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Abstract

Extracellular vesicles (EV) are heterogenepapulatiors of small vesicles releasdxy
virtually all cells and are classified depending on their biogenesis and/igizevesicles
(MV) are a subtype of EVandare released under optimal cell conditions and/or upon
stimuli. In this study, the influence of erythrocyte derived MV (eMV) on the growth of
THP-1 and Jurkatell lines was observedHelLa cellsand thosanfected with Human
Rhinovirus type 16 derived MV (HRV16iHMMwere used agarallel sample for all
experimentsThis isbecauseirus infected celtlerived EV have been extensivetydied

and it is understood that virebdV uses the virus mechanism of entry to communicate
with neighbouringcells Whereasthe eMV mechanismis still not fully understood
Therefore, ® understand the mechanismeadV action on the growth of celines their

characterisation was explored.

Flow cytometryanalyss using fluorescence suicron particle size reference indicaite
thatthe samples acquiretliring this PhD researche et t he &écurrent r e
field, to be classified as M¥ccordingo their sizes (10A000 nm), and that the amount
of release oMV increases depending on teémulusused (CaGl Normal Human
Serum) due to renodelling of the cell membranénmunoblottingand flow cytometry
surface markeprofiling data showthateMV are composedf key moleculegshatmay
allow their survival in the extracellular environmenand communication with
neighbouring cellsCD235 surface marker confirms thparentcells and he presence of
CDA47 suggests hoeMV may avoid phagocytosis. Usface receptorgcluding CD36,
CD58 and CD63 indicate how theyay communicateand enter the neighbouring cells
throughendocytosis. The identification of proteases suggestseMdwmay becapable
of tissue remodahg and degradation, wheretige presece of miRNAs may indicate
how eMV can have an impact on the recipient d¢sfldownregulating gene expression
Fluorescencenicroscopyshows eMV interactingvith the cell membranandthe flow
cytometrydatasuggestshateMV inhibit the growth of THPL.

The mechanismwhich clarifies thismpactis unknow. Neverthelesshis PhD project
has idenfied key biological moleculewhich constitute biologicdy activeentitiesand
might therefore help eMV to transfer information and substances to recipcsils
displayingtheir potential as delivery vectar3hus, data obtained here can positively

contribute towards the EV field.
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1. Literature review and generalintroduction

1.1 Theoretical background of extracellular vesicles

Extracellular Vesicles (EVere firstacknowledgedvhen Chargaff & West (1946)
identified a fiprecipitable factar presentn ultracentrifugateglateletfree plasmaThey
posulatedthat these fragments were capatfiecnducingandacceleratinghe generation

of thrombin Then,Wolf (1967)describedhese fragmentasa residue or byroduct of

platelet activatiothat hadho real purpose, reféng tothemas 6 6 pl at el et du

Studiesin this field particularlythose conducted within the lasto decadesesuledin
different nomenclature being used fiblese small vesiclesuch ascalcifying matrix
vesicledAnderson, 1969prostasomeStegmayr & Ronquist, 198)lasmamembrane
microvesiclefHolme, et al, 1994)ectosomegHess.et al, 1999) apoptotic bodies and
exosomeg(Théry, et al, 2001) tolerosomes(Karlsson, et al, 2001) microparticles
(Watanabegt al, 2003) dexosomegPatel, et al, 2005)and shedding microvesicles
(Cocucci,et al, 2009)

Despitesuch termshaving someuse within a speciaksl field, it becamedifficult to
discriminate betweenhe different types of these vesiclesspecidy where generic
terminology have different meaning for different things differentinvestigatorsAs a

result of expanding inteest in ths field, the International Society for Extracellular
Vesicles (ISEV)met in Gothenburgweden, April 2012. ISE\gathered pioneers and

active authorsn this field to chair a session on the issue of vesicle nomenclalitne

authors consideed ther biogenesis, size, morphology, physical propertiaad
physiological functionAs a result,authors were encoaged to use the generic term
O&Eracell ul ar vesiclesb6d (EV) for al | s
publicationgGould & Raposo, 2013)

Research int&V hasdiscoveredthat theseamembranecoated vesiclesrereleased by
virtually all cells types and have been found in many biological fluids, incluaboges
(Andre, et al, 2002) breast milk(Admyre, et al, 2007) amniotic fluid(Keller, et al,
2007) brochoalveolar lavage liquidPrado,et al, 2008) plasmaOrozco,et al, 2009)

urine (CondeVancells, et al, 2010) and saliva (Yang, et al, 2014) amongstother

1



biological sampleslt has been suggestédat EV canbe charactered by antigenic
markers exposed on their surfdicgked to theirparent cell origirand aralistinguishable
by their biogenesisEV vary in size, biochemical composition, and biological effects
(Azevedoet al, 2007; Distleret al, 2005)

Currently,there are three main classes of Edkosomes, microvesicles and apoptotic
bodies(Andaloussi.et al, 2013) Eachof thesetypes will be discussed in detail the

following chapterof thisthesis elucidatingtheir differencesnd similarities
1.1.1The biogenesis and general characteristics of exosomes

To date.gxosomes are the best characterised class arieNhey range betwee30-120

nm (Fleissner,et al., 2012; Dozio & Sanchez, 201 AVhen visualisd by electron,
transmission electron, and crgtectron microscopgxosomes appeas a uniform cup
like morphologyand round vesiclg§rajkovic, et al,, 2008; Conde&/ancells.et al, 2010)

Cryo-electron tomographyhave beenused to observehe 3D structug of platelet
exosomes in fresh plasmaveaing them to beound, electron dense amithout a visible
lipid bilayer(Yuana,et al, 2013)

Exosomesreconsideredntraluminal \esicles (ILVs)hat areknown to baeleased from
eukaryoticcells and arecreatedby inward budding oeEndosomaMultivesicular Bodies
(MVBs). Theyare the only know secreted EV that originates from internal membrane
(Meckes & Raablraub, 2011)

Théry, et al,, (2001) pioneersn the field identifiedproteinsincluding Alix andTumour
susceptibility genéTsg)101proteinswhichbelong to thd&Endosomal Sorting Complexes
Required for TransportESCRT in exosomes erived from dendritic cell (DC). This
strongly supportthe hypothesis of ESCR@lependent exosonigogenesis

Current research indicates tiEBCRTconsists of four soluble multiprotein complexes
ESCRTO0, ESCRTH, ESCRFII, and ESCRTII whichleads to the formation of MVBs.
The ESCRT0 complex initiates the MVB pathway by localising to endosomes though an
interaction with an endosor@nriched phospholipid, phosphatidylinosi®&phosphate
(PI3P)(Schmidt & Teis, 2012)This process requisaibiquitination of the cytosolic tail

of endocytosed receptonscluding Tsg101(Katzmann.et al, 2002) which belongs to

the ESCRT complex bind the ubiquitinated(a proteinthatis inactivated by attaching
ubiquitin toit) cargo proteinand activatethe ESCRTII complex(Schmidt & Teis, 2012)



Then, the ESCRTII complex commenceswith the oligomerizationand ESCRTIII
complexfollows, MVBs proteins sequestratiand recruits a deubiquitinating enzyme,
removing the ubiquitin tag from the cargo protebeforesorting them into the ILVs
(Mageswaranet al, 2014) Subsequentlythe ESCRTIII complex isdismantledby an
Adenosine Triphosphate enzyme (ATPa@édbanelli, et al, 2013)which binds to the
individual ESCRTIII proteins(associated with a variety of cellular activijigacluding
disassembly byacuolar protein sortingssociated protein @ps4). Thismayhelpthe
membrane deformation permitting ILVs formati@iianson et al, 2008 ) An example

of exosomes biogenesis is presented in Fig.1.1.1.1.

Plasma
membrane Fxosomes Extracellular space

000

release

. Fusion of MVB to
plasma membrane

2 via v and +-SNARE ':'1:;.__ o ,F

Secretory
pathway

membrane (Rab-GTF)

Traffic of MVB to cell I

| early
_ | endosome
oo
(]
ESCRT-dependent EV B o
biogenesis i) = .
Back fusion of
ILV's
mRNA, G
miRNA
and y | MVB (late
proteins ’ ! endosome)
AT AT N 1 i
Y. LY. ’
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N " Golgi network
Endoplasmic
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Fig. 1.1.1.1. An example of exosomes biogenegidopted from Robbins & Morell{2014)and modified by Roberta Freezor

using online PixIr photo editoAfter endocytosis of plasma membrane takes place, the transmembrane proteins destined for the
lysosome lumen are sorted into the vesicles that bud from the perimeter membrane into endds@mes | y endosomesod)
when the endosome that Hadly developedinto a late endosomiatermingleswith a lysosome, the vesicles in the lumen are

sent to the lysosome lumen. MVB membrane invagination and protein sorting are achieved by the concerted function of ESCRT.
Then the MVB may follow a degradation pathway fusing with lysosomes or are destiméebise the ILVs as exosomes to the
extracellular space by exocytog&mons M & Raposo, 2009; Thémst al, 2002)



Some researcher@rajkovic, et al, 2008; Urbanelli,et al, 2013) suggestthat the
exosomal sorting gfroteolipid proteirdo not require Tsgl01 or Alisuggestingnstead
thatceramide(cell membrane proteinmade up of a fatty named sphingosipedmotes
membrane invagination of ILV&iancq et al, (2009)have suggestethatthe ceramide

role demonstrates an involvement of sphingomyelinases in the biogenesis of exosomes
This was observeth glial cellsreleasingexosomesndof neutral sphingomyelinase 2
secretng micro-Ribonucleic Aid (RNA), a snall norcoding RNA molecul&ontaining
vesiclegKosakaset al, 2010)

Fang et al, (2007)postulated that higher ordetigomerizationmight play a keyrole in
exosome biogenesias well as soimg proteins into exosomesThis process was
demonstrated to be linked to Cluster Differentiation (CD) 43(involved in the
physicochemical properties of thec€ll surface and in lectin bindingkosomal sortig
in Jurkat Fcells.A similar mechanisrwas proposed a decade befoyelohnstoneet al.,
(1989) using antibody coated (magnetic core beadptaining results indicatinthat
exosomescontain the transferrin receptam reticulocytesas well as other plasma
membrane activities, such as the nucleoside transporter and acetylcholing$ieiese
et al, 1997)

Additionally, the Major Histocompatibility Complex (MHC) class Il/peptmEmplexes

has also been identified intestinal epitheliatell derived exosomeduntasell,et al,
2007; van Nielet al, 2003) MHC supports the production @hnmune responseis
preference tdhe inbuilt tolerance mechanismesponsg in the context of a systam
challenge. Thereforecontrolling the outcomes of the immune response to exosome
derived epitopes requires both the mucosal microenvironment and local effectar cells

the intestinareproposedo be key playerm this.

Exosome composition can depend on what is sorted into them when they are being formed.
This may include proteins (ubiquitination) acting as a substrate for the recruitment
ESCRT machineryand the generation of the ESCR&penént ILVs. MVBs, for
example undergo continuous maturation, and during the process they may lose and/or
gain a variety of preins and lipidgPiper,et al, 2014) s ma | [(Nolte-NHoénset

al., 2012) lipids (Subra,et al, 2007) and a variety of protein@Keerthikumar,et al,

2016) Therefore,without limitations to theendosomemembrane and their properties

there are ngarticularrestrictions to their cargavhich isdependenon their parentcell.



Exosomemovement to the extracellular spaagjuires the fusion of MVBs with the
plasma membrane, and this fusion has h@eposedasrequiing the involvement of a
combination of Soluble Mthylmaleimidesensitive factor attachment protein receptors
(SNARES) and vesicular SNAREs-BNARES) (Urbanelli, et al, 2013) Supporting
evidence of this fusion was observedaimerythroleukaemia cell line (K562), where the
vesicle {)-SNARE complex, known as TI-VAMP/VAMP7 (vesicularassociated
membrane proteinshas been observed participatingn the fusionof exosomeg¢Fader,

et al, 2009; Urbanelliet al, 2013)

SNAREs and-SNAREs localised on MVBs interact with target SNARESNARES)
that areboundedbn the intracellular side of the plasma membrane to form a membrane
bridging SNARE compleXChaineaugt al, 2009; Jena, 2009The arrangemenof a
SNARE complex between the vesicle and the acceptor membginters the facing
membranes together aludesthe fusion barrier bundermininghe lipid bilayergCohen
& Melikyan, 2004) The activity of SNARESs can be regulated by many proteins including
Rab3 Guanosine Triphosphatending proteins that are members of the Ras superfamily,
which arrangethe initial contact between membranetendedto fuse ancassureghat

only appropriate organelles are tethef2erial & McBride, 2001)

Membrane fusion is theroordinatedy thearrangemenof a quaternary-helicaltrans
SNARE complex (bridge two membrane compartmentgesicles)consisting of one-
SNARE on the vesicle and two or thre&NAREs on the target membrane. After
membrane fusion, theis SNARE complex (after fusion reside in a single resultant
membrane)s disassembled by theTPase, whicltatalyses théormation of Adenosine
Triphosphate (ATP) from Adenosine Diphosphate (ADP) and free phosphate ion
releasing energyl heN-ethylmaleimidesensitive fusioiNSF) protein icommissioned

to the cisSNARE complex from the cytosol by -&thylmaleimidesensitve factor
Attachment Proteillpha (J)SNAP) (Sehgal & Lee, 2011)The SNARE complex is

summarised in Fig.1.1.1.2.
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Fig. 1.1.1.2The SNARE complex Adopted from Satat al, (2005)and modified by Roberta Freeaging online PixIr photo

editor. The portrayal of the various steps involved in the exosome membrane budding and vesicle fusion (general mechanisms)
showing the identified molecules. This is where the donor membrane patetin vesicle formation, the process is mediated

by GTPases and coat proteiradso involved in sorting of cargo into vesicles. After uncoating, GTPases recruit tethering factors
that helpv-SNARES on vesicles to join with specifi'SNARESs (acceptor embranegethering). SubsequenthysSNARES and
t-SNARESs are paired, mediating the selective fusion of vesicles with the correct acceptor membrane. The SNARE complexes
are detached by NSF alblSNAP and then recyclg@hao & Zhang2015)

1.1.2Microvesicleshiogenesis and general characteristics

Microvesicles (MV)are anotherclass of EVreleased from the plasma membrane with
cytosolic content instead of internal membrag@sosomes)Meckes & RaabTraub,
2011) They aresuggested to blarger and more heterogeneous in size in compatiso
exosomes, ranging from 1Q000nm (Sims, et al, 1988; Hindet al, 2010; Gyorgyet

al., 2011, Grantet al, 2011)

The imbalancef the assortmenbf membrane proteinshe enhancemenh cholesterol
and diacylglycerol in the membramassertedo a specific sorting of lipidsesultin the
blebbing of the membrane and the release of (M\ugel, et al, 2005) The bearing of
phosphatidylseringPS in the outer leaflet of the membrane is another particular
characteristic of MMLima, et al, 2009; Sadallalet al, 2011) This issummarised in
Fig 1.1.2.1
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Fig. 1.1.21. An example of MV biogenesis in response to cell stimulatioAdopted from Hugelet al, (2005)and modified

by Roberta Freezor using online PixIr photo edifdre process of MV biogenesis is under the control of three phospholipid
pumps: (1) Flippase, an inwadirected pump that is a transmembrane lipid transporter protein responsible forthaling
movement of phospholipid molecules between the two leaflets of the cell membrane (ATPase moves phosphatidylethanolamine
and PS from the outer to the cytosolic leaflet); (2) Floppase, an outlivacded pump which uses ATRTP-binding cassette

known @ ABC transporter moves the phospholipids from the cytosolic to outer leaflet) to transport substrates such as
phosphatidylcholine, sphingolipid and cholesterol in opposition concentration gradients in the adverse direction; Aud (3) a |
scramblase; whh facilitates the movement of lipids along concentration gradients and is responsible for a nonspecific sorting
of lipids within the membrane (moves the lipids in either direction, towards equilibfitadel & Xue, 2009)These enzymes

(flippase, floppase and scramblase) along with translocase (assists in moving other molecules across a membrane usually) and
calpain (nonlysosomal, intracellular cysteine calciartivated neutral proteases) are involved in the microvesiculptaress

of MV (Piccin, et al, 2007) PS exposure and the presence of transient phospholipid imbalance between the external leaflet at
the expense of the inner leaflet gives rise to MV and this is because after cell stimudlatie is a subsequent cytosoli¢'Ca

increase promoting the loss of the phospholipid asymmetry of the plasma membrane.

It has been suggested thatdethelial and circulating blood cells release MV when
exposed talistinctinduction agentsuch as complement attack, cell activatiamd cell
apoptosis(Kriebardis, et al, 2012) Monocyte derived MV caralso be induced by
bacterial cell wall components, including lipopolysaccharides and plateletsoyV
activation through thrombin (Xiong, et al, 2012) Also, the inducement of
polymorphonucleacells with Nformyl-methionyteucylphenylalanine or C5@rotein
fragment released from the cleavage of complement componehia€®een obsesd
(Hesset al, 1999) where with the use of electron moscopy the formation of buds were

visualised (diameter of 7800 nm).



Furtherevidence ofMV release has been demonstrated in microglia cells, where the
enzyme acidic sphingomyelinase, recessaryfor MV release after Adenosine
TriphosphateATP) inducemen{Bianco,et al, 2009) Thisact as a stimuluso secrete

MV containing proinflammatory cytokines, which argignalling moleculs that are
excreted from immune cells inclund) helper T cellsand macrophages that promote
inflammation (Cruz, et al, 2007) Generally most of the PS and
phosphatidylethanolamine apeeservedyy the active ATRlependent transport to the

cell membranénner leaflet (translocaséfonnor & Schroit, 1990)

The blockade of the translocase and the activatioBadtium ions(Ca*)-dependent
scramblase activitieZwaal & Schroit , 1997; Sadallakf al, 2011)cause PSo be
externalied to the outer leaflet at the time of cell activatiéibso, it is possiblethat
clustering of MV cargo into membrane micro domains drives the MV budding process
This is because thénclusion of membrane targeting motifs to highly oligomeric
cytoplasmic proteins has been shown to be sufficiemidiivatetheir secretion from #
plasma membran@gondeVancells,et al, 2010)

The examplegprovided abovesuggesthat different stimulcan differ from one cell to
another and that the release of MV from the cell surface is a regulated gnofees®on,

activation, transformation, and strss

MV have been found to express many of the characteristics of the parent cell, especially
membrane componen{€amussi,et al, 2010) For example, Spraguet al, (2008)
investigated the ability of platelet MV to communicate activation signals to 4wl B
compartment. Their findings demonstrated for the first time that platetated
membrane vesicles present CD154 TldF-related activation protein expressed on
activated humaplatelets According to their researctV alonewassufficient to deliver
CD154 to cells which can stimulate antiggpecific IgG productionand modulate
germinal centre formation through cooperation with responses elicited4y+) T cells.
Similarly to exosomes, without limitations to tbellmembrane and their properties there

areno restrictions to their cargo whichay bedependentn parenthecell.

Furthermore, MV may alsgerveas important reservoirs of cytokines, mediators of
inflammatory and immune respong@®eéry, et al, 2009) In a study by Leroyeet al,
(2008) the directinducementof endothelialcells with MV associated CD4ligand

suggested that they may aggravatgiogenic responses thie sites of atherosclerosis.



Anotherexample lies on acidic pH which generallyexistentin hypoperfused areas of
solid tumours. This might lead to localizedlitting of MV anda consequent discharge
of their preangiogenic and primflammatoryload such assascular endothelial growth
factor(Tarabolettiet al, 2006)

1.1.3Apoptotic bodies

Apoptotic bodies are anothsultype of EV, which arelarger thanexosomes antV,
ranging from 15um in size(Hristov, et al, 2004; Gyorgyet al, 2011) Apoptotic bodies
have been understudiedd this is ptentially as a result dhembeing aby-product of
cell death Nevertheless, thegre known toconsist ofexposed PS and many cellular
fragmentsand organellesincluding fragmented®eoxyribonucleicAcid (DNA) (Théry,

et al, 2001; Hristov Mgt al,, 2004)

During apoptosis, EV release occurs in association with blebbing, which is a dynamic
redistribution of cellular content§vanWijk, et al, 2003) The actin cytoskeleton
regulates e Rho Ras Homologous family)Guanosine fiphosphate GTP)ases
(hydrolaseenzymes) (Rho A, B and Gyhich are intracellular signalling moleculégan

Ael st & -SEhor&/p 1997 A his is important becauseho proteins exchange
Guanosine phosphate(GDP) for GTP, transduce signal to teacceedingeffector
proteins, andecisively retreato the inactive GDMound form by hydrolysing the bound
GTP. Two isoforms of serine/threonine kingRBao-associategroteinkinasegfROCK) |

and ROCK Il have been identified as effectors of Rhao, et al,, 2007)

ROCK proteinsattachto and aranitiated by GTRbound Rhoand thedeletion of the
carboxyterminal region of ROCHKrigger the amineterminal kinase domain and the
initiation of ROCK proteinswhich assignsto the stabilization of filaments actin,
phosphorylation of myosin light chains, myosin ATPasévity and the coupling of
actinrmyosin filaments to the plasma membraibese eventtead toelevatedactin
myosin force generation and cell contractiliading tothe release of apoptotic bodies
(Fackler & Grosse, 2008; Mitraf al, 2011) This piocess is summarised in Fiig1.31.
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Fig. 1.1.31. A basic representation of apoptotic bodies biogenesiddopted from Martinezet al, (2011)and Julian & Olson
(2014)and then merged and modified by Roberta Freezor using driliirephoto editorin a varety of cell types, trigger o
Rho-associated kinase ROCK | by caspaset8rposed cleavage intensifies phosphorylation of myosin light chain, which
further actin myosin contraction, membrane blebbing and the formatiapagtotic bodiesThe occurrence of apoptoti
blebbing has been reported to be dependent on the function of ROCK but not on that of Rho, specifically ROCK | bein
during apoptosis by initiated caspases, promoting a truncated kinase with elatrateit iactivity. This cleaved form of th
kinase is satisfactory to promote cell contraction and membrane blebbing without caspase initiation, which is depent

direct effect of ROCKinduced cell contractilitv on the formation of the anoptoticwhotoav(Colemanet al.. 2001)

Apoptotic bodies have been observedétncate their loadincluding oncogenes and

DNA, between cells, and have been shown to be important in antigen presentation and
immunosuppressiofMeckes & Raablraub, 2011)A specific examplesuggested that
apoptotic bodies from mature endothelial cells are taken up by endothelial progenitor cells,
increasing their number and differentiation state, suggestatgsuch a mechanism may
simplify the adjustmentof injured endothelium and maserve asa new signalling
pathway between progenitor amjured somatic cell§Hristov M, et al, 2004) Thus,

further proving apoptotic bodieso be of biological function and interediut againa

heterogeneouslass of EV

Erythrocytes are probably the only cell type that does not form exosdmeasature
erythrocytes only membrane vesicles may be formed due to their lack of organelles and
nudeus Little is known about the role dhese membrane vesicles, therefore, it is

important to distinguish, characterise and understand erythrocytes dexived
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1.2 The importance of erythrocyte in circulation

Originating from stem cells in the bone marrow, human erythroid cells are differentiated
through a process named erythropoiests{rolled by erythropoietinto become mature
erythrocytesgee Fg. 1.21). Commonly termed red blood cells for their bright red colour,
and accanting for approximately 4@5 percentof human venous bloodhey are the

most abundant cell type in the blood witlifaspan in the circulatory system of about
100-125 dayqLodish,et al, 2000)
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Fig. 1.21. Blood cells formation and developmentAdopted from SEER training modulé008) modified and expanded by
Roberta Freezor usimgnline PixlIr photo editorWhere, the rate of blood cell production is controlled by the body's riEeels.
development of erythrocyte (Erythropoiesis) is the process which produces erythrocytes according to the stimulatiop by less O
in circulation, which is recognised by the kéyis that then release the hormone erythropoietin that stimulates proliferation and
differentiation of cell precursordAdditionally, e bone marrow yield and discharge more white blood cells (leukocytes) in
reaction to infections agents, and it also disgks more platelets (thrombocytes) in response to bleeding.

When arterial blood arrives in peripheral capillaries erythrocytes integrate the narrow
capillaries one by onfHamasaki& Okubo, 1996) This is because mature ergabytes

are approximately00Onm and relatively basic and conversely unique due to the lack of
organelles and a nucleuBhese characteristiedlow erythrocytegdo easily change their
shape, leading to an advantagdexibility and movement throughout the blood stream.
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The dominant cytoplasmic constituent is haemoglobin, whiokgired for binding and
releasing Qygen (Q) as well asCarbon Doxide (COp). The CQ is immediately
hydrated to Carbonic &d (H.COs) by Carbonic Ahydrase, and the 280z rapidly
estranges into Hydrogen lon{Hand Bicarbonate (HC£). Then the leadingrythrocyte
integral membrane protein Band 3, exchanges the cellulasH@ Chloride in plasma.
Following the anion exchange €Oz is converted t@ strong acigdHydrochloric Acid
(HCL), and then the intracellular pH becomes acidic which generates for the dissociation
of O2 from oxyhemoglobin (Hbg). The dissociated £is given to tissues that
metabolically generate GOThen the protons that were formed are accepted by the
groups of oxyhemoglobin (HBH and the pHevelwithin erythrocytes is restablished

to preventontinuousdissociation of oxygen from Hb@eneranhg more CQ CO;

are provided with more £from HbQ in tissuegHamasaki & Okubo, 1996; Hamasaki

& Yamamoto, 2000; Diesilva, et al, 2010)Therefore,erythrocytesare essential for

optimal homeostasi®iezSilva, et al, 2010)

Due to their vital function within the human bqdgrythrocyteshave been studied
extensively Their plasma membran¢De Rosa,et al, 2007) the functions of
haemoglobin(Giardina,et al, 1995) their proteomdKakhniashvili,et al, 2004) and
their lipidome(Timperio, et al, 2013)are well documented.

Also, a large part of human iros embedded in erythrocytes (haemoglobin) and the
regulation of iron distribution astas an innate immune mechanism against invading
pathogengCassat & Skaar, 2013Yhe lysis oferythrocytes by bacteria, causes their
haemoglobirto releaseheir containedree radicals, which & been suggested to break
down the pathogendés cell wal |l (diangetahe mbr a
2007; Minasyan, 2014) A role in modulating T cell proliferation and survival by
enhancing cytokine secretion and induction ofitherleukin 2 Rceptors (IL2Rj}hrough
downregulation of oxidative stress ambdulation of CD#/8" (immune system helper
andkiller cells, that flight against infections) ratibasalso been suggestd@onsecaet

al., 2003; Minasyan, 2014)

1.21 Erythrocyte derived MV

Erythrocyte derivedEV are an extracellular and heterogenepogulation of small
vesicles released from the plasma membrane of erythrogyteghave been reported as
being smaller (froni00-400nm) than other MV subtypd#lind, et al, 2010) Therefore,
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considered MV (eMVilue to theigenerakize (100100 nm)Borgeseget al, 2013) These
are the EV type that forsthe focus of this PhD research.

Erythrocytes undergo a series of biochemical and physical changes known as storage
lesiors during the agingprocess including lipid and protein oxidatioronjointly a
reduction in deformability and osmotic stabili¢@olberg, 1988) The latter resulten
noticeable haemolysis, with the discharge of free haemogloband4ron, leadig to
erythrocytes losing appxonately 20 percendf their haemoglobin and membrane surface
area over time due to the discharge of iNaarg, et al, 2013)

eMV release has beebservedo increase significantly durg storage fterefore patients
receive large numbers MV during blood transfusiawhich is dependerdn the age
of the unit(Zecheret al, 2014) Thiscan lead to the hypothesis of transfused dMng
linked to post blood transfusisradverse eventsomplications. These may include
Posttransfusion purpura, Transfus@ssociated graft versus host diseasa overload
andimmunemodulation, including bacterial and viral infection complicatiqSahu,et
al., 2014; Bosmargt al, 2008; Dellinger & Anaya, 2004)

MV releasehas also been observassignificantly lower in preanenopausal women than
in agematched meim a study comparingge and sespecific differences in bloedorne

MV from apparently healthy huma@&ustafsonet al, 2015)

Elevated levels of eMV release have also been associated with numerous diseases
including Paroxysmal Nocturnal Haemoglobiny$oandetal,2004) b Thal as s e
intermedia(Habib, et al, 2008) Malaria(Mantel, et al, 2013) Hereditary Haemolytic
Anaemia(Alaarg, et al, 2013) and Sicklecell diseas¢Kasar,et al, 2014) Theirclinical

relevance has also been obsergEdsot,et al, 2010)in transfusion complication@ly,

et al, 2011) thrombin generatioffRubin, et al, 2013) cardiovascular complications
(Tantawy,et al, 2013)and systemic inflammation by thrombolependent activation of

complement{Zecher.et al, 2014)

According to Bicalhoet al, (2013) eMV release does not disturb glycerophosphocholine
and sphingomyelin grthrocyte membrane orgaatson This was observed when
erythrocytes and eMV were set side by side to understand the membrane compositional
features of out of date blood bastored erythrocytesTheir resultsrevealedthat
phospholipidomics could potentially provide a superior understandiing eMV release

processsuggesng that eMV release may not be such a neggivenomenon to the
13



erythrocytes Additiondly, it could be suggested thallV can potentiallyhelpto clear
certain molecules from tH#ood flow. This is becausef the function otheir parent cell,
erythrocytes remove particular harmful agents including denatured haemoglobif, C5b
complement attack complex, band 3 faigens,andbr immunoglobulin G that
accumulates during their lifesp@willekens,et al, 2008) MV in general contain similar

characteristics of those present in their parent cell (see page 8)

Only recently a study of eM\¢haracteriation (Nguyen,et al, 2016)and a summary
review of eMV biological roles was reported, suggesting that eMV has a role atiogid
stress, in inflammation, Nitri©xide (NO) homeostasis, thrombosis afoam cell
formation(Harisa,et al, 2017) However, the role of eMV in biological functions is not

yet fully understood.
1.2.2 Cellular mechanismenderlyingeMV release

The mechanism leading to the release of EV is initiated by an increag®esolic C&*,

which causes enzymatic activation (§ég 1.1.21). The introduction oC&* containing

buffer to normal erythrocytes promotes a global and transient rise inCie&e
concentration of 2uM(Bogdanova,et al, 2013. Neverthelessthe concentration
decreases in the course of the time until it reaches its resting value, because of the

intracellular system maintaining tk&ef* homeostasigConstantingt al, 1998)

Erythrocytes are known to shed MW vitro under severabther conditions too For
instance, when erythrocytes are depleted of their ATP content by incubation ah8y

have been observed to decrease their total ATP, glucose and water (datgnét al.,

1998) The depletion of ATReads to the assumption that they begin to produce MV due
to the remodelling of the membraraend this is because the membrane fluctuations have
been ascribed to AFBependent phosphgation of structural proteins associated with
the membrané_evin & Korenstein, 1991)The consequence of strongly buffered energy
driven maintenance of cell integrity has been postulated to be through the dissociation of
actinfrom spectrin at nodes in the cell cytoskeleton, which could contribute to the energy
expenditurgKuchel & Benga, 2005)Also, there is a significant lag period between the
depletion of ATP (caused by blocking glycolysis) amdss changes in cell shaphich

could causeamicrovesiculation in general and probably even more from-Aé&pleted
erythrocytes (Lutz & Bogdanova, 2013) This is becausé&TPis necessary for
maintainingcell shapeand flexibility, repairing membrane lipids, and energizing
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metabolic pump$Gov & Safran, 2005)The diffusible diacylglycerol partitions into the

outer monolayer also contributes to membrane budditigier, et al, 1981)

The release of small haemoglolmantaining vesicles from human erythrocytes treated
with C&* and ionophore A2318{obile ioncarrier that forms stable complexes with
divalent cationy appears toaccelerate membrane fusion events and provides a
convenient model system that might be relevant to more general aspects of biological
membrane fusior(Bevers,et al, 1992) It has been a while since theeatment of
erythrocytes with Ca-ionophorewassuggested to induce a large variety of concomitant
biochemical changedcluding calcium influx(Allan, et al, 1976) The breakdown of

pol yphosphoi nosi ti dephasphdtepthhosphatidginositdl ybi no s
bis-phosphate) with a consequent rise in -digcylglycerol and phosphatidate
concentrations can cause several alterationsnembrane polypeptide patterihe
aggregation of protein components catalysed by transamidase, the conversion of
polypeptide 2.1 molecular weightbout 200kDa into lowermolecularweight
components, especially polypeptide 2.3l{5kDa) and the probable proteolysis of
polypeptide 4.1 (78kDa) increase the intracellular free €aevels (Allan & Thomas,

1981)

Bevers et al, (1992) suggested thatalcium influx initiatesa variety of cellular
responses. For example, in blood platelets arythrocytes these responses include
marked shape changes with evagination of the cell surface and the stiddwigThe
formation of MVindicated to involve fusion between opposiegments of the plasma
membrane and may be accompanied by a local collapse of the normal asymmetric
di stribution of pl as.Baticuladynithe sanmephopphotipsdp h o |
translocase,which restores phospholipid asymmetry by specifically si@ating
phosphatidylserine and other aminophosppiols to the membrane inner leaflet
inhibited.

Furthermore,Antibody-Antigen binding could inducehe disruption of membrane
organistion in erythrocyte¢Zimring, et al., 2005; Powersgt al, 2007) and therefore
may causenicrovesiculationCanellini,et al, 2012) The mmplement activity (attack)

is due to the antibodgnediated or otherwise initiated activation of the complement
cascadeand the presenad# complement factors such as CBIMAC can stimulate the
release of MM{Hamilton, et al., 1990)
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The compl ement system i s a Okey pl a
(antibodiesattachmento a specificantigen) It provides recognition, warning signals and

the initial fast response upon exposure to foreign organisms. Comprised of three
activation pathwaysJlassical, Alternative and Lectin},culminatesin the formation of

the convertases, which in turn generate the major effectors of the complement system
including OpsoningC3b, iC3b, and C3danaphylatoxins (C3a and Q5and Membrane

Attack Gomplex (MAG C5b through C9jDunkdberger & Song, 2010)seeAppendix

).

Landstfeliamved 6sx pl ai ns t haterythlooytesane sertirh are n s
related to the presence of markers (antigens) on the erythrocytes and antibodies in the
serum, postulating that two different antigens (A and B) are foutiteosurface of eryth-
rocytes. he "naturally occurring” antibodies against thesagans are found in the
plasma of individualsErythrocytes of a particulgrersonhold antigenson their surfaces

that correlateto their blood groupandantibodiesn theserumthat recogniseandinte-
gratewith the antigen sites. Naturally occurring &otlies @ therefore a result of im-
munisation; themanufactureof antibodies in response #@n antigen.(Landsteiner &
Donath, 1904; Schwarz & Dorner, 2003; Berkman & Lawler, 2018)

Spalter et al, (1999) suggested thatlormal Human Serum (NHS) contains naturally
occurring antibodies and therefore complement wigdh and IgG antibodies reactive
with autologous blood group antigens were present in the immunoglobulin (Ig) fraction
of NHS. That is because natural IgG aAtiantibodies purified from IgG of individuals

of blood group A exhibited an affinity for A triseaharide antigen. Thereford, is
reasonabléo speculate thallHS may be used as an inducer for microvesiculation in
erythrocytegCanellini,et al, 2012)

In contrast to erythrocytesegeralviral derived EV have been extensively studikds

well understood that virdtV use the virus mechanism of entry to communicate with and
enter neighbouring cells (receptmediated endocytosisandit is well knownthatviral
infection also induceshe releasef EV (Meckes Jr, 2015; van Dongeet, al, 2016)
Whereas with eMV such mechanism is still not understoddevertheless here have

not beenany reported artickethatanalyg MV release fronHumanRhinovirusesype 16
(HRV16)infection, thu#HRV16is the HRV type used for this reseasshaparallel sam-

plefor all experiments
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1.3 Introduction to Human Rhinovirus

Human Rhinoviruses (HRV) are prevalent respirat@athogens related with mild and
self-limited upper respiratory tract infections. They are understood to be asseaidted
the exacerbation of respiratory diseases such as asthmahaowic obstructive
pulmonary diseaséhetsuriani,et al, 2008) and areanswerabl€or serious disease
manifestations such as bronchiolitis in young children and the immunosuppitddkesd
et al, 2007)

HRVs areresponsibldor more than 506 of upper respiratory tract infections and it is
consideredo bethe common cold that commonly fades away within selas. The
symptoms usually include nasal stuffiness, sneezing, coughing, and a sore throat but
about 1232 % of HRV infections in children of less tharydarsof ageare asymptomatic
(Jacobset al, 2013) A variety of polymorphisms in cytokine genes have been shown to
impact the severity dfiRV infection, implying a genetic predispositigfiregoning &
Schwarze, 2010)

Up to date, only palliate (drugs without side effects will be accepted by otherwise
healthy patients) treatment is offered, and vaccination as well as approved argrerals
still not availablgBlaas & Fuchs, 2016)espite HRVs being seeminglythe r | d 6 s mo

causativdactorof respiratorydiseases

HRVs are unusually disinclined transmitters, infecting about B@¥%eof susceptible in
family environments (including day care ahéhome). Peltolget al, (2008) suggested

that HRV are spread mainly by aerosol, rather thaoimites or personal contact because

it requires close contacts between virus donors and recipi®mtsoviral infection of a
minuscule fraction of airway epithelial cells motivates the ocpeatf an array of
cytokines and chemokines, which leads to the enrolment of immune cells to the airways

and increasgairway inflammation(Stokesgt al, 2011)

Numerous serotypes exist and molecular methodsdesezibed rare than 150 complete
or partial genome sequences of all known Hikdthave beepublishedFuchs & Blaas,
2012; Mcintyregt al, 2013)

Phylogenetic analysdmve grouped HRYV into threspecies

1. HRV-A;

2. HRV-B; and
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3. HRV-C.

HRV can be divided into major (HR¥) or minor (HR\:B) group strainsThe division
is determind by their recognition viantercellularAdhesion Moleculel (ICAM-1) or
the LowDensity Lipoprotein (LDL) recepto(Fuchs & Blaas, 2012)The newest and
mostdistinct group of HRV (HRVC), has been suggested to hsenan cadherhnelated
family member 3, a transmembrane protein that enables-EBiRWding and replication

in normally unsusceptiblieost cellfBochkov,et al, 2015)

HRV are norenveloped, singlstranded RNA (ssRNA) with a (+) RNA genojad
approximately 7100 base viruses that belong to Rieornaviridaefamily, genus
Enterovirus Theyare composed of 60 copjesach of foupolyomavirus(natural hosts
are primarily mammaland bird$ capsid proteins. Viral Protein (VP) 1, VP2, VP3, and
the small myristoylatedipidation modificatior) VP4 are arranged on an icosahedral (30
nm in diameter)triangulation number,land lattice point Harutyunyanget al, 2013)

The VP1, VP2, and VP3 proteins elucidate the vamsgenic distinctivenessvhereas
VP4 anchors the RNA core to the capsid. Each ofdtecapsid proteins has 60 copies,
which contributego the virion an icosahedral structure, with a canyon in VP1 that act
as the site of attachment to cell surface receptors for the major group throughlICAM
only (Jacobset al, 2013)

Virus uptale occurs via clathrilependenindependent endocytosis or micropinocytpsis
which is dependent upon theceptortype This is where the viriongxperience
conformational changes and promote hydrophobic subviral particlestian ¢hat is
originated by ICAM1 (major group) and/or the lepH environment in endosomes
(Blaas & Fuchs, 2016he RNA genome passes through the endosome membrane into
the cytosol via a pore organised by viral proteinsumceedingnembrane rupture. While

in the cytosol, the host cell ribosome translates the posituse, singlstranded RNA

into a polyprotein that is refined into its assorted components. The decrease in pH
promotes viral uncoatingirst stages of theiral replication cycle transcriptionFuchs

& Blaas, 2010)

Negativestrand (parental) RNA is replicated alonghasng translated into structural
(capsid) anchonstructuralproteins. The virion is then assembled and confined before
cellular export via cell lysis takes plaGiacobset al,, 2013) The viral doublestranded
RNA (dsRNA) formed at the time of HRV replication is identified by the Ipagtern
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recognition receptor, called the Tdike receptor 3, along with melanoma differentiation
associated gene 5 and retinoic aaducible gene [Kato, et al, 2008; Wanget al,
2009)

1.31Viral-derived MV

Belonging to group AHRV16useghe receptointercellular Adhesion Molecul@CAM)

1 to entercellsandarereferredto asthe majorgroup(Palmenbergetal., 2009;Oliveira,
etal.,1993) The release of exosomes and MV has been observed in many viral infections
including EpsteirBarr virus, Herpes simplex virus (HSV), Humanmunodeficiency

Virus (HIV) RetrovirusesHepatitis B virus and poxviruses aHepatitis C virus (HCV)
(Meckes & Raablraub, 2011)but not in HRV16 infection to date

Therearea vast amount of studies demonstratilg dischage from viral infected cells
harbair and distribute regulatory factors to recipient cé@®®bbins & Morelli, 2014)
These include viral RNA and proteins, viral and cellular miRNA, as well as host
functional genetic elements to nearby cdlsis lead$o producton ofinfections particles

and modulating cellularesponses including the spread or limitation of infection
conditional orthe type of pathogen and target cdl¥.have been exploited as candidates
for thedevelopment of antiviral or vaccine treatmef@iaharget al, 2015) showingthe

potential ofMV derived from viral infection.

The study of MV secretion during viral infection is complex because of their similarity
in size andhe density of EV and infectious viral particles, making it a challenge to tell
them apart. Foexample, HIV particles have biophysical propertredistinguishabldgo
exosomes secreted from the same cells. Including similarity becaus¢hey are
approximately 10@m, havea buoyant density of 1.13 to 1.21lg/and functiona&ffects

on immune cell activatiofWang, et al, 1999; Cantinet al, 2008) HRV16 on the other
hand is approximately 3@m and much smallethan MV and has no lipid envelope

(Tuthill, et al, 2010)like HIV, theymaytherefore be consideréd beseparated entities.

MV have been found to be beneficial either to the host cell or to the infectiousvagent
the packaging and transfer of functional protemgssenger RNA/miRNA, and other
cytosolic componentgManjunath.et al, 2009) Virally infected cells havbeenproven

to be advantageousto exemplify the role ofmicrovesiculationin intercellular

communicatior(Wurdinger,et al, 2012)
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All types of viruses retain individual properties that allow protection from immune attack.
Wurdinger et al, (2012) outlined the influential immunmodulatory steps involved in
virus-induced MV arrangement and release dudifterent viral infections. Acording

to theirreviewreport in accordance with other studie Gassartt al, 2009; Klibi,et

al., 2009) the conservancy of the virus relies on MV release of infected cells.

MV released by infected cells consist of particular components of the cell and the virus,
including some that may promote the capability of virions to remain in anaurtvle
antiviral immune environment. Intercellular processes are well orchestrated and it
depends orhe virus type antheir viral cycle to produce specific cellular and immune
outcomes Thesehighlight some aspects of EV that are hijacked by virdsegeloped)

to assist in their spread or avoidancéhefimmune systengWurdinger,et al, 2012)

HSV for example, targets the MHCII molecule processing pathway by viral envelope
glycoprotein (GP) B. The antigerpresenting cells consistently organise the MHCII
surface receptdiuman leukocyte antigega MHCII compartments for presenting peptide
antigens to the immune systgm elicit or suppress-helper cell reaction that encourage
B-cell genertion of antigerspecific antibodiegTemme,et al, 2010) MV containing

viral tegument proteins an@ Ps) can prime nearby cells for beneficial infection and
lessen immuneecognition This demanstrae their potential of evading the host immune
system(Wurdinger,et al, 2012)

In relation to HRV16 €nterovirus non envelope)there may be numerous hypothesis
(not the aim of this PhD studi)cluding thatit may usethe viral RNA synthesis, protein
translation, protein processing ame tgeneral intracellular locadison of viral proteins
This may bembedded in MV to disrupt hestll functions including nucleoytoplasmic
trafficking becausehis was demonstrated in HRV infected HeLa c@siineva,et al,
2011)

Furthermore Walker, et al, (2016) suggested thathe HRV16 genome encodes two
proteasespecifically 2A and 3C as well a& precursor protease, 3CDheseproteases

are necessary for adequate virus replicafarthe precise locaation of proteins during
infection and forthe temporal regulation of 2A and 3CD/3C protease activities during
HRV16 infection.Therefore, lhese proteases may lingpothesisetb beembeddd in MV

becausé/V generally express sonwd thecharacteristicsf their parent cell suggesting

20



thatMV derived fromHRV16infected cellxould potentially be hijacked by the virus to
spread infection.

Indeed,EV derived from viral infectiordo not replicate as an independent eniityey

can however facilitatthe movement of infectious material through tissues and may be
the cause of pathologies resulting from the infecfi@ganagt al, 2013; Schwalzt al.,
2015)

Pegte] et al, (2010)suggested that viral particles can enter monedgtéved dendritic
cells using EV to safely spread their miRNA#is is because MV atendetected by the
immune system, resulting in the undetected miRNAs ofhmast origin facilitating the
rapid spread fothe virus, using the exosonmis®/ to transport viral miRNASs.
Additionally, MV and exosomes have been observed to be increased Hiltiiécted
Monocytederived macrophageshowing that EV derived from viral infection not only
serves as a model for ceth cell communication but also serves asinducer for

microvesiculatiorn(Kadiu, et al., 2012)
1.4 Cellular mechanism processes involved in EV uptake

A variety of mechanisms for EV uptake have been propdsedg the padiew decades
including receptormediatedendocytosis, phagocytosis, macropinocytoaisl plasma
or endosomal membrane fusidinese mechanisnigve been summarised by Mulcahy
et al, (2014)in their review article Endocytosis is thactionof capturing a substance
or particle from outside the cell lsallowingit up. This occurs when the membrane
folds over the substance and it becom#srly confined by the membrane and the
membranebound sac (vesicles) compressesl he substance is thenoved into the
cytosol. Thethreemain subtypes of endocytosisesummaried inFig. 1.4.1.
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1. Phagocytosis 2. Pinocytosis 3. Receptor-mediated endocytosis

-
-
- 1@
°]
J Receptors

Actin

Receptors

Clathrin-coated
vesicle

Membrane-bound sac vesicles

Fig. 1.41. The three main subtypes of endocytosi®dopted from Zhenzhen & Rocl{2015)and adapted by Roberta Freez:

using online PixIr photo editorAn example showing the three main types of endocytosis in dendritic cells. Where
1.Phagocytosis represents cellular eatiptasma membranengulfs the solid material anthambiguousssociation with the
internalised material is not necessary, it comprises the internalisation of specific crude matter, such as bacteriemtsdfragm
apoptotic cells. This is a receptoredided event that engages the progressive arrangement of invaginations nearby the
molecules intended for internalisation, indepedently of the cooperation of enveloping membrane ex(Batierty &
McMahon, 2009) 2. Pinocytosis €ngulfs vesicles) represents cellular drinkingembranéend inward to design a channel
granting dissolvedubstances entry to the cdlhe disarranged extensions of the plasma membrane extend beyond cell surface
and envelop an area of extracellulardjwhich is then internalised completely, due to the blending of the membrane projections
amonsgt themselves or back with the plasma memb&nanson, 2008)And 3. Receptemediated endocytosis, where a
particular receptor on the cell surface binds securely to the extracellular macromolecule (the ligamddsma membrane
domain accommodating the recepligand complex then under goes endocytosis, bempmitransport vesicl&his process
comprise the arrangement of particular membrane patches called pits, which are determined by the presence of the cytosolic
protein clathrin(Alberts, et al., 2002)

There has been evidence suggestinthpat EV are consumed into endosomal
compartmentghrough endocytosis(Morelli, et al, 2004) Uptakeof EV have been
considered to be fasbeingpinpointedinside cells from asoonas 15 minutes after
initial admittanc€Feng,et al, 2010) Severabtudieshavedemonstratethat when cells

are incubated at 45Gheir potentialto internalse EV is quantitatively reduced. Thus
suggeshg thatthe uptakeis an energyequiring processhatmight be affected by the
decreased fluidity of the lipid layett lowertemperatures, ase fatty acid tails of the
phospholipids become more rigid at cold temperataneikthat theprocessequires a
functioning cytoskeleton, both of which are indicative of endocytic pathways
(Escreventeet al, 2011; Tianet al, 2013)
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It has been suggested thhe fusion of the EVwith the cell plasma membrankp(d
bilayers arecarriedinto closeconcurrenceand the outeleaflets come intabsolute
associatioly leads tothe creationof a hemifusion stalk with fused outdeaflets.The
stalk expansiorcreatesthe hemifusion diaphragm bilayer from which a fusion pore
opensandas a result, the two hydrophobic cores puiseatingonesteadystructure with
the collaborationof a variety ofprotein families including SNAREs, Rab proteins, and
Secl/Munel8 relatedoroteins(Valapala & Vishwanatha, 2011)

Parolini et al, (2009) demonstrate®V fusion by showing diffusion of lipids in the
membrane of recipient cells, explaining how EV could release their internal content into
the cytosol of recipient cells through lipid interactifitosaka,et al, 2010) It also
reveabd significant EV involvement in physiological processes such as
immunomodulation, inflammation, coagulation, and intercellular communic@distier,

et al, 2005; Tissotet al, 2010; Théry, 2011; Fleissnetal., 2012)

Each cas@resentedbove indicatesthat bioactive liganddisclosedon the MV surface
are believedto be answerablgor a variety ofregulatory processes that malgange
recipient cellsandomcirculationof MV in tissue and body fluids, or even by directional
uptake of MV based mechanisnNeverthelessurther studies are necessary in order to

fully understand thr@mechanismsespecially whemronsidering EV heterogeneity
1.5 The potential biological interaction betweenMV and neighbouring cells

MV have demonstrated characteristics of delivering molecular sigrsag) lipids,
proteins, nucleic acidgndbr functional transmembrane proteins that are the sesime
the parent cell This is through interaction with surrounding cellgjmicking the
characteristics of dong-distance celcell communicator(Ardoin & Pisetsky, 2008;
Bruno,et al, 2009)

Generally, dring cell communication, the signalling cdlscharges distinctsignalling
molecule that is therecognizedy the target cellwhich may lead to cleavagg teceptor
molecules, internalation and cellular response&n example ofliethree generaltages

of cell signallingis summarised in Fid..5.1.
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_ J} Antigen . 1-Reception. B cell antigen receptor (BCR) is composed of membrane
y - immunoglobulin molecules and associated Igo/Igh (CD79a/CD79b)
' / heterodimers (o/ff). The immunoglobulin subunits bind antigen, resulting in
receptor aggregation, while the o/f subunits transduce signals to the cell
lgaIgh interior.

IBRUTINIB

_ PIP2—> PIP3
P \( b Cytoplasm
. a PLCy2
P / % i 2. Transduction. The B cell receptor (BCR)

""' BINK signalling induces LYN and SYK (Tyrosine kinases)

B phosphorylation (P) that initiate a signalling
cascade causing downstream BTK activation. BTK
(Bruton tyrosine kinase) is recruited into the

A®

P 2+
ST v / o P) signalling complex at the plasma membrane via the
= J B - docking of its pleckstrin homology domain to
PKCB . & 'y phosphatidvlinositol 3,4,5 triphosphate (PIP3).
MIGRATION
i Nucleus
PROLIFERATION / SURVIVAL

3. Response. BTK becomes phosphorylated and therefore induces calcium release, which initiates a
signalling cascade with the consequent induction of cell proliferation and survival. BTK is also
involved in signalling of chemokine receptor (CXCR4), which is important in cell migration and
could be a suitable target for Ibrutinib (molecule drug that binds to BTK and it is used to treat B cell
cancers).

Fig.1.5.1. A representation of thethree general stages of cell communication and signalling iHairy cell leukaemia.

Adopted from Sivinaet al, (2014)and adapted by Roberta Freemsing online PixlIr photo editoWhere (1) represents the

target cell detecting a signalling molecule present in the exogenous environment (a signal +iigdexl)levhich binds to a

receptor protein (receptor), compellingat change shap€) where the conversion of the signal to a configuration that can
generate a particular cellular response (the cascades of molecular interactions broadcast signals from receptors target the
molecules in the cell) and (3) where the paittc cellular effect generated by the signalling molecule reacts armtlthe
signalling advances to the regulation of transcription or cytoplasmic activities including protein synthesis by swititurtey par

genes on or off within the nucleus.

A challenge for the EV field is understanding how B&¥y reinforcephysiological and
pathophysiological processes whibeing able toexhibit EV transfering material
among cells. EV and cell interactionhave been suggesteds occurring locally,
regionally or systemically via lymph and blood ves$€lscucci.et al, 2009; Castellana,
et al, 2010; Swartz & Lund, 2012; Leet al, 2011) Theyare often external byature,
as a result o$traightforwardsurfaceto-surfaceinteractionand stimulation between the
target cell andhe EV surface Thisleadto the assumption th&V mayactvia surface
interactions with receptor molecules on target celiact as delivgrvectors by directly
transferring their contents, including RN®iehl, et al, 2012) bioactive lipids, and
proteins into the recipient cglWatanabeetal., 2003; Cardoet al, 2008)
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Thecargoof MV have beerdemonstratetb be activein recipient cells, and are not just
a means fotheremoval of cellulawaste(Thebaud & Stewart, 2012andcan either be
internali®ed orbe cleaveat the cell surface where they rem@Robbins & Morelli, 2014)
The proteinarchitectureof EV may regulatetheir performancen different manners
Surfaceexposed receptors and ligands amewerabldor disseminationfor thecleavage
of EV to target cells or to the extracellular matrbhis is where EV may invoke
intracellular signalling pathways through a simpleercommunatiorwith the surface
receptors or ligands of targetlts or bygoing throughinternalisation (YafnezMo, et al.,
2015)

EV interaction withtarget cellsmay be dependent on thecipient cells and itability
maybedepenénton the phagocytic capabilities of the recipient oeljeneralFeng,et

al., 2010) Whereas with viralEV in particulaf ESCRT components have been observed
as being recruited to the site of budding, leading to dieeelopment of théiTrojan
exosome hypothegsis This hypothesizeghat retroviruses have adapted to use host
exosome machinery for tfe@rangemenand transfer of virions by a neriral route but
retrovirusdirected transmissiof his iswith theparticularlipid composition of retroviral
particles, the host cell proteiegistentin retroviral particles, the complex cell biology of
retroviraldischargeand theskill of retroviruses tanfect cellsfree of envelope protein

receptor interaction&sould, et al, 2003)
1.6 EV in circulation

Previousstudieshave showrthat purified exogenous EV, artificially introduced into
circulation, israpid For example, biotinylated rabbit EV demonstrated rapid clearance
in rabbit circulationjn approximately 10ninutes(Rand,et al, 2006) Other examples
were observed in EV from splenocyte supernaté@tindersonet al, 2014)eMV
(Willekens, et al, 2005)and EV from B16 melanoma cel[§akahashiget al, 2013)all

of which showed a clearance of more th@d% after 30minutes(YanezMo, et al,
2015) But human platelet concentraderived EVpersistedn the circulation for 5 %
hours (Rank,et al,, 2011)

EV derived fromhuman monocytel er i ved dendritic cell s
cellsmaybe able to protect themselvieem complemeninediated lysidecauseher
expressGPFanchored CD55 and CD5&V removalfrom circulationmay bedue to

storage and apprehentionin target organs(Clayton, et al, 2003) Indeed a
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biodistributionstudy witheMV showed an uptake by the livet4.9%), bong(22.5%),
skin (9.7%), muscke (5.8%), spleen (3.4%), kidnsy(2.7%) and lung (1.8%)
(Willekens,et al, 2005)

An extensive examplef in EV in circulationwas demonstrated by Lait al, (2014)

in whichHuman embryonic kidney (HEK) 293T cells transduced with lentivirus vectors
were investigated Engineered EV displayed supremelydelicate and adaptable
membrane system reporteamed EVGlucB (Gaussiduciferase Gluc fused to a biotin
acceptor domain, a metabolically biotinylated in mammalian cells imxtstenceof
biotin ligase).Fluorescencenediated tomographwas used to identify and recotite
circulation of intravenously administered BEW vivo labelled with streptavidin
Alexa680 cojugate,and EV-GlucB with Phosphate 8ffered Saline (PBS; control)
were injected into athymioude mice After 30 minutesof coelenterazinajection of
EV-GlucB-injected mice showeda significantamount of Gluc sigal in the spleen and
liver. No signal was observed in thentrolmice EV signaldepreciatedy more than
half from 30 to 6(minutesin the liver and the kidneysyhile, the spleen and the lungs
levels stayed relativelgteady Then at 36@ninutes the spleen and the heart showed the
most EV signal (spleen 22.4 %; heart 9 % of initial levelbjle the lungsshowed 4 %
the Iver 1.3 % and the kidneys showed 0.6 The brain indicatedhe leastEV
distribution showing signal only at 12tinutesand the muscle retained a significant

fraction of activity (9 %) out to 12(hinutes

Even though a particular mechanism for EV distribution is not yet @élllgidated the
examples presentebove suggest that thigio distributionof EV may be dependenho
the parent cell source, as well asahdity of differenttarget cell types to internaéighe
circulating EV.To further support this statemerV from distinct parent cellsnay
showdivergentinnate homing capabilitiea vivo. An observatiorof thebio distribution
of EV derived from 3 different mouse cell sourdasjudinga muscle cell line (C2C12),
a melanoma cell line (B16F1,nd primary immature bone marralerived DC was
conductedto conpare intrinsic tropisms (Wiklander, et al, 2015) Where, C2C12
derived EV displaye@1%liver accumulatiocompared to B16F18Vs (56% and DC
derived EVH46%). The lung accumulation wasfo for C2C12EVs, 13% B16F1EV
and10% in DGEV. In thegastrointestinal trad16F10-EV accumulated 5% C2C12
EVs (8%) and DEEVs (10%). Furthermore DC-EV demonstratedelevated
accumulation irthe spleen (28%)n comparisorto EV derived fromC2C12EVs and

B16F10EV, which displayedimilar splenic distributionoth 12%).
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Despitesubstantial progresa this field the complexity and challenges associated with
EV research remain consideralig/ released from different cell typemnd even from a
singlecell typeare heterogeneours size anccomposition

1.7EV as deliveryvehicles/vectors

EV arepotentiallyunique interms offunctioning ashaturaldelivery vectors becausieey
can besea asfree, membrane coatedelatively stablentitiesdue to theipid content of
their membranespecially exosomedRecord,et al, 2014)thatmay beinvolved in cell
communicéion within the extracellular spadérough liganereceptor interaction€V
surface molecules are of particular interest as biomaldemausesurface molecules in
general (cellsperform essential biological functionmcluding the mediationof cell
communication andeplyto external signaléseechapter 1.5

The cell fssedifredplteecotymcnad racticaldiversity between cell types,
and between normal arabnormalcells, such as cancer cefMirkowska, et al., 2013)
There are three main classes of -seltface receptorghat cantransduce extracellular
signals in different wayand this is summarised iRig. 1.71.

Target cells may use a range of intracellular mechanisms to react itwraasing
concentration of an extracellular signal orcttangea shortlastingsigral into along-
lasting reactionTheymay often reversiblyaccommodatéheir sensitivity to a signal to
allow the cells toreact to changes in the concentration of specificsignal
molecule acrossavarietyof concentrationgAlberts, et al, 2014)
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Fig. 1.7.1. The three main classes of cell surface receptor8dopted from Albertset al., (2002)and slightly modified by

Roberta Freezarsing online PixIr photo editowhere(1), thelon-channellinked receptors are transmittgatedion channels

that gives or block access briefly in return to the binding éwrotransmitter; (2) @roteinlinked receptorsliscursively

trigger or blocks plasmmembranébound enzymes or ion channela wimeric GTRbinding proteins (G proteins); and (3)
Enzymelinked receptors can operate precisely as enzymes or are associated with enzymes. They are generally protein kinases
that phosphorylate particular proteins in the target cell, and the funcsigmallling complexes are often assembled us

modular binding domains (one or more domain binding to the same ligand) in the signalling §Rateissnet al, 2002)

These domains allow different protein assemblies to function in signalling net{#divlests, et al, 2014)

Despite their seeminglgomogeneousharacteristics, E\durfacecompositioncarries
variousmembrane lipidssud asthe anionic phospholipid phosphatidylserine ahéred
membrane lipiddesidedransmembrane proteifg/ang,et al, 2014) MV surface also
exhibits antigensthat areparticularfor the membranouslements of the cell of origin

(Liu, et al, 2016)makingthem heterogeneous

It has also beesuggested that surface receptors can potentially alter th&unetion
that interact with the MV. For example, MV transfer usinglycosyl
phosphatidylinositol (GPianchored proteins (peripheral membrane proteins tethered to
the cell through a lipid anchoalpha subunits of heterotrimeric GTP bindprgteinsG

proteing CD55 and CD59 to erythrocytes can correct paroxysmal nockurna
28



haemoglobinuriaby inhibiting complemenmediated erythrocyte¢Sloand, et al.,
2004) Additionally, CD24 (GPlinked protein) cell surface receptor Hasenshown

to promote apoptosis in developing B cells and induces B cells to release MV
(presenting CD24)Ayre, et al., 2015)

EV havebeendemonstratedshavingimportantphysiognomyfor intracellular delivery
(specificity and selectivity), andompellingcharacteristicgor the systemic delivery of
experimental agents. For examdbein et al, (2010)testedEV for the delivery of anti
inflammatory agents including curcumin (a substance in turmevie) the
Lipopolysaccharideinduced septic shock model (mous#p activated myeloid cellis
vivo. This iswhere thaarget specificity waselectedy exosomes, and tlaelvancement
of curcumin activity wasaccomplishedy conductingcurcumin to inflammatory cells

affiliated with therapeutic, but not toxic effects.

In addition to MV potential role in interacting with cell surface receptors@antters a
well as,in diredly stimulating target cellgheir potential role irtransferringbioactive
molecules present inside M\{cargo)has beemvestigatedntensively for the past decade
This is due taheir possibly mosimportant potentiafunction, that isther biological

effect onneighbouringecells (Collino, et al, 2010; Ratajczak & Ratajczak, 2016)

It has become progressively clearer that a large class of small noncoding RNAs (ncRNAS)
function asimportant regulators of a widange of cellular processasodulating gene
expressior{van Rooij, 2011)These classasclude small interference RNAs (siRNAS),
micro RNAs (miRNASs), repeadssociated siRNAs (rasiRNAsand piwi (P-element
induced wimpy testis) interacting RS (piRNAs). Small RNAs act agpressors of gene
expression in plants, animals and many fufijhnegan & Matzke, 2003Different
sequence and/or structural elements in the precursor transcripts of smalleR¢e
RNA-processing enzymes and proteiwfsch areaccountabléor small RNA maturation

and for the subsequeabngregatiorof theseRNAs into effector complexes thegveal

their function (Ruby,et al, 2007; Faraziet al., 2008)

Valadi, et al, (2007)demonstrated that EV contain and transfer genetic information, in
theform of messenger RNAS{RNAS) andnon-coding RNAs(miRNAs), between mast
cells regulating protein expression of recipient c&8l\étransferrence dhtact, functional
MRNASs to recipient cells waalsoaccomplished by studying the treatment of murine
bone marrow mononuclear cells wegmbryonic stem cellierived EV enriched in Oct4

MRNA. This led to theenhancemerdf Oct4 protein expression in the banarrow cells,
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while pretreating the EV with RNAse abrogated this effRatajczak,.et al, 2006)
Endothelial progenitor cellerived EV have also been demonstratedas transfering
functional mMRNAs to microvascular endothelial cetlsus triggering neoangiogenesis
(Deregibuset al, 2007)

The remarkable stability of extallular miRNAsis hypothesisd by the formation of
miRNA-vesicle packagé\V directly packing miRNAs by forming a protrusion and then
detaching from the cell surfagdMuralidharanChari, et al, 2009) They can easily
translocate across the cell membrane, which easily facilitates miRNA entry into recipient

cells and mediates cefb-cell communicatiorfHunter ,et al, 2008)

The understanding that EV might function asvehicletector to transfer genetic
informationandareable to regulate gene expression in target cell opened up a completely
new field of research regarding intercellular communication mechanisms. Currently,
there is increasing evidence that the effect of EVanget cells is mainly dependent on
their intravesiculamiRNAs expressionDiehl, et al, 2012) The study conducted by
Valadi, et al, (2007)demonstrates thaly incubating human mast cells with mouse mast
cell-derived EV, murine miRNAgan indeede relocatedto therecipient cells by EV
where they were translated into murine proteing EV did notdemonstratéunctional

machinery for the protein synthesis.

It is important to be selective with EV parent cells (their properties) in order to produce
uninduced and/or inducéehgineeredV. This is because imducedEV might transfer
naturallyoccurringbiological effects to the neighbouring cells, whilducedengineered

EV samples may have greater potential as delivery vehicles because of their scalability
and the possibility of overexpressing specific molec(llésseret al, 2018) For exam-

ple, the photoreceptaryptochrome (CR) 2 has beembserved to be expressed on the
inside of EV, and this can help load proteins carrying the @R&factingbasichelix-

loop helix (CIB) 1 into the E\(Liu, et al, 2008) Yim & Choi (2016) made good use of

this information and implemented this into their EV profeading system, named exo-
somes for protein loading via optically reversible prdtpmotein interactions (EX-
PLORSs), where CIBN (a truncated version of CIB1), wasdusigh CD9 (usually en-
riched in EV), and CRY2 was fused with a cargo protein which wsaslisedbeing
recruited to the plasma membraf®entually secreted as EV cargbsuccessfullyde-
liveredseveral functional proteins such as Cre recondgnal ypel topoisomerase from

bacteriophage thatatalyseshe sitespecific recombination of DNA between loxP sites,
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into the target celldt is also important becauk®ading and injection of purified EV has
been suggested by other research gréapsrezErviti, et al, 2011; Kooijmanset al.,
2013)

Therefore, here issupportingevidencethat EV transfebiological functionalmolecules
such agroteins andniRNAs to target cellswhich shows theimcreasing potential as

novelregulatordn intercellular gene regulatiqifeifer,et al, 2015)
1.8 Aim of this PhD research project

Increasedlevels of eMV have been observed duringlood storage andhave been
associatedvith numerous diseasgsee chapted.7.1). Therefore,it is important to
acknowledge the biological role andcargobecause they are free entities present in the
bloodstream and may be able to deliver vital information émhboring cells.The
objective of thisPhD research was to charactereddV and analys¢heir cargo with a

specificinterest in cell communiti@n helper molecules

The decision to studiV derived froma different source(Hela cells infected with
HRV16) in paralle| is based on the rationale of being able to carry out a comparative
study with a control sample tgroduce sbstantial parameterdilso, becausethe
mechanisms by which viral infections induce the release of EV and because viral derived
EV enter and commueate withneighbouringcellshave beenvell studiedand shown to

be of use on this role for this study

This study proposes to answer:

1. What arethe size and concentratiaf eMV? Does it differ whererythrocytes
are induced with Cagand CaCGl+NHS?

2. Do eMV interact with neighbouring cell7hat entry mechanismuio theyuse?

3. If they do interact with neighbouring cellshat is the overall message tieMV

pass on once inside the cells?

Chapter3.1 investigats whethererythrocyteinduced by exposure talifferentinducers
(CaCbkandwith CaCh + NHS) yield a dfferent amountind/or produced a greater number
of detectableeMV in comparison to theininducedsample.Ilt compares instrument
detectiornof eMV sizes using FCsubmicron Particle size rangirgetween 0.2000nm)

and gNao (polystyrene calibration particles ranging between-1150 nm). This
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chapter also investigats eMV extraction methods by comparing classic

ultracentrifugation an&ize Exclusion Chromatography approaches

Chaptel3.2investigats and compargsurface markes, total proteins and proteasesng
different immunoblotting techniques to identify the potential presence of
intracellular/extracellulamoleculesn uninduced and induced samplé&sis is because
these proteinmayenableeMV to communicate with neighbouring cells and may allow

their survivalin the extracellular environment

In results chapteB.3, an investigation and comparis@s conductedon the potential
presence of an immunology panel composed of 68 mIRNA in all samples (including
parentcells), to understanavhethereMV couldaffect recipient celldy downregulation

of gene expression

In results chapted.4, a variety of cell linesvere usedo observe whethegMV directly
interacts with the cell membranssing fluorescencenicroscopy If so, to observe the
impactof eMV on thegrowth rateof the observed cell linassing FCGuava ViaCount

software.
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2. Materials and M ethods

2.1 Materials

2.1.1Chemicals and kits

BDVacut ai nelroEk ES aBflectoyd C @FikhereSciantificx BF 36528 s
BD VacutainePlastic K2ZEDTA Tube 1@nL with Lavender Hemogard Closufi® mL
(Fisher Scientific REF 367525)

Bicinchoninic AcidProtein Assay K (Thermo scientific B2161296)

Bovine Serum Aumin (SigmaAldrich)

Calcium Qhloride SigmaAldrich)

Clarity™ westernECL substrate (BIGRAD 170-5061)

Crystal Molet Solution (SigmadLife sciences V526250mL)

DL-Dithiothreitol Solution (SigmaAldrich 646563)

Exosomedepleted FBS media supplement (SBI EKBS-50A-1)

Ficoll-PaquéM Plus GE healthcare +144002)

Foetal Bovine Serum (Sigmadrich)

Flow cytometry Submicron Particle Size Reference Kit (Molecular prehéds
technologie$-13839)

GlutaMAX™-| Dulbecco's Modification of Eagle's édium(Gibco 31966021)
Herpesbuffer solution(SigmaLife sciences33264100mL)

Laemmli 2X sample buffer (Bikad 1610727)

MegaCell™ RPMI 1640medium(SigmaAldrich m3817500mL)

Mini-PROTEANT GX E SR rad edE p r e20% $BIOR4R4568093)
mirVansE miRNA isolation kit, with phenol (ThermoFisher scientific AM1560)
Multiplex miRNA Assay Immunology PanelCirculating (ab204064)

Non-fat dried milk powe(Marveloriginal less than 1% fat)
Penicillin-Streptomycin (Sigm&ldrich)

Pierce® reversible protein stain kittor PVDF (Thermo scientific 24585)

Precision Rus Protein™ dual colour standards (BHAD 161-0374)

Phosphate BfferedSaline (PBS)SigmaAldrich p4417100TAB)
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Proteasénhibitor Cocktail (SigmaAldrich P83405 mL/013M4034\)

Proteome Profiler Human Protease Array Kit§ systems ARY021)
Radiolmmunoprecipitation Assay (RIPA) (Sigrfddrich R 0278)

Sodium BicarbonatéSigmaAldrich)

Sypra®ruby Protein Gel fin (invitrogen tm s12000)

TransBlot® Tur bo E  Mi ni PVDF -RADATO4®@&®r packs (Bl
TransBlot® Tur bo E Mi ni Ni t r acksdBIORAD 1b784d458Tr ansf er
Tris-Glycine-SDShbuffer 10x (BIO-RAD 161-0732)

Triton® X-100 (SigmaAldrich T8532500L)

ViaCount Ragent (Guava technologies)
2.1.2Technicaldevices

Cell culture flask 10620 mm with vent (Sigm&ldrich)

Di shes NunclonE Surface (Thermo scientif]
FLUOstar omega plate reader (BMG labtech, UK)

GelDocit imaging system (UVP systems, UK)

GuavaEasyCyte flow cytometryMerckMillipore)

LumaScopeE 500 Series (Etal uma)
Mini-PROTEAN Tetra celertical electrophoresis system (BRAD)
NanoDrop® ND1000 U\-Vis Spectrophotometer (ThermoFisher)
TransBlot® Tur boE Tr an(BI®-RBAD) Syst em

gEV Size Exclusion Column (IZON science)

gNano particle analyser (IZON science)

UVP ChemiDoeit system (UVP systems, UK)

2.1.3Antibodies

2.1.3.1immunoTools I'FTBox-139.3 Roberta Freezor 2013 award (dmtmar) Flow

cytometryapplicationincludes:

FITC: CD14 (18D11 antibody) CD36 (antibody TR9) CD46 (antibody MEM258),
CD54 (antibody 1H4) CD58 (antibody MEM63), CD63 (antibody MEM259),
CD235d (antibody HIR2) HLA-ABC (antibody W6/32)ControtlgG1 (clone PPY06),

andAnnexin V (detection of Rosphatidylserine).
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http://www.bio-rad.com/evportal/destination/commerce/product_detail?catID=5cf78e19-7ed5-4373-a988-3e62456a488e
http://www.bio-rad.com/en-ug/sku/170-4155-trans-blot-turbo-transfer-starter-system

2.1.3.2Western blotting applicatiomcludes:

Anti-CD47 AB mouse (ab3283)

Active human CDA47 protein fragment standard (ab174029)

Monoclonal Antt b -Actin, Clone AG74 (SigmaAldrich A2228)

Monoclonal AnttHuman Band 3, clone BHL36 (SigmaAldrich B 9277)

Monoclonal AntiProtein Kinase QB mouse SigmaAldrich P5704)

Monoclonal AntiGl ycophor i n (Signh}AlddcBG 78@0u s e
Monoclonal Anttis pectrin (b) ,-Aldiidh SB394)se ( Si gma
HRP conjugated Goat astiouse Igpolyclonal (BDPharmingefA" 554002)

2.1.4Buffers and solutions

2.1.41 Complete Growth Mdium (CGM)

500mL RPMI 1640 or DMEM
50 mL Foetal bovine serurar exosome free serutt0% (v/v)
5 mL Pen/stred% (v/v)

2.1.42 HumanRhinovirus HRV) medium

500mL DMEM

5 mL Pen/stred0% (v/v)

10 mL Herpes2% (v/v)

5 mL Sodium Bicarbonat&% (v/v)

10 mL exosome free seru?o (v/v)

2.1.43 Cell freezing medium

100pL DMSO 10% (v/v)
100pL Foetal bovine serum or exosome free set®h (v/v)
800uL cell containing Complet&rowth Medium80% (v/v)

2.1.44 Western blotting washing buff¢PBST-20)

1 mL tweerr20in 999 mL PBS (v/v)

2.1.45 Western blotting blocking buffer

3 g BSAnonfat powdered milkn 200mL PBS(w/v)
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2.15Cell lines

HeLa Ohio cellspassage6 (Europearcollection of cell cultur013
Jurkat cells, passag® (European collection of cell cultug913
THP-1, passage13 (European collection of cell cultu?2€13

PC-3, passage6 (European collection of cell cultugd13

MCF-7, passage9 (Europearcollection of cell culture013

2.2 Methods
2.2.1Maintenance of cell lines

The passage historipr maintainingall cell lineswas recordedhroughoutthis PhD

researcland the following procedures were usehsistentlyfor the entire project.

2.2.1.1Non-adherent cell lines

Nonadherent cell lines were maintainedtine Roswell Park Memorial Institut2640
(RPMI) Complete Growth Mdium (CGM), at 37°C in a 5% CGncubator. The cells
were normally sukcultured every threelays They werecentrifuged at 16@ for 5
minutesto remove depleted medium and the pellet was suspended withob sterile
Phosphate Bufferedane PBS), pH 7.4and centrifuged at 16§for a further Sminutes

3 timesconsecutively The retained cells pellet wdduted in an appropriate volume of

CGM according to cell numbandprepared asequiredfor further analys.
2.2.1.2Adherent cell lines

Depending on the cell linedherent cell lines were maintainedaitherRPMI CGM, or
Dulbecco's Modification oEagle's Medium (DMEM) CGM. The cells wee normally
subcultured every threglays by removing the depleted medium from the flask and
rinsing once with 200 nm filtered PBS pH 7.4. Subsequently5 mL trypsin was
introduced to the flasland the cells were incubated for approximatetyibutesat 37T
in 5% CQ. The flask was tapped several times to detach any remaining icellsnal_
of CGM was addetb inactivate the trypsin. The cells were then centrifuged ag2060
5 minutes and the retained cegllellet was suspended with 3_rof sterile PBSpH 7.4,

and centrifuged at 20for a further Sminutes3 times consecutively.he retained pellet
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was diluted in an appropriate volume of CGM, according toncetiber angbreparedas

necessary for further analyses
2.2.21solation of erythrocytes

Human venous blood was collecté@l75in size needle usg¢dnto Ethylene Diamine
Tetraacetic Acid(EDTA)-containing tubeg10 mL) from a healthy donorThe same
donor provided blood throughout this research and was screened regulaatasnal
Health Service Blood and Transplant, Tissue Sema®r This dononor waapproved

by the London Metropolitablniversity Ethics @mmittee.

Blood cells wergurified and isolated utilising the Ficalaque PLUS method, according

to the manufacturer protocol. The blood was diluted w0 nm filtered PBS pH 7.4

(ratio 1:1) and carefully layered on top of the reqdirvolume of FicolPaque PLUS,
maintaining aproximately the same height of the FieBhque PLUS 2.4 crand of
diluted blood sample 8m accordantly. Volumes of bloodene adjusted and processed
with the same efficiency of separation by increasing the diameter of the centrifuge tube,
while maintaimng approximately the same height of the Fidtdlque PLUS, and
centrifuged at £00 g for 30 minutesat 1820°C.

Once the mod was separated into layeexythrocytes at the bottorfipllowed by the
Ficoll-Paque PLUS, the white cgliplateletsandfinally the diluted plasma at the top)
they were transferremhto separate tubesnd suspendedith 200 nm filtered PBS pH
7.4. The erythrocytes were centrifuged at §@0r 10 minuteswith 200nmfiltered PBS

pH 7.4 and the pellet was ready for further procedures
2.23 HRV16 preparatiorand infection

Plaguebased assays arthe standard method used to determinéective virus
concentration in terms of viral infectious substances. The viral titre is a quantitate
measurement of the biological activity of a virus @rmdn bedetermined by enumerating
plague forming ung per volume (PFU mL), or alternativelymultiple replicates othe

virus dilution are made and the 50% Tissue Culture Infeddwse(TCIDsg) titre is

calculated from the 50% endpomwiftthe inoculated culture medium
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2.2.31 HRV16replication

A stock of HRV16 was stored &0°Cin 5mL aliquots (kindly supplied by Dr. McLean).
The aliquot was thawed fombinutesin a water bath at 3€ and 7.5 m. of HRV medium
was added. This was then added to a T175 fully confluent flask of Hellsaand
incubated for 1 houat Room EBmperature (RTYsing a platform shaker. Subsequently,
12.5mL HRV medium was added to the flask and incubated &€,33% CO; for 24
hours Cells were then lysed by two freethaw cycles {80°C) and the mediumvas
clarified by centrifugation at,@00 g for 1 hour at £C. The resultant supernatant was
centrifuged at 20 g for 90 minutes(optimised step fothis project), at 4C. The

supernatangtock was used immediately or stored8&fC until further analys.
2.2.32 HRV16 quantification

HRV16 stock waserially diluted tenfold (10*to 10°), 6 replicates per dilution. Then
1.8 mL of HRV medium was added to 9 different dilution vials and gDMf the stock

of virus was added to the 1®ial. Next, 200uL of the 10 vial was serially diluted to
10°. In a96 well plate, 5QuL of HRV medium was added into each control well (cells
only) and 5Qul virus (relevant dilution) was added to each virus well. ib®f HeLa
Ohio cells were added (cell numb&x10° mL and viability > 95% was recorded prior
experiment), and incubated for 5 days &35% CQ. The cytopathic effect (CPE) was
observed by microscop¥ days)to identify the differences betweemirus dilutions and

control wells

At day 5 (end of CPE observatiotije HRV medium was gentigmoved from the 96

well plate and 50 pL/well of crystal violet solution containing 0.1% in gaiv/v) was
added into each well and incubated for 10 mintbestainadherent cells by binding to
proteins and DNAThen the cells were washed gently with g@difbr 45 minutes and

the 96 well plate was allowed to dry at RT for 1 hour. Subsequently, stained cells were
dissolved in 30 pLSodium Dodecyl Sulphate (SDS) in a platform shaker for 1 hour at
RT and the absorbance Optimal Density (OD) at 560 nm wasdext Fig. 2.2.3 using

the FLUOstar omega plate reader
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Fig. 2.2.3 Determination of infectious titre of HRV16 stock.A representation of the CPE in a quantifiable mannedetermin:
the infectious titre of the virus in the tissue cultutds related to how the 50% Tissue Culture Infective Dose (EgDhich is
calculated by the sum of positive (plagues formation) and negative tests (absence of plaques) over the period of Scadigsr
culture remain viablewhere10? to 10° dilution was prepared at 6 replicates for each sample including infected and con
infected cells) sample®Vells with destroyed cell monolayers were observed manually for 5 days (data not shown here)
inverted microscope. Then, automatigalsing a viable colorimetric/cytotoxicity assay known as crystal violet assay. This
quantifies the cytotoxic effect as a function of the number/viability of remaining cells after the infection. The assajowasdal
day 5(graphedas the dilubn rate of HRV16 decreases cell viability increases). Graph Pad version 7.3 was used, where Gr¢
XY was used connecting lines with error bars (the values representtr8& - 95% confidence interval of independent replica

The optimal TCIRo of viral infection dos€concentration required to induce cell death
andor pathological changes in 50% of cultures inoculatedy determinety using the
following formula utilising an excelspreadshedbased orthe Reed& Muench(1938)
method(Fig. 2.2.4) as follows:

1 Log of lowest dilution ) -Difference of stepwise dilutiord} x (Sum of positive

tests(S) - volume of the virusised

L d S n
-1 1 5.33 50
L=Log of lowest dilution
d=Difference of stepwise dilution
TCID50 (1) S=Sum of positive tests
-5.83 (1) TCID 50=10E-5.83
antilog 0.83 = TCID50/ml
6.76 1.35E+07

Fig. 2.2.4 TCID 5o of HRV16 stock Excel spreadsheef’he TCID;, method is a statistical derivative of tREU mL assayInstead
of counting individual plaques, multiple replicates of the virus dilutierepreparedFig.2.2.3. The TCID50titre is calculated from
the 50% endpoimnf the tissue culture (wellsThespreadsheetpresents th€CIDsy mL obtained durin@nexperiment.
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Thefollowing formulae werethenused to determine the titnea PFU/mL and
Multiplicity Of I nfection (MOI) of the viral stock:

1 PFU/mL=TCIDs¢/ mL * 0.69 (Poisson distribution 1TC#=0.69 PFU)
Example: 1.35 x 10 0.69= 9 x1¢ PFU/mL
1 Total PFUneeded- cell numbef desired MOI
Example:8 x1C* 0.2 = 1.6 x16PFU
{1 Total amount of virus neededPFU/mL + PFU
Example: 9 x1® PFU/mL + 1.6x10° PFU =56.25mL
In uL= 1000+ 56.25mL =17.78pL in suspension

2.2.3.3HelLa cells HRV16 infection

HelLa cells were maintained on 100x20mm culture dishes prior to and whilst performing
the infection experiments. For the experimental work, 95% or greater confluent flasks
containing HelLa cells were used and the CGM was gentipved. Subsequently, the
dishes were rinsed twice widOnmfiltered PBS pH7.4 and then the flasks were treated
with 5 mL of HRV16 containingmedium(MOI 0.2) apart from the control. The control
wells were treated with theame volume added for the HRV16 wells, but only HRV
medium was added instead. All flasks were incubated at SPAQ for 12 hours(~5

x10°/ mL). The supernatant of cultures were colle@échours after infectioto extract
derived MV. Cell number and cell viability was also recorded after the supernatant was

removed.
2.24 Isolation ofMV

In order to understandelproperties present in M¥l MV samples used during this PhD

project wereproduced and extracted using the same mditroall experiments
2.2.41 Isolation of eMV

The retained gdket (erythrocytes concentrgtenvhich yields approximately 4L, was
used for the extraction of eMV. €eMV wereprepared in three different ways:

1 (i) Control- erythrocyte pellet withOmL 200nm filtered PBS pH 7.4
T (ii) Asin (i) with the addition of 2QL of 2 mM of CaC}; and
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1 (i) As in (i) with the addition of 1 mL 20 nm filterednormal human serum
(NHS)in 10 mL 200nmfiltered PBS pH 7.4nd 20uL of 2mM of CaCp.

All samples were incubated for dnutesin a 37°C water bath, anplaced on ice for
approximatelys minutesto stop the reactiorthencentrifuged at 60 g for 5 minutesto

pellet the celland the supernatantas collected ancentrifuged a#,,000g for 60 minutes

The supernatant was collectetice againand sonicated for Bninutesto disperse
aggregatiorandcentrifuged at 29009 for 90 minutesat 4°C. The resultant pellet was
suspended ir200 nm filtered PBS pH 7.4 (or RPMI 1640usedif eMV were to be
introduced to cell lines They wereused immediately, or frozen é80°Cto store until

further analys.
2.2.42 |solation ofHeLaMVC andHRV16iHMV

Conditioned medium wasollected from cell cultureginfected and healthy cellgt
specifictimes (depending on experiment demands) and centrifuged once &t f20®
minutes Then he supernatant was collected and sonicated fitinGtes andcentrifuged
at4,000g for 60 minutesand subsequentlyentrifuged at 29009 for 90 minutesat 4°C
The resultant pellet was suspende@@® nm filtered PBS pH 7.4 (or DMEM usedif
MV were to be introduced to cell lineand used immediately or frozat-80°Cto store

until further analys.
2.24.3 An alternatve method for EV extraction

The preparation for the use of tB&ze Exclusion Gromatography{SEC) column was
carried out according to the manufacture
column was placed in a holder and leveNedtically, leaving the bottom wberslip cap

in place, then the tepap was removed. Subsequently, the column wasilerated by
removing the lower uerslip cap andemoving the bed volum@0 mL) by rinsing the

column with 10 mL200 nm -filtered PBS bulffer.

With the bottom luerslip cap on, th&BSbuffer above the top filter was removed, then
the sampldprepared as i2.2.4.1and2.2.4.2 after the 400@ centrifugation stepjvas
introduced The bottom luerslip cap was removed and 0.9_rfractions were collected
immedidely (the first six fractionsverediscarded because it is the void volume and does
not contain MV) Then,200nm-filtered 10 mL PBS buffer was introduced to the column.

Immediately after the void volume was disbad, a fraction of InL of the sample was
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collected. After the collectioaf the MV fractionsthe column was rinsed with 0L of
PBS bufferthe bed volume (1L) was reintroduced to the column and tis¢ored at
4°C until further us€reusedor same sample typ@times.

The samfes were then centrifuged at,@80g for 90 minutesat 4°C to concentrate MV
The resultant pellet was suspende@@@nmfiltered PBS pH 7.4 and used immediately

or frozen at80°C to store until further analgs
2.2.5Flow cytometryanalyss

The Guava flow cytometryFC) EasyCyte HTsystemallows complex biological studies
such as cell counting and viability testing, cytokine detectietl, activation marker
analyss and discriminates events between different cells/particles based on their size,
granularity and fluorescence stainifithne Guava FC can be used to perform ten different
assaysbut, for this PhD study only two assays warglised These were the ViaCount
assay (for counting cells and determining viability) and ExpressPlus assay (MV

concentrationsize and grface markeanaly®s).
2.2.51 Cell number and viability

The quantitative measure of cell number aedcentagé%o) viability was an important
consideration for performing cell culture and/or cellular assays. This evaluation was

fundamental for thisesearch.

Forcell analyss, theViaCount assay (FC) was usédter wash and suspension, the cells
were seeded into 96 wells plate and stained with Guava ViaCount reagent (ratio 1:1). The
cells were then analysed via Guava ViaCount software. Cell numhexhd % viability

was recorded using EasyFit.

The remaining stock of the cells was transferred into a culture flask to allow growth, or
was seeded into well plates-at3x10° mL (only cells of 95% viability or greater were

used for the experiments).
2.25.2MV enumeratiorand sizing

The size range of bioparticles in the experimental sample was estimated by comparing
the side scatter signals (SS@)h forward scatter signals (FSC) providedthg reference
microspheres size$@0to 2000 nm), using the FCSubbmicron Particles size reference

kit.
42



The ExpressPlus assay software wasd to perform all measurements usimg Guava
FC EasyCyte HT systernthe settingswereadjused by establishing the threshaldlue
to less than or equal to 50@@ents per sapte (for very low flow) for accuratparticle
counting(particles/ mL) The voltages (using the SSC and FSC parameters) were adjusted

by evenly distributing the particlé®tween 19and 16, allowing discrimination of sizes.

Theaccepted background fnoondwhen20)ommfitered t e d
PBS pH74 was used as a blank soluti@ebris or other unwanted events were excluded
(accepted that MV are larger than 100)maring analysis using the FCS Express FC De
Novo Software(optimized for use with Guava instrumentahich allowed gating of
specific areagjiscrimination of sizes and sample populatibo.obviateMV aggregates
samples were sonicated briefly before analgsidthe total amount of MV samplegere

seeded into 96 wells plate allow the MV to be counted singly.
2.2.5.3Fluorescence detection

The size rangand % fluorescence tietionof MV was estimated by comparing the SSC
with those of theaference microspheres siz&9Qto 2000nm) as established ichapter
2.2.5.2but utilising thegreen scatter (GRINog) parametemsteadof FSGLog, using

the ExpressPlus software.

To determine the expression of surface markers (fluorescence), MV samples were
labelled with a specific panel of cluster differentiation (Eh)oresceirdsothiocyanate
(FITC)-Conjugated antibodigs PBS containing 1 % BSA and 0.09 % sodium azui¢

7.4. The antibodies werkee of unconjugated FITC and adjusted for direct use, therefore,

no reconstitution was necesséoy the direct method of labelling.

A percentage of total volun{ep to x16/ mL), of each MV sample was diluted with 100
uL binding buffer and incubated for 3fBinutesat RT. The relevant CD was added (5
puL-recommeded by manufactii@nd incubated for 1 hoat RT. Subsequently, the MV
samples were concentrated ultracentrifugation at 29009 for 90 minutesat 4°C. The
regultant pellet was then diluted wi200 nm filtered PBS pH7.4 and wastd through
centrifugation at 2900 for 90 minutesat 4°C, and seeded into 96 wells plate. Samples

were then analysed by FC Guava Express Plus software.
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2.26 qNano standardperating protocol

Nanopore(NP) size 300 (target size betweedl51150 nm- MV samples sizes
expected to be 10601000 nm), was used along witlthe Polystyrene chbration
particles (CP)CPC200 particlesmatching the expected size range of unknown

particles to accurately estiate the size of unknowparticlessamples

The CP was vortexedpidly to ensure homogeneity and sonicated brieflyemove
aggregatesThen they were diluted iB00nm -filtered PBS (as sample buffertp the
target desired concentrati¢h x1G/ mL).

80 pL of 200nm -filtered PBS was applied and removiedm the lower fluid cell, to
reducethe risk of air bubbleformation under the nanopore when applying the

electolyte to the lower fluid cell

The nanopore was then placed onto the 4 arms of the instrument and the digital
callipers wereused to measure the distance between two opposite arms and enter the
distance in mm into the stretch input field. Subsequently, the calibrate stretch option
was set to 47 mmand 80 (L of 200 nm -filtered PBS was introduced and removed

from the lower fluid cell to allow more flexibility to the pore.

Then, the upper fluid cell and shielding cage was placed on the nanapo40 (L

of diluted CRZ200was introduced in the upper fluid cell. TWeriable pressure module

was used to apply ¢Cdddti8e steteravsarpdoced to 44wmm pr es
whilst analysng the blockade events caused by th€2B0and observed in the signal

trace panelThe particle rate measurement®ng recordeduntil 500 particles wre
reachedwhichprovideda stable baseline current for appropriate measuremdime of

samples.

The CRC200was then removed from the updarid cell, which was washethree

times with 1000 pL 200 nmfiltered PBS to remove residual particles. Thire
samples were introduceadto the uppeffluid cell with baseline current within 3%
observed during measurement, showing particle rate plot display constant sample

detection.
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2.2.7 Western blottinganalyss

Western blottingis a widely used analytical technique used in molecular biology,
immunogenicand other moleculabiology disciplines to detect specific proteins in a

sample of tissue homogenate or extract.
2.2.71 Preparation of sample lysates

After the removal of the final (wash) PBS buffer from the cells and MV, an appropriate
volume of RIPA Buffer was added (1Lnfior 0.5 to 5 x 10cells) with protease inhibitor
cocktail(1X). For MV samples the volume of RIPAas optimised t@00uL to maximize
concentration/dilution. Then the cells weincubated on icéor 5 minutes and MV
incubated for lhour onice. Samples were rapidlyostexed and placed on ice for 5
minutes and the lysates eve centrifuged at 800@ for 10 minutesat 4 °C to pellet the
debris. Then, the supernatant containing the soluble proteins freamgles were ready

for analyss.
2.2.72 Total protein concentration and SIPAGE sample preparation

Followingt he man u f a ctibng, 2@uL dfsworking seagenfVe¢R) is required

per sample (2%L). The WR is made up usimgagent A(sodium carbonate, sodium
bicarbonate, bicinchoninic acid and sodium tartrate inMN0d.&odium hydroxidg and
reagenB (4% cupricsulphaté at ratio50:1 (v/v). In parallel, a dilution series of Bovine
Serum Albumin (BSA) stock solution was prepared and usedstemdard in the later
evaluation ofunknown concentrations. Applied concentrations of the standard ranged
between ©2000ug/ mL BSA. The preparation of th@orking reagentvas determined

by the following formula:

1 (No. of standards + No. of unknowns) x (No. of replicates) x (Volwarking
reagenper sample) total = Total volume required.

Subsequently, the 96 well plate contaigithe standards and samples was incubated at
37°C for 30minutes The plate was allowed to cool down at RT and the OD an&62
readings wererecorded, using the FLUOstar Omega microplate reader. Protein
concentrations of thenknown samples were determined by interpolation on the standard
curve Fig. 2.2.7)
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Fig. 2.2.7. BSA standardcurve for protein concentration. Where0- 2000 pg/ mL BSAdilution in triplicates are shown (blant

corrected data)The response valuéabsorbance) were plotted against known concentrations and-it bestdrawn through

the points. The unknown protein concentration of samples was determined by reference to the standard curve. Graph Pad version
7.3 was used, where Group family XY wased connecting lines with error bars (Mean and Error).

Subsequently50 pg/ mL (total protein concentration) of the samplesre diluted with
(2X) Laemmli sample buffer and reducing agent Dithiothreitol (EXM to 950uL of
ddHO for 50mM DDT solution). Finally, the samples were boiled fonfutesat 95°C
to ensure denaturation/reductidrne samples werinenallowed to coobeforeloading
onto an SDSPAGE gel.

2.2.73 SDSPAGE standard procedure

Polyacrylamide Gel EEctrophoresi$SDSPAGE)4-20% Mini-PROTEANTTis-Glycine
eXtended TGX)E St-Fariene E p r évbiehsetainsgladmmilike separation
characteristics while using a standard -Hiigcine running buffer systeymas placed into
the electrode assembly device, inside angimg frame in the tank of the Mmi
PROTEAN Tetra cell vertical electrophoresis system. Thef tiseglycine-SDS buffer
(1x) was added to the inner and outer chambers of the tank, and the plastic comb of the
gel was carefully removed. ThHerecision plugprotein™ dual colour standards ranging
between250-10 kDa were applied by loading 1QuL into the gel. Subsequently,
appropriate concentrations/volumef samples were distributed along the wells.
Electrophoresis separations were performed at 150V (constant voltage), until the SDS
sample buffer reached the end of the gel.
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2.2.74 SYPRO® Ruby protein gel stain

After electrophoresis, the gel was washatth ddH0 and placeth a clean container with
100mL of fix solution containing50 mL of 99.8% pure methanol, L acetic acid and

43 mL ddH:0 (v/v), and agiteed on a platform shaker for 8finutesandfix solutionwas
discarded. Then 66L of SYPRO®Ruby protein gel stain was added to the container
and placed ithe microwave (8@5°C) for 30se®nds, agitated for 3e@nds to distribute
heat evenlyand microwaved for a further 3@onds (8385°C) andthenagitated for 5
minutes The gel waseheated foB0 seonds and agitated for 2&inutes(30 minutes
total staining time). Subsequently, the gel was transfear@dclean container with 100
mL of wash solution containind0 mL of 99.8% purenethanol, L acetic acid and 83
mL ddH:0 (v/v) for 30 minutesand briefly washed with dd#@ beforeprotein bands

visualization withGelDocit imaging system
2.2.75 Membrane transfer

The Transblot Turbo blotting system was used throughout this reseaemifry
transfer). The gel (protein bands)\were transferredo TransBlot®* Tur bo E  Mi ni
Nitrocellulose (for western blottingrocedurgandbr Polyvinylidene Dfluoride (PVDF)

(for visualisation of bandsto test successful band transfer@mbrane Transfer Packs

The menbrane packs allowed the gétsbesandwichedetween sponge and paper and

all are clamped tightly together, to ensure no air bubbles were formed. The sandwich was
placed in the centre of the cassette bottom and the lid was placed on the top of the
membraneand the cassette was l@tkby turning the knob clockwise. When the cassette

was inserted into the instrument, BBED-RAD existent protocol for Binutesmini gel

transfer was selected. The membrane thvars ready for further analgsi
2.2.7.6 MemCode reversible protein stdit- PVDF membranes

To verify successful protein transfers to the membrane (PVDF only), the membrane was
manually rinsed with dd#® three times and quickly decanted. MemC#densitizer
was poured into the ctainer, and agitated at RT forrBinuteson a rotary platform shaker,
at moderate speeand the solution was decanted. Then MemCbdeversible stain was
poured into the container arldle membrane was agitated fominute at RT, then the
solution was decanted. Subsequently, the membraneingzsl with the MemCod&”
destain solution three timeguickly decanted and stained protein bands were vesdali
by eye
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The membrane was then submitted to the erasdr&mek solution, agitated for 20
minutesat RT on a platform shaker and rinsed wittiH0. Western blotting was
performed withPVDF membrane for trial purposenly (data not presented here)

2.2.77 Western Blotting standard procedure

The esultant nitrocellulose membrane was incubated food At RT with western
blotting blockingbuffer. Following blocking, the menrane was washed 3 times for 10
minutesin a platform shaker with PBS20 and incubated with the relevant primary
antibody in the desired dilution (diluted with Western blotting blocking buffer and
accordingtahemaruf act ur er 6 s haoursat RTuar overmughtsat)4°Cfandr 2
washed with PBSR0 (3timesfor 10 minutesin a platform shaker). Subsequently, the
membrane was incubated with the releveedtondary antibody for Roursat RT, amwl

washeds3 times forl0 minutesin a platform shakewith PBST-20.

Visualization of positive protein bands detection was performed using the enhanced
chemiluminescence reagent system (E@\ihere reagent A and Batio 1:1) was added
to the membrane and incubated fomthutesat RT under dark cotiibns. The images

were visualisedising the UVP ChemiDett system.
2.2.8Proteaseprofiling

2 mL of array luffer 6 (buffered potein based with preservatives serving as a blocking
buffer) wasadded into each well of thewell multi-dish. Then eackample membrane
(each containing 34 different capture antibodies printed in du)oates placed ithe
wells @-well multi-dish:4 samples4 membranes)nd incubatefbr 1 hour on a rocking

platform shaker.

Sample preparation and total protein concentration procedures were carried out as in
chapter.2.7.1and2.2.7.2

Cells and MV Ysates were diluted and adjusted to a final volume of 1.550k gniL

of protein)with array luffer 4 (buffered protein based with preservatives serving as
diluentbuffer)and15¢ L of reconsti tut ed opktaib(tiletedsne de't
100e L o f.O)mhhcbated at RT for 1dur. Then the arraydffer 6was aspirated

from the wells 6 the 4-well multi-dish containing the samplmembranesand the
preparedantibody mixtures, with the correspondisgmple wasintroduced to the

membranes and incubated oveiti at 28°C on a rocking platform shaker. Each
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membrane was removed and placed intbvidual plastic cordiners with 20 ra of 1X
Wash Buffer and washed 3 timks 10 minutes

Then, 2mL of 1X dreptavidinHRP was intoduced into each well of thewell multi-

dish (the 4 sampleg membrang) and incubated for 3@ninutesat RT, on a rocking
platform shakerEach membrane was then wasBaumeswith 20 mL of 1X Wash Buffer
for 10 minutes 1 mL of the prepared lemi Reagent Mix (1:Iatio) was evenly
introduced onto each membrane andubated for 1 miate The image/stagd spots

were detected using the UVP ChemiBibsystem (UVP systems, UK).
2.2.9miRNA profiling

mMiRNA profiling involves comparists between two or more groumd different
biological samplesto therefore calculate the differences of miRNA expression between

groups and/or samples.
2.2.9.1miRNA extraction

PBS was removed from all sampl&s=@: erythrocytes, eMV control, eMV CagleMV
CaCb + NHS, Hela cells, HRV16iHc, HeLaMVC, and HRV16iHMV), and B600e L
Lysis/Binding Solution for 18107/ mL cells was added\pproximately30&@ L f or s ma
numbers of samples (hundreds), and closer tos6Q0 when i sol ati ng RI

numbers of cellgthousands/millions).

Then, 1/10 volume of mMiIRNA homogenate additive was added to all sanvpliels was

mixed well by vortexing anohverting the tube several times and incubated fonituites

on ice.A volumeof Acid-Phenol Chlorofornthat was equabtthe original lysate volume
(before addition of the miRNA homogenate additive) was adsidpleswere vortexed

for 30i 60 seonds and centrifuged for Bninutesat 1M00g at RT to separate the aqueous
and organic phaseshe aqueous phase was recovered without disturbing the lower phase

and transferred to a fresh tube.

Subsequently, 1/3 volume of 100% ethanol was addeectwvered the aqueous phase
andthesamples were mixed thoroughly by vortexing. Samples were thiesgucednto

the filter cartridge (one per sample) which was supported by the collection tulles, an
centrifuged for 15 semds at 1000@ andthefiltrate collected.
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2/3 volume of 100% ethanol was added to the filtrates and mixed thorotighlgnixture

was introduced to a second filter cartridgentrifuged for 15 sends at 1@00g andthe

filtrate discarded. Then he f i |l t er was was hedoluten iyh 70
centrifugirg all samples for 15 sends at 1@00g. Then,the filter was wasbd twice

with 500 |  wausiam (centrifuged for b seonds at 1@00g).

100¢ bf preheated (95°C) elution soloh was introduced to the centvéthe filter and
centrifuged 30 semds at 1@00g. At the end of this procedure, the eluate was collected

and samples wermready for analysisr storedati 80°C until further analysi
2.2.9.2miRNA quantification

The RNA concentration range was measured withamutfacturer specifications fane
NanoDrop® ND1000 U\-Vis Spectrophotometeandthe ultraviolet (UV) absorbance

measurements were acquired under the RI9Aettings at RT.

The concentration of the samps was as s es s efdeach yamplei dpeetly t 1 n ¢
onto one measurement pedestal, a measurement of the elution buffer was recorded and
acted as blank (backgroundubtracted). Theatio of A260 to A280 was used because

it provides an indication of RNA purity. After this procedsamples were diluted with

elution bufferto attain theequiredconcentration (aiming at 18y/ mL).

2293Firefl yE circul at i @ingmumology Mahe)pr of i | i ng

Each sample prepared 112.9.1and quantifiedn 2.2.9.2went through the procedure
presented irfrig. 2.2.9 All samplegN=3: erythrocytes, eMV control, eMV CafleMV

CaCb + NHS, Hela cells, HRV16iHc, HeLaMVC, and HRV16iHMWere sent to

Abcam and scanned on an EMD Millipore @aa8HT flow cytometry(technical
replicatesof each sample werniedependlyanalysedoy Abcan), and theresultantdata

was analysed with the FireflyE Analysis

50



Hybe buﬂer-....__,____h Hybridize: miRNA's are captured by
Fireflv particl target-specific probes embedded in Firefly
wetly particies — barcoded hydrogel particles

|

AJ:IapteIS..._____h\ [ Ligation: Oligomuclectide adaptors are J

: : X ligated to each end of the hybridized
Labellmg mix—~__ | Rince miFINA to serve as PCR priming sites

|

Primers
\ [ PCR: Labelled miRNA's are dehybridized J

PCE. mix from particles and undergo one-step RT-
PCE. with a biotinylated primer

|

Capture: PCE. products are re-hyvbridized J

/]

to the criginal firefly particles

|

Feporter mi
PAET M~ Finze [ Report: incubated with a flucrescent J

Hyhbe buﬂ?er--q...,__l_ [

reporter to detect re-hybrnidized PCE
products

|

Rinse [ Scan: particles are scanned uzing an EMD J

Millipore Guava 6HT or SHT flow
cyvtometer

i |

[ Data analysis: Flow cytometer filas are J

analysed with the Firefly Analvsis
workbench and reports are generated.

Fig. 2.2.9.3.1. Summary of the miRNA experimental procedur&.he workflow diagram was built on information provide

by Abcam(2015) and itrepresents the step by step experimental procedure used for the miRNA profiling. It permits profiling
of up to 68 miRNAs across multiple samplegth readout on a standard flow cytometry. A detailed procedure is provided in
Anpendix I.

2.2.10MV labelling for fluoresence ntroscopy

For MV-cell interactions, AnnexiV-FITC-Conjugated was sed to label the MV
samplesthe purified antibody usedtere was conjugated with FIT@ee of unconjugated
FITC, under optimum conditions and adjusted for direct use, no reconstitution was
necessaryA percentage of total volume of the MV samples were diluted (ratio 1:1 with

cells) with binding bu#r and incbated for 30minutes 5 pL of AnnexinV-FITC-
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Conjugated was added to eacN Mample and incubated for bir at RT. Subsequently,
the MV samples were concengdiwvashedthrough centrifugation at 2800 g for 90
minutesat 4°C.Thelabelled MV were addetb the 95% or greater viable cells, and MV
to cell interaction was observed using tiapses settings, utilisirgn automated system
alternating bet ween bright field and
FluorescenceMicroscope LED imaging analys Photographs of interactiorendbr

outcomes were recordedery twominutesfor 15 minutes
2.2.11The addition of eMV on the growth of different cell lines

For the observation of the impact of eMV on the growth of cell lines,-THRirkat, PE€

f

3 and MCF7 cells were used. The cells in the exponential phase were washed and

quantified accordingl using the flow cytometryiaCount assay as i2.25.1 Cells

(treated withexosome free serum CGM) were seeded into sterile 24 well platé8 at

10° mL cell (only cultures with 95% viability or greater were used) in triplicate. Then

RPMI 1640 diluted eM\¢tontrol(quantified using FC Express Plus software as irb2p.
were added to eachelV (except controlsRPMI 1640 only containingthe different the
cell lines THP-1, Jurkat, PE€3 and MCF7, atl:1ratio.

Plates were incubated at 37fiCa 5% CQ incubatorand left untreated for the duration
of the experimen{96 hourg. Cell growth ratevasanalysedconcentration andiability
determined) every Zvbursagainst eMV treated cells.

2.2.12The addition of HeLaMVC andlRV16iHMV on the growth oHelLa cells

To investigate the effect of HeLaMVC and HRV16iHMV on the growth rate of HeLa

cells, HeLa cells in the exponential phase were wad®ith chapter2.2.1.2 and
quantified accordingly as ichapter2.2.5.1 Cells were seeded into 24 well plates &6

x10°/ mL cell (only cultures with 95% viability or greater were used) in triplicate.

Quantifiedby FC and DMEM diluted HeLaMVC and HRV16iHMV(ratio 1:1)were
added to each well (except controlehtaining the HelLa cells treatedth DMEM CGM
(exosome freserun). The plates were then incubated at 3iff& 5% CQ incubatorand
left untreated for 2thours Hel a cells controlamples were observed against M¥ated
cells (:1 ratio) ancconcentratiohmL and viabilitywasdetermined every Boursafter
aninitial incubation period of 1hoursto determinghe effectof MV on the growth of

the cell linebefore cells were apoptotfimOl 0.2).
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2.2.13Statistical Data Analys

Statistical analysis for all data presentedhis PhD thesisunless noted otherwise in
figure descriptionwere performed byusing multiple T testor comparison between
groups (one unpaired t test per rqwer period of time)Thepoints and connecting line
are shown as Meaand Error (XY graph family)The statistical significancéetween
groups was determineccorrecting for multiple comparisons usirige HolmSidak
method wherealpha=0.05with fewer assumpons Thisanalygdeach row indivilually,

not assuming consiste8tandard deviatiarP > 0.05consideredhot significant (NS), and
P<0.05(P<0.05*, P < 0.005**, P €.0005 *** and P < 0.00005****wereconstered
statistically significantutilising GraphPad Prism version 7.2 for Windows (GraphPad
Software, USA)
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3. Results

3.1Heterogeneity of MV samples: their concentrationand size
3.11 Introduction

Due to the largeumberof publications in this field, EV may be referramlas entities
that contain material which may mirror the content of the parentNellertheless, it is
important toacknowledgehat EV are heterogeneous in size, biogenesis, composition and
can derive from diverse sets of biolagliammunological processewhich may be

dependent other parent cellsandtheir biology requires further elucidation.

The physiological, pathophysiological processes and biological functions of EV are
becoming increasingly characterised. Most, if not all cells secrete at least one type of EV,
which comprise heterogeneous plapions of vesicles of differentcompositions,
physiochemical properties and siz&adallah.et al, 2011; van der Pokt al, 2012;
Tissot, et al, 2013; YaneaMo, et al, 2015) As previouslymentioned (chapter 4.1-

page 12-13), MV are considered to be a subtype of EV and are the focus of this PhD
research.

The concept of iduced microvesiculation is not nemd hadeenobserved by a variety
of study groupgchapterl.22). For example, merovesiculation carbe induced by a

plethora of cellular events includingll death, hypoxia, stresexpression of oncogenes,
differentiation and infection by virusémal & Jorfi , 2013)

An early report by Liepingl983) focused on cytoskeletal disruption as a mechanism for
MV formation and reported that treatmerdf mouse mastocytomB®815 cellswith
colchicine ( b tubulin interactor) vinblastine (cell cycle regulation)and cold
temperatures disrupthe microtubule cytoskeleton. These treatmeampisearto cause a
localized rupture of the plasma membrane from the underlying cytoskeleton, as well as

subsequent blebbirdueto hydrostatic pressure differenqdgang & Sun, 2013)

Furthermoreit has beesuggestethat even a single cell may release more than one type
of EV andthatinducedmicrovesiculation majead toheterogeneougopulations of EV
(concentration and sizeFor instance, irplatelets whereisolation protocol, the quantity
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and protein conterwerecomparedn microvesiculatiorinduced bythrombin, collagen,

lipopolysaccharide an€&™* ionophore generated different resiisitonengt al, 2014)

In addtion to sample stimulatiodV generakample preparation amctraction is yet to
be standardised, despite there being many statlesptingto establish clinical stand-
ards(Bobrie, et al, 2012; Witwer et al, 2013) There are numerous ungarities over
protocol standarda&ion and how to define the pamalytical and analytical variables,
which may influence the interpretationtberesults(Mora, et al, 2016)

Donorheterogeneityactors, such as diet and age should be conside@derto facili-
tateunderstanding othe analyticalparametersiariables and to ensure that MV can be
reliably quantified in patients and other clinical settings. Othetofs includingsample
collection, sample handling, storage periallisolation/extraction conditionsanaffect
theresults Therefore standardisegrotocols are essential because variation in the steps
of the protocolisedcan lead to significant fluctuations in MMumbers and their purity

resuling in unreliable experimental resulfd/itwer, et al, 2013)

Indeed, EV extraction and identification/characterisatemhnologies havbeen widely
investigatedandthis area of research has accumulated increasing interest and knowledge.
Neverthelessit is generaly accepted this is an area of research thatpiepared for
clinical applications/practice. It may be suggested ttiatarea of researah still early

stage, particularlyhe abilityto state that EMdata carunquestionablype used for chical
purposesConsidering their heterogeneityore datas needed to positivelyevealEV

concentration, size arbeirbiological role.

In this resuls chapter, thenvestigatiors focuson thecharacterisatioand comparisonf
eMV released from uninduced erythrocyfeentrol) with those induced witicaCkand
CaChk +NHS (Hela cells derived MV weraised for source differentiation purpose)

considering:

1. eMV size anctoncentrationsolated from ultracentrifugation procedwsng the
FC Express Plus assay

2. eMV size distribution using thEunable Resistive Pulse Sensing (TRPS) principle
(gNano instrumentand

3. eMV concentration isolated fronultracentrifugationcompared tothe Size
Exclusion Chromatograph{SEC) columnapproachesnalysedusing the FC

Express Plus assay.
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The primary functions ofFlow Cytometry (FC)areto measure the scatiieg of light

caused by a particgldhence e FC Submicron Particle Sizé&Reference Kit Forward

scatter (FSC) is light from the illuminating laser beam that has been bent (refracted or
otherwise deflected) at a small angle as it passes through a particle. The intensity of the
FSC signal i's propor (Ttuget all 20lt1)oTherefore, itpsa r t i
possible to analyse the size of bioparticles using a standard FC by comparing their FSC
signals with that of a population of microsphere standards that have known diameters.

The Guava Easy@g™ HT system FCExpress PlusSoftware (used for this PhD
research allows analysis of large numbers of MV using very small volumeO(s L ) .

It is also usedor performing one two-, and threecolour assays, ang designed for
measuringntracellular or cell surface marker expression. It can also be adopted for a
range of assays including accurate quantification and sizing of samples
(MerckmilliporeGroup, 2015)

Secondly, vth the aim ofunderstanithg eMV size distribution,the gNano instrument
wasused This isbecaus@ compares the resistive pulses caused by the unknown particles
with the resistive pulses caused by calibration particles with a known diaffieitecan

be done because the concentration and rate of blockades are linearly proportional
(Willmott, et al, 2010) Using asingle calibration sampléogetherwith particles of
known concentration and particle size alldasthe measurement of siadistributionof

an unknown samplgMaas,et al, 2014)

Additionally, due to researctechnologiesapidly expanding in the field of the E¥ Size
Exclusion Giromatography(SEQ was usedas an alternative method to extradVv
sanplesto test whether it provided a better MV isolation procedure cordpar¢éhe

classic ultracentrifugation method
3.1.2 Results

Chapter 1.2.hypothesisedhow differentcell inducers maygtimulate the releasd# MV.
Therefore, iran effort to increasteproduction yieldf eMV, erythrocytes weragduced
with CaCb and CaCl+ NHS and compared taninducederythrocytes (control eMV),
(Hela cells were infected with HRV16 to act as a parallel sample) as desoritdeapter
2.2.4.
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The FCsizeanalysis of MV is shown ifig. 3.1.21, wherethe ezentswere plotted using
the side scatter (SS@llows for particles/cellular differentiation within a heterogeneous
populatior) against forward scatter (FSCallows for discrimination of particle sizg¢s
parametersBoth were set atthe common logarithmic (Log) scale becausedata is
condensedo a substantialegreeat the high endin comparisorto the low end(natural
logarithm In), which providesa moresuitableview for datawith very differentmedians
(Bushnell,2017)

Fig. 3.1.21a represesttheknown popuations of the size beadanging betwee®00-
2000nm and200 nm+filtered PBS (blank buffgnoisg thatwereused to create thdV
optimized gate. This was performadcording tadhe predicted M\sizeranging between
1001000 nm. The size beads were overlaid over each other and the MV gate was

activated in order tovestigateparticles/MV sizes.

The triggering threshol@minimumvalug was set on forward scatter below the power of
particles scattered light but above the systems background (RiE® gate) The
background noise subpopulations of particle events disappear after the gating system is
activated(bottomleft dotsnext to the Y axis This is when thaoiseis subtracted from

the event coun{5000 maximum for all analysispnd the true centre of the gated

population acts asraferencdor all samples.

eMV control (Fig. 3.1.2.b), eMV CaCk (Fig. 3.1.2.1c) andeMV CaCh +NHS (Fig.
3.1.2.1d) samplesl=3) show similarcharacteristicin terms of sizing an&C position,

with the majority of samples (dots) laying within the MV gate created. These samples
appear to be smaller than 59® whenobservedagainsthesize beads (referenceyith

a signficant population positioned mv the area established at 58éh. The eMV
control and eM\VCaCb samples appear to be smaller tttzeeMV CaChk +NHS sample
asthedots shifted further right and upwards whaserved against tloeeated MV gate

HeLaMV C (Fig. 3.1.2.1epndHRV16HIMV (Fig. 3.1.2.T) weredemastratedas being
largerthaneMV samplesn generalMoreparticlesdots apparedoutside the gate created
andtheypresentegimilar characteristics ttheeMV CaCbk +NHS sample (dots shifting

further right and upwards).

Also, asmall numberof particles/dots werebservedas present below the MV gate
created, suggesting that smaller particles where present in the sangdeswedmore
heterogeneity in terms teir sizes
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a) Known size beads b) eMV control
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Fig. 3.1.2.1. Dotplot gating- FC analyses of MV sizing and counting strategyWherea) represents the dot plots acquired from

the size beads overlaid over each other and displayed as the SSC HLog ¥4_deS€eparated by sizes (gated) and showing
events which were used to create the MV gate and to establish appropriate instettmgst Each dot represents a single patrticle,
and the characteristic position of the different populations is determined by differences in particle sizing and grahalaivy.

gate was defined as >100 nm and <1000 nm by verifying resolution capahofitthe FC against beads, which was also used to
define the size distribution of all samples. The gate showing 500 nm paricles was purposely used for the MV sizingraand counti
and PBS was used as buffer control which was excluded from background \aheingrMV numbers (Fig. 3.1.2.2). Fig. 3.1.2.1

b), c),d), e)andf) represent MV samples (N=3) as labelled above each diag@8 Express 6 FC and Image Cytometry Software
was used for the analysis.
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To comparethe concentration &MV population released in the presence of CaGt
CaCb+ NHS, with the amounteleased froneMV controleach conditiorwasassessed
in Fig. 3.1.2.1 This was achievedsingparameters establistin Fig. 3.1.2.5n, where
the concentration cfamples were analysedcluding particles/MV (dots) that did not fit

within the parameters used for the MV gate.

As shown inFig, 3.1.2.&, erythrocytes released higher levelsiV in the presence of
CaCbkb (N=3, mean3.4x10/ mL) when compared withuninduced erythrocytes/eMV
control (N=3, mean 4.5x1® mL). The poduction ofeMV was further increaseshen
erythrocytes wereinduced with CaCbk and NHS (N=3, mean2.9 x 10/ mL), in
comparison t@MV control FuthermoregeMV CaCb+NHSyield a greateamountwvhen
compared t@MV CaCb suggestinghat there isanadditive effectas a resulof NHS in
eMV production.

The data obtainedFig 3.1.2.2 supports the assertiaiat it is possible to produce
reproducibleMV populationswhen usindg=C settings (gate created)ecauseMV CaCb
and eMV CaGl+NHSdid not showsignificantinaccuracyor theamount released within
the same grouN=3, Meanand Erro}. HowevereMV control sampledid showasmall
variation between samples (Meamd Erroy. eMV CaC} and eMV CaGl+NHS samples
showed an increase trend in ther amountof release(statistical significanceyvhen
compared to unducedsamplegeMV control)

To relate the amount of eMV produced with the number of erythrocytes, it can be
suggested that all eMV samples show less than a 1:1 ratio production in comparison with

the original erythrocyte numbersH:9 x1G/mL) used for the experiment

In addition to furthercompare the amount MV released from erythrocyteslV from

HelLa cells (HeLaMVC) and Hela cells adted with HRV16 (HRV16iHMV) werased
HeLaMVC (N=3, mearn2.4 x 16 / mL) andHRV16iHMV (N=3, mean7.5 x 16/ mL)

also produceda greater amount of MV wheHrelLa cells were infected with HRV16
However,it did not show inaccuracy between MV types for the amount released within
the same grougN=3, Mean and Errot)In relation to the number of cells usgds x10

HeLa cells/mL)it alsosuggestthatHelLacells produce less than 1 MV per parent cell.
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Fig. 3.1.2.2 The measuremenbf MV numbers- assessment by FC analyseSomparison of the total concentration of the M
samples. Where Fig agpresentsriplicates of each sampl@ean and Error) estimated pe5.9x10/ mL erythrocytes where
statistical analysis was performed between groups (eMV control vs eMV, ®a0l001, eMV control vs eMV CagINHS
P<0.0001, and eMVCag@lIs eMV CaC}+NHS P< 0.0001)rad Fig b) represents triplicates for HeLaMVC and HRV16iHMV
estimatedper ~2.5 x18 mL (N=3, Mean and Errorshowing statistical significance between HeLaMVC vs HRV16iHMV
(P<0.00004) The strategy used here allows the total concentration of the sampkgdtimated by activating the gate created
using the size beads, where only particles/MV lying within the MV gate created in Fig. 3.1.2.1a were considered for the
concentration analysis.
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To further analyse/characterise and confirm the size range of MV saagaest FC
analyseghe gNano(TRPS technologywas usedThe measurement of MV sizing was
obtained using the reference beaathin expected samples sizes being-19@0nm and
the plystyrene CR0OOthat complements the nanopgNP300115- 1150nm).

Fig. 3.1.2.3demonstratethateMV size is dependermin the stimulation usedThe size
dispersalcan be practicah terms of noticing théntervalsbetween spikethat may be
notably plentiful (visible aspeak3. An increase irconentration distribtion of eMV

samplesvasobservedo begreater (size spectrum ranging 100nm to 80Ciemnduced
samplesin Fig. 3.1.2.3a =3, eMV control) peals are more concentratdsbtween T0

nm to220 nm (size ranging between 100 nm to 3#@). Whereas in K. 3.1.2.3b(eMV

CaCb), agreater concentratiagistribution(peaks)s shownbetweernl50 nm t0250 nm

(size ranging between 10@m to 600 nm). In Fig. 3.1.2.3c(eMV CaChk +NHS) an
increasedconcentratiordistributionis shownbetweenl20 nm to 350nm (size ranging
betweenlOOnm to 750nm).

HeLaMVC samplegN=3) show greater carentrationdistribution between 12Gm to
250nm (size ranging between 106 to 600hm) and HRV18iMV (N=3) appears larger,
with theconcentratiordistributedbetween 12Gim to 370nm (size ranging between 100
nm to 600nm).

Notably, overall gNano data indicated that the concentration of small MV (RD@s
greater than the larger MV (>50n which can belue toMV aggregation, vaation of
the pore dimensionand electronic noigeat all of the testing pointsThe peals
demonstrateghat concentratiordistribution varies between ach MV sample It also
showsthat the mayrity of MV analysed here stariktween 106im and 80Gym, which
confirmsthe MV gate usethe FC analysed-(g. 3.1.2.) gated systeni<1000nm), but
it contradicts that HeLaM& and HRV16IHMV are large(in comparisonto eMV
samplesanalysed with FT

Despite the fact thahe gNano analysis provided a more accurate mannenderstand

the size range of MV samples, the FC analysis is the method of choicertfoar fu
experimentgduring this PhD research. This is becailggovedto be an accurate and
valuable tool for the commtration measurement of MV, which were the measurements

required for further experimeng®llowing resuls chapters).
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Fig. 3.1.2.3.MV sizing- assessmenby gqNano analysesSize comparison of the M\group populatior{obtained by differential
sample preparation). Where the size distribution of MV was plotted ag@200 Fig a) to e) represents an overlay of each MV
sample (N=3) as labelled on the right hand corner of each diagtensize distribution profile foa single sample shows a fairly
monodisperse profilallowing the estimation of sizes, which suggests that all MV analysed here are >100 nm and <806 nm.
Izon Control Suite software was used for the analys#l glatforms for both data acquisitiondaparticle analyis.
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To compareMV isolation methodgwo approaches were employed and tessadiples

were dividedas follow

1. In approachone samples werg@repared usinghe classic ultracentrifugation
method as i”2.24.1and2.2.4.2 and

2. In approach twgsamples wersubmitted tahe Izon qEV SECaspreparedn
2.2.43.

Both approachewere centrifuged at £00 g for 60 minutesand MV concentrated at
250004g. In gpproach twosamples were passed through the column, MV samples were
loaded on the SEC and fractions were collected and gathered for concentétion.
samples weranalysed by FC using tipegotocol describeth chapter 2.2.2 and settings

in Fig. 3.1.2. &

The SEC method using qEV columns providedoor MV recovery raten terms of
concentratiorwhen compared to the elsic ultracentrifugation methods Fig.3.1.2.4
showseMV Controlrecovery decreasdtbom 2.7 x 10°/ mL ( ultracentrifugation)to 1.3
x 10°/ mL (column), eMV CaCbk from 2.1x 10°/ mL to 1.8x 10°/ mL and eMV CaCb
+ NHS from 5.8 x 107/ mL to 1.9 x 10/ mL. Similarly, HeLaMVC recoverydecreased
from 3.1 x 16/ mL (ultracentrifugation) tdl.2 x 16/ mL (column)and HRV16iHMV
from 2.2 x 16/ mL to 2.1 x 18/ mL. The decreasmay bedue to the loss of particles
associated wit density gradient purificatiobut, no significantlifferencegN=3, Mean

and Error)in MV amount of releaseithin the same method weobserved

The resultpresentediereshow that EV isolation methodologies differently affect the
MV preparatiofextractionand altethe quantification of total MV releasn this line,
althoughnew technoloyg tools could represent a quick and easy method suitable for
implementationthe resultshere(Fig.3.1.2.4 suggesbtherwise The influence othe
isolation methodsnay lead toa different yield of MV in generalnd thereforethe
ultracentrifugation method was used for further experiments (following sesult

chapters)
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Fig. 3.1.2.4 Effect of qEV purification on MV amount of release - assessment by FC analyse€omparison betweer
ultracentrifugation andEl/ SEC extractioomethods of each MV typ@N=3). Profile shows that the gEV SEC purification
causes a statistically significant decrease in concentration of the sanipteisted to the gV SEC. The Meand Errowas
calculated according to the variability of samples within the same group/MV typeh whggests accuracy, but statistical
significance was observed whilst comparing groups of MV sanfpleacentrifugation method against column), showing P
value 0f0.0007 for eMV control, 0.005 for eMV CaCD.01 for eMV CaGl+ NHS, 0.0032 for HeLaMVCand 0.005 for
HRV16IHMV samples.
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3.1.3 Discussion

In this researchjnduced microvesiculationmechanismsCaCh, CaChk + NHS and
HRV16, were usedand the data obtaine(Fig. 3.1.2.3 suggests thatmembrane
perturbation can lead to a loss of phospholipid asymmetry and MV reldade is in
accordance with previous studighapter 1.2.2)The MV samples obtained in this study
imply that CaCh, CaCh + NHS, and HRV16can inducecells to releas@n increased

number(amount)of MV.

FC dataalsosuggests that induced eMV samples dosmptificantlydiffer in sizes with
eMV control, eMVCaCh, and eMV CaGland NHSfitting in with thecreated MV gate
(>100 nm and <1000 nmijlowever,HeLaMVC and HRV16iHMVdemamstratedmore
heterogeneity in sizélarger) with a small percentagef total amount of samples

observeds beingpresent outside the gate createtiOO0Nm).

However, induced sampl@® show statistical significance for the amount released, in
comparison with the control sampl8$e size and concentration of a particular type of
EV may be relevant to the sample quality. For example, Feretied, (2013)indicated

that the size of EV (the larger) secreted by human embryos could be assotlatet
creasing embryo quality.nEir datasuggested that average EV size could potentially be
used to predict embryo aspects and improve the assessment désklaping embryos.
Likewise, the concentration and diameter of EV secreted by embryos derivedhfrom
vitro fertilisation differed from those secreted by parthenogenetic activation embryos,
demonstrating thahe characteristics of the population of Edry depending on embryo

competencéMellisho, et al, 2017)

FCis thewidely usedmethod of choice for MV phenotypir{@ospichalovaet al,, 2015;
Pockley,et al, 2015) The primary concern over FC analyses is the ability to reliably
distinguish between EV that carry specific protein markansl to accurately measure

EV proportion and the use of proper controls that robustly validate the test and establish
background leve|swhich are stillunavailable(Hulspas,et al, 2009) Neverthelessin

order to relate thmeasured light scattering to a particle size the FC can be calibrated by
using beads that refer to the Mie the@rergert & Wriedt, 2012)assuming spherical
particles of known refractive index. As beads meet these criteria, Mie theory can be used
to determingarticlesize distribution, resulting in dedicated FC being the most accurate

in sizingparticles with the hypothesis that MV arénspes with a refractive indgxan
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der Pol,et al, 2014) which was previously estimatg&onokhova,et al, 2012)and
compatible to the refractive index of ceflan Manenset al., 2008) Here, the beads
proved to be useful not onlfor the measurement of MV sizebut also for the
concentration as MV samples fitted with ttreatedjate. An advantage of general FC is
the knowledge of the analysed sample volume, suchthi@aparticle concentration can
also be determined without calibration with be@ads der Polet al, 2014)

In relation to MV concentration distribution, according to their sizes, the gqNano proved
to be a helpful apparatus bgcurately distributing the concentration of MV according to
thar size spectrum. e gNano analyses denstrated that MV are <800 nm.

Size profiling of different types of EV has also been suggested to be sucgessfull
measurable byunable Resistive Pulse Sensing (TRB®Rrry, et al, 2013) Using the

IZON gNano, the movement of particles through the nanopore (NP100 target size range
40 - 320 nm, NP200 target size range-8840nm, andNP300 target sizeange 115

1150 nm) is determined by electkkmetic (electrophoretic and electosmotig and

fluidic forces(Vogel, et al, 2012) However even when applying significant pressure
(which is necessary sometimes), #lectrekinetic forces can, depending on patrticle
surface charge, remain noegligible(Kozak,et al, 2012)

Theaccurate sizing of EV by TRPS requires that the electrical conductivity of a particle
is negligible in compaison with the conductivity of the electrolyt®oth polystyrene
beads and MV meet this requiremdman der Polet al, 2014) Nevertheless, the
measurement restrictions made the TRR&surements impractical for use in ttisdy

and vwhen working with EV, operating the instrument was challengimg) this may be

due to particle aggregatiofhese challenges congdimainly of a high rate of nanopore
blocking (sudden drop in baseline current). The inability to recover baseiments
within 3% of calibration measuremeiar to identify significant differences in particle
rates between identical samples is another down side to this techrieésgjting in a

measurement time of several hours, kErsihg the total concentratiaf samples

Additionally, electron microscopy (EM) and Crgtectron microscopy (cry&M) has
considerably helped EV studies. Nevertheless, the naneseatie proposingtrengh of

transmission electron microscopes also has pitfalls including elongstetle
preparation time, deficiency of multarametric phenotypingand low throughput
capacity(Trajkovic, et al, 2008; Condé&/ancells,et al, 2010; Yuanagt al., 2013)
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Nanoparticle Tracking Analysis ianotherpopular method for EV characterisation
(Gardiner,et al, 2016) This is a technique that uses laser light scattering and the
Brownian motion of particlegFrisken, 2001)to calculate concerdgtion and size

di stribution. It recognises the particle
viscosity which may allow the calculation of its hydrodynamic diameter as well as
providing sgcific results for labelled EV ifluorescent mod¢Dragovic,et al, 2011)
However it should be noted that depends upon a variety of optimization steps by an
experienced opetar in order to identify convenient settings for the video capture and
analysis.The high error bes in the results are regularly generated by the diversity of
particle counts between each measurement (vetweersamples)and this variation in

the number of particles encounteiedlirectly linkedto the imprecision of the particle

concentratiomprovided by this techniqugilipe, et al., 2010)

Toavoid contamination of oth@eripheral cefiFicollPaqu e E P L U®isolaies u s e
the erythrocytes pelletThis is a sterile, ready to use density gradient medium for
purifying blood cells in high yield from small or large volumes of bl@od] it usesifast
centrifugation procedure based on the method developed by B@géd)sothat purity

can be obtaine@Amersham Biosciences, 2002)his is because when erythrocytes are
aggregated, lymphocytes may be trapped in clumppaauipitateerythrocytesvhichis

avoided by diluting the blood with PBfcause it reduces the size of the red cell clumps.
Also, erythrocyteaggregation may occur because of higher temperatures (ZffCat

lower temperatures>@(°C) the rate of aggregation is decreafiddumannet al,, 1987)

Ultracentrifugation is a common and well reported method, but similar to other methods
variation in protocols (rotors speed and time) may also modify the final concentration of
EV samplegCvijetkovic,et al, 2014; Lobbet al, 2015) Linares et d., (2015)reported

that ultracentrifugation induces the formation of EV aggregates composed of a mixture
of EV of various phenotypes and morphologi€kis may cause incorrect interpretation
with respect to the existence of EV bearing surface antigens from divergent cells
Throughoutthis PhD researclsamples were sonicated briefly before FC analyses, to
allow the MV to be counted as single events and aaggiegationAlso, there are other
extraction methods that may be helpful in this cdeasity gradient centrifugation for
example, may also be usasl an alternative becausenablethe greater purification of

EV and the potential separation of disti subpopulations by siZeleijnen,et al, 1999;
Théry,et al, 2001)
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The SEC did not show advantages in this rese&xishown inFig. 3.1.2.4this process

loses a large number of Mdbmpared to FC analysand justadds an extra step to the
classic ultracentrifugation method. u@porting the assertionthat the classic
ultracentrifugation method is still a valuable procedure to reveal the actual amount of MV
that have been released under different conditions. Nelestheccording to 1ZOhe

SEC purification of vesicles is able to remove >99% of contaminating free proteins and
provides 95% removal of contaminatitigh-density lipoproteindrom EV samples.
Therefore, it might be beneficial for biological sdegincluding urine, plasmaserum

and/or ascites fluior furthercharacterisatioptoteomic analysis

The technical approach of the combination of SEC, also knowi¥sSize Exclusion
Columnseparation and TRPS analysis of EV are supposed to providéleatasultsor

EV analyss. Maaset al, (2014)demonstrated that it is possible to accurately measure
the size of MV in general. However, distinguishing between MV aggregates can also be
problematic, but for this research, samples were sonicated briefly beforasrialgiow

the MV to be countedsasingle events.

Isolation of MV is a timeconsuming process that increases the difficulty of lsagde
sample preparation and detection. As a result it may be more practical and convenient if
MV could be obtained in a shorter time, hence the altematiethod. The results
obtained by thi?hD researcluising the ultracentrifugation method may meetupeo
daterequirement for sample collggon, thus assisting in the batch processing of samples
and promoting the development of MV detection. éxctessive centrifugation speed
might lead to fragment contamination of the MV pellet, and appropriate speed is critical
for intact MV isolation. The data obtained during this research indicates that the classical
ultracentrifugation (alone) at 25,009 for 90 minutesis sufficient to achieve the
requirements of MV sample isolation acquired for this research, and therefore this is the
method of choice fosubsequentinalyss. Nevertheless, there are other extraction tools
availabletoday, thatmay be usefubnd can be used individually or combined for the
isolation of EV including densitgradient separation, polymbased precipitation,
immune selection, microfluidigndTim4-based isolation methods is important to note

that each of these methods, whilsey have been acceptalddso have their limitations
(Greeninget al,, 2015; Furigt al, 2017)

EV/MV surfaceomeand profiling (exploredin the following chapter8.2 and 3.3 in

generalis importantin generalin order to adopthe conceptanentioned aboveThis is
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becauseof their heterogeneitandthey may express different characteristietween
induced and not induced samplesUtilising purer isolatesconsisting ofa single
subpopulation of EVandusingthe knowledgeregardinginfluence and advantageof
unalikesubpopulations of EMt canbecome possibl® judgewhethersubpopulations
displaytherapeutigotential and indeedctivity as mentioned by Tkaghbt al., (2017)in

theiropinionarticle

A combination of the differerapproachesdescribecheremay beable toprovideuseful
information on themount ofMV releasedrom inducemens. These methods should be
further assessed and validated by comparing measurement results, so that precise, reliable,
and fast extraction methods and measuremamadysiscan eventually be translatadl

from the bench to the clinien which are beig addressetyy researchergyearly ISEV
meetingshorkshop$. Indeed, this field of researchriapidly developing and extraction
methodologies/tools are advancing, Ioeliable studies on EV profile antbntent in

general ar@eeded for a better understarglof their role and for a possible use in clinical
settings, for exampleghe use of MV in tissue regeneratiiPanagiotouget al, 2016)
Thesemay include corbining complementary charactexigon approacheswhich are

investigatedduring this researcHdllowing results chaptei3.2and3.3).
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3.2 An investigation into keybiomolecules required for MV

communication and survival

Thecommunicabn network between the ceflicrohabitat and the cell centre is vital to
undestand their potential behaviguand te Extracellular Mtrix (ECM) components
performa significantrole in signalling network transductioifhis isbecause of their
capacity to travel to the nuclewgon attachme n t to the cell 6s i
adhesion moleculdselievre & Bissell, 1998)Important information may be transduced
from the membrane to the nucleo$ cells and he potentialfunction of MV in
communication anthtercellularsignallingis dependent on their cargasit is for cells),
including different biomoleculeparticularlywhen taking into account their biogenesis
(Valadi, et al, 2007; Subreet al, 2010)

As a result of standint as inducersand coordinatorsf biochemical cascadet)ese

biomolecules including proteinsan promotehe chemical and mechanigakchanisms
of intracellularsignalling (Lelievre & Bissell,1998) Therefore, lhis chapter intends to
identify thebiomoleculegpresent in MV samples acquired during tAlsD research that
may beinvolved in the communicationetwork andhow MV can potentially survive in
themicrohabitat

3.2.1 Surface markerglentificationin MV samples
3.2.1.1 Introduction

MV composition (especially tiremembrane) containgeneralcharacteristicsnherited

from their parent cell making thermaturallynorrimmunogenic, whichmay allow them

to communicate antb resistfast clearance from circulation and thereby inceel@tivery
efficiency to target tissuegJohnsen,et al, 2014; Wiklander,et al, 2015)
Identifyingfprofiling EV A s u r fnaightenot m@yolead to the identification and
development of new diagnostic markers and therapeutic targets, but it could also provide
insight into the biology of unknown substances, including environmental interactions and
theidentification of important cellular subtypes and siing pathways(Gedye,et al.,

2014) Thisincludes possible ways to communicate witeighbouringcells (see chapter

1.5,

Cluster of Dfferentiation (CD) antigens can actlagands and receptarandcan control
cell adhesiongell signalling ancevenadaptive immunityThe concept of the receptor
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ligand interaction is an important component to the activity of biological sygtEemg,
et al, 2017) and it may allow MV/cells ttransmit anessage to oreaother. A MV/cell
might preseng receptor in its membrane and when it binds toraplementaryigand

on anearbyMV/cell, may allowthe receptoto operate its function

An example of thigeceptorligand interaction is CD58 (widely expressed in erythrocytes
and testedor in this chaptel, a Lymphocyte kinctionassociated Atigen 3 [FA-3)
interaction with CD2 (for exampleCD2is a transmembrane glycoproteasammonly
expressed onirtually all T cellsand functions in both T cell adhesion and activation
processegTibaldi, et al, 2002) CD2is known tobind tothe CD53 through counter
receptor interactionwhich empowerghe openingstages of T celtonnectionwith the
antigen presenting cellAPCs (Meuer et al, 1984) Theadherence alomainsdbetween
CD58 and (D2 allows the antigen recognitioactivity by supportingcell-cell contact
(Tibaldi, et al, 2002)

Bierer, et al, (1998)demonstated that LFA3+ L cells (can befound in the ileum, large
intestne-colon, duodenum and jejunyjrtogether with artCD3 (aT cell coreceptor
allows the activation ahe cytotoxic T cell, CD8+ naive T cellss well asl helper cells
CD4+ naive T cells monoclonal antibgdy with doses of Phyt@@magglutinin (PHA

(a mitogenic agent used as a-cadl agglutinating agerthat promotesproliferation of
human periphed blood T cell} promotegproliferation of human peripheral blood T cells
Moreover, poliferation was inhibited by monoclonal antibodies directed against either
CD2 or LFA-3 andresulted in the increased expressiork@y molecules includinghe
interleukin2 receptor (IL2R). Their data suppastthe fact that FA-3 plays a role in

CD2-dependent T cell activation.

Given the importance @urfacemarkergo a wide range of biological processesltheir
broad utility as research and clinical tools for idssiifj specific characteristicsof
biological samplesthis PhD researchstudieda panel of surface markets test the
hypothesisthat markers signyf MV differentiation, identification and potential role

including:

1. Annexin V binds specifically to phosphatidylserin®S, a phospholipid
component of the cell membraraeting as important activators cell cycle
signalling specificallyin relation to apoptosiélLizarbe, et al, 2013) FITC-
conjugated Annexin V can be used as a fluorescent probe to label the
phosphatidylserinef the plasma membrane from the inside surface to the
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outside surfacélhe exposure of PS on thell membranef cellsdrans a signal
for recognition and engulfmefty phagocytic cellfVance & Tasseva, 2013)
Annexin Vis extensively useth this researchareaandit is categorised aa
marker for MVin generaldue to the exposure of RShandler, 2016; Konggt
al., 2015)

. CD235d& (antibody HIR2 recognigs Nterminal of glycophorin@YP) A and
faded signabf GYP (B) andare the majotransmembrane sialoglycoprotein
Theseare acombination ofsialic acid and glycoprotei@YP, itself sugar and
protein expressed on gthrocytes and their precursors. Th&ypplythe cells
with a substantive amount omucinlike surface minimising aggregation
between erythrocytes in the circulationY BA is thecarrier of blood group M
and N specificities, while PB accounts for S, s and U specificit{@oole,
2000)

. CD54 is a transmembrane glycoprotdi@P)expressed omany cells including

T lymphocytes, B lymphocytes, monocytes, macrophages, granulocytes,
activated endothelial cellspithelial cellsand dendritic cellsThe expression of
CD54 is upregulated by activatiok.binds tolntercellular Adhesion Molecule

1 (ICAM-1) andmediates cell adhesion by binding to integrins CD11/CD18.
The interaction of CD54 with Lymphocyte functiassociated antigeh
enhances antigespecific T-cell activation(Roebuck & Finnegan, 19993D54

has been reportdaeing a cell surface entingceptor for HRV(Shukla,et al,
2017)

. CD46 (antibody MEM258) is atype | membrane proteithat identify an
epitope on SCR4 (the membrameximal SCR) domain. CD46 is expresssd
platelets, granulocytes, monocytes, T and B lymphocytes, fibroblast, epithelial
and endothelial cells. It is negative on erythrocytes under normal circumstances.
CD46 in its monomeric formis an importantgovernorof the complement
activation cascadgglassical and alternativedy preventingamplification of

the activities on CD46 presenting celldoy factor | to the proteolysis of
deposited C3b and C4brhus protecting the host cell from damage by
complementactivity (Liszewski & Atkinson, 2015)CD46 also serves as a
receptor for several human pathogens (both bacteria and vinddesy CD46

is expressed on T lymphocyits ligationaltersthe polarization toward antigen
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presenting cells or target celishibiting lymphocyte functioriBarilla-LaBarca,
et al, 2002; Perssoret al, 2010)

. CD14(18D11 antibodyis alipopolysaccharid¢LPS)receptor It is a 55 kDa
Glycosylphosphatidylinosito{GPI)-anchoredGP, constitutively expressed on
the surface of mature monocytes, macrophages, and neutr@illidserves as

a multifunctionalLPSreceptor. It is also released to the seama secreted and

in an enzymatically cleaved GRinchored form. CD14 binds to the
lipopolysaccharide molecule in a reacticatalysedby lipopolysaccharide
binding protein (an acute phase serum protein). CD14 affects allergic,
inflammatory and infectious processesd it is a specific marker for
monocytes/macrophagg®ugin, et al, 1998; ZiegleiHeitbrock & Ulevitch,
1993)

. CD36 antibody TR9 reacts with glycoprotein integrin beta 3 suliuaRlIllb, a
fatty acid translocaséFAT) - betasubunit of the platelet membrane adhesive
protein receptor compleX is aditopic glycosylated protein that belongs to the
class B family of scavenger receptoandis widely expressedt operatesn
affinity with tissue uptake of long chain fatagids andhelpslower excessive
fat supply to lipidassemblyand metaboliampairment CD36 can bind to
multiple ligands with itsalliancewith other transmembrane proteissippling

to the diversity of its signal transduction. The ligandsdiaarselycontrolCD36
signallingand downstream protejprotein interactions within metabolic protein
clusterPepinoet al, 2014; Heet al, 2011)

. CD58 is widely expresselly both haematopoietic and rbematopoieticells,
often on antigen presenting cell8€D58, antibody MEM-63 reacts withthe
Lymphocye Functionrassociated\ntigen(LFA)-3, an immunoglobulin family
adhesion molecul@s previously mentioned in this chaptdrsenesas a ligand
of CD2 an interactionthat is essentialfor T cellmediated immunityln its
transmembrane fornCD58activate kinase activitgnd its GPdanchored form
interactions are associated with protein kinadaset al, 2009; Itzhakyet al,
1998)

.CD63 is a 4060 kDa tetraspanin GP expressed by platelets,

monocytes/macrophages, granulocytes, endothelial and T cells. &@iib38dy
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MEM-259 reacts with lysosorressociated membrane protein LANSP
Cellular surface exposition of CB3as usually activatiornlependentCD63, the
LAMP-3 is a GP of tetraspanin familyand is present inlysosomes, late
endosomesand secretory vesiclém a variety otell types. CD63 also serves

as a Fcell costimulatorymolecule(Pols & Klumperman, 2009)

9. Human Leukocyte AntigenHLA)-ABC monoclonal antibody recogmis an
epitope common among 43 kDa chains of the HABC antigensHLA-ABC
are detectablen virtually every human nucleated caLA-ABC antigens
reacts the human Major Histocompatibility Complex (MHC) clasi.A-A, B,
and G and the frequency ohis antibodymakes it a very good condidate for a
positive control for HLA tissue typing and cross niang. MHC class | antigens
associatedvith b 2-microglobulin are expressed by all human nucleated cells
and are central in cethediated immune response ananour surveillance
(Giacomini,et al, 1997)

As previously described (see chapfd.l) FC is a higherthroughputtechnique
allowing rapid analysis of significant numbers of MMiquid suspension. Nevertheless,

a persistent concern in FC analyses is the inability to reliably distinguish between the
positive and negative population of samples and to accurately measure the positivity of
labelling without appropriate control. This is useful to describe quantitatieely
qualitatively the degree of separation between the populations that may be present in the
same sample. A prerequisite for exploiting these tools is the proper use of control
samples to confirm that the test sample was prepared correctly and tslestablevel

of machinery background (nois@julspasget al., 2009)

This chapter aims to identify EV surface markers, and direct labellisgsed because

it can provide reliable information about their expression, as well providing an insight
into their distributionin heterogeneous samples. FC utilise chemically or fluorescently
tagged antibodies to detect surface markers. The assay is specific, sengltive an
reproducible, and can provide information at the level of individual (B¥dye,et al.,

2014)

3.2.1.2 Results

In this resui chapter, the investigatidocused orthe percentagé€%) fluorescencaignal
of surface markerof labelled &V control, eMV CaCh, and eMV CaCpk +NHS
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(HeLaMVC and HRV16iHMV as parallgl samples This was perfomed by using
fluorescencd=C Submicron Particle SizéReferenceto act as aeferenceor the MV

sampledluorescence intensity/expressiotilising the FC Express Plus assay

The FC Submicron Particle Size Reference Kit provides a set of green fluorescent
microsphere suspensions to serve as reliable size references for FCAlls¢he
microspheres are green (excitation and emission nzatrs05 nnand 515 nrjy and the
beads show excitation and emission profile simHaFC (excitation and emission
maxima at 490 nnand 525 nstained sampledhisis ideal for the Guava EasyCyte
HT system becausdhe green fluascent dye molecules acalised within the bead
polymeric matrix, which makes the beads brighter@rato stablend thereforeselected

for use in this work

The Dot plots inFig. 3.2.1.1a representhe levelsof fluorescence versus reduced wide
angle SS@og. The analysiswas conductetby raising the fluorescence threshodahd

noise events couldlsobe eliminatedandthen500 nm and 2000hm-sized fluorescent
beads wWere subjected toFC measurementset at SSGLog. These allow for
particles/cellular differentiation withira heterogeneous populaticagainst Green
fluorescencd.og (GRN-Log), differing from those applied in chaptdr2.1, kg 3.1.2.1a
whereSSGLog against FS@ og was usedThe beads were overlaid over each other and
the MV gate was created, discriminating vesicles that did not fit within the parameters

created according to the fluorescence size baadgluorescence scale

The green fluorescendmsed thresholding was ugedanalysehefluorescege intensity

of thebeadsand theevents arshownin Fig. 3.2.1.1b against PBS buffer (leftand side

of the histogram Thisdemonstrated low fluorescenceignal againshigh fluorescence
provided by thesize beadgright) threshold where the amount of fluorescent signal
obtainedis equivalentto the number of fluorochrome molecules on the particlés
histogram peaksllow the intensity of the fluorescence to discriminate positively or
negatively labelled samplesd toassess the percentatigorescence in the samplas
thesamplepenetratethe laser beam spot,ptecipitatescattered light and fluorescence
signals thatdisplay in a stream of electrons (current) from the anode ofpihatc
multiplier tube(PMT). Theextentof the current is equivalent to tineemberof photons
thattouchthe photo cathode, which is also equivalent to the intensity of the scatter or
fluorescenceignal createdby thesample While the samplgoins the laser beam spot,

the productionof the PMTincreasesachievingpeakvolume and wherehe particle is
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fully illuminated, reachingthe greatestotal of optical signal This productionof a pulse
is considered thée v e,nhete height signifiehie maximum amount of curreatitput
by the PMT areasignifies the integral of thpulse andwidth signifies tie time interval

in the course gpulseoccurrenc€BIO-RAD laboratories, 2014)

The fluorescence expression of the size beads actedrefsrancefor fluorescence
intensityfor the MV samplesThisis shown in redrepresentinghe positivel + f E0>6 0 %
st a)lnaebde | | e.d re@repragemtsetimegative(-V Ef 0 6 0 % s }labellede d
samples. Additionally hebackground fluorescenead background noiseereexcluded

in Fig. 3.2.1.1a positioned inthe left hand side of the dot plot diagraaong withthe
fluorescencaignalof the size bead$00nm-2000nm), shown inFig. 3.2.1.1b.

a) b)

47

- 2000nm (-3 signal

.1DDDr.‘|m ._ ac | (+) signal ,
= I 1
3 24 2000nm
5]

1000nm

MV gate 12

Side Scatter {SSC-HLog)

0 1 z 3 4
10 10 10 10 10 10t 102 10° 10
Green Fluorescence {GRM-HLo

¢ o Green Fluorescence {(GRM-HLog)

Fig. 3.2.1.1 Fluorescence intensity measurements assessment byC analysesWherea) represents the dot plots acquire

with the fluorescence size beads, which were used to create the MV gate and to establish appropriate instrument Bsttings agai
buffer/noise (lefthand corner of the diagram). The MV gate was defined as>100 nm and <1000 nm, by verifying the resolution
capabilities of the FC against beads, which was also used to define the size distribution of all samples accordiogesctnediu

intensity. The dt plot cluster of the 500 nm was purposely used to create the MV gatethia %)intensity of each sample (size

beads) is shown.On the left hand side (grey), samples/events represent negative staining and low fluorescence intassity, wher
the events(fluorescence size beads) shown on the right (red), represent positive fluorescence irfteagitgrameters
(histogram) were plotted as channel vs. number of events and FCS Express 6 FC and Image Cytometry Software was used for
the analyses.

Generally, any cell membrane disrupti@modellingcan cause nespecificbinding of
AnnexinV to PS from the inner face of the plasma membrane to the cell suf@ce
analyss revealed that samples obtained here reacted with Annexin V, suggesting PS
exposure on thesurfacewhere al MV sampleswvere positively (fluorescencsigna)
labelledwith PSAnnexin V, representing aonspecificmarker Thiscan be observed

Fig. 3.2.1.2 using the parameters established kig. 3.2.11. Annexin V stained MV

sampleqred histogramsyereplotted against unstainddV samples (black histograms)
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and the majorityf the peaksshow thehighest intensityo bebetween 1band 16against
unstained samples (<)0eMV control displagd a different profile(less concentrated)

due to the length of time in thaser beam spotlt is important to note thdiecause Log

scales cannot exhibit samples with zero or negative values, these particles are compressed
on theY axis in the Log displays (bladkstogram$ present.

eMV control eMV CaCl eMV CaCl + NHS
55 671
41 50
E E =
] 2 28 S 34
=] &) g
14 85,74% 17 85,38%:.
1
u] o o
o i 10" 1 o 10° 10 o’ 10
Green Fluorescence (GRM-HLog) Green Fluorescence (GRM-HLog) Green Fluarescence (GRM-HLog)

HeLaMVC HRV16iHMV

81,54

10° 107 10’
Green Fluorescence (GRMN-HLog)

107 10
Green Fluorescence (GRM-HLogQ)

Fig. 3.2.1.2. Fluorescence gating Annexin V (non-specific marker) labelled MV. Represent®bo fluorescence gatec
according to the parameters establishdelgn3.2.1.1 The MV gate was defined as <1000 nm by verifying resolution capabilities

of the FC aginst beads, which was also used to define the size distribution of all samples displayed as the SSC HLeg vs. FSC
HLog. The positive fluorescence intensity of all MV samples (as titled) was established according to the settings.ih Hig.
Unlabellel MV samples (different for each MV type) were overlaid over Annexin V labelled samples to provide differentiation
between % fluorescence signals. FCS Express 6 FC and Image Cytometry Software was used for this analyses.

To observe the general changes (switches) between samples showing positive
fluorescence intensity and those showing unlabdatiiresthe parameters established

in Fig. 3.2.1.1were usedEach and AMV samples were tested foonspecific IgG1
negatie isotype contrahnd thesamelgG1-negative isotypstained sample wasused for

its type of MV. For examplepone IgGtnegative isotypeMV control was used faall

CD tested heréor eMV control sampls. The blackhistograms IgG1-negative isotype
stainedsample¥y may appear differelyt in different plots and this is due to the number

of events occurring within labelled samples (more evewtsdn overlaid over positively
stained samples.
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The IgGXnegative isotype contrdhbelledsamples displayed simila@haracteristics to
the unstained MV samples (Fi812.1.2) This is showingarticlesbeingcompressed on
the Y axis in the Log displays (black histograms) particulddy eMV control and
HeLaMVC. Whereas the other MV samples disgdy slight switch to the left side of
the histogram, displaying a small amounpositivestaining (<50% is considered be

thenegative threshold).

The expression of several @Dused herg have been reported showing specific
expressioron theMV cell of origin (source- generally accepted surface profil@his
was investigatednd the results are set ontMV samplesprepared her@-ig. 3.2.14).
The results revealed that the MV originated from arste positivdy stainedfor the
surface markergpresent inther source of origin (erythrocytes and HelLa cells) in
accordance with their basic characteristics. For instémeerythrocyte marke€D235b,
showedpositivefluorescent signainall eMV sampleswvith >92% expressionandit was
negative for HeLaMVC and HRV16iHMVHg. 3.2.14a) showing >936 positivestain
for the negative markgfluorescence intensity Another examplehat justifiessample
purity (sourcgdarent cell)is set outin Fig. 3.2.14b, where all MV samples were tested
for CD54, andshowed>72% fluorescence intensitfpositive marker)for HeLaMVC
and >96%for HRV16iHMV (typically expressed oendotheliakcells and a positive
marker for ICAMZXreceptor for HRV16)but>83% for the negative markéor all eMV

samples.

CD46(Fig. 3.2.14c), thepreventer of complement cascade amplificatimplayed>69%
for the negativemarkerin eMV samplesand >84% positivestainingin HelaMVC and
HRV16iHMV samples.

MV samples did not bind to CDX#ig. 3.2.14d),c onf itrhmd tn godm@li v d
wer e dferrdnve de xspaia(resgt hsraondy tlde=l,d svh €b58 a s
(Fig. 3.2.14e) and CD36(Fig. 3.2.14f) werepositivein all samplesin contrastCD63
(Fig. 3.2.14¢9), was notobservedn the eMV contro| but wasslightly exgessed in the
other samples (>86). HLA-ABC (Fig. 3.2.14h) wasnegative inall eMV samplesbut
presenin HeLaMVC and HRV1@HMV samples (>8% positive).
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Fig. 3.2.1.4. Fluorescence intensity (in percentage) summary for positive markerfepresents the Mean Fluorescen

Intensity (MFI) in % of all three repeats of each MV sample against each label and according to parameters estaldished in Fi
3.2.1.1b. Thizompared to the appropriate contrfislabelled and IgG negative control MVnsales N=3) which provides
differentiation between % fluorescence signals. The increase in percentage indicates the increase in marker/antibody binding
FCS Express 6 FC and Image Cytometry Software was used for the percentage analyses and GraphPadiBes o ywéot

the XY graph (Mean and Error).

3.2.1.3 Discussion

Accurate and specifiphenotypinganalyss of EV is important due thémplementation
of biomarker profilingand is use irtheclinical setting butthe issues aneell understood
and this ismainly due to their heterogeneityhe Journal of Extracellular Vesicles
(official journal of ISEV) and ISEV members ka releaseda variety of position
statemerg and articleoutlining experimental requirementand suggestionfor EV
charaterisationincluding Létvall et al, (2014)andVan der Pqlet al, (2016) Despite,

providing valuable informationthis field still requiresurtherdevelopment
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It is a widely accepted thafinnexin V, a specific ligand t@phosphatidylserine (PS)
exposure on the cell surface is a common feature of MV re(€&s#gy, et al, 2011)
becausehis phenomenon has been observed in MV derived diffarent cell typesFor
instance,platelets and erythrocytgdayachandrargt al, 2012) PS exposureon the
surfaces considere@specificcharacteristién apoptosisand it isdue tothe affluenceof
phospholipid in membranes, itegativecharge andts talentto exchanganteractions
with other lipidspriming thedisruption of lipid raft{Balasubramanian & Schroit , 2003;
Demchenko, 2013)

Nevertheless, PS exposure is not only conditional for apoptosis and may indicate different
pathological conditions. For instance, it has been reported that the occurrence of PS
expression othe surface of endothelial cells tdmourvasculature and stresstumour

cells and hasdemonstratedts potential as a biomarker feroninvasiveimaging and

drug targeting(Stafford & Thorpe, 2011)The exposure has also been obsereed
platelet activation, being a parttbie blood clotting procesgHeemskerk et al., 2002)

The surface marker profile of MV samples observed here correlates with those from their
parent cells when specific markers were used. CD235 is a specific marker for erythrocytes
(Grisendi,et al, 2015) and CD54 is a specific marker for ICAM(HRV16 receptor)
(Shukla,et al, 2017) Therefore, there was an expectation of a positive result for their
derived MV also providingvidence ot strategy for determining sample qualitytheir

original source (parent cells)

CD46 expressiorwas observedn HeLaMVC and HRV1&iMV during this studylt is

well understood thathis encoded protein can act as a receptoafeariety ofviruses
includingthe Edmonston strain of measles virus, human herpesgirasdtype IV pili

of pathogenic Neisseri@Plant & Jonsson, 2006}t is also knownto be conversed in
Adenovirug(Gaggaret al., 2005) The binding tdtHRV16iHMV samples may beecause

HRV expresses a cytosolic 3C proteaseliaatbeeypothesisd to mediate antagonism,
which was predicted to cleave complement(T8m, et al, 2014) It is also known that

CD46 is expresseby all nucleatedhuman cell{Joubert, 2014)which may provide an
explanation of why it was weak({pegativeboundedtoeMMCa €HNH&8nd negat.
for eMV contr o(lerayntdh reoMW t GasC | dMoreover,the idlea v e n
of this membrane cofactorgteinin regulation of C4b and C3b deposited eltscis interesing

because thisexpressed cuplement regulatory proteisaveguardhost cells from

complementactivity. This typel membraneGP servesas a cofactor for the serine
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protease factor, Ito mediate inactivation of C3b and C4b deposited on host cells
(Liszewski & Atkinson, 2015)

It is notable thaterythrocyteshave previously been considered negative for GD36
whereasin this researchihere was a slight expressn in eMV samples The results
obtained herare consistentwith an early study bywan Schravendijket al, (1992)
detecing CD36 on the majority of norat adult erythrocytes Particularly when
comparingwith staining forGYPA, LFA-3, and CR1, the level of expression of CD36
was low, but nonethelesgpresent However, FC technologyhas advanced since then
Nevertheless,normal erythrocytes can adhereto plastic coated with an€D36
monoclonal antibodies, suggesting thlé level of expression of CD36 on normal
erythrocytesis sufficient to be important in cell adhereng@éis may suggest that eMV

couldinherit this moleculeluring microvesiculation

Additionally, CD36 is a membran@P present on plateletsnononuclear phagocytes,
adipocytes, hepatocytes, myocytes, and some epitMdigeover, CD36 ima variety of
cells is localised in specia#d cholesterokich membrane microdomains and may
interact with other membrane receptormcluding tetraspams and integrins.
Recognisationof CD36 signalling pathways in specific cellevokedin response to
specific ligands magesult innovel targets for drug developmé8ilverstein & Febbraio,
2009)

Theprocesf erythrocytes accumulation under low flow conditions by the capture and
adhesion of normal erythrocytes to surfacierent neutrophils and platelets observed,
is distinct from the process of passive entrapment within fibrin fifGeel & Diamond,
2002) Goel & Diamondhypothesisdthat under venous flow conditions erythrocytes via
receptormediated adhesion could attach to activated neutrophils, activated platelets, and
surfacedeposited fibrin Their researchimplicate inflammatory responsesausing
neutrophil or platelet arrest and activation on activated endothelitim subsequent
receptormediated capture @rythrocytesinder low flow conditionsn the development

of deep vein thrombosi&rythrocytesattach to @hrombospondircoated purified fibrin
surface, butdo not adhere to purified fibrirGoel & Diamond visualisedghort-lived
adhesi on se@mndgnbetweerérghrosytesand platelets, neutrophiler fibrin

as well as firm adherence of erythrocyteédl interactions were assisted by erythrocyte

membrane deformation and membrane tethering upon binding
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Likewise,CD58 is not a traditional erythrocyte mark&he influence of the age tthe
erythrocyteswithin its lifecycle at the time of blood donation theerythrocytestorage
lesion isstill not well understoo@Bicalho, et al, 2013) Nevertheless, thexpression of

cell adhesiommolecules includingcD58, GYPA andPS on young and oldrythrocytes
density separated prior to storage was determined®y(Sparrow, et al, 2006)
According to their results Jder erythrocyteshowed significantly reduced expression of
GYPA throughout storage. Storage in the presendeudocytes caused a significant
decline in the expression of CD58 anW IFA, whereagrythrocyteghat were prestorage
leukocyte depletedmaintained a relatively consistent level of expression throughout
storagelncreased levelsf Annexin V were detected in the supernatargrgthrocytes
stored in the presence of leukocytes, with significantly greater supernatant levels found
in older erythrocytesvhencompared to youngrythrocytesThese findings provided an
insight into the eryttocytes storage lesion and indicated that erythrocyte age at the time
of donation may impact upon the quality of stored erythrocyte concentidtssvas
acknowledged during this PhD resear¢storage timg and erythrocytes were
immediately used after paration from other blood cellslowever these processes were

not testedluring this research project

Among tetraspanin€D63 has a broad tissudistribution, while others are restricted to
specific cells For example CD37 and CD53 in &matopoieticcell and microscopy
studies have shawthat tetraspanins are abundant on various types of endocytic
membranes and have been widely used as exosomal mékeheu & YafhezMo,

2014) However, since tetraspanins atgquitousin the plasma membrane, they may be
present in the wider subpopulations of EV, and in some cases, do not permit successful
discrimination of exosomes from other EV because all EV subtypes originate through
budding from the plasma membrane and could notdianduished from exosomes only

by CD63

eMV did notshow a positive signal for HLAABC. This is because theparent cel
(erythrocytes)do not generally have HLA moleculefe Villartay, et al, 1985) in
contrast to HeLa an#lRV16 MV samplesLikewise, CD14 was negative for all MV
samples in thisesearchlt is aknown specific marker for peripheral monocytesd it
was used here as a negative antibody comtrotderto enhance the hypothesis that the
samples collected heonly derived from the original source of choidevertheless, this

assumption could not be provdrecauseerythrocytesprobably picked up other cell
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markers in circulatiofCD36, CD58 and CD63ywhich werethen assumed to be passed
on to eMV or eMV adhringto these molecules whilst in thaicroenvironment

Byron, et al, (2010) explainedthe manner thaadhesion receptomnay be usal to
regulate chemical sigrialg by controlling the spatigemporalcongregatiorof enzymes
and adaptorsThisis demonstradd evidence thatell andECM interactions alsperform
as sites of mechanotransductitansferringshortrange elastic forceeyondthe plasma
membrane andnderstandingpng-range alterations in tissueportant information was
acquiredinto theduty of integrins as mechanosensitive receptorsghegentatchbond

characteristics

The interaction network for the surface markers observed (e®/ samples)is
extensive anthar ligandreceptorarrangement potential is shownFig. 3.2.1.31. This

is where he receptordigand may reveal a surprising quantitative and qualitative
variation in receptor binding strengoviding asubstantiasource of novel recognition
pathwaysand biological support revealing the likely communication pathsufther
motivating the need to understand the challenges and opportunities in pseteched
target moleculesEach and everyone of these proteins proposes different ways to
communicatésignalwith nearby cellsHowever, the communication network will also
depend on theurfacemarkers (receptor/ligands) present innlegghbouringcells for the

MV -cell communication to occusuccessfully according to theprinciples of cellular

communicatiorintroduced in chapter 1.5
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Fig. 3.2.1.3.1. Protein interaction network for surface markers present in eMVString databaseCONSORTIUM 2017
(Szklarczyket al, 2015). The analysis providesystemwide understanding of all functional interactions between the surface
markers present in eMV. The data is collected from a variety of sources and aims to integrate the information in gsingle dia
by consolidating known and predicted protgirotein association data.The associations in this database include direct (physical)

interactions, as well as indirect (functional) interactions, as long as both are specific and biologically meaningfubteithe
(name) provided.
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3.2.2 Total protein identification in MVlsamples
3.2.2.1Introduction

A large proportion of cell surface receptors respond to thgecialised action®f
transmitters including hydrophobic signal molecules such ateroidand thyroid
hormones that can diffuse acrdbeplasma membrangf the target celland activate
intracellular receptor proteins that directly regulate the transcription of specific genes
(Cooper, 200Q)and/orby triggeringheterotrimeric guanine nucleotide binding pnate
(G proteins). Thebinding of a G protein isconsummatedy the dissociation ofheir
subuniswhich in turn modulate target effectdfRobillard,et al, 2000) Theycommonly
operateas moleculartriggers in theintracellular environmenbecausethey transmit
signals fromvarious biologicaprocessefrom the external to the internal environment
A large number of &rotein-coupled receptors havieeen demonstratedo induce
multiple signallingpathways when expresd ina variey of cells(Hutchingset al, 2010)
because thewct as signal transducers (see chaftg), converting the extracellular
binding event into intracellular signals that alter the behaviour of the targéAlbatts,

et al, 2014)

When MV are released into the extracellular space they can bind to neighbouring cells by
acting locally or by travelling passively through the bloodstream fooee mparacrine
destination, otheycan even be directed by marginal zone phagocytes in the spleen and
liver (Robbins & Morelli, 2014) Therefore, once released by a variety of cell types, MV
may have several fatahemselvess well as beingble to transfemolecules/messages

to neighbouringcellsand changingheir fate all of which dictate their potential function

and survivabdepending on thecarga

This chapter aims to identify a number pfoteins totestthe hypothesighat their
characteristicssignify MV differentiation andidentificationas well astheir potential

survivalin the extracellular spagecluding:

1. CD47 (integrinassociated protein) is a ubiquitously expressed cell surface
transmembrane glycoprote{(GP) CD47 interacs with several integria that
attach theytoskeleton to the extracellular matrix, and biochemically, by sensing
whether adhesion has occurred and regulating their funciibinsughsoluble
ligands or countereceptors CD47 modulates various signalling thavays
includingtheactivation of heterotrimeric {@roteins. CD172a (signal regulatory
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protein U, SIRPU), an i mmu n bgatésmithi
CDA47 resultingn CD47-positive cellghat can avoid phagocytog®ldenborg,
2013)

CDA47 hasdisplayed thecapability to have an impaon a variety ofadditional
biological processethroughinteractionwith differentreceptorsor because of
the signalling within its intracellular cytoplasmic domain. Faxample
cooperationof CD47 with thrombosponditt (TSR1) or vascular endothelial
growth factor receptor 2 (VEGFR2Ztarding angiogenesis andestraining

tumourdevelopmen{Kaur, et al, 2014; Bazzazgt al,, 2017)

2. Protein Kinase C(PKC) are a large family of protein kinase§here are

fifteenisozymeswhich are divided into three subfamili@¥ebb,et al, 2000)

a. Conventional (or classicalisoformsU, |, b, b and 2,
Ca&*, diglyceride and aphospholipidsuch aghosphatidylserinéor

activation

(o]

b. Novel,i ncl ude the U, U, d, andThey
donot require C# for activation and

c. Atypical, includetheMga nd s / .Thedo motadquresither

c&* or diacylglycerol for activation

P K C tegulate the activity of proteins by phosphorylatihnghydroxyl groups of their
threonineand seringesidues.Recurring themes are thRKC is involved in receptor
desensitigtion, modulattn of membrane structure events, reguatiof transcription,

mediaton ofimmune responses, regutatiofcell growth celllearning and memory, cell

shape and regulation of cell contac{Newton, 1995)

3. Spectrirs wereoriginally discovered in erythrotgs byMarchesj et al, (1968)
Now spectrins are recogmd as a large class of proteins found irvettebrate
and invertebrate cellshat are differentially expressed durimgvelopment
(Chorzalskaet al, 2010) The antibodyused heré ocal i zes t he
240 kbDa ( U) nberghhmotye sgeétrin btaining large number of
spectrinlike molecules have been found in rerythroid cells.b Spectrinfor
instance includes mammalian erythrocyti®-spectrin, norerythroid b-

spectrin/bdrin O -G, the general form db-spectrinis expressed in multiple
87
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tissues), a nove -G spectrin (ELF#4- protein coding gene) that lacks the C
terminalpleckstrinnomologydomain, the braispecific SPTBNZgene) andb-

V spectrin (SPTBN5 gene) They help to support of membrane integrity,
stabilisation of celkell interactions, axonal growth, normal functioning of the

Golgicomplex and organisation of synaptic vesi¢feallagher & Forget, 1996)

4. Glycophorin A(GYPA) is one of themajor intrinsic membrane protein of the
erythrocyte. Thexternal membrani-terminal glycosylated segmen¢ars the
classification of human blood, thHdNSsblood group systenwhichrequired
two genesGYPA andGYPB onchromosome 4or expressionTheyaremajor
sialoglycoproteins, aombination of sialic acid an@ P 6G&YPA is important
for the function of SLC4Ala gene that provides instructions for making a
protein known as anion exchanger GYPA is neededfor high activity of
SLC4A1 and it mighhave an involvemerin the translocation of SLC4A1l to
the plasma membrane. It also appears to have a role in facilitating the movement
of band 3 to the cell surface during biosynthésenner, 1993)

5.Band 3isat r ans membr ane protein responsi bl
erythrocyte plasma membrane, and a cy
segment exposed) displaying modul ar f
and it i s i nftln@ahiaretdl, 20902) Band\B gretainas the
major integral membrane protein of erythrocytes and consists of 911 amino acids.
The NH2terminal 360 amino acid residues form a water solubldéh long
domain thatlctas anattachment site for the binding of the membrane skeleton
and other cytoplasmic proteinBhe abundancef Band 3has made it a useful
model for the study of structure/function relationship in the transport protein.
Band 3 protein assumes twonformational states during the exchange process,
the inward facing form which can bind an anion from the intracellular surface
and the outward facing form which can bind an anion from the extracellular
surface(Passow, 198 Hamasaki, 1999)

3.2.2.2Results

In this result chapter, the investigation focusetha®expression of different proteitisat
were presentin the lysateof MV samplescompared with their parent cells. This was

assessed by ®étern blottinganalyseto f ur t her invest hig®t e t
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express the same c hasroaucrpcaerseaeltAnsd)s aase ,t her ¢
abte idelpetcufgatmomay eana@rbhrhenwhNcMahlten e amldy c e
their pottesnurivailveabiid ittlye extracel l ul ar en

ErythreMyeMd¥, controlzeM&/MVGCaCalCH SHelLa ,cel | ¢
HeLaM¥Y¥€6d HRYV 1&Gmpederesubjectedo SDSPAGE SYPRO® Ruby

protein gel stainingFig. 3.2.21) following procedures set out ahapter.2.7.22.2.7.4

This was performed to identify potential proteins by their size position ranging between
250-10 kDa where he migration distance depends on the protein chargazgsand the

poresizeof thegelwhich could be further investigated usMiestern blotting analyses.

In Fig. 3.2.21a erythrocytesvisually presentedstronger intensity bands compared to
eMV samplesdespite the amount of total protein beihg same for all samples (p@/
mL). The same bandsppearo be present in all samples hutreexpressdat different

levels(lower intensity)for eMV samplesin particularfor eMV control

In Fig. 3.2.21b HelLa cells and their derived M¥Yresentedmore bands at different
intensities Particularly,HeLaMVC which demonstradto be less concentrated despite

thesame amount of tat protein concentratiobeingloaded(50 pg/ mL).
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Fig. 3.2.21. SDSPAGE SYPRO® Rubystain protein gels. Representation different proteins bands being separated by si
The molecular masses are indicated in kDa. All samples consiggi@gigf mL (volume varied for each sample, therefore diluted
with PBS buffer to make up for 28 per well) determined by BSA assay interpolation of standard cutige 2.2.7) Precision
plus proteif™ dual colour standards ranging between-28kDa and 10 plwere loaded into gel and it acted as a size guide for
stained bands.

To identify the bands presenthig. 3.2.21, theWestern Botting immunoassay test was
performed(Fig. 3.2.22). Ther esemSpec PKCGD4danhblacti n was
confirmed iWwhealBlasshan@yIRevsaenpy es en teorcyytthe s
and t hei r,sdgmg ietisatedch MW population did not differ itotal protein

presence when compartmtheir cell source.

The exploration and confirmatiaiat the chosen proteins were in fact present in the
sampleswas per f or mewhichaded as@ "hbusekeeding protein”, to correct
for protein loading and transfer efficiency (present in all samplgs}s tecmique is
commonly used angrovides auseful referencen protein expression studi€iSerguson,

et al, 2005)

Al so, t o wvaldiedaatned tthhee asrsuaey b i madigmd do fp rtoh
st anwaas duGBd ¥ an-Brateindragment) abel CP47 ast.@hisdar d¢
is where only the protein fragment was loaded into thengdll (no MV sample)along
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with samples tested against CD47 itséliis protein fragmerdciedas a separate entity

samplgstandarjifor the measurement of its binding ability in a functional antibody assay

Fig. 3.2.22. Western blotting analyses.A representatiomf six different experiments performed farythiocytes andceMV
samplegas labelledand four experiments performed for HeLa cells and their derivedadlabelled)Note,eachof thesamples
consisted of the same amount of total proteinu@0mL), determined by BSA assay interpolation of sl curve when loadec
into the gel. Therefore representing different levels of antibody expression is a result of the content of each sapipteifipta
indicating the approximate size (kDa) for eatlthe monoclonal antibodies tested here.

The band intensity reflects specific antibodynding and b demonstrate that band
intensity correlates witla specific antibody Herereferencesamplegparentcells) and
PBS negative binding controblénk spot) wereused as a referender intensity
brightnessubtractiona parameteused for every tesheasurement iRig. 3.2.23a. This
was performed to compaband intensity across all samplés shown in k. 3.2.2.3b
(erythrocytes and their derived eMV) aiiily. 3.2.2.3c, all proteins were expressed at
different levels which diffeaccording to each sample.
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Fig. 3.2.2.3. Western blotting band intensity analysesthe measuremerf each band for each sample and each antib
binding is shown ira) representinghe histograms, indicating the intensity of each of the bands (the larger the histogram peak,
the brighter the band, the more protein binding). This was subtracted against PBS binding control samples clear .spoé (band)
summary of all sanips and all antibodies tested here (in triplicates) is shovia) énythrocytes and their derived eMV acd

HeLa and their derived MV, which represetits intensity of each band per sample as a numerical value (in pixels). The brighter
the band, the higer the number. Thanalyseswvas performed usinghe Image J software and GraphPad Prism was used to
generate the XY grapl{Mean and Error)

3.2.2.3Discussion

It is important toacknowledgehat the databtainedwith a Western Bt is typically

semtquantitative only proving a relative comparison of protein levelsnd not an
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absolute measure of quantifyhe factors influencing this are duevariations insample
loading and transfer rates between the samples in separatenhiudsare different on
separate blotsFor a more precise comparison to be made, processing needs to be
standardizedand the signal generatday detectionneeds to bdinear across the
concentration range of samplésnonlinearsignalwasproducedandtherefore should

not be used to model thetal concentrationn each sampléMahmood & Yang, 2012)

There are additional complementary techniques that supplements and may support

Western Blotting analyseshich could be employed in future work

The Enzymelinked Immunosorbent Assay (ELISA) for example, can be usaeddess
the affluence of a target protein providingtrong sensitivity, protein concentration
(standards) and reduaxperiment timing(less than 4 hourg. However, it can be

expensive due tthe cost ofeadily available kits anthe expensive machinemgquired

to conduct thanalysig(Haab,et al., 2013)

Another techniquecommonly employed is the Liquid Chromatography Mass
Spectrometry (LC/MS) for the analysis atetailedassessmeiatf proteins. It can mvide
distinguishabldenefitsoverELISA as well adVestern Blotting techniquebecaus¢éhe
distinctions betweenlifferent proteinsas well as theirisoforms isachievablewith a
greatedegree of sensitivity and ovebeoaddynamicscope But again, it requires highly
specialised, expensive equipmend aiso technical expertig@ass.et al, 2017)

Notably,CD47, PKC and-spectrin showd expression in all samplé&hiswas expected
because these proteins are not tissue/sample specific. But yet, it proves that the MV
samples obtained heexpresssimilar characteristicgo thoseof their original source

(parentcells).

CDA47 serves as the ligand of SIBRvhich is expressed on phagocytic cells and, when
activated, initiates a signal transduction cascade resulting in the inhibition of phagocytosis
(Barclay & Brown, 2006)A number of studies suggest thwcking CD47 efficiently
enhances macrophage phagocytosis in both physiological and pathological conmditions
cludinghumanmyelomacells(Kim, et al, 2012)andMKN45 and MKN74 gastric cancer

cells (Yoshida,et al, 2015) Thus suggesting that CD47 ptise MV have a greater
chance of survivah the extracellular environmebecausehey will not be depleted by
phagocytic cellgluetot he @A do n otthaetheypradece si gnal 0o
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NeverthelessBurger, et al., (2012)noticedthat aged erythrocytesttachto SIRPusing

CDA47 becauset undergoes conformationadlterationduring agingstimulatedby oxi-

dative stressvhich allows erythrocytes to be recognissdter the binding of thrombos-
pondinl, 28,and 29,andthereforeto be phagocytosed. This finding suppotite state-

ment provided in chapte}.1.3(page 6% by Ferreira et al, (2013)that sample quality

may affect the enumeratioof eMV samples, because in this case, if eMV present char-
acteristis similar tother parent cells it will also presenth e A e at.Iltal®sug-si g n e
gests thaeMV derivedfrom younger erythrocytesiay have a higher change of survival

in the microenvironmentbecause this is before they urgtethe conformational altera-

tion.

A studyby Alkan, et al, (2005) has suggested that PKC activation plays an important
role inthe survival of chronic lymphocytic leukaemi@hey investigated the expression
pattern of PKC isoforms, whidhis PhD research did not addresdeevertheless, their
findings suggest thaPKC actvation overall is important forchronic lymphocytic
leukaemiacell survival and that inhibitors of PKC may have a role in the treatment of
patients with chronic lymphocytic leukaemMoreover, 1 appears that the function of
PKC is dependent on the different isoforms present, for instance P& as a pro
survival factor in human breast tummocells in vitro (McCracken,et al, 2003) The
activation of PKCUmay improveretention, survivaland differentiation of transplanted
primary mesenchymal stem ceitsmyocardia(He, et al, 2016)

Therefore, PKGnayalsoplay a role in MV survival in the extracellular environmantl
may be involved in theMV role of cell growthregulation on neighbouring cellas
influential cell cyclespecificimpactsof PKC signallingthat can eithefavourablyor
adversehaffecttheproliferationof cells(Black & Black, 2012; Redig & Platanias, 2008)
Integrin proteins may link specific integrins to PKZhang,et al, 2001) the family of
phospholipiddependent serine and threonine kinabesis understood to partake a
vast range of biological activitiggsee Appendix Il, table 5 and.6)he activation of
cytosolic PKC by phorbol ester or diacylglycerol occurs in parallel with PKC
translocation to cellular membranddembrane association has also been suggested to
specific PKC interactions with phosphatidylseri@@aken & Parker, 2000; Igumenova,
2015)which is present in MV sampléBig. 3.2.1.2)

Spectrins are a critical component of the cell membrane skeleton, maintainiaage!

by conferring strength and elasticéy theyassociate with thelasma membrane through
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proteiri protein and proteiiipid interadions. Ankyrin is a key component in this
network becausedt binds both to spectrin and transmembrane pratéinss linking
spectrin to the plasma membrg@aarksonet al, 2014) In nonerythroid cells, spectrins
form an extended proteimetwork just below the plasma membrane bitayg linking
various actin fibre and nany integralmembrane proteing hey are also present in the
cytosol, andcan bind other proteins via numerous interaction motifs, such &SRfe
Homology 3 Domairfproto-oncogenejChorzalskaet al,, 2010) Therefore, the presence
of spectrin intheeMV samples can only highlight their strength and ability to maintain

MV shape intact.

More specifially, Band 3 and @ PA are the two most abundant integral proteins of the
erythrocytemembrane and wedetecedin eMV samplescquiredhere probablydue to
their biogenesigerythrocytes) The main functions of &1d 3 ardor membrane anion
transport anthemaintenance arythrocytemembrane stabilityhrough irteraction with

the cytoskeletonVhereasGY PA plays an important role imeprevention oerythrocyte
aggregation in the circulation and contribution to the glycocé@®pole, 200Q)

GYPA has been well charactegi$ in erythrocytesThis is a protein with abundant
glycosylation, and studies have suggested that resistance of target cells to natural killing
may be correlated with the level GfY PA expression(Ouagari,et al, 1995) In their
native state GYPA doot seem to control membrane material properties and/or cell.shape
Instead the binding of ligands may leadtasein membrane rigidity and meductionin

the lateral mobility ofthese molecules which may have resigd from increased
association of theytoplasmic domain of GYPA with the skeletal networkis maybe
adjustedby the modifications ornthe exoplasmic domaifwherethe binding ofligand
occurg, and can be considered form of signal transductiom which ligand induce
changes in cellulapehaviour This wasdescribed in granulocytes and platel@sasis

& Mohandas, 1992)

The presencef the proteins observed in this chaptdsosuggests that theMV cargo
is likely to depend on the parent céllamecharacteristics similar tochapter3.2.1) and
thatMV functionand survivathancesnay bedependentn the moleculethat theymay
expresscombined withthe proteins observed thischaptel(seeFig. 3.2.2.31 for protein
interaction network The availability of different target cell types taternali® the

circulatingMV is broad and provides a variety of possible mechanisms in which MV may
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be able to procesdhe fargeting by specific adhesion moleculesy play a rolein
determining EV bio distributio(YafiezMo, et al, 2015)

Legend:
Nodes:
Network nodes représent proteins Node Color Node Content
spice isoforms or post-translationsl modifications cokred nodes y emply nodes:
an collapsed [ & each nodke rapresents of the Query proteins and fivst shell of interactors pvoteins of umknown 30 stucture

protens produeed by & single, proten-coding gene

- iy nodes filled nodes

- &) zecond shell of interactors some 30 structure is known or peedicted
Edges represent protein-protein associations  Known Interactions Predicted Interactions Others

associations sre meant 1o be specific and et from cwrated databases e e meighborhood Al textmining
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Glycophorin A: See GYPAFig3.213

Fig. 3.2.2.3.1.Protein interaction network for total proteins observed in eMV. String databaseCONSORTIUM 2017
(Szklarczyk,et al, 2015) Also seeFig. 3.2.1.3.1.The contact of these molecules with each other may induce a variety of
interactions and associations among other proteins. Predicting the protein functisnafigy of the main objectives of the
network, which can be based on their contrasting structural and functional characteristics, in which each may have different
biological effect outcomes.
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3.2.3Proteases identification in M¥amples
3.2.3.1 Introduction

Proteasesarerecogniseds peptide hydrolas¢sathave beembservedn a variety of
biological processesin distinction toprotein degradation in lysosomes to cell division
They are azymesthatperform proteolysiswhichis the beginningof protein catabolism

by hydrolysis of thepeptide bondghat linkamino aciddogether in golypeptidechain
(Castro.et al, 2011) Proteasesepresent 14% of the genes per genome that have been
sequenced antthve been observed be present in various species frainuses to ram-
malia. The human genomexhibits more than 670 proteases, of which approximately
31% are serine proteases, 269skeine proteases, 33% metalloproteases, and 4% are as-
particprotease¢Bromme,et al, 2011)

Proteases can be considered molecular scissors that engage a significant role in the intra-
cellular environment during regulatopyocessesonsuming little energyrherefore it is
important to understand its specificipgnsideringhat it determines the selection of its
interactions in the proteiprotein interface ofleavagesubstrategFuchs,et al, 2013)

The requirements to substrate specificity of regulatory proteases, participating in limited
proteolysis of inactive precursors of enzymes and (or) hormones is even graieu;

larly in physiological conditionsyherethe proteolytic reaction is irreversiblepresent-

ing the main difference of proteolysis from a setaof hocregulatory mechanisms
(Rodriguezget al, 2010; Berget al, 2002)

In organisms of a higher orgaatsn level, the domain composition of proteins is more
complex and combinations of domains are more divi@sethia,et al, 2003) During

the acquisition of newdomains, several unique proteases with various catalytic or
inhibiting domains encoded by the same gene were fqoraneldt is believed that the key

mechanisms for the appearanceeiv proteins are gene duplicatiq@hang, 2003)

The high biological significance of proteolysis exptaihe origin of multiple, higly
diverse types and familial proteas@®ao, et al, 1998) The diversity of proteolytic
enzymes is resultant to a certain degree because of distinctions in the conditions of their
functioning in \arious cellular structuresncudingorganisms from different ecological
niches, the pHthetemperature, the redox potential of the mediandhydrophilic and
hydrophobic surrounding@Nemova & Lysenko, 2013)Thus, they play a key role in
various physiological processes, including division, differentiation, migration, aging,
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cellular apoptosighermal shock, morphogenesisgrganisation of tissues, angiogenesis,
immunity, haemostasis, woum@aling, ovulation and fertilgion (Nemova & Lysenko,
2013; Shahet al, 2012) Therefore a panel of different protease families was studied

during thisresearchncluding:

1. ADAMs is a disintegrin and metalloproteinase family of multidomain
transmembrane proteins belonging to the zinc protease superfamily
(characterised by tiremanifestation of metalloprotease and integrin receptor
binding activities) The ADAMs family hasforty gene membergurrently
identified of which 21 are functional in humanglu ma n A Dn&livié s
precursor forms of growth factors, cytokines, growth factor receptors, cytokine
receptorsand several different types of adhesion molecidesfy, et al, 2011)
The cytoplasmic domainpbservedin many family members spegibinding
sites for various signdtansducing proteingSeals & Courtneidge, 20Q3)
Mur p hy 0 &008y sugdestedADAMs to be involvedin the control of
membrane fusigncell migration cytokine and growth factor shedding,
fertilisation,muscle developmentell fate determinatigrinvolvementcell-cell

andcell-matrix interactions.

2. ADAMTS is also a disintegrin and metalloprotease family of proteases with
thrombospondin motifs; a novel family of extracellular proteaSBAMTS are
distinguished from the ADAMs family members based on the multiple copies o
thrombospondin -like repeatsThe ADAMTS family members argpectulated
by ther structural domains to be Extracellulaatdx (ECM) proteins, with an
extensiverange of activities and functionscluding, growth factors and
adhesion receptofKelwick, et al, 2015; Seals & Courtneidge, 2003)

3. CathepsingCTS) are cysteine proteases that constitute one of the five catalytic
types of protease The common feater is their catalytic mechanisnthe
increasein therateof achemical reactioby theactive siteof aprotein All
cysteine proteases utdisa Cys residue as a nucleophile and a His residue as a
general base for proton shuttlif@erg, et al, 2011) Based on sequence
homology and thredimensional structureirailarity, they have been divided
into clans, each consisting of one or more families. The most intensively studied
cysteine proteases are papain and its relatives, including the lysosomal cysteine

CTSin clan CA which comprises family GBerdowska, 2004)The activity of

98



lysosomal cystein€TS can be regulated in several ways, the most important
being zymogen activation and inhibition by endogenous protein inhiitork,

et al, 2001) The Nterminal preregions of the lysosomal cystei@d S which

are removed during maturation, act as potent reversible inhibitors of the mature
enzymes, preventing inappropriate activation of the protease zymdgEess.
have long been believed to be respible for intracellular protein degradation
(Mohamed & Sloane, 2006pverall,C T S éatalyse the hydrolysis of a variety

of proteinsubstrates with different specificities and are involved in a wide range
of biological proceses including, tumour metastasis, muscular dystrophy,

emphysema and arthritfggarwal, 1990; Jedeszko & Sloane, 2004)

4. Kallikreins (KLKs) are serine proteasesesentn diverse tissues and biological
fluids. The KLKs enzymesave beersplit into two majorgroups the Plasma
KLKs and the Tissue KLKs. These diffenotablyin their molecular weight,
substrate specificityymmunologicalcharacteristics, gene structuredagpe of
kinin (structurally related polypeptideseleasedYousef & Diamandis, 2001)

The Plasma KLKs are encoded by a single gene located on human chromosome
4935(Yu, et al, 1998)and theirfunctionis to participaten the process of blood
clotting and fibrinolysis and, in the regulation of vascular tone and inflammatory
reactiongBhoola,et al, 1992; Yousef & Diamandis, 2001)/hereas,issue KLK

have diverse expression patterns and physiological roles, including cell growth
regulation, invasion, angiogenesis, and metastasis in cdicsue KLKsarepart

of a large multigene familywith similarities inthetertiary structureas well as at

the gene and protein level. This has been demostratedinterous studies
(Riegmanetal., 1991;Murtha, etal., 1993;Nelson,etal., 1999; Yousef,et al.,
1999;Yousef,etal., 2000;Koumandous& Scorilas, 2013)

Matrix Metalloproteinase$MMPSs) are thefamily of calciumdependent zinc
containing endopeptidasessociated withissue remodéng and degradatign

and the removaif the ECMfrom the tissueincluding collagens, elastins, gelatin,
matrix G Ps) and proteoglycafiyadav, et al, 2011) Nevertheless, it has been
suggested that the breakdown of ECM molecules or cell surface molecules
changes celinatrix and celicell interactions, and the release of growth factors
that are bound to the ECMhatmodel them for cell receptorBIMPs
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aregenerallyexpressed in normal physiological conditions providing homeostatic

maintenancgLoffek, et al, 2011)

MMPs arederived froma numbenf connective tissue and pnaflammatory cells

such adibroblasts, osteoblasts, endothelial cells, macrophages, neutrophils and
lymphocytes.MMPs are expresseds zymogensthe active form result from
processingby other proteolytic enzymes includingerine proteases, furin,
plasmin, and otherthat leadsthe active forms. Under normal physiological
conditions, the proteolytic activity of the MMPs is controlled at any of the

following identifiedstages:

1. Activation of the zymogens

2. Transcriptionand

3. Inhibition of the active forms by various TIMR¥erma &
Hansch, 2007)

MMPsare regulated by hormones, growth factors, and cytokines, and are
involved in ovarian functiongVerma & Hansch, 2007)These highly active
proteases require tight physiological control via endogenous MMP inhibitors
(MMPIs) and Tissue Inhibitors of MMPs (TIMPSs) that if overexpressed can result
in a variety of pathologicalisorderdLiu, et al, 2006) In addition, a number of

nornECM molecules are also potential substrates of MINagaseet al., 2006)

In relation to MV,EV proteomic analysiha suggested that metalloproteinases including
the cell surfaceanchored sheddases and metalloproteinasei;ell surfacebound and
solubleMMPs are involved in EMactivity from a variety of sources. Metalloproteinases,
have been shown to impact not onlgM remodelling, but also cellular interactioms.
particular,some of the metalloproteinases in EV have been shown to be proteolytically
active,proposinghat they mayxhangehe contents of EV by proteolytic processing and
assist in EVmediated cellcell communicatior{fShimoda & Khokha, 2013)n addition

the release of ntalloproteases from tumour cellerived MV has been observed to

promote tunour invasion and metastag&®lo, et al, 1999)

Theexpression profile of proteasedgusidamentafor understanding their roles in normal
cellular function, their dysregulation in diseases such as camuertheirtherapeutic

applications (Craik, et al, 2011) Therefore, lis chapter aims to identify
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protease$amilies presenin MV samples usindhe Human Protease Array KR (& D
system$ which is a rapid, sensitive, and economical tool to simultaneously detect
proteaseandthe relative expression differences between samples.

3.2.3.2 Results

In this resuls chapter, the investigation focused thie expression of different proteases
thatwerepresent on the lysate of MV sampée®l their parent cell§hese werassessed
by selected capture antibodiéa duplicate) on nitrocellulose membranes, where the
signal is produced in proportion to the amount otgirdoound. Chemiluminescence sva

detected in the same manneiésstern blding analyse (resultschapter3.2.22).

Erythrocytes were isolated from fresh venous blood utilising the FRzaajué™ Plus
method. eMVcontrol was extracted by incubating the erythrocyte pe#stinchapter
2.2.4. HRV16iHMV were extracted from conddned medium (exosome free sejum
after 24hoursinfection/incubation periodTheseMV samples were isolated following
various steps of centrifugation: 2@@or 5 minutes 4,000g for 60 minutes and 25000

g for 90 minutes Subsequentlythese MVsamplesand their parent cellere lysed with
RIPA buffer andprotease inhibitoréseechapter2.2.7.1)

Total protein concentration was deténed with BCA assay and 50y/ mL of each
sample was usddr this experiment. All experimental design was followed according to
the manufacturer instructions (Proteome Profiler Human Protease ArraRR Kit,D

systemsgeechapter2.2.8.

Parentcells (erythrocytes and Hela cellg)ere used to overconseibstantial limitation,
such as a relative protein recovery from a limiteslumne of eMV control and
HRV16iHMV samples. Tie same amount of total prot€b0 ug/ mL) wasusedfor each
samplewhich was created to normaithe relative quantitative changiofthe proteases

array, andnegatehe lack of a housekeeping protein.

Fig. 3.2.31 displaysthe membrane images acquired during the analysis, whespots
positioned alAl andA2, A19 andA20, and E1 an&?2 represent the positive controls.

The absence of spots in posit®&9 andE10 signifies the negative control, indicating

the specificity of the antibody cocktail. The complete list of analyte names and
positionmappingis available inFig. 3.2.3.1a. This iswherme tphosition o
coordinate i sl séhrdvnt hen amd luyrtne .AlD ipoosshov
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a)lD Coordinate | Analyte/control ID b) Overlay
AL, A2 Reference/+ mH AN NeaS TAMY Ihoho oo
A3, A4 ADAMS8
A5, A6 ADAM9 é m .'.' . m
A7, A8 ADAMTS1 (
A9, A10 ADAMTS13 D
All, A12 Cathepsin A
A13, Al4 Cathepsin B e Q0 OOOO (I)CD
A15, A16 Cathepsin C ¢) Erythrocytes
Al7, A18 Cathepsin D 89
A19, A20 Reference/+ o 'Y *
B3, B4 Cathepsin E
B5, B6 Cathepsin L 90 00
B7,B8 Cathepsin S
B9, B10 Cathepsin V 00
B11, B12 Cathepsin X/Z/P
B13, B14 DPPIV/CD26 d) eMV control
B15, B16 Kallikrein 3
B17, B18 Kallikrein 5
C3,C4 Kallikrein 6 " ‘ N I )
C5, C6 Kallikrein 7 "
C7,C8 Kallikrein 10
C9, C10 Kallikrein 11 e 00
C11,C12 | Kallikrein 13 (L L
C13,C14 MMP-1
C15, C16 MMP-2 e) Hela cells
C17,C18 MMP-3
D3, D4 MMP-7
D7, D8 MMP-9
D9, D10 MMP-10 00 00
D11, D12 MMP-12
D13, D14 MMP-13 "
D15, D16 Neprilysin/CD10
D17, D18 Presenilin f) HRV16iHMV
E1l, E2 Reference/+
E3.E4 | Comverase " 3 s 00
E5, E6 Proteinase 3 e 00
E7, E8 uPA/Urokinase a'a o0
E9, E10 Negative Control
83

Fig. 3.23.1. Location of coordinates and the presence of different proteases in eaaltay membrane. The positive signals
seen in each membranere identified using Figa) which provides the coordinate and ID of each dpuatepresents the overlay
template ana), d), e) andf) representing the samples used as labelled.
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Forfohéowing sets (OF.i3g 2-hp.823slmagelgobptvar e
was used t loe cpdelaensiestofeeach analytdhis was performed by
creating a template to analyse pixel density in each spot of each membrane, then the
average signal (pixel density) was calculated using the pair of duplicate spots representing
each analyteThiswas determined by subtracting an averaged background signal from
each spot, againshe negative control spots as a background value. The sigmals
different membranes were used to determine the relative change in analyte level between
samples (established as 535x210 pixelbjt8110kfor all membranes), using the Red
Green Bue (RGB) images and the results were calculated uUsigbtness/alues RGB

pixels are converted to brightness values using the forniHéR+G+B)/3, or
V=0.299R+0.587G+0.1148 "Weighted RGB Conversions" were checked. For these
analyses the following parameters were recorded: length, angle (straight lines only), mean,

stanard deviation, mode, min, maand bounding rectangle.

Fig. 3.2.3.5howchanges betwegositiveand negativeletection of the proteases in MV
sampleswith respect to theiparent cells(erythrocytey Considerably, 34 relatively
positive signals were alerved in the erythrocytes membrane (that is 34 out of 35 tested
proteasessome at very low level, but expressismbservel] showing that the proteases
analysed hermay attacho erythrocytsin circulation (RIPA buffer lysed sampléstal
proteins analysigvasobtained here)n comparison, 21 proteas@sositive signalwere
detected out of 34 for the eMV sample, showing that eMV inherit $areot allof the

proteases present in their parent cells

Both, eythrocytesand eMV samples appear to be enriched @it D and VKLK 7
and 10, MMPs 3, 8 and 9, and PC9 (more than2 x1(*/ mean pixels) whereas eMV
demonstrated higher concentration/expressmiCTS D, E and V, DPPIV, KLK 10 and
PQ9 than erythrocyte@nore thar8 x107 mean pixelsand with a significant expression
of MMP9 of more than 5.5x20mean pixels
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6x1029  — apy
— Enythocytes

4107 -

Mean pixels

Fig. 3.2.3.2. The comparison of the relative expression of proteases present in erythrocytes and eWhé graph shows the
identified positiveexpressions/signals highlighting the differences between the samples, where MV shows less proteases binding,
but demonstrates higher concentration/intensity for the proteases present.

In contrast,much lower positivebinding signal was observed in HelLa cells, with 17
proteasesgainst 11 detected proteases in HRV16iH{FY. 3.2.3.3) when compared

to Fig 3.2.3.2 Nevertheless, similarly the majority of proteases present in MV cell shows
expression in parent cells, apart from MMP10akhivas not present in HeLa cellBC9,
Presenilin, MM9, KLK7 and CTS LC and S was not present in HRV16IHMETSC
appears to be present only in theLa which shows a significarthange for both sets of

parent cellgerythrocytesand HelLa) demonstratig a trend of assay validation.

Neprilysin showed strong expression in HeLa and HRV16iHMV (more #h@x1G/
mean pixels). It was adspresent in erythrocytehut absent in eMVAdditionally,
ADAM9, ADAMTS1, and MMP10 were expressed strongly on HRV16iHMBAS D
and V, KLK 7 andLO,MMPs 3, 8 and did not showpresencén HeLa and HRV16iHMV

samples (not present in theaph) in contrast to erythrocytes and eMV
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Fig. 3.2.3.3. The comparison of the relative expression of proteases present in HeLa cells and HRV16iHMYe graph
shows the identified positive expressions/signals highlighting the differences between the samples, where MV shows less
proteases bindinggmal, but demonstrates higher concentration/intensity for the proteases present.

Allthesampl es expressed a significantFgl evel
3.2.3.9, where aset of proteases appear to progressively increase in terms of @ositiv
signalbinding Especially for the CTS family with a progressive trend of A, B, D, V and

Z showing morethan 3.0x1& mean pixels MMP8 and MMP13 is also present in

abundancan all samplesvhen all samples are compared.

6x1029 - eV
-- Erythocytes
- Hela cells
- HRWIBIHMY
4107 ~
0
[1+]
b
o
c
[
[1£]
=

2x1024 9

Fig. 3.2.3.4. The comparison of proteases present in all sampl€ke graph identifies positive and negative expression/sig!
highlighting the differences between the samples, where MV shows less proteases binding than their parent cells. & also show
the proteases that were not present in all samples (at the botton ofaifie and at numeric value of 0 mean pixels in the X

axis).
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3.2.3.3Discussion

CTSO6s and MMP gubstadtigenegpnessiomnr i thig study. This is important
because thegre responsible for a variety oéllular photolytic(chemical compound is
broken down by photonghechanismsinvolved in the maturation of protein ihe
immune system, hormone generation sigghallingtransition on mammalian, which play

a general role as intracellular acidic proteases in endolysosomal compalbtelkeaset

al., 2016) Thereforethey areable to control pH leveind thereforeatalysekey proteins

CT Sdf she A, B, D, V, and XZP classes wefoundto bemarkedly abundant iall

samples, showing more than 3.0%¥Iflean pixelsl nt er esti ngl vy, CTS6
proteases, which can exert their proteolytic activity in the extracellular space in ECM
remodeling( Fonovi | &, le@ding to the aaduirhpdion that MV analysed here

may play a role in membrane remodellirend therefore can acas an effective
mechanism whereby diverse cellular behaviours can be regulated.cdmigpt is
particularly important when considering processes and cell behaviours that need to be
deployed promptlytransiently and wherein célicell and cellmatrix interactions are
constantly changin{Paley, et al, 2008)

An examplefound to bepresent in althe samples is CTSXThis proteasés capable of

cleaving regulatory motifs at-@rminuswhich affectghe function of targeted molecules.

Thr ough t heidegrinregeptor Madnactivef CTEXincreasesdhesion of
monocytes/macrophages to fibrinogen and regulates the phago¢ktmsist al., 2009)

By activation of Mae€l receptor(CD11c/CD18) CTSX also dominates adhesion of
monocytes, macrophages and dendritic d8Endor.et al, 2016) thatis necessarin
thecomencemenb f adaptive I mmuni ty oitegdnrecéponm t hr
Lymphocyte kinctionassociatedAntigen 1 [FA-1) which is involved in the
proliferation of T lymphocytes. By modulating the activity of LRACTSXgenerates
cytoskeletal rearrangements and morphologezeangement®f T lymphocytes This
promotesameboidlike migration in 2D and 3D barriers ad enhacinghomotypic
aggregationC-t er mi n al ami no a cdledvageby ETSXtermimatds o e |
their neurotrophic activitglistressingneuronal cell survival and neuritogene@{®s, et

al., 2009) which clearlycontributes to the survival and function of MV expressing this
protease.



The presence of MMP8 and MM®B1in all sampless afurther highlighting expression
that was observed in this studyjhese are collagenas@die to cleave the collagen triple
helix into characteristic 3/4 and 1/4 fragmegnta addition, collagenasesn perform
proteolytical procesessin other ECM proteins, as well as a number of bioactive
molecules such as 18, proteaseactivated receptet, MMP-8 targets type | collagen and
MMP-13 preferentially cleaves type Il collagdiranjutFernandez,et al, 2010)
Therefore implying that MV may reflect local changes in the extracellular

microenvironment.

KL K& s didnatin deyeral demonstrate presem the samples used hekHowever

KLK7 was presentin HelLa, erythrocyteand eMV samplesKLK10 demonstrated
enrichment in erythrocyte and eMV samplady. It is widely acceptedt h a t KLKO:
possess potential membraaetive properties as a fundamental component in their mode

of action(Epand & Vogel, 1999)lt is interestingthat the effects of KLK on various
biological membrane model systerhas been emonstrated an&LKs have shown
involvementin abroadrange of normal physiologic processes, from the regulation of cell

growth to tissueemodelling(Emamia & Diamandis, 2007)

Aichingeret al,, (2008)demonstratdthat KLK avidly interacs with membrane vesicles
without perforating the membranes. Their hypothesis is that lipid rafi3®@tells are
preferential targets of KLK and via its binding and integration KLK might facilitate the
uptake and intracellular distribution of ODNl1agynthetic oligodeoxynucleotidthatis

a Toll-like receptor 9 agonisackingcontaining cytosine phosphateagine motifsand
antigens, thus stimulatindownstream immunomostimulatory functioothe antigen
presenting cellSuggestingthat the samples analysed heauld trigger the immune
responsand decay&ECM, showinganability to avoid recognition ason-self-substances

and it contributes towards MV entrance to neighbouring.cells

Neprilysin,a cellsurface metallopeptidasdeavesand inactivates prmflammatory and
vasoactive peptideandpredisposes the lung vasculature to exaggerateddellingin
response to hypoxidt showed strong expression in HeLa and HRV16iHMV (more than
4.0x1¢ mean pixels)but not in erythrocyte and eMV samplesaddition to its peptidase
activity, basic amino acid residues in the taiN&prilysin contribute to proteiiprotein
interactionsresulting in modulation adignallingfactors This has beemlemonstrateth
prostate cancer cell lindSumitomo,et al, 2005)and it couldcontributetowards the

mechanism oHRV16iHMYV interacion with neighbouring cells

10¢€



DPRV, which is a prolyl peptidase thattachegproteins and peptides after a proline
amino acid residuewas highly expressed in erythrocytes and eMiit not in
HRV16iHMV. DPP IV is also the CD26-€ell activating antigen found in alreball
human organs and tissuéslisumi & lkehara, 2013)It is attachedto the plasma
membrane of endothelgnd is also found solubilised in bofilyids such adlood plasma
The broad distribution of DPP Igllowsaccess to endocrine peptides, neuropeptides and
abroadrange of paracrine and autocrine peptides and polypeiGaesn.et al, 2006)
High levels of plasma DPPIV angositively correlated with type Il diabetésiiller,
2012) suggestinghat its presecein eMV may be an indicatin of donor characteristics,
but this neesdlto be further assessed to corfirm the conditidRRIV degrades the active
form of the incretin, glucagelike peptidel, which isliberatedfrom intestinal Lcells
after meal intake and enhances insulin seamefio a glucosalependent manner,

suggesting that M\¢ould have aole in metabolic process

The expression of thproteases observed in thigpter, suggests that the MV caggyal
functiondepends otthe characteristics presentgarent ceB (similarly tochapters3.2.2
and 3.2.3, becauseVlV expressed the similatharacteristicgnot all) to their sources
The protein interaction networtseeFig.3.2.3.1)showthe possible interaction network
of the proteases present in eMWhis is because thean potentiallychangethekinetic
propertiesof enzymes,can pose as a common mechanismto permit for substrate
channelling can createan alternativebinding site for small effector molecules,can
immobilise or repressa specifc protein,can modify the specificity of a proteinfor its
substrataduring interactionwith alternativebinding sites andactin aregulatoryrole in
either the upstreamor downstreamlevel (Phizicky & Fields, 1995) Once more,

demonstratinghe qualitativeandbroadpotentialof MV.
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Fig. 3.2.3.3.1Protein interaction network of proteases observed in MV String database
CONSORTIUM 2017(Szklarczyk,et al, 2015) Similarly toFig. 3.2.1.3.1andFig. 3.2.2.31
the networkpresented here instigated thessible mechanismshich MV may be involved in

and be able to process. Protease families may appear to interact with a similar network of
proteins, but all and each of thexpress their expertise and uniqueness.
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3.24 In silico analyse®f biomoleculesdentifiedin eMV samples

The current pace of genomede sequence analyses programs, coupled with functional
genomic screeningsasproduceda perplexingarray of sequence and biological data to
be developedMichalovich, et al, 2002) The identification of proteins and/or genes of
interestin presentbiological studiesrequires the application of bioinformaticsols to
processa vast number adatasetsandaccess theisignificance Theenrichment analys
have playedan important rolein this regardcontributing to thedetectionof relevant
genes amongst a significant amount of listed candidate gemasous highthroughput

biological studiegHuang,et al, 2009)

Evaluating the functional properties of protein/gene sets is a routine step in
understanding higithroughput biological datand is commonly used to verify their
implication in biologicalpathways assess whethehey arefunctionally relevantand

to disover unexpected shared functions between the entities of interest. Gene
Ontology (GO)analysis igherefore widely usedto generatdunctional enrichments
between candidates geneésie to theuse ofcomprehensive reference informatiand
unified annotdabns of underlying functionsto descrbe common featuresncluding
biological processes, molecular functions and cellular components of the biolthgy of
gene produstto classify thenjGlass & Girvan, 2014; Consortiurg015)

From a protein function standpoint, thleangeof annotation from known proteins to a

novel target is a useful and practical mannetum v a s t guantities o
meaningfulinformation. The importance of these analyses in the mefiidadresearch

is increasinglue to the possibility of narrowing the search by modelling and discovering
new biological properties in a systematic fashion that elucidate key functions of complex
networks of bieinteractiongBayat,2002)

In this PhD research, the primdocus onGO enrichmentsvas associated with human
proteins/genes onhAfter assessing the patterns of protpresat in eMV samplesa
list containing proteins ¢wersion to gene names was generatsithg the String and
UniProt databaseAppendix IlI- Table J.

To systematically detect the functional enrichments among the multiple pra¢¢arsed
in eMV samples, a comprehensive reference information list including gene and
phenotype ontologies, description, alternative names, chromosomal and map location
(full list is provided in AppendixIl- Table 9 was poduced This list was the raw data
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used to exploréhe connections between the query protgnésandto detect statistically
significant common features among thewith this strategyt waspossible tauncover
enrichment of cellular component (Fi§.2.4.D), molecular function (Fig3.2.42),
biological processes (Fig3.2.43), and specific biological pathways involved (Fig.
3.2.44). This list was created using the FunRich functional enrichraealysistool
(Pathaneget al, 2015), which performsfunctional enrichment analysis on background
databases that are integrated from heterogeneous genomic and proteomic resources
Appendix lll, table 3 provides the list of the genes mapped for the data input in detail.
HRV16iHMV GO annotations and analyssgresented idppendix IV.

The statistical significance of enriched and depleted terms was checked using hypergeo-
metric distribution testing. Additional, the Bonferroni and Benjariiachberg (BH)

(also known as False Discovery R&BR) method was applied to correct for multiple
testing, each associated witiPavalue (P <0.05)This iswhereGO analysesverealigned

to the P value (red bar)P value lower than 0.05 (yellow bar) was also considered signif-
icant and he blue bar indicated the percentage of gefessified in clusters (not mutu-

ally exclusive) in a whole analysis. The reason for this is that the product of a single gene
could have one or more molecular functions, be associated with different cadlupo-

nents and be involved in several biologioprocesses.

In Fig. 3.2.4.1, the first cluster of the cellular components enrichments includes the genes
that presaeted frequencies between-36%. This means that ~15 genes of the list (out of

27) were involved in 2 different processes related to @am@mbrane and extracellular
activities. The following group with a frequency of-26% was made by ~10 genes of

the list. They were related to regulatory processes of extracellular space, integral to
plasma membrane, exosome and lysosome. The cluste&?5¥fodrequency was formed

by 15 miscellaneous processes with an average of ~2 genes in each of the following

categories: membrane fraction, cell surface, Golgi apparatus and endoplasmic reticulum.
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| | |

A% I Percentage of genes
Inacluar =04 p=0.05 reference

. -val
Endocytic vesicle B p-value

Membrane fraction
Lysosomal membrane

Perinucleat region

Intracellular membrans-boundsd organelle
Golgi aparatus.

Extracellular matrix

Platalat alpha granula membrane

Spectrin

Endoplasmic reticulum

Cortical cytoskelston

Platelet dense granuls membrane
Invadopodium membrane

Integral to plasma membrane

Exosomes
Plasma membrane
Cell surface

Lysosome

Extracellular

Extracallular space

Percantage of genas

Fig. 3.2.4.1. Cellular component enrichment of biowlecules observed in eMVFrequency oproteinsfgeneghat shared the
same characteristics in relation tol@sation, at the levels of subcellular structures and macromolecular complexes.

In Fig. 3.2.4.2 the enrichment showed a prevalence of gei®@sggulating processes

that modulate metallopeptidase activity (frequency, rate, extent), which refers to the
catalysis of the hydrolysis of peptide bonds using water as a nucle@ygase, 2001)

The remaining genes were distributed in 10 miscellaneous processes with an average of
~1 gene per function including receptor activity, transport protein activity, cytoskeletal

protein bindingand serine/cysteine peptidase activity.
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Fig. 3.2.4.2. Molecular function enrichment of biomolecules observed in eMVTlhe graph shows the frequency o
proteins/geneaccording to their molecular role

In Fig. 3.2.4.3, the enrichment of biological processes showed a considerable amount of
genes (~17) regulating protein metabolism. The rest of the genes were distribited in
miscellaneous processes with an average of ~1 gene per process, including immune

response, cell communication, signal transduction and others.

-Log10 (p-valus)
0 2 [} § 8 10 12 14
— 11.1% I Parcsriage of genes
el ansduction » o205l
Call communication ' I palie

Metaholism

Transpor

Cell growth andlor maintenance
Immiune response

Protein metabali
Totein metabalism P<0,001

0 n 4 80 80
Percentage of gones

Fig. 3.2.4.3 Biological processeenrichment of biomecules observedn eMV samples.The figurerepresentsa complex of
potentialchanges on the level of granulamtyeMV that is mediated by one or more gene prodatdtse cellular or orgarasional
level. It shows therequencyof proteins/genegrouped according to their involvement in biological processes.
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In Fig. 3.2.4.4,he biological pathways showed an enrichment of cell surface interaction
by integrinfamily with ~15 genes. Within the same clusteb0{75% frequencies, there

was a large number pathways controlling vital process related to cell growth, apoptosis
and metabolism such as the mTOR, J@kd insulin pathways, showing the same set of
~14 genes involved in that networkhe following cluster 025-50% was made byl10

genes only related haemostasishephysiological process that stops bleeding at the site
of an injury while maintaining normal blood flow elsewhere in the circulaf®ale,

2011) The last cluster of-@5% showed 13 miscellaneous biologigathways with an
average of ~4 genes each, including posttranslational regulation, cell signalling events

and cell surface interactions among others.
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Fig. 3.2.4.4. Biological pathway enrichmentof biomolecules observed in eMV Frequencyof proteins/genegrouped
according taheir biological pathways
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The GO enrichments performed here provided further clarification of the functional roles
described for th gene products deted in eMV in this PhD researcBeing useful to
understand from a system biology perspective the complexity of the network triggered

and affected by the bimformation transported in the isolated eMV.

Overall, the highest scores maled that the cellular locations of the majority of the
proteins from the list are in th@dasma membrane carrying out extracellular activities
Their molecular function showed a significant representation of processes related to
protein metabolism mainlynetallopeptidase activity. In terms biological pathways
regulated by this group of proteins, the GO enrichment was consistent with the hypothesis
presented in chapter 3.2.1, indicating a prevalencelbgurface interactions in the first
place. Thisis combined with severgdathways that control the fate of the cell such as
growth, apoptosis and metabolism among others. This lriagsy to the functional role

of the eMV characterised in this researdetermined by the proteomic information
embeddd in them.
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3.3 Identifying immune related miRNAs: properties that may allow
MV to affect the target cell

3.3.1 Introduction

Small RNAs distinguish themselves by their peak length, which varies from 21 to 30
nucleotidesand by themechanisms of biogenesi§he presence of a -Gridine,
phosphorylation at the 8nd and 20-methylation at the 3' end of the RNA molecule
regulate the loading of small RNAs ontoffector ribonucleoproteincomplexes.
MicroRNAs (miRNAs) concernthe uttermostrich class of small RNAs in animals
(Felekkis,et al.,, 2010)

mMiRNAs, are small non-coding RNAs (ncRNAS of approximately 20 nucleotides in
length, thattavour Messenger RNAIRNA) for downregulationby affiliation with a

broad multi-protein complexknown asthe RNA Induced Silencing Complex (RISC).

RISC assortmentiepends upothe existenceof sequences each ofthe target mMRNA

which aredefectivelycorrelatedto the miRNA sequencgseeAppendixV for miRNA
synthesiy The miRNA binding sitesisually arise within the 3*Untranslated Bgion

(UTR) of the mRNA, howevefunctional miRNA binding sites can alspisewithin the
5'UTR(Lytle, et al, 2007)or coding regiorfForman et al, 2008) Therefore, it regulates

gene expression post transcriptionallydahering o 3 NNUTR, codi ng seq

of target MRNAS, andesulting inretardatiorof translation or mRNA degradation.

It is predictedthat miRNAsadministerapproximately 30% of the human prot@oding
genome andulethe expression of genassociated with variety obiological processes,
including apoptosis, proliferation, differentiation, and metas{dsisros, 2004; Bartel,
2004; Filipowicz,et al, 2008; Almeidaet al, 2011)

mMiRNAs are assigned sequential numerical identifeard databases such as miRBase,
utilise shorten3 or 4 letter prefixes tappointthe speciesgenerating unique identifiers

for examplehsamiR-101 (hsa as inHomo sapieny. MiRBi s used to | ab
sequences w h enirbedaesndbé @excursor hairpins. The gerdentificatiors are
desigredto transmitcontrolleddetailsregarding théunctionalassociatioramongmature
MIRNAS, such ashsamiR-101 in human andnmumiR-101 in mouseare orthologous
(Griffiths-Jonesegt al., 2006)



Lettered suffixes are given to paralogous sequences by wiaittire miRNAs different at
only one or two positions, for exampleanumiR-10eandmmumiR-10bin mouse. Num-
bered suffixes are applied where wedlfined hairpin loci causedistinguishablenature
mMiRNAs, for exampleimemiR-281-1 anddmemiR-281-2 in Drosophila melanogaster
(Griffiths-Jonesegt al,, 2008; GriffithsJonesgt al., 2006)

Over time nomenclaturemay be subtlyand progressivelyreaddressedas knowledge
developes sequences may chaf@epracticalredundancyCurrent esearchproposes

t hat o n l-calledsked redioNjof she sequedesigna compactduplex with the
target mMRNAandaffiliated hairpin precursor sequences n@gmotemature sequences
with onlyslightresemblancanddivergentmiRNA numbersWhere two different mature
MIiRNA sequencegpresentto be removedfrom opposite arms of the same hairpin
precursoy for examplemiR-17-5p ( 5 Nj a rnrmR)17-3p f 8 N} (Beasvigheset al.,
2015).

It is inadvisableto dependon capitaligtion to grant details suchas themir/miR
precursor/mature conventiotet-7 and lin-4 pronounceddeviationto the numbering
schemeébecause thegrepreservedor historical reason§Ambros,et al, 2003; Griffiths
Jonesegt al, 2006)

The discovery of miRNAs adds a neaspectto the interpretationof complex gene
regulatory networkéHe & Hannon, 2004and up to nowthe possibility oEV as miRNA
transporters have been the subjeateskarch inthe EV researchield (Xu, et al, 2013)

This is becausmiRNAs are understood to regulate the expression of a number of target
MRNAs, by modulating a large number of biological procesBesy could contribute
towards annsight into the molecular changestive cellsthatthey areextracted/derived

from as well agproducingdiagnostic informatiomnd toolgRedis,et al, 2012)

MiRNA expression profiles of circulating MV is nohaw concepthavingbeenstudied
in patients withparental hepatocellular carcinoma céksong, et al, 2013) coronary
artery diseas€Jansenet al, 2014) in bone marrow mesenchymal stéWang, et al,

2015)and many mordJp tonow, theyhave notbeenextensivelyreported in eMVand

none inHeLaMVC or HRV16iHMV. Therefore, thischapterstudes a panel of 68
miRNAs for their expressiom erythrocytes, eMV, Hela cells, HRVH, HeLaMVC,

andHRV16iHMV.
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Theimmunologicalpanelwas selected becausdeaturesgeneral markers for multiple
immunologyrelated diseasesMarkers specific to certain autoimmune diseases and
blood-based cancere/hich can providensightful details of parent donor cslland
therefore, MV cargosimilarities and differences between samplésso, MV are
generally consideredheterogeneousaturally and degnding onthe donor, it can even
presentmore moleculestharacterists in relation of their potentialeffect on recipient

cells

MV may beableto transfer miRNAs to the neighbouring ceglEhang,et al, 2015)
therefore, it is important to acknowledge its possible targets.exampleduring cardiac
hypertrophy miR-23a miR-23h, miR-24, miR-195 miR-1993 and miR-214 were
upregulatedandthis caused an induction of hypertrophic growttcardiomyocytesn
vitro. Similarly, miR-24, miR-125h miR-195 miR-199g andmiR-214 were upregulated
in the tissue of patients with esthge failing human hearZhang, 2008; Ardekani &
Naeini, 2010; Thumet al, 2008)

The Firefly particle (technology used this researchstructure consists of three distinct
regions (sed-ig. 3.31.1), the capture target miRNAs and the encode particles. The
particle presence is triggered in the green channel (FC analysis) and the events from all
three regions are detectedetadencehebearingof a particle. Théluorescence intensity

in the central region determines miRNA quantity anel ECrecogniss a fluorescent
signal in the red channel from the centre of the particle.arfsesrom thecaptured and
labelled target miRNAand isequivalentto the amount of miRNAecognisedn the
sample and thefluorescent code tdifferentiate distinctniRNAs. By carryingtwo end
regions ofassortedfluorescence intensity, a particle codetriggeredin the yellow
channeland up to 70 codeseaachievableln all panes each miRNA isndependently
assigned one of those codes so that data frdmerad of particles can bassignedo
distinct target miRNAs Finally, after acquisition, the Firefly Analysis Workbench
softwareprocessegvents from the three regis of the particles and gathiem into a

single event, providing thaffluencedata for each target miRNA.
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particles Per well:
« 68 miRNAs
« 20 replicates
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Fig. 3.3.1.1. Firefly particle structure.Adopted fromAbcam discover morg2017)and then merged and modified by Robet

220 pm

Freezor using online PixIr photo editor. Three distinct regions apprehend target miRNAs and encoded particles are shown. The
end regions (top and bottom) encode particles and hold dissimilar fluorescence intiengiti@sote a fluorescent barcode and

in a known panel, all particles that capture a specific miRNA display the same code. Whereas the central analyte guantificati
region (middle) holds probes to capture an individaadet miRNA. When patrticles are gasd through a FC, they act as a series

of three cells. By disconnecting the target quantification region from the particle encoding data, the communication between

channels and banish the necessity for compensation.

3.3.2Results

Erythrocytes, eMV contrip eMV CaCh, eMV CaC} + NHS, Hela cells, HRV16iHc,
HeLaMVC, and HRV16iHMV amples were preparedset out irchaptes 2.2.1.2, 2.2.2,
and2.2.4 Themi r VanaE mi RNA I|Isolation Kit was
experimental desigiwas followedin accoréncewith the manuf act ur er 0s
(chaptes 2.2.91 and 2.2.9.2 The samples werthensubmitted tcAbcamfor profiling
(chapter2.2.93), and dataanalysis was performed using Firefly Analysis Workbench

software

In order to verify the assgyerformance, Abcam uses two measures in every well: (1)
RNA spikein controls and (2) particles with no miRNA probe (blank) that defines the
background fluorescenc&he geNormike algorithmwas usedo regulatethe stability
referenceof housekeepingenes from a set @xaminedcandidate reference genes in a
statedpanel.In consequengea gene expression normali®n factor can béallied for
each samplaingedon the geometrimeanof a userdefinednumber of reference genes
and carbe appliedo the data in order to select the three most appropriate miRNA

for normalistion. To improve the likelihood of iderting three appropriate
normalisation candidates, several miRNA targets identified by previous reseafGhers
et al, 2012; Chenget al, 2013) and by Abcam in an independent analysisre
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automatically included in the fixed panels (in this case the immunology aga@fying

that those miRNAhatwere recognisd as most stable across the samples.

The normalied data used for this study consgsof backgrounesubtraction, using the
three most appropriate normais hsalet-7i-5p, hsamiR-20a5p and hsamiR-93-5p
(greenboxes, andnegative miRNA controlasamiR-494-3p andhsamiR-8855p (blue
boxes, in Fig. 33.21. These parameters were used to generate all the figures in this
chapter which may include signals at or below the detection threshdld statistical
confidence using multiplmeasurementsf the noAnormalied datavas usedo ascertain

the average signal (in arbitrary units) for each miRNA taggemeasured in every sample.

Averages were calculated across multiple taspefcific particles mixed with a sample.

The Multiplex CirculatingmiRNA assay detects the same miRNA multiple times for
every samplein order to provide the statistical confidence in the results. Miean
fluorescence intensity (MFI) sign&d providedwith less background, showirey95%
confidence interval between piaie method. The limit of the detection of a probe is
calculated from the negative samplesngsa combination of two factorSww(1) the
well-to-well standad deviation of the mean signa#dSpp(2) the mean of the particle
particle standard errors. Then the limit of detection is calculated a% ((3
2+(4Y)n)2]12. To determine whethea particular miRNA signal is detecteithe assay
background was subtracted from the miRNA signal measuaréide samples and the
result was compared to a targgtecific detection threshald his isperformedwhen a
probe is detected in a particular sample, and if the statistical distribution of the probe's
particles in that sample exe significantly higher than the distridoh of that probe's
particles inthe negative samples. The limit of detection of a probe is an estimate of the
positive fluorescence a probe would haweorder to be determined as significant in a

given sample.

Abcam has determined by comparison to dilution series on large numbers of ginabes
give a conservative estimate of the limit of detection. If no negative samples are defined,
no limit of detection is available. Although most miRNAs exhibit low backgraimaial

in negative control wells, there are exceptions where the miRNA probe seqgsence
complementarity ttheamplification primers and a higher background signal is measured

in negative control wells. The subtraction of the assay background resosvasdthere

is no effect on the assay, except to slightly decrease the dynamic range of detection of the

chosen miRNAs.
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Fig. 3.3.2.1. The average signal in RNA spikie controls and miRNAs selected for data normalisationR NA 6 s

con

samples were labelled with the immunology panel (68 miRNAs) and analysed with the EMD Millipore Guava 8HT flow
cytometry.Due to their stability in signal expression in all sampleslet-7i-5p, hsamiR-20a-5p and hsamiR-93-5p were
sdected to act as normalise@ndhsamiR-885-5p along withhsamiR-494-3p were selected to act as negativeShe graph
shows Y axis representing the probes including blank acwhirol used here, against the X axis representing the MFI of the

signal de¢cted with the FireFly particles.
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Additionally, a third quality control measure employed by Abcam is to process a positive
control well in parallel with the submitted samples. The positive control well is either
pooled human sera or Firef§ontrol RNA thathas been previously charactedsby the
Multiplex Circulating miRNA Assay. The positive control signals from this study are

compared to historical valuesHig. 3.3.2.2

LOG Signal for Immunology
Panel on Your Assay Run Date

Pearson: 0.97

2 L 6 8

LOG Benchmark Signal for Immunology Panel

Fig. 3.3.2.2 Comparison of positive RNA spikein controls to historical values.The graph shows the Y axis representil
LOG signal for the immunology panel used for this experiment on the date of the expeaigagmt the X axis representing

the LOG benchmarkignd for the immunology panel, providing a presented trend line showing a visual confirmation of the
positive correlation.

Theheat magFig. 3.3.23)is a grid of normalisd miRNA signal intensities indicated by
colour, whereorange represents highlgxpressed miRNA and blue represents lowly
expressed miRNA. The miRNA targets with backgrosnobtracted signal shothe
detection threshold in one or more samples. The white miRNA targets have background
subtracted signals and shdve detection thresholitross alkamples. The signal in lew
expressing targets (white) is often masked by sources of noise such-ageniit
binding andFC noise Therefore,it is considered not to meet the chosen threshold of

detectionand removedrom further analyse

The geNormike algorithm, apopularmethod to assessthe substantialreference
housekeepingienesagainsta set of tested candidate reference genes in a given sample
pane] was usedor normalistion in circulating miRNA detectiorHenceforth a gene
expression normalidion factor can beomputedfor each samplgositionedon the

geometricmeanof a userdefinednumber of reference gendiscan be applietb the data
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in order to select the three most appropriate miRiAseused for normaletion in this
data set To improve the likelihood of iderfying three appropriate normadison
candidateghsalet-7i-5p, hsamiR-20a5p, andhsamiR-93-5p), several miRNA targets

identified by previous researchégfzhen,et al,, 2013)were consideredndutilised

According to Pritchargdet al, (2012) hsamiR-451, 4865p, 92aand16 are significantly
increased in haemolysed samples of human plasma and serum, and are highlighted as
markers of such which explain why manufacturers include haemolysis markers in fixed
panels. Here, onliisamiR-451 and486-5p were used as haemolysis maskand were
excluded from erythrocytes and eMV data only. This is bechsaeiR-92a andhsa

miR-16 were also present in all HeLa cells and their derived &\ expressed at
different levels

hsalet-7b-5p, 7d-5p, 7e-5p and 7g5p were present in all samples analygethis study
And it may be becausdidse miRNAs memberdelonging to the same family have
identical seed sequence, a highbnserved region of nucleotides 2 to 8, which is
important for target recognitioMhisalso suggests that thet-7 family members share
at least some targets and functi@8s, et al, 2012) lin-4 andlet-7 werethe first two
mMiRNAs identified andit wasdiscovered in the nemato@aenorhabditielegansThey
regulatethe scheduleof stemcell division and differentiatioriet-7 and itsrelativesare
vastlypreserveaverspecies in sequence and functibhs-regulation oflet-7 generates

a less differentiated cellular state and the development ebas#ld diseases such as
cancer(Roush & Slack, 2008)

Since not all of the miRNAsvererelevant to this study, those miRNAs showing low
signal intensity(hsamiR-16-2-3p, 33a5p, 125a5p, 1295p, 1403p, 1423p, 1545p,
1555p, 200a3p, 2055p, 3395p, 375, 37648p, 429, 4313pand523-5p), were excluded
from analyss, although,hsamiR-122-5p remains in théeheat mapas anrepresentative
exampleof low signal detectionThis was in ordeto ensurefocus on the miRNAs of
interest in orderto build a specific miRNA detectiomrofile to gain further insighinto
the samples submitted for profilin@his can be observed iRkig. 3.3.23, where the
heatmapis showingmergedof eachsample(N=3) and excludingriplicates of assay

negative, tank and xcontrol, all normaliers and negatige
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HRV16iHMV  HelaMVC HRV16iHc Hela cells eMV CaCl;  eMV CaCl, €MV control Erythrocytes 2
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Fig. 3.3.2.3. Expression profile amparison of all samples from merged triplicates.The Heatmap shathe major
differences of the submitted samples, highlighting the increased and ddegaisssion of miRNAsIt also compares

MV samples (N=3) derived from different sources showingrthpr differences of the samples derived fronfiedént
sources comparing di Théexpressioh of sharedeandtspedafic mRNANAr@ach sample group
is shown in different colours, blue for low expression and orange for strong expression.
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The potential plasma biomarker that may indicate progression of Gastric CAmaeg,

et al, 2015) hsamiR-16-5p, was highly expressed in all samples used for this study. It
has beemecommendedhat the candidate reference miRNAs shaeddcern aistinct
functional classes, whictvould fundamentally lessethe likelihood of contradictco-
regulation(Mestdaghegt al, 2009) Conversely thesameexpression levels of reference
mMiRNAs should benoticeablen all samples, and show low dispersion andfiitiation
with a diseasgZampetaki & Mayr, 2012)This wasnot the casen this study, having
been detected at different levels and therefore not used as a normaliser refdsenie
has beemotedthat the expression level ofiR-16-5p could exhibit individual variances
(Konishi,et al, 2012)becauseniR-16-5pis a contaminant in haemolysed blood samples,
andis notadequat@s aroptimalinternal control. Avast spectrumf miRNAsassociated
with physiologic and pathologic evertanbe carefullyloaded into the MVincreasing
the complexty of the relationkip of the miRNA levels beteen the tissues and

circulatorysystem(Reid, et al, 2011)

hsamiR-92a3p was also highly expressed in all sampéesl it has also been suggested
as a potential reference miRNBignotti, et al, 2016) A search othsamiR-92a3p in

the miRBase databagi€ozomara & GriffithsJones, 2014 ; Griffithdonesgtal., 2008)

has identified gene targets including those involved in cell cycle regulation and cell
signalling It has also provenital during all stages of mammalian development and
necessaryfor the proliferation of cellsbecauseit is readly available in healthy
individualb serum However,levels areirregularand seemto alter in response to the
onset ofcertaincancers As a result of its differing levelof expression obseed in all

the samples studidtkre, it could not be used as a naliser in this study

Notably, 25 out of 68miRNA were identified in all samples (apart from normalisers,
negativesand haemolysis markers) kig. 3.3.2.4.The summary level of expression of
the 25 miRNA identifiedN=3) can be observeldy comparinghe Mean Fluorescence
intensity (MFI)
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Fig. 3.3.2.4. Summary of miRNAs present in all sampleThe graph shows the major differences in expression of the submr

samples, highlighting the increased and decreased expression of miRNAs in each sample (N=3). It also compares MV samples
derived from different sources. The analysis was obtained usen@taphPad Prism software version 7.2, where data was
arranged in groups and error bars were obtained with the Mean and Error.

In addition to the exclusion of low sighdetection of miRNAs in theamples, major
differences in miRNA expressiobetween sampleswere observedFor example,
MIiRNAs hsamiR-10a 23a3p, 24-3p, 30a5p, 34a5p, 1323p, 196a5p, 203a3p, 210-
3p, 4223 181b5pand744-5p showedstrongerexpressionn HelLa and their derived MV
samples However, hsamiR-23a3p was not expresseth erythrocytes, but slightly
expressedn eMV samplegFig. 3.3.25).
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Fig. 3.3.2.5. Summary of miRNAs demonsiting high expression in HelLa cells and their derived MV.The graph compares
Hela cells and their derived MV samples with erythrocytes and sktiples and demonstratbe major differences of the
submitted samplehis is highlighting théncreased and decreased expression of a number of miRNAs with higher expression
in Hela and their derived MV. The conclusions were drawn from Fig..3.3.2

In contrasthsamiR-223-3p was not detected in Hela their derived MV samples, but
strongly expressed in erythrocytes and eMV sampldditionally, hsamiR-146a5pand
150-5pwere notexpresseth erythrocytes, Hela cells, HRV1EIC andtheir derivedVV,
but were expressed in eMYFig. 3.32.6).
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Fig. 3.3.2.6. Summary of miRNAs demonstrating high expression in erythrocytes and their derived eM\rhe graph
compares the differences between all submitted samples, highlighting the increased and decreased expression of miRNAs in all
erythrocytes and eMV, in comparison with HelLa cells and their derived MV.
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3.3.3 Discussion

Due to the commoassumption that erythrocytes dot express RNA content, one can
be corfusedto find that erythrocytesontainsignificantamounts of miRNA (observed

in results chapter 3.3.2This is not only because of their presence, but also, owning to
the reasons for miRNA to be presentcills to regulate gene expression by effecting
MRNA translation which was believed to henexistentin erythrocytes(Hamilton,
2010) Neverthelessthe presence of miRNAs in erythrocytes has been reported in
Malaria(Rathjenget al, 2006) and sckle cell diseasbecause of thdisease pathogenesis
which is dramatically altered in homozygosiskle cell disease erythrocytes and their

defect in terminal differentiatiofChen,et al, 2008)

It is understood that erythroid cells misplace their nuclei and active transcription in the
course of the reticulocyte stagesgeFig. 1.2.1. miRNAs are credible to participate in a
regulatory role in postranscriptional regulation in erythroid cells, but there is a lack of
information explaining the reasons fitiis, as well as for the preseneEmiRNAS in
erythrocytes. Fél, et al, (2005)reported the role of miRNAs that have been implicated
in the process of erythropoiesis, and miRNA expression have been repariedtin
erythroid differentiation alsqChoong,et al, 2007) but no reasons wermiscussed
Therefore, the genomic study of miRNAs in erythrocytes may provide an individual
opening to begito buildthe understanding of miRNA regulatory roles in erythroid cells
(Sangokoyagt al, 2010) andthis would further support their fedility in the eMV
studied during this PhD research.

The generalanalysis of niRNA expression in circulating erythrocytes ceontribute
towardsmechanistic insights into thesgiase phenotypes of erythrocydedng a new
feature to erythrocyte charactetimn andcan potentiallyenhancehe interpretationof

their phenotypic alterationia physiological and pathologicaldjustment.For example,
hsamiR-223-3p wasdemonstrateds beingresentn erythrocytes and all eMV samples,
but not in HelLa otheir derived MV. This is a haematopoietic particular miRNA with
essential functions in myeloid lineage development. It pedoamcrucial part in
promoting granulocyticdifferentiation (O'Connell, et al, 2011) while also being
affiliated with the suppression of erythrocytic and megakaryocytic distinction of K562

cells (myelogenouseukaemiecell line) (Yuan,et al, 2009)

It is important to note that, each and every miRNA present in the samples utilised during

this PhD research expresses different charagtsyisindcan also provide insights into
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posttranscriptional regulation of gene expressibar example, Pinatelet al, (2014)
predicted thaimiR-223 targets revealed enrichment in cell death and survelated
genes and in pathways commonly altered in breast cdartear resultslemonstratethat
protein levels for Signal transducer and activator of transcription 5ATSA), Integrin
alpha3 (ITGA3), and NRAS proteoncogene GTPase were modulateariig-223. They
evidenced that STAT5A is a directiR-223target and underlined a feasible ctatien
betweermiR-223and STAT5A in migration and chemotherapy resppasd thatmiR-
223 has an influential role in breast malignancy that could possibly be investigated

therapeutically.

In haematopoiesia term used fatheformation of blood cellulacomponentshsamiR-
150:5p (presentin eMV but not in erythrocytesjegulates genes whose downstream
products encourage differentiatirsgem cells to become megakaryocytes rather than
erythrocytes. It also, induces-CEll differentiation (miRBase databas@&lood celt
derived EV, containingniR-150, have been shown to enter human endothelial cells
deliveringmiR-150, whichreduced évlyb (gene proto-oncogene protein also known as
transcriptional activator) expressiobhisenhanced cell migration of human endothelial
cells (Zhang,et al, 2010) This expression is of interest because it suggests a different
characteristiand yet another potentiabe foreMV becausence insideneighbouring

cellstheycan potentiallysharethis information witha variety ofsourcesn circulation.

Furthermore,hsamiR-146a5p (present in eMV control and eMV CafLlhas been
observed to bavolved in the regulation of inflammatipand othebiologicalprocesses
thatoperatan the innate immune system. This has been reported to be highly upregulated
in osteoarthritis cartilage, and could be involved in its pathogenesis (miRBase database).
Lopez et al, (2017)suggestethatmiR-146a5p, andmiR-24-3p (present in all samples)

are consistent blood markers of antidepressant response and regulators of psychiatrically
relevant signalling pathwayandfunctional annotation clustering analysis disclosed an
enrichment of calom signalling pathwaysThis is interesting because eMV CaCl
demonstrated a particular expression of th#ssse miRNAs Their results,imply
influential implications for theclarification of biological mechanisms involved in
clinically relevant antidepressant effectand propose that these miRNAs could
potentiallyactas correlates or state biomarkers of treatment respodhisighlightsthe
potential for the development of diagnosticoadls, precautionary approachesnd

successful pharmacological interventionsrfa@jor depressive disorder
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hsamiR-221-3p is an oncogenic NRNA that targets CD117receptor tyrosine
kinaseproteir), which then prevents cell migration and proliferatioemaothelial cells
Itis alsoknown to banvolved intheinduction of angiogenesis (miRBase datab&aBkis
miRNA was presenin eMV control,eMV CaCp, HeLa,HRV16iHc and their derived
MV but notin erythrocytesandeMV CaCp +NHS.

Additionally, sveralcell-preferentially expressed miRNAs are worth notimgamiR-

342-3p was presentin all samples apart from erythrocytebhis miRNA targets the
nuclear factor kappkght-chainenhancer of activated B cellsiown as the NF-o B
pathway,and ithas a significainrole in cellproliferation He n ¢ e suitalility for the

investigation of therapeutic targé&hao & Zhang, 2015)

Likewise HelLa, HRV16iHc and their derived MV also expressed someérRNA
specificity, in comparison with erythrocytes and eMV samplesr instancehsamiR-
23awas highly expresed in HeLa and threMV, it wasweaklypresent in eM\control
andeMV CaCp, but absent in erythrocytes and eMV Ca&ENHS samplesThis miRNA
is known toregulatethe transcriptional repressor Hairy enhancer of sglikawasaki &
Taira, 2003)

In a study by Ruet al, (2014) miR-23a stimulatedthe replication of human herpes
simplex virus type 1 (HS\) in HelLa cells. The interfenoregulatory factor 1 (IRFlan
innaie antiviral moleculeas selectedby miR-23a to advanceviral replication This is
becauseniR-23aattachego the 3'UTR of IRF1 and dowregulates its expression. The
suppression of IRF1 expressionnimisesRSAD2 gene expression, augmenting HBV
replication. The ectopic expression of IRF1 abrogated aitheancemenof HSV-1
replication whichis led by miR-23a and the IRFladvanceso innate antiviral immunity
by binding to IRFresponse elements tmntrolthe expression of interferestimulated
genes (ISGs) and apoptosgigsclosinga complex interaction betweenR-23aand HSV

1. They hypothesex] thaimiR-23aease#iSV-1 replicationby regulatingRF1-mediated
antiviral signalpathway,and IRF1 mRNA have alsademonstratedo beup-regulated
after HRV16 infection(Kim, et al, 2015)which may explain why HRV16iHMV are
enriched with this miRNA

miR-23a has also been observedo be proportionatelystable in plasma and serum
(Komatsu,et al, 2016)andthis isnot affected byhaemolysisTherefore it is important

to notethe possible effectsf miRNA profiling whenconductingdatanormalisation and
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analysis sothatsystematic biassare discardednddetecion of disease associat&dth
MiRNA biomarkers even from samples affectechbgmolysisare detectablélondal,
et al, 2013)

In terms of &ironic obstructive pulmonary disease (COPD), a pilot sydyawzyet al,
(2016) observedheaffiliation of themiR-196a2rs11614913%olymorphism with COPD
susceptibilityand bronchodilator response to skart t i -aggnistWhere 108 COPD
male patients and 116 unrelated contralere used for gnotyping rs11614913
polymorphism When compared with controlSOPD patients did nagxpressnotable
differences in the genotypkstribution and allele frequencies of the studied miRbI4,
COPD patients withomozygotegenotype(CC) results correlatedo thosewith the
smallest bronchodilator responsestSalbutamol inhalatiornThe heterozygotg€T) had
an intermediate response, while those with theg€motpe (homozygote dominant)
showed the highest respong@R-196&2 rs11614913 polymorphism is associated with
the bronchodilator response of COPBBtients generatinga hypothesis of the potential
use ofmiR-196a2variant as a pharmacogenetic marker for C@PIZhalso provides an
explanation ofwhy miR-196awas presentin Hela and their derived M\nd absent in

erythrocytes and eMV samples

hsamiR-181b was presentonly on HelLa,HRV16iHc and their derived MV. In an
investigation by Yanget al, (2013)into the clinical significance ghiR-181bexpression
in nonsmall cell lung cancer (NSCLCit wasrevealedhatthere was anassociatiorof
miR-181bexpression with clinicopathological factors or prognosis of patemidysed
In the beginning of the investigatiomiR-181b expression wasemarkaby down
regulated in NSCLC tissugs comparisomwith their normal counterpartSubsequently
the low miR-181b expression wasbhservedto be associatedvith largertumour size,
higher pTNM stage and positive lymph node metastasis of NSCLC pati€htsn
survival analysisevealedhat thegeneralsurvival and diseaskee survival 6 NSCLC
patients with lowmiR-181bexpressiordecreased in compariséa those patients with
increasedniR-181bexpression. Thusheir study indicates that dowregulation ofmiR-
181bmay beaffiliatedwith aggressive disease progression avat prognosis of NSCLC
patients. Forthis PhD researclit may indicate that miR-181b involvementin lung
carcinogenesisould potentiallybe favourable foMV to be use@sa potential prognostic
marker for NSCLC.
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HRV16 show alteration in the microRNAome of HelLa cells indicating an area for
research into infectivity and a potential target for prevenf@utierrez et al, 2016)

MV can also exert effects on cells by stimulating spec#ignalling pathways
(Mathivanan.et al, 2010) This maysuggest thamMVV may havethe ability to alter the
transcriptome and signalling activity within recipient cedlowing them to induce

specific phenotypic changes, whishpportMV as potential therapeutic agents.

miRNAs are highly important because thegntribute significantly to the turnover of
many proteins, thus inducing effects that magitleerstimulatory or inhibitory for target

cellswhich canchange gene expression.

The incorporation of miRNAs in eM\fiay allow thento circulate in the blood while
avoiding degradation from blood RNAse activiigcause they are encapsulgigdoyo,

et al, 2011) This is important becaus@iRNAs may contribute significantly to the
turnover of many proteins, thus inducing effects that mayeib®er stimulatory or

inhibitory for target cellsvhich canchange gene expression.

It is interesting thatnot all mMIRNA presenin MV samples were present in their parent
cellsduringthis PhD researclandso far,there is no clear evidence whether associated

mMiRNA are either insider just adhere to EMnderin vivoconditiong(Bala,et al, 2015)

After assessing the pattern of miRNAstectedin the eMV samples, further analysi
focused on the reported target genes using the miRTarBase database. Theisanalys
generated a list of candidate genes with >14.165 target gentbe foiRNA present in
eMV samples, with >7.358 being redundaeines (see AppendixI)¥ The FunRich
software classified thefunctional rolan clusters of genes that are not mutually esisle.

The principle here is thgpreviously stated for the GO enrichments produced in chapter
3.2.4, where the product afsingle gene could have one or more cellular components
(Fig. 3.3.31), molecular functions (Fi@.3.32), be associated with different biological

processes (Fid.3.33), and be involved in several biological pathways (Bi§-34).

The GO enrichments for the cellular component revealed oveto8aons with an
important representation of genes withnétions involved in the nucleus and the
cytoplasm. The rest of the categories evaluated here showed lower scores <25% with no

specific enrichments.
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Fig. 3.3.3.1. Cellular component enrichment for target genes of miRNA observed in eMVErequency oftargetgenes

involved in similar cellular components.

In terms of molecular functions, the wide range of genes showed an overall heterogeneous

distribution with low frequencies {£5%) and no specific enrichments, with DNA

binding and transcriptioshowing the highest scores among théscellaneous single

cluster.
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Fig. 3.3.3.2. Molecular function enrichment for target genes of miRNA observed in eM¥requency ofargetgenesnvolved
in similar molecular functions.

The biological processemnrichment showed a single cluster2®%) of overlapping
categories with different levels of representation. Within this group, it is possible to detect
the relevance of metabolic processes performed by this set of genes.
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Fig. 3.3.3.3. Biological procsses enrichment for target genes for miRNA observed in eM\Erequency of target gene:

grouped by biological processes.

In the case of biological pathways, the genes were grouped in two main clusters, one of

them involving gene expression only268%)and the other (250%) covering a variety

of process regulated by the same set of genes, including: signalling events, cell surface

interactions, cell adhesion and essential signalling pathways for cell environment

recognition such as the mTOR, AKT andHGthat control cell fate representing ~28%

of the miRNA target genes data input.
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Taken together, the GO enrichments generated in this section with the target genes of the
mMiRNAs identified in this study, indicatéhe prevalence of gene products located in the
nucleus and cytoplasm with an involvement in translation according to their frequencies.
In this sense, this tranriptional machinery may besponsible for regulating several
cellular metabolic processes, which was further supported by the enrichment of a set of
biological pathways that operate as rheostats of extracellular stimulus that control cell
cycle proliferation and cellular outcomehis is highly relevant to this study since the
information transported in the isolated eMV by the set of detected miIRNA may be
involved in the control of those fundamental gkt processes, also supported by the data

collected in chapter 3.2.4.

This assciation of genes according to categories of processes in which they are involved,
facilitates the overview of their potential effects, which allows the tailoring of the
subsequent analyses of the query genedisd provides valuable insights with tedéab
hypotheses for the development of future proje@®® annotations and analysis for
HRV16iMV is presenteth Appendix VI
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3.4 The interaction of MV on the selected delines
3.4.1 Introduction

Cell communication is a major aspectcell biologybecause it allowthe coordination

of biological activities of the organism as a whole by using signalling pathwings
release of MVas free entities containing a variety of biological molecalksving their
engagement with and influeing neighbouringcellsbecamea wide andargeted concept
(seechapterl.7). Cancer ell lines constitute key model systems widely used within
biological researchTo this end, a variety of cell lines were used to conduct the
experiments to obsenthe effect of MV on their growthatg including:

1. THP-1, a human leukaemia monocytic cell litteat has been extensively used
to study monocyte/macrophage functions, mechanisms, signalling pathways,
and nutrient and drug transport. It was originally isolated from the peripheral
blood of a Zlyearold male patient suffering from acute monocytic
leukaemigChanputet al, 2014) This cell line has been widely used to study
immune responsesot only in the monocyte state but also in the macrophage
like state. In the monocyte state, it can be differentiated into a macrelkege
phenotype using either phorbdP-myristatel3ac et at e, - 1U,
dihydroxyvitamin D3 or macrophage colestimulating factor(Lund, et al,
2016) Although the latter stimulus is biologically relevantvivo, it is less

frequently appliedn vitro, and it does not apply to tHhDresearch.

2. Jurkat cellsare an immortalisd line of T lymphocyteells that are used to study
acute T celleukaemiaT cell signalling, and the expression of varichemokine
receptors susceptible to viral entry, particulatly. They originally derived
from the peripheral blood of a 4arold boy with T cell leukaemia which makes
them useful in scientific research besawf their ability to produckk 2, a type of
cytokine signalling molecule which regulates the activities of white blood cells
that are responsible for immunity. Their primary research use is in determining
the mechanism of differential susceptibility of cancers to drugs and radiation
(Abraham & Weiss, 2004)

3. In 1979 Kaighn, et al, defined the PG3 a prostate cancer cell ling was
establislked characteried and its tumourigenicity from a human prostatic

adenocarcinoma metastatic bonewas reportedCulturing the transplanted
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tumourcellsresuted ina human cell line witlieaturesidentical to those used

initially causingtumour.

PG3 cells retaircharacteristicsimilar to epithelialneoplastic cellsincluding
numerous microvilli, junctional complexes, abnormal nuclei and nucleoli,
abnormal mitochondria, annulated lamellae, and lipoidal bodies. However
when compared to normal prostatic epithelial cells,-3PCells have a
substantiallydecreasedependence uposerum for growth, do not respond to
androgens, glucocorticoids, or epidermal or fibroblast growth factsraell as
divergent morphological development and function, the unique canonical
pathways reveal greater diversified features including metahaietimoic acid
signalling pathway, cell proliferation, and differentiation pathwayée
divergence of characteristics in BCcellsmake themhelpful whenexploring

the biochemical changes in advanced prostatic cancer asliwell aswhen

assessing their response to chemotherapeutic g@mesorov,et al, 2009)

. In 1970the human breast candgiCF-7 cell line was first isolatedrom the
breast tissue of a 6@ar old Canasian womarMCF-7 and other bman breast
cancer cell lines are useful in many studmesuding investigating the response
of hormone, drug screeningnd/ordevelopment of multidrug resistanesd the
activation, amplificationand overexpressionf oncogenegVazquez,et al,
2004) MCF7 cells retained severphthologicakharacteristics associated with
the mammary epithelium, includingytokeratin sensitivity, unreceptive to
desmin (protein), endothel@amino acid peptide), and vimentin (protein).
Throughoestrogen receptors in the cell cytoplasm;3P(@tain the ability to
process oestrogen (as oestradiol), and are therefore usefnl\itmo breast
cancer studies because the cell line can be used as an oestrogen receptor positive

control cell Ine (Pinzonegt al, 2004)

. For theHRV16 viral infectionand their derived MV studiesjeLa cellswere
used.HelLa cells werdhe first human cell line established in culture and has
since become the most widely used human cell line in biological research. Its
application as a model organismsheontributed to the charactai®on of
important biological processes. This cell line originates from a cervical cancer
tumour of a patient named Henrietta Lacks, and becaliasbeen continausly

sub-cultured (transformed) can now be used as an immortatisbronchial
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epithelial @ll line. One of the earliest usef HeLa cellsvasin the development

of thepolio vaccinglLandry,et al, 2013)

The study of life cycles of many different viruses, including the H&though
the natural targets of HRV amiginal human bronchial epithelial céllss
generally more difficult to obtain and maintaim the relevant primary cell
cultures and is normally conducted with HeLa cells. The kinetigSbainucleic
Acid (RNA) replication, the synthesis and proceshgiral proteing andthe
general subcellular localition of key norstructural proteins resembled HelLa

cells malesthem useful foin vitro studies{Amineva,et al, 2011)

All of the cell lines mentioned above present particalad differentsurface markers
ligands and receptorthat canregulatecell adhesion, cell signallingand adaptive
immunity (as previously mentioned ahaptei3.2.1) Forinstance, THPL and Jurkatells

are known to present/express CD@Reyes,et al, 2015) a member of the tetraspanin
superfamilythat interact with ther tetraspaninandwith different transmenmane and
intracellular proteinso facilitatecellular activities in the different subtypes of leukocytes,
including intracellulasignalling proliferation, activation, survivahndadhesior{Reyes,

et al, 2018) CD9 isunderstood tanteract withCD36 (Huang,et al, 2011; Park, 2014)
(also seeFig. 3.2.2.3.), which showed expression in all MV tested during this PhD
research{Fig 3.2.1.3) This demonstrates the potential MV interading with cells that

for examplepresents CB.

The hological significance of EMemainslargely of interest andthere isstill growing
evidence thaEV may be important mediators of c&l cell communicatiorfKarpman,

et al, 2017) Their interactions with target celflsay be suggested to occdirectly by
phenotypi¢c and functional characteristics of cellsdamay do so by a variety of
mechanismef possible interactionetwork(seeFig. 3.2.1.3.13.2.2.3.1and3.2.3.3.).

This interactionmay be accomplished by direct stimulation of target cells with vesicle
based growth factoendbr bioactive lipids, the transfer of a variety of membrane surface
receptors, epigenetic reprogramming by transfer of genetic mageritibr protan based
transcription factors or the transfer of infectious partifRetajczak, 2006; Quesenberry
& Aliotta, 2010)
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3.4.2 Results

Considering the diversity of the cell lines used during this reseaetho@tin chapter
3.4.7), the aim of this chapteés to observe whethevlV interact with neighbouring cells
in vitro. MV were isolated aset outin chapter2.2.4andthe experimental desigwas

followed asset outin chapter.211 and 2.2.12.

To recordthe inteaction between MV and cell lines the Lumasc6pé single colour
fluorescence live cell imaging microscopas usedIt uses lightemitting diode (LED)
light sources, Semrock filters, advanced optical engineeaimdjcomplementary metal
oxide' semiconduair sensorsa provide near diffractiofimited (theoretical maximum)
resolution.TheLight Source is detected at 488 nionight fieldand fluorescence) artde
excitation filterrangebetweerd57-493 nmbright line bandpassand emission filteat
508552 nmbright line bandpass (for both fluorescence dnayht field). It provides
imagesin formats JPG, BMP, TIF, GIRndPNG at1280 x 800 pixelgLabtech, 2014)
Due to its compact size, it was placed inside the biological safety cdbingample
preparation and subsequently inside the tissue culture incuB@f&@ (n a 5% Cg) for

the duration of the experiment.

Incubation of eMVcontrol (labelledwith Annexin V) with THR1 cells is shownn Fig.
3.4.2.1 where the increase of fluorescence intensity observed in eMV (green fluorescence
imaging)was accompanied nlabelled THPL cells (whitebright field). After 24hours

of THP-1 cellssubculture and irubation labelled eMV sample was added to the culture
flask and observed for Ifainutes becauselfiorescencéntensity disappeareafter 20
minutesof exposureThe aggregation of eMV cluster was obserwvechediatdy afterthe
incubationperiod began. eM\iovement towards the THP cell membranénitiated
after 4minutesof incubation(Fig. 3.4.2.1aand b, where the eMV aggregated first,
forming two differentclustes, thenmovedtowards the celnembraneSubsequentlyat
approximately7-8 minutesof incubationa single cluster aheeMV was formed, where
eMV joined clusteinteracs with the cell membrane arfthally breaksthroughthe cell
membrane(Fig. 3.4.2.X). The eMV cluster appeas to be deposiing its contents
(engulfment)nto the cell Fig. 3.4.2.1d)at the 1Iminutemarkaftertheincubation period

A small cluster joins the previously formed cluster of eMV (bottom righenthe entire
clustermoves away from the cell membram@@parentlyleaving thedeposited residues

inside the cell
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Fig.3.4.21. THP-1 cell and eMV interaction Photography sequence of eMV interactions with THflls (100x oil objective
lense images) recorded by alternating between bright field and fluorescence. The white arrows indicatel thellTati the
black arrows indicate the eMV Annexih labelled. Fig a) and b) show eMV aggregating, and moving towards the cell,
approaching the cell membrane (bright field and fluorescent respectively). WhigrepoB) show the eMV cluster breaching
the THR1 cell membrane and depositing eMV AnneXimabelled material (bright field and fluorescent respectively) leading
to the incorporation of eMV withithe cell After this interaction the eMV cluster moved away fribra cell.

Similarly, the phenomenon of eMgbntrol (unnduced aggregation and their movement
towards thelurkat cell membrane asWas their engulfment wasservedHowever, in
this experimen{Fig. 3.4.2.2)eMV werenot labelled withAnnexinV and images were
takenunderbright field settingsonly. Also,theeMV cluster does not appearitwrease
in size (aggregatever time as observed in Fig. 3.4,2%en thoughhe same amount of
eMV (ratio 1:1 to cell number) was usedFig. 3.4.2.2ashowsthe eMV cluster
approaching the cell membrane (ah#hutesof incubation) Fig. 3.4.2.2kshows what it
may be considered an interaction between the eMV cluster and cellrarem(@at 7
minutesof incubation) andFig. 3.4.2.2csuggestshe internalisation of the eMV cluster
into the cell cytoplasm (at I#inutesof incubation) but it is not clearlyisible.
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a) b) c)

Cell 122000nm

Cluster- individual
range 106800nm

Fig. 3.4.2.2 Jurkat cell and eMV interaction. Time lapse sequence eMV interactionshwitirkatcells 60x objective lense
imageswere taken for 15minutedyig. g shows the eMV cluster approaching the cell membrigige b) shows the eMV cluster
reaching the cell membrane aRi). c) shows eMV cluster going through the Jurkat cell membrane and depositing the eMV
cluster in the cell. The blackrows represent the activity eMV cluster

Theinitial observationeMV and cell interaction) led to the investigationhafwv eMV
may affectthe neighbouringcell, therefore eMV (ratio 1:1 with cell number) was added
to the tissue culture flask (different cell lines) ar$eved toassessvhethereMV have
animpacton the growth rate of the cell inE€ analyss (see chapter 2.2.5This is where
cells on the exponential phase were seeded into sterile 24 well plates and grofetilrate
number and viabilityyvas assessed by FC everytiirsfor 96 hours(total length of the

experiment).

At 0 hoursTHP-1 (Fig. 3.4.2.33aandJurkat cellgFig. 3.4.2.3bwere~16x10°/ mL (N=3),
relatively similarby 24 hoursof incubationthere was evidence of the growth of both
samplegcontrol against eMV treatebutno majordifferencesvere observedrhere was
only a slightdecreasen eMV treated cell§~19 x10°/ mL) in comparison tahe control
with ~26 x1C°/ mL. At 48 hours the differencen cell numbet mL between control and
treateceMV appearsnore obviougP> * for THP-1 andP> ** for Jurkatcells). The trend

of the growth rate fumbef mL) decreasingor eMV treated cells continued from2

hoursof observation.

Despiteaggregation of eM\beingobservedn culture there was no notable migration
towardsthe PG3 andMCF-7 cell lines, and engulfment was not obser{iethges not
provided here)in contrast tarHP-1 and Jurkat cell@ecreased effect on the growth rate)
no significant effect on the growth rate of BQFig. 3.4.2.3c)and MCF7 (Fig. 3.4.23d)
cell lines was observedvheretherate of growthwas almost at the same rate control

samples.
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Fig. 3.4.2.3.Growth rate of cell lines- control against eMV treated cells Wherea) representyHP-1, b) Jurkat,c) PG-3 and

d) MCF-7 cell lines concentration (fomL) (N=3) over a 96 hour observation period. Statistical analyses were obtained using
GraphPad Prism version 7.2, using multiple T {ese unpaired t test per reywer period of time) and statistical significance
was detemined using the Hola®idak method, with alpha = 0.05. The p values (comparison between controls against eMV
treated) were considered significant if P<0.05.
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In addition to cell number analysethepercentageviability was also assesseceMV
treated cell$ad an insignificanteffect on the viability of any of the cell lines analysed

(Fig. 34.2.4). There is no spike in cell death centred on the samples containing the eMV

or control samplewith generaPs viability lessening across all the samples fréours
into the studywhich is expected if cells are left CGM untrediadhe period of 9®Giours
This demonstrags that eMV clearly have an inhibitory effegather than actings a

necrotic protagontsindicating that they are active players in cell cycle regulation

- Jurkat
-& Jurkat + eMVY
> - THP-1
% 5 -+ THP-1+ ehV
< - PC-3
® === PC-3 + eMV
= MCF-7
—= MCF-T + ehV
0 T T T T
0 24 48 72 96
Time (hours)
P value THE-1 vs THE +eMV | Jurkat vs Jurkat + &MV |PC-3 vs PC-3 + &MV |MCF-7 vs MCF-7 + &MV
0 044182 >0.5055 0.8512 0.6433
24 0.6071 >0.99595 0.5661 >0.99595
43 0.4383 05173 >0, 5555 >0, 5555
72 03087 0.5614 0.3833 0.7676
96 0.5927 0.9508 0.9158 0.9632

Fig. 3.4.2.4. % Cell viability of control and eMV treated cell linesCell % viability was observed every 24 hours for 96 hoi

(5 days) in total. The graph highlights the similarites between all samples, where a slight decrease in %viabilitydsovieserve
time. The P value of all paired data (control vs eMV treatedgwél above (P<0.05) which were considered insignifica
Statistical analyses were obtained from GraphPad Prism version 7.2.

Similarly to the eMV and THP-1 cell interaction experiment AnnexinV-FITC-
Conjugatedwas also used to label theleLaMVC and HRV16iHMV samples. The
labelled MV were added to fully confluent culture disliedio 1:1)after 12hoursof
subculture and incubaticemd MV to cell interaction was observe@his was achieved
by utilising an automated systeaiternating between lgit field and fluorescence which
was also visualised wusing leuMiteo&aope pEDE

imaging analyse Observation (by eye)f the outcomesvere recorded for 1&inutes
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In Fig. 3.4.2.5 MV involvement/interaction with cellmembrane was observed.
HeLaMVC (Fig. 3.4.2.5a)and HRV16iHMV (Fig. 3.4.2.5h showa certain degree of
membrane interaction with HelLa cellsut n contrast td=ig. 34.2.1, doesnot clearly
show the cell membrar@eakthrough observed with te&V samplesAlso, theseMV
appear to act as single particles, as aggregation was not observatidaatg stages (<

5 minuteg into the experimeniNeverthelesssome aggregation was observed once MV
stared to approach theell membraneThe imagegresented here were taken after 12

minutesof the incubation period and no further MV actmuld beobserved.

a) b)

Cluster- MV individual
range 100800nm

Cell -20000nm

Fig. 3.4.2.5. HelLa cell and their derived MV interaction Interactions were observg60x objective lense image§)r
15minutes Fig. a) and b) shows HeLaMVC moving towards the cell and approaching the cell membrane (brightfield and
fluorescence) and) andd) shows HRV16iHMV surrounding the Hela cell (bright field and fluorescence respectively) but no
major activities were observed.

To test the effects of HRV16 infection rate on the growth rate of HeLa dadls, t
morphological effe¢appearancef MV treatedHeLacells wa furtherinvestigatedhfter
24 hoursof initial infection (Fig. 3.4.2.9, in orderto observevhetherthe HRV16iHMV
(ratio 1:1 to cells) wouldlso infect cellsin comparison to the cells infected with the
HRV16 only. Fig. 3.4.2.@& represents healjhcells and did not produce plaquésy.
3.4.2.6bHelLa cellswereinfected with HRV16 (MOI 0.2and plaques arising diethe

infection are showndemonstratinglistinguishable characteristics on HeLa monolayers
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under theseonditions in comparisorto healthy cells. To understand the morphology
further, HeLaM\CC were introduced to a culture flask and no plaques were visible (no
HRV16 particles)n Fig. 3.4.2.@, in contrasto Fig. 3.4.2.6dvhere HRV16iHMV appear

to alsoinfect healthy cells, showing significant amount of plagues.

a) HeLa catrol b) HRV16iHc (MOI 0.2)

¢) HeLaMVC d) HRV16iHMV (ratio 1:1)

Fig. 3.4.2.6. The impact of HRV16 and1V on the growth of HeLa cells Where images (bright field) wetaken after 24ours

of the initial incubation period showing and comparing the differences and similarities of the sampléteakby.cells can be
observed irFig. awhere no plaques can be observed. Whefepd shows the HRV16 infection of HeLa tzivith the presence
of plagues. In addition, HeLa cells were treated with HeLaMVC and no changes in cell morphology can be obs&gved in
demonstrating similar morpholofpharacteristicso Fig.a In contrastfFig. dindicates a stronger infection rate of HRV16iHMV
infected HelLa cells than those treated with HRV16 itself, where plaques are strongly presented.

In order to compare the infectioate of HRV16iHMV with HRV16iHc accordantly it
would be required to tiate HRV16iHMV samples in the same mannenahapter2.2.3
However it was not the amn of this PhD research projetteLa and theiderivedMV act

as a parallel sampl® understand the differences and similarities of MV types and

characteristics ikomparisorto eMV samples

Tofurtherinvestigate th@otentiaimpact of HeLaMVC and HRV16iHMYV on the growth
of HeLa cells, cells on the exponential phase were seeded into sterile 24 well plates. Then
MV were quantified (FC) and dilutgdatio 1:1) in DMEM andwere added to each well

14¢



(except controls) containing the HelLa cells. Plates were incubated atr8@°&% CQ
incubatorand left untreated for 2#ours The cells were counted and viability was
determined every Bours after 12hoursof infection Fig. 3.4.2.7.

In Fig. 3.4.2.7ano significance in growth rate was observed when compbi@hg cells
with HeLaMVC samplesWhereasFig. 3.4.2.7bshows statistical significae in the
growth rate of HRV16iHMWreated cellafter 16hoursof treatmentln addition Fig.
3.4.2.7accompares both sets of treated HelL a cellgre HelLa treated with HRV16iHMV
shows aecline of gowth after 1éhoursinto the experimentig. 3.4.2.7dsuggestshat
HRV16iHMV has an effect on treated cells showanfgaster infection raté>*) after 16
hoursof theinitial experimenivhen compared to Heliafected with HRV16
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Fig. 3.4.2.7. Growth rate of HeLa cells control against HeLa cells treated with HeLaMVC and HRV16iHMV. Wherea)
representsdHela cellsagainst Hela treated with HeLaMV®) representsHelLa cells against HelLa cells treated with
HRV16iHMV, andc) comparing HelLa treated with HeLaMVC and Hela cells treated with HRV16iHMV. All experiments
were performed using triplicates of each sample (NS8jtistical analyses were obtained using GraphPad Prism version 7.2,
using multiple T test anstatistical significance was determined using the H8Idak method, with alpha = 0.05. The P values
(HeLa cells against HeLa MV treated) were considered sogmifiif P<0.05.
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The % viability of HeLacellsagainstMV treatedcellswas also observedrig. 3.4.2.8,
demonstratinga large number oHelLa cells dying with the time oHRV16 infection
increasing(after 16 hoursof the experimert 50% infection rate expected afterrrs

of initial infection). Healthy HeLacells treated with HeLaMVC dithot demonstrate
statisticalsignificance during the experiment. On the other hand, HelLa cells treated with
HRV16 and HRV16iHMVdemonstratea decline in %viability (P>**) after 16hours

of treatment/infection in comparison to HelLa on its pwnd those treated with
HeLaMVC. However, despite a slight decrease in HRV16iHMV treated cells no
statistical significance was observéthis was also usegs a control factor to investigate
the effect oHRV16 on the growth rate of HelLa celfsr the extraction of MV (to avoid
apoptotic bodies)

100

- - Helacells

5 = Hela+ HelamvC
m 50

s -+ HRV16iHC

R - Hela + HRY1BiHMY

0 T T T T
0 12 16 20 24
Time (hours)
P ralue Hzla ws Hela + HeLaMVC |Hala s Hela + HRVIGHMV |HaLa <+ Hel aMVC vs Hela + HREV16HMV |HEV16iHe vs Hela + HEV16HMV

0 >0.9999 0.2878 0.2878 0.5614
12 >[).5555 0.0315 0.0315 0.882
16 0.0735 0.0008 **= 0.0018 ** 0.4288
20 0.5655 0.0000 **+* 0.0002 *** 0.1079
24 0.6213 0.0000%**= 0.0000 ¥¥x* 0.0474

Fig. 3.4.2.8. % Cell viability of HeLaMVC and HRV16IHMV treated HelLa cells. Where % viability was observeday 4
hours for 24 hours in total after initial incubation period ofhb2irs (N=3). The P values of all paired data were considered
significant if P<0.05. As stated in the table (below graph) only samples compgegust HRV16iHMV treated cells
demonstrated statistical significance, where statistical analyses were obtained using GraphPad Prism version 7.2.
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3.4.3 Discussion

During this PhD resear@&MV did not interact and/or did not have an effectt@growth

of PG3 and MCF7, which areepithelialcell lines Thatmaybebecaus¢hese cells lines
arewidely different celltypes(location, form, and functionforming different types of

tissues in animals andre derived from different embryonic layeysmakng them
fundamentally unrelated. It is well understood that epithelium refers to a general class of
cells that are found throughout the body in various linings of organs including glands,
skin, digestive system, breast gmbstateWhereas, endothali cells are a lining layer

of cells or tissue (endotheliuntb | ood vessel 9 (Albentsjet &l,y260@)h at i c
particularly present in the interior of the blood vessels at the same locdtieMV

isolation

Thecommon structuref theadherens junctiorsndtight junctionsin the endothelium is
relatively similar with that of epithelial cells,but there are some cetpecific
characteristicsFor example, VEcadherin, claudiwb, and PECAML are endothelial
markes, and have not been foundin epithelial cellsand the morphology of the
intercellular cleft in the endotheliurary from that of many epithelia, d@ght junction
are not onlylocated on the apical side, but may alsaub#ed with adherens junctions
(Dejana,et al, 2009) Neverthelessdtered tight junction permeability in ecultures
have indicated that these cell types can waokjointly as an operating part of the
mucosal barriefChowdhury et al, 2010) However,eMV did not have an impact on the
growth rate of PE€ and/or MCF7 cell lines during this PhD projeand this may be due
to the lack of matchable molecules between cell and MV required for the interaction
However, this is an assumption and it requires further investigations to undehstand

lack of interaction between MV with these cells.

As previously mentionedthapter 3.4.1) th€HP-1 and Jtkatcell lines used here present
particular and different surface markers, ligands and receptors that can regulate cell
adhesion, cell signalling and adaptive immuniity exampleCD9 to CD36interaction

Other receptarand ligands may have been involved, facilitating the interaction of THP

1 and Jurkat cells with eM\Forinstancethe adhesion involving CD@& surface antigen
found on all peripheral blood-@ells) - CD58 (expressed in all MV tested here Fig.
3.2.1.3e) antigenspecificT-cell receptointeractions withpeptidesbound

MHC moleculegWang & Reinherz, 2000)
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Also, aanexinV was expressed on the surfacalbMV tested during this PhD research
(seeFig. 3.2.1.9 which may enableMV recognition by PSa marker for apoptosis
receptors on the surface of specific types of target.célss interaction ha been
previously described within the context of phagocytosis of apoptotic cells by
mononuclear cellaising PS receptors including-cell immunoglobulin and mucin
domain (Tim)-1, Tim-4, Stabilin 2 and Brain-specific angiogenesis inhibit@BAI)-1

(Park, et al, 2007) This could be involved in the uptake of MV. This proposes that
Tim1/4 receptors on two adjacent cells could allow the formation of MV/exosome bridges,
thereby promoting additional/indirect intercellular interacti¢disou, 2007) Also, the
transfer of PS from vesiculating cells to erythrocytes was implicated in tagging these cells
for destruction by phagocytéisiu, et al, 2009) showing that vesicular transfer of several
molecules emerges as a relatively vgigiead process, that may complement intercellular

communication by different mechanisms.

Indeed,PS has beedemonstratedo play a critical part in the internalegion of MV
derived from cellsncluding monocyteand plateletsto endothelial cellgMorelli, et al,
2004; Bruno,et al, 2009) PS has alsodemonstratednvolvementin the uptake of
exosomes by dendritic cellkima, et al, 2013) but it doeshot appear to bthe case in
this PhD study because PS was blocked with Annéxilabel for microscopy analyses.
Therefore, the Annex#V blocking of PS receptors indicates that this mayoethe entry

site, despite researthathas identified a high concentration & Bs one rout@~eng,et

al., 2010; Mulcahyet al, 2014) Wei, et al, (2016) demonstratedhat blockage of PS
sites on hypoxianduced mesenchymal stem celM1ISC)-MV with Annexin V
significantly lowers the incorporation intchuman umbilical cord endothelial cells
(HUVECY). Blocking PS often obliterates MV incorporation at least by endothelial cells,
platelets and cancer cel{®el Conde,et al, 2005; AtNedawi, et al, 2008) Also,
blockage of PS from neuretterived exosomes usingnnexin V not only prevented
exosome wuptake but a-peptidea 1 d p pArbe sisreado ranoyrle
microglia(Yuyama,et al, 2012)

A proposition that follows would be that phagocytes could be particularly susceptible to
molecular influences of PS positive MV, beyond their simple destruction. For example
the presence of-Belectin (cell adhesion molecule) ligand on théaser of procoagulant

MV, could direct them to Relectin expressing platelets and endothelial ¢Eit®mas,

et al, 2009) Just as the role groteinmilk fat globuleepidermal growth factor 8 (MFG

E8) in promotingthe phagocytosis of apoptotic cellsy actingas a bridging molecule
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between apoptotic cells and phagocytas been elucidatdéFricker, et al, 2012) It is

believedto facilitate the phagocytic uptake of apoptotic cells by bindingtfR8ughl

domain and with cell surface proteimgcluding CD51 and CD61througha second
domain (Hanayama,et al, 2002 )and dumg macrophage phagocytosis afed
erythrocytegFoller, et al, 2008)

Neverthelessthe enrichment in signalling molecules alone is not enough to facilitate the
signalling functions of EV. In fact, EV alsmave active lipolytic moietiesjncluding
phospholipasesesulting in thehe formation of bioactive lipid mediators (fatty acids and
prostaglandins). This may interact with periphergbi@teincoupled receptors and the

nuclear receptors ineighbouringcells (Subraset d., 2010)

The aggregation phenomenon obselindeig. 3.4.2.1could be explained by the presen

of ADAMTS13 in eMV sampleg¢Fig. 3.2.3.2)simply due to its general functig@gheng,
2013) It processes a large protein called von Willebrand fatha proteinplays a role

in clot formationand itsunprocessed form of von Willebrand factor interacts easily with
cell fragmentsthat circulate in the bloodstream and are essential for blood rajotti
helps cell fragmentattachtogether andstick to the walls of blood vesselgading to

temporary clots.

Fig. 3.4.2.2alsodemonstratedome aggregation (not as much asig 3.4.2.9. The
major differences between the experiments is that the eMV sample in thisasaset
labelled with Amexin V.Cells and EVMmembranepresent vastiyeterogeneous lipid
compositions that vary between cell tygean Meer et al, 2008; Osteikoetxeat al.,
2015) and suchvariety of lipid composition in membranes is crucial in modulating the
interactions of amphipathic proteins with membrafest studied during this PhD
research)Particularly negatively charged phospholipidcluding PS (not blocked in
this case)and phosphatidylglycerol are well known impact the kinetics of
aggregation and fibril formation o& variety of amyloidogenic proteins on the
membrane surfad&alvagniongt al., 2015; Zhuet al., 2003; Mizuguchiet al.,, 2018)

In addition,while cell lines were undergoirgpoptosis/proliferation, they could also have
released their own MV or similar properties affecting the neighbouring cells. In a study
of MV isolated fromTHP-1 andJurkat cells, it was shown that they carry high levels of
transforming growth facteb 1 This suggestthat they could have the ability to

promote/inhibitthe control of cell cycle, cell proliferation, tdlifferentiation and
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apoptosisvhich caused significantly greater reductions in the growth rate of II'et#ls
(AnsaAddo, et al, 2010)

In relation taHRV16 and HRV16iHMYV treated HelLa celld did not increaselecrease

in concentratiomumber and this may be due tbhe HRV16 infectiordosedecreamg
their chance of survivahnd cell growth rafeffect couldtherefore not be observeds

for HeLaMVC, no major differences in growth rate were observed witi24 hoursof

the experiment. bwever, HRV16iHMV treated cells stwved an advanced infection rate
of treated Hela cellssuggesting that HRV16 particlesay be carried in the sample
because @ording to Liscoet al, (2009) EV canin general ify vivo), interact with
viruses and with each otheither directly or via modulation of host responses by
participati ng interaciondetWeen viregses@dndRasta c e 0

Some viruses, including HIVinduce the infected cells to release modified EV that
facilitate further infection by increasinghe pool of susceptible target cellBhis is
promotedby increasing the number of activated cetis their susceptibility to viral
infection or by serving as decoys that absorb antiviral antibodlies capacity of EV to
regulate the lifespan of permigs cells and to modify antiviral immune responses may
give additional flexibility to the host in responding to viral infection, suggesting that EV
formed during viral infection may play either prar countesviral roles(Hoen,et d.,
2016)

In this studyonly much higher infection rates presentedrisually in Fig. 3.4.2.6 and
3.4.2.7 and further work is required before aagsumptionsare made. For example,
several HIV proteins and RNAsavingalready been detected in EV released from-HIV
infected cellsOne of the viral components released kM is the HIV transactivation
response (TAR) element RNA. The TARisanRNAstemop structure | o
ends of HIA1 transcripts, which in fiected cells is found in TATgene that provides
instructions for making the liver enzyme, tyrosine aminotransfertmsgby facilitating
recruitment of elongation factors and increased production of viral Riefet al, 2010)

When transferred via EV, TAR RNA can increase the population of susceptible target
cells. Inside EWtargeted cells, the fulength TAR RNA is processed inftmiRNAS,

which silence messenger RNA (mMRNA) coding #cell lymphoma 2 interacting
Protein.The consequeid increase in resistance to apoptpalbws the cell to produce
thevirus for a longer period, tiheby facilitating HIV infection(Narayananet al, 2013;
Hoen,et al, 2016)
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4. A model proposition: eMV may act asdelivery vectorsin

circulation

Humanerythrocytes have a flexible biconcave shape and are approxiri@@dym in
size Their main functions arhetransport of oxygen and carbon dioxiddey arealso
involved in thereleaseof ATP, which may participate in vessel dilation Iyggering
nitric oxide productior{Olearczyk et al, 2004; Bakhtiariet al, 2012) Erythrocytesare
known to secr&&MV andtheir presence has been observed in a number of diskgses

different researche(seechapter 1.2.1)

eMV range betweerl00-800 nm in size (Fig. 3.1.2.3 and their biogenesis has been
described as a part of erythrocyte senescencéarehlsobeenproposed as part of an
apoptosidike process (eryptosis)Rubin, et al, 2012) An increase of intracellular
calcium levels leads to disruption of the erythrocyte membrane asymmetry with
concomitant biogenesi&rythrocytesexposure tanducingagents including Caghnd
CaCbh+ NHS leads to a loss of plasma membrane deformabslgchapterl.22), ard
anincrease ofheir releas¢amount) was observeturing this PhD researdseechapter
3.12).

According tothe literature used during this PhD researbtV are suggestedisbeng
involved in cellularcommunication geechapter 1.7)An umbrella term that allows the
understandingfdhow different types of cells can cooperatively perform important bodily
processes that are necessary for cell proliferationttaidsurvival It mayalso help to
understand theinding of eMV to the external surface of their target cells, in which a
speific pathway remains uncleaxeverthelessa number of possible interactions have
beensuggested bprotein interaction network®ig. 3.2.1.3.13.2.2.3.1and3.2.3.3.).

EV-cell communication has been proposexbccuring during a variety of processes,
which may take place inside the cell, proteprotein interaction, endocytosis and other
events (chapterl.4and1.7). Intracellular binding and fusion require the involvement of
various proteins, including cytoskeletabteins (actin). Among the latter processes, the
ones intensely investigated are &Wus fusions, which occur with the participation of

specific proteins (chaptér.3.7).
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The initial interactions of EMvith cells are expected to require specific, high affinity
binding of at leasttwo surface proteins (principles of cell communicatio@ne
protruding from the EVandthe other from the plasma membrane of the target cells. The
investigation intokey biomoleculesorducted during this PhD research (cha@s),
provided the identification of molecules whiotayplay an important rolen how eMV

may interacwith the recipient celbr at least a starting point forrtber expemnents.

To better understand timeechanism by whicMV mayenterthe cells, further analysis is
requiredincluding the characterisation of potential target celts. kow, the process
remains a major challenge and is necessary for elucidating the underlying mechanisms as

well as for identifyingcell targets.

As the cell travels and circulates in the bloodstream, its trajectory is influenced by
viscoelastic and frictional propess, the latter of which is governed by cell surface
interactions as well as normal forces exerted by the cell on the chann@yuat| et al.,

2013) Thismayalsobe occuring with MV due to its carg¢surface markers)

After receptofligand interactiontakes placewhich may occur through CD36D9,
CD58CD2 and CDG63TIMP1 interactions (see Fig. 3.2.1.3.1) some of these
receptors/ligands were present in eMV and ligands/receptors known to be presentin THP
1 and Jurkatells(Wang & Reinherz, 2000; Reyest,al, 2015; Trimet al, 2000). Then

the ligand-receptor pair relocates as a single componenheplasma membrandhe
assembly binds together and diffuses with theeptor,which leadsto a chemical
environment for the ¢land and receptor to adaphey areghenaccepedor rejeced by

each othemsallies The allance maytransduce extracellular signals across the plasma
membrane and, throbhghe activation ofntracellular signalling pathways, bring about

the appropriate functional respor{tings & Farrow, 2000Q)

For example, nitegrindependent cell adhesion, through integration of cell digigal
pahways and cytoskeletatorganiationare understood timfluence cell growh, death,
and differentiation(Clark & Brugge, 1995)But, integrin signding may notsimply
require cytoplasmic domain associations,niay also uselateral interactions through
integrin transmembrane and ectodoma(iwgary, et al, 1996) because theyend to
assemble into protein ogplexeqHotchin & Hall, 1995) This iswhere they rnight recruit
other moleculesncluding growth factor ligands ahphosphatidylinositol 4inase,into
proximity with integring(Nakamuragt al, 1995; Berditchevskgt al, 1997)

15¢€



Furthermoreas previodly suggestedn chapter3.2.2.3 integrinproteins may also link
specific integrins toProtein Kinase CHKC) (Zhang,et al, 2001) This is important
because nderstanding of the mechanisms underlying RK€tiated control of the cell
cycle can provide valuable insight into its role in inhibiting cell growth and transformation
(Black, 2000) This is of interest because an inhibition of FHRNd Jurkat cell lines
treated with eMV was observed during this eesh, which may suggest th#te
activation ofPKC on the recipient cettould be the catalyst for this observed inhibition.
This is relevant becauseembers of the PKC family have been widely implicated in the
regulation of cell growth/cell cyclprogression and differentiatigifrrey, et al, 2000)

Also, PKC was present in eMV samples, Beg 3.2.2.2.

The GO enrichmennhdicated that PKC is heavily involved in these biological functions
and pathwaysAppendix Ill; Tables5 and §. Using G1 and G2 as checkpoiitsvitro
andin vivo systems point to PKC as a key regulator of critical cell cycle transitions,
including cell cycle entry and exit. Most of the mechanistic information available relates
to the involvement othe PKC enzyme family in negative regulation of these transitions.
Cip/Kip cyclin-dependent kinase (known as CDK) inhibitor p2lwafl/cipgcl{n-
dependent kinase inhibitor 1 or CBisteractingprotein 1)are the major target for PkC
mediated inhibition of cell cycle progressi(see Appendix 1). CDK2 activity in the

G1 phaseis blocked by increased expression of p2lwafl/ctpis leadsto hypc
phosphorylation of the retinoblastoma protein and inhibition of cell pyolgression into

the S phaseWhereasn G2, p2lwafl/cipl expression blocks cdc2/cyclin B activity,
likely through an indirect mechanism involving inhibition of the CDK2/cyclinA complex,
andin turn prevents progression intbe M phase. PKC signalling can also activate a
coordinated program of pocket protein regulatativitiesleading to cel leaveG1 and
enter an alternativ80 state(Chambardet al, 2007)

Regig& Plataniag2008) summarised the work in this fielthsedon the relevance of
distinct members of the PKC family in tipathophy®logy of myeloid and lymphoid
Leukaemias Although most members d?PKC promote leukemic cell survival and
growth, others exhibit opposing effects and participate in the generation-tefdaemic
responsesThey concludedhat the clinicatherapeutic potential of ongoing woirk the
future development of novel approaches for the treatment of different tyleesagmias

is developing.



The results that are presentedtlie resultschaptes of this PhD thesihave provided
helpfulinformation intoeMV cargq whichopened a range of possibilities for eMV to be
involved in differenbiologicalprocessesiue to the large number of molecules identified
(chapters 3.2 and 3.3Jhis may lead to responses @gonumber oiifferent biological
pathways that have been linked to the groupnuifleculesgenes analysedhere
(proteins/genes and miRNA target genes GO enrichmBmt)analysed targgenes can
be regulated in many different ways since a single gene demonstraddcementin
many processeshich may be under the regulation of other entities including mutation,
repair, andtherecombination of the genoniBrown, 2002) During the analysis of these
genes, it was possible to distinguish the grouphotethat were able to regulate the
expression of all of the target genes frintamiRNAs identified in chapte3.3.

The universal mechanism of the ptrstnscriptional reglation of a gene activithrough
mMiRNAs indicates they may adapt to a variety of ro(fEegjels & Hutvagner, 2006) he
dataobtained during this PhD projeduggests thaeMV containmiRNAs which can
possiblybe involved inup- or downregulation of the different component3his is
becausebiosynthesis pathways are necessary in some aspects of growth regulation or

adaptation to environmental stimuli to c€ll$oyd, 2013)

A deregulation of miRNA expression can result from increased or decreased transcription
from their respective miRNA genes by aberrant transcription factor activity. For example,
miR-21 (presentin all samples tested hérdas been reported at high levels i
glioblastomaspancreasand breast cancdfGarzon,et al, 2010) When miR-21 was
blocked, an increased activation of caspasesapoptosis was observed in glioblastoma
cell lines(Chan,et al, 2005)

Taken togethethe study based on eM3haracterisatiorbiomolecules identifiedndthe
GO enrichmenanalyse®btained during this PhD project, a relevhiological model is
proposed inFig. 4.2.1 The proposed modelverviews eMV being releasedrom the
parent cell, biological moleculewhich may help eMV to communicate with target cells
and, thar potential to change gene expressionThis is where potential
suggestions/conclusions related to thmpact of eMV in neighbouring cells may be
undersbodwhich may be due ta variety of molecular and cellular molecules identified
The modepresens information thais currentlyabsencdérom the EV/MV field.
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Fig. 4.2.1 Schematic summary of eMV biogenesis, contents, mechanism of communication and potential impacteofHP-1
cell. A representation of the kégaturesdentified ineMV duringthis PhDresearchlt demonstratesMV budding directly from the
plasma membrane during an increase of intracellular calcium due to the introdudtidnadigagents. eMV contains proteins of
interest, including tetraspanins CD36, CD58 and CD63 (allows reeeygidiated endocytosis fusiavith neighbouring cells) and
CDA47 (protection against phagocytosis). After MV are secreted ntlagybetaken up by neighbouring/ target cells via fusion with
the plasma membrane, a recegigand interactionOnce inside the celeMV can therreleasetheir contents including miRNAs,
therefore transporting key molecules in which may have an efffieitte recipient cell proliferation anderallfate.
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5. Conclusionsand further work

This PhD researchwas designed tocharacteriseMV released from unduced
erythrocytes, erythrocyteimducedwith CaCp, and erythrocytesnducedwith CaCkp
+NHS. The characterisatiomasbased on theiamount of releasec¢ncentratioh their
size andthe identification opotental molecules which could allow theb®/ (eMV) to
communicate with cellé vitro. And lastly to investigate whetheV could act as a
potential delivery vectorn parallel, HeLa cells, HeLderivedMV, and HelLa infected

with HRV16derived MVwere used as a comparative source for all experiments

The first step includethe comparison of the amountM¥ releasd from uninducedand
inducederythrocytes This wasto investigate whether the induced agents would provide

a higher amount of releaskhe investigationvasassessd by FCanalysesisingsamples
obtained from theltracentrifugatiorprocedure compared with SEi€was observed that
erythrocytes releadeagreater amount dflV when induced with Caghnd CaCGiH+NHS.
Classic ultracentrifugation proved to be a faster and more accurate method of isolation
when compared to SEQhese finding are helpful and fidther parameters should be

included with theseomparisonso gain a better understandiof eMV biogenesis

For exampleto further the work of this PhD researthe inclusion andcomparisorof
erythrocytes induceavith NHS only and other inducing agents includidgoromo
A23187, lysophosphatidical, or phorboll2 myristatel 3 acetatsuggestetyy Nguyen
et al, (2016)

It would also be of interest ttake an opposite approach by using Calci@hannel
Blockersthatare examples of agents that atteneh®/ biogenesigHarisa,et al, 2017)

A potential clinical applicatiorior eMV can bethe design of MV modulating therapy
based on inhibiting MV biogenesis, by inhibiting their cellular uptake, and/or inhibiting
their active components. Mulcahgt al, (2014) listed several agents that inhibit EV
cellularentry including heparin, chlorpromazine, amiloride, Annexiand proton pump

inhibitor which could be considered for further experiments.

The characterisation @MV sizes was addressadthis studyusing different techniques
that included FC analyses and gNandhe eMV samples obtaineduring this PhD

researchwere concluded to be of a sizangeof between100-800 nm.The gNano

16C



provided a more accurate measurement of size distribution, but the FC apabysss

to be a faster approacparicularly because the comparison of the size of eMV was not
further assesseaduring subsequenéxperimentsAlternative techniqueare proposeth
chapter 3.1.3 (pageéseand 67.

In addition, tocomparethe MV isolation methods,the classic ultracentrifugation
procedure was compared to tBze Exclusion Chromatograpltgplumn methodThis
decrease the recovery rate of MV and it added an extra step to thethieng
ultracentrifugation procedurevithout demonstrating any advantagesia PhD research
As discussedn chapter 3.1.3 (page 69) alternative approaches are avaifalteer

assessment including proteomic analysis could potentially advance this approach.

Furthermore, random sampling (variabilityjas not usedn this study despite being
convenient when the population members are similar to one another on vaaatlés
ensures a high degree of representativeness for the data obecaeddt cancritically
construct t hesofistudysampleseamdtgsalia bvielnietsy of st ud
These key conceptsften can be misconstrued and blended, concealing the general
drawbacks of internal and external valid{tgukull & Ganguli, 2012) For this study,

eMV samples were deriveidom the same blood donor and are not to be presented as
representative data of the general type of EV population (MV). The results should not be
generalised as such, they are derived fromducedandinducederythrocytes designed
samples. Sample sizeprcentrationand isolation methodology were key variables
considered in chapter 3.1 when studying the heterogeneity of eMV. This shioutdze

the possibility that selection factors will have unintended adverse consequences in results,
since any effect masured depends on the stimuli used rather than on the comparison of
different blood groups asMV types (control anéhduced. Factors including sex, age
(sample and donariand total time of isolation may provide different EV vyield (total
population)beauseit is noticeable that eMV are composed of diverse subpopulations in
relation to size and concentratiomt may expandthe known EV subpopulation
classification, but instead the focusson eMV derived from uninduced and induced

samples

Neverthelessyandom sampling (variability) is an approach recommended for further
experimentsespecially eMV derived from dongpsesenting medical conditiotisatare
known toaffecterythrocytes Examples of these conditiomglude hemolytic amemia

hemochromatosis, hereditary spherocytasis) deficiency aeemiaand polycythemia
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This is becausdevated levels of eMV release have also been associated with numerous

diseases (see chapter 1.2.1, page 13).

The characterisation and optimisation of MiZe aml concentration mentioned above
wasarequiranentto be able tgroceed with the characterisation of the samplesl#@tion

to the present dfiological molecules, therefore it acted as a starting point.

Subsequently, th studyfocused on the identification of keywiomolecules This was
performed by using immunoblotting techniques including immunophenotypintace
marker3, Western blotting analysefotal proteins)and Proteome Profiler Array

(proteases). This is providedchapter3.2

The identification of surface markers, general proteins and proteases eNNn
provided an insightful recognition of their biologlgotential. For example, tipetential
interaction of C2 with CD58 among othetigands/receptors idéfied in chapter 3.2

may facilitate communication/exchange of information by using ligacdptor
molecules to initiate the process. Whereas, by using Cidfid not eat meo
eMV may be able to protect themselves in the extracellular environment.

The in silico amalyses performed in chapter J@rotein interaction networlnd GO
enrichment) provided a detailedet of information thatanhelpunravel the biological
functions of eMV. This is because each of the interaatietvork biological process
andbr pathways identified may forthe basis oSubsequential researphojects,which
can support and further this PhD research. The opfoorisrther experimentare endless,
but the data collected caact as astarting point to understariie complexprocesssof

andbiologicalfeatures of the eMVhteracting withneighbauring/target cells.

For exampleCD36 was detected in the surface of all eMV samples tested here and it is
well understoodthat CD36 interacts with CD9 a highly conservedell surface
proteinCD9 (Wang,et al, 2011) CD9 isknown to be expressed on the surface of white
blood cells in generalincluding THR1 cells (Reyes,et al, 2015) CD9 isrelevant

for signal transductigrproliferation/apoptosis;ell adhesiorandmigrationamong other

processegSumiyoshiet al, 2016)

Experiments with THPFL cells for example, could include thenctional assessmeahd
localisation of CD9on the cell Functional analyses involving the downregulation
of CD9throughgeneticmanipulationusing eithelClustered Regularly Interspaced Short

Palindromic RepeatCRISPR/Cas9based approach¢Silbert, et al., 2013)or
162



transient knocldownby means of mMRNA degradatidfire, et al, 1998) couldshed

light onthe role of CD9 as a rheostat of éelllV adhesiorandhomotypic aggregation
This waspreviously describedsintegrindependentwhich is acritical regulator ovital
processs such adertilisation, where the absence of the protein in oogyteduces
adeficientfusionamongspermandegg(Wang, et al, 2011) The knockdownof CD9

from THP-1 cells would prove whether eMV interaction with the cell is dependent on the
CD9-CD36 ligand/receptor interactionhis is just on@xampleof aninteraction network

but thesetype of functional analysearerelevant for this study to further elucidate the

postulated pathway of cell &V interaction.

Then, the identification of mmu ne r e | a was dondodte® dsikhg tHarefly
particle technologyThiswas investigatedecauselte presence ghiRNAs that function
to regulate cellular processes, including petlliferation could bea major characteristic
that may support MV activitie'hedata obtaineth chapter 3.2 provided a detailed set
of information thatcanhelpto revealadditionalbiological functionshateMV may be
involved with The optiondor further investigationfiereare inestimable each of the
identifiedmiRNA andeach otheir target genesan provide enough interest faxtensive
research projectsThis is becaus& has been reportethat the presence of miRNAs
patterns characterised by their ovender expression in specific pathologi@da,
2011) For examplelet-7 is atumoursuppressor miRNA anits overexpressionesults
in oncogenic loss of differentiatifoell identity (Johnsonegt al, 2005) it also prevents
early cancer progression by suppressing expression of the embryonic gene KIR&BA2
et al, 2007) Thereforerestoringlet-7 levels incanceiis anappealingherapeutic option
(Jansson & Lund, 2012)

The useof CRISPR(Chang,et al, 2016)in the case of eMV miRNAss not feasible
because the miRNAoundin these samplesreas a resulbf the MV biogenesisand the
erythrocyteslack nuclei and are unable to transcribe mR{\Marren, 2017)Whether
these identified miRNAsvereinherited from the erythrocytes membrara collectedin
circulationis unknown Therefore,miRNA biogenesicannot be editedecauséMV do
not have the cell machiner§ncluding the genomejo carry out this function. Instead,
anotherfunctionalapproaclkcan beachieved byhe incorporation of locked nucleic acids
(LNAS) into a biological modelPritchard,et al., 2012) After miRNAs purification,
mMiRNAs can be tagged with fluoropheiabeled nucleotide¢Nilsen, 2007)leading to
the design of oligonucleotides that result in eitthegradation or sterigindrance of the
target mRNA in the recipient ce(Braasch,et al, 2002) This method for specific
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inhibition of MIRNA functionthrough the interaction with LNAnodified antisense
oligonucleotides(drom, et al, 2006), has been proved to specifically inhibit both
endogenous and exogenously introduced miRNBrosophila melanogasterells using

a heterologous reporter assay. Thehod showed stoichiometric and reliable inhibition
of the targeted miRNA being applicable to functional studies of miRNA and validation

of putative target genes.

Another example ishe approach used by EIméet al, (2008) that systemically
administered LNAantimiRoligonucleotide complementary to the 5' endniR-122, it is
relevant to this study because it suggekthat miRNA antagonists comprised of LNA
are valuable tools for identifying miRNA targetsvivo. Such miRM\ antagonistsan
be used toelucidadethe biological role of miRNAs and miRNAssociated gere
regulatory networks in physiologicalonditions Their results suggested thttis
incorporation leads to specific, dosgependent silencing ofmiR-122 without

hepatotoxicity in mice.

Following active miRNA load release insidiee recipient cellMV mayhave the ability
to alter the transcriptome and signalling activity witthiarecipient cellsresulting inthe
induction ofspecific phenotypic changéSamussiget al, 2010; Broniszet al., 2016; van
Dongen.et al, 2016) afterendocyticactivity that canseparate properties to be recycled
from those that will be degraded in lysosor(feiper & Katzmann, 2007)

In chapter 1.3HRV16was suggested as having a stratibgy has evolved to evade cells.
For MV to have similar functionality, it may involve alterations in the content of the
HRV16iHMV so that iincludes components of innate defence against selected viral gene
productgo be able to replicate, but his was not studied during this PhD resSeecBO
enichment, set out in Appendix I¥or information regarding molecules identified in
chapters 3.13.2, 3.2 and their target genéiscan be hypothesised thaetreorganiation

of the HRV16 is part ofthe mission of the HRV16iHMV, and this is @dter the
environment in the recipient ceBs that it is able to control its dissemination in the host
as suggested iHerpes Simplex Virus type 1 infectighalamvoki & Deschamps, 2016)
This is byrestricting its dissemination within the human batlganproposdong-term
interactions with the host and increases its chahdensmission, showingotential
mechanisms to hijacklV andthis could be suggested to pessiblyoccuring with the

HRV16iHMV. However futher experiments are required dscertainthis possibility,
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which is not a medmism in which eMV may use, because they are not infectious

particles that require a host for survival.

Therefore, it is logical that the next stép this PhDresearchis to further study the
potentialto harness the capability of M@ transfer their conteés into target cells. This

is to confirm whethereMV might be convertible into vehicles for the delivery of
therapeutic agentt addition, because it is well established that cells can be manipulated
and have drugs introduced into them, M¥Myalso be manipulated in the same way and
thus represent a promising candidate for delivery vedt®esteghellaagt al., 2017)
without immune rejection followingn vivo allogenic administration as suggested for
exosomegYu, et al, 2014) This is becausefterbeing delivered to the target cells, the
mMiRNAs may be able toegulate the translation of the target genes and the function of
therecipientcells (Valadi, et al, 2007; Tkach & Théry, 2016)

Despite clinical investigations being in their infancy, the relevance of miRNA transfer in
several physiological settings has been postulated in this field. There is emerging
evidence that miRNAs transported in EV may be responsible for intercellular
communication, but it is yet to bestablishedf the amounts of miRNAfiecessaryo
procesghat effect ar@ppropriatdo confer relevant effects, with regard to physiological

impacsin vivo.

EV in general demonstrate sevemabssible advantages in terms of their use in
regenerative medicin@eer,et al, 2017)and as delivery vehicles/vectors, because they
are stable (membrane bound vesicles), potentially capable inducers of strong signalling
pathways due to their cargo (surface markers for instaaoel)can be produced in higher
concentrations when induced compared to uninduced samples (see Fig. 3.1.2.2).

One of the most exciting outcomes of this Pt@3earchwas theidentification of key
molecues in eMV that may contribute taheir postulated identitypf being genuine
biological entities,that are, therefore able to transfer information and substances to
recipient cells. The observesiembraneinteraction withthe THR1 cell and their
inhibitory impact(chaptei3.4) during this studglemonstratetheir potential as a delivery

agent.

At this stage, the exact biologicalechanisms whicleMV use to communicate with

neighbairing cells isdifficult to predict. Nevertheless, MV kia been shown to be an

integral part of various immunological systems, as a result of their enrcdrgod
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consistingof proteins and miRNAs. It is possible they might be able to indirectly activate
immune stimulation factors and act as carriers, buthyypethesis nais to be tested in

further studies

eMV are promising biological vectors for drug delivery because they could overcome
restrictions of synthetic microarrierand consideed self-moleculesdue to their ability

to permeatéheplasma membrang target cellsas a resulbf their membranéeing able

to be amenable to improve specific cell targeting that can deliver their contents to
neighbouring cells. Therefore, May besuitable for the development of drug delivery
cargq and can be producedahigh level using inducing agents such as Gag6tCaCb

+ NHS EV has shown the capability tieliver drugs tepecific tissues, thereby reducing
therapeutic doses and decreasing side eft8cis,et al, 2010)

The results obtained in this study are smmtent with knowledge in the EYield,
hypothesisinghat MV not only interact but alsbave an impact orcell linesin vitro
(GarciaManrique,et al, 2018; Koniuszet al, 2016) Indeed, results from some studies
show that fluorescently labelled EV can be takebypells (Svenssonret al,, 2013) but
others suggest that EV uptake igarticularly specific affair that requiresthe right
combination of ligand and recept®ulcahy, et al, 2014; Tomasettet al, 2017) This

IS an assertion this Phisearchsupports (combination of ligand and recepteig.
3.2.1.3.).

However, strong evidence about the mechanism of MV influencing otheirceligis

still absent Implying that more investigation is required to validatesth suggestions
including the targeted binding of specific receptors, in order for MV to aathasural
deliveryvector. Nevertheless, the characterisation of the MV properties was explored in
this research and the data obtained can positively contribute towards the E¥rfeeld

further work to identify their true potential for use in the mediedd.
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Appendices

Appendix |

AbcammiRNA profiling protocol

Sa mp |veluine were adjusted in water suchthagbe lwas i n a 25¢glL vol
for each sample, 35¢lL of the Fwelfiterplaje par t

and filtered. Three additional wells for4sample controls were also prepared.

Subsequently,26 L of hybridization buffer was ad:
sample (or water in the case ofs@mple controls). The plate was incubated at 37°C for

60 miutes whil e shaking at 750 rpm. THhemnh, th
1XBufferA,and 7% L of 1X | abelling buffer was a
incubated at RT for 60 miteswhile shaking at 750rpm. The wells were rinsed twice

with Buffer B followed by one rinse with 1X Buffer A catch plate was added tioet

vacuum manifold (ab204067) and the filter plate was placed under constant vacuum. A
65¢ L of 9 5-fe@ wadReNwhas aglded twice to each well and the eluant was retained

in the catch plate. The particles were stored in the filter plate at 4°C withL.75 Ri ns e /
for a short period of time until needed.

A30e L of the el uan tpolywerase ehdirdreadtigRRCR) plate andl e a n
mixed with 20¢ L PCR master mi X . The mi xtur e |

amplification followed by 6 cycles of asymmietamplification.

Then, suction was used to remove the rinse A from the particles that was stored in the
filter plate at4°Cwith72 L r i nse eAL oNfexhy br6i0di zati on B
each well followed by26 L of t he PCR p rincubated 6t 37°Tftr80 p | a
minutes while shaking at 750rpm.

The plate was then rinsed twice with 173. o f 1 X budlf eof Al X nrde pic
buffer was added to each well and the plate was incubated at RT for 15 mins while shaking
at 750rpm followedby two rinses with 178 L of 1 X buf f erL Afamdn
buffer was added to each weBamples were thescanned using an EMD Nipore

Guava 6HT or 8HT flow cytometer.

Buffers were not specified by manufacturer.
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Appendix 11

The complemenpathway

CLASSICAL PATHWAY LECTIN PATHWAY ALTERNATIVE PATHWAY
(
Antigen: antibody PAMP recognition by Spontaneous hydrolysis/
Immune complexes lectins pathogenic surfaces
c
=
= Factor D
= tit Factor B
: I | Feere
\ fewed
C1ir/C1s
' =N )
>

Amplification

- C3al
\ convi
-

v Y
!OPSO[HZB“O“

fComplement can be activated through three pathways: classical, lectin, and alternative.

Amplification
J loop
ics

Ses

Termination

The classical pathway is activated when C1q binds to antibody attached to antigen,
activating C1r and C1s, which cleave C4 and C2. The lectin pathway iatadtiwhen
mannosebinding lectin (MBL) encounters conserved pathogenic carbohydrate motifs,
activating the MBLassociated serine proteases (MASPs) and again cleaving C4 and C2.
C4 and C2 cleavage products form the classical and lectin pathway C3 convertase
C4bC2a, which cleaves C3 into C3b and C3a. A second molecule of C3b can associate
with C4bC2a to form the C5 convertase of the classical and lectin pathways, C4bC2aC3b.
The alternative pathway (AP) is activated when C3 undergoes spontaneous hydrolysis
ard forms the initial AP C3 convertase, (d320) Bb, in the presence of Factors B and

D, leading to additional C3 cleavage and eventual formation of the AP C3 convertase
(C3bBb) and AP C5 convertase (C3bBbC3b). Properdin facilitates AP activation by
stabilizng AP convertaseS. r et r i Bumkellsergé& Sony(2010)

Moreover, @soningC3b, iC3b, and C3dinduces phagocytosis of opsonized targets and
also serves to amplify complement activation through the alternative patisvesgential
for the induction of the terminal pathway of complement effector generation. The

increasing density of C3b during colament activation and amplification leads to a
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substrate specificity shift in the generated convertases from C3 to its pardlegnadbal
pathway at the stage of cleavag#&gnewayet al, 2001) C3a and C5a, which are poten
anaphylatoxins (proinflammatory molecules derived from the clea@d4géC3a/C5a)

and has chemotactic activities leaves the large fragment C5b to form the nest of a MAC
(terminal assembly of complement components C5b through C9, which can directly lyse

targeted surfaces)(yanewayet al, 2001; Noris & Remuzzi, 2013; Townet,al, 2016)
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Appendix 11

Table 1. Protein name to gene name conversion

Surface markers Gene name
Clusterdifferentiation 36 CD36
Cluster differentiation 58 CD58
Cluster differentiation 63 CD63
Glycophorin A& B GYPAand GYPB

Total proteins Gene name
Glycophorin A GYPA
Band 3 anion transport protein SLC4Al
Spectrin beta chain SPTBN2
Protein Kinase C PRKC
Clusterdifferentiation 47 CD47

Proteases Gene name
Disintegrin Metallopeptidase Domain 8 ADAMS8
Disintegrinlike Metallopeptidase with thrombospondin motif 1, 13 ADAMTS13
Cathepsin A CTSA
Cathepsin B CTSB
Cathepsin D CTSD
Cathepsin E CTSE
Cathepsin V CTSVv
Cathepsin Z CTsz
Dipeptidyl peptidase 4 DPP4
Matrix Metalloproteinase 2 MMP2
Matrix Metalloproteinase 3 MMP3
Matrix Metalloproteinase 8 MMP8
Matrix Metalloproteinase 9 MMP9
Matrix Metalloproteinase 12 MMP12
Matrix Metalloproteinase 13 MMP13
Kallikrein 10 KLK10
Proprotein convertase 9 PCSK9
Proteinase 3 PRTN3

Proteinnames were converted into gene names in order to allow GO enrichment analysis, where column 1 indicates the prc
and column 2 indicates the name of the gene of interest.



The functional enrichments among the multipteteins/genepresenin eMV samples

Table 2. Description of mapped items for protein/gene expression data

Search Tem
ADAMTSL3
ADAMB
(o4
KLK10
MMP2
MMP3
MNP
MMPL2
pCSKS
PRTN3
GYPA
GYPB
SLC4AL
(T5A
(158
(T80
(v
(T2
MMPg
MMP13
ANAS
(D38
(D%
(063
R
(047
PRKC

Gene Symbol
ADAMTSI3

ADAMS
Dep4
KLK10
MNP
MNP3
MMPY

MMP12
PCSK
PRTN3
GYPA
GYPB
SLCAAL
(TSA
(158
(T80
(s
sz
MVP8

MMPL3

ANXAS
(D%
0%
(D63

SPTBN2
(4
PRKC

Description

ADAM metallopeptidase with thrombospandin type L motif, 13
ADAM metallopeptidase domain 8

dipeptidyl-peptidese 4

Kallkrein-related peptidase 10
matrix metallopeptidase 2 (gelatinase A, 724Da gelatinase, 724Da type IV collagenase)
matrix metallopeptidase 3 (stromelysin 1, progelatinase)
matrix metallopeptidase 9 (gelatinase B, 32¢Da gelatinase, S2kDatype [V collagenase)
matrix metallopeptidase 12 (macrophage elastase]
propratein convertase subtilsinkexin type 3

profeinase 3

glycophorin A (MNS blood group)
glycopharin B (MNS blood group]
solute carrier family4 (anion exchanger], member 1 (Diego blood groug)

cathepsin A
cathepsin 8
tathepsin
tathepsinV
tathepsinZ

matrix metallopeptidase 8 (nevtrophil collagenase)
matrix metallopeptidase 13 [collzgenase 3|

annexin A3
(D38 molecule

(D36 molecule (thrombospondin receptor)

(D63 molecule

spectrin, bets, non-erythrocytic 2

(D47 molecule
protein kinase C

Alternate names
ADAM-TSIH\ADAMTS-IB\CHOﬁB\VWFCP\VWF-CP
(D156 CDL56a] M52
ADABP| ADCP2| D25 0PPIV | P13
NES1|PRSSLE
LG4 CLGAA | MP-1 | MONA | TRE-1
CHOSS]MP-3[L-1 STW¥| ST |STRI
(LG4B| GELB | MANDPZ| MMP-9
M ME MM eP-12
FHA{HCHOLAS|LDLCCA| NARC-1  NARCL|PCS

ACPA|AGPT]C-ANCA|CANCA|MBN| BT |N2-4] NP o33 3] PR3
(02353 A | GPE GPSAT|HGDEV [ HGpMiX | HGpSta ) | M MNS PAS-2
CO235] GPB| 67BN GYPHE.NY| Gl HGoMil oI G s PR 35
AEL|BNDS o233 | EMPRR PR3 FRIRTALA W WO UDI[WR.

6182 SL | NGBE| PPCA PG
AR B
CLNAD| CPSD HEL-S-130P
CATLZ|CTSL2] T
s
CLGL[HNCMP-5 PUNL-CL
CLG3[MANDL MP-13
ANAS|ENY2HEL-57] P4 PR3
(FA3 PG a3
BOPLTAO] CHDS7|FAT|P38] GP4| IV PAGIV] SCARBS
LAMP-3|MEAS1 LA ONARDH TSPANGD
GTRAPAL|SCAS |SCARI
4P| MRS O3
AAGH|PRC

Chromosome ~ Map location

r
9

o
g3
U3
1013

ERvil
103

L QIRRER]
g3
193
1133
1L
4L

g2
L HEA
]
1153
w1
yIERY
g3
103
1
1
L1
i1
I
EIERMIER)
12632
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Table 3. Description of cellular components for protein/g@nesenin eMV samples

Cellular companent
Extracellular space

Extracellular

Lysosome

Cell surface

Plasma membrane

Exosomes

Integral to plasma membrane
Invadopodium membrane
Platelet dense granule membrane
Cortical cytoskeletan
Endoplasmic reticulum

Spectrin

Platelet zlpha granule membrane
Extracellular matrix

Golgi aparatus

Intracellular membrane-bounded organelle

Perinuclear region

Lysosomal membrane
Membrane fraction

Endocytic vesicle

Intracellular

Lamellipodium

Endosome membrane

Synapse

Tymogen granule

Basolateral plasma membrane
Late endosome

Apical plasma membrane
Proteinaceous extracellular matrix
Nuclear membrane

Membrane

Extracellular region
Perinuclear region of cytoplasm
Cytoplasmic vesicle
Cytoplasm

Mitochondrion

Endosome

Cytoskeleton

Cytosol

Integral to membrane

Nucleus

Na. of penes in the data set

Percentage of penes
19.62962963
51.85185185
1444444444
1851851852
59.25925926
4444444444
15.92592593
3703703704
3.703703704
3703703704
1222222222
3.703703704
3703703704
7407407407
1851851852
7407407407
7407407407
3703703704
1111111111
3703703704
7407407407
3.703703704
3703703704
3.703703704
3703703704
3703703704
3.703703704
3703703704
3.703703704
3703703704
7407407407
7407407407
3703703704
3.703703704
44444444844
1111111111
3.703703704
3703703704
7407407407
7407407407
1592592593

Genes mapped from input data set
MMP2,MMP3 MMPS,PC3KS,CTSD,CTSZ MMP3, MMP13

ADAMTS13,0PP4,KLK10,MMPZ MMP3 MMP3 MMP12,PCSKS,CTSA,CTSB,CTSD, MMPE MMP13 ANXAS

DPP4,PCSKS,PRTNS,CTSA,CTSB,CTSD,CTSV CTSZ ANKAS, CD36,CD63,CD47
ADAMTS13,DPP4,CD36,CD63,CD47

ADAMB,DPP4, MMP2 MMPS PRTN3, GYPA GYPB,SLC4AT, CTSB, ANXAS,CD58,C036,C063,SPTBNZ CD47 PRKC

DIPP4,PC3KS, PRTNG,SLC4AL, CTSA,CTSB,CTSD, ANXAS, CD58,CD36,CD63 PRKC
ADAMB,GYPB,SLC4A1,CD58,CD36,C063,CD47
DPP4

063

SLC4AL

CTSA,CTSB,CTS0,CTSZ ANKAS, PREC

SPTBN2

(D36

PRTN3,CTSD
SLC4AL,CTSA,CTSD,CD36,5PTBNZ
MMP2,MMP3

CTSB,PRKC

(D63

GYPA,CD36,PRKC

DPP4

CT5B,ANXAS

DPP4

(D63

PREC

CTsB

SLC4AL

PCSK9

DPP4

ADAMTS13

CTs8

DPP4,CDG3

KLK10,CTSD

PCSK9

SPTBNZ
ADAMTS13,KLK10,PCSKS, PRTN3, CTSB, CTSD ANXAS,CD58,CD36,CD63,5PTBNZ PRKC
SLC4AL CTSB,CTSD

063

(D36

SPTBNZ,PREC

GYPB,SLC4AL
ADAMTS13,PCSK9,SLCAAL,CTSB,ANXAS,CD36,PRKC
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Table 4. Descrigion of molecular functions fgorotein/gengresenin eMV samples

Molecular function No.of genesinthe dataset  Percentage of genes Genes mapped from input data set
Metallopeptidase activity 8 29.62962963  ADAMTS13,ADAMS,MMP2 MMP3,MMP9, MMP12, MMP8,MMP13

Cysteine-type peptidase activity 1111111111 CT8B,CTSV,CTSZ
Serine-type peptidase activity 1L111111 KLK10,PRTN3,CTSA
Aspartic-type signal peptidase activity 3703703704 CTSD
Aminopeptidase activity 3.703703704  PCSK9

Peptidase activity 3.703703704  DPP4

3703703704 ANXAS

3.703703704  SPTBN2

3703703704 PRKCA

3703703704 SLCAAL

3.703703704  CD36

1851851852 GYPA,GYPB,CD38,CD63,C047

Calcium ion binding

Cytoskeletsl protein binding

Protein serine/threonine kinase activity
Auxiliary transport pratein activity
Receptor activity

Molecular function unknown

[ T S N N S U I e TEY

Table 5. Description of biological processes involved in protein/geresentin eMV
samples

Biological process No. of genesinthe dataset Percentage of genes Genes mapped from input data set

Protein metabolism i) 62.962962%  ADAMTSL3,ADAME,DPP4,KLK10, MVP2 MMP3, MMPS, MMP12,PCSK3, PRTN3,CTSA, CT5B,CTSD, CTSV, CTSZ MMPE,MNP13
[mmune respanse 4 1481481481 GYPA,GYPB,CDSS,C047

Cell growth and/or maintenance 1 JI3703704  SPTBN2

Transpart 1 3707703704 SLCAAL

Metabolism 1 370970304 (D36

Cell communication ] LI ANXAS,CDG3,PRKC

Signal transduction ] LI ANXAS,CDG3,PRKC
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Table 6. Description of biological pathways involved in protein/ggmesentin eMV

samples

Biological pathway

Hemostasis

LPA receptor mediated events
Osteopontin-mediated events

Response to elevated platelet cytosolic Ca2+
Validated transcriptional targets of AP1 family members Fral and Fra2
amb2 Integrin signaling

Integrin family cell surface interactions

Regulation of Insulin Secretion by Acetylcholine
ATF-2 transcription factor network

Integrins in angiogenesis

Signaling by SCF-KIT

Syndecan-4-mediated signaling events

Cell surface interactions at the vascular wall
Syndecan-2-mediated signaling events
Posttranslational regulation of adherens junction stability and dissassembly
Class | PI3K signaling events

EGF receptor (ErbB1) signaling pathway
PDGFR-beta signaling pathway

Urokinase-type plasminogen activator (uPA) and uPAR-mediated signaling
Internalization of ErbB1

Signaling events mediated by focal adhesion kinase
Arf6 downstream pathway

Arf6 trafficking events

S1P1 pathway

Insulin Pathway

ErbB1 downstream signaling

Class | PI3K signaling events mediated by Akt
mTOR signaling pathway

Arf6 signaling events

EGFR-dependent Endothelin signaling events

IGF1 pathway

IL5-mediated signaling events

GMCSF-mediated signaling events

PDGF receptor signaling network

Signaling events mediated by Hepatocyte Growth Factor Receptor (c-Met)
IL3-mediated signaling events

Nectin adhesion pathway

IFN-gamma pathway

Signaling events mediated by VEGFR1 and VEGFR2
PAR1-mediated thrombin signaling events

Glypican 1 network

Thrombin/protease-activated receptor (PAR) pathway
Syndecan-1-mediated signaling events

Plasma membrane estrogen receptor signaling
VEGF and VEGFR signaling network

Alpha9 betal integrin signaling events

LKB1 signaling events

Endothelins

ErbB receptor signaling network

Sphingosine 1-phosphate (S1P) pathway
N-cadherin signaling events

Stabilization of MRNA by HUR

TRAIL signaling pathway

Glypican pathway

Proteoglycan syndecan-mediated signaling events
Bicarhonate transporters

Regulation of KIT signaling

Betal integrin cell surface interactions

Stabilization and expansion of the E-cadherin adherens junction
E-cadherin signaling in the nascent adherens junction
E-cadherin signaling events

Signal regulatory protein (SIRP) family interactions
Interaction between L1 and Ankyrins

Cell-Cell communication

Platelet Adhesion to exposed collagen

Regulation of Insulin-like Growth Factor (IGF) Activity by Insulin-like Growth Factor Binding Proteins (IGFBPs)
FAS (CD95) signaling pathway

Regulation of nuclear beta catenin signaling and target gene transcription

Platelet activation, signaling and aggregation

Direct p53 effectors

CD28 dependent Vav1 pathway

Canonical Wnt signaling pathway

CaM pathway

Calmodulin induced events

Phospholipase C-mediated cascade

Ca-dependent events

DAG and IP3 signaling

Platelet degranulation

p75(NTR)-mediated signaling

IL8- and CXCR1-mediated signaling events

EGFR interacts with phospholipase C-gamma

VEGFR1 specific signals

Noncanonical Wnt signaling pathway

PLC-gammal signalling

PN R PPN RPPRPPRPRRRRNEREROMNRNONNONRNERERRERRW®WN P P N~ NP WS~~~ N~ N SN N N N N N N N N NN N N N N N N N N N N N N N N N N N WO RN RN R 0N WNN W

35.71428571
2142857143
14.28571429
14.28571429
21.42857143
1428571429
57.14285714
7.142857143
14.28571429
1428571429
1428571429
21.42857143
14.28571429
14.28571429
21.42857143

50

50

50

50

50

50

50

50

50

50

50

50

50

50

50

50

50

50

50

50

50

50

50

50

50

50

50

50

50

50

50

50

50

50

50
21.42857143
7.142857143

50

50

50
7.142857143
7.142857143

50
21.42857143
21.42857143
21.42857143
7.142857143
7.142857143
14.28571429
7.142857143
7.142857143
1428571429
14.28571429
14.28571429
14.28571429
7.142857143
1428571429
7.142857143
7.142857143
7.142857143
7.142857143
7.142857143
7.142857143
1428571429
7.142857143
7.142857143
7.142857143
14.28571429
7.142857143

No. of genes in the data set Percentage of geneSenes mapped from input data set

CD58,CD36,CD63,CD47,PRKC
MMP2,MMP9,PRKC
MMP2,MMP9

CD63,PRKC
MMP2,MMP9,PRKC
MMP2,MMP9

MMP2,MMP3,MMP9,MMP12,CTSD,MMP13,CD47,PRK

PRKC

MMP2,PRKC

MMP2,MMP9

MMP9,PRKC

MMP2,MMP9,PRKC

CD58,CD47

MMP2,MMP9

MMP2,MMP3,MMP9
MMP2,MMP3,MMP9,MMP12,CTSD,MMP13,PRKC
MMP2,MMP3,MMP9,MMP12,CTSD,MMP13,PRKC
MMP2,MMP3,MMP9,MMP12,CTSD,MMP13,PRKC
MMP2,MMP3,MMP9,MMP12,CTSD,MMP13,PRKC
MMP2,MMP3,MMP9,MMP12,CTSD,MMP13,PRKC
MMP2,MMP3,MMP9,MMP12,CTSD,MMP13,PRKC
MMP2,MMP3,MMP9,MMP12,CTSD,MMP13,PRKC
MMP2,MMP3,MMP9,MMP12,CTSD,MMP13,PRKC
MMP2,MMP3,MMP9,MMP12,CTSD,MMP13,PRKC
MMP2,MMP3,MMP9,MMP12,CTSD,MMP13,PRKC
MMP2,MMP3,MMP9,MMP12,CTSD,MMP13,PRKC
MMP2,MMP3,MMP9,MMP12,CTSD,MMP13,PRKC
MMP2,MMP3,MMP9,MMP12,CTSD,MMP13,PRKC
MMP2,MMP3,MMP9,MMP12,CTSD,MMP13,PRKC
MMP2,MMP3,MMP9,MMP12,CTSD,MMP13,PRKC
MMP2,MMP3,MMP9,MMP12,CTSD,MMP13,PRKC
MMP2,MMP3,MMP9,MMP12,CTSD,MMP13,PRKC
MMP2,MMP3,MMP9,MMP12,CTSD,MMP13,PRKC
MMP2,MMP3,MMP9,MMP12,CTSD,MMP13,PRKC
MMP2,MMP3,MMP9,MMP12,CTSD,MMP13,PRKC
MMP2,MMP3,MMP9,MMP12,CTSD,MMP13,PRKC
MMP2,MMP3,MMP9,MMP12,CTSD,MMP13,PRKC
MMP2,MMP3,MMP9,MMP12,CTSD,MMP13,PRKC
MMP2,MMP3,MMP9,MMP12,CTSD,MMP13,PRKC
MMP2,MMP3,MMP9,MMP12,CTSD,MMP13,PRKC
MMP2,MMP3,MMP9,MMP12,CTSD,MMP13,PRKC
MMP2,MMP3,MMP9,MMP12,CTSD,MMP13,PRKC
MMP2,MMP3,MMP9,MMP12,CTSD,MMP13,PRKC
MMP2,MMP3,MMP9,MMP12,CTSD,MMP13,PRKC
MMP2,MMP3,MMP9,MMP12,CTSD,MMP13,PRKC
MMP2,MMP3,MMP9,MMP12,CTSD,MMP13,PRKC
MMP2,MMP3,MMP9,MMP12,CTSD,MMP13,PRKC
MMP2,MMP3,MMP9,MMP12,CTSD,MMP13,PRKC
MMP2,MMP3,MMP9,MMP12,CTSD,MMP13,PRKC
MMP2,MMP3,MMP9,MMP12,CTSD,MMP13,PRKC
MMP2,MMP3,MMP9

PRKC
MMP2,MMP3,MMP9,MMP12,CTSD,MMP13,PRKC
MMP2,MMP3,MMP9,MMP12,CTSD,MMP13,PRKC
MMP2,MMP3,MMP9,MMP12,CTSD,MMP13,PRKC
SLC4A1

PRKC
MMP2,MMP3,MMP9,MMP12,CTSD,MMP13,PRKC
MMP2,MMP3,MMP9

MMP2,MMP3,MMP9

MMP2,MMP3,MMP9

CD47

SPTBN2

SPTBN2,CD47

CD36

MMP2

CTSD,PRKC

MMP2,MMP9

CD63,PRKC

MMP2,CTSD

SPTBN2

MMP2,MMP9

PRKC

PRKC

PRKC

PRKC

PRKC

CD63

MMP3,PRKC

PRKC

PRKC

PRKC

MMP2,MMP9

PRKC
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Table 6. Description ofbiological pathways involved in protein/gepeesentn eMV
samplescontinued...

7.142857143  SPTBN2
14.28571429  MMP2,CTSD
14.28571429  MMP9,PRKC
7.142857143  PRKC
14.28571429  MMP2,MMP9
7.142857143  PRKC
7.142857143  PRKC
14.28571429  MMP2,PRKC

Nephrin interactions

p53 pathway

CXCR4-mediated signaling events

IL8- and CXCR2-mediated signaling events
Wht signaling network

Canonical NF-kappaB pathway

a6b1 and a6b4 Integrin signaling

RhoA signaling pathway

Regulation of RAC1 activity 14.28571429  MMP2,PRKC
Regulation of RhoA activity 14.28571429  MMP2,PRKC
RAC1 signaling pathway 14.28571429  MMP2,PRKC
Glypican 3 network 14.28571429  MMP2,MMP9

7.142857143  SPTBN2
7.142857143  PRKC
7.142857143  PRKC
7.142857143  PRKC
7.142857143  MMP2
7.142857143  PRKC
7.142857143  CD47
7.142857143  PRKC
7.142857143  MMP9
7.142857143  PRKC
7.142857143  PRKC
7142857143  CTSD
7.142857143  MMP2
14.28571429  MMP2,CTSD
7.142857143  PRKC
7.142857143  SPTBN2
7142857143  PRKC
7.142857143  PRKC
7142857143  PRKC
7142857143  SPTBN2
7142857143  PRKC
7.142857143  PRKC
7.142857143  PRKC
7.142857143  CTSD
7142857143  PRKC
7.142857143  PRKC
7.142857143  PRKC
7.142857143  PRKC
7.142857143  CD36
14.28571429  CTSD,PRKC
14.28571429  MMP2,CTSD
7.142857143  PRKC
7.142857143  PRKC
21.42857143  MMP2,MMP9,PRKC
7.142857143  MMP9
7.142857143  SPTBN2
7.142857143  PRKC
7.142857143  PRKC
7.142857143  PRTN3
21.42857143  MMP2,MMP9,PRKC
7.142857143  PRKC
7142857143  SLC4AL
7.142857143  PRKC
7.142857143  PRKC
7.142857143  PRKC
7.142857143  PRKC
7.142857143  PRKC
7.142857143  PRKC
7142857143  PRKC
7142857143  PRKC
7142857143  PRKC
21.42857143  MMP2,MMP9,PRKC
7142857143  PRKC
21.42857143  MMP2,MMP9,PRKC
14.28571429  CD36,SPTBN2
7.142857143  PRKC
7.142857143  PRKC
7.142857143  PRKC
7.142857143  MMP9
7.142857143  PRKC
7.142857143  PRKC
7.142857143  MMP2
7.142857143  SPTBN2
7.142857143  PRKC
7.142857143  PRKC
7.142857143  PRKC
7.142857143  SPTBN2
7142857143  SLC4AL
7.142857143  PRKC
7.142857143  PRKC
7.142857143  PRKC
7.142857143  PRKC
7.142857143  PRKC
7.142857143  PRKC
7142857143  SLC4AL
7.142857143  SPTBN2
14.28571429  MMP9,PRKC
7.142857143  PRKC
7142857143  PRKC

CD28 co-stimulation

1L8-mediated signaling events

PLC beta mediated events

G-protein mediated events

FOXML transcription factor network

Ras signaling in the CD4+ TCR pathway

Beta3 integrin cell surface interactions

Retinoic acid receptors-mediated signaling

FGF signaling pathway

Alpha6Betadintegrin

Regulation of Insulin Secretion

Ceramide signaling pathway

Angiopoietin receptor Tie2-mediated signaling
ATR signaling pathway

Opioid Signalling

Costimulation by the CD28 family

Thromboxane A2 receptor signaling

KitReceptor

Endogenous TLR signaling

NCAM signaling for neurite out-growth
CD40/CD40L signaling

Aurora A signaling

Downstream signaling in na&#xef,ve CD8+ T cells
Validated nuclear estrogen receptor alpha network
Downstream signaling of activated FGFR
1L23-mediated signaling events

IL2 signaling events mediated by PI3K

Signaling events regulated by Ret tyrosine kinase
Transcriptional Regulation of White Adipocyte Differentiation
TNF receptor signaling pathway

ATM pathway

Downstream signal transduction

Signaling by PDGF

AP-1 transcription factor network

Validated targets of C-MYC transcriptional activation
L1CAM interactions

Wt

Integration of energy metabolism

C-MYB transcription factor network

Integrin-linked kinase signaling

Role of Calcineurin-dependent NFAT signaling in lymphocytes
Transport of inorganic cations/anions and amino acids/oligopeptides
Signaling by FGFR

Signaling by EGFR

Signaling by Aurora kinases

Regulation of mRNA Stability by Proteins that Bind AU-rich Elements
PLK1 signaling events

NGF signalling via TRKA from the plasma membrane
1L12-mediated signaling events

Polo-like kinase signaling events in the cell cycle
IL2-mediated signaling events

CDC42 signaling events

TCR signaling in na&#xef,ve CD8+ T cells
Regulation of CDC42 activity

Developmental Biology

TCR signaling in na&#xef,ve CD4+ T cells

EGFR1

Signalling by NGF

C-MYC pathway

Regulation of p38-alpha and p38-beta

P38 MAPK signaling pathway

Diabetes pathways

Axon guidance

BMP receptor signaling

IL1-mediated signaling events

Metabolism of MRNA

Adaptive Immune System

SLC-mediated transmembrane transport
Metabolism of RNA

Regulation of cytoplasmic and nuclear SMAD2/3 signaling
TGF-beta receptor signaling

Regulation of nuclear SMAD2/3 signaling

ALK1 signaling events

ALK1 pathway

Transmembrane transport of small molecules
Immune System

Signal Transduction

Signaling by GPCR

Metabolism

PR NRRRPRPRPRRRRRERRRRRPRERERERERERERNO®PR,WRRRRRRL,RRPERERPORRERRERORRRNNRRRRRRRERE,RRRRRRRNRREPRERRRERERERERERNNNNNERNERNNR

214



Appendix 1V

GO assessment of proteins/gepessentm HRV16iHMV

The primary focus on GO annotations was associated with human proteins/genes only.
After assessing the pattern of protein expression on HRV16iHMV sanfphiiser
analyss was focused on the protein to gene name conve(ainalproteincoding
sequence is often only a small pat$ing String and UniProt databasesdthen the
cellular componentHig. g, molecular functionKig. b), biological processe&ig. 9, and
specific biological pathways involvedri. d), using the same methodology used in
chapter3.2.4 e

4 6 8
L L |

Nucleus
Mitochondrion
Cytosol
Extracellular region

9.5% P=0.91
9.5% P=0.56
P=0.52
P=0.47
o <

P=0.15

Proteinaceous extracellular matrix
Membrane

Membrane fraction

Golgi membrane

[ Percentage of genes
p=0.05 reference

I p-value
Endosome membrane —|

Cytoplasmic vesicle —

Lysosomal membrane —|
Intracellular —

Platelet alpha granule membrane —|
Perinuclear region —

Cellular component

Spectrin—|

Extracellular matrix —|

Early endosome membrane —|
Platelet dense granule membrane —|
Cell surface —|

Plasma membrang —|

Golgi aparatus —

Endoplasmic reticulum —|
Lysosame —|

Integral to plasma membrane —
Extracellular —|

Exosomes —|

Extracellular space —|

Percentage of genes

- Log10 (p-value)

Molecular function unknown

Cell adhesion malecule activity

Protein serine/threonine kinase activity B Percentage of genes

p=0.05 reference

I
Cytoskeletal protein binding B pvalue

=

Calcium ion binding

Serine-type peptidase activity

Receptor activity

Moalecular function

MHC class |1 receptor activity

MHC class | receptor activity

Aspartic-type signal peptidase activity

Cysteine-type peplidase activity

Metallopeptidase activity

Percentage of genes
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- Log10 (p-value)

4 6 8
| 1 |

Metabolism

Cell growth and/or maintenance

o

Signal transduction

Cell communication

Biclogical process

Immune response

8%
Peptide metabolism -4

[ Percentage of genes
p=0.05 reference
[ p-value

Protein metabolism 2.4%
P<0.001

[ Percentage of genes
p=0.05 reference
I p-value

IGF1 pathway
EGFR-dependent Endothelin signaling events -
Arf6 trafficking events —|

Intornalization of ErbB1 —|

Urokinase-typa plasminogen activator (uPA) and uPAR-mediated signaling —
Class | PI3K signaling events mediated by Akt —|

PDGFR-beta signaling pathway —|

EGF receptor (ErbB1) signaling pathway —

Class | PI3K signaling events —|

Arf6 signaling ovents —|

mTOR signaling pathway —

Arf6 downstream pathway —|

Insulin Pathway —|

Signaling events mediated by focal adhesion kinase |

$1P1 pathway —|
ErbB1 downstream signaling —|

Calmodulin induced events —|

CaM pathway —|

Cytokine Signaling in Immune system —|

Antigen Presentation: Folding, assembly and peptide loading of class | MHC —
CD28 dependent Vav1 pathway —|

Platelot Adhosion to exposed collagen —

Platelet activation, signaling and aggregation |

Interaction between L1 and Ankyrins —|

Validated transcriptional targets of AP1 family members Fra1 and Fra2 —|

FAS (CD95) signaling pathway |

Signal regulatory protein (SIRP) family interactions —

TCR signaling in nad#xef,ve CD8+ T cells —

Cell-Cell communication 1

Endosomal/Vacuolar pathway —|

Regulation of KIT signaling —{

1L12-mediated signaling events |

Stabilization of mRNA by HuR —|

Integrin family cell surface interactions —|

Interferon Signaling 1

Cell surface interactions at the vascular wall —|

Regulation of Insulin Secretion by Acetylcholing —

Downstream signaling in naddxef,ve CD8+ T cells |

Thromboxane A2 receptor signaling —

Interferon gamma signaling —{

Response to elevated platelet cytosolic Ca2+ |

Hemostasis —|

o
=

Biological pathway

40 60

Percentage of genes

«Log10 (p-value)

20

40
Percentage of genes
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The functional enrichments among the multigdeoteins presentin HRV16iHMV

samples

Table 1 Description of mapped items for protein/gene expression data

Search Term Gene Symbol
(TSA (TSA
CTSB (TSB
(TSD (TSD
(Tsv (TsV
(T2 (%2
MMP MMP
MMP13 MMP13
ANXA3 ANXA3
(D38 (D58
(D36 (D36
CDa3 (D63
SPTBN2 SPTBN2
0y 47
PRKCA PRKCA
ADANS ADAM3
ADAMTSL ADAMTSL
MMP10 MMP10
MME MME
ICAML ICAMI
(D46 (D46
HLA-A HLA-A

matrix metallopeptidase 8 (neutrophil collagenase)
matrix metallopeptidase 13 {collagenase 3)

€036 molecule (thrombospendin receptar)

matrix metallopeptidase 10 stromelysin 2)

(D46 molecule, complement regulatory protein
major histocompatibility complex, class 1, A

Description
cathepsin A
cathepsin B
cathepsin D
tathepsin V
cathepsin Z

annexin A3
(D58 molecule

(D63 molecul

spectrin, beta, non-erythracytic2

D47 molecule

protein kinase C, alpha
ADAM metallopeptidase domain 9
ADAM metzllopeptidase with thrombospondin type 1 motif, 1

membrane metallo-endopeptidzse
intercellular adhesion molecule 1

Alternate names Chromosome | Map location
G182 GSL|NGBE| PRCA|PPGR n yEN
APPS|CPSB 3 )
CLNI0| CPSD | HEL-5-130p n 11p155
CATL2|CTS L2 CTSU 5 %222
K n EE
CLG|HNC| MMP-8|PMINL-CL (i 11g223
(163 MANDP1 | MIMP-13 1 11223
ANS|ENK2|HEL-S-7| PP4 RPRGL 4 Loy
LFA3|LFA3[ag3 1 113
BDPLTLD|CHOSY|FAT| GP38|GP4| GIV | PASIV SCARBS 7 Tll2
LAVP-3|VEASL [MLAL|OMASTHTSPANSD. 12 12913
GTRAPAL| SCAS|SCARL4 (i 11q12
IAP | MERG| 0A3 3 Jy13.1-q13.2
AAGG|PKC-2lpha| PKCA| PRKACA T 17g2073.2
CORD3|MCMP|MDCY | Mitng 5 fpiL2
C3-C5|METHI n 21q21.2
12| SThIY2 (i 11g223
CALLA|CD10|NEp| srE 3 3252
882|C034{P2.38 19 19p13.3p12.2
AHUS2|MCP | MICLO[ TLX| TRAZ.10 1 132
HLAA 5 L3

Table 2 Description of cellular components for protein/ggmesentin HRV16iHMV

samples

Cellular component
Extracellular space

Exosomes

Extracellular

Integral to plasma membrane
Lysosome

Endoplasmic reticulum

Golgi aparatus

Plasma membrane

Cell surface

Platelet dense granule membrane
Early endosome membrane
Extracellular matrix

Spectrin

Perinuclear region

Platelet alpha granule membrane
Intracellular

Lysosomal membrane
Cytoplasmic vesicle
Endosome membrane
Synapse

Zymogen granule

Endosome

Golgi membrane

Membrane fraction
Membrane

Proteinaceous extracellular matrix
Nuclear membrane
Cytoplasm

Cytoskeleton

Extracellular region

Cytosol

Mitochondrion

Nucleus

genes in the dat Percentage of genes Genes mapped from input data set

7
12
11

8
10

8

7

R R R R R R R R R e R Rt

=
=

NIRRT

33.33333333
57.14285714
52.38095238
38.0952381
47.61904762
38.0952381
33.33333333
61.5047619
14.28571429
4.761904762
4.761904762
9.523809524
4.761504762
59.523809524
4.761904762
9.523809524
4.761904762
5.523809524
4.761904762
4.761904762
4.761904762
9.523809524
4.761504762
59.523809524
9.523809524
4.761904762
4.761904762
52.38095238
4.761904762
4.761904762
9.523809524
9.523809524
28.57142857

CTSD,CTSZ,MMPE,MMP13,ADAMS,MMP10,ICAM1L
CTSA,CTSB,CTSD,ANXAS,CD58,CD36,CD63,PRKCA, MME,ICAM1,CD46,HLA-A
CTSA,CTSB,CTSD,MMPS,MMP13,ANXAS, ADAMTS1, MMP10,ICAM1,CDA6, HLA-A
CD58,CD36,CD63,CD47,MME,ICAML, CD46,HLA-A
CTSA,CTSB,CTSD,CTSV,CTSZ, ANXAS, CD36,CD63,CD47,MME
CTSA,CTSB,CTSD,CTSZ, ANXAS, PRKCA, MME, HLA-A
CTSA,CTSD,CD36,5PTBN2,ADAMTS1, MME,HLA-A
CTSB,ANXAS,CD58,CD36,CD63,SPTEN2,CDA7,PRKCA, ADAMI, MME,ICAM1,CD46,HLA-A
CD36,CD63,CD47

CD63

HLA-A

CTSD,MME

SPTEN2

CTSB,PRKCA

CD36

CTSB,ANXAS

CD63

SPTBN2,ADAMTS1

CD63

PRKCA

CTSB

CD63,MME

HLA-A

CD36,PRKCA

CD63,MME

MMP10

CTSB
CTSB,CTSD,ANXAS,CDS58,CD36,CD63,SPTBN2, PRKCA, ADAMS, MME, ICAM1
CD26

CTsSD

SPTBN2,PRKCA

CTSB,CTSD

CTSB,ANXAS,CD36,PRKCA, ADAMS,HLA-A



Table 3 Description of molecular functions for protein/gepresentin HRV16iHMV
samples

Molecular function No.ofgenesinthedataset  Percentage of genes Genes mapped from input data set
Metallopeptidase activity ] 28.57142857 MMPE,MMP13,ADAMSI,ADAMTS1,MMP10,MME

Cysteine-type peptidase activity 14.28571429 CT5B,CTSV,CTSZ
Aspartic-type signal peptidase activity 4761904762  CTSD

MHC class | receptor activity 4.761904762 HLA-A

MHC class Il receptor activity 4.761904762 HLA-A
Receptor activity 9.523809524  (CD36,CD46
Serine-type peptidase activity 4761904762 CTSA

4761904762 ANXAS
4761904762 SPTEN2
4761904762 PRKCA
4761904762 ICAM1
1423571429 (CD58,CD63,CD47

Calcium ion binding

Cytoskeletal protein binding

Protein serine/threanine kinase activity
Cell adhesion molecule activity
Malecular function unknown

I el R

Table 4. Description of biological processes involved in protein/gemesentin
HRV16iHMV samples

Biological process No. of genesinthe dataset  Percentage of genes Genes mapped from input data set
Protein metabolism 1 5238095238 CTSA,CTSB,CTSD,CTSY,CTSZ, MMP8,MMP13,ADAMS, ADAMTSL,MMP1, MME
Peptide metabolism 1 4761504762 MME
Immune response 3 1428571429 (D38,CD4T HLA-A
Cell communication 5 23.00952381  ANXAS,CDA3,PRKCA, ICAML,CD46
Signal fransduction 5 2380952381 ANXAS,CDG3,PRKCA,ICAMLCD46
1 4761904762 SPTBNZ
1

4761904762 (D3

Cell growth and/or maintenznce
Metabolism

21¢



Table 5 Description of biological
HRV16iHMV samples

Biological pathway

Hemostasis

Response to elevated platelet cytosolic Ca2+
Interferon gamma signaling

Thromboxane A2 receptor signaling

Downstream signaling in na&#xef;ve CD8+ T cells
Regulation of Insulin Secretion by Acetylcholine
Cell surface interactions at the vascular wall
Interferon Signaling

Integrin family cell surface interactions
Stabilization of mMRNA by HUR

IL12-mediated signaling events
Endosomal/Vacuolar pathway

Regulation of KIT signaling

Cell-Cell communication

TCR signaling in na&#xef;ve CD8+ T cells

Signal regulatory protein (SIRP) family interactions
FAS (CD95) signaling pathway

Validated transcriptional targets of AP1 family members Fral and Fra2

Interaction between L1 and Ankyrins
Platelet activation, signaling and aggregation
Platelet Adhesion to exposed collagen
CD28 dependent Vav1 pathway

Antigen Presentation: Folding, assembly and peptide loading of class | MHC

Cytokine Signaling in Immune system
Calmodulin induced events

CaM pathway

PDGFR-beta signaling pathway

mTOR signaling pathway

ErbB1 downstream signaling

Arf6 signaling events

Class | PI3K signaling events

EGF receptor (ErbB1) signaling pathway
Arf6 downstream pathway

Arf6 trafficking events

Insulin Pathway

Signaling events mediated by focal adhesion kinase

Urokinase-type plasminogen activator (uPA) and uPAR-mediated signaling

Internalization of ErbB1

S1P1 pathway

Class | PI3K signaling events mediated by Akt
EGFR-dependent Endothelin signaling events
IGF1 pathway

GMCSF-mediated signaling events
IL5-mediated signaling events

Signaling events mediated by Hepatocyte Growth Factor Receptor (c-Met)

PDGF receptor signaling network
Phospholipase C-mediated cascade
Ca-dependent events

DAG and IP3 signaling

Nectin adhesion pathway

IL3-mediated signaling events

IFN-gamma pathway

Signaling events mediated by VEGFR1 and VEGFR2
Glypican 1 network

PAR1-mediated thrombin signaling events
Thrombin/protease-activated receptor (PAR) pathway
Syndecan-1-mediated signaling events
Plasma membrane estrogen receptor signaling
VEGF and VEGFR signaling network

Alpha9 betal integrin signaling events

Platelet degranulation

Endothelins

LKB1 signaling events

ErbB receptor signaling network

Sphingosine 1-phosphate (S1P) pathway
Beta2 integrin cell surface interactions

IL8- and CXCR1-mediated signaling events
VEGFR1 specific signals

EGFR interacts with phospholipase C-gamma
TRAIL signaling pathway

PLC-gammal signalling

Nephrin interactions

Immune System

Glypican pathway

Proteoglycan syndecan-mediated signaling events
Betal integrin cell surface interactions

IL8- and CXCR2-mediated signaling events
Adaptive Immune System

pathways involved iprotein/genepresentin

genes in the ¢ Percentage of genes
50
20
20
20
20
10
20
20
60
10
20
10
10
20
20
10
20
20
10
20
10
10
10
20
10
10
50
50
50
50
50
50
50
50
50
50
50
50
50
50
50
50
50
50
50
50
10
10
10
50
50
50
50
50
50
50
50
50
50
50
10
50
50
50
50
10
10
10
10
50
10
10
30
50
50
50
10
20
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Genes mapped from input data set
CD58,CD36,CD63,CD47,PRKCA
CD63,PRKCA

ICAML,HLA-A

PRKCA,ICAM1

PRKCA,HLA-A

PRKCA

CD58,CD47

ICAML,HLA-A
CTSD,MMP13,CD47,PRKCA,ICAML,HI
PRKCA

PRKCA,HLA-A

HLA-A

PRKCA

SPTBN2,CD47

PRKCA,HLA-A

CD47

CTSD,PRKCA

PRKCA,HLA-A

SPTBN2

CD63,PRKCA

CD36

SPTBN2

HLA-A

ICAML,HLA-A

PRKCA

PRKCA
CTSD,MMP13,PRKCA,ICAML,HLA-A
CTSD,MMP13,PRKCA,ICAML,HLA-A
CTSD,MMP13,PRKCA,ICAM1,HLA-A
CTSD,MMP13,PRKCA,ICAM1,HLA-A
CTSD,MMP13,PRKCA,ICAM1,HLA-A
CTSD,MMP13,PRKCA,ICAML,HLA-A
CTSD,MMP13,PRKCA,ICAML1,HLA-A
CTSD,MMP13,PRKCA,ICAM1,HLA-A
CTSD,MMP13,PRKCA,ICAM1,HLA-A
CTSD,MMP13,PRKCA,ICAM1,HLA-A
CTSD,MMP13,PRKCA,ICAML,HLA-A
CTSD,MMP13,PRKCA,ICAML,HLA-A
CTSD,MMP13,PRKCA,ICAML,HLA-A
CTSD,MMP13,PRKCA,ICAM1,HLA-A
CTSD,MMP13,PRKCA,ICAM1,HLA-A
CTSD,MMP13,PRKCA,ICAM1,HLA-A
CTSD,MMP13,PRKCA,ICAM1,HLA-A
CTSD,MMP13,PRKCA,ICAML,HLA-A
CTSD,MMP13,PRKCA,ICAM1,HLA-A
CTSD,MMP13,PRKCA,ICAM1,HLA-A
PRKCA

PRKCA

PRKCA
CTSD,MMP13,PRKCA,ICAM1,HLA-A
CTSD,MMP13,PRKCA,ICAM1,HLA-A
CTSD,MMP13,PRKCA,ICAM1,HLA-A
CTSD,MMP13,PRKCA,ICAML, HLA-A
CTSD,MMP13,PRKCA,ICAML,HLA-A
CTSD,MMP13,PRKCA,ICAM1,HLA-A
CTSD,MMP13,PRKCA,ICAM1,HLA-A
CTSD,MMP13,PRKCA,ICAM1,HLA-A
CTSD,MMP13,PRKCA,ICAML,HLA-A
CTSD,MMP13,PRKCA,ICAM1,HLA-A
CTSD,MMP13,PRKCA,ICAML,HLA-A
CD63
CTSD,MMP13,PRKCA,ICAM1,HLA-A
CTSD,MMP13,PRKCA,ICAM1,HLA-A
CTSD,MMP13,PRKCA,ICAM1,HLA-A
CTSD,MMP13,PRKCA,ICAML,HLA-A
ICAM1

PRKCA

PRKCA

PRKCA
CTSD,MMP13,PRKCA,ICAML,HLA-A
PRKCA

SPTBN2

SPTBN2,ICAML,HLA-A
CTSD,MMP13,PRKCA,ICAML,HLA-A
CTSD,MMP13,PRKCA,ICAML,HLA-A
CTSD,MMP13,PRKCA,ICAML,HLA-A
PRKCA

SPTBN2,HLA-A



Table 5. Description of biological pathways involved in protein/genesenin

HRV16iHMV sample<ontinued...

Canonical NF-kappaB pathway

a6b1 and a6b4 Integrin signaling

CD28 co-stimulation

IL8-mediated signaling events

PLC beta mediated events

G-protein mediated events

amb2 Integrin signaling

Ras signaling in the CD4+ TCR pathway
Beta3 integrin cell surface interactions
AP-1 transcription factor network
Retinoic acid receptors-mediated signaling
Regulation of Insulin Secretion
Alpha6Betadintegrin

Ceramide signaling pathway

Immunoregulatory interactions between a Lymphoid and a non-Lymphoid cell

Costimulation by the CD28 family

Opioid Signalling

TNF receptor signaling pathway

Integrin-linked kinase signaling

KitReceptor

Endogenous TLR signaling

NCAM signaling for neurite out-growth
CD40/CD40L signaling

ATF-2 transcription factor network

Validated nuclear estrogen receptor alpha network
Aurora A signaling

Downstream signaling of activated FGFR
Signaling by SCF-KIT

IL23-mediated signaling events

IL2 signaling events mediated by PI3K

Signaling events regulated by Ret tyrosine kinase
Transcriptional Regulation of White Adipocyte Differentiation
Downstream signal transduction

CDC42 signaling events

Interferon alpha/beta signaling

Signaling by PDGF

L1CAM interactions

Regulation of CDC42 activity

ER-Phagosome pathway

Glucocorticoid receptor regulatory network

Wnt

Integration of energy metabolism

Glucocorticoid receptor signaling

Antigen processing-Cross presentation

Signaling by FGFR

Role of Calcineurin-dependent NFAT signaling in lymphocytes
Signaling by EGFR

Signaling by Aurora kinases

LPA receptor mediated events

Class | MHC mediated antigen processing & presentation
Developmental Biology

Regulation of mRNA Stability by Proteins that Bind AU-rich Elements
PLK1 signaling events

NGF signalling via TRKA from the plasma membrane
Polo-like kinase signaling events in the cell cycle
IL2-mediated signaling events

TCR signaling in na&#xef,ve CD4+ T cells

Direct p53 effectors

EGFR1

Signalling by NGF

Regulation of p38-alpha and p38-beta
p75(NTR)-mediated signaling

p53 pathway

p38 MAPK signaling pathway

CXCR4-mediated signaling events

Regulation of RhoA activity

RAC1 signaling pathway

RhoA signaling pathway

Regulation of RAC1 activity

Syndecan-4-mediated signaling events

Axon guidance

BMP receptor signaling

IL1-mediated signaling events

Metabolism of MRNA

ATR signaling pathway

Metabolism of RNA

Regulation of nuclear SMAD2/3 signaling
Regulation of cytoplasmic and nuclear SMAD2/3 signaling
TGF-beta receptor signaling

ATM pathway

ALK1 signaling events

ALK1 pathway

Signaling by GPCR

Metabolism

Signal Transduction
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10
10
10
10
10
10
10
10
10
30
10
10
10
10
10
10
10
20
30
10
10
10
10
10
10
10
10
10
10
10
10
10
10
30
10
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10
30
10
10
10
10
10
10
10
10
10
10
10
10
20
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10

PRKCA
PRKCA
SPTBN2
PRKCA
PRKCA
PRKCA
ICAM1
PRKCA
CD47
PRKCA,ICAM1,HLA-A
PRKCA
PRKCA
PRKCA
CTSD
HLA-A
SPTBN2
PRKCA
CTSD,PRKCA
PRKCA,ICAM1,HLA-A
PRKCA
PRKCA
SPTBN2
PRKCA
PRKCA
CTSD
PRKCA
PRKCA
PRKCA
PRKCA
PRKCA
PRKCA
CD36
PRKCA
PRKCA,ICAM1,HLA-A
HLA-A
PRKCA
SPTBN2
PRKCA,ICAM1,HLA-A
HLA-A
ICAM1
PRKCA
PRKCA
ICAM1
HLA-A
PRKCA
PRKCA
PRKCA
PRKCA
PRKCA
HLA-A
CD36,SPTBN2
PRKCA
PRKCA
PRKCA
PRKCA
PRKCA
PRKCA
CTSD
PRKCA
PRKCA
PRKCA
PRKCA
CTSD
PRKCA
PRKCA
PRKCA
PRKCA
PRKCA
PRKCA
PRKCA
SPTBN2
PRKCA
PRKCA
PRKCA
CTSD
PRKCA
PRKCA
PRKCA
PRKCA
CTSD
PRKCA
PRKCA
PRKCA
PRKCA
PRKCA
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