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Abstract

Angiogenesis is the growth of new blood vessels frorregisting vesse|secessary fothe
growth and maintenance of homeostasis. Duchemascular dystrophy (DMD) is a
debilitating disease of the musculoskeletal syst&heredvascularisation has beeeported

as a contributing facton thedisease pathologyf DMD.

In this study rarefactionin capillary density and capillary to fibeatio was reportedn mdx
mice Similarly, significant reductionsin vascular endothelial growth fact/EGF) proten
level and a blunting in transcript levels WEGF receptors 1 and\&ere observedndicaing
disruption to the VEGF/VEGFR pathwayEGF-A is a potent angiogenic and myogenic
factor, whichhas been shown to lzepotential therapeutic to ameliorate synmpsoof DIVD.
VEGFA overexpression has been associated with the production of aberrant, leaky
vascularisation, therefore @elivery with another growth factor such as fibroblast growth
factor (FGF) may remedy this.

We developed stable transfected myobla#itimeswhich expressed both VEGK alone and
co-expressed VEGR/FGF4, name& Myo-VEGFGFP and MyeFGF4VEGF. ELISA and
RT-gPCRreported potent VEGH secretion from both cell lireeIn vitro, the myogenic and
angiogenic activity of these cells were exaed using immunostaining and endothelial cell
angiogenic assays. Myl©GF4VEGF cells exhibited increased rates of eiéntiation
compared to control cell lines, while conditioned media fkaGFA secretingeells resulted

in increasednigration, proliferationand tube formation capabilities of C166 endothelial cells
In vivo, we investigated the angiogenic potential of the&&GFA secreting myoblastssing

the chick chorioallantoic membrane (CAM) assay. @iooned media fronVEGFA secreting
cells, as well as the cells themseluwesulted in a significant increase in angiogenic response
in the CAM assayFinally, usingintravital fluorescent microscopy\MFM) and Hoechst
labelled erythrocytewe establisheé a novel method to measure haemodynamic parameters in
the CAM microcirculation. Conditioned media frofEGFA secreting myoblastesulted in

a significant increase irrythrocyte velocity, functional capillary density andapillary
perfusion in the CAM.

The stable transfected myoblast establisherkin provide sustained VEGR and FGF4
releasever a continuous period of timEhe findings revealed in this study potentially provide
broad implications in the field of therapeutic angiogendaisthermeoe, the manipulation of
these cells imigherlevel animals may prove highly beneficial the amelioration of vascular
abnormalitiesand disease pathology muscle diseasesuch as DMD.
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1.1. Duchenne muscular dystrophy

1.1.1. Overview

Duchenne Muscular Dystrophy (DM@ the most common genetic disease to affect children
with an occurrence of 1 in 3,500 live male births per y8anderski and Lyich 2021) DMD

is a degenerative progressivayogenic disease which leads goadual muscle weakness,
musclewasting and even necrogiBuanet al. 2021; Kaplan and Moan 2022) DMD is an
X-linked recessive traidisorder meaning it is associated withhe X chromosomeThis results

in XY males being more commonly affected as they do not have a second copy of the X
chromosome to compensate for the defect, as seeX fafale DMD carriergPray 2008) It

is caused by a mutation in the DMD gene, which is responsible for the synthesistaf¢heal
protein dystrophifNakamura and Takeda 2011; Verhaart and AarBom&2019)The DMD
gene is the largegkhowngene in theentirehuman genomeAs a result of this large size, it is
prone to mutation such as deletions-{@3%6), duplications (85%) or translocationspoint
mutationsandsmall deletions or insertiorfs20%)(Duanet al.2021; Elangkovan and Dickson
2021) These mutations disrupt the reading frarfidne dystrophin gerend result imonsense
mediated RNA decay, leading to the absence of the dystrophin pfebeisome mutations,
truncatel dystrophincan form which igartially functional, resulting in milder symptoms, such
as inBeckermusculardystrophy(BMD) (Podkalickaet al. 2019; Elangkovan and Dickson
2021; Takedat al.2021) BMD is less commomnd sever¢han DMD, with patients having
10% - 40% the normal amount of dystrophin presefs. a resultsymptoms begin later in
BMD and haveslower progressigrwith patientsremaining ambulant until the age of Hhd

alife expectancyf between 40 and 50 yedmery 2002)

Sufferers of DMD exhibit shorter life expectancies with deattuaing at ages as young2®

T 30years(Fig. 1.1)(Boscoet al.2021) With thenormal age for diagnosis betweage3 and

5, childrenusually show symptoms from a young age whiglower body muscles first affected
(Ciafaloni and Moxley 2008; Bushbgt al. 2010) During early adolescencéhe use of a
wheelchair is often required due to loss of mobility, while assistance with ventilation is
necessary from thage of 2((Isaacet al.2013; Elangkovan and Dickson 202I) addition to
mobility issues and respiratory insufficiency, cardiomybpatontributes significantly to the
shortened lifespan of sufferefBucheret al. 2019; Elangkovan and Dickson 202¥yhile

several breakthroughs involving the use of corticosteroids in conjunction with physiotherapy
2
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have aided in improving patient quality of life, the achievement of a direztenrains elusive
(Abdul-Razaket al.2016)

Many therapeutic approaches are in development for a direct cure for DMD, the most
promising of these include CRISRFas9 technologgErkut and Yokota 2022kxon skipping
(Takedaet al. 2021) and the delivery of a truncated form of dystrophin called mini/micro
dystrophin(ShimizuMotohashiet al.2019; Elangkovan and Dickson 2021)ith these gene
basedherapies, systemic delivery of the treatment to the entire body veiidentigltherefore

adequate vascularisation will be required to maximise the therapeutic benefit.

5-7 years 8-11 years Early adolescence Teens Early twenties

& & & M B

Figure 1.1. Progression of DMD in human sufferers

The lifespan of a male withDMD is significantly reduced to that of a healthy individual,
with mobility issues, respiratory insufficiency and cardiomyopathy experienced. Adapted
from (Asher et al.2020)

Dystrophin is essential fahe structural integrity afuscle It is widely expressed in skeletal,
cardiac and smooth musctberefore there may be a more wider body effect thihabsence

of dystrophin(Podkalickaet al.2019; Kaplan and Morgan 2022)cated on the intracellular
surface of the sarcolemma, dystrophin is made up of four structural domains, each with their
own function(Duan et al. 2021) Dystrophin is the central component of tihestrophin
associated protein compleRAPC), which functions tdink the sarcolemma, extracellular
matrix and the cytoskeleton with the aim of protecting the myofibers from damage during
contractionBahriet al.2019; Elangkovan and Dickson 202Ih) healthy muscle, sarcolemma

integrity is maintained by this linkagelowever in DMD, disassembly of this DAPC results
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in a weakened sarcolemmahich is very susceptible to damage due to mechanical stress
(Podkalickaet al.2021)

1.1.2. Degeneration and Regeneration in DMD

Skeletal muscle makes up-88% of the total body mass in humans, and functions to allow
respiration, posture and movemgithodabukuset al. 2018) In DMD, the absence of
dystrophin leads to reduced structural integrityd anechanical instabilityresulting in
increasingly fragile muscle féys which degeneratand regeneratmore often than normal
(Madaroet al. 2019) Regeneration is a complex process which allows for the restoration of
skeletal muscle and maintenance of homeostasis following iagiy result of exercise or
diseasdYang and Hu 2018]t is a twephase process involving tissue degeneration followed
by regeneratiofiChargé and Rudnicki 2004; Aratiaet al.2021)

Muscle degeneration occurs when the structure and integrity of the sarcolemma of the muscle
fibers are damaged or disrupted, such as in DMBrchackaet al. 2021) Following
degeneration, the myofiber undergoes rosis, releasing several growth factors,
chemoattractants and cytokines. This leads to the arrival of circulating inflammatory cells
which infiltrate the site of injury and phagocytose the damaged myof{i@rargé ad
Rudnicki 2004; Archackat al.2021) The repair and regeneration process then begins, where
muscle stem cellsgalled satellite cells (SCs) undergo several stages to proliferate and
differentiate, forming muscle fibers (Fig. 1.@icCullagh and Perlingeiro 2015; Isesele and
Mazurak 2021)Muscle regeneration occurs as a result of SCs and is delicatelglieohby
myogenic regulatory factor proteins (MRFs) includintyoblast determination protein 1
(MyoD), myogenic factor 5 (Myf5)myogenin (Myog) and myogenic regulatory factor 4
(MRF4) (Zammit 2017; Archackatal.2 0 2 1 ; Soria&a@02Ar roqui a

SCs are muscle specific stem cells which are identified by theirtraascription factor, ared

box protein Pax/ (Pax7)(Bahriet al.2019; Vermaet al.2019a) SCs are positioned just under

the basal lamina ahusclefibers (Fenget al. 2018) Normally, in healthy tissue the SCs are
quiescent but in injurpthey become activatdtiguyenet al.2021) Following activation, SCs

can selrenew to repopulate the regenerative pool, or through upregulation of Pax7, MyoD and
Myf5 begin to undergo proliferation and differentiation to form myoblésksCullagh and

4
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Perlingeiro 2015; Scullet al. 2019) Expression oMyog and MRF4 leads to the fusion of
myoblasts to form mycytes, which fuse to form multinucleated myotubes which express adult
specific proteins such as myosin and aéittCullagh and Perlingeiro 2015; Schmaittal.
2019)

In DMD, sarcolemma instability results in continued cycles ogrfilnlegeneration and
regeneration. Eventually, thisan lead to the exhaustion of tBE€s, where they lose their
capacity to regenerat@bou-Khalil et al.2014; Duaret al.2021) This is counter to the normal
characteristics of a stem cell, indicating thatréreeson for SC exhaustion has to be resultant of
the absence of dystrophin. This implies that DMD could be described fundamentally as a stem
cell disease. ThiSC exhaustioran lead to thé&iled regeneration of muscle éls (Meregalli

et al.2010) As a result, necrosis occurs, involving infiltrations of inflammatory cells, and the
replacement of muscle fibers witlollagen and fatty connective tiss{iornegayet al.2012;
Ennenet al.2013)

Satellite cell
Myoblast Myocyte Myotube Muscle fibre

Quiescent Proliferative
’,/,;’ ; e
’ o iva

L T )

—_— — _— R
Activation Exit cell cycle Early differentiation Terminal differentiation
Pax7* Pax7* ::XZ N My0D+ M\/ogenin* Dysmin+
Myf5+ vis X Myogenin* Mrfa* MyHC
MyoD Actin®
Injury Inflammation Farly regeneration Regeneration and muscle growth

Figure 1.2. Overview of skeletal muscle regeneration

(A) In healthy muscle, SCs are quiescent, howeven injury, or disease they become
activated and proliferate to form myofibers. (B) Regeneration is tightly regulated through
the mechanism ofmyogenic regulatory factor proteins Image adapted from(Schmidt et
al. 2019)
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1.1.2. Animal models of DMD

Due to the nature of DMD disease, muscle biopsies from human DMD patients are not easily
obtainable forthe study of the conditiorfPodkalickaet al. 2019) Therefore, both naturally
occurring, and laboratory generated animal modelsisedfor studies involving dystrophin
deficiency in order taeplicate the disease symptomddD. Presently, there are nearly 60
different animal models which fit this descriptjorboth nommammalian (such as
Caenorhabditis elegarad zebrafish) and mammalian (such as murine, porcinéecand

feline) animalgCollins and Morgan 2003; McGreeey al.2015)

A canineX-linked DMD model (GRMD) in the form of a golden retriever, discovered in 1988
is seen as the most suitable animal model for the study of DMD asintilarsso human
sufferers in both size and symptom progresgfoallins and Morgan 2003However, it is
accompanied by difficulties such as inconvenience in high throughput experiagvessity

in carrying affected dogs, and high management ¢Gstima 2021)Given what has been said
the use of mouse modatsstill seen as preferential optiorfor research into DMpresently
(Nakamura and Takeda 2011)

The C57BL/ 10ScSnmdx(mdX mouse is the most widely used model of DNfCollins and
Morgan 2003; Podkalickat al. 2019) Discovered in 1984, this mouse model is genetically
and biochemically similar to the hancondition and is widely used in laboratories due to its
ease of breeding, convenience and uniformity in gen@Bosundset al. 2008; van Putteet

al. 2020) However, these mice show a milder phenotype than their human cautsterp
(Collins and Morgan 2003; Gaina 202Thishas been suggested to be due to compensatory
upregulation of utrophin (a paralogue of dystrophin), longer telomeres dahdfmesence fo

a sialic acid enzyméCollins and Morgan 2003; McGreewst al. 2015) The presence of
utrophin in themdxmouse results in less severe clinical symptoms, with a reduction of only
25%, compared to thé5% reduction in human sufferefiSig. 1.3) (McGreevyet al. 2015;
Swiderski and Lynch 2021)
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<o

% of normal lifespan 25 50 75 100

Healthy Human ~80 years
DMD Human ' ~20 years
Healthy Dog ~12 years
DMD Dog

Healthy mouse ~27 months

mdx mouse + ~22 months

mTR/mdx mouse ‘ ~12 months
Utrophin/mdx mouse ~3 months
D2.mdx mouse ~13 months |

Figure 1.3. Comparison of lifespans of various modglof DMD.

The life expectancy of human, canine and mouse models of DMD. Adapted from
(McGreevy et al.2015)

More severe phenotypes of mouse models of DMD have been developed in recent years
through crossbreedingdxmice with additional genetic mutations to create double knockout
(dko) models. These animals éxh a more severe phenotype and therefore increased
similarity to the human conditiofGaina 2021) Examples of these include thedXutrni /i
(utrophin null), andmTR/mdx (telomerase deficientnice which show much more severe
disease pathology compared to thairglegene nullparents(McGreevyet al. 2015) The
D2.mdxmouse model wageneratedy crossing thendxmutation onto thédBA/2J genetic
backgroundHammerset al. 2020) While genetically similar to DMD, D&hdxmice exhibit

much more severe muscle degeneration and failed regeneration, along with extensive fibrosis
(Swiderski and Lynch 2021Nevertheless, there are limitations with these increased severity
models, they can be difficult to breed and are often suscepiplemature deaitMcGreevy

et al.2015)
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1.1.3. Vascudrisation in DMD

Skeletalmuscle is highly vascularised with a vast network of microvessels functioning for its
adaptive natur€Olfert et al. 2016) Maintenance of adequate vascularisation is essential for
the delivery of oxygen and nutrients while alemoving wastéJone<et al.2001) The impact

of altered vascularisation in DMD is debatdthe current consensus proposes that alterations
in vascularisation may be contributing largely to disease progre$Xaikalickaet al. 2019)
Initially, vascular abnorlities were proposed as the primanntibuting factor in DMD
before the discovery of dystrophitHowever, following the discovery dhe dystrophin
mutation this was quickly dismissg@/lendellet al.1971; Jerusalerat al. 1974; Musctet al.
1975;Engel and Hawley 1977)

Present irsmooth muscle cellsSCs and endothelial cellsECs), disruptions in dystrophin
expression can lead major repercussions in muscle function, regeneration and vascularisation
(Harricaneet al. 1994; Dumontet al. 2015; Podkalickaet al. 2019) Dystrophinplays an
important role in SC divisignby maintaining cell polarit(Yin et al. 2013; Pietraszek
Grempewicz et al. 2018) SCs arguxtaposed with capillaries, with crosstalkignalling with
ECsreported(Christovet al. 2007) Rhoad<et al. 2013 reported a reduced ability to promote
regeneration and angiogenesis in dystrophic $8gpared to those from healthy m{g&hoads

et al. 2013) Therefore, the absence of dystropltian lead to repercussiom®t only in
myogenic capacity, but also in angiogenéRisoadstal. 2013) Along with its structural and
regenerative roles, dystrophin also functions in maintaining molecular signalling, including
nitric oxide (NO) synthesiswhich stimulatesrasodilation during muscle contractiito et al.

2006; Wallace and McNally 2009)

Dystrophin plays a crucial role in maintaining the stability of the DAPC, linking the
sarcolemma, extracellular matrix anket cytoskeleton(Fig. 1.4) Neuronal nitric oxide
synthase (nNOS) forms an important part of BWPC complex, producingdO which acts in

a paracrine manner to enhance blood flomughdecreasing sympathetic vasoconstriction in
a process called functiah sympatholysiqNelsonet al. 2014) In DMD, the absence of
dystrgphin results in the mislocalization of nNOS from the DAPC makingrdibmore
susceptible to ischaemi&nnenet al. 2013; Nguyenet al. 2021) As a result, a lack of

dystrophin leads to both mechanical instability and increased susceptibility to ischaemia,



Chapter 1: Generallntroduction

leading to increasingly fragile muscle dils that are more prone to degeneratioontributing
further to the disease pathologyer time(Saitoet al. 2009)

Extracellular
Matrix

Sarcoglycan

Sarcospan Complex

Complex

Dystrophin

Dystrobrevin

Actin Cytoskeleton
Contractile Filaments

Figure 14. A schematic representation ofdystrophin-associated protein complex
(DAPC).

Dystrophin localises nNOS, releasing NO to allow vasorelaxation during muscle

contractions. Taken from (Kaplan and Morgan 2022)

Several studies have been carried out to investigatal flowin dystrophy However, there

still remains no clear consensusthe precise role or impact poor vascularisation may have on
DMD progressionPodkalickaet al. 2021) In human DMD, irregular blood vessel structure

has been reported, with capillary size in these patients largely increased. However, in many
cases these vessels have narmmajnly occluded vessels compared to healttgividuals

(Miike et al. 1987; Kobayashet al. 2008) Palladinoet al, 2013 report altered angiogenic
properties inECs taken frommdx mice. These cells fail to undergo normal proliferation,
migration or tube formation, and undergo apoptosis more readily thaitypedderied cells
(Mariangela Palladineet al.2013)
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Dysregulation of mRNA and protein values of various angiogenic targets in muscle
homogenatefiave also been observed. r@ductionin vascular endothelial growth factor
(VEGF) along withone of itsreceptos, VEGFR1 has been reported in the gastrocnemius
muscle ofmdxmice (Latrocheet al.2015b) While areduction in VEGF and CD31 expression
wasalsoreported inthe tibialis anterior(TA), gastrocnemius and diaphragnusclesof mdx

mice (PietraszekGremplewiczet al. 2018; BroniszBudzy®kaet al. 2020; Podkalickaet al.

2021)

Vascular organisation has been investigated histologically in several studies involving mouse
and canine models of DMDDecreased microvessel density and increased intercapillary
distancéhavebeen reported in GRMD dogdoweve, in the same study increased microvessel
diameter and normal capillary to fiber ratio were also repgNgdyenet al.2005) Significant
reductions in arteriole and capillary density @dneen reported in solewestensor digitorum
longus (EDL), gracilis and cardiac musciesndxmice (Loufrani et al.2004; Landisclet al.
2008) Similarly, reducedoxidative capacity and vascularisation tibialis anterior TA)
musclehas also been observ@datsakaset al.2013) Likewise, Podkalickat al, 2021 also
reported an increase mdxcapillary density inthe TA muscle of6- and 12weekold mdx
mice However,hampered recovery from hindlimb ischaenaiad impeded inflammatory
responsesvere also reporteth 12-weekold animals(Podkalickaet al. 2021) Contrary to
other reports, Strainet al, 2004 observed similar vascularisation and even improved blood
flow in young mdx mice (Strainoet al. 2004) However, age may be influential in these
experiments, where in youngadxmice (2-3 months) the regenerative capacity is still strong

Therefore vascular defects may not be as well pronoufRadkalickaet al.2021)

It is apparent that age may have an important role in the decline of vascularisation in DMD
Studies report unchangedeven improved microvessel organisation in yoongdgmice, while

older mice &perience significant vascular alterations aaductions in perfusio(Latrocheet

al. 2015b; Podkalickat al.2021) Similarly, Ben Larbet al, 2021 studied the vascularisation

of DMD mice from 1i 24 months, indicating an increased capillfibger ratio in compason

to healthy miceup to the ageof 12 months, where a significabtunting is reported in

dystrophic animal¢Ben Larbiet al.2021)

Alterations in vascularisation are evident in DMD, in terms of bothlityuand quantity of

vascularisation and as a result, muscles are experiencing isch{&nmszuMotohashi and

10
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Asakura 2014) This is likely contributing to disease pathology. Nevertheless, the precise

nature of how this occurs is not clear, therefore further study is required.

1.2. Angiogenesis
1.2.1. Angiogenesis overview

Adequate oxygen transpprielivery of metabolitesand waste removahre essentialto
maintaintissue homeostasis. For this to occur, a vast network ofcaefiected blood vessels

is crucial with ischaemia occurring in its absence leading to tissue deprivation and death
(Grace 1994; Giacciat al. 2004) Angiogenesis is the process by which new blood vessels
form from preexisting vessels, and which occurs biathealth and diseagBaumet al.2010)
Alterations in angiogenesis are observedauneraimusclediseasesnd can be an indicator of

a poorer prognosisthe two main types of angiogenesare sprouting and intussusceptive
angiogenesis. Sprouting angiogenesis is wheveblood vessels form as a result of sprouts of

ECs from a preexisting vessel(Ausprunk et al. 1975; Ribatti and Crivellato 2012)
Intussusceptive angiogenesisolvesa preexisting blood vessél s pl i tti ngodo down

to form two new branchinfully functionalblood vessel¢Djonov et al.2000)

1.2.2. Role of VEGFA in angiogenesis

Angiogenesis is an organised cascade of events, regulated by sevesaldpaatiangiogenic
growth factorqLin et al.2007) Among all these growth factors, VEGFs are considi¢o be the
mostwell studied angiogenic fac&adue to their significant contribution in the angiogenic cascade
(Dikici et al.2019) VEGFs are potent mitogens which have been proven to be essential in many
roles includingvasodilation increasing membrane permeabiliigstabilization of vessels and
degradation of extracellular mati CM) and vessel stabilizatig®Ifert et al.2009; Dikiciet al.

2019)

VEGFs are a family ofecreted polypeptidasith eight consrved receptebinding cysteine
residues at fixed positior(slolmes and Zachary 2005; Shibuya 20IT)e family consists of
five members: VEGHA, VEGFB, VEGFKC, VEGFD, and PGHShibuya 2011) VEGFA

11
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(often simply referred to as VEGF) is the single most imporegulator of vascular growth

in both health and diseasg@lolmes and Zachary 2005; Shibuya 2011; Wah@l. 2015)
VEGFB plays a less pronounced role in vascdlevelopment, while VEGE and VEGFD

are mainly involved in lymphogenegiShibuya 2011; Laddhet al. 2021) Within VEGFA,
different isoforms occur as a result of alternative splicing of the VEGF gene, resulting in at
least 3 transcript variants, named after the number of amino acid residues:\Ht@G=&1.89,

-165, and-121 (VEGF188, VEGF 164, and VEGE20 nh mice (Shibuya 2011; Guzman
Hernandezt al.2014)

Conventionally, VEGF isoforms have been atédsed generally as prangiogenic growth
factors however it should be noted that a sister family of inhibitory splice varfastalso
been reporteqWoolard et al. 2004) The most studied of these is VEGBE5b, with other
isoformsalsoidentified at both mRNA and protein levéManettiet al. 2011)VEGF165b is
not pro-angogenic,it binds to VEGF receptors with the same affinity as VEIBB, however
it does not stimulate the downstream signalling pathways. This meangiediate and reduce

VEGF receptor phosphorylation and signalling, inhibiting angiogenesis.

VEGFs bindto and activate their receptors to trigger angiogenesis or lymphogérsisket

al. 2017) The VEGF receptor family consists of 3 members, ¥RQ (also called FLT1),
VEGFR-2 (also called KDR/FLKL) and VEGFR3. VEGF also binglwith low affinity to two
co-receptors auropilinl (NRP1)andneuropilin2 (NRP2J (Thapaet al.2023) VEGFR3 is
involved inthe binding of VEGFC and VEGFD to regulate lymphogenesis. VE@¥along

with VEGFR-1 and VEGFR2 play major roles in physiological and pathological angiogenesis
(Shibuya 2011)The binding of VEGFA to the VEGFR2 is seen as the most important for-pro
angiogenic activity, while VEGFR is an antiangiogenic receptofShibuya 2006)Although
VEGFA binds to VEGFRL with greater affinity than VEGFR, itstyrosine kinase activitys
significantly weakefVermaetal. 2010; Shibuya2011) Ther ef ore, it 1 s seen
decoy receptor, which sequesters VE&Faway from VEGFR2, negatively regulating
angiogenesigFerraraet al. 2003; Shibuya 2011; Bosa al. 2021) Following the birding of
VEGFA to the VEGFR2 receptor, a range of signal transduction events occur, including the
PI3K-Akt pathway theMAPK signalling pathwayand the focal adhesion pathway. Ovethik
moduldes theproliferation, survival, migration, and permeability of vascE@s (Abhinandet al.

2016; Dikiciet al.2019)

12
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Despite this, the benefits of VEGIE a therapeutare delicately balanced, and with a remarkably
narrow dosage limi{Dikici et al. 2019) Originally named vascular permeability factor (VPF)
(Dvoraket al. 1995; Ferrarat al. 2005; Wagneet al.2019) uncontrolled VEGF secretions can

lead to the development of leaky, permealdteri@nt blood vessels, similar to those found in
tumorigenesigOzawaet al.2004; Dikiciet al.2019) This has proved problematic in the delivery

of VEGF, with theformation of these vascular abnormalitidsllengingts therapeutic benefit
(Ozawaet al. 2004) It has ben shown that excessive uncontrolled delivery of VEGF to both
ischaemic and healthy tissue, resulted in the formation of excessively permeable blood vessels
(GianniBarreraet al.2016) However, the balance between healthy and aberrant blood vessels is
not specifically dependén the total VEGF dose, but instead the balance of VEGF along with
other growth factors and pericyte recruitm@enfi et al.2012; GianniBarreraet al.2016) With

this in mind, the delivery of VEGF alone can only be beneficial when its dose is tightly regulated.
However,the codelivery of VEGF along with another growth factor such as platelet derived
growth facte (PDGF), Angiopoietifl (Angl) or FGF may overcome this by deriving healthier,
nonleaky vessel§lazwaet al.2010; Banfiet al.2012; Gutpelkt al.2017) As angiogenesis is a
cascade ofeveral sequential events, the delivery of various growth factors and cells are required

to form fully functional vessel@lazwaet al.2010)

Overall, aur understanding oVEGF andits signalling pathways are still being investigated
and more studies are required to fully explore the understandthg basic mechanisms, and
subsequent translation of thisto potential therapeutic use. Accordingly, the development and
standardisation of angiogenic assays, bothvitro and in vivo are vitally important in

facilitating this research.

1.2.3.In vivo and in vitro models of angiognesis

In order to study angiogenesis, sevarafivoandin vitro angiogenic assays have been developed,
bothin vivo andin vitro. In vitro assays includ&C angiogenic assays (migration, proliferation,
survival and morphogenesis assays), the rat and mouse aortic ring assays, the embryoid body assay
and the mouse metatarsal asd&artenberget al. 1998; Deckerst al.2001; Massowrt al.2002;

DeCiccoeSkinneret al. 2014) While angiogenicin vivo assays include the corneal micro pocket,

13
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the rodent mesentery assay, the dorsal skin fold procedure and the chick chorioallantoic membrane
(CAM) assay(Gimbrone Jet al. 1974; Norrbyet al.1986; Lehret al. 1993; Brownet al.2010)

In vivo experimentations often considered to be more informative thawitro as it accounts

for the interaction of several physiological pathways that cannot be mimicked using cell culture
orin vitro assaysThe CAM assays quick, lowcost and does not require the ethical approval
requiredfor rodent studiegRibatti et al. 1996; Kueet al. 2015) The CAM assay linkgell
basedin vitro studies within vivo animal experimentation, providing a method to study
complex biological proceduragthout the requirement for ethical approyRibatti 2016) In
recent year s, adherence to the AThree RsO
become prominerin experimental desigfRussell and Butt 1959; Dragostiret al. 2020)

With this in mind, the CAM assay can be used as a preliminary screening tool to test the
efficacy of a treatment, before it is investigated in a hidggnezl pairperceiving animal, such

as rodets (Kue et al. 2015; Dragostiret al. 2020) The use of the CAM assay as a model of

angiogenesis is described in further datalChapter 2.

1.3. VEGF targeted angiogenic therapies for DMD

In general, the prognosis is poor for sufferers of DMD. Current treatment options involve
physiotherapy and corticosteroid use to ameliorate symptoms and improve qualit{idife

et al.2021) However, no breakthrough has been made with regard to a direct cure. In the quest
to treat this condition, much focus has involved the uggepé therapy options to replace the
missing dystrophin gen@&langkovan and Dickson 2021)nfortunately, due to the large size

of the genejncorporation into a suitdé vectorhas proven to be quite difficulDuanet al.

2021; Hangkovan and Dickson 20223ome success in recent years has been achieved through
the use of mini/micralystrophin genes, which are truncated genes produced with the aim of
maintaining protein function. However, this has proved problem@tcGuineret al. 2017;
Goboda and Dulak 2020Adeno associated viruseAAV s) rarely integrate intohte host
genome, as there is a risk of the expression being lost due to muscle turnover, while an immune
response can also occur due to the presence of the new gene délireda and Dulak

2020; Thapat al.2023)
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As discussed previously, disruptions to normal vascularisation arn¢udDMD. Therefore
ameliorating treatments involving the use offamgiogenidactors has in recent years revealed
much potential in the area of therapeutics in DIbapaet al. 2023) Currently, the most
researched method of improving angiogenesis is via -apg@genic therapy, involving the
targeting of the VEGF/VEGFR pathway¥EGF is paramount in the induction of
angiogenesis, but it may also dually promote myogetesiso (Arsic et al.2004; Freyet al.
2012)

Direct delivery of VEGFA to diseased muscle has proved therapeutic and has displayed the
potential to ameliorate disease pathology. This is promising as a therapeutic strategy for DMD.
AAV delivery of VEGF165 hasresulted in both improved vascularisatiand improved
muscle function in skeletal muscle tisg@esic et al. 2004; Tanget al. 2004) while similar

effects including improved muscle regeneratiovere observed imdxmice (Messinaet al.

2007) It should be considered that VEGF delivery by such means as AAV, may result in short
lived impacs, and as a resuftequent delivery would be required to sustfiiicacy. Deasyet

al., 2009 usedMyeloid-derivedsuppressor cellto deliver VEGF tandxmice. This treatment
resulted in significant increases in angiogenesis in the mice, with reduced fibrosis also reported
(Deasyet al.2009) However Gutpell and Hoffman, 2015 report an increase in fibrotic markers

in fibroblasts solated frommdx mice following treatment with VEGFTherefore caution
should be taken with this therapeutic optesnVEGFA may lead to fibrotic effectéGutpell

and Hoffman 2015)

The angiogenic potential MEGFA alone, while promising, is susceptible to negative effects
with regard to the formation of aberrant leaky blood vesselsdelivery of VEGFA with

other growth factors is hypothesised to potentially alleviate this. Delivery of VEGF along with
the gowth factor FGF has been proven to increase levels of vascularisation arehettosis
(Spanholtzet al. 2011; Jazweet al. 2013) The angiogenic factor, Angl has @alshown
potential to improve perfusion in dystrophic muscle, when delivered along with VEGF, with
reduced progression of fibrosis also repo(@dtpellet al.2017) Similarly, sustained delivery

of VEGF along withinsulin-like growth factorl (IGF1) improved both vascularisation and

myogenesis in a motef ischaemic muscle injuriBorselliet al.2010)

Xin et al, 2021, have exhibited success through the use of VEGF anedystmophin gene

co-delivery using a recombinantdencassociated virugrAAV) to treat symptoms in
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dystrophinitrophin doubleknockout md¥ u t r n + /Thig hasprower successful through
the improvement of muscle function and pathology, while also reduaf@mmatory cell

infiltration, central nucleation and fibrogiXin et al.2021)

While direct delivery of VEGF is promising, other treatments to increase angiogenesis in DMD
indirectly are also demonstrating efficacy. One method of this is through the manipulation of
the VEGF receptors, which play an imperative role in muscle angiogenesis and myogenesis
(ShimizuMotohashi and Asakura 2014)iu et al, 2007 delivered diposederived
mesenchymalstem cells (AD-MSCs) overexpressing the pamgiogenic VEGFR2 to
dystrophic mouse muscle tissua. vivo, these cells repaired damaged muscle tissue, and
differentiated intdECs which induced angiogenesis, potentially improving disease pathology
(Liu et al.2007) Alternatively, downregulation of the argngiogenic VEGF decoy receptor
VEGFR-1 has also been explordddx mice crossed witheterozygou®¥ EGFR-1 (FLT-1*")
genebackground exhibit increased vascularisation and force production as well as reduced
fibrosis compared tondxmice (Vermaet al. 2010; Vermaet al. 2019b) Boscoet al, 2021
reported an increase in circulating VEGF, as well as increased grip strendglo@hdow in
mdxmice following inhibition ofthesoluble VEGFR1 (Boscoet al.2027).

In contrast, targeting of the HHE pathway has also shown benefit as a therapeutic option to
increase angiogenesis in skeletal muscle-Hlks an important regulator of hypoxia induced
angiogenesis through the upregulation of VEGF. Deliveryatfilted HIFT has produced a
marked increase in capillary proliferation, with the authors reporting this response to be
superior to that of the delivery of VEGF alone. Howewle effect of this in muscular

dystrophy was not examinéBajusoleaet al.2005)

There is a growing body of research which suggests that vascular abnormalities present in
DMD and likely contribute to the disease pathology. Séveaacular focused treatment
options which are currently under investigation may have the potential to ameliorate symptoms,
or even lead to a curer this disease. Alterations and modulations of the VEGF/ VEGF
receptor pathways appear as the most popuidmpromising strategy to achieve this, however

further investigation is required.
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1.4. Hypothesis and Aims of the Studies

Angiogenesis is essential for normal growth and development. In Duchenne muscular
dystrophy (DMD), dysregulation in angiogenic gtbwfactors leads to alterations the
vasculature of muscle. This may contribute to the disease pathology, although there is some
debate on the specific defects, the level of contribution to the disease, and the most effective
means of therapeutically tgating any vascular defects. VE@¥Fis a potent angiogenic and
myogenic factor which may have the potential to improve angiogenesis and ameliorate disease
pathology in conditions such as DMD.

The current doctoral thesis focuses on four main studies ¢stigate vascular plasticity and
possible therapeutics in the treatment of DMD. The first study addresses the vascular
alterations and angiogenic deficiengmessent in a limb muscle of a DMD mouse model. The
second study develops VE&¥secreting myoblds which may have the potential to improve
vascularisation and pathology in muscle diseases such as DMD. The third stuiyvises

andin vivoangiogenic assays to investigate the angiogenic efficacy of the \VAES&ereting
myoblasts. Finally, the fotlr study uses a novel method of intravital fluorescent microscopy
(IVFM) and the chick chorioallantoic membrane (CAM) assay to investigate changes in

microcirculatory parameters as a result of treatment with VBGEcreting myoblasts.

Main Hypotheses: The vasculature and angiogenic pathways are altered in dystrophic
muscles. VEGFA secreting stable transfected cells can induce angiogenesis and improve
blood flow in the CAM assay and have the potential to improve vascularisation and ameliorate

disease patilogy in DMD.

Research objectives

Study 1i A gdepeneént capillary rarefaction and associated alterations in VEGF/VEGFR

pro-angiogenic pathway in tr@dxmo d e | of Duchenne Muscul ar Dy

Background: Previous studies have reported alterations in vascularisation in DMD. Similarly,

disruptions in several angiogenic pathways have also been observed. Nevertheless, there is still
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no clear consensus as to how vascular abnormalities may be contributingagegathology
in DMD.

Hypothesis: We hypothesised that an agdated rarefaction in capillary density, and a
dysregulation in angiogenic pathways would be observed in the tibialis anterior musache of

mice, and that this dysregulation would be exaderbas a result of aging.

Aims: The aims of this study were to investigate the vascularisation irtypElandndxmice
between the ages of 4 and 16 months, observing both the regenerative capacity and
capillarisation. In addition, the angiogenic activafyseveral myogenic and angiogenic markers

in wild-type andmdxmice were also investigated at these ages, through the useqif &R,

immunoblotting and ELISA.

Study2i Es t a bl i s h nResacteting $tabl®/ tEastected C2C12 mouse myoblast cell

lines 0

Background: VEGFA is paramount in the induction of angiogenesis and has been reported
to have myogenic properties. VEG@¥ delivery alone can result in aberrant, leaky blood
vessels, therefore atelivery with another growth factor such as FGF may phtmrmeficial.
Sustained, long term delivery of VEG¥is superior for therapeutic efficacy over transient

delivery, therefore a myoell-based VEGFA delivery may have greater potential.

Hypothesis: We hypothesised that hVEGA secreting stable transfect&@PC12 myoblasts
could be developed amn exvivo strategy, whichmay have therapeutic benefit for muscle

diseases.

Aims: The main aims of this study were to establish stable myoblast cell lines expressing
hVEGFA alone and in combination with hFGF4 regpesly. The VEGFA secretions from
these cells were investigated using ELISA andd®PCR. The myogenic potential of these

stable transfected cell lines was investigated thrawgitro studies and R-PPCR.
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Study 37 U s iinwitgo andin vivo angiogenic models to stuttyeangiogenic effect of VEGF

A secreting stable transfected C2C12 mouse

Background: Stable transfected myoblast cell lines were established, which secreted elevated
levels of the preangiogenic growth faot VEGFA. Several angiogenic assays have been
developed to model angiogeneisivitro andin vivo, these include endothelial cell angiogenic

assays and the chick CAM assay.

Hypothesis: We hypothesise that VEGK stable transfected myoblasts could be used as a
delivery tool to promote angiogenesis, with the potential to be used asaagogenic factor

in the treatment of conditions which experience decreased neovascularisation.

Aims: The aims of this chapter were to use endothelial cell assays to investigateithe
angiogenic potential of conditioned media taken from VEGSecreting stable transfected cell
lines. While, in vivo, to use the CAM assay to investigate the angiogeoitential of

conditioned media taken from these stable transfected cell lines, and the cells themselves.

Study 4 fiNovel method to measure haemodynamics in the CAM microcirculation using
Hoechst labelled erythrocytes

Background: The CAM assay is a veltdla tool used to measure angiogenic respamsg/o.
VEGF-A secreting stable transfected myoblasts have been proven to-aegiogenic in the
CAM assay. However, microcirculatory effects have not yet been studied. IVFM is-a well

established method ustalvisualise microvasculature and haemodynainiesvo.

Hypothesis: We hypothesise that through the use of the fluorescent dyes, H3884& and
FITC-dextran in conjunction with intravital fluorescent microscopy, the chick CAM assay can
be used as a bBemodynamic model to measure blood flow parameters such as erythrocyte
velocity, functional capillary density (FCD) and capillary perfusion index. (@lythermore,
treatment with VEGFA secreting stable transfected cells will result in increases in anerer

of these haemodynamic parameters.

Aims: The aims of this study were to confirm the presence of the nucleus in chick erythrocytes
and develop an IVFM procedure using Hoechst 33342 labelled erythrocytes anddxif&h

to visualise CAM microcirculatiomnd blood flow. We also aimed to use this procedure to
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investigate the effect of VEGK expressing myoblasts on haemodynamic parameters such as

erythrocyte velocity, FCD and CI.
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Abstract

The chick chorioallantoic membrane (CAM) assay model of angiogenesis has been highlighted
as a relatively quick, low cost and effective model for the study ehpgiogenic and anti
angiogenic factors. The chick CAM is a highly vascularised extraembrgmmabrane which
functions for gas exchange, nutrient exchange and waste removal for the growing chick
embryo. It is beneficial as it can function as a treatment screening tool, which bridges the gap
between cell baseith vitro studies andn vivo animal experimentation. In this review, we
explore the benefits and drawbacks of the CAM assay to study microcirculation, by the
investigation of each distinct stage of the CAM assay procedure, including cultivation
techniques, treatment applications anethods of determining an angiogenic response using
this assay. We detail the angiogenic effect of treatments, including drugs, metabolites, genes
and cells used in conjunction with the CAM assay, while also highlighting the testing of
genetically modifiedcells. We also present a detailed exploration of the advantages and
limitations of different CAM analysis techniques, including visual assessment, histological and

molecular analysis along with vascular casting methods and live blood flow observations.
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2.1. Introduction

The appropriate delivery of metabolites and removal of waste products is essential in
maintaining tissue homeostasis in the body. For this to occur, the presence of a vast well
connected microvascular blood vessel network is crucial. énatbsence of this system,
negative effects such as oxygen deprivation and tissue death carfG@ane 1994, Giaccia

et al. 2004) The microvasculature is also essential for an array of physiological responses
including hormoneinjury andinflammatoryresponseas well asnter-organ communication.
Angiogenesis is the process by which new blood vessels form fromexsteng vessels, a
phenomenon required in normal physiology, development, growth injury and d{f&ase

al. 2018) There are two types of angiogenesis, sprouting and intussusceptive angiogenesis.
Sprouting angiogenesis is where blood vessels form as a result of sprentiotifelial cells
(ECs)(Ausprunket al. 1975; Ribatti and Crivellato 2012)ntussusceptive angiogenesis was
more recently discovered and entails-prg i st i ng bl oo ddownéhemiddlewo fAspl |
form two new branching blood vesséRjonov et al.2000)

Angiogenesis is an organised cascade of events, regulated by sevesaldpaatiangiogenic
growth factors. Prangigyenic growth factors include fibroblast growth factor (FGF)
(Montesanoet al. 1986) vascular endothelial growth factor (VEGEBaum et al. 2010)
transforming growth facted ( FUQ(Eeker et al. 2009) TGFb (Yang and Moses 1990)
hepatocyte growth factgBussolinoet al. 1992) and tumour necrosis facttt (T KAFakb)

et al. 2011) However, thrombospondins (TSRJolpert et al. 1995) angiostatifO'Reilly et

al. 1994)and endostatifO'Reilly et al. 1997)can lead to antngiogenic effects. The growth of
new blood vessels is induced by the delicate balance betweangiogenic and anéingiogenic
factors (Watanabeet al. 2004) The release of these fatoactivates proteolytic enzymes to
remodel the extracellular matrix (ECM) of blood vessels, leading to sprouting and reorganisation
of new blood vesse[®eryugina and Quigley 2008)

Cancer therapeutic research and the targeting of VEGF have b&en impetuses in
expanding interest in angiogenesis in more recent times. Nonetheless, our understanding of
these angiogenic factors and signalling pathways are still being investigated and more studies
are required to fully explore the understandingtlod basic mechanisms, and subsequent
translation of this to potential therapeutic use. As a result, the development and standardisation

of angiogenic assays, bathvitro andin vivoare vitally important in facilitating this research.
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Several angiogenicsaays have shown particular benefit in the study of microvascularisation, both

in vitro andin viva. These includa vitro assays such as the usemdothelial cellsgCs) in culture
(migration, proliferation, survival and morphogenesis assays), the rat and mouse aortic ring assays,
the embryoid body assay and the mouse metatarsal (88aegnberget al. 1998; Deckeret al.

2001; Massoret al. 2002; DeCicceSkinneret al. 2014) Angiogenicin vivo assays include the
corneal micro pocket, the rodent mesentery assay, the dorsal skin fold procedure and the use of
subcutaneous sponge/matrix plugs in conjunction with rodent models and khehcinicallantoic
membrane (CAM) assdgimbrone Jet al. 1974; Norrbyet al. 1986; Lehret al. 1993; Brownet

al. 2010)

In vivoinvestigation is often considered to be more informative ithaitro as it accounts for

the interaction of several physiological pathways that cannot be mimicked using cell culture.
However, issues such as higbst, ethical approval and animal sacrifice are drawbacks for
mostin vivo assays. The CAM assay is an undessitiin vivo angiogenic assay, as it is not
subject to these aforementioned drawbd&uibattiet al. 1996; Kueet al.2015) The CAM is

a highly vascularised membrane found in fertilized chicken eggs, with a vast vascular network
of capillaries, veins and arteries, which can be easily manipulated and observed for
experimental studof angiogenesis (Fig. 2.(Blacheret al.2005; Dohleet al.2009; Makanya

et al. 2016) The CAM assay can be seen as a bridge which links cell basgdo studies

with in vivo animal experimentation, providing a method to study complex biological
procedures whil e adtheegryion ge sttoa btlhies hiieTdh rbeye RRU ssst e

animal sufferingRussell and Burch 1959)
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Figure 2.1. Image of 7day-old chick embryo with associatedCAM.

A vast vascular network of capillaries, veins and arteries visible. Image taken at 25x

magnification.

2.2. CAM and Chick Development

The CAM is a highly vascularised membrane used for nourishment, gaseous exchange and
excretion found in the fertilized eggs of amniotes such as birds and reptiles, analogous to the
placenta in mamma(&ueet al.2015; Makany&t al.2016) The CAM consists of three layers,
chorionic epithelium, thenesenchyme epithelium and the allantoic epithelium, each of which
carry out their own specific functigqiMakanyaet al.2016) The allantoic membranederived

from the mesoderm is where the primitive blood vessels and vascularisation develop from day
3, with the fusion of the chorionic epithelium and allantoic epithelium occurring at day 4 to
producethe double layered chorioallantoic membréRibatti et al.2006) The CAM consists of
several ECM proteins such as laminin, collagen type IV and fibronectin, which allow for the
mimicking of the normal physiological microenvironment of warm blooded animals, including
humangLokmanet al.2012)

Hamburgerand Hamilton in 1951 characterised the development of the growing chick embryo,
carried out by dividing the 21 days of chick development into {feistydistinctive stages

(Hamburger and Hamilton 195Ifhe CAM grows for the latter 136 days of development,
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expanding alongside the chick embryo until daywhen the embryo cracks the shell and the
egg hatche@Vakanyaet al.2016) Until approximately day 12 the growth of the chick embryo
and the CAM vacularisation is undergoing accelerated development. Therefore, the efficacy
of any preangiogenic or arangiogenic factor applied up until this time will be heightened
(Deryugina and Quigley 2008 onsequently, it is recommended to carry out angiogenic
assays in the days following day 11, where any new blood vessel generation is more likely
resulting from the treatment and not the naturally growing chorioallantoic men{iiadti

et al.1996; Chuet al.2021)

In the absence of a fully developed immune system until development day IBANhés
capdle of hosting allogeneic or immuirecompetent acellular matrix or tissue graft until this
point. Therefore, the CAM is best employed within a limited window of time in order to accurately
assess an angiogenic response and avoid immune reg@ensigina and Quigley 2008;
Makanyaet al.2016; Ribatti 2016)

The understanding of chick and CAM development is essential for its application as an
experimental modelhe CAM angiogenic assay procedure follows a basic$tage process:

activation, cultivation, treatment and harvest (Fig. 2.2).
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Stage 1: Activation
(Day 1-4, stage 1-20)

}

Stage 2: Cultivation
(Day 2-4, stage 14-20)
Stage 4: Harvest

(Day 8-15, stage 34-41) / \

Stage 3: Treatment
(Day 3-11, stage 16/17- 37)

Figure 2.2. Schematic of four-stage CAM assay process, along with approximate
embryonic development days where thistage typically takes place.

Stage 1: Activation is where eggs are put in a rotating incubator at 50% humidity to allow
for preliminary development. The rotation improves embryo survival by reducing the
risk of the CAM adhering to the eggsell, recapitulating the egg rotation by the mother
hen in nature (Cutchin et al. 2009) Stage 2: Cultivation allows for visualisation of the
embryo and CAM through either ex ovocultivation where the eggshell is cracked with
contents then transferred into a sterile petri dish, orin ovo cultivation where a saw tool
is used to excise a window in the surface of the eggshell. Stage 3: Treatments such as cells,
drugs or growth factors are applied. This can be through a variety of methods such as
application of on-plants, pipetting directly onto the CAM surface or injection into the
CAM vasculature. Finally, upon completion of the experiment, the chick embryo is
sacrificed, and the CAM is removed for analysis. Analysis can include visual observations
of angiogenesis, histological examination, or moleculamvestigation.
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Makanyaet al. used light microscopy, ultrastructural analysis and immunohistochemistry to
identify and characterise the three specific phases of the 21 day CAM development; phase |
(day 813, stage 3439), phase Il (day 138, stage 3%4) and phase Il (day 120, stage

44i 45) with most rapid growth seen in phase |, less in phase Il and even regression observed
in phase lll(Makanyaet al. 2016) This study reinforces ideas previously expressed by Baum

et al. where VEGFA expression in the CAM peaked during various times in these phases
triggering intussusceptive angiogeng8&aumet al.2010) The understanding of these phases

of development has to be considered in the desigm CAM angiogenic assay, with
inconsistency possibly leading to hyperinflated interpretation of results in relation to the

angiogenic responses observed.

2.3. CAM Assay Procedures

In the CAM experimental method, there are two basic procdssegocultivation andex ovo
cultivation, based on the Latin for Ain the
Initially for both methods, eggs are kept in a humidified incubator at a constant humidity and

at a temperature of 37 °C for the initial dayf development before extraction of the shell from

the embryo for visualisatiofBarnhilland Ryan 1983)

Figure 2.3. 4day old chick embryo and associated chorioallantoic membrane (CAM)

following (A) In ovo and (B) Ex ovocultivation.

The CAM expands as the embryo growsEx ovo cultivation is beneficial through the

larger surface area available for experimentation, however embryo survival is impacted.
28



Chapter 2: Literature Review

In ovocultivation is where a small hole is created at the aptheofgg andiZ mL of albumin

is removed to lower the embryo and CAM away from the eggshell. Agaimitool is used to
excise a window in the surface of the eggshell. The created window is covered with a sterile
laboratory wrap or plastic cover to enssterility and maintain humidit{Beckerset al. 1997;

Ribatti et al. 2002; Yaret al. 2017) The eggs are then returned to 4 8 humidified
incubator for several days before experimentation can begin. This method of cultivation is
minimally invasive on the growing chick embryo, providing a relatively unchanged

environmaet for its growth, and generally improves the survival rate for the experiment.

Alternatively, exovo (also referred to as shédlss cultivation) is where the eggshell is cracked

or sawed and the embryo, yolk sac and contents of the egg are transferptrialish, cell
culture dish or sterile weigh boat and allowed to devéghleet al.2 0 0 9 ; Ohddbwy er
2021) There are few reports of survival rates of embryos during eithero or ex ovo
cultivation method. However, Dohkt al. have produced a specialised protocol for optimum
survival with ex ovocultivation, indicating survival rates of 50% over 14 dédyshle et al.

2009) Lokmanet al.report survival within ovocultivated embryos of 70% at day (llbbkman

et al. 2012) It can be inferred thah ovo shows improved survival compared to shefls
cultivation as it involves lesdisplacement of the embryo, with sterility and humidity issues
also reduced. Nonetheless, a limitation vintlovocultivation is that there is reduced visibility

and surface area for experimentation compared to the fully exposed embryo on a petri dish
(Ribatti 2016)

Naik et al. 2018 suggest an alternative, outlining a detailed protocol where irsteapetri

dish or weigh boat, the contents of the eggshell are transferred to a cling film pocket suspended
in a plastic cup; this method has shown success, with survivability of >70% reported while still
providing the benefit of larger surface accesybior experimentation(Naik et al. 2018)

However, despite this apparent success, no other research group has reported use of this method
of cultivation to date.
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2.4. CAM Experimental Treatments

The CAM has also proven successful with focus on specific areas of research not limited to
angiogenic investigation. Successful assays using the CAM have been developed, including
but not limited to metgtasis, inflammation and propagation, and the grafting of tumour cells
(Dohle et al. 2009) The application of cells in an engraftment onto a CAM was first
successfully carried out in 1913, using sarcoma cells to develop tumour @rbwvfiny 1913)
Subsequently, the CAMas been subjected to a myriad of treatments, including modified and
urnrmodified cells, tumours, peptides, proteins, plasmids, riRNMA& (miRNA) and
pharmacological agents, drugs, metabolites, biomaterials nanoparticles, plant extracts, and
growth factors These treatments were also applied to the CAM by diverse means involving
several different scaffolding technigu@sowak-Sliwinskaet al.2014; Ribattiet al.2020)

2.4.1.Scaffolds and Delivery Methods

CAM assay experiments have been adapted to incorporate a wide variety of scaffolding and
treatment methods. Outlined in Table 2.1 are examples of the various scaffolds used in
conjunction with the CAM assay, with both biologi and norbiological approaches used.
Although the test substance in experimentation is important, consideration should also be taken
when choosing a suitable scaffold to support the delivery of the treatment. In 2001, -Zwadlo
Klarwasseret al. investigaed the angiogenic and inflammatory responses of the various
biomaterials often used as scaffolds or supports in conjunction with the CAM assay. This
research observed increased angiogenesis and cell infiltration due to an inflammatory response
whenroughermaterials such as collagen or filter paper were applied, compared to smoother
substances such as PVC or Tecof(&wadlo-Klarwasseret al. 2001) Considering this,
thought shouldbe given when choosing a scaffold, as confounding or skewed results can occur
due to the scaffold used or the mechanical influences such as shear stress or stretch, as well as
other forces of certain gplants themselves can trigger an angiogenic resgdiseanek and
Schatteman 2000; Bellet al. 2014) A solution to this issue is the comparison of different
scaffolds for the same treatmgeas seen in the work by Mangit al, 2019, where estradiol
treatment is applied both by direct pipetting onto the CAM surface and also by encapsulation
in a hydrogel scaffoldMangx et al.2019) However, direct application to the surface may not

be feasible with certain treatments, such asaiostering cells, which may require adequate
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support for survival, and a suitable scaffold to allow containment of cells to within a localised
treatment eea (Sys et al. 2013) The basement membrane matrix Matrigel has been used
frequently to fulfil this role. Matrigel, is a basemanémbrane matrix taken from Engelbiieth

Holmi Swarm mouse sarcomas, consisting of several ECM proteins such as laminin, collagen,
hepaan sulfate proteoglycans, entactin/nidogen, and a number of growth factors to support cell
survival(Kleinman and Martin 2005; Hughesal.2010) The Matrigel is liquid below 10 °C,
therefore it is pe-cooled to mix with cells, and then applied to the warmer CAM surface where

it polymerises encapsulating the cel8ys et al. 2013) However, due to the biologically
sourced nature of Matrigel, inconsistencies in composition and mechanical properties can occur
both between batches and even within batches. This can lead to issues in experimental
reproducibility, therefore it has been suggested a move to synthetic polymer scaffold could be
a possible resolutioAisenbrey and Murphy 2020)
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Table 2.1. Examples of various forms of scaffolds and delivery techniques for a variety of

pro angiogenic and antiangiogenic treatments used on the CAM assay.

Scaffold/Delivery
Method

Reference

Collagen (Subaustest al. 2009; Hagenbucr_m@t a.2 016 ; Kavet ali
2017; \Vead.20109) yt a
(Hoodet al.2003; Da Costat al.2015; Boyinenet al.2016; Lemmens
Filter disc et al.2017; Torreset al.2017; Michaeliet al.2018; Santost al.2018;

Vimalraj et al.2018)

Gelatn sponge

(Ribatti et al. 2003; Desantiset al. 2018; Dewangaret al. 2018;
Lamanuzziet al.2018; Shalet al.2018; Manjunathaet al.2021)

Glass discs (Gaccheet al.2015; Kamblest al.2016)

Hydrogel (Ekeet al.2017; Campbelét al.2018; Mangiret al. 2018; Shahzadt
a.2019; (CHdd2091$ r
(Papoutsiet al. 2001; Deryuginaet al. 2005; Nkemboet al. 2016;

Injected Kumariet al.2017; Iranmanesét al.2018; Tan and Onur 2018; Nek
al. 2019)

. (Watanabeet al.2004; Weisst al.2014; L-Z. Liu et al.2015; Yanget
Matrigel

al. 2016; Swet al.2017; Steinleet al.2018; Liet al.2020)

Methylcellulose disc

(O'Reilly et al.1997; Adaret al.2012; Berndsent al.2019; Carrilloet
al. 2019; Dragostiret al.2020)

Microspheres

(Del Gaudicet al.2017; Patersoat al.2018)

Pipetted onto surface

(Fergelotet al.2013; Yanget al.2015; Dogancet al.2016; Hsiefet al.
2017; Soarest al.2017; Seifaddinipouet al.2018; Cheret al.2020)

(Baeet al.2016; Kim and Ahn 2016; Het al.2017; Hirschet al.2018;

Plastic ring Mangiret al.2018; Winteret al.2018; Dikiciet al.2019; Oliveiraet al.
2019; Gidoet al. 2021)
(Strassburget al. 2016; Zavaleet al. 2017; Hischet al. 2018; Shafaa
Scaffold et al.2018; Dikiciet al.2020; Gagliardet al. 2020; Watchararat al.

2021)

Thermanox coverslip

(Klagsbrunet al. 1976; Rabhet al. 2015; Ahmacdet al. 2016; Choiet
al. 2016; Limet al.2018)

Tumour

(Ausprunket al.1975; Auerbaclet al. 1976; Knightoret al.1977; Pink
et al.2012; Ulozeet al.2017)

Pellet

(Murray and Wilson 2001; Samaast al. 2017; GurelGurevin et al.
2018)
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2.4.2. Drugs, Metabolites, miRNAs and Other Treatments

A wide array of both biological and ndnological treatment options has been developed,
optimised and applied successfully to the CAbtay. The term biological can apply to both
cell and tissue oplants, or other factors which come from a living source such as hormones,
growth factors, metabolites, miRNA and antibodies, with-bmtogical treatments usually

involving drugs, chemicalgr nanoparticles.

Outlined in Table 2.2 are examples of both biological andhiological substances which
have been applied to the CAM assay and have provided a positive angiogenic response, through
increased vasculogenesis and neoangicgena the case of these paogiogenic treatments,
examples of biological substances are seen much more abundantly, with growth factors such
as FGF, transforming growth factor (TGF) and the knowngmgiogenic VEGF in several

isoforms mostommonly described.
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Table 2.2. Examples of norcellular treatments applied to the CAM which elicited a preangiogenic response

Treatment

Delivery Method

Angiogenic Outcome

Ref

Connective tissue growtk

Scaffold

Significant increase iblood vessel number and diameter following
software quantification

(Augustineet al 2019)

factor (CTGF)

Thermanox Coverslip

A dose dependent increase seen by appearance of spoke wheel pat
blood vessels radiating from grants

(Leeet al.2015)

Plateletderived growth

Thermanox Coverslip

Macroscopic observations indicated thickening of CAM, but no vasci
response

(Wilting et al.1992)

factor (PDGF)

Scaffold An increased blood vessetmkity converging towards gulant observed (Bai et al. 2018)
Scaffold along with thickening of CAM membrane ’
. Significant increase in number bfood vessels converging towards orn x
- Plastic ring 'gnii ! n nu v Verging fow (Giaoet al.2021)
Basic Fibroblast Growth plant
Factor (bFGF/FGR) . . Significant increase imean .fluoresceryt vascular density, measured | (Miller et al.2004)
Filter disc pixel intensity
Increased number of branch poiirtsa region around eplants (Li et al.2019)
Tr;rl?;irén mgz g:[r[()) gt::] Filter disc Radial formation of newessels seen in area aroundpants (Maet al.2007)
TNEU Filter disc Significant increase in tube length and size as measured by angiog (Shanmugana.than ang
software Angayarkanni 2018)
. : L . . , (TaktakBenamaret al.
Filter disc A dose responsive increase in blood vessels in defined area obser 2017)
VEGF165 Hydrogel A time-dependent increase in plood vc_essel Q|ameter and branching p (Hlushchuket al. 2011)
measured using angiogenic software
Thermanox Coverslip Macroscopic observations saw a dose dependent increase in angiog (Wilting et al.1992)
. M i i i h i I -
Thermanox Coverslip acroscopic observations noticed a change in vascular pattern unde (Wilting et al. 1996)
treatment area
VEGH121 Software quantified a dose responsive increase in total blood vess
Filter disc q P ) (Abrahamet al.2020)
network length
VEGEA Filter disc Significant increase igprouting blood vessels within a defined area (Yum et al.2018)
Scaffold Increased blood vessel density observed within a defireed ar (Bai et al.2018)
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Treatment Delivery Method Angiogenic Outcome Ref
Matrigel Mlcrovatc,c.ula.r mapping of. th.e blood vessel network foIIovymg FITC (Vazquezet al. 1999)
injection resulted in increased blood vessel density
_— . Significant increase in vessels number quantified in a random square (Fernandez and
lass f It
Glass fibrefilter disc of CAM surface Bonkovsky 2003)
VEGFA . - — — . .
. Angiogenic software indicated a significant increase in nuraber I
Plastic ring . (Dikici et al.2019)
branchpoints and average vessel length
Hvdrogel Significant increase in vessel length, number and vasculogenic ind (Ekeet al.2017)
ydrog Significant increase in vessel number in a region arourulamt (Campbellet al.2017)
VEGEC Hydrogel Significant increase in vessel number in a region arourglamt (Campbellet al.2017)
Methylcellulose disc Increase in sprouting dbd vessels present within a defined area (Caoet al.1998)
Thyroxine Hydrogel Significant increase in vascular penetration ofptents (Malik et al.2020)
Heparin Hydrogel Significant increase in vessel number in a region arourulamt (Yaretal.2017)
Significant increase in sprouting blood vessels preséhin a defined
VEGFD Hydrogel g P :rea b (Campbellet al.2017)
Calculation of percentage of CAM surface coveredBg resulted in a
ulation of percentag i su veredny resulted | (Mangg et al.2019)
. significant increase in the mean vessels count
Plasticring Angiogenic software quantified a significant increase in number o
Estradiol glog q 9 (Dikici et al.2019)
branchpoints and average vessel length
I i i i f I
Scaffold ncrease in angiogenic respo?r?ges)(een by measurement of vasculog (Shafaakt al. 2018)
Estradiol Filter disc Increased vascular branchiogserved within a defined area (Nikhil et al.2016)
L-Arginine Filter disc The numbgr of.pnfr_nary, ;econdar)_/, tertiary, and quaternary blood ve (AS et al. 2018)
counted with aignificant increase in number of quaternary blood ves
TGF i . N . .
GFb i n d u @ead Pipetted Significant increase in number of blood vessels arourplam observed (Wanget al.2013)
upreguation
Fibroblast growth fac.tefl Pipetted Significant increase in numbef blood vessels in a region around on (Foroughet al.2003)
expression plasmid plant observed
VEGFGFP LV Microgels Increased blood vessel development quantified (Madrigalet al.2018)
MSCsexomes Not mentioned Significant promotion of new blood vessel formation (C. Huanget al.2021)
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Wang et al, investigated the precise mechanism growth factor -bG#nploys to trigger
angiogenesis. In this research, the integral role miRRAhasinTG® i nduced angi oc¢
is exploredWanget al.2013) MicroRNAs, also known as miRs, are small, foamting RNA

which play a pivotal role in gene regulati@ushati and Cohen 2007y recent years, it has
become evident that miRs play an important role in many cellular processes, including
angiogenesiAnand 2013)However, the role miRsalve in angiogenic induction or inhibition

in the CAM assay has been sparsely investigated. Huaal, through their research on
ameliorating ischaemia in the diabetic foot, have presented and validatedragfmgenic miR
(miR-21-5p), delivered througexomeqC. Huanget al.2021) MiR-21-5pinduces an increase

in vascularisation through upregulation of several angiogenic patl{@aimianget al.2021)
Similarly, exomes derived from chronic myeloid leukaemia ¢BitsnaRodriguet al.2019)

and mesenchymal stem cglG. Huanget al. 2021)also result in stimulating angiogenesis in

the CAM.

Direct genetic modification of the CAM an area also not yet fully explored, with few studies
applying gene vectors such as plasmids or recombinant viruses. Transfection of-4n FGF
expression plasmid into the CAM induced significant blood vessel gr{faioughet al.
2003) and the application of a microgel releasing VEGIFP lentivirus vector releasing

microgels(Madrigalet al.2018) elicited similar effects, as seen in Table 2.2.

Although the study of prangiogenic treatments focus on the amelioration of vascular
conditions such as ischaemia, much of the research involving the CAM assay and anti
angiogenic treatments are oncological, through the reduction in vascularisatiomlafreant
(growing) tumour(Carmeliet and Jain 2000; Nishiéa al. 2006) Table 2.3 summarises the
application of antangiogenic treatments on the CAM assay, which resulted in a range of
negative effects in the development of new blood vessels. The success of thasgiagénic

substances may prove useful in the develeminof cancer treatments.

Interestingly, antangiogenic treatments frequently seen in literature involve the use of
chemical substances, such as the chemotherapy drug doxori@iciasekaraet al. 2018;
GurelGurevinet al. 2018) as well & thalidomide derivativegDa Costaet al. 2015) The
application of nanoparticles such as gflén and Onur 2018; Vimalrat al. 2018) green

(HomayouniTabrizi et al. 2019) zinc tungstatgSantoset al. 2018) and chitosan derived
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nanoparticlegDragostinet al. 2020) have high efficacy in the inhibition of blood vessel

development, with significant reductions in blood vessel number, length and density reported.

A method of antangiogenic activity with proven potential is the inhibition of wvas
angiogenic growth factors via treatment with targeted antibodies. A WHO approved
chemotherapy drug, Avastfh(bevacizumab) is used globally in the treatment of sef@rak

of cancer(Ferraraet al. 2005) Bevacizumabs an ati-VEGF antibody which has shown potent
results by reducing blood vessel density in the CAM assay in several $Afslietsal. 2018; Nik

et al.2019) and other altVEGF antibodies hae elicited similar effectgVitaliti et al.2000; Feflea

et al.2012) Equally, the use of adtiuman placental growth factor (PGRyezumandcet al.2016)

and antilaminin (Sanzet al. 2002) antibodies has led to a significant inhibition of angiogenesis

and a delay in blood vessel network development respectively.

The use of the CAM assay for such a variety of bothgmgiogenic and antingiogenic
factors: drugs, metabolites drbiological substances really enforces the efficiency and
applicability of the CAM as a screening tool to model the microcirculation and angiogenic

effects of various substances.
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Table 2.3 Examples of protein, viral, micreRNA and pharmacological treatmeris applied to the CAM which elicited an anttangiogenic

response

Treatment

Delivery Method

Angiogenic Outcome

Ref

Nicotinamide adenine
dinucleotide (NAD)

Pyruvate

Succinate Fumarate citrati

10% EVA copolymer Pellet

No spoke wheel pattern was observed radiating from
plants

(Murray and Wilson 2001)

Avastin (Bevacizumab)

EG-VEGF Antibodies

Injected

Significantly less vascular nodes and branches we
quantified within a defined area

(Nik et al.2019)

No significant differences in vessel density observed,
dilated medim and large vessels observed

(Fefleaet al.2012)

Methyl blue

Microspheres

No spoke wheel pattern was observed radiating from
plants

(Del Gaudioet al.2017)

Chloroquine &
Doxorubicin

Agarose pellet

Conbination of doxorubicin and chloroquine resulted
strong antiangiogenic effect on capillaries nearplants

(GuretlGurevinet al.2018)

Significant decrease in percentage of surface areg

analog)

defined area

Avastin (Bevacizumab) Pipetted . . (Gunasekarant al.2018)
occupied by microvessels
The number of primary, secondary, tertiary, and
Vitamin C Pipetted guaternary blood vessels was counted, with decreas (AS et al.2018)
quaternary blood vessels quantified
MART-10 (Vitamin D Pipetted Reduced vessel branch point numbers observed with (Chianget al. 2016)

Green nanoparticles

Gelatin spoge

Decrease in vessels length and branch number with
defined area

(HomayouniTabriziet al.
2019)

Software determined a significant reduction in total

Nanobody

area

Rhaponticin Filter disc blood vessel length (Kim and Ma 2018)
. . - . . Reduction in vessel number, branch pqints
Thalidomide derivatives Filter disc o (Da Costeet al.2015)
neovascularization and total length of vessels
High affinity PGFspecific Filter disc Significant inhibition of angiogenesis within a define (Arezumancet al. 2016)

38




Chapter 2: Literature Review

Treatment

Delivery Method

Angiogenic Outcome

Ref

Zinc tungstate
nanoparticles

Filter disc

A dose dependent reduction in percentage of surface
occupied by bloodessels was calculated

(Santoset al.2018)

Antithrombin

Filter disc

Potent antiangiogenic activity in blood vessel tubule
networks and branching points

(Azharet al.2016)

Gold nanopatrticles

Filter disc

Software determined a dose dependent reduction i
blood vessel size, length and branch points

(Vimalraj et al.2018)

Injected

Software determined a significant reduction in vess
length and number of junctions and complexes

(Tan and Onur 2018)

miR-7 mimics

Nitrocellulose rings

A reduction in vascular density within a defined area

(Babaeet al.2014)

visible
Sunmmb (re.cep.tc?r tyrosing Nitrocellulose rings A reduction in vascular Qe.nsny within a defined area (Babaest al.2014)
kinase inhibitor) visible
- . . M i i inhibiti f bl
Vasohibin Adenovirus Matrigel acroscopic observatlgrosv\izw inhibition of blood ves (Watanabeet al. 2004)

Chitosan derivatives
nanoparticles

Methylcellulose disc

Reduction in number of blood vessels in contact with
plants dserved

(Dragostinet al.2020)

Anti-VEGF Antibody

Methylcellulose disc

Visible anttangiogenic activity observed through serm
gquantitative evaluation

(Vitaliti et al.2000)

Anti-laminin antibody

Methylcellulose disc

Macroscopic observations saw a delay in capillary
network development

(Sanzet al.2002)

Anginex

Plastic ring

Significant decrease in intersections of blood vesse
with concentric rings projected onto images

(Griffioen et al.2001;
Brandwijk et al. 2005)

Angiotensinogen

Plastic ring

First ard second order centripetal blood vessels aroy
on-plants were counted, with inhibition of smaller blog
vessels observed

(Célérieret al.2002)

Following FITC injection, blood vessel density, lengt
and number of branch points were quantified
highlighting inhibition of smaller blood vessels

(Blacheret al.2005)

Obtustatin (

Decrease in the number of small new vessels growi

towards orplants

(Ghazaryaret al.2019)
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2.4.3. Cell and Gene Modified CelDn-Plants

In order to ensure successful tumour cell growth, an array of physiological mechanisms such

as vessel coption, intussusceptive microvascular growth, glomeruloid angiogenesis,
postnatal vasculogenesis, vasculogenic mimicry and most famousiydghe gi ogeni ¢ S Wi
work together to establish a successful and vast angiogenic network. However, the precise
details of many of these mechanisms remain elyditeray and Wilson 2001; Loizat al.

2017) When first applied to the chorioallantoic membrane, tumours undergoravadcular

period before blood vessel infiltration occiRsbatti et al. 1996)

The use of cell/tumour eplants in conjunction with the CAM assay has had widespread use.
The CAM microenvironment provides all the growth factarsd nutrients requireé for
successful cell growth, and the occurrence of the angiogenic switch allows the secretion of
Tumour Angiogenic Factors (TAF§Lhaplain 1995hich in turn, induce angiogenesis and
allow the penetration of host blood vessels into thglied grafts(Hanahan and Weinberg
2011)

Through the injection of cancer cell lines or application of cells with other scaffolds such as
Matrigel or collagen encapsulation, or topically through the pipetting or placing of fully formed
tumours onto the membrane, the CAM can be used to monitanaasligate the mechanisms

of tumour growth, metastasis, and angiogenesis. Based on the currentandaeysof the
angiogenic switch, it is usually expected that following the application of cancer cells or tumour

masses onto the CAM, a pamgiogenic response occurs.

Table 2.4 outlines examples of-tneated cells, both from cancerous amalthy cell lines,

which have been applied to the CAM assay with the aim of observing their angiogenic effect.
In the case of most cancer and tumour cell lines, an increase in angiogenic response can be
seen, with only some exceptions, such as in the @aS®/480 colon carcinom@ernandez

and Bonkovsky 20033 nd Bur ki tt 6 s Ly mpgBedems al.20&82)which i ne s
fail to elicit the anticipated increased vascularisation. Interestingly, the application -of non
cancerous cells such as skin grafts and human ovarian tissue can also induce a significant

angiogenic response, indicating suitability of the CAM in suppg cell survival.
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Table 2.4 Examples of cellular treatments/ tumours applied to CAM which affected angiogenesis

Response Treatment Delivery Method Angiogenic Outcome Ref
Glioblastoma cancer ste . . Gagliardiet al.
! ' Alginate scaffold Increased blood vessel number converging towaresamts (Gagliardi
cells 2020)
Human umbilical vein Cylindrical Increased number of blood vessels and blood vessel penetre (Strassburept al.
ECs (HUVECS) scaffold into on-plant 2016)
Cylindrical Increased number of blood vessels and blood vessel penetre (Strassbureet al.
scaffold into on-plant 2016)
_ _ Hydrogel Significant increase in vessgl number, vessel length and (Ekeet al.2017)
Adipose derived stem vasculogenic index
cells Seeded on a . .
scaffold Increased number of blood vessetgverging towards eplants (Hirschet al.2018)
Matrigel Following von Willebrand factor staining and semi quantitativ (Vilahur et al.
2 g scoring, asignificant increase in angiogenesis 2017)
(< Burkittds L
2 . . Following ti ioning i in bl I di
_% lines (BL2B95 and Matrigel ollowing tissue sectioning mgrease in blood vessel diamet (Beckeret al.2012)
2 determined
@ BL74)
< Human Liver Cancer . .
o (HepG2) cells Matrigel Increased number of blood vessels converging towargidaoms (Yanget al.2016)
Prostate Cancer Cells . . - ,
(LNCaP) Matrigel A change in blood vessel number within a defined area obsel (Reuteret al.2019)
Colon carcinoma Matrigel Increase in angiogenic index was observed (Subaustet al.
(SW620) 9 glog 2009)
Neuroblastoma Matricel Following desmin staining, increased misressel formation was (Hagenbuchneet
(NB15/FOXO03 cells) 9 observed al. 2016)
Glioblastoma (U87 MG) Matriel Increased observation of spoke wheel pattern of blood vess (Valiulyta et al.
Cell lines 9 radiating from orplants 2019)
uman Cardiopoietic Scaffold Blood vessel density within a defined area was increased (Wolint et al.2019)
Stem Cells
Multipl I . . . . o
upllzsem?;::?a Gelatin sponge Induction of an increased vasculogenic index was calculate (Ribatti et al.2003)
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Response Treatment Delivery Method Angiogenic Outcome Ref
o Development of visible spoke wheel pattern of blood vesse N
Mouse Melanoma (B6) Plastic ring P . P P (Ribattietal. 2013)
converging towards eplants
Human Melanoma Plastic ring
ignificant increase in area occupie observed within a angiret al.
(C8161) Hydrogel Significant i i iedEgs ob d withi (Mangiret al
Human Prostate Cancer defined area 2018)
(PC3) Plastic ring
. . Ph iomodulation along with cell lication resulted in .
Skin graft Plastic ring . otobiomodulation along t. ce' app. catio . esulted (Winteret al.2018)
increased number of vascular junctiavithin a defined area
Visual estimation of area occupied by blood vessels compar
Q . . o , . . (Isachenkcet al.
S Human Ovarian Tissue Plastic ring total surface area resultetcreased angiogenesis and 2012)
8 neovascularisation
= —— . -
g Melanoma Tumour Tissu Tumour Spoke wheel pattern ehpillaries converging towards -quants (Kunzi-Rappet al.
by observed 2001)
o Recurrent respir . - .
epu © t. espiratory Tumour Increase in blood vessel number within a defined area obse (Ulozaet al.2017)
papilloma tissue (RRP)
H llular Carcinom: . L . Marzull I
epatocellula .Ca cinom; Tumour Increased micro vessel density vifitla defined area observed (Marzulloet a
Tumour tissue 1998)
Human Malignant Increase in the pattern, density, aizk of the CAM blood .
. 9 Tumour P y . . (Ismail et al. 1999)
Ovarian tumours vessels near the tumour implants visible
Adenocarcinoma Tumoul Increase in the pattern, density, and size of the CAM bloo .
. Tumour ) . (Ismailet al. 1999)
Tissue vessels near the tumour implants visible
. . Macroscopic observations indicated tumours became (Papoutskt al.
Glioma cells (C6 Injected .
(C6) J vascularised by CAM blood vessels 2001)
Pancreatic carcinoma Iniecied Macroscopic observations indicated tumours became (Papoutskt al.
(10AS) J vascularised by CAM blood vessels 2001)
Colon carcinoma Collagen No Induction of angiogenesis or increased angiogenic indg (Subaustet al.
Anti- (SW480) g glog glog 2009)
angiogenic Bur ki 0 L . Following ti ioning r I Vv | diam
giog u . ttods Matrigel ollowing tissue sectioning reduced blood vessel diamete (Beckeret al. 2012)
lines (BL2) observed
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Angiogenesis is a hallmark of cancgianahan and Weinberg 201lherefore from an
oncology aspect, the angiogenic activity of cells is often an area of particular interest, and a
potential target area in the development of possible therapeutics or drugs which could hinder
this effect. Consequently, the use of the CAsday as an efficient biological screening tool on

the focus of cell induced angiogenesis could prove paramount. Following genetic or other
forms of modifications of cells, the changes in cell behaviour or the surrounding media
(conditioned media) takemdm cells can be an exciting area of focus. Table 2.5 outlines
examples of various cell lines which have been treated or genetically modified to elicit a

different angiogenic behaviour compared to theimodified counterparts

Once cells are modified tohibit their preangiogenic ability, the CAM assay can be employed

as a confirmation tool in order to highlight the efficacy and mechanism of action of the
modification. Alternatively, cells can be altered to increase their angiogenic potential, through
inhibition or overexpression of certain genes. The efficacy of these cells at inducing a pro
angiogenic response can be measured using the CAM(ass&y al.2011; Zhanget al.2016;

Xu et al.2019)

It must also be noted that in the case of certain cell lines, thengiogenic modification to
cells may elicit benefits, especially in areas sucltadstherapy, where overexpression of
vascular factors could provide a treatment option in therapeutic angiogenesis, to improve the

vascularisation of previously ischaemic tisgberoughet al.2003)

Methods of adjusting the angiogenic potential of cells can vary frorrgagng cells with
drugs or inflammatory factors such as sphingediphosphatgC.-C. Huanget al. 2021)
interferon or tmour necrosis factdiiu et al.2011) to more complex methods of genetically

modifying the angiogenic behaviour of a cell.
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Table 2.5. Examples of treated and gene modified cells or conditioned media (CM) applied to CAM assay

(3J012)

branches

L Deliver . .
Response Gene modfication Cell Type Melt\tlwog Angiogenic Response Ref
Following tissue sectioning, and staining f
FGF1 expression plasmid BovineECs Gelatin sponge| von Willebrand Factor, a twofold increase (Foroughet al.2003)
capillary number wagquantified
. Endothelial col Soft tified significan i _
LV miR-205 inhibition ndo : elial colony oThware quantimed signiiicamcrease in (Jianget al.2021)
forming cell CM Not mentioned blood vessel density within a defined are
Ie) Sphingosinel-phosphate Osteoblast cell (M&3) Increase in blood vessel number within g (C-C. Huanget al. 2021)
E)’ treated CM defined area was quantified T gt al.
S - . . .
2 miR-338-3p inhibition Hepatocellular Visual |nspect_|on of sepond and third ordg
S . . blood vessels inferred increased blood ve (Zhanget al.2016)
plasmid carcinoma (HCC) CM . . :
o Filter disc formation
- Significant increase inn-plant infiltrating
AGO2 expression plasmid Myeloma cell CM (Wu et al.2014)
blood vessels observed
IFN-o treat ¢ A significant increase in number of small
TNF-U tr eat ¢ Mesenchymal stem cell . blood vessels (diameter less than 1 mm .
é/:M Pipetted A significant in(crease in both small and (Liuetal. 2011)
IFN-o  an dU TtNrFe g
large blood vessels
_ hi h _ N ke wheel f bl Is _
AAV -Timp1- transduced Chinese hamster ovary Gelatin sponge 0 spoke W .ee pattern of blood vesse (Zacchigneet al.2004)
cells radiating from orplants
LV mediated Angiopoietif? Pancreatic carcinoma Pipetted Decrease in numbe.r of blood vessel bran (Zhouet al.2011)
g shRNA cells points
<) Connective tissue growth . N . .
= ASF cell CM P f I I C.L 1.2014
_g’ factor (CTGF)shRNA OASF cell C ipetted Significant reduction in blood vessel cour] (S-C. Liuet al.2014)
S . . . Significant reduction in blood vessel bran .
E Endostatin expression plasm COS1 cell CM Pipetted 'gnii . ;)oinlts v (Li et al.2008)
[
< — — -
H I | cell . f I
LV VEGE shRNA ypertnp oid renal ce Pipetted Significant decrease in blood vesselints (Guet al.2015)
carcinoma CM and total blood vessel length
CCL5-ShRNA Chondrosarcoma cells Matrigel Significant decrease in blood vessel (G-T. Liu et al. 2015)
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Response Gene modification Cell Type Delivery Angiogenic Response Ref
Method
Glioblastoma cell line Diminished observation of a spoke whee
Sema3C transfected (US7 MG) Collagen pattern of blood vessels radiating from or (Valiulyta et al.2019)
plants
. . Lower blood vessel densities infiltrating th
AGO2-shRNA Myeloma cell CM Filter disc W v 1es infiftrating (Wu et al.2014)
on-plants observed
Vascular endothelial cell
growth inhibitor (VEGI) Hela cell CM Filter disc Significant inhibition of neovascularizatior (Xiao et al.2010)
o expression plasmid
c Novel immunotoxin
o . Inhibition i h of capillanyik
> (VEGF165PE38) expressio]  HEK293 cell CM nhibition in growth of capillarylike (Hu et al.2010)
2 _ ) structures
g plasmid Not mentioned
< n " n A
- . E helial col Visual I g .
£ LV mMiR-205 O ndot. elial colony isual inspection sawireduced blood ves (Jianget al. 2021)
< forming cell CM formation
iR-181 i Fi HT1 . | i f I | fi i .
miR-181a5p gxpressmn ibrosarcomd 080) Gelatin sponge mpairment of new blood vessel formatio (Li et al.2015)
plasmid cellCM observed
Nuclear FactoiErythroid 2 | Human colon cancer ce . Significant reduction in blood vessel bran .
M I . L . K 1.2011
(NRF2) shRNA CM atrige points in circular region around guants (Kim et al.2011)
P53 I soform Human Glioblastoma . . Following tissue sectioning and staining
. I . B 1.201
deletion (U87) cell CM Silicon ring reduced blood vessels quantified (Bernardet al.2013)
. N Il cell | . _ ignifi ion i
LV miR-542:5p on-small cell lung silicon ring Significant reduction m percentage vascu (Heet al.2017)
cancer CM density
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Studies have used gene expression plasmids to stably transfect cell lines, establishing cells
which overexpress various angiogenic or-amijiogeic factors. The gene modified cells, or

the conditioned media of these cells is applied onto the CAM assay respectively.

Examples of angiogenic expression plasmids transfected into cells include FGF plasmid
transfection into bovin&Cs (Foroughet al.2003)and argonaut transfected into myeloma
cells(Wu et al. 2014) both of which lead to significant increases in capillary and infiltrating
blood vessel numbers following cellediated delivery onto the CAM assay. Conversely, the
cell-mediated inhibition of blood #sel formation can be seen with transfectedamgiogenic
expression plasmids such as vascular endothelial cell growth inhibitor ((Kf@ap et al.

2010) endostatir(Li et al.2008) or the novel immunotoxin (PVEGF165PEBBES2EGFP)

(Hu et al.2010)

In recent years, gene wifying agents including miRNAs (miRs) have become very popular
therapeutic targets. Overexpression or inhibition of various miRs can impact on angiogenic
potential of cells through a variety of meamgluding through the alteration of AgoZhang

et al. used an expression plasmid to inhibit the -anggiogenic function of miR838 in
hepatocellular carcinoma, leading to a significant increase in small blood vessel formation in
the CAM assayZhanget al. 2016) Conversely, Liet al. overexpressed mi®81lab5p in
fibrosarcoma (HT1080) cells leading to a reduction in CAM blood vessel forn{aiiat al.

2015)

Interestingly, Jianget al. focused their research on how the overexpression or inhibition of
miR-181a5p could both attenuate and increase the angiogenic potential dhelaaolony
forming cells (ECFCs) in conjunction with the CAM assay. In this study, lentiviral vector inhibition
of miIRNA-205 in ECFCs led to an increase in blood vessel density. Howesexpression of
MiRNA-205 resulted in visibly reduced blood vessel formatianget al.2021)

Short Hairpin RNAs (shRNAs) are small, manufactured RNA molecules with a sharp hairpin
turn used to silence or knockdown gene expression through RNA interference (RBldéX

al. 2009) ShRNAs have been used to inhibit several angiogenic genes and miRNAs in cells
applied to the CAM assay, with delivery seen both as direct shRNA delivery, or lentiviral

mediated dlivery into cells. ShRNA inhibition of potent pemgiogenic genes is seen

throughout the literature, through the knockdown of VEGE et al.2015) connective tissue
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growth factor(S-C. Liu et al. 2014) and angiopoieti¥2 (Zhou et al. 2011) resulting in

significant reductions in angiogenic effects in the CAs8ay, as outlined in Table 2.5.

The study of cell application onto the CAM assay monitoring angiogenic response is one with
much potential. The applicability and ease of use of the CAM assay is proven by the ease at
which grafts can be applied and th&urvival supported. Use of the CAM assay can provide a
screening tool for the inherent angiogenic nature of the cells and the effect of gene / chemical
modifications on this inherent ability. However, this is an area which still needs much further

exploraton.

2.5. CAM Analyses

Considering the success of-plant treatments using the CAM assay, emphasis has focused on
the method of analysis chosen to quantify an angiogenic effect. Assessment of the angiogenesis
occurring due to stimuli can be carried out by a variety of diffemegthods. Some studies
choose to use arbitrary quantification methods, such as visual or macroscopic evaluation or
observation of an angiogenic effect between experimental gr@dsing et al. 1996;
Watanabeet al. 2004; Rabhet al. 2015)and define the results simply as positive or negative
(Balkeet al.2010) While other studies indicate a positive or negative angiogenic effect due to
the presence orwhedeslenmgat todr mo ficfp olkkleopladt vesse
(Murray and Wilson 2001; Valiyta et al. 2019) In the majority of studies such as these,
assessments are carried out in a blinded manner in order to prevent bias affecting the results
(Lemmenset al. 2017; Winter et al. 2018; Li et al. 2020) The use of adequate positive,
negative, and internal controls for comparison using the CAM assay is essential. Generally,
neutral phosphate buffered saline (PBS) treated veharlescaffolds are used as an internal
control, while known angiogenic agonists (such as VEGF) and antagonists (bevacizumab) can

be used as a positive and negative controls respecf{Nedyet al.2019)

Some studies have chosen to compare treated areas of the CAM witleated areas
(Marzullo et al. 1998) others compare the angiogenic effect of an internal control against the
treatment; an internal control usually is found in the form of an empty scaffold or a scaffold
treated with an anggenic neutral substance, such as PBS or the solvent used for the delivery

of the treatment. Comparison of a treated area to an internal control is preferable and more
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accurate as it results in less variation between test and control, while also conglukering

angiogenic response that the vehicle alone can induce.

As individual scoring or assessment methods of CAM treatments can resatisicious or
unconscious bias in either direction, a multiprong approach of using different imaging, scoring and
assessent techniques is recommended, with the erefsencing and correlation of results
obtained essential to create an overall profile of the angiogenic effects.

2.5.1. Sectioning and Staining Techniques

Following the sacrificing of the chick embryos, théAM tissue can be fixed using
paraformaldehyde or other fixative solutions, excised from the embryo, embedded in paraffin
and then undergo sectioning or Waectioning in preparation for histochemical staining for
various indicators of angiogenesis susheadothelial and smooth muscle cell marKédiani

et al.2003) Blood proteins such as haemoglofsereemat al.2015) von Willebrand factor
(Isachenkeet al. 2013; Vilahuret al. 2017)or the filament protein desmiiHagenbuchneet

al. 2016) have been studied as a measure of blood vessel density and consequently, the
vascularisation preser{Becker et al. 2012) Histological staining ofECs with biotin or
fluorescent tagged lectins has also been successfully achieved to visualise vasoolarisat
present in CAM tissuélLargeret al. 2004; Bernarakt al. 2013) while immunohistochemical
staining ofECs using antiCD31 antibodies has also been emploffeztgelotet al.2013; Jiang

et al.2015; Kleibeukeet al.2015)

While the quantity of newly formed blood vessels is often the focus of many studies, the quality
should also be considered. An issue with someapgogenic factors dependent on dosage

levels can be the development of aberrant and leaky blood vesselgritd those formed

from natural angiogenesis. To investigate this, Rin&l, developed a modified version of a

Miles Assay, a commonly used technique which measures vascular leakage, diatitige

quantity and quality of angiogenesis to be asmbdaink et al. 2012; Braslet al. 2018; Giao

et al. 2021) In this study, the leakiness of the newly formed blood vessels was quantified by
spectrophotometrically measuring theamammnt of | eaked Evands bl ue
bolus injection. Alternatively, the injection of fluorescent dyes such as variousddXitans

of different molecular weightéRizzo et al. 1995; Rizzo and DeFouw 1996a; Rizzo and De
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Fouw 1997)r FITC and rhodamine conjugated lectins into CAM tissue can prove useful for
measurements of vadau leakinesqJilani et al. 2003) In this process, fluorescent dyes are
injected into the vitelline vein (Fig. 2.4), given time for the dye to circulate, and then observed
under fluorescent light, also highlighting smaller capillariescivhwould otherwise be

unquantifiable.

Figure 2.4. A 5day-old chick embryo highlight CAM vasculature.

The white stars represent anterior and posterior vitelline veins, while the black arrows
indicate vitelline arteries and veins. The nofbranching nature of the vitelline veins make

it an ideal location for injections.

2.5.2. Image Quantification Techniques

Automated, sermmrautomated and manual serological methods can be used to quantify
neovascularisation and angiogenesis. For automated methods, oftargres packages exist
which can be adapted to identify tubules, vessel branch points and network junctions. Such

software packages include: Angiotd&alehet al. 2018) AngioQuant(Kambleet al. 2016;
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Vimalraj et al. 2018; Augustinest al. 2019), Wimasis(Yanget al. 2015; Steinleet al. 2018)

HetCAM (Aanhaneet al. 2018) Photoshop CS4Borjan et al. 2015) and Synedra view
(Heubergeet al.2019) Image analysis software such as Image J can be used fon&otial

and semiautomated quantification methods. In a samomated manner, pixel intensity, or
percentage of binary images containing blood vessels can be used to measure blood vessel
density(Melkonianet al. 2002; Miller et al. 2004; Magalhaest al. 2017) While manually
counting tools can be used to quantify the number of blood vessels, junctions or branching
points visible within a defined ar¢de Castraet al.2017; Prietcet al.2017; Niket al.2019)

Various parameters can be chosen to assess an angiogenic effect; basic approaches can involve
simply counting the blood vessels or gtiying blood vessel length within a circle or square

area around an gplant (Kleibeukeret al. 2015) or converging towards it. More complex
methods can involve the scoring of blood vessels based on a centripetal ordering method (Fig.
2.5 A), where a blood wsel is ordef, continuous with the capillary network, or order

formed from the convergence of two ordevessel¢Rizzo and Defouw 1996b; Célériet al.

2002) An alternative method is where an array of concentric circles is projected onto a CAM
image with a vascular score then assigned based on the intersection of these circles with blood
vessés, without discrimination between arterial or venous vessels (Fig. 2(BaByhill and

Ryan 183; Griffioenet al.2001; Brandwijket al.2005; Lemmenst al.2017; Burggren and

Rojas Antich 2020)

Ribattiet al, 2007 describes a method where an angiogenic score is assigned to a blood vessel
entering an oiplant at a specifiangle (Fig. 2.5 C}Barnhill and Ryan 1983; Ribattit al.

2006) Although, this is a widely used scoring method, issues can arise. Without discrimination
of bloodflow direction in vessels, determination whether a blood vessel is growing towards or
away from an o#plant cannot be fully discerned. Another consideration is that due to the vague
nature of branching, scoring and angles as described in this methodjuatiuterpretations

and differences in scores can result between analysts studying the same images, leading to

erroneous experimental outcomes.

Many image techniques and scoring systems fail to fully explore the changes in
microcirculation in response totreatment. In many studies, the macroscopic observations of
larger blood vessels are the main focus, with little attention drawn towards the minute

microvessels and capillaries present. This seems to be a major oversight when the study and
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investigationof pro angiogenic or antingiogenic treatments are considered, where even the

smallest modifications to vascularisation should be scrutinized.

Base of Umbilical
Vessels

Blood vessel

Blood vessels 1
0 — no branching

1 — branching inside of circle

2 — branching outside of circle

45°
Implant

2 mm

-
-«

A /

Figure 2.5. Examples of CAM analysis techniques to quantify angiogenic score following

treatment.

In the case of each of these methods, each blood vessel which fits specific criteria is given
a score, with the accumulative score then determined for each qtant/treatment. (A)
Centripetal ordering method of angiogenic scoring, where vessels are assigned a score
based on the order of their branching, with higher order vessels getting a higher score as
described in DeFouwet al. (DeFouw et al. 1989) (B) A range of concentric circles
projected onto an image of a CAM where the total vascular index quantified based on the
intersection of blood vessels with each of the circlas described in Burggrenet al.

(Burggren and Rojas Antich 2020) (C) Evaluation of a angiogenic response by scoring
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vessel branching as described by Ribatet al. (Ribatti et al. 2006) this method involves
the assigning of an angiogenic score ranging fronmi @ based on branching and angle of

approach.

2.5.3. Vascular Casting

A negative aspect of image quantification and study is that only sporadic random areas of
microvascularisation in the CAM are usually observed. However, the development of a three
dimensional microvascular corrosion casting (vascular casting) method paile an
overall thorough study of the vascular changes occurring in the @AMitropoulouet al.

1998) Corrosion casting is an anatomical method where a solid faithful replica of a biological
sample is produced from a hollow anatomical structure or space. In this process, following
perfusion to flush out the area, a flexible substance (such as rubbegrrpslyurethane) in

liquid form is injected into the space, allowed to solidify and then the surrounding tissue is

removed by enzymatic or chemical degradaf©arnllie et al.2019)

This method is particularly useful in the study of vasculature in conjunction with angiogenic
assays, where vascularisation and blood vessels distribution and organisation can be measured
(Hossler and Douglas 200Bollowing the production of a vascular cast, examination of the

normal or abnormal blood vessel network can be carrietyscanning electron microscopy

(SEM) , mi cro computed tomogr aphi easédemiibD) I ma
computed tomogr ap tAckermagnisaRad Kodejding 261&8)gi n g

In the case of the CAM assay, the chorioallantoic membrane is carefully incised at the central
vein, flushed with a sodium chloride (NaCl) and heparin solution to clear the blood, and then
perfused with a cast material such as Polyurethane, Clea®FlexMercox® (Kruckeret al.

2006) Following this, the cast substance is given time to polymerise and then the CAM tissue
is dissolved over several days or weeksiia®o potassium hydroxide (KOH) or 20%dsum
hydroxide (NaOH) followed by rinsing in distilled water or formic agttbssler and Douglas
2001) Following cast formation, a sputteoating of gold, silver, platinum, or chromium from

10 nm to 25 nm in thickness may also be required in conjunction with scanning electron
microscopy in order to improve image qualiipjonov et al. 2002; Belleet al. 2014;

Ackermann and Konerding 2015)
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This method of CAM examination has proven advantageous as it allows for a three
dimensional representation of the vascular network, allowing visualisation of branch points,
and indicators of sprouting and intussusceptive angiogefiBesisnet al.2010; Hlushchulet

al. 2011; Belleet al. 2014) often also being used as a validation method when investigating
the efficacy of different imaging techniqugdambliset al. 1996; Nikiforidiset al. 1999) As

a detailed representation of the CAM vasculature is produced, with the use of the correct casting
material, orientation, distribution and frequencyEsgs and aberrations in blood vessels can be
resolved(Hossler and Douglas 2001)

2.5.4. Live BloodFlow Observation

Many of the approaches mentioned previously involve the use efiable excised and fixed

dead tissue, with observation of morphological characteristics. Several approaches have been
developd for the observation of retimein vivoblood flow and circulation in the CAM. The
observation of microcirculation in retime is advantageous as it can monitor for vascular
leaks, variations in vessel quality and density, while also indicating theeigelnd efficacy

of a treatment. Redime blood flow can be observed by a wide array of means, including the
use of nanoparticles or fluorescently labelled erythrocytes injected into the CAM, or the use of
fluorescent dyes or dextrans which are thenvei using intravital fluorescent microscopy
(IVFM) (Blacheret al.2005) or alternatively the use of photodynamic therapy (P@shail

et al.1999; Weisst al.2014)

2.5.5. Molecular Analysis

Although it is useful to observe a visual effect following treatment, molecular analysis of the
CAM assay can also prove useful in the understanding of the biochemical mechanisms behind
the changes in vascularisation which are observed. To this end, molecular approaches such as
guantitative PCR, in situ hybridisation (mRNA), whole mount immunostaining and
immunoblotting (protein) can be employgRibatti et al. 2002)

Quantitative PCR is an essential form of molecular analysis which can prove useful in

measurement of changes in gene esgion in CAM tissue following various treatments, cells
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or tumour applications. In some cases, measurement of precise areas around the treatment
location are required, therefore laser dissection of CAM tissue can be ufitiseihi et al.

2017) Trizol or mRNA isolation kits are often used to extract total RNA from dissected CAM
tissue, with gPCR or semjuantitative PCR then carried out to measure expression of various
genes, including those related to angiogenic pathways. In the case afusertiiative PR,

following gene amplification, the PCR products are electrophoresed on a polyacrylamide or
agarose gel with the band intensities then meaglader et al. 2004; Baumet al. 2010;

Zhanget al.2018; Manjunathaet al.2021) The use of a suitable chicken specific primer for
housekeeping gene expression is paramount in gPCR to ensure accurate, quantifiable results to
compare with genes of interest. It also can be used to measure the quality and integrity of the
RNA isola e d, -aetintaid GBPDH most commonly used in the case of CAM tissue
(Vimalraj et al.2018; RomaRodrigueset al.2019; Manjunathaet al.2021)

In the use of the CAM assay as a model of tumour growth and metastasis, the quantity of human
cells present within tissues extracted from chick embryos can be determined by gPCR
amplification of the Alu repeat sequences repeats-(lRGCR)(Subaustest al. 2009; Maacha

and Saule 2018)Alu elements are neautonomous retrotransposons, which are uniquely
present in a primate genome and absent in chicken DNA. Alu PCR can be used a DNA
fingerprinting technique to calculate tlygantity of human DNA present in CAM tissue
(Cardelli 2011)

This method has been used in several studies to examine the engraftment and migration of
cancer cells from a tumour placed on the CAM surface through the CAM and even into the
chick embryo itself, travelling via the vast vascular network present. In symtaajuantify
human tumour cell intravasation into the chick CAM, seomntitative real time PCR is
carried out to amplify Alu sequences in order to calculate the amount of human DNA present
in each CAM sample. A standard curve generated by serialodilofihuman tumour cells is
then used to quantify the actual number of tumour cells present in each CAM ¢ldmmpkt
al. 1998; Mira et al. 2002; Deryugina and Quigley 2008n addition to this analysis,
guantification of chick DNA present should be carried out through amplification of a chick
housekeeping gene, such as the chick GAPDH genomic DNA seqi&npistra et al.2002)
Horstet al. optimised this process, establishing a TagMarased quantification method to
measure human Alu sequence amplification in genomic DNA from Gkbue showing
improved success compared to the SYBRreen methods used previou@Horstet al.2004)
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While study of gene expression can provide insights into the changes occurring in CAM tissue,
several studies have instead chosen to quantify the protein expression present by means of
Western blotting (iifmunoblotting). In this process, CAM tissue is crushed or minced, lysed
with a suitable lysis buffer such as radioimmunoprecipitation assay (RIPA) buffer. Then the
samples are denatured in a suitable loading buffer, such as Laemmli buffer and electrdphorese
on an SDS Polyacrylamide gel (SIPAGE). Following this, lysates are then transferred to a
membrane and probed using various primary antibodRésatti et al. 2002; Zijlstraet al.

2006) In immunoblotting, use of a suitable prm loading control is imperative, chicken

s pecitfuiba | Uactinanimbdies have been used in several CAM tissue immunoblots
(Fernandez and Bonkovsky 2003; Mangedral. 2008; Manjunathaet al.2021)

Purification of protein extracted from CAM tissue prior to denaturing andBAGE may be
necessary to ensure success. After proteiatisol from CAM tissue, immunoprecipitation of
samples can be carried out by various means to enrich for the specific protein of interest. Ribatti
et al. used HeparikSepharose columns to purify protein extracted from CAM tissue prior to
immunoblotting angrobing for bFGHRIbatti et al. 1995) Similarly, protein ASepharose

beads bound with suitable antibodies have also been used with much ¢kticesset al.

1998; Hoodet al.2003)

Some studies use a typoonged approach for molecular analysis, using both methods to
measure gene, and protein expression. Mangiedl. used RFPCR, Western blotting and a
visual scoring method to assess increased angiogenesis in the CAM following multiple
myeloma EC treatments. In this investigation, the mRNA expression level of various
angiogenic genes, including endostatin, in CAM tissas measured by gPCR, while Western
blotting examined for the altered protein expression of endogddingieriet al.2008) Using

both methods allowed for correlation of results obtained, where both reduced gene expression

and protein secretioof endostatin was observed.

Molecular analysis used in conjunction with other methods of analysis can be extremely useful
in investigating the overall effects certain treatments or cell applications can have on the growth
and development of the CAM memhbea Immunoblotting can investigate protein secretions,
while gPCR examines gene -vggulation or dowsregulation. Alternative methods of
molecular analysis can include transcriptome analysis of RNA isolated from CAM tissue

following treatmentgFergelotet al.2013) Gelatin Zymography is another molecular process,
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where samples are electrophoresed on a polyacrylamide gel containing gelatin, then incubated
in collagenase buffer with gelatinolytic activity and finally visualised using 0.5% Coomassie
blue (Brookset al. 1998) The aforementioned methods are useful in identifying the signalling

pathways which result from the application ofamgiogenic oantiangiogenic factors.
2.6. Advantages and Limitations of the CAM to Study Microcirculation

Generally, it can be seen that the CAM assay offers many advantages for quantifying
angiogenesis over othém vitro and otherin vivo methods. Predominantlyhe low cost,
accessibility, rapid growth and enclosed mechanism of survival make it a clear choice to be
used as a research tqdlohle et al. 2009;Lokmanet al. 2012) The CAM assay is flexible,

with a wide variety of treatment methods and delivery options available, with the resulting
changes in vasculature assessed by ietyanf means. The outputs of a CAM assay can be
seen in real time, with the general growth period of the angiogenic window restricted to around
developmental day 12. As with all animal models, the CAM has some limitations. Many
molecular assessment meteaeéquire the acquisition of less widely available clspkcific
reagents, antibodies, and probes, as well as specialised equipment and incubators for the
experimental process. The developing chick does not have a functioning immune system until
developmat day 18. Therefore, the application of test treatments does not illicit an immune
response. However, this can also lead to negative repercussions, the absence of an immune
response in the chick can be advantageous, however this lack of protectibimdzarthe
survivability of the chick following invasive techniques such as cultivaiiovoversusex ovo.

This along with the individual differences between eggs, leads to the requirement of larger sample

sizes (n number) of chicks in order to obtaatistical power.

In CAM image analysis, there is large flexibility in the variety of methods for assessment of
angiogenic responses. However, this can be misleading as there can be a lack of clarity between
different studies as to what determines a sigaift effect of change in vascularisation. Flexible
forms of assessment and arbitrary quantification may not consider natural morphological

changes due to the growing embryo alone rather than the treatment applied.
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2.7. Concluding Remarks

In the scientificstudy of microcirculation and angiogenesis, ianvivo approach is very
advantageous over vitro methods. The CAM assay has proven itself to be an invaluable tool

in this regard. Presently, the CAM assay is used as a research method in the fieldg)pf bio
bioengineering, and chemistry for a wide variety of applications. Although individual
laboratory methods, treatment techniques and assessment methods hinder the standardisation
of this assay, it does have great potential to be used as an invalugbtgnary and/or
complimentary screening tool before examination in higher order animals or a more apecific
vivo experimental approach. Overall, the CAM assay is an excellent tool for research, with a
low cost, high flexibility, accessibility, with a clear experimental approach. It should be
considered greatly for vascular studies before any experimentation usemsor larger level
pre-clinical animal models are commencéuthis regard, the CAM is very much supporting a
reduced reliance on pure animal research and following the 3Rs (replacement, reduction,

refinement) approach to animal research.
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3.1. Introduction

Duchenne muscular dystrophy (DMD) is a rdegenerative progressive myopathlgich is

one of the most frequent fatal genetic dissastctingchildren(Duanet al. 2021) DMD is

caused by a mutation in the gene responsible for the synthesis of the large structural protein
dystrophinin muscle(Nakamura and Takeda 2011; AbdRézaket al.2016; Ben Larbet al.

2021) DMD is an Xlinked disordemhich leads to gradual muscle weakness, muselging

and necrosigDuanet al.2021; Kaplan and Morgan 2022) DMD, lack of dystrophin results

in progressive cycles of continued degeneration and regeneration, which leads to the eventual
exhaustion of musclprogenitor stem cells called satellite cells (S@fargé and Rudnicki

2004)

Dystrophin isexpressed iall muscle lineages includirgmooth muscke and alseendothelial
andSCs(Harricaneet al. 1994;Dumontet al. 2015; Sheret al. 2023) Therefore, dystrophin
defects may not be exclusively attributed to muscle structure but could also be involved in
vascular defects anggeneration issue¥here have been reports pdtential modifications

and disruptions toypoxiainduciblefactor(HIF) signallingin muscular dystrophies, as a result

of both hypoxia related respiratory failure or blood vessel abnormghsyenet al.2021)

Dystrophin clearly has a structlirole, maintaining muscle integrity. It alglays an important

role in molecular signallingandsynthesiof nitric oxide (NO) which allows for vasodilation,

when the need arisé¢lsin 2021) Neuronal iitric oxide synthasénNOS) produces NQyhich
enhances blood flow througiasorelaxatiof the muscle arterioles. Dystrophin secures nNOS

to the sarcolemma. In DMD, nNOdssociates resulting in less available NO resulting in
minimal vasorelaxation, rendering fibers more susceptible to reduced perfusion and ischaemia
(Ennenet al. 2013; Nguyenet al. 2021) Therefore, dack of dystrophin leads tboth
mechanical instabilityand increased susceptibility to ischaemia. However, how much the

contribution of vascular defects has on the pathology is DMD is unknown.

Themdxmouse istie most widely used model of DM{Podkalickaet al.2019) This mouse
model is genetically and biochemically similar to the human conditiowever,these mice
show a milder phenotype than their human couattsprhich has been suggested to be due to
compensatoryactors(Collins and Morgan 2003; McGreewt al. 2015) The presence of a
compensatory protein, utrophin, mdx mice allows themto experience a normal lifespan

compared to the 75% reduction which is often noted in human suf{@szgorevicet al.
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2006; McGreevyet al.2015) Nevertheless, themmdxmouse isvidely used in laboratories due
to its ease of breeding, convenience and uniformity in ger{gdosPutteret al.2020) and in

this study was chosen tharacterize theole of vasculaisation inDMD.

The contribution of altered vascularisation in DMD is deba®atent esearch proposes that

in DMD, alterations in blood flow and vascularisation may be contributorglisease
progression(Podkalickaet al. 2019) Prior to the discovery of dystrophin and further
characteisation of DMD, it was hypothesised that the disease pathology of DMD was primarily
due to impaired capillary blood flo@endellet al.1971; Engebnd Hawley 1977However,
several studies refuted this idea which was soon dism{dsadsalenet al.1974; Musctet al.
1975)

Several previous reports have investigated vascularisation in DMD, thtbeglse of both
mouse and canine models of muscular dystrofdguyenet al. 2005; Landisclet al. 2008;
Latrocheet al.2015b) Vascular organisation has been investigated histologigailyfrani et

al. 2004; Landisctet al.2008) while mRNA and protein levels of several angiogenic markers
hawe been reported as altered in DNIIatrocheet al.2015b; Podkalickat al.2021). Several
studies have been carried out to investigagusion, vascularisation and angiogenesis in
musculardygrophy. Podkalickaet al, 2021 reported an impeded recovery from hind limb
ischaemia in 1&veekold mdx mice with hampered both inflammatory and regenerative
responses observ@dodkalickaet al.2021) Matsakast al, 2013observed reducedimative
capacityin regions of the tibialis anterior ) muscle ofmdxmice, combined with reduced
expression of vascular endothelial growth factor (VE®ftsakast al.2013)

Neverthelesstheresstill remains no clear consems as to the precise role or impact poor
vascularisation may have on DMD progresgiBodkalickaet al.2021) It is appaent that age
may have an important role in the decline of vascularisation in DD a significant collapse

in vascularisation reported at 12 months in dystrophic mice (Fig(l3afrpcheet al.2015b;
Ben Larbiet al. 2021). However,given the aforementioned point, it is surprising what few

studies have investigated microcirculatiordystrophic animals.
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Figure 3.1 Disease progression imdx mouse

In mdx mouse model, clinical symptoms begin from two weeks, with rapid cycles of
degeneration and regeneration occurring from 3 6 weeks. Cardiomyopathy results in a
shortened lifespan with death usually occurring around 22 month@_atroche et al.2015b;

Pinto et al.2018; Ben Larbiet al.2021)

In this studywe chose to investigate the vascularisation, both molecularly and histologically

in mdxand wildtype (WT) mice at 4, 8, 12 and 16 monthghe maintenance of adequate
vascularisationis dependent on the delicate balance of severabhpgmgenic and anti
angiogenic factorsTherefore, we investigated the mRNA and protein levels of several pro
angiogenic and an@ingiogenic markers includingngiopoietin 1 (Angl), angiopoietin 2
(Ang2), hypoxi a i ndndeascbldrendothalial gromhfatAAVEGHR| F 1 U)
A) along with itsmembrane bound and solulvkceptors VEGF receptor 1 (VEGFR) and

VEGF receptor 2 (VEGFR). To our knowledge, this the first study to investigate the age
related alterations of VEGF receptors (both memblanend and soible) inmdxmice at 4, 8,

12 and 16 months.
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Hypothesis:We hypothesised that an alteration in vasculature and dysregulation in angiogenic
markers would be observed in the tibialis anterior musdélendx mice, and that this

dysregulation would be egarbated aaresult of aging.

Thereforethe aims of this chapter were to:

1. Histologically investigate the vascularisationfT andmdxmice between the ages of
4 and 16 months, observing regenerative capacity and capillarisation.

2. Investigate the actiwtof several myogenic and angiogenic markergvinh and mdx
mice at these ages, through the use ogRTR, immunoblotting and ELISA.
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3.2. Materials andMethods

3.2.1.Experimental animals andtissueharvesting

Tibialis anterior (TA) muscle tisstfeom control (C57BL/10ScSn) anchdx(C57BL/10ScSh
DmdmdxJ) micewerereceived fronProfessok e n O6 Hal | oran Lab, Uni ve

Ireland.
3.2.2.Tissue preparation

Histological frozen muscle sections were prepared as desprieedusly(Bahriet al.2019)

TA muscles(Fig. 3.2) were harvested from mice following euthanization. Samples were
embedded inOptimal Cutting Temperature compound (Tisiek O.C.T. Compound,

Sakura® Finetekland then frozen in liquitiitrogencooled isopntane (Metk, Ireland.

Following this, samples were thetoredat T 8 0 refuireddorcttydsectioniy. Frozen
tissues (10 em thick) were transvaMBos5®&3 y <cry
cryostat (Leicayetzlar, Germany Sections werelaced orpolarizedglass slide¢Epredid&

SuperFrost Plis Adhesion slidesThermoFisher Scientificlrelandand st or ed at

until required forstaining.

Figure 3.2. Tibialis anterior muscle extracted from control andmdx mice.

Created with Biorender.
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3.2.3. Morphometric analysis.

HaematoxylinEosin (H&E) is a charged based staining procedure fesede morphological
observationof samples(Latrocheet al. 2015b) Frozen sections were stained with H&E
following a standard approved protocol SOP ID nemMDC1A_M.1.2.004, version 1:
AHIi st opatHaemdtaxydin& Eosmst ai ned mu sWT aandnsbemudcle ons 0.
sections at each age were imaged under bfiglat microscopy at 20x magnification using an
EVOS M7000 Imaging System (Thernfiasher Scientifi¢ Ireland. Tissue sections which
exhibited signs oWidespreadryo-damage were eliminated from furttetaining and analysis
(Fig. 3.3)

Figure 3.3. Significant cryedamage was observed in muscle tissue following H&E

staining.

Representative images of (A) Severely crydamaged and (B) Healthy TA muscle from 8
month-old mdx mice. Image taken atLlOx magnification. Scale bar = 100 um.
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3.2.4.Muscle fiber capillarization

Isolectin GSIB4 (IB4-lectin) is a glycoprotein used kbelendothelial cellsECs) (Bentonet

al. 2008) Lectins require metal divalent cations fCand Mrt*) to bind Therefore, a lectin
buffer (AppendixTable 16) wasprepared and used for washes and dilutions. Frozen-cross
sections were fixed in 4% paraformaldehyde (PE3igmaAldrich, Ireland for 10 minutes
(min), permeabilized in 0.1% Triton/lectin bufféar 5 min, blocked in 10% goat serum/10%
fetal bovine serum/80% lectin bufféar 1 hour (hr)followed by dn incubation in Isolectin
GSIB4 From Griffonia simplicifolia, Alexa Fludt 488 Conjugate (2 pg/mL; Therntasher
Scientific Ireland diluted in lectin buffer at 4 °C. Sections werarefully washed and
counterstained using wheat germ agigin (WGA) conjugated to Alexa Flu€s94 (W11262;

10 pg/mL; Thermd=isher Scientificlreland for 2 hr. Sections were finally stained with DAPI
(0.1 pg/mL; Thermd-isher Scientificlreland, carefully covered with coverslips and allowed

to dry o/n befor visualisation under the EVOS M7000 Imaging System. Sections were
visualised and imaged under GFP, RFP and DAPI channels, to visualise capillaries, muscle
fibers and fibe nuclei respectively. Microscopic images were taken at 20x magnification of 5
non-overlapping fields from each muscle section. Number of capillaries, total numbegrsf fib
and number of centrally nucleatiigers were quantified manually using Image J softwarg. (Fi
3.4).
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1 = Centrally nucleated fibres

2= Total muscle fibres

3= Capillary

Figure 3.4. ImageJ quantification of fluorescent lectirstained muscle sections.

Representative image of quantification of centrally nucleatedibers, total musclefibers
and capillary number following lectin staining. Image taken at 20x magnification. Scale

bar = 50 um.

3.2.5. Quantitative PR (RT-gPCR)

3.2.5.1. Toal RNA extraction

Gene expression ohuscle tissuavas examined at the mRNA level usiR§-gPCR analysis

and gene specific primessmilar to those described previougBahriet al.2019; Podkalicka

et al. 2021) TA muscles were harvested froMT andmdxmice at 4, 8, 12 and 16 months,

snhap frozen in liquid nitrogen and stored&Q2°C until RNA analysis was carried out. Total

RNA was extraad from each sample using the mirVEn®ARISE mirVane&E Protén And

RNA Isolation system (Thermbisher Scientificlreland accor di ng to t he

instructions.
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3.2.5.2. Quantification and qualification of isolated RNA

RNA quantity andquality was determined using tidanoDrog™ 2000 spectrophotometer
(Thermo Fisher Scientific, Waltham, MA, USARNA samples were measured by pipetting
1ul of each sample directly onto the measurement pedestal with the RNA quantified by
measuring theptical density (O.D.) at 260nm (1.0 O.D. unit being equivalent to 40 pg/ml of
RNA). The quality of the isolated RNA a8 then calculated by measuring the
0.D.260/0.D.280 ratio (A260/280), with a ratio of ~R.& indicating pure RNA. Samples

which provided a ratio < 1.8 were not used for reverse transcription.

3.2.53. Reverse transcription

A SuperScrigE IV First-StrandSynthesis Systerkit (Invitrogen ThermoFisher Scientific,

Ireland wasused to reverse transcribe RNA samples into cDNA. Each kit contained random
primers and the components to make a master mix consisting of 1 uL dNTP mix (10 mM), 4

Ol 51 RT LRNAaseOUTVR&cembi nant Ribonuclease | nt
DTT (0.1 M) and 1pl Superscrip¥lIRever se Transcriptase (200 U/
10pl volume along with 1 uL of random primers were pipetted into a 0.25 m| RiNestube.

The tubes wre then placed into3Prime thermocyclg8Prime, VWR, Irelandand incubated

at 65°C for 10min. Samples were immediately placed on@&m®l9 ¢ L ma wasasded. mi x
Samples were returned to thieermocycler and incubated at 42°C for i, followed by

maintainng the resultant cDNA at°€C. The cDNA was then frozen &@0°C until quantitative

real timepolymerase chain reaction (RJPCR) was carried out.

3.2.5.4. RTgPCR

Gene expression of targets was assessed using commercially aval8Bl&S¥FBR™ Green
Master Mix compatible forward and reverse tafganers (Sigmaldrich, Ireland; Appendix
Tablel-2). Ribosomal Protein S29 (S2@psused as an endogenous control to normalize gene
expression between samples.

Previously stored cDNA samples were diluted at 1:10 with RNAseHO and 5 pul of each

of the diluted samples was added in triplicate to a MicroRhmqptical 96 well platéApplied
BiosystemsCalifornia, USA). A master mix was prepared for each target gene and stored on
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ice, consisting of the following per sample: 0.5 pL 10 uM forward primer, 0.5 yL 10 uM
reverse primer and 5 pL 2x FAST SYBRGreen Master MixThermoFisher Sciwific,
Ireland. 6 pl of the master mix was then added to each well giving a total reaction volume of
11 pl.Non template controls (NTC) containing the master mix and RNaed+O instead of
cDNA was included for each target gene. Plates were ¢hegfully covered with optical
adhesive plate cove(applied BiosystemgCalifornia, USA and centrifuged at 100RPM for

30 seconds to ensure complete mixing of the master mix and cDNA and to eliminate bubbles.
The plate was then placed in the StepOnsPlueal time PCR thermocycler (Applied
BiosystemsCalifornia, USA set to run the following Relative Quantification protocol: step 1:
95°C for 10min, step 2: 95°C for 30 seconds, step 3: 60°C for 15 seconds, followed by 72°C
for 15 seconds. Step3 wasrepeated 40 times and the fluorescence read during the annealing
and extension phase (60°C) for the duration of the programme.

Validation of PCR amplification was verified through observation of a single peak during
melting curve analyses (55°C to 95°QJus°C increments). Threshold cycle (CT) was defined
asthefractional cycle number at which fluorescence passed a fixed threshold. CT values were
exported to Microsoft Excel file for further calculations, with relative expression calculated by

thecomparéive CT method.

3.2.6. Protein analysis
3.2.6.1. Protein extraction

TA muscles were harvested fraMT andmdxmice at 4, 8, 12 and 16 months, snap frozen in
liquid nitrogen and stored aB0°C until protein extractiorwas carried outProtein was
extracted from each sample usi@gll disruption buffer fromthe mirVan& PARISE
mirvVans Protén And RNA Isolation sgtem ThermoFisher Scientific, Irelap@ccording to

t he manuf act urA# hedlth and sadety precautions forshandling hazardous

reagents were considered and strictly followed.

Frozen tissue was powdered using a-giridled pestle and mortaand scraped int@a
microcentrifuge tubesing a metal spatular®ease inhibitococktail (SigmaAldrich, Ireland)
was added to each sample at a concentrati@rl6) Thetissuemixture was homogenised for

30 seconds using a pestle homogensa&mplesvere then incubated on ice for 30 min before
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being spa at 15000 RPM for 5 miat 4°C The supernatantvasthen transferred to a new

microcentrifuge tube and stored-20°C until use.
3.2.6.2. Bradford protein assay

Standard protein solutions-(@00¢ ¢nl) were prepared from a stock ifig/ml) solution of

bovine serum albumifBSA) (Appendix 2.1).Tissue lysates were diluted 1:10000 O ¢ | of
samples or standards were pipetted into desi
of Bradford reagent. The plate was placed on a shaker for 30 seconds, and theodeft at
temperatureRT) for 10 min to allow for colour developmetotoccur and absorbance was then

read at 595nm. The protein content of samples was interpolated from standard linear regression

plots of protein concentration e€g/ mL versus

3.2.6.3. Immunoblotting

Following lysis and protei concentration determination samples were then diluted-coice
lysis buffer to give equal protein concentratidofipwed by the addition a2x laemelli buffer
containing 20% ZnercaptoethanoFollowing heating at 95°C for 5 min, proteins were then
separated by SDBAGE electrophoresis using @6 polyacrylamide gel. The separated
proteins were then electroblotted onto a nitrocellulose membrane using -drgemansfer
methodfor 2 hr at 10 Volts (Y (Appendix 2.2)

Following semidry transfer, memlanes were stained for total protein present uBiigceau

stain. Briefly, membranes were incubatedPionceaustain for 12 min, rinsed indeionised

H20 (DI H20) and imagesaken. Membranes were then rocked in blocking solution for 1 hr at
RT. Individual membranes were then incubated in primary antibfugt 4°C. Following four

5 min washes in wash buffer, membranes were then rocked for 1 hr in secondary antibody
solution. Following washing, membranes were placedIinH>O and then imaged using the
fluorescence O.D.YESSY CLx scanner{COR Biosciences UK).

69



Chapter 3: Vascularisation in DMD

3.2.7. Enzymelinked immunosorbent assay (ELISA)

Tissue lysates from TA muscle whialerepreviously isolated with concentration determined
using Bradford assayereused to determine protein les@h homogenates using an ELISA
according to the m@&a&luSysdemsirelang.Protsinlevels efVEGFCct i ons

A were measured usiriO0 pg of protein lysate for each sample

Due toalternative mRNA splicingeveral isoforms of VEGF receptors can arise, including
membrane bound and soluble variafitkamuraet al. 2022) sVEGFR1 and sVEGFR2
function differently to the membrane bound VEGF receptors. Protein levels of SVEGHRIR

SVEGFR1in TA muscle were determined using 200qfgrotein lysatger sample

3.2.8. Statistical analyses

All statistical analyses were carried out usthgel and GraphPad Prism software. A-ovesy
analysis of variance (ANOVA) and Tukeyds pos
significance between group& two-way analysis of variance (ANOVA) was applied where

two factors were present in anpeximent(animal genotype vs. agdollowed by aT u k eoy 6 s

Gi dp@st hoc test where appropriate to determine statistical significance between groups.
Tukeyds post hoc was used stwithindisease States, gviailé e a g ¢
Gi dp®khoc test was used to investigate disease related differeitb@s each age group.

Data are expressed as mea®E#M, wi t h data considered stati st
**p < 0.01; ***p < 0.001 and ****p < 0.0001.
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3.3. Results

3.3.1. Haematoylin and Eosin staining of TA muscle indicate increased disease pathology

in mdx mice

Haematoxylin and Eosin (H&E) is a chafgased stain, which is useful to determine the
integrity of a tissue. Therefore, it is suitable tbe investigation of the skeial muscle
pathology in dystrophic muscle tissue. H&E staining allowed for the observation and
assessment of both the health and quality of the tissue sections. In this study, we used H&E
staining to observe the disease pathologyndk TA muscle, while ao using this staining

method to investigate tissue quality, eliminating those which showed significant cryodamage.

Visually, increased fibrotic and fatty connective tissue was observadxmice compared to

WT at all ages (Fig. 3.5). Secondary inflamimatis also observed imdx muscle, where
infiltration of inflammatory cells which are intruding damaged muscledib&s can be seen

by the black arrow in Figure 3.5. Much heterogenicity is also observed with regard to muscle

fiber size, including manyalrgefibers with centrally located nuclei.

Overall, it is observed that at all ages, the dystrophic muscle tissue shows many unhealthy
characteristics of disease pathology which are not evident in WT muscle samples.

71



Chapter 3: Vascularisation in DMD

4 months & months 12 months

Wild-type

Figure 3.5. Haematoxylin & Eosin stainingof tibialis anterior muscle for morphometric analysis.

Histological representative of cryogenically crossectioned TA muscle tissue from+4 8-, 12- and 16month-old WT and mdx mice. H&E-
staining allows for the visualisation of musclefibers and morphological features of muscle Stained sections were visually inspected for
cryodamage, those with severe damage were eliminated from further analysilack arrows indicate area ofinfiltration of inflammatory

cells.Image taken at20x magnification. Scale bar =10 0 & m.

72



Chapter 3: Vascularisation in DMD

3.3.2. Muscle regeneration is increased mdx mice at all ages

Central nucleation is an index of cycles of degeneration and regeneration which begin
occurring 23 weeks after birth imdxmice (Fig. 2.1). We examined this in TA muscle samples
at four time points, 4, 8, 12 and 16 months in both WTradxdisease stas.

Muscle sections were histologically triple stained using fluorescently tagged wheat germ
agglutinin (WGA) andsolectin(IB4) lectins, which highlighted the musdiber membranes

and capillary walls respectively, while DAPI was used to highlightreedlei. Representative
images of WT andndxmuscle tissue triple stained at each age can be seen inda3ghii&

3.7, where muscléber walls (red), capillaries (green) andclei (blue) are highlighted

Central nucleation isreindex of thedegeneratiommegeneration cycle undergonearmuscle
fiber, therefore the percentage of cehltranucleatedfibers (%CNF), can be used as an
indication of regenerative capacifljo investigate tis, merged images were generated of the
musclefiber membrae and nuclestained sections for each animal (Fig. 3.8). Analysis was
carried out on five nooverlapping images for each animal. From each image, fibtl

number, and number of centrally nucledibdrs were quantifiedwith %CNFthen calculated.

A two-way ANOVA indicates a significant increase tine percentage CNF imdx mice
compared to WT mice at all ages (Fig. $90.0001). In WT mice, mean %CNF was ~1.2%.
However, in dystrophic animals, this rose to ~63%, indicating an almefsicbhcreasan
dystrophic mice. No significant differences in %CNF were observed between ages within
disease states; therefore, musditler regeneration is independent of age.
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IB4 Lectin WGA Lectin
Nuclei (DAPI) (Capillaries) (Muscle fibres) Merged

4 months

8 months - -

12 months - --
16 months

Figure 3.6. Fluorescent lectin and DAPI stainingf nuclei, capillariesand musclefibersin tibialis anterior muscle from WT mice.

Representative merged images of cryogenically cresgctioned TA muscle tissue from 4, 8, 12 and -i6onth-old WT mice triple stained
to highlight nuclei (blue), capillaries (green) and musclébers (red), followed by a merged image of the individual three channeldmage

taken at 20x magnification. Scale bar = 106m.
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IB4 Lectin WGA Lectin
Nuclei (DAPI) (Capillaries) (Muscle fibres) Merged

4 months \

8 months -
12 months e ..
16 months -

Figure 3.7. Fluorescent lectin and DAPI staining of nuclei, capillaries and muscligbers in tibialis anterior muscle from mdx mice.
Representative merged images of cryogenically cresgctioned TA muscle tissue from 4, 8, 12 and -bdonth-old mdx mice triple stained
to highlight nuclei (blue), capillaries (green) and musclébers (red), followed bya merged image of the three individual channels. Image

taken at 20x magnification. Scale bar = 106m.
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Wild Type MDX

4 months

8 months

12 months

16 months

Figure 3.8. Wheat germ agglutininand DAPI staining of musclefiber sarcolemma and

nuclei for quantification of centrally nucleatedfibersin tibialis anterior muscle.

Histological representative of merged images of cryogenically crosgctioned TA muscle
tissue from 4, 8, 12 and I6nonth-old WT and mdx mice stained to highlight nuclei (blue)
and musclefiber walls (red) usedfor quantification of percentage centrally nucleated
fibers, to calculate%CNF. Taken from Fig 2.5 & 2.6.Images taken at 20x magnification.

Scale bar= 200 &tm.
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Figure 3.9. Centrally nucleatedfibersin TA muscle of WT versusmdx mice.

Quantitative comparison ofthe percentage of TA muscldibers with central nuclei inWT
and mdx mice at 4, 8, 12 and l1lémonth-old. Data is presented as mean = SEM,;
¥ k% % p <n=@-100sbdvi inside bars
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3.3.3. Capillary rarefaction in mdx mice

Fluorescently conjugated lectingheat germ agglutinil/GA) and 1B4 were used to highlight

the boundaries of muscféers and capillaries respectively (Fig. 3.10). Capillarisation was
then quantified in both WT anddxmice at each age, by counting the numifecapillaries

per myofiber (capillary tdiber ratio), and also the number of capillaries per apearin?) of

each muscle sample (capillary density). A similar visual trend is observed for both capillary to
fiber ratio and capillary density, with botla@ameters increased in younger @imonth)madx

mice compared to WT and decreased in oldéxmice when compared to WT animals. At 16
months, a 30% reduction in capillary density (Fig. 3.11 A), and a 20% reductiwcapillary

to fiber ratio (Fig. 311 B) is observed imdxmice compared to WT animals, however atwo

way ANOVA indicates that this is not statistically significant.

Despite capillary tdiber ratio and capillary density remaining relatively unchanged between
disease states, when an ageriaction is investigated a significant decline in both capillary to
fiber ratio and capillary density is observedhixmice at 16 months compared to all younger
diseased animals. Interestingly, this age decline is not observed in WT mice, with déhycapi

to fiber ratio and capillary density remaining relatively static.
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Wild Type MDX

4 month

& month
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Figure 3.10. Isolectin IB4and wheat germ agglutinin and staining of capillaries and
muscle fibersfor quantification of capillarisation in the tibialis anterior muscle of WT

versusmdx mice.

Histological representative of merged images of cryogenically crosgctioned TA muscle
tissue from 4, 8, 12 and 1#nonth-old WT and mdx mice highlighting capillaries (green)
and muscle fiber walls (red) usedfor quantification of capillary to fiber ratio and
capillary density. Taken from Fig 2.5 & 2.6. Images taken at 20x magnification. Scale
bar=200em.
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Figure 3.11. Capillarisation in TA muscle of WT andmdxmice at4, 8, 12 andl6-month-
old.

Quantitative comparison of (A) Capillary density and (B) Capillary tofiber ratio in TA
muscle of WT andmdxmi ce at each age. Data is present

**p < 0.01; *-x0*spowrinside bard 1 . n= 4
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3.3.4. Myogenianarkers are altered inmdx mice independent of age

Myogenesis iglelicatelyregulated bymyogenic regulatory factor proteins (MRksgluding
Pax7,MyoD, Myf5 myogenin (Myog) and MRFE4n order to investigate the disease related
differences in muscle regeration between WT anchdx mice, we chose to study the

expression ofhe pertinent myogenic markehyogandPax7.

To investigate myogenesis, MRNA levels of myogenic markgmgeniniMyog),a marker of
myoblast fusionandPax7, a marker of SGctivationwerequantified from the TA muscle of

WT andmdxmice at each ag®dlyogis observed to be upregulatednmixmice compared to
WT, while Pax7 expression appears relatively unchanged (Fig. 3A2jvo-way ANOVA
with Tukeyo6s pesa significanty ethansetd mRNA dewalf Blyogin mdx

mice compared to WT at 4, 8 and 16 months, wdtil2 monthghis was not significant (Fig.
3.12). No significant difference iRax7expression is observed between WT ardkmice at

any age (Fig. 32 C). When age interaction was investigated individually for each disease
state, no significant agelated difference iRPax7or MyogmRNA expression in both WT and
mdxmice (Fig. 3.12 B & D).
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Figure 3.12. Relative expression of myogenic markers tibialis anterior muscles

Realktime quantitative PCR (RT-gPCR) of myogenic markers (AB) Myogeninand (C-
D) Pax 7in TA muscles from 4, 8, 12 and 1#nonth-old WT and mdx mice. Data are
presented as elative expression + SEM relative to the housekeeping gef@bosomal
Protein S29 (S29)n=3-5. *p<0.05, *p<0.01.
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3.3.5. Dysregulation in several angiogenic markers are observed nmdx mice compared
to wild-type

In order to gain a greater insight intetmechanisms behind these -agkated differences in
capillarisation in WT andandxmice, we chose to study the expression of several important
genes which have a role in angiogenesis. Herein, we chose to investigate the regulation of
HIF1U, Angiopoietin 1(Angl)andAngiopoietin2 (Ang2) andVEGFA in the TA muscle in

WT andmdxmice from 4 to 16 months

An upregulation irHIF1h expression is observed imdxmice compared to WT animals at all
ages, however this is only significant at 4 and 16 months (Fig. 3.13 A). As WT animals age, a
general downregulation iHIF1U expression is seen, howevernmixmice, levels fluctuate,

with similar levels observed atahd 16 months, and a plunge seen at 8 and 12 months (Fig.
3.13 B).

Regulation ofAngl mRNA appears at a similar level in WT amdixmice at all ages, both
when disease and age interactions are investigated (Fig. 3.13 C & D). Vishiadjg,
expression ap@es increased imdxmice compared to WT animals. #o-way ANOVA
indicates that this is significant in dBonthold mice (Fig 3.13 E; p<0.01). When age
interaction is investigated, a significant declinéimg2expression is observed in WT mice as
the anmal ages. Interestingly, this agaelated effect is different imdxmice, where a gradual
downregulation irAng2transcript levels is observed as the animals age from 4 to 12 months,
with a significant upregulation at 16 months (Fig. 3.13 F).
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Figure 3.13. Relative expression of angiogenic markers upregulated iibialis anterior

muscles inmdx mice.

Reaktime quantitative PCR (RT-gPCR) of angiogenic markers (AB)H | F J(@D) Angl
and (E-F) Ang2in TA muscles from 4, 8, 12 and 16nonth-old WT and mdx mice. Data
are presented as relative expression + SEM relative to the housekeeping gé28§ n=3-5.
*p<0.05, **p<0.01, **p<0.001. * Indicate WT and mdx group differences; $ indicates

WT age differences; # indicate mdx age differences.
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VEGF-A is a potent mitogen which acts &Cs to promote angiogeneglseunget al. 1989).
In order to investigate the effects that dystrophy may hawé=@~A, transcript levels ithe
TA muscle of WT anandxmice were investigated. To gain a greater insight into the activity
of VEGF-A protein, a mouse VEGR ELISA was used to quantiffne VEGFA protein level

in TA muscle lysates.

A trend of increaseEGFA gene expression is seenrmmdxmice compared to their WT
counterparts. However, similarly to the case of other angiogenic markers, this increase is only
significant at 16 months (§i 3.14 A; p<0.001). When an age interaction is investigated, as
mdxanimals grow oldelyEGFA expression increases, with significance noted between 8 and
16 months (p<0.05). Interestingly, this age effect is not seen in WT mice, where in opposition,

VEGFA gene expression remains relatively stationary (Fig. 3.14 B).

Conversely to RIGPCR results, a significant reduction in VE@Fprotein level is observed
in mdxmice when measured using an ELISA. In WT mice anralgged decline in VEGA
protein is obsrved, while levels remain stationaryrmdxanimals at all ages (Fig. 3.14 C). A
reduction in VEGFA protein is seen between WT anabx mice at 4, 8 and 12 months,

however this is only statistically significant at 4 and 12 months (Fig. 3.14 C; p<0.01).
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Figure 3.14. Relative expression ofVEGF-A in tibialis anterior muscles of mdx mice

measured by RFgPCR and ELISA.

Realktime quantitative PCR (RT-qgPCR) of (A-B) VEGF-A in TA muscles from 4, 8, 12
and 16month-old WT and mdx mice. Data are presented as relative expression + SEM

relative to the housekeeping gene S29 (G)EGF-A protein level in TA musclestissue

lysatesfrom 4, 8, 12 and 1émonth-old WT and mdx mice measured using ELISA n=3-5;

*p<0.05; **p<0.01; *** p<0.001. * Indicates WT and mdx group differences; $ indicates

WT age differences; # indicate mdx age differences.
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3.3.6. Alterations in VEGF receptors are observed imdx mice compared to wildtype

VEGF receptors are found &Cs, bind to VEGF and play an important role in the regulation

and maintenance of angiogenesis and lymphogenesis. Found in both soluble amdn@emb
bound variants, the membrane bound VEGFRBnd VEGFR2 and sVEGFRL variants are

mainly involved in angiogenesis, while VEGFRand sVEGFR2 regulate lymphogenesis

(Harris et al. 2016) VEGFR1, boh in membrane bound and soluble variants are negative
regulators of angiogenesis, referred to as decoy recgptong et al. 1995; Latrocheet al.

2015b) VEGFR1 binds with VEGF with higher affinity than VEGFR however with a lower
kinase activitynkd tr eexculst iarsg @Boskoet@F2D20)yse d ef f i

From initial viewing, it ca be seen that there is a pronouh#dewnregulation of mMRNA levels

of VEGFR1 in mdx mice compared to theMT counterparts (Fig. 3.15 AA two-way
ANOVA indicates that this downregulation is only significant at 8 and 12 months (p<0.001).
When age diffeneces are investigated, it can be seen that as WT animals grow older,
substantial alterations MEGFR1 expression are observed, whilermdx mice expression
remains relatively static, with a slight nsignificant increase seen only at 16 months (Fig.
3.15 B).

VEGFR-2 mediates most cellular responses to VESkibuya 2006) Theefore, isreported

to be the more functionapro-angiogenic VEGF receptor. VEGFR2 is significantly
downregulated iltmdx mice compared to WT animals in the same age group (Fig. 3.15 C).
Equally, these reductions are only statistically significant at 8 and 12 months. VEGR&®R
VEGFR-2 show a comparable agelated profile, where significant fluctuations in VEGER
expressn are observedn WT miceas they age, with little difference observedhe low

levels reportedn agingmdxmice (Fig. 3.15 D).

As VEGF receptors are found only &tCs (Shibuya 2006)an investigation was required to

see if this disease related reduction was related to a reductihanblood vessel numbers.
CD31 is a celhdhesion protein normally found &Cs and often used as a marker to indicate
the presence @Cs. In this study, CD31 expression is enhanceddrmice compared to WT

mice at all ages, with a twwway ANOVA indicating a significant increase at 8 monthgg(

3.15 E; p<0.05). No significant change in CD31 transcript levels is observed in either disease
group as the animals grow older (Fig. 3.15 F). Overall, the mRNA expression of CD31 is the
converse of VEGFR and VEGFR2 expression, this infers that thkerations of these VEGF

receptors are not specifically dueE€ numbers, but instead can be explained by the disease
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state of the animals themselvekwever, it should be noted that CD31 is expressed on both
immune cells as well &8Cs, therefore duetthe pronounced inflammation in dystrophy, this

could be confounding reports in the current study.
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Figure 3.15. Relative expression of VEGF receptor 1, receptor 2 and endothelial cell

marker CD31 in tibialis anterior muscles ofmdx mice.

Realtime quantitative PCR (RT-qPCR) of (A-B) VEGF receptor 1 (VEGFR1), (C-D)
VEGF receptor 2 (VEGFR2) and (EF) Endothelial cell marker CD31 in TA muscles
from 4, 8, 12 and l1émonth-old WT and mdx mice. Data are presented as relative
expression = SEM relative to the housekeeping gene Ribosomal Protein S29 (S29);-n=
5. *p<0.05, **p<0.0], **p<0.001, ****p<0.0001. * Indicates WT and mdx group

differences; $ indicates WT age differences; # indicate mdx age differences.
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Protein expression levels of CD31, VEGERNd VEGFR2 in TA muscle tissue lysates were
too low to visualise any alterafis in expression using immunoblotting when 60 pg protein
was loaded, however successful visualisation was achieved forECEGwhich were used as

a positive control (Fig. 3.16-£).
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Figure 3.16. Protein level of angiogenic targets itibialis anterior muscle cell lysates

measuredby immunoblotting.

Immunoblot of angiogenic markers(A) VEGFR-1 (B) VEGFR-2 and (C) CD31in TA

muscles from 4, 8, 12 and Xéonth-old WT and mdx mice with C166 endothelial cell
lysate usedas a positive control. VEGFR-1, VEGFR-2 and CD31 expression in muscle
lysate weretoo low to visualise protein expressiorhowever a band could be seen f@166

endothelial cell lysates in the case of each target
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There are several splice variants of each VEGF receptor, with the membrane bound and soluble
forms of each VEGF receptor examples of this. In order to verify the stark difference in
VEGFR-1 and VE5FR-2 transcript levels observed by RPCR, ELISA was used to measure

the protein levels of SVEGFR and sVEGFR2. Visually, a trend of increased sVEGHRs

seen ilfmdxmice compared to WT animals. However, this is not statistically significant (Fig.
3.17 A). Similarly, no significant alterations in protein levels of SVEGFRre seen in WT or

mdxmice at any age (Fig. 3.17 B).
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Figure 3.17. Protein level of soluble VEGFRL and soluble VEGFR2 in tibialis anterior

muscle cell lysates measurey ELISA.

Protein concentration of (A) SVEGFR1 and (B) sVEGFR2 in TA muscles from 4, 8, 12

and 16month-old WT and mdx mice. Data is presented as mean + SEM; n=5
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3.4. Discussion

3.4.1. Discussion

Duchennemuscular dystrophyDMD) is a chronic debilitating disease of the musculoskeletal
system. While primarily resuitg from the absence of the structural protein dystrophin,
alterations in vascularisation, perfusion and angiogenesis mag pdgin disease pathology

and progressin (Ennenret al.2013; Podkalick&t al.2019; Thapat al.2023) Skeletal muscle

is one of the most vascular enriched tissues in the {@Migrt et al. 2016) Microcirculation

plays a vital role in the deliveryf @xygen and other substances such as nutrients, hormones,
and metabolites to tissues in the body. An adequate supply of oxygen to skeletal muscle is

crucial in order to facilitate the muscle contractions required for vital functions.

Many studiesn the past have attempted to investigate the precise role of vascularisation, or
alterations of such, which may have an effect on the disease pathology associated with DMD.
Several studies present contradicting and conflicting outcomes, many of which cowdtecot d
specific alterations in blood vasculatui@trainoet al. 2004; Podkalickaet al. 2021) The
present study investigates vascularisation in WTradximice at various ages in their life span.
Herein, an ageelated decline in capillary density and capillaryfiteer ratio is observed in
mdxmice, with a similar effect natbserved in healthy animalSimilarly, the regulation of
several angiogenic rekd genes is altered at both an mRNA and protein levatixmice, an

effect not seen in healthy animals.

In human DMD patients, aberrations have been observed with regard to blood vessel structure,
with capillary andeC area in these patients much inceshsHowever, the lumens of these
vessels were smaller anthinly occluded compared to patients in the control grddike et

al. 1987; Kobayashet al. 2008) ECs derived fromMdx mice showed impaired angiogenic
properties with regard to their proliferation, migration and tube formation abilities, while also
undergoing increased apoptosis comparedlild-type derivedECs and increased senescence

associatef-galactosidasactivity (M. Palladinoet al.2013)

Following histological observations, pronounced morphological alterations are observed in TA
muscle from mdx animals. The presence of necrosis, fattgposits, infiltrations of
inflammatory cells and large heterogapén musclefiber size isobservedn the present study
(data not shown)This pathology appears to be unaffected by the age of the animals, with

necrosis appearing visually uniform asg@dl age groups. This is similar to as reported in Ben
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Larbi et al, 2021, where despite significant difference in pathology between WT and
dystrophic animals, no significant change in necrosis or inflammatias olvserve in
DMD ™V hetween 1 and 2dhonths(Ben Larbiet al.2021)

Normally, nuclei in myofibers are evenly distributed, often located in the periphery, below the
plasma membrane. The presence of centrally nuclddmexd is a marker of a regenerating
myofiber and is a hallmark of several muscle diseases including QIMDet al. 2020)
Disruption inthe positioning of muscle nuclei can result in hindered musctéractions,
contributing to disease pathologiRoman and Gomes 2018 the present study, the
occurrence of centrally nucleatgblers in WT mice is approximately-2%, while inmdxmice

this increases significantly to $%7%but wasnot exacerhted with ageconsistent with other
literature(Ben Larbiet al.2021)

In this study, a trend of an agelated decline in both capillary density and capillaryitier

ratio is observed in the TA muscle ofdxmice. No significant differences in capillarisation
are reported between WT andixmice at any age. However,-bonth-old mdxmice are seen

to have a 20 30% decline in both capillary density and capillanfiber ratio compared to
age matched WT animals. Meanwhile, a significant dedfif®th parameteris also seen in
mdxmice as they age to 16 montlas effectnot seen in healthy animals. This agéted
decline is similar to as reported in other studiesenta drop in vascularisation is observed
around 1 year old. Latrochet al. observed relatively unchanged microvessel organisation in
young mdx mice (3 months) with functional improvement in muscle perfusion and
mitochondrial oxidative phosphorylation @pged. Meanwhile, older mice (12 months)
showed significant vascular alterations, and associated reductions in muscle perfusion
(Latrocheet al.2015b) Similarly, Ben Larbet al.reported an increase in capilldiper ratio

in dystrophic animals until the age of 12 months, where a signifieatindis then observed
(Ben Larbiet al.2021)

Vascular organisation has been investigatistblogically in several studies involving both
mouse and canine models of DMID. soleus and EDL muscles ofdxmice, a significant
reduction in capillaries per cross sectional area is repdtiaddischet al. 2008) while
similarly, arteriolar density in gracilis and cardiac muscles was lowerdixthan in control

mice (Loufrani et al. 2004) In thehindlimb of a golden retriever model of DMDlecreased
microvessel density, increased intercapillary distance and microvessel diameter, but normal

capillary to fiber atio and total vascular area was repoftéduyenet al. 2005) Matsakast
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al. observed a reduction in vascularisation in the TA musdendek oldndxmice compared
to WT, while contradictorily, another study reported an increaselxcapillary density in the

same musclat 6 and 12 weekd age(Podkalickaet al.2021)

Conversely, Strainet al. reports that similar angiogenesis and improved angiogenesis were
observed in 2 montbld mdx mice compared to WT counterpaitStraino et al. 2004)
Similarly, Podkalickaet al.described no difference in blood vessel number between WT and
mdxmice at6-weekold while interestingly, an increase was reportesh@xmice at 12weeks

old. However, these studies were carried out in your@etd week) mdxmice, which still

have a potent regenerative capacity therefore vascular defects may not bepasneelhced
(Podkalickaet al. 2019) The easons for these contradictory results may be due to several
factors, including the agepercentagemuscle fiber distribution genetic makeup and
methodological approach used to identify blood ves&afferent muscles are composed of
different muscle fibe types, with each fibre type reported have different levels of
vascularisation. As a result, vascular disruptions may be more pronounced in some muscles

than others, resulting in contradictory findings.

Myogenesis and angiogenesis require the delicakence of several genes. In order to gain
insightinto the role of these genes in their function, a comprehensive analysis of mMRNA levels
of Myog, Pax7, HIFL, Angl, Ang2, VEGR, VEGFR1, VEGFR2 andCD31was carried out

in this study, while protein lels of VEGFA, sVEGFR1 and sVEGFR are also investigated.

Muscle repair requirethe activation of musclé&SCs which proliferate and form myofibers
Differentiation of thes&Csis supported by the coordinated expression of myogenic regulatory
factors sub asMyoD, Myogenin (Myog), My5, and MRF4 (McCullagh and Perlingeiro
2015) In this study, to gain an overview of the myogenic activity in the TA muscle of WT and
mdxmice, the transcript level dlyogandSCmarker,Pax7was invetigated Myogtranscript
levels were upregulated imdx mice compared to WT animals at all ages, indicating a
pronounced disease effemh regenerationThis is to be expected due to the rapid muscle
regeneration and repair occurring as a result of dysyr¢Abou-Khalil et al. 2010) and
correlates wittindings from Podkalickat al.where a significant increaselyogis observed

in 12-week oldmdxmice (Podkalickaet al.2021). In DMD, SCnumber is hypothesised to be
reduced in dystrophy, due to exhaustion of the stelinpool due to the ongoing degeneration
and regeneration as a result of the diseldsereported alterations in Pax7 expression were

observed as a resuf age or diseasé\s a resultthis may contradict the theorpat SC
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exhaustionis the primary cause dhe failed regeneration in DMKottlors and Kirschner
2010)

Angl and Ang2, although not part of the VEGF family, work to potentiate the activity of
VEGFA (Polin and Abman 2031 Binding to the Tie2 receptor, Angl provides powerful
vasoprotective effects, inducing maturation of new blood vessels, preventing plasma leakage
and inhibiting inflammationBrindle et al. 2006; Younet al. 2018) In this study,Angl
transcript levels are seen to be similar across all animals, irrespective of age or disease state.
Gutpell et al. reported a significant reduction in Angl protein expressiogiaphragm and
gastocnemius mscles in dystrophic mice at 10 weefGutpell et al. 2017) Ang2 is an
antagonisto Ang 1(Polin and Abman 2011)n the current investigatioAng2is consistery
upregulated imdxmice compared to WT animals, with a stark increase seen at 16 months.
Described as an ardingiogenic agent with vascular disrupting capabilities, Ang2 is believed

to have a role in the regression of angiogendsiwvii et al.2019) This is in agreement with
theresults seen in this study, where reduced capillarisation, although modest, is isebn in
mice at 1@nonths.

HIF1Uis a transcription factor which coordinates the adaptive response of a tissue to hypoxia
(Nguyenet al.2021) Regardless of normoxia or hypoxia, HlFi$ expressed continuously in

cells however in normoxia, it is constantly degraded poplyl hydroxylases domain
containing enzymegPHD). In hypoxia, lack of oxygen inhibits PHD, meaning HIF1
stabilization can occuiValle-Tenneyet al. 2020a) The HIF1 pathway has been proposed to

be activated in muscular dystrophy both due to respiratory complications of the disease, and
the muscle ischaemia experienced due to the dysfunctional angiog®lgsienet al.2021)

In this investigationHIF1h transcript levels are upregulatednaxanimals, compared to WT
animals, however this is only significant at 4 and 16 months. This compares with other studies
where arincrease irH | F ttabscripts angrotein ismeasuredn dystrophic mice compared

to WT (Nico et al.2007; ValleTenneyet al. 2020b) HIF1Uis constitutively expressed, with
degradation dependent on levels of hypoXi&th this in mind measuremendf the protein

level of HIFLIU may be more insightful in investigat) the roleof HIF1U in the disease
pathology of muscular dystrophifderen, asuggestion for future work would be the use of
immunoblotting or ELISA to measure HIBlevels in muscle tissue homogenéiresn wild-

type and dystrophic mice.
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HIF1h has a proangiogenic function, it triggers VEGF expression, promoting angiogenesis
(Elsonet al. 2001; Pajusolat al. 2005) In the current investigatiomIF1h and VEGFA
showed a very similar trend in transcript levels. In this stMiyGFA transcript levels are
continuously elevated imdxmice compared to WT in each age group, however conversely
VEGF-A protein levels are decreased. This dichotomy is possibly due to the fact that gene
expressiorhas been reported t@halways reflect protein levels in eukaryotic c€llai et al.

2016; Perkt al.2017) or translation of VEGHA is altered A potential hypothesis for this is

that translated VEGRA protein may be being sequestered by the VEGF decoy receptor
SVEGFR1 and carried away due to the soluble nature of the receptor. This may explain the
increasedVEGFA gene expression combined with reduced protein levels observadxn

mice.

In WT animals, a grashl decline in VEGFA is reported as the animals age, this is consistent
with other literature, where impaired angiogenesis, as a result of alterations in the signalling of
growth factors such as VEGF has been obsegidedgeset al.2018; Pourheydagt al.2020)
However, in mdx animals VEGFA protein levels remain stationary at a muldwer
concentration irrespective of age. This correlates with literature, wheduation in VEGF
proteinandCD31transcriptexpression was reported in gastrocnemius and diaphragsoles

of mdx mice (BroniszBudzydkaet al. 2020; Podkalickat al. 2020; Muchaet al. 2021)
Latrocheet al. reports a significant downregulation in VEGF at an mRNA llewethe
gastrocnemius muscle ofdxmice while an inconsistent dysregulation independent of age or

muscle type has also been repoffeatrocheet al.2015b; Podkalickat al.2021)

Binding of VEGF to itpro-angiogeniceceptordypically results in the proliferation, migration
and organisation dECs for blood vessel formatiofi-erraraet al 2003) The VEGF family
consists of VEGFA, VEGFB, VEGFKC, VEGFD, VEGFE and placental growth factor
(PIGH with VEGFA the most potent and predominant in physiological angiogenesis
(Pavlakovicet al. 2010; Shibuya 2011)fhe VEGFreceptor family consists ahembrane
boundVEGFR-1, VEGFR2, VEGFR-3, sVEGFR1 and sVEGFR2 which form as a result of
MRNA splicing(Shibuya 2011; W. Liet al.2014) Despite similar homology across each of
these sfice variants, they function very differently. Figure 3.18 depicts the pathways in which
each member of the VEGF family bind to their receptors to trigger angiogenesis or
lymphogenesis. The distinct function of SVEGERn angiogenesis is unclear, andppeaars

to be more involved in lymphangiogenesis, along with VE&GHRNnding of VEGFC and
VEGFD (Pavlakovicet al.2010)
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Figure 3.18. VEGF pathways involved in angiogenesis and lymphogenesisldentifies

targets which may be dysregulated in muscular dystrophy.

Adapted from (Olssonet al. 2006; Baeet al. 2015; Langeet al.2 0 1 6 ; Maet §.ows k a
2021)

VEGFR-1, both in its membrane bound and soluble forms are seen as a negative regulator of

angiogenesi s, descr i(Pavldkoviaet al.2@1e8)cVEGFRT and e pt or ¢
SVEGFR1 binds to VEGFA with increased affinity than that MEGFR-2, but with weaker
tyrosine kinase domain activity. They, are s

leading to reduced angiogenesis. VEGE believed to act in a regulatory role, primarily
functioning as a modulator of the VEGF availabitibybind to VEGFR2 (Vermaet al.2010;
Stevensand Oltean 2019)In the current investigation, a collapse in transcript levels of
membrane bound VEGFR is observed imdx mice compared to WT animals despite no
significant change ifEC number, as indicated by CD31 levels. This is consistent witér ot
literature wherd.atrocheet al.reports a significant downregulation\WEGFR-1 at an mRNA
level in the gastrocnemius musclenodixmice (Latrocheet al.2015b) Meanwhile, sSVEGFR

1 protein secretions are increasednidxanimals, however this is not statistically significant.

The current investigation is the first study to our knowledge which examines the protein levels
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of soluble VEGF receptors. We hypothesise that this increased s\VVE@GFeigbesequestering

much of thevEGFA produced which may be contributing to alterations in vascularisation

VEGFR-2 is the predominant receptor involved in VE@&Rnduced angiogenes(&erraraet
al. 2003) In this study, VEGFR2 mRNA levels are sygpessed iimdxmice at all ages, despite
no change in CD31 expression. In Latroehal.a nonsignificant downregulation in VEGFR
2 mRNA is reported in XZnonth-old mdxmice. Significant downredations inVEGFR2 in
youngmdxmice at 6 and 12 weeks have also been rep@tiziocheet al. 2015b; Bronisz
Budzy®Ekaet al. 2020; Mucheaet al. 2021; Podkalickat al. 2021) Shenet al, 2023, ugig
RNA sequencing analysis, have observed a significant downregulation iNBGHR 1 and
VEGFR2 in dystrophicECs.

Herein, significant alterations in angiogenic gene and protein levels are obsemabdhiice.
This is the first study to suggest a sfgant blunting of the VEGF signalling angiogenic

pathway may be occurring in DMD.

At the moment there is no direct cure for DMD, with the only real treatment option being the
use of corticosteroids acting as anflammatory drugs to improve symptor(Giafaloni and
Moxley 2008; Nelsoret al. 2014). In recent times, much focus has been placed upon the
investigation of gene and cell therapy techniques to ameliorate the con@kak and
Tremblay 2015) However the large size of the dystrophin gene prevents its successful
incorporation into a suitable vect@lakamura and Takeda 201Bmeliorating treatments
involving the use of prangiogenic treatments ¥&in recent years showed much potential in
the area of therapeutics in DMDespite the reduced expression of VEGEreported in the
current study, tl targeting of VEGHA related pathways to improve vascularisation and

disease pathology mdxmice have shown some success.

VEGF has been proven to promote both myogenesis and angiogenesisQghalee located

in close proximity to capillaries, with merous reports indicating crosstg{Rhristovet al.

2007; Rhoadst al.2013; Vermeet al.2018) Therefore VEGF may play an important role in

the regenerative process in DMBhimizuMotohashi and Asakura 2014)reatment ofmdx

mice with a combination of mirdystrophin along withVEGF resulted in a significant
improvement in disease pathologpmpared to mindystrophin along(Xin et al. 2021)
Similarly, in other studies, delivery of increased VEGF has also resulted in improved disease
pathology(Messinaet al.2007; Deast al.2009) Meanwhile, inhibition of the VEGF decoy
receptorVEGFR-1 (Fong et al. 1995) has resulted in increased circulating VEGF levels,
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improving muscle function imdxmice (Boscoet al.2021) Similarly, activation of the HIF
pathway has shown superisuccess at inducing increased angiogenesis withedgna,
inflammation,andvascular leakagexperienced with VEGHA delivery alongPajusoleet al.
2005)

3.4.2. Conclusion

Overall, it is clear that abnormalities in vascularisation and angiogenic pathways are occurring
as a result of DMD. Herein, we see age related alterations in capillary density and capillary to
fiber ratio in mdx mice, an effect not seen in WT anima8hen angiogenic markers are
investigated we report several alterations at both gene and protein levels which could
potentially be leading to this reduced vascularisation. As a result, treatments involving the
delivery of VEGFA or prevention of the sequestegiof VEGFA may have the potential as a

therapeutic approach in the amelioration of the disease pathology experienced in DMD.
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4.1 Introduction

Adequate oxygen transport and waste removal is essential for tissue hom¢Gstasid 994,
Giacciaet al. 2004) Angiogenesis is the process by which new blood vessels form frem pre
existing vessels, and which occurs both physiologically and in maligriBacynet al.2010)
Alterations in angiogeesis are observed in primary and secondary muscle diseases which can
be indicative of a poorer prognosis in conditions such as critical limb ischaemia (CLI),
peripheral artery disease (PAD), diabetes, cachexia, chronic obstructive pulmonary disease
(COPD)(Olfertet al.2016; Marsiceet al.2021)and has been proposed as a contributory factor

in the progression amhthology of Duchenn®luscular dystrophy (DMD{Podkalickaet al.

2019)

Vascular endothelial growth factor (VEGF) is paramount in the induction of angiogenesis, but
it may also dually promote myogenesisvivo (Arsic et al. 2004; Freyet al. 2012) In vitro

studies have shown the presence of VEGF recept/EGFR1) and-2 (VEGFR2) on the
surface of both C2C12 and primary mouse myoblasts, with the expression of these receptors
further increased following cell differentiatigArsic et al. 2004) Increased levels of VEGF

A present in myoblast cetlultures have also resulted in increased numbers of multinucleated
myosin heavy chain positive cells, increased cell migration, reduced cell proliferation and
reduced levels of apoptotic cells compared to untreated myofBstnaniet al. 2003; Arsic

et al.2004; Mercatellet al.2010)

With several approaches possible for the delivery of VEGF into muscle tissue;Tppgé/2

(AAV2) delivery of VEG- directly into muscle has proven efficacidi#essinaet al. 2007)

The delivery of VEGFproducing muscle cells as &x vivoapproach is advantageous, as
VEGF has the potential to both induce angiogenesis and trigger the propagation of muscle cells
thusrestoring damage caused by disease. VEGF has been shown to be effective in increasing
myoblast differentiatiorfArsic et al. 2004; Scullyet al. 2019)and migrationGermaniet al.

2003) while also preventing cell apopto¢Sermaniet al.2003; Arsicet al.2004; Mercatelli

et al.2010) However, reports on the effect of VEGF on myoblast proliferation are inconsistent
(Arsic et al.2004; Mercatellet al.2010; Zimnaet al.2014)

VEGF-A is a key factor in vascular development and is the single most important regulator of
blood vessel formatio(Holmes and Zachary 2005YEGF exists in several isoforms, which
developed from alternative mRNA splicii@uzmanHernandezt al.2014) VEGF165 being

the predominant isoform, showing a significant potency and consequently, the strongest
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therapeutic potentigMcCOLL et al. 2004; Shibuya 2011; Guzmdternandezt al. 2014)
Despite its potent angiogenic potential, studies have indicated that the beneficial dosage for
VEGF has a narrow window, with overproduction leading to the development of aberrant blood
vessels(Ozawaet al. 2004) VEGFA and fibroblast growth faor (FGF) are the most
commonly described angiogenic growth fact¢@artlandet al. 2016) FGF works in a
synergistionanner with VEGFA, both through autocrine and paracrine functi@eghezzet

al. 1998) VEGF-A is an important downstream mediator of the mitogenic activity of FGF
(Presteet al.2005; Jieet al.2021) FGF regulates several endothetallular functions, such

as proliferation, survival, migration and motility, while also maintairgndothelial cel(EC)

barrier integrity througkheactivation of tight junctiongliaet al.2021) Thereforejt has been
suggested that the -@®livery of VEGF with other growth factors suchR€8F, may counteract

this inadequate vascularisation and promote healtrgsréaky, mature blood vesséBalas

et al.2011; Jazwat al.2013; Zimnaet al.2014).

The C2C12 immortal muscle cell line has a rapid proliferative and differentiation ability
making it an ideah vitro approach to study myogeneé¥affe and Saxel 1977YEGFA has
been stably transfected into C2C12 muscle cells, usthexpressiorinvestigatedthrough
molecular analyss including ELISA and RIgPCR(Changet al. 2008; Bialaset al. 2011)
VEGF hasalsobeen shown to be effective in increasing myoblast differentiéfiosic et al.
2004; Scullyet al. 2019) and migration(Germaniet al. 2003) while also preventing cell
apoptosigGermaniet al.2003; Arsicet al.2004; Mercatellet al.2010) However, reports on

the effect of VEGF on myoblast proliferation are inconsistargic et al. 2004; Mercatelliet

al. 2010; Zimnaetal. 2014)

Plasmid DNA is one of the simplest gene vectors which can be aisgdrfe transfection into
eukaryotic cells, often using cationic lipi2NA complexes such as lipofectamine. Studies
involving transfection using VEGF into eukaryotic ceflave been proven efficacious in
disease amelioratiomesulting inincreased blooddw, however poor transfection efficiency

in these studies is seen as a limiting fa¢@inanget al. 2008) The incorporation of reporter
genes, such as green fluorescentgno(GFP)(Payneet al. 2005) into the DNA plasmid
constructMessinaet al.2007)have been used in pharmacological and biomedical research to
determinghesuccess of transfection and to indicéeexpression of the gene of interest.
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In this study, two VEGHA secreting cell lines are established, expressing VE2GHone, and
dual expression of VEGRA with FGF4. This study demonstrates the ability to generate an ex

Vvivo strategy to deliver specific growth factors which may prove useful in disease amelioration.

Hypothesis: We hypothesised thastable transfectedC2C12 muscle cell lireecould be
developed asn exvivo strategy to deliver the angiogenic factor hVEGF, both alone and as
part of a dual plasmid eexpressindiFGF4andhVEGFandmay have @herapeutic potential

in the treatment ahuscle diseases

Thereforethe aims of thishaptemwereto:

1. Establisha stable C2C12 muscle cell line expressing hVEGstotein, both alone and
as part of a dual plasmid-expressindiFGF4andhVEGFE

2. Confirm elevatechVEGFexpressiorthroughELISA andRT-gPCR

3. Investiga¢ the myogenic potential of these stable transfected cell lines thnowgho

studies andRT-gPCR.
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4.2 Materials and Methods
4.2.1.C2C12myoblastcell culture

C2C12 #CRL-1772 ATCC, USA) mouse myoblast cells were cultured using high glucose
Dulbecco's Modified Eagle Mediu(®@MEM) with sodium pyruvatéSigmaAldrich, Ireland.

This was supplemented withpenicillin-streptomycinsolution 00 units/mL penicillin and
100pug/mL streptomycinGibco, Thermo Fisher Scientifidreland)and 10% foetal calf serum
(FCS)(SigmaAldrich, Ireland. Cells were maintained in the standard cell culture conditions
(5% CO2 and 37°C) and swnltured when necessary, using trypsin/EDTA 8ofu(Sigma
Aldrich, Irelangd.

For cell counting, ells were trypsinised as mentioned previously, resuspendaduitable
volume of medium. Cells were gently mixed before transferring intoierocentrifuge tube
with an equal volume dfypanblue (Gibco, Thermo Fisher Scientifidreland. The celttrypan
blue solution was gently mixed, and filQ was applied to ahaemocytometevia capillary
action. The cultured cells were counted using the Countés&L Automated Cell Counter

(Invitrogen Thermo Fisher Scientifidreland (Fig. 4.1).

Results

6.87 x 10°/mL

Trypan Blue dilution corrected
89%
6.13 x 10%/mL

DEAD 11%

7.33 x 10%/mL

QM

Zoom Graph

Figure 4.1. Cell counting using Countesg& 1l FL Automated Cell Counter .

C2C12 mouse myoblast cells counted usir@ountess 1l FL Automated Cell Counter

showing total cell concentration, and number ofive and dead cells.
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Flasks of cells were trypsinised and countedescribedabove. The total number of cells in

the sample was divided by the seeding density and multiplied by the dilutiontéactdculate

the number of cells per miCells were seeded at an appropriate seeding density for the plate
or flask usedCells were reuspended in 1 mL of DMEMopped up to the suitable total growth

medium volume if necessary and then returned to the incubator.

4.2.2. G418antibiotic kill curve

A Kill curve is established to measure the optimal antibiotic concentration to selestdbtea

cell colony. C2C12 cells were seeded in-aell plate at concentrations of 0.1 ¥1dnd 0.2

x1CP cells per well and lefv/n. The media was then replaced w@leneticin(G418)(Gibco,
Thermo Fisher Scientific, Irelapdpiked media at concentrati® outlined inTable4.1. The

media was replenished every 3 days, and cells were inspected daily with the confluency
recorded. Following 7 days, cells were trypsinised and counted using the CButitéds

Automated Cell CountdgiThermo Fisher Scientifidreland, and a kill curve was produced.

Table 4.1. Serial dilution of G418 spiked media. An initial working stock of G418 spiked

media was made at a concentration of 10Q0y/mL.

Concentration (ug/mL) Working stock (uL) Media (uL) Total (uL)
900 28800 3200 32000
800 25600 6400 32000
700 22400 9600 32000
600 19200 12800 32000
0 0 32000 32000
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4.2 3. Expressionplasmid production

Stable transfection is a method where, unlike transient transfection, DNA is introduced into
cellslong-term. Stably transfected cells have the ability to pass this introduced DNA onto their
progeny. Hesin, four stable C2C12 mouse myoblast cell lines were established expressing:
GFP, VEGFGFP, FGF4AVEGF and PDGFEGF.

4.2 3.1. Antibiotic LB plate prepration

Ampicillin stocks(SigmaAldrich, Irelang were made up a concentration 0100 pug/mL,

aliguoted and frozen a20°C. Luria Broth(SigmaAldrich, Ireland and Luria Broth with agar
(SigmaAldrich, Irelang werema de wup according to the manuf a
autoclaved. Following autoclaving, thenpicillin stock was added to the cooled brothto

make a working concentration of 0.1 pg/mihesolution wasmixed, and 40 mlwas slowly

poured into adbelled sterile agar plate, swirled slightly and left to cool and soliBibtes

were then stored at 4°C and used as needed.

4.2 3.2. Plasmid bacterial transformation

The four plasmids were kindly donated as outlined in Télewith plasmid maps outlirdn
Appendix 3.2 The pVEGFGFPN1 plasmid was constructed mserting VEGF into the
pEGFPN1 multiple cloning site (MCS) usimgstriction enzymesTests carried out by the
manufacturerof this plasmid provedhat the VEGF producedwas functional and in a
biologically active form(GuzmanHernandezt al.2014) ThepTR-UF-22-FGF4iresVEGF
plasmid is abicistronic expression vectat allows thesimultaneous translation of two genes
from a single mMRNA transcript. the case athis plasmid, hVEGF falls under IRE&pendent
second gene expression, as a result, expression of hVEGF would be expected to be lower
compared to the single VEGF expressmasmid(Mizuguchiet al. 2000) Plasmidswhich

were absorbed onto filter papers were eluted usthgaM TrisHCI, 1 mM disodium EDTA

(TE buffen (SigmaAldrich, Ireland. The DNA concentration was then measured for each
using theNanalrop 2000 pectrophotometewhich was blanked usingE buffer. Bacterial
transformations were carried out through heat shocKagr microcentrifuge tubgo f DH5 U
competent E. coli cellsThermo Fisher Scientifidreland werethawedandequilibrated on

ice, 1 uL plasmid DNA was #n added to each and mixed gently. The solution was then left

on ice for a further 30 min. Heat shocking was carried out by placing the tubes in a water bath
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at 42°C for 45 seconds and then returned to the ice for a further two min. 250 pL of LB broth
wasthen added to each vial which were then moved to a bacterial shaker at 37°C and 220 RPM
for 1 hr. Each vial was then streaked onto the previously made LB agar plates a/ideft

37°C.

Table 4.2. List of plasmids kindly donated and used in the stableréansfection of C2C12
mouse myoblast cells.

. Expected o _
Plasmid _ Antibiotic resistance Source
expression
pPEGFPN1 GFP Ampicillin (GuzménHernandez
pVEGFEGFPN1 VEGFGFP Ampicillin et al.2014)
PTR-UF-22- .
. FGF4& VEGF Ampicillin (Jazweet al.2013)
FGF4iresVEGF
CD8-VIP PDGF& VEGF Ampicillin (Banfiet al.2012)

4.2 3.3. Overnight cultures

Plates were removed from the incubator and inspected for cgtomgh. LB brothcontaining
ampicillin at a concentration of 0.1 pug/mias warmed to 37°C. A single isolated colony was
takenfor each plasmidising a sterile cocktail stick which was dropped ipteparedubes
containing 5 mL of the LB brothThe tubes wre then left irthe bacterial shakefMaxQE
4000 Benchtop Orbital Shaker, Thermo Fisher Scientific, Irelar@ij°C and220 RPMo/n.

4.2 3.4.1solation of plasmid DNA

For each plasmid, 4 mL of LB broth containing bacterés centrifuged at 6800 x g for 10

min. 800 pL of the remaining 1 mL was frozen as a bacterial stock in 80% gly{&goha

Aldrich, Irelang at -8 0 UThe supernatant was removéom the centrifuged bacteria.

Miniprep DNA elution was carried out usingldAprep Spin Miniprep Kit(Qiagen, Hilden,

Germany accor di ng t o t he sirtsteuctiona (Agpendma3d)u Thact ur er
concentration of DNA eluted was then quantified using the Nanodropsp@@frophotometer
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using distilled water to clean the machine between samples, and elution buffer fromvide kit

used as a blank.

4.2 3.5. Plasmid restriction digests

The NEBcuttertool (Version 2, New England BiolapMassachusetts, USAvas used to
determine suitable restriction enzymes for each plasmid (Bad)leRestriction enzymes and
buffers were supplied from New England BiolalddassachusetisUSA. Mixtures for
restriction digests were made up as follows: 500 ug DNA, 0.5 pL restriction enzyme, 1 pL
restriction buffer, and then made up to 10 uL total with Nucleaseviraitsy (SigmaAldrich,
Ireland. The mixtures were incubated in a water bath &C3ér 1 hr, and then 2 pL loading

dye (New England BiolahdVassachusett$JSA) was added to halt the enzymatic reaction. A
1% gel was made up by mixing 0.75 g agar(SgmaAldrich, Ireland with 70 mL of 1X

TAE buffer (Appendix Table 16), the mixture was heated gently in a microwave until the
agarose had dissolved. 4 uL®YBRSafe(Invitrogen Thermo Fisher Scientifidreland was
added and the mixture was then poured into a gel tray with a comb added, this was then allowed
to solidify. 10 pL of sample was added into each well, with a 1 KB lafidew England
Biolabs Massachusett$JSA) also loaded. The gel was run at 80 véits1.5 hr, the gel was

then removed and imaged under UV light.

Table 4.3. Restriction enzymes and fragment sizes for each plasmid

Plasmid Digestion | Expected numbe Fragment size
enzyme of fragments
pEGFPN1 Bamhl 1 4.7 Kb
pVEGFEGFPN1 Bamhl 1 5.2Kb
PTRUFZ2ESFATES | Hind 2 1.9 Kb, 5.8 Kb
CD8-VIP Hind IlI 3 5.8Kb, 2.5Kb, 300 bp
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4.2 A. Establishment of stable transfected cell line

4.2 4.1 Transientcell transfection

Plasmids pEGFPN1, pVEGEGFPN1 andpTR-UF-22-FGF4iresVEGF all contained
antibiotic resistance to G418 antibiotic allowing for selection, however the\GP®lasmid

did not. As a result, direct lipofectamine stable transfection of-Z[P8plasmid could not be
carried out, instead it wag-transfected along with pEGFPN1, which would carry resistance.

C2C12 cells wergrownto 90% confluencyn 100 mm dishg Eight microcentrifuge tubes
were prepared by adding 250 pl of Optimem mé@idco, Thermo Fisher Scientific, Irelaind
Added to fourof these wer@ g of DNA for each plasmid. In the other four tubes, 20 pl of
Lipofectamine 2000 IfQvitrogen Thermo Fisher Scientificlreland was added and left to
incubate for 5 min. The contents of the first group of tubes were addedgectbred group to

give a DNA: lipofectamine ratio of 2.5. These were left to incubateRiT for 30 min. DNA

and Lipofectamine mixture was then slowly added to corresponding labelled plates dropwise
and incubated at 37°@n.

The next day, pEGFPN1, pVEGFGFPN1, and pEGFPN1/ CB3IP cells were inspected
using the EVOS M7000 Imaging SysteirhérmoFisher Scientificlreland)underGFP and
bright field channeldo observe transfection efficiency, while this was not possible for pTR
UF-22-FGF4iresVEGF as it dd not contain a GFP tag.

Transfected cells were trypsinised as described in Seki#of) serially dilutedand seeded in
G418 selective medi&our plates with serially decreasing concentratimirtransfected cells
were prepared for each plasmid. Transfected cells wereghened to the 37°C incubator and

left to be monitored until isolated single colonies could be observed.

4.2 4.2. Screening ofsolated colonies

The media was replenishedesy three days, with plates monitored closely until isolated
colonies could be observed with the naked Bedia was removed from plates, cloning discs
(SigmaAldrich, Ireland were dipped in trypsin and then individually placed on a single colony
andleft to incubate for 5 min. Fortgight isolated colonies were isolated for each plasmid.
Following this, discs were then removed from the plate and placed into individual wells of a

24-well plate with G418 selective media, following 24 tiscs were remeed from each well,
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with each well inspected for continued cell survival and the presence of GFP positive cells in
the case of those transfected with GFP tagged plasmids. Each well was screened for continued
antibiotic resistance indicating efficient tréastion, then expanded until conditioned media

taken from each well could be investigated to confirm gene expression.

4.2 4.3. Stable transfection

pEGFPN1 and pVEGEGFPNL1 transfected cell lines contained a GFP tag, allowing them to
be inspected visuallynder FITC light to observe for continued gene expres$ma. T-75

flask, wo cell lines of each which showed continued expression and antibiotic resistance were
expanded gradually until they reached confluefitye GFP expression in pEGFPN1/ GD8

VIP cotransfected cell lines could not confirm successful transfection of both plasmids, and
no visualisation of pTRJF-22-FGF4iresVEGF positively transfected cells could take place

As aresult,cell lines transfected with these plasmids, which showed ec@mdisurvival and
antibiotic resistance were expanded intavél plates where ELISA measurements of

conditioned media could indicate successful stable transfection.

When each cell line reached a suitable confluency, conditioned media was collected from eac
flask, centrifuged at 100BPM for 10 min to remove cell debris and frozen in aliquots3at

°C until an ELISA was carried out. Protein levels of VE&Rere determined using a VEGF

A ELISA kit (Invitrogen Thermo Fisher Scientifidrelanaccor di ng t o t he ma
instructiong(Appendix 34).

4.2 5. Myogenic activity of stable transfected cells

4.25.1. Differentiationof C2C12 cells

Stable transfected cell lines Myo (control), M§#P, MyeVEGFGFP and MyeFGF4GFP
were seededh 6 well platesand allowed to grow to 80% confluency. Culture media was
changed to differentiation med@nsisting othigh glucose DMEM complemented wi@%6o
horse seruniSigmaAldrich, Ireland and1% Renicillin/Streptomycin Media waseplenished
every 3 days. RNA was isolated from differentiating ceftera24 hr, 3 days and 5 days.
Immunostaining (MF 20) was performed after 3 and 5 days.
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4.25.2. Cell immunofluorescent staining

At the desired timpoint, mediavas removedrom differentiatedcellswhich were themvashed

with PBS.Cells were fixed in iceold 100% methandgBigmaAldrich, Ireland for 10 min on

a rockerat RT, and then further washed in PBS again to removixtteve. Cells were then
blocked in 10% horse serutiluted in PBS for 1 hiPrimary antibodfMF 20, 1:1000DSHB,

lowa, USA wasdiluted in10% horse serumnd applied to cells af@ o/n. Primary antibodies

were then revealed using the appropriate secondary antibGhat antiMouse IgGAlexa

FluorE 488 1:2000;Invitrogen Thermo Fisher Scientifidreland. Nuclei were highlighted

using DAPI(1:10,000 Thermo Fisher Scientifidreland. Cells were visualised on th&/OS

M7000 Imaging System under GFP and DAPI channels, with individual and merged images
taken for each channel. Microscopic images were taken at 20x magnificatfive oon

overlapping fields from eachell.

4.2 5.3 Myogenic activityquantification

To assesghe myogenic activity ofMF20 immunofluorescently stained cellmyotube area,

myotube diameter and myogenic fusion indexegquantifiedusingNIH Image J software

To quantify myotube areanages of differentiated cells takeningthe GFP channel
were converted to-Bit images.Using the threshold tool on image the percentagearea
occupied by MF20 positive myotubes was calculated for each irkagenon-overlapping

images were quantified for each wellith 6-wells studied ér each cell line.

In order to quantify myotube diametargridconsisting o030 boxesvassuperimposed
on eachGFP channelmage using the Imagefdrido tool. A singlemulti-nucleatednyotube
was randomly selectddom each ba, with the crossectional diameteguantified using the
Al i n e alowing forguantification of 30 randomly selected niipers distributed equally
across each imagEive nonroverlapping images were quantified for each well, wiledls

studied foreach cell line.

Fusion index iglescribed as the number of nuclei inside myotw@sea percentage of
the total number of nuclei in a region of interest (ROI). In ordgusmtifythis, the number of
nuclei in MF20 positivenyotubes was counteadong withthe total number of nuclgiresent

in each imagef-usion index was calculateingthe following equation:
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5 nonroverlapping images were quantified for each well, witlvélls studied for each cell line.

4.2 6. Gene expression assessments

Total RNA was extracted and purified from conflupndliferating and differentiatingells

and then stored aB0°C until used. RNAsolation was carried out using a TRIZbldouble

i solation method, foll owi ng &shfeee todsnreafeats,t ur er
and buffers in sterile conditions. Media was removed from confluent cell monolayers and 250

e L T R(Inatreden Thermo Fisher Scientificireland was added to each well. A cell

scraper was used to scrape the cell contentsdcsioie of the well and the lysate wasrthe

pipetted into an RNase fregicrocentrifugeube and vortexed briefly.

Lysates were then allowed to rest on ice for 5 min, following ®06,uL of chloroform
isoamyl alcoho(Thermo Fisher Scientifidreland wasadded to each sample, which was then
shaken vigorously for 15 seconds, to ensure the mixture was fully mixed. Samples were then
incubated on ice for 5 min to allow layer separation, and then centrifuged at 4°C for 15 min at
15000 g, where the contenparated intdhreeseparatgphasesAqueous phase, interphase

and red organic layer.

The clear aqueous phase of each sample which contains the genetic material was carefully
removed, with caution taken not to disturb the interphaseororgamig er s. 100 eL TR
then added to each sampl e, foll owed by 20 ¢

separation method repeated as previously described.

RNA was then precipit a(SigmdaAldrish, Irelgnd wasadedtb i s opr
the aqueous phase of each sample, which was then inverted to mix. Samples were then
incubated aRT for 15 min, and then centrifuged at 4°C for 15 min at 15000 g, where a white
getlike pellet then formed at the bottom of each tube. The supernatant wasatieéuly

discarded, with caution taken to not disturb the pellet. The pellet was then carefully washed
using 200 ¢ L (SgrhaAld@rigislrekandhtleem acentrifuged at 15000 g for 2 min

with as much of the supernatant as possible carefully rethdaach tube was thallowed to

ardry briefly before the RNA pell etHOwas t hen
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RNA guantification cDNA synthesisand RFgPCRwere carried out as described previously
in Chapter3 Section 3.2.5 Gene expression of targets wassessed using commercially
available FAST SYBR" Green Master Mix compatible forward and reverse tapgeters
(AppendixTablel-2). Ribosomal Protein S29 (S28)) 2 Microglobulin (B2M)wereused as

aendogenousontrol to normalize gene expression between samples
4.2.7. Statistical analysis

All statistical analyses were carried out wus
t-test was used to determirkee statistical significance between two groups.oAeway
analysis of variance (ANOVA) and Tukeyds pos
significance between groupwhile a twoway analysis of variance (ANOVA) was applied

where two factors were present in an experinjegit linevs.time). All graphs were produced

using GraphPad Prism 9.0 software, wdttaexpressed as a scatter ploSEM. Datawas

considered statistically significant at *p <
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4.3 Results
4.3.1.Plasmid verification.

The pEGFPN1, pVEGEGFPN1, pTRUF-22-FGF4iresVEGF (denoted as FGF4/VEGF)

and pAMFG.CMV.CD8VIP (denoted as PDGF/\M&) were received, prepared and
quantified to ensure adequate DNA yield. Following appropriate plasmid preparation, DNA
digests of plasmids were carried out using appropriate digestive enzymes. Following this
reaction, digested DNA was then electrophoresedn agarose gel and visualised under UV
light.

All four plasmids received were as expected with regard to size following appropriate
digestions(Fig. 4.2 A & B). With the insertion of VEGF into the pEGFPNL1 plasmid, the
pVEGFEGFPN1 plasmid is larger,témpreted as it has travelled less distance compared to
pPEGFPN1.Both fragments of expected size aiso visible for both FGF4/VEGF, and
PDGF/VEGF plasmids. Confirmation of each plasmid allowed for its use in transfections.
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Figure 4.2. DNA restriction digests of plasmids.

UV images ofdigested (D) andundigested (UD)DNA fragments following restriction
digestions and electrophoresis to confirm (A) pEGFPN1 and pVEGEGFPN1 and

(B)FGF4-VEGF and PDGF/VEGF plasmids.
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4.3.2.A G418 antibiotic kill curve was generated for C2C12 mouse myoblast cells

The primary aim of thetgdy was to establish a stable muscle cell line to express VEGB

this aim, an antibiotic kill curve was established to determine the minimum concentration of
antibiotic required to select positively transfected C2C12 cells. Three plasmids (pEGFPNL1,
pVEGREGFPN1 and FGF¥EGF) used in this study contained a Geneticin (G418) resistance
gene. The kil curve experiment involved a d
were seeded at low (0.1X8)@&nd high (0.2x1%) densitieper welland subjectetb increasing
concentrations @1 000 eg/ mL) of G418 to determine the
needed to kill all cells over the course ef73days. Cell confluency was assessed by visual
inspection, while cell numbers were counted usitgll @unterfollowing 7 days of exposure.

At 1000 pg/mL of G418, there was a visible reduction in confluency and increased cell toxicity

in those seeded at both low and high concentratiogs4BiA). Above a G418 concentration

of 800 pg/mL, less than 10% otlls seeded at both low and high densities survived for the
entirety of the experiment. However, a high dose effect of toxicity and reduced viability was
apparent earlier at a concentration of 1000 pg/mL, with most cells dead by day 43Hg

E). As a result, 1000 pg/mL G418 antibiotic was determined as the most appropriate

concentration for the screening of resistant stable transfected C2C12 cells
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Figure 4.3. Kill curve of C2C12 cells at day 1, day 3 and day 7 following treatment with

various concentrations of G418 antibiotic.

(A) Representative images of cells seeded both at low (0.1%1@nd high (0.2x10)
concentrationsin 6-well platestaken at day 1, day 3 and day 7 following treatment with

various concentrations of G418 antibiotic. Scale bar=200 pm. {B) C2C12 cell

confluency measured daily during treatment with various concentrations of G418 for 7

days. (DE) Percentage cell viability alculated by counting the number of live and dead

cells following 7 days of treatment. Data is presented as mean percentage of total celis

2.
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4.3.3.hVEGF stable transfected C2C12 cells exhibit continued G418 resistance compared

to non-transfected cels

C2C12 muscle cells were transfected with pEGFPN1, pMEGFPN1 and FGF4/VEGF
plasmids. Over the course of four weeks following transfection, G418 antibiotic selection was
carried out. Two clones of each pEGFPN1 and pVEE&PNL1, ten clones of PDGF/VEGF

and eleven clones of FGF4/VEGF transfected cell colonies, which showed continued antibiotic
resistance were selected and expanded to larger numbers. Based on the brightness of their GFP
activity, pEGFPN1 and pVEGEGFPNL1 clones were referred to as low aigh expression
pEGFPN1 and WEGFEGFPN1 (Fig 4.4). Once established, these clones were monitored
closely as it was imperative that antibiotic resistance continued to be observed to ensure

successful stable transfection.

pEGFPN1 pEGFPN1 pVEGF-EGFPN1 PVEGF-EGFPN1
Low Expression High Expression Low Expression High Expression

: --- -
o --

Figure 4.4. Stable transfectiom of C2C12 myoblast cells with pVEGF-EGFPN1,
pPEGFPNL1 visualised under FITC.

Representative images of selected pEGFPN1 and pVEGEGFPNL stable transfected cell
lines following stable transfection and antibiotic selection under FITC and Bghtfield
light. FGF4/VEGF and PDGF/VEGF plasmids did not contain a GFP tag, therefore could
not be visualised. Images captured under 10x magnification, scale bar=300 pum.
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4.3.4.hVEGF stable transfected cells express significantly increased hVEGK protein
compared to GFP transfected and notiransfected C2C12cells

A human VEGFA ELISA was used to validate increased hVEG&Rrotein expression in
stable transfected cells, and to screen cells to identify those with the most potency. To achieve
this, the levebf hVEGFA protein released from the stable transfected cell lines into the cell
media was measured. Ntmansfected C2C12 and pEGFPN1 transfected cells served as
controls, where no VEGR expression was expected. High expression pVIEGIFN1
transfected ell lines showed a high hVEGK secretion compared to pPEGFPN1 and -non
transfected C2C12 cell lines (4.5 A; p<0.000). While clones 3, 5 and 11 of FGF4/VEGF
transfected cell lines also showed a high level of hVEGbrotein expressiolfFig. 4.5 B;
p<0.000). All PDGF/VEGEF transfected colonies showed a significant increase in VEGF
secretion compared to naransfected cell linegFig. 4.5 C; p<0.000). However, when
compared to other VEGA secreting cell lines, this VEGEA concentration was not aetent.

Therefore, no PDGF/VEGF transfected cell lines were chosen for further study.
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Figure 4.5. VEGF-A secretion from stable transfected cell lines into cell media.

Human VEGF ELISA carried out on supernatant media from confluent stable

transfected cells. (A) VEGF secretion measured in (A) high and low expression GFP and
VEGF-GFP, (B) PDGFVEGF and (C) FGF-4/VEGF transfected cell lines. Data
presented at mean + SEM with n=23; ****p<0.001.
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4.3.5.hVEGF-A and hFGF4 mRNA expression is upregulated in stable transfected cell

lines

Based on their hVEGHA secretion, specific stable transfected cell lines were selected and
established for GFP, VEGEFP and FGF4/VEGF plasmid to be used for further investigation
into their angiogenic and myogenic potential: pEGFPN1 low expression namedGARo
pVEGREGFNL1 high expression named Myi&cG~GFP and FGF4/VEGF clone 3 named
Myo-FGF4/VEGF (Fg. 4.6 A). Myo-FGF4/VEGF cell line exhibited a potent VEG¥
secretion, secreting a 5080,000fold surplus in VEGFA production compared to Myo
(control) and MyeGFP cell lines, and an almost-&fld increase compared to MWWEGH

GFP cell linegFig. 4.6 B).

Additionally, aRT-qPCR was performed to analyse hVEGF and hFGF4 expression in the Myo
(control), MyoGFP, MyeVEGFGFP and MyeFGF4VEGF cell lines to confirm altered
gene expressiolRT-gPCR indicated a significant upregulation of hVEGF expression in Myo
VEGFGFP and MyeFGF4VEGEF cell lines compared to ndransfected and My&GFP cell

lines which resulted in undetermined prodyéts0.0001) A modest increase of hVEGF was
seen in the Mye/EGFGFP cell line. Meanwhile, a much more apparent increase was seen
with the MyocFGH-VEGF cell line compared to Myo (control) and M@&FP cell lineqFig.

4.6 C; p<0.000). hFGF4 expression in the MyeGF4VEGF cell line was also highly
detected compared to Myo (control), M@&FP and MyeVEGFKGFP cells(Fig 3.6 d;
p<0.0003}, confirming he dual expression of both hFGF4 and hVE&IR this cell line. These

data further confirmed the initial ELISA results, supporting the findings that stable transfected
cell lines express significant levels of hVE®@Falone, or in combination with hFGF4,

respectively.
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Figure 4.6. VEGF-A and FGF4 expression in transfected C2C12 myoblast cells.

(A) Stable transfected cell lines; Myo (control), MyeGFP, Myo-VEGF-GFP and Myo-

FGF4-VE GF , taken at 10x magni B)iVE@GRA secreton@c al e
stable cells into cell media (DMEM). Data was Log2 transformed and is presented as

mean + SEM with n=23. Relative gene expression of (C) VEGRA and (D) FGF4 in RNA

extracted from confluent stable cell lines. Data presented as mearSEM relative to the
housekeeping gene Ribosomal protein S29 (S29n=2-3. **p<0.01, ***p<0.001,

****n<0. 0001.
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4.3.6.VEGF-A secreting stable transfected cell lines can be successfully differentiatied

vitro

Following confirmation that the stable traested cell lines were secreting elevated levels of
VEGF-A, the next step was to investigate the myogenic activity this VEGEcretion may
have on the muscle cells themselves.achieve thisn vitro, transfected cell lines underwent
withdrawal fromthe cell cycle to induce differentiation. Aft& and 5 days of differentiation,
cells were fixed and underwelMit=20 immunostaining to highlight the myosin heavy chain of
mature myocytes and myotub&8sually, differentiation was successful the case of atell
lines, with elongated multinucleated myotubes posifiwemyosin heavy chain observed, at
both day 3 and day 5 (Fig.7).
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Day 5

Myo (control)

Myo-GFP

Myo-VEGF-GFP

Myo-FGF4-VEGF

Figure 4.7. Representative image oélongated multinucleatedmyosin heavy chainMF20)

positive myotubes.

Myo (control), Myo-GFP, Myo-VEGF-GFP and Myo-FGF4-VEGF cell lines following 3
and 5days differentiation, followed by MF20 immunostaining indicate successful
differentiation with elongated, multinucleated myotubes observed. Images taken at 20x

magnification. Scale bar = 206-m.

125



Chapter 4: Establishing Stable Myoblasts

4.3.7.VEGF-A and FGF4-VEGF secreting stable cell lines displayncreasedmyogenic

activity compared to control cell linesfollowing 3 days differentiation

Following 3 days of differentiatiormuscle cells were fixed and immunastd with MF 20
to highlight mature myotubes.ytube diameter, myotube area, numbernaflei in myotubes
andthetotal number of myotubes wésenquantified for each cell lineAnalysiswascarried
out on five nonoverlapping images dfix replicates oeach cell groupFrom the quantified

measurements, myogenic fusigercentage of total nuclei in myotub&gs then calculated.

Abnormally thick myotubes with centrally positioned nuclei are observed in the case of Myo
VEGF-GFP cells, indicating rapidfterentiation.A oneway-ANOVAwithTu k ey 6 s mul t i
comparison poshoc testindicated a significant increase in myotulrea myotubediameter

and myogenic fusion in MWEGFGFP and MyeFGH-VEGF cell lines compared to Myo

(control) and MyeGFP (Fig.4.8 A-C). Overall, this indicates increased differentiation and

myogenic activity in VEGFA secreting cells compared to controls.
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Figure 4.8. Differentiation parameters of established stable cell lines followin@ days
differentiation .

(A) Myotube area (B) Myotube diameter and (C) Myogenic fusiomf Myo (control), Myo-
GFP, Myo-VEGF-GFP and Myo-FGF4-VEGF cellsfollowing 3 days differentiation. Data
presented as mean = SEM; n=6. *p<0.05, ***p<0.0001.
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4.3.8. VEGFA and FGF4-VEGF secreting stable cell lines display increased myogenic

activity compared to control cell lines following 5 days differentiation

As described above,ymtubediameter, myotube area, number of nuclei in myotubes and total
number of myotubes eveagan quantified for each cell linlllowing 5 days differentiation

This again allowed calculation of myogenic fusion.

Myotube area remained at a similar leweMyo (control) Myo-GFP and Myo-VEGFGFP

cell lines, with no significant difference observed. Howeveneway-A NOV A wi t h Tuk e
multiple comparison posgtoc test indicated a significant increaseébath myotube areand

myotube diametan Myo-FGH-VEGF cel lines compared toontrol cell linegFig. 4.9 A-B;

p<0.0001).

Myotube diameter is significantly increasedvilyo-GFP, Myo-VEGFGFP andViyo-FGH-
VEGEF cell linescompared to Myo (control) cells (Fig.9 B; p<0.00). Myogenic fusion is
significantly incrased inMyo-VEGFGFP cell lines compared to all other cell lines (Bi§.

C; p<0.000). However, this may be a hyperinflation due to the significantly reduced total

nuclei number observed in this cell line (Fg D).

128



Chapter 4: Establishing Stable Myoblasts

sk sk
A B
Kok Kok
ok kK
I kk kK
40 40—
_ ok ke *
padAt E
= v 2
£ 30 = 30 ] A
© u ]
g ° A g
(1]
o 207 & 20—
2 S
g 3
S 104 3 10-
= 2
=
0- || 1 U— T T
S L L & S L LS
o& O‘ Qp Q, 0& ooc, Q‘c’ 4@
o S L 9 S A
&\"\ N .@°\ N & &
AR W
C D *ek koK
*
g * Ak k % %k ok Xk % k% 5ok ok K
[/}] -_—
D 80+
5 S ok
° 15000
£ 60- A a v
[+}]
= E 10000 ]
@ 1 ]
S 40 = . Y
= =]
£ = v
[ Y. B
S 20 - £ 5000
2 5
> =
£ "
: S L L S " » ; <
2 & S & L L8
) ) (<) \ 4 o o < W
@0\ ¥ & Qé‘ ~\o\o & & &
3 @:\O « & \@o‘

Figure 4.9. Differentiation parameters of established stable cell line®llowing 5 days
differentiation .

(A) Myotube area (B) Myotube diameter (C) Myogenic fusiorand (D) Total number of
nuclei in Myo (control), Myo-GFP, Myo-VEGF-GFP and Myo-FGF4-VEGF cells
following 5 days differentiation. Data presented as mean * SEM; r&6. *p<0.05,
***n<0.001, ****p<0.0001.
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4.3.9. Between 3and 5-days differentiation, VEGF-A secreting stable cell lines display

altered rates of differentiation

Analysis of each cell line, at each time point indicate that ViAGdecreting cells behave
differently in tems of differentiation activity. In order, to get an overall picture of the activity

of each cell line over both times, herein data from both time paiatombined.

Atwoway ANOVA with Tukey 0 s-homtestindicptéde signibaaug ar 1 S ¢
increase in myotube area and myotube diameter between day 3 and day 5 in the case of Myo
(control) and MyeGFP cell linegFig. 4.10 A-B; p<0.000). A significant increase in myotube

area is also observed between MyGF4VEGF cells at both time points @i4.10 A).

However, myotube diameter remains similar (BidO B)

Myogenic fusionis increasedignificantly inMyo (control), MyeGFPandMyo-VEGFGFP
cellsbetween day 3 and day Boweverthe increase isot significant in MyeFGF4VEGF
cells betweerime points(Fig. 4.10 C; p=0.9880). A significant reduction in total number of
nuclei is observed between day 3 and day 5 in Myo (control) and\W&a~GFP cells
p<0.0001 while a significant increase is seen in M@&P and MyeFGF4VEGF cell lines
(Fig. 4.10 D).

The loss of total cell nuclei observed in My&GFGFP cell lines between both time points
causeshyperinflaton of the myogenic fusion values in this cell line. As a result, the total
number of nuclei in myotubes may prove a more accuggigesentation of the myogenic
activity of these cell lines. In Myo (control) and M@&FP cell lines, there is a significant
increase in the number of nuclei in myotubegkile a nonsignificant increasé observed in
Myo-FGF4VEGF cells (Fig. 4.10 E; p=0.0838). A significant reduction irthe total number

of nuclei in myotubes is observed in MWEGF cells, overall indicating reduced myogenic
activity in this cell line after 5 days.

Overall from the parameters quantified, thgo-VEGFGFP and MyeFGF4VEGF cell lines
may reach their maximum rate of differentiatiahday 3, while control cells continue to
increase their differentiation rate until day 5
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Figure 4.10. Myogenic activity is disrupted in stable cell lines betweeB- and 5days

differentiation.

(A) Myotube area (B) Myotube diameter (C) Myogenic fusior{D) Total number of nuclei
and (E) Number of nuclei in myotubes inMyo (control), Myo-GFP, Myo-VEGF-GFP and
Myo-FGF4-VEGF cellsat 3- and 5-days differentiation. Data presented as mean + SEM,;
n=5-6. *p<0.05,**p<0.01, ***p<0.001, ****p<0.0001.
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4.3.10.Myogenic geneticactivity is altered in stable transfected cellines

Following confirmation of altered dérentiation of stable transfected cell lines aftearsd 5
days differentiation, the myogenic activity of cell lines was investigated usingFR.
Herein, the expression of standard myogenic gene markers inchagiogenin, myosin heavy
chain 11B (MyHCllb) andMRF4were investigated.

Statistical analysis was carried out usingtveo-w a y ANOVA with Tukeyo
comparison poshoc test. In the case of the M@EFP, MyeVEGFGFP and MyeFGF4

VEGF cells, a general trend of increasenmyogeninis observed, however this is only
significantly increased in MWEGFGFP cell lines betweeDay 1 and Day 5. Aluctuation

in myogeninexpression is observed in Myo (control) cell linetween days 1, 3 and(Big.

4.11A).

For both MyHC-IIB and MRF4, expression is generally increased in each cell line as
differentiation progressed=ig. 4.11 B-C). However, smilar to myogeninexpressionpoth
MyHC-1IB and MRF4 upregulation is only significant in MYWEGFGFP cell lines, with a
huge increase observeddaty 3 compared tday 1 andday 5.
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Figure 4.11. Relative expression of mRNA levels of genes encodingyogenicfactors in

stabletransfectedcell linesat 1, 3 and 5days differentiation.

Relative expression ofA) Myogenin (B) Myosin heavy chain IIb (MyHC-IIb) and (C)
MRF4/MYF6 in Myo (control), Myo-GFP, Myo-VEGF-GFP and Myo-FGF4-VEGF cells
following 1, 3- and 5-days differentiation. Data is presented aselative expressiont SEM

relative to the housekeeping genle 2microglobulin (B2M); n=3. *p<0.05,**p<0.01.
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4.4 Discussion
4.4.1. Discussion

In this chapter, v conducted a number of studies in order to establish stable WAEGF
secreting C2C12 mouse myoblast cell linesd measuredhe myogenic potential of these
cells which may provelually beneficial(by promoting both angiogenesis and myogen&sis)
the amelioration ofthe muscle ischaemia associated with diseases including CLI, PAD,
diabetes, cachexia, COPD and muscular dystr¢phfgrt et al.2016; Podkalickat al.2019)

In this study we successfully established two stable muscle cell\witesncreasee@xpression
of human VEGFA proten; Myo-VEGFGFP as a GFP tagged fusion protand MyeFGF4
VEGEF as cells dually expressing human FGF4 and hVE@& confirmed elevateWEGF-A
secretion from these cells using ELISAd RFgPCR. The myogenic potential of these cells
was thenexplored usingcell immunofluorescent staininrgndthe RT-gPCR investigation of

myogenic markers

The efficacy of myoblasinediated VEGF gene delivery to mouse and rat muscle has been
investigated in the past, with varying levels of success. Despite the potent angiogenic potential
of VEGF, studies have indited that the optimum dosage for VEGF is within a narrow limit,
with overproduction leading to the formation of disorganized, malformed vessels with
irregularly sized lumens and weakened wall permealfipringeret al. 1998; Leeet al.2000;

Blau and Banfi 2001; Ozawet al. 2004) Angiogenesis is a complex process requiring the
delicate balance of several growth factaleng with pericytesCo-delivery of VEGFA with
another growth factor, such B&For placental derived growth factor (PDGF) may counteract
these aforementioned issues, allowing for the development of healthy mattieaky blood
vesselqBialaset al.2011; Banfiet al.2012; Jazwat al. 2013; Zimnaet al. 2014) FGF has
been demonstrated to have a synergistic effect with VBE@Peroanneet al. 1997; Seghezzi

et al. 1998) FGFhas been proven to incredS€ mitogenic activity and induce therapeutic
angiogenesis in the rabbit hitichb ischemia mode|Rissaneret al. 2003) Therefore, in this
study, we chose testablish cell linegxpressing hVEGIA alone and in combination with
hFGF4.

Previous studies have generated hVE&G&ND hFGF4/VEGFA overexpressing C2C12 mouse
myoblast cells, botm the formof stable and transient transfectigBsalaset al.2011; Zimna

et al. 2014) In the present study, the concentrations of hVEG§ecretions in the dual

134



Chapter 4: Establishing Stable Myoblasts

expression cell line are much higher thamprevious reports, confirmed by both ELISA and
RT-gPCR (Jazwaet al. 2010; Bialaset al. 2011; Spanholtet al. 2011; Jazwaet al. 2013;
Zimnaet al. 2014) Following several weeks of G418 antibiotic selection, measurement by
both ELISA andRT-gPCR, reported elevatdd/EGFA protein secretion and mRNA from
both cell lines, whil&RT-gPCR alone confirmed the dual expressioR@fF4 andVEGFin the
Myo-FGF4VEGF cell line. MyeFGF4VEGF cells secreted a significantly higher amount of
hVEGFA protein compared to nemnansfected and My&GFP cell lines, while in comparison

to the MyeVEGFGFP cell line, MyeFGF4VEGF cells exhibited an almost-80ld increase

in hVEGF-A protein secretion.

Research to date has examined the expression and therapeutic benefits of both VEGF and FGF
secretions separate{Bai et al. 2018) The dual FGF4/VEGF plasmid used in this study has
been successfully transfected into myoblast cells in previous réparisaet al.2010; Bialas

et al. 2011; Jazweet al. 2013) However, the level of hVEGR protein secretion in these
studies was observed to be much less potent. In previously published reports, transient
transfection with this dual FGF4/VEGF plasmid reported hVEGFsecretions of
approximately éxg/mL in human primary myoblas{Zimnaet al. 2014)and 2,800 pg/mL in
C2C12 celldBialaset al.2011) An AAV gene vector of this dual FGF4/VEGF plasmid has
also been used to transduce cells. In Jaztved, Hela cells transduced with AA¥GH-ires

VEGF reported hVEGF secretions of around 5500 pg/mL. Additionally, this was used to
ameliorate wound healing and pa@sthemic blood flow recovery in the hindlimb ischemic

mouse modefJazweet al.2010; Jazwat al.2013)

With the aim of therapeutic angiogenesis, VEGE5 alone has been transfected into several
different cell types including fibroblas{Spanholtzet al. 2011) ECs (Wanget al. 2015) rat
myoblasts, and various stem cegl&unet al. 2011; Zhanget al. 2012) Herein, ELISA data
reports elevated levels of hVE&¥protein secreted from MyYWEGFGFP cells compared to
Myo (control) or MyeGFP transfected cell lines. However, this expression is not as potent as
concentrations seen in the MG F4VEGF cell lines in the present study. Satral, through
lentiviral transfection, developed a stable VEGF5 expressing ADSCs which secreted
apprximately 920 pg/mL of VEGKSunet al. 2011) In addition Wanget. al.transduced
proliferating cells with an adenovirus harbouring the VEIB5 gene, eliciting VEGF
secretions of around 5000 pg/mL, 14 days post transdy®tianget al.2015) This reinforces

the variations which can occur in transfections/transductions, while also highlighting the
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importance of choosing the optimum conditions and delivery methods faressful

transfection.

Following on from the successful confirmation of hVEGF and hFGF4/VEGF protein
expression from My&/EGFGFP and MyeFGF4VEGF cell lines, we moved our focus to

investigate the myogeneffectsof these cells

Successful differentiadn can be seen in the case of all cell lines following 3 days of
differentiation, with MF20 staining indicating elongated multinucleated myotubes positive for
Myosin Heavy chainlncreased differentiatiooan be seen in all cell lines between Day 3 and
Day 5 both visually as a result of the MF2@munostaining, and molecularly through the
upregulation of myogenic genes. Both angiogenic cell lines exhibit an increased rate of
differentiation compared to the control cell lines, with MYEGFGFP and MyeFGF4

VEGF cell lines reaching maximum differetton quicker than control cells.

However, MyeVEGFGFP cells appear to undergo abnormal differentiation. Several myosacs
are observedn Myo-VEGFGFP cells following 3 days of differentiatiodMyosacsare
abnormally thickfi s-& ¢ kmgdtubes with centtly positioned nuclei and disorganised
contractile materials whicban occur when differentiatiamccurstoo rapidy (McGrathet al.

2006; Lehka and Rlowicz 2020) We hypothesis¢éhe possibility that theEGFA secreted

from these cells may be too potent, leading initially to negative effagiessible solution,

and suggestion for future work would be to examine the myogenic activity of other-VEGF
GFP transfected myoblast cell linekentified in Fig 54 a. This could confirm if the potent
VEGF-A secretions are responsible for the unusual myogenic activity reported in this study.
Similarly, in this cell line, a massive loss in nuclei is observed between dayl 8lay 5
differentiation, this may potentigl be due to myoblast death, or more likely the ever
proliferative effects of VEGH, which leads to cells becoming oveonfluent and detaching.
Overall, due to the massive cdétath between day 3 and dayHe measurement afyogenic
fusion in this cdlline is hyperinflated compared tbe other cell lines, therefore at day 5,

myogenic fusion is not a suitable measurement of myogenic fusion in this study.

The beneficial role of FGF4 in myogenic differentiation remains unclear. FGFs play an
essential re in skeletal muscle setenewal and maintenan¢@awlikowski et al. 2017)
Receptors to FGF4 are abundantly present on muscle stem cells (satellitehoglisyer
downregulation is reported in confluent muscle cgllvin and Hauschka 1988fweetman

et al.havereported that both FGE and FGF8 have been shown to significantly delay C2C12
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differentiation(Sweetmaret al.2008) while Yuet al.report that the presence of FGF sustains
myoblast proliferation, delaying differentiati¢viu et al.2004) Herein theMyo-FGF4VEGF

cell line exhibits healthy, increased healthy differentiation compared to control cell lines,
indicating a potentially beneficial myogenic effdaterestingly the negative effects observed

in Myo-VEGFGFP, hypothesised to be duo VEGFA overexpressiomre not observed in

the dual expression cell linendicating this dual expressing F&EGF cell linemay have

increased potential as a myogenic therapeatevo.

In order to investigate the potential myogemprovements possible as a result of these VEGF
secreting myoblasts, muscle functadity and performanceould be investigated by a variety
of means, botlkex vivoandin situ. Grip force analysis ancthronictreadmill exercise hee been
used in several stlies to measure functional improvement in mustdowing treatment
(Capogrosset al.2017; BroniszBudzy®kaet al.2020) Similarly, Aurora Scientifit" have
developed complete systems designed to measure-l&ngttvelocity characteristics of
several muscle types, with analysis of the contractile Iprofi a single intact limb muscle
possible(Podkalickaet al. 2020; Bosccet al. 2021) All of the above could be employed in
future in vivo experiments to investigate if the VE@¥secreting myoblasts produced may

provide a therapeutic myogenic effect

The present findings are promisitggrein.Myo-VEGFGFP and MyeFGF4VEGF cell lines
which secrete elevated levels of hVEGIFere establishedith the potential to induckoth

myogenesis andngiogenesis Vvivo.

4.42. Conclusion

This study demonstragehe potentialability to useC2C12 mouse myoblast celis deliver
growth factors such as hVEGk and hFGF4These reveal several important findings which
could potentially provide broad implications in the field of therapeutic angiogeaedis
myogenesisin muscle diseases. We have successfully establishedposentially pro-
angiogenic mouse myoblast cell I;me/hich secrete hVEGE alone or in combination with
hFGF4, with the latter cell line showing great efficdayestigation of thelifferentiation rate
of these cell lines vitro alsoproves a potentidly increasednyogenic effect, with the Myo

FGF4VEGEF cell line again showing the mosfficacy. Furthermore, the manipulation and
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application of these cells in highlvel in vivo studies may prove highly beneficial in the

amelioration of vascular abnormalities in muscle disease.
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5.1 Introduction

Angiogenesis itheformation of new blood vessedsd is integral in both health and numerous
pathologies(Baumet al. 2010; Shi and Wang 2010Ix is essential for all tissue function,
providing the nutrients and oxygen required for cell growth, function and homedBiais$

al. 2018)

The role of VEGF in angiogenesis has been well characterised and is considered to be
fundamental in blood vessel growfingiogenesis is a coordinated organised cascade of events
which involves extra cellular matrix degdation, endothelial cel|EC) proliferation and
migration, mural cell assembly to form the new vessel, and mural cell layer construction with
pericytes and smooth muscle cells. This process is triggered by the binding ofA/E8Gke

VEGF receptor 2 (VBEFR-2/FLK-1/KDR) on endothelial cells (E§), leading to receptor
dimerization and phosphorylation, promoting downstream signalling cascades leading to cell

proliferation(Goodwin 2007; Boyinergt al.2016)

Therapeutic angiogenesis is the coordinated dgligévascular growth factors with the aim
of promoting blood vessel growth, leading ttee revascularisation of previously unéder
perfused tissueBanfi et al. 2012; Chu and Wang 2018 revious studies have reported the
implantation of VEGFexpressing musciderived stem c# improves vascularisation and
reduces fibrosis in dystrophic musglayneet al. 2005; Deasyet al. 2009) and improves
capillary density in skeletal and cardiac muscle def@#skeret al.2006; Zhouwet al. 2015)

In Chapter4 Section4.2.4 two preangiogenic VEGFA secreting cell lines were established
which secretedlevated levels of both VEGRA and FGF4confirmed through ELISA and RT
gPCR. Herein, we investigate the potential angiogenic effect of both cell lines bp bdtb

andin vivoangiogenic assays.

Several angiogenic assays, bathvitro andin vivo have been used in the past to study
angiog@esis. These include vitro assays such as the use of mouse and hugaimes

(migration, proliferation, survival and morphogenesis ass@yspdwin 2007)andin vivo

assays including the mouse dorsal skin {@dhreiteretal.2 0 1 7; Na |l @tali2@18)Gast e s
and the chick chorioallantoic membrane (CAM) ad€2lyenet al.2021)

In this chapter we focus on using the l@Aassay and aiC line to adequately assess the

angiogenic potential of the hVEGA secreting stable cells.
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The chick CAM is a highly vascularised membrane used for nourishment and gaseous
exchange in fertilized chicken egd@ueet al.2015; Makanya&t al.2016) With a vast vascular
network of capillaries, veins and arteries, the chick CAM can be easily manipulated and
observed for experimental studlacher et al. 2005; Dohleet al. 2009) The 21 day
development of the growing chick embryo was first characterised in d®&hburger and
Hamilton 1951) with this development then applied to the angiogenic assay procedure. Most
studies involving the CAM assay take place during the first two thirds of development, within
the window which does not requie¢hical approvalZijlstra and Lewis 2012)The developing

chick does not hava fully matured immune system until development day 18, therefore up
until this point, the CAM can host a cdin matrix or tissue graft without the risk of rejection

or immune respong®eryuginaand Quigley 2008; Makanyat al.2016; Ribatti 2016)

The engraftment of cells onto the CAM assay was first establisHgl 3 using sarcoma cells

to develop tumour growtfMurphy 1913)and has since been modified to include several
different graft materialfNowak-Sliwinska et al. 2014) including filter digs (Barnhill and

Ryan 1983) cells suspended in a rir{§lacheret al. 2005) a gelatin spongéRibatti et al.
2006) collagen(Zijlstra et al.2006)and Matrigel orplants(Watanabest al.2004) proving it

to be a veratile and useful model in research. Analysis and quantification of the angiogenic
effects of treatments and -@bants can be carried out by an array of methods, both manual and
automated. Manually, blood vessels can be counted, or vessel spatial pattdistrévution

can be analysed based on images taken under microscopic brigliBlagtteret al. 2005;
Makanyaet al. 2016) while specialist software and imaging techniques such as Angiotool or

HetCAM can be used in an automated or seatomated maner to assess angiogenic effect.

Several studies have looked at the incorporation of cells into Matrigel scaffolds using the CAM
assay(Watanabeet al. 2004; Lokmanet al. 2012) with observations of migration and
angiogenic effect carried out. Matrigel is an extracellulatrim (ECM) gel formed from mouse
sarcoma, a liquid when cooled, but polymerizes above 10°C to form a stabke geiaffold
(Syset al.2013) The combination of this gel scaffold with a nylon mesh base allows for the
intertwining of blood vessels aiding in adherence of thelant, while the Matrigel provides

the support for the suspension and survival of cells. For studies focused on aegigge
growth factor reduced Matrigel is used for cell support to prevent confounding due to the
presence of growth factors such as FGF, I6Gand PDGF endogenous in the Matrigel
(Kleinman and Martin 20034ugheset al.2010)
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This investigation combines elements of several previous studies, YH@IS been stably
transfected into C2C12 muscle cells, with its expression analysed through molecular analysis,
however to our knowledge, the angiogenic effetthese cells has not yet been fully explored

in vivo (Changet al. 2008; Bialaset al. 2011) This study will provide an insight into the
angogenic potential of these celis vivo, and whether VEGHA producing cells can be used

as a preangiogenic factor with the potential to be a therapeutic approach in the treatment of

ischaemic diseases.

Hypothesis: We hypothesise that stable transfdc@2C12 muscle cell lines which secrete
elevated levels of both VEGK alone and along with FG& could be used as a delivery tool
to promote angiogenesis, with the potential to be used as-angroegenic factor with a

therapeutic potential in the treatme of conditions which experience decreased

neovascularisation.

Thereforethe aims of this chapter were to:

1. Use endothelial cell assays to investigaterhatro angiogenic potential of
conditioned media taken from these stable transfected cell lines.

2. Use the CAM assay to investigate thevzivo angiogenic potential of conditioned

media taken from these stable transfected cell lines, and the cells themselves.
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5.2 Materials and Methods
5.2.1. Cell Culture

5.2.1.1. VEGFA secreting stable cell lines

VEGF-A Secreting stable transfected C2C12 mouse myoblast cell lines Myo (controb, Myo
GFP, MyeVEGFKGFP and MyeFGF4VEGF were established and maintained as described
in Chapterd Section4.2.1.

5.2.1.2. Endothelial cell angiogenic assay

C166 (#CRL2581, ATCC, USA) mouse yolk sd€Cs were cultured using high glucose
DMEM with sodium pyruvate supplemented with 1% penicifitreptomycin and 10% FCS.
C166 cells were defrosted, passaged, counted and seeded as descTitegutend Section
42.1

5.2.1.3.Endothelial cell migration (satch) assay

EC migration (Scratch) assay was carried out as described previbigsig et al.2007; Pinto

et al.2019) C166 cells were seeded in avi2ll plate at a density of 0.2 x 46ells/well and

left o/n. A P200 pipette tip was used to scratch horizontally across each well, followed by a
wash with PBS to remove cell debris, and conditioned media from Myo (control) cG¥iPo
Myo-VEGFGFP and MyeFGF4VEGF cells were applied. Scciites were imaged using
EVOS M7000 imaging system at 10 x magnification and then returned to the incubator at 37°C
for 8 hr before being imaged again. Cell migration was quantified by the chanigevindth

of the scratch between experimental time poiwit) the distance measured using Image J

software.

5.2.1.4.Endothelial cell proliferation assay

EC proliferation was measured using a mitochondrial metabolic (MTT) activity assay, similar
to as described previousfyan Meerlooet al. 2011; Abrahanet al. 2020) C166 cells were
seeded in 96 well plates (2000 cells/well) and allowed to attacDMEM was then removed
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and replaced with fresh DMEMr conditioned media taken from confluent Myo (control),
Myo-GFP, MyeVEGFGFP and MyeFGF4VEGF cells. After 72hr, media was removed
from each well and repl aced (ThWarnolirisherGlentdid, MTT
Ireland. The plate was then incubated at 37°C for,4tke media was carefully removed and

100 €L of a DMSO/(SigmmaAdrich, prelamd)was atilded to each xvell. The

plate was then shaken for 10 min, and the absorbance measured at 590 nm using a Hidex Sense
microplate reader (Hidex, Turku, Finland). Datarevaveraged from measurements ei@
replicates of each treatment, with gaibliferation normalised to fresh DMEM.

5.2.1.5.Endothelial cell tube formation assay

ECtube formation assay was carried out as described previ@eGicce Skinneret al.2014;
McCollum et al. 2017) 96w e | | pl ates were prepared throug
mg/mL Matrigel® Matrix Basement Membrane (High Concentrat@orning, NY, USA) per

well. C166 cells were seeded at a density of 2516 t ri pl i cate in 100
media taken from Myo (control), MyGFP, MyeVEGFGFP or MyeFGF4VEGF cells.

After 18hr, tubelike structures were observed. Each well waaged at four neoverlapping

locations, and the number of tubes, nodes and total tube length were measured using Image J

software (Fig5.1).

144



Chapter 5: Angiogenic Potential of VEGF Myoblasts

Figure 5.1. The welldefined network of tubes formed from endothelial cells following

seeding on Matrigel.

Representation of tubes formed in tube formation assay. The red arrows indicate the
location of tubes, while the red star indicates a node. Image taken at 10x magnification,

scale bar= 200 &m.
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5.2.2. Chick chorioallantoic membrane (CAM) preparation

5.22.1. Ethical considerations

In accordance with HPRA guidelines and Directive 2010/63/EU of the European Parliament,
ethical approval is not required for the use of foetal forms of mammals during the first two
thirds of their normal development. In compliaméehis, chicken embryos used as part of the
CAM assay were sacrificed before reaching egg experimental day 14 (EDD14).

5.2.2.2 Activation

The CAM assay was carried out similattythosedescribed by other&Ribatti et al. 2003;

Zijlstra and Lewis 2012; Caundgt al. 2017; Augustineet al. 2019) Fertilized white leghorn
chicken eggs were obtained from Sharelandn Val e
Co. Limerick, Ireland and incubated at 10°C until activation. Eggs were then wiped clean with
Milton and then transferred to the Ggasy advanced series Il incubator (Brinsea, Weston
superMare, UK) for 72hr. The incubator allowed for the turnimd the eggs every 30 min,

while the temperature was kept constant at 37°C and a humidity of 44%. The day which

activation took place was described as EDD1.

5.22.3. CAMin ovocultivation

Three days following egg activation, on EDD4, eggshells need to be opened to allow for
visualisation of the CAM and growing embryo. Eggs were levelled and allowed to settle in the
incubator for 30 min, this ensured the correct placement of the CAM beiiodewing. The
windowing process took place in a Microflow class Il laminar flow cabinet. An acetate sheet
was used to sketch a square on the top of the eggshell in pencil. The laddandheld rotator

tool (RS PRO Mini Drill RS Group, Irelandjvas usedo shave down a small area at the
rounded end of the eggitlout breaking through the shell. A needl#h a syringe attached

was inserted into the egg at this area at a
removed. The rotator tool was thesed to carefully cut out the square window stencilled on

the top of the egg. Caution was used to ensure the blade of the rotator tool did not go through

the entire eggshell or penetrate the egg membrane. The egg was then wiped with Milton to

146



Chapter 5: AngiogenicPotential of VEGF Myoblasts

remove any egghell dust created, and then forceps were used to gently lift off the square of
eggshell. Eggs which were fertilized were identified by the observation of developing
vasculature andhe presence of a small developing embryo and heartbeat. Following
windowing, eggs were capped with a plastic cover and then transferred to a Memmert HPP260
Climate Incubator (Memmert, Schwabach, Germany), with a constant temperature and
humidity. These eggs were then left undisturbed until EDD8 when they wglared.

5.22.4. CAM Exovo cultivation

Similarly, to thein ovo approach, eggs were allowed to settle for 30 min to allow correct
placement of CAM. The cracking process took place in a Microflow class Il laminar flow
cabinet. The egg was held horizontally and thenksd on the edge of an 80 mm triangular
magnetic stirrer bar. Pressure was gently applied to the crack formed, and the contents of the
egg was transferred into an ultraviolet (UV) sterilized weigh boat (VWR, Ireland). Inspection
was then carried out to ane the egg yolk was not ruptured and that the vascularisation of a
living embryo was present. The weigh boats were then covered with a petri dish and returned
to the incubator, with the temperature set at 37°C and a constant humidity. These eggs were
thenleft undisturbed until EDD8 when they were-planted.

5.2.3. CAM Survival assessment

Eggs were activated as described above, and then split into two groups of 20. Group A
underwentin ovo (windowing) cultivation, while group B underwemx ovo (cracking
cultivation. The eggs were then returned to the returned to the incubatorasebrattant
temperature and humidity, with egg mortality monitored. These eggs were then left undisturbed
until EDD11 where survival was then observed. This procedure wasccaut at 50, 60, 70

and 80% humidity, with three experiments completed at each humidity level.
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5.24. CAM angiogenic assays

5.24.1. Conditioned Media CAM Filter disc assay

The CAM filter disc assay was carried out as previously described with minor modifications
(Hofmannet al.2015; Wanget al.2017) Whatman filter paper (Sigmaldrich, Ireland) was

cut into 6 mm diameter filter disassing a hole punch and sterilized in a UV box fdnrl
Conditioned media was taken from confluent Myo (control), NBfeP, MyeVEGFGFP and
Myo-FGF4VEGEF cells. The media was centrifuged at 1000 RPM for 10 min and 20 yL was
then applied to the filter disand allowed to dry. Using UV sterilized forceps, the discs were
then applied to the CAM, and an additi-onal
dose effect. Two oplants of the same treatment group were applied to each (EA&ktal.

2017; Shafaagt al. 2018) The eggs were then returned to the incubator until EDD11 where
they were sacrificed by placing on ice for 30 min in preparation for imaging and analysis.
Surgical scissors and forceps were used to gently lift the CAM and cut it from the rest of the
egg.The CAM was then rinsed off in PBS, turned over to view the underside of {plarmin

and imaged immediately at 16x magnification using the Leica M651 surgical stereomicroscope
and DFC290 camera (Leica Mikroskopie &System GmbH, Wetzlar, Gernfxigg et al.

2010) Each experiment was repeated twice, with results combined to ensure enough data

points for a reliable statistical analy$i3eryugina and Quigley 2008)

5.24.2. MatrigetCell CAM assay

The Matrigelcell CAM assay was carried out similarly to previously described with minor
modifications(Vazquezet al. 1999; Deryugina and Quigley 2008)ylon mesh was cut into 4

X 4 mm squares and sterilized in a UV box for 1 hr. A Matrggdl mixture was formed by
mixing the Matrigel® Matrix Basement Membrane (Grovdbstorreduced phenol refiee,
Corning, NY, USA) with transfected cells diluted in PBS in a 1:1 ratio. Using forceps, a nylon
mesh was gently placed on the surface of the CAM and 50 pL of the Mateiyetixture was
pipetted directly onto the meshestwiwo onplants of the same treatment placed on each egg.
The eggs were then returned to the incubator until EDD 11 where they were sacrificed by
placing on ice for 30 min. Surgical scissors and forceps were used to gently lift the CAM and
cut it from therest of the egg. The CAM was then rinsed off in PBS, turned over to view the

underside of the eplant and imaged immediately at 25x magnification using the Leica M651
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surgical stereomicroscope and DFC290 camera. Each experiment was carried out iteduplica
with results combined to ensure enough data points for a reliable statistical gsygigina
and Qugley 2008)

5.25. Quantification of angiogenesis
5.25.1. CAM Harvesting and Imaging

Any chicks which had perished during the courséhefexperiment were excluded from the
analysis.Eggs were removed from the incubator, sacrificed dissected and infadjesiing
imaging, scissors were used to carefully cut around eaghaon and then the eplant was
pulled away from the CAM using fogps, the remaining CAM was then placed in a precooled
cryotube Thermo Fisher Scientific, Irelapduspended in dry ice so the sample could be

immediately snaffrozen. These samples were then stored for future use in molecular analysis.

5.25.2. CAM Scorhg and Analysis

With the analyst blinded to the treatment used for eagblamt, angiogenesis as a result was
scored by determining the vascular index of blood vessels which grew towardsplamion
similarly to described previousBarnhill and Ryan 1983; Ribatit al. 2006) In the case of

the CAM filter disc assay, scores of 0, 1 or 2 were assigned to each blood vbesahijle at

which it approached the gulant ( 6 mm, A= 28.27 mrf) was greater than 45°, and whether

it branched within a ring (12 mm) encircling each filter disc (Fi§.2 A). Similarly, in the

case of the Matrigetell experiments, all blood vess&bich approached the grlant (A= 16

mm?) at an angle greater than 45° were assigned a score of 0, 1 or 2 based on whether it
branched within the focal plane of the-plant (Fig.5.2 B). In the case of both experiments,

the total score for each gulant was then determined by the sum of each of these individual

Scores.
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Aty

@ - No branching

@ - Branching inside circle @

@ - Branching outside circle

@ - Does not enter on-plant

@ - Branching after entering on-plant

@ - Branching before entering on-plant

Figure 5.2. CAM angiogenic scoring

Methods of angiogenic scoring following treatment application, where blood vessels are
given a score based on their angle of approach to tlo-plant as well as branching. (A)
Method for quantifying an angiogenic score of (A) a circular 6 mm filter disc orplant.

(B) a4 mm square Matrigetmesh onplant.
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5.26. Statistical analysis

All statistical analyses were carried out using Excel@amda p hPad Pri sm soft war
t-test was used to determinkee statistical significance between two groups. A -orsy
analysis of variance (ANOVA) and Tukeyds pos
significance between groups, while actway analysis of variance (ANOVA) was applied

where two factors were present in an experiment (humidity vs. time). All graphs were produced
using GraphPad Prism 9.0 software, with data expressed as r8&i Pata was considered
statistically significanaet *p < 0. 05; **p < 0.01; =***p < 0.
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5.3 Results

5.3.1. Optimal Humidity is required to ensure embryo survival

In order to ensure success of the CAM assay as a suitable model in this study, optimisation was
required to understante best conditions required in order to ensure embryo survival. In order

to achieve this, embryos were incubated with varying humidity concentrations over the course
of 11 days followingn ovoor ex ovocultivation. In generain ovocultivation tended to show
improved embryo survival at all humidity concentrations compareextavo cultivation.
However, this was not significant when analysed hwyaway ANOVA with Tuke
hoc test (Fig5.3). It was also observed that incredsarvival was seen as a result of increased
humidity concentrations (80% humidity), however again this was not statistically significant.
As a result, with its potential for improved success, eggs undeimevdcultivation, followed

by incubation at 37C and 80% humidity.

100
=3 Inovo
B (o]
> 801 o =1 Exovo
e
@ 60 °
o o °
£ 40- .
5 °
o 20
U HE
0 | I | |
50% 60% 70% 80%

Humidity

Figure 5.3. Survival of chick embryos until EDD11.

Chick embryos underwentin ovo and ex ovocultivation with their survival monitored
until 11 days development. Data is presented as mean percentage chick survival + SEM;
n= 3.
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5.3.2. Myo-VEGF-GFP and Myo-FGF4-VEGF conditioned media increase proliferation,

migration and tube formation in endothelial cells

Following confirmation of hVEGFA expression and secretion by Mt GFGFP and Mye
FGF4VEGEF cellsin Chapter4, ournext aim wago investigate the angiogenic potential of the
conditioned media from these different cell lines. Both hVEEG&d hFGF play important
roles in mediatind=C growth and promoting angiogenesis, as a reE@tangiogenic assays
were employed. This involved monitoring the behaviour of C166 endothelial moussagolk
cells, following treatment with conditioned DMEM taken from each cell line.

In a scratch assay, the migrationEd@s can be observed following therfnation of a scratch

in the cell monolayer, with increased or decreased rates of migration seen because of various
treatments. In Figh.4 A, visually this migration of cells into the scratch formed can be seen
over the 8 hof observation, with increasedigration seen as a result of conditioned media
taken from stable transfected cell lines. Measurement of this scratch before amdted h
treatment, indicated a significant increase in the % change in scratch width as a resuk of Myo
VEGFGFP and MyeFGF4-VEGF conditioned media compared to media from Myo (control)

or Myo-GFP cell lines, with p<0.05 (Fi§.4 B). Complimentary to this, as measured using an
MTT assay, conditioned media taken from MyGF4VEGF cell lines induces a significant
increase inte proliferation oECs compared to media from Myo (control) (p<0.0001) or Myo
GFP (p<0.0051) cell lines. MYdEGFGFP cell conditioned media elicited a significant
increase in cell proliferation compared to rteansfected cell conditioned media (Fig4 C;
p<0.05). Interestingly, no significant increase in proliferation or migration was observed as a
result of MyeFGF4VEGF conditioned media compared to My&GFGFP, despite the stark
(50-fold) increase in VEGHA protein levels.
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Figure 5.4 Conditioned media from stable transfected myoblasts stimulates endothelial

cell migration and proliferation.

(A) Representative images ofin vitro scratch assay to analyse C16&C migration

following treatment with stable cell conditioned media. Images taken at 10X

magni fication. Dotted |ines indicate the mar
EC migration after 8 hr treatment. Results are expressed as the percentage of scratch

closure following each treatment; n=3. (CEC proliferation following 72 hr treatment

with stable cell conditioned media; n=810. All data presented as mean = SEM; *p<0.05;

**p<0.01; **p<0.0001.
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When seeded on a basement membrane matrix with the correct angiogenic factordgeesent,
can begin to form a wetldfined tubular network. Following the application of C166 mouse
ECs suspended in conditioned media taken from stable cell lines was applied to a Matrigel base
in 96 well plates, formation of this wellefined network was observed (Fig5 A). Four
images vere obtained at neoverlapping locations following treatment with conditioned
media from each cell line. Quantification of these images indicated a significant increase in the
number of tubes, nodes and total tube length following treatment withM&ga~GFP and
Myo-FGF4VEGF conditioned media compared to media from Myo (control) and-GlyB

cells (Fig.5.5B-D; p<0.05). However, despite the potent VE&Eecretion of the Myd-GF4

VEGEF cell line compared to MYWEGFGFP, little difference is seen in therpmeters of the
number of tubes, nodes and overall tube length.

These results indicated that through migration, proliferation and tube formation assays,
conditioned media taken from these hVE&Rnd hFGF4 secreting cells elicited angiogenic

like behavious in ECs, indicating the pr@angiogenic potential of these cell lines.
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Figure 5.5. Conditioned media from stable transfected myoblasts stimulates endothelial

cell tube formation.

(A) Representative images oEC tube formation assay following treatment with stable

cell CM. C166 Cells were suspended in CM on Matrigel and observed for b8 until tube -

|l i ke structures for med. |l mages taken at 10 X
images were obtained at noverlapping locations with (B) number of tubes (C) number

of nodes and (D) total tube length quantified using Image J software; n=3. All data

presented as mean + SEM. *p<0.05; **p<0.01.
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5.3.3. Conditioned media from MyeVEGF-GFP and Myo-FGF4-VEGF cells leads to

increased angiogenesis in the CAM

The CAM filter disc assay was employed to further validate our findings of the angiogenic
potential of hWVEGFA producing stable transfected cell lines. Conditioned media from each of
the coffluent stable transfected cell lines were applied to the CAM assay, delivered via a
saturated filter paper disc, with the angiogenic response observed. An increased level of
angiogenesis was observed with conditioned media from hVEGEcreting cell lines
compared to notransfected or control transfected cell lines (Fig6 A). Following
guantification of angiogenic scores of each treatment group;\WBGF~GFP and MyeFGF4

VEGEF cell lines elicited a 1-t0ld increase in the angiogenic score comparedyo {dontrol)

and MyoGFP cell lines (Fig5.6 B). This data further demonstrateéhe preangiogenic
potential of conditioned media taken from these stable transfected cells.
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Figure 5.6. Angiogenic response of CAM following treatment with conditioned media
from stable transfected C2C12 cells

(A) Representative images of CAM following 7zhr treatment with filter paper discs
saturated with CM taken from confluent Myo (control), Myo-GFP, Myo-VEGF-GFP and
Myo-FGF4-VEGF cells. Images taken at 16x magnification. Scale bar=2 mm (B)
Angiogenic scoreof filter discs. Data presented as mean = SEM with n=1230. *p<0.05;
**p<0.01; **p<0.001; **p<0.0001.
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5.3.4. MyoVEGF-GFP and Myo-FGF4-VEGF cells directly elicit increased angiogenesis
in the CAM

Following confirmation that conditioned media from these stable transfected cells elicited pro
angiogenic effects in botBC angiogenic assays and the CAM filter disc assay, the focus of
this study then moved to the investigation of the angiogenic respdricke genanodified

cells directly. To examine this, Matrigeéll mixtures were applied to the CAM. To begin, a
dosedependent curve using the CAM assay was carried out, with increasing quantities of Myo
VEGFGFP and MyeFGF4VEGF cell lines respectivglapplied to the CAM for 72 hto
establish the optimum cell number required (Big.A & Fig. 5.8 A). For both MyeVEGF

GFP and MyeFGF4VEGF cells, 1.5x19 cells/onplant was seen as the optimum
concentration of cells to elicit a significant angiogesfiect (Fig.5.7 B & Fig. 5.8 B; p<0.05).
However, in the case of MyBGF4VEGF, increased concentrations of over 1.3xd€lls
appear to have elicited a negative response on angiogenesis in the CAM, with a significant
decline in angiogenic score obser{édy. 5.8 B). Based on this, the angiogenic effects of on
plants consisting of 1.5x#@ells/onrplant for Myo (control), MyeGFP MyeVEGFGFP and
Myo-FGF4VEGF were investigated through application on developmental day 8 (EDDS8) for
72 hr.
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Figure 5.7. Dose dependent angiogenic response of My&GF-GFP secreting cells on

CAM assay.

(A) Representative images of dose dependent angiogenic dose response gplamis
containing increasing amounts of MyeVEGF-GFP cells applied to the CAM assay on
EDDS for 72 hr. Images taken at 25x magnification. Scale bar= 2 mm. (B) Angiogenic
score quantified following application Myo-VEGF-GFP cells. Data presented as mean *
SEM with n=2-6. *p<0.05; **p<0.01.
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1.5x108\

[

Figure 5.8. Dose dependent angiogenic responseMyo-FGF4-VEGF secreting cells on
CAM assay.

(A) Representative images of dose dependent angiogenic dose response gblamis
containing increasing amounts of MyeFGF4-VEGF cells applied to the CAM assay on
EDDS for 72 hr. Images taken at 25x magnificatin. Scale bar= 2 mm. (B) Angiogenic
score quantified following application Myo-FGF4-VEGF cells. Data presented as mean +
SEM with n=2-6. *p<0.05; **p<0.01.

Following the application of Matrigel encapsulated cell -plants, visually increased
angiogenesis vgaseen as a result of both My&GFGFP and MyeFGF4VEGF cell lines
compared to Myo (control) and My@FP encapsulated gulants respectively (Fig.9B). An
angiogenic score was calculated for eackplamt based on the number, branching and angle

of blood vessels approaching a square drawn around thkon Application of MyeVEGF

GFP cells to the CAM assay resulted in a significant increase in angiogenic response compared
to Myo (control) (p<0.001) and MyGFP cells (p<0.0001). Meanwhile, MyeGF4VEGF

cells elicited a similar response, resulting in a significant increase in angiaggepmnse
observed compared to -qtants containing Myo (control) and My&FP cells, with p<0.001
(Fig.5.9B).
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