statistical analyses were performed using GraphPad Prism software (GraphPad Prism version
8.0.0 for Windows, GraphPad Software, San Diego, California USA, www.graphpad.com).
Specific information on statistical tests used for the individual studies are given in the respective
chapters in figure legends. Significance was accepted when p < 0.05 as per convention. All figures
shown are mean + standard deviation unless otherwise stated.

| also utilized another statistical analysis technique namely Principal Component Analysis or PCA.
PCA is a statistical technique to handle multiple variables, achieved by reducing the dimensions
of the dataset, without losing major information that would characterize the data. Main principle
resides in dimensionality reduction, meaning the number of variables describing the dataset. By
retaining as much information vital for our dataset and investigating the relations of the
individual variables through PCA we stand in a favourable position to analyse multi-variant raw
data. PCA relies heavily on the concept of feature extraction, denoting a projection of data to

smaller number of dimensions, through linear combinations. Feature extraction is the process
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through the original variables are analysed in order to construct a “new” set of variables, either
through linear or non-linear analysis (with PCA being the linear analysis). These new linear
combinations of the original variables are what is called in PCA the principal components or PCs.
As a general guideline, these new variables are meant to contain the most useful information
from the entire dataset, to which the original data will then be projected, minimizing the loss of
information. PCs, considering they are linear combinations of our initial data, can be represented
in line graphs where the data can be projected onto. Of key interest for a PCA is the variance of
the dataset, provided that variables with greater variance contain more information for PCA.
Main goal of PCA is to retain as much variance (information) as possible, and to guarantee that
the PCs (new variables) can characterize the original dataset to the best of their abilities.
Minimising the dataset, and projecting into a reduced dimensional space, will result in losing
some information, however by fitting the data to the first principal component appears to
successfully counter both the aforementioned issues. It is important to note that the number of
PCs in a PCAis equal to the number of the original variables.

As a general rule the principal components are calculated as below:

PC1=alx1 + a2x2 + a3x3

PC2=b1x1 + b2x2 + b3x3

with X representing the variables or samples, while a, b etc representing a standardised
coefficient or Eigenvector. Eigenvectors are values that represent the direction of a PC, similar
to the slope | would encounter on a regression analysis indicating a positive or negative
relationship. There is another value of interest during a PCA test, namely Eigenvalues. These
values represent the variance explained by principal components. The larger the eigenvalues,
the larger the variance of the principal component, denoting the ability of this PC to
explain/include more of the original data.

If I were to identify however all the possible PCs for a study, that would entail creating a new
dataset that has the same dimensions as the original, denoting a need to specify which PCs are
best suited to be retained for the purpose of analysis. A variety of methods have been introduced
regarding PC selection. Initially, one of the simplest techniques for PC selection is to select the
first X amount of PCs based on their eigenvalues (important to note, there is no underlying
reasoning behind the selection, beyond selecting the PC with the highest variance). Moving
forward, there is the “Kaiser rule”, which entails the selection of PCs with eigenvalues greater

than 1. The main issue with this approach is that even with random data or noise in the PCA,
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eigenvalues greater than 1 will still be selected, even though they are not useful. Both techniques
are considered faulty and are not preferred due to not being able to account for variance due to
noise.

Parallel analysis is a method focusing on selecting PCs without losing power due to noise. In short

during a parallel analysis is described on figure 15.

Perform PCA and determine the eigenvalues for each PC

Y

Simulate a dataset with the same number of variables (p) and observations (n) as the original data

.

Perform PCA on the new dataset and calculate the new eigenvalues

N
Repeat the simulation a 1000 times, calculating eigenvalues for each simulation

A 4

Calculate the average and 95th percentile of the eigenvalues for each PC across all simulation

Compare the actual eigenvalues to the 95th percentile of the eigenvalues from the simulations

.

Retain (select) components with eigenvalues greater than the 95th percentile of the eigenvalues from
the simulations

Figure 14 Visual representation of the parallel analysis process to determine PCs and
eigenvalues from the initial dataset

PCA focuses on generating PCs with eigenvalues greater than 1, however the eigenvalues from
the “noise” will decrease as the observations are increased. Retaining only eigenvalues greater
than the 95th percentile | ensure that the variance of our PCs is variance not generated due to
noise.

The data collected from PCA can be utilized for further analysis using a regression analysis.
Specifically, principal component regression or PCR is a combination of multiple linear regression
and principal component analysis. The logic behind PCR is similar to running a linear regression
analysis, while focusing on reducing the number of predictors for future analysis. This is

achievable by performing PCA and extracting the PCs desired, performing a multiple linear
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regression using the principal components scores alongside a dependable variable and finally
converting the coefficient estimates back to the original variables. Combining the two
techniques offers great versatility in analysing the results, as well as it provides the opportunity

to identify relationships between a large number of variables, without introducing variance in

the analysis.
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3. VEGF-A splicing events and inflammation in the synovium of OA and

RA knee joints.

3.1 Introduction

As introduced above VEGF-A has been extensively investigated in the context of arthritis, and is
known to be an important driver for angiogenesis in inflammatory diseases like OA and RA.
Tissue injury results in hypoxia, and upregulation of proinflammatory cytokines (such as IL-1B
and TNF-a macrophage-migration inhibitory factor, prostaglandins), can act on surrounding cells
such as keratinocytes (in skin) or synoviocytes to increase the expression of VEGF-A (Cho, Feng
et al. 2006, Cho, Jung et al. 2006, Ryu, Lee et al. 2006, Kim, Park et al. 2007, Kim, Kim et al. 2015).
Hypoxia induces HIF-1a, which is a potent stimulator of VEGF-A expression and splicing to VEGF-
Axxa isoforms. Infiltrating neutrophils, monocytes, and macrophages, in addition to mast cells,
also show increased VEGF-A expression. All these cell types contribute to the inflammatory
process. VEGF-A is one of the most potent angiogenic factors recognised (Kim, Kim et al. 2015)
in synovial inflammation (a major contributor to knee OA and RA). Early events of synovial
proliferation lead to cartilage and bone destruction with angiogenesis promoting such events.
VEGF-A is pertinent in the survival of synovial fibroblasts in RA, protecting the cells from
apoptosis (Yoo, Kwok et al. 2008), and through this stimulation of synovial fibroblasts, VEGF-A

can also indirectly induce osteoclastogenesis in RA (Kim, Kim et al. 2015).

In both RA and OA serum and synovial levels of VEGF-A concentrations are higher compared to
controls, and where compared, are higher in RA than OA patients or controls (Mabey, Honsawek
et al. 2014, Saetan, Honsawek et al. 2014, Kim, Kim et al. 2015) . VEGF-A levels also positively
correlate to arthritic disease activity (Saetan, Honsawek et al. 2014, Clair, Kingery et al. 2019). In
OA synovial fibroblasts or in serum of OA human patients VEGF levels are upregulated in relation
to visfatin, a cytokine responsible for the stimulation and release of inflammatory cytokines in
OA,(Tsai, Liu et al. 2020), moreover it is expressed in bone marrow and plays a role in the damage
of synovial joint; a similar study suggests that apelin, which in synovial fluid is significantly and
positively correlated with disease severity in OA(Hu, Tang et al. 2011), can also regulate

angiogenesis progression driven by VEGF altering the OA progression (Wang, Kuo et al. 2020).
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VEGF-A is important in the development of both articular cartilage and bone. While normal
cartilage is hypoxic, in inflamed joints increased HIF-1a causes upregulation of VEGF-A (Jackson,
Minton et al. 1997), resulting in detrimental changes in chondrocyte metabolism (Murata, Yudoh
et al. 2008). IL-1B/TNF-a upregulation under these conditions, also facilitate increased VEGF-A
expression by superficial chondrocytes in OA (Walsh, McWilliams et al. 2010). VEGF-A and VEGFR
expression is increased in OA cartilage (Qian, Xu et al. 2021). In addition to the changes in
synovium and cartilage in OA, angiogenesis has been demonstrated in subchondral tissue in both
RA and OA, facilitated by the same angiogenic cytokines, IL-1a, IL-8 and IL-10 (Hulejova, Baresova
et al. 2007).

VEGF-A neutralisation using bevacizumab (Avastin) (Nagai, Sato et al. 2014), an anti-VEGF-A12;
antibody (Sone, Kawakami et al. 2001), or knockdown with an intra-articular VEGF-A short
hairpin RNA blocked disease progression in experimental OA, RA and OA in rabbit, mouse, and
rat (Zhang, Crawford et al. 2016) respectively. Only one study showed data on synovitis, and this
was unaffected by VEGF-Ai;; neutralising antibody treatment, although joint structure was
maintained by the treatment (Sone, Kawakami et al. 2001). Overall, there is therefore
considerable evidence suggesting a strong relationship between VEGF-A, RA, and OA,

particularly with respect to inflammation and joint damage.

3.1.1 Alternative splicing and inflammation in arthritis.

Alternative splicing of fibronectin was first recognised to contribute to RA in 1996 (Hino, Maeda
et al. 1996), when different fibronectin variants were reported to promote adherence and
migration of synoviocytes (Hino, Maeda et al. 1996) and to be correlated with joint destruction
(Shiozawa, Hino et al. 2001). Expression of specific variants of CD44 in synoviocytes, which is
involved in cell-cell and cell matrix interactions, is higher in RA than OA synovium (Grisar, Munk
et al. 2012), and these synoviocytes are invasive, but those from normal joints are not

(Wibulswas, Croft et al. 2002).

Most of the studies to date either use or detect VEGF-Ajgsa or panVEGF-A rather than multiple
splice variants, unsurprising for the older literature as VEGF-Awb was only identified in 2002
(Harris, Craze et al. 2012, Kim, Lee et al. 2016). While there has been very little investigation of

VEGF-A splice variant expression in arthritis to date, the alternatively spliced VEGF-A1,: and

97



VEGF-Ayes variants are expressed in RA synovium, as is VEGFR1 (Pufe, Petersen et al. 2001),
whereas VEGF-A121 and VEGF-A189 are found in osteoarthritic cartilage (Pufe, Petersen et al.
2001). The splice variants within the VEGF-Axxa/b families can be differentiated by RT-PCR, but
the different families (VEGF-A«xa/b) can only be identified with careful experimental design
(Bates, Mavrou et al. 2013). Until recently there were no commercially available isoform-specific
antibodies, all available VEGF-A antibodies were directed at the N terminus of the protein and
therefore identified all splice variants, as they share a common N terminus. There is now a
commercially available VEGF-Axb antibody (R&D) but no VEGF-Axxa-specific antibody. None of
the previous literature, therefore, has enabled any understanding of the changes in the
expression of the different VEGF-A families and the relationship between inflammation and the

control of splicing between the families.

In most normal tissues, VEGF-Aub is expressed at higher levels than VEGF-A.xa (Harper and
Bates 2008). An increased level of total VEGF-A in the inflammatory angiogenic conditions of
RA/OA could result from an overall increase in expression of both families, and a greater increase
in one family in comparison to the other, for example with the VEGF-Aua isoforms being
expressed at a higher level than anti-angiogenic VEGF-Aub isoforms. The balance between the
isoforms impacts the physiological events, and while it would be hypothesised that
proangiogenic VEGF-Aua isoform expression level would be increased in inflammation, this has

not yet been shown in human RA or OA.

This triggers the question about how the individual isoforms, how the splicing between the two
families may be altered in inflammation in both RA and OA. It is unknown whether total VEGF-A
changes with no shift in the balance of the isoform families, or if one of other splice variant family
predominates under specific conditions. If splicing is shifted towards VEGF-A.xa, then this pro-
angiogenic isoform family would be increased in relation to the inflammatory profiles of either

RA or OA while VEGF-Axxb expression remains low.

While a strong relationship between VEGF-A and OA has been described, especially in HFLS or
synovial fluid, there are no published data on the expression or actions of the distinct VEGF-A
isoform families. Here | have investigated the relationship between synovial histological

inflammation and the expression of the different VEGF-A isoform families, VEGF-Axa and VEGF-
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Awxb, as well as the expression and activation of the different components of the VEGF-A splicing

axis.

VEGF-Awxa could potentially be used as a predictor of inflammatory flares in arthritis, or
potentially even earlier diagnosis. As serum levels in RA and OA are raised and reflect the intra-
articular levels of total VEGF-A, this might enable blood screening for early disease. Such an
approach could potentially pave the way for development of new drugs targeting specifically
VEGF-A««a, reducing the potential risks involved with completely inhibiting total VEGF-A in elder
populations. Alternatively, a relationship between inflammation and the splicing of the VEGF-
Awxa and VEGF-Axb families could lead to the control of alternative splicing as an alternative

therapeutic strategy.

Primary hypothesis:
The activation of the SRPK1/SRSF1/VEGF-A splicing axis is greater in human OA and RA synovium

with more severe inflammation.

Specific experimental hypotheses:

1. Expression of SRPK1 is increased in inflamed knee synovium from patients with RA or OA
compared to controls, and expression is related to the severity of histological
inflammation

2. Expression and activation of SRSF1 is increased in inflamed knee synovium from patients
with RA or OA compared to controls and is related to severity of histological
inflammation

3. Expression of total (pan)VEGF-A is increased during inflammation between patients with
RA and OA compared to controls in knee synovial tissue and expression is positively
related to the severity of histological inflammation

4. Expression of the VEGF-Aub isoform is significantly decreased while the VEGF-Axa
isoform is increased in inflamed knee synovium between patients with RA and OA
compared to controls as well as having a negative relation to the severity of
inflammation

5. Expression of the related splicing kinase Dyrk1A is related to the severity of histological

inflammation particularly in RA.
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3.2 Materials and Methods

3.2.1 Human tissue collection and preparation

General methodology is given in chapter 2 (Methods), alongside the standardised protocol for

tissue collection and sample processing. Details for histological grading are given in section 2.4.

Two distinct groups of cases were selected throughout this study. One group was used for
optimisation experiments and a pilot study, whereas the second group was used for the main

experiments described in this chapter.

3.2.2 Cases for the pilot study and the optimisation of experimental

methods.

The aim of the initial pilot study was to verify the feasibility and accuracy of our experimental
methods, and to optimise methods, including data extraction and analysis methods, where
necessary. Cases were selected on the required inflammation level as determined by scoring of
haematoxylin and eosin-stained index slides from the repository of Arthritis Research UK Pain
Centre (n=3, 3 patients with 1 sample per patient). For the pilot study and optimisation to
provide the most consistent results, all cases were selected on the following criteria: a visible
synovial lining and at least level 3 score of synovial inflammation. The levels of synovial
inflammation were assessed using the Haywood scoring system, as explained in chapter 2
(Methods-Synovitis Histological Scoring section 2.7). As a brief reminder, this scaling system is
based on a 4-grade scale; grade 0 = normal healthy synovium, with synovial lining <4 cells thick,
grade 1 = mild inflammation with synovial lining 4-5cells thick, grade 2 = moderate inflammation
with a thick synovial lining of 6/7 cells, and finally grade 3 = severe inflammation with a synovial

lining of more than 7 cells thick.

3.2.3 Cases for the investigation of the VEGF-A splicing axis in

synovial inflammation

Age and sex -matched cases were selected from the University of Nottingham biorepository. The
tissue was supplied as fixed blocks ready for cutting. Sectioning was performed either by

Dimitrios Amanitis or Seyed Sehatari; post-mortem samples of knee synovium (n=15) from
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people with no recorded history of arthritis or knee pain obtained at autopsy, with no significant
evidence of arthritis on inspection of articular surfaces or synovial microscopy in the 12 months
prior to death, alongside arthroplasty-derived synovium samples from people with OA (n=36)
and RA (n=14) comprised the two other groups.

The samples were selected based on qualitative inspection of the index slides from the
repository of the pain centre, only if they showcased sufficient quantity and appropriate
morphology of synovial lining. Specifically, post-mortem cases were selected only if the synovial
inflammation evident in the index samples was of grade 1 or less based on the Haywood scaling

system (Haywood, McWilliams et al. 2003).

Synovitis is identified histologically by markers such as thickening of the synovial lining in
addition to inflammatory cell infiltration and increased cellularity. Krenn et al (Krenn, Morawietz
et al. 2002, Krenn, Morawietz et al. 2006) developed a histopathological score examining three
specific criteria; hyperplasia, cellularity and inflammatory infiltration are graded on a scale 0-3,
with 0 being absent of feature and 3 severe features. The total synovitis score is being
determined by the summation of each feature, with 0-1 score indicating no synovitis, 2-4 low
synovitis and 5-9 high grade synovitis. A similar scoring system has also been developed by
Haywood et al., 2003, in which the synovitis grades have been comprised in 3-point score system,
encompassing the degree of synovial lining hyperplasia, cellularity and inflammatory infiltrate
within each grade boundary. Score of 0 would indicate no synovitis; score of 1 mild synovitis; 2
moderate synovitis; 3 severe synovitis. The Haywood system offers a more concise method for

synovitis scoring without losing any valuable information.

Selected RA cases were identified from consecutive RA synovial donations from joints removed
for arthroplasty (total knee replacement, TKR). These cases have a variable degree of associated
synovitis but tend to have higher synovitis scores than the OA cases, and in most cases of
arthroplasty in RA, also have indications of secondary OA. OA cases were selected to include a
range of different synovitis scores as a representative sample of the varied inflammation seen in
OA for patients that have undergone TKR.

The same cases were used throughout the study for expression of all studied proteins.

Information on each case included in the study was also obtained, and included at least sex, age,
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diagnosis, race/ethnicity, age at TKR, whether the person reported pain at TKR, time since

diagnosis, medications at the time of TKR, and any other clinical signs or symptoms.

Given that the index sample that was initially identified could have a different morphology
compared to the final sample used in the study, as the sections used were from a deeper layer
of the tissue, specific exclusion criteria were set for the post-mortem cases since they were the
controls of this study. In the cases where a post-mortem sample was noted to have synovial
inflammation of a grade 2 or 3 during the post-hoc analysis of the results, then the individual
sample was excluded from the study, since the premise of these experiments was to compare

arthritic samples to controls with no signs or symptoms of arthritis/inflammation.

3.2.4 Immunohistochemistry - optimisation and analysis

General methodology on the HRP-ABC and ALP-ABC indirect immunohistochemical methods is
described in chapter 2. The HRP-ABC method was chosen as the primary approach due to

providing highly consistent results throughout the experiments

Indirect IHC was preferred to visualise VEGF-A (isoforms and panVEGF-A), SRSF1, SRPK1, and
DYRK1a immunoreactivity. Wax embedded sections were pre-processed as described in Section
2.3 Tissue collection and processing. Tissue was dewaxed in xylene for 10 minutes, and
rehydrated using descending concentrations of ethanol (100%, 90% and 70%) for 5 minutes

respectively.
Heat-induced antigen retrieval (HIER).

Temperature grading and duration of treatments play a major role in the success of the epitope
unmasking. The efficacy of the protocol relies heavily on the heating and the cooling of the
samples following the HIER treatment. Most methods employ temperatures near 100°C,
theoretically the optimal temperature to unmask the antigen epitopes. The consensus from
literature suggests that with higher temperature and longer incubation times, the better the
efficacy for HIER. However, there is an equilibrium to be reached after which no significant

benefit can be achieved.
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With this in mind a variety of temperatures and durations were investigated to identify the
optimal conditions. Initially | investigated temperatures as high as 105 °C and as low as 50 °C,
with incubation times varying from 5 minutes to 1 hour. The best and most reproduceable results
were achieved at 65 °C with an incubation period at 20 minutes, after which the samples were
cooled under running tap water for 10 minutes. This protocol provided good results regarding

unmasking the epitopes as well as maintaining the integrity of the samples.

Finally, the chemical composition of the buffers plays a major role in HIER. Two distinct buffers
exist that have both been used with success in the past. Citrate buffer (sodium citrate—citric acid)
at pH 6.0 has been a staple when dealing with antigen retrieval. The low pH helps with
maintaining the quality of the tissue during the experiment; however, it is not as potent in
unmasking the epitopes as its higher pH counterparts. Tris-EDTA pH 9, a more basic buffer
solution provides excellent antigen recovery, but as a downside, samples show enhanced tissue
damage. Moreover, some type of detergent is usually added to the buffer as a step to improve
performance and perforate cells. | investigated how both buffers work in different conditions.
Tris-EDTA pH 9 seemed to have higher efficacy for our samples and antibodies, especially when

paired with a lower temperature during the HIER protocol.

Blocking of non-specific antibody binding

Moving forward the focus shifted towards optimising the blocking solutions as well as the
concentration of the antibodies used. Based on previous publication, a number of different
blocking solutions were trialled alongside different time windows. The buffer solution was based
on the Bovine albumin serum, diluted in Phosphate buffer saline (PBS). Different concentrations
of BSA were investigated ranging from 1% to 5%, alongside using different normal serums from
either goat or horse (Normal horse serum or normal goat serum). | also tried blocking with
different time intervals starting with 1 hour of blocking up to overnight blocking. The aim of
these optimisation experiments was to identify a blocking solution that would provide the least
amount of background possible in the most efficient way. Given that the work was performed
on human tissue, the serums did not provide any significant changes in regard to blocking non-
specific staining. The best results were identified after blocking the samples with a 5% BSA
solution for 1 hour at room temperature in a humid environment. Similar to the BSA blocking, |

investigated how endogenous peroxidases were affecting the non-specific background staining
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in our samples. Different concentrations were tested ranging from 0.1% H,0, to 3% H,0,, for
different time windows ranging from 10 minutes to 1 hour. Finally, the best results were evident

when the samples were incubated with 3% H,0,, for 30 minutes.

In regard to the concentrations of antibodies a number of optimisations tries preceded the
experiments. To validate optimal concentrations, parallel experiments were performed while
changing single parameters. The aim of the optimising experiments was to achieve the best
possible result as expressed per signal to noise ratio (a measure that compares the level of
desires signal, in this case the antibody immunoreactivity, to background noise). Different final
concentrations for the antibodies were tested, ranging from 0.001 mg/ml to 0.05mg/ml. To
maximise the binding of primary antibodies to the antigens, the samples were left overnight in

a humid environment at 4 °C.

A similar mindset was followed when investigating optimal conditions for the incubation with
the secondary antibodies. The goal was to increase the signal to noise ratio, thus different
dilutions were tested ranging from 0.01 mg/ml to 0.2 mg/ml alongside different incubation
timings. Best results were obtained when the incubation times were 2 hours long. Final

concentrations are denoted in the Methods Chapter 2.5, Table 9.

Following the incubation of the samples with both antibodies, two major steps of IHC protocols
were optimised, namely the amplification step using the Avidin-biotin complex (ABC) as well as
the visualisation step using either alkaline phosphatase (AP) or 3,3’-Diaminobenzidine (DAB). An
ABC kit from Vector Laboratories UK was used (PK-6100), following the manufactures guidelines.
Similarly, both the DAB and the AP kits were purchased from the same provider. In DAB staining,
horseradish peroxidase can oxidise DAB, forming a brown precipitate, which can be visualised
using light microscopy. The longer the DAB is allowed to precipitate the higher the signal to noise

ratio would be due to exacerbation of background staining

The guidelines offered by the kits were first applied, however, after some optimisation
experiments regarding time of application of the buffer solutions, | identified that shorter
incubation times provided better results. | tested stopping the reaction at several different
timepoints to identify the best signal to noise ratio | could achieve, with time frames ranging

from 5 minutes to 30 minutes for both the ABC kit, as well as the DAB kit. Focusing on
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reproduceable results, | maintained the length of incubation at 5 minutes, a time frame that was
long enough for the immunoreactivity to be enhanced and allow for further analysis, but not

long enough to exacerbate the background staining.

Finally, when haematoxylin was applied to the samples to stain the nuclei of the cells, | identified
that the strong distinct blue/purple staining was masking the immunoreactivity of the samples.
| attempted diluting the haematoxylin using water in a 1:2 dilution however the results the blue
distinct staining was still too prominent on the tissue. Consequently, | experimented with a rapid
application of the stain, dipping the samples in haematoxylin for 5 seconds before removing
them and instantly placing them in tap water, for washing the excess stain. This method provided
the best results, thus | applied haematoxylin for 30 seconds on the samples, before washing
them twice for 10 minutes in tap water. The finalised protocol for all the IHC experiments of this

chapter can be seen in Figure 16.
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Figure 15 Schematic representation of the general IHC protocol used throughout the
experimental work in this chapter.

Alkaline phosphatase-Fast Red (ALP-FR) immunohistochemistry

ALP-ABC staining was optimised to use the Fast Red chromogen that fluoresces at 560nm, with
the aim to use a double immunofluorescent technique in fixed tissue for cellular identification.
Initially the same protocol as for the HRP-ABC method was used, however the signal to noise
ratio was greatly increased, so further optimisation was needed. Initially | investigated altering
the antigen retrieval temperature and timings. There is evidence, suggesting that higher

temperatures showcase increased auto-fluorescence. | investigated how the immunoreactivity
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would be enhanced if | lowered the temperature from 65 °C to 50°C. | also investigated different
timings for the HIER protocol, ranging from 10 minutes to 60 minutes to accommodate for the
difference in temperatures. The best results were noticed when | reduced the incubation time
in the waterbath to 20 minutes instead of the previous 30 minutes, while keeping the
temperature at 65°C. | also investigated different incubation times for the ABC-AP kit as well as
the AP red substrate kit, ranging from 5 minutes to 30 minutes, with the signal to noise ratio
being better when the incubation was 30 minutes long for the former and 5 minutes long for the
latter. It is important to note that the number of washes was also increased to compensate for
the increase in non-specific background staining. To that extent the final protocol of the

fluorescent experiments can be seen in Figure 17.

Rehydration of the samples ‘ |:> Tissue preparation
PBS wash 2x5minutes ‘
Antigen retrieval <:|| Tris-EDTA-Tween20, 20 minutes

PBS wash 4x5minutes

-

3% H202, 30 minutes ||::> Inactivation

Blocking (7| 5% BSA, 1 hour

PBS wash 4x5minutes

-

-

Primary antibody
incubation

4=

Secondary antibody
incubation

PBS wash 2x5minutes

-

ABC-APkit, 30 |mm) ABC amplification
minutes

=

PBS wash 4x5Sminutes

AP-FR staining <:1| AP-FR, 5 minutes

‘ PBS 4x5minutes

Mounting of slide with
fluoromount + DAPI

Figure 16 Schematic representation of the IHC protocol used throughout the
experimental work of the thesis using the Alkaline phosphatase — fast red substrate kit.
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Optimisation of HRP-DAB IHC analysis methods

A pilot study was set up to determine the optimum method of analysis to maximise the power
of the experiments while minimising the number of replicate fields analysed per section. Human
synovium tissue was collected from three cases, ten slides from each case, stained for SRSF1 and
the fractional area of the ten fields was measured (see Image capture, data extraction and
analysis below).

A macro (developed by Dr. Daniel F McWilliams, City Hospital Nottingham, Haywood et. al 2003).
This macro automatically thresholds the DAB staining in an image of a stained section and
provides the positive area in the field of view as well as the total area, as described in detail in
the methods chapter Figure 13. The fractional area is the result of the positive area divided by
the total tissue area recorded. Two different methods were used when extracting data.

First, a sequential collection of fields of views were performed along the synovial lining,
(analysed in Figure 2), and second, the fields of views concentrated on stained ‘hotspots’ along
the synovial lining. The aim of the hotspot approach was to record those areas with the highest
expression of SRSF1. Both methods were assessed to determine the optimal approach to be used
in future. The “hotspots” were qualitative assessed by the observer who was blinded to the
clinical details of the samples to avoid any potential bias.

The lining was chosen as the focus of our observations due to the role it plays in managing
cellular and molecular translocation within the joint, alongside maintaining the health of the
joint by regulating the synovial fluid.

The coefficient of variation (CV) of the fractional area was calculated as the standard deviation
divided by the mean of fractional area multiplied by 100 to get the percentage of the variability
between different fields. Mean values, standard deviation and CV were calculated for each of
the fields identified for analysis, as described above, providing the variability per number of fields
per subject (Figures 2 and 3). The CV’s per field per subject were used to calculate and plot the

individual and mean CV of the 3 subjects per field

3.2.5 Image capture, data extraction and analysis
All images and analysis were performed while blinded to the groups/samples to avoid any
potential experimental bias. Histologic scoring and staining quantification were performed using
a Zeiss Axioskop 50 microscope, by a single observer who was blinded regarding the details of

the diagnostic group.
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The expression of all the antigens was quantified as per fractional area as described above and
in Chapter 2. For the SRSF1 localisation quantification manual cell counting was performed, using
Fiji Imagel) as described in Chapter 2 (section Image analysis and quantification) at 40x
magnification images. For both VEGFA and VEGFA¢sb expression the integrated density of the
stain was also quantified using a custom-made macro made by (Dimitrios Amanitis see Appendix
1) as described in Chapter 2 (section 2.8).

| captured 3 fields per sample following the hot-spot technique, focussing on areas of the tissue
that visually had more staining (Haywood et al 2003). Only areas within 100um deep of the
synovial lining were captured and analysed. A custom-made macro allowed quantification of the
DAB staining expressed as fractional area (area of positive stain/total area) per case quantified
by computer assisted image analysis by thresholding the output of the stain against the
haematoxylin staining (Haywood et al 2003).

Light microscope images were captured using a 3-CCD camera mounted on a Zeiss Axioscop-50
microscope (Carl Zeiss, Welwyn Garden City, UK) and analysed using a KS300 image analysis
system (Imaging Associates Ltd., UK). Numerical data were exported and recorded and analysed
using Excel and GraphPad Prism (v8.4.2 for Windows GraphPad Software, San Diego, California
USA, www.graphpad.com) (Figure 1). More detailed methods on the analysis procedures are in

Chapter 2.4.5.

Data extraction and statistical analysis

All statistical analyses were performed using GraphPad Prism software (v8.4.2 for Windows
GraphPad Software, San Diego, California USA, www.graphpad.com). Differences in fractional
area of SRPK1 and SRSF1 expression were determined using either Kruskal Wallis one way-
ANOVA followed by Dunn’s multiple comparisons or by Mann-Whitney or Wilcoxon’s tests
depending on the numbers of groups and whether cases were paired. Specific statistical analyses
are given in figure legends. For panVEGF-A and VEGF-Axxb/a integrated density measurements
were also performed after qualitative assessing the images to identify differences in staining
intensity between groups. Correlations between inflammation scores and SRPK1, SRSF1 and
VEGF expression, and SRSF1 activation were determined using two-tailed Spearman’s rank
correlation. Principal Component Regression (PCR) analysis was performed as explained in
Methods chapter 2.14. VEGF-Axxb expression (fractional area) was the dependent variable. For

inclusion of clinical signs ARA criteria, effusion, synovial thickening, Heberden’s nodes,
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osteophytes, chondrocalcinosis and morning stiffness, these were transformed into binary
values, where 0 is absence, and 1 is presence of effusion for example. Clinical details were
collected characterised by clinical technician Roger Hill as described in previous publications (A,
R et al. 2008), (Stoppiello, Mapp et al. 2014). Principal components were selected based on the
two highest eigenvalues. Significance was denoted as p values of less than 0.05 as per

convention.

3.3 Results

3.3.1 Pilot study: determination of sampling frequency for minimal

staining, through coefficient of variation analysis
For sequential field sampling, the lower the number of fields sampled, the higher the variability
of the results, and as the number of analysed fields increased the variability reduced, reaching a
plateau at ~20% variability when 4 fields were sampled (Figure 18A & B) (n=3; 3 patients one

sample per patient).

CV per subject per field Mean CV of all subjects per field

-~ Subject 1
-8 Subject 2

-+ Subject 3

Coefficient of variation
in % per subject
Y
(=]
Mean CV in % per field
N
o

o
o

Fields Fields

Figure 17 Determination of the required number of fields to minimise the variance of
data collected using sequential sampling of the synovial lining. Analysis of the first set
of data from the collection of the sequential fields in the synovial lining. In figure 2A
the individual Coefficient of variation (CV) values per subject per field can be seen,
where all of them reached a plateau at around 4 fields of view. In B, the mean of the
different CVs was calculated alongside the standard deviation. The Interquartile range
(IQR) was calculated which was IQR=4.42 (Coefficient of variation analysis based on
mean values and standard deviation, n=3)
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For hotspot sampling, again, the lower the number of fields sampled, the higher the variability
of the results, and as the number of analysed fields increased the variability reduced. This again

reached a plateau at ~20% variability when 3-4 fields were sampled (Figure 19A & B).
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Figure 18 Determination of the required number of fields to minimise the variance of
data collected using hotspot sampling of the synovial lining. A) Individual CV values for
each subject per field against the number of fields sampled. B) mean CV % SD (n=3) for the
number of fields sampled. (Coefficient of variation analysis based on mean values and
standard deviation, n=3)

Based on these analyses, it was decided that further studies should include a single slide from
each case with a minimum sampling of three fields per case recorded. Sequential and hotspot
sampling did not show any major differences in the number of fields recorded before the
coefficient of variation reached a plateau. | decided to move forward using the “hotspot”
technique to eliminate the variation when selecting fields of view by always imaging the fields

with the highest expression of SRSF1 after visual qualitative inspection of the tissue.

3.3.2 Optimisation of immunofluorescence in human knee

synovium
The first successful attempt showed successful labelling of synovial fibroblasts for SRSF1 with
the nuclear stain DAPI (Figure 20). Fig 6(A, B, C) shows the negative controls for the antibody
used, showing minimum to no autofluorescence or non-specific binding. In Fig 6(l), the merged
image of SRSF1 expression (in green) and DAPI (in purple) can be seen, with clear evidence of
clean staining. There are also evident cells were SRSF1 and DAPI seem to be co-localised in the

nucleus.
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Negative control ~ SRSF1 ab 20x (1) SRSF1 ab 40x
-
& E :

Figure 19 A-C negative control showing no background staining or non-specific binding of our
antibody on the tissue. D-E 20x magnification the expression of SRSF1 in the human synovia
lining. G-1 40x magnification where evident localisation can be seen (arrows A clean negative
control and clear signal from the SRSF1 staining can be seen in images B and E. The SRSF1 has
been stained using the alkaline-phosphatase kit, while Dapi was used for identifying the nuclei
of the cells. Dapi has been digitally changed to purple and SRSF1 to green so a better contrast
would be provided to make localisation easier to notice. In image | the double staining can be
seen (white arrow) in synovial fibroblasts. The colours in the images have been artificially

added to enable better qualitative analysis
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Subsequent experiments, however, did not provide consistent staining across larger numbers of
sections (Figure 21). Although negative controls had little autofluorescence or non-specific
binding (Figure 20A-C), the positive staining did not show consistent immunofluorescence signal.
Also, as it can be seen in Non-specific binding was also relatively high in the samples (Fig 21E &
H). As decalcified paraffin embedded tissues present difficulties with IF (REF) and | could not
achieve consistent results despite several attempts, the decision was made to continue with

standard immunohistochemical techniques for further investigations.
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Negative control 40x SRSF1 ab 40x SRSF1 ab 40x

Figure 20 Human synovial tissue under fluorescent light with SRSF1 being in red and Dapi
in blue. A-C) The negative controls are clean showcasing no immunoreactivity of SRSF1. D-
1) Representative images of the SRSF1 immunoreactivity with non- specific and high
background staining. When compared to the previous images the staining pattern is
different in as can been seen in image E. In image H the specific staining cannot be
observed due to high background noise even after thresholding based on the negative
controls. The result of the immunoreactivity is inconsistent among the samples, rendering
analysis improbable compared to the clean signal to noise ration that was observed in
previous experiments
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3.3.3 Case information — summary table and illustrations of the

histology

Patient demographics for this chapter’s samples are reported in table 11 and histopathological
features based on which | scored the samples for synovitis are discussed in Methods chapter 2.9.
All the tissues derived from white donors. The synovitis scores in the OA and RA groups were
statistically different from the post-mortem control group. There were no other statistically
significant differences between the three groups other than the incidence of morning stiffness >

2 hours, which affected a slightly higher proportion of the RA group. Also, below a table of the
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cases used throughout this study can be found (table 11), and their specific N numbers per group

per disease, per treatment.

Table 11 Table of N numbers used throughout the study.

Treatment
SRPK1
SRSF1
SRSF1 localisation
VEGF-A fractional area/int
density
VEGF-Ax@ Fractional
area/int density
VEGF-A.xb fractional
area/int density

DYRK1a

OA group
35
35
35
33

31

34

34

RA group
14
14
14
13

13

13

13

PM group
11
12
9
11

11

13
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Table 10 Clinical details and pathological characteristics of study groups *.

Clinical or pathological Osteoarthritis  Rheumatoid Post-mortem
characteristics (n=36) arthritis (n=14) (n=15)

Race / ethnicity (n) White (34) White (14) White (15)
'Synovitis score (mean, SD) 2.4+0.8 2.6x0.7 0.5+0.5**
Age in years, mean (SD) 66+6.5 66.6%+7.5 67+5.7
median (range, n) 64125 66124 (11/14) 66115 (9/15)
Male: female 11:24 3:8 3:6

ARA criteria Yes (35/36) Yes (13/14) No (8/15)
Arthritis Onset >5years >5years (11/14) N/A
Morning stiffness <30mins Yes (26/35) Yes (5/11) N/A
Morning stiffness > 2 hrs Yes (0/35) Yes (3/11) ** N/A
ttMean (SD) time estimated 37113 72148

morning stiffness (min)

Effusion (n) 29/35 10/13 N/A
Synovial Thickening (n) 27/35 10/13 0/9
Heberden's nodes >2 7/33 1/11 1/9
Osteophytes 29/35 9/11 0/9
Chondrocalcinosis 4/35 0/13 N/A

1. Tissues were obtained at the time of total knee replacement for OA and RA or were obtained
PM from cadaver donors. Some details were unavailable for some donors and so were not
included in the values given above. The numbers on which data are based/calculated are shown
in brackets where these are different from the overall group total shown in row 1. 'Synovitis
score using Haywood'’s (REF) 4-grade scale; grade 0 = normal healthy synovium, synovial lining
<4 cells thick; grade 1 = mild inflammation with synovial lining 4-5cells thick; grade 2 = moderate
inflammation with a thick synovial lining of 6/7 cells, and grade 3 = severe inflammation with a
synovial lining > 7 cells thick. Tt <30 min estimated as 29min, <1 hour as 59min, 1-2hours as 119
min and >2 hours as 130 min.

**p<0.01 cf. other groups one way ANOVA & Tukey’s test

(synovitis): Chi squared test (morning stiffness >2 hours). N/A not applicable.
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3.3.4 Splicing axis changes in inflamed synovium

To determine changes in splicing kinases and the VEGF-A splicing axis with synovial inflammation,
knee synovium samples from 1. post-mortem knee synovium (n=15) from people with no history
of arthritis or knee pain obtained at autopsy; 2. arthroplasty-derived synovium samples from
people with OA (n=36) exhibiting a range of degrees of synovial inflammation; 3. from people
with RA (n=14) were used. The same cases were used throughout the whole study for all different
IHC protocols. Two control cases (PM) were subsequently removed as despite there being no
reported clinical symptoms, the histological appearance of the synovitis scored 2 and 3 for these
samples.

| applied principal component regression analysis to identify the principal components in the
prediction of the dependent variable VEGF-Axxb expression (fractional area).

The principal components (PC) were identified using the two highest eigenvalues, as parallel
analysis (the default Graphpad Prism setting) yielded only one PC accounting for approximately
30% of the whole dataset variance. Two PCs were identified which accounted for ~40% of the

total variance of the dataset.

Figure 22 shows the individual variable loadings (the correlation between the values for each
column variable measured and the calculated values for the PCs) and the relationship between
these and the two PCs. The key information shown in this type of plot are clusters of variables
such as DYRK1a, pan-VEGF-A and pan-VEGF-A intensity and the direction of correlation between
the variables and the PCs. The clustering of DYRK1a, pan-VEGF-A and pan-VEGF-A intensity
indicates that these are providing similar information, and so in further studies measuring only
one would probably give sufficient information. The direction of the line shows the variables that
correlate with the PCs and their direction, for example age and VEGF-Axxb intensity correlate with
PC1 in the opposite direction to all the other variables as they are on different sides of x=0, but

in opposite directions with PC2 as they are on different sides of y=0.
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Figure 21 Loadings plot of the PCA analysis for the dataset of the VEGF-A splicing axis and
indicators of OA and RA disease. The variable against which | determined dependencies was
VEGF-A«b expression. Age, SRSF1, pan-VEGF-A, VEGF-A,.«a expression and intensity, DYRK1a
expression, Heberden’s nodes, osteophytes, and chondrocalcinosis all contributed significantly
to the linear regression model predicting VEGF-A,«b expression. From the graph above | can
identify the variables that have a positive relationship with both PC1 and PC2 (top right
quadrant), a positive relationship with PC1 and negative relationship with PC2 (bottom right
quadrant), etc. Clustering of variables such as DYRK1a expression, pan-VEGF-A expression and
intensity indicates a close relationship between these variables, and possible redundancy in
the model.
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Principal component regression analysis was highly significant (F (DFn, DfD) =(2, 30)=19.7,
p<0.0001) with the following variables contributing significantly to the regression model: age
(p=0.001), degree of synovitis (p=0.002), presence of osteophytes (p=0.002) expression of SRSF1,
activation of SRSF1 (nuclear localisation), pan-VEGF-A expression and intensity, VEGF-Auxa
expression and intensity, and DYRKla expression, presence of Heberden’s nodes and

chondrocalcinosis (all p<0.0001).

The linear regression model generated was (only the values that showed significance are

included):

VEGF-Axxb=0.53 + 0.0005 *Age + 0.006* Synovitis + 0.029* SRSF1 fraction area + 0.0003* nuclear
SRSF1 + 0.1198* pan-VEGF-A fractional area - 0.16* VEGF-A«a fractional area + 0.00002* pan-
VEGF-A intensity -0.002* VEGF-Axxb intensity - 1.38* VEGF-A«a intensity + 0.1439* DYRK1a

fractional area -0.006* Heberden’s nodes - 0.016* osteophytes - 0.016 chondrocalcinosis.

The positive values in the regression equation indicate a positive relation between the variables
and intercept (VEGF-A«b) while the negative values indicate a negative relationship. Age,
synovitis, SRSF1 expression and localisation, pan-VEGF-A expression (as per fractional area or
intensity) were all significantly and positively related to the VEGF-Axb isoform, while VEGF-Asa
expression (as per fractional area or intensity), presence of Heberden’s nodes, osteophytes and
chondrocalcinosis where all significantly negatively related to the VEGF-Au«b isoform.

To determine specific changes in splicing kinases and the VEGF-A splicing axis with synovial
inflammation, knee synovium samples from 1. post-mortem knee synovium (n=14) from people
with no history of arthritis or knee pain obtained at autopsy; 2. arthroplasty-derived synovium
samples from people with OA (n=35) exhibiting a range of degrees of synovial inflammation; 3.
from people with RA (n=14) were used. The same cases were used throughout the whole study
for all different IHC protocols. Two control cases (PM) were subsequently removed as despite
there being no reported clinical symptoms, the histological appearance of the synovitis scored 2

and 3 for these samples.
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3.3.5 Expression of SRPK1 is increased in inflamed knee synovium
from patients with RA or OA compared to controls, and
expression is related to the severity of histological

inflammation

Two PM samples were lost during the experimental procedure, and two post-mortem samples
had to be removed post-hoc, due to high levels of synovial inflammation, hence data derive from
a final total sample size of 60; this included 11 post-mortem cases, 14 RA cases and 35 OA cases.
Expression of SRPK1 was determined by fractional area of immunohistochemical staining, to
determine whether there were increased numbers of cells expressing SRPK1.There were no
significant differences in fractional area between the 3 groups (Figure 23A-D, p=0.3110 and
p=0.6317 respectively). There was also no correlation between the expression measured by

fractional area and the histological inflammation grade (Figure 23E, p=0.5374)
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Figure 22 SRPK1 expression in synovium from human tissue. A-C typical images SRPK1
immunoreactivity. A-C Representative images of synovial lining from the 3 groups in the study.
Black arrows show synovial fibroblasts with positive SRPK1 staining. A) representative image from
the control/PM group with a thin synovial lining showing the low grade of inflammation (0-1) B)
Average image of the tissue from the OA group showing higher cellularity compared to the PM
group (inflammation grade 2-3). C) Representative image from the RA group with a distinct
expression pattern shown by the black arrow D) No significance was documented in the difference
between the fractional area of the in between groups comparisons (p>0.3110 and p>0.6317
respectively cf. PM). E) No significant relation between the expression of SRPK1 and the increase
of inflammation grades (p<0.5374). Kruskal- Wallis test with Dunn’s multiple comparisons test and
Spearman’s rank correlation
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3.3.6 Expression of SRSF1 is increased in inflamed knee synovium
from patients with RA or OA compared to controls and is

related to severity of histological inflammation

Data derived from a total of 61 cases (RA=14, OA=35, PM=12) were analysed to identify the
expression of SRSF1 was by fractional area of stain, to determine whether there were increased
numbers of cells expressing the splicing factor. Similar to the previous studies, 2 PM samples
were removed from the study since they scored highly in the inflammation scoring system (grade
2 and 3). During the experimental procedures tissue from samples was lost from the slides,
leading to losing 1 PM sample. Expression of SRSF1 was significantly higher in osteoarthritic cases
(Fig 24C) in comparison to the post- mortem controls (Fig 24B) controls and was positively

correlated with the degree of inflammation (r=0.52 **p<0.01 c.f. control) (Figure 24).
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Figure 23 A-D) Representative images of the 3 groups that were used to quantify the fractional
area (40x images from human synovium). SRSF1 is expressed in most cells in the human
synovium E) The expression of SRSF1 as measured by fractional area. The total expression of
SRSF1 is significantly higher in the osteoarthritic tissue compared to the post-mortem tissue
(**p<0.01 cf. control). The expression of SRSF1 is not greater when comparing the RA tissue
to both the osteoarthritic and the control tissue (p>0.99 cf. OA, p=0.057 cf. controls, RA=14,
OA=35, PM=12). F) SRSF1 expression is correlated with the inflammation scored (as calculated
by the grading system set in Haywood et al., 2003). Correlation analysis showed a significant
correlation between SRSF1 expression and inflammation score (r= 0.52, ***p= 0.0007).
Kruskal- Wallis test with Dunn’s multiple comparisons test

121



3.3.7 SRSF1 activation is increased in inflamed knee synovium from
patients with RA or OA compared to controls and is related to

severity of histological inflammation

Visual inspection of the images showed distinct visualisation patterns of the localisation of SRSF1
in and around the cells in the synovial lining. As a splicing factor, SRSF1, can be localised either
in the nucleus or the cytoplasm, denoting different functions. In figure 25, distinct nuclear
staining can be observed in both the osteoarthritic and the RA samples (black arrows). After a
qualitative analysis, the RA samples showcased a higher number of nuclear stained cells
compared to either the osteoarthritic or the post-mortem samples. To quantify the nuclear
localisation levels of SRSF1 cell counting was performed as described in Methods, using the same
cases as in the previous study (ratio of nuclear stained cells to total number of positive cells. Cells
were counted using a cell counter). In 3 out of the 12 PM samples cell counting was rendered
impossible due to lacklustre quality of imaging when capturing using a 40x magnification lenses
and with the removal of the two control cases, data derive from a total of 58 cases (RA=14,
0A=35, PM=9).

A significant increase in the nuclear localisation of SRSF1 was observed in OA samples compared
to PM controls (**p<0.01 cf. controls). Furthermore, the increase in SRSF1 nuclear localization
was greater in RA samples compared to the other two groups (Figure 25). There was a significant

positive correlation between the activated SRSF1 and inflammation score (r=0.38, **p=0.0027).
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Figure 24 SRSF1 is expressed in the cytosol in postmortem control and osteoarthritic synovium
(red arrows) and in synoviocytes nuclei in both OA and RA synovium. There was a significant
increase in the nuclear localisation (activation) of SRSF1 in OA samples compared to PM
(**p<0.01 cf. controls, # cf. OA, RA=14, OA=35, PM=9). There is a significant correlation
between the numbers of cells with activated SRSF1 and the inflammation scores (r= 0.38, **p=
0.0027). Kruskal- Wallis test with Dunn’s multiple comparisons test and Spearman’s rank
correlation

3.3.8 Expression of total (pan)VEGF-A is increased during
inflammation between patients with RA and OA compared to
controls in knee synovial tissue and expression is positively

related to the severity of histological inflammation

The panVEGF-A antibody used is a mouse monoclonal IgG1 raised against the amino acids 1-140
of human VEGF and has the ability to detect all the splice variants of VEGF-A (Figure 5) from both

families.
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Similar to the previous studies, two PM samples were removed from the study since they scored
highly in the inflammation scoring system (grade 2 and 3). During the experimental procedures
tissue from samples was lost from the slides, leading to losing 2 PM samples, 1 RA sample and 1
OA samples; therefore, data presented from 57 cases. PanVEGF-A expression (fractional area)
was present in PM, OA, and RA cases (Fig. 26). Expression of panVEGF-A measured by fractional
area was significantly higher in samples from RA and OA cases in comparison to PM controls and
was significantly higher in RA cases compared to OA (p=0.01 RA cf OA, p<0.0001 RA cf PM) (Fig
26E). Fractional area of panVEGF-A was positively correlated with the degree of inflammation
(r=0.47, p<0.001) (Figure 26F).
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Figure 25 Photomicrographs of representative samples of human synovium, showing the
expression pattern of panVEGF-A in different groups. Fractional area of panVEGF-A
immunoreactivity is significantly higher in both OA and RA groups cf. PM controls (p=0.01 RA
cf OA, p<0.0001 RA cf. PM). Correlation showing a significant positive relationship between
the expression of panVEGF-A and inflammation score (p<0.001, r=0.47). Kruskal- Wallis test
with Dunn’s multiple comparisons test and Spearman’s rank correlation

Visual inspection of the tissue showed differences in the intensity of the staining between the
samples as can been seen in Figure 26, particularly between the post-mortem controls and the

RA samples. RA samples show strong intensity regarding the immunoreactivity of panVEGF-A
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close to the synovial lining, extending into deeper tissue, whereas both the control and the
osteoarthritic samples have staining localised closer to the synovial lining, while producing
moderately weaker signal. To investigate these changes the custom-made macro made by
Dimitrios Amanitis (Appendix 1) in Image) was used, to quantify the intensity of the staining by
measuring integrated density. Integrated density was measured as rho-r (g/um?); in two -

dimensions the density is calculated as mass per unit area.

Staining intensity of the growth factor was also significantly greater in RA and OA cases
compared to PM cases (RA cf. PM p=0.006, OA cf. PM p=0.001). A positive correlation between

inflammation grade and panVEGF-A staining intensity was also evident (p=0.01, r=0.32) (Figure

27).
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Figure 26 panVEGF-A expression expressed as Integrated density. panVEGF-A
immunoreactivity is significantly higher in both the disease groups compared to controls (RA
cf. PM p=0.006, OA cf. PM p=0.001. Correlation showcasing a significant positive relation
between the intensity of panVEGF-A and inflammation grades (p=0.01, r=0.32). Kruskal-
Wallis test with Dunn’s multiple comparisons test and Spearman’s rank correlation
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3.3.9 Expression of the VEGF-Auxb isoforms is significantly
decreased in inflamed knee synovium between patients with
RA and OA compared to controls as well as having no

relationship to the severity of inflammation

The expression of panVEGF-A, as measured by fractional area and staining intensity was
increased, but whether this is associated with an altered splice variant ratio is unknown. |
therefore next investigated the expression of VEGF-Axa and VEGF-Aub isoforms with specific
antibodies in the same cases, to identify whether the change in panVEGF-A expression results
from changes in one or both of these isoforms. The three distinct groups with the same cases
were included when monitoring the expression of the isoforms.

4 PM samples, 1 RA sample and 4 OA samples were lost during the experimental procedure
lowering the total sample size to 53 cases, which however did not affect the calculated post-hoc
power of the experiment.

VEGF-Aa expression was detected in all the groups (Figure 28 A-D). There were no significant
changes in VEGF-A.xa expression assessed by fractional area between the 3 groups (Figure 28A-
D, p>0.05). There was also no correlation between the expression measured by fractional area

and the histological inflammation grade (Figure 28E, p>0.05)
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Figure 27 Photomicrographs of representative samples from human knee synovium showing
the expression pattern of VEGF-A.xa in the three different groups. Fractional area of the
immunoreactivity of VEGF-Ax«xa with no change being recorded between the disease groups
and the PM group (p>0.05). Correlation analysis shows no relationship between the expression
of the isoform and the inflammation scores. Kruskal- Wallis test with Dunn’s multiple
comparisons test and Spearman’s rank correlation

Similar to the panVEGF-A study, | investigated the intensity of the immunoreactivity (Fig 29), by
analysing the integrated density (g/um?) as described before. | did not identify any changes in
the expression of the VEGF-A«a isoform between groups, nor was there any correlation (either

positive or negative) with the inflammation scores (p=0.42, r=0.112).
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Figure 28 VEGF-A«a expression as quantified by integrated density. A) The intensity of the
immunoreactivity for the VEGF-A.xa isoform was not different when assessed by the
integrated density of the immunoreactivity in either of the groups. Kruskal- Wallis test with

Dunn’s multiple comparisons test and Spearman’s rank correlation

The expression of the anti-angiogenic / anti-nociceptive isoform VEGF-Ab was determined in

the same cases. Like the previous analysis, the 3 groups RA, OA, and PMs were used with 2 PM

samples being removed from the experiment due to high inflammation score as described

previously and 2 more PM samples being lost during the experimental procedures resulting in a

sample size of 61. VEGF-Axb expression was detected in cases from all groups (Figure 30A-D).

There were no significant differences in VEGF-Ab fractional area between groups (Fig 30E), and

VEGF-Au«b expression did not correlate with inflammation score (Fig 30F).
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Figure 29 Photomicrographs of representative samples from human knee synovium showing
the expression pattern of VEGF-Ab in the three different groups. Fractional area of the
immunoreactivity of VEGF-A,xb with no change being recorded between the disease groups
and the PM group (p>0.05). Correlation showcasing no relationship between the expression of
the isoform and the inflammation scores. Kruskal- Wallis test with Dunn’s multiple
comparisons test and Spearman’s rank correlation

In contrast, the integrated density of VEGF-Awb was significantly higher in the RA group
compared to the control group (Fig 31) (*p=0.02 cf. controls), and there was a significant positive
correlation between integrated density of VEGF-Axb and the inflammation score (r=0.34,

**p=0.007).
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Figure 30 VEGF-A,«b expression (integrated density). A) The intensity of the immunoreactivity
for the b isoform was significantly increased in the RA group compared to PM (*p=0.02 cf.
controls, Kruskal- Wallis test with Dunn’s multiple comparisons test). B) A positive relationship
between the intensity of the stain for VEGF-A«b and the inflammation scores was confirmed
significant (Spearman’s r=0.34, **p=0.007).

3.3.10 Ratios of VEGF-Axxb / VEGF-Axxa@ expression.

Following on the quantification of the VEGF isoform levels in the synovium tissue, | investigated
whether the ratio of the two isoforms was significantly different between the disease groups
and the control group (Figure 32). The ratios of the VEGF-A«b/VEGF-A«xa isoform fractional area
and integrated density were not significantly different between the groups (Figure 32 p>0.05,

one-way Anova, Kruskal-Wallis, Dunn’s multiple comparisons).
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Figure 31 VEGF-Ax«b/ VEGF-A,«a expression ratio for each individual group. The exact same
matched samples were used as in the previous individual hypothesis. A) Ratio of VEGF-
Axxb/ VEGF-Aya as per fractional area, 9B) VEGF-Axxb/ VEGF-Axxa ratio as per integrated
density. No significance difference is shown in between the groups, suggesting no
alterations in the ratio of the two isoforms p>0.05, One-way Anova, Kruskal-Wallis, Dunn’s
multiple comparisons)

3.3.11 Expression of the splicing kinase DyrklA is related to the

severity of histological inflammation particularly in RA.
Data derived from a total of 60 cases (RA=13, OA=34, PM=13) were analysed to identify the
expression of DYRK1a by fractional area of stain and determine whether there were increased
numbers of cells expressing the kinase. Expression of DYRK1a was significantly higher in both OA
and RA cases (Fig 33) in comparison to the post- mortem controls (Fig 33) controls and was

positively correlated with the degree of inflammation (p=0.0002, r=0.46) (Figure 33)
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Figure 32 Photomicrographs of representative samples from human knee synovium showing
the expression pattern of the splicing kinase DYRK1a in the three different groups. Fractional
area of the immunoreactivity of DYRK1; RA cf. PM p=0.0006, OA cf. PM p=0.0056. Correlation
showcasing a significant positive relation between the expression of DYRK1a and inflammation
grades (p=0.0002, r=0.46) — Kruskal- Wallis test with Dunn’s multiple comparisons test and
Spearman’s rank correlation
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3.4 Summary of the Results

PCA identified 2 principal components representing approximately 40% of the variability of
the data. PCR analysis showed that the model all variables except for ARA criteria, effusion
levels, synovial thickening, and morning stiffness significantly contributed to the linear
regression model, and therefore VEGF-Ab expression.

The expression of the splicing kinase SRPK1 showed no significant differences between the
three groups, and was not related to the level of synovial inflammation

SRSF1 expression and activation showed significant increase in expression in the OA group
when compared to the control. Activation of SRSF1 as analysed by the degree of nuclear
localisation of the splicing factor was significantly increased in both the RA and OA group in
relation to the PM group.

The levels of panVEGF-A were significantly increased in the disease groups compared to the
controls, showcasing a positive relation to the inflammation.

VEGF-Awb expression was higher in the RA group compared to controls and positively
correlated with inflammation, while VEGF-Axxa expression showed no significant change
between groups or in relation to the inflammation levels.

The splicing kinase DYRK1a showed a significant increase in expression in the disease groups
when compared to controls and showed a significant positive relation to the inflammation

scores.
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3.5 Discussion

In these studies, | tested the hypotheses that the splicing axis SRPK1/SRSF1/VEGF-A is altered in
OA and RA synovium and correlates with the degree of inflammation. VEGF-A is a major player
in both especially RA and OA although with less information on the latter, however the
contribution of the VEGF-A splicing axis has still to be investigated in the context of these
diseases. Here | determined the differences between the different components of the VEGF-A
splicing axis, their potential contribution in predicting VEGF-Awb expression, and the
relationships with inflammation. It is important to understand the predictors of VEGF-Axub
expression because not because of its predictive nature, but rather because VEGF-Axb is the
one that is more beneficial to have.

A range of features in the synovium are associated with the inflammation in symptomatic OA
and RA including but not limited to, synovitis and VEGF-A immunoreactivity, chondrocyte
changes and severe cartilage integrity changes, when compared to control cases. Predominantly,
when investigating synovium, high inflammation levels of synovitis and VEGF-A expression by
the surrounding cells (e.g., fibroblast, macrophages etc) are key features of inflammation in the

diseases.

3.5.1 Principal component regression analysis - Predictors of VEGF-

Axxb expression in inflammation in OA and RA synovium

The aim of the PCR analyses was to investigate the relationships between variables and identify
predictors of altered VEGF-Awb expression in synovium; identify what is driving the VEGF-A
expression in late-stage disease.

All the measures of the VEGF-A splicing axis contributed significantly to the regression model, as
did 3 of the 7 disease indicators, the presence of Heberden’s nodes, presence of osteophytes
and chondrocalcinosis. ARA criteria, effusion levels, synovial thickening, and morning stiffness
did not contribute to the regression model. However, the variables cannot be effectively used to
distinguish between the diseases (since they have not been looked individually in the model),
thus giving no indication of what may happen in early disease stages. Fundamentally although,
the indicators above can be considered major players in driving or reducing the VEGF-Aub

expression from this analysis.
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3.5.2 Changes in the VEGF-A splicing axis and relationship to

inflammation in OA and RA synovium

Measure OA RA Inflammation/synovitis
(sig correlation)

SRPK1 expression & & X

SRSF1 activation i i v +ve

Pan VEGF expression | I N v +ve

VEGF-Axa isoforms

FA & = X

Integrated Density = & X

VEGF-Auxb isoforms

FA & = X

ID = s v +ve

b/a ratio & & X

Dyrkla expression ] ] v +ve

While SRPK1 expression did not change in any group, | identified increases in SRSF1 activation
and anincrease in panVEGF-A expression in both OA and RA, and a correlation with inflammation
in synovium. However, in OA synovium, the levels of VEGF-Awb, VEGF-Axa and the ratio of
VEGF-Axxb/ VEGF-Axa did not change, nor did the ratio correlate with inflammation. This
suggests an overall increase in panVEGF-A expression in late-stage OA which does not involve a
change in VEGF-A splicing. In contrast, in late-stage RA synovium there was an increase in
panVEGF-A and VEGF-Axxb, implying that a change in VEGF-A.b isoforms contributed to the

overall panVEGF-A increase.

135



3.5.3 The expression of the splicing kinase SRPK1 showed no
significant differences between OA and RA and was not

related to the level of synovitis.

| investigated the expression of SRPK1 in arthritic tissue from RA and OA patients compared to
PM control tissue. | hypothesised that given the level of inflammation in these cases, the
expression of the kinase would also increase. SRPK1 expression, however, did not change in
between groups or relative to the inflammation levels when comparing either RA or OA to our
controls.

Previous evidence does suggest that SRPK1 may be upregulated in highly inflamed or
proliferative tissue (Yao, Wang et al. 2021) or in situations where angiogenesis is important such
as tumours (Amin, Oltean et al. 2011), findings that disagree with the results described in this
study. However, as a kinase SRPK1 activity can be regulated by mechanisms other than its
expression, increasing the activity of SRPK1.

As stated, TNF-a is a major contributors in both OA (Grunke and Schulze-Koops 2006) and RA
(Farrugia and Baron 2016), contributing to disease pathogenesis, and SRPK1 is activated by TNF-
o (Mavrou, Brakspear et al. 2015), as well as hypoxia (Jakubauskiene, Vilys et al. 2015).
Therefore, it is likely that SRPK1 activity is controlled not by a change of expression levels of
SRPK1, but rather a modification in the active state of the kinase. This can’t be confirmed by
immunohistochemistry experiments nor in post-mortem fixed tissue. Activity of SRPK1 can be
measured indirectly by a downstream marker such as a change in an SRPK1 targets e.g., nuclear
localisation of SRSF1 (Hulse, Beazley-Long et al. 2014) or a change in VEGF-A splicing (Stevens,
Star et al. 2019). This was attempted in this chapter, when | performed the localisation analysis
of SRSF1 in chapter 3.3.7, and these results will be discussed in the chapter 3.5.4. How SRPK1
kinase activity changes in synovitis could be understood by assessing it directly in vitro using
fibroblast-like synoviocytes (FLS), measuring the kinase activity for example through a kinase
reporter assay in primary human FLS. The work in the later chapter of this thesis aimed to identify
these mechanisms however, due to time constraints as well as the COVID19 impact, the kinase
assays were not completed. Other than my findings, there are no studies to date on serine-
arginine proteins or SRPK1 in synovium or arthritis, and only three publications showing a direct

involvement of SRPk1 in inflammation/neuroinflammation (Li, Li et al. 2020, Wei, Xu et al. 2021,
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Yao, Wang et al. 2021). There is no published evidence showing the effect of splicing kinases in

context of RA and OA regarding the inflammatory aspect of these diseases

3.5.4 Expression and activation of SRSF1 were significantly
increased in both OA and RA, and activation correlated with

the level of synovitis.

The expression of SRSF1 was significantly increased in OA synovium and had a strong positive
correlation with the degree of synovitis. Expression was increased in RA synovium, but not
significantly. In the control of alternative splicing, the activation of SRSF1 denoted by nuclear
localisation is key. Nuclear localisation of SRSF1 was significantly increased in OA, and at still
higher levels in RA synovium and had a strong positive correlation with the degree of synovitis.
The significant changes in the translocation of SRSF1 can be interpreted as anRPK1 activity, and
an active change in downstream alternative splicing. The greater activation in RA compared to
OA could be due to the more severe or different type of inflammation in RA, given the differences

in the immune responses between the diseases (Berenbaum 2013).

As with SRPK1, there are very few published studies on SRSF1 and arthritis, and the few that are
available are concentrated on splicing in activated T cells in systemic lupus erythematosus (SLE)
(da Gléria, Martins de Araujo et al. 2014, Kono, Kurita et al. 2018, Ramanujan, Cravens et al.
2021). SRSF1isincreased in T cells in SLE and related to the disease severity (Katsuyama, Li et al.
2019). In a mouse model of systemic lupus erythematosus (Katsuyama, Li et al. 2019), targeted
deletion of SRSF1 in T-cells leads to a lethal systemic autoimmunity with peripheral organ
inflammation, and T-cell hyperactivity (Katsuyama, Li et al. 2019). SRSF1 is hypothesised to be a
key regulator in autoimmune disease due to these observations (Cassidy, Herbert et al. 2022).
There is also a small amount of evidence showing SRSF1 involvement in other inflammation such

as muscle damage (Xiong, Shaibani et al. 2006), and of course in tumours as discussed previously.

SRSF1 is of course the main splicing factor known to control the alternative splicing of VEGF-A in
the production of the pro-angiogenic/pro-nociceptive VEGF-Axa variants (Nowak, Woolard et
al. 2008, Nowak, Amin et al. 2010). An increase in SRSF1 activation would be hypothesised to
favour the production of the VEGF-A««a isoforms in inflammatory arthritis, leading to the large

upregulation in total (pan)VEGF-A reported in multiple studies (Walsh 1999, Paleolog 2002,
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Haywood, McWilliams et al. 2003, Walsh and Stocks 2017) in a variety of tissues and cell types
(Pan, Xu et al. 2021). Several genes other than VEGF-A have been identified as downstream
targets for SRSF1-controled alternative splicing including, CD44 (Cell-cell interaction, cell
adhesion and migration) (Naor and Nedvetzki 2003, Zhang, Luo et al. 2013), MKNK2 (effector in
MAP kinase signalling pathway) (Das and Krainer 2014), some of which have of course been

implicated in arthritis and may also be controlled by activation of SRSF1.

Interpretation of these findings in fixed human tissues are limited by the inability to directly
measure SRSF1 activation and link this to disease activity. However, it is now well described that
SRSF1, when activated translocates to the nucleus (Hulse et al 2014) where it is held in nuclear
speckles (Malhi, Allen et al. 2022) and released to activate transcriptional alternative splicing by
CLKs as described in the introduction (Aubol, Plocinik et al. 2013, Aubol, Wu et al. 2016, Aubol
Brandon, Wozniak Jacob et al. 2021). Fluorescence imaging in synovium would have provided
higher quality images and analysis, however as mentioned in Chapter 3.2, due to the nature and
the fixation of the tissue, it was not possible to optimise fluorescent protocols to produce
consistent and robust data. Using an immunoprecipitation-western blotting to identify changes
in phosphorylation of SRSF1, in cytoplasmic versus nuclear compartments could bolster our
qualitative data regarding the expression, phosphorylation and activity of SRSF1 but would lose
the cellular localisation of immunohistochemistry and may not be easily performed on post-TKR
or post-mortem tissues. Immunofluorescent staining for SRSF1 in cultured primary human
fibroblast-like synoviocytes together with nuclear stains such as DAPI could be used to identify
location (Malhi et al., 2022) and control by SRPK1 or other kinases in vitro but would then not be

related to articular disease.

| would hypothesise that increased SRSF1 activation would change alternative splicing of VEGF-
A towards use of the proximal splice site, reducing levels of VEGF-A,xb, since when the splicing
factor is phosphorylated and translocates to the nucleus, the splicing of VEGF-A switches in

favour of the pro-angiogenic isoform.
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3.5.5 Expression of total VEGF-A by both fractional area and
integrated density increased in OA, further increased in RA,

and correlated with inflammation.

However, when investigating the relationship of VEGF-Awb with VEGF-Axa | identified an
opposite pattern from the one describing the correlation between VEGF-Axb and SRSF1. VEGF-
Awxb and VEGF-Axa were negatively correlated, pertaining that as the former increases the
latter would decrease, findings that come in agreement with previous literature. Of course, this
negative relationship between VEGF-Axb, the predictors of arthritis and VEGF-Awa can be
analysed in a reverse manner as well. VEGF-Aa expression levels are increased when there is
presence of Heberden’s nodes for example. | could speculate that increased levels of VEGF-A«xa
would be a predictor against arthritic symptoms, provided of course that the levels of the pro-
angiogenic isoform are upregulated before the presence of the Heberden’s node rather than as

a response to them

| investigated the expression of VEGF-A in synovial tissue of both RA and OA patients compared
to controls. This was performed using an antibody that would identify all the splice variants of
VEGF-A by targeting the N-terminus of the protein, since | was interested about the levels of
VEGF-A in the synovium. Moreover, when | measured the intensity of the stain, | identified that
VEGF-A levels were significantly higher in OA samples compared to controls even though most
of the previously publish studies focus mostly on RA samples. | also identified a positive
correlation to the expression levels of VEGF-A with the inflammation grades in our tissue,
indicating a pathogenic relationship between the two.

Our dataset is in accordance with previously published literature that has investigated the
presence and the role of VEGF-A in the synovium of either OA or RA tissue (Giatromanolaki,
Sivridis et al. 2003, Haywood, McWilliams et al. 2003). The increased need for angiogenesis
during synovitis drives the upregulation of VEGF-A expression which in some circumstances,
perpetuates the inflammation. | have identified increased levels of VEGF-A in the inflammatory
groups compared to the controls, supporting the association between VEGF’s angiogenic
function and inflammation. In accordance with literature (Walsh 1999), VEGF-A play a major role

in a chain of events starting with inflammation of the synovium due to exogenic factors, increase
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need for vascularisation to the inflamed areas for transportation of inflammatory cells,
upregulation of the growth factor facilitating angiogenesis, which in turn perpetuates the
inflammation. Qualitative analysis of the samples indicated VEGF-A expression by a majority of
cells in the synovium including macrophages and fibroblasts suggesting a molecular mechanism
through which OA and RA are being mediated with VEGF-A playing a major role (Haywood,
McWilliams et al. 2003).

Of course, there are some limitations to the study of VEGF-A expression levels. The study was
performed in fixed tissue in vitro so there is a possibility of inconsistency when compared to
clinical phenomenon of either OA or RA. Secondly, a functional study over the expression of
VEGF-A using cell culture raised synovial fibroblast would provide a better understanding of the
intricacies surrounding VEGF-A expression. Third, by using a general antibody against VEGF-A |
identified the increase of the expression levels, however | could not identify if that increase were

catholic of the VEGF-A population including all the isoforms, or specific to certain isoforms only.

3.5.6 Expression of anti-angiogenic VEGF-Auxb by fractional area
not changed in the OA and RA groups, and not correlated with
inflammation, but integrated density was higher in RA and

correlated with inflammation. VEGF-Axxa not altered

To identify if the increase in the VEGF-A levels was specific to certain isoforms or if it was wide-
spread among the VEGF-A population, | also investigated the levels of VEGF-Axb and VEGF-Ayxa
isoform using a specific antibody for these splice variants.

| documented that there is no significant difference in the expression of the isoform as expressed
in fractional area. By comparing these findings with the findings from the fractional are of VEGF-
A immunoreactivity study, | could speculate that the increase that | identify in VEGF-A levels is
attributed to the VEGF-A,xa isoform.

Moreover, | investigated the intensity of the VEGF-Axb staining normalised to the area of
expression. Interestingly, the integrated density was significantly higher in the RA group when
compared to the controls and was significantly related to the inflammation levels. When

compared to the intensity of the immunoreactivity for the VEGF-A levels, | can identify a similar
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pattern as previously. The levels of panVEGF-A in OA are increased significantly over the controls,
whereas VEGF-Aub levels in OA do not differ significantly from the control levels.

In contrast to our initial hypothesis the VEGF-A,a isoform prominent for its pro-angiogenic, pro-
inflammatory functions demonstrated no significant changes between the disease groups and
the controls either when expressed as fractional area or when | analysed the intensity of the
immunoreactivity.

Building on previously published literature, the increase in angiogenesis that is evident in both
OA and RA would denote the increase of the pro-angiogenic, pro-inflammatory isoform VEGF-
Axxa, While the anti-angiogenic isoform would be reduced and/or not change in expression
levels. However, | for the first time showed that only the VEGFxb isoform was increased in the
RA group, results that do not reflect the alterations in panVEGF-A. Potentially VEGF-Axb, is
acting as a balance to the increased angiogenesis encountered in the disease groups.

We know that the VEGF-Axb isoform is a partial agonist against VEGFR2, however there are no
signalling molecules that are activated by VEGF-Axb isoforms that are not ativated by VEGF-
Axxa isoforms. Noone has looked at downstream signalling by VEGF-Au«b isoforms so | can't yet
say that it just activates less or more during the disease progression and onset as we don't know
if it also activates different pathways. Downstream signalling which appears to be important for
the VEGF-Axxa isoforms, may look less significant for the b family, but that might be because we
are looking at the wrong signalling pathways. The reported cytoprotection effects of VEGF-A are
not being reduced. It is unclear whether the profound difference in cellular behaviour induced
by VEGF-Axb relative to VEGF-Axxa is due to an alteration in signalling with different signalling
molecules or an alteration in the downstream signalling is insufficient, or whether both
mechanisms are functional.

Moreover, when | investigated the ratio between the VEGF-Axxb/ VEGF-Axa isoforms from our
samples, no significant differences were prominent, denoting that VEGF-A as a whole, is
potentially increased without altering the relation between the two isoforms.

Finally, the difference noted in the expression of the two isoforms may be a by-product of the
specificity of the antibodies used; specifically, the panVEGF antibody is specific against the 189,
165, 121 amino acid splice variants, the VEGF-Aub is specific against the 165 amino acid splice

variants only, similar to the VEGF-Aa specific antibody.

141



3.5.7 Expression of the related splicing kinase Dyrk1A is related to

the severity of histological inflammation particularly in RA.

| investigated the expression the alternative splicing kinase DYRK1a in arthritic tissue from RA
and OA patients against control tissue. | hypothesised that provided the increase of angiogenesis
and inflammation the expression of the kinase would also increase to facilitate for these
changes, the kinase has been previously reported to positively regulate VEGF-A dependant
activation of T cells. The DYRK1a kinase, was positively upregulated in both the disease groups,
an effect that was positively corelated with the synovitis present in the tissue. These findings
come in accordance with previously published data suggesting the kinase is upregulated in RA
synovial tissue (Guo, Zhang et al. 2018), while also confirming that even though the inflammatory
profiles of RA and OA are different, DYRK1a plays a role in the inflammatory process of both
diseases, a finding which is confirmed by another study investigating the effects of DYRK1a
inhibition affecting the Wnt-pathway as a potential anti-inflammatory drug to improve structure
and symptoms of knee OA (Deshmukh, O'Green et al. 2019).

DYRK1a plays a major role in T cell activation and differentiation, with immediate effects on
inflammation. Earlier in the chapter | provided information on the upregulation of VEGF-A in OA
and RA implying an increase in the angiogenesis and inflammation evident in the synovial tissue.
One of the underlying mechanisms here is that VEGF-A by activating its receptors namely
VEGFR1/2, creates a signalling cascade which includes the extra extracellular regulated
kinase/mitogen-activated protein kinases (ERK/MAPKs), the phosphoinositide 3-kinase
(P13K)/AKT pathway, or the phospholipase Cy (PLCy)/Ca2+ pathway (Rozen, Roewenstrunk et al.
2018). Through the PLCy pathway the Ca%* channels in the endoplasmic reticulum open, leading
to an influx of intracellular Ca?*; this influx of Ca%* leads to dephosphorylation of the nuclear
factor of activated T cells (NFAT), which translocate to the nucleus and regulate angiogenesis
events (Miller and Rao 2010). DYRK1a, plays a major role in regulating this NFAT translation,
and upregulation of the kinase in the highly vascular and inflammatory synovium tissue of RA
and OA patients suggest a mechanism under which the increased angiogenesis is driven (Mller
& Rao, 2010). Moreover, regarding the inflammatory response evident especially in RA in
conjunction with T cell activation, DYRK1a is the key kinase regulating the splicing between the
inflammatory driven TH17 driving a pro-inflammatory immune pathway and the T cells a

subpopulation of T cells that act to supress immune responses (Miller and Rao 2010). Inhibition
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of DYRK1a seems to drive the differentiation of T cells towards the T, cells. The increased levels
of inflammation in RA and in the late-stage OA samples in our disposal could be the result of this
unbalanced differentiation of T cells attributed to upregulated levels of DYRK1a.

With this in mind | did confirm that in the RA cases DYRK1a upregulation seems to play a key role
in the development of inflammation as it had been discussed previously, however | also set the
basis to study the mechanism behind the activities of DYRK1a in OA, in conjunction with the

VEGF-A levels and its splicing axis.

The relationship between these four variables is negative, as it can be seen in figure 22 (chapter
3.3.3) with the values being graphed in the lower quadrant, denoting that presence of increased
VEGF-Awb would be translated in reduced levels of these aforementioned predictors. | could
speculate that by monitoring the levels of VEGF-Axub, | could potentially track the ongoing
changes, and potentially use it as evidence of early predictors of OA and RA. Of course, that is
dependent on the speed through which a decrease in VEGF-Auxb would become evident in

relation to the appearance of the traditional predictors of arthritis.

3.6 Optimisation and limitations

Regarding the immunofluorescence experiments using alkaline phosphatase the rationale
behind the experimental procedure was to provide with a more suitable technique that would
allow for a precise localisation study following protocols that have been published before
(Haywood et al 2003). However due to several issues including high levels of background staining
and non-specific, non-consistent staining throughout the samples this procedure had to be
reconsidered. Providing that the tissue was fixed and embedded in paraffin most of our images
were inconsistent due to the nature of the tissue and the fixing procedure. That rendered
analysis of the fluorescent images impossible. However, given the benefits of double labelling as
well as the ease of analysis such a technique will bring, it will probably be revisited in the future.
Such a technique would allow for better quality imaging, thus more robust results, and analysis.
A potential change in the protocol as well as experimenting with several different antibodies
would potentially yield the results that are desirable, however in the timeline of this project such
try-outs would require more attention and focus that would have left other much more pressing

guestions unanswered.
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There are some limitations to this study. OA and RA prevalence is strongly associated with living
patterns and more importantly age. This as a result could raise doubts in studies as to the
changes documented in the histopathology of the synovium are specifically associated with the
diseases or if they are characteristics derived from ageing. To address this limiting factor, cases
were carefully selected from a large repository and were age matched between OA, RA, and
controls.

Our cohort for the study was dominated by Caucasian people, which would skewer the results
towards that ethnic group, rather than providing a bigger “picture” analysis. It is important to
note that the IHC experiments utilised here are an expression study, and even though they
provide us a with a good representation of what is happening in the OA and RA tissue, they are
lacking the details of a mechanistic approach experiments. Moreover, there could be situations
that the expression levels of the kinases or factors in question are not altered, but their activity
is enhanced. Without specific assays (e.g., kinase assay) this information could not be obtained.
Moving forward, the localisation analysis that was performed for SRSF1 was based on purely
qualitative analysis of the immunoreactivities on the tissue. Successful fluorescence protocol and
staining would provide a more robust results of the localisation of SRSF1, since | could double
label the tissue in question with DAPI, SRSF1 and pSRSF1, to identify the translocation of the
splicing factor. The specificity of antibodies could also be considered here; as mentioned above
the panVEGF-A utilised has the ability to detect the 189, 165, 121 amino acid splice variants, the
VEGF-Auxb is specific against the 165 amino acid splice variants only, similar to the VEGF-Axa
specific antibody. This could potentially skewer the results slightly, since for example VEGF-A has
more variants based on the amino-acid length (121,145,165,183,189,206). Moreover, all the
tissue considered here is from end-stage OA/RA, in which the mechanism and progression of the

disease may vastly differentiate from early OA for example.

3.7 Concluding remarks

VEGF-A is increased in relation to inflammation in both RA and OA cases when compared to
control tissues, a change driven by the alterations in expression of the individual isoforms VEGF-
Axxa and VEGF-Ax«b. Thisimplies a connection between the VEGF-A splicing axis, including SRSF1
and SRPK1 with the distinct inflammatory phenotypes evident in RA (autoimmune driven

response) and OA (“normal” inflammatory response). The effect of altered splicing is also
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supported by the significant alterations in SRSF1 expression patterns between the disease
groups and the control, taken into consideration the clear translocation of SRSF1 in the nuclei of
the cells, a prerequisite for the isoform to promote the expression of the pro-angiogenic isoform
of VEGF-A. Finally, confirmation of DYRK1a involvement in both the RA and OA samples, prompts
the need to understand the underlying pathways. DYRK1a through VEGF-A plays a key role in T-
cell transcription and differentiation, denoting a complex mechanism to promote angiogenesis
through VEGF-A outside of the scope of SRPK1 and CLK1. Of course, these three alternative
splicing kinases probably work in conjunction to each other instigating a mechanism through
which SRPK1 phosphorylates SRSF1 which leads to upregulation of VEGF-A and specifically VEGF-
Axxa, followed up by alterations in the T cell differentiation promoting inflammatory responses

further.
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4. VEGF-A splicing events and pain in knee joint synovium from people

with OA.

4.1 Introduction

OA is a major source of pain and disability. With end stage OA, surgical arthroplasty might offer
pain relief, however knee replacement surgery is not always possible nor suitable for all patients.
Existing drugs offer little benefit or adverse effects, while disease modifying OA drugs (DMOADS)

that could treat or prevent structural disease are still being researched (Walsh and Stocks 2017).

Radiographic changes, such as joint space narrowing, have been associated with painful
phenotype in OA, however this association is weak. For example, knee joint space narrowing
may be a result of articular cartilage thinning, or meniscal extrusion, and so does not necessarily
directly indicate significant joint damage showing that even though radiographs may provide us
with information about articular damage, the association of this to pain is not robust (Neogi and

Zhang 2013, Kittelson, George et al. 2014).

Using magnetic resonance imaging (MRI), we have access to more detailed representation of the
structural changes in OA, to better determine potential associations with pain. Articular
cartilage, meniscal location and tears, synovitis, bone marrow lesions (BMLs) and alterations in
the subchondral bone can all be evaluated through MRI. As an example, we can identify the
cartilage depth and focal defects, or synovitis by the evident synovial hypertrophy or effusion.
Synovitis as defined by ultrasound, with effusion, synovial hypertrophy, and increased blood flow
demonstrated by power Doppler signal (Hall, Doherty et al. 2014) is particularly and significantly

associated with OA pain.

Current treatments have a number of limitations driving the need for new drugs against OA pain.
NSAIDs, including COX-2 inhibitors, can be helpful but increase risks of gastric bleeding, renal
damage, and ischemic cardiovascular events (Osteoarthritis: Care and Management in Adults,
NICE Clinical Guideline 177; National Institute for Health and Care Excellence: London, 2014);
opiates show little sustained benefit for OA pain, while being associated with gastrointestinal
and cognitive adverse effects, not to mention the risk for abuse potential. Intra-articular
treatments e.g., corticosteroids, have limited duration of efficacy, raising logistic issues for

repeated treatment.
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Once pain is severe, in the UK scoring >8/10, arthroplasty is the treatment of choice, and still
remains one of the most effective treatments, although expensive and achieving only an 80%

success rate in relieving knee pain (Dakin, Gray et al. 2012).

Synovitis in OA is characterised by innate immune response with macrophage infiltration rather
than the acquired immune response and lymphocyte infiltration which is observed in RA.
However, certain characteristics in the inflammatory profile and the inflammatory mediators in
play are similar for both of these diseases. OA and RA synovial fluids contain high concentrations
of TNF-a and IL-1B, as well as NGF, TGF-b and VEGF-A. Many cytokine and inflammatory
mediators within the synovial fluid have been associated with OA pain, the most widely
investigated being TNF-a, IL-1B, IL-6, IL-8, IL-10 and C reactive protein, but the correlations
between mediators and pain are only moderate, and inconsistent (Dainese, Wyngaert et al.

2022).

As mentioned in chapter 1.5.5, vascular endothelial growth factor-A (VEGF-A) is a key regulator
of vascular growth, permeability, and in the context of this work, neuronal function. VEGF-A is
widely, and principally recognised for its vascular effects, and as a result has been extensively
investigated due to its upregulation in OA, and the increased synovial angiogenesis and flares of

inflammation associated with increased pain (Hall, Doherty et al. 2014).

During end stage OA increased levels of pan-VEGF-A have been identified in articular cartilage
(Smith, Oreffo et al. 2003), synovium and synovial fluid (Sohn, Sokolove et al. 2012), and
subchondral bone (Corrado, Neve et al. 2013) as well as in bone marrow lesions (Shabestari,
Shabestari et al. 2020). In OA, pan-VEGF-A synovial fluid levels are significantly correlated with

both pain and inflammation (Gaballah, Hussein et al. 2016).

Intra-articular injections of exogenous VEGF-A in the knee joint of mice induces OA-like changes,
including proteoglycan loss, calcification and degradation of the articular cartilage, osteophyte
formation, and synovial hyperplasia (Ludin, Sela et al. 2013). Intra-articular and systemic
treatment with bevacizumab (also known as Avastin), an anti-pan-VEGF-A antibody approved for
the treatment of colorectal carcinoma, results in reduced cartilage damage, osteophytes,
synovitis and most importantly in the context of this study, intra-articular treatment reduced
pain in OA induced rabbits (anterior cruciate ligament transection model) (Nagai, Sato et al.

2014).
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To date many studies have shown that VEGF-A can affect nociceptive behaviour in different
animal models, with varying results and conclusions, presenting a confused picture of the role

of VEGF-A in pain.

VEGF-A is reportedly unregulated (Lin, Li et al. 2010, Kiguchi, Kobayashi et al. 2014, Murakami,
Kuniyoshi et al. 2014, Hulse, Beazley-Long et al. 2015) in peripheral nerves in neuropathic animal
models, but downregulated in human diabetic neuropathy (Gardiner and Freeman 2016).
Exogenous peripheral VEGF-A results in acute nociceptive behaviour in normal mice and rats
(Hulse et al 2014) and causes uterine hypersensitivity (Chiumia, Hankele et al. 2020), and bladder
pain and hypersensitivity (Malykhina, Lei et al. 2012, Xie, Iguchi et al. 2022) which is blocked by
systemic anti-VEGF-A antibodies (Lai, Shen et al. 2017). Conversely, intraneuronal VEGF-Axxa
production/retrograde transport in injured nerves ameliorates nerve injury and neuropathic
pain (Murakami, Arai et al. 2006, Pawson, Duran-Jimenez et al. 2010, Lee, Lee et al. 2016). Anti-
VEGF-A antibody treatment blocks pain in diabetic neuropathy (Lin, Li et al. 2010), but systemic
and local anti-VEGFR2 antibody DC101 can also increase pain behaviours in animal models (Hulse

et al 2014).

Intrathecal VEGF-Auxa administration (VEGF-Aiesa in all studies identified to date) exacerbated
(Benton and Whittemore 2003) or had no effect on spinal cord damage, increased (Nesic,
Sundberg et al. 2010) or partially decreased (van Neerven, Joosten et al. 2010) pain in spinal
contusion injury models, and exacerbated pain behaviour in normal (Hulse, Drake et al. 2016,
Micheli, Parisio et al. 2021) and neuropathic animals, through VEGFR1 (Micheli, Parisio et al.
2021) or VEGFR2 (Hu, Yang et al. 2019) or both (Lee, Son et al. 2019). VEGFR1 knockout blocked
cancer pain in mouse models (Lee, Lee et al. 2016), as did intrathecal anti-VEGF-A antibodies (N-
terminal antibodies targeting all VEGF-A isoforms) and VEGFR2 blockers in bone cancer models

(Hu, Yang et al. 2019, Fan, Kan et al. 2022), suggesting spinal VEGF-A promotes pain behaviours.

All these described studies either use VEGF-Aigsa or panVEGF-A or a general receptor blockade,
and none of these approach enables an wunderstanding of the potential
physiological/pathological interplay of different forms of VEGF-A. It is important to note that
while the VEGF-A,«b isoforms were identified in 2002, they were not widely acknowledged for
many years (Harris, Craze et al. 2012, Kim, Lee et al. 2016). Very few studies have therefore
considered alternative splicing of VEGF-A as an explanation for the differing findings on pain, but

the identification of the VEGF-A««b splice variants and their investigation may explain some of
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the contradictory findings when using exogenous VEGF-Axa, anti-VEGF-A antibodies or VEGF
receptor inhibitors/blockers to investigate pain (Di Cesare Mannelli, Tenci et al. 2018, Tooke,

Girard et al. 2019).

In the context of arthritic pain, only panVEGF-A or VEGF-Aa isoforms have been systematically
investigated. This presents the question of if and how the splicing isoforms are altered in
symptomatic OA. While a strong relationship between VEGF-A and OA has been described,
particularly in cartilage clefts where neurovascular bundles can be found in advanced OA (Walsh,
McWilliams et al. 2010, Shabestari, Shabestari et al. 2020), in synovium and subchondral bone
(Wyatt, Nwosu et al. 2019, Qian, Xu et al. 2021), there are no published data on the expression
or actions of the functionally distinct VEGF-A splice variants in human OA. The goal of this study
was therefore to define the patterns of, and relationships between, panVEGF-A, VEGF-A splice

variants, SRPK1, and SRSF1 expression and activation, and pain in human OA synovium.

Primary hypothesis: the activation of the SRPK1/SRSF1/VEGF-A splicing axis is greater in
synovium from people reporting pain from OA (symptomatic OA) than in synovium from
chondropathy matched, pain-free (asymptomatic) people with OA.

Specific hypotheses:

1. Expression of SRPK1 is increased in the synovium from people with symptomatic (painful)
OA/chondropathy compared to matched pain-free controls (with asymptomatic
OA/chondropathy).

2. Expression and activation of SRSF1 is increased in the synovium from people with painful OA
compared to matched pain-free controls

3. Expression of panVEGF-A is increased in the synovium from people with painful OA
compared to matched pain-free controls

4. Expression of the pronociceptive VEGF-Axxa isoforms in human knee synovium is
significantly positively associated, and levels of the antinociceptive VEGF-Aub isoforms are
negatively associated with painful OA and altered in comparison to non-painful controls.

5. Expression of the related splicing kinase Dyrk1A is related to the increased levels of pain

encountered in symptomatic chondropathy cases compared to asymptomatic chondropathy
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4.2 Materials and Methods

General methodology is given in chapter 2 (Methods). Tissue collection and sample processing
are described in section 2.2 from the same repository as the samples selected in Chapter 3.

Details for histological grading are given in section 2.7.

Tissues were selected from age- and sex-matched cases in the Pain Centre Versus Arthritis joint
tissue repository. Synovial tissue samples were matched for macroscopic chondropathy scores
in 2 groups (n=20 per group). The Symptomatic Chondropathy (SC) group comprised samples
from people undergoing total knee replacement (TKR) for OA knee pain. The patients from this
group had all at least grade 4 chondropathy and self-reported the pain in their affected joint as
being 8 or higher on a 0-10 numerical rating scale. The Asymptomatic Chondropathy (AC) group
comprised samples collected post-mortem from people who died of unrelated illnesses and
were recorded as not known to have sought help for knee pain in the 12 months prior to their
death while also having at least a chondropathy of grade 4. The samples included in the study
were selected on a qualitative inspection of the haematoxylin and eosin-stained index slides
from the repository of the Pain Centre Versus Arthritis, according to the criterion described in

section 3.2 on the presence of synovial lining and underlying synovium.

The chondropathy scoring system applied on these samples is based on previous literature
(Walsh et al 2009). It is a result of macroscopic inspection of the articular surfaces of medial and
lateral tibial plateau. This is possible by photographing the femoral condyles as well as the tibial

plateau at 23cm.

The key components of the grading include the extent, the severity, and the loss of articular

cartilage. There are 4 grades of chondropathy based on the severity of the articular cartilage:

Grade 0 or normal -> smooth, homogeneous white to off-white colour.

Grade 1 -> swelling and softening a light brown colouration.

Grade 2 -> superficial fibrillation, lightly broken surface, white to light brown in colour.
Grade 3 -> deep fibrillation, broken cartilage surface, dark brown, or red in colour.

Grade 4 -> subchondral bone exposure, white and dark brown/red in colour.
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The chondropathy grading was done by a single individual, in these cases Roger Hill in King's Mill
Hospital, part of Sherwood Hospitals NHS Foundation Trust. The grading is proportional to the
observed level and amount of chondropathy, for example 1 sample may have 30% grade 2
chondropathy and 70% grade 3 chondropathy. The overall score of the samples is then calculated

based on the following equation:
Chondropathy score = (Grade 1 x 0.14) + (Grade 2 x 0.34) + (Grade 3 x 0.65) + Grade 4
Immunohistochemical analysis

Sections were stained for SRSF1, SRPK1, total (pan)VEGF-A, the two families of VEGF-A splicing
isoforms (a and b) and Dyrk1A. Expression was estimated as fractional area (numbers of cells
expressing). SRSF1 activation was assessed by the degree of nuclear localisation. Some sections

were lost during tissue processing; final n values are shown below and in Figure legends.

Slides were de-waxed and rehydrated in Xylene and decreasing ethanol concentrations (100%,
90%, 70%) for 5 minutes each, followed by a 10-minute wash in PBS. Antigen retrieval was then
performed in Tris-EDTA-Tween-20 (USB Corporation USA, Sigma Life sciences UK, Sigma Aldrich
UK) solution pH 9 for 30 minutes at 65°C. The buffer was first brought to boiling point using a
microwave for approximately 3-5 minutes and then the slides were immersed in the buffer and
placed in a closed box inside a water bath. Optimisation for the conditions is described in Chapter
3.3. After 20 minutes the slides were transferred into running tap water and left to cool in for 10
minutes. Tissue sections mounted on slides were then encircled with a PAP pen to create a
hydrophobic barrier around the sections to minimize the necessary volume of reagents and
prevent loss of antibody solutions and other reagents from the slide during incubations.
Endogenous peroxidases were blocked with H,0, (Sigma Aldrich, UK) for 20 minutes at room
temperature in a sealed container containing a reservoir of 1x PBS to create a humid
environment to minimize evaporation of solutions. After draining the H,0, from the sections,
slides were replaced in the humid container and incubated in 5% BSA in PBS for 1 hour (Sigma
Aldrich UK) at room temperature to block non-specific binding of the antibodies. The blocking
solution was then aspirated before incubation in primary antibody dilutes in the blocking
solution (see Table 9 at chapter 2 for primary antibody concentrations) overnight at 4 °C in the
humid box. The next day the slides were washed in PBS for 5 minutes to remove the primary
antibody and the slides were then incubated in secondary antibodies 1x PBS at room

temperature in a humid environment for 2 hours. After two 5-minute washes in PBS, the
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secondary antibodies were localized using the ABC kit (Vector Laboratories Ltd UK) for signal
amplification for 30 minutes and visualized using a DAB (diaminobenzidine) kit (Vector
Laboratories Ltd UK) applied for 15 minutes (both incubations were performed in room
temperature in a humid environment, in the dark) for optimal development according to the
manufacturer’s guidelines. The peroxidase-DAB precipitation reaction was stopped with a 5-
minute wash in dH,0, followed by light haematoxylin staining for morphological features. Slides
were dipped into haematoxylin solution (RAL- diagnostics, France) for 2-3 seconds and then
washed in tap water, to prevent strong haematoxylin staining masking the DAB signal. The tissue
was then dehydrated in ascending ethanols (70%, 90%, 100%) and finally xylene for 5 minutes

each and then mounted with glass coverslips using DPX and left to dry overnight (Figure 34).
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Figure 33 Schematic representation of the IHC protocol used throughout the experimental
work of the thesis. Antibody concentrations are shown in Table 9

Image capture, data extraction and analysis

All images and analysis were performed while blinded to the groups/samples to avoid any
potential experimental bias. Histologic scoring and quantification were performed using a Zeiss
Axioskop 50 microscope, by a single observer who was blinded to the details of the diagnostic
group. | captured 3 fields per sample following the hot-spot technique, focussing on areas of the

tissue that visually had more staining as described in the methods (Haywood et al 2003). Only

153



areas within 100um of the synovial lining surface were captured and analysed. A custom-made
macro allowed quantification of the DAB staining expressed as fractional area (Area of positive
stain/Recorded area) per patient quantified by computer assisted image analysis by thresholding
the output of the stain against the haematoxylin staining (Haywood et al 2003). Light images
were captured using a 3-CCD camera and analysed using a KS300 image analysis system (Imaging
Associates Ltd., UK) as well as Excel and GraphPad Prism (v8.4.2 for Windows GraphPad
Software, San Diego, California USA, www.graphpad.com). Specific methodology regarding the

analysis procedures can be found in the method chapter.

Statistical analysis

All statistical analyses were performed using GraphPad Prism software (v8.4.2 for Windows
GraphPad Software, San Diego, California USA, www.graphpad.com). Differences in fractional
area of SRPK1 and SRSF1, panVEGF-A and VEGF-A splice variant expression were determined
using Mann-Whitney’s. Specific statistical analyses and outcomes are given in figure legends.
PCR analysis was performed as explained in Methods chapter 2.4.7. Principal components in this
study were selected based on the parallel analysis method, characterising a variance of ~40% of

our dataset. Significance was denoted as p values of less than 0.05 as per convention.
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4.3 Results

4.3.1 Case information — summary table and illustrations of the

histology
Patient demographics for this chapter’s samples are reported in table 13 and histopathological
features based on which the chondropathy score were calculated are discussed previously in the
Methods of this chapter. Provided that there were no data for effusion or the synovial thickening
in the asymptomatic chondropathy group, | assumed that there was no presence of either in

these patients.

Table 11 Clinical details and pathological characteristics of study groups.

Features of symptomatic OA

Clinical or pathological Asymptomatic Symptomatic

characteristics chondropathy (PM) (n=18) chondropathy (TKR)
(n=17)

Race White 100%

Age in years, mean (SD) 77.2+11.8* 66.2+8

Median (range, n) 80 (35, 18) 67 (28, 16)

Male: female 12:6 9:8

Macroscopic Chondropathy score 67120 (18) 77412 (11)

**Left knee (mean £ SD (n))

Effusion No data 11/16 (69%)

Synovial Thickening No data 8/16 (50%)
Heberden's nodes 0/17 3/16 at grade >2 (19%)
Osteophytes 8/17 (47%) 15/15 (100%) *
Synovitis (mean  SD (n)) 2.38+0.697 (18) 2.33+0.685 (17)

Table 13. Tissues were obtained at the time of total knee replacement for OA or were obtained
PM from cadaver donors. Some details and information were missing from some cases and so
these samples were not included in calculating the values above. Where this occurs, group n
values used for calculations are shown. *p=0.003 (2-tailed t test), Tp=0.001 Fisher’s exact test).

**left knees were used for all cases.
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4.3.2 Splicing axis changes in symptomatic painful chondropathy

Similar to the previous results chapter section 3.3.4 to determine changes in splicing kinases and
the VEGF-A splicing axis between painful and pain-free samples | was interested in identifying
the relationship between each of our variables and the general predictors of OA. The same cases
were used throughout the whole study for all different IHC protocols. The principal components
(PC) were identified using parallel analysis, which identified 1 PC accounting for ~47% of the total

variance of the dataset.

Only one principal component was identified, and this shows the relationships between VEGF-
Aub fractional area and the other variables (Figure 35). Figure 35 shows the individual variable
loadings (the correlation between the values for each column variable measured and the
calculated values for the PC) and the relationship between these and the PC. The key information
shown in this loading plot are clusters of variables such as SRSF1 expression, SRSF1 nuclear
localisation and pan-VEGF-A and the direction of correlation between the variables and the PC.
The clustering of the above values for example indicates that these are providing similar
information and so in further studies measurement of only one of this group of variables would
likely give sufficient information. The direction of the line shows how the variables correlate with
the PC and their direction, for example VEGF-Awb/VEGF-Axa ratio correlate with PC1 in the
opposite direction to all the other variables as they are on different sides of x=0 and y=0. For
example, on the top left quadrant of Figure 35, | can see that VEGF-Axb and the VEGF-
Axxa/VEGF-Axb ratio are related in terms of relative change of their values. Increase in the value
of the former would denote an increase in the levels of the ratio. The rest of the variables are in
the lower left quadrant of the Cartesian system, denoting a negative relationship with VEGF-
Axxb, meaning that when the levels of the isoform are decreased/downregulated, these values
will increase. It is important to note that the 0.0 (the intercept) in the Cartesian system of figure
X represents the VEGF-Aub isoform dependant variable. The closer a variable is to the Y axis or
the X axis, in other words the closer a variable is to 0 then the set of that parameter and VEGF-

Auwxb, are considered orthogonal, denoting a non-relationship.
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Figure 34 Loading plot of the PCA for the dataset of the VEGF-A splicing axis and indicators
of OA disease. The variable against which | determined dependencies was the VEGF-A,b
expression. Chondropathy score, SRPK1; SRSF1; SRSF1 localisation; pan-VEGF-A; VEGF-
Axxa; VEGF-Axxxb/VEGF-Axxxa ratio; DYRK1a, knee pain; effusion, synovial thickening;
Heberden’s nodes; osteophytes all contributed significantly to the linear regression model
of predicting VEGF-A«b expression. From the graph above I can identify the variables that
have a positive relationship with both PC1 and PC2 (top right quadrant), a positive
relationship with PC1 and negative relationship with PC2 (bottom right quadrant), etc.
Clustering of variables such as SRSF1 expression, pan-VEGF-A expression and SRSF1
localisation indicate a close relationship between these variables, and possible redundancy
in the model. The variants situated in the bottom left quadrant; they have a negative
relationship with VEGF-Auxb. The VEGF-Axb/ VEGF-Axa ratio on the contrary has a
positive relationship with VEGF-A.«xb based on the placement in the top right of the
quadrant in the graph, denoting an increased VEGF-A,«b will be increase the levels of the
isoform ratio.
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PCR was highly significant (F (DFn, DfD) =4.889 (1,15), p=0.043 for all measures; chondropathy
score; SRPK1; SRSF1; SRSF1 localisation; pan-VEGF-A; VEGF-Awxa; VEGF-Auxb/VEGF-Axxa ratio;

DYRK1a, knee pain; effusion, synovial thickening; Heberden’s nodes; osteophytes p=0,043.

The linear regression model generated was

VEGF-Aub = 0.36 - 0.0001*Chondropathy score — 0.15*SRPK1 - 0.12*SRSF1 - 0.0006*nuclear
SRSF1-0.06*panVEGF-A - 0.1*VEGF-Axa FA + 0.006* VEGF-Axxb/VEGF-Auxa ratio - 0.09* DYRK1a
- 0.018* presence of knee pain - 0.017*presence of effusion - 0.013*presence of synovial

thickening - 0.006*presence of Heberden’s nodes -0.015*presence of osteophytes.

The positive values in the regression equation indicate a positive relation between the variables
and the VEGF-A,«b fractional area while the negative values indicate a negative relationship. The
ratio of VEGF-Auxb/VEGF-Axa was significantly and positively related to the levels of the VEGF-
Auxb isoform, whereas grade 4 chondropathy, SRPK1, SRSF1 (expression and localisation levels),
pan-VEGF-A, VEGF-A.xa, DYRK1a expression, effusion, synovial thickening, Heberden’s nodes,
osteophytes, and presence of pain were all significantly and negatively related to the VEGF-Axb

isoform.

4.3.3 Alterations in the splicing axis SRPK1, SRSF1, panVEGF-A and

VEGF-Axxb in synovial tissue during synovitis

Advanced OA cases, after qualitative assessment, displayed more severe synovial changes, with
increased cellularity, inflammatory cell infiltration and lymphoid aggregates in most cases.

To test hypotheses 1- 4, the expression levels of the panVEGF-A splicing axis and activated
(nuclear) SRSF1 were determined in the following knee synovium samples: 1. post-mortem knee
synovium (n=20) from patients with no pain documented and known to not have sought help for
knee pain prior to their death.; 2. group comprised of samples from people undergoing total
knee replacement (TKR) for OA knee pain showcasing symptomatic chondropathy. The same

samples were used throughout the studies to reduce the variance of the results.
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4.3.4 Expression of SRPK1 is increased in the synovium from
patients with painful symptomatic OA compared to controls

showcasing asymptomatic chondropathy

Three samples per group were lost during the processing of the slides, due to poor adhesion of
the tissue on the slides and the nature of the experiments. Data therefore derive from a total
sample size of 34 (n=17 per group) (power calculations have not been affected due to lower N

size as it has been confirmed post-hoc).
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Figure 35 SRPK1 expression in synovium from human tissue. A-C typical images SRPK1
immunoreactivity. A-C Representative images of synovial lining from the 2 groups in the
study. A) representative image from the negative control, with no evident non-specific
binding. B) Photomicrographs from the asymptomatic chondropathy group showcasing
SRPK1 immunoreactivity with a thin synovial lining C) Representative image from the
symptomatic chondropathy group with a distinct expression pattern around the vessels and
endothelial cells D) Significant increase in the immunoreactivity of SRPK1 was reported as
expressed by fractional area for the painful, symptomatic chondropathy group compared to
the controls p=0.0063 SC cf. AC. N=34. Mann-Whitnev’s non-parametric test.
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The immunoreactivity of SRPK1 as expressed per fractional area. The symptomatic
chondropathy, painful group showed increased levels of expression of SRPK1, compared to the

non-painful, non-symptomatic controls (Figure 36 A-D, p= 0.0068)

4.3.5 Expression and activation of SRSF1l is increased in the
synovium from patients with symptomatic painful OA

compared to controls

Samples used belonged to the same pool of samples as for the SRPK1 study. Similarly, to the
previous study, samples were lost due to poor adhesion of the tissue on the microscopic slides
lowering the final sample size to 16 for the symptomatic chondropathy group and 15 for the non-
symptomatic. Expression of SRSF1 was determined by fractional area of the immunoreactivity,
to determine whether there were increased numbers of cells expressing the splicing factor.
Expression of SRSF1 was significantly higher in the painful symptomatic chondropathy group
compared to the controls (**p=0.003 Mann-Whitney, two-tailed t-test) Fig 37.

Visual inspection of images from SRSF1-stained tissues showed large numbers of cells in the
synovium with nuclear SRSF1 staining. To quantify the localisation levels of SRSF1 cell counting

was performed as described in Methods, using the same cases as in the previous study
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Figure 36 SRSF1 expression in synovium from human tissue. A-C typical images SRSF1
immunoreactivity. A-C Representative images of synovial lining from the 2 groups in the
study. Photomicrographs from the asymptomatic chondropathy group showcasing SRSF1
immunoreactivity with a thin synovial lining as well as in the inflamed synovium.
Representative image from the symptomatic chondropathy group. Significant increase in
the immunoreactivity of SRSF1 was reported as expressed by fractional area for the painful,
symptomatic chondropathy group compared to the controls ****p<0.005 SC cf. AC. Mann-
Whitney’s non-parametric test.

The ratio of SRSF1 nuclear positive cells/ positive cells was calculated. A significant increase in
the nuclear localisation translated as an increased ratio of nuclear to total positive cells from the
TKR group to the control would suggest an increase in the translocation of SRSF1 in the nuclei of

the cells, thus an increased activation rate of SRSF1 (p=0.0005, AC n=16, SC n=15) (Figure 38).
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Figure 37 SRSF1 is expressed in the cytosol in normal physiological
conditions, and it is translocated in the nuclei during disorders such as OA. In
blue arrows nuclear staining can be observed indicating SRSF1 presence in
the nucleus. The black arrow showcases what a clean nucleus would look like
with no nuclear staining present (except Haematoxylin). There was a
significant increase in the nuclear localisation (activation) of SRSF1 in SC
painful samples compared to AC (p=0.0005, AC n=16, SC n=15). Mann-
Whitney’s non-parametric test.

4.3.6 Expression of panVEGF-A is increased during painful OA

compared to controls in knee synovial tissue

The panVEGF-A antibody used is a mouse monoclonal IgG1 raised against the amino acids 1-140
of human VEGF, and with the ability to detect the 189, 165, 121 amino acid variants of VEGF-A.
Similar to the previous studies, the same samples were discarded due to the tissue not adhering
to the slides thus the final sample size was smaller (SC =15, AC=17). However, the power of the
experiments was not affected by the lower n numbers. PanVEGF-A immunoreactivity as
expressed per fractional area is significantly increased in symptomatic chondropathy cases

compared to PM (**p<0.01 cf control) (Fig 39).
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Figure 38 Photomicrographs of representative samples of human synovium, showing the
expression pattern of panVEGF-A in the two distinct groups. Fractional area of panVEGF-A
immunoreactivity is significantly higher in the painful symptomatic group cf. controls (
(**p<0.01 cf control). Mann-Whitney’s non-parametric test

The expression of panVEGF-A, as measured by fractional area and staining intensity, is increased,
indicating an that VEGF-A plays a role in painful OA, but whether this is associated with an altered
splice variant ratio is unknown. As there are 2 families of isoforms for VEGF-A | investigated
expression of both the VEGF-Ab and VEGF-Axa isoform to identify if the change in expression

of panVEGF-A could be attributed to one or both isoforms.

4.3.7 Expression of the VEGF-Axxb and VEGF-Axxa isoforms in
human knee synovium is significantly associated to painful

OA in comparison to non-painful controls.

The expression of the anti-angiogenic and anti-nociceptive isoform VEGF-Axxb was determined
in the same cases. Two groups were used as before with some cases being lost due to tissue not

adhering to the slides (Figure 40). VEGF-Ax«b expression was detected in cases from both groups
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(Figure 41 A-D). VEGF-Axxb was significantly decreased in the painful OA (SC) group (****p<0.01
cf control n= 16 PM, n=13 OA), while VEGF-Axa was significantly increased in painful (SC,
symptomatic chondropathy) cases compared to the non-painful cases with equivalent
chondropathy and synovitis scores (*p<0.01 cf control n= 15 AC, n= 15 SC).
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Figure 39 Photomicrographs of representative samples from human knee synovium showing
the expression pattern of VEGF-A,«b between the symptomatic and non-symptomatic groups.
Fractional area of the immunoreactivity of VEGF-A,«b was calculated showcasing a decreased
expression of the isoform in the symptomatic painful chondropathy compared to the non-
painful group ((****p<0.01 cf control). Mann-Whitney’s non-parametric test

| then investigated the expression of the VEGF-Aa isoform using the same cases. As before
there were 2 groups (painful symptomatic chondropathy and non-painful asymptomatic
chondropathy) with 15 samples per group. The difference in numbers from the previous study
was due to experimental conditions and loss of sections, which however did not affect the power
of the experiment. VEGF-Ayxa expression was detected in both groups (Figure 41) and was found
to be significantly increased in painful, symptomatic chondropathy TKR cases compared to the

PM cases with no pain (*p<0.01 cf control, n= 15 PM, n= 15 OA
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Figure 40 Photomicrographs of representative samples from human knee synovium showing
the expression pattern of VEGF-Axa in the two different groups. Fractional area of the
immunoreactivity of VEGF-A,xa significantly increased in symptomatic chondropathy cases
with recorded pain compared to the asymptomatic cases with no pain scores (*p<0.01 cf
control). N= 15 PM, n= 15 OA Mann-Whitney’s non-parametric test

Finally, | investigated the relationship between the two isoform families expressed as a ratio of
the VEGF-Awb isoform to VEGF-A«a isoform (Figure 42), to identify if there is relationship
between VEGF-A splice variants and pain. The VEGF-Aub/VEGF-Axa isoform ratio was
significantly higher for the AC group with pain-free asymptomatic chondropathy cases compared

to the TKR cases with high pain scores (PM n= 12, OA n=13 ***p<0.01 cf. controls)
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Figure 41 VEGF-Axb/ VEGF-Auxa expression ratio for the two groups. The exact same
matched samples were used as in the previous individual hypothesis. Ratio of VEGF-A,«b/
VEGF-Ax«wa as per fractional area, the ratio is significantly increased in the asymptomatic
chondropathy group denoting an increase either in the VEGF-A,«b levels or a decrease in the
VEGF-A«a levels when compared to the symptomatic chondropathy cases. P<0.01, Mann-
Whitney’s non-parametric test.

4.3.8 Expression of the splicing kinase DyrklA is related to the
increased levels of pain encountered in symptomatic
chondropathy cases compared to asymptomatic

chondropathy

Samples used belonged to the same pool of samples as for the previous studies. Similarly,
samples were lost due to poor adhesion of the tissue on the microscopic slides lowering the final
sample size to 18 for the symptomatic chondropathy group and 15 for the non-symptomatic.
Expression of DYRK1a was determined by fractional area of the immunoreactivity, to determine
whether there were increased numbers of cells expressing the kinase. Expression of DYRK1a was
significantly higher in the painful symptomatic chondropathy group compared to the controls

Fig 43 (****p=0.0001 Mann-Whitney, two-tailed t-test)
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Figure 42 A-C) Photomicrographs of representative samples from human knee synovium
showing the expression pattern of the splicing kinase DYRK1a in the two distinct groups.
D) Fractional area of the immunoreactivity of DYRK1; TKR cf PM p=0.0001; Mann-
Whitney’s non-parametric test
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4.4 Summary of the results

e There was increased expression of the splicing kinase SRPK1 in the symptomatic
chondropathy (SC) group compared to the asymptomatic (AC) group

e There was increased expression of the splicing kinase SRSF1 in the symptomatic
chondropathy (SC) group compared to the asymptomatic (AC) group. Activation of SRSF1 as
analysed by the degree of nuclear localisation of the splicing factor was also significantly
increased in the SC group compared to the controls.

e The expression of panVEGF-A and DYRK1la were significantly increased in the SC group
compared to the controls.

e VEGF-Aub expression increased in the AC group compared to SC group, while VEGF-Axa
expression was increased in the SC group compared to the control. The ratio of VEGF-Auxb/

VEGF-A«a was significantly increased in the AC group.

4.5 Discussion

In these studies, | tested the hypotheses that the splicing axis SRPK1/SRSF1/VEGF-A was altered
in painful symptomatic chondropathy cases (knees from patients who undergone TKR) when
compared to non-painful asymptomatic chondropathy patients.

VEGF-A has recently become recognised as having a role in neuropathic pain development and
maintenance, although there is less information on this in the context of arthritis. Although pan-
VEGF-A has been extensively studies in both RA and OA, the VEGF-A splicing axis and splice
variants had not been investigated in the context of these diseases. Here | studied the
relationships between the expression of VEGF-A, the VEGF-A alternative splice variant families
and constituents of the VEGF-A alternative splicing axis isoforms with pain.

A range of features in OA are associated with the presence of painful symptomatic OA (Takano,
Uchida et al. 2018), including but not limited to bone and neurovascular invasion of articular
cartilage, with VEGF evoking pain through VEGFR1 and VEGFR2, and inflammatory flares (Nagao,
Hamilton et al. 2017). Inhibition of VEGF receptor signalling leads to reduced pain (Hamilton,
Nagao et al. 2016) suggesting that targeting of VEGF ligands or receptors may potentially
counteract arthritis and associated pain.

Structural changes such as subchondral bone alterations contribute to knee OA pain according

to recent studies (Zhang, Nevitt et al. 2011), and by matching for chondropathy | could exclude
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one confounding variable and focus on the symptomatic vs asymptomatic aspect of the OA
disease to investigate.

As a result of this association between chondropathy and age, the specificity and association of
disease with macroscopic changes in the joint can be questioned. To address this, cases were
carefully selected from a large repository and were age and chondropathy matched cases with

reported pain and controls with no reported pain.

4.5.1 Expression of SRPK1 is increased in the synovium from
patients with painful symptomatic OA compared to controls

with asymptomatic chondropathy

| investigated the expression of SRPK1 in arthritic synovium from symptomatic (painful) cases
compared to tissue from non-painful cases. | hypothesised that increased SRPK1
immunoreactivity would be found in the painful cases, as increased kinase expression could also
contribute to increased phosphorylation of SRSF1, and an increase of the pro-nociceptive
isoform VEGF-Axxa. SRPK1 expression significantly increased in the SC group, in line with our
initial hypothesis, showing a relationship between OA and splicing mechanisms (Zhang, Qi et al.
2021), but in this case a different mechanism of back splicing in the formation of circular RNA
formation.

An increase in the expression levels of SRPK1 potentially translates to an increase in the
activation/phosphorylation and nuclear localization of its downstream splicing factor SRSF1 with
an assumed alteration of VEGF-A splice variant isoforms. While SRPK1 has not been thoroughly
researched in the context of arthritis pain, it is strongly implicated in neuropathic pain through
control of VEGF-A (Hulse, Beazley-Long et al. 2014, Hulse, Drake et al. 2016, Bridgett, Dellett et
al. 2017, Llorian-Salvador and Gonzalez-Rodriguez 2018, Li, Li et al. 2020).

Currently, evidence suggests that inhibition of SRPK1 in neuropathic, chronic, or nociceptive pain
may have a potential analgesic effect (Hulse 2017, Llorian-Salvador and Gonzalez-Rodriguez
2018). However, in the context of arthritis we still do not understand how the downstream
targets of SRPK1 affect pain, and whether potential analgesic effects evident in other disease
models on selective inhibition of SRPK1will also apply in other disease models, or in painful

human diseases.
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4.5.2 Expression and activation of SRSF1l is increased in the
synovium from patients with symptomatic painful OA

compared to controls

The downstream target of SRPK1, SRSF1, is phosphorylated by SRPK1 thereby altering the
location and function of the splicing factor. Both the expression and activation of SRSF1 were
significantly increased in the painful OA compared to non-painful OA, demonstrating a
relationship between SRSF1 function and a painful OA phenotype. SRPK1-SRSF1 driven
alternative pre-mRNA splicing of VEGF-A towards VEGF-Axa isoforms in the synovium could
result in activation of synovial nociceptive neurons in OA, leading to pain. In asymptomatic
chondropathy cases, reporting no pain, this SRSF1 activation was not seen, further supporting

our hypothesis, and suggesting a contribution to the pain in symptomatic chondropathy.

In addition to the possibility that altered synovial VEGF-A splicing could exert the known direct
actions of VEGF-Asgsa leading to the sensitisation of sensory neurons through actions on TRPV1
and TRPA1 channels (Beazley-Long, Hua et al. 2013, Hulse, Beazley-Long et al. 2014), SRSF1 may
also act in sensory neurons to change their nociceptive functions. There is evidence of Increased
nuclear localisation of SRSF1 in injured neurons in rats with neuropathic pain, although the
downstream targets of any effect on alternative splicing or pre-mRNA transport are unknown
(Hulse, Drake et al. 2016). SRSF1 also contributes to nociceptive neuronal function through the
control of neuronal TRPA1 channel alternative splicing.

These are the first data to show that expression and importantly activation of the splicing factor
SRSF1 are associated with pain in OA. Although all the downstream actions of SRSF1 in OA
synovium remain to be discovered, these data support the hypothesis the complex of SRPK1-
SRSF1 plays a role in the development and maintenance of arthritic pain, possibly through

alternative splicing of VEGF-A.

4.5.3 Expression of panVEGF-A is increased during painful
symptomatic chondropathy in OA compared to controls in

knee synovial tissue

The expression of panVEGF-A (i.e., all VEGF-A isoforms) was investigated in the painful SC group

and compared to the AC group (controls) using an antibody that identifies all the VEGF-A
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isoforms as it recognises the N terminus of the protein. All VEGF-A splice variants, in both families
have a common N terminus (Figure 5 in intro), which is recognised by all available commercial
anti-VEGF-A antibodies. VEGF-A has been widely studied and discussed with regard to its pro-
inflammatory role in the pathogenesis in OA and RA as shown and discussed in Chapter 3.4, but
in this study, | controlled for joint damage and inflammation to isolate the relationship between
painful OA and VEGF-A expression and splicing. It is important to note however that the
increased angiogenesis stimulated by increased VEGF-A, provided this was an increase in the
pro-angiogenic VEGF-Awxa isoforms, would also translate to increased macrophage migration

and promote pain sensitization (Corliss, Azimi et al. 2016, Britto, Wyroba et al. 2018).

As previously reported VEGF-A was increased in OA synovium, but in our study only in the painful
OA group. Only one study has reported a relationship between panVEGF-A expression and pain,
where VEGF-A levels were higher in synovium from people with OA who reported high levels of
pain (VAS score >6) compared to people with mild or moderate pain (VAS<6). The authors
showed that VEGF-A could stimulate the production of apelin in synoviocytes, which is also a
pro-nociceptive molecule (Takano, Uchida et al. 2018). Synovial VEGF-A expression could
therefore evoke pain through either apelin, or through the direct effects of VEGF-A«xa on
nociceptive neurons (Hulse, Beazley-Long et al. 2014), provided that the increase in VEGF-A
reflects a change in VEGF-A splice variants to increase expression of the pro-nociceptive VEGF-
Axa. A potential mechanism through which VEGF-A may promote pain could be through direct
effects on Ab fibres, which has been shown to be directly affected by increased levels of VEGF-A

as well as by the complex of VEGF-A/VEGFR1 (Selvaraj, Gangadharan et al. 2015).

VEGF-A has been reported to alter nociception through both the VEGFR1 and VEGFR2
receptors (Beazley-Long, Moss et al. 2018), with inhibition of the receptors leading to
reduction of pain sensitivity (Lloridn-Salvador and Gonzalez-Rodriguez 2018, Micheli, Parisio et
al. 2021) . Targeting of VEGF receptors may not however be a useful analgesic strategy in OA
pain, partly as both VEGFR1 and VEGFR2 have been implicated in nociception/pain, and partly
as block of VEGF receptors results in changes in blood pressure (Cooper, Carter et al. 2019) that
are unlikely to be well tolerated in the population with painful OA, that is a largely elderly

population with comorbidities such as hypertension (Wong, Mak et al. 2022).
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Increased VEGF-A levels identified in our study are also in accordance to previously published
data (Hamilton, Nagao et al. 2016, Nagao, Hamilton et al. 2017, Qian, Xu et al. 2021). VEGF-A
and nerve growth factor (NGF) are important growth factors in inflammatory arthritis, as both
contribute to angiogenesis, and neuronal growth, survival, protection and axon/neurite
outgrowth (Beazley-Long, Hua et al. 2013) and nociceptive neuronal sensitisation (McKelvey,
Shorten et al. 2013, Hulse, Beazley-Long et al. 2014). Crosstalk between the two factors may

therefore be an additional mechanism through which VEGF-A may acts on sensory neurons.

4.5.4 The relative expression of the VEGF-Axxb and VEGF-Axxa
splice isoforms in human knee synovium is significantly

altered in painful OA.

Even though VEGF-A has been intensively investigated for its contribution to arthritis and
nociception, that cannot be said for the alternative splice variants VEGF-Axxa and VEGF-Ayxb
which have pro-nociceptive and anti-nociceptive functions respectively. The expression of the
different splice variants within the VEGF-A family has been investigated; for example, VEGF-A;s,
VEGF-Asgs and VEGF-As;; splice variants and VEGFR2 mRNA have been reported in OA (Pufe,
Petersen et al. 2001, Petersen, Tsokos et al. 2002, Enomoto, Inoki et al. 2003, Fay, Varoga et al.
2006), and normal cartilage (Enomoto, Inoki et al. 2003), although there is disagreement as to
which isoforms are expressed. VEGF-A;6s and VEGF-A,; are reportedin RA synovium (Pufe et al.,
2001b). In respect to our results, an increase in VEGF-A in relation to pain would suggest that
the pro-nociceptive isoform VEGF-A«a, would also increase, while VEGF-A.b would decrease

or stay the same.

To identify whether the increase in pan-VEGF-A levels was specific to certain isoforms as
hypothesised or if it represented an overall upregulation of all VEGF-A splice variants with no
change in relative expression of the splice variant families. | investigated the expression of VEGF-
Auxb and VEGF-Axxa isoforms using specific antibodies for these splice variants. The isoform
specific anti-VEGF-A splice variant antibodies were developed by DO Bates; the anti-VEGF-Aub
antibody is commercially available, but the anti-VEGF-A.«xa specific antibody was a gift from DO
Bates. In accordance with the hypothesis, and the evidence for pro- and anti-nociceptive

properties of the alternatively spliced isoform families, VEGF-Awb expression was significantly
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higher in the pain-free OA group and VEGF-Axa expression was significantly higher in the painful

OA group.

Previous literature has confirmed the pro-nociceptive actions of VEGF-A«a, both on nociceptive
behaviour in rats and mice, and when administered directly to primary C-fibre nociceptive
afferents in vivo (Hulse, Beazley-Long et al. 2014). VEGF-A«a activates (causes action potential
firing) and sensitizes (lowers the threshold at which action potential firing occurs) C nociceptors
through VEGFR2 and intracellular signalling that affects the transduction of stimuli by Transient
Receptor Potential (TRP) channels, namely TRPV1 and TRPA1 (Hulse, Beazley-Long et al. 2014),
(Lloridan-Salvador and Gonzalez-Rodriguez 2018)). VEGF-Axxb exerts anti-nociceptive functions
by competing with VEGF-Axxa for VEGFR binding, and potentially through alternative
intracellular signalling pathways, which are not yet understood. The synovial angiogenesis and
cell proliferation evident during OA is driven by an upregulation of VEGF-A (section 4.3.6), and
based on these results, that is also largely due to an upregulation of VEGF-Axxa. This is the first
report of a difference in VEGF-A alternative splice variant expression in synovium from painful

OA knee joint.

With regard to the physiological or pathophysiological effects of VEGF-A, it is the balance of the
different isoforms that dictates whether there is a pro-angiogenic, pro-nociceptive (VEGF-Axxa
> VEGF-Axb) or anti-angiogenic, anti-nociceptive (VEGF-Axxa < VEGF-Axb) environment |
therefore compared the ratio of the two isoforms in painful and non-painful OA. As
hypothesised, VEGF-Awb: VEGF-Axa ratio was significantly greater in pain free OA than painful
OA. As the pain-free group had evidence of both chondropathy and synovitis that was not
significantly different from the painful OA group (Table 13), enabling me to control for these
aspects of joint disease, and allowing the associations between presence of pain and VEGF-A

splicing to be explored.

Inflammation was present in both groups (Table 13) but examination of Figure 42 shows that in
the pain-free OA synovium, the VEGF-Aub: VEGF-Aa ratios are >1 in all bar one case. This
indicates that despite the presence of inflammation, the majority of the cases were in an anti-
angiogenic, and anti-nociceptive state, as non-reported pain. In contrast, 50% of the painful OA

synovium cases were in a pro-angiogenic, but all cases reported pain. The reported pain cannot
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therefore be entirely attributable to inflammation, and some is probably also attributable to
other pro-nociceptive mediators, as well as VEGF-A. The ratio of VEGF-Axxb to VEGF-Aa, as
shown above, is lower in the painful symptomatic chondropathy samples, being explained by the
relative increase of the pro-nociceptive isoform, an effect that has been described in
investigations of chronic and or neuropathic pain in animal models (Richard P. Hulse, 2017; R. P.
Hulse et al., 2014b; Llorian-Salvador & Gonzalez-Rodriguez, 2018a).

Given the relationship between the isoforms ratios and pain, a case could also be made for the
isoform ratio in synovium, or synovial fluid if the VEGF-A isoform ratios reflect those in synovium,
as a biomarker for pain in OA. The VEGF-Axxb: VEGF-Axxa ratio might be predictive of potential
response to interventions that alter VEGF-A isoform ratio or splicing such as treatment with
VEGF-A isoform recombinant protein or inhibition of SRPK1 splicing. If someone with OA is
experiencing pain, and there is evidence of a low VEGF-Auxb: VEGF-A.a ratio, then such anti-
VEGF-A«xa therapy might be more effective whereas if the VEGF-Aub: VEGF-Axa is high then it
may not be effective. For example, a similar response profile can be encountered in cancer
treatment, when patients with low VEGF-Aub: VEGF-Aya ratios in metastatic colorectal cancer
respond to bevacizumab, while those with high VEGF-A«b: VEGF-Aa ratios do not exhibit same

responses (Bates, Catalano et al. 2012).

4.5.5 Expression of the splicing kinase Dyrk1A is related to pain in
symptomatic chondropathy OA cases compared to

asymptomatic chondropathy

| hypothesised that increased DYRK1la immunoreactivity would be prevalent in painful OA
synovium. DYRK1a is also important in angiogenesis, where it regulates VEGF pro-angiogenic
actions (Rozen, Roewenstrunk et al. 2018) and may therefore also interact with VEGF in other
functions such as pain. Lorecivivint, a Wnt inhibitor that acts through inhibition of CLK2 and
DYRK1a also reduces pain in OA models in rodents (Deshmukh, O'Green et al. 2019). DYRK1a
homozygous and heterozygous knockout mice display increased nociceptive functions
suggesting a role for DYRK1a in pain sensitivity (Brault, Nguyen et al. 2021). This supports our
hypothesis and agrees with our findings of significantly increased DYRK1a expression in the SC
group. DYRK1a knockout also affects the expression of six immediate-early genes (IEGs),
specifically Nrd4al (Nurr77), Arc (Arg3.1), Npas4, c-Fos,, Egrl (Zif268) and Fos-b.(Brault, Nguyen

et al. 2021). These immediate early genes are upregulated in neurons (i.e., glutamatergic
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neurons) and implicated in neuronal plasticity (Brault, Nguyen et al. 2021) and are also
associated with both pain and VEGF-A expression. For example, c-Fos, promotes the expression
of dynorphin, involved in endogenous analgesia and modulating responses to several
psychoactive substances, including cocaine, implicated in pain states., It is also involved in
immune function being highly expressed in macrophages and however, it is quiescent in
fibroblasts, but upregulated during monocytic differentiation (Ahmad and Ismail 2002). VEGF-
A’s pro- angiogenic properties, presumably derived from the VEGF-Axxa isoform, are mediated
through Nurr77 in HUVECs (Zeng, Qin et al. 2006). DYRK1a is a key player in inflammation and
pain in OA, as shown by the actions of Lorecivivint, a novel Wnt inhibitor acting through potent
Clk-2 and DYRK1a inhibition which has the effect of reducing pain and inflammation in OA animal
models (Deshmukh, O'Green et al. 2019) and recently in several clinical trials (Deshmukh, Ibanez
et al. 2020, Yazici, McAlindon et al. 2020, Tambiah, Kennedy et al. 2021, Yazici, McAlindon et al.
2021). Nevertheless, the underlying mechanism through which DYRKla alters pain, the
mechanisms and functional interactions of VEGF-A and DYRKla are unknown (Di Cesare

Mannelli, Tenci et al. 2018).

4.6 Concluding remarks and limitations

These data show that the VEGF-A splicing cascade of SRPK1/SRSF1/VEGF splicing variants is
altered in painful OA. Increases in the VEGF-Axa isoform expression are linked to, and
potentially drive pain. | have shown that in OA the levels of VEGF-A«a isoform are increased and
the VEGF-Aub levels reduced in painful symptomatic chondropathy cases compared to the
control groups (asymptomatic chondropathy), however the overall level of the total VEGF-A is
increased. Better understanding of the control and expression of the balance of VEGF-A isoforms
could potentially open new options regarding pain management. Moreover, a case can be made
regarding the VEGF-Aub/ VEGF-Axxa ratio of isoforms to be potentially used as a predictor of
OA pain, however we still do not yet understand how the isoform expression is altered from
early to end stage OA. Finally, | have shown that DYRK1a is also upregulated in synovium from
painful OA joints, and evidence suggest that although the principle functions of DYRK1a are in
neurodegeneration, it may also interact with VEGF-A in pain states

This study has a number of a number of limitations in common with the inflammation study,
including the tissue donors all being of Caucasian ethnic group, thus rendering it impossible to

extrapolate the mechanisms proposed to different ethnic groups. The donor tissue derives from
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people with a diagnosis of OA >5, years and may therefore represent mid-late-stage OA.
Although cases are matched for chondropathy and synovitis, the durations of disease and pain
symptoms are unknown. This approach can only give a snapshot of painful OA of duration >5
years, however it poses questions on how the expression of the VEGF-A splicing axis may be
altered in early or mid-stage OA. Similar study of early or mid-stage OA would require invasive
procedures that might not be justified.

Possibly the most important limitation is that specific pain scoring is not available for any of the
cases. For asymptomatic PM cases, the information comes from questionnaires answered
relatives and only confirms whether the donor had reported or been treated for knee pain in the
year prior to death, and for the symptomatic cases the only pain information is that all donors
had a reported pain score on VAS of >8. This limitation means that | cannot investigate the
principle factors in the VEGF-A splicing factors important in the degree of pain experienced.
The selection of the samples was based on the presence of grade 4 chondropathy, which of
course is a measurement an index of damage on the articular cartilage, however this approach
was used to only match the samples and clearly state that | controlled for the chondropathy
changes. In this case, the chondropathy score was measured macroscopically as described in
(Walsh, Yousef et al. 2009), however other methods could be employed to have a more holistic
approach to the levels of articular damage such as Mankin grades, Outterbridge system or the
OARSI scores.

Moreover, the samples were tested for synovial inflammation and both the control, and the
disease group had similar synovial inflammation scores. That means that the independent
variable of the study was the pain differentiation between the samples. Of course, when it comes
to the pain perception, to identify the levels of pain from the patients the VAS score system was
employed. Even though this scale has been used in the past in publications (Aso et al., 2021), an
argument could be made that it does not take in consideration enough variables used to describe
pain, similar to what other pain scale systems do (e.g., WOMAC or KOOS).

Most of the donors, either with symptomatic or asymptomatic, were on different medications,
in some cases multiple medications. These cannot be controlled or matched, and so their
potential influence on the results and interpretation is not known. Finally, the experiments
performed here only provide us with a single picture of the expression of different factors;
Visualisation and expression patterns are extremely valuable in identifying protein expression in

tissues for both understanding of the localisation and level of important factors in specific
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processes, and for target validation in translation studies. Mechanistic studies can offer a more
holistic view of the relations and functions of the components of the VEGF-A splicing axis in
synovium and synoviocyte, but such approaches cannot replicate the length of disease duration,

and the changes in VEGF-A splicing axis over the length of time of normal OA development.
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5. The control of VEGF-A splicing in, and the effect of VEGF-A isoforms and
splicing kinases on monocyte adherence to, human fibroblast like

synoviocytes in vitro.

5.1 Introduction

The previous chapters dealt with how VEGF-A and its splicing axis affect and alter their
expression either during inflammation or pain in human synovial tissue. However, even though
the IHC experiments described can identify the alterations in VEGF-A splicing axis at a single time
point, they do not provide adequate information about the mechanisms behind these changes,
that would alter the activity of kinases for example by contributing to physiological effects such
as inflammation, angiogenesis, and pain.

VEGF-A is expressed and may be altered in the majority of the cells present in human synovium
(endothelial cells, macrophages, fibroblasts) (as can be seen in Chapter 3 and 4). | was interested
in investigating the mechanisms leading to the changes in VEGF-A splicing | observed in human
tissues through study of the expression and splicing of VEGF-A isoforms in human fibroblast-like
synoviocytes (HFLS). VEGF-A and its upstream or downstream targets can be measured in
isolated tissues or the whole organism, however, in vitro models promote the ability for isolated

investigation and specific mechanistic analysis.

To model and investigate the effects of VEGF-A and splicing kinase inhibitors in inflammation, |
used an in vitro inflammation assay developed in HFLS by Dr N Beazley-Long, which is based on
previously published assays of monocyte adherence to brain microvascular endothelial cells and
retinal pigmented epithelial cells (RPE) (Thichanpiang, Harper et al. 2014, Beazley-Long, Moss et
al. 2018). Use of these in vitro models has shown the importance of VEGF-A and VEGFR2 in both
the regulation of inflammatory adhesion molecules such as ICAM-1, and the adhesion of
monocytes to cultured cells (Thichanpiang, Harper et al. 2014, Beazley-Long, Moss et al. 2018).

Other in vitro inflammation model assays have been employed in the past, although no other
assays monitor immune cell adherence to my knowledge. For example, Wilms and colleagues
developed an in vitro model of the neuroinflammation found in multiple sclerosis using cultured
primary microglia and astrocytes to measure levels of inflammatory mediators such as IL-1B, IL-

6 and TNF-a in response to the inflammatory stimulator, lipopolysaccharide (Wilms, Sievers et
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al. 2010). Haltmayer and colleagues established an in vitro inflammation model for OA, using
horse osteochondral and synovium explants in co-culture, and showed that treatment with
inflammatory mediators such as TNF-a and IL-1f elicits an response similar to naturally occurring
OA in that synovial macrophages shift toward the pro-inflammatory M1 phenotype (Haltmayer,
Ribitsch et al. 2019).

The monocyte adherence assay employed is based on ligands expressed in monocytes and their
interaction with cell adhesion molecules on endothelial cells, or HFLS on exposure to cytokines
such as TNF-alpha (Thichanpiang, Harper et al. 2014, Beazley-Long, Moss et al. 2018). Such
cytokines activate and increase the binding of monocytes to, for example, the endothelium
through adhesion molecules such as Intracellular Adhesion Molecule-1 (ICAM-1) (Lawson and
Wolf 2009, Reglero-Real, Colom et al. 2016). TNF-a is an inflammatory cytokine that acts on the
Tumour Necrosis Factor Receptor (TNFR) and is a major player in pain (Leung and Cahill 2010,
Rustenhoven, Jansson et al. 2017, Ji, Nackley et al. 2018), as well as it promotes an inflammatory
profile in HFLS inducing the release of further inflammatory molecules such as IL-6, IL-1B and
VEGF-A (Lee, Lee et al. 2017, Zhang, Ding et al. 2019). ICAM-1, a member of the IgSF
(immunoglobulin superfamily) group of cellular adhesion molecules, is expressed in endothelial
cells and as preliminary data from our lab suggest, also in HFLS. Using this in vitro model, Dr
Beazley-Long demonstrated that both panVEGF-A and ICAM-1 expression are dose-dependently
increased by TNF-a in cultured primary HFLS, and TNF-a treatment results in THP monocyte
adherence to HFLS monolayers (Figure 44). The mechanism through which this occurs is not
known. The flowchart in Figure 44 is a visual representation of the hypotheses tested in these
studies regarding VEGF-A contribution to synovial inflammation, modelled in cultured primary

HFLS.
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Figure 43 PanVEGF-A and ICAM-1 are increased in a dose-dependent manner by TNF-a in

cultured HFLS. The flow chart at the bottom left shows the hypothesised mechanism for how
a hypothesised TNF-a-induced change in VEGF-A splicing might affect monocyte adherence in
HFLs, based on the mechanism of monocyte adherence in RPE cells in the eye (Thichanpiang
et al 2014). The question marks denote lack of evidence for that step in the proposed
mechanism. Bottom right: Images of HFLS co-cultured with THP-monocytes labelled with
CalceinAM with and without TNF-a treatment (data and figures supplied by Dr N Beazley-
Long, n=3/group in the graphs). HLFS nuclei are labelled blue with DAPI. The small bright dots
in the right-hand panel are fluorescent THP monocytes adhering to the HFLS monolayer. Scale

bar 30 um. Data and Figure generated by Drs Nicholas Beazley-Long and Matthew Swift.

As we hypothesised that TNF-a would promote monocyte adherence through VEGF-A splicing in

favour of the pro-angiogenic isoforms VEGF-A,xa, VEGFR2 activation and ICAM-1 induction, we
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wanted to test this through the control of VEGF-A splicing. Using inhibitors of splicing kinases,
such as SRPK1, Clk1 and Dyrk1a inhibitors, particularly against those kinases responsible for the
control of VEGF-A alternative splicing events provides a practical way to identify the effects

downstream of their actions.

5.1.1 Development of small molecule splicing kinase inhibitors

Multiple efforts have been made to develop novel SRPK1/2 and CLK inhibitors, SRPK1 inhibitors
for use against HIV and HBV infections, since the kinases play a role in RNA viral replication
(Fukuhara, Hosoya et al. 2006) and CLK inhibitors for use in cancer treatment. However, until
2017, specific, selective, and potent small molecule SRPK1 or CLK inhibitors were not available.
Although relatively potent compounds such as TG003 (CLK1 inhibitor, Muraki et al 2004, Nishida
et al 2011), T-025 (CLK inhibitor Iwai et al 2018), Harmine (Dyrk1A inhibitor, ICso 100nM, Bain et
al 2007, Adayev et al 2011), SRPIN340 (SRPK1/2 inhibitor, Hagiwara) the majority of compounds
have multiple off-target effects or lack of potency against targets of interest (Batson, Toop et al.
2017). In the work presented in this thesis | have analysed the effects of a number of different
inhibitors of the splicing kinases SRPK1/2, Clk1/2, and DYRK1a, that is; SPHINX (SRPK1/2/3
inhibitor), SPHINX31 (SRPK1 potent and specific inhibitor), SRPINs1-6 (SRPK1/2 inhibitors built
on the SPHINX31 chemical scaffold, Figure 45), SRPIN340 (SRPK1/2 inhibitor), Griffin 6 (Clk1/2
inhibitor) and T-025 (broad CLK inhibitor (Table 15). The structures of these inhibitors can be
found in Figure 45. The ICsos of the inhibitors are determined based on in vitro kinase assays
(MRC PPU International Centre for Kinase Profiling) against a panel of 140 kinases. Specificity
and potency are linked to their synthesis, resulting in binding to specific sites near the ATP site
that then inhibit ATP binding through conformational change, rather than competing for the
ATP binding site directly (Batson, Toop et al. 2017)
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Table 12 Relative potencies and selectivity for the most commonly used, selective small
molecule SRPK, CLK and DYRK splicing kinase inhibitors. ICs / Kd values are also given in Table
xx for T-025, SRPIN340, SPHINX and SPHINX31 for comparison to the unpublished SRPINs 1-6

Small molecule | Stated target (ICso) Other targets (1Cso/Kd, nM)
inhibitor

TG003 Clk1 inhibitor (20nM) CLK2 (ICs0 95nM)

More potent at CLK4 (ICsp 30nM)

Dyrk1A than DYRK1A (ICso 12nM)

stated target Casein kinases delta and epsilon

DYRK1B (Ohe and Hagiwara 2015)

T-025 Non-selective Clk | Clk1 4.8nM Kd
inhibitor Clk2 0.096nM
Clk3 6.5nM
Clk4 0.61nM
SRPIN340 SRPK1 inhibitor (890nM) | SRPK2 (ICso, 100 mM range)

(Gammons, Fedorov et al. 2013, Gammons,

Dick et al. 2013)

SPHINX SRPK1 inhibitor (580 | Some inhibition of SRPK2 and SRPK3 (3%),
nM) (Gammons, Fedorov et al. 2013, Gammons,

Dick et al. 2013)

SPHINX31 SRPK1 inhibitor (6nM) No significant inhibition against a panel of ~140
kinases (Batson, Toop et al. 2017). See also

Table
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Figure 44 Representations of the individual structures for the splicing kinase inhibitors
used in this study. SPHINX31, and the SRPIN series were developed by Prof Jonathan
Morris at Exonate Ltd (SPHINX31) or UNSW (SRPINs). Chemical structures were provided
by Jonathan Morris or were downloaded from PubChem for SRPIN340 and T-025 (National
Centre for Biotechnology Information (2022).
https://pubchem.ncbi.nim.nih.gov/compound/(SRPIN340 or T-025 (Fukuhara et al 2006;
Iwai et al 2018)))

PubChem Compound Summary for CID 2797577, SRPIN340. Retrieved April 25, 2022, (lwai,
Yaguchi et al. 2018).

5.1.2 SRPIN340

SRPIN340 was the first selective SRPK1/2 inhibitor synthesised by Fukuhara and colleagues in
2006 (Fukuhara, Hosoya et al. 2006) as a potential inhibitor of HIV. More than 100.000 chemicals
were screened which identified SRPIN340 and TG-003 as SRPK1 and CLK1 inhibitors respectively
(Fukuhara, Hosoya et al. 2006). SRPIN340 is an effective inhibitor against both SRPK1 and SRPK2
inhibiting more than 50% of the kinases’ activity at 10nM, while not affecting CLK1 and CLK4
(Fukuhara, Hosoya et al. 2006).
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SRPIN340 has been used as an SRPK1 inhibitor in cancer models such as leukemic cells in which
it dose-dependently reduced cell death with ICso values of 50-100nM (Siqueira, Barbosa et al.
2015). In choroidal neovascularisation (CNV) models SRPIN340 reduced infiltration of
macrophages in vivo and reduced the levels of the pro-angiogenic VEGF-Auxa in RPE cells and
melanoma cell lines (Gammons, Lucas et al. 2014). (Dong, Noda et al. 2013, Gammons, Dick et
al. 2013). It also blocks pain behaviour and VEGF-A splicing changes in peripheral traumatic nerve
injury, when given peripherally (Hulse, Beazley-Long et al. 2014) or centrally (Hulse, Drake et al.
2016), although it has not been used in the context of either OA or RA models. The SRPIN340

scaffold was used to synthesise related molecules, SRPINs 1-6, all SRPK1

5.1.3 SPHINX31

SPHINX31 (Exonate Ltd) was the first highly potent and selective SRPK1 inhibitor described
(Batson et al 2017). It prevents TNF-a mediated activation of SRPK1, shown by reduced levels of
phosphorylation of SRSF1 in PC-3 cells (Mavrou, Brakspear et al. 2015), and alters VEGF-A splicing
in retinal pigmented epithelial cells, resulting in reduced choroidal re-vascularisation following
retinal lesioning, a model of wet Age-related Macular Degeneration (Gammons, Lucas et al.
2014, Batson, Toop et al. 2017). SPINX31 also affects neuronal function, capsaicin-induced TRPV1
activation in primary sensory neurons (Hulse, Beazley-Long et al. 2014). SPHINX31 is a more
successful SRPK1 inhibitor compared to previous molecules due to unique structural chemistry
allowing it to target an associated site of the ATP binding site of SRPK1 rather than the binding
site itself. The “hinge” region in SRPK1 is the binding site of the trifluoromethyl group in
SPHINX31 (Figure 45) which forms a strong bond between kinase and inhibitor. Due to the
hydrophobic nature of the hinge, once the kinase and the inhibitor bind, the presence of a
pyridine group that attach to the sidechains of SPHINX31 increases the potency of the
compound. Following this attachment, the “hinge” flips preventing any further ATP binding, thus
preventing the kinase activity of SRPK1, and resulting in the specificity and potency of SPHINX31
as an SRPK1 inhibitor. SPHINX31 is a useful tool compound for investigations into alternative
splicing and its downstream mechanisms (Batson, Toop et al. 2017). The SPINK31 cellular ICsq is
320nM as the inhibitor needs to cross membranes and avoid efflux, compared to the in vitro 1Cso

6nM when determined against purified SRPK1.
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5.1.4 T-025

T-025 was reported as a potent pan-CLK inhibitor, with high potency against CLKs1-4, and the
ability to inhibit tumour growth in vitro and in vivo (lwai, Yaguchi et al. 2018). T-025 was initially
developed against the CLK kinases however there is evidence that it also inhibits DYRK1A kinase.
The inhibitor interacts with Glu244 and Leu246 in the CLK2 hinge region, resulting in higher
selectivity for CLK2 over CLKs 1, 3 and 4 (Iwai, Yaguchi et al. 2018). However, there are still
guestions about its specificity since it has also been demonstrated to inhibit DYRK1A, DYRK2,
HIPKs, IRAK4 and YSK4 with Kq <100nM (Iwai, Yaguchi et al. 2018).

5.1.5 SMO04690 (Lorecivivint)

SMO04690 (Lorecivivint, Biosplice Therapeutics) was initially reported as a Wnt (wingless-related
integration site) inhibitor, with the potential to treat both OA joint disease and pain following a
successful Phase 1 trial (Yazici, McAlindon et al. 2017). The mechanism of Wnt inhibition was
subsequently reported to result from dual DYRK1A and CLK2 inhibition, although the paper
reported that SM04690 also inhibited >90% of activity of seven kinases at 0.5uM: CLK2, CLK3,
DYRK1A, DYRK1B, GSK3B, HIPK1 and HIPK2 (Deshmukh, O'Green et al. 2019).

DYRK1A is a splicing kinase that has been implicated in the development of multiple disorders
related to central nervous development, and in inflammatory processes. The kinase is suggested
to be a potential cause of learning deficits in Down’s syndrome, is associated with autism
spectrum disorders (Tahtouh, Fedorov et al. 2012, Jarhad, Mashelkar et al. 2018) and Alzheimer’s
disease. CLK2 and DYRK1A inhibition by Lorecivivint reduced Wnt expression, leading to
chondrogenesis, and inflammatory gene expression, reducing cytokine production by
synoviocytes (Deshmukh, O'Green et al. 2019) and reduced pain behaviour in OA animal models.
These findings suggest a role for both kinases in pain and disease modulation through
mechanisms other than VEGF-A splicing and provides an encouraging rationale for examination

of these 2 kinases in alternative models of inflammation.

5.1.6 Griffiné

Griffin 6 is a novel unpublished selective inhibitor of CLKs 1 and 2 (kind gift of Prof J Morris,
University of New South Wales, Australia). As explained previously, CLK1 works in conjunction
with SRPK1 to control SRSF1 function through phosphorylation and activation. It is also strongly

implicated altered alternative splicing in oncogenesis and neurodegeneration (Lee, Yun et al.
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2019). Moreover, in liver CLK2 seems to play a role in glucogenesis (creation of glucose from
non-carbohydrate sources (Tabata, Rodgers et al. 2014). More importantly, recently a novel
inhibitor against CLK2 and DYRK1a has been introduced, namely Lorecivivint, tying the kinase
with pain and the inflammation present in OA. Lorecivivint inhibits both pain and inflammation
in OA, while altering the disease state of the joint (e.g., cartilage damage) (Deshmukh, O'Green

et al. 2019).

5.1.7 Preliminary data

Treatment of human FLS with increasing concentrations of TNF-alpha resulted in increased
VEGF-A and ICAM-1 expression (Fig 44), and adherence of fluorescently labelled THP-monocytes
(Fig 44), suggesting the involvement of VEGF-A in monocyte adherence to HFLS, as previously
shown in RPE and endothelial cells. This also shows that this in vitro model of monocyte
adherence is suitable for use with HFLS. As a result, while acknowledging that TNF-a is a key
factor in RA, rather than OA, experiments were designed to a) verify the expression of
components of alternative splicing control (SRPK1, SRSF1) in HFLS in culture; b) investigate
possible mechanisms of control of alternative VEGF-A splicing in synoviocytes, and c) to
determine whether inhibition of SRPK1 could potentially affect the synovial inflammatory

process using this in vitro model of synovial inflammation.

Hypotheses
| tested the following specific hypotheses:
1. SRPK1, SRSF1 and VEGF-A are expressed in HFLS in culture. Expression of these mRNAs,

and alternative splicing of VEGF-A is altered by TNF-a, and splicing kinase inhibition.

And based on further testing the hypothesised mechanisms underpinning TNF-a-stimulated
monocyte adherence to HFLS in vitro,
2. THP-monocyte adherence to HFLS in vitro is mediated by VEGF-A induction of ICAM-1
expression.
3. THP-monocyte adherence to HFLS is mediated through an SRPK-1 /VEGF-A-dependent

mechanism and is reduced by inhibition of SRPK1 and/or VEGF receptors in vitro.
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5.2 Materials and Methods

General methodology is given in chapter 2 (Methods). Cell culture, and treatment of HFLS are

described in chapter 2. Section 2.9.

As a result of the interruption of experiments by the Covid pandemic, | was supplied with the
method and the unpublished raw data from the monocyte adherence experiments by Dr N
Beazley-Long. | then conducted all the analyses on these data shown in this thesis.

5.2.1 Splicing kinase inhibitors

Splicing kinase inhibitors were obtained as a gift from Professor Jonathan Morris, University of

New South Wales Australia, under a collaboration with Profs Lucy Donaldson and David Bates.

The ICses for the compounds used are shown in Table 15.

Table 13 ICses of the different compounds used in this study

Compound ICs0 SRPK1 (nM) Compound 1Cs0 SRPK1 (nM)
SRPIN340 890 SRPIN2 2630

SPHINX 580 SRPIN3 7244

SPHINX31 5.9 SRPIN4 844

Griffin 6 199 +36 SRPINS 355

T-025 4.8 (Kd) SRPING ~100

SRPIN1 8912
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5.2.2 Workflow for effects of HFLS treatment with SRPK1 and

Clk1/2 inhibitors in culture

Primary HFLS cells obtained from healthy subjects (since cells from either OA or RA patients were
not readily available for purchase), were grown to 80% confluence, trypsinised and plated in 24
well plates, with 25.000 cells per well resuspended in 250 ul of media. The cells were treated
with vehicle (1% DMSO) or 1nM of TNF-a to promote an inflammatory response. Cells were also
treated overnight with specific splicing kinase inhibitors SPHINX31, a SRPK1 specific inhibitor
(Batson, Toop et al. 2017) Griffin 6, a novel compound that inhibits CLK1 and CLK2 at
concentrations >30fold lower than those required to inhibit other kinases (table 15), and T-025,
an inhibitor with affinity for CLKs and DYRK1A, at the concentrations shown in Table 16. All
splicing inhibitors as seen in Table 16, were used at 3uM, since the 1Cso values displayed in Table
15, were a result of assays where only the kinase of interest and the substrate was present. In
vitro kinase assays yield lower 1Csos values than cellular assays, as the former do no not take into
account factors that may affect the ability of the compounds access the kinases, such as whether
they can cross the cell membrane. The chosen concentrations were selected based on previous

use of these inhibitors in cell assays and in vivo models (Batson et al., 2017). For analysis, the

Figure 45 lllustration of the structure of the 24 well plate and the treatments used for
the RNA- extraction work
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plate was the experimental unit and each 24 well plate contained treatments in triplicate (Figure

46).

Table 14 Compounds and concentrations used for the gene expression study

Compound Name Active concentration (diluted in DMEM)
DMSO 1%

TNF-a 1ng/ml

SPHINX 31 3uM

Griffin 6 3uM

T-025 3uM

After treatment with splicing kinase inhibitors, total RNA was extracted from the cells (see
section 2.12) and stored at -80°C. For total RNA quantification, absorbance ratios at 260/280nm
(absorbance wavelength of RNA/ absorbance wavelength of DNA) and 260/230nm (absorbance
wavelength of RNA/ absorbance wavelength of proteins and other contaminants that absorb at
230 e.g., EDTA or TRIzol) were determined for 1ul samples of each RNA sample. RNA
concentration was then determined (ng/ml).

The values from these absorbances also indicate the purity of the RNA samples. Samples were
only used if the 260/280 absorbance ratio was between 1.8-2.0. The 260/230 ratio, as a
secondary measure of sample purity, was considered appropriate only if it was in the range of

2.0-2.2.

5.2.3 Expression of VEGF-A, SRPK1, SRSF1 and ICAM-1 in HFLS

RNA extraction. To assess expression of the constituents of the VEGF-A splicing axis, specifically
SRPK1, SRSF1, and the two VEGF-A isoform families, RNA was extracted as described previously
(section 2.12).

Generation of cDNA using oligodT /random primers was as described in section 2.13.
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A simple illustration of the protocol utilised for RNA extraction, PCR etc can be found in the figure

bellow.

HFLS cells treated with
compounds

RNA extraction

Resuspend in DEPC water and Ethanol for removal of
Nanodrop residual salts

¥ ¥

Dnase digestion Inactivation

1ug of RNA + DNase + DNase reaction ‘

buffer @37 °C Reverse Transcription

4

1ul Oligo-dT + 0.5pl random
primers @ 95 °C

A 4

4ul RT buffer + 1l dNTPs +
1.5ul DEPC water + 1yl
MMLV-RT

¥

Amplification

\ 4

1pl primer mix + 10ul
MasterMix + 8ul DEPC water
+1 pl of CDNA

Agorase gel, 3g Agorase in Visualisation
TAE + ethidium bromide

(10 pl) + 20 pl sample ‘

Image on BioRad using UV
plates

Tri-reagent + Chloroform to
separate RNA, DNA and proteins

¥

Aspiration of RNA + isopropanol
to isolate an RNA pellet

1l of Dnase stop solution @37 °C

@ 37 °C for 60 mins
@ 42 °C for 30 mins
@ 70 °C for 10 mins

Cycle 35
@ 95 °C for 10 mins
@ 95 °C for 30 sec
@ 55 °C for 30 sec
@ 72 °C for 60 sec
@ 72 °C for 10 min

Figure 46 Simple flow chart illustrating the experimental procedure from RNA extraction to

visualisation of the PCR results

Reverse transcription. In the usual protocol for PCR as detailed in chapter 2.13.2, 0.5ug (final

concentration) of oligo-dT primer (Promega C110A) was used for reverse transcription from

MRNA polyA tail. When using competitive VEGF-A primers to identify the two splice variant

families, reverse transcription was done with the set 1 common downstream (exon 8) primer

(0.5pg) and random primers (250ng) rather than oligo-dT primers. This was done as a result of
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initial difficulty in identifying VEGF-A mRNA in the samples, so | decided to reverse transcribe
only VEGF-A transcripts. Additionally, VEGF-Axxb isoforms have extremely short polyA* tails, and
as a result, oligo-dT reverse transcription often underrepresents these isoforms in cDNA libraries
(personal communication with Dr Bates).

Primer selection. The primer sequences used for all targets are shown (5’ to 3’ sequence) in
Table 11 section 2.13.2 as well as in Table 17 below, which also includes the expected amplicon
sizes for each reaction.

In Figure 47 a representative simulation of the primer binding sites on the exons of VEGF-A

sequencing can be seen.

Primers for SRSF1 (Zhou, Wang et al. 2019), SRPK1 (Wang, Zhou et al. 2020), ICAM-1 (Ashander,
Appukuttan et al. 2016) and B-actin (Nowak, Amin et al. 2010) expression were identified from
previously published studies, and specificity of the primers for the targets was checked using
Ensembl and NCBI primer blast. The SRPK1 primer set should produce a product of 217bp, the
SRSF1 set a product of 95bp, ICAM-1 at 217bp and B-actin at 150bp (table 16).
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Table 15 Primer sequences and expected amplicon size for the targets.

Primer Target Forward Primer Reverse Primer Product Size(s)
(bp)

Human VEGF-A isoforms GTAAGCTTGTACAAGATCCGCAGACG ATGGATCCGTATCAGTCTTTCCT 130bp and

set 1 64bp

Human VEGF GAGATGAGCTTCCTACAGCAC TTAAGCTTTCAGTCTTTCCTGGTGAGAGATCTGCA 220bp

(BOth Aigsa and VEGF-

Asgsb)

set 2

Human SRSF1 GCCGCATCTACGTGGGTAAC GAGGTCGATGTCGCGGATAG 95
Human SRPK1 GTGTGCCAGTCTTCCTCAACTG GGTCAGCAATCTTCACCTTGAG 217
Human ICAM GGCCTCAGTCAGTGTGA AACCCCATTCAGCGTCA 217
b-actin AGCCATGTACGTAGCCATCC CTCTCAGCTGTGGTGGTGAA 150

Two sets of previously optimised and published human VEGF-A primers were used; set 1 from (Nowak, Amin et al. 2010) and set 2 from
(Woolard, Wang et al. 2004). Set 1 are competitive PCR primers hybridising in exon 7 and exon 8b in the VEGF-A gene (Table 11 section
2.13.1). These thus amplify both VEGF-Axa isoforms, with a product size of 199 bp as exon 8a is included in the transcript when the
proximal splice site is used, and the VEGF-Aub isoforms, giving a 65bp product due to the use of the distal splice site and exclusion of
exon 8a. Thus, when both transcripts are present, two amplicons will be detected. The second set of human primers (Table 11 section
2.13.1) amplify all VEGF-A isoforms as the upstream primer hybridises in the common sequence in exon 4/8b and the downstream primer

hybridises in exon 8b, giving a product size of 220bp.
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Figure 47 Representative simulation of the primer binding sites on the exons of VEGF-A
sequencing. Primer set 1 (as seen in Table 17) recognises the region from the 5’ site of exon 7
to the 3’ site of the untranslated regions. The primer set 2 recognises the 5 terminal
nucleotides of exon 7 and in the 3’ site it is complementary to the exon 9.

Optimisation of PCR reactions for different primer sets. Before finalizing the above conditions,
for both pairs different temperatures were tested regarding the PCR cycles to specifically find
the optimal annealing temperature. Starting at 55°C, with increments of 3°C to the temperature
of 67°C, multiple reactions were run to determine the optimal annealing temperature.

The optimised PCR conditions for VEGF-A (primer set 1) and SRSF1 PCR are shown in Table 18.
VEGF-A PCRs using the set 2 primers were not successful providing no results or identification of
any bands through the optimisation efforts thus they are not discussed further in this piece of
work. Due to Covid impacts and time constraints, the SRPK1 PCR could not be fully optimised,
and further study of these targets was therefore not possible.

Following PCR amplification, samples were stored at 4°C. PCR amplicons resolved on 3% agarose
gels in 1x TAE buffer (Full methods in section 2.13) and visualised on a BioRad Gel Doc set to

automatic exposure detection time.



Table 16 Optimised PCR conditions for VEGF-A, SRSF1 and ICAM-1. ICAM-1 experiments were

optimised and performed by Dr N Beazley-Long

Denaturation Extension
Annealing Cycle
temperature temperature
temperature/time number
and time and time
95°C 10 min 72°C, 30s,
VEGF-A | 95°C, 30s final 72°C, 10
55°C, 30s min 35
72°C, 60s,
SRSF1 | 95°C 10 min final 72°C, 10
95°C, 30s 55°C, 30s min 35
72°C, 60s,
ICAM-1 | 95°C 2 min final 72°C, 2
95°C, 30s 55°C, 30s min 35

c¢DNA sequencing

After identifying the PCR amplicons on the gel as described above, for VEGF-A primer set 1,
amplicons with the greatest signal intensity were isolated using a UV transilluminator and stored
in Eppendorf tubes at 4°C before isolation of DNA for sequencing. In removing the amplicons
from the gel, a scalpel was used to minimize excess agarose in the samples collected. The isolated
bands were then weighed to determine volume. Assuming the density of the sample/gel ration
is 1 g/ml, a gel slice weight in grams is equal to the volume in millilitres.

DNA was extracted from the gel using QIAquick® Gel Extraction Kit (Qiagen, UK) and the
manufacturer’s protocol. Three volumes of buffer QG (QIAquick® Gel Extraction Kit) were added
to 1 volume of gel and heated to 50 °C until the sample was completely dissolved and the colour
of the mixture turned yellow. If the colour of the mixture was orange or violet, 10ul of 3M sodium
acetate, pH 5.0, was added and mixed to reduce pH. A volume of isopropanol equal to the weight
of each individual gel slice was then added and the samples loaded onto QIAquick spin columns.
500 ul buffer QG was then added to the QlAquick column, and the column centrifuged at 10000

x g for 1 minute. The column was washed with 750 ul of buffer PE and again centrifuged for 1
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min. The DNA was eluted from the column into a clean tube with 50 pl of Buffer (10 mM Tris-Cl,
pH 8.5), to avoid any salt contamination of the cDNA samples, centrifuged for 1 minute at 10000
x g. Samples were stored in 4 °C, before being sent for sequencing analysis to the DNA
sequencing facility in the Medical School, University of Nottingham.

Sequences were identified by alignment using BLAST (Altschul, Gish et al. 1990)

5.2.4 Monocyte adherence to fibroblast-like synoviocytes — in vitro

inflammation assay.

The human monocytic leukemia cell line (THP-1) derives from the peripheral blood of a man with
acute monocytic leukemia (Bosshart and Heinzelmann 2016) and was obtained from the
American Type Culture Collection (ATCC, Mantissa, VA). Cells were grown in RPMI-1640 medium
with 10% fetal bovine serum (FBS), 1% penicillin, 100 pug/ml of streptomycin, and 2 mM L-
glutamine. The THP-1 cells were grown to at least 80% confluence and were passaged, when

necessary, as described for HFLS in section 2.9.

For use in the in vitro inflammation assay, THP-1 cells were grown in the same conditions to 80-
100% confluence and then dissociated from the plates with trypsin as described for HFLS also as
in section 2.11. THP-1 cells were suspended in RPMI-1640 medium and fluorescently labelled by
incubation in Calcein AM (Sigma) at a final concentration of 2.5 uM in 5% C02/95% O, at 37 °C
for 1 h. Cells were concentrated by gentle centrifugation at 400 xg for 10 min, the supernatant
discarded, the cell pellet washed twice with PBS and resuspended in RPMI-1640 with 10% FBS

and 1% penicillin/streptomycin before use.

Synoviocytes from healthy and RA donors were plated in black sided 96 well plates (Corning) and
grown to >80% confluence prior to overnight serum starvation, in DMEM +1%P/S (section 2.11).
Synoviocytes monolayers were then treated with 20ng/mL TNF-a or DMSO vehicle (maximum
1% and equivalent in all treatments) plus SRPK1 inhibitor for 24h under serum free conditions.
THP-1 cells were washed and fluorescently labelled with calceinAM as above (2.5mM, 1h), prior
to adding them to the SRPKI-treated synoviocyte monolayers at 30,000 THP-1 cells per well and
were co-incubated with the HFLS for 2h. Cells were then thoroughly washed twice in warm PBS
(5 min, 70rpm in a gyro-rotator) to remove unattached monocytes. Cells were then fixed in
paraformaldehyde (PFA in phosphate buffer) for 20 min, washed twice in PBS+ 0.05% Tween80

and placed in 100mL PBS. Calcein-labelled THP-1 fluorescence was measured (Victor X4, Perkin-
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Elmer) in each well. Two assay negative control groups were included on every plate: 1) 100mL
PBS and 2) monocytes alone (i.e., no HFLS to control for any adherence to the plate). Visual
inspection of the plates was used to check whether washing was adequate. If the fluorescent
signal from monocytes alone was greater than PBS, this indicated that monocytes had attached
to the plate alone, and the plate was re-washed to remove any plate-adherent THP-1 monocytes

until signal reduced and then all wells were re-read.
No information on the synoviocyte donors was available, other than the health or arthritis type.

HFLS treatment with VEGF-A splice variants, VEGF receptor inhibitors and splicing kinase

inhibitors on ICAM-1 expression and monocyte adherence.

To determine the effect of VEGF-A splice variants, VEGF receptor blockers and splicing kinase
inhibitors on ICAM-1 expression (VEGF-A splice variant effects) and THP-1 monocyte adherence
to HFLS (VEGF-Asssb and splicing kinase inhibitor effects), cells were treated with 20ng/ml of

TNF-a to promote an inflammatory state for 24 hours either alone, or in combination with:

e VEGF-A splice variants - human recombinant VEGF-Assa and VEGF-Asesb (0.001-400ng/ml);

e VEGF receptor blockers PTK787 (200nM; blocks VEGFR1 and 2, VEGFR2 selective at this
concentration (Grosios, Wood et al. 2004) and ZM32881 (10nM; VEGFR2 specific blocker
(Whittles, Pocock et al. 2002);

e novel splicing kinase inhibitors SPHINX (1uM), SPHINX31 (3uM) SRPIN340 (5mM; inhibits
SRPK and SRPK2 at this concentration), novel SRPK1 inhibitors SRPINs 1-9 (5uM,
concentration determined from enzyme inhibition screen and the response to 1uM inhibitor

and chosen to ensure complete inhibition).

Due to the difficulty in obtaining human primary cells during the pandemic, and the need to
reduce differences in passage number the experimental unit was the treatment/well. Each
treatment was done in either duplicate or triplicate on the plate, and the data shown are the

mean of those values for each treatment well.

5.2.5 Cell culture for protein quantification

HFLS cells were grown to 80% confluence as described previously (chapter 2.9), before being
trypsinised and centrifuged at 100xg for 5 minutes to form a cell pellet. The pellet was then

resuspended in 1 mL of DMEM + 20%FBS + 2mM L-glutamine media. Cells were then counted
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using a haematocytometer, before being seeded in 6 well plates at a density of 100 000 cells per
well with 1 mL of media and incubated for 24 hours to attach to the wells. The amount of FBS
was then gradually reduced from 20% FBS in three steps, reducing to 10% FBS for 24hours, to
5% FBS for 24hours and finally to only DMEM and 2mM L-glutamine, to inhibit continuous
growth and maintain a standardised number of cells in between the wells. Once in serum-free
conditions, the cells were treated with TNF-a (1ng.ml? or 1% DMSO in DMEM) overnight to
induce an inflammatory response, + VEGFR2 inhibitor ZM32881 (10nM in DMEM overnight) or
vehicle (DMSO, 1%) in DMEM (Figure 48). After treatment, cells were lysed, and proteins isolated

and quantified using the Bradford assay as described in section 2.10.

5.3.3 Western blot — optimization and analysis
General methodology on the western blot protocol, including gel running, blot transfer and

antibody incubations is described in chapter 2.11.

Untreated
Untreated

Figure 48 Representative image of the standardised treatments used in

DMSO
R2 inhib

DMSO
R2 inhib

order to identify differences in the protein expression of HFLS between

normal, TNF-a treated and anti—VEGFR2 treated cells.

Due to issues encountered with SDS-PAGE gels and Western blotting, the following changes were
made to the protocol to optimise conditions. The effect of different amounts of protein per lane,

ranging from 5ug to 50ug of protein was determined; and the optimal loading amount found to
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be 20ug per lane. To prevent overheating of mini gels maximum voltage used was 120V and ice
cold running buffer was used. The gel was equilibrated in transfer buffer after the completion of
the electrophoresis, which provided a substantially cleaner and precise transfer from the gel to
membrane during the wet electrophoretic transfer (the apparatus can be seen in chapter 2

section 2.11).

Two types of membrane are prevalent for use during for Western blotting, namely PVDF and
nitrocellulose membranes. PVDF membranes have the benefit of increased binding protein
capacity (up to 200 ug/cm?), alongside being able to bind higher molecular weight proteins. PVDF
can have higher levels of background and autofluorescence, however, as they are less fragile
than nitrocellulose membranes, and so are preferred for experiments where re-probing of
membranes is planned or necessary. In contrast, nitrocellulose membranes have lower protein
binding capacity (up to 100 ug/cm?), significantly lower background and are better suited for
fluorescent visualisation. Despite the fragility disadvantage, for these reasons | used
nitrocellulose membranes.

To optimise protein transfer and reduce potential for any degradation during transfer, | tested
different transfer conditions including the voltage used for electrophoretic protein transfer
(from 40V to 100V) and different times of transfer (1 - 4-hours). The transfer apparatus in the
tank was also cooled with an ice pack to prevent temperature increases, with the optimal being
transfer for 2 hours at 80V. The membrane was then removed and equilibrated in 0.01% TBS-
Tween 20 wash buffer on a shaker for 10 minutes and blocked in 2% BSA in 0.01% TBS-Tween
for 1 hour. | avoided using a higher concentration BSA for blocking non-specific binding as this
can produce high levels of non-specific binding in fluorescent protocols. When fluorescent
secondary antibodies were used the membranes were kept in the dark from the step including
a fluorescent tag onwards, to avoid bleaching and autofluorescence.

The primary antibodies used were anti- ICAM-1 and anti-GAPDH as a housekeeping protein to
correct for differences in sample loading. Membranes were rolled in 50 ml Falcon tubes with the
side on which the proteins were transferred facing inwards, to minimise the amounts of reagents
used. Primary antibody incubations were done overnight, at 4°C on a gel roller to maintain
constant movement of primary antibody solution over the membrane and prevent drying of the
membrane. After incubation with primary antibodies, the membranes were washed with 0.01%

TBS-Tween 3 times, 10 minutes per wash in the Falcon tubes on the gel roller. Aggressive washing
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resulted in loss of signal. The membranes were then probed with species-specific fluorescent
secondary antibodies developed for the Licor imaging system for 1 hour at room temperature
with constant agitation as for primary antibody probing, using donkey anti-rabbit 1gG IRDye
680RD as a secondary for GAPDH (ab216779, Abcam) and a Goat anti-Mouse IgG H&L IRDye®
800CW as a secondary for ICAM. Longer incubation times with secondary antibodies resulted in
higher non-specific background. Membranes were finally washed three times for 5-minutes in
0.01% TBS-Tween to remove any excess secondary fluorescent antibodies, before visualizing in

the Licor Odyssey imaging system.

5.2.6 Data extraction and analysis

To retrieve the raw data of the PCR results images of the gels were loaded to Imagel, and a
rectangular selection box was drawn over the first band visible in the gel. Using the “Analyse-
Gel” functions from ImageJ all the bands were then selected, before selecting the function “plot
lanes”, which produces a plot representing the relative density of each rectangle drawn,
visualised as peaks in the graph. In order to measure the size of the peak, it needs to be isolated
by “closing” it by drawing a straight line at the base of the peak. When all the peaks of interest
have been “isolated”, through the function of ImageJ “Analyse-gels-Label peaks” the relative size
will be calculated which can then be used for further analysis.

For ICAM-1 mRNA expression, HFLS from normal and RA joint donors were treated with the
VEGF-A isoforms for 24 hours. B-actin was used as an internal loading control. ICAM-1
expression was corrected against B-actin expression, and then each independent value was
normalized to the mean control value, i.e., the value from each experimental samples was
divided by the mean of the DMSO control group. The DMSO controls were also normalised
against the mean, hence the normalised mean of the control group = 1.

The experimental unit for synoviocyte ICAM1 expression and monocyte adherence was the
treatment well. For PCR expression of SRPK1, SRSF1 and VEGF-A, the experiment was designed
with the plate as experimental unit. Group numbers are shown on scatter graphs and in figure

legends.
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5.3 Results

5.3.1 SRPK1, SRSF1 and VEGF-A are expressed in HFLS in culture and

expression of SRSF1 is altered splicing kinase inhibition.

5.3.1.1 Expression of SRPK1 in human fibroblast like
synoviocytes

Using the primers described previously in this chapter | aimed to measure the relative gene

expression of SRPK1 from HFLS cells treated with TNF-a and selective inhibitors. SRPK1 could not

be consistently detected, with faint bands appearing in some of the samples. More importantly,

the size of the amplicons detected was significantly smaller compared to the expected product

size. Specifically, the size of the samples that | faintly detected presence of SRPK1 is at 50bp,

while the expected size should be at 217bp (Figure 48). More optimisation is needed to

consistently detect SRPK1 before tackling the difference in the expected sizes.

DMS S31 G6 T25 TNF-aS31 G6 T25-RT W
DMSO TNF-a

Figure 49 PCR gel for the SRPK1 gene expression in HFLS. Faint bands can be identified at
approximately 50bp size, length that is not in agreement with the expected product size
according to the primers | used (expected size 217bp).

5.3.1.2 Expression of SRSF1 mRNA in HFLS and effect of splicing

kinase inhibitors.

Analysis of mRNA expression from cultured HFLS showed amplicons of the expected size of
217bp for SRSF1 of cDNA SRSF1 and VEGF-A.

Figure 49 shows SRSF1 PCR raw data and the normalised results for comparison between
treatments. SRSF1 mRNA expression was not affected by 1ng/ml TNF-a treatment. Treatment
with the splicing kinase inhibitors alone at 3uM also had no effect on SRSF1 mRNA expression.

Treatment with TNF-a and Griffin 6 or SPHINX31 did not change SRSF1 mRNA expression
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compared to TNF-a alone (p=0.33 and (p=0.9 respectively), although Griffin 6 treatment did

result in a non-significant increase in SRSF1 mRNA expression.

A N S31 G6 T25 Tnf-a S31 G6 T25 N S31 G6 T25 Tnf-a S31
200

B-actin (150bp)

SRSF1
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Figure 50 Reverse transcription PCR for SRSF1 mRNA expression in Human fibroblast
like synoviocytes (HFLS) after TNF-a and SPHINX31/Griffin 6/T-025 inhibitor
treatment. Three separate biological replicas were used to identify the relationship
of SRSF1 and the inflammatory phenotype of HFLS as well as the effect of splicing
kinase inhibition. A) Images of the agarose gels, showing expression of SRSF1 mRNA
in HFLS. B-actin and SRSF1 amplicons were amplified in separate PCR reactions, and
an equal amount of each reaction loaded and run in the same wells to enable direct
normalization of signal in relation to B-actin expression. B) SRSF1 band integrated
density was normalized to B-actin from the same sample, and values compared to
controls DMSO vehicle, and TNF-a treatments. Significant differences are indicated
on the graph with median values (*p<0.05, one-way ANOVA + Tukey’s multiple

comparisons test).
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The combined effect of TNF-a and T-025 on SRSF1 mRNA expression was greater and significantly
different from the effect of TNF-a and DMSO alone (p<0.02, p=0.04, F=4.8, R?=0.68, one way-

ANOVA with Tukey’s multiple comparison test).

5.3.1.3 Expression of VEGF-A mRNA in HFLS and effect of TNF-

a and splicing kinase inhibitors.

Total VEGF-A mRNA expression. The VEGF-A reverse transcription PCR using primer set 2
amplifies total VEGF-A mRNA, from both splice variant families. Plasmids containing cDNA of
each isoform were used as positive controls alongside the samples, validating that the PCR was
working as intended, (Woolard et al., 2004), but no VEGF-A mRNA expression was detected
(Figure 50). The VEGF-Assb plasmid was detected with a 220bp amplicon as previously shown
(Woolard et al., 2004), while the VEGF-Ajssa plasmid was detected at ~150bp as expected
(Woolard et al., 2004).

TNF-a VEGF-Asesb
DMSOS31G6 T25 TNF-o S31 G6 T25-RT W Plasmid

200bp
100bp VEGF-A
50bp

VEGF-Asgsb

plasmid

Figure 51 PCR gel used to detect mRNA expression of VEGF-A in HFLS cells. VEGF-A was not
detected in any of the treatments, however both of the positive controls used, namely the
plasmids of both VEGF-Ajssa and VEGF-A;¢sb were detected at their expected product sizes.
Red box shows highlights the VEGF-A;¢sb plasmid band.

Competitive PCR with VEGF-A primer set 1 is predicted, and previously published, to result in
two amplicons, 130bp representing VEGF-Aissb with inclusion of exon 8a (see Figure 51), and
64bp representing VEGF-Ajesb without exon 8a. Two bands of ~65bp and 90bp in length were
clearly detected at varying intensities in most treatments (Figure 51), but this was only the case

in one of the three replicate plates. In the other two replicates, despite effective amplification

202



of B-actin and SRSF1 from the same samples (as shown above), | could not detect VEGF-A mRNA

expression.

TNF-a

DMSO S31 G6 T25 Blank TNF-aS31 G6 T25 RT W

- —

w— : oo

VEGF-A

Figure 52 Representative image of a PCR gel demonstrating the mRNA expression of VEGF-A in
HFLS cells using the VEGF-A primer set 1. Two bands are clearly visible with the short one at
~64bp and the long one at ~90bp. N=1 denoting one plate with 3 wells per sample pooled for

RNA extraction.

As the longer amplicon was not the expected 130bp in length, the products were isolated and
sequenced. Both bands were isolated separately and were re-amplified to ensure both sufficient
DNA for sequencing, and to attempt to sequence each band separately (Figure 52). Further
amplification of the short band yielded reasonably clean amplicons, but the re-amplification of
the longer band again yielded two amplicons, suggesting contamination of the longer band with

the shorter.

Those with the clearest and cleanest signal after re-amplification namely, the DMSO and TNF-a
+T-025 long bands and the DMSO+S31 with the TNF-a short bands (figure 52) were gel purified
and sequenced.

Sequencing results showed mixed sequences, probably due to the contamination of the two
amplicons. However, VEGF-A cDNA sequences from the expected exons, albeit very short
sequences, were identified in at least one of the samples. A sequence of 8 nucleotides derives
from close to the splice site in exon 8 in the VEGF-A sequence, 33 nucleotides from the position

of the downstream primer where expected.
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A Re-amplification of the long band from the initial VEGF-A PCR

DMSO S31 G6 T25 TNF-a 31 G6 125
100bp VEGF-A
50bp
B Re-amplification of the short band from the initial VEGF-A
DMSO  S31 G6 T25 TNF-a S31 G6 T25
100bp
50bp VEGF-A

Figure 53 Image of the PCR gel demonstrating the mRNA expression of VEGF-A after re-
amplification, in order to sequence each band individually. A) The longer band was clearly
detected in all the individual samples; however, two amplicons were detected in certain
samples indicating potential contamination from the short band during isolation. B) Re-
amplification of the short band demonstrating a clear signal on all the samples. The bands in
the red frame were gel purified and sent for sequencing at DeepSeq University of

Nottingham.

The probability of finding this 65bp sequence in an amplicon that did not derive VEGF-A is
extremely low. This is not however conclusive evidence that the products derived from the VEGF-
A cDNA.

As the VEGF-A PCR only yielded results on one of the four replicates, despite attempts at
repetition, it was not possible to determine whether the splicing kinase inhibitors had any effect

on VEGF-A splicing.

While | have not been able to show SRPK1 mRNA expression in these normal HFLS, they do
express SRSF1 mRNA and the expression of this splice factor is altered, to some extent, by
inhibition of splicing kinases. VEGF-A mRNA is also expressed, but due to lack of sufficient
successful replicates, and impacts of the Covid pandemic on available laboratory time and
reagents, | cannot make any conclusions on whether the splicing kinase inhibitors affect VEGF-A

expression in these cells.
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As | was not able to show that TNF-a altered VEGF-A splicing in HFLS using PCR, following
discussion, | decided that it could be possible to use data from an in vitro functional assay of
inflammation to investigate whether VEGF-A splice variants and inhibition of alternative splicing
could affect VEGF-A control function. This in vitro model was developed, and the raw data were

produced by Drs N Beazley-Long and M Swift, and | conducted the analyses presented here.

5.3.2 Mechanisms underpinning monocyte adhesion to human

fibroblast-like synoviocytes in vitro

5.3.2.1 VEGF-A splice variants alter ICAM-1 expression in

human fibroblast-like synoviocytes.

VEGF-A splice variants affected ICAM-1 mRNA expression differently in HFLS from normal or RA
joints. VEGF-Asssa, the pro-angiogenic, pro-nociceptive isoform dose-dependently increased
ICAM-1 mRNA expression in HFLS from normal donor joints, while in RA derived HFLS, only the
lowest concentration of VEGF-Ajgsa (0.01 ng/ml) significantly increased the ICAM-1 mRNA
expression (Fig 53A). The anti-angiogenic, anti-nociceptive isoform VEGF-Aigsb significantly
increased ICAM-1 mRNA expression at the lowest concentration used (0.01ng/ml) in relation to
DMSO controls and all other concentrations. At the higher concentrations VEGF-Aigsb resulted
in a small but non-significant increase in ICAM-1 levels compared to control (Fig 54B). In HLFS
from RA-affected joints, surprisingly, VEGF-Aiesa treatment resulted in a similar pattern of ICAM-
1 mRNA expression to that caused by VEGF-Ajssb treatment of normal HFLS (Fig 53B). The lowest
concentration altered ICAM-1 mRNA increasing it significantly compared to control, an effect
that was lost when the cells were treated with 1 ng/ml of the VEGF-Asesa isoform. VEGF-Aigsb

evoked an effect on ICAM-1 mRNA expression that was not dose-dependent in RA HFLS.
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Figure 54 HFLS derived from both normal and RA joints were treated with ascending concentrations of
VEGF-Aissa or VEGF-A1ssb, to identify any potential alterations to the ICAM-1 gene expression levels.
ICAM expression was quantified by qPCR and normalised to B-actin A) Effect of VEGF-Aissa on ICAM-1
expression in normal HFLS is dose dependent, increasing ICAM-1 (DMSO cf 0.01ng/ml **p=0.003; cf
1ng/ml ****p<0.0001; cf 100ng/ml ****p<0.0001). Similarly, ICAM-1 mRNA is increased in RA HFLS
samples when treated with 0.0lng/ml of VEGF-Aissa (****p<0.0001 cf DMSO), while higher
concentrations had no effect. B) Effect of VEGF-Aissb on ICAM-1 expression had a similar pattern in
normal and RA HFLS. In normal cells ICAM-1 mRNA levels were greatly increased when treated with
0.01ng/nl of VEGF-A1esb (****p<0.0001). In RA HFLS a similar pattern was observed with the 0.01 ng/ml
treatment increasing the ICAM -1 mRNA expression compared to DMSO(*p<0.005), an effect also
observed in the group treated with 100ng/ml of VEGF-Asesb (****p<0.0001 cf DMSO). Two way-ANOVA

with Tukey’s multiple comparisons.
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In order to directly compare the effects of each VEGF-A splice variant on normal and RA-derived
HFLS, and to compare the effects of the two splice variants to each other, the data were

replotted (Figure 55).

In normal HFLS the increase in ICAM-1 mRNA expression in response to VEGF-Ajgsa was greater
than that VEGF-Agsb at 100ng/ml (Fig. 55A, ****p=0.0001 VEGF-Asesa cf. VEGF-Ayesb), an effect
that was not observed at lower concentrations (1ng/ml p=0.06 VEGF-Aesb cf. VEGF-Asesa;
0.01ng/ml p=0.06 VEGF-Agsb cf. VEGF-Asesa). A similar but opposite effect was observed in the
RA derived HFLS (Figure 54B), where at the lowest concentration VEGF-Aigsa increased the
relative expression of ICAM-1 mRNA compared to the VEGF-Ajesb isoform (***p=0.002),
whereas at the highest concentration of 100ng/ml the mRNA expression of ICAM-1 was
significantly increased when the cells were treated with VEGF-Ajgsb (****p<0.0001 VEGF-Agsa
cf. VEGF-Axgsb).

The effect of VEGF-Aissa on ICAM-1 mRNA levels in normal compared to RA HFLS (Figure 55C)
was similar to that of VEGF-Agsa and VEGF-As6sb in normal HFLS. Specifically, low concentration
VEGF-Asgsa (0.01ng/ml) increased ICAM-1 mRNA to a greater extent in RA HFLS compared to
normal (***p<0.0001, normal HFLS cf. RA), an effect that was reversed at higher concentrations

of the isoform (1ng/ml ****p<0.0001 RA cf. HFLS; 100ng/ml ****p<0.0001 RA cf. HFLS).

Regarding the effect of VEGF-Aigsb on ICAM-1 mRNA levels in between the HFLS and RA group
(Figure 55D), no alterations were observed at the lowest concentration of treatment (0.01ng/ml
p=0.3 normal cf. RA), ICAM-1 mRNA expression was lower but not significant in the RA HFLS at 1
ng/ml (p=0.7 normal cf. RA), and higher but again not significant in RA at 100ng/ml compared to
normal HFLS (p<0.03 normal cf. RA)
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Figure 55 HFLS derived from both normal and RA joints were treated with ascending
concentrations of VEGF-Ajssa or VEGF-Ayesb, to determine effect on ICAM-1 mRNA expression
levels A) Increasing concentrations of VEGF-Ajssa have different effects on the levels of ICAM-1
mRNA expression in normal HFLS compared to VEGF-A;esb treatment. At 0.01 ng/ml, and 1ng/ml
treatments ICAM-1 is not significantly altered when treated with VEGF-Assa in comparison to
VEGF-Asesb (p>0.005). At 100ng/ml treatments with VEGF-Ai¢sa promotes high levels of ICAM-1
mRNA expression levels (****p<0.0001 1ng/ml, 100ng/ml VEGF-A;esa cf VEGF-Asesb. B) In RA cells
a similar but opposite effect is observed with the 0.01ng/ml treatment of VEGF-A;6sb significantly
decreasing the levels of ICAM-1 mRNA (***p=0.0002 cf VEGF-Assa), while in the higher
concentrations treatments ICAM-1 expression is favoured with the VEGF-Assb treatment
(****P<0.00001 cf VEGF-As65a). C) When comparing normal to RA HFLS per treatment, VEGF-Ajgsa
seems to further increase ICAM-1 levels in the RA samples in low concentration (0.01ng/ml
***%¥p<0.00001 normal cf RA, an effect that is reversed in higher concentrations with the VEGF-
Asssa treated normal HFLS showcasing high levels of ICAM-1 mRNA (1ng/ml **p<0.0001 normal
cf RA; 100ng/ml ****p<0.0001 normal cf RA). D) Treating RA and normal HFLS with VEGF-A;esb
seem to not alter the levels of ICAM-1 significantly, when making in between group comparisons

(p>0.005). All data were analysed using two-way ANOVA with Tukeys multiple comparisons.
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| then performed Western blots to attempt to confirm the presence and levels of ICAM-1 protein
expression in TNF-a treated HFLS. | hypothesized that ICAM protein levels would increase in TNF-
a treated HFLS as a result of the change in ICAM-1 mRNA expression (Figure 44). Cells were
treated with TNF-a as for mRNA expression, and with a selective VEGFR2 inhibitor, ZM32881 to
determine whether endogenous VEGF-A contributed to ICAM-1 expression (n=3). Figure 56
shows an example western blot with samples from two of the experimental repeats.
Unfortunately, although GAPDH can be clearly seen on this blot, ICAM-1 protein was not
successfully detected in any of the attempts. Despite changing experimental conditions, and due
A
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50—
38—»

30»

<+—GAPDH
38 kDa

DMSO + + + +

ZM32881 + + + +

B

90 —»

50 —»

30 —»
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8 —»

Figure 56 Western blot for ICAM-1 and GAPDH in human fibroblast like synoviocytes after TNF-a and anti-
VEGFR2 treatment. A) Membrane was incubated with anti-GAPDH antibodies and fluorescently labelled
secondary antibodies and imaged in a Licor Odyssey system. Clear signal of GAPDH can be seen in the sample
treated with TNF-a and the ZM inhibitor, while also being detectable in the rest of the lanes. B) Membrane
incubated with anti-ICAM-1 antibody and the appropriate secondary. No signal was detected issuing the
need for further optimization. 50ug of protein was used per well. (GAPDH: Loading control, TNF-a 1ng/ml;

ZM32881 10nM; n=3 plates).
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to time and COVID restraints | was unable to optimise the Western blot conditions; additionally,
problems with equipment failure affected my ability to successfully detect ICAM-1 protein. |
therefore decided to approach the same question using data generated using an indirect

functional assay rather than direct measurement of ICAM-1 itself.

5.3.2.2 THP-monocyte adherence to HFLS is mediated through
an ICAM-1/ VEGF-A/SRPK1-dependent mechanism and is
reduced by inhibition of ICAM-1, SRPK1 and/or VEGF

receptors in vitro.

Human primary fibroblast-like synoviocytes derived from both normal and RA joints were
cultured and stimulated with TNF-a to induce an inflammatory response, incubated with
fluorescent THP-monocytes and anti-ICAM-1 neutralising antibody, as well as VEGF receptor
blockers PTK787 and ZM323881 to determine whether the mechanism of monocyte attachment
involved ICAM-1 and VEGF-A.

In both normal and RA HFLS TNF-a increased THP-monocyte adherence (p=0.002, p=0.009
respectively), which was reduced by treatment with the selective VEGFR inhibitor PTK787 in
normal HFLS (p=0.0002 cf. TNF-a treatment). In contrast, in the RA samples treated with PTK787
THP-monocyte adherence increased compared to the DMSO control (p=0.0007 cf. DMSO, Figure
57A).

In normal HFLS, inhibition of VEGFR2 with the specific ZM323881 inhibitor significantly reduced
the THP monocyte induced fluorescence (p=0.003 cf. TNF-a). A similar effect was also observed
when the cells were treated with VEGF-Asgsb, with significant reductions at 0.001 ng/ml and
400ng/ml of (p=0.0007 and p=0.008 cf. TNF-a respectively, Figure 57B).

There was no obvious TNF-a-induced THP monocyte adherence in RA HFLS also treated with
either ZM323881 or ascending concentrations of VEGF-Aigsb, however these were not
significantly different from TNF-a stimulated HLFS alone. Even though these findings were not
significant, these data still suggested that VEGF-Aub isoforms could inhibit THP monocyte

adherence to human HLFS.
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Monocyte attachment assay in RA human fibroblast like synoviocytes
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Figure 57 THP-1 cells were plated over HFLS to measure fluorescent levels of adherent

Fluorescence (AU*1079)

monocytes. A) TNF-a treated RA HFLS promote the adherence of monocytes resulting in
increased fluorescence levels when compared to the DMSO controls (p=0.009 cf. DMSO), an
effect that is also observed when RA HFLS are treated with the combination of TNF-a and PTK
(p=0.0007 cf. DMSO). The rest of the treatments with anti-ICAM or VEGF-A;ssb seem to
influence the levels of fluorescence in comparison to TNF-a treatment however this effect is
not significant. B) In healthy HFLS TNF-a increases the THP induced ICAM-1 fluorescence
compared to DMSO (p=0.002 cf DMSO), an event that is revoked when the cells are treated
with PTK, ZM or VEGF-A;esb (p=0.0002 PTK cf TNF-o; p=0.003 ZM cf. TNF-a; p=0.0007 VEGF-
Aiesb 0.001ng/ml cf. TNF-o; p=0.008 VEGF-Aiesb 400ng/ml cf TNF-a. Two-way ANOVA with

Tukey’s multiple comparisons.
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| therefore wanted to identify if the changes described above were due to TNF-a induced change
in the VEGF-A splicing, as seen in other cells types, using SRPK1 inhibition in the THP monocyte
adherence assay as an indirect measure of VEGF-A splicing. Validated SRPK1 inhibitors SPHINX
and SPHINX31 were used in RA HLFS treated with DMSO or TNF-a, alongside treatment with
VEGF-Asgsb (Figure 58A). Although TNF-a did not increase THP monocyte adherence in these
experiments, SPHINX did significantly reduced THP monocyte adherence when compared to
both the TNF-a (p=0.004 cf. TNF-a) and VEGF-Aiesb treated HFLS (p=0.003 cf. VEGF-Aiesb).

SPHINX31 slightly reduced monocyte attachment however the change was not significant.

Finally, given the effect of the known SRPK1 inhibitors on this in vitro assay of inflammation, |
then used the assay to test the efficacy of novel SRPK1 compounds in a functional assay. These
novel compounds were synthesised on the SRPIN340 structure and are known SRPK1 inhibitors

(Table 15).

Of the SRPIN inhibitors, only SRPIN4 displayed a pattern of reducing monocyte attachment.
Specifically, it significantly reduced THP monocyte adherence when compared to the TNF-a
treated HFLS (p=0.001). Moreover, it was a significantly more potent inhibitor compared to
SRPIN2 and SRPIN3, an effect that was similar to the potency of SPHINX. SPINX31 and SRPIN340,
both displayed a pattern of reducing monocyte attachment, however the change observed in

this experiment was not significant.
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Figure 58 A) Treating RA HFLS with SPHINX after treatment with TNF-a reduces the overall levels
of ICAM-1 fluorescence as induced by THP adherence (p=0.004 SPHINX cf. TNF-a; p=0.03 SPHINX
cf. VEGF-As6sb). Similarly, to SPHINX, SPHINX31 showcases an overall reduction to the levels of
ICAM fluorescence an effect that is not significant. B) Different SRPK1 inhibitors were tested in
comparison to the effects of SPHINX on the RA HFLS, to identify how inhibition of SRPK1 affects
THP monocyte adherence. Only SRPIN4 significantly reduced the fluorescence levels compared to
the other inhibitors (p=0.01 cf. TNF-o; p=0.03 cf. SRPIN2; p=0.03 cf. SRPIN3). SPHINX was also
more potent in comparison to the effects of SRPIN2 and SRPIN3 (p=0.006 cf. SRPIN2; p=0.008 cf.
SRPIN3). SPHINX31 as well as SRPIN340, showcased a pattern of reducing the overall levels of
fluorescence when compared to the TNF-a treated cells, however this was not a significant

change. One-way Anova with Tukey’s multiple comparisons.
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5.4 Summary of results

SRSF1 mRNA expression was increased in TNF-a stimulated HFLS by CLK inhibition by T-
025, and partially by Griffin6, indicating that CLKs 1,2 and 4 are potentially involved in
control of SRSF1 mRNA expression

VEGF-A mRNA was expressed in HFLS, but the presence of splice variants could not be
confirmed.

Fluorescent THP-1 monocytes adhere to TNF-a stimulated HFLS, in part through an
ICAM-1 mediated mechanism. THP-1 monocyte adherence to HFLS can be used as an in
vitro model of synovial inflammation.

THP-1 monocyte adherence to HFLS can be blocked by VEGF-165b and by both validated
and novel SRPK1 inhibitors.

214



5.5 Discussion

5.5.1 SRPK1, and SRSF1 expression in HFLS in culture and alteration
by TNF-a, and splicing kinase inhibition.

Our initial hypothesis was that blocking the kinases which play a role in the VEGF-A splicing axis
would reduce the activation of SRSF1, but | also determined whether kinase inhibition affected
MRNA expression of members of the splicing axis, as very little is known about this. On
phosphorylation by SRPK1 in the cytoplasm SRSF1 translocates to the nuclear speckles of the
cells (Aubol, Keshwani et al. 2018). After this change in the localization of SRSF1, CLK1 inside the
nucleus is responsible for releasing the splicing factor from the speckles before SRSF1 can
becomes functional. CLK1 acts to enable shuttling of mMRNAs due to its RS Domain. The RS domain
is one of the main building blocks of all SR proteins, with the general structural organization
including the arginine/serine-rich domain (RS domain), an RNA recognition motif (RRM), RRM
homology (RRMH) domain, and a Zinc knuckle (Zn) domain (Shepard and Hertel 2009). Of these
domains, the RS, RRM and RRMH are the main structural features of the SR proteins and in the

case of SRSF1, all three are present.

Previous literature suggests that SRSF1 has the ability to auto-regulate its own mRNA expression,
results obtained from retroviral transduction of human, mouse, and rat cells (Sun, Zhang et al.
2010). This autoregulation effect works based on SRSF1 modulating its own alternative splicing
either by decreasing the protein coding isoforms or increasing isoforms that are degraded by
NMDs or retained in the nucleus. In principle, SRSF1 autoregulation seems to operate in an
interplay between two modes; a “robust” mode where the concentration of the splicing factor
is abundant in the cell, and thus no change in the expression pattern occurs, and an “adaptive”
mode where the available SRSF1 is lower in the cell reducing feedback, and signalling the need
to generate more SRSF1 protein (Ding, Su et al. 2020). Although SRPK1 inhibition had no effect
on SRSF1 mRNA expression, we could speculate that the increase in SRSF1 mRNA expression on
treatment with the pan-CLK inhibitor T-025 may be a result of an effect on the auto-regulatory
functions of SRSF1. If the SRSF1 protein is not released from the speckles due to CLK1 inhibition,
then feedback loops would signal that more ASF/SF2 protein is required for either the splicing in
the nucleus of the cells, or the shuttling of mMRNAs from the nucleus to the cytoplasm. As there

was a smaller, similar but non-significant change in SRSF1 mRNA expression with CLK1&2
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inhibition by Griffin6, and there were non-significant changes in the pattern of the SRSF1
expression. As G6 is a CLK1&2 inhibitor, and T-025 is pan-CLK + DYRK1A/B inhibitor that is more
potent against CLK2, the results suggest that the extra targets inhibited by T-025 are enough to
alter the mRNA expression of SRSF1. Specifically, we could hypothesise that the inhibition of
CLK4 or DYRK1A would be enough to shift the result of SRSF1 expression. CLK4 has been
implicated before in its ability to inactivate SRSF1, as well as it’s phosphorylation of the splicing
factor SRP55, resulting in the distal splicing site selection and production of VEGF-Axb. DYRK1A
inhibition from T-025 could also play a role in comparison to the G6 inhibitors. We already know
that DYRK1a can phosphorylate SRSF1, as well as it can reduce pain and inflammation through
the Wnt pathway. Perhaps the blocking of the kinase and thus its inability to phosphorylate
SRSF1, feeds into an autoregulation of the splicing factor as discussed above, and eventually an
increase in its mMRNA expression. However, since no-one has looked before into these
mechanisms and alteration, we could only hypothesis, even though it is clear that CLK2, as well

as the inhibition of additional CLKs is important in the control of SRSF1 mRNA expression.

5.5.2 VEGF-A isoform and ICAM-1 expression in HFLS.

Measurement of VEGF-A isoform mRNA expression is notoriously difficult, and | was unable to
confirm either isoform expression or determine whether splicing was changed in the HFLS by
kinase inhibition, despite using published primers and protocols (Nowak, Amin et al. 2010, Bates,
Mavrou et al. 2013). Optimisation of the PCR proved difficult, and | could not isolate amplicons
of the predicted sizes. Isolating the individual bands for sequencing was also difficult as there
was contamination of the two bands, and while | did confirm VEGF-A sequence in at least one of

the PCR products, | could not identify isoform specific sequences.

Difficulty in identification of VEGF-A isoforms by PCR can be due to many confounds. Recent
findings (David Bates personal communication) show that VEGF-Aub isoforms do not have an
extensive poly-A* tail, which can result in underrepresentation of VEGF-A«b isoforms in reverse
transcription reactions using oligo-dT primers. | therefore also used the downstream VEGF-A
primer plus random hexamers for the reverse transcription reaction to isolate only VEGF-A
cDNAs. Unfortunately, this still did not lead to clear isoform specific PCR products. In addition to

a short polyA+ tail, modelling of the secondary structure of the 3’UTR region of the VEGF-Aub
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MRNA shows that it is different to that of VEGF-Axxa (Qiu, Hoareau-Aveilla et al. 2009) which
would lead to a potential difference in the efficiency of the RT reaction, resulting in much lower
representation of VEGF-Aub transcripts. Problems can also arise through VEGF-Aa transcripts
outcompeting VEGF-Auxb transcripts in the PCR reaction particularly when VEGF-A,a transcripts
are highly expressed such as in transformed cell lines/cancer cells where splicing is known to be
switched in favour of VEGF-Axa (Shulzhenko et al., 2003, Bates et al., 2013, Harvey and Cheng,
2016). RT-PCR for VEGF-A isoforms with a competitive primer set as used here assumes that
during the PCR reaction the two products amplify equally. In situations where VEGF-Awxa may
be expressed at higher levels, we would assume that the VEGF-Aub isoforms will also be
amplified to some extent but could not confirm this by sequencing. Unfortunately, further
optimisation and alteration of experimental conditions were not possible due to time constraints

and the Covid pandemic.

ICAM-1 mRNA expression has recently been shown to be induced by VEGF-A/VEGFR2 activation
in spinal cord endothelial cells in vivo (Beazley-Long et al 2018), and by VEGF-Aa isoforms in
retinal pigmented epithelial (RPE) cells and retina resulting in increased retinal permeability
(Ishida, Usui et al. 2003, Tang and Kern 2011, Thichanpiang, Harper et al. 2014). VEGF-Assb
blocks the increased ICAM-1 expression in RPE cells and is therefore to be potentially anti-
inflammatory (Ishida, Usui et al. 2003, Ved, Hulse et al. 2017). As TNF-a upregulates both ICAM-
1 and VEGF-A mRNA in HFLS (Figure 44), | hypothesised that VEGF-A isoforms, specifically VEGF-
Ajgsa isoform would increase ICAM-1 expression in HFLS promoting an inflammatory response
in HFLS. This was the case in normal HFLS, but surprisingly, in HFLS from a donor with RA, only
the lowest concentration of VEGF-Asesa significantly alter the ICAM levels compared to controls.
In most normal tissues, VEGF-Aub is the predominant isoform and levels of VEGF-Aa are low
(Pritchard-Jones, Dunn et al. 2007). When VEGF-Aissb, a partial agonist at VEGFR2, is
predominant it promotes a reduction of the number of available VEGFR2 on the cell surface
(Ballmer-Hofer, Andersson et al. 2011). Increased exogenous VEGF-As¢sa, a full agonist of VEGF-
Asgsb for the binding to the receptors, would promote HFLS synoviocyte VEGFR2 activation,
recycling to the cell membrane and as | have shown, an increased pro-inflammatory phenotype
with the induction of ICAM, and the production of other inflammatory molecules.

Activation of VEGF receptors stimulates angiogenesis, synoviocyte survival and hyperplasia, and

synoviocyte-driven promotion of inflammatory responses through activation of macrophages
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(Yoo, Kwok et al. 2008). In RA pan-VEGF-A is already upregulated, and in pro-inflammatory
conditions, this upregulation is most likely to be due to an alteration in splicing events leading to
increased VEGF-Ajgsa production. We could therefore speculate that the difference in the effect
of VEGF-Aigsa on RA HFLS, which would further increase in the proportion of VEGF-Agsa, is
incapable of producing further ICAM-1 mRNA changes, possibly as a result of any receptor
response being already at maximum.

Surprisingly, when | investigated the effect of VEGF-Aigsb on ICAM-1 mRNA expression in normal
HFLS, treatment with 0.01ng/ml of VEGF-Agsb increased ICAM-1 mRNA compared to controls,
an effect that was not seen at higher concentrations. This comes in disagreement with our initial
hypothesis in which | predicted that as VEGF-Aiesb competes with VEGF-Axa at VEGFR2, it would
exert opposite effects to VEGF-Asgsa, and therefore reduce ICAM-1 expression. In contrast VEGF-
Asgsb resulted in a similar pattern of ICAM-1 expression in normal HFLS to thatin RA HFLS treated
with VEGF-Ajgsa. As VEGF-Ajssb and VEGF-Ajgsa are usually both present, and their expression
can be related, considering the effects of each isoform alone on cultured cells may not reflect
the situation in the joint. We know that in RA HFLS VEGF-Asa is highly likely to already be
upregulated, so it is possible that introduction of VEGF-Ajssb may not be sufficient to alter the
effect of any endogenous VEGF-Aj¢sa already present. As VEGF-Aigsb is a competitive antagonist
for VEGF-Asssa binding at VEGFR2, and blocks for example, the effects of VEGF-Asgsa in tumour
growth (Hamdollah Zadeh, Amin et al. 2015) and sensory neuronal activation (Hulse, Beazley-
Long et al. 2014), we would expect that it would have similar effects in RA HFLS, which was not
the case. This may be that ICAM-1 levels were low in control RA HFLS, although such a floor effect
is unlikely, as VEGF-Aesb treatment increased ICAM-1 expression at some concentrations. It is
not possible to reach a definitive conclusion on the detailed mechanisms of how the different
VEGF-A isoforms might affect adhesion molecule expression from these experiments alone,

although they seem to have distinct effects in normal and RA HFLS.

5.5.3 THP-monocyte adherence to HFLS in vitro is mediated by
VEGF-A receptor 2 and ICAM-1.

The THP-monocyte attachment assay was employed as an in vitro technique to model an
inflammatory response in human fibroblast like synoviocytes treated with TNF-a as an indirect
method to identify the effect of the VEGF-As6sb isoform and SRPK1-mediated alternative splicing

on HFLS, due to the difficulties encountered in detecting VEGF-A splicing changes through PCR.
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The monocyte attachment assay has been demonstrated to be a useful tool in identifying specific
binding mechanisms in epithelial and endothelial cells (Beazley-Long et al. 2018b; Thichanpiang
et al. 2014). Preliminary work by Dr Nicholas Beazley-Long showed that VEGF-A«a directly
induced THP-1 binding to HFLS. TNF-a upregulated pan-VEGF-A in RPE and podocytes (Nowak,
Woolard et al. 2008), and further preliminary experiments also stimulated ICAM-1 mRNA
expression, and increased levels of monocyte adherence in HFLS (Figure 44), leading to our

hypothesis that a similar mechanism of VEGF-
ﬁVEGF—A<—TNF’

A-mediated monocyte adherence might also

"0 occur in HFLS, promoting an inflammatory
VEGF-A,,a VEGF-A, b
l 5 state. Additionally, the splicing kinase
) identified as key to the alternative splicing of
VEGFR2

l ? VEGF-A isoforms, SRPK1, is also implicated in
ﬁ ICAM-1 inflammatory processes (Patel,

l ? Sachidanandan et al. 2019).
Monocyte adherence The figure (left) shows the hypothesized

mechanism of VEGF-A effects on monocyte
adherence in the in vitro model (also in Figure 44). The neutralizing anti-ICAM-1 antibody only
partially reduced adherence, suggesting that other adhesion molecules may play a role in this
monocyte binding, namely VCAM-1 and CD31/Platelet and Endothelial Cell Adhesion Molecule-
1 (PECAM-1) (Wong and Dorovini-Zis 1995). While | was unable to demonstrate a change in
VEGF-A splicing in TNF-a treated HFLS, | confirmed that VEGFR2 and not VEGFR1 is key to
monocyte adherence, using the VEGFR2 selective and specific antagonists PTK787 and ZM32882.
Moreover, when the cells were treated with VEGF-Aiesb, a competitive antagonist at VEGFR2,
THP-1 monocyte adherence was reduced in both RA and normal HFLS. While the reduction in
monocyte adherence was not statistically significant at some VEGF-Aissb concentrations
especially in RA HFLS, the lower monocyte adherence is very clear (Figure 57). These results
replicate the previous findings in RPE cells (Thichanpiang, Harper et al. 2014), and are in
accordance with our hypothesis that VEGFA«w«b would block VEGFA«xa through inhibition of
ICAM-1. Unfortunately, due to problems with Western blotting | was unable to directly confirm
an effect on ICAM-1 protein expression. Although the pro-angiogenic and pro-inflammatory

effect of VEGF-A on macrophages (presumed to be VEGF-Aa with our now greater
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understanding of the functions of the different splice variants) have obviously been recognized
for some time (Yoo, Kwok et al. 2008), this is, to my knowledge, the first demonstration of a

potential anti-inflammatory action of VEGF-Aub.

5.5.4 THP-monocyte adherence to HFLS is mediated through an

SRPK-1-dependent mechanism in vitro.

SPHINX is a novel tool compound inhibitor of SRPK1 known to alter VEGF-A splicing also
significantly reduced monocyte adherence fluorescence. The SPHINX chemical structure is the
basis for SPHINX31 (Batson, Toop et al. 2017), whereas the SRPIN inhibitors are based on the
SRPIN340 structure designed to have greater potency and selectivity for SRPK1 over SRPK2.
SPHINX and SRPIN4 have similar ICso against SRPK1, significantly inhibit both SRPK1 activity in
vitro (Batson et al), VEGF-A splicing (L Donaldson, personal communication) and reduced the
binding of monocytes to TNF-a treated cells. This indicates that monocyte attachment is
mediated by a mechanism that is disrupted by SRPK1 inhibition, with the hypothesised
downstream target of increased splicing to VEGF-Axxb). Inhibition of the splicing kinase SRPK1,
through the inhibitors shifts the splicing from the pro-angiogenic isoform of VEGF-A (VEGF-Ai¢sa)
to the anti-angiogenic one (VEGF-Aissb) (Nowak, Amin et al. 2010, Amin, Oltean et al. 2011,
Gammons, Fedorov et al. 2013). Co-treatment with an anti-VEGF-Axxb neutralising antibody
would confirm whether this splicing change does result in the inhibitory effect. There are
currently no commercially available antibodies of this type, but while further work is needed to
fully understand the mechanism of SRPK1 inhibition of monocyte adherence, these results
support the current hypothesis. These data also show that, whatever the downstream target,
SRPK1 inhibition also has potential anti-inflammatory action. Of the reported SRPK1 downstream
splicing targets, the majority are implicated in cancer (Hulse, Beazley-Long et al. 2014), such as
BCL-2 (Wang, Zhou et al. 2020), including of course VEGF-A, and VEGF receptors involved in
angiogenesis (Jia, Jacquet et al. 2021), and many of these identified targets are also implicated
in arthritis or inflammation. For example, the serine/threonine kinase MKNK2 regulates
macrophage function (Su, Yu et al. 2015). While VEGF-Agsb is an antagonist to VEGF-Asgsa for
binding at VEGFR2, and does reducing monocyte adherence, the effect is small, and this may be

because altering the VEGF-Aissa/ VEGF-Asssb ratio with exogenous protein is not effective
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enough. Changing the isoform ratio by targeting VEGF-A splicing may therefore be a more

effective mechanism to inhibit a pro-inflammatory state in HFLS.

The results using different inhibitors with different structures and 1Csos show that the monocyte
adherence assay can detect differences between them. This indicates that this assay could

potentially be used as a screening mechanism for novel anti-inflammatory compounds.

5.5.5 Splicing kinase inhibitors

There has been a considerable amount of work done on development of splicing kinase small
molecule inhibitors, and this is increasing, due to their importance in cancers. Table 14
(introduction) compares some of the older compounds such as Harmine, and the more recent
but non-specific compounds such as T-025. Due to the structural nature of kinases, it has been
difficult to develop specific inhibitors until very recently. Some of the small molecules used here
such as SPHINX and SPHINX31 are highly selective or specific for SRPK1 and are also very potent.
These molecules were designed using structure activity relationships, and with modelling to test
how and where the molecules bind to SRPK1 by Prof Jonathan Morris and his team at University
of New South Wales, Australia, and this approach has contributed to the understanding of how
to achieve greater selectivity.

As denoted by T-025, Harmine and the only kinase inhibitor in clinical trial for OA treatment,
specific/selective drugs are difficult to design. Lorecivivint, a potential DMOAD and analgesic for
OA, was published as a Wnt inhibitor, but acts through inhibition of CLKs and DYRKs, and also
has effects at multiple targets (Deshmukh, O'Green et al. 2019). Specificity of new inhibitors is
important to reduce off target effects, and in understanding of mechanism of action of new

drugs.

New SRPK1 inhibitors are being more widely identified and developed. | tested several novel
SRPK1 inhibitors to test the usefulness of the in vitro assay, namely the SRPINs 1-6 in comparison
to the compound on which their design was based, SRPIN340. SRPIN340 has been used with
success in the past, reducing the SRSF1 phosphorylation in tumour angiogenesis in metastatic
melanoma (Gammons, Lucas et al. 2014), but was not very effective in this assay, with SPHINX
and SRPIN4 having more potent inhibitory actions. The SRPINs exhibit different selectivities and

potencies for the splicing kinase, but there seemed to be no relationship between effect in the
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adherence assay and for example 1Cso value as SRPINs 5 and 6 have lower ICsos but SRPIN4 was
the most effective inhibitor of monocyte adherence. Reduction of monocyte adherence by
inhibition of SRPK1 using both SPHINX31 and SRPIN4 suggests that control of alternative RNA
splicing of VEGF may also represent an anti-inflammatory strategy, but better understanding of
the mechanisms involved in this assay, the targets of these inhibitors and the reasons why the

inhibitor effectiveness is different in in vitro kinase and cellular assays.

5.6 Concluding remarks

To date, there is very little known about the control of SRSF1 mRNA expression in contrast to its
activation (Aubol, Plocinik et al. 2013, Aubol, Wu et al. 2016, Aubol, Keshwani et al. 2018),
although it Is known to be upregulated by T cell activation (Moulton, Gillooly et al. 2014). To my
knowledge, this is the first demonstration of a possible effect of CLKs on the control of SRSF1
MRNA expression.

| tested the hypothesis that TNF-a stimulation in HFLS altered VEGF-A in favour of VEGF-Assa,
resulting in an increase in ICAM-1 expression through VEGFR2 activation, which mediates
monocyte adherence to HFLS, promoting synovial inflammation. | was able to show that TNF-
a stimulated adherence of THP-1 monocytes to HFLS, validating this in vitro model of synovial
inflammation in this cell types. | also showed that monocyte adherence to HFLS could be blocked
by an anti-ICAM-1 antibody (partial block), a VEGFR2 specific inhibitor and VEGF-Asgsb,
supporting the hypothesis. There were some differences in the effect of VEGF-A165b on normal
and RA-joint derived HFLS, suggesting that the stimulation of normal HFLS does not completely
replicate the RA phenotype in HFLS.

Finally, inhibition of SRPK1 with previously published inhibitors (SPHINX31) also affected both
ICAM-1 expression and monocyte adherence, not only also supporting the hypothesis, but also
suggesting that SRPK1-splicing mechanisms affect monocytic inflammatory processes, and that
this in vitro model could have both potential for use as a screening mechanism for more

compounds.
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6. Discussion
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Figure 59 Summary of the hypotheses, findings, and their interpretation in the thesis. Upward arrow denotes an increase,
downward arrow a decrease. VEGFR: VEGF receptor, NGF: nerve growth factor. A full explanation of the diagram is in the
text.



Inflammation and pain are major characteristics of arthritic diseases, in middle aged and elderly
population (Bitton 2009). OA of the knee is the most common type of arthritis, with the cartilage
being considered the primary tissue through which the disease was being perpetuated.
However, it is clear that all tissues in the synovial joint are affected by OA (Loeser, Goldring et
al. 2012) Articular cartilage degradation, remodelling of the subchondral bone, synovial
inflammation in both early and late-stage disease and meniscal changes are some of the
pathophysiological features present in arthritis of the knee (Haywood, McWilliams et al. 2003,
Benito, Veale et al. 2005, Ashraf, Mapp et al. 2011).

VEGF-A is strongly implicated in OA and RA, evident from the vascular invasion identified in late
stage arthritis (Murata, Yudoh et al. 2008). VEGF-A levels in synovial fluid and serum correlate
well with arthritic disease activity in both late-stage OA and RA and are strongly associated with
the number of swollen joint (Sokolove and Lepus 2013). However, no splice variant studies with
focus in arthritis have been performed before.

Pain in OA and RA is also often thought to be symptom derived from damage, particularly
inflammatory process. However, in the context of this thesis | show evidence that the pain is
potentially driven by the distinct splicing families of VEGF-A. There are already evidence in
animals showing that the VEGF-Axa isoforms can cause pain, while the VEGF-Axb isoforms can

block the pain.

In this thesis | presented evidence that symptomatic OA and RA are associated with alterations
in the expression and splicing of VEGF-A and factors controlling expression. VEGF-A has been
linked to both diseases although VEGF-A, its splicing and constituents of its splicing axis have not
been previously shown to be related to OA and RA inflammation and pain. Figure 59 summarises

the findings from the studies presented in the thesis.

Initially, during inflammation in arthritis (as seen in Figure 59 top line) we have an upregulation
of inflammatory mediators including but not limited to TNF-a, IL-1 and IL-8, perpetuating
pathogenesis, and the inflammatory profile evident in both OA and RA (Grunke and Schulze-
Koops 2006, Farrugia and Baron 2016). Upregulation of these mediators has been proven to alter
downstream splicing kinases including SRPK1, DYRK1a and CLK1/2. Alterations of these kinases
induces a number of atypical splicing events; in breast, colon, lung, prostate, and pancreatic

cancer elevated SRPK1 levels for example are directly associated with abnormal cell
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proliferation, migration and trafficking as well as angiogenesis (Hatcher, Wu et al. 2018). In the
context of this thesis SRPK1 expression is not altered in relation to the inflammation, while
DYRK1a another kinase heavily associated with arthritis is significantly increased in OA or RA.
This activation of the splicing kinases from the aforementioned inflammatory mediators drives
the expression of SRSF1 upwards in the disease tissue compared to controls, by phosphorylating
the latter and stimulating a translocation of the splicing factor in the nuclei of the cells an effect
associated with splicing kinases of SRPK1 and CLK1/2. Our gene expression data derived from
healthy HFLS cells treated with TNF-a to promote an inflammatory profile, suggest that SRSF1
increases its expression levels when the upstream kinases are inhibited with specific inhibitors,
suggesting a mechanism of autoregulation of the splicing factor, to further facilitate the
downstream alternative splicing events.

The increase in expression of SRSF1 as well as the increase in the nuclear localisation (as
indicated by the upward arrow in Figure 59) was followed by an increase in the levels of VEGF-A
for the two disease models over controls, with downstream alterations in the splicing events.
This increase was evident either when the predominant expression of SRSF1 was in the nuclei of
the cells in the synovium or when it’s localisation was predominantly cytosolic. The OA and RA
samples with the higher percentage of nucleic SRSF1 drove the levels of VEGF-A upwards
suggesting that the angiogenesis and inflammation evident in arthritis is driven by this
alternative splicing pathway. When translocated to the nuclei, SRSF1, according to literature that
has been discussed previously, it increases the levels of VEGF-A««a isoform. In our samples
however VEGF-Axa, was not significantly increased for the disease groups when compared to
controls. Contrary to previous findings, VEGF-Axb was increased in the RA samples potentially
acting as a balance to the increased angiogenesis in the disease group. Potentially VEGF-Auxxb is
increased in the inflammatory tissue in an attempt to repair in long-term disease. Of course, this
approach is further enhanced with our in vitro results showing that VEGF-A.b down-regulates
ICAM-1 and monocyte adherence and therefore could have this effect. Of course, previous
literature has established that in late-stage arthritis, angiogenesis is increased, an event that is
not translated into the expected splicing shift that | encountered in my samples. | could speculate
that since the overall levels of VEGF-A are rising in the disease state, the splicing events that take
place result in a parallel increase of the pro-angiogenic and anti-angiogenic isoform rather than

a complete shift towards one of the isoforms.
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It is important to note here, that the IHC technique used to measure the expression and validate
the localisation of SRSF1 in the cells of the synovium can be furthered optimised to provide a
much cleaner and robust analysis. For example, by using IF protocols (as | attempted to do so,
but the condition the tissue did not permit for consistent results chapter 3.3.2), double labelling
of the tissue with a SRSF1 antibody + a pSRSF1 specific antibody and then analysis of the
localisation of the two would provide a clearer response of the kinetics of SRSF1. Of course, more
techniques could be employed to achieve robust results. Extraction of nuclei from the cells, and
then imaging after treatment with SRSF1 antibodies could also provide strong results to identify
both the expression and the localisation of SRSF1.

Nevertheless, through gene expression data that followed the IHC experiments | identified that
ICAM-1 an inflammatory molecule playing a role in T-cell activation (van de Stolpe and van der
Saag 1996) is upregulated in both healthy HFLS treated with TNF-a and RA derived HFLS, when
treated with VEGF-A.wa isoform. This increase was reverted when the cells were treated with
either VEGFR1/2 inhibitors, or when | administered VEGF-Aigsb. These results lead us to conclude
that in synoviocytes, VEGF-Axa, rather than panVEGF-A, leads to an increase in levels of
angiogenesis, inflammation, macrophage infiltration and ICAM-1, effects that are blocked when
the receptors of VEGF-A are inhibited. Similarly, | identified that if | block the splicing kinases
responsible for the downstream activation of VEGF-A using specific SRPK1 inhibitors, we can
reverse the ICAM-1 increased levels evident in TNF-a treated cells, suggesting that these
inhibitors show potential as drugs by blocking the effects of VEGF-A.«a by reducing the overall

levels of the isoform.

Moving forward, | investigated how the splicing axis of VEGF-A potentially alters the pain state
in OA as can be seen in Figure 59 bottom line. This was achieved through comparing symptomatic
OA cases from people who underwent TKR against asymptomatic OA cases from post-mortem
samples who had not reported any pain a separation that was based on differences in the
chondropathy scores of the samples. Through the selection criteria | could isolate and control
inflammation in the knee joint, focusing on alterations that would affect pain alone. Of course,
the selection as mentioned previously was heavily skewed by the individual chondropathy scores
of the patients with the TKR samples having grade 4 chondropathy and pain, while the PM
samples had grade 4 chondropathy but no pain during the last 5 years of their lives + no medical

evidence of doctor consultations for any knee pain. Initially | hypothesised that the splicing
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kinases that drive the VEGF-A splicing axis would be increased in the painful subjects in
conjunction to previous literature. | identified that two splicing kinases previously reported to
be primary targets in reducing pain when inhibited, namely SRPK1 and DYRK1a (Hulse, Drake et
al. 2016, Deshmukh, O'Green et al. 2019) where both increased in the painful subjects when
compared to controls. This increase in the expression was followed by an increase in the SRSF1
levels of the painful samples compared to PMs. The localisation of SRSF1 in the nuclei of cells
was increased in the symptomatic OA in relation to control tissue, an effect that was reflected
in the panVEGF-A levels, which were also elevated in the painful subjects, an event that comes
in agreement with the literature provided that VEGF-A is tightly related with NGF and the
prevalence of neuropathic pain (McKelvey, Shorten et al. 2013). Moreover, NGF increases the
levels of VEGF in normal neural cells (Campos, Mufioz et al. 2007), while vascular invasion into
articular cartilage is associated with increased expression of nerve growth factor (NGF) within
the vascular channels.

Following the localisation of SRSF1 and the overall increase of VEGF-A, | also detected an increase
of the VEGF-Axa isoform in the painful group compared to controls, suggesting that pain is
regulated by this isoform, while the VEGF-Auxb was significantly expressed in the non-painful
samples. This creates the basis of a VEGF-Axa induced pain response in knee OA, with literature
suggesting that the VEGF-A induced pain can be reverted by inhibition of VEGFR1/2; an effect
that we know already reduces the VEGF-A induced ICAM-1 expression in HFLS. However, such
an approach is not therapeutically available, provided that the receptor blocking cannot happen
locally, increasing the risk for detrimental cardiovascular events especially in the older
population. A similar effect would be attainable with VEGF-A«b treatment since it acts as an
antagonist for VEGF-A«xa for binding on VEGFR2. Finally, by calculating the ratio of VEGF-Ab/
VEGF-A«xa which was increased in the non-painful group, | identified that that the ratio of the
two isoforms could potentially by utilised as biomarkers to predict OA. Moreover, the ratio of
the splicing isoforms could be used as a treatment indicator. For examples, if the joints of
patients are painful, altering the splicing of VEGF-A could potentially by utilised as a specific
treatment. Similarly, if a patient is experiencing pain, which would justify an invasive procedure,
but no radiographic change then it could be an early diagnostic for OA. Providing also that
circulating blood levels of VEGF-A are higher in OA and RA, we could identify the splicing ratio of

the isoforms to identify if they could be used as predictive of early OA prior to symptoms.
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It is important to note here that in our effort to characterise pain in between the two groups, |
used chondropathy scores as a guidance. Of course, chondropathy score is a measure of severity
of cartilage damage, and even though we used the Visual analogue scale (VAS) to characterise
pain, the argument stands that the VAS score does not provide a thorough representation of the
pain levels of the patients. It is acceptable to assume that patients that underwent TKR would
have high pain scores, ranging from 8 — 10 in a 10 point scale (disregarding which pain score scale
would be used to assess that), and the control samples that came from PM patients that had
asymptomatic chondropathy would not have pain (provided that through the next of kin and
their medical records, no visits to their doctors have been documented, or no complain have
been made for pain in the knee joints), however the fact that | do not have specific pain scores
represents a limitation to the study. In order to surpass such issues in following experiments,
much more well-defined pain scores should be utilized such as WOMAC’s or KOOS. This would
give us a good understanding regarding the pain encountered by the TKR patients and create a
solid base for consecutive experiments. Of course, it is important to understand that pain, as
defined by IASP, is subjective, so even though pain scores such as WOMAC have a lot of items in
the questionnaire to characterise pain as best as possible, any other pain questionnaire could

have the same final result.

In conclusion, this is the first time the alternatively spliced VEGF-A isoforms have been closely
related to the knee pathophysiology of OA or RA as well as the pain encountered in the diseases.
Our results are indicative of the splicing mechanism partaking in pain and potentially
inflammation mechanisms, denoting a potential mechanism that could be used to develop new
drugs that would aim to reduce pain, or modify the inflammatory phenotype of the disease. The
compounds used and the kinases they inhibit warrant future investigations into the mechanisms
behind these inflammatory and anti-nociceptive effects. Back translating these results from
human tissue to animals, while simultaneously translating from in vitro to in vivo experiments

could bolster the arguments made by these investigations.
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7. Proposed future work

RNA sequencing investigations following splicing kinase inhibitor treatment of to identify
alternative splicing targets in addition to VEGF-A splicing in fresh human synovium, and
effects of kinase inhibition.

Further exploration of the acute and chronic mechanisms in the control of VEGF-A
alternative splicing in human synovium and other joint tissues where VEGF-A exerts
effects, in normal and arthritic states.

Back translate our IHC findings from the human studies to suitable OA and RA surgical
or chemical animal models (Qian, Xu et al. 2021), together with behavioural nociceptive
testing and treatment with kinase inhibitors, to confirm the presence of similar
mechanisms in disease models, and determine the potential for kinase inhibitors to
affect nociception and/or joint disease in vivo.

Identify the potential of an altered VEGF-Awb/VEGF-Axxa ratio as a biomarker or
indication of treatment efficacy for painful OA, by examining quantitative sensory
testing to assess somatosensory evoked responses to noxious or innocuous stimuli
through controlled thermal electrical, mechanical, and/or chemical, test modalities, and

synovial VEGF-Aub/VEGF-Aa ratio in people with early to mid to late-stage OA.



8. Appendix 1

Custom macro code made in Fiji to facilitate batch processing of images to quantify intensity of
staining. In the macro a plugin from Fiji is being used, namely Read, and Write excel which
transfers the data automatically to an excel file. The macro has been designed to open images
automatically from the directory that is set by the user, split the images in 3 channels regarding
on the needs of the researcher, thresholding the images at set values that need to be decided
before hand, analyse particles and setting ROls. Then, the ROIs are being imprinted on the
channel of choice through a simple macro command and measurements are automatically
collected from Fiji.
The macro code as it stands is:
dir = getDirectory( "Choose the Directory" );
list = getFileList( dir );
max = getNumber("How many images do you expect?", 3);
for (i=0; ilist.length; i++ ) {
open( dir + list[i] );
title = getTitle()
run("Colour Deconvolution", "vectors=[H DAB]");
selectWindow(title + "-(Colour_2)" );
run("Duplicate...", "ok");
selectWindow(title + "-(Colour_2)-1");
run("Threshold...");
setThreshold(0, 170);
run("Analyze Particles...", "size=0-Infinity circularity=0-Infinity show=Nothing clear add ok");
//waitForUser("string");
close();
selectWindow(title + "-(Colour_2)" );
roiManager("show all");
waitForUser("string");
roiManager("measure");
waitForUser("string");
roiManager("Delete");

close("*");
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run("Read and Write Excel");

close("Results");

}
print("done")
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