’&°] UNIVERSITY OF

& LIVERPOOL

Characterisation and Comparative
Analysis of the Stem Cell Populations
within the Cruciate Ligaments of Canine
and Human Species

Thesis submitted in accordance with the requirements of the
University of Liverpool for the degree of Doctor in Philosophy

By
Megan Esther Barrow

March 2020



Abstract

The anatomical structure of the anterior cruciate ligame®h€L() of the human knee
joint and the cranial cruciate ligament (CCL) of the canine stifle joint is highly comparable.
The anatomical similarities allow the CCL to act as an experimental model for injuries and
diseases that affect the AChllowing for the development of comparative treatment
NBIAYSyad F2NJ 620K alLISOASA dzy RS (Cookét&., 2000S Y S
The ACL and CCL are both highly susceptible to injury and rupture with current treatment
methods proving to be varied in results, withmgpture a common occurrencét has been
proposed that a detailed comparative analysis of the mesenchymal stem @4BC)
population present within both the ACL and CCL would aid witiducing alternative
treatment options. MSCs have been determined to hold roles within the maintenance of
tissue homeostasis in alternative specie®wever, a compative study of the hunan ACL
and canine CCL has not previously been undertalied the effect of rupture on MSCs
derived from the cruciate ligaments has not been explored.

Thisstudyaimed to fully characteriseand comparatively analyse ACL and CCL tissue
and the MSC poputin derived fromruptured and intactissuefrom both species The MSC
phenotype was determinetby characterisintie population kinetics, immunophenotyping
cell surface antigens, protein expressioniitieage differentiation and immunomodulatory
secrebme. As ageing has previously been determined as a significant risk factor for the
formation of degenerative diseases and morbidities within ligaments, this study aimed to
characterise the mechanisms by which ageing occurred. Through passage, the agieéng of
MSC population was mimickeand the senescence capacity of the population assessed.

It was determined that ruptured and intact ACL and CCL had key phenotypic
differences at both tissue and cellular levdtscan be confirmed that MSCs derived from
ruptured and intactACL and CGire compliant with thelinternational Society for Cellular
Therapy guidelinedHowever, MSCs derived from the CCL displayed a reduced stem cell
phenotype.lt was concluded that althagh anatomically similar, there were key differences
between the ACL and CCL, particularly in the senescence nature of the isolated MSCs. MSCs
isolated from the CCL (ruptured and intact tissue) expressed a prematurely senescent
phenotypecomparedio MSCs islated from the ACL (ruptured and intact tissue). It has been
hypothesised that thisis due to a premature instigation of evolutionary protective

mechanisms within the CCL to reduce the risk of genetic mutation.
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Chapter 1. Introduction



1.1 Anatomy of the human knee joint and canine stifle joint

1.1.1 Anatomy of thehuman knee ¢int

The human knee joint is a diarthrodial synovial jointthat facilitates movement
through the controbf flexionand extension of the tibia in relation to tHemur (Figurel.l).
There are four main bonesssociated with the knegjeint; the femur, tibia, fibula (long bones)
and the patellga sesamoid boné¢hat is fully integrated within a tendgr(Sarin et al., 1999,
Eyal et al., 2015)The knee joint bonesare connectedto each otherby musculoskeletal
tissues includindigaments, tendons and musclékardon, 2011)Figurel.1). Lateral and
medial fibrocartilaginous discs (thmenisc) and articular hyalinecartilage located on the
ends of long bonegrotect the joint byabsorbing the cyclic biomechanical loads that occur
during movemeniKardon, 2011)Whilt walking, it is expected that theumanknee joint
will be subjected tdorces equal tahreetimes bodyweightand thisincreases teighttimes
bodyweight with running(Mow and Hayes, 1991, Miller et al., 2015)

Four ligaments, the anterior cruciate ligament (ACL), posterior cruciate ligament
(PCL), medial collateral ligament (MCL) and lateral collateral ligament ¢b@h¢ctthe
bonesof the knee jointin order to provide joint stabilitf{Ombregt, 2013)TheACLand PCL
are intrararticular,extrasynovialligaments(Gupta et al., 2018)he ACbriginiswithin the
notch of the distal femuat the medial aspect of lateral condyl The ACExtends through
the centre of the knee joint as the anteromedial and posterolatéi@ible bundles tothe
tibial attachment site in front of the intercondyloid eminencef the tibia (Edwards et al.,
2008, Lee et al., 2015)he PCL is alsmchored from the intercondgit notch of thefemur
at the anterolateral aspect of the medial femoratondyle but extends downward at a
posteriorlateral angle to its tibial attachmertite belowthe articularsurface ofthe tibia
(Chahla et al., 2016, Shon et al., 2017, Logterman et al., ZDIS)ACL and P@tovide an
importantintra-articularfunctionwith the former preventinganterior-tibial translation and
the latter preventing forwardnovement of the femuin relation to the tibia(Duthon et al.,
2006, Gupta et al., 2018Both the ACL andPCL reduceotation around the medialateral
axisthroughthe ¥ & O-NaB& mechanisifiand resist varus andalgusforces placed on the
joint (Li et al., 200,/Raj and Varacallo, 2020)

The extraarticular ligaments of the knee joirgre the medial collateral ligaments
(MCL)connecting thefemur to the tibiaand the lateral collateral ligamer(LCL), which
connects the femur to the fibul@Smeets et al., 2017The MCL and LCL contribute to the
maintenance of joint stability byrestricting varus and valgusforces (respectively)and

rotational movement{Ombregt, 2013)
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Figurel.1l: The anatomy of the human knee joinAn illustration of the human knee joint consisting
of four bones: femur, fibula, tibia and patella; four ligameimsludingthe intra-articular ligaments,
anterior cruciate ligament(ACl. and posterior cruciate ligameni{PCL) and the extraarticular
ligaments; medial collateral ligamei(MCL) &lternatively known as tibial collateral ligament) and
lateral collateral ligamen{LCL) (alternativelyeferred to as fibular collateral ligament(Image
adapted from(Calmbach and Hutchens, 2003)



1.1.2 Anatomyof the canine stifle joint

The anatomyof the canine stifle jointis similarto the human knee jointenabling
direct comparison to be made between their anatomicsttuctures(Cook et al., 2014, Dan
et al., 2019)Thecaninestifle jointhasthree main long bonesswith the human knee joint
and these ardahe distal femur, proximal tibia and proximal fibuld@here are four smaf
sesamoid bones within the stiflpint, the patellaand the lateral, medial, and popliteal
sesamoids (fabella€iCarpenter Jr and Cooper, 2000, Gilbert et al., 2008 femoropatella
andfemorotibilial are the two main articulations within thine canine stifle join{Carpenter
Jr and Cooper, 2000)he femoral and tibial condylese separated bthe lateral and media
meniscj which can withstand approximately 50% of the total loadpplied to thejoint
(Bessette, 1992)0Of the 15 ligamentswithin the stifle joint, there are fourthat are
comparable to those within theumanknee joint(medial collateral ligament (MCL), lateral
collateral ligament, (LCL), crantaliciateligament (CCL) and caudal cruciate ligament (CaCL)
(Carpenter Jr and Cooper, 2000, Cook et al., 2014, Hayashi et al., POAR)CL and LCL
perform comparable roles in restrictingediolateraltranslation of the joint andestricting
rotational movement around the joint(Palmer, 2005) The CCL contributes to the
maintenance of joint stability by resisting anteritbia translation and is considered
equivalent to the human AClHowever translationof the caninecaudal cruciate ligament
(CaClLs equivalent to the human PCand preventghe forward movement of the femun

relation to the tibia(Carpenter Jr and Cooper, 20@Bigurel.3 andFigurel.2).



Patelln

Femur

Lateral collateral

Iiznmem\ vy
-

Cranial cruciate
ligament

Caudal eruciate
ligament

Medial meniscus

Medial collateral

Long Digital Extensor

Caudal Cruciateigament
Tendon

Lateral Meniscus
Cranial Cruciateigament

Medial Meniscu

lignment
Figurel.3: An illustration of the anatomy of the canine stifle joint. Figurel.2: Photograph of a representative normal cadaveric canine stif
The canine stifle joint consists of four main bones; femur, fibt joint. A photographic image of a cadaveric stifle joint showingfémeur,
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caudal cruciate ligament, medi&ollateral ligament and latera long digital extensor tendon and lateral meniscus (Photographed

collateral ligament. (Image taken frof@anapp Jr, 2007)

Veterinary Teaching Hospital, University of Liverpool, July 2018).



1.2 Ligamentstructure

Ligaments are dense, connective tissuleat contain highly ordered,hierarchical
structures of collagen fibril bundles approximately 1.5nm in diam@aciel, 2002, Frank,
2004, Birch et al., 2013, Maatos et al., 2013A microfibril of approxnately3.5nm diameter
is formed from a pentameof closely packed collagen fibres aligned in paraflgdrimary
fibre bundleforms the subfibri{secondary bundlg(Maciel, 2002, Frank, 2004, Birch et al.,
2013, Markatos et al., 2013lf is estimated that 780%o0f the dry weightof a ligamentis
collagen(Benjamin and Ralphs, 1998, Rumian et aD,7/20.igaments consist of twgpes of
collagen collagentype | andcollagentype Ill at a 9:1 ratio respectivelfBirch et al., 2013)

The swfibrils group form a fibril of 5600nm in diameter, forming the tertiary bundle. The
fascicle consists of a number of fibril bundles surrounded by a vascular septum (alternatively
known as an epiligament) of thin connective tisstiat join together toform a ligament
(Figurel.4) (Chowdhury et al., 1991, Bray, 1995, Benjamin and Ralphs, 1998, Frank, 2004,
Birch et al., 2013, Markatos et al., 201Bhe hierarchical structure of the ligament is shown

in Figurel.4).

50-300 microns

1.5nm 3.5nm SO-SQO nm

Ligament

Microfibril

Crimp
Pattern

Figurel.4: The hierarchical structure of a ligamenvith approximate diameter of each region from
collagen fibre to a ligamentA ligament is composed of a pentamer of collagen fibres grouped to form
a microfibril of approximate3.5nm diameter. Microfibrilsare arranged to form a subfibrilhat is
groupedto form a fibril. Fibrils are arranged to form a fascicle of betwee3@um, bound together

by an epiligament to form a ligament. (Image fr@astelic et al., 1978)

It has beenhypothesised that the structure of a ligament can either bsiragle
construct of a continuum of tissurmed from fascicleor a distinct bundle structure
Macroscopic anatomical dissections identifying the bony attachments to which a ligament

conjoinshave shown that the ACkonsistsof two fibrous bundles the anteromedial and
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posterolateral bundleiGirgis et al., 1975, Amis and Dawkins, 1991, Steckel et al., 2009,
Skelleyet al., 2017) The two bundles do not work in unisoAs flexion of theknee joint
occurs, the anteromedial bundkxtends,and the posgrolateral bundle relaxes.

The CCL has two fibrous bundles, an anteromedial bundle and posterolateral bundle.
The anteromedial bundle (alternatively known as the craniomedial bunditfaches
proximally to the femur and cranially to the anterior region of the tibjarnoczky and
Marshall, 1977, Heffron and Campbell, 1978, Hayashi et al., ZDd®anteronedial bundle
is a spiral structurethat is longer than its counterpartithe posterolateral bundle
(alternatively known as the caudolateral bundl@he posterolateral bundle is straight in
structure in comparison to the anteromedial bundle amdginatesfrom the distal, lateral
region of the femoral condyle and inserts into the caudal regional to the (Rriaoczky and
Marshall, 1977, Heffron and CampbeB,78, Hayashi et al., 2019)



1.3 Biomechanical properties of ligaments

Ligaments are responsible for bone to bone attachment, providing stability and
maintenance of anatomal position and ensuringhe biomechanical force is equally
distributed across the joinfHui et al., 2005, Benjamin et al., 2008gaments respond to
tensile forcedo prevent hyperextension of the joirffMarieswaran et al., 2018Resistance
to these forces is attributedo the assembly of extracelar matrix (ECM) molecules
includingcollagen, proteoglycans and elastand the hierarchical organisation withithe
fascicular ultrastructuréFrank, 2004, Franchi et al., 201Application of load to ligaments
has been shown ttead to the gradual elongation of collagen fib(#sgurel.5 and Figure
1.6). A stressstrain curve assessing the effect of biomechanical loading on ligansestiewn
inFigurel.5.¢ K S Wi 208theNsifeSsistBaifi Qurve fbe point at which the initial load is
applied,andleads tothe uncrimpingand elongation of the collagen fibrils within the fascicle
(1) onFigurel5® ! & GKS 2R AyONBlFraSasz GKS tA3lYSy
elongation of the collagetibres isdirectly proportional to loadand a linear response
between load and elastic strain is obser®doo et al., 1991, Woo et al., 1999, Dargel et al.,
2007, Birch et al., 2013Elongation of ligament during the elastic region is known as
WO NE $ABniFiguel.5 (Dargel et al., 2007With increased load, further elongation of
GKS tA3FYSyld 200dzNB dzyGAf GKS f Addigvdagli NB I O
shaped curvg3) onFigurel.5. The yield poinwwvhen the ligament is unable to elongate
further causing permanent deformation as the collagen fibres reach the maximum point of
being uncrimped. Thégamentyield point is influenced by several factors including size,
ultimate stress of tissue, fatigue properties and stiffn€dtoo et al., 1991, Woo et al., 1999,
Dargel et al., 2007, Birch et al., 201Bicreased loading beyond thgeld point results in
ligament failure and rupture(4) onFigurel.5. Therefore, an increase in load could lead to
irreversible damage (without surgicimtervention). The tensile force at the point at which
the ligamenttransforms to an irreversible state of plastic deformatios defined as the

Wdzt A Y I(Wo8 et &.210R,Woo et all999, Dargel et al., 2007, Birch et al., 2013)
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Figurel.5: Stressstrain curve showinghe relationship between force and elongation on ligaments.
Collagen fibres uncrimp as a tensile force is placed upon a ligafi¢As an initial load is applied to
the ligament, collagen fibrils start to uniep ¢ the Yoe regiorf)(2) Collagen fibrils continue to elongate
anduncrimp with increased load the ®lastic regio®(3) As theligament loadncreasesthe ligament
continues to elongateuntil maximum elongatioroccurg, the Yield point (4) Rupture of ligament
occursg YailureQ (Imagefrom (Birch et al., 2013)

Figurel.6: Transmission Electron Microscopy (TEM) images of the collagen fibrils within ligament
uncrimping as load is appliedA) The stroma of the bovine cornea shows increased collagen fibril
crimping with no load appliedB)With the application of loaccollagen fibrilsuncrimp and straighten

of the. (C)A further increasén load results in the collagen fibrils straightening with no crimp evident.
(D)Once the ligament is loaded past the yield point, there is rupturing of the collagen fibrils (D). (Image
adapted from (Liu et al., 2014)



It has beerdetermined throughin situexperimentation, that the force subjected to
a human ACL during walking is 169N (Morrison, 1969) Increasing actiwt levels by
completingtasks such as descending a staircaserease the forcéhroughthe ACLby 2.6-
fold to 445N. Interestingly, if a staircase was ascended or a ramp used in replacement, the
force subjected onto the ACL was 10Qbrrison, 1969, Dayel et al., 2007, Domnick et al.,
2016)

Several factors have been shown to influence the ultimate fdaded orthe human
ACL.Theultimate loadapplied to each of théACL bundlesvas explored bySakane et al.,
(1997. With an appliecanterior-tibial load of 110Nit wasdetermined that there wasmin
situ ultimate loadof 71.1+ 29.5Nsubjected to the AClwhen knee flexion was at 90With
26.2 + 14.4N applied to the posterolateral bundied 32.6 + 13.3Nsubjected onthe
anteromedial bundle An applied anteor-tibial load of 22N lead® anin situultimate load
of 12.8 £ 7.3N at 90° knee flexion on the AThe in situ ultimate load applied to the
anteromedial bundle was 9.9 = 7.7N and 4.6 = 2.5N in the posterolateral b(Bakane et
al., 1997) It was concluded that theosterolaeral bundleresponds to anteriotibial loads
at the point near full extensio(Sakane et al., 1997, Dargel et al.02pSkeletal maturation
at pubertyhasbeenreported to positivelyaffect the ligaments potential to resigiltimate
load and ultimate tensildéorce, whichis attributedto the increasedsize ofcollagen fibris
(Woo et al., 1991, Woo et al., 1998nalysis of the effect of age tigament strengtlshowed
a reduction in the potential for ligaments to withstand loading with increasing age, increasing
the risk of rupture(Woo et al., 1991, Woo et al., 1998or males and females, agéa-35
years ligaments carwithstandan ultimate load of 2160 + 157N. Howevigom 60-97 years
this value is reducetb 658 + 159NWoo et al., 1991, Woo et al., 1999Yoo et al., 199%lso
determined that exercisinfluencesthe ligaments potential to withstandiltimate load. A
study on swine femumedial collateral ligamentibia complexas showed that after
undertaking 12 months of exercise (for a human population this would include swimming,
walking and treadmill walking), the ultimate load of the ligament increased 38% in
comparison to norexercising control population®Voo et al., 1991, Woo et al., 1999)

Comparison of théCLdrom females and males (aged between 18 and 40 years old)
determined thatmale ACLsan withstand digherultimate load tharfemales(Kadaba et al.,
1990, Marieswaran et al., 201&estrogen productionn femaleshas been shown toeduce
the amountof collagerpresent within the ligamentcontributing to the reduced potential to
resistultimate load(Liu et al., 1996, Marieswaran et al., 20IB)e maximum ultimate load
resisted byfemale ACIs wasdeterminedto be 1266 + 527Nwvhereasfor those taken from

maleswas 1818 + 699KKadaba et al., 1990, Marieswarat al., 2018)
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The ultimate load resisted by the canine CCL is variable and depends on the angle at
which the force is appliedireed, ageand the bodyweigh{Vasseur et al., 1985, Wingfield et
al., 2000, Comerford et al., 200&)xperiments comparing unilateral canine bdigament
bone preparations showed that dogs weighing under 1&kgdwithstand an ultmate load
greater than those weighing over 15Kgasseur et al., 1985, Comerford et al., 200%je
ultimate load a CCL can withstand prior to failure is -dgpendentwith a reduction in
ultimate load to failure recorded with increasing a@®gs weighing less than 15kgowed
a reduction in ultimate loadand increase in biomechanical strendgWasseur et al., 1985)
This was proposed to laueto an increaseén fibrocartilageof the CCLwith age resulting in
reduced biomechanical strength of the tiss(Masseur et al., 1985, Narama et al., 1996,
Comerford et al., 2005)

Wingfield et al. (2000) compared the ultimate lo&adl failure per kilogram of
Rottweilers to racing Greyhounda breed notsusceptibleo CCL rupturednd showed that
whenCCL$or both breeds were subjected to a joint angle of 1,568 RottweilerCCLsould
withstand a load of 33.8 = 3.2IR¢g body masswhereas he greyhound was able to
withstand a load of 59.3 + 4.3% (Wingfield et al., 2000, Comerford et al., 2008hen
the joint angle was decreased to 130° in the case of the Rottweiler, they could withstand a
greater loadof 48.6 + 8.22N/kgbut the Greyhoundswithstood a lowerload of 55.2 +
3.88N/kg(Wingfield et al., 2000)Comerford et al., in 2005, assessed the ultimate load to
failure in Labrador Retrievefa breed predisposed to CCL ruguand Greyhounds. It was
determinedthat the ultimate load to failure was 27.5 £+ 2.4 N/kg in Labrador Retrievers and
28.1 + 21.5N/kg in Greyhoun@Somerford et al., 2005)

1.4 Insertion of ligaments into thebones of thejoint

Ligaments providea connection between two boneand are anchored athe
enthesissite (Figure 1.7) (Benjamin et al.,, 2006, Juneja and Veillette, 2013)ament
attachment carbe either direct insertiorto the bone orindirectinsertionvia the periosteum
(Benjamin and Ralphs, 1998, Benjamin et al., 2006, Juneja and Veillette, AdH@)gh the
0 S NI a ingdRibrRB Dy R iHskrifoRAreNdEdElyiused within the literaturt define
the form ofligament attachment to bonehere are a number of researchers who prefiee
alternate terminologyW ¥ A 6 NB OF NIi A @ to HBeOt A ¢ B SN2 AFIR Q@ 8F A 0 NP dz&
2 LILJZ2 & Sdireclirzy aus NEBehjamih@nd Ralphs, 199%everal author§Benjamin et
al., 2006, Apostolakos et al., 2014, Dai et al., 20d8¢cted the use of fibrous and
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fibrocartilageto describe theenthesis site of tendons and ligamentdowever, the terms
indirect and direct were opted for use byanystudies includingThambyah et al., 2014nhd
(Costa et al., 2018)

1.4.1 Direct (fibrocartilage) msertion

The direct (fibrocartilage) insertioenthesisis formed of a fibrocartilage tissue
arranged byransitionalzonesaccording to its macromolecular compositi@mdisidentified
by histologicalanalysigFigurel.7) (Apostolakos et al., 2014¥one 1isa connective tissue
predominantly made up of collagen type | andaésitinuous with the ligament tissugigure
1.7). At zone 2, the presence of uncalcified fibrous tissas beidentified to have a
cartilaginous phenotypé-igurel.7). Comparedo the highlyalignedligamentocytesn zone
1, the cellsn zone 2have arounded chondrocytelike morphologywith a lower cell density
and sparserdistribution within the tissue Theamount of collagen type Is decreasd,
whereasthe amounts ofcollagen type 1l andollagen typdll, associated witleartilaginous
tissues areincreaseddue to anupregulationof expression ofhe transcription factes core-
binding factor subunit alphd (CBFALland SRYBox 9 §0OXY Proteoglycans associated with
the extracellular matrix of cartilage tissue, includiaggrecanand decorin have been
identified within zone 2 and are present at much higher amounts thdthin zone 1
(Benjamin and Ralphs, 1998, Benjamin et al., 2(Béhjamin et al., 2006 Theabundance
of the sulphated proteoglycaaggrecarenableshydration of the tissugwhichabsorts and
dissipaesthe effect ofmechanical loading placed on the entheses, redutiiegiskof injury
(Benjamin and Ralphs, 1998jgurel.7). In zone3, thefibrous tissuadescribedchas ahigher
proportion ofcollagen typdl andcollagentype X, and aincrease iraggrecarnn comparison
to zone2 (Thomopoulos et al., 201Qone 4is theconnectionbetween the ligament to the
bone, consisting largely of mineralised collagen typ@dnjamin et al., 200@Jigurel.?).

The zonal arrangement of the fibrocartilage tissue dissipates loads effectively;
allowing the direct entheses to withstand greater biomechanical loads in comparison to the
indirect enthesis, and is therefore less susceptible to injiwgahashi et al., 2010)An
example of this is the femoral cruciate fibres, located at the anterior section of the ligament,
maintainng a fibrocartilage enthesis (direct insertion) with the lateral femoral condyle

(Moulton et al., 2017)
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1.4.2 Indirect (fibrous) insertion

Indirect (fibrous) insertion of the ligament occurs via either the direct attachment of
ligament to bone or indirectly through the attachment of the ligament to the periosteum
(Costa et al., 2018)The indirect entheses is anatomically less common than the direct
(fibrocartilage) entheses. This is due to ligament enthesis goa@imore susceptible to
undergoing chondrogenesis (as seen during fibrocartilage insefBar)jamin et al., 2006)

The fibres located behind thikateral intercondylar posterior ridgef the ligament show
indirect, as there is no evidence of chondrogenesis and transitional zonal organisation of
tissue(Sasaki et al., 2012, Moulton et al., 201&)second example of fibrous enthesis occurs
between theanteromedial and the posterolateral bundlevhich comprises of thdouble
bundle structurg(Duthon et al., 2006)
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Figurel.7: Representaive images of the enthesis siteof a human ACL(A) An electron microscopy
image of fibrocartilageenthesis site between a ligament and bone. The imadestify the four
different zones present within the enthesi@émage adapted from Smith et al, 200[B) Histological
image of a fibrocartilaginous enthesis site with four zoimedudingdense fibros connective tissue
(CT) calcified fibrocartilage (CF) uncalcified fibrocartilage (UF) bongid@hark (TM) articular
cartilage(AC))(Image adaptedrom (Benjamin and Ralphs, 1998)
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1.5 Ligamentultrastructure

The ligamentis separated into two componentshe fibroblastic cellular component

(fibroblasts known aigamentocytespnd extracellular matrix (ECM).

1.5.1 Ligamentocytes
Ligamentocytes are terminally differentiated, specialised scéliat synthesise,

assemble and organise the ECM components of the ligareeablinghe correct alignment
of collagen fibreshrough the formation of collagen fibre cables or collagen fibre shibetis
confer optimal biomechanical properti¢s ligaments(Kim et al., 2002, Frantz et al., 2010)
Ligamentocytefave roles irboth secretion and assembly of EGIid are alsoesponsible
for the repair and regeneration of the tissue following injwor diseaséLekic and McCulloch,

1996, Frank, 2004, Subramanian and Schilling, 2015, Sdranzd, 2019)

1.5.2 Extracellulamatrix

The macromolecular components of the ligament Ei@dlude collagers, integrins,
elastinglycoprotein and proteoglycan family membéended norcovalentlyto a long chain

of hyaluronate with linkprotein (Heinegard and Hascall, 1974)

1.5.3 Collagen family
Collagen fibrils are composed of thrpelypeptidesof tropocollager: f LKl o6h 0 OKI

that form a triple helix structuréVan der Rest and Garrone, 1991, Gordon and Hahn, 2010,
RicardBlum, 2011)/ 2t €  3Sy h OKI Ay & rdpedihg dykineddayesi S NR & S|
repeating amino acidmotif with hydrogen bonds betweeglycine moleculestabilising
tertiary and quaternanstructure of the moleculéMiller and Gay, 1982, Van der Rest and
Garrone, 1991, Gordon and Hahn, 2010, Melton and Chenoweth, ZIHSX and Y residues
are variable however, the X residue isrequently proline, and the Y residue is typically-
hydroxyproline(Van der Rest and Garrone, 1991, Gordon and Hahn, 2010, Melton and
Chenoweth, 2018)The addition of alternative residuestabilisesthe collagen molecule
structureand aids with tertiary folding (Van der Rest and Garrone, 1991, Gordon and Hahn,
2010, Melton and Cheweth, 2018) In total, 28 distinct collagens have been identified
(RicardBlum, 2011)These collagens can lassignednto two categories: fibrillar collagens
and nonfibrillar collagengRicardBlum, 2011)Collagen types,lll and lllare examples of
fibrillar collagens Thesecollagens contain one major triple helical domaind can form

fibrils (Miller and Matukas, 1969, Gordon and Hahn, 2010, RiBéwth, 2011)NonHibrillar
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collagens includeollagen type V whicbannotform collagen fibres independelytbut binds

to the surface of collagen fibrilRicardBlum, 2011) Collagensype XIJ XIVand XVI are
examples ofibril-associated collagens with interrupted triple helix (FACIT), further examples
of nonibrillar collagensUnlike fbrillar collagens, FACtBllagensontain collagen domains
interrupted by noncollagenous nottriple helical domainsto maintain roles such as

determining the composition of the EC{@else et al., 2003, RicaBlum, 2011)

1.5.4 Integrins
The integrin family ardhvomologous, transmembraneell surface receptorshat

contribute tothe adhesionproliferation, and migration of cellby linkingthe extracellular
matrix to the cellular cytoskeletofAlberts et al., 2002, Henshaw et al., 2006, Schreck et al.,
1995, Kokubun et al., 2018)Extracellular matrix components, including collagen and
fibronectin, can bind through dimer linkingto two integrin subunits allowing ell
communication to theextracellularenvironment(Henshaw et al., 2006)ntegrin molecules
consist of a membranspanning domain, a carboxgrminal cytoplasmicdomain and a
globular extracellular regioassociated with nowovalentlybound glycoproteins(® | y R i
subunit9 (Alberts et al., 2002, Schreck et al., 1995eLINBE 4 Sy OS 2F hpvel YR i ™
been identified in the rabbit, rat, human and canine ACL. Integqimession igicreased with

ACL injuryto stimulate collagen remodelling, fibrosis andeapithelialisation to aid with
wound healingGesink et al., 1992, Alberts et al., 2002, Henshaw et al., 2006, Kokubun et al.,
2018)

1.5.5 Elastin

Elastin isan insoluble moleculeonsisting of a central crodimked elastincore,
surrounded byafibrillin microfibril sheathKielty, 2006, Smith et al., 2011, Smith et al., 2014)
Historically elastinvas assumetb bea minor componenbf the extracellular matrixn both
human ACL andanine CCL However,severalstudies have now identified elastin toe
distributed through tissues ofboth species(Paatsama, 1952, Vasseur et al., 1985, Frank,
2004, Smith et al., 2011, Smith et al., 2014, Kharaz et al., 201t8)n the canine CCeklastin
is localised betweethe (i A & dntadudde and interfascicular regio@mith et al., 2011)
Fbres run parallel to longidinal collagen fibrils within ligamentahere itstabilieescollagen
fibrils by prestressing theissueduring the toe region of the stresstrain graph(Kielty, 2006,
Smith et al., 2014, Kharaz et al., 3011
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1.5.6 Proteoglycans
Proteoglycans are ubiquitous molecules that consist of a central protein core

covalently baded to sulphated polymeric disaccharideglycosaminoglycansGAG) side
chains(llic et al., 2005, Elfenbein and Simons, 2010, Song, 20h&) negative charge
associated with thesGAG chaingnablesproteoglycans to erform multiple functions,
including the regulation of the bioavailability ofsecreted signallingnolecules and the
interaction with other macromolecular components to maintain the structural homeostasis
of the tissug(llic et al., 2005, Elfenbein and Simons, 2010, Song, 2B/&osaminoglycan
side chain#ncludingchondroitin sulphate, keratan sulphate, heparan sulphate and dermatan
sulphate(llic et al., 2005, Elfenbein and Simons, 2010, Song, Zli&)e are threaypes of
proteoglycars in ligament hyaluronic acid bindingroteoglycars (aggrecanand versican,
small leucine rich proteoglycan(SLRBEsdecorin asporin and kglycar) and cell surface
proteoglycars yndecarsand glypicans(llic et al., 2005, Kharaz et,&2018)

Aggrecan is an aggregatingproglycanconsisting of a three globular domain core;
G1, G2 and G3; with the GAG side cbattaching between G2 and GRiani et al., 2002, llic
et al., 2005)90% of theGAG side chasrassociated wittaggrecan arehondroitinsulphate
Keratan sulphate provide a substitution for chondroitin sulphate when O-linked
oligosaccharides are extendé@diani et al., 2002,idl et al., 2008)AggrecancanreduceECM
compressionn ligamentby creating a deformable gel within the extracellular matrix to resist
load. The deformable gel is formed by positively charged ions counteracting the negative
charge of the GAGs, estaltling an osmotic imbalance that draws in water, hydrating the
tissue and enabling it to withstand compressive and tensile fo(eegel and Heinegard,
1985, Yanagishita, 1993, Kiani et al., 2002)

Versicanis the majorhyaluronic acid bindingroteoglycan of thdigamentregions
that resist tensile forceflic et al., 2005, Parkinson et al., 2011, Comerford et al., 2014, Kharaz
et al., 2018)The \ersicamtmoleculehasan Nterminal globular domain, a-@rminal globular
domain anda chondroitin sifate chain binding regioi.here ardour main versicarsoforms
formedby alternatesplicing VQ V1, V2 an¥3,with each isoforndifferingin the number of
chondroitin sulphatelomainsit contains For example VO contains two chondroitin sulphate
R2YlAyaz h FyR | 'yYyR +m O2 yniohlp(Wcet dl., 2% 2 y R NR A
Parkinson et al., 2011, Comerford et al., 2014, Kharaz et al.,.2018)

The SLRP family are small structurally related proteoglycans that contain a leucine
rich repeat motif thatis present in the extracellular matri{Boskey, 2010, Kirby and Young,
2018) Decorin is a SLRP made up of a 38kb core protein with 10 leucine rich répesitey

et al, 2013) Decorin facilitatescollagen fibrillogenss and formation of collagen cross
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bridges6 . 241 S@X wnmnXI [ DBetdiid niaked fip 9®%iof the pwEoglycarm T U
content present within the ligament tissuyélékkinen et al., 2000, llic et al., 2005)

Biglycan isaSLRP proteoglycamith a 42kb protein corevith up to two GAG side
chains ¢ chondroitin sulphate or dermatan sulphat@Nastase et al., 2012Biglycan is
responsible foorganisinghe microfibril network of collagenbils, particularly Collagen IV
and fibrillin and idocalised to theegiors of ligaments and tendonleaded by tensile forces
(llic et al., 2005, Parkinson et al., 2011)

The SLRP, Aspohias a higtinding affinity forcollagen type providing competition
for decorinto form collagen cross bridgéKalamajski et al., 2009, Little et al., 2Q&gporin
has been largely located within therrounding areas tddamentocytes with the ability to
resist tensile forceéLittle et al., 2014, Kharaz et al., 2014though the role of asporihas
not been properly definedit has been predicted that influencesthe mineralisation of aged
tissueg(Little et al., 2014)

1.5.7 FEibronectin

Fibronectin (FN) is a glycoprotein dimer consisting of B2&0kDasubunits bound
at the Gterminal by disulphide bondin@Pankov and Yamada, 2002, Co#dgidelo et al.,
2015) Each monomer consists of three repeats: type |, type Il and type Il that bind to
collagen/ gelatin, Bparin and fibrifPankowvand Yamada, 2002, Conédgudelo et al., 2015)
Fibronectin maintains roles within cellular adhesion, migration and differentiation of cells
(Pankov and Yamada, 2002, Cowdgudelo et al., 2015Through its role in cellular adhesion,
FN forms an anchor between linear collag#ils, providing connections betweeBCM

componentySingh et al., 2010)

1.6 Injury and treatment of the ACL and CCL

1.6.1 Anterior cranial cruciate ligment injury (ACL) and rupture

The hcidenceof reported ACL rupturdnasincreasedn recent yeargrom 33 cases in
100,000 (1994) to 480 cases in 100,00@016) whilst there areapproximately 30 million
cases of tendon or ligament injury per yeaorldwide (Maffulli et al., 2003, Zeugolis et al.,
2011, Paschos and Howell, 201&he predicted annual expenditure in Europe for ACL
NEO2yadNHzOGA2yY adzNBESNAS&A A& SadAYlrdaSR I
expenditure of the US where there are200,00 ACL reconstruction surgeries undertaken
annually (Maffulli et al., 2003, Zeugolis et al., 20ychman et al., 2017, Paschos and

Howell, 2016) Theaetiopathogenesi®f ACL injuryncludesgenderdifferencesanatomical
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variationsand genetic predispositigrageand trauma(Arendt and Dick, 1995, Csintalan et
al., 2008, Dai et al., 201Blyer et al., 2013, Herzberg et al., 2017)

1.6.1.1 Genderdifferences

Genderdifferences are a risk factor for Ajury with femalesbeingup to five times
more likely to injure their ACL (whilst participating in sporting activity) compared to males
(Lohmander et al., 2007, Csintalan et al., 2008, Herzberg et al., Ratigswaran et al.,
2018) There are a number of factors influencing increased incidence in female ACL injury.
The maximum load of failure of cadaveric ACLs was assessed by Marieswaran eBal. (201
with males reported to withstand a 1-fold increasgMarieswaran et al., 2018Hormonal
balance through homeostatic contrand oral contraceptioontribute tothe devated risk
of ACL injury in the female populatiafue to the increase in knee joint ligament laxity
(Herzberg et al., 2017} study undertaken on Division Basketball, lacrosse, field hockey,
soccer, gymnais, and volleyballsports by the National Collegiate Athletic Association
found that female athletes with relaxin concentrations greater than 6.0pg/ml were up to four
times more likely to have an ACL inj@Bragoo et al., 2011, Herzberg et al., 20ITHe use
of oral contraception suchestradiol has beenlinked to increasa ligament laxityby a
number of studies, due to presence of-OH estradiol receptors on A@kelf (Lee et al.,
2014, DeFroda et al., 2018)study undertakety Khowiled et al. (2015) on healthy female
runners showed that as estradiol levels increase from 34pg/ml on day 1 to 208pg/ml on days

13-15, ligament laxity increases from 4.18mm to 5.74f¢howailed et al., 2015)

1.6.1.2 Joint Anatomy

The ACL: femuintercondylar notch (FIN) ratio has been determined to be a good
indicator of ACL injur(Emerson, 1993, Rizzo and Holler, 2001, Hewett et al., 2006, Hirtler et
al., 2016, Levins et al., 2016, Lodewijks et al., 200 9nales, the ACL:FIN ratio was-fioltl
greater thanthat of females suggesting an increased amount of impingement could occur
within females(Emerson, 1993, Rizzo and Holler, 2001, Hewett et al., 286Ghe ACL:FIN
ratio has beendentified as a contributing factor to injury, it is proposed that increased risk
may be due to an increase in the absolute size of the ACL itself or width of the intercondylar
notch (Shelbourne et al., 1998, Uhorchak et al., 2003, Hirtler et al., 2016, Levins 6tlél., 2
Lodewijks et al., 2019 he narrowing of the intercondylar notch hasdpmediscussed as a
potential risk factor for ACL injury in males drthales(Andersoret al., 1987, Uhorchak et

al., 2003, Boden et al., 2010mpingementof the ACLoccurswhen the knee joint is
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hyperextended, soit is suggested thaf\CLinjury tends to occumwhen the knee ist partial
flexion(Uhorchak et al., 2003, Boden et al., 201®pingementtherefore, would more likely
cause midsubstance injuat the femoral attachment sitéUhorchak et al., 2003, Boden et
al., 2010)

Knee jointswith an ACL injury have beereported to be 3fold more lax than
uninjured joints(Nicholas, 1970, Uhorchak et al., 200Biterestingly,a study offemale
footballersat a range of levelshowedthat those withincreased joint laxityvere 5.3fold
more likelyto rupture their ACL{Uhorchak et al., 2003)

Analysis of theassociationbetween musclesand ACL injuryrevealed quadricep
contraction and hamstring eoontraction as factorsnfluencinginjury. Contraction of the
quadriceps increases compressionading on the tibiofemoral join{Torzilli et al., 1994,
Boden et al.,, 2010)The hamstring muscles maintain the ability to provide resistance
(reducing strain by >70%ainst anterior tibial tranation of the quadricepsproviding a
protective mechanism to the AGMore et al., 1993, Li et al., 1999, Withrow et al., 2008,
Boden et al., 2010)However, hamstring® | doAdé thigii€limited when at full extension,
therefore contributing to the compression on the tibiofemoral jointough posterior forces
(Pandy and Shelburne, 1997, Simonsen et al., 2000, Boden et al., 2hik0)s particularly
the case in patients with a low ratio bmstringto quadricepsstrength (Uhorchak et al.,
2003)

1.6.1.3 Genetic predisposition

Genetic and familigbredispositionfor ACLinjury has been reported in a number of
studies(Harner et al., 1995, Khoschnau et al., 2008, Posthumus et al., 2009, Malila et al.,
2011, Posthumus et al., 2012, Ficek et al., 2014, O'Connell et al., 20h5tJalh 2016)
Analysis of family history of patients who had had an injury to the ACL founththatvere
2-timesmorelikely to be injuredhanthose without a relation who hadggrior injury(Harner
et al., 1995, Flynn et al., 2005, Johrakf 2016) Genetic predisposition to rupture has been
associated wth anumber of genes includingpllagen associated genes (COL1A1, COL3, COLS5,
COL6)MMPs and proteoglycanassociatedgenes(ACAN, BGN, DCN and FNIQHarner et
al., 1995, Khoschnau et al., 2008, Posthumus et al., 2009, Malila et al., 2011, Posthumus et
al., 2012, Ficek et al., 2014, O'Connell et al., 2015, John et al., Bag6B)stingly although
there is a large amount of evidemd¢o suggest that genetic predisposition is a cause of ACL
injury, a review by John et al. (2016) reported tlmany studiesare undertakenon limited
ethnic groups(South American and Eastern Europeawhich may reduce the ability

extrapolate result$o the entire population(John et &, 2016)
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1.6.1.4 Age

Age has been identified as a risk factor A&L injurfWoo et al., 1991, Woo et al.,
1999, Dargel et al., 2007, Janssen et al., 2012, Sanders et al., 2808¢rs et al. (2016)
determined the peak incidence of ACL injury in maleshvedween theages 0f19-25 years
compared with14-18 years for female§Sanders et al., 2016)he overall risk of injury has
been shown to increase with age, witlhanges irthe ACLbiomechanical propertiesind
extracellular matrix compositiosontributing to this(Woo et al., 1991, Woo et al., 1999,
Dargel et al., 2007, Janssen et al., 2012, Sanders et al., 2016, Qu et al.,\2@b7t al.
(1991) studied the effect of age on cadaveric knees (consisting of the f&@itibia
complex (FATC) of young donors (ageeB2%ears), middiageddonors (4050 years) and
old donors (607 years)It was determined that ultirate load decreasgwith age(Woo et
al., 1991, Woo et al., 1999, Dargel et al., 20&iffness also decreased with age (young
group¢ 242 + 28N/mm; middle groug 220 + 24N/mm; old groug 180+ 25N/mm (Woo et
al., 1991; Woo et al., 1999). The energy absorbed by the AGkasel with age young
group- 11.6 + 1.6Nm; middle group6.1+ 0.5Nm; old groug 1.8 £ 0.5Nm). It is proposed
that the weakened biomechanical propertiasdof older ACL may lead to the increased risk
of injury occurringWoo et al., 1991, Woo et al., 1999, Dargel et al., 2007, Qu et al.,.2017)
Qu et al (2016)studied the FATC of bovine stifle joints of skeletally immature jointsg4
months old) ad skeletally mature joints (2 5 years old). It was shown that the immature
group had asignificantincreasein collagen fibril density, more uniformed fibril organisation

andanincreasen sGAGontent (Qu et al., 2017)

1.6.1.5 Adiposity

There is limited evidence of the effect adiposityon the risk of ACL injurf{Bowers
et al., 2005, Baumgarten et al., 201Whorchaket al. (2003) analysed the effect of BMI on
United States Military Academy cadets showing that female cadets with an increased BMI
(mean of 24.1 + 1.2) were 3f6ld more likely to have an A@yury than those with a lower
BMI (22.1 £ 2.1 Companng athletes with greater mean height/ weight to those with a lower
mean height/ weight has shown that theysohave an increased risk of ACL inj(Bpwers
et al., 2005, Baumgarten et al., 201Adiposity alsaffected the succesef ACL surgeries
with patients with a BMI of >30, havingda35time likelihood ofsuccessful reconstructian
comparison to those with a BMI24.9,a conclusion shown by a number of studiesvever
this may be influenced by the lack of fitness of the subfetiorchak et al., 2003, Kowaldh
et al., 2009, Patel et al., 2019)
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1.6.1.6 Trauma

Although the majority of ACL ruptures occur by reamtact, direct trauma to the
area hasbeen shown to instigate ACL ruptur@eitz, 2001, John et al., 201@here are
currently two proposednechanismgor ACL injurycontact(direct impact to the knee joint)
and ron-contactinjury (from pivotingmotions,cutting motionsor landing on one légBoden
et al., 2010, Waldén et al., 2015, Salem et al., 2028hparison ofthese twomechanisms
determined that contact injuries were significantly more likely to result in grade 11l injury to
the collateral ligament (MCL and LCL) and grade IV articular cartilage injury due to the
increased forceplaced on theknee jant (Salem et al., 2018participation in highimpact
sports that require a large amount of pivot and cutting basewvements(non-contact
injury), such as football, rugby and alpine skjiimicreaseghe risk of ACL injuryaccounting
for approximately70% of all ACL injuri€&riffin et al., 2000, Lohmander et al., 2007, Yu and
Garrett, 2007, Jiestad et al., 2009, Raines et al., 2017, Salem et al., R02A@) 2, it was
reported that within a single ski seasam France there were approximately 15,000 ACL
ruptures(Guenoun et al., 2012High impact activities thatconfer increased vulnerability of
ACL injury are associated predominantly with the younger demographit this brings
additional societal and economic issuéscluding loss of income and psychiatric
comorbidities(Gharbia et al., 2015)

Military personnel represent another group at high risk of ACL injury. Owens et al.
(2007)investigatedthe incidence of ACL injpwithin the US militargetermining incidence
was 10fold greater than that in the general populatioBetween 1997 to 2003, 28,631
service men and 3,540 service women were reported to have had an ACL injury either from
disruption of a previousnjury (males- 3 per 1000 persowyears; female 2.29 per 1000
personyears)or from straining or spraining the ligametimrough active service (matg3.79
per 1000 persotyears; female 2.95 per 1000 persgears)(Owens et al., 2007)

ACL injury has been shown to leadaio increased risk of psychiatgomorbdities,
such as depressiomvith two in every five ACL reconstruction patients exhibiting signs of
depression (four times greater than the national averaffearcia et al., 2016, Wu et al.,
2016) For professionahthletes injury to ACL lead#o loss of livelihood, angbotential
financialhardship(Von Porat et al., 2004t has been reported that 40% eportsmen and
women do not return to competing at the same level within the two years-ppstration. A
potential reason for this may be the emotional trauma and fearemhjury (Johnston and
Carroll, 1998, Ardern et al., 2012his risk is paicularly high in female patient&\ppaneal
et al., 2009, Ardern et al., 201Zimilarly for military personalastudy undertaken on the

Australian army showethat 29% of service men and women who had undergone an ACL
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reconstruction did not return to active service within three years of operafMu et al.,
2016)

1.6.2 Treatment strategies forupture

ACL injury can be treated by both surgical and-sorgicalconservativejechniques
based on a number of selection crit@fncluding age, lifestyle, stability of knee joint and
subjection to prior injury{Chmielewski et al., 2005, Eitzen et al., 2010, Grindem et al., 2014,
Monk et al., 2016, Paterno, 2017, Raines et al., 2@tdylies undertaken by Frobell et al. in
2010 and 2013 showed that 50% of patients aged-3Bcan WO2 LISQ g A (K2 dzi a
intervention if folow strict rehabilitation programmegFrobell et al., 2010, Frobell et al.,
2013)

1.6.2.1 Non-surgical(conservative mehods)
Criterion for séection for nonsurgical treatmenincludes:

1. Agec surgery isconsideredii KS W32t R ail yRINRQ 2F UGNBI |
populationdue to increased speed of recovery and increased success of outcome
(Raines et al., ZA¥). Non-surgical treatmentis opted for within the ageing
population(Moksnes et al., 2008, Bogunovic and Matava, 2013, Grindem et al., 2014,
Paschos and Howell, 2016, Raines et al., 2017)

2. Lifestyle- patients with the ability todecreasephysical activityevel(or incorporate
straight line activities, such as cycling and joggiragh within sporting activity and
occupation,prove better candidate§Bogunovic and Matava, 2013, Grindem et al.,
2014, Paterno, 2017)

3. Stability of knee joint; the ability of the knee joint to display dynamic stability is a
necessity for nossurgical treatment methodologie@ioksnes et al., 2008)

4. Prior injury- for option of nonsurgical treatment, the knee must not have been

subjected to prior injurfGrindem et al., 2014, Raines et aD,L7)

Approximately 50% of patientsvith ACL injury are suitable for nesurgical
treatment 6 WO 2 |alRINEd€gp an intensiverehabilitation programmeoverseen by a
physiotherapist(Hurd et al., 2009, Frobell et al., 2010, Frobell et al., 2013, Moksnes et al.,
2008, Paterno, 2017)robell et al., 2010 determined that patient®uld participate in
Tegner activity level 9 sportsglisallowing professional sponty activities)without surgical

intervention if correct norsurgical management is applied. Studies have been undertaken
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to show that return to sport for professional athletes (premier league footballer) can be
achieved at an earlier date (within 8 weeksigjury as oppose to a minimum 6 months
post-surgery) than if surgery had been perform@uleiler et al., 2015)lt is currently advised
that nonsurgical treatment methoddgor this group of patientsare explored prior to surgical
(Moksnes et al., 2008, Monk et al., 2016)

The initial stage of nhesurgicahealingis focused omeducing acutesymptoms such
as haemoarthrosis inhibition of nervous control of the quadriceps femoferthrogenic
muscle inhibition)(due to knee effusion) andecreased ange of motim (Kennedy et al.,
1982, Hurd et al., 2009, Laskowski, 2014, Paterno, 2017, Se@Goéet et al., 2019)Non+
surgical treatment athe acute phase icludesthe use ofcrutches (to prevent further injury
and encourage normal gait pattern®levationandcompressior(to reduce haemoarthrosis)
and neuromusalar electric stimulatior{to reinstate nervous control of quadriceps femoris)
(SnydetMackler et al., 1991, Chmielewski et al., 2005, Hurd et al.9,2D@skowski, 2014,
Paterno, 2017)To increase range of motieand muscle activationstrengthening exercises
focusing orthe activation of the quadriceps femoriweakness of hamstring armbre,and
lower extremity movements aremployed(Beynnon et al., 1995, Chmielewski et al., 2005,
Micheo et al., 2010, Laskowski, 2014, Paterno, 2017)

The neuromuscular training phase is the second phasdrasdtment and is
undertaken postreduction of haemoarthrosis and knee effusion,to aid with the
achievement ofa full range of motion and increased strength of quadriceps femoris,
hamstring and corand proprioceptionChmielewski et al., 2005, Laskowski, 2014, Paterno,
2017) The neuromuscular training phaagmsto improvethe functional stability of the knee.
Upon completion of the neuromuscular training phase, patients enter the return to sport
phase (Laskowski, 2014, Paterno, 201Ayility, speed and dritbased exercises can be
gradually introducedBeynnon et al., 1995, Bogunovic and Mata®@13, Paterno, 2017)
Qupport of a functional performance brace for stability maintenance through reduction of
anterior tibial translation can be utilised for child patients or for patients evlare not
considering surgical interventio(Beynnon et al., 1995, Bogunovic and Matava, 2013,
Paterno, 2017)

Monk et al.(2016)undertook a Cochrane review assessing the effect ofswuyical
treatment of ACL injuryMonk et al., 2016, Raines et al., 201@ne study determined that
two years post injury, 39% obn-surgically treategatients underwent ACL reconstruction,
after 5 years, 51% of patients underwemgconstruction(Monk et al., 2016, Raines et al.,

2017) The review concluded that there was no difference between the outcome of surgical
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intervention and conservative management, although the authors deemed this a result

o1 SR 2y af 26 (Modketah G036 SOARSYOS

1.6.2.2 Surgicaimethods

Wh DY LIS NBA Qsurgicll treanght defined by theirinability to maintain
dynamic knee stability without surgical interventicare advised to undergo surgicAlCL
reconstructions one of the most common surgical procedures undertaken worldwide
(Chmielewski et al., 2005, Eitzen et al., 2010, Moksnes et al., 2008, Paschos and Howell,
2016) ACL reconstruction can be considered +amratomic (graft attached on the outside of
native ACL insertion) or atomic (graft attached at native ACL insertion sit&h anatomic
being most commonly favoure@im et al., 2012, Murawski et al., 2013, Raines et al., 2017,
Lucidi et al., 2018)

Anatomic ACLreconstruction surgeryis categorised into two main techniques:
double bundle surgery and single bundle surggriyn et al., 2012, Murawski et al., 2013,
Raines et al., 2017, Lucidi et al., 20I8)uble bundle surgerg usedto reconstructboth the
anteromedial angosterolateralbundle inpatients with an intercondylar notch greater than
14mm in width and a tibial insertion site of larger than 14mm in width with limited arthritic
changegqFu and Jordan, 2007, Paschos and Howell, 2016, Raines et al. S204I€) bundle
surgery is utiBed for patients with an intercondylar notch and tibial insertion side less than
14mm in width where arthritic changes are observed with symptoms of bone brujisamg
Eck et al., 2010, Kopf et al., 2011, Raines et al., 2017)

Pseudaligamentgrafts are the most common method of ACL reconstructidiin
selectionbasedcriteria includingage of patient, degree of injupactivity leveland skeletal
maturity (Romanini et al., 2010, Duchman et al., 2017, Raines et al., .ZlM&y§lecision
between autograft, allograft and syntheticis much debated(Romanini et al., 2010,
Mariscalco et al., 2014, Wasserstein et al., 2015, Raines et al.,. 2@Patients <25 years
old undertaking high level of activity prior to injury, a -2ofd increase in failure was
demonstrated in allograftsompared to autograft (Wasserstein et al., 2015, Raines et al.,
2017) Interestingly, although this suggests that autografts are the preferred selection for
young, highly active individuals, the use of allografts has beemed acceptable for older,
less active individuals willing to followl® months of rehabilitation posturgery(Mariscalco
et al., 2014, Raines et al., 201The most commonly used pseudo ligament grédistograft
or allograft)include hamstring tendarbone matellar tendon bone (BPTRjadricepdendon
or synthetic graf{Brant Lipscomb et al., 1982, Friedm&888, Romanini et al., 2010, Akoto
and Hoeher, 2012, Shaerf et al., 2014, Raines et al., 2017)
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Hamstring tendon graftsonsist of four semiendinosis strands, harvested from the
ipsilateral leg, folded and sutured to form one unit of adequate strength and thickBesst
Lipscomb et al., 2, Friedman, 1988, Romanini et al., 2010, Akoto and Hoeher, 2012, Shaerf
et al., 2014, Raines et al., 2017)

To produce a BPTB graft, the middle g@higd of the inferior pole of the patella,
patella tendon and attachment site tibia are harves(&thaerf et al., 2014All inserted grafts
conjoin the tibial and femoral tunnel prior to fixatigirranke, 1976Shaerf et al., 2014)
Potential side effects of grafts include decreased range of motion of the knee joint, decreased
strength, increased rotation of the tibia and nerve damage (sciatic or saphefidas]i,

2004, Barenius et al., 28, Shaerf et al., 2014yhe BPTB graft has been acknowledged as
0 KS W32 Wth adlow falllRd rateRtWever, it is not without complication@®hammi

and ReharUl-Hag, 2015, Wasserstein et al., 20R&ines et al., 2017ncreased donor site
morbidity (compared to hamstring tendon grafts), weakness of quadriceps muscle
mechanism and patella fracture have all begted in a number of studiegDhammi and
RehanUl-Hag, 2015, Wasserstein et al., 2015, Raines et al., 201 mparison to the BPBT
graft, the hamstring tendon graft has an increased failure rate, higher incidence of further
surgical intervetion and increased risk of infectidRaines et al., 2017)

Quadricep tendon grafts are the most recent surgical development for ACL
reconstruction, utilised to overcome issues associated with hamstring tendon and BPBT
grafts (Akoto and Hoeher, 2012, Xerogeanes, 20X3)adricep tendon graftare formed
from approximately 5cm of quadricep tendon attacheda@cm bone block of the proximal
aspect of the patella is harveste(fkoto and Hoeher, 2012, Xgeanes, 2019)In
comparison to both hamstring tendon and BPTB grafts, quadriceps grafts show reduced
donor site morbidity andnicreased joint stabilityRaines et al., 2017)

To reduce morbidity of donor site and prevent side effects (such as transmission of
disease/ infection) the use of/sthetic grafts(composed fromPolyethylene Terephthalate,
carbon fibre, Gortewnr Darcon has been explore(Macaulay et al., 2012, Shaerf et al., 2014,
Dhammi and Rehabll-Haqg, 2015)Due to lack of success fifst- and seconehjeneration
synthetic grafts (due to premature elongation, breakage and fraying) a third generation of
graft has been establishe(Ehaerf et al., 2014, Dhammi and RehdiHaqg, 2015) Third
generation synthetic graftgligament augmentation reconstruction systems (LARS)st
elongationasthe free longitudinal fibres that complement the exisaticular regionattach
to the injured ACL stump and the femoral attachment site promoting recoi&hrgerf et al.,

2014, Dhammi and Rehd#i-Hag, 2015)
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1.6.3 Longterm effects of ACL reconstruction surgeries

Whilstsurgery proviés asuccessful treatmennodalityfor ACL rupture, there are a
number of studies that have explored long term effects (>1 y@aiquist and Messner,
1999, Murphy et al., 2003, Lohmander et al., 2007, Wright et al., 2011, Hettrich et al., 2013)
Hettrich et al (2013) determined 18.9% of patients were subjected to revision surgery on the
ipsilateral knee within 6 years of initial ACL reconstruction surgery. 6.6% of patients had an
ACL rupture on the contralateral knee (although this figure veg®nted to be 11.8% in a
study undertaken by Wright et al. (201(Hettrich et al., 2013)

Osteoarthritis (degradation of joint articular cartilage) has been identifiedlasg
term complication associated with ACL recdnsction surgery (Murphy et al., 2003)
Osteoarthritisis a chronic diseasassociated with theaged population; however, the
incidence is increased by f6ld post ACL reconstruction surgery with the subchondral and
periarticular bone subjected to injurillquist and Messner, 1999, Lohmander et al., 2007,
Gharbia etal., 2015)Within humans, it is expected that the incidence of patients developing
posttraumatic osteoarthritis within 7 to 14 years pe&CL surgicakconstruction is50%
(Khoschnau et al., 2008} has beenproposed that this is due to trauma caused tine
surgeon at point ofentry, injury to surrounding muscles or meniscus, or graft material
(Gillquist and Messner, 1999, Lohmander et al., 2007, Khoschrzdu 2008) Osteoarthritis
is primarily managedy conservativéreatmentsto reduce pain, improve joint function and
improve quality of life(SarziPuttini et al.,, 2005, Michael et al., 2010)Conservative
treatment includesphysiotherapy(education, aerobic and strengthening exercise, weight
loss if overweight or obese (NICE 2Q1pharmacotherapy dnti-inflammatory medicabn
andanalgesicsand intra-articular corticosteroid injectionéSarziPuttini et al., 2005, Michael
et al., 2010) If conservative treatmentethodsfail to improve the osteoarthritisymptoms
surgical methods are undertakéNlillis et al., 1995, Sar#uttini et al., 2005, Michael et al.,
2010) Firstly,joint preservaion methodsare utilised such as microfracturing (to stimulate
bone production)in small, focal defect¢Michael et al., 2010)For single compartment
osteoarthritis an osteotomy is utilised for treatmer{dAmendola and Panarella, 2005, Lee
and Byun, 2012)f osteotomy isnot successfuiind quality of life is significantly affected by
the symptoms and functignpartial or total knee replacements are perform@dichael et

al., 2010)

1.6.4 Caninecranialcruciate ligament injurf(CCL) and rupture

Canine cruciate ligament diseaaed gradual degradatiors the leading cause of

injury to the CCLIt has been recognised be the main reason for lameness in the pelvic
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limb sincel926(Carlin, 1926, Vasseur et al., 1985, Johnson and Johnson, 1993, Comerford et
I f ®X HnamoX YNRGaAaOKSO] .l®ading td répiure HerusiateJigamedtd A Yy S i
disease causes the extracellular matrix of the CCL to degrasletime (Comerford et al.,
2013) Alternatively, although less common, CCL rupture can occur through trauma, in the
OFasS 27 | y (Bdhhed dralS1Q88ADyIVRIGNE, 1999, Comerford et al., 2CI3)
rupture impacsthe welfare of thedog, increasing pain and reducing motilias and haa
vast financial impact on dog ownetns.2003, the yearly cost of a ruptured CCL within the US
was estimated at $1.32billion with 1.7million dogs receiving treatnf@évitkeet al., 2005)

There are a number of factors associated with CCL disease and rupture. Age, breed,
bodyweight, gender and exercise routine of dege shown toaddect thesusceptibilityof
the CCL rupturéd { £ 2 OdzY Iy R {f20dzYz mdppoZ 2 KAGSKIFANI §
BRgy SO |fdX wnmpZ 2A0a0SNHSNI SG Ff®dE wHnnys
et al., 2017)

1.6.4.1 Age

Age of dog influences the risk of rupture. The risk of CCL disease occurring is
increased for dogs aged 4 years and olitsberger et al., 2008, Comerford et al., 2013,
t SOAY St $&ADE Si1in MTEVP Ratrdogs agéd 5 BroverangihesBore
likely to have a ruptured CCL ligament than their younger counterparts. It has been proposed
that larger breed¢>15kg)have an increased risk of CCL disease occurring at a younger age
(average age 5.8 year$lan smaller dog breedé<15kg; average age 7.7yeaf®uval et al.,
1999, Harasen, 2003, Witsberger et al., 2008, Comerford et al., 2018 initial survey
undertaken by Harasen et al. in 1995, 65% of patients were classifikijasi 5kg.By 2003,
this had changed significantly wi@1% being>15kg(Harasen, 2003)

1.6.4.2 Breed

The breed of dog, and therefore getit predisposition have been shown taaffect
the risk of rupture occurring with certain breeds being more susceptible to rugugal et
al., 1999, Harasen, 2003, Comerford et al., 2013, Smith et al., . 2CdPador retrievers,
Newfoundlands, Rottweilers and Boxers are higblisceptibleto rupture. The survey
published by Harasen in 2003 stating that out of 124 dogs, 21.6% of all patients were either

Labrador retrievers or Labrador cresseeds.
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1.6.4.3 Gender

Analysis of theffect of gender on CCL ruptuhas determined that female dogs are
more susceptible to rupture than males, particularly thoseutered (Harasen, 1995,
| FNFaSyX uHnnoX ¢ &.fAdNiey NBdérkenSaalysing deleomu n mp 0
December 1988 1994 found that of 124 dogs (165 CQtgsries in total5%of ruptures
were from female dogg¢Harasen, 1995)Between January 1997 and September 2082
second survey determined that this percegtahad reduced to 53% of ruptur@darasen,
2003) Neutering offemaleshas showrthe risk of ruptureto increase by 2.1¢Harasen, 2003,
¢l &f 2 N¥t. NB 4.yhisSriay be tue B increaseq lévels of oestrogen within female
dogs, leading to simitahormonal changewiewed in womentaking oral contraceptives
(Section1.6.1.) 6 ¢ I & f 2 NJt. NI5p AlthoSgh somé stuBlies suggest neutering of
males leads to an increase in risk of rupture, there is much stronger evidence that shows the
difference is greater infemalés| | N} aSy > HnnoX ¢L&f2Nkt. NRgy Si

1.6.4.4 Physical activity levels

Although there have been some studies thave takeninto consideration that
undertaking physical activity, such as speed agility, dock jumping and playing games such as
fetch, could be a risk factofor CCL ruptureinjury through such meanis not a cormon
occurrenceg(Paatsama, 1952, Slocum and Slocum, 1993, Comerford et al., 2013, Somil et al.,
2018) Alternative studies have determined that lack of exercise may increase the risk of
rupture. Fibroblasts isolated from the CCL, have been shown to respond to the mechanical
environment to which they are subjected to, with stimulation increasing extracellular matrix
production. Lack of stimulation could lead to degeneration of the collagen fibrils and

associted gene expressiofComerford et al., 2013)

1.6.4.5 Anaomical variations

The biomechanical properties of th€CL have beeprovento affect the risk of
rupture. This has been discussed in detabéttionl.3in which it was concluded that stifle
joint laxity was increased in dog breeds associated with having a predisposition for CCL
rupture (Rottweiler and Labrador retriever) in comparison to sk breeds (Greyhound)
(Windfield et al., 2000, Comerford et al., 2005, Comerford et al., 2006&)conformation of
the pelviclimb affectsthe risk of rupture. A steefibial plateau angle of the stifle joint (>55°)
has been shown to increagke incidence of CCL ruptu®uerr et al., 2014)A rarrowed

intercondylar notchhas been identified as increasing risk of rupture due to the potential
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impingement that could occur onthe CELL 2 YSNF2NR Si& +f ®X wHnncI Y
Comerford et al. (2006) determined that higisk breedsl(@abradorretrievers and Golden

retrieverg had a significantly narrowed intercondylar notch in comparisaaltw risk breed
(Greyhounds). Hyperextension of the joint aniglads to thdong term stretching of the CCL,

which increases theisk ofa partial tear occurring over a prolonged period of tirfierre,

HAandE [/ 2YSNF2NR S FtdX wnncX YetftrNIFyR 2NO

1.6.5 Treatmentstrategiesfor CCL rupture

There are a number of widely acceptgdatment strategiesfor CCL rupturewith
evidence available for botkurgical and nossurgicd (conservative)options (Slocum and
Slocum, 1993, Vasseur et al., 1985, Boudrieau, 2009, Comerford et al., 2013, Duerr et al.,
2014, Somil et al., 2018)

1.6.5.1 Non-surgical (conservative methods)

A number of studies have beemdertaken to analyse the effect aonservative
treatment of CCL ruptureConservativetreatments include weight reduction restricting
exercise tamn-leadwalks,andanalgesic$o reduce pairor physiotherapyComerfod et al.,
2013, Duerr et al., 2014, Somil et al., 20X8)pnservative treatment success, in small dog
breeds (<20kg), is determined to be successful ¥9@% of casegVasseur et al., 1985,
Comerford et al., 2013 hepercentageof veterinary professionals who opted for immediate

surgicalmanagementvas 15.5%Comerford et al., 2013)

1.6.5.2 Surgical

Surgical treatments can be categgwd intothree main groups: inta-articular, extra-
articular and peri-articular. The most common surgical treatment methods are the tibial
platcau levelling osteotomy (TPLO), tibial tuberosity advancement (TTA) and the
extracapsular suture stabilisation (ESS).

Proposed by Slocum et al. in 1993, the tibitgau levelling steotomy (TPLO) is
the most common method of treating an ACL rupty@omerfod et al., 2013)TPLO surgery
stabilises the stifle joinby reducingthe tibiaHfemoral shear forceshrough a circular
osteotomy (Slocum and Slocum, 1993, Boudrieau, 2009, Morgan and Frazho, Z0&8)
circular osteotomyof the proximal aspect of thébia reduces the tibial plateau angle H§°,
as the isolated tibia is rotatednd reattached via a bone platéigurel.8) (Slocum and

Slocum, 1993, Boudrieau, 2009)
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Figurel.8: Radiographof a canine stifle joint post TPLO surge®PLO surgery is the most commonly
used method to treat CCL rupture within dogSomerford et al., 2013)The surgery involves
performing a circular osteotomy on the tibia, rotating the bone to alter the central mass position and
reattaching usinglates.(Image from Small Animal Teaching Hospital, University of Liverpool).

Tibial tuberosity advancementTA) is an alternative method to the TPLO, proposed
by Montavon et al., in 2002. During the TTA, the karécular force is placed predominately
parallel (at an angle 0f0°) to the patellar ligament, through osteotomy of the frontal plane
of the tibial tuberosity, in order to stabilise the stifle joint as showrFigurel.9 (Boudrieau,
2009, Krotscheck et al., 201@)TA surgery is less invasive than that of the TPLO surgery
providing a distinct advantage, as this leads to a reduced recovery(Kno¢scheck et al.,

2016)
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Figurel.9: Radiographof a canine stifle joint post TTA surgeuring TTA surgergn osteotomy of
the frontal plane of the tibial tuberosity is performed to place the irtirticular force at an angle of
HQ0° to the patellar ligamentimage from Small Animal Teaching Hospital, University of Liverpool).

The extracapsular suturstabilisation ESS) also known as the lateral suture
stabilisation or deAngelis suturesurgery is an extraarticular method usednd isthe most
commonly used option by ACVS accredited veterinarian surd€wuk et al., 2010, Duerr et
al., 2014)Duerr et al., in 2014 showed that 38% of surgeons opted for ESS as the primary
surgical option. ES surgery revolves aroundsing a monofilament nylon suture to
counteract tibial thrust, byconnecting the tibiavia a bone tunneland thefabella(Cook et
al., 2010)

Despite there being a number of treatment options available, they are not without
complicatiors. In 20-40% of all cases, rupture of the CCL leads to rupturing of the
contralateral cruciate ligament at a later da#lso,23% of large breeds (>15kg) and 7% of

small breeds (<15kgxhibiteda degree of lameness 2 monthest-surgery(Harasen, 2003)
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1.6.6 Longterm effects of CCL reconstruction surgeries

A number of studies have assessed thagterm effects of CCL reconstruction
surgerie{Rayward et al., 2004, Au et al., 2010, DeLuke et al., 2012, Levien et al., 2013, Mdlsa
et al., 2014, Krotscheck et al., 2016)

Revision surgeries have been reported post CCL reconstruction surgeries from
complications such as loosening of TPLO surgical screws, meniscal tears, septic arthritis and
excessie formation of scar tissue within two years of initial surgérgvien et al., 2013,
Mdlsa et al.,, 2014)Incidence of revision surgery has been identified as being breed
dependent(Levien et al., 2013A study undertaken by Levian et al. (2013), determired t
18.2% of Boxengequired revision surgery, whereas a lower incidenc8.6¢6were of need
in Staffordshire Bull Terrieftevien et al., 2013)

Comparable to humans, osteoarthritis has been identified as dongterm
complication ofCCL reconstructioand isobservedby bone mineralisation, increased levels
of articular fluid, femation of bone spurs (osteophytosis) and ligament/ tendon detachment
(Rayward et al., 2004, Sanders et al., 2016, Sandersoln et al., 2009, Cook et alC&(ihe)
osteoarthritis is proposed to be caused by trauma or joint degradai@ook et al., 2010,
DeLuke et al., 2012pomparison of CCL reconstruction techniques determined progression
of osteoarthritis is increased within 24 months post both TPLO and TTA sui@aigsard
et al., 2004, Au et al., 2010, DeLuke et al., 2012, Levien et al., 2013, Mdlsa et al., 2014,
Krotscheck et al., 2016eLuke et al. (2012) observed, over 38 months the effect of TPLO
surgery on osteoarthritidetermining that 76% alogshad an increased osteoarthritis score
after surgeryConservative treatment of osteoarthritis in canines involes-steroidal anti
inflammatory drugs, analgesics, weight control, physiotherapy and alternative treatment
methodologdes such as acupuncturéSandersoln et al., 2009, Cook et al., 20Bdrgical
intervention has been utilised as a treatment if conservative treatment has failed to halt the
progress of osteoarthriti€Sandersoln et al., 2009, Cook et al., 20Txher reported srgical
methodology includestifle arthroscopic debridemenfprinciple surgical option)kartilage

resurfacinglusing gafted chondrocytes) and total stifle replacemd@ook et al., 2010)

1.6.7 Tissueengineering strategies fotreatment of ACL and CCL injury

Astreatment methodologies for both ACL and CCL reconstruction surgeries are not
without risk of failureor production of long term issuesissue engineering strategies have
beenexplored(Kuo et al., 2010, Tan et al., 2012, Wang et al., 2012, Pietschebah, 2013,
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Rodrigues et al., 2013, Lee et al., 2014, Linon et al., 2014, Khoschnau et al.T@@@&elop
tissue engineeang strategies fortreatment, cell sourcebiomechanical stimulatignuse of
biological materialand growth factorsre all to be considere@an et al., 2012, Wang et al.,
2012, Rodrigues et al., 201Bee et al., 2014, Linon et al., 2014, Nau and Teuschl, 2015)
Comparison of different cell sources identified autologaiesnscells,bone marrowderived
mesenchymal stem cells (MSGs)d embryonic stem cellsESCOsas potential sources of
treatment (Wang et al., 2017)

Forthe management of ACind CClnjuries,cruciate ligamenfibroblastsandMSCs
have been identified athe primarycell source¢Nau and Teuschl, 201%juang et al(2008)
comparedstem cells derived from the A@.humanbmMSCsc¢oncluding thathat cruciate
ligament derived stem cells hadlifferentiated more readily toligamentocytesdue to
developmentapre-disposition(Huang et al., 2008, Tan et al., 2012) commonly observed
that an artificial ECM msmployedwithin tissue engineering methods, a scaffttat supports
cellular proliferation and differentiation whilst mimicking the normal properties of the
ligament (Ahmed et al., 2008b, Nau and Teuschl, 20M#hough a number of scaffold
materials have been explored (siloly L:lactic acid hyaluronic acid, chitosan, alginjte
because90% of thenatural cruciate ligament ECM consists of collagen type |, this is the
material that has seemostused as ascaffold(Murray etal., 2006, Freeman et al., 2007, Seo
et al., 2009, Nau and Teuschl, 20IR)e use of collagefibril scaffolds has beeaexamined
by a number ofstudieswhere cruciate ligamentfibroblasts were shown to adhere and
proliferate successfullpoth in vitroandin vivo(Dunn et al., 1995, Bellincampi et al., 1998,
Pietschman et al., 2013)Pietschmann et al. (2013) seededllagen fibrilscaffolds with
non-specific(cell types not isolated from the same tissue type as being utiliseld)t
human MSCs amat Achillestendon derived MSCs (as a potential treatment methodology
for rat Achilles tendon rupture). It was determingbat scaffolds seeded witlkendon
specific MSCs had amcreased failure strength suggesting that the tisspecific cells may
be a more viable option for treatmerfPietschmann et al., 2013)

Unfortunately, cellseeded collagertype | scaffolds do not maintain the same
biomechanical properties as the native ligamébtnn et al., 1995, Bellincampi et al., 1998,
ALTMAN et al., 2002, Pietschmann et al., 2013, Nau and Teuschl, P@TBunteract this,
cyclic stimulation has beerusedto increasebiomechanical strengthpromoting cellular
differentiation and proliferation andincreasingdeposition of ECMncluding tenascirC,
collagen | and collagen (Kuo and Tuan, 2008, Nau and Teuschl, 2(&k et al. (2006)
determined that 8% cyclic stimulation lead to an increased proliferation of ligament derived

fibroblaststhan at 4% cyclistimulation(Park et al., 2006 Addition of growth factors can be
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utilised to stimulate biomechanical signal molecules, such as GDF5/7 (to induce ligament
formation), IGRanti-inflammatory mediatorjand VEGKpromoter of angiogenesig) etson

and Dahners, 1994, Yasuda et al., 2004, Lyras et al., 2010, Wei et al., 2011, Nau and Teuschl,
2015)

1.7 Stem cells

Stem cells are defined as unspecialisedssiewing cells with the ability to undergo
multilineage differentiation(Nadig, 2009) Theyhave a strict hierarchy fopotential that
coincideswith the developmentattageof the organism. Totipotent cells are observed within
the first two stages of development: zygote and early cleaxsigge blastomeres for the first
two cell divisiongCondic, 2014)Totipotent cellshawe the ablity to differentiate intoall cell
types including those that will go on to form the embryo proper, the placenta and umbilical
cord (Nadig, 2009)Pluripotentcells are derived from thénner cell mass of thelastocyst
and can differentiate into any cell typeof the embryo proper originating fronthe
ectodernmal, mesodernal and endodernmal germ layergNiwa, 2007, Nadig, 2009, Condic,
2014, Wu et al., 2016Multipotent cells havanore restricted differentiation potential, being

limited to cell lineages specific to the tissues in which tresjde(Nadig, 2009)

1.7.1 Mesenchymal stem cells

Mesenchymal stem cellMSG) are multipotent adult stemcells that differentiate
toward cell lineagesof mesenchymal originncluding those of musculoskeletal tissues,
tenocytes, chondrocytes, osteocytes and ligamentocyRitenger et al., 1999, Dominici et
al., 2006, Kim and Cho, 2013, Ullah et al., 2005 seminal paper by Pittenger et @l999)
characterised MSCs isolated from bone marrowugssand whilst this is arguably the
predominant tissue studied, MSCs have been isolated from multigiegisources within the
context of determining tissue repair mechanisms or as a source for tissue engineering

applications (Tabl2).
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Table2: A summarytable of tissue cell types isolated from MSC populations.

Cell Type Reference
Adipocyte (Pittenger et al., 1999, De Ugarte et 4
2003, Turner et al., 2017)
Adrenal (Gan et al., 2018)
Cardiomyocte (Nimsanor et al., 2017, Szaraz et al., 2Q

Guw et al., 2018b)

Chondrocyte (Pittenger et al., 1999, Somoza et al., 20
Segawa et al., 2009, Chen et al., 2018)

Hepatocyte (Snykers et al., 2011, Meier et al., 2013)

Haemarthrosis Fluid (Deehan et al., 2012, Rogers et al., 2014

Muscle (Hodgson et al., 2018)

Osteocyte (Pittenger et al., 1999, Birmingham et &
2012)

Synovial Fluid (Sekiya et al., 2012, Jorgensdrag, 2018,

de Sousa et al., 2019)
Umbilical Cord Blood (Romanov et al., 2003, Sanberg et al., 2(
Cho et al., 208, Gharbia et al., 2015)

In an attempt tostandardise the classification of MSCs, the International Society for
Cellular TherapylSCT)ssued a position statemer{Dominici et al., 20063etting out the

minimal criteia for defining MSCs, which were:

1) The formation of colonyforming unit fibroblasts (CFBs) by adherence of
fibroblastlike cells to tissue culture plastic

2) Positiveand negative expression of a panel of cell surface antigens.

3) Multipotent differentiation toward, chondrogenic, osteogierand adipogenic cell

lineages

1.7.2 Cellsurface antigen expression

MSC populations cannot be defined by the definitive expression of a specific gene/
protein, rather they are characterised by the positive and negative expression of a panel of
cell surfacaglycorotein antigens(Pittengeret al., 1999, Dominici et al., 2006, Lv et al., 2014,
Maleki et al., 2014, Harkness et al., 2016, Uder et al., 2018)
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Stromal cell surface markdr (Strol) has been identified as aell surface
glycoproteinassociated with the formation of colorfgrming units of fibroblast cells (CHY)
(Simmons and Tore®torb, 1991) Strol is located mainly in the endothelium and is
expressed by number of different cell typesand in particulathose associated with the
MSC lineagecludingosteocytes, adipocytes and chondrocy{&so et al., 2004, Nagatomo
et al., 2006, Kolf et al., 20Q7)

CD44(cluster of differentiation 44jsthe hyaluronic acid receptor widely expressed
by a number of different cell types including leucocytes, tumour dgdégticularly associated
with colorectal and prostate cancerb)ood, B lymphocytes andl' lymphocytesand bone
marrowepithelialcells(Rojewski et al., 2008, Jaggupilli and Elkord, 201#CD44 molecule
has multiple splice variants, reflecting the diverse tisspecific expression patterand
pleiotropic functions. For instancelupipotent stem cells are positive faplice varianCD44
v3 when undifferentiated buexpresssplice variantCD44 v&luring differentiation (Kim et
al., 2018)

CD90, also knownas Thermocyte Differentiation Antigenl (Thyl) is a
glycosylphosphatidylinositol (GPI) anchored protéiRege and Hagood, 20063D90has
been shown to have a putativele in stem cell differentiatiorwith expression occurring
during proliferationthrough development particularly toward the osteogenic cell lineage
(Wiesmann et al., 2006)CD90 is expressed on multiple cell types including fibroblasts
howeverthe comparison ofMSC and fibroblagtopulationsshowed that over 70% of the
MSC population expresd CD9Comparedio 20%of the fibroblastpopulation(Dennis et al.,
2007) Differences in expression might be attributedttee maturity of the cell type, with
CD90 expression being reduced during terminalediffitiation. CD90 is a cell adhesion
molecule that has roles inwound healing and tissue regeneratiqrocessesvia the
mediation of cellcell and celmatrix interactions and regulation othe activity of
immunomodulatory moleculefisselbach et al., 2009)

CD105also known as endoglin,ascoreceptor to the TGF recept@omplexandis
co-expressedby diverse cell lineagegsesponsive toTGF signalling events including
angiogenesifCleary et al., 2016 D105 epressioron MSCs iseeduced as cells differentiate,
and this is reflected in th80%fold reduction of CD106steocytes, 94% chondrocytes and
76.2% in adipocytes;sompared to bone marrow derived MSCEn et al.,, 209) Bone
marrow-derived MSCsare immature cells that have not undergone differentiation
comparison to terminally differentiated ligamentocytaad so theres likely to bereduced

expression o£D105Jin et al., 2009)
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CD106, also known as vascular cell adhesion moldcu®CAM]) is a
transmembrane glycoprotein that regulates the vascular adhesion and -gadsthelial
migration of immune cells in respea to inflammation(Yang et al., 2013£D106 has been
shown to have a critical role in embryonic developmetith CD106knockout experiments
showing developmental issues including, heart defects and embryonic {@attner et al.,
1995, Kwee et al., 1995, Yang et al., 20C¥)106expression has been reported to have a
role in MSG@Gmediated immunosuppressionbeing necessary for T cell activation and
recruitment of leukocyte¢Ren efal., 2010, Yang et al., 2013)

CD146is alternatively known asnelanomacell adhesionmolecule M-CAM or S
Endo tasso@ted antigenbecause of its localised expressiwithin the endothelium The
roleof CD146 is at present nailly understood however there is some evidence that CD146
is involved in the mediation otellcell adhesion between endothelial cells and T
lymphocytesas well ashe formation of theactin fibres withinthe cytoskeleton(Elshal et al.,
2005, Erdbruegger et al., 2006, Harkness et al., 2016)

CD166 also known asactivated leukocyte cell adhesion molecul@LCAN), is
expressed on diverse cell types, including haematopoietic cell linpagesons, hepcytes
and fibroblasts(Fujiwara et al., 2014Expression ofCD166expressionis predominanty
localisedto the stem cell niches withitissueg(Chitteti et al., 2014, Fujiwara et al., 2014)

CD19 and CD45 are negatively expressed within mesenchymal ste(diaaliset al.,
2002, Dominici et al., 2006, Uder et al., 2018[p19 is a transmembrane gbprotein and
marker for normal and neoplastic B cdllsang et al., 2002, Wang et al., 2012, Maleki et al.,
2014) CD445s a transmembnae protein tyrosine phosphatase present within leukocytes to
stimulate lymphocyte maturation and proliferatiqdiang et al., 2002, Maleki et al., 2014)

MHC (major histocompatibility complex)lass lis positively expressed in MSCs
expression increased post differentiation down the adipogenic, chondrogenic and osteogenic
lineageg(Machado et al., 2013)MHC Clasll is often lacking in expression in MSCs due to
the hypoimmunogenic nature of the celRyan et al., 2005, Machado et al., 2013)

1.7.3 Multipotent differentiation

As defined by the minimal criteriagMSCsmust differentiate to chondrogenic,
osteogenic and adipogenic céthieages(Dominici et al., 2006, Rojewski et al., 2008)e
multipotent potential of MSC gpulations is typically measured usiitg vitro assayshat
mimic the physical and biochemical signalling cues present duringvo differentiation

(Dominici et al., 2006, Solchaga et al., 2011)
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Chondrogenic differentiation of MSCs is driven thg formation of 3D cellular
aggregates comparable to the mesenchymal condensation etheitprecedescartilage
formation duringlimb bud formation Cells are cultured for up to 14 daysbasal medium
supplemented withdexamethasone, ascorbic aephosphate, insulin and T&Fmto
promote differentiation(Solchaga et al., 2011ifferentiation of MSCs is determined by
monitoring the expression of genes/proteins associated with the chondrogenic cell
phenotype,includingSOX9AGGRECAN and COLR2dIchaga et al., 2011)

Osteogenic dferentiation of MSCss driven by2D monolayerculture for 21 days
with medium supplemented with dexamethasone, ascorbic @dK 2 & LK | G-S | Y R
glycerophosphat€Solchaga et al., 2011Y1SCaundergoing osteognic differentiationlose
their characteristic spindidike morphology andcquire acuboidmorphology(Atala, 2012,

Alm et al., 2014)Differentiation of MSCs is determined by monitoring the expression of
genes/ proteins associated with the osteogenic phenotypejuding COL1A1IALKALINE
PHOSPHATASEI CBFATAtala, 2012)

Adipogenic differentiation of MSCs is driven by 2D monolayer culture for 21 days
with medium supplemergd with dexamethasone, insulin, indomethacin, ambbutyl
methylxanthine(Solchaga et al., 20LIMSCs undeyoing adipogenic differentiation acquire
microsphere lipid vacuoles within the cytoplasm of the cell and differentiation is determined
by monitoring the expression of genes/ proteins associated with the adipogenic phenotype,
including CCAATENHANCERINDING PROTEIMERP)ADIPONECTIENd LIPOPROTEIN
LIPASE-ink and Zachar, 2011, Turner et al., 2017)

1.7.4 Furtherassessment of mesenchymal stem cell phenotype

Furtherassessment of MSC phenotypan providesvidence of the functional status
of the cellsand includes measuring expression todnscription factos associated with
WA G SYy S adetdsing ¥fiphosphate ATH binding cassette transporters, cellular

chemotaxis and immunomodulation.

1.7.4.1 Transcriptionfactor expression

The POU5f1 encoded transcription factor, Octasbigiding transcription factor 3/4
(OCB/4) is associated with stem cell phenotypwintenance Within the inner cell mass of
the blastocystOCB/4 maintains the pluripotentell phenotype by preventingeversion to
atrophoblastlike gene expression profifghenotype(Herberg et al., 2014PCT/4 binds to
the ATGCAAAT octamer and member of ther8lgted high mobility group (HMG) domain,
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sexdetermining Ybox 2 (®X2) to form a heterodimgLoh et al., 2006, Olariu et al., 2016)
This heterodimer interastwith NANOGto induce transcription factors such as FBX({&
induce proliferationland Utf1(exhibits reduced expression during prolifecat) (Kuroda et
al., 2005)

NANOGIs a transcription factor expressed imdifferentiatedadult stem cellgLoh
et al., 2006, Pierantozzi et al., 201INANOGregulates the expression of both@X2 and
OCB/4 to maintainpluripotency and selfenewal of cells within the inner cell res of the
embryo(Olariu et al., 2016 50X2, OCT3/4 and NAN@G&intain the multipotent phenotype
of MSCs in culturfling et al., 2012, Tsai and Hung, 2012, Han et al., 2014, Matic et al., 2016)
Senescencassociated molecules including p16 and p2l1 are downregulated by the
induction of Dnmtlby OCT3/4 and NANO® increasecell proliferation and decrease

spontaneous differentiation(Tsai and Hung, 2012)

1.7.4.2 ATP binding cassette (ABC) transporters

The ATP binding cassette (ABC) transpodeperfamily representcomplexes of
transmembranespanningproteins, which in eukaryotic celtontributes to protectingthe
stem cell poolby effluxingtoxins and druggKawanabe et al., 2006, Wilkens, 2Q1ABC
transporterexpressing cells represea proportion of cell populations, known as the side
population andis confirmedin vitro by Hoechst 33342 dyexclusionassay usingual wave
flow cytometryanalysigMurota et al., 2016)An advantage of using side population over cell
surfa@ antigen expression to characterise stem cell populations is that it provides evidence
of function as well as phenotyg&awanabe et al., 2006)

Multiple ABC transporterare expressed in diverse tissues, with expression patterns
altered in injured and diseased stat€¥Vilkens, 2015) This has beenparticularly well
observed inhaemopoietic stem cellssolated from muring rhesus monkey and swine
speciesbone marrow(Zhou et al., 2001)Analysis ohealthy bone marrow cells isolated
from Mdrla/1b> 'mice (multi drug resistance mice lacking the mdype P glycoprotein)
showedthat side population cells expressed 74% morthefABC transporter, ABCG#hen
compared to norside population cellsindicative ofits role in maintaining functional stem
cell populations inthe bone marrow(Zhou et al., 2001)Additionally,low densityumbilical
cord bloodstem cells lose expression 8BCG2n differentiation and loss of stem cell

phenotype(Ahmed et al., 2008a)
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1.7.4.3 Chemotaxis

Chemotaxis is fundamentéb stem cell function wherectivation inresponse to
chemicalstimuli promotesthe migrationof stem cells toward damaged tissues where they
can initiate repair(Yoon et al., 2015)Cysteinex-cysteine (CXC) chemokine recepto#
(CXCRMis apredominant chemokine receptor expressed on a diverse range of tissues,
particularly haematopoietic stem cells, mature blood cell lineages includirdgcytes T-
lymphocytes and #8/mphocytes, as well as neurgrendothelial cellsand a proportion of
MSC4qShi et al., 2007Expression of CXCR4 within the MSC population has been shown to
mediate migration to damaged tissue, modulating the presence of inflammatory cytokines
such as Hmi %6 ahd TNP = | Y R I¢ ® guodN@ la)kepair respong&ang et al.,
2015)

1.7.4.4 Moderation of immunology by mesenchymal stem cells
1.7.4.4.1 Immunoprivilege of mesenchymal stem cells

The major histocompatibility amplex (MHE represents complexes of
transmembrane proteins classified BBHC class | anblHCclass I(Wieczorek et al., 2017)
(Wieczorek et al., 2017MHC are part of the acquired immune systeRptide antigens
derived by intracellular processing are presented by MHGhencell surfacewvhere they
subsequenty engage with the Tell receptoror B-cell receptor of respective lymphocyte
populations(Wieczorek et al., 201/MHC Class | is expressed on the surface of all nucleated
cellswith its absence being indicative of abmual cell physiologyeading to removal by
natural killer (NK) cells. MHC Class | expressioasponsible for seliecognition and the
maintenance ofmmune toleranceversusdetection of foreign antigens and the eradication
of intracellular pathogengWieczorek et al., 2017)n contrast, MHC class Il expression is
limited to the specialised antigen presenting cells of the immune system including
macrophages, dendritic cells andyBnphocyteqWieczorek et al2017)

MSCs do not express MHC Class Il ahifsithey expresdow amounts of MHC class
I, they do not express the estimulatory cell surface recepto(€D40, CD80, CD86éyuired
for activation of T-cell signalling(Ryan et al., 2005)Undifferentiated MSCscan evade

immunological detection and are considered immpnugileged(Ryan et al., 2005)

1.7.4.4.2 Production ofparacrine immunomodulatory factors
MSCsre able tomoderateimmune responsg through the poduction ofparacrine

immunamodulatoryfactors (Wang et al., 2018Within the context of tissue regeneration,
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MSCs migrate to the site of damage in response to chemokine signals produced during
inflammation where theysequester the direct effect of prmflammatory cytokine®n cels

within the tissue as well asediating the activity of cells of the innate and acquired immune
system (Ren et al., 2010)The predominant molecules responsible for exerting the
immunosuppressive phenotype of MSCs include the cytokingsdingtumour necrosis
factor alpha(TNFh), interleukinalpha (IL-m ) and interleukin-1 beta(lL-m ) and the small
molecules prostaglandin,EPGE), indoleamine 2,3lioxygenase (IDO) and inducible nitric
oxide synthase (iNQfRen et al., 2010)

The dfects of MSC immunosuppression immune cell activitinclude,inhibition of
monocyte to macrophage maturation, inhibition of activation and maturation of dendritic
cells and inhibition of proliferation afatural killer cellsCD4 and CD8T-lymphocytes and
B-lymphocytes(Wang et al., 2018)urther to this, MSCs are able to-peogram immune
OSttaz FEftGSNAY3a GKS fF 0dS N imadophages seérairgA O f
pro-A Y Tt I YYI (céndre-progradrimed to secrete antnflammatory IL1Q(Arango
Duque and Descoteaux, 2014¥%imilarly, within Tymphocyte population subsets
differentiation of naive Flymphocyes bward cytolytic CD8T-lymphocytesand pro
inflammatory CD#rh17 Hymphocytessrestrictedin favour of less aggressive CD#1/Th2
T-lymphocytesand the promotion of immunosuppressive regulatortyinphocyte (g

population(Aggarwal ad Pittenger, 2005)

1.7.4.4.3 Tissuespecific differences in immunomodulatory potentiaf MSCs

The immunomodulatory potential of MSC populations differs according to the tissue
of derivation(Abd et al., 2008)MSCs isolated from umbilical cord blobdve been shown
to have a lower expression of pradnti-inflammatory cytokines such as IL10 and2,
comparedto MSCs isolated from bone marrow and are therefore considered to be less
immunogenig(Sanberg et al., 2005, Gharbia et al., 20B85%tudy undertaken by Hwang et
al., (2009, showedMSCs derived from umbilical cord did not expresisible intercellular
adhesion moleceé-1 (sSICAM1) and the chemokinemonocytes chemoattractant proteifh
(MCR1) in comparison to MSCs derived from bone marrow and placdntaddition, the
expressionof IL6and chemokineGrowth regulated alpha proteiprecursor(D w h) were
lower in umbilical cord MSCMSCs isolated frommmbilical cord had longer telomeres in
comparison to those isolated from bone marrow and placental tisssigggesting thathe
reduced immunogeni@henotype observed for umbilical cord derivbd5Cs was because

they had a moremmature phenotypgSanberg et al., 2005)
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Numerous studies have reportete presence of adult stem cell populations within
ligament tissuegSeo et al., 2004, Violini et al., 200R%llowing ligament rupture, migration
of progenitor cells is observed frorigament (Steinert et al., 2011)Isolation and
characterisation of these progenitor cellsvegshown a cell surface antigexpression profile
positivefor CD44, CD90, CD10sdaStrol and negativefor CD11c, CD45, CD74 and CD144
as well as trlineage differentiationto chondrogenic, osteogenic and adipogenic cell lineages
(Steinert et al., 2011hese data are indicative of the ligament progenitor cells being MSCs,

as defined by the ISCT position pafleominici et al., 2006)

1.8 Cellularsenesence

Cellular senescence igbiquitous to mammaliancells and is defined as the
irreversible arrest of the cell cycle (Hayflick, 1965, Herbig et al., 200&}eplicative
aSySaoSyO0Ss 1y26y la W IeFtA01Qa [AYAGQS NBT
cell in continuous culture can undertake befarell cycle arregHayflick, 1965, Brown et al.,
1997, Herbig et al., 2008} ellular enescences an evolutionary conserved mechanigmat
limits the postnatal expansion of cell populatiomsthin tissues preventing hypertrophy and
reducing the risk of tumour formatioriBeauséjour et al., 2003, Kuilman et al., 2010)
Senescent cells are unable to undermoptosis and in contrast to apoptotic celre not
removedfrom the tissug(ltahana et al., 2001Campisi et al., 2007

Cellular senescence is stitated by a number of factors. Reactive oxidathpecies
(ROS)includinghydrogenperoxide superoxide anion and hydroxyl radicaljortening of
telomere lengthexpressiorof oncogenes and reduction @xpression ofumour suppressor
genes can alhctivate the DNA damageresponse that canin turn, activate pathways
associated with cellular senescenaad the senescenceassociatedsecretory phenotype
(SASP|Wang et al., 2019)

The senescenceassociatedsecretory phenotype (SASP) is the secretompmfile
associated with cells undergoing senescef\detorelli and Passos, 201The SASP consists
of growth factors, pranflammatory cytokineghat activate the innate immune system
(including 16, 11-8 and VEGF), tissue remoddadli proteins and proteins related to the
catabolisnof the ECMReinhardt and Schumacher, 2012, Victorelli and Passos, 2017, Ou and
Schumacher, 2018)
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1.8.1 Morphological Changes Associated with Cellular Senescence

Enlarged cell morphology is a key phenotypic change associated cefitar
senescenceas regulation of cell volume homeostabig aquaporins becomes dysregulated
(Banito et al., 2009, Kuilman et al., 201®)SCsare seen tolose thdr characteristic
fibroblasticshapeand becomeflatter, multinucleated,with enlaged cytoplasm(Banito et
al., 2009, Kuilman et al., 2010)

Replicative senescenoecurs throughthe progressiveshorteningof the telomeres
at the end d each chromosom¢shammas, 2011, Victorelli and Passos, 20A7elomere
consists of a dable stranded repeat o TTAGG@otif and is responsible f@rotecting the
end of a chromosomagainst genetic instabilifBeauséjour et al., 2003t each mitotic cell
division, DNA polymeraseesponsible for replicating DNA during the S phase of thecgelg
fails to extenl to the end of the chromosome causisigortening of the telomere. Repetitive
mitotic cell divisionshat accumulate as the cell ages, eventually result in the telomere being
too short for further celldivisions(Bonab et al., 2006, Herbig et al., 2006, Shammas, 2011,
Victorelli and Passos, 2017, Kuilman et al., 2000¥r the lifespan o& cell, the average
telomere length has been reported to shorten frorKb in germline cells to between 4 and

7Kb at replicative senescenfiéahana et al., 2001, Kuilman et al., 2010)

1.8.2 Cellcycle arrest
Cell cycle arrest iskey phenotypeof cellular senescenc@53, p1&'k+4and p2f£'P?

are allinvolved incell cyclenhibition. TheDNA damage responsetivatestwo senescence
associatedsignalling pathways, the p53pathway and thepl6NK4A pathway. The two
pathways workn parallelor independentlyto causecell cyclearrest(Campisi an®i Fagagna,

2007, Mirzayans et al., 2012, Ou and Schumacher, 2018)

1.8.3 Molecularrequlation of cell cycle arresp53 and p2§'*F!

Tumour proteinp53 (p53)regulatescell cycle progressioand controls multiple
mechanisms thainfluencecell behaviourVictorelli and Passos, 2017, @ud Schumacher,
2018) p53of the DNArepair responseand maintenance of genomic stability, such that it is
referred to as being théguardian of the genon®@Lane, 1992, Toufektchan and Toledo,
2018) Fdlowing DNA damage, p53 arrestsll cycle progession at the G1/S checkpoint
allowing repair complexesuch as activation of the nucleotide excision repair (NER) and base
excision repair (BER) pathwagsrepairthe damage(Smith and Seo, 2002, Campisi and Di

Fagagna, 2007, Leontiet al., 201Q)DNA damagés not repairedhe cell issemoved from
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the pool of proliferative cells within the tissu®y p53-mediated mechanisms dependent on
the cellular level of p58Campisi and Di Fagagna, 2007, Leontieva et al., 2010, Toufektchan
and Toledo, 2018} ow expression of p53 induces cellular ss@nce, and it is this pathway
that is activatedby telomere shortening(Leontieva et al., 2010High expression of p53
results in the activation of pathways resultingdniescence oapoptosis(Campisi and Di
Fagagna, 2007, Leoetia et al., 2010, Toufektchan and Toledo, 20E)llowing cell
senescentctivation of thep53 pathway,alternate reading framé€ARF proteininhibits E3
ubiquitin protein ligase HDM2wvhichinhibits the tumour suppressop53. Inhibition of p53
upregulatesthe expression ofhe cyclindependent kinase inhibitor (CKI21°"*which can
either affect growth arrestand cellsenescencelirectly, or inhibit Cyclin Dependent Kinases
(CDKs) within the p18“Apathway Figurel1.10) asp53is directly inhibitedby senescent

signals leading.

1.8.4 Molecularrequlation of cell cycle arresip1gNKk+A

A negative feedback loop within the p53 signalling pathway downregajéi@ and
p21°PexpressionCampisi and Di Fagagna, 200R@duced expressionf p53 and p2%™ls
coupled withan increase irexpression othe cyclindependent kinasenhibitor, p16N<44
aiding with the maintenance othe senescent cell phenotyp@tahana et al., 2001)in
contrast to p53 and p2%®™! the pl@V<*A pathway is not only activatedby telomere
shortening, as genotoxic stress halsobeen shown to have an effe¢Beauséjour et al.,
2003, Mirzayans et al., 2012xvidenceof this has beenreported by p16\K*‘expression
remaining high despite telomere shortening being observed and replicative senescence still
occurring despite ectopic expression of telomer@B8eauséjour et al., 2003)

The oncogene RAS activatbs p16N““pathway. Instigation of the pathway inhibits
CDKinhibiting phosphorylation of Retinoblastoma protein (pRBhd preventing cellular
proliferation (Campisi and Di Fagagna, 20053 cellular proliferation is halted, cell cycle
progression is prevented through the inhibitionB2FFstoppingcells entering the phase
of the cell cycldBeauséjour et al., 2003, Campisdddi Fagagna, 20Q7)
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Figure 1.10: A schematic diagram of how the DNA damage response leads to an increase in
senescence signalDNA damage leads to an increased level of senescence sigesldting in
decreasedcellular proliferation and reduced in cell growth following activation of both the p53
pathway and p1b*4‘pathways (Imagérom Campisi et al., 2007).

1.8.5 Reducednultipotent potential

Cellular and replicative senescencassociated witimpaired multipotency irboth
MSC and haematopoietic stem cdN¥agner et al., 2008, Turinetto et al., 2016, Schultz and
Sinclair, 2016)Shultz et al., 2016eported reduced expression of genes and proteins
associated with the stem cell phenotype, and this is associated withced selfenewal
(proliferation kinetic)and differentiationof haematopoietic stem cells towartise formation
of blood cells (Schultz and Sinclair, 2016§ang et al.(2017), assessed the multipotent
potential of adult MSC rad deermined replicative senescence (through comparison of
passage 4 and 8yas correlated with reduced expression of genes associated with
differentiation to specialised cell lineag€omparison obsteogenic(COL1AIRUNX2and
ALP and adipogeic (LPLandt t ! )wenesshowed thatCOL1AJIALR LPLandt t ! were
all significantly reduced at passage 8 in comparison to pass@den et al., 2018)

The implications of accelerated cellular senescence within a biological context
include impaired ability to regenerate and repair damaged tissagewell as reduced control

over immune modulatior(Victorelli and Passos, 2017, Toufektchan and Toledo, 2018)
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addition, within the context of developing advanced therapeutic tissue engineering
strategies, the prolonged expansion of MSCgltnically relevantell numbershave been
shown to be negatively correlated witliccelerated cellular senescentapacting on the

quality of tissueengineered producfWang et al., 2019)

1.8.6 Methodology foridentifying cellular senescence

The Senescence Associatdtketa Galactosidas€SAR-Gal) assayis the most
frequently employed technique for identifying senescent celienescent cells have
increased cytoplasmic lysosomes, which play a keyima@tophagic mechanisms. The-SA
3-Gal assay determines the presence and activity of lysosomab-gependent leta
galactosidasévy catalysing the hydrolysis 6f K Sgalactosidas@nalogue Xyal into a blue
product(colourlesggalactose and-chloro-3-brom-indigo)(Juers et al., 2012pespitemany
studies usingthe SAR-Gal assay there has been debat®ver its valdity in identifying
senescent cellsf>Gahctosidaseactivity has been reported irthe immortalised cellines
whichby definition do not undergo cellular senescer€Ceistofalo, 2005, Herbig et al., 2006)

An alternative and more robustmethod for identifying senescen cells would be to use
immunohistochemistry for the identification of molecular markers associated with
senescence, including53, p16 and p21.

Although senescence is a process that occurs in all cell types, it is important to
understand the impact it has on cells and why some cell types prematurely senesce in
comparison to other.This leads to questions such as atkee cells which senesce first
undergoing premature ageing andtlie process one that can be reversed in order to reduce

the ageing and replicative effect and increase cell health?

1.9 Summary
Previous studies have derivédSCscompliant with the International Society for

Cellular Therapy position statemeritom the human ACL and cani@LHowever, to our
knowledge no prior study fully characterisesand compareshe difference in theMSC
populations of intact (noiseased)igaments to ligaments that have been subjected to
ruptured (diseased state) in either specieBhe quality of MSCs has been linked to
predisposition to rupturelt is yet to be determined if the MSCs isolated from either species
decrease in quality withge through passage post passage 3. As the anatomical structure of
the caninestifle joint is highly comparable to that of theuman knee joint, the use of the

canine stifle as an experimental model for ACL rupture and the development of comparative
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be assessed

1.10 Hypothesis

This study wiladdress the hypothesis that MSCs isolated from intact and ruptured human
ACL and canine CCL will differ in molecular, cellular and biochemical compoliti®n
hypothesised that speciespecific differences will be observénd ECMcomposition, gene

expression, MSC phenotype acdllular senescence.

1.11 Aims and objectives

To answer our hypothesis the aims and objectives of this study are to:
1. To stratify clinical groups of human ACL and canine CCL retrieved from joint surgeries
to identify speciespecift differencesin the molecular, biochemical and cellular

content ofintact and ruptured tissues.

2. To determine speciespecific differences between the MSC populations isolated
from intact and rupturedhuman ACL and CCL and characterise the cell phenotype
and function based on thinternational Society for Cellular Therapy (ISCT) issued

position statenent.
3. To determine speciespecific differences in cellular senescence in MSCs derived

from intact and ruptured human ACL and canine LC@rough analysis of key

senescence markers.
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Chapter 2. Materials and Methods
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2.1 Materials and Methods

2.1.1 Clinical sources of ligament tissue

2.1.1.1 Humananterior cruciate ligamen{ACL) tissue

CdzZ t SGKAOFf FLIINRGIFE F2NJ G6KS &dddzRe Sy daaAi
Laz2tFdSR FTNRY [A3IFYSYyd ¢A&aadzsSQ ¢l a 2andl AySR
System (IRAS: 75487). Ethical approval was obtained following review by an appropriate
Research Ethics Committee (RE&WM/0324, Aintree University Hospital NHS Foundation
Trust Research and Development (R&D) Department (R&D ref: 863/15) and NH&r#lood
Transplant Tissue Services. Approvals documents are presenbteddppendix.Appropriate
Material Transfer Agreements (MTAS) were put in place for the transfer of material between
the University of Liverpool, Aintree University Hospital NHS Fowrdatust and NHS Blood

and Transplant Tissue Services.

2.1.1.2 Human ligament tissue collection
1) Acute and chronically ruptured ACL tissue samples were collected from knee
reconstruction surgeries undertaken at Aintree University Hospital, Aintree

University Hospal NHS Foundation Trust.

Inclusion criteria for patient participation were:
1 Patients presenting at Aintree University Hospital with knee ACL rupture requiring
reconstructive surgery.
9 Patients presenting at Aintree University Hospital with chronic degeiverdisease,
such askneeosteoarthritis, requiring total knee replacement.

T Aged 18 to 90 years old.

Exclusion criteria for patient participation were:
i Patients unable to give informed consent on their own behalf including:
0 <18 years old.
o Patients with éarning difficulties.
o Patients with limited comprehension of the English language to the extent
that the participant information form would not be understood entirely.
1 Vulnerable groups including patients within the prison population.
Participants were recruited into the study during consultation prior to surgery by
presentation with a Patient Information Sheet (P$8e agopendix) and were requested to

provide informedwritten consent as outlined in the study Research Protosed @ppendix
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Participants were informed of the use of the tissue, the anonymity of personal data outside
of their direct care team, the transfer of tissue samples to the University of Liveapddhe
disposal of tissue samples in accordance with the Human Tissue Act (HTA) 2004
(Legislation.gov.uk).

Intact human ACL tissue samples were supplied by the National Health Service Blood
and Transplant (NHSBT; Speke, Liverpool). ACL tissue samplesheeted from deceased
donors as either fresh or frozen tissue samples that had been collected as a clinical waste
product from the harvesting of osteochondral allografts for their clinical transplant program.
Human ACL tissue samples were provided WitK S LI NI A OA LI yiG Qa bl { VY
maintain patient anonymity with the research team but permidaiectional identification

of the tissue between the clinical team and the research team.

2.1.1.3 Transfer of human ligament tissue to the research laborator

Human ACL tissue samples were collected in 15ml centrifuge tubes containing
/| 2ttt SOGA2Y aSRAMEM)DAO QKK aPhADNSES | ¥YI wmM:
{GNBLIW2Y@OAY O6DA0O2u0 SldA@lItSyd G2 wmnn! kYt
were triple packaged using the UN33¢8rtified Intelsius Pathopak System (DGP Intelsius
Ltd, York, UK) to protect from damage, maintain the sterility of the samples and reduce the
risk of infection and contamination from samples during transportation to theeaesh
laboratory Figure2.1).

Upon receipt atour research laboratory, the clinical details of each sample were
recorded, including age, gender, whether the ACL tissue was from the left or right joint and
reason for removal (such as trauma through accident, total knee replacement, ACL
reconstruction). AC tissue samples were assigned a -fiigit alphanumeric code for
identification within the research laboratory. Ruptured ACL tissue collected from Aintree
' YVAGSNRBRAGE 1 2aLIAGEE Dbl { C2dznefSH NBYDYONINRBA V2 6 R
the yea the first sample for the study was collected (16 for 2016, 17 for 2017 and 18 for
HAMYyO YR WFEo0Q F2NJ GKS GKNBS dzyAljdzS aSldzsSyi
0KS GKANR alYLiES O2ttSOGSR Ay Hnmbtissuesa | &aA

A 2 4 A x

O2ft SOGSR TNRBY bH Qs H330ARSRDPT Ml { Q ARSY

O2ftf SOGSR FNRBY (GKS bl{.¢3 {LB1Sz [ABSNLR2( |
to identify the sample. For example, the third sample collectedisiah 3y SR G KS O2RSQ
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Figure2.1: An Intelsius Pathopak (UN3373) Systeithe Intelsius PathopafJN3373) System was

used to triple pack samples for transport from the clinic to the research laboratory. The Intelsius
Pathopak System consists of: A) A rigid cardboard box with appropriate hazard labelling; B) a one litre,
95kPa IATA compliant secondargid pressure vessel; C) an infectious class label required for the
transport of samples; D) a security seal to ensure the Pathopak remains sealed during transport; E) an
absorbent sheet to absorb any fluid leakage and F) bubble wrap for protectionngflesaand
containment of leaked material.
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2.1.1.4 Canine Cranial Cruciate Ligament (CCL) tissue

Ethical approval for use of this tissue in research was obtained following review by
the University of Liverpool, Veterinary Research Ethics Committee (intact G€Lsassples,
VREC192 (under the generic ethics approval for use of clinical waste in research
(RETHO000055andruptured CCL tissue samples, VREC213).

Inclusion criteria for recruitment of dogs to the study were:
1 Dogs referred to the Small Animal Teaching Hospital, University of Liverpool by their
primary veterinary surgeon.
1 Dogs must have been diagnosed with CCL rupture and having surgical management
for this condition.

1 Owner consent must be given in writing upsurgical admission

Exclusion criteria for of dogs to the study were:
1 Dogs with bilateral pain or any other joint related pain in the pelvic limbs.
1 Dogs with significant inflammatory disease.
1 Dogs that were pregnant, lactating or breeding dogs.
1

Dogs receiving either neuromuscular blocking properties or corticosteroids.

2.1.1.5 Canine CCL Tissue Collection

Ruptured CCL tissue samples were retrieved from dogs undergoing unilateral CCL
reconstruction stgeries at the Small Animal Teaching Hospital (SATH), Leahurst Campus of
the University of LiverpoolParticipants were recruited into the study during consultation
with the owners prior to surgery under a generic SATH consent sheet where the participants
were informed of the use of the tissue and the anonymity of personal data outside of their
direct veterinary care teamintact CCL tissue samples were retrieved from cadaver dogs that
had been euthanised for reasons not related to ligament disease amd valected from
the University of Liverpool, Veterinary Training Suite under full ethical approval for this

clinical waste material in research.

2.1.1.6 Transfer of canine CCL tissue to the research laboratory

Canine CCL tissue samples were collected in 15mnitiftee tubes containing
O2f{t SOGA2Y YSRMEMDHO O2KE BORADHEES | YS -M3 602
{ONBLIWG2YBOAY O6DAOO2u0 SljdaAa @t Syd artriplen n! k Y§
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packaged using the UN3373 certified IntelsiushBpak System to protect from damage,
maintaining the sterility of the samples and reducing the risk of infection and contamination
from samples during transportation to the research laboratdtiggre2.1).

Upon receipt at our research laboratory, canine ligament tissue samples were
assigned an alphaumeric code to maintain patient anonymity with the research team and
allow bidirectional identificatiorof the tissue with the clinical team. The alphameric code
followed a formatof¥/ / [ # DNIONHzLIG dzNBR / /[ &l YLX S& 6A0GK W/
NHzLJG dzNBR / /[ O02f ft SOGSR FNRY (GKS {1 ¢l IyR WI ¢
identify the sanple. For example, the third sample collected was assigned the code of
W/ / [nnoQ® C2NJAYyGrod4G //7[az I O2RS 2F Wb/l o00Q
02ttt SOGSR FTNRBY GKS SGSNAYINE ¢NIXAYyAy3I {dzAd
numbers to identify the sample. For example, the third sample collected was assigned the
O2RS Wb/ nnoQo

2.1.2 Processing of human ACL and canine CCL tissue samples

Whole ligament tissues (ACL and CCL) were collected for the following analyses:

i. Isolation of cells for mesenchymal stem cell (MSC) derivation and culture
i.  RNA isolation and gene expression analysis
iii. Biochemical analyses including immunomodulatory factor fifing and
quantification of sulphated glycosaminoglycans (sGAGSs) content

iv.  Histological and immunohistochemical analyses

Prior to dissection, ligament tissues were washed with phospbatéered saline
(PBS; without calcium and magnesium, pH Gi#ico) to remove excess blood and debris.
The wet weight of the ligament was recorded in grams. For whole tissue analyses, ACL and
CCL tissue was dissected using a sterile disposable scalpel {8adan No 10, Sheffield,
UK) into equaskized longitudinasections representative dhe heterogeneous composition
of cellular and matrix components of the ligameRigure2.2). Sections of ligament tissue
designated for RNA isolation and gene expression analysis, and biochemical analysis were
stored at-80°C.

Ligament tissue used for the derivation and culture of MSCs was minced using a
scalpel into sections of approximately 3rhta facilitate enzymatic digsion (Yu et al., 2004,

Huang et al., 2008, Ogata et al., 2018, Alstrup et al., 2Qi§xment tissue samples for
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histological analysis werxed in 4% (w/v) paraformaldehyde overnight (16 hours) at 4°C.

Fixed tissue samples were transferred to 70% (vol/vol) ethanol and stored at 4°C.

A B
1
/ RNA i
t SGAG W vl
&mmunomodulation
2 <
3 <

Figure2.2: Dissection of ligament tissue and allocation to analytical techniqueigament tissues

were assigned to five analytical techniques showr{Ah schematic diagrams and (B) photographic
image. 1) Whole ligament tissues were dissected into egiza#d longitudinal sections using a sterile
disposable scalpel for isolation of RNA and gene expression analysis, sulphated glycosaminoglycan
(sGAG) angsis and quantification of immunomodulatory factors. 2) Whole ligament tissues were
processed for histology and 3) whole ligament tissues were processed for cell isolation and derivation
of mesenchymal stem cell (MSC) populations.

55



2.1.3 Analysis oimesenchymal stem cell (MSC) populations

2.1.3.1 Derivation of MSC populations from ligament tissue
2.1.3.1.1 Derivation of MSC populations from human ACL tissue

MSC populations were derived from intact, and acute and chronically ruptured
human ACL tissue. For cell isolatizvhole ligament tissue was minced scalpel into pieces of
approximately 3mrh using a scalpel and transferred into a sterile 50ml centrifuge tube
O2y G AYyAy3d | -MEWsLppl@hitedzWith 1@®46F(volivol) fetal bovine serum
(FBS; Sigmaldrich, Poa UK), 1% (vol/vol) penicill G NB LG 2 Y@ OAY 6 DAO6O2ux
100U/ml penicillin, 100ug/ml streptomycin) and 0.1% (wt/vol) collagenase type |
(Worthington, Lorne, UK), which had been stefileered by passing through a 0.22um
syringedriven filter. The centrifuge tube was transferred to a shaker incubator (Thermo
{OASYGiGATAON alEvu cnnnv F2NJ 208SNYyA3IKGE RA3ISaA
oxygen (5% & tension. Postligestion, the contents of the centrifuge tube were centrifuged
for 10 mirutes at 850 x g, the supernatant was removed and the cell pellet resuspended in a
yYt @2fdzyS 2F QK dzY IMEM, 10%63velivdD) FBSE 196\BIRAN) geYiigllling b
AUNBLIG2Y2OAY o0DA0O2ux SldaA@ltSyd G2 mnn! kYt
fibroblast growth factor2 (FGF2) (Biotechne, Abingdon, UK). The resuspended cell pellet was
centrifuged for 5 minutes at 850 x g before removal of supernatant and resuspension in 7mi
human stem cell medium. A viable cell count was performed and thiesospension
transferred into a 125 cell culture flask before being placed into the cell culture incubator at
37°C, 5% CO5% Q@ (Ma et al., 200, Zhang and Wang, 2013, Widowati et al., 20Ed)ty-
eight hours poskeeding, noradherent mononuclear cells were removed by aspiration of
the cell culture medium and the celyler rinsed three times with autoclaved PBS. Fresh
human stem cell medium was transferred to the culture flask (10ml p& fask) and the

flask returned to the cell culture incubator.

2.1.3.1.2 Derivation of MSC populations from canine CCL tissue
MSCpopulations were derived from both ruptured CCL and intact CCL tissue. For
MSC derivation, the ligament tissue was minced into pieces of approximately Gsimg a
scalpel and then transferred into aiTp  OSft £  Odzf (0 dzNWEM Buppleingnted® 2 y (i | A
with 10% (vol/vol) FBS, 1% (vol/vol) penicilini NB LJG 2 Y@ OAY 0DA06O2u3x S| dz
penicillin, 100ug/ml streptomycin) and 0.01% (wt/vol) collagenase type I, which had been
sterile filtered by passing through a 0.22um syrhalgven filter. The 225 cell culture flask
was transferred to the cell culture incubator, and the tissue digested overnight (16 hours) at

37°C, 5% £ 5% C@ Postdigestion, the contents of the-Z5 cell culture flask were
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transferred to a 50ml centrifuge tube and centrifuged fb0 minutes at 850 x g, the
AdzLISNYF GFyd ¢Fa NBY2OSRI FyR (KS OSftft LISttt S
OSt t Y SMBEMIAN® (vd/vol) FBS, 1% (volivol) of penieilid NB LJG 2 Y& OAY 6 DA
equivalent to 100U/ml penicillin, 200ug/ml stregmycin). The resuspended cell pellet was
centrifuged again for 5 minutes at 850 x g before removal of supernatant and resuspension

AY 1Yt @2ftdzyS 2F W/ ILyAyS {GSY 2489 was a SRA dzv
performed, and the cell suspensioransferred into a 5 culture flask before being placed

into the incubator at 37°C, 5% ¢£G% Q. Fortyeight hours posseeding, noradherent
mononuclear cells were removed by aspiration of the cell culture medium and the cell layer

rinsed three times wh autoclaved PBS. Fresh canine stem cell medium was transferred to

the culture flask and the flask returned to the cell culture incubator.

2.1.3.2 Maintenance and passaging of human A&id @anine CCL stem cell cultures

All flasks of cell cultures underwentgekly half media changes and images taken
of cells using a Zeiss Vert A.1 microscope with an AxioCam ERc5s attachment (Gottingen,
Germany) and analysed using Zen 2.3 lite (blue edition) software (Zeiss UK, Cambridge, UK).
Cells were passaged upon reachlretween 8890% confluence within a flask (

Figure2.3).

Figure2.3: Representative image of human ACL cells at ~80% conflueftymage taken with a Zeiss
Vert A.1 microscope with an AxioCam ERc5s attachment showing approximately 85% confluency of
human ACL cells. Scale bar = 100um.
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Cell culture medium was aspiratedbin the cell culture flask. The cell layer was
rinsed three times with a 3ml volume of autoclaved PBS and then covered with 0.25%
(wtivol) Trypsin9 5 ¢! LIKSy2f NBR o6mM - T DA0O2uI ¢KSNX2
T-25 cell culture flask, 3ml volumeep T-75 cell culture flask). The cell culture flask was
returned to the cell culture incubator for approximately four minutes. Confirmation of cell
detachment from the culture flask was performed by visualising under the microscope. Alpha
MEM medium supplemented with 10% (vol/vol) FBS was added to the culture flask to
inactivate the trypsin and the contents transferred to a 15ml centrifuge tube. The cells were
collected by centrifugation for three minutes at 850 x g. The supernatant was removed, and
the cel pellet resuspended in 5ml of stem cell medium appropriate for each species. A viable
cell count was performeand the cells reseeded into a T75 culture flask (passage 1 cells) to
give a 1:3 ratio of passad€igure2.4). Cells were cultured for up to ten passages with

analysis occurring at passage 3, 7 and 10.
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Figure2.4: Schematic representation of the 1:3 passaging regime of cells up to passajepassage

1, cells were detached from the2b flask and seeded into a7b flask. At 9895% confluence, at
passage 1, the cells were detached and seeded into-8XcEll culture flasks. For passage 3, the cells
were again diluted at a 1:3 ratio to form 9 /% flasks.
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Postpassage 3, all MSC populations were maintained far fiorther passages with
human MSC populations being continued to passage 10. Human MSC populations were
analysed at passages 3, 7 and 10 and canine MSC populations at passages 3 and 7. The
volumes of cell culture reagents used in the passaging of MS@easilire shown iffable

2.1

Table2.1 The volume of solutions added to-Z5 and T75 flasks for MS@ulture maintenance and
passageThe volumes of PBS, trypsin and cell culture medium used in maintenance and passaging of
human and canine MSC populations.

Cell Culture Flask Size T-25 T-75

Volume of PBS used as wash (ml) iml 3ml

Volume oftrypsin (ml) 1.5ml 3ml

Volume of media to inactivate trypsin(ml) 3ml 6ml
Volume of media per cell culture flasks for culture (n 7mi 10ml

2.1.3.3 Cryopreservation of human AGInd canine CCL MS®pulations

Cell culture medium was aspirated from the amllture flasks. The cell layer was
rinsed three times by addition of 3ml volume of autoclaved PBS and then covered with 0.25%
(wt/vol) trypsin- EDTA phenol red (1X; 1.5ml pe2T cell culture flask, 3ml volume pef7b
cell culture flask prior to returnip to the cell culture incubator for approximately four
minutes. Confirmation of cell detachment from the culture flask was performed by visualising
under the microscopeilpha MEM medium supplemented with 10% (vol/vol) FBS was added
to the culture flask tanactivate the trypsin and the contents transferred to a 15ml centrifuge
tube. The cells were collected by centrifugation for three minutes at 850 x g the supernatant
was removed, and the cell pellet resuspended in-dokl (approximately 4°C)
cryopreseration medium (90% (vol/vol) FBS, 10% (vol/vol) Dimethyl sulfoxide (DMSO; Sigma
Aldrich, UK)). The cell suspension was pipetted into cryovials at ratios of &/5 Habk /
ONE2OAIE 0D ¢KS ONB2OAFtA 6SNB LX I OSR)AYyG2 |
containing propar2-ol and placed at80°C to allow for a drop temperature of-1°C per
YAYydziSe® ! FOSNI vn K2d2NBE GKS ONB2JAL f 80°G.SNB NB

2.1.3.4 Thawing of cryopreserved human ACL and canine CCL cell cultures

Cryovals of MSCs were removed from th&0°C freezer and thawed quickly by
placing in a 37°C water bath. Cryovials were surrounded by plastic paraffin wrap (Parafilm)
to reduce the risk of contamination from the water bath. Once thawed, the cells were

transferred in 1ml volumes to a 9ml volume of culture media and collected by centrifugation
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at 850 x g for 3 minutes. The supernatant was removed, and the cell pellet resuspended in
appropriate culture medium, a viable cell count performed (Secfadh3.5, and M5Cs
seeded into an appropriateized culture Flask. The volume of media added to each flask is

shown inTable2.1.

2.1.3.5 Viable cell counting by trypan bie exclusion assay

The trypan blue exclusion assay was used to calculate the percentage of viable cells
in a cell population. Trypan blue dye is able to penetrate the damaged cell membrane of dead
cells staining the cytoplasm blue. Viable cells do not tgkany blue dye because their cell
membranes are intact and so maintain a clear cytoplasm (Johnson et al., 2013; Strober et al.,
2015).Trypan blue (Sigma Aldrich) was added to an aliquot of cell suspension at a dilution
factor of 1:10 (180pl cefluspension and 20ul trypan blue). Volumes of 10ul were loaded into

each chamber of a haemocytometer and the number of cells courfieai(e2.5).
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Figure2.5: A schematic diagram of a haemocytometer gridiable and dead cells are identified using

a trypan blue exclusion assay. Green arrows denote living cells in wipeEn blue is excluded by
intact cell membrane. Red arrows denote dead cells in which trypan blue have permeated the cell
membrane and stained the cell cytoplasm.
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An average cell count was calculated from four squares and the total number of cékés in t

cell suspension calculated usikguation2.1.

Equation2.1
Total cell number = (N x 1.11 x 10,060Y)

Where:
N = the average number of cells counted within a Imm x 1mm square
1.11 = correction for dilution of cell suspension with trypan blue

V = total volume of cell suspension

The viability of the cells within each cell suspension was calculated as a percentage of the

total number of cell§Equation2.2).

Equation2.2
% cell viability = (number of live cells/ total number of cells) x 100

2.1.4 Characterisation of mesenchymal stem cell populations

2.1.4.1 Population kinetic assays
MSCs were seeded at density of 2.5 R ddlls per well of astandard éwell cell
culture cluster plate (equivalent to a cell density of 2.8 %cHlls per crf). The total number
of viable MSCs was counted by trypan blue exclusion assay at days 3, 6 and 9 with three
technical replicates for each time point. Ceduats were used to calculate the population

doubling time of the cell cultureg€quation2.3).

Equation2.3
Population doubling time = In(€inal cell numbery 3*

(Initial cell number)

(Paul Jr, 2012)

2.1.4.2 Multipotent differentiation of MSCs derived from ACL, CCL and bone marrow
mononuclear cells
2.1.4.2.1 Chondrogenic differentiation
ACLland CCL derived MSCs weretached from monolayer culture by trypsin digest

and collected by centrifugation at 850 x g for 3 minutes and room temperature as described
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in section2.1.3.2 The supernatant was removed, and the cell§irdza LISY RSR Ay { 4§
Chondrogenesis Differentigtiy YSRALlF O0DAG6O2u>X CAAKSNI { OASy (A
cells/ml. The cell suspension was transferred in 1ml volumes to 15ml centrifuge tubes and
centrifuged at 850 x g for three minutes in order to form micromass cell aggregates. Cells

were plaed back into the cell culture incubator with the lids loosened to allow for gas
exchange. Cells were differentiated for up to 14 days with medium changes evetiays

(Pittenger et al., 1999, Muraglia et al., 2000, Oldershaw et al., 2008)

2.1.4.2.2 Osteogenic differentiation

ACL an€@CL drived MSCs were seeded in a standa#eedl cell culture cluster plate
at cell density of 5 x £@per cnt (equivalent to 4.5 x Hxells per well) in appropriate stem
cell medium¢ human stem cell medium fokCL cells and canine stem erédiumfor CCL
cells. Twentfour hours postseeding, the cell culture medium was removed and replaced
with a 2 ml volume of osteogenic differehtii A 2y YSRAdzY o6{ d0SYt NB#u
SAFFSNBYGALGAZY YAGS DA6O2uE ¢KSNY¥Y2 CAAKSNI {
into the cell culture incubator. Osteogenic cultures were maintained for up to 21 days with
differentiation medium changedvery 34 dayqPittenger et al., 1999, Muraglia et al., 2000)
A well containing stem cells, which had been maintained in appropriate stermedium

(as above) was used as a negative control.

2.1.4.2.3 Adipogenic differentiation
ACL an€CL derived MSCs were seeded in a standarellécell culture cluster plate
at cell density of 1.0 x 2@er cn¥ (equivalent to 9.0 x 1cells per well) in appropria stem
cell medium. Twentjour hours postseeding, the cell culture medium was removed and
NBLX FOSR 6AGK | HYf @2fdzyS 2F I RALRISYAO RAT
SATTFSNBYGAFIGAZY YAGEZ DA0O2us tekvietedaceddack K S NJ {
into the cell culture incubator. Adipogenic cultures were differentiated for up to 21 days with
medium changed every-8 days(Pittenger et al., 1999, Muraglia et al., 2008) well
containing stem cells, which had been maintained in appropriate stem cell medium was used

as a negative control.

2.1.4.3 Cell cycle analysis of MSC populations by propidium iodide labelling

MSCs were detached from the cell culture flask using tny@siviable cell count was

performed and 1 x 1OMSCs transferred to a 15ml centrifuge tube. MSCs were collected by
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centrifugingthe 15ml centrifuge tube at 850 x g for 3 minutes and then fixed with 70% (v/v)
ethanol at 4°C for 30 minutes. The cells were collected by centrifugation at 850 x g for 3
minutes, the ethanol removed, and the pellet washed in PBS-Washing, the centfuge

tube was centrifuged for five minutes at 750 x g. The cell pellet was resuspended in 75ul of
PBS and the cell suspension transferred to a 1.5ml microfuge. The cells were treated with a
75ul volume of 100ug/ml RNase A (SigAddrich for 15 minutes at®C. A 150ul volume of
100pg/ml Propidium lodide (Sigm#edrich) was added and the microfuge tube incubated at
room temperature in the absence of light for 30 minutes. Cell cycle analysis was performed
using a BD Accuri flow cytometer (BD BiosciencessBieek UK) collecting 25,000 events per
sample at a flow rate of 66ul/min with a 22um core. An FL2 filter was used with a 488nm

blue laser. All analysis was performed using BD Accuri C6 Software (BD Biosciences).

2.1.5 Molecular biology

2.1.5.1 Isolation andpurification of nucleic acids
2.1.5.1.1 Isolation and purification of genomic DNA (gDNA) from MSC monolayers

Genomic DNA (gDNA) was isolated and purified using the QlAamp® DNA Mini Kit
(Qiagen, Manchester, UK). MSCs were detached from a monolayer culture-2% a€ll
culture flask with trypsin and collected by centrifugatid he MSC suspension was removed
FNRY GKS Ffral FyR (KS OStf LStfSGi NBadzaLISyR
the addition of a 20ul volume of 600 mAU/ml Proteinase K. The cellspuése vortexed for
15 seconds and transferred into a 1.5ml microfuge tube. The microfuge tube was incubated
at 56°C for 10minutes. Peaty Odzo G A2y > | wnnxft @2fdzyS 2F . dzA
the tube pulse vortexed for 15 seconds and then a 20@lume of 96100% ethanol added.
The tube was vortexed and incubated at room temperature for 5 minutes-iRogbation,
the microfuge tube was pulse centrifuged, the solution transferred to a QIAamp® mini spin
column and centrifuged at 6,000 x g for Inoie. The flow through was discarded and the
column placed in a fresh 2ml collection tube before the addition of a 500! volume of Buffer
Wi 2mQd ¢KS O2ftdzyy o61&8 OSYGNAFIdASR G c=nnn E
and the column transferie G2 I FNBAK 02t SOGA2y G(GdzoSod ! p
added to the column and further centrifuged at 6,000 x g for one minute. After
centrifugation, the flow through was discarded and the column transferred into a fresh 2ml

collecting tube. Theolumn was centrifuged at 20,000 x g for three minutes. The QlAamp
O2ftdzyyt ¢l a LI OSR Ayidz2z I OtSlIy modpYf YAONRT
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and left to incubate for one minute at room temperature. After incubation, the tube was

spun at 20,00 x g for one minute to elute the gDNA. gDNA was store208C.

2.1.5.1.2 Quantification of gDNA from MSC monolayers

DNA concentration, Ad¢A2s0 and Asd A2z Values were recorded using a Nanodrop
Hannu 6¢KSNY2 CA GfAsidhd{BgAH5ulies Feke@sedto dssess the
quality and purity of DNA. Ratios between 1.8 and 2.1 were determined to be of suitable
jdz f Ale@ FT2N) dzAS Ay (KS ¢St2¢! DDDu 21683 2 YSNB

2.1.5.1.3 Quantification of gDNA in chondrogenic micronmaggregates

Quantification of gDNA within chondrogenic micromass aggregates was performed using the
QuantA in t AO2DNBSyt R&as5b! 1 aale (1AG O0¢KSN¥?2
aggregates were digested in papain buffarcalibration curve of gradeducentrations of
0-1ug/ml doublestranded lambda DNA was created by serial dilution with 1 xEDIBA (TE)

buffer (10 mM TrigHCI, 1 mM EDTA, pH 7.8).2ul volume of experimental sample was
diluted in 98ul of TE buffer and added to each well in tripéisaif a 96 well plate. Quaiit i u
PicoGreen® reagent was prepared by diluting 2ug/ml stock reagent at a ratio of 1:200 in 1 X
TE. Volumes of 100pl of diluted Quainti 1 t A O2DNB Syt NBIFISyd 41 &
plate was incubated at room temperature the dark for 5 minutes before reading on a
SPECTROsta°’BMG Labtechplate reader withtMARS data analysis software at an excitation

of 480nm and emission 520nm.
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Figue 2.6: A calibration curve of graded concentrations of double stranded lambda DNA.
calibration curve of @ 1000ng/ml double stranded lambda DNA was generated through serial dilution
and the fluorescence recorded at an excitation of 480nm and emission 520nm.

2.1.5.1.4 Isolation andpurification of RNA from MSC monolayers

RNA was isolated from MSC monolayer cultures using the Qiagen RNeasy® Mini Kit
OVALF3ASYsS al yOKSAGSNE ! YO a2y2fl &@8SNBR ¢SNB f
25cnt. The lysate was transferred to a QlAshredde O2f dzYy oopnxf @2
vL! AaKNBRRSNM O2ftdzYyo I'yR OSYUNRTFdAdASR 4G yZInn
homogenise the cell lysate. A volume of 350ul of 70% (vol/vol) ethanol was added to the cell
lysate, mixed by repeated pipetting and theransferred a RNeasy® spin column. The column
was centrifuged at 8,000 x g for 15 seconds and the flow through discarded. A 700ul volume
2F . dzZFFSNI Ww2mQéla FRRSR G2 (GKS O2fdzYys 6KAC
and the flow through discded. This was followed by two washes of 500ul volumes of Buffer
Wwt 9Qd ! mpa OSYiUNATFdAlFGAZ2Y |G yInnn E 3 41
2F . dzF T SNJ Yhmuted @rHrifugatioll & 8,000 x g after addition of the second
volumedF . dzZFFSNJ Wwt 9Qd ¢2 Syada2NB Fft NBaARdz .

QX

spin column was placed into a fresh 2ml collection tube and centrifuged at 8,000 x g for 2
minutes. The column was transferred to a 1.5ml microfuge tube, a volume obfielNase

free water added to the centre of the column resin and incubated for 2 minutes. The
collection tube was centrifuged at 8,000 x g for 1 minute to elute the RNA. RNA was

transferred to a sterile 1.5ml microfuge tube and stored&a°C.
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2.1.5.1.5 Isolation and purification of RNA from chondrogenic micromass cell aggregates
RNA was isolated and purified from chondrogenic micromass cell aggregates using
the GE Healthcare Sample Grinding kit (GE Healthcare Biosciences, Piscataway, USA).
Volumes of 1mlTrireagent® (SigmaAldrich) were added to a 1.5ml microfuge tube
containing Molecular Grinding Resin®. The chondrogenic micromass cell aggregate was
transferred to the microfuge tube and ground against the molecular grinding resin in the Tri
reagent® usig a micropestle. A 200ul volume of chloroform was added to the microfuge
tube, which was vortexed for 15 seconds and then allowed to stand for 15 minutes at room
temperature. The microfuge tube was centrifuged at 12,000 x g for 15 minute®Cab 4
sepaate the sample into the three phases: an organic protein bottom layer, a DNA
interphase and an aqueous top layer containing RNA. Using a 200ul pipette tip, the top
agueous phase was aspirated and transferred into a fresh 1.5ml microfuge tube. A 500ul
volume of propan2-ol was added to microfuge tube, which was shaken vigorously to mix.
The microfuge tube was allowed to stand for 10 minutes at room temperature to precipitate
the RNA, which was then collected by centrifugation at 12,000 x g for 10 minutéS.athe
supernatant was removed, and the RNA pellet washed by adding 1ml 70% (vol/vol) ethanol,
which had been prehilled to-20°C, and vortexed. The supernatant was removed, post
centrifugation, and the RNA pellet was-diied before being dissolved i 4Qul volume of

RNasdree HO.RNA solutions were stored €80°C until required.

2.1.5.1.6 Isolation and purification of RNAom fresh and frozen ACL and CCL tissues
Ligament tissues were dissociated using the Mikro DismembitatgB. Braun
Biotech International) dissociator. All of the removable components of the dissociator were
immersed in liquid nitrogen. Ligament tissue samples were placed in liquid nitrogen within a
capsule of the dismembrator with a ball bearing and fixed the dissociator. The dissociator
was run at 2,000rpm for 3 cycles of 30 seconds until the tissue was ground into a powder
like consistency. The tissue was then solubilised in a 1ml volume of Tri reagent®. A 200ul
volume of chloroform was added to thmicrofuge tube, vortexed for 15 seconds and then
allowed to stand for 5 minutes at room temperature. The microfuge tube was centrifuged at
12,000 x g for 15 minutes af@in order to separate the sample into the three phases of
organic protein bottom lagr, white DNA interphase and aqueous top layer containing RNA.
Using a 200 pl pipette tip, the top agqueous phase was aspirated and transferred into a fresh
1.5ml microfuge tube. A 500ul volume of propaml was added to microfuge tube which

was shaken vayously to mix. The microfuge tube was allowed to stand for 10 minutes at
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room temperature to precipitate the RNA, which was then collected by centrifugation at
12,000 x g for 10 minutes at@. Thepropan2-ol was removed and the RNA pellet washed
by vorexing with a 1ml volume of 70% (vol/vol) ethanol, which had beerchied to-20°C.

The ethanol was removed from the RNA and therdaied before being resuspended in a
40ul volume of RNastree. RNA was stored aB0°C (Method adapted from McDermott e
al., 2016).

2.1.5.1.7 Quantification of RNA

RNA concentration, A¢/Az2s0 and Aso/Az30 values were recorded using a Nanodrop
HAnnun 0 ¢ KSNY 260 AGdaickiaMbPalugskvBre tsed to assess the quality
and purity of RNA. Ratios between 1.8 and 2.tengetermined to be of suitable quality for
use in quantitative PCR (gPCR) analysis. Ratio values outside of these parameters were
considered indicative of contamination with residual phenol or guanidine or confirmatory of

a low concentration.

2.1.5.1.8 Validation of RNA integrity by TrifAcetateEDTA (TAE) agarose gel
electrophoresis

The integrity of RNA was assessed using TAE gel electrophoresis. A 0.8% (wt/vol)
agarose gel was prepared by melting higbactroendosmaosis (EEO) for molecular biology
agarose (Sigmaldrich) in 1 X TAE buffer (40mM Tris base, 20mM acetic acid, 1mM EDTA,
pH 8.3; diluted from a 50 X stock (Thermo Fisher Scientific)). The agarose was heated until
clear and allowed to cool to the touch. Once cooled, a 0.0004% (vol/vol) of peqGREEN (VWR,
Lecestershire, UK) was added to the molten agarose. The molten agarose was poured into
an agarose gel cast with a well comb and allowed to set. The solidified agarose gel was
transferred to a gel electrophoresis tank, submerged in 1 X TAE buffer and theowsd
removed. A 10ul volume of 5 X DNA Loading Buffer (Bioline, Nottingham, UK) was added to
an aliquot of RNA (5pl equivalent to 1pg of RNA) and then loaded into the wells of the agarose
gel and electrophoresised at 70V for approximately 30 minutes.RI\v& was visualised by
AYF3IAy3a GKS | 3FNRBAS 3ISt dzy RSNJ | = 4meghg (i dza Ay
device with Image Lab software (BRad Laboratories Ltd, Hertfordshire, UK). RNA integrity
was confirmed by visualising the 28S and 18S ribosomalsbpresent at a 2:1 ratio of

intensity and indicative of intact RNRigure2.7).
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Figure2.7: RNA integrity gel analysing RNA purified from human ACL derived MSCs at passage 3.
representative image of an RNA integrity gel for human ACL derived MSCs at passage 3 showing clear
bands at both 28S and 18S ribosomal RNA. Image taken using a ChemiDoc chemilumiiesggnge

device.

2.1.5.1.9 Reverse transcription of RNA

RNA was reverse tranribed to complementary DNA (cDNA) using moloney murine
leukaemia virus (MMLV) reverse transcriptase. Reactions were assembled in 0.2ml
microfuge tubes. RNA-@ug) and random primers (40ng; Promega, Southampton, UK) were
combined and made up to a volunoé 13.4pul with molecular biology water (SigpA&drich).
Samples were incubated at 70°C for 5 minutes in Applied Biosystems Thermocycler (Applied
Biosystems) to denature secondary and tertiary structures within nucleic acids and then
placed directly ontode. The reverse transcription reaction was assembled to a final volume
of 25ul with 1 X MMLV Reverse Transcriptase Reaction Buffer (50mWHEBIgpH 8.3), 3mM
MgCh, 75mM KCI, 10mM dithiothreitol (DTT); Promega), 2mM PCR Nucleotide Mix
(Promega), 0.96Uof RNasin Plus® Ribonuclease Inhibitors (Promega) and 200 MM
RT (Promega). The microfuge tubes were returned to the thermocycler and incubated under

the following parameters:

1) 37°C for 60 minutes
2) 93°C for 5 minutes
o0 nc/ K

cDNA wastored at-20°C.
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2.1.5.2 Quantitative PCR (qPCR)

2.1.5.2.1 Design of quantitative PCR oligonucleotide primers

Oligonucleotide primer sequences were designed using ABI Prism Primer Express

software (Applied Biosystems, California, US) using the following paraméeeification of

gene and species specificity was carried out by analysis of oligonucleotide primer sequences

using the NCBI Nucleotide Blast Program (https://blast.ncbi.nim.nih.gov/Blast.cgi)

1 Primer Melting Temperature (Tm)

(0]

(0]

Minimum¢ 58 C
Maximumg¢ 60 C

1 PrimerGC Content

(0]

(0]

Minimum ¢ 30% GC
Maximumg¢ 80% GC

1 Primer Length

(0]

(0]

(0]

Minimum ¢ 9bp
Maximumg 40bp
Optimalg 20bp

1 Amplicon

(0]

(0]

(0]

(0]

Minimum Tm¢ 0 C
Maximum Tm; 85 C
Minimum Length; 50bp

Maximum Lengtlg 150bp

2.1.5.2.2 Quantitative PCR reactions

cDNA, diluted imolecular biology water, was added to each well of an@fl gPCR
Lt FGS Ay @2 dvySa

27

H®pxf

27

ny 3k xf

2y OSyiN.

Rox SYBR® MasterMix dTTP Blue (Eurogentec Belgium), 3mM forward and reverse primers,

molecular bidogy water (HO)) was added to the cDNA within each well of the 96 well plate.

Amplification of target cDNA sequences was performed using a Roche Lightcycler® 96

machine (Roche, Basel, Switzerland) using the following parameters: initial denaturation at

95°C for 10 mines for 1 cycle; 95°C for 15 seconds followed by 60°C for 1 miau#0

cyclegLivak and Schmittgen, 2001, Peffers et al., 2015)
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2.1.5.2.3 Validation of quantitative PCR oligonucleotide primers
Oligonucleotide primers for gPCR were validated using primer efficiency amalysis

melt curve analysis

2.1.5.2.4 Primer efficiency analysis

The amplification efficiency of gPCR oligonucleotide primers was determined prior to use.
Primer efficiency analysis was performed by assembling qPCR reactions with graded
concentrations of cONA templateif the gene of interestTable2.2).

Values were plotted as Log cDNA amount V&' Zrarget. Primer efficiency was calculated

usingEquation2.4.

Equation2.4

% /EAE AE AT ﬁp— o Zpmm
Oligonucleotide primers were confirmed as successfully validated when efficiency was
between 80% 110%(Pfaffl, 2001) An example of a primer efficiency curve is provided in

Figure2.9.
25
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Figure 2.8: Representative gene expression used for primer efficiency analysBfficiency of
oligonucleotide primers used for quantitative PCR analysis was calculated by serial dilution of cDNA
template usingEquation2.4. Primer sequences wereonfirmed as successfully validated when
efficiency was between 80110%(Pfaffl, 2001)
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2.1.5.2.5 Melt curve analysis

A melt (denaturation) curve was generated using the Roche Lightcycler® 96 machine
(Roche) at the end of each gPCR cycle to confirm the amplification of a single amplicon
product. A melt curve was generated through the incremental increase in temperatme fr
increase in 65°C to 99°C. Primers were determined suitable if temperature homogeneity was
observed shown by the production of only one single peak on the melt curve graph
confirming the amplification of a single amplic@¥igure2.9) (Ririe et al., 1997, Bruzzone et

al., 2013)

0.011
0.010
0.009
0.008
0.007
i 0.006
% 0.005
0.004
0.003
0.002
0.001

0.000
54.00 66.00 68.00 70.00 72.00 74.00 76.00 78.00 80.00 82.00 84.00 86.00 88.00 30.00 §2.00 g4.00 96.00 98.00
Temperature

Figure2.9: Representative melt curve analysis for validation of quantitative PCR primers using a
Lightcycler® 96 machine (Rochdjlelt curve analysis was performed to validate the production of a

single amplicon product. A melt curveas generated by incremental increase in temperature from

65°C to 99°C using a Lightcycler® 96 machine.

2.1.5.2.6 Gene expression analysis by quantitative PCR analysis

Expression of the gene of interest within experimental cell cultures was quantified
by normaliséi A 2y (2 GKS K22 & lagidwd seBcted Quy B e little
variation observed within differing tissue types. As this study focused on ruptured and intact
tissues in human and canine species it was determined the most appropriate hepseke
to use. The data produced from the Roche Lightcycler was exported using the Lightcycler® 96
software and transferred to Microsoft Excel for analysis. Analysis was performed using the

27/ fethod (Livak and Schmittgen, 2001)
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Table2.2: Primer sequences for target genes in both human ACL and canine CCL fl$muéorward and reverse primers sequence for target genes of both human and
canine species with accession number, amplicon size and efficiency of primers.

Species Gene Forward PA YSNJ { SI|AZSGI{ WSBSNES t NA Y SANG @ Genbank Accession Amplicon Primer
Number (base pairs Size Efficiency
covered by amplicon) (%)
Human HOUSEKEEPING GENE
WACTIN GCGCGGCTACAGCTTCA TCTCCTTAATGTCACGCACGH NM_001101.5 59 103.8
STEM CELL GENES
ABCB1 GTGCTGCTTTCCTGCTGATCI TCCCCTGAGAGGACCAAGG NM_001348946.1 76 97.4
ABCG2 GTTACGTGGTACAAGATGATGTT] CCGAAGAGCTGCTGAGAACT NM_004827.3 77 87.3
CXCR4 GACCGCTTCTACCCCAATGA GCCAACCATGATGTGCTGAA NM_001348056.1 63 92.5
OCT34 ACATCAAAGCTCTGCAGAAAGA4 CTGAATACCTTCCCAAATAGAA NM_002701.6 127 95.8
NANOG CCAAAGGCAAACAACCCACTT TCTTGACCGGGACCTTGTC] NM_024865.4 69 95.5
SOX2 TGCGAGCGCTGCACAT GCAGCGTGTACTTATCCTTCT] NM_003106.4 93 97.7
CHONDROGHEC DIFFERENTIATION GENES
AGGRECAN TCTACCGCTGCGAGGTGAT GCCTTTCACCACGACTTCCA NM_001369268.1 68 99.8
COL2A1 GTCAAAGGTCACAGAGGTTATCG GGAACCACTCTCACCCTTCA NM_001844.5 84 96.7
SOX9 AGCGACGTCATCTCCAACAT( GTTGGGCGGCAGGTACTG NM_000346.4 66 105.8
OSTEOGENIC BEHRENTIATION GENES
ALP GCCGCCCGCTTTAACC CCGATTCACCACGGAGATG X55958.1 63 95.8
CBFAl AGTGATTTAGGGCGCATTCCT GGAGGGCCGTGGGTTCT NM_001278478.2 70 99.7
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https://www.ncbi.nlm.nih.gov/nucleotide/NM_001348946.1?report=genbank&log$=nucltop&blast_rank=1&RID=GM431AD6015
https://www.ncbi.nlm.nih.gov/nucleotide/NM_004827.3?report=genbank&log$=nucltop&blast_rank=1&RID=GM460YMH015
https://www.ncbi.nlm.nih.gov/nucleotide/NM_001348056.1?report=genbank&log$=nucltop&blast_rank=2&RID=GM4AKMB7015
https://www.ncbi.nlm.nih.gov/nucleotide/NM_002701.6?report=genbank&log$=nucltop&blast_rank=2&RID=GM4US10S014
https://www.ncbi.nlm.nih.gov/nucleotide/NM_024865.4?report=genbank&log$=nucltop&blast_rank=1&RID=GM5T002N015
https://www.ncbi.nlm.nih.gov/nucleotide/NM_003106.4?report=genbank&log$=nucltop&blast_rank=1&RID=GM5XHM2Z015
https://www.ncbi.nlm.nih.gov/nucleotide/NM_001369268.1?report=genbank&log$=nucltop&blast_rank=1&RID=GM6JZDY2015
https://www.ncbi.nlm.nih.gov/nucleotide/NM_001844.5?report=genbank&log$=nucltop&blast_rank=1&RID=GM6U2V66015
https://www.ncbi.nlm.nih.gov/nucleotide/NM_000346.4?report=genbank&log$=nucltop&blast_rank=1&RID=GM7E0MYE015
https://www.ncbi.nlm.nih.gov/nucleotide/X55958.1?report=genbank&log$=nucltop&blast_rank=1&RID=GM8V04PE01N
https://www.ncbi.nlm.nih.gov/nucleotide/NM_001278478.2?report=genbank&log$=nucltop&blast_rank=1&RID=GM8Z6WAV015

Genecontinued] C2NBF NR t NAYRANIJ(WSOSNES t NA Y SANG @ Genbank Accession Amplicon Primer
Number (base pairs Size Efficiency
covered by amplicon) (%)
COL1A1 TCAGGGTGCTCGAGGATTG TGAAACCTCTGTGTCCCTTCA XM_005257058.4 65 95.8
ADIPOGENIC DIFFERENTIATION GENES
ADIPOPONECT GCTCTGTGCTCCTGCATCTG ACGCTCTCCTTCCCCATAC/ NM_004797.4 68 100.1
C/EBP AAGAAGTCGGTGGACAAGAAC/ TGCGCACCGCGATGT NM_004364.4 70 89.9
LPL GCCTTGGAGCCCATGCT GGCCAGTAATTCTGTTGACTTT NM_000237.3 69 1111
TENOGENIGRFERENTIATION GENES
COL1A1 TCAGGGTGCTCGAGGATTG TGAAACCTCTGTGTCCCTTCA XM_005257058.4 65 95.8
COL3Al1 TGGAGTGTCTGGACCAAAAG( TGATCCCAGCAATCCCAAGT NM_000090.3 106 112.5
TNMD GATTTGTGGACTGGTGTTTGGT CGGCCAGAAGTGCTTGCT NM_022144.2 76 99.7
PROTEASE GENES
ADAMTSS TCCACTCCAAAAGTAAACTCTGT GCGGCTGCGAAGTGTGT NM_007038.4 70 118.6
COL3A1 TGGAGTGTCTGGACCAAAAG(C TGATCCCAGCAATCCCAAGT NM_000090.3 106 112.5
DECORIN TCAGCAACCCGGTCCAGTA GGCAGAGCGCACGTAGACA NM_133503.3 72 112.9
IGF1 TGTTAAAATATGCTTGACTAGAGT] TCTGAGCAGGCATGGGAAAT NM_000618.4 82 91.8
MMP1 GATGGACCTGGAGGAAATCTT TGAGCATCCCCTCCAATAC(C NM_001145938.1 65 99.5
MMP13 TTCTTGTTGCTGCGCATGA TGCTCCAGGGTCCTTGGA NM_002427.3 66 99.4
TNC TCTGTGTCTCAACAATTGCTACA CCCGGTCGAAGCAGTCAT NM_002160.3 121 90.2
TNMD GATTTGTGGACTGGTGTTTGGT CGGCCAGAAGTGCTTGCT NM_022144.2 76 99.7

73


https://www.ncbi.nlm.nih.gov/nucleotide/XM_005257058.4?report=genbank&log$=nucltop&blast_rank=1&RID=GM920DX1015
https://www.ncbi.nlm.nih.gov/nucleotide/NM_004797.4?report=genbank&log$=nucltop&blast_rank=1&RID=GMC1AWWG014
https://www.ncbi.nlm.nih.gov/nucleotide/NM_004364.4?report=genbank&log$=nucltop&blast_rank=3&RID=GMC3PFWU014
https://www.ncbi.nlm.nih.gov/nucleotide/NM_000237.3?report=genbank&log$=nucltop&blast_rank=1&RID=GMC5ME59015
https://www.ncbi.nlm.nih.gov/nucleotide/XM_005257058.4?report=genbank&log$=nucltop&blast_rank=1&RID=GM920DX1015

Gene C2NBIFNR t NAYRANDJ{WSHSNAS t NKYSANSG @ Genbank Accession Amplicon Primer
Number (base pairs Size Efficiency
covered by amplicon) (%)
HOUSEKEEPING GENE
_ WACTIN GCGCGGCTACAGCTTCA TCTCCTTAATGTCACGCACG/ NM_001101.5 59 87.0
Canine STEM CELL GENES
ABCG2 CAGGGCTGTTGGTAAATCTCA TACTGCAAAGCCGCATAACC XM_006042276.2 55 96.2
ABCB1 GCCAGAAAAGGCCGGACTA TGACATCGGCATTACGAACT NM_001003215.2 67 91.9
CXCR4 GACTCCATGAAGGAACCCTG GCCAGAAAAGGCCGGACTA NM_001048026.1 69 87.1
OCT34 TGCAGCAGATCAGCCACATT CCACACTCGGACCACATCC] XM_538830.3 61 99.3
NANOG GCAGCCCCCAATCCAGTT CTTTCCCCAGCAGTTTCGAA XM_022411387.1 72 95.5
SOX2 CCCACCTACAGCATGTCCTA GGAGTGGGAGGAGGAGGTA XM_005639752.3 69 106.5
CHONDROGENIC DIFFERENTIATION GENES
AGGRECAN TGGCTACGAACAATGTGATGC CGGGCTGCTGTCCTTGTC NM_001113455 103 99.8
COL2A1 CAGTAGTCTCCGCTCTTCCAT] GCAAGAACCCCGCTCGTA NM_001006951.1 84 96.7
SOX9 GCGTGCAGCACAAGAAAGAC GGCCGTTCTTCACCGACTT NM_001002978.1 72 99.8
OSTEOGENIC DIFFERENTIATION GENES
ALP GCCGCCCGCTTTAACC CCGATTCACCACGGAGATG X55958.1 63 106.1
CBFAl AGTGATTTAGGGCGCATTCCT GGAGGGCCGTGGGTTCT NM_001278478.2 70 98.6
COL1A1 TCAGGGTGCTCGAGGATTG TGAAACCTCTGTGTCCCTTCA XM_005257058.4 65 95.8

ADIPOGENIC DIFFERENOMGENES
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https://www.ncbi.nlm.nih.gov/nucleotide/XM_006042276.2?report=genbank&log$=nucltop&blast_rank=58&RID=GMKBK1MT015
https://www.ncbi.nlm.nih.gov/nucleotide/NM_001003215.2?report=genbank&log$=nucltop&blast_rank=7&RID=GMJTXDHP015
https://www.ncbi.nlm.nih.gov/nucleotide/NM_001048026.1?report=genbank&log$=nucltop&blast_rank=57&RID=GMKP11JP015
https://www.ncbi.nlm.nih.gov/nucleotide/XM_538830.3?report=genbank&log$=nucltop&blast_rank=25&RID=GMM3E40K015
https://www.ncbi.nlm.nih.gov/nucleotide/XM_022411387.1?report=genbank&log$=nucltop&blast_rank=2&RID=GPFV24KY015
https://www.ncbi.nlm.nih.gov/nucleotide/X55958.1?report=genbank&log$=nucltop&blast_rank=1&RID=GM8V04PE01N
https://www.ncbi.nlm.nih.gov/nucleotide/NM_001278478.2?report=genbank&log$=nucltop&blast_rank=1&RID=GM8Z6WAV015
https://www.ncbi.nlm.nih.gov/nucleotide/XM_005257058.4?report=genbank&log$=nucltop&blast_rank=1&RID=GM920DX1015

Gene C2NBIFNR t NAYRANDJ{WSHSNAS t NKYSANSG @ Genbank Accession Amplicon Primer
Number (base pairs Size Efficiency
covered by amplicon) (%)
ADIPO GCTCTGTGCTCCTGCATCTG ACGCTCTCCTTCCCCATAC/ NM_004797.4 68 111.1
C/EBP AAGAAGTCGGTGGACAAGAAC/ TGCGCACCGCGATGT NM_004364.4 70 88.7
LPL GCCTTGGAGCCCATGCT GGCCAGTAATTCTGTTE™ACTT NM_000237.3 69 94.5
CELL SURFACE ANTIGENGENES
CD19 GGTCATTGCCCAGTCAGTAAG GCACAGCAGGGACTTTCCA XM_022419914.1 65 92.3
CD45 TTCCAGTTCTGATGAGACTCATA TGTTGTGGGAGCAGTTGTAT( KF434427.1 73 94.5
CD44 AGCACTTCGGCAGGCTACA TCCTCGGTCGGGTATGCA NM_001197022.1 62 93.5
CD90 TGTCTGGTTTCTCCTTCCTTTT TCCATCACATCCCCAATCCI NM_001287129.1 69 92.0
CD105 CCACAACTGGCACCCTTACC TGGGTTTCCGGTGACAGAC] XM_005625330.3 63 95.5
MHC 1 CGCTCGGGAGGAAAAGGA GAGCCCTGGGCACTGTCAT NM_001014767.1 62 95.4
MHC 2 AACGGGCAGAAGGAGATCTT( CCCCGTAGTTGTGTCTGCAG NM_001014768.1 70 96.4
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https://www.ncbi.nlm.nih.gov/nucleotide/NM_004797.4?report=genbank&log$=nucltop&blast_rank=1&RID=GMC1AWWG014
https://www.ncbi.nlm.nih.gov/nucleotide/NM_004364.4?report=genbank&log$=nucltop&blast_rank=3&RID=GMC3PFWU014
https://www.ncbi.nlm.nih.gov/nucleotide/NM_000237.3?report=genbank&log$=nucltop&blast_rank=1&RID=GMC5ME59015
https://www.ncbi.nlm.nih.gov/nucleotide/NM_001014767.1?report=genbank&log$=nucltop&blast_rank=1&RID=GM0W6SU1014
https://www.ncbi.nlm.nih.gov/nucleotide/NM_001014768.1?report=genbank&log$=nucltop&blast_rank=1&RID=GM0XPM8X015

2.1.6 Biochemical analyses

2.1.6.1 AlamarBlue® Assay for cell vitality

AlamarBlue® is a reductimxidation (REDOX) indicator used in the measurement of
cell viability and vitality. The active component of the alamarBlue® reagent is anbiue,
fluorescent component, resazurin, which in the reducing environment of a healthy cell is

reduced to red, fluorescent resoruf{frigure2.10) (Rampersad, 2012)

\

RESAZURIN RESORUFIN

OB

NADH/ H* NAD* + H,0 N
X
(Vlable Cell)
OH 0] 0

Figure2.10: Schematic diagram describing the reduction reaction of resazurin to resorufin within a
viable cell. The active component of the alamarBlue® reagent is a blueflaorescent component,
resazurin, whichin the reducing environment of the healthy and viable cell is reduced to red,
fluorescent resorufin producing NABnd RO

ACL and CCL derived MSCs were seeded in a stand@ttioll culture cluster plate

at graded cell densities shown in

Figure 2.11. Twentyfour hours postseeding, cell vitality was measured by
alamarBlue® assay. A working solution of alamarBlue® was prepared by adolingné of
stock alamarBlue® to 9 volumes of appropriate cell culture medium. Spent cell culture
medium was aspirated from each of the wells and a volume of 1.5ml of alamarBlue® working
solution was added to each one. A 1.5ml volume of alamarBlue® waskiogon was
retained to serve as a negative control. The cell culture plate was returned to the cell culture
incubator. After a dhour incubation, volumes of 250pl of culture medium were transferred
in triplicate to a standard 94vell cell culture clusteplate alongside equivalent volumes of

the negative control working solution. The absorbance of the alamarBlue® was measured at
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570nm using a SPECTRO$faBMG Labtech reader (BMG Labtech, Aylesbury, UK) with
MARS data analysis software (BMG Labtecleshylry, UK).

1x16 1x10

cells cells

vy)
‘.N
Q‘w

Figure2.11: Schematic representation of MSC seeding for AlamarBlue® ad48¢€s were seeded at
graded cell densities ranging from 1X£0lx1C cells per well and incubated for 24 hours under low
oxygen culture conditions. A volume of 1.5ml working solution of alamarBlue® was added to each well
and incubated for 3 hours prior to the absorbance at 570nm being measured and recorded.

2.1.6.2 Immunomodulaton
2.1.6.2.1 Collection of MS&onditioned media

ACL and Celerived MSCs were seeded in a 1ml volume of appropriate medium at
a cell density of 6.25x2@ells/ cnt (equivalent to 2.5 x 10cells per well of a 1vell cell
culture cluster plate) and placed in the cell culture incubator. A 1ml volume of fresh culture
medium was transferred to a 1.5ml microfuge tube to serve as a day 0, unconditioned
medium control. Seventywo hours postseedng, the MS&onditioned culture medium was
transferred to 1.5ml microfuge tube. All media samples were store8GfiC from the point

of collection.

2.1.6.2.2 Solidphase sandwich enzyminked immunosorbent assays (ELISAS)

The methodical principle for the R&D &yas DuoSe® kit assay is a sofdhase sandwich
(EnzymeLinked Immunosorbent Assay) ELISA and is showigime2.12. Conditioned

media collected from the culture of ACL MSC populations was profiled for
immunomodulatory cytokine expression using DuoSet® ELISA Development kits (R&D

Systems) selected for antibodies raised against interleGk{tl6), interleukirm i oLt mOO X
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transforming growth factof o GBRG), tumour necrosis factbrf LKl 6 ¢ b Ch O- | YR A
10 (1110), the details of which are presentedriable2.3.

1. Proteinspecific  capture
antibody is adsorbed to the

bottom of a 96well plate

2. Protein of interest within the|
conditioned medium binds to the

capture antibody

3. Proteinspecific  detection
antibody with  biotin  (B)
conjugate binds to tl protein of

interest

4. Streptavidin (S): Horseradis
Peroxidase (HRP) complex bin
to the biotin conjugate on the|

detection antibody

5. Tetramethylbenzidine (TMB
substrate is converted to a blu
colour in proportion to the
amount of bound protein. STO
solution converts the blue to ¢
yellow colour, which is read 4
Auso

TMB
5 C

CSTD P
T™MB

A450

Figure2.12: Methodical principle of the R&D SysteniBuoSe® kit assay: protein of interest within

the conditioned medium is bound to a proteispecific capture antibody, adsorbed onto the bottom

of a 96 well plate The proteinrspecific detection antibody with biotinBj conjugate binds to the
protein of interest. Streptavidin (S) and Horseradish Peroxidase (HRP) binds to the biotin on the
detection antibody and converts tetramethylbenzidine (TMB) substrate in a concentd¢ipandent
manner to a blue colour. Additioof the STOP solution converts the blue to a yellow colour, which is
read at Aso. Image adapted from R&D Systems, 2019.
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Table 2.3: Product information of the DuoS& ELISA Development kits used to profile cytokine
expression.The table shows the supplier, catalogue number and lot number of the kits used for each

cytokine
Cytokine Assay Supplier Catalogue Number Lot
Human IL6 R&D System$fuoSe® DY206 P154822
Human IL1R3/ IL1FZ R&D System$fuoSe® DY201 P167454
| dzY' Iy ¢t R&D System$fHuoSe® DY210 P165667
Human IL10 R&D System$fHuoSe® DY217B P141020

A capture antibody, at an adequate working concentration diluted in PBS was added

(Table2.3) in 100ul volumes to 9@ell micro plates (R&D systems, Abingdon, UK), sealed

and incubated overnight at room temperature. The concentrations of all reageashown

in Table2.3. After incubation, all wells were aspirated and washed three times with 400pl
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Biotinylated goat anthuman detection antibody was added in a voluwfel00ul to each

¢St f
. dZFFSNR D

to each well and incubated in the dark for 20 minutes. Aftar B & K S &
W{ dzo & G NJ @O0sSand @lbudzieageny B:

Mnanxft

@2t dzy S a
G§SGNI YSGKBEOSYT ARAY SO

YR AyOdzml SR F2NJ H

27

K2 dzN&

gl a I RRSR

CI

NE 2 Y
+ 2 f dzY § &-HRPTdilued 480id by Redged Diiantpiaikadged

i SY L

gAOK W2 | akK

02

0602f ;
SI OK ¢S¢tf

{ 2t dzii A 30;80ubvalimed) was added to ¢awell. Absorbance at 450nm and 570nm

(570nm to allow for wavelength correction) was recorded using a SPECTROSSIG

Labtechplate reader withMARS data analysis software.
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Table2.4: The working concentration of reagents for tHBuoSe® assaysthe working concentration
of capture antibody, detection antibody and standards used within BueSe® assays for human

9[ L{! (Ad& L[cE L[MIik L[MCHE ¢bChs L[MA®
WORKING CONCENTRATION
Capture Antibody Detection Antibody Standards
Human 16 2.00ug/ml 50ng/ml 9.38¢ 6.00pg/ml
Human IL13/ IL1F2 4.00pg/ml 150ng/ml 3.91-250pg/ml
| dzY'l'y ¢ b 4.00pg/ml 50ng/ml 15.6:1000pg/ml
Human IL10 2.00pg/ml 75ng/ml 31.22000pg/mi

2.1.6.3 Immunofluorescence
2.1.6.3.1 Seeding of MSCs for immunofluorescence
Human ACL and Canine CCL derived MSCs were seeded onto glass coverslips (13mm
diameter, #2thickness; Agar Scientific, Stansted, UK) imw@# cell culture cluster plates at
a density of 40,000 cells per well and incubated overnight at 37°C, 5%o@%),

2.1.6.3.2 Fixing cell cultures for immunofluorescence

Attachment of MSCs to coverslips was confirmed under a Zeiss Vert A.1 microscope
with an AxioCam ERcb5s attachment (Gottingen, Gegh Cell culture medium was
aspirated from each well and the cell cultures washed twice with PBS. Cell cultures were fixed
with 400l volumes of 4% (w/v) paraformaldehyde (PFA; paraformaldehyde (Bilgimch)
in PBS, pH 7.4) at 4°C for 30 minutes, afteich the PFA was aspirated and the cell cultures
washed twice with PBS and the plates stored at 4°C.

2.1.6.3.3 Immunofluorescence

Coverslips were removed from the wells using hooked forceps and placed on a
microscope slide (Colourslid®&x26x1.1mm, Clipped 45°, Solmedia, Shrewsbury, UK) within
a hydrophobic barrier drawn using an ImmEdge Hydrophobic Barrier PAP Pen (Vector
Laboratories, Peterborough, UKixed cell cultures were incubated in volumes of 100ul of
blocking buffer (0.01%w(v) bovine serum albumin (BSA), 10% (vol/vol) serum (Sigma
Aldrich) from the species in which the secondary antibody was raised in PBS (pH 7.4)) for 1
hour at room temperature. For analysis of intracellular protein expression, the blocking

buffer was supfemented with 0.01% (vol/vol) TriteK (Sigma) to permeabilise cellular and

80



organelle membranes. Blocking buffer was completely removed from the fixed cell cultures
prior to washing with PBS. Primary antibodies were diluted to the appropriate concentration
in appropriate blocking buffer, added in 100ul volumes to the fixed cell cultures, which were
then incubated overnight at 4°C. Characterisation of antibodies used is presentedblia

2.5. The primary antibody was completely removed, and the cell cultures washed twice with
100ul volumes of PBS for 5 minutes. The appropriate secondary antibody was diluted with
blocking buffer, added in volumes of 100aihd incubated in the dark at room temperature

for 1 hour. The secondary antibody was removed, and the cell cultures washed three times
with PBS for a duration of 5 minutes per wash. Coverslips were mounted onto fresh
microscope slides using VectorShield®tifade Mounting Media with DAPI (Vector
Laboratories) and imaged on a Zeiss Vert A.1 microscope with an AxioCam and analysed using
Zen (blue edition) software. All slides were stored at gi6r to imaging. Method adapted
from (Karaoz et al., 2009, Secunda et al., 2015)
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Table2.5: Antibodies used in the characterisation of protein expression for immunofluorescerf€éi@al concentration and supplier of primary and secondary antibodies
used to performimmunofluorescence including key stem cell markers (OCT 3/4, SOX2, NANOG, ABCG2, CXCR4, MHC CLASS | and MHC &dcaB8&Imardkseiipl6,
p21 and p53).

PROTEIN ANTIBODY FINAL CONCENTRATION (pg/n SUPPLIER
Human OCRA Mouse monoclonalgG2a anthuman OCT4A (MAB17591) 20 pg/ml R&D Systems
Human/Mouse/Rat SOX| Monoclonal mouse IgG2a aftuman/mouse SOX2 (MAB2018F 20 pg/ml R&D Systems
Human NANOG Polyclonal goat IgG artuman NANOG (AF1997) 10 pg/ml R&D Systems
Human ABCG2 Monoclonal mouse 1gG2a adtuman ABCG2 (MAB995) 20 pg/ml R&D Systems
Human CXCR4 Monoclonal mouse IgG2a adtuman CXCR4 (MAB172) 20 pg/ml R&D Systems
Mouse MHC Class | Mouse monoclonal IgG2a anatiouse MHC Class | (AB25228 5 pg/ml Abcam
Human MHCClass |l Mouse monoclonal IgG2a adtuman MHC Class Il (AB55152 5 pg/ml Abcam
Human p53 Monoclonal mouse IgG2a adtuman p53 clone BPER (05-224) 20 pg/ml Merck Millipore
Human p16 Monoclonal mouse 1gG1 artuman p16 (MAB4133) 20 pg/ml Merck Millipore
Human p21 Polyclonal rabbit IgG antiuman p21 (Ab109520) 20 pg/ml Abcam
Immunological Control Rabbit monoclonal IgG isotype control (Ab172730) As appropriate for primary antibod Abcam
Immunological Control Mouse IgG isotype contr¢10400C) As appropriate for primary antibod] Thermo Fisher Scientifi
Secondary Antibody Goat antimouse IgG H&L (Alexa Fluor® 647) Diluted 1:250 from stock Abcam
Secondary Antibody Goat antirabbit IgG H&L (Alexa Fluor® 647) Diluted 1:250 fronstock Abcam
Secondary Antibody Donkey antigoat IgG H&L (Alexa Fluor® 647) Diluted 1:250 from stock Abcam
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2.1.6.4 Flow cytometry for ACL and CCL tissue samples

MSCs were detached from two T75 cell culture flasks using trypsen déached
cells were resuspended at a density of 15cHs/ml in 3.4ml of flow cytometry buffer (PBS,
pH 7.4 and 0.1% (w/v) BSA). Volumes of 200ul (2zé&ls) were aliquoted into 1.5ml
Eppendorf tubes. Primary antibodies specific for each cell surfacgesntiere added to the
cell suspension to give a final concentration of 2.5 pugratble2.6 and the tubes incubated
at 4°C for 1 hour. Parallel control reactions were assembled to include an unlabelled, no
primary antibody control and isotype control specific to and equivalent al §iancentration
to the primary antibody Table2.6). The microfuge tubes were centrifuged at 300 x g for 5
minutes. The flow cytometry buffer was remexy/from the tubes and discarded, and the cells
washed twice with PBS (pH 7.4). MSCs were resuspended in flow cytometry buffer and
incubated for 30 minutes at 4°C with appropriate secondary antibody (diluted 1:500 from
stock; Table2.6). The microfuge tubes were centrifuged at 5 minutes and the cells washed
twice in PBS. MSCs were resuspended in 200ul of flow cytometry buffer and cell surface
antigen expresion analysed using a BD Accuri flow cytometer (BD Biosciences) collecting
20,000 events per sample at a flow rate of 66ul/min with a 22pum core. An FL2 filter was used
with a 488nm blue laser. All analysis was performed using BD Accuri C6 SoBare (

Bioscience (Pittenger ¢ al., 1999, Le Blanc et al., 2003, Nery et al., 2013)
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Table2.6: Antibodies used for flow cytometryto assess stem cell marker®rimary and secondary antibodies were identified for flow cytometry to assess the presence of
stem cellmarkers within human ACL derived MSCs. The final concentration of antibody used and supplier has been presented.

PROTEIN ANTIBODY FINAL CONCENTRATION (pg/ml) SUPPLIER
Human STRO1 Mouse AntiHuman Strel IgM gamma Monoclonal Antibod 2.5 pg/ml R&DSystems
Human CD44 Mouse AntiHuman CD44 IgG2A Monoclonal Antibody 2.5 pg/ml R&D Systems|
Human CD90 Mouse AntiHuman CERO IgG2A Monoclonal Antibody 2.5 pg/ml R&D Systems
Human CD105 Mouse AntiHuman CD105 IgG1 Monoclonal Antibody 2.5 pg/ml R&DSystems
Human CD106 Mouse AntiHuman CD106 IgG1 Monoclonal Antibody 2.5 pg/ml R&D Systems
Human CD146 Mouse AntiHuman CD146 IgG1 Monoclonal Antibody 2.5 pg/ml R&D Systems
Human CD166 Mouse AntiHuman CD166 IgG1 Monoclonal Antibody 2.5 pg/ml R&DSystems
Human CXCR4 Mouse AntiHuman CXCGRIgG1 monoclonal antibody 2.5 pg/ml R&D Systems
Human CD19 Mouse AntiHuman CD19 1Ggl Monoclonal Antibody 2.5 pg/ml R&D Systems|
Human CD45 Mouse AntiHuman CD45 1Ggl Monoclonal Antibody 2.5 pg/ml R&DSystems

MHC Class | Anti-MHC Class | antibody 0.25 pg/mi Abcam
MHC Class Il Anti-MHC Class Il antibody 0.25 pg/ml Abcam
Immunological Control Mouse IgM Isotype Control Equivalent to the final comntration of experimental Abcam
primary antibody
Immunological Control Mouse IgG Isotype Control Equivalent to the final concentration of experimenta| Thermo Fisher
primary antibody
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Immunological Control Goat IgG Isotype Control Equivalent to the final concentrian of experimental Invitrogen
primary antibody
Secondary Antibody Goat antimouse IgG H&L (Alexa Fluor® 647) Diluted 1:500 from stock Abcam
Secondary Antibody Donkey antigoat IgG H&L (Alexa Fluor® 647) Diluted 1:500 from stock Abcam
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2.1.6.5 Histology
2.1.6.5.1 Fixation of ACL and CCL tissue samples and chondrogenic cell micromass
aggregates
Ligament tissue samples were fixed in 4%\(el) paraformaldehyde overnight (16
hours) at 4°C. Chondrogenic micromass cell aggregates were fixed in 4% (wt/vel) para
formaldehyde hours at 4°C for 4 hours. Fixed tissue samples were transferred to 70% (vol/vol)

ethanol and stored at 4°C.

2.1.6.5.2 Processingand embedding of fixed ligament tissue samples and chondrogenic
cell micromass aggregates
Fixed ligament tissue samples and chondrogenic micromass cell aggregates were
processed using a Leica ASP300 fully enclosed tissue processor (Leica BiosystenmieNewcas
uponTyne, UK). For fixed ligament tissues, the processing protocol is as presenadaliein
2.7. The processing protocol for chondrogenic pellggeegates is presented ifable2.8.
Method adapted from(Oldershaw et al., 2005)

Table 2.7: Processing protocol used for fixing all ligament tissuehe reagents and timings for
processing human ligament tissue using a Leica ASP300 fully enclosed tissue processor.

Reagent Time(minutes) Number of Cycles
50% Ethanol 90 1
70% Ethanol 90 1
99% Ethanol 90 4
Xylene 90 4
Molten paraffin wax 2

Table 2.8. Processing protocol used for chondrogenic pellet aggregafsagents andimings for
processing chondrogenic pellet aggregates using a Leica ASP300 fully enclosed tissue processor.

Reagent Time (minutes) Number of Cycles
70% Ethanol 30 1
Absolute Ethanol 15 3
Absolute Ethanol 25 1
Xylene 15 1
Xylene 25 1
Xylene 35 1
Molten paraffin wax K 3




Processed ligament tissue samples and chondrogenic micromass cell aggregates
were embedded in Paraplastax (Leica Biosystems) in tissue moulds and when cooled stored

as tissue blocks at room temperature.

2.1.6.5.3 Sectioning and staining of embedded ACL tissue samples and chondrogenic cell
micromass aggregates
Tissue blocks were sectioned into 5um sections uaingcrotome and transferred
onto a glass slidéStrocchi et al., 1992)he glass slides were then rehydrated and stained

using an Automatic Slide Stainer following the protocol presentdabie2.9.

Table 2.9: Rehydration protocol used for ligament tissue samples and chondrogenic pellet
aggregatesThe reagents and timings for rehydratiigament tissue samples and chondrogenic pellet
aggregates using automatic slidestainer.

Reagent Time (minutes) Number of Cycles
Xylene 2 1
Xylene 2 1
100% Ethanol 1 1
90% ethanol 1 1
70% Ethanol 1 1
Water 1 1

The rehydrated slides werestained with Haematoxylin and Eosin (H&E) and Safranin
O (as shown byrable2.10and

Figure2.11) mounted with Distyrene, Plasticizer and Xylene (DPX) and imaged.

Table2.10: Haematoxylin& Eosin staining protocol. An automatic slide stainawvas used to stain
human ACL tissue and chondrogenic cell aggregates with H&E.

Reagent Time (minutes) Number of Cycles
Running Tap Water Wash briefly 1
Haematoxylin Gills IlI 5 1
Running Tap Water Wash briefly 1
1% Acid Alcohol Wash briefly 1
Running Tap Water 5 1
Alcoholic Eosin 5 1
Running Tap Water Wash briefly 1

87



Table2.11: Safranin O staining protocoAn automatic slide stainavas used to stain human ligament
tissue and chondrogenic cell aggregates with Safranin O.

Reagent Time (minutes) Number of Cycles

Running Tap Water Wash briefly 1
Haematoxylin Gills IlI 10 1
Running Tap Water 10 1
Fast Green 5 1

1% Acetic Acid 0.25 1
0.1% Safranin O 5 1
Running Tap Water Wash briefly 1

The glass slides stained with H&E and Safranin O were then dehydrated following the

protocol presented iMable2.12.

Table 2.12. Dehydration protocol used for ligament tissue samples and chondrogenic pellet
aggregates The reagents and time taken to dehydrate ligament tissue samples and chondrogenic
pellet aggregates using an Automatic Slide Stainer.

Reagent Time (minutes) Number of Cycles
70% Ethanol 0.5 1
90% Ethanol 0.5 1
100% Ethanol 0.5 1

Xylene 1 2

2.1.6.5.3.1 Alizarin red staining of osteogenic cultures

Alizarin red staining was performed in triplicate replicates on cell cultures to visualise
the formation of calcium nodules. After 21 days, the differentiation medium was aspirated,
cells were washed using 1ml volumes of PBS and distifed Alizarin red solution (40mM;
Merck Millipore) was added in 1ml volumes to each well of theel cell culure cluster
plate and incubated for two hours at room temperature. The alizarin red solution was
removed, and the excess washed away by extensive washing with 1ml volumes of PBS.
Images were using Zeiss Vert A.1 microscope with an AxioCam ERc5s attaunforestope
with Zen 2.3 lite (blue edition).

Quantification of alizarin red staining was performed by solubilising the cell culture
in a 800l volume of Triton-X0O0 cell lysate solution (0.01% (vol/vol) Triteh00 in PBS). The
lysate was transferred itriplicate in 250 pl volumes into a 98ell cell culture cluster plate
and the absorbance of the lysate readsatOnm using a SPECTRO$taBMG Labtech and
MARS data analysis software.
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2.1.6.5.3.2 Oil Red O staining of adipogenic cultures

Oil red O staining was tdsualise the formation of cytoplasmic lipid vacuoles. After
21 days, the differentiation media was aspirated, cells were washed using 1ml volumes of
autoclaved PBS and distilled® Oil red O solution (0.3% (wt/vol) Oil red O in 99%
Propanz-ol; Merck Milipore, Hertfordshire, UK) was diluted at a 3:2 ratio with deionized
water and 1ml volumes added to each well of theséll cell culture cluster plate in triplicate
replicates and incubated for 5 minutes at room temperature. The Oil red O solution was
removed, and the excess cleared by extensive washing with 1ml volumes of PBS. Images were
taken using Zeiss Vert A.1 microscope with an AxioCam ERc5s attachment and analysed using
Zen 2.3 lite (blue edition).

Quantification of Oil red O staining was performed by solubilising the adipogenic
cultures in 800pl of Triton-X00 cell lysate solution (10% (vol/vol) Trieh00 in PBS). The
lysate was transferred in triplicate in 250ul volumes into an@dl cell cultwe cluster plate
and the absorbance read at 570nm using a SPECTROg&te reader and MARS data

analysis software.

2.1.6.5.3.3 wgalactosidase cellular senescence assay

¢KS W/ StfdzZ N {SySaoOSyO0S 'aale YAIQ 6aSND]
aSySaoSyO0S Alaa200R-8ARD IS AGKAY OSftfa -gdy RSNH2)
catalyses théhydrolysis of >gal within senescent cells. Agg&l production leads to a blue

stain it allows senescent cells to be identified. M@mescent cells doat change colour

Figure2.13 andFigure2.14. Both human and canine MSCs were seeded in standatell2

cell culturecluster plates at a seeding density of 6.25xHls/cn? (25,000 cells per well) and

incubated under low oxygetension for 3 days. Growth medium was removed from all wells

and Sttt Odz G§dzNB FAESR Ay ™M - incWwi@tkdEdr 03ningte® aitdzi A 2 ¥ €
room temperature. All wells were washed twice with 2ml volumes of PBS and then incubated
GAGK | HYf @28 d2B6SIBSPDIRRY { 2 dzii AaBsgnGe o2b@BtB NI/ A I K (
CQand light. Posti G I A Y A y-B-gal De&KSi My {2f dziA2yQ gl a | aLy
washed twice with 2ml volumes of PBS. Cell cultures were imaged using a Zeiss Axio Vert A.1
microscope with Zen 2.3 Lite (blue edition) software (Zeiss, Cambridge, UK). The percentage

of senescent cells withicell cultures was calculated usigguation2.5.

Equation2.5
Percentage of senescent cell§Number of blue stained cells/ Total number of cells) x 100
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Figure2.13: Representative image of senescence associabeda-galactosidase (SA-gal) stained
MSCs.The cellular senescence assay wasdugeidentify senescent cells within MSC populations.
Senescent MSCs are stained blue through use of thegad X hydrolysed by SAGal (blue arrows).
Nonsenescent MSCs are not stained blue (red arrow). Image taken with a Zeiss Vert A.1 microscope
with an AxioCam ERc5s attachment. Scale bar = 100um.
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Figure2.14: A schematic diagram of the principle of the Cellular Senescence As3ayescent MSCs are stained blue as tgalXs hydrolysed by SAGal. Within non
senescent MSCsgél is not hydrolysed so no blue staining is observed.
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2.1.6.6 Papain digestion of ligament tissue samples and chondrogenic micromass cell

aggregates

Ligament tissue samples and chondrogenic micromass pellet aggregates were

digested in 10U/ml papain from papaya latex (Sighidrich) in 1 X papain buffer (100 X
papainbuffer: 24mM EDTA, 50mMdysteine, 1M Sodium Acetate; pH5.Bdr chondrogenic
micromass cell aggregates, a 20ul volume of papain was added to 1.5ml microfuge tubes.
Ligament tissue samples were placed in 7ml bijoux tubes and covered with a 250ul volume
of papain. Samples were incubated at 60°C overnight in a water bath. Once digested, samples
were centrifuged, and the final volume of tissue digest recorded. Patigasted samples

were stored at80°C until required for further analysésarndale et al., 1986)

2.1.6.7 Quantification of sulphated glycosaminogtans with dimethylmethylene
blue (DMMB) assay

The amount of sulphated glycosaminoglycan (sfo#Ehin tissue samples was
guantified using the B dimethyl methylene blue (DMMB) assay. Dimethyl methylene blue
(DMMB), the major component of the DMMB assay, binds to negatively charged GAGs within
the sample causing a precipitation reaction and a eomi@tion-dependent colour change
from blue to pink(Farndale et al., 1986%harkderived chondroitin sulphate C (Sigma) was
prepared to a stock concentration of 5mg/ml with ddH A standard curve of known
concentrations of chondroitin sulphate C ranging frorQug/ml was prepared by dilution
of the sbck solution with ddkD.

Samples which had been digested with papain were diluted in@d a ratio of
1:10 to allow for the recorded absorbance of the DMMB assay to fall within the exponential
phase of a standard curve. Volumes 40 ul of standard chuitirsulphate C or diluted
experimental sample were added in triplicate to each well of av@8 cell culture cluster
plate. A 200ul volume of DMMB solutioab6uM, -9 dimethyl methylene blue2mMsodium
formate, 2ml formic acigd pH 3.5) of was added teach well and the absorbance read at
570nm using SPECTROSsa’BMG Labteclplate reader withMARS data analysis software
(BMG LabTech)

2.1.6.8 Quantification of Telomere Length using the TeloTAGGG Telomere Length Assay

The telomere lengths of genomic DNA (gDNA) within MSC populations was
guantified using the TeloTAGGG telomere length assay kit (Roche Applied S€ignce
2.15) (Wang et al., 2013, Tarik et al., 2018)
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Step 1: DNA Digestio

restriction site

|
AR BB AVAVAVAVAVAVAVAVAVIVAVANNS
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Step 2: Gel Electrophoresis and Southern Blotting
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Figure 2.15: Schematic Representation ofeloTAGGG telomere length assalollowing DNA
digestion and agarose gel electrophoresis, the digested gDNA is transferred onto a positively charged
nylon membrane. Filter paper is saturated with 20 X SSC buffer to form a salt bridge onto which the
agarose gel and nylon membrane is placed. Theosga nylon membrane is stacked with filter paper

and paper towels and weighted to promote the transfer of the gDNA via the capillary action of the 20
X SSC buffer, as represented by the dotted grey arrows.
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gDNA, which had been isolated as descrilmeskction2.1.5.1.1 was centrifuged for
5 minutes at 10,000 x g. The clarified supernatant containing gDNA was collected and diluted
with nucleasefree water to a concentration of 0.13 pg/pl. ContidNA (provided in the
TeloTAGGG telomere length as&idty was diluted to 0.1ug/ul. gDNA in the experimental
samples (2ug in 15ul nucleaBee water) and the contreDNA (1.5ug in 15ul nuclea$ee
water) was digested to leave intact telomeres. Digestion reactions were assembled to a final
volume of 20ul \vith restriction endonucleasesblinfl (20U/ul) andRSA20U/ul) and 1 X
digestion buffer (proprietary buffer in assay kit. The reactions were incubated for 2 hours at
37°C. Volumes of 5ul 5 X gel electrophoresis loading buffer was added to stop the digestio
reactions.

gDNA telomeres were separated by agarose gel electrophoresis. Digested
experimental samples and contrBINA were loaded into the wells of a 0.8% (wt/vol) agarose
gel (HighElectroendosmosis (EEO) for molecular biolaggrose (Sigmaldrich)in 1 X TAE
buffer (40mM Tris base, 20mM acetic acid, 1ImM EDTA, pH 8.3; diluted from a 50 X stock
(Thermo Fisher Scientific)). To quantify the lengths of telomeres, the gel was calibrated with
digoxigenin (DIG) molecular weight marker diluted in loadindebuFigure2.15). The gel
was electrophoresed at (a rate of 5V/cm) for approximately 2 hours at 70V until the loading
buffer had run approximately 10cfrom the wells.

The gel was prepared for Southern blotting with a series of wash steps, all of which
were performed with gentle agitation at room temperature. The gel was initially submerged
in 0.25N HCI solution forB0 minutes until the bromophenol béudye in the loading buffer
had turned yellow. The gel was rinsed twice with gddHbefore being submerged into
denaturation solution (0.5M NaOH, 1.5M NaCl) for two washes of 15 minutes. The gel was
again rinsed twice with ddi® before being submerged for two “Binute washes in
neutralisation solution (0.5M THICL, 3M NaClY.o assemble the Southern blot, the gel was
positioned on a filter paper salt bridge which acted as a wick fmlation of 20 x SSG M
Sodium chlorid and 300 mM teSodium citrate dihydrate, pH 7.@) draw thegDNA from
the gel to a nylon membrane by capillary action overnight (16 hours). A schematic
representation of the Sothern blot is shown kigure3.20; Wang et al., 2013; Tarik et al.,
2018).

After blotting, the nylon membrane was UV crdisded at 120mJ to fix the DNA. All
subsequent washing and incubation steps of the membrane were peridwith gentle
agitation at room temperature. The membrane was washed twice in 2 X SSC buffer (3M NaCl,
0.3M Sodium Citrate, pH 7.0) and then incubated with-fpybridisation solution (DIG Easy
Hybridisation granules (reconstituted in autoclaved gdknd pe-warmed to 42°Cat 42°C
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for 45 minutes. The praybridisation solution was fully discarded, and the membrane
incubated with DIGabelled telomere specific probe diluted in hybridisation solution (DIG
Easy Hybridisation granules reconstituted in autoethddHO and prewarmed to 42°C).

The membrane was incubated with the probe for 3 hours at 42°C with gentle agitation. The
membrane was washed twice with stringent wash buffer | (2 X SSC, 0.1% (wt/vol) SDS) for 5
minutes at room temperature followed by arther two washes with stringent wash buffer

I1 (0.2 x SSC, 0.1% (wt/vol) SDS) at 50°C for 15 minutes. The membrane was washed with 1 X
washing buffer for 5 minutes before the addition of blocking buffer for a further 30 minutes
and then incubated with 7EnU/ml AntiDIGAlkaline Phosphate (ARDiIgAP; diluted in 1 X
blocking solution) for 30 minutes in order to metabolise the chemiluminescent substrate,
CDPStar. The membrane was washed twice with 1 X washing buffer before incubating with

1 X detection buer for 5 minutes. Substrate solution (~40 drops / ~3ml) was applied to the
membrane and incubated for 5 minutes. Exposure of the image was performed using a
ChemiDoc chemiluminescengwaging device with Image Lab software (Riad

Laboratories Ltd). Im&g were taken every 30 seconds over an exposure time of 20 minutes.

2.1.7 Statistical analysis of experimental data

Statistical analysis was performed througle use of the software GraphPad Prism8.
This study was reliamn collectinghuman and caninelinical sampleghat were compliant
with the inclusion criteria2.1.7). Sample availabilitfed to low Wy Q y dzYo SNA T2 NJ
experiments.Therefoe, to ensure normalityof collected resultsa conservative approach
was taken, and non-parametrickolmogorovSmirnov test was performe test the overall
distribution of data If data was determined to be distributed normally, parametric statistical
analysis was performed. To compare timdependentsamplemeang | { U-®@zRvay (0 Qa
used If two or more samples were analysedoneway ANOVA followed by a Tukey post
hoc test was usetb identify any statistical differences between meaii® compareghree
or more groupsa two-way ANOVA with Tukey pelsbc test was utilisedThe Tukey post
hoc test was performed to decipher whether there were statistical differences between
specific groups through comparison against the critical value. If the trititize is exceeded,
the pair is deemed statistically significantly different. If the result of the
KolmogorovSmirnov test was determined to exhibit nomrmal distribution, a Kruskal
Wallis Htest was carried out. To determine correlations, a Pearsaretaiion coefficient

value was calculated. Significance for all tests was determined wittiugs of <0.05.
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Chapter 3. Molecular, Cellular and
Biochemical Characterisation of Human
and Canine Anterior Cruciate Ligament

Tissues
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3.1 Introduction

The anatomical structure of the human knee joint and canine stifle joint is highly
comparable. These anatomical similarities allow for the use of the canine stifle joint as an
experimental model for injuries and diseases that affect the hukree. This allows for the
RSOSt2LIYSyd 2F O2YLI NF GAQGS GNBIFIGYSyd NBIAYSY
| SIf K> hy®ooka& RIA COLOASHRtailed description of the comparative
similarities between the human knee and canine stifle joints is provii€hapter 1.

The anterior cruciate ligament (ACL) is highly susceptible to injury and rupture with
previous studies identifying several factors associated with the risk of rufilaéulli et al.,
2003, Herzberg et al., 201Yndertaking high impact activities involving pivoting actions has
been shown to increase the kiof injury and rupture, dependent on personal fithess and
strength of adjacent musclékohmander et al., 2007, Jiestad et al., 20@@e and gender
have also been shown to contribute to the risk of ligament rupture, with females, up to five
times more susceptible to ACL rupture than a male counterpart of the samgalgamander
et al., 2007) The canine anatomical equivalent, the cranial cruciate ligament (CCL), is also
highly susceptiblea rupture (Carlin, 1926, Vasseur et al., 1985, Johnson and Johnson, 1993,
| F N> ASYyS HnnoX [/ 2YSNF2NR S Fft®dX wnnpX /2YSN
et al., 2017)Although both age and gender do have an associated influendée risk of
rupture, there are several other contributory factors, including the br@@dval et al., 1999,
Harasen, 2003, Comerford et al., 200&mith et al.,, 2017)Breeds such as Labrador
Retrievers have been shown to have an increased predisposition for ligament injury
comparedto breeds such as greyhounds thaavea low risk ofinjury (Comerford et al.,
2005) Assessment of cadaveric canine stifle joints obtained from Labrador retrievers-and ex
racing greyhoundsletermined that the high risk for injury in the Labrador retriever latee
may be due to an increased stifle joint laxity, lower ultimate tensile stress and a higher
collagen turnover in the cruciate ligamer{Gomerford et al., 2005)

This chapter of work focuses dhe comparison of the human ACL with the canine
CCL in terms of the molecular, cellular and biochemical composition of intact and ruptured

ACL and CCL.
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3.2 Hypothesis

The hypothesis for chapter 3 is:

Intact and ruptured cruciate ligament tissue isolated from human ACLs and canine CCLs will
exhibit speciespecific and tissugpecific differences in molecular, cellular and biochemical
composition. It has been proposed that the canine stifle joint caudegl as an experimental
model for human knee disorders due to anatomical similarities. To determine if this is
possible it is vital to fully characterise both tissue types in both intact and ruptured

(diseased) state.

The hypothesis will be tested withe aims described in sectid3.

3.3 Aims
The aims of this study are:
1 To stratify clinical groups of human ACL and canine CCL retrieved fromujgjetiss
(ruptured tissues) and from cadaveric donors (intact tissues)
o Tissue and speciespecific differences in ACL and CCL tissues will be stratified
according to whether they are intact or ruptured and according to the type of

joint surgery that has ken performed leading to tissue retrieval.

1 To compare intact and ruptured human and canine tissues by molecular, cellular and
biochemical analysis
o Tissue and speciespecific differences will be identified by histological
evaluation of tissueorganisation, gene, protein and biochemical analyses of
extracellular matrix, inflammatory mediators and regulators of tissue

homeostasis, and quantification of cellular content.
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3.4 Results

3.4.1 Stratification of human and canine cruciate ligament tissuegps

3.4.1.1 Human anterior cruciate ligament (ACL) tissue

Human ACL tissue was collected from two sites: Aintree University Hospital,
Liverpool and National Health Service Blood and Transplant (NHSB&T, Speke, Liverpool).

Ruptured ACL tissues collected from AgetUniversity Hospital were retrieved from
trauma and elective surgeries (major trauma, ACL reconstruction and total knee replacement
(TKRFigure3.1). A total of 20 ACL tissue samples were collected from Aintree University
Hospital of which 11 (55%) were retrieved from ACL reconstruction surgeries, 7 (35%) from
TKR and 2 (10%) from traursargerieqFigure3.1). Intact ACL tissues, displaying an absence
of gross pathology, were retrieved and collected from NHSB&T from deceased cadaveric
donors. A total of 13 mtact ACL samples were donatedaaslinical waste product from the
harvesting of osteochondral allografts for the NHSB&T clinical transplant program.

Clinical demographic information including gender and age of the donating patients
and the type of surgery performed leading to ACL retrieval, was collated and analysed. Of
the total number of ACL tissues collected 61% were collected from males and 39% were from
female donors. Analysis of tissues by assignment to surgical categorgashoyender split
of: ACL reconstruction, 64% male to 36% female; TKR, 43% male to 57% female; trauma
surgeries, 50% male to 50% female; deceased donors, 69% male to 31% feguakS(1).

All ACL reconstructions were performed on patients aged 50 years old or under with 64%
performed on patients aged between £80 years old. Pearson correlation analysis showed

a strong negative correlation betweeneagnd ACL reconstruction surgery with the number

of patients undergoing surgery for ACL reconstruction decreasing with increasing age.

TKR surgeries were all performed on patients aged 51+ years old with 71%
performed on patients aged between @170 yeas old. Similarly, all deceased donors, from
which intact ACL ligaments were retrieved, were aged 51+ yeai6058170, 7180, 81+).

A trend could not be established between age and trauma surgeries because only 2 ACL
ligaments were able to be collected this category. These patients were aged between
41 ¢ 50 years oldFigure3.2).
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Figure3.1: Graphical representation of the percentage of male and female donors of human ACL tissue samples retrieved by categogenf.sluman anterior cruciate
ligament (ACL) tissues were retrieved from ACL reconstruction surgeries, total knee replacemesii@dé€R} or trauma surgeries (Aintree University Hospital; n = 20) and
as intact ACL tissue from deceased donors NHSB&T; n = 13). The percentage of male and female donors from each retpeveddvas r
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Figure3.2: Graphical representation of the percentage of donors of human anterior cruciate ligament (ACL) tissue samples in each @geHyman ACL tissue was
retrieved from ACL reconstruction, TKR, trauma and as intact tissuedeceased donors. The percentage of donors in each age group was recorded and compared with
the category of surgical removal.
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3.4.1.2 Canine cranial cruciate ligament (CCL) tissue

Canine CCL tissue was collected from two sites: intact @€te retrieved from
cadaveric donors from the Veterinary Teaching Suite (VTS), University of Liverpool. Intact
CCL tissue was collected as clinical waste material following euthanasia for reasons unrelated
to ligament disease as denoted in the inclusioal exclusion criteria of the ethical approvals.
Clinical demographic data was not available for CCL tissue from cadaveric donors as it was
not possible to identify the breed, age or whether the canine had been neutered at point of
euthanasia. In total, t number of intact CCL tissues retrieved from deceased donors was
n=12. Ruptured CCL tissue was collected from donors undergoing stifle joint stabilisation
surgeries (tibial plateau levelling osteotomies (TPLOs) for CCL rupture at the Small Animal
TeachindgHospital (SATH), University of Liverpool. In total, nine ruptured CCL ligaments were
retrieved from dogs that had TPLOs. Ruptured CCL tissues were stratified according to the
breed and gender of donor. From the 9 CCL tissue samples retrieved, 5 olt8bPrhale
and 4 out of 9 (44%) were female. Of all of the caniiezut of 9 (78%) were neutered with
60% of males neutered and 100% of females neutéréglre3.3).

The number of CCLs retrieved from different breeds was as follows: Labradoodle (n
= 1), Labrador retriever (n = 3; n=1 aged 8 years old; n=2 aged 9 years old), boxer (n = 1; aged
9 years td), bullmastiff (n = 2; n=1 aged 1 years old; n=1 aged 6 years old) and crossbreeds

(n=2; n=1 aged 2 years old; n=1 aged 11 years old).
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Figure3.3: Graphical representation of the age of canines of different bree@sanial cruciate liagme@®CL ligaments were retrieved from donors undergoing surgical
treatment for CCL injury at the Small Animal Teachklngpital (Leahurst Campus, University of Liverpool). The age of donor was cross referenced against breed. CCL were
retrieved from Labrador Retriver, Labradoodle, Bullmastiff, Boxer and -Bregsl caninesEach bar denotes a different canine donor.
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3.4.2 Bioclemical analysis of human ACL and canine CCL tissues

3.4.2.1 Weight of human ACL and canine CCL tissues

Both human and canine cruciate ligaments were weighed prior to detailed dissection
for analysis and the wet weight recorded.

The mean wet weight of ligaments standard deviation, was calculated for ruptured
and intact ACLs, and ruptured and intact CCLs to determine iigmmfic and species
specific differences in ligament weights.

The effect of rupture on the weight of human ACL and canine CCL tissues was
assessed by comparison of ruptured ACL with intact ACL, and ruptured CCL and intact CCL.
The mean wet weight of ruptured ACL was 1.64 + 0.97g in comparison to the mean wet
weight of intact ACL (1.79 + 0.53g), and this was shown to be not significafdkemtif
following posthoc Tukey analysis. The mean wet weight of ruptured CCL was 0.24 £ 0.12g in
comparison to the mean wet weight of intact CCL (0.24 + 0.05¢g, and again no statistically
significant differences were determined between the two tissue geoupigure 3.4).
Although not statistically different, differences were observed in tissue weight.

In contrast, the mean wet weights of human and canimeciate ligament tissues
were statistically different. The mean wet weight of the ruptured ACL wa$o&ighigher
than that of the ruptured CCL (peBbc Tukey analysis p=0.0003). Similarly, the mean wet
weight of intact ACL was 7#6ld higher than inact CCL (p=0.003Bigure3.4).
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Figure3.4: The wet weight ohuman ACL and canine C&sues.The wet weight of the ruptured ACL

(n=25), intact ACL (n=7), ruptured CCL (n=8) and intact CCL (n=6) was recorded prior to dissection. The
wet weight of all cruciate ligaments within each category was used to calculate the mean wet weight

(= SD)Normal distribution of data was confirmed using@mogorovSmirnov testStatistical analysis

was performed using an ordinary omeay ANOVA and Tukey pdsic test (p<0.0001).

To determine the effect of gender on ligament weight, the mean wet weighfsGh
tissues from both male and female donors was determined for those retrieved from ruptured
ligaments (ACL reconstruction, trauma and TKR) and intact ligaments from deceased donors
(Figure3.5).

ACL tissues retrieved from male donors had afdl@ increase in their mean mass
(1.90 £ 0.99g) compared to those of female donors (£.8%39) but the difference between

genders was nadtatistically significantHigure3.5) (seesection2.1.7for statistical analysis).
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Figure3.5: Comparison of the mean wet weight of human ACL tissues by the gender of the donors.
The mean wet weight of human cruciate ligament tissues from both ruptured (ACL reconstruction,
trauma and TKR) and intact ACL was recorded for female (n=13) and male (n=20) patients prior to
dissection of tissue. Statistical analysis was performed usinglaA NS R  &téstizR@Sngali Q a
distribution of data was confirmed usingkalmogorovSmirnov test.

3.4.2.2 Extracellular matrix (ECM) measurements
3.4.2.2.1 Quantification of DNA content in human ACL and canine CCL tissues

Absolute quantification of cells within ligametissue is challenging due to the
protracted technical protocol for the isolation of cells from the mattense tissue.
Comparison of the cellular content was therefore made by quantification of the total amount
of double stranded DNA (dsDNA usingthe Qdait 1 t A O2DNBSyu R&A5Db!
normalised to 1g of tissue. Comparative analysis was made between ruptured and intact
human ACL and canine CCL tissues. Analysis of-sigeaiic differences between the sub
groups of clinical tissues showed statistically significant differences in the total amount of
dsDNA between ruptured ACL (122116 ug / g tissue) and intact ACL (1188 47 g
tissue;Figure3.6). Therewere also no statistically significant differences in the amount of
DNA in ruptured CCL tissue (1175 + 29 ug / g tissue) and intact CCL tissue3Q g6
tissue;Figure3.6). Although the mean wet weight of canine CCL was significantly decreased
in comparison to the mean wet weight of human tissue, the amount of DNA (per g of tissue)

was not significantly different between spesiFigure3.6).
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Figure3.6: Comparison of the amount of DNA in human ACL and canine CCL tisBbescellular
content of human ACL and canine CCL tisaugee compared by measuring the amount of dsDNA per

g of tissueThe amount of DNA was quantified usin@aantA ¢ 1 t A O2 DNBESyun Ra&ashb!
normalised to 1g of tissue fouptured ACL (n=4), intact ACL (n=5), ruptured CCL (n=4) and intact CCL
(n=5). Statistical analysis was performed using a Kolmog®naivnov tesfollowed by KruskaWallis

H test. No statistical significance was determined between clinicagsuilips.

3.4.2.3 Quantification of sulphated glycosaminoglycan content in human ACL aminea
CCL tissues

The amount of total SGAG within human ACL and canine CCL tissues was quantified
using the 1-9 dimethyl methylene blue (DMMB) assay and the amount of total sGAG
normalised to 1g of tissue (Farndale 1986). Analysis of tisgeeific differeces showed
that the amount of SGAG in ruptured ACL (970 + 38 ug / g) showed that it wiaédhrgher
but nonsignificantly increased in comparison to intact ACL (354 + 165 ugiggre3.7).
Similarly, the amount of SGAG in canine ruptured CCL (1532 + 35 pg / g of tissue)-was 1.5
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fold higher that of intact CCL (1053 + 143 ug / g of tissue) and as with human ACL tissue, but
not statistically diffeent (Figure3.7).

Comparison of speciespecific differences between the mean amount of sGAG
within all four groups (ruptured ACL, intact ACL, ruptured CCL and intact CCL) showed that
the amount of sSGAG in intact CCL was significantly higher than in intacFiyGie3.7).

Intact CCL had-®ld more (1053 = 143 pg / g) SGAG than intact ACL tissue (354 = 165 pug/ g;
p<0.0001Figure3.7).

2000 = x

1500= e

1000 g===- 3

Amount of GAG/ g of ligament tissue (ug)

[]
500 :E:

®

O | | | | | | |

W N/ W ha

W & © ©
O *. O c}'
Q\.‘} \{'\" Q‘@' $©

® QS

Figure3.7: Comparison of the amount of sulphated glycosaminoglycan (s&#Guman ACL and
canine CCL tissued’he amount of SGAG in ruptured ACL (n=4), intact ACL (n=8) ruptured CCL (n=3)
and intact CCL (n=6) was measured by DMMB asshynormalised to 1g of ligament tiss8eatistical
analysis was performed using Kolmogrov-Smirnov test followed by KruskaWallis H test and
5dzyy Qa YdzZf GALX S O2YLI NRaz2y GSaidod oLINndamynod

3.4.2.3.1 Quantification of sulphated proteoglycan per cell in human ACL and canine CCL
tissues

The amount of sGAG in ligaments was normalised to amount of Diét¢omine
the amount of SGAG produced per cdlhalysis of tissuspecific differences showed that
the amount of SGAG / DNA in ruptured human AT8Q( + 0.07ug/upwas 2.&old higher
(but not significantly different) than intact AGLZ9+ 0.13 pg/ug. Similarly, the amount of
SGAG / DNA in ruptured canine CCBY + 0.04 pg/upgwas 1.5fold higher (no significant
difference observed) than intact AGL90 + 0.12 pg/pgFigure3.8).
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Comparison of speciespecific differences within all four groups (ruptured ACL,
intact ACL, ruptured CCL and intact CCL) showed that the ruptured canine CCIL.84stie (
0.04 pg/ug; p=0.001) had a 1.€old increase in sSGAG / DNA compared to ruptured ACL
tissue 0.80 £ 0.07ug/up(not statistically significant). Similarly, ruptured human ACL tissue
was 68% increased in comparison (not statistically significant) in SGAG / DNA compared to
intact canine CCL tissueigure3.8).
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Figure 3.8: Comparison of theamount of sulphated glycosaminoglycan (sGAG) per g of DNA in

human ACL and canine CCL tissu@fe amount of SGAG / DNA in ruptured ACL (n=4), intact ACL

(n=5) ruptured CCL (n=3) and intact CCL (n=5nwmemalised to 1g of tissueStatistical analysis \8a

performed using a Kolmogoresmirnov testfollowed by Kruskad I f t Ada | (GSad FyR 5dzy/
comparison tests.

3.4.3 Histological analysis of human ACL and canine CCL tissues

Comparative analyses of cruciate ligaments were performed to idediffigrences
in the structural organisation of tissues retrieved from intact ACL and CCL and ruptured ACL

at the mid region and enthesis site of tissues.
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3.4.3.1 Haematoxylin and eosin (H&E) staining

Haematoxylin and eosin (H&E) staining was performed to analgelac
morphology, distribution and organisation within the miggion and enthesis site of intact
ACL, ruptured ACL, intact CCL and ruptured CCL to determine tissue and-speifes
differences Figure3.9, Figure3.10, Figure3.11, Figure3.12)>

It has been proposed that the canine CCL is anatomically similar taitharhACL;
however, comparison of histologicahalysis of the two species for ruptured and intact
tissues has not been performed to date. Analysis of the extracellular matrix organisation by
H&E staining of the midegion of intact ACL, ruptured ACL, ctt&CL and ruptured CCL
tissue, determined that all structures maintained a parallel aligned, compact arrangement of
collagen fibres (white arrowsigure3.9, Figure3.10, Figure3.11, Figure3.12).

Within intact ACL tissue, high levels of fibrous organisation were observed
contrasting with ruptured ACL tissue, where fibre alignment was less well organised (white
arrows; Figure 3.9). Comparison of speciepecific differences showed that the level of
organisation of fibres within intact CCL was similar to that observed in intactFAgLire(

3.12).

Qualitative analysis of intact ACL and ruptured ACL showed that intact ACL has
longer, narrower interfascicular regions in comparisonuptured ACL where interfascicular
regions were less distinct (black arrowsgure3.9 and Figure3.10). Canine intact CCL tissue
maintained a much greater proportion of interfascicular regions in comparison to intact
human ACL tissue and these regions appeared less narrow than in intaché&€asedd
vascularisation was observed within the interfascicular regions of the ligaments (black
arrows;Figure3.9 andFigure3.11).

The presence of nuclear staining was noted in ruptured ACL, intact ACL, ruptured CCL
and intact CCL tissues, and shown withigure3.9, Figure3.10, Figure3.11 andFigure3.12
by blue arrows. Although, there appeared to be no difference in the amount of nuclear
staining within intact ACL tissue in comparison to ruptured ACL tissue, qualitative
comparison of intact ACL and intact CCL tissue showed that there were more nunks stai
within intact CCL than intact ACL tissue (blue arréiggire3.9 and Figure3.10).

The enthesis region of tissues was imaged post H&E staining. In comparison to the
mid-region, there was an increase in nuclear staining within intact ACL tissue sections. At
the site of enthesis, organisation of fés was decreased in comparison to the fibre
organisation of the midegion at x4, x10 and x20 magnification. However, at x40

magnification, fibres appeared to be more organised in structure (white arréigare3.9).
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This pattern of organisation was not observed within ruptured ACL tissues where fibrillar
arrangement was shown to be disorganised at all magnifications (white arFogege3.10)

Within intact CCL, fibres were shown to be well organised with a distinct enthesis,
characterised by lower cell density (noted through &jeative reduction in nuclei staining

as observed indicated with a blue arrdwigure3.11), sparser distribution of tissue alongside

a reduction in oganisation (denoted through white arrow) and increased number of
interfascicular regions (black arrow). Interfascicular regions of intact CCL were shown to be
highly organised with equal distribution and parallel alignment along fibres, as highlighted
by the use of black arrows fRigure3.11. Interfascicular regions of intact and ruptured ACL
tissues were observed to be disorganised and unequally distributed throughout the enthesis

of the tissue (black arrowgigure3.9 andFigure3.10).
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Enthesis Site (B)

Figure3.9: Representative image of Haematoxylin and Eosin (H&E) staining within intact ACL tissue
5um sections of paraffin embedded intact ACL tissue was stained withlM&ges were taken at x4,

x10, x20 and x40 magnification, @fd regions; (A) the mid region and (B) the site of enthesis. Arrows
have been used to denote the interfascicular regions (black arrows), organised connective tissue
(white arrows) and nuclei (blue arrow). Scale bar = 100um.
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Enthesis Site (B

X20

Figure3.10: Representative image offaematoxylin and Eosin (H&E) staining within ruptured ACL
tissue.5um sections of paraffin embedded ruptured ACL tissue was stained with H&E. Images were
taken at x4, x10, x20 and x40 magnification, of two regi¢A¥;the mid region and (B) the site of
enthesis. Arrows have been used to denote the interfascicular regions (black arrows), organised
connective tissue (white arrows) and nuclei (blue arrow). Scale bar=100pm.

113



Mid Region (A) Enthesis Site (B)
SUONIER T\ O ' :

Figure 3.11: Representative image of Haematoxylin and Eosin (H&E) staining within intact CCL
tissue.5um sections oparaffin embedded intact CCL tissue was stained with.H&&ges were taken

at x4, x10, x20 and x40 magnification, of two regions; (A) the mid region and (B) the site of enthesis.
Arrows have been used to denote the interfascicular regions (black arrovggnised connective
tissue (white arrows) and nuclei (blue arrow). Scale bar=100um.
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Figure3.12: Representative image of Haematoxylin and Eosin (H&E) staining within ruptured CCL
tissue 5um sections of paraffin embedded ruptured CCL tissue was stained whhlimé&ges were

taken at x4, x10, and x40 magnificationfwb regions; (A) the mid region and (B) the site of enthesis.
Arrows have been used to denote the interfascicular regions (black arrows), organised connective
tissue (white arrows) and nuclei (blue arrow). Scale bar = 100um.
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3.4.3.2 Safranin O staining

SafraninO staining was used to identify the presence, expression pattern and
regional distribution of sulphated proteoglycans. Qualitative analysis of the safranin O
staining in intact ACL and intact CCL tissue showed no staining within thregiad of the
tissues Figure3.13 and Figure3.15). Within ruptured ACL, an increased level of safranin O
staining was olerved, particularly around areas with a more disorganised fibre alignment
(white arrows have been used to denote organisation of fibFegure3.14). The presence
of vascular structures was not observed in either intact ACL, intact CCL or rupture CCL tissue.
Vasculailike morphologies were observed in ruptured ACL tissues with associated staining
of nuclei in these regions (blue arrowsigure3.13and Figure3.15) Comparable to H&E
staining, interfascicular regions were limited within intact ACL tissue and fibres maintained
a highlyaligned crimped structure, in contrast to intact CCL tissue, wherge lar
interfascicular regions were observed between areas of highly aligned, straight fibres (white
arrows; Figure3.13 and Figure3.15). Interfascicular regions were observed within ruptured
CCL tissue (white arrowBjgure3.16). It was not possible to determine the presence of
interfascicular regions within ruptured ACL tissue because of the highly disorganised
structural organisation of the tissue and the increased pneseof vacuoles surrounding the
vascular regions (green arrowsigure3.14).

Positive safranin O staining was observed at the enthesis of intact ACL tissue and
there were increased vascular tissues and cell nuclei staining in comparison to the mid
regions of the tissue. The enthesis site of intact ACL tissue showed the highest deosll
nuclei and this was associated with decreasing structural organisation of fibres (blue arrows;
Figure3.13). This was comparable to rupturédCL tissues, which also showed an increased
level of nuclear staining around the vascdifie structures Figure3.14). There was no

positive safranin @taining observed at the enthesis site of intact CCL tidsigaire3.15).
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Enthesis Site (B

Mid Region (A)

X10

X20

X40

Figure3.13: Representative image of Safranin O staining within intact ACL tis&yen sections of
paraffin embedded intact ACL tissue was stained with safranim@pges were taken at x4, x10, x20
and x40 magnification, of two regions; (A) the mid region and (B) the site of enthesis. Vdikeular
structures (green arrow), organised conngettissue (white arrow) and nuclei (blue arrow). Scale bar

=100um.
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Mid Region (A)

Figure3.14: Representative image of Safranin O staining within ruptured ACL tis&uen sections
of paraffin embedded ruptured ACL tissue was stained with safranim&yes were taken at x4, x10
and x20 magnification, of two region@) the mid region and (B) the site of enthesis. Vasdikar
structures (green arrow) and nuclei (blue arrow) and nuclei (blue arrow). Scale bar = 100um.
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Figure3.15: Representative image of Safranin O staining within intact CCL tisSpen sections of
paraffin embedded intact CCL tissue was stained with safranim&yes were taken at x4, x10, x20
and x40 magnification, of two region@\) the mid region an{B) the site of enthesis. Arrows denote
cell nuclei (blue) Scale bar = 100um.
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X 20
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Figure3.16: Representative image of Safranin O staining within ruptured CCL tisSuen sections

of paraffin embedded ruptured CCL tissue was stained with safrarimages were taken at x4, x10,
and x40 magnification, of two region@\) the mid region and (B) the site of enthesis. Arrows denote
cell nuclei (blue) Scale bar = 100um.
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3.4.4 Gene expression analysis of human ACL and canine CCL tissues

Differential gene expression analysis in cruciate ligament tissues was performed by
gPCRollowing the stated protocol isection 2.1.5.2Ruptured and intact human ACL and
canine CCL tissues were analysed for the expression of genes associated with the ligament
ECM, such aSENASCHI (TNC), TENOMODULINNMD, DECORIKDCN and COLLAGEN
TYPE I[ICOL3A)L The gene expression of proteins involved in ligament tissue remodelling,
such asMATRIX METALLOPROTEINASEMP1), MATRIX METALLOPROTEINASE
DISINTEGRINKE AND METALLOPROTEASE (REPROLYSIN TYPE) WITH THROMBOSPONDI]
TYPE IMOTIF, 5(ADAMTS5)and INSULINIKE GROWTH FACTIORGF) were also

determined.

3.4.4.1 Ligament ECM gene expression

Analysis of human ACL ligaments showed t@L3AExpression was-8ld higher
in the ruptured ACL in comparison to intact ACL (p=0.008@yre3.17). There was also a
3-fold increase iICOL3Alenebetween ruptured and intact canine CCL tissues; however
this was not statistically significaffEigure3.17). The expression afN-C TNMDand DCN
genes was upregulated in ruptured ACL in comparison to intact ACL, however, this was not a
statistically significant resulfF{gure3.17).

Analysis of speciespecific differences showed no statistically significant
differences. However, gene regulation DRCwas 24fold higher in ruptured human ACL
tissue compared to ruptured CCL tissue (p=0.0dB8uskalWallis test; not significant post
5dzyy Qa YdzZf (ALK S GfgldvhigheNdh istatyiumarsACh tissué ofrRparadrto
intact canine CCL tissue (p=0.0x0®ruskal I £ t Ada GSadT y2G aA3IyATAO

comparison testFigure3.17).
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Figure3.17: Gene expression analysis of extracellular matrix proteindhuman ACL and canine CCL
tissues.Gene expression of key extracellular matrix proteins analysed in ruptured ACL (n=3), intact

ACL (n=4 (COL3A1 and DCN); n=30BNd TNMD)), ruptured CCL (n=3) and intact CCL (n=3). (A)
COL3A1p=0.0429), (ByYN-C(C)DCNand (D)TNMDgene expression was normalised to expression of

house] S S LJA y F-actih.Statstical analysis was performed using a Kolmog&mnrnov test

followedby Krusked I t €t A& | GSad FyR 5dzyyQa Ydz GALX S O2 YLI N
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3.4.4.2 Gene expression of proteins involved in ligament ECM homeostasis

The relative gene expression of esmlémbrane proteaseMMP-1, MMP-13 and
ADAMTS was analysedComparative analysis of tissseecific differences showed a 1.1
fold upregulationof MMP-1 gene expression in ruptured human ACL compared to intact ACL

tissue though this was not statistically significant (p=0.0042 for Kr\gkdis test but no

significgy G I FGSNJ 5dzyyQa Ydzf GALIX S O2YLI NR&aA2y (Sadu

fold increase iMMP-1 gene expression was observed in comparison to expression in intact
CClL tissue. Furthermore, there were no significant differendddiR13andADAMTS5gene
expression between ruptured and intact tissue for either human ACL or canine CCL tissue.
IGF1gene expressiowas upregulated byt.6-fold in intact human ACL tissue compared to
ruptured ACL tissue, although this was not statistically significant.dNference in
expression was observed between ruptured canine CCL and intact canine CCL.

In contrast, significant differences in gene expression were recorded between
human ACL and canine CCL tissiMdBIP-1 gene expression wasféld higher in ruptured
human ACL tissue compared to canine ruptured CCL tissue doltitOgher in intact human
ACL tissue (negignificant difference) when compared to intact canine CCL tidSigeré
3.18A). Analysis oMMP13gene expression showed that there was a-fdldl increase in
expression in ruptured human ACL tissue compared to ruptured canine CCL tissue and a 4.0
fold upregulationin intact ACL in comparison to intact CCL tissue, however the reported
difference was ot statistically significantRigure3.18B). ADAMTSHene expression was
increased 4old in ruptured human ACL tissue in comparison to intact caniheti€€lie and
10-fold increased between intact human ACL compared to intact CCtsigiificant;Figure
3.180C).

Between species comparison I@Flgeneexpression showed intact ACL tissue had
5.2-fold higher expression than intact CCL tissue (p=0.08ig8ye3.18D) but there were no
statistically signi€ant differences between ruptured human and canine species ligaments

although ruptured ACL was 6fdld higher than in ruptured CCEigure3.18D).
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Figure3.18: Gene expression analysis of extracellular matrix remodelling fact@gne expression

of key factors involved in ligament matrix remodelling was analysed in ruptured ACL (n=3), intact ACL
(n=4), ruptured CCL (n=3) and intact CCL (n=3). The gene expression of protebHd®1A)B)

MMP13 (C)ADAMTSEnd (D) growth factotGF1(p=0.0429) was assessed in ruptured ACL (n=3),
intact ACL (n=4), ruptured CCL (n=3) and intact CCL (n=3) was normalised to expression- of house
1 S S LJA y =hctiB. Stati§ical analysis was performed using a Kolmog&mirnov tesfollowed by

Kruskak I £ fAa | §(GSad

YR 5dzyyQa

Ydzf GALIX S O2YLI NRaz2y
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3.4.5 Immunomodulation of inflammatory mediators in human ACLs

The release of inflammatory mediators in response to injury is associated with the
G0AaadzSQa N@Evadg at Al 2058 hideytd Bomotdissue regeneration at a site
of damage, chemokine signals are produced to recruit MSCs that sequester the direct effect
of pro-inflammatory cytokines on the damaged tissue as well as mediating the activity of
cells of the innate and acquired immune systdRen et al., 2008)The amount of
inflammatory mediators within human and canine ligament tissues was measured using the
Human DuoSet® ELISA Development System and foinflmmmatory mediators
(Interleukiné (I:6) and Interleukinm i -Mdi LO[ 0 | yhffammatgfyi Anediators
(Interleukind (11-4) andinterleukin10 (IL-10)) (following methodology as stated section
2.1.6.2.

3.4.5.1 Proinflammatory mediators

The expression of prmflammatory mediators, B andIkmi = gl & Y SI a dzZNB R
ruptured and intact ACtissue Figure3.19). The amount of K6 in ruptured ACL was 89.2 +
23 pg/ml, 2.4fold higher than in intact ACL tissue (37.5 = 11.3 pg/ml; p=0.0FB8)amount
ofiIbmi Ay Aydalr OdG !/ [ G A-@ldhigBer than duptweld dGL (47 2.6 T LJI K
pg/ml; p=0.0027Figure3.19).

3.4.5.2 Anti-inflammatory mediators

Anti-inflammatory mediators, H4 and IE10 were expressed within both ruptured
and intact ligamentsKigure3.20). Althoughno statistically significant difference in amount
of IL4 or K10 was recorded between ruptured and intact ACLs;4 Hxpression was
increased 2.Zold and IE10 increased 1-8ld in intact ACL (¢ 13.0 £ 9.0 pg/ml; IL10
184.3 £ 50.7 pg/ml) in eoparison to ruptured ACL (4-6.0 + 2.7 pg/ml; 1L1§101.4 + 33.5
pg/ml; Figure3.20).
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Figure3.19: The amount of preinflammatory mediators within human ACL tissu&he amount of prénflammatorymediators; (A) H6and B)HMi T LINB &Sy G A G KA Y

and intact ACL tissue was analysed using Human DuoSet® ELISA Development Systems. Statistical analysis was perfiotmdgaiodgsmirnov tesand ManrWhitney
test.
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Figure3.20: The amounif anti-inflammatory mediators within human ACL tissu&he amount of pranflammatory mediators; (A)-IL0 and (B) #; present within

ruptured and intact ACL tissue was analysed using the Human DuoSet® ELISA Development Systems. Statistica padiysisadaising EolmogorovSmirnov
testand MannWhitney test.
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3.4.6 Discussion

This chapter characterised cruciate ligaments retrieved from both human and canine
species, identifying tissugpecific (ruptured and intact) and spesspecific (human and
canine) differences through molecular, cellular and biochemical analysis of the ligaments.

Stratification of ACL tissue collected from surgical intervention identified an
association with the surgical procedure undertaken gadient age A direct statistical
correlation was observed betweepatient ageand ACL reconstructiorFigure 3.2). Our
results concluded that all ACL reconstructions were undertaken on patients aged <50 years
old, with 64% of all ACL reconstructions undertaken on patients ageD@ars oldRigure
3.2). Several studies have identified age as a risk factor for ACL rupture with younger patients
being more susceptible to rupture due to a decrease in uhnate loadbefore failure,
stiffness, energy store, collagen fibril density and alignment in older patjeotsnander et
al., 2007, LaBella et al., 2014, Beck et 2017) Surgical intervention on ACL rupture in
patients over 50 years oldagreported to be undertaken less frequently with conservative
treatment methodologies including physiotherapy, preferred by many medical professionals
(Paterno, 2017)However it is predicte that with increased life expectancy and physical
activity levels, an increased number of ACL reconstructions will be undertaken on patients
aged between 40 and 60 yedtsegnani et al., 2010)

Ruptured ACL tissue was retrieved from donors undergoing TKR surgery. All donors
undergoing TKR surgery were aged 51+ yadd suggesting that TKR occurred in older
patients fFigure3.2). Although our study did not shoastatistical correlation between age
of patient and KR surgery, previous studies have identified that the primary indication for
TKR surgery is to treat the irreversible effect of-egjated osteoarthritis on the knee joint
(Millis et al., 1995, SarBEuttini et al., 2005, Michael et al., 201@jth the prevalence of
symptomatic osteoarthritis increasing from 16.3% withir@byear otls, to 32.8% for 75+
years oldThis age range was most comparable to donors of intact ACL tissue (retrieved from
NHSB&T).

Previous studies document the effect of dog breed on the risk of CCL ryptuval
et al., 1999, Harasen, 2003, Comerford et al.,, 2013, Smith et al., .2017F) results
determined that 44% of all canine donors were Labrador retriever/ Labradesbreeds; a
high risk breed for CCL based injuriegy@re3.3) (Harasen, 2003, Comerford et al., 2005,
Comerford et al., 2006, Comerford et al., 2Q¥8)imitation of this study was the low sample
numbers from each breedpreventing statistical analysis tdetermine if there was a
correlation between breed and ruptur&igure3.3). Comparison of greyhounds (a dog breed

at a low risk of CCL rupture) to the high risk breed of Labrador retrievers showed that
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Labrador retrievers had a decreased diameter of collagen fibrils, increased tibial plateau
angle (TPA) and increased femoratemersion angle (FAAComerford et al., 2006)This
study determined that older canines were more at risk of CCL rupture than younger canines
as an increased number of ruptures were observed in aged cariimgpa€3.3). It has been
determined that therisk of rupture is greater for dogs over the age of 4 years old with dogs
aged 5 or over being 2.5 tirmeore likely to have a ruptured CCL ligament than their gaun
counterpartso t S6AY Sl Ff ®X HAMTDOU

There was no statistically significant difference between the tissue weight of
ruptured ACL and intact AGEiqure3.4). Comparison of the wet weight of male and female
ACL tissue showed no significant difference, which is contradictory to previous stidia® (
3.4). A limitation of this study was the inability to access patient information such as body
weight and height as in previous studi¢ise weight of ACL tissue has been normalised to
bodyweight ofpatient (Dienst et al., 2007, Sutton and Bullock, 2013)vas expected that
the femaleACL weight would have been lower than male f&titton and Bullock, 2013he
decreased wight of female ACL has been proposed to be due to the surface area of the ACL
midsubstance, with females having a predisposition to a thinner midsubstamparedto
a male counterpart of the same heig{iDienst et al., 2007)This correlates directly to the
width of the intercondylar notch, which has been linked to biomechanical strength of the
ACL, with a decreased width leading to an increased chance of rupture, suggesting why
females vould have an increased predisposition to ruptigenst et al., 2007, Sutton and
Bullock,2013) Comparison of the wet weight of the human ACL to canine CCL determined
that the wet weight of the ACL was significantly heavier than that of the CCL for both ruptured
and intact tissue typed=(gure3.4).

Histological analysis and quantification of the amount of DNA present within human
and canine cruciate ligaments determined that these ligaments are-eriltilar tissue, most
likely including ligamentocytes and chondrocytBgy(re3.9 - Figure3.16). This finding was
demonstrated by H&E staining, safiin O staining and DNA content analysis. Histological
staining determined a greater level of organisation within intact tissue (ACL and CCL)
comparedto ruptured tissue. Both intact ACL and CCL tissues were highly organised, uniform
structures consistig of crimped fibres. Alternative literature has cited that ligament tissue
has the tendency to maintain this structure to allow for crimping, to resist the effect of
biomechanical loading the tissue is subjected$trocchi et al., 1992, Frank, 2004, Birch et
al., 2013, Liu et al., 2014pualitative analysis of the interfascicular region present within
both canine and human tissue determined that theerfascicular regions within canine

tissue were increased in size and number in comparison to within human tissue. As
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interfascicular regions are known to facilitate the sliding between different fascicules, it may
be possible that dogs are subjected aadifferent loading patternthrough biomechanical
force,to humans(Thorpe et al., 2015)

Safranin O staining was positive at the enthesis site of the ruptured and intact ACL,
suggesting the presee of sulphated glycosaminoglycans (sGRiG)re3.13 - Figure3.16).

The presence of SGAG at the enthesis sites, suggesting a zonal arrangement of cells is likely,
with direct (fibrocartilage) insertion the most probable form. Qualitatively, an increased
level of safranin O staining was observed withuptured tissue in comparison to intact
tissue, particularly at the enthesis site, suggesting an increased number of cells displaying a
chondrogenidike phenotype.

The presence of proteoglycans, including decorin, aggrecan and fibromodulin, within
cruciate ligament tissueis well studied(Birch et al., 2013, Kharaz et al., 2018jithin
ligaments, proteoglycans are located between collafijgrls (Rumian et al., 2007, Kharaz et
al., 2018) Young et al. 211) concluded that ruptured ACLs had a lower proteoglycan
concentration than intact ACLS proposing that rupture decreases the presence of ECM
related proteingYoung et al., 2011)Comparison of the total SGAG/DNA content undertaken
by our study identified intact ACL tissue as having a lower total ABWGamount than
ruptured tissue (although this was not significaligure3.8). These findings are consistent
with studies investigating ruptured arnidtact tendon tissues, which have shown ruptured
tendons to have an increased level of proteoglycans. Lui et 4l0, 206ncluded that ruptured
patellar tendons, harvested from SpragDawley rats subjected to collagenaiseluced
injury, had an increasedrgteoglycan concentration in comparison to rats with intact
tendons(Lui et al., 2010)

A decreased amount of SGAG within tendons have been observed as ageing increases
in rats, with sGAG content being decreased by 25% in older rats (21 months) in comparison
to younger rats (3 monthgMarqueti et al., 2018)The increased level of proteoglycans may
occur due to a decrease in organisation of the extracellular métak et al., 2010)With
rupture, inflammation and level of tissue swelling increase. As proteoglycans bond to water,
an increased level of proteoglycans lead to an increased water content, as present in swollen
tissues(Parkinson et al., 2011farkinson et al., 2011, reported af&d increase in SGAGSs
present within proteoglycans which corresponded to a 16% increase in the wet weight of
ligaments.

Speciesspecific differences were observed in the expression of proteoglycans
between human ACL and canine CCL tissues in our $tigly€3.7 and Figure3.8). Canine
CCL tissue had a higher total sGAG cortteanthuman ACL tissue (normalised to wet weight;
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Figure 3.7 and Figure 3.8). The increased amount of SGAG may be attributable to the
increased rate of fibrillogenesis associated with the accelerated rate of ageing in dogs
compared to humans. Increased proteoglycans may provide an evolutionary advantage,
reducing slippage of fascicles and strain on ligament as increased fibril deformation occurs
(Rumian et al., 2007)nterestingly, this increased proportion of sSGAG was not observed
through Safranin O staining at the enthesis site as would have been expected.

This study assessed the expression of genes associated with the lig&Géh
(COL3A1TNC DCN and TNMDand tissue remodellingMP1, MMP13, ADAMTS&hd
IGF).

COL3A1as significantly increased in ruptured AsGimparedto intact ACL which is
consistent with previous studiegigure3.17A) (O'Connelkt al., 2015, Kaynak et al., 2017,
Minkwitz et al., 2017) COL3A1 expression may be increased in ruptured tissues due to its
role in collagen fibrillogenes(&aynak et al., 2017)

Human ACL tissue was found to have ssanificantly increased expressionTfiC
in comparison to canine CCL tissue. TNC involved with the regulation of the response of tissue
to mechanical loadRigure3.17B) (September et al., 2007T herefore, it is possie that the
ACL is able to withstand a greater load than CCL. The human ACL can withstand a mean load
of 2160 +157NDomnick et al., 2016 he resistance to load by canine CCL tissues is breed
dependent ranging 38 56N/kg (Wingfield et al., 2000, Comerford et al., 200B)ere was
no statisticaly significantdifference in expression @iNCbetween ruptured and intact ACLSs,
whichAda O2yaAraidSyid ¢A0K 20KSN) akKdehkgtala @019) a i dzR@
detected no association between TNC and predisposition of an ACL to undergo rupture
0 [ dzf -KuEli& 4t &l., 2019)

Analysis ofDCNgene expression (encoding the core protein of the proteoglycan
DECRORIN) showed no statistically significant differences in expression between ruptured
and intact ACI(Figure3.17D). However, a nosignificant speciespecific difference was
reported with human ACL having increased expression compared to the cadinem Goth
ruptured and intact ligamentd-{gure3.17D). DCN is a collagdainding partner (DCN attach
to a binding site on collagen type | and Il) whjromotes fibrillogenesigKkavanagh and
Ashhurst, 2001, Zhang et al., 2018)

No change in expression was observed with TNMD between either tissue type or
species Figure3.17C). TNMD has been shown to be present within developing ligaments
only, and as adult ligaments were used for this study it was expected that TNMD expression

would be lom(Shukunami et al., 2018)he expression of TNMD was not statistically different
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between ruptured and intact ACL or CCL suggesting that TNMD has no role within the repair
process of cruciate ligaments éither speciesKigure3.17C).

MMPs control degradation of collagen (type I, II, 11, IV, X andaXtvhold roles in
the formation of long term diseses such as osteoarthritigu et al., 2002, Hakki et al., 2009,
Li et al., 2007, Minkwz et al., 2017)MMP1 and MMP13 expressioneve analysed in our
study. MMP1 and MMP13 expressioreve not significantlyupregulated in either ruptured
or intact ACL and C(tigure3.18A and B). MMP1 is regulated bydland contributes to pair
mechanisms ofnjured tissuedue to its ability to break down collagen type |, Il andAd
both the ACL and CCL predominantly consist of collagen type | ahddilild therefore be
expected thatan increased MMP Expressionwould have been observed in ruptured ACL
tissue where the breakdown of collagen fibres would be expe¢tadet al., 2002However
previous studies comparing ruptured tendon to intact have also found this with MMP1 (and
MMP13) being increased in ruptured tiss@linkwitz et al., 2017)The breakdown of
collagen type Il iprimarily associated with MMF.3 upregulation, thereforeit would not
have been expected to see an upregulation in the ACL/d0€Ilto the lack of presence of
collagen type I[Haslauer, 2013)The present study obseed that MMP1 gene expression
was higher in human ACL tissthan canine CCL tissuEigure3.18A).

It would have been expected for ADAMTSS5 to be iaee within ruptured ACL due
to increased extracellular matrix degradation, howevas this is not observedrigure
3.18Cjt may be that ruptured ACL no longer has the ability to mainitaimisual function
(Wylie et al., 2012)n this study, ADAMTS5 was significantly increased in human AGstissu
compared to canine CCL tissues, suggesting humans have greater levels of cartilage
degradation in comparison to canine, therefore, may be more susceptible to diseases such
as osteoarthritisKigure3.18C).

IGF1gene expression was increased in human ACL tissue than in canine CCL tissue
(nonsignificantly;Figure3.18D). IGF1 promotes tissue repair by instigating the proliferation
of fibroblast type cells, such as ligamentocytes, reducing cellular apoptosis and increasing
synthesis of extracellular matrix components; COLLAGEN TYPE 1 (COL1Al), HIASTIN (
TENOMODULIN (TEN) and FIBRONECT)If6{EiNert et al., 2011)This may suggest that
the ability for human tissue to repair pesiipture is increased in comparison to canineuiss
The involvement of IGF1 in tissue repair might suggest a difference between the expression
in intact and ruptured ACL tissues. However, as two separate PCR assays were utilised to
determine the relative gene expression, this result is not conclusiverder to substantiate
this result future validation work should be undertaken. It is proposed that calibration curves

be generated, using plasmid DNA, including the cloned target sequence used for both the
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human and canine primers. From this data, it would be possible to determine theetuvh
copies per sample which can be directly compared for both human and canine species.

The immunomodulatory status of human cruciate ligaments was determined to
identify whether ACL rupture affected the amount of inflammatory mediators present
compareal to intact ACL. We predicted that there would be an increase in production ef pro
inflammatory mediators and reduced production of in amflammatory mediators in
ruptured ACL in comparison to intact ACL.

Analysis of human ACL tissue showeéb lprodudion was upregulated, i
production was downregulated and no significant change was observed in eitherIl:

10 (although a nostatistically significant trend for downregulation within a ruptured ACL
was observedKigure3.19 and Figure3.20).

IL-6 is a key pranflammatory cytokine, which ispuegulated at point of injury in a
number of tissues for example blood serum, articular cartilage, bone, synovial fluid, porcine
ACL(Stensballe et al., 2009, Bigoni et al., 2013, Haslauer et al., 2014, Okeny et al., 2015, Sousa
et al., 2014,Bigoni et al., 2017)IL-6 promotes the differentiation of B cells through
stimulation of T helper cells, therefore increasing antibody production in response to disease
(Higuchi et al., 2006 Although there are currently no other studies comparing llevels
within ruptured to intact ACLSs, studies have evaluated dffifect of IL6 alternative tissues
over different time periods or with different severity of injury. Okeny et al., (2015) retrieved
blood serum from human trauma patients approximately 4 hours post injury of both minor
(79 patients) and major (80 patightd) Ay 2dzNE &SOSNAGE 0&a02NAYy3I 0o
{ SOSNRGe {O2NBQ o6lFlaSR 2y 3Ss aeadz2tA0 of22]
and score for number of serious injuries). The amount®f¥as found to increase in patients
having undegone major trauma in comparison to those of minor trauma. This finding was
also witnessed by Sousa et al., (2015) who reported that the amount6oivithin blood
serum retrieved from polytrauma patients, correlated to severity of injury with majoriggur
having increased levels of@lin comparison to minor trauma patients with6lllevels being
increased in patients with multi organ dysfunction syndrome (MOB8nk et al., 2009)
Higuchi et al., (2006) observed that althougkblconcentration did increase with injury.
Papathanasiou et al., (2016) identified that6llexpression was lower in chondrocytes
isolated from the articular cartilagef patients who had undergone surgery within 10 months
in comparison to patients undergoing surgery over 10 months following injury
(Papathanasiou et al., 2016)

IL-Mm ] Ad F YSRAL (2 KaplanF 20 ))\VRHinl odry'dtudyA Bwmyf

expression was increased in intact ACL in comparison to ruptured ACL. Although this is the
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first study to compare ruptured ACL and intact ACL tissue, Cuellar et al. (2010) cothpared
expression oflL-m I in patients that had undergone an ACL ruptute an asymptomatic

control. However, this comparison was performedsymovial fluicas opposed to ACL tissue

It was determined thativi S ELINBa&aAz2y 61 & AyONBlraphiles Ay KS
in comparison to the control samp(€uellar et al., 2010)

The production of immunomodulatory factors has been shown to be influenced by
the expression of ADAMTSS5, a protease associated with the cleaving extracellular matrix
molecules such as protgtycans, including aggrecan, leading to matrix degraddbm et
al., 2007, Huang et al., 2008, Wylie et al., 2012, Dancevic and McCulloch J@ibition of
IL-6 and upregulationofivi Kl & 06SSy akKz2gy (2 (ZRueGNBIOAS ! 51! ;
Dancevic and McCulloch, 201#teredingly, although this study observed inhibition ofdL
and upregulation of Wi ISy S SELINBaarAzy Ay AyarOod '/ [z
higher in intact ACL compared to ruptured ACL although this was not statistically significant.

One of the limitéions of the current study is the inability to know when injury first
occurred to the ACL due the inability to assign a date of injury to the tissues retrieved from
the TKR surgeries as disease state may have been progressed over a number of years.

Kaplanet al., 2017 determined that 4& can stimulate the production of the asnti
inflammatory cytokine, H10 resulting in the formation of a negative feedback loop to
suppress inflammatiofirie et al., 2003, Mendias et al., 2013, Kaplan, 20hfiammation is
suppressed due to the downregulation of inflammatory calfface antigens such as MHC
Class Il and Th1l cell surface markers, increasing the survival rate of aplm, 2017)
Although not statistically significant, production ofllQ was lower in ruptured in comparison
to intact ACLs, suggesting the potential presentenegative feedbackFHgure 3.20). A
comparison of H10 expression has not been undertaken prior to this study to compare
ruptured and intact ACL tige, howeverBigoni et al., (2019Q)ndertook a study taneasure
the amount of IL10 within synovial fluid harvested from both control knees and knees with
ACL rupturgBigoni et al., 2019)Bigoni et al. 2019 reported that the amount oflQ was
increased in the synovial fluid harvested from ruptured ACbiinparison to control synovial
fluid. However, an upregulation of-Il0 after rupture has not been observed in all studies
with both Mendias et al., 2013 and Kaplan et al., 2017 observing no difference. Mendias et
al., (2013) measured the amount of-10 kvels in blood plasma isolated from patients

undergoing ACL reconstruction.
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3.4.7 Conclusion

The results of this study show that there are tisspecific and speciespecific
differences in the molecular, cellular and biochemical properties of ruptured and intact ACL
and CCL. Ruptured ACL and CCL were found to have increased sGAG/DNA content and
significantly increased expression GOL3AL(in humans, nossignificant in canines) in
comparison to intact ACL and intact CCL. This suggests that the extracellular matrix of
ruptured ligaments is degraded in comparison to their intact counterpart witheiased
COL3Alexpression as a method of attempted tissue repair through fibrillogenesis.
Upregulation of 6 expression and downregulation of-NiLi SELINBaairzy 61 &
ruptured ACL in comparison to intact ACL suggesting that berahd Ikm | Kspedife
functions in response to injury.

Speciesspecific differences were observed between human and canine tissues.
Consistent with previous studies, it was shown that the wet weight of ligament was greater
in humans than canines whereas the sGAG/Ddiant was lower in humans. The increased
SGAG/DNA content in canines suggests potential premature maturation in comparison to
humans which would coincide with the accelerated life span. Analysis of gene expression
showed that there was a tendency for egpsion of both extracellular matrix and tissue
remodelling associated genes to be decreased in canines in comparison to humans. The
expression of GFlwas shown to be significantly higher in humans than canines which due
to the role oflGFAs a promotor btissue repair through fibroblast proliferation may suggest

that humans have an increased ability to repair post rupture.
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Chapter 4. Comparison of Mesenchymal
Stem Cell Populations Isolated from
Human and Canine Clinical Cruciate

Ligament Tissues
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4.1 Introduction

Cruciate ligaments have poor vascularisation, limiting the ability of the tissue to heal
when subjected to damage/ injury. Several studies have reported the presence of MSCs in
human and canine cruciate ligamer{Steinert et al., 2011, Lee et al., 2015, Ogata et al.,
2018) This is indicative of an intrinsic role in the maintenance of tissue homeostasis through
differentiation to ligamentocytesand the regulation ofextracellular matrix turnover
(Steinert et al., 2011, Lee et al., 2015, Ogata et al., 2018)

The human Anterior Cruciate Ligament (ACL) and canine Cranial Cruciate Ligament
(CCL) are considered comparable, allowing for the use of the easpecies as an
experimental model for injuries and diseases affecting the humansACh as tear or sprain
and the development of comparative treatment regimes for both species under the theme
2T WhyS | SI f (i(Rddk ehal,2018r8:Muak K& @nd caaiCCL are both
highly predisposed to rupture. Age, gender, level of fitness, strength of quadriceps muscles
and undertaking high impact sports are all risk factors associated with rupture of the human
ACL(Arendt and Dick, 1995, Csintalan et al., 2008, Dai et al., 2015, Dai et al., 2012, Myer et
al., 2013, Herzberg et al., 201Fpr injury to the CCL, age, gender, body weight and breed
have been shown to influence risk of ruptusel NI A Sy S mMdbpdhp = / 2 YSNF 2 NR
Brown et al., 2015)

It is believed that the ability of the MSC populations to maintain tissue homeostasis
is correlatedto predisposition of ligament rupturéKlimczak and Kozlowska, 2058)d the
correlation between MSC biology and function has been explored previously within other
tissues andpecies, including mouse Achilles tendon and rat (@&amoto et al., 2010, Oe
et al., 2011) However, a comparable study of tteuman ACL and canine CCL has not
previously been undertakerand the effect of rupture on MSCs derived from the cruciate
ligaments has nadbeen explored.

The International Society for Cellular Therapy position statenfBoiminici et al.,
2006)defines the minimal criteria of MSCs as being: 1) adherent to tissue culture plastic 2)
positive expression of cell surface antigemeluding CD44, CD90, CD105, CD106, CD146,
STRA and CXCR4 and negative expression of the cell surface antigens CD19 and CD45 3)
differentiation to osteogenic, adipogenic and chondrogenic cell lineages. In addition, MSCs
express key proteins associated with the stem cell phenotype, including the trarserip
factors OCT3/4, NANOG, SOX2, the chemokine rece&pxZR4and the ABC transporters
ABCG2 and ABCBL1.

137



4.2

Hypothesis

The hypothesis for Chapter 4 is:

Measurement and analysis of MSC phenotype and function will deterspeeiesspecific

differences in MSC populations isolated from intact and ruptured human ACL and canine CCL

ligament tissues.

The hypothesis will be tested with the aims described in seetiBn

4.3 Aims and Objectives

The aim of this chapter is to determine speesgecific differences between MSC populations

isolated from human ACL and canine CCL tissues.

MSC populations will be isolated from intaetd ruptured human ACL and canine CCL tissues

and characterised according to MSC phenotype and function. MSC analysis will include:

1.
2.
3.

Characterisation of MSC population kinetics and cell doubling

Immunophenotyping for cell surface antigen expression

Quantification of protein expression associated with stem cell phenotype including
OCT3/4, NANOG, SOX2, CXCR4, ABCG2 and ABCB1

Analysis of tdineage differentiation to chondrogenic, adipogenic and osteogenic
lineages

Characterisation of immunomodulatory secrate
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4.4 Results
4.4.1 Characterisation of MSC phenotype

4.4.1.1 Morphology of MSCs Derived from Human ACL and Canine CCL Tissues

Attachment of MSCs to tissue culture plastic, fibroblakikie morphology and
formation of colony forming unitibroblasts (CFUs) and are considered relevant criteria for
assessment of MSC phenotype (Dominici et al 2006).

MSCs derived from clinical tissue groups (ruptured ACL, intact ACL, ruptured CCL and
intact CCL) were cultured on tissue culture plastigfard T-75). At passage 3, all cell types
displayed a fibroblastitke cellular morphology with a wide cell body and spidike
protrusions (white arrowskigure4.1). Comparison of MSCs derived from ruptured ACL and
intact ACLto ruptured CCL and intact C@etermined that there were little differences in
cellular morphology. MSCs derived from ruptur@€L and intact ACL were cultured to
passage 1Qwvith limited signs of senescence (blue arrowigjured4.1). However,qualitative
microscopy analysisf&SC populations derived from ruptured CCL and intact CCL showed
limited ability to culture post passage With cells showing morphology associated with
senescence, including a widendihttened cell body with shortened protrusions (blue
arrows;Figured.1). An increased amount of cellular debris was also observed (yellow arrow;
Figure4.1).

The ability of cells to form CFUs is a vital component of MSC identification. MSCs
derived from ruptured ACL, intact ACL, ruptured CCL and intact CCL all formed heterogenous
colonies at pasage 3 (red arrowsiigure4.1). MSCs derived from ruptured ACL fornfiexer
colonies,in comparison to MSCs derived from intact A&+ can be visualigeby the red
arrows inFigure4.1). This was the case at passage 3, 7 and 10. However, for MSCs derived
from canine tissues, there was arcreased density of colonies formed within ruptured CCL
cultures in comparison to intact CCL cultures at passage 3. At passage 7, due to the senescent
nature of the cells, no CFUs were formédg(re4.1). Comparison of MSCs derived from
human ACL to canine CCL showed that MSCs isolated from human ACL tendediésform

densecolonies in comparison to those isolated from canine CCL (white arrbigsire4.1).
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Figure4.1 Representative images of MSCs isolated from ruptured and intact tissMSCs were derived fromuptured and intact human ACL and canine CCL and cultured
to passage 3, 7 and 10 (human ACL derived cells) and 3 and 7 (canine cells). Images were taken at x10 magnificatiahd=r¥ddM®m ruptured ACL at passage 3 (B)
MSC derived from intact A@Lpassage 3 (C) MSC derived from ruptured CCL at passage 3 (D) MSC derived from intact CCL at passage 3 (E) MiS@parieedXCL

at passage 7 (F) MSC derived from intact ACL at passage 7 (G) MSC derived from ruptured CCL at passageeiivéd)fM8Crdact CCL at passage 7 (I) MSC derived from
ruptured ACL at passage 10 (J) MSC derived from ruptured ACL at passage 10. Cellular morphology was identified as (fitdnitblastows) and senescent (light blue
arrow). Cell debris was showiy la yellow arrow, Colony formation units (CFU) were shown by a red arrow. Scale banr 100u
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4.4.1.2 Population kinetics

Population kinetics assays were used to calculate the population doubling times
(PDT) of MSC populations derived from human ACL and canindige@@knt tissues,
identifying speciespecific (human and canine) and tisspecific (intact and ruptured)
differences and the effect of ageing i vitro culture. Population kinetic assays were
performed on MSC populations at passage 3, 7 and 10 (huk@L) and passage 3 and 7
(canine CCL). MSCs were seeded in 6 well culture dishes at a density of*2&llx pér well
(2.8 x 16cells per crf) with total cell numbers per well counted at days 3, 6 and 9

Analysis of MSCs at passage 3, showed #gnative increase in the total number of
MSCs between days 0 and 9 for all clinical tissue groups. MSC populations derived from
human ligament tissues (ruptured and intact) had a higher rate of proliferation compared to
MSC populations isolated from canitigament tissues (ruptured and intadtjgure4.2).
Speciesspecific analysis showed that MSCs derived from ruptured human ACL tissues had a
1.3-fold higher rate of proliferation with a greater number of cells at daywi®en compared
to thosederived from intact ACL tissue. MSCs derived fraptured CCL tissue had a 1.4
fold higherrate of proliferation and a fewer number of cells at day 9 when compared to those
derived fromintact CCL tissuéFigure4.2).

Comparison of PDT between MSC populations derived from the four clinical groups
of cruciate ligament tissygprovided evidence that MSCs derived from ruptu@L, was
1.3-fold increasedn comparison to the MSCs derived from ruptured CCL (p=0.63@3e
4.2).

Analysis of MSCs at passage 7, showed a proliferative increase in the total number of
MSCs between days 0 and 9 for all clinical tissue groups. MSCs derived from human ACL had
a higher profieration rate in comparison to canine CCL for both ruptured and intact tissues.
Speciesspecific analysis showed that MSCs derived from ruptured human ACL tissues had a
1.1-fold higher rate of proliferationwith a greater number of cells at d&when conpared
to those derived from intact ACL tiss(fFégure4.2).

MSCs derived from ruptured CCL tissue had ddlchigher rate of proliferation and
a fewer number of cells at day 9 when compared to those derived from intact CCL tissue
(Figured.2). No statisticaly significan differencewas observed between PDT at passage 7.

Analysis of passage 10 MSC populations derived from ruptured and intact ACL tissue
showed a proliferative increase in the total number of MSCs between days 0 and 9. The
number ofruptured AClderived MSCs showed no difference in proliferation compared to

those derived from intact ACL tissue at daF@yures.2).
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Calculation othe PDT at passage 10 determined that there were no tissue specific

differences between ruptured and intact tissue for human &&dgure4.2).
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Figure 4.2: Population kinetics for MSC population®assage 3, passage 7 and passage 10 MSCs
derived from intact and ruptured human ACL and passage 3 and 7 from canine CCL tissues were seeded
in 6 well culture dishes at a density ab2 10 cells per well (2.8 x 2&ells per crf) with technical

replicates of n = 3. (A, C and E): The total number of MSCs in each well was counted at days 3, 6 and
9. (B, D, and F): The population doubling time (PDT) was calculated in daystalAgell count at

passage 3 (B) PDT at passage 3 (ruptured ACL, n=11; intact ACL, n=6, ruptured CCL, n=6; intact CCL,
n=6) (C) total cell count at passage 7 (ruptured ACL, n=7; intact ACL, n=6, ruptured CCL, n=6; intact
CCL, n=2) (D) PDT at passag# fo{& cell count at passage 10 (F) PDT at passage 10 (ruptured ACL,
n=8; intact ACL, n=6). Statistical significance was calculatedvanpeANOVA followed by pekbc

Tukey test (pralues; a=0.0323).
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The PDT was calculated at passages 3, 7 and hiathACL derived MSCs) and at
passages 3 and 7 (canine CCL derived MSCs) in order to determine the dffadtrofcell
ageing on cellular proliferatiogFigure4.2).

For MSC populations derived from ruptured ACL, ruptured CCL and intact CCL, the
PDT was shown to increase during passage (although not statistically significant). The PDT for
MSC populations derived from ruptured ACL cells was 32% increased at passagea¥ th
passage 3 (p=0.0012Bigure4.3). There was nho change between passage 7 and passage 10
(Figure4.2).

Comparable data was recorded for MSC populations derived from intact ACL tissues
with the PDT at passage 3 being 27% increasedmparison tgassage ,/although this was
not statistically significantHigure4.3). The PDT of MSC populations derived from ruptured
CCL tissues was 24% lower at passagearT dh passage 3, although this was not statistically
significant Figure4.3). Comparable data was reported for MSC populations derived from
intact CCLadlls (62% increased at passage ¢omparisorio passage 3), however only 2 out
of 6 MSC populations were able to be expanded to passggeibiting statistical analysis
(Figure4.3).
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Figure4.3: Combined population doubling times for MSC populatioriRassage 3, passage 7 and
passage 10 MSCs derived from intact and ruptured human ACL and passage 3 and 7 from canine CCL
tissues were seeded in 6 well culture dishes at a density of 2.8cell® per well (2.8 x £&ells per

cn) with technical replicas of n = 3. The population doubling time was calculated and compared for
passage from MSCs derived from all four clinical groups of ligament tissue: (A) Ruptured ACL at
passages 3 (n=11), 7 (n=9) and 10 (n=8) (B) intact ACL at passages 3 (n=6),nd (tB-¢h=6) (C)

Ruptured CCL at passages 3 (n=6) and 7 (n=6) (D) intact CCL at passages 3 (n=6) and 7 (n=2). Statistical
analysis was performed using a eway ANOVA followed by pehbc Tukey test (A&B) and a Mann

Whitney test (C&D) (p values: (a=0.0120).
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4413 | €1 YF NI fdzSun Faarea a + YSIhadNBE 2F YSidlo
¢CKS I€FYFNI fdzSu aare YSIadNBa 0KS NBRdAZOI
resorufin, allowing for indirect quantification of metabolic activity and inference of cell
populationhealth (Rampersad, 2012MSC populations derived from the four clinical groups
of ligament tissue samples were expanded in cultared the metabolic activity measured
bythel f I YI NI f dzS» | & &hd&0 (huihanlAEdar&dd MSCs)ead atr3 and 7
(canine CCHerived MSCS) (to determine the effectinfvitro cell ageing on the metabolic
activity of ACL and Cé&lerived MSCs).
Comparison of MSC populations derived from ruptured and intact human AQGégis
showed that at passage 3, MSCs from ruptured ACL had-fald.Bigher absorbance of
F€FYFNI fdzSu GKFEY a{/ a RSN JSGigureFdIntérestinglys I OdG ! /
MSCs isolated from ruptured ACL displayed evidence of a binomial population at passage 3
(Figure4.4) through evidence of a population that shows an absorbance of belgyrA.2
(n=3) and a second population of aboveA 1.4 (n=7). This was not observed in the
population of MSCs derived from intact ACL. At passage 7l@Gndomparison of MSC
populations derived from ruptured and intact human ACL tissues showed no statistically
AAAYATFAOlI Yyi RATFTFSNBY OS Figukefd). Adalysts Nidaty T MS@ ¥ | |
populations derived from ruptured ACL tissues showed no significant difference in
absorbance between passages 3, 7 and 10. The metabolic activity of MSC populations derived
from intact ACL tissue differed dog culture expansion. At passage 7, there was a 38%
AYONBIFAaS Ay 0a2NblyOS 2F FEFYINIfdsSu FNRBY |
£ FYFNIfdzZSu RSONBI&ASR 0@ Figiieedd).y O2YLI NRAazy &2
Comparison of MSCs derived from ruptured and intact canine CCL tissues at passage
0 aK2gSR y2 aA3ayAFTFAOFIYyUG RATTSNBo@®creaseinl € | YI N
absorbance recorded for MSC populations derived from intact CCL tissues cortapduese
derived from ruptured CCIEFigure4.4). Analysis of MSC populations derived from ruptured
canine CCL tissues showed no significant differendeana 2 Nd I yOS 2F Ff I YI N
increasing passage. However, data generated for rupturedaQtzissage 7 showed greater
variation compared to the value measured at passage 3. The acquisition of data reporting
GKS F0a2NbtyOS 27F I fof MSKC NdpdlatiZ®sderiRedzMdmyinfact CELA & I 3 S
tissue was prohibited by poor expansion of MSCs to passageonly one of six cell cultures
were able to be cultured to passageRidure4.4).
Speciesi LISOATAO RAFFSNBYOSa 6SNB 204SNBSR Ay
as MSCs derived from ruptured CCL tissueshad823 R KA IKSNJ  6a2Nb | yOS
compared to MSCs from ruptured ACL tissaégpassage 3pE0.00399;Figure4.4). At
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passage 7, MSCs derived from intact ACL tissues had-fald.Bigher absorbance of
alamarBluee O2 YLJ NBR (2 a{/a FTNRBY RbedddhzNBER / /[ GA

« Passage 3
— 2.5 A » Passage7
— 9
20 — b | « Passage10
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0.5 . -

Absorbance (570nm

=
o

Figure4.4: I t I YI NI f dzS a mdasu@ bfén&tabblié activityMSCs derived from intact and

ruptured human ACL and canine CCL tissues were seeded in 6 well culture dishes as a denstty of 1x10
OSttakgStto 6AGK (GSOKYAOlIt NBLIXAOFG{SE 2F y Tod af
absorbance read atsfofor cells isolated at passage 3, 7 and 10. Ruptured ACL at passages 3 (n=10), 7

(n=8) and 10 (n=11); intact ACL at passages®)(7 (n=5) and 10 (n=6); Ruptured CCL at passages 3

(n=5) and 7 (n=6); intact CCL at passages 3 (n=6) and 7 (n=1). Statistical analysis was performed using

a oneway ANOVA followed by pehbc Tukey test (ruptured ACL and intact ACL) or studetetst t

(ruptured CCL) (p values; a=0.0383, b=0.0399, c=0.0130).

4.4.2 Analysis of ligament derived MSC phenotype

4.4.2.1 Gene expression analysis of genes associated with stem cell phenotype within
ligament derived MSC populations
MSC populations derived from ruptured andaict human ACL and canine CCL were
phenotyped for expression of genes associated with stem cell phengtypgentify species
and tissuespecific differences. The expression of genes was measured using quantitative PCR
(QPCR) normalised to the houkeepy 3 3 St selected due to the little variation

observed within differing tissue types, and included the transcription fac@@T3/4
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NANOG SOX2 the chemokine receptorCXCR4and the ABC transporterfABCG2and
ABCB1

At passage 3, MSCs derived from ruptured ACL tissues shagredulation of
expression oABCB11.9fold), NANOQ1.2-fold), SOXZ2.6fold) andOCT3/416.3fold) in
comparison to those derived from intact ACL tissues, however the differences reported were
not statistically significantFigure 4.5). Canparably, no significant differences in gene
SE LINB & & A 2 yacthIdrd-obiseré§ betivéen MSCs derived from ruptured and intact
CCL. MSCs derived from ruptured ACL had-tol86upregulationin OCT3/4expression
NB t | { JadiSin dordparison touptured CCL (p=0.048Bjgure4.5). Anupregulationin
expression oABCB1, ABCG2, CXCR4, NAMOSOX2vas observed in MSCs derived from
ruptured ACL in comparison to ruptured Ckiit was not statistically significarfEiQure4.5).

At passage 7, MSC pdptions derived from intact ACL tissues showad
downregulation oexpression oABCB11.5fold), CXCR@L65fold), NANOG7.4fold), SOX2
(4.9fold) and OCT3/4(3.3fold) in comparison to those derived from ruptured ACL tissues,
however the differenceseported were not statistically significant. ExpressioABCG2vas
2.7-fold upregulatedin ruptured CCL ioomparison to intact CCL but this was not statistically
significant. Remaining stegell associated genesBCB1, CXCR4, NANOG, OGIraI80X2
were notupregulated between ruptured and intact CCL populations. Expressi&iBGB1,
ABCG2, CXCR4, NANOG, OCT3/4 anadv&dM@regulatedin MSCs derived from ruptured
and intact ACL in comparison to ruptured and intact CCL, but these differences @tere n
statistically significanfFigure4.5).

At passage 10, MSC populations derived from ruptured ACL and intact ACL tissues
expressed genes associateittwthe stem cell phenotype. Within the population of MSCs
derived from intact ACL it was shown thABCGZexpression was 2-tbld upregulated
ABCBWwas 16.3fold upregulated CXCR4vas 14.8fold upregulatedand NANOGwas 223
fold upregulatedin comparisa to MSCs derived from intact ACL, but this was not significant.
OCT3/4expression was significantlypregulated27.8fold in MSCs derived from intact ACL
to ruptured ACL (p=0.049Bjgure4.5).
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Figure4.5: Analysis of stem celassociated gene expression in MSC populations derived from human ACL and canine CCL clinical tissue B&pfespulations derived
from human ACL and canine CCL tissues expressed genes assoclatbeé stiem cell phenotypeABCB1, ABCG2, CXCR4, NANOG, CitBOX2Gene expression was
y 2 N | f A-actih Rrheliefectiof passage on tissues was determined at passage 3, 7 and 10. Statistical analysis was performed -usygdNAA followed hyost
hoc Tukey test (at passage 3 and 7), and a Kolmogamnuwnov testfollowed by Kruskalallis H test followed by Mann Whitney test (at passage 10) (p vass0482,

b=0.0493).
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MSC populations derived from ruptured ACL tissues were passagessage 3, 7
and 10. For all genes associated with the stem cell phenotyBCB1, ABCG2, CXCRA4,
OCT3/4, NANO&hdSOXR, there wasupregulation of expressiosit passage 3 in comparison
to passage 7 and 10. ExpressionABfCBlwas significantlyupregulated in expression by
99.9% =0.0432) from passageto passage3, and upregulated66.4% from passage 7 to
passage 10 (noesignificantly;Figure4.6). SOXZxpression was significantipregulatedby
87.0% (p=0.0381t passage in comparison to passage Between passage 7 and passage
10, a (nosmsignificant) 70.5% decrease was observedsOX2expression Figure4.6). In
comparison, MSC populations derived from intact ACL did not exhibit a statistically significant
downregulationin gere expression foABCB1, ABCG2, CXCR4, NANOG, OfHDX2
during expansion in culturand variation within data sets was also decreadeadyre4.6).

MSCs derived from ruptured CCL were passaged to passage 3 and 7. Gene expression
wasupregulatedat passage 3 than passage 7 ABCBX90.7%; p=0.0056 CXCR#9.3%;
p=0.0089) NANOG(866%; p=0.0007) OCT3/4(90.0%6 p=0.0400)and SOX2(88.7%;
p=0.0231) ABCG2xpression was not significanthpregulatedat passage in comparison
to passage (80.7%jigured.7).

Stemecell associated gene expression was not significampiegulated in MSC
populations derived from intact CCL, though there was sligifihegulatedexpression of
ABCB1, ABCG2, CXCR4, NANOG/®GOX 2t passage JFigure4.?).
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Figure4.6: Analysis of stem celassociated gene expression in MSC populations isolated fraptured and intact ACLMSC populations derived from human ruptured and

intact ACL expressed genes associated with the stem cell phendta@B81, ABCG2, CXCR4, NANOG, Citi3OX® DSy S SELINB A A A 2ActimThe y 2 NI f
effect of passage on tissues was determined at passage 3, 7 and 10. Values expressed as mean + SD. Statistical analysis wasipgrfoomaechy ANOVA followed by

post-hoc Tukey test (at passage 3 and 7), and a Kolmogamnarnov tesfollowed by Kruskalallis H test followed by Mann Whitney test (at passage 10).
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Figure4.7: Analysis of stem celhssociated gene expression in MSC populations isolated froptured and intact CCLMSC populations derived from canine ruptured
and intact CCL expressed genes associated with the stem cell phenaB@B1, ABCG2, CXCR4, NANOG, GREBOX2D Sy S SELINB A& A 2y -adtih.dhey 2 NI £ A
effect of passage origsues was determined at passage 3 and 7. Values expressed as mean = SD. Statistical significance was determind?l 8gfhge®siu (i
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