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Abstract

The endothelium is the monolayer of cells lining the blood vessels in direct contact with blood
flow, detecting mechanical, metabolic, and immunological signals in their surroundings
through specific receptors. Endothelial cell's function determines aadoule, blood vessel
formation, and immunological response. Calcium signalling, a universal messenger in cellular
activities, is one of the main processes governing vascular endothelial function. The purinergic
receptors are a fundamental component of teadothelial calcium toolkit, influencing
vasodilation, angiogenesis, and inflammatory responses.

P2 receptors respond to extracellular nucleotides, elevating cytosolic calcium concentration
through P2X and P2Y receptors. Various P2 receptors have a role in endothelial calcium
homeostasis, with P2Y2 and P2X4 being the most studied receptors inl tiyysecétiowever,

there is also controversy about which is the primary mediator ofe&dked responses in
endothelial cells. Despite the P2 receptor's crucial roles in a diverse range of endothelial
functions, a comprehensive biomolecular and pharmacabgicaracterization of the P2
receptor's contribution to calcium signalling still needs to be performed. This study aims to
characterise the transcriptional and functional expression profile of purinergic signalling in
endothelial cells, using human micaseular endothelial cells (HMELas the primary model.
Methodologies included transcriptional profiling via RNA sequencing, pharmacological assays
using intracellular calcium mobilisation, and protein expression analysis through western
blotting. These mthods were applied to investigate the roles of P2 receptors in endothelial
ATP, VEGF, and Piemvybked calcium responses.

Here we show that the P2Y2 receptors are the primary mediator of thevwked calcium
responses in HMEC and P2Y11 is involved in the VIE@ked calcium responses, suggesting

a novel mechanism that might comprise adenylyl cyclase activity and Qratiag distinct

from the traditional view of P2 receptors' function. In contrast, the role of P2X4 remains
ambiguous, with our findings questioning its functional presence in HM&Cthe receptor

was absent at the protein level. In addition, the setpart of this study faced challenges in
dynamically characterising Piezol responses due to technical limitations.

By elucidating the roles of these receptors, this research contributes to a more comprehensive
understanding of endothelial physiology and pathology, providing new routes for therapeutic
intervention in cardiovascular diseases. This study improves ourstemding of the
endothelial calcium toolkit, revealing new facets of purinergic receptors in endothelial cells.
However, additional research is needed to understand the key players in the novel proposed
mechanisms involving P2Y11's contribution to the PtiEpendent responses. Moreover,
further research should focus on fully comprehending the P2 receptor's specific roles under
dynamic conditions and in different endothelial cell types.



Table of Contents

DECLARATION. ...ttt ettt ettt e o4 ook bttt et e e 4 e st e b enr et e o2 a4 b bbbt e e e e e s nbbbreemr e e e e e e e nnnbees 2
F S I 2 AN O SRS PEPPR 3
LISTOFFIGUREBNDTABLES. .........ooiiiiiiii ettt ettt ettt e e e e e e s eme bbb e e e e e s e ennraeeeeas 8
ABBREVIATIONS ...ttt ettt e e e e st e ettt e e e e e sa s bae et e e e e e asbemabe e e e e e e e aansbeeeaeeeesnnsesensenaeaesannn 13
ACKNOWLEDGEMENTS. ... ...ttt ettt e e e e s s ettt e e e e e san b b s enr et e e e e e anbbe et e e e s e snnbreeeames 16
CHAPTER INTRODUCTION. ..ottt ettt ettt e e e bemi et e e e e e sabb e et e e e e e snbbsemree e e e e s sanrnneeeeeeanns 18
L. 1 THE ENDOTHELIUM. ¢ cttttttttititaa s s s s e e e e aeaeeeeeeseeeeseessssss s s e s s e s e s e e aaeeeaeaeaetenneessnsssebnbnnnn e n s e e e eeeeas 18
1.2CALCIUM SIGNALLING IN THE ENDOTHELIUM ..ottt teeeeteeieieeeeeeeieiebbebisiess s s as e s e e e e e e e e aeaaeeeeeeeeeseensennnnnnnn 22
1.3CALCIUM SIGNALLING TOOLKIT IN THE ENDOTHELIUM ...cttttiteeesesiesstieteeeeeeeeeeesesssnnssansssnsseeeeeeessssnnnnnns 27
1.3.1. Purinergic signalling and its role in the endothelium..............cccooiiiii e 27
R 0t O I (=T ot =T o (o) £ TP P PO PPPPPTOOY 28

R I B e (=T oT =T o (o) £ T PO PP UOPPUPPPPPTOt 30
R Tt B A e G (=T o =T o (o (= PP PPPPPPRPPP 30

R TN B o G (=T o =T o (o] = PP PPPPPPRPPR 32

1.3.2. Piezol and its role in the endothelitm.............oooiiiiiiiiii e 34
1.3.3. VEGF and its role in the endotheliumL..............oo e 35
1.3.4. TRPs and its roletie endotheliUM............ueiiiiiiiiii e 37

LA SHEAR STRESS. ..iitittttutuuuntnitntui e e aeeeeeaaaeaaeteteteteeeeaaessssas s s s s e 1aaaeeeeeaaeeeeeeeeeanesssebebnbnbnnn e s e e eeeeeeas 38
L1.5AIMS AND OBJIECTIMES .ttttttuturunununuuunnaaaaeeeeeaaaareteteteeeeessssssssnssnasn s aaaaaaaaaaasaaaaaseeeenessnsssnsnssnnnsnnnnnsnnns 40
CHAPTER MATERIALSNDMETHODS. ... ..ottt e e e e e e enib e e e e s e e eanes 41
2. 1 DRUGS AND REAGENTS. ... . uuuttttetiteteeaaeeessssaauestaeeteeaaaeaessaaasaassssteeaeeeaaaesssaaaasnsssssnseneneeeessssnnnsnssesnnnes 41
A4 @ = I o Uy ] = =SSR 42
2.2.1. Human microvascular endothelial cells (HMIEC..........cooooiiiiiieeiieeee e A2
2.2.1.1 General MAINTENAINCE.........c.ueiieii ettt e e ettt e e e e e e s et e et e e e e e e ab b et e e aaeeaaanbbeeeeeesaannbreeeeeeaan 42

2.2.0.2 Cll PASSAGE. ... eeeeeiuitteiee e ettt e oottt e e e oottt e e e e h et e e e e e e h b he et e et e e e e h b be et e e e e et e re e e e e e e aannnneed 43

2.2.1.3 Cryopreservation and thaWing............ocveiiiiiiiinieie e O

2.2.2. HumanumbilicalveinendothelialcellS(HUVECS)..........coocuiiiiiiiiieie et 43
2.2.2.1 General MAINTENAINCE..........ueiieie ettt e ettt e e e e e e st e et e e e e e e nb b et e e e e e e e aanbbeeeeeesaanneneeeeeeaan 43

2.2.2.2 Cll PASSAGE. ...ceeeeeiitteitee ettt ettt e oottt e e h et e e e e e e h b e et e e e e e e e h b bttt e e e e e anbbereeeaeeeaanenaeed 44

2.2.2.3 Cryopreservation and thaWwing...........c.c.eeeiiiiiiiiiii e ivreeee e eneneee s A
2.2.3.HUMAaN1321N1aStrOCYIOMECEIIS ....cciiiiiiiie it 44
2.2.3.1 GeNEral MAINTENANCE ... ..o eiieeii e ettt et e e e e ettt ea e e e e s s tbeeeeaeeaantbeeeeaaeesansbeeeeaeeaannseeeeaeeenn 45

2. 3CALCIUM MOBILISATION ASSAY.S. . .tuuuuuaaaaaaaeeeaeaaeteteteteeeeeeeeeaesentstanaaaaaaaaaaaaaaaaaaaeeeeranememnsnnnnsnnnnnnnnns 45
2.3.1. Calcium mobilisation assays BUfferS............iiiiiiiiiiiirr e AB

2.3 2. FIEXSTAtIONIT ASSAYS. ... e teeeeeeieeeiie ittt e e e e e et e e e bbbttt et e e e ee e e e e s s e bbb b et eeeeeaaaaeeeeesaanbnbbeeeeens 46
2.3.3.Dataanalysidor FIeXStatioNl SSAYS . ......cccuuuriiiiiiieaeaee et e e e e e e e e a7

A 1 @ R 18 Y T 7 ] 1N P UUSUSRP 49
2.4.1Glycotechparallelflow Chamber.............oouiiii e 49

P o | oo [N ] [T [ PR 50
2.4.3Dataanalysidor CalCiuMIMAGgING.........ccooiuuriiieiiiiiiee et e e ee e e ee s sneeeeeee s 52
2.5POLYMERASE CHAIN REACIIENR). ...ttt e e e ettt ettt e e e e e e e s e e s bbb e e reeeeeeaaaaeae s 55

2 5. LRNAEXITACTION. ...ttt ettt e e ettt e e e e e e e e s s abanb et beeeeeeeeaeeeesannnbbeeeeeas 55
2.5.2CompementaryDNA(CDNABYNINESIS ....cooiiiiiiiie e 55
2.5.3NonquantitativereverseranscriptioNPCRRTFPCR).........ccoiiiiiiiiiiiiiieeee e a e 56
2.6RNASEQUENCING ..1.ueeeetttttiseeetettaeeeeestttseeeseetnnaaeeerannaseesesstnnaeesessstnisressssmnnseeesesssnsnereesessnnseeeeesd 60

A A4Sy = T 1 ] L 62
2.7.1Proteinextractionand qUantifiCatioN.............ooiuuriiiiiiiiee e 62

4



2.7.2SDPAGENAdMEMDIaNEraNSIEIENCE. ......u et e e e e e e e saaeeeand 62

2.7.3Membraneblockingand proteinimMaging..........cccuvriiiririeie e e e e e e e e 63
2.7.4.Dataanalysidor westernblot iMaging...........eeeieeeii i 64
2.8NITRITENG-) MEASUREMENT. ....ctuttttteessttteeeessautteeeesssteeeesssstseeeessanssseeesssssssesesasseeesssansssseeessnsseeesssnes 65
CHAPTER INVESTIGATINGIECONTRIBUTIGNTHEPURINERGRECEPTOREENDOTHELIRELLS'
CALCIUNHOMEOSTASILS. ..o itiiieeiitiee et ee ettt e ettt e ettt e e st et e e e s sbbe e e s ssbe e e e snbeeeeanbanreeessbbeeeesnbaeeesnbeeeennes 68
TR [N (0110 o4 1 (o] N A TP PTSPPPRPP 68
T Y Y 1 TP PP ST TT PP 69
RG] o L] = OO P PP UTPPTPT PR 69

3.3.1. Membrane receptors RNA sequencing profile of human microvascular endothelial celldJBMEC

3.3.2. Characterisation of the purinergic receptors signalling in human microvascular endothelial cells

(LY 1 1 TR PRR 12
3.3.2.1 Nucleotideevoked calcium responses of human microvascular endothelial cells MEC.............72
3.3.2.2 ATRevoked calcium responses of human microvascular endothelial cells (MEE mediated by
phospholipase C (PLC) activation, leading to the subsequent release of calcium from intracellular.stores?
3.3.2.3 The broadpectrum P2 antagonists affected the Adked calcium responses of human microvascular

endothelial CEIIS (HMED)........coiiiiiiiiii ettt e ettt e st e sin et e e s e e e ntn e e e nnnees 81
3.3.2.4 P2X4 antagonists inconsistently affected the-évidRed calcium responses of human microvascular
endothelial CEIIS (HMED)........coiiiiiiiiii ettt e ettt e st e e e e st e e e st e e s nnnnes 88
3.3.2.5 P2X4 positive allosteric modulator, ivermectin, had an unexpected impact on thev@ieel calcium
responses of human microvascular endothelial cells (HIEC...........cooviiieiiiiee e 101
3.3.2.6 P2Y2 selective antagonist significantly affected thesA@RITRevoked calcium responses of human
microvascular endothelial Cells (HMEEL..........oooiii e e e 104
3.3.2.7 P2Y11 selective antagonist did not affect the-&idked calcium responses of human microvascular
endothelial CeIIS (HIMED)........coiuiii ettt ettt ettt st e sttt e e st e e ssbe e e e sbae e e snneeeesnteeeeanneeeesnnes 110
3.3.2.8 A2B selective antagonist did not affect the -A¥&ked calcium responses of human microvascular
endothelial CEIIS (HMED).......ccoiiiiiiiiiie ittt ettt e s s n e e s b e e e e s br e e et e e e nennes 110
3.3.3. Characterisation of the vascular endothelial growth factor calcium signalling in human
microvascular endothelial Cells (HMEJC...........oviiiiiiiiiiieie e e e e 113
3.3.3.1 VEGEsevoked calcium responses of human microvascular endothelial cells ®#HMEC................ 113
3.3.3.2 VEGEsevoked calcium responses are mediated by phospholipase C (PLC) activation in human
microvascular endothelial Cells (HMEEL...........ooiiiiiiii e 118
3.3.3.3 The broagpectrum P2 antagonists affected the VEsEvoked calcium responses of human
microvascular endothelial CellsS (HMEEL...........uueiiii et e e e e e e e e e e e e anenee 122
3.3.3.4 P2X4 antagonists inconsistently affected the Vd&s@®¥oked calcium responses of human microvascular
endothelial CeIlIS (HMED).......cooiiiiiiiieiei ettt e s s r e e s e e e s br e e e antn e e nennes 127
3.3.3.5 P2Y2 selective antagonist did not affect the \Ws®¥oked calcium responses of human microvascular
endothelial CElIS (HIMED).......c.ooo ittt e e e ettt e e e e e s bbbttt e e e e e e s anb b e e e e e e e anntneeaeeaeas 130
3.3.3.6 P2Y11 selective antagonist significantly inhibited the ME&©ked calcium responses of human
microvascular endothelial Cells (HMEEL............uuiiiie et e e e e e e e e e e e eneeee 135
3.3.3.7 VEGhsevoked calcium responses P2¥Ydependent are mediated by thadenylyl cyclase pathway in
human microvascular endothelial cells (HMBC...........ooiiiiiiii e 138
3.3.3.8 A2B selective antagonist significantly affected the WWe@¥Foked calcium responses of human
microvascular endothelial Cells (HMEEL............uuiiii ettt e e e e e e e e e e anenee 144

3.3.4. P2 purinergic receptors protein profile of human microvascular endothelial cells-(IHMEC146
3.3.4.1 P2X4 protein expression was not detected in human microvascular endothelial cells{HMEC...146
3.3.4.2 P2Y2 protein expression was ambiguously detected in human microvascular endothelial ce#$HMEC

............................................................................................................................................................... 148
3.3.4.3 P2Y11 protein expression was detected in human microvascular endothelial cells{HMEC....... 153
3.3.5. Purinergic receptor mRNA expression profile of human umbilical vein endothel{Bdl@€¢BCs).
................................................................................................................................................... 158
3.3.6. Characterisation of the vascular endothelial growth factor calcium signalling in human umbilical
vein endothelial CellS (HUVECS) . ....iiuuiiiiiiiiiiiie ettt e s snrreee e 163
3.3.6.1 VEGEs-evoked calcium responses in human umbilical vein endothelial cells (HUVECS)............ 163
3.3.6.2 Théoroad-spectrum P2 antagonist, PPADS, affected the Ws&Foked calcium responses of human
umbilical vein endothelial CellS (HUVECS).......cciuiiiiiiiieiieee ettt 165
3.3.6.3 P2Y11 selective antagonist did not affect the Vgs@®¥oked calcium responses of human umbilical vein
€NAOLNENAI CEIIS (HUWVECS) ... i ittt ettt e ettt e e e e e aa et e e e e e e e s nnbb et e e e e e e nntaeeaeeaaas 165
3.3.6.4 VEGEskinetics profile differed between human umbilical vein endothelial cells (HUVECSs) and human
microvascular endothelial cells (HMEY and this response is characteristic of endothelial cells............. 168



3.3.7. Characterisation of the ATP calcsignalling in human umbilical vein endothelial cells (HUVECS).

................................................................................................................................................... 171
3.3.7.1 ATRevoked calcium responses in human umbilical vein endothelial cells (HUVECS)................. 171
3.3.7.2 ATP kinetics profile differed between human umbilical vein endothelial cells (HUVECs) and human
microvascular endothelial Cells (HMEEL............uuiiiiii ettt e e e e e e e e e e s e enne e eeeeaeeeaneees 175

S DISCUSSION ... ceeetitittittttitit e e e e e e e e e e aeeeee et eeee et e eeaesssaea e e oo oo oo e e e e e e e aaeeeeeeeeeeaatbebe b b babn e e e e e e e e eaeas 178

3.4.1. Human dermal microvascular endothelial cells (HI)ERpress various purinergic receptors at the

traNSCHPLONAI IEVEL.....oie e e e e e e s e e s e e e e e e e e e e e annnnns 178

3.4.2. Purinergic receptors contribute to the endothelial calcium homeostasis inrHMEC............ 178
3.4.2.1 The broagpectrum P2 antagonists impair ATP calcium influx in HMEC.................ccocvvivieeeee. 180
3.4.2.2 P2X4 is unlikely to play a role in the-&¥@ked calcium responses in HMEC..............ccocoveiiieeenns 181
3.4.2.3 P2Y2 mediates AtiBpendent responses in HMEBIC ..o 182
3.4.2.4 P2Y11 and A2&ceptors do not mediate ATP responses in HMEC.............ccccccoeviiiienee i, 183

3.4.3. Human dermal microvascular endothelial cells (HI)ERpress various vascular endothelial

growth factors receptors and ligands at the transcriptional 1eVel...............oocciiiiiiiieieie s 183

3.4.4. VEGF receptors contribute to the endothelial calcium homeostasis irHMEC.................. 184
3.4.4.1 The broagpectrum P2 antagonists impair VEgEalcium influx in HMEC..............cccoccveeeiviinnnnen. 186
3.4.4.2 P2X4 selective antagonists inconsistently impair MdE€fcium influx in HMEC. ..............ccceevneeen. 187
3.4.4.3 P2Y2 selective antagonist did not impair the Yg&@&cium influx in HMEC. ...........ccccooceeeiiieeens 187
3.4.4.4 P2Y11 selective antagonist impaired the Vg&@&cium influx in an adenylyl cycladependent manner
T 1Y = PSRRI 188
3.4.4.5 A2B selective antagonist impaired the Vis@RIcium influx in HMEC............c.ccooiiiiieeeeeeicciie. 197

3.4.5. Human dermal microvascular endothelial cells (HI)ERpress different purinergic receptor

patterns at the Protein [EVEL........ccccii oo 197
3.4.5.1 P2X4 is not expressed in HMEA the protein l@Vel...........cooviiiiiiii i 197
3.4.5.2 P2Y2 protein detection is ambiguous in HNMIEBEIIS...............ccooiriiiie e 199
3.4.5.3 P2Y11 is expressed in HMEAT the protein [EVEL...........ccooiiiiiiiiiiiii e 201

3.4.6. Human umbilical vein endothelial cells (HUVEC) express various purinergic receptors at the

LU= Rt g o1 o] g F= L 1= Y= RS 203

3.4.7. VEGF receptors contribute to endothelial calcium homeostasis in HUVECS, and their trace kinetics

differ from thoseobserved in HMEC CEIIS...........ooo i 204
3.4.7.1 P2Y11 selective antagonist did not impair the Vg &&icium influx in HUVECS...........ccccoocvvennee. 204

3.4.8. Purinergic receptors contribute to the endothelial calcium homeostasis in-HME€their trace

kinetics differ from those observed in HMECRIIS............c.ooviiiiiiiieee e 205
3.4.8.1 The SERCA inhibitor thapsigargin impaired the@&Bm influx in HUVECs, while BX430 could not inhibit
tNE STUAIEA FESPONSES. ...ttt ettt e e e e e e bbbttt e e e e e bbbt e e e e e e e e annbbeeeeeeeaaanebeeeeeeeaaannnne 205

CHAPTER EXPLORINGHECONTRIBUTIGNPURINERGRECEPTORSMECHANOSENSITEXEDOKED

CALCIUNRESPONSES. ... . ettt ettt e e e e e ek bbbt et et e e e e st b be e e e e e s e anbebeeeee e 207
A L INTRODUCTION. 1.ttt ttetttteeeeeeetaseeeeeetaa e e eaeeesta e e et eeeaa e eeeeeessa e eeeeesbaa e aeeetaba s eeeteebbnneeaeeesnnnsaeeeenns 207
Y 1 SN 207
] S U o PP PP PP PP PTTPTPRTTRRN 208

4.3.1.Characterisation of Piezol signalling in human microvascular endothelial cells{H i

human umbilical vein Cells (HUVEQ)..... ..o e e e e e e e e e e e e e eeeeeanens 208
4.3.1.1 Yodal evoked calcium responses in human microvascular endothelial cellsi(Hiitthis response
was inhibited in the PresSenCe Of GSMTXA........vii et e s s e e 208
4.3.1.2 Yodal evoked calcium responses in human umbilical vein endothelial cells (HUVEC), and this response
was inhibited in the presence Of DOOKUL.............iiii ittt e e e e e e e e e e e 212
4.3.1.3 Yodal kinetics profile differed between human umbilical vein endothelial cells (HUVECs) and human
microvascular endothelial Cells (HMEEL..........coouiiiiie e e e 216

4.3.2. Characterisation diroad-spectrum P2 antagonist effects in Yodadluced responses in human

microvascular endothelial cells (HMECand human umbilical vein cells (HUVEQC)...................... 218
4.3.2.1 The broadpectrum P2 antagonists did not affect the Yodabked calcium responses of human
microvascular endothelial CellsS (HMHEEL...........uuiiiiiie et e e e e e e e e e e e e e sneeee 218
4.3.2.2 The broadpectrum P2 antagonists affected the Yoaa/bked calcium responses of human umbilical
vein endothelial CellS (HUVELC)........uii ettt 221

4.3.3. Insights into the suitability of two different parallel flow chambers for mechasticallation of

(o3| ESRN T 0 IRV 1 (o PP PPPPPUPTPN 232
4.3.3.1 The Glycotech parallel flow chamber was discarded as an option to stimulate cells in vitro mechanically.
............................................................................................................................................................... 234



4.3.3.2 The Ibidislide was an inconsistent but potentially valuable tool to stimulate cells in vitro mechanically.

............................................................................................................................................................... 238
4.3.4. Investigation of the benefit of the Griess reagent for quantifying nitric oxide in endothelial cells in
A1 {0 PP PP 244
A A DISCUSSION ...ttt e e e e e e e e e aeee ettt eeeeateeeeebababab e o4 o4 2 e a2 e e e e eeeeeteeeee et eneba b abab e ae o e e e e e e e aaaeeeeeeeeranes 249
4.4.1. Piezol is transcriptionally and functionally expressed in human dermal microvascular endothelial
cells (HMEQ) and human umbilical vein cells (HUVEC)...........ccviiiiiiiieieiiieeeeeee e 249
4.4.2. The broadpectrum P2 antagonist impacted the Yodal calcium influx differently in HNBG
HUVEC CRIIS. ..ttt ettt ettt e e skttt e e e s st et e e e abbeeeeessnbbeeeessnbaneeeesane 251
4.4.3. The parallel flow system for mechanically stimulating endothelial cells in vitro still needs time to
investigate the P2 contribution in the shear strdspendent reSPONSES.........cccovvvvcvvviierrereeeeeeennn 255
4.4.4. The Griess reagent was not valuable for measuring nitric oxide release inlH®&IEBGN the tested
(o0 1o 11T o < 7 PPPPPURPRP 258
CHAPTER GENERADISCUSSIQN........ccciiiiiieiiiiieiimiieeessiteeesstseeestaeeesimsseessssssessssssesessseessamsssssessssees 261
5.1KEY FINDINGS AND CONCLUDING REMARKS......uetiiiiittieeeesiitteeeessitteeeessastsessesssssesesssnsssssssssssssasssane 261
5. 2FUTURE DIRECTIONS. .. ttttttttttttttssntunuaaaaaaeseaeeaaeaareteteeeesanssssssanas s aaaaaaaeeeeaaaeeeeeeeesssnnnssnnnnnnnnnnnnnsss 265
Y o o =1 | SRR 267
APPENDIK VEGIRECEPTORS AND LIGANDS EXPRESSIANERAOMANPROTEIMTLAS. ....ccoiieieeeeeeeeeeeeeeeeeeeennee 267
APPENDIN.J.LET AL 2011VEGEss TRACE KINETICHINVES ... 269
REFERENGES. ..ottt sttt ettt e st e et ees e e sttt e e e e s be e e e aata e e e s rms s e e e e estaeeesnsseeesnsseeesamsseeeesnnneeas 270



Listof Figuresand Tables

CHAPTER 1

FAGUREL.THE STRUCTURE OF A VESSEL WALL ENDGHEELIUM ........eeerveeesoeeeeseeecmeeesseeeeseeneseeeens 21
FGURE.ACTIVATION OF THE PURINERGIC AND CALCIUM SIGNALLING........eevetceeseeeeeeeseeeesessenees 25
FGUREB.P1P2XANDP2YRECEPTORSTRACELLULAR SIGNALLING PATHWAYS AND.AGQNISTS......... 29
TABLEL. P2YRECEPTOR AGONIST AND COUBPRGTEIN SUBUNCTISUMAN POTENCIES. ......veeveeeeveeenes. 31
TABLE2. P2XRECEPTOR AGONIST AND DESENSITIZATION RBEIAMPOTENCIES. .....ceecveeieveeieee s emees 33
FGURE.VEGFAMILYRECEPTORS AND LIGANDS. ......veeveteeeesameeeseeeeseeeseeeesee s e meeeeeeeseeeeseesns 36
TABLE3. FUNCTIONS OF HUMAN ENDOTHERBEHANNEL SUMMARY........veeivveereeieeesseemveesseeseressenass 38

HGURKB.DFFERENT IN VITRO APPROACHES TO THE ENDOTHELIAL FUNCTION AND.ELOW.TY.PES....39

CHAPTER 2
TABLEL. LUIST OF EXOGENOUS NUCLEOTIDES AND OTHER SELECTIVE AGONLISTS.....uuieeeeenenenenennnens 41
TABLE2. LIST OF NGSELECTIVE PURINERGIC RECEPTOR ANTAGONISTS .. ..utttviiemmmcieieiierereeasenanes 41
TABLE3. LIST OF SELECTIVE PURINERGIC AND ADENOSINE RECEPTORS ANTAGONISTS QR MODULA#G®
TABLEL. LIST OF OTHER DRUGS AND INHIBITORS. ... tttteieeecommetieeeeeeaeeesaannetmee e e e e s annnnenneeeeeens 42
TABLES. CELL LINES AND CULTURE MEDIA SPECIFICATIONS SUMMARY.....ccettiesmmniiiieieaaeeesannininnes 45
HGUREL. CHEMICAL AND FLUORESCENCE PRAFIBBDIAM........uuiiiiiieeaiiiiiiiiae e eiiieeeee e e e e e 48
HGURR. REPRESENTATIVE FRESOLVED INTRACELLULAR CALCIUM RESPONSE.......ccccceeicmmeneeee.... 48
TABLES. SHEARSTRESS VALUES FERIPE’4L 9w Chw +31{07BQENTIPOISE..........ccvvveeeennrenae 51
HGURE. PARALLEL FLOW CHAMBERS SPECIFICATIONS. ... ..uuttiiiismmeeieeereeeeesseannnesimaaeeesenneennns 54
TABLEY .FRIMER SEQUENCESRORECEPTORS AND HOUSEKEEPINBYBENBL. .....ceeeeieieeeieieeeeeeemmmeeee 57
TABLEB. PRIMER SEQUENCESIPRRRECEPTORS ....cei i iutttteieeeeeescmmmetteeeeeaeessaaenteeeeeamm s e snsnseeeeeaeeens 58
TABLED. PRIMER SEQUENCESIPRRRECEPTORS. ...t iuutttieieteaeesmmmeetteeeeeaeessaanisbsseeemmm s snsbbnseeeaeeens 59
HGURHE. FOUR HUMAN MICROVASCULAR ENDOTHEL(MMIEEL) SAMPLES WITH DIFFERENT LEVRINAOF
DEGRADATION WERE ANALYSED USHISOAEPESTATION FROMGILENTECHNOLOGIES............... 61
TABLELO. STACKING AND RESOLVING GEL COMPOSITIQN. . ..uvvrereeessimmeeseereeeeesesassssnnsesssmmmmnnsseneees 63
TABLELL.BLOCKING SOLUTIONS CONFIGURATION......eet it iueitttaaaceeeesnneteneeeeaeessssnmmmmeeeeaessssansnnsnes 64
TABLEL2.LIST OF ANTIBODIES USEIWEBRERBLOTTING .....iiitiiiieeee e e e meeeeeee e e e e eeeeiieeee e e e e e mmmmee 64
HGURE. NITRITE MEASUREMENT SPECIFICATIONS. ...ttt cc e aiitteieeeeeae e e s s atiemenaeee e e s nneneeneas 67
CHAPTER BESULTS.
HGUREL. NORMALISED GENE EXPRESSION FOR THE EXPECTEDRRKMER/BIES IN VARIOUS RECEPTOR
FAMILIES IN HUMAN MICROVASCULAR ENDOTHEL(IIMEEELE .......cccooviiiiiiiiiiiie i 71
HGURR. ATPELICITS INTRACELLULAR CALCIUM RESPONSES IN HUMAN MICROVASCULAR ENBIMEBEL
HGURE. EXTRACELLULAR CALCIUM REMOVAL IMPACAEBAWEKED RESPONSE IN HUMAN MICROVASCL
ENDOTHELIAL CHHIEGL)......uuuiiitiiiiiiiiiiiiiiiceme bttt eeen s mmmnsneee 74
HGURE. ATPUTPADPANDUDPELICIT INTRACELLULAR CALCIUM RESPONSESMIGROMNSCULAR
ENDOTHELIAL CHIHBIEGL)......oeeiiiiiie e mmmo et e e e e memm s e e e e e e e et s e e e eeee 75
TABLEL. SUMMARY OF NUCLEOT+EEOKED RESPONSES IN HUMAN MICROVASCULAR ENDOTHEMEGL¥L
.................................................................................................................................... 76
TABLE2. EFFECTS OF BREBFECTRUM ANTAGONISTS ONTREVOKED RESPONSES IN HUMAN MICROVAS
ENDOTHELIAL CHIHBIEGL)......coeiiiiiii e cmmo et s e e e meem s e e e e e e e et s e e e enees 76
HGURE. BFFECTS OF THE PHOSPHOXBREEINHIBITORI731220N THRATREVOKED RESPONSE IN HUM!/
MICROVASCULAR ENDOTHELIALEBAESEL). .........cvvviiiiieiiieeiiemmm e eeeeeeiie e e e e s mmeneen e e ee e D

HGURB. BFFECTS OF THE SARCOENDOPLASMIC RETICULUM CALCIUM\TIRASESEBRIC AYHIBITOR
THAPSIGARGIN ON ATHRPEVOKED RESPONSE IN HUMAN MICROVASCULAR ENDOTHHMEEELLZY



HGURH . TOLERANCE OF WWEREVOKED RESPONSE IN HUMAN MICROVASCULAR ENDOTHENMIE €PI

0.1%ANDO.2YDIMETHYL SULFOXIDIAISO)c...uuiiceieiiiiie e e e eeeme s eeeeeevte s e e e e e e mmmman e e e e eeeenes 80
HGURH. INHIBITORY EFFECTS OF APYRASEATNPEMBKED RESPONSE IN HUMAN MICROVASCULAR ENC
CELLEHMERGL)...ce ittt oottt sttt e e e e e e e e mmn e e e e e e e e 82
HGURE.INHIBITORY EFFECTS OF BRPROTRURZ2RECEPTORS ANTAGORPADSN THATREVOKED
RESPONSE IN HUMAN MICROVASCULAR ENDOTHEHIMEEL)S .........coovviiieiiiiiiiicceeeiiiiiiiiieee 84
HGURELO. INHIBITION CONCENTRAIRESPONSE CURVESRHRDEN THATREVOKED RESPONSE IN HUM.
MICROVASCULAR ENDOTHELIAL(EBAEEL)........ccoveiiiie e ceeeecmme e vvmmmm e eeeeeee 85
HGURHE.1.UNEXPECTED EFFECTS OF ERRESTRURMZ2RECEPTORS ANTAGONIST SURAMIN ANREOKED
RESPONSE IN HUMAN MICROVASCULAR ENDOTHEHIMEEL)S .........oovvvieeiiiiiiiiicceeeiiiiiiiiieee 87
HGURE2.LACK OF INHIBITORY EFFE(BAYE/97P2X4ARECEPTOR ANTAGONIST ORTREVOKED RESPO!
IN HUMAN MICROVASCULAR ENDOTHELIAHBHERL).......cooiiiiiiiiiiiiiieie oo 90
TABLE3. EFFECTS OF SELECTIVE ANTAGONISTAOREWEKED PEAK RESPONSES IN HUMAN MICROVASC
ENDOTHELIAL CHIHBIEGL)......cooii e eeem e e 91
TABLE}. EFFECTS OF SELECTIVE ANTAGONISTAOREHEKEBUCRESPONSES IN HUMAN MICROVASCUL,
ENDOTHELIAL CHIHBIEGL)... ..o emem e e e e e e e e 92
HGUREL3.LACK OF INHIBITORY EFFECFBDBIP2X4ARECEPTOR ANTAGONIST ORTREVOKED RESPONS
HUMAN MICROVASCULAR ENDOTHELIA(HMIEIGL)...........uuviiiiiiiiiieeeeimmmmiiieie e e 94
HGUREL4. LACK OF INHIBITORY EFFE(BX480P2X4ARECEPTOR ANTAGONIST ORTREVOKED RESPONSE
HUMAN MICROVASCULAR ENDOTHELIA(HMEGL)...........ccvvviiiiiiiiiriiicmmneninneessens e e e s e e e s mmmees 95
HGURELS. INHIBITORY EFFECTADREVOKEGA2+RESPONSES AFTER TREATMENBXMBBSELECTIVE HUN
P2X4RECEPTOR ANTAGONISBIXLNIHUMANP2X4STABLE ASTROCYTOMA CELLS.......cccevvennnn. 97

HGURHEG6.ATPDID NOT CAUSE AN ENDOGENOUS CALCIUM RESRB24SEIMMRENTAL ASTROCYTOMA. &8
HGURHEL7.INHIBITORY EFFECTBSB1206P2X4RECEPTOR ANTAGONIST ORTREVOKED RESPONSE IN
HUMAN MICROVASCULAR ENDOTHELIA(HMIEGL)............uvviiiiiiiiiieeesmmmmiiiiee e e 10C
HGUREL8.UNEXPECTED EFFECTS OF IVERMECTIN IN HUMAN MICROVASCULAR END(HMEGA). CEL182
HGURELY. INHIBITORY EFFECTARE118925X®2Y RECEPTOR ANTAGONIST ONTREVOKED RESPONS

HUMAN MICROVASCULAR ENDOTHELIA(HMIEGL)...........ouviiiiiiiiiieeee s mmeiiiieeeceeee e e 10€
HGURR0. INHIBITION CONCENTRATRENPONSE CURVESARB118925XXP2Y RECEPTOR ANTAGONDSIT
THEATPREVOKED RESPONSE IN HUMAN MICROVASCULAR ENDOTHEIMMEEELLLS................... 107
HGURR1.TOLERANCE OF TEREVOKED RESPONSE IN HUMAN MICROVASCULAR ENDOTHHEME PG
0.1%DIMETHYL SULFOXIDEAISO).c.. i eieeeiiiii i e e e e eeeteeema e e e e e e e ettt s s e e e e e eetmmmmsseeeeeeanennnseeeeeenes 108
HGURR2.INHIBITORY EFFECTARE118925X®2YRECEPTOR ANTAGONIST ONTREVOKED RESPONS
HUMAN MICROVASCULAR ENDOTHELIA(HMEGL)...........ouvviiieiiieeeee s ccmeiiiieeeeeee e e 10¢
HGURR3.LACK OF INHIBITORY EFFEQYE1H7/P2Y 1 RECEPTOR ANTAGONIST OATREVOKED RESPONS
HUMAN MICROVASCULAR ENDOTHELIA(HMEGL)...........ouviiiiiiiiieie e cmmeiiiieceeee e e 111
HGURR4.INHIBITORY EFFECTBBSL754A2ARECEPTOR ANTAGONIST ORTREVOKED RESPONSE IN
HUMAN MICROVASCULAR ENDOTHELIA(HMEGL)............uvviiiiieiieieeesmmeiiiieieeeee e e 112
HGURR5.VEGKssELICITS INTRACELLULAR CALCIUM RESPONSES IN HUMAN MICROVASCULAR ENDO'
(HMEGL). ..ottt ettt e e e e e e e e mmnm e e e e e e e e e ettt e e e mmm s e e snsnesneeeeeeeeeeemne 11E
HGURR6. EXTRACELLULAR CALCIUM REMOVAL IMPACYEGR4EVOKED RESPONSE IN HUMAN
MICROVASCULAR ENDOTHELIAL(EBIEEL).........coovviiie e eeeeemmm et ee e vvmmmm e e eeeeees l11€
HGURR7.VEGKs7DID NOT ELICIT INTRACELLULAR CALCIUM RESPONSE IN HUMAN MICROVASCULAR
CELLEHMERGL)....ci ittt oottt mmmm ettt e e e e e e e e e mmn e e e e e e e e e 117
HGURR8.E-FECTS OF THE PHOSPHO¥REEINHIBITORI731220N THAV/EGlss-EVOKED RESPONSE IN
HUMAN MICROVASCULAR ENDOTHELIA(HMEGL)............uvviiiiiiiieee e ccmeiiieiieee e e 11¢

HGURR9.EFFECTS OF THE SARCOENDOPLASMIC RETICULUM CALCIUM\TRASESSEBRICAYHIBITOR
THAPSIGARGIBN THE/EGlgs-EVOKED RESPONSE IN HUMAN MICROVASCULAR ENDOTHEIMEEE



FGUREBO0. TOLERANCE OF MEGss-EVOKED RESPONSE IN HUMAN MICROVASCULAR ENDOTHEIMEE

1) TOO. 1¥DIMETHYL SULFOXIDIASO).....ciiiiiiiiieeeee ettt mmmm e ee e e e et mmmm e e e e e e 121
HGURBL1.INHIBITORY EFFECTS OF APYRASEMBAGIHEG5-VOKED RESPONSE IN HUMAN MICROVASCUL,
ENDOTHELIAL CHHBIEGL).......iiiiiieiiiis et cemm e e e e e e e e e emmm e e e e e e et e s e e e e ee s smmmm s 123
HGURB2.INHIBITORY EFFECTS OF BRRROTRUR2RECEPTORS ANTAGCORIPFAD SN THYEGFss-EVOKED
RESPONSE IN HUMAN MICROVASCULAR ENDOTHEIHIMEEL)S .........cvvvvviieeeeeiiiiceeeeiieeeeeen, 125
HGURB3.PPADS\IHIBITION DOSESPONSE CURVESMERKsIN HUMAN MICROVASCULAR ENDOTHELIA
(GG LY =T OO 126
HGUREB4.LACK OF INHIBITORY EFFEBAYE797P2X/ARECEPTOR ANTAGONIST OMEGHss-EVOKED
RESPONSE IN HUMAN MICROVASCULAR ENDOTHEHIMEEL)YS .........ovvveviieeeeeiiiiceeeeeieeeeeeen, 128
HGURB5. INHIBITORY EFFECTB8B1206P2XARECEPTOR ANTAGONIST OME@HEss-EVOKED RESPONSIE
HUMAN MICROVASCULAR ENDOTHELIA(HMBEGL)...........ovviiiiiiieeeeeeiicemeeieee e e e e 129
HGUREB6.LACK OF INHIBITORY EFFECAROE18925XX2Y RECEPTOR ANTAGONIST OMEBF165
EVOKED RESPONSE IN HUMAN MICROVASCULAR ENDOTHEINMEE@BLLS..........c.cvvvviieeeee e 131
TABLES. EFFECTS OF BREBFECTRUM ANTAGONISTS OMEGHss-EVOKED RESPONSES IN HUMAN
MICROVASCULAR ENDOTHELIALEBAEEL). .........cooeiiiiiiiii et e 132
TABLES. EFFECTS OF SELECTIVE ANTAGONISTY BGRHEVOKED PEAK RESPONSES IN IMUGROVASCULA
ENDOTHELIAL CHHBIEGL).......cciiiiiiii et mmmn e e e e e e e s 133
TABLE/. EFFECTS OF SELECTIVE ANTAGONISTY BG R3EVOKEBUCRESPONSES IN HUMAN MICROVAS
ENDOTHELIAL CHHBIEGL)......eeiiiiiiieiiiiiiii e ettt a e e e e 134
HGURB7.INHIBITORY EFFECTBIBES7P2Y 1 RECEPTOR ANTAGONIST OME@Hss-EVOKED RESPONSE |I
HUMAN MICROVASCULAR ENDOTHELIA(HMEGL)...........ovviiiiiieeeeeeeiieeeereieeeee e e e e e 13€
AGURB8.VEGEsINHIBITION DOSESPONSE CURVEINHEES IN HUMAN MICROVASCULAR ENDOTHELIA
(HMEGL ...ttt ettt ettt mmemse et e e et eseesene s ne s mmmns 137
HGUREB9.UNEXPECTED EFFECTR@@2536ADENYLYL CYCLASE INHIBITOR UK Gifiis-EVOKED RESPONS
HUMAN MICROVASCULAR ENDOTHELIA(HMBEGL)...........ovviiiiiiiieeee e ceeeeee e 14C

HGUREO0.EFFECTS OF THE COMBINATION-GE7P2Y 1 IANTAGONIST AIS6)22536ADENYLYL CYCLASE
INHIBITOR ON TNEG5-EVOKED RESPONSE IN HUMBROVASCULAR ENDOTHELIA(EMES] ). 142
HGURH#1.VEGEssPOTENCY FOLD CHANGE COMPARISON BETWEEN THENF25@P2 GERNTAGONIST A
THE CE\PPLICATION WISKQ22536ADENYLYL CYCLASE INHIBITOR IN HUMAN MICROVASCULAR EN
Lo =TI = o 1Y oy 143
HGURE2.INHIBITORY EFFECTM&SL754A2ARECEPTOR ANTAGONIST OMEGHF165-VOKED RESPONS
HUMAN MICROVASCULAR ENDOTHELIA(HMEGL)..........cvvvriniininiiimmmmineeesen e s e e e e e e e e e e e e oo 145
HGURE3.P2X4s NOT EXPRESSED IN HUMAN MICROVASCULAR ENDOTHEIVNE @BIATSTHE PROTEIN LE
(S0 TS USSR 147
HGUREZ4. AMBIGUOU®2Y2ROTEIN EXPRESSION LEVELS COMPARISON-OELWHERIRACTS OF HUMAN
MICROVASCULAR ENDOTHELIAL(HMEE1) AND HUMARP2 X4 321NIPARENTAL ASTROCYTOMA Cl
USING MI-BASED BLOCKING SOLUTION ANP2NEANTIBODY FRGMOMONEAPRO15)(50KDy)..15C
HGURE5. DETERMINATION OF THE BLOCKING SOLUTION TAPASEHRIR EIN EXPRESSION LEVELS COMI
OF WHOLEELL EXTRACTS OF HUMAN MICROVASCULAR ENDOTHEIMEEEIASD HUMANP2X4
1321NIPARENTAL ASTROCYTOMA CELLS USIRZYWANTIBODY FROAMBCAMABL68535)42KDy).

HGURE6. AMBIGUOU®2Y 1PROTEIN EXPRESSION LEVELS COMPARISON-OELWERTRACTSHIMECL
AND1321NIPARENTAL ASTROCYTOMA CELLS USIRESERBLOCKING SOLUTION ANP2ANTI1
ANTIBODY FROMOMONEAPRDIL5)(50KDR). ..ieitieieiieieeeeee i meee ettt mmm e 152

HGURE7.DETERMINATION OF WHICH BLOCKING SOLUTION T®R2%8 PBRTEIN EXPRESSION LEVELS
COMPARISON OF WH@EEL EXTRACTHMECL AND1321NIPARENTAL ASTROCYTOMA CELLS WAT

P2Y1IANTIBODY FRONBCAMABLB0 739X A3KDN)....ceievieeiiiiiiininiiineinmmmeeseninna s s s es e e e e e mmmm s 155
HGURH8.P2Y11Ss EXPRESSED IN HUMAN MICROVASCULAR ENDOTHEHMEGE) A THE PROTEIN LEVE
(] [ TR PP PUUURU 157

10



TABLES. NON QUANTITATIRFPCREXPRESSION PROFILE OF PURINERGIC RECEPTORS IN HUMAN BRAI!

UMBILICAL VEIN ENDOTHELIAL BHUMEC). .....uvveeiiiiiiciee s mmmm s es s e e e e e e e e eeaaaaeaa e 15¢
HGURHZ9. NON-QUANTITATNRFPCHREXPRESSION PROFILE OF ADENOSREXREDEPTORS IN HUMAN BR/
ANDHUVEQELLS ...ttt ittt ettt ettt e e mmm bbbt e et e e e e e e e s e e mmme e e e e e e e e e e e annes 16C
HGUREB0. NON-QUANTITATNRFPCHREXPRESSION PROFIBAYRECEPTORS IN HUMAN BRAIN AND UMBIL
VEIN ENDOTHELIAL CHHUVEC).......coiiiiiiiiiiii it eeee ettt mmmm s e e e e e e e e 162
HGURB1.VEGEssELICITS INTRACELLULAR CALCIUM RESPONSES IN HUMAN UMBILICAL VEIN ENDOTF
(LG AV =T TP PP PP TR 164
HGURE2. PRELIMINARY INHIBITORY EFFECTS OfSBEORRURMZ2RECEPTORS ANTAGORIBAD SN THE
VEGss-EVOKED RESPONSE IN HUMAN UMBILICAL VEIN ENDOTHEHUMVERB)LS................... 16€
HGURB3.LACK OF INHIBITORY EFFEQNBTH7/P2Y 1 RECEPTOR ANTAGONIST OME@Hs5-EVOKED
RESPONSE IN HUMAN UMBILICAL VEIN ENDOTHEHUREICE. ...........ovvviiiiieeeiimmeiiiiieeeeeeeenn 167
HGURB4.VEGEs® KINETICS PROFILE VARIED BETWEEN HUMAN UMBILICAL VEIN ENDQFHBVEAECEL
AND HUMAN MICROVASCULAR ENDOTHELIAHIEEES)........cvveiieiieeeeeiiiiiceeee e e 16¢
HGURB5.VEGEssDID NOT ELICIT INTRACELLULAR CALCIUM REIBAASHINUMANP2 XA TABLE
ASTROCYTOMA CELLS...ettiiiiiiiiititttit e e s e s ettt et e e e e e e e e mmmabbebe e et eeeaaeeesaaassbmmeneeeeeeeeesaannns 17C
HGURB6.ATFELICITS INTRACELLULAR CALCIUM RESPONSES IN HUMAN UMBILICAL VEIN ENDOTHELI
(LG AV =T TP P PP PPPPPPP 172

HGURB7.EFFECTS OF THE SARCOENDOPLASMIC RETICULUM CALCIUMTIRXSEBERICAYHIBITOR
THAPSIGARGIN ON AHEREVOKED RESPONSE IN HUMAN UMBILICAL VEIN ENDOTHEHIAVER)L S 73
HGURI8.LACK OF INHIBITORY EFFEABX48WP2XARECEPTOR ANTAGONIST ONTREVOKED RESPONSE
HUMAN UMBILICAL VEIN ENDOTHELIAWIBEIVEC)........ooviiiiiiiiiiiiiiiiceeeiiises e 174
HGUREB9.! ¢ $ KINETICS PROFILE VARIED BETWEEN HUMAN UMBILICAL VEIN ENDQFHEVEAE)@ED S
HUMAN MICROVASCULAR ENDOTHELIA(HMEGL)........ccvvviiiiiinniiiiiiiimmmniieans s e e e e e e e 17¢€
HGURB0. COMPARISON OF PURINERGIC RECEPTOR EXPRESSION PROFILE BETWEEN HUMAN UMBILI:
ENDOTHELIAL CE{HHEVECAND HUMAN MICROVASCULAR ENDOTHELIAHBHEES). .................. 177

CHAPTER DISCUSSION.

HGUREL. NORMALISED GENE EXPRESSION FOR THE EXPECTEDRRKMEFYBIFS FOR THE DIFFERENT AD

CYCLASE ISOFORMS IN HUMBROVASCULAR ENDOTHELIAL(HMESL). ... e 19C
TABLEL. PROPOSED MECHANISM INVOLVING ADENYLYL3QACLAITOFORM. ... evveeeeerieeiereesaneaaac e 19t
TABLE2. PROPOSED MECHANISM INVOLVING ADENYLYLEQACIBYSOFORM.......evveeeerieereeeesaneaaac e 19€
CHAPTER RESULTS.

HGUREL.YODAL ELICITED INTRACELLULAR CALCIUM RESPONSES IN HUMAN MICROVASCULAR ENDOTF

(HMEGL). .ttt ettt e e eem ettt e e e e ettt e e e e e memmmm s sttt e e e e e neeeeeeeennsman 21C
FAGURE. GSMTx4, THE SPIDER VENOM PEPINBIBITEYODAL-INDUCEIZA?" RESPONSE IN HUMAN

MICROVASCULAR ENDOTHELIALEBAEEL). .........ccee e eeee e 211
HGURE. YODAL ELICITED INTRACELLULAR CALCIUM RESPONSES IN HUMAN UMBILICAL VEIN ENDOTHE

(HUVEQC).. ettt ettt ekt e e+ ettt e e e e n bt mm bttt e e e e nbeee e e e ensee e 213
HGURHE. REMOVING EXTRACELLULAR CALCIUM DIMINISHEDAH#EY OKED RESPONSE IN HUMAN UMBILIC

ENDOTHELIAL CEHIHEIVEC ). . vttt oottt ettt meemeeees 214
HGUR. INHIBITION CONCENTRAIRENPONSE CURVES IN THE PRESBROE(®N THEYODAL-EVOKED

RESPONSE IN HUMAN UMBILICAL VEIN ENDOTHEHURECSE. .........coociieeeeiiiae e 21F
HGURES. YODAL'S KINETICS PROFILE VARIED BETWEEN HUMAN UMBILICAL VEIN ENDQFUVEE@ED S

HUMAN MICROVASCULAR ENDOTHELIA(HMEGL).........ccocuviieeiiiiiiie e cmeeee e e 217
HGURH . MINIMAL AND ISOLATED EFFECTS & PNEDADPSCAVENGER APYRASE OMOD#E-EVOKED

RESPONSE IN HUMAN MICROVASCULAR ENDOTHEHIMEEL)LS ........ccvvvvvieeeeiiiiiiceeeieeeeeeeenn 21¢

11



HGURE. LACK OF INHIBITORY EFFECTS OFBFENIRUMZ2RECEPTORS ANTAGORIBAD SN THEYODAL-

EVOKED RESPONSE IN HUMAN MICROVASCULAR ENDOTHEIMEECIELLS..........ccoeeveiiiiiiieee. 22C
HGURB. INHIBITORY EFFECTS OATIHENDADPSCAVENGER APYRASE ONTREVOKED RESPONSE IN HU
UMBILICAL VEIN ENDOTHELIAL GHUMEC). ...t emme e 223
HGURELO.INHIBITORY EFFECTS OF BRPROTRURMZ2RECEPTORS ANTAGORIFAD SN THRATREVOKED
RESPONSE IN HUMAN UMBILICAL VEIN ENDOTHEL(HUMEE$ .............................................. 225
TABLEL. BEFFECTS OF BREBWECTRUM ANTAGONISTS ONTHEVOKED RESPONSES IN HUMAN UMBILICAL
ENDOTHELIAL CHHBEIVEC)... ..., 22¢€
TABLE2. BEFFECTS OF BREBFECTRUM ANTAGONISTS OMOD##-EVOKED RESPONSES IN HUMAN UMBILIC,
ENDOTHELIAL CHHBEIVEC)........co i 22¢€
HGURELL.INHIBITORY EFFECTS OATHRBNDADPSCAVENGER APYRASE ONOBHWL-EVOKED RESPONSE IN HUMAN
UMBILICAL VEIN ENDOTHELIAL (HUME C)......eviiee ittt ettt e e sibe e e et e e 229
HGUREL2. INHIBITORY EFFECTS OF BEPEDTRUM2RECEPTORS ANTAGORRAD®N THEODAL-EVOKED RESPONSE |
HUMAN UMBILICAL VEIN ENDOTHELIALBEIVEC).....oo ittt e e e 231
HGUREL3. ATPEVOKED DETECTABLE INTRACELLULAR CALCIUM RESPONSES USING THE CALCIUM.IMAGING. SE238
FHGUREL4.SHEAR STRESS STIMULATION ASSAYS USINGCTHEECH PARALLEL FLOW CHAMBER ........cvvriiieeeieennn.. 235
FHGURELS. REPRESENTATIVE TECHNICAL ISSUES WHEN PERFORMING SHEAR STRESS ASSACGTESINGARKELLEL FL(
CHAMBER. ...ttt ettt e ettt e e e ettt et e e e ettt b s e e e et e ee bt e et e e aaa s e e e et e en b e e e et eebna e e e e nenn e e e e eenraan 237
FHGURELG. SHEAR STRESS STIMULATION ASSAYS USBNIB FBIEDE. .........coeiiertriereeeieereeeessssasesnnnneeereeeeeaseeenens 240
HGUREL7.SHEAR STRESS STIMULATION ASSHYSURSSEEDED HUMAN UMBILICAL VEIN ENDOTHEUMEGYELLS USINC
L1 1= 1T T ] IR o) PSS PP R PR 241
HGUREL8. SHEAR STRESS STIMULATION ASS2MIONRSSEEDED HUMAN UMBILICAL VEIN ENDOTHEUMEG)ELLS USIN
THEIBIDI HSLIDE. ...ttt eeett ettt ee et e eet e e ettt e e e et ee s st e eeeaaaeaaa s e s tanaeeatasasssanessnasssnsasssnnsasssnaassnesnnnaresn 242
FHGUREL9. SHEAR STRESS STIMULATION ASS2MBINRSSEEDED HUMAN MICROVASCULAR ENDOfHMEEL) CELLS
USING THEBIDI HSLIDE ...t ueeitteeett e ettt e e et eesea e e e et eeeetn e s aaa e eeanaeeetasaesannsessnnsseetnsaeennsasesnnsersnnaeennnnaees 243
HGURE20. INVESTIGATION OF CALEINDUCED RESPONSES FROM RELEVANT AGONISTS IN THE STUDY OF NITRIC O
HUMAN MICROVASCULAR ENDOTHELIACKIIEEGL).......ccciiiiiiiieiiiiiie e ettt 246
HGURR1.ACCUMULATERITRITENCG:) MEASUREMENT UPON DIFFERENT AGONIST STIMUIEATNMGWMICROVASCULAR
ENDOTHELIATELLEHMEGL) ...ttt e ettt et e e e e e e e s e annbb s seeeeeeeeaaeaeeaaannnns 247

CHAPTER DISCUSSION.

TABLEL. COMPOSITION OF GROWTH MEDIA SUPPLEMHENNZBRNBFPROMOCELL ....cvviiviiiiiiiieiieeeieeneeeieeanenaaaas 25C
HGURH.. PROPOSEBEZA ACTIVATION MECHANISM AND DOWNSTREAM EVENTS UPON SHEAR STRESS. STIMUL25#
TABLE2. PUBLISHED PHYSIOLOGICAL VALUES OF SHEAR STRESS IN DIFFERENT VAS8UMBR@GEDSAND............ 256

12



Abbreviations

5-BDBD
AC

Ach
ADP
ASIC
ATCC
ATP
ATR-S
AUC
BAY1797
BSA
BSS
ca*
Cad
cAMP
Carbachol
Cavl
cDNA
CQ
CRAC
DAG
DMEM
dNTP
DTT
DSMO
EAhy926
EBM2
ECACC
EGo
EGF
EGM2
EGTA
eNOS
ER
ERK
FBS
FIv
FURA
Q12113
Dh

D

G's
GPCR
GsMTx4

5-(3-bromophenyh1,3-dihydro2Hbenzofuro[3,2e]-1,4-diazepin2-one

Adenylyl Cyclas
Acetylcholine

| RSy 2 adiphosphaeQ

Acidsensing ion channel

American Type Culture Collection
Adenosing -Qriphosphate
Adenosinep -O-(3-thio-triphosphate)

Area Under the Curve

N-[4-(3-chlorophenoxyB-sulfamoylphenyiP-phenylacetamide

Bovine serum albumin
Balanced Salt Solution
Calcium ions

Calcium chloride

CyclicAdenosine Monophosphate

Carbamylcholine

Caveolinl

Complementary deoxyribonucleic acid

Carbon dioxide

Calcium Releasgctivated Calcium channel

Diacylglycerol
5dzf 6 5002 Qa

a2RATASR

Deoxynucleotide Triphosphates

Dithiothreitol
Dimethyl Sulfoxide

A human endothelial cell line
Endothelial Basal Mediuth
European Collection of Authenticated Cell Cultures
Half maximal effective concentration
Epidermal Growth Factor
Endothelial Growth Mediu
Ethylene Glycol Tetraacetic Acid
Endothelial Nitric Oxide Synthase

Endoplasmic Reticulum

ExtracellulaSignalRegulated Kinases

Foetal Bovine Serum

Flowinduced vasodilation
Fura2, a calcium indicator dye
G protein subunit alphd2/13

G protein subunit alpha

G protein subunit alpha g
G protein subunit alpha s
G-protein coupled receptor
A peptide that inhibitsnechanosensitive ion channels

9l 3f S

a SRA dzy
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HCI
HELA
HEPES
HMECL
HRP
HUVEC
1Go

IL

IP3
ICAM1
INOS
IVM
KDa

LB
MAPK
Mg?*
MgCh
MRNA
MW
Na
NacCl
NaOH
NFAT
NO
NOS
NRP
ORAI
P1
P2X
P2Y
Pen/Strep
PI3K
PIGF
PIP2
PKA
PKC
PLC
PPADS
PSEL2062
PVDF
RNA
ROCE
ROI
RTFPCR
SBS
SEM
SERCA

Hydrochloric Acid

A human cell line derived from cervical cancer cells
4-(2-hydroxyethyBl-piperazineethanesulfonic acid
Human Microvascular Endothelial Gélls
Horseradish Peroxidase

Human Umbilical Vein Endothelial Cells

Half maximal inhibitory concentration

Interleukin

Inositol 1,4,5risphosphate

Intercellular Adhesion Molecule 1

Inducible Nitric Oxide Synthase

Ilvermectin

Kilodaltons

Loading Buffer

Mitogen-Activated Protein Kinase pathway
Magnesium ions

Magnesium chloride

Messenger Ribonucleic Acid

Molecular Weight

Sodium ions

Sodium chloride

Sodium hydroxide
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Chapterl. Introduction.

1.1 The endothelium.

The vascular system is the first organ to develop during embryogenests;@rsists of blood

and lymphatiozessels thafacilitate bloodand lymphflow throughout the bodyRisau et al.,

1995) There are three types of blood vessels: arteries, veins, and capifarezes and veins
convey large volumes of blood between organ systems. These larger blood vessels branch into
progressively smaller vessels to regulate local blood pressure and volumetric flow within the
tissues and cells of each organ system. Capilldhesmallest and most densely distributed
vessels, are specialized in directly exchanging fluids with cells deep within tissues. While large
and small vessels have specializedctions, they coordinate to maintain homeostasis
throughout the body(Barrs et al., 2020Although they performed discrete physiological
functions, the majority of vasculature is divided into three histological layers: the intima (the
inner), the tunica media (the middle), and the tunica externa (the outer i@gigtre 1a). The

intima comprisesendothelial cellsthe first point of contact between blood amésculature
cells,which detect mechanical, metabolic, and immunological signals in their surroundings
through specific receptor@&Cabou et al., 2022; Reinhdting et al., 2008Yhese interactions
between blood flow and endothelial cells trigger biochemical and mechanical responses in the
endothelium, which are crucial for controlling vascular tone, blood pressure, immune cell
recruitment during inflammatiorangiogenic sproutingnd vasculapermeability(Cabou et

al., 2022; Félétou, 2011; Polk et al., 20E@pending on whether the interactions occur in a
healthy or diseased state, they can either protect or alter the vessel wall. Factors such as high
LDLcholesterol, elevated triglyceride levels, diabetes, obesity, arterial hypertension,
inflammation, and asedentary lifestyle contribute to endothelial dysfunction, potentially
leading to cardiovascular disease developni€atbou et al., 2022 functional endothelium

is typically silent with a neamdhesive surface for the passing blood flow. However, once a
disruption of homeostasis occurs, the production of antithrombotic mediators decreases,
leading to an activation of the endothelium. Thitivaation is necessary for many processes,
such as leukocyte adhesion during wound healing, but a continuous activation of endothelial
cells can result in atherosclerosis. In addition to the prothrombotic disease states, endothelial
dysfunction has alsbeen linked with proinflammatory diseas@&fen, vascular homeostasis

and improvement of diverse cardiovascular pathologies depend on endothelium activity
(Davies, 2009; Reinhafing et al., 2008)

The vascular intima is formed by endothelial cells connected to-am&hick basal lamina

and has a body surface area of 3@@DO0 n? with approximatelyl to 6 x 18° endothelial cells
(Felétou, 2011; Kriggdenge et al., 20197 his basal lamina is a crucial part of blood vessels,
acting as the framework for arteries, veins, and capillaries. Inside this framework, endothelial
cells form a lining, while smooth muscle cells or pericytes (capillaries, venules) cover the
outside (Félétou, 2011)Pericytes are fibroblastlike cells with long extensions of their
cytoplasm that surround endothelial calissmall vesseldHerndon et al., 2017Endothelial

cells can produce almost all the basal lamina proteins and generate enzymes essential for
remodelling. This remodelling is significant for the flexibility of blood vessels and angiogenesis
(Felétou, 2011Endotheliatharacteristics are consistent between arteries and veins, showing
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continuous cells and a thick monolayer, while in capillaries, the organ looks thin and
fenestrated, allowing an easy exchange of metabolites and ¢8sesloo et al., 2010)
Endothelial cells exhibit different shapes throughout the vascular system but typically have a
thin and slightly elongated form. Their dimensions are approximateg05@icrometres in

length, 1@30 micrometres in width, and @10 micrometres in thicknes§Vithin the blood

vessel wall, these cells are polarized and align along the vessel's axis, which helps minimize the
shear stress forces the flowing blood applies. They have an apical membrane in direct contact
with blood and circulating cells and a blaseral surface in contact with the basal lamina
(Félétou, 2011; Krug&senge et al., 2019)The glycocalyx shields the apical surface of
endothelial cells, consisting of an anionic grid of glycosaminoglycans, glycoproteins, and
glycolipids anchored to the cell membrane. This-Iika@rresemblance layer plays a role in
regulating access to the tehembrane by acting as a sep@rmeable barrier, and it allows
selective transport of large molecules, fluids, and cells, contributing to mechanotransduction
and vascular signalling proces¢Banerjee et al., 2021; Fu et al., 20ZI)e morphological
characteristics suggest that endothelial cells serve as a specialized site for exchange and
transfer. Nevertheless, it is crucial to note that vascular endothelial cells exhibit morphology,
physiology, and phenotype variatigfi€létou, 2011)

Endothelial cells share a standard set of functions but exhibit significant plasticity in function
depending on the vascular bed in which they reside. For example,-liniaod barrier
endothelial cells have different functions than those lining the aéftavever, there are
conserved molecular mechanisms governing general endothelial funGim@enof the most
critical ones is the nitric oxide signalling pathway due to the potent vasodilatory, anti
inflammatory, and antioxidant properties of nitric oxidejalibsupports vascular homeostasis
(Cyr et al., 2020)Diseases like hypertension, atherosclerosis, and disorders linked to
angiogenesis are accompanied or even preceded by anomalies in its production and/or
bioavailability Additionally, NO performs physiological tasks in the neurological and
immunological systems, helping to control behaviour, gastrointestinal motility, and tumour
and infectious disease defence mechanig@isao et al., 2015Nitric oxide (NO) can be
synthesized by three different types of nitric oxide synthase enzyme (NOS) in the body: the
neuronal NOS (nNOS), the inducible NOS (iNOS), and the endothelial NOSH(@MNYE)),

NO regulation in endothelial cells is more prominently driven by eNOS, a calcium
concentrationdependent enzyme activating calcikamtivated calmodulin, which modulates

its activity and homodimerizatioiNitric oxide is mainly synthesized frorarginine, whose
oxidation needs homodimerization of eNOShomersto catalyse this reactiofArnau del

Valle et al., 2022; Cyr et al., 2026 production is usually coupled with intracellular calcium
concentrations, but other mechanisms alternatively bawysinodulateeNOS activity. eNOS
Serl177 residue phosphorylation leads to a higher calcium sensitivity, which is led by various
protein kinase activation pathwaysuch as VEGF, estrogen, insulin, or shear stress activity
Additionally, under resting conditions, eNOS Thr495 residue phosphorylation by protein kinase
C (PKC) can limit calmodulin binding to eNOS and slow NO prod@miosisently,
dephosphorylation of this residue occurs upon stimulation of intracellular calcium influx
mechanisms in endothelial celByr et al., 2020By releasing endotheliwaterived NO, which
activates various effectors in vascular smooth muscle cells to mediate blood vessel dilatation,
the endothelium plays a modulator role in regulating blood vessel diameter. In general terms,
NO diffusion to smootmuscle cells evokes a series of events leading to a decrease of the free
cytosolic calcium through various mechanisms which will ensue in the relaxation of the smooth
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muscle cells. These numerous mechanisms include calcium removal from the cell, reuptake
into the sarcoplasmic reticulum, and activation of caleastivated potassium channela.

soluble guanylyl cyclase (sGC) in the cytoplasm of the smooth muscle cells initiates these
mechanisms. This guanylyl cyclase will catalyse the conversion of guanosine triphosphate to
cyclic guanosine monophosphate, which, in turn, will activate the ipraiease G (PKG).
Activation of PKG will lead to a reduction of the cytopkasmaicium levels of the smooth
muscle cells as well through the mentioned mechanisms as well as decreasing the myosin light
chain kinase activity, which also promotes relaxa@onthe contrary, blood vessel contraction
would involve mechanisms increasing the intracellular calcium concentration in the cytosol in
smooth muscle cellZhao et al., 2015)

A welldefined nitric oxide production in the endothelium is due to shear sttependent
calcium signalling, known as flanduced vasodilatation (FIV). By increasing shear stress, the
concentration of intracellular calcium ([Cap+thcreases in the cytosol, leading to the
activation of eNOS and, therefore, the production of nitric oxidgrégouslydescribed NO
travels from the endothelium to the smooth muscle, causing relaxation and dilatation of the
vessels. Once the intracellular calcium increafiee calciuractivated potassium channels
open, causing hyperpolarization of the endothelium and the smooth muscle, producing a more
robust relaxation of the smooth muscle cdlFigure 1b) (Gerhold et al., 2016)Thus,
controlling the intracellular calcium concentration is crucial for regulating vascular tone in both
endothelial and smooth muscle cells.

However, the endothelium produces other endothelial factors than nitric oxide that regulate
vascular homeostasis. Endothefingstacyclin, and the endotheliuderived hyperpolarising

factor (EDHF) are some of those relevant endothelial mediators. Enddthéina
vasoconstrictor peptide that binds the endothelin receptors on the smooth muscle cells,
increasing vascular resistanand facilitating vasoconstriction. This peptide has also been
shown to modulate prostacyclin (PGI2), an endothelial factor with vasodilatory effects
(Victorino et al., 2004)This factor promotes cyclic adenosine monophosphate, therefore
leading to vessel relaxatiqiWebb et al., 1993)The endotheliunderived hyperpolarising

factor (EDHF) is also essential to endothelial function. The role of EDHF is to support
vasodilation, as in the case of NO and PGI2. Its role becomes more meaningful when the other
vasodilation pathways have been mmed (Lenasi et al., 2008\l these endothelial factors
regulate the vascular tone and are necessary to maintain a healthy endothelgimstiitly

and function are also critical to understanding the different pathological processes that are
endothelialddependent.
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Figurel. Thestructure of a vessel wall and the endotheliuen The vessel wall is divided into three

main layers, and the endothelium is in direct contact with the blood flow shear-stdesed,
mediating processes such as vasodilation or vasoconstribtibnvascular endothelial cells, calcium

influx to the intracellular milieu in response to shear stress increases eNOS activity. This leads to the
boosted production of nitric oxide, which diffuses into smooth muscle cells, causing them to dilate and

blood pressure to decreag@arts of the figure were drawry lusing pictures from Servier Medical Art. Servier Medical
Art by Servier is licensed under a Creative Commons Attribution 3.0 Unported License

(https://creativecommons.org/licenses/by/3)0/

21


https://creativecommons.org/licenses/by/3.0/

1.2 Calcium signalling in the endothelium.

Calcium (C4d) ions serve as widespread intracellular second messergmdlingvarious
cellular functions such as contractile and secretory activities, cell differentiation, migration,
angiogenesis, cell death, and neurotransmis@sanridge et al., 2003; Tsai et al., 20B&)sal

or resting cytosolic calcium levels are around 100 nM, significantly increasing upon external
stimulation, reaching peak levels at 1 uM. Cytosolic calcium ion signals exceeding 1 uM have
been observed on average, but these substantial increasegxécalty associated with cellular
damage and are considered outside the physiological r@eyeidge et al., 2003; Berridge et

al., 2000; Bootman et al., 2001} is necessary to highlight that at the opening of an active
calcium channel, the calcium concentration can exceed 100 pM. These localized high
concentration areas are determined as having signalling functions (te@@édignalling
microdomains) because specific calcismnsitive effectors near these regions offer a
mechanism for brisk and precise cellular respor{Beotman et al., 2020Cells can be
stimulated through various means, including hormonal, neurotransmitter, growth factor,
antibody, mechanicaklectrical, gasotransmitter, temperature, pH change, osmotic change,
cytotoxic reagents, microbial invasion, and the passage of cellular signals through gap
junctions. All these stimuli have been demonstrated to increase the cytosolic concentration of
caldum ions. A fundamental concept in calcium signalling is that any alteration in the
intracellular C# concentration triggers a cellular responadine tune exists of the magnitude

of calcium rise in the cytosol to control the occurrence and magnitudaldtimdependent
physiological eventsecause gcessive, insufficient, or inappropriate calcium ion signalling will
inevitably impact cell behaviour and determine its f@erridge et al., 2003; Berridge et al.,
2000; Bootman et al., 2020; Bootman et al., 20@18 resting calcium concentration might

also serve as a signalling mechanigthout an increase in calcium ion levels. This is because
some cellular processes are hindered when there is a rise in cytosolic calcium concentration
(Bootman et al., 2001)

Intracellular calcium levels can increase for two reasons: calcium influx from the extracellular
space or calcium release from intracellular st¢Bxsotman et al., 2001Lalcium influx from

the extracellular space, also known as calcium entry, is characterized by the activity of different
ion channels that allow ion exchange between the intracellular and the extracellular milieu.
Broadly, ion channels are macromolecularegcembedded in the plasma membrane whose
response is called gating, which is defined by the opening or closing of thgHperet al.,

2012) Different types of ion channels depend on their stimué&sponding mechanism:
mechanosensitive ion channels, voltagged ion channels, ligarghted ion channels, and
store-operated calcium channels. Firstly, mechanosensitwechannels respond to cell
deformation. Secondly, voltaggated ion channels are activated by depolarisation of the
plasma membrane, while the thiltgandgated ion channels, allow the passage of ions across
the cell membrane in response to a ligaithe last, stor@perated calcium channels open
upon depletion of intracellular storéBootman et al., 2020)

On the other hand, calcium release from the intracellular stores otlerosgh channels
across organelles' membranes, predominantly involving inositol-ttighhosphate (IP3)
receptors, a product fored together with diacylglycerol (DAG) by the hydrolysis of
phosphatidylinositol 4;6iphosphate (PIP2) by activation of phospholipafd&e@idge, 1993;
Berridge et al., 2003Yhis mechanism is shared by nonexcitable and excitableE8Rs
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dependentcalcium release occurs from the endoplasmic reticu(&®R) Golgi, and nuclear
envelope, and it also activates a limited number of IP3Rs located at the plasma membrane. IP3
is caused in response to various stimuli, such as hormones, growth factors, and
neurotransmitters, which bind to celurface receptors lik&protein-coupled receptors or
receptor tyrosine kinases. The application of these stimuli typically triggers rapid intracellular
calcium signals within a few secontts.addition to IP3 qoduction, DAG is produced and
retained within the cell membrane, activating protein kinase C (PKC), which can cooperate with
calcium signalling or yield extracellular messengers such as arachidoridthoicgh IP3Rs

are the primary mediators of this release, other channels are contributing, such as ryanodine
receptors, twepore channels, and the mucolipin subfamily of transient receptors potential
channels (TRPML). Furthermore, even though the ER nsajoe player in intracellular store
calcium signéihg, other organelles contribute to this mechanism, including apart from the
already mentioned lysosomes, peroxisomes, acidic organelles, and mitocliBodtiman et

al., 2020)

The cells also need different mechanisms to rapidly remove calcium from the cytosol to
prevent ion overload, return calcium concentration to resting levels, and maintain cell
homeostasis. These mechanisms consissederal pumps, exchangers, and buffers that
facilitate calcium extrusion or sequestration at the cell membrane (ex., plasma membrane
Ca&*ATPases, N&Ca?* exchanger) and the endoplasmic reticulum (ex., endoplasmic reticulum
Ca&*ATPase pumBerridge et al., 2003; Berridge et al., 2000; Brini et al., 2011; Hajnoczky et
al., 2003; Periasamy et al., 2007)

Entry and removal of calcium mechanisms are common to all cell types. However, depending
on the cell bed, they are discretely modulated and expressed to generate characteristic calcium
signalling and cellular outcomes. That is also the case for endotk#tialvhose functionality

is significantly influenced by alterations in intracellular calcium concentration

Alterations in intracellular calcium concentration ensue in response to receptor activation to
different agonists (acetylcholine, adenosine triphosphate (ATP), bradykinin, VEGF, among
others) and mechanical stimuli, with shear stress being particulanificgigt for endothelial

cell physiologyFélétou, 2011)Additionally, alterations in intravascular pressure, mechanical
scraping, and heat can elicit endothelial calcium respagiescia et al., 2023)ntracellular
calcium increasesvoked by agonistgenerally follow a biphasic pattern, involving an initial
phase of calcium release from intracellular stores, largely the endoplasmic reticulum, followed
by calcium entry. This is because calcium stores reduction in the endoplasmic reticulum,
triggered byreceptor stimulation, leads to an elevation in intracellular calcium concentration
by activating stor@perated calcium entry (SOCE) channels and receptnated calcium
channels (ROCE). The molecutamposition of ROCE and SOCE channels in endothelial cells
likely includes transient receptor potential (TRP) channels and the interaction of the stromal
interaction molecule (STIM) and Orai proteins, respect{#&igtou, 2011)Furthermore, the

entry of calcium ions induced by agonists in endothelial cells may be facilitated by purinergic
ionotropic receptors, including P2X receptors anchéihylD-aspartate receptorsCalcium
mobilisationfrom the endoplasmic reticulum involves binding agonists$ tgpBtein coupled
receptors or tyrosine kinase receptors on the cell membrane. These receptors are linked to
RAAGAYOUO Aaz2¥F2N¥a 2F LK2ALK2fALIA&AS /X t[/iX
are the predominant family of endoplasnil&*-releasing channels, and three IP3R isoforms,
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including InsP3R1, InsP3R2, and InsP3R3, are expressed in vascular endotiielaicealkt

al., 2023) Piezol, a mechanosensitive ion channel, mainly mediates calcium influx upon
mechanical stimulation in endothelial cells. However, the raB g@toupled receptors in this
process and the contribution of calciunobilisationfrom the endoplasmic reticulum have also
been describedSathanoori et al., 2017; Wang et al., 2016; Wang et al.,.2015)

Endothelial calcium signalling mediates many cardiovascular functions, such as vasodilation,
vascular resistance and permeability, coagulation, leukocyte transmigration, and angiogenesis,
and a minimal dysregulation of this signalling can cause signticaran diseases, such as
atherosclerosis, type 2 diabetes, obesity, hypertension, and céhiercia et al., 2023)
Vasodilation is one of the most studied functions regulated by endothelial calcium signalling,
as previously mentioned, increasing blood vessel diameter through stimulation of nitric oxide
production. It is relevant to mention that small resistance vessalslly benefit from
downstream endotheliurdependent hyperpolarization (EDH) vid*@ativated K channels

to mediate vasodilation than other vascular hdeélswinduced vasodilation is a shear stress
dependent calcium signalling mechanism, andleigved to be mediated principally by the
mechanosensitive channel Piezol but not only as the role of the transient receptors potential
vanilloid 4 (TRPV4), two purinergic receptors, one ionotropic P2X4, and other metabotropic
P2Y2, have also been pointasl mediators of this mechanig@ttolini et al., 2021; Swain et

al., 2021; Wang et al., 2016; Wang et al., 2015; Yamamoto, Korenaga, Kamiya, Ando, et al.,
2000; Yamamoto, Korenaga, Kamiya, Qi, et al., 200@) following sections will further
explore the different contributions and known facts about the endothelial role of the cited
membrane receptors.
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In vitro

Mechanical stimuli ATP release P2X and P2Y activation

Extracellular ATP signalling Intracellular calcium signalling

ATP is released from the
intracellular space to the
extracellular milieu in different

@ manners:
-Vesicular exocytosis
-Caveolae ATP release

-Pannexin-1/2 channels
-2 unknown mechanism

Ca?* can directly enter
through ion channels, as
mechanically activated
channels (Piezo1), or SOCE
channels upon depletion of
intracellular stores

Ca?* can enter through
extracellular
ligand-dependent ion
channels (P2X)

P2X and P2Y receptors
@ activation induce calcium

influx into the intracellular

space
Ca?* can be released by the
ATP hydrolysis mediated by cytosolic stores predominantly

by IP3 channels and the
endoplasmic reticulum upon
activation of G-coupled
receptors (P2Y) or tyrosine
kinase receptors

@ ectonucleotidases that break

down ATP to adenosine

Figure2. Activation of the purinergic and calcium signalling. Effects of mechanical stimuli in the purinergic signallogun (Left) Activation of purinergic
signalling results in calcium signallifidiree critical components of extracellular ATP signalling and (Right) the three typical intracellular calcium signalling
mediators.(Parts of the figure were drawn by using pictures from Servier Medical Art. Servier Medical Art by Servier is licers&teatiler Commons Attribution 3.0 Unported License
(https://creativecommons.org/licenses/by/3)0/
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One of the other most investigated processes in endothelial cells is angiogenesis, a calcium
tuned process. Angiogenesis is a vital process during development. In adults, blood vessels
remain resting and quiescent. However, angiogenesis continues to nsustailthy
physiological functions and reestablish blood vessels in tissues after injury, in conditions like
diabetic retinopathy, or durinigmour growth (Folkman, 1989; Karamysheva, 2008; Moccia et
al., 2023; Otrock et al., 2007Mhe vascular endothelial growth factor (VEGF), considered the
primary driver of angiogenesis, can trigger diverse calcium signalling to regulate different steps
of the angiogenic respons€EGF evokes calcium signalling in endothelial cells by binding to
VEGFR, which in turn will induce calcium release from stores via IP3Rs and store calcium
operated calcium entry (SOCE), and also possibly by some lysosomal contributiopera two
channe 2 (TPC2)/EGF can cause specific calcium ion patterns, kn®wal@um signatures,
which can trigger diverse cellular responses, either cell proliferation or migration, by recruiting
different calciurssensitive decodersThus, endothelial calcium signalling can modulate
endothelial cell functions by recruiting different effectors, evoking selective vascular responses
(Moccia et al., 2019; Moccia et al., 2023)

Theendothelium is vital as a semipermeable barrier between the blood and the interstitial
compartments. However, the inflammatory state modifies the permeability of this barrier,
allowing the entry of plasma proteins into the surrounding tissues and cdirighia vascular
leakage(Filippini et al., 2019Barrier function can be affected during an acute injury by the
release of inflammatory mediators (histamine, bradykinin, thrombin, eicosanoids,
leukotrienes, or prostaglandins) that could lead to an intracellular calcium influx by binding
receptors on theendothelial cellsVEGF has also been directly implicated in regulating cell
permeability through a calciaependent pathwaykor example, bradykinin and thrombin

can activate TRPC6, which is believed to be a determinant for increasing permealility duri
inflammation. Another example can be that histamine also triggers a calejpemdent rise

in endothelial permeability, and the loss of barrier function induced by histamine is linked to
VEcadherin disassembly. ¥Bdherin phosphorylation and disassdynlveaken adherens
junctions, allowing endothelial cells to separate and forming paracellular gaps that enhance
permeability. Thus, inflammatory mediators evoked calcium signalling cause the disassembly
of adherens junctions and rearrangements in the digleton, facilitating endothelial cell
retraction and increased permeabil{Dalal et al., 2020; Filippini et al., 20E¥)dothelial cells

are key in the inflammatory process, responding to proinflammatory triggers like
fALRLIf&al OOKI NARBNOEt f YR AU SNNBUWEONRPEA &6 E [
by binding to TNF receptors (TNFR) 1 and 2. In endotledl&glthe release of soluble TNFR1

is calciurrdependent and crucial for regulating FidBuced signalling, highlighting the precise
control of intracellular calcium concentration in modulating this inflammatory response of the
endothelium Finally, inth & O2y OSNYy > ¢bCh Oly o022aid SyR2iU
cytokines and promote the expression of adhesion molecules, including vascular cell adhesion
moleculel (VCAML) (Xia et al., 1998YCAML1, in turn, initiates the recruitment of circulating
monocytes, playing a pivotal role in the initial stages of atherosclérdgpini et al., 2019)
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1.3 Calcium signalling toolkit in the endothelium.

The calcium signalling toolkit encompasses all the calcium transporters (channels, pumps, and
exchangers), calciunnding proteins, and calciuependent effectors found in nature. Cells
selectively express components from this extensive toolkit thah agh their specific
functions(Bootman et al., 2020 herefore, understanding the calcium signalling toolkit in
endothelial cells, which plays a crucial role in a vast range of endothelial functions, is crucial
for gaining insights into the intricate signal transduction processes mediated by different
recepors and ion channels in this cell type. Comprehending the primary mediators of
physiological and pathological endothelial mechanisms is critical to developing modulators of
these proteins, which could benefit the health of millions of pedpl¢his seton, we will
introduce different ion channels and membrane receptors in the scope of our investigation,
keeping in mind that the central target is the purinergic receptors. We will also dig into other
significant players relevant to understanding the entrliterature on endothelial calcium
homeostasis and the different flanks of our study.

1.3.1. Purinergic signalling and its role in the endothelium.

I RSy 2 atdipiioSphateFATP) is acknowledged for its crucial role in cellular metabolism,
serving as a universal enzyme cofactor during biosynthesis and as a source of cellular energy.
Professor Geoffrey Burnstock proposed fifty years ago the concé&itFoand extracellular
nucleotides functioning as signalling molecules in the purinergic nerve hyp¢Bwesistock,

1977) However, despite previous corroborative evide(eury et al., 1929; Emmelin et al.,

1948; Holton & 1959; Paton et al., 19G88)s concept remained controversial for many years.
Nowadays, purine nucleotides and nucleoside signalling have been recognized for a long time.
Nonetheless, the hypothesis was not entirely accepted until the receptors were cloned and
characterised in the early 199(®Burnstock, 2006)

ATP is aonadrenergienoncholinergicotransmitter in nerves of the peripheral nervous and
central nervous system, acting as a neurotransmitter, neuromodulator, and neurosecretory. In
addition, extracellular ATP acts as an autocrine or paracrine signal regulating cellular functions
and the commnication between neighbouring cells by activating P2 recefFigure 2)
(Gerhold et al., 2016PDespite this, ATP molecules are both large and negatively charged,
limiting their simple diffusion across the plasma membrane. In some cases, ATP is uncontrolled
released into the extracellular milieu, such as injury to endothelial and smooth musdte cells
the vessel wall, causing homeostatic dysregulation and pathologic purinergic sig@aliikg

et al., 2002)In physiological conditions, ATP is constitutively released into the extracellular
space, participating in autocrine regulatory signal(ingzarowski et al., 1995)here are
different mechanisms by which ATP can be released in different cell types, such as exocytosis,
through ATRpermeable ion channels and transporters, including connexin hemichannels,
pannexin channels, calcium homeostasis modulator 1 (CALHM1), velgnteted anion
channels (VRACSs), and maxion channels (MAC¢Jaruno, 2018; Yegutkin, 2018€2X7
receptors have been suggested as potential-#&ldase channels, but research has been
challenging due to the simultaneous activation by ATP it3etinsen et al., 2019)n
endothelial cells, under mechanical deformation, ATP is released from the intracellular space
into the extracellular milieBodin et al., 1991; Burnstock et al., 2014; John et al., 2001,
Lohman et al., 2012; Wang et al., 2016; Wang et al., 2015; Wei et al., 2019; Yamamoto et al.,
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2011) However, the molecular mechanism that detects the force and mediates, in turn, the
release of ATP, needs to be better defined. Vesicular exocytosis and caveolae ATP release have
been suggested to mediate ATP release in endothelia(Balisstock et al., 2014; Yamamoto

et al., 2011)and Wang et al. portrayed pannexif?2 channels involvement partially mediating

Piezol dependent ATP release. However, the release of ATP persisted when genetically muting
the pannexin channels. Therefore, there is still some unknown mechanism mediatidgPRh

release.

Once released to the extracellular milieu, ATP can selectively bind receptors of the P2 receptor
family. P2 receptors are among the two groups into which purinoreceptors are divided: those
binding purine and pyrimidine nucleosides (@teptors) and those binding purine and
pyrimidine nucleotides (P2 recepto(Burnstock et al., 2014rigure 3a). Thesdwo families

have been extensively involved in different endothelial processes, and they will be further
discussed in the following sections.

1.3.1.1P1 receptors

P1 receptors are considered adenosine G prateurpled receptors and are divided into four
subtypes: Al, A2B, A2B, and A3. Like other G proaeipled receptors, P1 receptors display

seven putative transmembrane spanning regions, with tkeriinus pogioned on the
extracellular side and thet€rminus on the cytoplasmic side of the membrane. The residues

within the transmembrane domains of P1 receptors are implicated in ligand binding, while the
intracellular loops of each segment can associate wihréispective G protei(Burnstock,

2007) The adenosine receptors are differently G protein coupled. While A1 and A3 couple to

I DINRPGOGSAYS ' H! X | yR | Hiprotdhg gtEvdntShe fonatibrioficyclioN? G S A
F RSY2&Xy\B2LKR ALK S 00! at 03X stoypRd Pl2rgteptdr& S O2 )
promote its formation upon adenosine stimulatidrhe adenosine receptor A2B is the only

2yS GKFG OFy LINPYA&Odzzdzat & O2 dzJtRS, @ib@ froRA FF S NE
the already mentionedMdller et al., 2020)Therefore, it can also induce calcium increase

when stimulated.

Adenosine is a purine nucleoside composed of the nucleobase adenine linked to a sugar ribose
through a glycosidic linkag€igure 3). It is a regular cellular component continuously
produced intracellularly and extracellularly. The primary origin of extracellular adenosine is
derived from intracellular nucleotides, including ATP, AMP, and ADP, which are released during
stress, hypoxiapflammation, or injury. Different ectonucleotidases can break down ATP and
ADP to AMP, followed by an ultimate step imvig the dephosphorylation of AMP to generate
adenosine. The endothelium powerfully expresses the ectonucleotidase CD39, which mediates
the first hydrolysis from ATP to ANEffendi et al., 2020)
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intracellular stores. Both P1 and P2Y receptors are G piaiapied and initiate different downstream

effects depending othe specific Grotein that binds to themb. General structure of nucleotides and
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from Servier Mdical Art. Servier Medical Art by Servier is licensed under a Creative Commons Attribution 3.0 Unported License
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Adenosine receptors have been shown to be part of the calcium toolkit in endothelial cells in
different human models. A2B and A2A receptors have been preferentially reported to be
expressed in endothelial ce{lseoktistov et al., 2002; Feoktistov et al., 2004; Lang et al., 2023;
Olanrewaju et al., 2000; Tabrizchi et,alhile others reported the four adenosine receptors

to be expressedDeguchi et al., 1998; Fernandez et al., 20%@jneauthors reported A2B
mediation in VEGA upregulationn vitroand their role in wound angiogenesis mechanism
(Du et al., 2015; Feoktistov et al., 2002; Feoktistov et al., 2004; Ryzhov et al., 2007)
Additionally, activating A2A adenosine receptors inhibits the expression of}.GAdveover,

the activation of both A2A and A2B has been linked to a reduction in the permeability of
vascular endothelium, suggesting they play a crucial role in prevemghgnigigating the
inflammatory process of endothelial c§Bdackburn et al., 2009)he release of NO by human
endothelial cells has been proposed to contribute to the vasodilator effect of adenosine, as
well as the suggestion that cytokines may influence the expression of A2A and A2B adenosine
receptors in human endotheliuBurnstock et al., 2014)

1.3.1.2 P2 receptors

Nucleotides, instead of nucleosides, trigger P2 receptors thatsabeivided into two
subfamilies named P2X and P2Y recefBusnstock et al., 2011)heir sequence homology,
topology, and pharmacological profile decided their classification. P2X receptors are ionotropic
receptors, while P2Y receptors are metabotropic receptors, sharing with P1 receptors their G
proteincoupled receptor nature(MirasPortugal et al., 2020; Stokes et al., 2017)
Ectonucleotidases carefully regulate the concentration of extracellular nucleotides within the
physiological nanomolar (nM) to the low micromojavl) range(Woods et al., 2021)

1.3.1.2.1 P2Y receptors.

P2Y receptors are eight metabotropic receptors (P2Y1, P2Y2, P2Y4, P2Y6, P2Y11, P2Y12, P2Y13,
P2Y14) associated with different G protein subtypes, providing diverse second messenger
system mechanisms upon activation. The first four receptors and P2Y lianexd P2 Y-like

receptors (P2Y1, P2Y2, P2Y4, P2Y6, P2Y11) and are primarily linkpdotei®@. On the other

hand, there are the denominated P2Yik2 receptors (P2Y12, P2Y13, P2Y14) mainly coupled

to @ protein. P2Y4ike @& 4-coupled receptors willa through the PLQIP3/DAG pathway,
increasing intracellular calcium concentration and activating protein kinase C. On the other
hand, P2Y1Bke &i-coupled receptors, whose activation inhibits adenylyl cyclase activity,
decrease intracellular cAMP concentrat{@texander et al., 2019; Woods et al., 20The

2yte tH, LNRBRYAAOdRUMRE SOPAAIN Ay 3 | mReinKds DY (2
mentioned earlier, is P2Y IMhat allows the receptor to activate either adenylyl cyclase or PLC
pathwaygKennedy, 2017) H ., H F YR t H, ¢ Oibny leddihgicRhde2tidatigh S { 2
(Alexander et al., 2019; Woods et al., 20@gble 1) P2Y receptors have seven potential
transmembranespanning regions, as explained for P1 receptors. FrerniNnus of the

receptor is located on the extracellular side of the membrane, while-tear@nus is on the
cytoplasmic side. The transmembrane dommasidues contain the ligand binding pocket, and

the intracellular loops enable the corresponding G protein cou(tiriget al., 2012)
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Their preferred agonists can also subdivide them, as P2Ys can be activated by purine and
pyrimidine nucleotides with different affinities. As portrayedrable 1 P2Y1P2Y12, and

P2Y13 are preferentially activated byR Sy 2 &dipiffaSphape ADB, while dzZNA RA Yy S

p Q

diphosphate DB activates P2Y6 and P2Y14. Unlike all P2X receptors, whose preferred
agonist is ATP, just P2Y11 and P2Y2 are activated by ATP. Additionally, P2Y2 is activated by
dzNJA R-righSsphat@UTP, demonstrating an equipotency between both nucleotides. UTP is
also the preferentially agonist for P2(Adexander et al., 2019)

Tablel. P2Y receptor agonist and coupling G protein subghiisnan potenciesTable adapted from

Alexander et al., 2019 antloods et al., 2021.

st\[jt;?;:::tor G Protein subunitI Preferred agonist POtg?e?f:)uman
P2Y1 Qgq ADP 10 nM
P2Y2 Qg 12 ATP =UTP 0.50.3uM
P2Y4 Qgq UTP 73 nM
P2Y6 Qg G 12113 UDP 15nM
P2Y11 Gq G's ATP 38-65uM
P2Y12 el ADP 60 nM
P2Y13 G ADP 60 nM
P2Y14 Q UDPR UDRglucose 70-80 nM

P2Y receptors have also been demonstrated todneponents of the calcium signalling toolkit

in endothelial cells. The most abundantly expressed and studied P2Y receptor in human
endothelium is P2Y@abou et al., 2022; Ding et al., 2010; Gidlof et al., 2015; Kukulski et al.,
2010; Lang et al., 2023; Muhleder et al., 2020; Sathanoori et al., 2017; Seiffert et al., 2006;
Viana et al., 1998; Wang et al., 2016; Wang et al., 2015; Zhang et al.fad@isgd by P2Y1,

P2Y4, and P2YB2Y2 is believed to mediate nucleotidduced vasodilation nitric oxide
dependent(AlbarranJuarez et al., 2018; Alexander et al., 2019; Cabou et al., 2022; Nishimura
et al., 2017; Rageeb et al., 2011; Wang et al., 201&hg et al. showed that Piezol activation

led to an ATP release which will, in turn, activate P2Y2 receptors during shear stress. P2Y2 was
required to activate the mechanosensory complex PECANKEcadherin/VEGFR. This
complex described byzima et alwill allow phosphorylation of eNOS and a sustained
production of nitric oxide. Some studies also reported transient complexes of P2Y2 and VEGFR
2 in endothelial cell junction&rb et al., 2006nd fast tyrosine phosphorylation upon P2Y2
activation(Seye et al., 2004p2Y2 has been also being involved in endothelial cell alignment
and cytoskeleton arrangement in human endothelial ¢S8lghanoori et al., 201,73s well as

its rolein the nucleotidemediated effects on the proliferation, migration, and spreading of
endothelial cell§Cabou et al., 202Zinally, its function on inflammatory responses in this cell
type was proposeth 2004by Seye et alwho indicated a vascular cell adhesion moledule
(VCAML) dependency on the activation of P2R2Y1 is, together with P2Y2, a dominant P2Y
receptor in human endothelial cefBurnstock et al., 2014As in the case of P2Y2, P2Y1
mediates endothelial vasodilation M@pendent and has a role in cell proliferation and
migration(Cabou et al., 2022; da Silva et al., 2009; llles et al.,. 2213 and P2Y6 have also
been proposed for endothelial nitric oxide vasorelaxatfexander et al., 2019; da Silva et

al., 2009)in addition to a function of P2Y4 in endothelial cell migrgBamnstock et al., 2014;
Cabou et al., 2022; Nishimura et al., 20aAd P2Y6 in endothelial inflammati@vishimura

et al., 2017; Riegel et al., 2011)
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P2Y11 has been broadly reported to be expressed in the endoth@abou et al., 2022;
Chadet et al., 2015; Lang et al., 2023; Zhang et al., ,28it4js involvement in endothelial
functions have been less studies than the previous ones. Recently, some authors illustrated
P2Y11's role as an aimflammatory player in the endothelium by modulation of the activity

of different factors such as eN(3ollet et al., 202]1¢ytokinegNg et al., 2018and VCAM

(Kuang et al., 2019y herefore, agents that modulate P2Y11 could hold protective therapeutic
value in addressing atherosclerosis and the inflammation that contributes to the development
of the diseas¢Strassheim et al., 202Gurthermore, its involvement in cell proliferatiofiao

et al., 2011)nd cell migratiorfAvanzato et al., 201@pgs also been signalled. Together with
P2Y1, it has been proposed to participate in barrier function prom@imstock et al., 2014)

P2Y12, P2Y13, and P2Y14 expression are being reported to a lowefGadbentet al., 2022)
and more research is needed on their roles in human endothelialdeligtheless, the role
of P2Y12 in cell proliferatig@abou et al., 2022nd migration(Han, 2022has been proposed
lately.

1.3.1.22 P2Xreceptors.

P2X receptors are seven ionotropic receptors (P2X1, P2X2, P2X3, P2X4, P2X5, P2X6, and P2X7)
activated by binding ATP. P2X receptors formsabective ATiated ion channels, whose
activation leads to conformational arrangements within the transmembramathioand Na

and C&" influx and Kefflux through the pore, triggering cell membrane depolarization and
downstream signalling eventisranklin et al., 2014; Samways et al., 2014; Stokes et al., 2017)
Concerning the aboveentioned transmembrane domain, members of this family present a
similar threedimensional structure, consisting of two hydrophobic transmembrane domains
(TM1 and TM2), N andt€rmini and a large extracellular ectodoméiyal Ben et al., 2015)
Each P2X subunit structure has been compared to the shape of a leaping .deg¥in
receptors differ from other identified ion channels in sequence and strug@tateermacher et

al., 2016)These receptors are trimeric, forming a homotrimeric or heterotrimeric receptor by
combining the different peptide subunits (PZX1 even though not much is known about
heteromeric combinations and their functiofiéorth, 2002; Oken et al., 2022)

ATP is the preferredgonistof the P2X receptoréKennedy, 2021 put they have different
sensitivities to the nucleotide and desensitization kingflabla 2)Coddou et al., 2011)
Homomeric P2X1 and P2X3 portrayed the fastest desensitization (lower than 1 second), and
they are the most sensitive to ATP with submicromolar potency values for human receptors
(P2X1: 0.50.7uM; P2X3: 051 uM). The other P2X receptors, except P2X6, considered a silent
receptor in humans, demonstrated slower desensitization, greater than 20 seconds. P2X2,
P2X4, and P2X5 (exon 10 containing) follow P2X1 and P2X3 in sensitivity, with slightly higher
potencies (RX2:28 uM; P2X4: 110 uM; P2X5: 0.440 pM), while P2X7 showed potency in

the millimolar rangéChessell et al., 1998; llles et al., 2021; Muller et al., 2020; Stokes et al.,
2006)
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Table2. P2X receptor agonist and desensitization prqfil@man potenciesTable adapted frortiles
et al, Muller et al., Chessell et al1,998, and Stokes et al., 2006.

st(urg::yeppetor Preferred agonist] Desensitization Pmi?e%:uman
P2X1 ATP Fast 0.1-0.7uM
P22 ATP Slow 2-8uM
P2X3 ATP Fast 1uM
P2X4 ATP Slow 1-10uM
P2X5 ATP Slow 0.4410puM
P2X6 ATP - -
P2X7 ATP Slow 700uM-1.8 mM

P2XRs mediate the regulation of blood vessel tone, and they have a role in the calcium toolkit
of endothelial cells. P2X4 and P2X7 are the most expressed P2X receptors in human endothelial
cells, and their function @imarily related to the action of shear strék®renaga et al., 2001,
Sathanoori, Rosi, et al., 2015; Wu et al., 2023; Yamamoto et al., 2018; Yamamoto, Korenaga,
Kamiya, Ando, et al., 200f)d inflammatory processéAslam et al., 2021; Schmid et al., 2019;

Wu et al., 2023)The endothelial shear stress is intimately associated with the physiology,
pathophysiology, and development of the blood vessels and can control the fofomatidn

of the endothelium(Wu et al., 2023)The main P2X player in this process is P2X4, whose role

in mediating AT¥#hduced responses in endothelial cells and shear stieggsndent responses

was demonstrated in early 20QRorenaga et al., 2001; Yamamoto, Korenaga, Kamiya, Ando,

et al., 2000; Yamamoto, Korenaga, Kamiya, Qi, et al.,. 20@@)dition, P2X4 transcriptional
expression was regulated by applying this stim(Hesenaga et al., 20Q1gnd P2X4 is also
believed to mediate indirect effects, as regulation of Krupkéefactor 2Sathanoori, Rosi, et

al., 2015)P2X4 expression has been linked to P2X6 expression in their locatiesagth@in

celkcell contact at the human endothelial cell adherent juncti@iass et al., 2002p2X4's

role in vasodilation is backed by genetic analysis that correlates @f-fosgtion
polymorphism in the hP2X4 with augmented pulse pregSalemid et al., 2019 he different
expressions of P2X4 between human venous and arterial endothelial cells showed a higher
expression of P2X4 in human venous endothelial(@edlam et al., 2021)Nonetheless, some
studies failed to demonstrate P2X4 functional activity in human endothelial cells and its
involvement in ATEependent signalling or nitric oxide production, implying the necessity to
investigate purinergic signalling in this cell tfipageeb et al., 2011; Wang et al., 2015; Wilson

et al.,, 2007)P2X7 involvement in endothelial cells is usually more related to inflammatory
processegAslam et al., 2021; Burnstock et al., 2014; Schmid et al., 2019; Wu et al,, 2023)
which does not exclude their activity under shear stress. Under specific shear stresses, ATP can
activate P2X7 receptors, inducingdtectin and i A SONBGA2Yy GKF G LINRY
inflammation in atherosclerotic spafé/u et al., 2023)Additionally, the expression of P2X7 in
human carotid artery atherosclerotic plaques is approximately 20 times greater thar+in non
diseased regiongSchmid et al., 2019Wilson et al. demonstrated that proinflammatory
conditions upregulated P2X7 and P2X4 expresssoB8athanoorieet al.did in 2015 in high
glycemic inflammation in human endothelial cells, portraying P2X4 involvement in
inflammatory processg$athanoori, Sward, et al., 2015)
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Expression of P2X5 has been reported in human endothelial(Betisstock et al., 2014;
Ralevic, 2012but its role and functional expression in the endothelium are still to be resolved.

It is relevant to mention that the most common form of P2X5 in humans is a splice variant
lacking exon 10 that causes loss of function of the P2X5 re¢&utimis et al., 2010Neither

P2X2 nor P2X3 are known to be expressed in human endotheliaLasilg, expression of

P2X1 was demonstrated in human endothelial cells in some reBantsstock et al., 2014)

but their role in endothelial function still needs to be demonstrated in humans. It is believed
that P2X1 is highly specifically expressed in smooth muscle cells, and its vascular function is
mainly developed during vasoconstrictifmel Carmen Gonzaldzontelongo et al., 2023;
Ralevic, 2012; Wang et al., 2002)

1.3.2. Piezol and its role in the endothelium.

Piezo ion channels convert mechanical stimulus into various biological activities through a
process called mechanotransduction. Piezol and Piezo2 were identified in 2010 as molecular
mediators of themechanically activated current found across multiple cell t{peste et al.,

2010) Piezo proteins are mechanosensitive channels forming a pore-gated whose
opening probability depends on a physical stimulus allowing the entry of cations, slightly
preferringcalcium over monovalent catiof®ttolini et al., 2021; Prindle et al., 2018}hile

the primary function of Piezo2 is the mediation of gentle touch sensation, Piezol has functions
in numerous physiological processes, including sensing shear stress of blood flow for proper
blood vessel development, regulating urinary osmotic pressargrolling blood pressure and
exercise performancé C+ dzOKSNNB S It ®X wamnT [A Si Ff o
Previous studies have shown that over 25 mutations in Piezol cause human disease. However,
most mutations have yet to be extensively studi€dng et al., 2020Piezol is activated
through cell membrane deformations caused by mechanical forces, such as osmotic pressure,
fluid shear stress, substrate stiffness, and confiner(Rabhade et al., 2014)

Piezol presence and function as a critical player in sensing bloemdioeed physiological
shear stress have been previously reportiedet al., 2014; Ranade et al., 2014; Tang et al.,
2022) Piezol activation leads t@sodilation.endothelial calcium influx and cell alignment
shear stresslependent, and its activation has been directly linked to ATP release upon shear
stress stimulation in endothelial ce{M/ang et al., 2016)Vang et al. demonstrated P2Y2
downstream signalling due to this ATP release, which in turn favoured activation of the shear
stress sensing complex PECAMEcadherin/VEGFR (Tzima et al.,, 2005Activating this
downstream signalling will allow a more sustained eNOS phosphorylation and nitric oxide
release.Interestingly, Piezol's role in endothelial cell alignment was also proposed for P2Y2
(Sathanoori et al., 201,7and deletion of Piezol reduced the activation of the2KHctor
(Gerhold et al., 2016)s in the case of P2X8athanoori, Rosi, et al., 201B) addition to its

role in vasodilation, which is believed to be due to proatherogenic and atheroprotective flow
dependent endothelial responses, Piezol can mediate vasoconstriction in this cell type during
whole-body exercise when the cells are exposeiddoeased blood floBeech, 2018; Ottolini

et al., 2021; Rode et al., 2017; Tamargo et al., 2028})hermore,Piezolmediates pre
atherogenic endothelial responses to disturbed flow, promoting endothelial inflammation. This
study also portrayed blocked disturbed flowduced inflammatory signalling after the
knockdown of P2YRAlbarranJuarez et al., 2018Finally,Notch receptor 1, a membrane
protein expressed in human endothelial cells, has been demonstrated to be activated in
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response to fluid flow stimulation. The underlying mechanism remained unknown for a time,
but Caolo et alillustrated in 2020 that the activation of the NOTCH1 response in response to
shear stress requires Piez(laolo et al., 2020)

1.3.3. VEGF and its role in the endothelium.

Vascular endothelial growth factors comprise four VEGFs in vertebrates, from A to D, and the
placenta growth factor (PIGF). They bind to the VEGF receptors 1 to 3, but VEGF receptor 2
(VEGFR) is the leading player in endothelial VEB@RallingFigure 4) VEGRs are tyrosine
kinasegRTKs)and VEGF binding induces receptor dimerization, which allows the activation of
the receptor through autophosphorylation of its tyrosine residues in the intracellular domains

of thereceptors(Simons et al., 2016)

VEGFR plays a central role in regulating angiogenesis, vascular permeability, and shear stress
transduction in the endothelium of blood vesgelsinolainen et al., 2017; Rahimi, 2006; Tzima

et al., 2005; Wang et al., 2018)EGFR is known to balso involved in angiogenesis, and its
function might be limited as a modulator of VE@KFRahimi, 2006 VEGFR and R2 bind to

the vascular endothelial growth factor A (VEEGNEGFR can bind VEGA and VEGE (after
proteolytic maturationd a I 4 02 ¢ a | | ) aSdiinditcé calEiumHluxesnnithe cytosol by
activating the PLC pathway and the simultaneous entry of calcium through various channels,
such as TRPC5 and @fannelqLi et al., 2011)rheVEGFR's lack of ability to evoke VEGF
dependent calcium responses is curious as it has a much higher affinity t& WeBNEGFR

2 (de Vries et al., 1992lts way to modulaterascular biological responses is limited to its
capacity to heterodimerize with VEGERCudmore et al., 2012; Rahimi, 2006; Shibuya, 2011)
This is because, unlike most of the tyrosine kinase receptors that activate the Ras pathway or
tLoY LI GKgl &z Al -PKeMAPRKy&hivgy isfakdurably adtivéited i VEGF
bound VEGFR® | R2YIFAY 27F t [/ 1175°X sitRRei VEGER/EAFRA Ol f f &
exhibits significantly weaker kinase activity than VEXGGBRRI a complete understanding of it
signalling cascade is not yet established. The-¥168 VEGFR equivalent to 117% on
VEGFR = &aSNBSa Fa |t ][ /-1 Né&értheessi KeBY is ddt &S T2 N
prominent autophosphorylation site 0fEGFR, and the direct pr@ngiogenic activity from
VEGFR is usually weak or undetectalj&hibuya, 2011YEGFR can also bind VE; which

is not the case for VEGEROIlofsson et al., 1998YEGFR activation upon VEGF ligands
binding is considered the canonical VEGRRtivation(Simons et al., 2018)owever, a non
canonical activation has also been described. This activation type is based ofiganmbn
stimulation, which, in this case, is replaced by mechanical forces such as shear stress that
induces tyrosine phosphorylation and activation of theeptor. The previously mentioned
mechanosensory complex formed BYECAML/VEcadherin/VEGFR is necessary for the
mechanical stimulation of VEGERWnd further phosphorylation. The cytoplasmic tyrosine
kinase SCR is required to phosphorylate VEGHR is believed to be dependent on P2Y2
activation(Simons et al., 2016; Tzima et al., 2005; Wang et al.,.2016)
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Figure4. VEGF family: receptors and ligan@ise family includes three RTK receptors, VAGF¥RGFR

2, and VEGFR and two neuropilin family members, NRP1 and NRP2. Binding simultaneously to various
transmembrane protein types allows the formation of multiprotein complexes that may include not

only receptors but also auxiliary proteins such as inte¢@insons et al., 2016As portrayed, different
members of the VEGF family bind to various types of VEGF receptorsattapglfrom (Lange et

al., 2016)
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VEGFR LIK2aLK2NEfIFGSR . wmmTtp YR t[/ & FOOGADI (7
Classically, IP3 will induce calcium release from the ER, and DAG will aettiate
dependent protein kinase C (PKC), activating the ERK1/2 pathway (usually dependent on the
Ras pathwayX K S ¢PKC pathway regulates various elements of endothelial cell biology,
including cell fate specification, proliferation, and migration. Calcium signalling plays a crucial
NREES Ay +9DC o0A2f anduéed achVatiBm df thé FRK1/2(ptwantd [ /
contributing to the activation of the nuclear factor of activated T cell (NFAT) family of
transcription factors. Calmodulin, which fuoncis as a calcium sensor, and calcineurin, a
calciumdependent serine/threonine phosphatase, regulate the nuclear translocation and
transcriptional activation of NFAT proteins. NFAT, in turn, reduces the expression levels of
VEGFR, leading to increased signalling by VEBERe to greater availability of VEGFA
(Simons et al., 2016)

On theother hand, signals for lymph angiogenesis are transmitted by-SBG#ka VEGFR
(Heinolainen et al., 20L7VEGFR is initially expressed by both blood and lymphatic
endothelial cells during early embryonic development. As development progresses, its
expression becomes predominanttpnfined to the lymphatic system. However, during
angiogenesis, there is the potential for reinduction of VEGERression in blood endothelial
cells(Deng et al., 2015 he signallingathways of VEGFRdo not involve the PLC pathway
and affect the PKC pathway and Ras pathiiMsy et al., 2019; Shibuya, 201Rgcently,
research has demonstrated that VEGFRiay be a component of the mechanosensory
complex and can also be activated wwamonically{(Simons et al., 2016)

1.3.4. TRPs and its role in the endothelium.

Transient receptor potential (TRP) channels are a cation ion channel superfamily essential for
endothelial calcium fluxes throughout human illnesses and physiological adiivéres/a et

al., 2020)In humans, TRP channels are divided into six subfamilies: TRPC, TRPM, TRPML, TRPP,
TRPA, and TRKRMoran et al., 2004; Vriens et al., 2014hese six subfamilies ha28

members, but onlyine have demonstrated their roles lumanendothelialC&* signalling

and different functiongThakore et al., 20197 he main membeiavolved,and their functions

are summarised ifable 3
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Table3. Functions of human endothelial TRP channel sumiargs modified fronThakore et al.,
2019from references only in human endothelium along the text. TRPV4 role in vasodilation is extracted
from Swain et al., 2021.

TRPsubtype Vasodilation Permeability Angiogenesis Inflammation
TRPA1 n %
TRPV1 W W W
TRPV4 W W W W
TRPC1 W W W
TRPC3 n N %
TRPC4 W
TRPC5 N
TRPC6 W W
TRPM2 n

*TRPA, ankyrin; TRPV, vanilloid; TRPC, canonical; TRPM, melastatin.

1.4 Shear stress.

Mechanotransduction can be defined as the process by which a mechanical stimulus is
translated into a biological response within the .c8flear stress involves the principal
mechanotransductional process in the endothelium, modulating different endothelial
processes, including angiogenesis and vascular morphogenesis, remodelling, and tone
(Chistiakov et al., 2017; Roux et al., 20BAylothelial shear stress calchimduced responses
through different receptors have been portrayed in the previous sections, and therefore, an
introduction to this stimulus effect in the endothelium is considered relevant.

Shear stress is the frictional force produced by blood flow over the apical cell membrane of the
endothelium. The Greek letter t usually represents this force, measured in dyr{&awmes

et al., 2019; Davies, 2009; Walshe et al., 20b3)ivq there is a vast range of physiological
shear stress values depending on the type of blood vessel. It is typical in human arteries to find
values from 2 to 40 dynes/&rincreasing to 100 dynes/énm branches and bifurcations. As

well as the differences in shear stress values, the flow type varies depending on the vascular
bed. The straight portions of an artery show a laminar (also called uniaxial) and pulsatile flow
pattern, while branches andfbrcations show turbulent (or multidirectional) floRifferent

flow types determine different effects on the endothelium. Multidirectional flow has been
linked as proinflammatory and proatherogenic, while uniaxial stimuli induce endothelial
properties asatheroprotective. On the other hand, changes in the shear stress rate lead to
vasoconstriction (decreases in shear stress values) or vasodilation (increases in shear stress
values)andfluctuations in shear stress initiate vascular remodeféingessential factor in the
control of vascular developmér{Gerhold et al., 2016; Reinhdfing et al., 2008; Warboys et

al., 2019)Thus, the physiological role of shear stresnofothelium physiology is undisputed.

The different types of blood flow are representedFigure5, together with the different
approaches to studying shear stress effertsvitro, for further implications in this
investigation
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1.5 Aims and objectives.

The literature shows that calcium signalling in the endothelium mediates critical physiological
processes. Developing drugs and modulators against the molecular players in this signalling
canhelp fight multiple cardiovascular pathologies. Purinergic receptors represent a desirable
drug target as they are involved in multiple endothelial functions (vasodilation, vascular
permeability, inflammation, cell proliferation, and migration) and imtienath other proteins

to maintain calcium homeostasis in the etitelium.In addition, some purinergic receptors

have been successfully targeted in other cell types for therapeutic gain. For example, the P2Y12
receptor serves as the target for the antiplatelet drug clopidogrel, which is extensively utilized
in treating and preveting myocardial infarctions, and the P2Y2 receptor agonist diquafosol is
employed in Japan and Korea as a treatment for dry eye.

Through this project, | want to identify the molecular basis of nucleotdieced calcium
responsesn vitroin immortalised human microvascular endothelial cells and their potential
contribution to the vascular endothelial growth factor evoked resporShapter 3. This
analysis will be completed with the purinergic molecular characterization of a human primary
endothelial cell line in an attempt to replicate previous observations in the immortalized cell
line. Using a similar assay configuration, | migestigate the potential contribution of P2
receptors in the Piezedependent response<hapter 4, with the primary aim being to
compare these results with the possible involvement of P2 receptors in sheadspessient
calcium responses. In doing so, this work aimed to determine which P2 receptor is the primary
mediator of ATRlependent endothedil calcium signalling and their possible involvement in
other receptor signalling.
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Chapter2. Materialsand Methods.

2.1 Drugs and reagents

Allchemicalsisedthroughoutthis studywere mainlypurchasedrom ThermoFisherScientific
(LoughboroughyUK), SigmaAldrich(GillinghamJUK), and TocrisBioscienceBristd, UK).The
specificsuppliersfor each used reagent will be detailed throughout this chapter in the
followingTablesl, 2, 3, and4.

Tablel. List of exogenous nucleotides and other selective agonists

Compound, Target Supplier | Purity | Vehicle Concentration Reference
P2XRs
! 0, -
ATP P2Y2.11 Abcam >99% water 0.02-300 pM Burnstock(2007)
Sigma ﬂ, Chhatriwaleet al.
ADP P2Y1,12,13 Aldrich X thpi] water 0.002300uM (2004)
UTP P2Y2,4 Abcam X dci] water 0.002300uM Burnstock(2007)
UDP | P2Y6rl4 illg:inc?l % ci] water | 0.01-1000uM | Burnstock2007)
R&D o Robinsoret al.
VEGks | VEGFR,2 Systems >97% PBS 0.3100ng/mL (2001)
R&D Olofssoret al.
0,
VEGks7 VEGFR Systems >95% HCI 0.3100ng/mL (1998)
Yodal Piezol Tocris 99.9% DMSO 0.0330uM Syedeet al. (2015)

Water: deionisedwater; PBS:phosphatebuffered saline; DMSO:dimethyl sulfoxide Compoundstockswere
preparedin 100%of the vehiclesreferred to in the table, stored at -20°C,and seriallydiluted to the final
concentrationrangesspecifiedn this study.

Table2. List of norselective purinergic receptor antagoniatel ATP scavengers (apyrase)

Compound Supplier Concentration | Vehicle Reference
Apyrase | SigmaAldrich | 0.5,2,10U/mL | water Kettlunet al. (1982)
PPADS | SigmaAldrich 30,100uM water Joneset al. (2000)
Suramin | SigmaAldrich 100pM water Jonest al. (2000)

Water:deionisedwater. Compoundstockswere storedat -20°C.

Table3. List of selective purinergic and adenosine receptors antagonists or modulators

Compound Target Supplier Vehicle | Concentration Reference
BAY1797 P2X4 Cambridge | - e | 3 10um Werneret al. (2019)
Biosciences
5-BDBD P2X4 Tocris DMSO 10 UM Bidulaet al. (2022)
BX430 P2X4 Tocris DMSO 10uM Aseet al. (2015)
. Sigma
Ivermectin P2X4 Aldrich DMSO 3uM Khakhet al. (1999)
Sigma HernandezOlmoset al.
PSB12062 P2X4 Aldrich DMSO 10 uM (2012)
ARC P2Y2 Tocris DMSO 10 uM Rafehiet al. (2017)
118925XX H '
NF157 P2Y11 Tocris water 5uM Ullmannet al. (2005)

41



| MRSL754 | A2B | Tocris | DMSO | 100nM | Jietal.(2001) |
Water:deionisedwater; DMSOdimethylsulfoxide Compoundstockswere storedat -20°C.

Table4. List of other drugs anitkhibitors

Compound Function Supplier | Vehicle | Concentration Reference
Acetylcholine| Neurotransmitter i;gﬂ?} water 100 pM Popotet al.(1984)
Carbachol | Acetylcholine | Sigma . 100 UM Scarret al. (2013)
receptoragonist Aldrich
Dookul Yodalblocker Tocris DMSO 10uM Evanstal.(2018)
GsMix4 Piezolinhibitor | PeptaNova| DMSO 2.5,10uM Baeet al.(2011)
Thapsigargin S?ﬂi%ﬁ%r:]p SantaCruz | DMSO 1,10puM Lyttonsget al. (1991)
SQ22536 Adeizi]’%ﬁz‘;'ase Toctis | DMSO | 1,10uM Emeryet al. (2013)
U-73122 PLGnhibitor SantaCruz | DMSO 5uM Bleasdalet al. (1993)

Water: deionisedwater; DMSOdimethyl sulfoxide;PLCphospholipaseC; SERCAsarcoendoplasmiceticulum
calciumtransportATPaseCompoundstockswere storedat -20°C.

2.2 Cell culture

Allcellswereculturedin a Classl MicrobiologySafetyCabinetandweregrownin an incubator
with an atmosphere of 5% g@t 37°C.Unlessotherwise stated, cellswere maintainedin
uncoatedtissueculture flasksfrom ThermoFisher All cellsusedin this studywere adherent
androutinelyculturedin filtered T250r T75flask(ThermoScientific).

2.2.1. Human microvascular endothelial cells (HHWEC

HMEGL is a humandermalmicrovasculaendothelialcell line firstly isolatedfrom the male
foreskinand a popularalternativeto primary endothelialcell lines,with advantagesuchas
growingand expansiortime over primarycelllines. HMEGCL are immortalizedcellsthat were
usedbetweenpassaged to 12 becauseof the responseto the vascularendothelialgrowth
factor (VEGEes). Thelackof VEGEss responsivenesss a signof them losingtheir endothelial
phenotype.

2.2.1.1 Generahaintenance

HMECsl were maintaineth MCDRBL31 from Gibco supplementedimouse with 10% of foetal
bovine serum (FB% penicillin/streptomycin solution (20 unitstpenicillin and 50 pg-ml

1 streptomycin) 0.1 ng-mL?! hydrocortisone (Sigma), 10 ng/mL EGF (Thermo Fishe)0

mM L-glutamine (G7513, Sigm&his growth media contains many components not found in
traditional basal media, such as trace elements, putrescine, adenine, thymidine, and higher
levels of some amino acids and vitamihs buffered withrsodium bicarbonate, and it has low
glucose levels.
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2.2.1.2 Cell passage

Cells were subultured when reached 80% confluen&yrstly, cellsvere washed with 7.5 mL

of room temperaturesterile and filteredphosphatebuffered saline (PSB, Lonza) twice,
followed by treatment of 1.5 mL trypsin EDTA (Lonza) for 3 minutes in the humidifier incubator
at 37°C. When required, the cultured vessel was gently tapped, and detaching trypsin reaction
was neutralised by adding 3 miLfresh prewarmedcompletecell growth mediaThen, cells

were counted using a Neubauer haemocytometer and celfsaat calculated. For cell line
maintenance cells were diluted into a new culture vessel at a density of approximatély 2x10
cellsmL?.

2.2.1.3 Cryopreservation and thawing

Firstor early passage®f HMEGLs were preparedfor cryopreservatiorasa routine process
whenreceivinga new cellbatchfrom the manufacturer Cryopreservingolutionconsistingpf
63%completegrowth media,27%foetal bovineserum(FBS)and 10%of dimethyl sulfoxide
(DMSOyasusedto preparecryovialsvith anapproximatedensityof 1x1G cellsper vial.

Briefly, in the last step of the cell passageprocess,and once the trypsin reaction was
neutralisedwith complete cell growth media, the mix was centrifugedat 1200 rpm for 5
minutesat room temperature(RT) Next, the supernatantwasasepticallydecanted,and the
pellet was gently re-suspendedn cryopreservatiormedia. Finally,cellswere diluted at the
appropriateconcentration.

Forthawingthe HMECdrom liquid nitrogen,cryovialswere directlytransferredto dry icefor
short transportation,and oncein the hood, the capwastwisted to relievethe pressureand
retightenedagain.Then,the vial was quicklyimmersedin a 37°Cwarm bath for 5 minutes.
Oncethe vialwasdisinfectedandthe supernatantwasdiscardedthe pelletwasresuspended
in 1 ml of cellgrowth mediumto be transferredto a T75flask.

2.2.2.Humanumbilicalveinendothelialcells(HUVECS)

HUVEGs a human endothelial primary cell lil@nmonly used to study important biological
processesincluding atheroma and shear stress effectshim endothelium. HUVECsvere
purchased from PromoCdMeidelberg, Germany) arsiipplied from pooled donor<ells

were cryopreserved once isolated from the pooled placental large vessel at passage 1 or 2
HUVECs were used between passage,las the cells stop responding to VikdgFa very
characteristic endothelidike phenotypigesponse.

2.2.2.1 General maintenance

HUVECwere maintained in PromoCell Endothelial Cell Growth ready to use with the addition
of Supplement Mix containing these final concentratidostal calf serum 0.02 ml-r
endothelial cell growth supplement 0.004 mi*mépidermal growth factor (recombinant
human) 0.1 ng-m| basic fibroblast growth factor (recombinant human) 1 ng-hgparin 90
ug-mit and hydrocortisoned.1 pg-mit. 1% penicillin/streptomycin solution (20 unitstml
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penicillin and 5Qug-mi* streptomycinwas also added:he growth medium was kept in a cold
room avoiding light, since it is ligbgnsitive.

2.2.22 Cell passage

A standard trypsin neutralization protocol is unsuitable for HUVECs, and a §aific Kit

is designed for the cell subculture. This kit contains HEPES BSS, Trypsin/EDTA, and Trypsin
Neutralizing Solution. Before starting thgbcultivationprotocol, reagents were warmed at
room temperature for at least thirty minutes. Once cell culture reache®D%0 of confluence

in a T25 or T75 flaskke culture medium was carefully aspired, and cedisee washed with

100 pl HEPES BSS solution pér ©@mce HEPE@wvaspirated, 100 pl-&mf Trypsin/EDTA was
added. After 5 minutes of treatment at room temperature and gently tapping the side of the
vessel, trypsin was neutralized with 100 pkcinypsin Neutralization Solution. The cell
suspension was transferred to a centrifugation tube for 3 minutes of spin at 240RaJ he

pellet was resuspended in 1 mL of fresh cell growth media. Cells were counted with the
haemocytometer and seeded at the required concentration in a newtfigsieservethe cell

lineor ina 96well plate for experimental us€ells were used between passages 1 to 12, and
fresh media changes were performed when cells were not passaged for more than two days.

2.2.2.3 Cryopreservation and thawing

First or early passages of HUVECs were prepared for cryopreservation as a routine process
when receiving a new cell batch from thmanufacturer.In the last step of the cell passage
process, once cells were centrifuged in a pellet, a freezing mediurmERyrom PromoCell)

was used to resuspend approximately 1 &cHlls-mf. CryeSFM provided excellent results in

the cryopreservation of primary human cells and consisted of methylcellulose, DMSO, and
other cryoprotectants not specified by the manufacturer. Cryogenic storage vials (Thermo

{ OASYGATAOL ¢ A ér&placeld B a @yfdefing dontairef tadzndh 2y yickbyy
temperatures and immediateplacedin the liquid nitrogentank (- 196°C). Storage aB0°C is
insufficient for preserving HUVECs and causes irreversible cell damage.

For thawing the HUVECSs from liquid nitrogen, cryovials were directly transferred to dry ice for
short transportation. In the hood, the cap was twisted to relieve the pressure and retightened
again. Quickly, the vial was immersed B7°C warm bath for 2 minutes, 1 ml of cell medium
was added, and, finally, the vial was centrifuged for 3 minutes at 220 x g at RT. Once the vial
was disinfected and the supernatant was discarded, the pellet was resuspended in 1 ml of cell
growth mediunto be transferred to adb flask.

2.2.3.Humanl1321N1lastrocytomecells

The human 1321N1human astrocytomacell line was isolatedfrom the 1181N1cell line,
previouslyisolatedfrom a humanmalignantgliomaparentalline (Pontenet al., 1968) Thiscell
linelacksthe presenceof endogenoud’2receptors(Bianchet al.,1999) makingthemagood
modelasa blankcontrol for purinergicreceptorswhen checkingprotein expressionn other
celllines.Thiscellline will be referredto in this studyasthe parental1321N1cellline. Another
human1321Nlastrocytomacellline wasavailablen-house,the one stablyexpressindg®2)4,
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derivedfrom the first by stabletransfectionof the humanP2X gene.Thiscelllinewasusedas
apositivecontrolto test P2X4 antagoniss in calciummobilisationassays.

2.2.3.1 General maintenance

ladiNRrOeG2YFOa OSffa 6SNB YIAYOGFAYSR Ay 5dz 6S
from Lonza containing 0.6 ¢tLL-Glutamine and supplemented with 10% of foetal bovine

serum (FBS) and 1% penicillin/streptomycin solution (20 unitspaiicillinand 50 pg-ml
streptomycin).

Cell passaging and the cryopreservation and thawing process follow the same procedures
previously described in this section for the human microvascular endothelial cells{HMEC

Tableb. Cell lines and culture media specifications summary.

Cellline Supplier Medium

MCDB153 (11513407, Gibco, Fisher
Scientifi¢ supplementedwith 10% FBS,1%
HMEG1 ATC® Pen/strep 0.1 ng/mL hydrocortisongHO396,
Sigmd, 10 ng/mLEGKES5036,Sigmd, 10 mM
L-glutamine(G7513Sigma)
PromoCellEndothelialCell Growth ready to
use preparedwith the SupplementaMix (G

p'j)gl\é Eggr%?gr(ecsiezr\;%g PromoCell 22010)
Detach kit from PromoCell was used for (
passaging (€1210)
DMEMHighGlucose.-glutamine(11574486,
h1321Nlastrocytoma ECACC Gibco, Fishe} supplementedwith 10% FBS|
(parentalandhP2X) and 1%Pen&rep
DMEMHighGlucose.-glutamine (11574486,
HELA ECACC Gibco, Fisher) supplementedwith 10% FBS
and1%PenSrep

DetachsolutionusedwasTrypsim.25%(25200056 Fisher)Foetalbovineserum(FBS{F9665pandthe penicillin/streptomycin
solution(P4458)wereacquiredfrom SigmaAldrich.HELA cellswereculturedfollowingthe proceduregpreviouslydescribedor
h1321Nlastrocytomecells(Sectior2.2.3.1).

2.3 Calcium mobilisation assays

IntracellularC&* concentrationswere measuredusingthe fluorescentratiometric indicator
Fura2-acetoxymethyéster(Fura2-AMin DMSQAbcamnLifeTechnologied)Grynkiewicet al.,
1985) Thedyeis selectivefor calciumother divalentcations suchas,Mg?* or Zr¢*. Fura2-AM
is permeablethroughthe membranedueto its AM estergroup andonceinsidethe cell,the
intracellularesterasescleavagethe group trapping the dye in the intracellular milieu and
leadingto a negativechargefluorescentdyethat canbind C&* (Figurel-C)

Fura 2-AM measuresintracellular calcium ([C&*]i) at 340 and 380 nm at two excitation
wavelengthswhile the emitted light signalisreadat 510 nm. Thedualexcitationof the dyeis
reachedsincethe absorptionpeaksof the wavelengthsare closeto its isosbestigoint. Upon
bindingto free C&*, the absorptionspectrumexperiences shiftin awaythat Fura2 ismore
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efficientat exciting340nmwhenboundto calcium(dyecalciumboundform)and, in contrast,
at 380 nm, the dye is more efficientwhenit is nonboundto calcium(dye calciumfree form)
(Figurel-A, B). Theratio of theseemissionst 510nm (340/380nm)isdirectlyproportionalto
the live intracellularcalciumlevelsin the cytosol.Therefore the ratiometricnature of this dye
will significantlyreducethe readingof unspecificcalciumsignalsor artifacts unaffectedby
conditions such as illumination intensity, probe loading, bleaching,or optical path length
(Parede=t al.,2008)

2.3.1. Calcium mobilisation assays buffers

Thefluorescencesignalwas measuredin a standardbath solution (SBSgontainingl30 mM
sodiumchloride(NaC), 5 mM potassiumchloride (KC}, 1.5 mM calciumchloride(CaGJ), 1.2
mM magnesiunthloride(MgCt), 10mM (4-(2-hydrohyethyB1-piperazineethanesulfonaxid
(HEPBESand8 mM glucoseat pH 7.4 adjustedwith sodiumchloride(NaOH. Thefree-calcium
SBSnediumcontained130mM NaCl5 mM KCI2.7mM MgC$, 2 mM EGTAL10 mM HEPES,
and 8 mM glucoseat pH 7.4. Both solutionswere adjustedwith D-mannitol (~3055 310
mOsm/l) to ensure isotonicity (K-7400S SemiMicro Osmometer,Knauer) meaning the
numberof solutesis equalbetweenthe intracellularand extracellulamilieu.

Theadjustmentof osmolarityfollowsthe nextrationale:
1 mM =1 mOsmof D-mannitol,molecularweight(MW)=p W& x—

i1T1AGQr- 7
6, 6,

Desiredosmolarity=305mOsm;desired¢ calculatedosmolarity=x g of D-mannitolto addto
1 Lof SBSolution.

- 7_;(; 0l - ——— p, p yg x— gof Dmannitolfor 1 Lof SBS

In addition, cellswere loadedwith 2 > aof Fura2-AM in SBSsolutionsupplementedwith a
nonionicsurfactant0.01%(w/v) Pluronic(Sigmagxalledloadingbuffer (LB).Bothbufferswere
vacuumfiltered (2290424 Sigmapandkept at 4°Cto preventcontamination.

2.3.2.FlexStationlll assays

Cellsvereseededn 96-wellclearbottomedplates(ThermoFishet 125.000cells-ml(25.000
cellsper 200>L of cellgrowth medig in eachindependentwell 24 h before experimentation
in a humidified incubator (37°C, 5% CQ), allowing cellsto adhere and form a confluent
monolayer After washingwice with pre-warmedSBScellswereincubatedwith 2 > aFura2-
AM in 200 >L of loadingbuffer for 1 hour at 37°Cprotectedfrom the light. After intensively
washingthe cells,the loadingbuffer wasreplacedwith 200>L of standardbath solution,and
measurementsvere made at 37°C on a 96-well fluorescenceplate reader (SoftMaxFlex
Station 3, MolecularDevicesUK). Asdetailed above,changesn intracellularcalciumwere
indicatedasthe ratio of fura-2 emissiorat 510nm for 340and 380nm excitationwavelengths
(Fratio 340/380). TheFlexStation3 canautomaticallyexposehe 96-well cellplateto different
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concentrationsof agonist, injecting a volume of 50 >L to each well, prepared before
experimentationin an independent96-well U bottom plate at the desiredconcentrations.
Readingsveretakenevery3 secondsover250secondsandeveryprotocol wasinitiated with
20second®of baselinereadingsWhenanantagoniswvastested,cellsin the 96-well platewere
preincubatedn their presenceat 37°Cfor 30 minutes,with the samepreincubationin the 3-
well solventcontrol (without the antagonist) Exceptionajl, thapsigargirwasincubatedfor 5
and25 minutesinsteadof 30 for its highimpacton the drug'scalciumbaseline Then,without
washingthe cellplatewasreadyto run the experiment,asexplainedpreviously.

2.33. Dataanalysidor FlexStationlll assays

F ratio (340/380) reading valueswere exported from SoftMax Pro FlexStationsoftware
(MoleculamDevicesgastrace(maxmin), peak,andareaunderthe curve(AUC)Figure2). These
three parametersvereusedto builddoseresponsecurvesandcharacterizehe differentdrug
effects Doseresponse data was plotted with the ddsection (log10 dose) on theaxis and
the corresponding response on theayis.This type of graph illustrates the dessponse
relationship independent of time.

OriginPraSoftware(OriginLabversion9.95)wasusedfor all dataanalysisDataare expressed
asmean® SEMstandarcerror of the mean)of experimentgperformedin fivereplicategN=5),
unlessotherwisestated. N representsthe number of independentsexperiments(biological
repeats)andn showsthe numberof technicakepeatswithin anindependentexperiment.The
number of technicalrepeatsin eachindependentexpeiment was at least 3. In order to
comparethe pharmacologicaactivity of a different agonist,data were normalizedin each
independentexperimentto control experimentalvariationto the responseof the agonistin
the study(ATPUTPYodalpr VEGEes)or the responseof the agonistfollowingpre-treatment.
The pharmacological activity was characterised using 2rdepense curve features: potency
and efficacy. Potency refers to the concentration effective in producing 50% of the maximal
response. It is commonly expressed as,He halfmaximal effective concentration. On the
other hand, efficacis the maximal response a drug can produce,gteatest attainable
response.

The ShapireWilk test was usedto test if data were normally distributed while equality of
variancewasvalidatedusingLevin@ test. Forcomparisondetweentwo setsof data,when
datasetswere non-parametric were analysedusing MannWhitney tests. Contrarily, the
datasetsfollowingthe parametricdistributionwere assessedisinga 2-tailed student’st-test.

An asterisk in this work represents statistical significance when the appropriate test calculates
that the pvalue (p) is lower than 0.05. The higher the degree of statistical significance, the
lower the pvalue is, as specifiep*<0.05, p**<0.01, p***<0.001If the pvalue is higher than

0.05, there is no significance between the compared data sets.

Calciummobilisationassayswere plotted as doseresponsecurves. For EGo (half maximal
effectiveconcentrationdeterminationscurveswerefitted usingthe Hilllequation:

Hilll equation
® YYD 'Y™NOU O YYD YW Qo
k= Michaelisconstant (EGy)
n=number of cooperative sites (Hill coefficient that portrays the curve
slope)
STARE baseline; ENC= maximal, plateau
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Figurel. Chemical and fluorescence profile of Fu#a\2 (A) Fluorescent excitation spectra of R&a
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absorbance is thesame for calciuabound and calciudree forms, and therefore, the combined
fluorescence is the same at any concentratibtnage obtained fromlonOptix. (B) Change in
fluorescence measured at 510 nm after agonist application linked to cdlowmnd (340 nm) and
calciumfree (380 nm) formy(C)Representation of the hydrolysis of the FURM\Rester group by

esterases, making Fura 2 impermeant to the cell membrane. Structure obtained from Lohr et al. 2010.
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Figure2. Representativéime-resolved intracellular calcium responseatiosrepresentinghe peak,
the areaunder the curve (AUC)and the trace were directly calculatedby SoftMaxPro FlexStation
software(MolecularDevices)Datais extractedand analysedasdescribedn 2.3.3methodssection.
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2.4 Calcium imaging

The ability to image calcium ion fluxes was achieved in th&97i@s, and from there, different
calcium dyes were developed for better performance and specificity of the calcium
measurements. Diverse microscopes such as Raman, confocal, or fluorescerseopy can

be used for this type of imaging. In our case, fluorescenceléipge measurements of
intracellular calcium concentrations were obtained using an OlymjKi@4 inverted
microscope with a 20x objective (LUCPLFLN20x/0.45, Olympus). A Polydiirome
monochromator from Till Photonics provided the excitation light (340 and 380 nm), which a
dichromatic mirror (model and supplier) applied to the cells. A Hamamatsu recording device
acquired the fluorescence images after their passage through an emidgpruding the
MetaMorph Software version 7.6 (Molecular Devices, California), where fluorescence ratios
were extracted for each cell. This technique developed intothiglughput setups as the
FlexStation Ill, which was used in this study to perform the pharmacological characterization
of the study cells as previously described

The imaging setup needed previous tuning to ensure appropriate recordings of calcium shifts.
ATP was used as an agonist to elicit calcium influx in different cell types. Once this was
achieved, two parallel plate flow systems (laminar flow) were usedidy $siowmediated
calcium responses 821N1 hP2X4 astrocytoma agndothelial cells.

2.4.1Glycoteclparallelflow chamber

The Glycotech parallel flow chamber (ref:081l) consists of a plexiglass base plate with an
inlet and outlet through which media is perfused, a precoatethBbstandard culture dish on
which the cellular monolayer is placed, a gasket that controls thealmér diameter and a
vacuum line that allows the structure to be held in pgigure3-A). Calculating the imposed

fluid shear stress in this parallel plate flow chamber is simple. The flow channel length (2 cm)
and width (from 0.25 cm to 1 cm) are mugreater than the height (from 12.7 pm to 25.4 pm),

so it can be considered as flow between infinite parallel plates. It is usually called the plane
Poiseuille flow. Considering an incompressible fluid (material density is constant within a fluid
parcel) wih a constant viscosity (Newtonian fluid), the shear stress is given by the following
formula:
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Based on this equation, the manufacturer provides a template with predefined data for each
gasket (A, B, C, D: referring to different widths and thickned<gsye @B). To calculate the
shear stress (dynesi?-1) using a particular gasket, a specific flow rates@mll) must be used

(Figure 30).
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The flow rate could be controlled in several ways. In our case;rateweristaltic pump Peri

Star Pro (Word Precision Instruments, UK) was used with an internal #14 ID tubing diameter of
1.6 mm. With these characteristics, a range of shear stresslftor20dynescim?-1 could be
achieved. This pump employed planetary gears for minimal pulsations and greater accuracy.

Twentyfour hours before experimentatior2mL of growth media with50,000 cells were
seeded irgelatinecoated 2% w/v in PB®r 30 minutes ref. G1890 SigmaAldrich) Corning
35-mm tissue culture dishem a humidified incubator (37°C,5% CQ) to obtain a high
confluence in the dish for applying shear strégger washingtwice with room temperature
SBScellswereincubatedwith 2 > aFura2-AM in 500 >L of loadingbuffer for 30 minutesat
37°C protected from the light. After intensivelywashingthe cells,the loadingbuffer was
replacedwith 200>L of standardbath solutionat RT, andthenthe cellswerereadyfor calcium
imagingexperimentationAsdetailedabove changesn intracellularcalciumwereindicatedas
the ratio of fura-2 emissionat 510 nm for 340 and 380 nm excitationwavelengthg(Fratio
340/380).

2.4.21bidip-slides

The Ibidiu-slide P4 Luer(ref. 80176 Thistle Scientifjaectangular flow chamber consists of a
polymer coverslip with high optical quality, similar to glass. This polymer is prepared with the
commercial IbiTreat, a hydrophilic surface modification that improves adherence of all cell
types.The channel heighif the p-slide 4 Luer is 40(um, and the channel volumis 100 L.

In this case, the shear strgd¢3 calculationgddepended on thelynamical viscosity of the fluid

() applied, the slide factor (predetermined by the manufactut8d.q, andthe flow rae (%y:

................................................................................................................................................................
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The formula shows a dependency in viscosity for fudhkulations of the shear stress. Then,

the next step was the viscosity calculation of the standard bath solution (SBS) used to perform
calcium imaging experiments. Viscosity can be defined as the fluid thickness or resistance to
flow. As it depends on tgperature, the SBS viscosity was measured at room temperature as
experiments wer@ot temperature controlled. A {tube viscometer was used to calculate the

time from A to B (in seconds), and a density bottle was used to calculate SBS density. Then, the
final viscosity of the liquid can be calculated following the forifitigure3-D, B:
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However, SBS density is another parameter that needed to be experimentally calculated, and
for that, a density bottle was used using water esference for this calculation:

SBS densit@z | | 4

“m >

0 xAECEGRAT GF@OI A
0 weight of the density bottle full of SBS
0 x AECHEGARAT GH @BHIAMEAOAO

R |

Followingthe previouslydescribedormulas,the viscosityanddensityof SBSvere calculated:

18t Calculation of th&BS densitywn : Z P38t p §—

2nd, ExperimentallyneasuredSB&ndwater retentiontimes (averaged\N=3) 0

P PP b Mo p iy W A Avere usedo calculate the SBS dynamical viscosity
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3, Finally the flow rate to performdifferent shearstres®s(0from 1 to 20)in the cellswas
AUT
calculagd %o T E L a)aspresentedin Table6.
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Table6. Shear Stress values fosfide 4] dzZSNJ F2NJ gAa302aAié 'I' montp OSy

Wlynescm?-1 | © mLmin-1 Wlynescm?1 | © mLmin-1
1 0.706864 11 7.7755
2 1.413727 12 8.482364
3 2.120591 13 9.189227
4 2.827455 14 9.896091
5 3.534318 15 10.60295
6 4.241182 16 11.30982
7 4.948046 17 12.01668
8 5.654909 18 13.43041
9 6.361773 19 14.13727

10 7.068636 20 14.84414
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As cited above, the flow rate was controlled using therbte peristaltic pumgPeriStar Pro
(Word Precision Instruments, UK). In this case, the tubing was replaced witksidicone
based tube with low gas permeability and 1.6 mm in diameter (Tygon®, reh5t MWR
International). The diameter size must be constant as it weltttly impact flow speed.

For the Ibidi pslide, 3 or 24 hours before experimentation, a range of cell concentrations was
seeded in 106 [cell growth culture mediand cultured in théencubator(37°C,5%CQ) once
covered the reservoirs with theupplied capsEach reservoir was filledith 60> tell growth
culture mediaone hour later to ensure better cell adherence in the slide parallel channel.
Although the slides were prepared with the commercial IbiTreat, a collagen type | dd&ting (
mg/mLin acetic acidor 30 minutes; C2867, Sigmddrich) waspplied before cell seedings
indicated in Chapter 4, to study the potential effect on the mechanical response of the cells.
The day after, fé&er washing twice with room temperature SBS, celd#Be Ay Odzo I 4§ SR g A (
Fura 2AM in 100>L of loading buffer for 30 minutes at 37°C protected from the ligifier
washinghe cells,the loadingbuffer wasreplacedwith 100> [of standardbath solutionat RT,
andthe cellswerelet steadyin the microscopdor at leastten minutesbeforeexperimentation

to avoid possiblepreviousstimulationduring washingsteps.Then,the cellswere ready for
calciumimagingexperimentationintracellularcalciumrecordingsvere performedusingFura

2AM asdescribedabove.Routinely p-slideswere placedin the incubatorfor at least3 hours

before cell seedingto avoidemergingbubblesin the slidechannel.Formediumexchangeor
washes,reservoirswere emptied, and the channelmedium was replaced multiple times
without drainingthe channel,whichwould causea completelossof the cells Thetube was
connectedo the slideusingthe Tubeadapterset (ref. IB-108301;ThistleScientific).

Dueto previougechnicalssuegluringthe shearstressassayshe standardoathsolution(SBS)
usedduring experimentationwas previouslydegassedor at least3 hoursusinga sidearm
flaskconnectedto a vacuumsystemwith the help of a stir barandlow-rate stirring.

2.4 3 Dataanalysigor calciumimaging

Intracellular calcium recordings are presented as the ratio of emitted fluorescence after
excitation at 340 and 380 nm relative to baseline (1 unit of fluorescence). For that, ratios for
independently selected cells (regions of interest, ROIs) of theedlcemce images were
extracted using the MetaMorph Software offline tool. This data was then normalised in Excel
using the baseline correction previously described by off#ersges et al., 2004; Pascual et

al., 2011; Venturini et al., 202®riefly, measurement of basal calcium was obtained along 1
min recording every 5 seconds (10 ratio recordings) before any stimulation for each
independent cell.The averaged basal recordings were used to normalise each cell to its
baseline. This normalisation allowed us to average and compare the cytosolic calcium
concentrations between a batch of cells and between technical repeats

OriginPro Software (Origin Lab version 9.95) was used for plotting the normalised data as mean

+ SEM (standard error of the mean) of cells of the same biological rBpeatdomparison of
numerous N of experiments performed.
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Wall shear stress relationships for different size gaskets

Wall Shear Stress (dynes/cm"2)
Wall Shear Stress (dynes/cm”2)

0 " i ' : 0.0 i HEASTA i

0 0.02 0.04 0.06 0.08 0.1 [} 0.005 0.01 0.015 0.02
Volumetric Flow Rale (ml/sec) Volumetric Flow Rate (ml/sec)

Calculations for Gasket C

T dynes-cm?-1 ¢ mL-sec-1 ¢ mL-min-1
1 0.007 0.42
25 0.018 1.1
6 0.04 2.4
8 0.06 3.6
12 0.085 5.1
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best area for homogenous shear stre:
A
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avoiding area recommended experimental area

\ Adapted from Application Note 11, IlBidsmbH, Version 4.1, 2016 /

Dynamical viscosity calculatior
o= from A to B in seconds

>

U-tube viscometer Density bottle

Figure3. Parallel flow chambespecificationgA) Schematic representation of a Glycotech parallel flow
chamber and Gasket C technical specificatiB)sVall shear stress relationships for the four different
sized gaskets provided by the manufacturer were used to calculate the appr¢@jitaes rate to be
applied. (D) Schematic representation of a Ibidislide with specification of the recommended
experimental areaqE)Calculation ob parameter using a 4libe viscometer and calculation of SBS
density () using a densitpottle required for the calculation of the standard bath solution (SBS)
dynamical viscositynjage from SigmaAldrich websitg
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2.5 Polymerase chain reaction (PCR)

2.5.1 RNAextraction

Celllysatefor RNAextractionwas obtained from a pellet of 1x1( cellsafter a routine cell
passag@rocedurelnafumehood,the pelletwasresuspendedh 1 mLof TriReagent€Sigma)
(Chomczynsilet al., 1987) If not requiredat collection,stocksof lysedcellsin Tri Reagent®
werekeptat -80°C

Then,200 ni of chloroform (Fishej wasaddedto eachsampleto separatethe homogenate
into agueousand organicphases.Samplesvere shakenvigorouslyby hand and allowedto

standat room temperaturefor 5 minutesbefore centrifugationat 12.000rpm for 15 minutes
at 4°C. After centrifugation the uppertransparentiayerof the samplecontainedthe RNAand

wastransferredto a fresh 1.5 mL Eppendorf.0.8Xof isopropanol(Fisherwasaddedto the

isolated RNAand mixed vigorouslyby hand. After 10 minutes of preincubationat room

temperature, the mix wascentrifugedfor 60 minutesat 12.000rpm at 4°Cto pelletthe RNA.
Thesupernatantwasdiscardedand the pellet waswashedin 500 ni. of ice-cold 80%(v/v).

After 5 minutesof centrifugationat 12.000rpm at 4°C,the ethanolwasgentlyremovedfrom

the tube, andthe pellet wasair-dried for 5 to 10 minutes.Rehydratiorof RNAwasachieved
through the addition of an appropriatevolume of nucleasefree water and, from here, the

samplewaskeptinice.

The RNAconcentrationand quality were checkedby adding1 i of the RNAsampleto a
NanoDrop2000cU\+Visspectrophotometelinstrument(ThermoScientific). Theabsorbance
ratios of 260/280nm and 260/230were usedto assesshe purity of the RNA.Samplesvere
requiredto havearatio valuecloseto 2.00to be consideregure.Whenthat wasnot the case,
acleaningprocessvasperformedin the samplesasbriefly describedn the nextparagraph.

TheRNAsamplewasexposedo 0.1Xvolumesof 3 M sodiumacetate(NaOAG)andthen the
mixwastreated with 2.5Xof ice-coldethanol(80%)overnightat -80°C.Thedayafter, samples
were centrifugedfor 30 minutesat 12.000rpm at 4°C,andthe pelletwaskept. Aspreviously
explainedthe pelletwaswashedn 500 of ice-cold 80%(v/v), centrifuged,andair-dried for
5 to 10 minutes.At this point, the RNAwasresuspendedn nucleasefree water andreadyto
be quantifiedagainusingNanodrop.

2.5.2 CompementaryDNA(cDNAynthesis

Toavoidfalsepositivesignalsn the subsequenRFPCRthe extractedRNAwastreated with
the DNAfree™ DNARemovalKit (AM1906, Fisher)to degradepossibletrace amounts of
genomicDNAbeforethe cDNAsynthesisForthe DNasedigestionthe RNAsampleis treated
with 1 mLof recombinantDNasd (rDNasd) and 0.1Xvolume10XDNasd Bufferat 37°Cfor
30 minutes.TheDNasdnactivationis achievedy vigorouslyresuspendin@.1Xvolumeof the
DNaselnactivationReagentin the mix and incubatingthe samplefor 2 minutes at room
temperature.Lastly the RNAsampleswvere centrifugedfor 1.5 minutesat 10.000x g, andthe
supernatantcontainingthe RNAwastransferredto afreshtube.
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The extractedRNAfrom cell lineswasreadyto be reversedand transcribedinto cDNA.In

additionto this RNA humanbrain RNA(AM7962,Fishej wasusedasa positivecontrol for

gene expression. Eachsynthesisreaction was prepared in duplicateswhere one sample
reactioncontainedreversetranscriptasg RT)enzymeto producecDNAfrom the target RNA
sequenceln contrast,the other did not containreversetranscriptasg-RT) ensuringthat any
PCRampliconwasderivedfrom de novocDNAratherthan genomicDNA.

Foreachreactionin sterile DNaseand RNasdree tubes 1 ng of RNAwasprimedwith 50 ng

of randomhexamergC1181Promegaandl nL10mM dNTRMix (BIO39044SL $in nuclease
free up to 13 nL. The mix waswell mixedby flickingthe tube before brief centrifugationand
heatngto 65°Cfor 5 minutesto allowthe RNAto denature.Then,the reactionwasincubated
onicefor atleastl minute allowingthe primerto annealto the RNAThecontentsof the tube

were collectedby a brief centrifugationandtransferredinto a1.5mLsterileDNase/RNaseee

tube containing4 nL 5X of FirstStrandBuffer,1 niL of 0.1 M DTT,1 ni of SuperScrigt' il

Reverselranscriptasdfor RTreaction, 1 nl nucleasefree water for -RTcontrol reactions)
(18080044, Invitrogen)and 1 mL of RNasin®ibonucleasehibitor (N2511,Promegajo limit

RNAdegradation.All reaction sampleswere gently flicked before briefly centrifugingand
transferredto a PCRmachine where the sampleswere exposél to three different stepsof

incubation.Toallowtranscriptionto occur,reactionswverefirstincubatedat 25°Cfor 5 minutes
anddirectlyafter a secondincubationstepat 50°C for 60 minutes followedby inactivationof

the enzymeat 70 °C for 15 minutes. cDNAreaction sampleswere stored at -20 °C until

required.

2.5.3 NonquantitativereversetranscriptionPCRRFPCR)

Non-quantitativereversetranscriptionPCRRFPCR}echniquewasemployedto detectgene
expressionof adenosine P2X and P2Yreceptorsin human umbilical vein endothelialcells
(HUVEC)

All primerswere previouslydesignedby Dr. HinnahCampwalagxcludingP2X4and P2Y11.
P2X4inter-spanningorimerswere manuallydesignedgensuringthe potentialamplificationof
the four transcripts variants for the human P2X4 (NCBI reference sequences:
NM_001256796.2,NM_001261397.2.NM_001261398.2and NM_002560.3).A diverse
combinationof nucleotideq20-25 bp) with anappropriatepercentageof GChetween35-65%
were chosenandthe identity of the primerswascheckedusingthe HumanBLATsearchtool
from the Genomelnstitute site of the Universityof CaliforniaSantaCruz.Onthe other hand,
the P2Y1Jprimersequencevastakenfrom (Xiaoet al.,2011)

New stocks of each primer pair were supplied lyophilizedby SigmaAldrich. They were
reconstitutedat 100 M in nucleasefree water, andworkingstockswere preparedat 10 mv
and usedfor the PCRsamplepreparation.Primerand workingstockswere kept at -20 °C to
ensuretheir integrity. All forward (F)and reverse(R) primer sequencesare listed 6 f3Qare
shownin Table7, 8 and9.

Asdescribedin the previoussection,preparedcDNAsampleswvere usedasan experimental

templatefor PCRamplification.Twodifferent PCRnastermixeswere usedin this studydueto
the difficulty of getting ampliconbandsin the positive control (humanbrain), where these
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receptors'expressionfiavebeenpreviouslyreportedin someP2Yreceptors.PCRnastermix
from Promega(Tagpolymerase)wvasthe primary polymeraseusedfor this characterization
(P1, P2X,and most P2Y receptors), and then the reactions were prepared following
manufacturedinstructions as follows Reactionsfor each primer pair were prepared in
duplicatein autoclavedhucleasefree microcentrifugetubes.Fora final volumereactionof 25
nm, 12.5nL of the PCRnastermix (Promega)0.5 i of workingstocksof eachprimer (Fand
R),1 nL of cDNA(either RTor RF), and 10.5nL nucleasefree water wasadded.All reaction
sampleswere gently flicked before briefly centrifugingand transferredto a PCRmachine,
wherethe samplesverethermallycycledto allowselectiveamplificationfollowingthree major
steps:denaturation,annealingand extension.Theinitial denaturationstep of the DNAhelix
lasted 1 minute at 94 °C, which wasfollowed by 40 cyclesof denaturationat 94 °C for 30
seconds,annealingof the primers to the DNAtemplate at the primer-specificannealing
temperature(Tables?, 8, 9) for 30 secondsanda final extensionof the cDNAstrandat 72°C
for 1 minute. Primerspecificannealingtemperatureswere determined by previousPCRs,
where temperature gradients (5562 °C) were performed to find the optimal reaction
conditions Afinal extensiomat 72 °Cfor 5 minuteswasneededto ensureproper extensionof
the cDNA.

Onetag Master Mix from New England BioLabs (a combination of Taq polymerase and Deep
Vent® DNA Polymerase) was used to study the expression of P2Y2 and P2Y6 (as referred to in
Table9). Reactions were prepared as previously described for the other Master Mix used in
this study, with the only difference being that ethird of nucleasdree water (3.51) was
replaced for betaine (1M stock), facilitating the amplification of these ggterske et al.,

1997) Thermocyclingonditionsdifferedfrom thosedescribedandthe stepswereconfigured
following manufacturerrecommendationsThe initial denaturation step of the DNA helix

lasted just 30 secondsat 94 °C in this case,which was equally followed by 40 cyclesof
denaturationat 94 °C for 30 secondsannealingof the primersto the DNAtemplateat 58 °C

for 30 secondsand a final extensionof the cDNAstrandat 68 °C for 1 minute. Again,a final
extensionat 68°Cfor 5 minuteswasneededto ensureproperextensionof the cDNA.

Table7.Primera S1j dzSy 0S&a FT2NJtm NBOSLHMcHENE YR K2dzaS{ SSLMA:

. Annealing
Receptor Sequence Size (bp) temperature(°C)

AlF GTGCGAGTTCGAGAAGGTC

374 55
AlR GGATGCGGAAGGCASTAGA
A2AF CTACCGTATCCGCGAGTTC

295 55
A2AR GCTAAGGAGCTCCACGTCT
A2B F CAGAACCCTGGGATGGAAC

277 55
A2B R CAGCACAGGGCAAAAATCC
A3 F CTGGTGCCGAGGCTATTTC

302 55
A3 R CCTTGCGGACAACTTTGGG
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I -actinF CACAGAGCCTCGCCTTTGC
282 5562
j-actinR CGATGCCGTGCTCGATGGG
Table8. Primer sequences for P2X receptors.
Receptor Sequence Size (bp) Annealing
P q P temperature ¥C)
P2X1 F GCTTTCCACGCTTCAAGGT(
341 58
P2X1R GAGGTGACGGTAGTTGGTC
P2X2 F GCACAGACGGGTACCTGAA(
200 58
P2X2 R GGAGTACTTGGGGTTGCAC]
P2X3 F TGTATCAGACAGCCAGTGC(C
564 60
P2X3 R CGGATGCCAAAAGCCTTCAC
P2X4 F TTACGACCAAGGTCAAGGG(
250 55
P2X4 R CCTGTTGAGACTCCGTTGC]
P2X5 F GCAATGTGATGGACGTCAAG
263 56
P2X5 R GTACCCGGAGGAGACAGAC
P2X6 F GACTTCGTGAAGCCACCTCA
405 56
P2X6 R TTGTGGTTCATAGCGGCAGI
P2X7 F CGGTTGTGTCCCGAGTATC(
414 56
P2X7 R AATGCCCATTATTCCGCCCI]
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Table9. Primer sequences for P2Y receptors.

. Annealing
Receptor Sequence Size (bp) temperature ¢C)
P2Y1F GTTCAATTTGGCTCTGGCCG
326 55
P2Y1 R TTTTGTTTTTGCGGACCCCG
P2Y2 F CCGCACCCTCTACTACTCCT| 58
243
P2Y2 R TCAGTTCTGTCGGATCTGCG Onetaq Master Mix
P2Y4 F CCCCAACCCTATGGCTCTTC
427 60
P2Y4 R TGGTCAAACTCTTCAGGCCG
P2Y6 F GCTCTCACTGTCATCGGCTT 58
391
P2Y6 R TCTGCCATTTGGCTGTGAGT Onetag Master Mix
P2Y11 F CTACAGAGCGTATAGCCTGGTG
365 58
P2Y11R CCATGTAGAGTAGAGGGTGGAC
P2Y12 F ACTGGGAACAGGACCACTGA
698 55
P2Y12 R CAGAATTGGGGCACTCAGC
P2Y13 F TTCCCAGCCCTCTACACAGT
461 55
P2Y13 R GGCCCCTTTAAGGAAGCACA
P2Y14 F CGGAAGTGGCACAAAGCATC
370 60
P2Y14 R CCCTAAACGGCTGGCATAGA
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2.6 RNAsequencing

RNAwasextractedasstatedin the previoussection2.4.1, but RNAqualitywasdoublechecked
usingthe RNAScreenTape@® the 4150 TapeStatior{AgilentTechnologies)Thistechnology
allowsthe evaluatiorof total RNAntegritydeterminedby the RNAnNtegritynumberequivalent
(RIN). Traditionallythe integritywasassessetly usingelectrophoresisn anagarosegelwith
ethidium bromide showingthe two bandsfor ribosomalRNAsubunits(rRNA)28Sand 18S.
However this methodis believedto be inconsistentoday. TheRNAintegrity numberis more
accurate than UV spectrophotometric measurementsor ribosomal RNA ratios. In the
TapeStationthe sampleis separatedin the tape channelsaccordingto different molecular
weights,andalaserdetectsthe smallamounts.Thesystemwill producean electropherogram
correlatingthe amountof RNAwith the fluorescencechangeregistered calculatinghe ratio
of the two ribosomalbands.The RINnumber is then calculatedusinga machinelearning
algorithmthat usesmore informationthan the ratio of ribosomalsubunitsbut is still highly
dependentonthesetwo parametersTherangefor the RINscorenumberis1to 10,andhigher
RINvaluesreferto a higherRNAintegrity (Shenget al.,2017)

Samplesrom HMEGI cellswere sentto Novogerfor TranscriptomesequencingCambridge,
UK).Thecompanyrequireda minimumRIN of 4, and that waspreviouslycheckedn-house.
Forthis,samplesverepreparedusingl nLof RNAmixedwith 5 nLof RNAScreenTap&ample
Buffer@oomtemperatureequilibrated.Themixwasspundownandvortexedfor 1 minute at
2000rpm. Then,the samplewasdenaturisedby a heatshockfor 3 minutesat 72°C.Samples
were placedin ice for 2 minutes to stop the reaction and directly loaded to the RNA
ScreenTape®@Agilent Technologies).The TapeStationController Software automatically
calculatedhe RIN (Figured).

Novogenpreparedthe RNAlibrariesand sequencedthe samplesaccordingto the human
genome using lllumina PE150 technology. Bioinformatics Analysis provided as the
guantificationof geneexpressiotevelasFPKMFragment$erKilobasef transcriptsequence
per millionsbasepairssequenced)a normalisationof the raw countswhich consideredhe
effectof sequencinglepth (total readcounts,millions)andgenelength(kilobase¥or the read
counts at the sametime. Thistype of normalisationis very well-establshed in RNAseq
experimentgMortazaviet al.,2008)
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Figure4. Four human microvascular endothelial cell (HMJE€amples with different levels of RNA
degradation were analysadingthe 4150 TapeStation from Agilent TechnolodiasGelimagesof
the electronicladderplus the four sampleswith their respectivedeterminedRIN valuesare shown
underthe gelimage.Ona scaleof 1 to 10, 10 representsintact RNAwhile a RIN of 1 representsa
highlydegradedRNAsample.(B) Tabledisplayinghe four sampleresultsindicatingthe specificarea
calculatedof the ribosomalsubunitsandthe concentrationof the sampledested. (C)Representative
electropherogram®f the electronicladders,a stronglydegradedRNAsample(RIN 2), and a highly
intact RNAsample(RIN 10).
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2.7 Western Blotting

WesternBlotting techniquewas employedto detect protein expressiorof P2X4,P2Y2and
P2Y1Xeceptorsin humanmicrovasculaendothelialcells(HMEGL).

2.7.1 Proteinextractionandquantification

Cellswere washedtwice with ice-cold PBSat pH 8 whenthey reached70-80%confluencyin
culture.Cellswere saatchedonicein 500 ni of ice-cold PB$Sand celllysatesin the PBSwere
collectedin 1.5mLEppendorftubes.Cellswere then centrifugedat 4.000g for 20 minutesat
4°C, and the pellet was resuspendedn 20 ni of ice-cold solubilisationbuffer. The buffer
contained150mM sodiumchloride(NaCl);L mM magnesiunthloride,1 mM calciumchloride,
2% (v/v) Triton X-100,20 mM Trishydrochloricacidat pH 7.6, and proteaseinhibitor cocktail
(CompletéMtablets,Roche) Themixwasthen homogenisedn arotation wheelfor 2 hoursin
the coldroom andcentrifugedto pelletthe celldebrisat 12.000x g for 20 minutesat 4°C.

The supernatantwas collected, and the protein concentration was calculated using a

colorimetricPiercéM BCAprotein assay(SigmaAldrich,UK).Thisassayhasbeen extensively
usedasit is usuallylessvariablethan other colorimetricassayssuchasthe Bradfordassay
(Bradford,1976) andcanbe usedin microwellplates.Theprincipleof this assaysthe protein

capacityto reducecopper(Il) (C#*) to copper(l) (Cu) in a protein concentrationdependent
manner. Bicinchoninicacid can form a purple complexwith Cu when chelateswith this

reducedcopper,whoseabsorbances maximalat 562nm.Theabsorbancet this wavelength
will be directly proportionalto protein concentration(Smithet al., 1985; Wiechelmaret al.,

1988) The absorbanceof the albumin calibration curve is set accordingto manufacturer
instructions,andfrom there, the protein concentrationof the samplesanbe calculated.

Proteinsamplesvere consistentlypreparedwith 25 or 50 g of total protein extractin afinal
volumeof 25 nlL samplebuffer dithiothreitol (50 mM, DTT)supplementedand boiled for 5
minutesat 96 °C. Thesamplebuffer contaired 240mM TrisHClat pH 6.8, 12%(w/v) sodium
dodecylsulphate (SDS)0.05%(w/v) bromophenolblue and 30% (v/v) glycerol(with a final
concentrationof 50mM DTT).

2.7.2 SDSPAGENdmMembranetransference

SDSPAGE (sodium dodecyl sulphate polyacrylamide gel electrophoresis) is a technique used
to separate different proteins based on their molecular weight. Proteins have more or less
intrinsic electrostatic charge, attracting them to the opposite charge direction and moving
through the gel through which an electric current is applied. In this gel electrophoresis type,
the SDS detergent will uniform all protein charges after the bquiegncubation. Then,
proteins will possess the same mabsarge ratio, and their traveling speed through the gel will

be determined by their mass, so heavier proteins will travel slower than lighteiGedigher,

2012)

PrecasSDS polyacrylamidé-12%gradien) Boltt BisTris Plus MirfProtein Gelglnvitrogen)

were usedwhen available Wmouse.For these gel20X Bobt MES SDS Running Bufiers
used to ensure the best runningpnditions When unavailable, the acrylamide gel was
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prepared composed of% (v/v) acrylamidestacking and 10%w/v) acrylamideresolving gel
(Table10). In this case, thelectrophoresis running buffeonsistedof 25 mMTris, 192 mM
glycine and 0.1% (w/v) SDJhe gels ran at 90V for approximat®ly minutesusing the
Precision Plus Dual Colour-Biad as éadder (BieRad Laboratories, UK).

Proteins were then transferreid an ImmobilonP polyvinylidene difluoride (PDVF45mm
pore size; Millipore, Uknembranausingice-coldtransfer bufferconsistingsf 25mM Tris, 192
mM glycineand 20% (v/v) methanol amini transtank blotat 90V for 90 minutes in the cold
room.

2.7.3 Membraneblockingandproteinimaging

Membranes were blocked in blocking solut{@ablell) for a minimum of 1 hour at room
temperature on a rocking platformifter blocking, membraes were blotted with the specific
primary antibody(Tablel2) at 4 °C overnightwhen 5% (w/v) semiskimmedmilk blocking
solutionwasusedor 3 hoursat room temperaturein the caseor anyother blockingsolution
compositionand before the secondaryantibody, membraneswere washedthrice for 10
minutesat RTon a rockingplatform. The washingsolutionwas PBST when the milk-based
blockingwasused,but TBST wasusedin all other casesimmediatelyafter, mnembranesvere
incubatedfor 1-2 hours at RTwith the specifichorseradishperoxidase(HRP)conjugated
secondaryantibodypreparedin a blockingsolution(containingTweenrn20 in all cases)In the
caseof i -actin detection, the secondaryantibody was alreadyconjugated,so the last step
g | & seduited. Themembraneswvere then washedthrice for 10 minutesat RTand directly
incubatedin PiercéM ECLdetection reagent (FisherScientific,ref. 32106) for 2 minutes.
Membraneswvereimagedon a ChemiDot"ImagingSystem(Bio-RadLaboratoriesUK).

Somemembraneswvere re-probedby strippingthe antibodiesfrom the blot for 40 minutesin
a 0.2M sodiumhydroxide(NaOH »olution,whichwassequentiallywashedthrice, blockedfor
anhour,andincubatedwith the additionalprimaryantibody.

Tablel0. Stacking and resolving gel composition.

Stackingacrylamidegel Resolvingcrylamidegel
125mM TrispH6.8,5 %(v/v) acrylamide30% | 375mM TrispH8.8,10 %(v/v) acrylamide30%
37.5:1,0.1%(w/v) SDS0.05%(v/v) 37.5:1,0.1%(w/v) SDS0.05% (v/v) ammonium
ammoniumpersulphate(APS)0.1%(v/v) persulphatgAPS)0.05% (v/v) tetramethyl
tetramethylethylenediamind TEMED) ethylenediamind TEMED)
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Tablell Blocking solutions configuration.

Blockingsolution Washingsolution Prlmaryarmbody Secondar)_anubody
solution solution
5 -

.5 /O(W/V). semk 5%(w/v) semi 5%(w/v) semi
skimmedmilkin PBS . A . S
T(1XPBS0.1%(VA) PBST skimmedmilkin PBST | skimmedmilkin PBST

. (IXPBS0.1%(Vv/V) (IXPBS0.1%(Vv/V)
Tween20 (Sigma Tween20) Tween20)
Aldrich))
1%(w/v) bovine

1%(w/v) bovine serumalbumin,and
serumalbumin,and 10%sucrosan TBST
10%sucrosdan 1XTBS (IXTBSN.1%(v/v)

1%(w/v) bovineserum Tweenr20)
TBST albuminin TBST (1X | S%sucrosen TBST
5%sucrosdn 1XTBS TBSO.1%(viv) Tween | (IXTBSQ.1%(v/v)
20) Tween20)
5 ,
10%(w/v) bovine 10%(whv) t_)o_vme
serumalbuminin 1X serumalbuminin TBS
TBS T(AXTBS0.1%(v/Vv)
Tween20)
Tablel2 List of antibodies used for Western Blotting.
Name Source Host Identifiers Dilution
mouse

anti- -actin SigmaAldrich monoclonal HRP A3854 1:3000

conjugated

anti-P2X4 AlomoneLabs | rabbitpolyclonal APRO02 1:1000

_ AlomoneLabs | rabbitpolyclonal APRO10 1:1000
anti-P2Y?2
Abcam mousepolyclonal ab168535
. AlomonelLabs | rabbitpolyclonal APRO15 1:1000
anti-P2Y11 -
Abcam rabbit polyclonal ab180739 1:1001:1000

anti-rabbit Invitrogen goz_ﬁHRP A16096 1:1000

conjugated

anti-rabbit Abcam goatHRP ab6112 1:2000

F(af v H conjugated

2.7.4. Dataanalysidor westernblot imaging

Westernblot imageswere semiquantified,comparingthe relativeamountof the protein of
interest againstthe relative expressionof i -actin, our loading control, for normalization.
Imagesexportedfrom the ChemiDo& ImagingSystemwere savedas a JPEGile and were
analysedisinglmagel(Fijiis JustimageJersionl.53;UK).

For eachimage, a rectangularregion of interest (ROl)was defined around the protein of
interestband,avoidingthe possiblesurroundingoackgroundThisROIshouldbe of consistent
sizeand shapeacrossall lanesand wasusedto perform everysinglemeasurementn each
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independentimage.TheROllengthwasset for the most prominentprotein of interestband
to ensurea goodfit of allthe presentbandsin the blot. Thetotal pixelintensityfor eachlane's
protein of interestbandswasmeasuredandsavedoy movingthe RObetweenlanes(left-right
movement, avoiding changesin ROl height position between laneg. In the same way,
backgroundmeasurementdor eachlane were taken usingthe sameROlselectingan area
aboveor belowthe protein of interestband

In atotal white pixelROl the intensityvalueis 0, asstandsfor the absenceof colour. Onthe
contrary,atotal blackpixel ROlwill havean intensityvalueof 255, representingthis number
as the highestintensity of colour possiblein the analysisimage. Thus,the first step of
normalisationof the protein of interest band intensity valueis the inversionof each ROI
intensityvalueby subtractingirom the highestintensityof colourpossibleROK255¢ ROI).The
samewas done for the backgroundmeasurementsThen,the amount of net protein was
calculatedby subtractingthe backgroundinverted intensity from the protein of interest
inverted intensity previouslycalculated.The analysisof the relative expression -actin was
performedaspreviouslydescribedandneti -actin protein loadingcontrol valuewasusedto
normalisedas ratio valuesof the relative amount of the protein of interest (net protein of
interest/neti -actinprotein).Thisratio normalisatiorallowsusto comparedifferentconditions
andtechnicakepeats asit reduceghe variabilitycausedoy proteinloadingerror, for instance.

Semiquantitativeresultsare presentedalongthis thesisin bar charts,indicatingthe relative
expressionevelsof the proteinof interestbetweendifferentcelllines.Graphsveredoneusing
the OriginProsoftware,andstatisticalanalysisvasperformedasdeclaredin section2.3.3

2.8 Nitrite (NQ.) measurement

Nitricoxide(NO)isacrucialphysiologicanessengein the vasculasystemyegulatingvascular
tone uponcalciuminflux.Onewayto studynitric oxidechangess by measuringone of the two
breakdowrproductsof nitric oxide,nitrite (NQ.) (Bredtet al.,1994;Dawsoret al.,1996) Nitric
oxidequicklyoxidizego nitrite, whichismuchmore stableandeasierto quantify.Forthis, the
GriessReagenBystenis broadlyusedin biologyto measurechangesn nitric oxideindirectly.
The systemis basedon the diazotizationreaction describedby Griessbut with multiple
modificationsAdiazotizatiorreactionconsistof two significansteps First,the nitrite present
in the biologicalsamplereactswith sulfanilamideo form a diazoniumon specimenwhich,in
turn, will reactwith N-(1-naphthyl)ethylenediaminelihydrochloridgNED)}o produceanazo
compound.Thisazo compoundresultsin an azo dye whose absorbancecan be measured
between520-550 nm. Both reactionsare catalysedunder acidicconditions(phosphoricacid
specificallyjGreenet al.,1982)

Thissystemcanbe usedto test the concentrationof NQy- in experimentaliquid samplesin
this study, the quantificationof nitrite was quantifiedin HMEGCL serumfree culture media
(MCDRBL153). Sensitivityof the systemdependson the liquid matrix in study, so for that
comparisonof the representativenitrite standard referencescurves was performed in
standardbath solution (SBSand serumfree culture media(MCDB153) Thestandardcurve
referenceshowedthat serumfree culture mediawasan equallygood matrixto performthe
experiments(Figure 5). The nitrite concentrationdetention limit is 2.5 uM in ultrapure
deionizeddistilledwater, asdescribedby the fabricant(Promega).
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Samplescame from starvedcellsthat were either drug-treated or unstimulated.50 pL of
experimentasamplesvere freshlytransferredandplatedin triplicatein a 96-well flat-bottom
assayplate. Eachwell was mixed with the samevolume of the sulfanilamidesolution and
incubatedat room temperature, protected from light for 10 minutes. Thispreincubationis
relevant,assulfanilamideandNEDcompetefor nitrite in the reaction.Followinghe 10-minute
incubation,the samevolumeof NEDsolutionwasaddedto the samplemix and preincubated
againfor another10minutesin the sameconditions After thistime, the sample'sabsorbances
werereadyto be measuredbetween538 nm within 30 minutes,ascolourmayfade after this
time. A standard curvewaspreparedfor eachassayin a 0-100 uM rangefollowingthe same
preparationasexperimentasamplesA nitrite standardreferencecurvewascreatedwith the
dataextractedfrom this standardcurveperformedin eachindependentexperiment. Average
absorbancevaluesfor the knownconcentrationsvere plotted asa KnownY with the known
concentrationg0-100uM) asafunctionof X. Finallyto determineeachexperimentabample's
nitrite concentration,the averageabsorbancevaluesfor eachsampleare comparedto the
nitrite standardreferencecurve.
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Figure 5. Nitrite measurement specificatioifd) Griessbased diazotization reaction where a
sulfanilamidereacts with the nitrite in the solution to form a diazonium ion specimen. When this
specimen reacts withlED it will produce arazo compoundavhose absorbance can be measured to
quantify an experimental sample's nitrite content indirectly. Nitrite standard reference curve
performed in(B)standard bath solution (SBS) g@)serumfree MCBD medium.
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Chaptel3. Investigatinghe contribution
of the purinergic receptors In
endothelialcells'calciumhomeostasis.

3.1 Introduction

The endothelium, the monolayer of specialized cells lining the blood vessels, is recognized not
only for its canonical function as a barrier but also for its dynamic participation in regulating
vascular tone, blood flovmnd various signalling cascadieélétou, 2011)t plays a crucial role

in controlling the trafficking of ions, small and large molecules, and immune cells across the
vessel wall, thereby contributing to maintaining tissue homeost@sgdam et al.,

2021) Calcium is one of these ions and plays an essential role in the endothelium as a second
messenger in numerous cell biology processes such as angiogenesis -duled
vasodilationGerhold et al., 2016; Tsai et al., 2015)

As previously detailed in thietroduction section 1.3, P2 purinergic receptors have been
reported to mediate some of these responses; however, the identity of the receptor
contributing to the calciurmducedresponses remains in discussion. P2X4 has been proposed
as a mediator of shear stresgluced calcium currents in the endothelium and further flow
dependent regulation of vascular toéamamoto, Korenaga, Kamiya, Ando, et al., 2000)
contrast, others fail to prove the contribution of the channel in the calevoked responses
(Rageeb et al., 2011; Wang et al., 20P2)Y2 can also contribute to high shear stredaced
responses due to the activation of the PLC pathway and, in turn, the release of calcium from
the storeq(Li et al., 2022; Rageeb et al., 2011 )addition, purinergic signalling helps maintain

the integrity of the endothelial barrier, which is crucial for preventing the passage of harmful
substances from the bloodstream into surrounding tissues. ATP and other nucleotides released
from vascular ells or applied exogenously can interact with endothelial purinoceptors and
influence the barrier function of the endothelium. P2Y1 has been proposed as an endothelial
barrier protector through a calcittependent pathwayAslam et al., 2021)

Furthermore,t has been established that endothelial calcium signals are pivotal in promoting
angiogenesis by recruiting various calcgensitive decoders in response to {amgiogenic
signals, including basic fibroblast growth factor (bFGF) and vascular endgtbeltalfactor
(VEGFMoccia et al., 2019YEGHs the master regulation of angiogenesis. VEGF receptor 2,
GKAOK Aa (GKS OSyYyaGNXf aAraylrttAy3da +£9DC NBOSLX
through phosphorylation at serine 537 and 1105 and leads to the PLC activation pathway
causing a pr@angbgenic increase in the intracellular calcifimet al., 2011; Moccia et al.,
2019) Membrane receptors from other families, such as Orai and TRPC channels, have been
proposed to contribute to the VEGF calcidependent responsél. Li et al., 2015; Li et al.,
2011) Of the purinergic receptors family, P2X7 and P2Y11 have been proposed to induce
vessel normalisation in a calcitteapendent manne(Avanzato et al., 2016)
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3.2 Aims

The aim of this study was to investigate the contribution of the purinergic receptors in
endothelial calcium signalling, using both a biomolecular and a pharmacological strategy. The
specific objectives were as follows:

1. To identify the purinergic receptors at the transcriptional level and pharmacologically
LINE @S GKS RSNAGSR Ol yRA-iRduceScalCumiesiddsés@S Y Sy (i
human microvascular endothelial cells (HMEC

2. To elucidate the possible purinergic contribution of purinergic receptors in vascular
endothelial growth factor (VEGF) calcium signalling mechanism in-HSHE

3. To confirm the protein expression of the proposed pharmacological functional
candidates and determine the specificity of the observed responstdHE1 cells.

4. To complement this study with insights into the novel detected mechanism involving
P2Y11 and VEGGIEpendent responses in a primary cell line, human umbilical vein
endothelial cells (HUVEC).

3.3 Results

3.3.1. Membrane receptors RNA sequencing profile of human microvascular
endothelial cells (HMED

RNA sequencing was performezing HMEQ cells as a mod#d elucidate thdranscriptional
profile of membrane receptors with established roles in endothelial physiology. Although this
study focuses on the role of purinergic receptors, the expression of other receptors was
considered to have a better understanding of how calcium homeostasizecayulated in

the vascular endothelium.

The data is exposed as normalised gene expression levels for the expected number of
fragments per kilobase of transcript sequence per millions of the base pairs sequenced (FPKM)
(Figurel). Zero FPKM indicated no gene expression, and greater FPKM values represented
higher quantitative gene expression levés. that basis, the purinergic receptor expression

at the mRNA level of two ligand ion channels, P2X4 and P2X5, and the expréssenibier

G protein couplal receptors,ADORA2BR2Y2 and P2Y11, wdstermined P2Y receptors
showed a more prominent expression than P2X4. In conttastexpression of P2X5 was
deficient, and it was not further pursued in the study as there is a lack of pharmacological tools
for further characterizatiofFigure 1A).

In the same way, all the vascular endothelial growth factor receptors (VEGFR1,2,3) were
ascertained, and VEGFR2 was detected at grander levels. In the case of the vascular endothelial
growth factors, all showed expression in HME€eIls (VEGFA, B, C, Ilgwever, it was a
substantial expression of VEGRK&8Iowed by VEGF@nd VEGFAVEGFDwas the only
undetected(Figure 1B). In the case of mechanosensitive channels, PIEZO1 represented the
most evidentexpression among all the studied, and TRPV4 was detected but at much lower
levels if compared, showing a mRNA expression relatively similar tFRfiXd 1C). On the

other hand, in the storeperated (CRAC) channels expression, both thefpomr@ng proteins
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ORAI(1-3) and the calcium store sensor (stromal interaction molecule; STIM1,2) were
expressed, with ORAI1 being the most extended at the mRNAHeee 1D).

The mRNA expression pattern observed in Hk&lidated this study's following stages of
pharmacological profiling. Only receptors indicating expression were further characterised.
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RNA-seq transcriptome profiling in HMEC-1 cell line
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Figurel. Normalised gene expression for the expected number of FPKM levels in various receptor
families in human microvascular endothelial cells (HWE@\) Purinergic receptors of the three

main subtypes were expressed in different levels, considering the expression of P2X4, P2X5,
P2Y2, P2Y11, and ADORAA2B (the adenosine receptor @)l vascular endothelial

growth factor (VEGF) receptors (R1, R2, R3) and ligands (A, B, C, D) were detected except for
the VEGF D ligand subtypéC)In the case of the mechanosensitive channels, both this
receptor and TPRV4 expression were dete¢@)Bimilarly, all storeperated (CRAC) channel
members were expressed in HME®&ach bar represents an average of three equal samples

in FPKM.
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3.3.2. Characterisation of the purinergic receptors signalling in human
microvasculaendothelial cells (HMED.

As indicated irsection 3.3.1a range of purinergic receptors are expressed in HME«lis.

P2X4 is an ionotropic permeable rsglective purinergic receptor whose activity can be
assessed by recording changes in the intracellular calcium concentration usi2é\Mulge,

as describd in theMethods sectior2.3. In contrast, P2Y2 and P2Y11l are metabotropic
purinergic receptors, and their activity can be assessed using the same strategy as both induce
an increase in calcium levels upon nucleotide actinati

3.3.2.1 Nucleotideevoked calcium responses of human microvascular
endothelial cells (HMEQG

lonotropic and metabotropic receptors demonstrate different potencies and efficacies,
reflecting their respective pathways for increasing calcium Ie¥€R.is a full agonist of P2X4
(Coddou et al., 2011pP2Y2(Burnstock, 2014)and P2Y11Gruenbacher et al., 201,93nd
therefore, the early experiments were performed to determine potency and efficacy of ATP in
HMEGL cells. Btimating these parameters helped to understand the functional expression of
the previously reported mRN&xpressed receptors in this cell lidel P elicited intracellular
calcium response in a concentratidapendent manner (0.01 to 300 pM) with maximal
activity at 300 uM for the peak (100.27 + 2.9%) and for the area under the curve (AUC) (100.68
+ 3%). The hathaximal effective concentratiok(o) for the peak was 568 + 161 nM and 742

+ 161 nM for the AU(Figure 2) The peak represents the initial rapid calcium response while
the area under the curve evaluates the sustained phase response of &igurg.2Cdepicts
time-resolved calcium responses upon ATP stimulation from 0.03 to 300 uM. This stimulation
evoked an initial response followed by a slow and sustained phase that decayed to
approximately 65% above baseline. All concentrations showed the samessktained
desensitisation phase

In the absence of extracellular calcium, the maximal responses elicited by ATP were
significantly decreased by 54.32% for the peak and 28.86% for theHaweéver, the haif
maximal effective concentration did not significantly change when the cells were exposed to
ATP in a calciwfnee saline bath solutiogFigure3). The residual calcium responses indicated

at least some contribution dependent on P2Y receptors with a clear dependency on
extracellular calcium, which could indicate some P2X activity.

To gain insights into the expression pattern exposed by the RNA sequéneieffects of
exogenous UTP, ADP, and UDP were assessed to provide a more comprehensive
characterisation of the pharmacological profile of HMEKEIIs, as different receptors display
different specificity for different nucleotide&\pplying these three nucleotides elicited a
calcium response in HMHCcells with a considerable rightward shift of ADP and UDP
concentrationresponse curves compared to the ATP ciRigured). The far nucleotides

were ranked in order of their ECATP = UT{Rs) > ADP > UDBhowing in generalyery similar
maximal responsesHowever UTP exhibitea significantlygreatermaximal responséan

ATPR These effects are consistent for the peak and AUC calculated para(ietelei).

72



>
w

: : l
< <
§ 120 - PEAK % 120 - AUC
e ® EC,,568 nM + 161 nM 8 m EC,,742nM % 161 nM
S =
£ 100 . £ 100 .
c
o
© ] 8 [
< 80 9 80+
Q
T
o
i R
o 60- » 60
) (]
ol 2
S 15}
S 404 o 40 1
[
8 8
+‘_ &
&, 20+ 4y 20
O O
2 o " E 0
N . N -
g T T T T T g T T T T T
£ 1E-8 1E-7 1E-6 1E-5 1E-4 s 1E-8 1E-7 1E-6 1E-5 1E-4
o
S log[ATP] (M) < log[ATP] (M)
120 4
ATP
_ 100
=
w
N
80 -
N =
©
E %: o 30nM
— o 601
NS 5] o 10nM
X
= g 404 o 3nmv
S e o 1mv
—_ o
3 20 4 o 300 nM
g
= o 100 nM
s 30nM

Figure2. ATP elicits intracellular calcium responses in human microvascular endothelial cell4fHMEC
Concentratiorresponse curves for the pe@k)and AUEB)magnitude of intracellular €axesponses
elicited by ATP (016800 uM;N=5. (C)Averaged timeesolved intracellular Eaesponses elicited by
ATP from 30 uM to 30 nM in HMECells over 250 secon{id=5) All data were normalisgd) to 30

UM ATP and fit the Hilll equation with thesg&@lues showed in the graphs. Datea representecs
mean + SEM.

® Data normalisatiomas always done at 30 uM ATP when this agonist was studied.
™) Arrows ﬂ )ndicate the maximum response in the control (untreated) curve.
") F/R refers to the Fura2 ratio, meaning F340/F380.

73



PEAK
& + extracellular Ca®*
¢ - extracellular Ca?*

120

100

@
o
1

D
o
1

N
o
1

N
o
1

normalized Ca** responses % peak control @omatp) T>

w

normalized Ca? responses % auc control 30 mm ATP)

120

=

o

o
1

o]
o
1

o
o
1

IN
o
1

N
o
1

AUC

¢ + extracellular Ca®*
¢ - extracellular Ca?*

09 &% 094 & &
T T T T T T T T
1E-8 1E-7 1E-6 1E-4 1E-8 1E-7 1E-6 1E-5
log[ATP] (M) log[ATP] (M)
PEAK AUC
ECSD ATP in Ca?t 568 £ 161 nM 742 £161 nM
ATP in OCa?* 1.30+ 0.9 uM ns 1.851+1.25 uM ns
Maximal ATP in Ca2t 100.27% 100.68%
response
ATP in 0Ca2* 54.32% ** 28.86% *

Figure3. Extracellular calciumemoval impacted the AT#¥oked response in human microvascular
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intracellular C4 responses elicited by ATP (0300 uM;N=5 in the presence (0.6300 uM; closed
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normalised to 30 uM ATP in the presence of extracellular calcium and fit the Hilll equation with the
EGoand maximal response values showed in té@)eAsterisks show statistical significance relative to
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representedas mean + SEM.
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Figure4. ATP, UTP, ADP and UDP elicit intracellular calcium responses in human microvascular
endothelial cells (HMEQ. Concentratiorresponse curves for the pe@k)and AUEB)magnitude of
intracellular C& responses elicited by ATP (G300 uM; pink closed circlgs=5, UTP (0.006300 uM;

green closed squarebl=5, ADP (0.06200 uM; orange closed triangldd=5 and UPD (0.61000

MM; blue closed rhombus=5. All data were normalised to 30 uM ATP and fit the Hilll equation with

the EGy values showed in the graphs. Comparison of §€3nd AUQD) EG, values for ATP, UTP,

ADP and UDP responsis$ for each nucleotijleAsterisks show statistical significance relative to ATP
potency (pns> 0.05, pk0.05, p**<0.01, p***<0.001). Datare representeds mean + SEM.
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Tablel. Summary of nucleotidemssoked responses in human microvascular endothelial cells HMEGs statisticalanalysisvasperformedagainsthe ATP
controlcurvein salinesolution.Efficacyp-valueis the statisticalcomparisorbetweenATPmaximakesponsén salinesolutionand ATPmaximakesponsén the

presenceof the appliedcompound(whoseconcentrationmightdiffer from the previousone)

Concentration Maximum Maximum Maximal Maximal
. EGoPEAK response EGoAUC
Nucleotide range Pvalue PEAK response | Pvalue Pvalue | response| response | Pvalue
UM (M) PEAK (%) AUC(UM) AUQ(%)
ATP 0.01-300 568 £ 161 nM / 300 100.27+£2.9 / 742+ 161nM / 300 100.68+ 3.0 /
UTP 0.002-300 460+ 80nM ns 150 115.19+5.4 | p<0.05| 654+271nM ns 300 116.39+£4.4 | p<0.05
ADP 0.002-300 24+7.1uM p<0.01 300 82.87+2.9 | p<0.01| 52.1+£19.2uM ns 300 61.1£2.64 | p<0.001
UDP 0.01-1000 63+11.3uM p<0.01 300 70.35+2.4 | p<0.01| 114+20.3uyM | p<0.01 300 75.12+ 3.6 | p<0.001

Table2. Effects of broadpectrum antagonistand ATP scavengers (apyrase}the ATRevoked responses in human microvascaladothelial cells (HMEC
1). EGostatisticalanalysisvasperformedagainstthe ATPcontrol curvein salinesolution. Efficacyp-valueis the statisticalcomparisorbetweenATPmaximal
responsan salinesolutionand ATPmaximalesponsén the presenceof the appliedcompound(whoseconcentrationmightdiffer from the previousone)

. . Maximal .
Agonist Agoms'\t/rlange, Antagonist Antag:)nlt_st EGoPEAK Pvalue response Max:;r:;lr;sggnse Pvalue
1 concentration PEAKUM) (%)
ATP 0.1-300 / / 568 + 161 nM / 300 100.27£2.9 /
ATP 0.1-300 Apyrase 10U/mL 4.98+1.28uM p<0.001 100 86.1+3.1 p<0.01
ATP 0.1-300 PPADS 100uM 868+ 94nM ns 300 77.0t4 p<0.01
ATP 0.1-300 Suramin 100pM 203+35nM ns 100 93.97+4.23 p<0.01
. . Maximal .
Agonist Agonistange, Antagonist Antagonl_st EGAUC Pvalue response Maximalresponse Pvalue
MM concentration AUQM) AUC (%)
ATP 0.1-300 / / 742+ 161 nM / 300 10068 +3 /
ATP 0.1-300 Apyrase 10U/mL 10.5+3.63uM p<0.001 100 224+1.7 p<0.001
ATP 0.1-300 PPADS 100puM 1.66+0.28uM ns 300 864+5.7 ns
ATP 0.1-300 Suramin 100pM 205+ 30nM p<0.05 10 953+4.43 ns
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3.3.2.2 ATRevoked calcium responses of human microvascular endothelial
cells (HMEQ) aremediated by phospholipase C (PLC) activation, leading to the
subsequent release of calcium from intracellular stores.

To investigate the contribution of the two P2 purinergic receptor families in thevwked
responses, the PLC pathway inhibitor U73122 was applied to check the impact on the
intracellular calcium concentration elicited by the nucleotide. The phosphelifas a
component of the downstream signalling pathway initiated by activatingc@pled P2Y
receptors.Inhibition of the PLC enzyme compromises the release of inositol triphosphpte (IP
and diacylglycerol (DAG) and, in turn, the calcium release fooes S he ATP responses were
entirely abolished in the presence of 5 uM of the PLC inhibitor compared with the
concentratioaresponse curve in the absence of U731Eigure 5A, B, suggesting a
predominance of P2Y receptors in the &VBked response3he representative time
resolved intracellular calcium responsefigure SCdemonstrated the absence of response
upon 30 uM ATP stimulation.

In addition, hapsigargirf10 pM)was also used to investigate further the possible role of store
operated calcium responses in HME( hapsigargin is a potent roampetitive inhibitor of

the calcium ATPase pumps (SERCA), responsible for transporting calcium ions into the
sarco/endoplasme reticulum. It works by obstructing calcium uptake, depleting calcium stores,
and raising intracellular calcium levels in the @&jimag et al., 1991%tores depletion with
thapsigargin at two different preincubation timegFigure6-A) and 25(Figure6-B) minutes,
prevented any ATPBvoked responsesreinforcing the PLC inhibition assay findings.
Furthermore, the preincubation with thapsigargin significantly affected the calcium baseline
concentration before experimentation, indicating a complete depletion of stores before ATP
injection. The drug effect was more prominent when measuring afterrba&aninutes of
preincubation(Figure6-C).However, the preincubation time did not impact the effect on the
doseresponse curvéFigure6-A, B).

These two inhibitors and many others used in the following sections were not soluble in
deionised water, and DMSO was used as the solvent insi&adt solvent control was
performed to mitigate potential solvemelated influences on the ATP dassponse curve.

The presence of DMSO at 0.1% and 0.2% (v/v) did not alter the ATP potencies when compared
with EGo calculated from the ATP dose response curve in saline solution(f®Bi8)7-E)
However, there was a slight effect at 10 jivthe 0.2 DMSQurve (Figure7-A, B, and a
slightly potentiating trend can be fourftom 3 to 10uM in the 0.2% DMS@eak dose
response curv@Figure7-O). Thereby, to ensure consistency in experimental conditions in this
study, drugs solved in DMSO will always be compared to their respectiveedpsase
solventcontrolled (0.1 or 0.2% DMSO) curve and derived calculated parameters (potency and
efficacy).

It is crucial to note that the PLC inhibitor assay could not be appropriately plotted with its
corresponding ATP dose response in 1% DMSO, as it was the only experiment performed in
theseconditions due to a low stock concentration in 100% DKFgfdre 5A, B).Therefore,

this drug could not be diluted to 0.1 or 0.2% DMSO. Statistical significance is not shown as the
experiments were not performed in the same conditions.
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Figureb. Effects of the phospholipase C (PLC) inhibitor U73122 on thevaké&d response in human
microvascular endothelial cells (HMBQConcentratiorresponse curves for the pe@k)and AUEB)
magnitude of intracellular €aesponses elicited by ATP (G300 uM;N=3 in the presence (0.6300
UM; open rhombusiN=3 or absence (0.0200 puM; closed rhombud=3 of U 73122 5 uM after 30
minutes preincubation(C)Averaged timeaesolved intracellular aresponses elicited by ATP 30 uM
in the presence (light yellow rhombi&+3 or absence (cyan rhombués3 of U73122 5 uM over 250
seconds. Datare representeés mean + SEM.
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Figure 6. Effects of the sarcoendoplasmic reticulum calcium transport ATPase (SERCA) inhibitor
thapsigargin on the AT#oked response in human microvascular endothelial cells (AMECP
doseresponse curve under control conditions (03D uM; closed rhombudi=3 or following sarco
endoplasmic reticulum GATPases inhibition treatment with 10 uM thapsigargin (3@ uM; open
rhombus;N=3 after 25(A)or 5(B)minutes preincubation. All data were normalised to 30 uM ATP and

fit the Hilll equation(C)Cell loading values under control conditions or in the presence of thapsigargin
at two different times. Asterisks show statistical significance relative to control conditions loading
values (ms> 0.05, p*<0.05, p**<0.01, p***<0.001). Dadae representecds mean + SEM.

Loading valuesepresent a F340/F380 measurement before the FlexStation experiments. We consider a control
measurement of the cells for this valud#chigher than 1 but lower than 2. The FlexStation is configured to record

the pharmacological assays performing a baseline subtraction, and therefore, the traces shown and the raw data
presented in this thesis start at 0.
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Figure7. Tolerance of the ATévoked response in human microvascular endothelial cells (HMiBC
0.1% and 0.2% dimethyl sulfoxide (DM&0hcentratiorresponse curves for the pe@k) (Cand AUC
(B) (D)magnitude of intracellular €aresponses elicited by ATP in the presence {BAWLUM; open
rhombus;N=5 or absence (0.0200 pM; closed rhombus|=5 of 0.1% or 0.2% DMSO. All data were
normalised to 30 uM ATP in saline solution and fit the Hilll equation with thedli@s showed in
table (E) Asterisks show statistical significance relative to ATP pateseyine solutiorfp ns> 0.05,
p*<0.05, p**<0.01, p***<0.001). Datarerepresentedas mean + SEM.
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3.3.2.3 The broaespectrum P2 antagoniss affected the ATHévoked
calcium responses of human microvascular endothelial cells {HMEC

Broadspectrum P2 antagonists were usad well agpyrase, to continue characterising the

P2 receptorinvolvementin the ATRevoked calcium responses in HMEMPyridoxal
phosphate6-azophenyH Q-Bisukdnic acid (PPADS), and suramin broadly target P2X and P2Y
receptors in various degrees, and their effects are strictly spde@andent.On the other

hand, apyrase is an ABRd ADPscavenger, inhibiting the ATP response by catalysing the
hydrolysis of ATP to ADP and ADP to Aiifeleasing inorganiphosphate(Kettlun et al.,

2005)

The effects of apyrase (10 U/mL) on the ATP -dem@onse curveontrol (EG"FAX 568+
161nM; EG VS 742+ 161 nM) were examined to confirm that observed intracellular calcium
responses were Aldependent. Prdreatment with apyrase right shifted the ATP dose
response curve and massively reduced the ATP potency for the peaki£288M; p<0.00)

andthe area under the curve (10.5+ 3.63 uM; p<0.@Bigure 8D, Table 2)Furthermore, the
control ATRevoked maximal response at 300 UM (AkPea¢ 100.27 + 2.9%: ATR AYS

100.68 *+ 3%) was significantly affected in the presence of the enzyme for the peakPtATP
85.44 + 4.14%p<0.05) and the AUC (ABRAYC20.22 + 1.94 %p<0.001)(Figure &A, B).
Accordingly, the maximal response to ATP in the presence of the scavenger was achieved at
100 pM for the peak (&P 86.1 + 3.1 %; p<0.01) and the AUGLES 22.4 + 1.7%;
p<0.001)When comparing these new maximal responses (efficaciey vith the maximal
response control at 300 uM ATPthe absence of the apyrase, the response was significantly
reduced in both curves, and it never managed to achieve the same level of efficacy as the
control, being this fact much more evident in the AUC o{irable 2)The representative time
resolved intracellular calcium responses showRigure8-Cillustrated apyrase's significant
impact on the peak and the massive effect in the area under the curve uppi XIrP
stimulation compared with the contrdin the presence of apyrase, the ATP caused id rap
transient increase in the calcium influx witkdlecayin the response over 30 seconds to the
baseline, losing the slow desensitisation kinaiitservedn the control response.
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Figure8. Inhibitory effects of apyrase on the A@W®ked response in human microvascular endothelial
cells (HMEQ). Concentratiorresponse curves for the pedR) and AUQB) magnitude of
intracellular C# responses elicited by ATP (G300 pM;N=5 in the presence (0.6300 uM;
open rhombusN=5 or absence (0.0300 uM; closed rhombusi=5 of apyrase 10 U/m(C)
Averaged timaesolved intracellular Garesponses elicited by ATP 10 uM in the presence
(light yellow rhombusN=5 or absence (cyan rhombusz5 of apyrase 10 U/mL over 250
seconds. All data were normalised to 30 uM ATP and fit the Hilll equatidheviikso values
showed in tabl€D) Asterisks show statistical significance relative to ATP potensy Qp05,
p*<0.05, p**<0.01, p***<0.001). Datare representeds mean + SEM.
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PPADS is a n@mompetitive antagonist of all P2X receptors in humarpecting changes in

the efficacy upon application of the drug but not in the potefidglaune et al., 2023pP2X4
receptor exhibitedhalfFmaximal inhibition concentrationaluesin the presence of high
concentrations of PPAIS300 uM) (Bo, Kim, et al., 2003; Coddou et al., 2011; Jones et al.,
2000; Khakh et al., 1999; North et al., 208wever, lowetGo of 10uM has been reported

for the human P2X4 recept@ones et al., 2000Qh contrast P2X%emonstrated thehighest
sensitivity to PPADS witso from 200 to 600 nMBo, Jiang, et al., 2003; Coddou et al., 2011)

Of the P2Y receptors, it has been reported partial inhibition of P2Y1, P2Y4, P2Y6, and P2Y13
when using PPADS concentrations higher tharM(Charlton et al., 1996a, 1996b; Communi,
Motte, et al., 1996; Communi, Parmentier, et al., 1996; Marteau et al., 1995; O'Grady et al.,
1996; Robaye et al., 199 evertheless, it is essential to note that no antagonist action was
observed in human P2Y2 or P2Y11 receftarlton et al., 1996b; Communi et al., 1999)

The effects of PPADS (100) on the ATP dos@sponse curve contrdEGy,"FAX 568+ 161nM;
EGAYS 742+ 161 nM)were examined to investigate if observed intracellular calcium
responses could be P2pendent, as this antagonist is not meant to inhibit P2Y2 or P2Y11
dependent response®retreatment with PPADS slightly riggttifted the ATP dosesponse
curve without influencing the ATP potency for the peak (868 + 9ghdy the area under

the curve (1.66 + 0.28 uMus) (Figure 9D, Table @ On the contrary, the presence of the
antagonist significantly reduced the A@Wked maximal control response at 30QM
(ATRP2 100.27+2.9%A TR "YC 100.68 + 3%) for the peak (77 + A4p%0.0) but not for

the AUC (86.4 £ 5.7%s). In this case, the maximal response in the presence of the antagonist
was consistently achieved at 3001 (Figured-A, B, Tabl@). The representative timeesolved
intracellular calcium responses showirigured-Cillustrated PPADS' significant impact on the
peak andhe area under the curve upon 10 uM ATP stimulation compared with the cémtrol.
the presence of PPADS, the activation kinetics aM®BTP showed a significant decrease of
the peak to around 60%bove baselineompared to the 80% control response in the absence
of the antagonistThe slow desensitisation kinetics was conserved with a significant drop over
the last 90 seconds in the sustained calcium that decayed to approximately 20% above
baseline, compared to the contriblat neverdecayed below 60%.

To further characterise PPADS effects on the-eA®Red responses, HMHCcells were
incubated for 30 minutes in a range of antagonist concentrations (0.1 tquB)Cand
stimulated with a sumaximal concentration of ATP ({1®1), and thereby, ligwas calculated
(Figurel0-A, B) The haHmaximal inhibitory concentration values obtained were 92.5 + 8.92
MM for the peak and 136 + 88 puM for AUC inhibition curvesfarofrom what has been
previously reportedNorth et al., 2000)
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Figure9. Inhibitory effects of broaespectrum P2 receptors antagonist PPADS on theexdied
response in human microvascular endothelial cells (HMEDbncentratiorresponse curves for the
peak(A)and AUEB)magnitude of intracellular €aesponses elicited by ATP (G300 uM;N=5 in
the presence (0.0300 uM; open rhombusy{=5 or absence (0.60200 pM; closed rhombu§=5 of
PPADS 100 uNC)Averaged timeesolved intracellular Earesponses elicited by ATP 10 uM in the
presence (light yellow rhombubi=5 or absence (cyan rhombusF5 of PPADS 100 uM over 250
seconds. All data were normalised to 30 uM ATP and fit the Hilll equation withdhial&€s showed

in table (D) Asterisks show statistical significance relative to ATP potengs> (.05, p*<0.05,

p**<0.01, p***<0.001). Datare representeds mean + SEM
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FigurelO. Inhibition concentratiorresponse curves for PPAQISthe ATRevoked responsim human
microvascular endothelial cells (HMECInhibition concentratiorresponse curves for the peék)
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equation with the I values showed in the graphs. Data representeés mean + SEM
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Suraminis frequently anon-competitive antagonist ofome homomericP2X receptors in
humangP2X1, P2X3, P2X8% uM))(Bo, Jiang, et al., 20urnstock et al., 2014; Lambrecht,
2000; Soto et al., 199&yhile is weak or inactivier others (P2X2, P2X4, and P2M¥gre high
concentrations of suramin are required to affect the agonist evoked respgrelit1lmM)
(Burnstock et al., 2014; George et al., 2019; Lambrecht, 2000; Soto et al.,Gf99e) P2Y
receptors, has been characterised as antagonist of P2Y1, P2Y11l and JRDY LB
(Abbracchio et al., 2012; Communi et al., 1999; Marteau et al., 2003; O'Grady et al., 1996; Von
Kigelgen et al., 201,6yhile is weak or inactive for P2¥2Qq uM), P2Y4 and P2{&harlton et

al., 1996a; Rafehi et al., 2018; Ralevic et al., 1998; Von Kiigelgen et al., 2016)

The effects of suramin (100 uM) on the ATP desponse curve control (E£54€568 + 161

nM; EGYS 742 + 161 nM) were examingd investigate if observed intracellular calcium
responses could bdiminished based on the mRNA expression of P2Y2 and P2Y-11. Pre
treatment with suramin slightly left shifted the ATP dossponse curve and increased the
ATP potency for the AUC (205 + 30 nM; p<Eigurell-B, Table2) while the peak potency
remained mainly unchanged (203 + 35 mig; (Figurell-A, Table2). However, there was a
significant decrease in net calcium when comparing the ATP control maximahsesp
concentrationat 300 UM(ATRaPe 100.27+2.9%A TR VS 100.68 + 3%h the presence of
suramin for thepeak (84.60 + 2.20 %; p<0.01) and the AUC (84.63 = 1.90 %; pRigx®e (

11-A, B) Consequently, the maximal response to ATP in the presence of the antagonist was
achieved at 100 pM for the peak (93.97 £ 4.23%; p< 0.01) and 10 uM for the AUC (95.3 £ 4.43%;
ns) When comparing theseew maximal respons&gth the maximal response control at 300

UM ATP in the absence of the drug, we elucidateat tn the case of the AUC, thevel of
efficacy remained unchanged but shifted to a lower concentration of the agonigél1h
contrast, in the peak curve, the agonist never achieved the same level of efficacy at 100 uM
(93.97 + 4.23; p<0.01), but the lower concentration shift for the maximal response was
conserved as in the AUTable 2).The representative timeesolved intracellular calcium
responses shown irigurel11-Cillustrated the AUC dosesponse curve left shift, with a
significant increase in the sustained calcium influx upon 300 nM stimulation compared with
the control.In the presence of suramin, the ATP caused a rapid transient increase in the
calcium influx with a conserved slow desensitisation kinetics influenced by the increase of the
sustained net calcium at 300 nM. These results portray unexpected results for-a non
competitive antagonist. A decrease in the maximal response could be expected but not an
increase in the potency, acting in that case as a positive allosteric modulator cDAEP.
alternative explanation for the observed effect can be the performance of suramin as an
ectonucleotidase inhibitor. Ectonucleotidase enzymes hydrolyse ATP into ADP, AMP, and
adenosine. Suramin can inhibit thérourani et al., 1988preventing the degradation of ATP

and increasing its potency, as our data showed.
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Figurell Unexpected effects of broaspectrum P2 receptors antagonist suramin on the-éidRed
response in human microvascular endothelial cells (HMEGncentratiorresponse curves for the
peak(A)and AUEB)magnitude of intracellular Eaesponses elicited by ATP (G300 uM;N=3 in
the presence (0.0300 uM; open rhombusdy{=3 or absence (0.0200 pM; closed rhombu§=5 of
suramin 100 uM(C)Averaged timeesolved intracellular Earesponses elicited by ATP 300 nM in the
presence (light yellow rhombulli=3)or absence (cyan rhombus=5 of suramin 100 uM over 250
seconds. All data were normalised to 30 uM ATP and fit the Hilll equation withdhial&€s showed

in table (D) Asterisks show statistical significance relative to ATP potengs> (.05, p*<0.05,

p**<0.01, p***<0.001). Datare represente@ds mean + SEM.
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3.3.2.4 P2X4 antagonists inconsistently affected the-&vidRed calcium
responses of human microvascular endothelial cells (MHMEC

Nearly all purinergic receptors exhibit a response to ATP, either directly or through ATP
breakdown. However, P2X1 to X7, P2Y2, and P2Y11 receptor subtypes demonstrate a higher
affinity for ATP than other physiological agon{Bisrnstock, 2007)From all P2X receptors,

P2X4 was the only candidate depicted from the RNA sequencindundienally expressed

in HMEEL cells and therefore, its pharmacological characterisation was investi@@iguare

1).

In recent years, advancements in small molecule development techniques enabled the
commercialisation of selective P2X4 receptor antagoniststhis study, four different
antagonists were tested to elicit the involvement of P2X4 in theedlked calcium responses

in HMEEL cells. As previously describedeetion 3.3.3t0 ensure consistency in experimental
conditions these fourantagonistsolved in DMSO will always be compared to their respective
solventcontrolled (0.1 or 0.2% DMSO) dessponse curveand derived calculated
parameters (potency and efficacyhree out of the four antagonists (BA®7 (310 uM), 5

BDBD (1M), and BX 430 (14M) failed to significantly alter the ATP da@ssponse curve

BAY1797 is a potent and selective hP2X4 antagonist desdmjp8ayer® i8019 with a half
inhibitory concentration of 211 nM. The displayed activity on other P2X channels exhibited
much higher I§values in the micromolarrandg o n forthet H - m X fBrehahP2Xa

0 2 Yy dootheshB2X3andm n @ c fortha hP2X7)Werner et al., 2019)Two different
concentrations of BAY797 were tested to study the contribution of P2X4 on the-éidRed
calcium responses (B X338 + 52 nM; BV 768 + 79 nM)Rigurel2). Neither the 3 nor
10> asuccessfully inhibit the calcium responses upon ATP application in the peak and the AUC
doseresponse curves. Isolated significant effects were found at 88TP in the AUC curve
when HMEEL cells were treated with 3 aBAY1797(Figurel2-B)and at 10 nM ATP in the
peak curve when the cells were treated with the>1@BAY¥1979 concentratiorfFigurel2-F).
Moreover, the potencies for the peak (527 £ 177 nBj;and AUC (1.09 + 0.387a ns) were
unaffected(Figurel2-D, H) In addition, no changes wereuiod when comparing the ATP
control maximal response concentratian100uM for the peak(ATR.aP2% 105 + 7.60 and

at 300puM for the AUC (ATRAYC 103 + 5.%0)in the presence oBAY(Figurel2-A, B, EF).
The maximal responses for ATP in the peak and AUC curves in the preseneBét¥a. 797
were found at 3¢ aATHor the peak and AUC curves, but tbeel ofefficacy remained intact
(BnaP®® 108.8 + 4.1 %ns) and the AUC {(&AYS 108.9 + 2.8%ns) (Table3, 4). These
observatiosalign with the isolated significant effect previously mentio@edthe other hand,
the maximal responses for ATP in the peak and AUC curves in the preserreea&A1 797
were unchanged for the peak and found at *08as in the control curve. At the same time,
the maximal response of the AUC was achieved at1®ATP instead of 308 aof the AUC
control curve, but théevel ofefficacywas also conserved(&\YS 101.3 + 5.4%)9). The lack
of inhibitory effects was illustrated in the representative tiresolved intracellular calcium
responses shown igurel2- C, G.Therefore, we concluded that BAY97 was insufficient
to inhibit ATRevoked responses in HMECells.
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Figurel2. Lack of inhibitory effects of BAY97 P2X4 receptor antagonist on the AVBked response
in human microvascular endothelial cH8VMECL). Concentratiorresponse curves for the peék)
and AUQB) magnitude of intracellular €aresponses elicited by ATP (030 puM;N=5 in the
presence (0.0BO0 uM; open rhombusy=5 or absence (0.0300 uM; closed rhombudi=5 of BAY
1797 3 uM.(C)Averaged timeaesolved intracellular Garesponses elicited by ATP 30 uM in the
presence (light yellow rhombulli=5 or absence (cyan rhombusd=5 of BAYL797 3 uM over 250
seconds. All data were normalised to 30 uM ATP and fit the Hilll equation wiE¢kalues showed

in table(D) Concentratiorresponse curves for the pe@&)and AUGF)magnitude of intracellular €a
responses elicited by ATP (G300 uM;N=5 in the presence (0.6300 uM; open rhombusy{=5 or
absence (0.0B00 pM; closed rhombudN=5 of BAY1797 10 uM.(G) Averaged timeesolved
intracellular C# responses elicited by ATP 30 uM in the presence (light yellow rhoidb8spr
absence (cyan rhombuli=5 of BAYL797 10 uM over 250 seconds. All data were normalised to 30
UM ATP and fit the Hilll equation with thesi®@lues showed in tabl) Asterisks show statistical

significance relative to ATP potencygp 0.05, p*<0.05, p**<0.01, p**0.001). Datare represented
as mean + SEM.
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Table3. Effects of selective antagonists on the AVBked peak responses in human microvascular endothelial cells {HMECstatisticalanalysiswvas
performedagainstthe ATPcontrol curvein the appropriatevehiclecontrol. Efficacyp-valueis the statisticalcomparisonbetween ATPmaximalresponsein saline
solutionor salinesolutioncontaining0.1or 0.2%DMSCand ATPmaximalresponséan the presenceof the appliedcompound.

Agonist . Maximal .
Agonist range, Antagonist c:nn;:gtc:glﬁsén Target EGoPEAK Pvalue | response Maxgr&airzs(g:)nse Pvalue
UM PEAKUM)
ATP(0.1%DMSO0)| 0.1-300 - - P2X/P2Y 338+ 52nM - 100 1050+7.6 -
ATP 0.1-300 | ARC118925XX 10uM P2¥ 51.7 £ 3.1uM p<0.001 300 706+1.3 p<0.001
ATP 0.1-300 BAY1797 3uM P2% 527+ 177 nM ns 30 1088+4.1 ns
ATP 0.1-300 BAY1797 10 uM P2% 469+ 154 nM ns 100 1013+5.4 ns
ATP 0.1-300 BX430 10 uM P2% 392 +100 nM ns 100 103.3+3.8 ns
ATP 0.1-300 5-BDBD 10 uM P2% 444 + 80 nM ns 100 99.7+3.2 ns
ATH0.2%DMSO)| 0.1-300 - - P2X/P2Y| 568 + 165 nM - 100 1001 +4.2 -
ATP 0.1-300 PSB12062 10puM P2% 160+ 50 nM p<0.05 30 64.3+4.4 p<0.001
ATP(saline) 0.1-300 - - P2X/P2Y 568 + 161 nM - 300 100.27+2.9 -
ATP 0.1-300 NF157 5uM P2Y:1 542 + 56 nM ns 300 107.9+15 p<0.05
ATP 0.1-300 MRSL754 100nM A:B 1.30 + 0.uM ns 300 106.1+4.0 ns
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Table4. Effects of selective antagonists on the AVBked AUC responses in human microvascular endothelial cells-(HINiECstatisticalanalysiswvas
performedagainstthe ATPcontrol curvein the appropriatevehiclecontrol. Efficacyp-valueis the statisticalcomparisonbetween ATPmaximalresponsein saline
solutionor salinesolutioncontaining0.1or 0.2%DMSCand ATPmaximalresponséan the presenceof the appliedcompound.

Agonist . Maximal .
Agonist range, Antagonist cgln::ggg'ﬂs;n Target EGoAUC Pvalue | response MaxTSCI;z)Z[;onse Pvalue
UM AUC(UM)
ATP(0.1%DMSO)| 0.1-300 / / P2X/P2Y| 768 £ 79 nM / 300 103+£5.1 /
ATP 0.1-300 | ARC118925XX 10uM P2¥ 875+ 1.3uM p<0.01 300 254+2.5 p<0.001
ATP 0.1-300 BAY1797 3uM P2% 1.09uM = 307 nM ns 30 108.9+2.8 ns
ATP 0.1-300 BAY1797 10uM P2% 718 + 123 nM ns 100 105.5+5.8 ns
ATP 0.1-300 BX430 10uM P2% 1.02pM = 153nM ns 100 104.9+£3.2 ns
ATP 0.1-300 5-BDBD 10 uM P2% 909+ 80nM ns 100 98.6+5.3 ns
ATP(0.2%DMSO)| 0.1-300 / / P2X/P2Y 901 + 232 nM / 100 109.4+4.8 /
ATP 0.1-300 PSB12062 10uM P2% 184 £ 55 nM p<0.05 300 53.3+4.8 p<0.05
ATP(saline) 0.1-300 / / P2X/P2Y 742 + 161 nM / 300 100.68+ 3 /
ATP 0.1-300 NF157 5uM P2Y1 1.05pM = 83 nM ns 300 107.7£1.8 ns
ATP 0.1-300 MRS1754 100nM AB 1.85+1.2%uM ns 300 106.4+ 3.1 ns
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The second P2X4 antagonist investigated w8DBD.It was the first described hP2X4
antagonist by Bayer® in 20@&hd it is 17 times less potent{f£3710 nM) than BAY797

(Werner et al., 201910> aof 5BDBD was applied to study the contribution of P2X4 on the
ATPRevoked calcium responséBigurel3). 5-BDBD could not inhibit any calcium responses

upon ATP application in the peak and the AUC-teseonse curveldigurel3-A, B)and both

potencies were unaffected by the presence of theagonist (B nnn 5 Zysn Y a
EG¢"YS 909 + 80 nMns) (Fig 138D). Nochange was found when comparing th€P control
maximalresponse concentration at 100 pM for the peak #PP* 105 + 7.6%) and at 300

UM for the AUC (ATRAYG 103 + 5.1%) in the presence eBBBD for the peak9.7+3.2,n9)

and the AUCO8.6+5.3,ns) (Figure 13A, B) Nevertheless, in the case of the AUC, the maximal
NBalLl2yasS T2NJ ! ¢t AY 50S gUING FANAYR 2R mwwn 1> a ap
>a® [/ 2yaAraGaSyidter (KS (& 4)The repreSitdive@mede NB'Y
resolved intracellular calcium responses depicteigurel3-C demonstrated the described

absence of inhibitory eftds. As a result, we have concluded that>18 5-BDBD was not

effective in inhibiting AFiRduced responses in HMECells.

The third P2X4 antagonist examined was BX 430. It was descrifse élyalin 2015, and it

is 4 times less potent @& 780 nM) than BAY797(Ase et al., 2015; Werner et al., 20143
LINEGA2dzat & NBLR2NISR F2NJ 0KS LINBGA2dza | yil 32y
responses upon ATP application in the peak and the AUGakpmmnse curve@igure 14A,

B),and both potenciesvere unaffected by the presence of the antagonistdE€<o dH 5 M A N

y &ns EGAYS M @ g H n &nams) (Fig 14D). When comparing the ATP control maximal
response, therevas no change at 100 uM for the peak (AFFk 105 + 7.6%) and at 300 uM

for the AUC (ATRAYC 103 + 5.1%) in the presee of BX 430ATRwPe2 103.3+ 3.8, ns;

ATRAYG 104.91 3.2%,ns) (Figurel4-A, B).However, in the case of the Altie maximal
NBalLlRyaS F2NI !¢t Ay GKS LINBaSyoS 2F wmn >a . -
onn >a !¢t O2y OSYUGNI GA2Yy A yleval kisfiicay r¢niald@t O dzNJ
unaffected (Table 4). The representative timeesolved intracellular calcium responses
exemplified irFigurel4-Cdemonstrated the absence of inhibitory effects. Therefore, we have

02y Of dzZRSR #30uid nonhave anwinhibitory effects on the ATdiced responses

in HMEEL cells.
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Figurel3. Lack of inhibitory effects ofBDBD P2X4 receptor antagonist on the-&idked response
in human microvascular endothelial cells (HMEConcentratiorresponse curves for the peék)
and AUQB) magnitude of intracellular €aresponses elicited by ATP (030 puM;N=5 in the
presence (0.0:B00 uM; open rhombudy=5 or absence (0.6200 pM; closed rhombu§=5 of &
BDBD 10 uM(C)Averaged timegesolved intracellular Caresponses elicited by ATP 30 uM in the
presence (light yellow rhombubt=5 or absence (cyan rhombuss=5 of 5BDBD 10 pM over 250
seconds. All data were normalised to 30 uM ATP and fit the Hilll equation withdhial&€s showed

in table (D). Asterisks show statistical significance relative to ATP potenog>(0.05, p*<0.05,
p**<0.01, p***<0.001). Datare represente@ds mean + SEM.
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Figureld. Lack of inhibitory effects of BI80 P2X4 receptor antagonist on the AUBked response

in human microvascular endothelial cells (HMEConcentratiorresponse curves for the peék)

and AUQB) magnitude of intracellular €aresponses elicited by ATP (030 puM;N=5 in the
presence (0.0B00 uM; open rhombudy=5 or absence (0.6200 puM; closed rhombub{=5 of BX430

10 uM.(Q Averaged timeesolved intracellular aresponses elicited by ATP 30 uM in the presence
(light yellow rhombusN=5 or absence (cyan rhombusd;=5 of BX430 10 uM over 250 seconds. All
data were normalised to 30 uM ATP and fit the Hilll equation with the/&@es showed in tab(®).
Asterisks show statistical significance relative to ATP potenay>(.05, p*<0.05, p**<0.01,

p***<0.001). Dataare representecds mean + SEM.
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To further complement this pharmacological profiling and given the lack of effects using hP2X4
selective antagonists, 1321N1 astrocytoma cells stably expressing the human P2X4 receptor,
were utilised to doubleheck the known ability of one of the seleetantagonists, BX30 in

this case, to inhibhP2X4 ATHependent evoked responses. In this way, we could exclude any
concern of unexpected antagonist behaviour.

ATP was applied tmonfirm whether the human P2X4 receptor was functionally active in this
model.ATP elicited intracellular calcium response in a concentrdgépendent manner (30

to 0.3 uM dark blue squadgFigire 15. Contrarily, ATP did not cause an endogenous calcium
response in parental 1321N1 astrocytoma d@igire 16-A), proving that the ATP calcium
responses were due to human P2X4 receptors.>3® ATP calcium response was not
significantly different than the vehicle contintuced responsfFigire 16-B).Cellviability was
confirmed usinganomycin 1> g that effectively evoked a robust intracellular calcium
response(Figure16-C). lonomycin isa weltknown intracellular calciusimducer. It is an
ionophore that increases calcium concentration in the intracellular space by directly facilitating
the transport of calcium ions across the plasma memb¢Beekova et al., 2000)

Mn >a .- non ahi3y:i Eevoket espondes at 3@ MY>SaR32INK S | ¢t
astrocytoma cells stably expressing the human P2X4 recepiafirming the canonical
antagonist effect of the molecule. The representative tiesolved intracellular calcium
responses exemplified Figure 18A, Bdemonstrated these inhibitory effectEherefore, we

I INB SR ( KK43ID is mmeffeetave tool for inhibiting the P2X4 -Ag&pendent calcium
responses in human cells
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Figurel5. Inhibitory effects on ATévoked Ca2+ responses after treatment with43B selective
human P2X4 receptor antagonist in 1321N1 human P2X4 stable astrocytomevereliged time
resolved intracellular Eaesponses elicited by ATP 30 () 3 uM(B)and 300 nMC)in the presence
(light blue squareN=3 or absence (dark blue squaids3 of BX430 10 uM over 250 secon(id)

Comparison of peak magnitude of intracellulaf*@sponses induced by ATP at three different

concentrations in the presence (light blue squ&e3d or absence (dark blue squahs3 of BX430

10 uM. All data were normalised to 30 uM ATP Asterisks show statistical significance relative to ATP

peak (pns> 0.05, p*<0.05, p**<0.01, p***<0.001). Daége representeds mean + SEM.
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ATP (0.080 uM;N=5. (B) Comparison of peak magnitude of intracellulat* @sponses induced by
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p**<0.01, p***<0.001). Datare represente@ds mean + SEM.
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The fourth P2X4 antagonist examined was PSB12062. It was desciisddrydezZOImos et

al.in 2012, and it is 7 times less potent@C1.38> & than BAYL797 (HernandezOImos et

al.,, 2012; Werner et al.,, 2019y O2Yy (G NJ} ad @A 0K OGKS GKNBS LINE
PSB12062 impacted the ATP dossponse curve control (5% 568+ 165 nM; BEG\VC

901+ 232 nM). The presence of the antagonist significantly increased the ATP potency for the
peak (160 + 50 nM, p<0.05) and the area under the curve (184 + 5<0M5)Figure 17D,

Table 3, & Furthermore, the presence of the antagonistl to a substantial reduction in
calcium responses at all consecutive ATP concentrdtamms300uM to 3 uM, after which the

effect diminishedFigurel7-A, B).Accordingly, the ATP control maximal response to ATP at
100 UM(ATRaPe2 100.1 + 4.2 %; ARRAVE 109.4 + 4.8%) in the presence of PSB12062 was
significantly reduce(ATRaP 59.42 + 4.43%, p<0.001; ALPYC 50.64 + 4.07 %, p<0.001).
Consequently, the maximadsponse in the presence of the inhibitor was achieved at 30 uM

for the peak (64.3 £ 4.4 %,; p<0.001) and the at 300 uM for the AUC (53.3 + 4.8 %;
p<0.05) When comparing these new maximal responses with the maximal response control at
100 uM ATP in the absence of the PSB12062, the cells never managed to achieve the same
level of efficacy as the conti@able 3, 4)The representative timeesolved intracellular
calcium responses shownFkigure 17Cillustrated PSB12062's significant impact on the peak
andthe area under the curve upon 30 uM ATP stimulation compared with the control. In the
presence of this antagonist, the activation kinetics at 30 uM ATP showed a significant decrease
of the peak to around 60% above baseline compared to the 100 % cosjpohse in the
absence of the antagonist. The slow desensitisation kinetics was conserved, but the decay, in
this case, reached approximately 20% above baseline, compared to the control, which never
decayed below 60% hese results portray unexpected resutir a norcompetitive negative
allosteric modulator{HernandezOImos et al., 2012)A decrease in the efficacy could be
expected but not an increase in the potency, acting in that case as a positive allosteric
modulator of ATP.
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Figurel?. Inhibitoryeffects of PSB12062 P2X4 receptor antagonist on theeydked response in
human microvascular endothelial cells (HMEConcentratiorresponse curves for the pegk)and
AUQ(B)magnitude of intracellular €aresponses elicited by ATP (G300 uM;N=5 in the presence
(0.02:300 pM; open rhombudyi=5 or absence (0.0300 puM; closed rhombu$i=5 of PSB120620

UM. (C)Averaged timeesolved intracellular Eaesponses elicited by ATP 30 uM in the presence (light
yellow rhombusN=5 or absence (cyan rhombuss5 of PSB120620 uM over 250 seconds. All data
were normalised to 30 uM ATP and fit the Hilll equation with the alies showed in tabkD)
Asterisks show statistical significance relative to ATP potenay>(.05, p*<0.05, p**<0.01,
p***<0.001). Dataare representeds mean + SEM.
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3.3.2.5 P2X4 positive allosteric modulator, ivermectin, had an unexpected
impact on the ATBvoked calcium responses of human microvascular endothelial
cells (HMEQ).

Ivermectin is a selective positive allosteric modulator of the human and rodent P2X4 receptor,
which acts by potentiating the AEWoked currents and slowing the rate of receptor
deactivation(Gao et al., 2015; Khakh et al., 1999; Priel et al., 2004; Stokes et al., 2020;
Weinhausen et al., 2022)his modulator has been defined as type I/l (mixed) of the positive
allosteric modulators, meaning it leftard shifts the doseesponse curve and increases the
maximum responsgStokes et al., 2020)

In an attempt to isolate possible P2X4 contribution to the-@vbRed responses, cells were
treated with 3 uM ivermectin, and the rise imracellular calcium response was measured
when stimulating with three different concentrations of ATP (3 uM, 0.3 uM, and 0.1 uM) in the
presence and the absence of the modulator. Ivermectin significantly decreased, instead of
potentiating, the ATdhduced calcium response at 3 uM, while the other 2 concentrations in
the study were unaffecte@Figure 18A, D).In Figurel8-Ea representative calciuresponse

trace revealed this significant impact on the peak and the area under the curve upon 3 uM ATP
stimulation compared with the control. In the presence of ivermectin, the activation kinetics
at 3 UM ATP showed a significant decrease of the peakuo@®©0% responsabove baseline
compared to the 100 % control response in the absence of the modulator. The slow
desensitisation kinetics persisted, but the decay reached approximately 20% above baseline,
compared to the comol, which never decayed below 60%these assays, either potentiation

or nonaffection of the ATP response was anticipated. However, the reduction observed
opened the door to decipher the unexpected outcome further.

Ivermectin has been shown to inhibit at the micromolar range calcium ATPase (SERCA)
channels, responsible for the calcium reuptake in the endoplasmic retichtuthapsigargin

is a potent norcompetitive SERCA inhibitor, it leads to the depletion of the calcium stores by
blocking calcium uptak@imenta et al., 2010 these assays, cells were again treated with 3
MM ivermectin, and the rise in intracellular calcium response was measured when stimulated
with 200 nM thapsigargitvermectin significantly decreased the thapsigangituced calcium
response at 200 ni{Figure 18, D, which portrayed its cited effect in the SERCA channels
and indirectly assessed the effect in the previously describethdliéed response#s shown

in Figurel8-F, thapsigargin trace kinetics, in the absence of ivermectin, presentestarsd
calcium response characterised by the prolonged increase in intracellular calcium over
approximately four minutes, reaching its highestk as the response progressed. This fashion
was conserved in the presence of ivermectin but illustrated the significant reduction in the
peak and the AUC in the presence of the moduldtoerefore, ivermectin is an effective tool

for regulating the depletion of the calcium responses in human aalisthe inhibitory effects
observed are probably due to one of its noncanonical effects.
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Figurel8. Unexpecteckffects of ivermectin in human microvascular endothelial cells (HIME®©mparison of pealkjand AUEC)magnitude of intracellular
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uUM. (F)Averaged timeesolved intracellular Eaesponses elicited by thapsigargin 200 nM in the presence (light green rhawsiduer absence (dark green
rhombus;N=4) of ivermectin 3 UM over 250 seconds. All data were normalised to 200 nM thapsigargin. Asterisks show statisticalesighafivarto ATP
peak (pns> 0.05, p*<0.05, p**<0.01, p***<0.001). Datae represente@s mean = SEM
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3.3.2.6 P2Y2 selective antagonist significantly affected the ATP and UTP
evoked calcium responsgfhuman microvascular endothelial cells (HMEC

Of the P2Y metabotropic receptors, P2Y2 and P2Y11 proved a higher affinity for ATP than other
physiological agonis{®urnstock, 2007)urthermore, as previously stated, both P2Y2 and
P2Y11 were identified as potential candidates for functional expression in Hs#HE based

on RNA sequencing dgfaigurel).

P2Y2 is equally sensitive to ATP and UTP. Therefore, both nucleotides are valuable tools to
investigate this receptor functional activity. The selective and competitive antagonist, AR
118925XX, was utilised to determine if P2Y2 was involved in the dUF Bevoked calcium
responses in HMEC ARC 118025XX half maximal inhibitory concentrations for the human
P2Y2 weralescribed byRafehi et al., 2017The antagonist inhibited AFaduced calcium
responses with an s¢value of 57.4 nM. The potency decreased when inhibitingevdlked

calcium responses with ans¢@alue of 72.1 nM when P2Y2 receptors were recombinantly
expressed in 1321N1 astrocytoma céflewever, these values were notably increased when
reported in endothelial celidMuoboghare et al., 2019)

First, the effects of AR 118925XX (10 uM) on the ATP eesponse curve control (BLEAK

338 + 52 nM; BG'VC 768 + 79 nM) were explorefls ARC was not soluble in deionised water,
DMSO was used as the solvent. As describe@dtion 3.3.3 this antagonist was always
compared to its respective solverntrolled 0.1 % DMSO ATP dossponse curvéFigure?-

A, Bland derivectalculated parameters (potency and maximal respdii@ble 3, 4)o ensure
consistency in experimental conditions. eatment with ARC 118925XX (10 uM) right
shifted the ATP dosesponse curve and significantly reduced the ATP potency for the peak
(51.7+ 3.1 pM, p<0.001) and the area under the curve (87.5 £ 1.3 uM, p<0.001), diverting the
potencies to the micromolar scal&igurel9-A, B, Table 3, 4F-urthermore, the presence of

the antagonist significantly affected the control ATP maximal responsg£&TmR n p+d b ¢

%; ATRa/YC 103+5.1%) at 100 uM for thpeak (ATR.P 53.03+2.62%,p<0.001) anct

300 uM for the AUCATRVE 25.4 + 2.5 %, p<0.001)(Figure 197, B)Accordingly, the
maximal response to ATP in the presence e€CAfs achieved at 300 uM for the peak (70.6

+ 1.3 %, p<0.001yWhen comparing this new maximal response with the control response in
the absence of the antagonist, the level of efficacy was significantly reduced in both curves,
and it never managed to achieve the same level of efficacy as the control being timisdiact
more evident in the AUC cur(Eable 4). The repesentative timeresolved intracellular
calcium responses shownkigure 19Cillustrated ARC's significant impact on the peak and

the massive effect in the area under the curve upon 30 uM ATP stimulation compared with the
control. In the presence of AR the ATP caused a rapid transient increase in the calcium influx.
However, i was much weaker (25%) than the control response (100%). There was a quick
decay in the response over approximately 60 seconds to the baseline, losing the slow
desensitisation kietics observed in the control response.

To further characterise AR 118925XX effects on the Adudked responses, HMECcells

were incubated for 30 minutes in a range of antagonist concentrations (0.312 to 10 uM) and
stimulated with asubmaximal concentration of ATP (10 uM) and therelyyw&s calculated
(Figure20-A, B).The haHmaximal inhibitory concentration values obtained were 1.77 + 0.73
MM for the peak and 558173 nM for AUC inhibition curv@$e representative timeesolved
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intracellular calcium responses shownFigure 26Cdepicted 1.25 pM AR's significant
impact on the peak and the area under the curve upon 10 uM ATP stimulation compared with
the control. In the presence of AR the ATP caused a rapid transient increase in the calcium
influx, but it was weaker (60%) théhe control response (100%). There was a relatively quick
decay in the response over approximately 2 minutes to the baseline, losing the slow
desensitisation kinetics observed in the control response. These resultsovéefrom what

has been previaly reported in endothelial cells

Secondlythe effects of ARC 118925XX (10 uM) on the UTP desponse curve control
(EG"FAX 450 + 241 nM; B@VS 673 + 198 nM) were investigated. As in the case of the ATP
control doseresponse curves, strict solvent control was performed to mitigate potential
solventrelated influences on the UTP de®ssponse curvéFigure2l). The presence of DMSO

at 0.1% (v/v) did not alter the UTP potencies when compared wglcd€lilated from UTP in
saline solution (SB@igure 2i1C) However, to guarante€onsistency in experimental
conditions, drugs solved in DMSO will always be compared to their respectivesiusese
solventcontrolled (0.1 % DMSO) curve. Heatment with ARC 118925XX (10 puM) right
shifted the UTP doseesponse curve and significgnteduced the UTP potency for the peak
(14.3 = 3.7 uMp<0.05) and the area under the curve (22.2 + 8.3 p#.05), diverting the
potencies to the micromolar scale, precisely in the same fashion seen in the ATésgosse
(Figure22-A, B) Similarlythe presence of the antagonist significantly affected the control UTP
evoked maximal response at 200 pM (LFEk 106.37 + 3.65 %; UFHVC 111.6 + 3.02%)

for the peak (35.18 + 1.48 %, p<0.001) and the A0G3 £ 1.26 %, p<0.0QEBjigure 22A, B)

The representative timeesolved intracellular calcium responses shownFigure 22-C
illustrated ARC's massive impact on the peak and the area under the curve upon 30 uM UTP
stimulation compared with the control. Likewise, the influence on the tracadsnmesembles
what was observed in the tirresolved intracellular calcium responses to @Figare 19-C).
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were normalised to 30 uM ATP and fit the Hilll equation with tke Eties showed in tabkD).
Asterisks show statistical significance relative to pdtency (pns> 0.05, p*<0.05, p**<0.01,
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10¢€



normalized Ca?* responses % peak control

>
w

100 PEAK AUC
® ICy,1.77 £0.73nM | ® 1C5559 £173nM

90
80
70 4

60

50

(10 MM ATP 0.1% DMSO)
(10 MM ATP 0.1% DMSO)

40

normalized Ca?* responses % auc control

20+ §
30

10 -
20

T T 0 T T
1E-6 1E-5 1E-6 1E-5
log[AR-C 118925XX] (M) log[AR-C 118925XX] (M)
120
10 MM ATP

¢ - AR-C 118925XX 1.25 nv
¢+ AR-C 118925XX 1.25 nM

100 ~

80
60

&
40 -

Intracellular [Ca?*] Fura2 (F/IF,)
(% peak 10 M ATP)

Figure20. Inhibition concentratiomesponse curvefor ARC 118925X#2Y2 receptor antagonjsin
the ATRevoked response in human microvascular endothelial cells (HMEGibition concentration
response curves for the peék)and AUEB)magnitude of intracellular Earesponses elicited by 10
UM ATP in the presence (0.31Q uM; closed star$y=5 of ARC. All data points showed statistical
significance p**<0.01 compared to ATP 10 uM control concentraf@®Averaged timgesolved
intracellular C# responses elicited by ATP 10 uM in the presence (light yellow rhoidb8spr
absence (cyan rhombus=5 of ARC 1.25 uM over 250 seconds. All data were normalised L0
ATP and fit the Hilll equation with thedZalues showed in the graphs. Data representeés mean

+ SEM.



w

AUC

1204 ¢ -DMSO 0.1% ns
<& +DMSO0 0.1% ns

120 - PEAK
¢ -DMSO 0.1% ns
< + DMSO 0.1% ns

100
100

@
o
1

80

(=2}
o
1

60

40

IS
s}
1

20
20

-20 T

T T T T
1E-9 1E-8 1E-7 1E-6 1E-5 1E-9 1E-8 1E-7 1E-6 1E-5

normalized Ca?* responses % peak control 3o nv UTP) >
normalized Ca?* responses % auc control 30 mv UTP)

log[UTP] (M) log[UTP] (M)
C
EC.SL’_I

PEAK AUC
UTP in saline 460 £ 80 nM 654 + 270 nM
solution
UTP in DMSO 450 + 241 nM ns 672+ 198 nM ns
0.1%

Figure2l. Tolerance of the UT&voked response in human microvascular endothelial cells (HMEC
to 0.1% dimethyl sulfoxide (DMS@)ncentratioresponse curves for the pedR) and AUQB)
magnitude of intracellular Eaesponses elicited by UTP in the presence (66002M; open rhombus;
N=5 or absence (0.06@20 uM; closed rhombu$y=5 of 0.1% DMSO. All data were normalised to 30
MM UTP in saline solution and fit the Hilll equation with the\Elies showed in tablE).Asterisks
show statistical significance relative to UTP potenag{j®.05, p*<0.05, p**<0.01, p***<0.001). Data
are represente@ds mean + SEM.

10¢€



Intracellular [Ca®'] Fura2 (F/F,)

normalized Ca®* responses % peak control
(30 MM UTP 0.1% DMSO)

120 PEAK . 120 + AUC
¢ - AR-C 118925XX 10 nM *k Fohk * - AR-C 118925XX 10 M
& +AR-C 118925XX 10 mM +

100 &+ AR-C 118925XX 10 nM
7 100

@
o
1

80

60

40 40 4

(30 MM UTP 0.1% DMSO)

20 20 4

normalized Ca?* responses % auc control

40

UTP in AR-C 14.3+3.7puM *

22.2+83uM *

ns o
0 B . S o S 0
T T T T T T T T T T
1E-9 1E-8 1E-7 1E-6 1E-5 1E-4 1E-9 1E-8 1E-7 1E-6 1E-5 1E-4
log[UTP] (M) log[UTP] (M)
120 -
30 nM UTP
¢ - AR-C 118925XX 10 nM
1004 © +AR-C 118925XX 10 mM
T ~
& 80+ ECs,
)
E 60 PEAK AUC
2 UTP (0.1% Dmso) | 450+241 nM 673 £ 198 nM
e
o
g

10 pM (o.1%
DMS0)

30 sec
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3.3.2.7 P2Y11 selective antagonist did not affect the-é&vidRed calcium
responses of human microvascular endothelial cells (MHMEC

P2Y11 is the last P2 receptor candidate for functional expression in HMHE; as indicated

by the RNA sequencing ddEigure 1).Signalling through P2Y11 can be mediated tyo6
QG'stype G proteins. Gytype G proteins activate the PLC pathway, deplatitrgcellular
calcium storesnd inducing a detectable change in cytosolic calcium ldaet®ntrast, Gs

type G proteins activate the adenylate cyclase pathway, leading to cAMP pro¢Qotiomuni

et al., 1997; Qi et al., 200I)he selective competitive antagonist, NF157, was utilised to
determine if P2Y11 was involved in the AV8ked calcium responses in HMEJGo 463 +

59 nM; P2Y11 receptors recombinantly expressed in 1321N1 astrocytomguietighn et

al., 2005)

The effects of NF157 (5 uM) on the ATP desponse curve control (E€FAX 568+ 161 nM;
EG VS 742 £ 161nM) were examined. Isolated significant effects were found at 0.01 uM ATP
in the AUC curv@Figure 28)and at 300 and 10 uM ATP in the peak c{ifigure 23A),when
comparing the cells in the presence or the absence of the P2Y11 inhibitor. However, these
changes represented potentiation effects, did not follow a trend, and were minimal. In
addition, upon treatment, the potencies were unaffecte@z(EE"X 542+ 56nMns, EGVS

1.05 + 83 nMny) (Figure 2aD, Table 3, 4)he representative timeesolved intracellular
calcium responses Figure 23Cdocumented the described absence of inhibiteffects. As

a result, we concluded that 5 uM NF157 was ineffective in inhibitingndii€ed responses in
HMECGL cells.

3.3.2.8 A2Bselective antagonistlid not affect the ATfevoked calcium
responsesf human microvascular endothelial cells (HMEC

Adenosine, but not ATP, activates four subtypes of G proteipled adenosine receptors (Al,

A2A, A2B, and A3). However, exogenous ATP can be hydrolysed by a cascade of
ectonucleotidases converting ATP to adenosine, which could activatg Yiegmtkin, 2014)
Justone candidate was present at the RNA sequencing performed in-HM@&8(S, the A2B
receptor. A2B can couple with ahgand G stype G protein receptorEven so, for further
implications of A2B later in this study, the lack of effect in thee&dked response was
doublechecked using the selective antagonist, MRS 1754.

Then, the effects of MRS 1754 (100 nM) on the ATP-réspense curve control (E€FAK
568+ 161 nM; BG'\VE 742 + 161nM) werexamined. MRS 1754 could not inhibit any calcium
responses upon ATP application in the peak and the AUGakmsmse curve@igure 24A,
B),and both potencies were unaffected (€~ 1.30 + 0.9 pMns;, EGAVS 1.85 + 1.25 uM,
ns) by the presence of the antagonisigure 24 D).Nochange was found when comparing
the ATP control maximal response at 300 (AVIRP%% 100.27 + 2.9 %; ARRYS 100.68 +
3%)in the presence of the antagonist for the p€aR6.1+ 4 %;ns) and the AUCL06.4+ 3.1

%; ns) (Figure 24A, B, Table 3, 4)he representative timeesolved intracellular calcium
responses iifrigure 24Cconfirmed the described absence of inhibitory effects. As a result, we
confirmed that 100 nM MRS 1754 was ineffective in inhibiim@induced responses in
HMEG1 cells.
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Figure23. Lack of inhibitory effects of NF157 P2Y11 receptor antagonist on thevéRdl response

in human microvascular endothelial cells (HMEConcentratiorresponse curves for the peék)

and AUQB) magnitude of intracellular €aresponses elicited by ATP (030 puM;N=5 in the
presence (0.0-B00 uM; open rhombu$y=5 or absence (0.0300 uM; closed rhombusl=5 of NF157

5 uM. (C)Averaged timeesolved intracellular Caresponses elicited by ATP 30 uM in the presence
(light yellow rhombugy=5 or absence (cyan rhrombué;5 of NF157 5 uM over 250 seconds. All data
were normalised to 30 uM ATP and fit the Hilll equation with the alies showed in tabkD)
Asterisks show statistical significance relative to ATP potenay>(.05, p*<0.05, p**<0.01,
p***<0.001). Dataare representeds mean + SEM.
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Figure24. Inhibitory effects of MRS 1754 B\Beceptor antagonist on the A¥Roked response in

human microvascular endothelial cells (HMEConcentratiorresponse curves for the peék)

and AUQB)magnitude of intracellular €aresponses elicited by ATP (G310 uM;N=5 in

the presence (0.0B00 uM; open rhombudyi=5 or absence (0.0300 uM; closed rhombus;

N=5 of MRS 1754 100 nNC)Averaged timaesolved intracellular Caresponses elicited by

ATP 30 uM in the presence (light yellow rhomiNs® or absence (cyan rhombus:=5 of

MRS 1754 100 nM over 250 seconds. All data were normalised to 30 uM ATP and fit the Hilll
equation with the E4g values showed in tabléD) Asterisks show statistical significance
relative to AP potency (ms> 0.05, p*<0.05, p**<0.01, p***<0.001). Datse representecs
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3.3.3. Characterisation of the vascular endothelial growth factor calcium
signalling in human microvascular endothelial cells (HMEC

As pointed out isection 3.3.1the three vascular endothelial growth factor receptors (VEGFR

1, 2, and Bwere expressed in HMBC:ells. VEGFRand 2 are the principal members of the
family involved in endothelial functioWEGFR and VEGFR are closely related receptor
tyrosine kinases (RTKs) that share common and distinct ligands.-VEGEdhsidered a
kinaseimpaired RTK, with its kinase activity inhibited by a single amino acid substitution in its
kinase domain and daoxyl terminus. In contrasVEGFR is a highly active kinase that triggers
various signiéing pathways, including intracellular calcium release in endotheliafRReHsni,

2006)

Both receptors bind to the vascular endothelial growth factor A VBEGMEGFA serves as a
fundamental inducer of endothelial cell activities, notably in controlling vascular permeability
and promoting angiogenedisi et al., 2011 VEGFR binds VEGE with a much higher affinity
than VEGFR@2e Vries et al., 1992)ut VEGFR is the only one capable of eliciting a calcium
response VEG#K&dependent(Cudmore et al., 2012The VEGFRs ability to modulate this
biological response is limited to its capacity to heterodimerize with VEGFRImore et al.,
2012; Rahimi, 2006The VEGHR-induced calcium increase through VE@F&Rcurs due to
calcium release from intracellular stores and the simultaneous entry of calcium through
various channels, collectively maintaining the elevated cytosolic calcium(lieetlal., 2011)

3.3.3.1 VEGksevoked calcium responses of human microvascular
endothelial cells (HMEQG

In humans, various alternatively spliced isofornth@VEGFA are expressed, including those
consisting of 121, 145, 165, 183, 189, and 206 amino acids (aa) in length. Among these
isoforms, VEGEs (165 aa) is considered the most abundant and pdfeobinson et al., 2001)
thereby, the one used to characterize the VE@ERoOked response in this cell line.

VEGHkss elicited intracellular calcium response in a concentratiependent manner (0.3 to

100 ng/mL) with maximal activity at 30 ng/mL for the peak (111.6 + 4.3 %) and at 100 ng/mL
for the area under the curve (AUC) (100 %). The peak's calculatedakatfal &ective
concentration (Efg) was 2.85 =+ 1 ng/mL and the ABGowas 3.5 + 1.3 ng/m(Figure

25). Figure 28Cdepicts timeresolved calcium responses upon VE&dtimulation from 0.3

to 100 ng/mL. This stimulation did not elicit a rapid or trarigiesponse but is characterised

by a delayed, slower, and more sustained calcium release over four minutes. Calcium levels
continue to rise over time and reach their highest point as the response progresses, and,
therefore, the peak response is observediards the end of the response period in almost all
concentrations appliedn general, rapid increases in intracellular calcium correlate #o Ca
release from intracellular stores, whereas slower increases in intracellular calcium result from
calcium inflix from the extracellular space. The trace kinetics showigure25-Ccould then
indicate some ion channatediated calcium entry contribution from the extracellular milieu.

In the absence of extracellular calcium, ¥EeGEsscontrol maximal responses elicited were
significantly decreaseat 30 ng/mLby 48.5 + 4.3 Yp<0.001)or the peak anct 100 ng/mL

11¢c



41.6 £ 56.2 %p<0.05¥or the AUCDespite an increased tendency in the fmatéximal effective
concentrations, the absence of extracellulaf*@id not significantly alter VEG§potency
(EGo"EAK6.44 + 2.9 ng/mlns EGAYE 10 + 3.2ns) (Figure26-E). The impact of the absence

of extracellular calcium in the VE@HFesponse is major, as illustrated in the tinresolved
calcium responses shownkigure26-C D.At 3 ng/mL, VEGds lost its ability to elicit calcium
response, and at 10 ng/mL, thesponse was reduced from 80% to approximately 208ge
baseline This significant effect on the calcium responses indicated at least some ion €hannel
mediated calcium entry contribution from the extracellular milieu. On the other hand, the
residual calcium responses indicated some contribution dependent on calcaaseré¢fom
intracellular stores.

A doublecheck was performed to ensure the lack of VEGERIcium response using its
selective ligand, VE@ Two isoforms of mature VEBFontaining 167 or 186 amino acid
(aa) residues exist, VE&fand VEGks. Both VEGB isoforms bind VEGHRut not VEGFR

2 (Olofsson et al., 199830 ifany calcium responses were observed, we could attribute some
of the VEG{es calcium responses to this receptor activity.

VEGkEs7did not evoke intracellular calcium responses when HWE€ls were exposed to a
range of ligand concentrations (1 to 100 ng/iiigure 27)Recorded intracellular calcium at
100 ng/mLVEGKks7 responses were not significantly different from the vehicle control
injectionderived recording, inferring the inability of this factor to cause any event in this cell
line (Figure27-B). In Figure27-C, time-resolved intracellular aresponses representative
traces clearly illustrated the lack of thispesse compared to the VEf{sfevoked response in

the same vehicle control.
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Figure25. VEGKs elicits intracellular calcium responses in human microvascular endothelial cells
(HMEGEL). Concentratiorresponse curves for the pe@k)and AUEB)magnitude of intracellular €a
responses elicited by VE&GH0.3100 ng/mL;N=8. (C) Averaged timeesolved intracellular €a
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® Data normalisatiomas always done d@00 ngLVEGkswhenthis agonist was studied.
™) Arrows {} )ndicate the maximum response in twtrol (untreated) curve.
**) F/R refers to the Fura2 ratio, meaning F340/F380.
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Figure 26. Extracellular calcium removal impacted the VE&Woked response in human
microvascular endothelial cells (HMBQConcentratiorresponse curves for the pe@k)and AUEB)
magnitude of intracellular Earesponses elicited by VEGHN the presence (0-300 ng/mL; closed
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Figure27. VEGfs- did not elicit intracellular calcium response in human microvascular endothelial cells
(HMEGEL). Concentratiorresponse curve for the pedR) magnitude of intracellular €aresponses
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3.3.3.2 VEGkss-evokedcalciumresponses are mediated by phospholipase
C (PLC) activation in human microvascular endothelial cells{HHMEC

As cited above, one of the pathways in the \lB@Roked calcium responses through VEGFR
2 occurs due to calcium release from intracellular stores. Therefore, the phospholipase C route
should bamplicated.

The PLC pathway inhibitor U73122 was applied to check the impact on the intracellular calcium
concentration elicited by the VEfed= The VEGEs responses were entirely abolished in the
presence of 5 uM of the PLC inhibitor compared with the concentreggponse curve in the
absence of U7312¢Figure 28 suggesting a dependency on intracellular stores of calcium
release in the VEG@d-evoked responseds in the case of the ATP dassponse in the
presence of U73122, statistical significance is not shown as the experiments were not
performed in the same conditions due to a different percentage of DMSO in the vehicle
control.

As in the case of the ATP dassponse, thapsigargin was also used to investigate further the
possible role of VEGE store-operated calcium responses. Stores depletion withM
thapsigargin caused an unexpected disruption in the ME@dsedependent curvgFigure
29-A). Not just for the significant increase caused by the two lower concentréRiguwe29-

A, B)but the random nature of the responsesthe presence of the drug within the same
biological repeat(Figure 29-C, D) thapsigargin was thewconsidered a useless tool to
characterise this response further.

As previously described section 3.2.2, to ensure consistency in experimental conditions,

all drugs solved in DMSO in this section will always be compared to their respective solvent
controlled VEGEs 0.1 % DMSO dosgesponse curvéFigure30-A, B)and derived calculated
parameters (potency and efficagiFigure30-C).
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3.3.3.3 The broaespectrumP2 antagoniss affected theVEGEs-evoked
calcium responses of human microvascettaothelial cells (HMED.

l LIBNF 48 FyR tt!5{ ¢gSNB dz&aSR (2 AydS&wsAdIlis
evoked calcium responses in HMEC

The effects of apyrase (10 U/mL) on the \iE@Bseresponse curve control (54X 2.85 +

1 ng/mL; E&AYS 3.49 + 1.3 ng/mL) were examined to study the hypothetical purinergic
regulation of the VEGés-dependant calcium responsdretreatment with apyrase slightly

right shifted the VEG#s doseresponse curve without a significant impact on the \(&GF
potency for the peak (6.17 £ 2.7 ng/mnis) and the area under the curve (4.19 + 2.5 ng/mL

ns) (Figure31-D, Table). On thecontrary, the presencef the enzyme significantly affected

the control VEGEs maximal response (VEfedma?®3 111.59 + 4.32 %; VEfeFmarVS 100%)

at 30 ng/mL for the peaki§.69+ 8.28%; p<0.01) and at 100 ng/mL the ABQ.X+ 5.66%;
p<0.01).(Figure 33A, B). Therefore, the level of efficacy was diminished in the presence of
apyrasg(Table 5) The representative timeesolved intracellular calcium responses shown in
Figure 31Cillustrated apyrase's significant impact on the peak and the area undeuthe

upon 10 ng/mL VEGkstimulation compared with the control. In the presence of apyrase, the
VEGkss conserved its slow and delayed calcium increase kinetics. However, it depicted a
significant decrease in the late peak, which reached approximatelyaho¥%e baseline
compared to the VEGF response in the absence of the enzyme, which reached almost 90% of
the control response.
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Figure31 Inhibitory effects of apyrase on the VEGFI8ibked response in human microvascular
endothelial cells (HMEQ. Concentratiorresponse curves for the pe@k)and AUEB)magnitude of
intracellular C# responses elicited by VEG#n the presence (0-:300 ng/mL; open pentagoi=5
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intracellular C# responses elicited by VEGFLO ng/mL in the presence (cyan pentagbisd or
absence (orange pentagoN=8 of apyrase 10 U/mL over 250 seconds. All data were normalised to
100 ng/mL VEG#s in saline solution and fit thdill1l equation with the E@values showed in tab(®)
Asterisks show statistical significance relative to ME@&tency (pns> 0.05, p*<0.05, p**<0.01,
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Pretreatment with PPADS alsght-shifted the VEGEs doseresponse curvéEGo"EA%2.85 +

1 ng/mL; E&AYS 3.49 + 1.3 ng/mLput more consistently than apyrassignificantly
influencing the VEGds potency for the peak (17.6 + 4.8 ng/mL, p<0.01) or the area under the
curve (363 + 312 ng/mL, p<0.@E)gure 32D, Table b In addition, the presence of PPADS
significantly reduced the VEfsfcontrol maximal respons®/EGFss maR®2¢ 111.59 + 4.32 %;
VEGHkss matVC 100%at 30 ng/mL for the peak'8.80 + 4.37 %; p<0.0pand at 10Gg/mL for

the AUC76.73 + 5.93 %; p<0.p1n this case, the peak maximal response in the presence of
the antagonist was shifted and achieved at 100 ngFigure 32A, Table S5When comparing

this new maximal response with the maximal respare@rol at 30 ng/mL VE@FEin the
absence of the PPADS, the efficacy was significantly reduced £85.68 %; p&.01), and it

never managed to achieve the same level of efficacy as the control, as in the case of the
AUC(Table 5)The representative timeesolved intracellular calcium responses shown

in Figure 32Cillustrated PPADS' significant impact on the peak and the area under the curve
upon 10 ng/mL VEGE stimulation compared with the control. In the presence of PPADS, the
activation kinetics a0 ng/mL VEG#Es conserved its slow and delayed calcium increase
kinetics, as in the case of the apyrase, but with a much bigger significant decrease in the late
peak, which reached approximately 20% above baseline compared to the VEGF response in
the absence of the antagist, which reached almost 90%.

To further characterise PPADS effects on the ME@Fked responses, HMACells were
incubated for 30 minutes in a range of antagonist concentrations (0.01 to 300 puM) and
stimulated with 30 ng/mL VEGE and thereby, I6 was calculated The haHmaximal
inhibitory concentration values obtained were®Z 18.9 uM for the peak and 57.7 2.8 uM

for the AUC inhibition curv€Bigure33-A, B)

Hence, we concluded that both molecules had a significant impact on theeyHGHe
dependent curve, and these effects should be further explored by utilising selective
antagonists of the P2 purinergic receptors proposed candidates in HM&Cpreviously
systematically performed in the ATP response curve.
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Figure32. Inhibitory effects of broadpectrum P2 receptors antagonist PPADS on the\=&6ked
response in human microvascular endothelial cells (HMEDbncentratiorresponse curves for the
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3.3.34 P2X4 antagonists inconsistenthffected the VEGEs-evoked
calcium responseaxd human microvascular endothelial cells (HMEC

Of all the P2X receptors, P2X4 was the candidate identified from the RNA sequencing data to
be functionally expressed in HMECells whose patrticipation in the Ad&pendant responses

was previously describeds the responses were ambiguous and just one of the selective
antagonists, PSB12062, impacted the calcium responses, its potential role in thes VEGF
response was investigated using this molecule, and the most potent P2X4 selective antagonist
described, BAY797, that could not modify the ATP contr@sponses. Thereby, we could have

a better understanding of the possible P2X4 involvement iny&d@pendent effects.

Mna > a -B7F7 waslapplied to study the contribution of P2X4 on the M&Gied calcium
responsegFigure34). The antagonist could not inhibit any calcium responses upon3EGF
application in the peak and the AUC dossponsdFigure34-A, B) and both potencies curves
(EGo"FAK4.20+0.99 ng/mL EGAYS 6.2+ 1.2ng/mL) were unaffected by the presence of the
antagonist(peak: 4.96 + 0.58 ng/mhs AUC9.2 + 1.7 ng/mLns) (Figire 34-D). An isolated
significant effect was found at 0.30 ng/mL VEGF in the peak curve wherlHMECwere
treated with10> a  -1797 Figure34-A),but the change showed potentiation and veas
isolated effect No change was found when comparing the \(&@G&ntrol maximal response
(30 ng/MLVEGkss maR®2¢103.5 + 6.3 %00 ng/mLVEGkss matVS 100%)in the presenceof
BAY1797 for the peak109.4+ 6.3%ns) and the AUE110.5+ 7.5%;ns) (Figure34-A, B), and
therefore, helevel ofefficacy remained inta€Table6, 7). The representative timeesolved
intracellular calcium responses Figure 34-C demonstrated the described absence of
AYKAOAGUZ2NE STFSOGad !'a || NBiEL@H was inéffectivkin S  O2
inhibiting VEGks-induced responses in HMECells.

The other selective antagonist investigated it was PSB12062. Contrarily as previously reported

for BAWMT T wmMn >a 2F t{.mMHncH &a2YSK2g 1YLISRSR
application in the peak and the AUC dossponse curve@Figure35-A, B)put both potencies

were unaffected by the presence of the antagofjigak: 2.97 + 1.8 ng/mhs AUC2.94 +

1.79 ng/mLny) (Figure35-D). When comparing the VEG§control maximal response in the
LINBaSyOS 2F wmn >a t{. MHACHZboth ECAKNGB.5+AI13806; I & A 3
p<0.0) and AUC (#p<0.09 Figure35-A, B.Nevertheless, in the case of the AthHé maximal
response for VEGEA Y (0 KS LINBSASYyOS 2F wmn >a t {i1sMHACH
instead of 100 ng/ta When comparing this new maximal response with the maximal response
control at 100 ng/mL in the absence of the PSB12062e8ponsewnas significantly reduced

(treated 30 ng/mL VEGE#s 55+ 2.5 %; p<0.01and, consistentlyjt never achieved the same

level of efficacy as the contr@able6, 7). The representative timeesolved intracellular
calciumresponses showm Figure 3&Cillustrated PSB12062's significant impact on the peak

and the area under the curve upon 10 ng/mL MES#mulation compared with the control.

In the presence of PSB12062, the Vie3€sponse conserved its slow and delayed calcium
increase kinetics. However, it depicted a significant decrease in the late peak, which reached
approximately 30%bove baselineompared to the VEGF response in the absence of the
enzyme, which reached almost 9086cordingly, we have determined-tii mn >a t { . mMH
unexpectedly inhibited VE@GFinduced responses in HMECells.
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Figure34. Lack of inhibitory effects of BAY97 P2X4 receptor antagonist on the Vi{&Evoked
response in human microvascular endothelial cells (HMEDbncentratiorresponse curves for the
peak(A)and AUEB)magnitude of intracellular €aesponses elicited by VEG#h the presence (0-3
100 ng/mL; open pentagoi=5 or absence (0-200 ng/mL; closed pentagoN=5 of BAY1797 10
uM. (C) Averaged timeaesolved intracellular Garesponses elicited by VEGFLO ng/mL in the
presence (cyan pentagoiN=5 or absence (orange pentagaN:5 of BAY1797 10 uM over 250
seconds. All data were normalised to 100 ng/mL WE®M.1% DMSO and fit the Hilll equation with
the EGo values showed in tabi) Asterisks show statistical significance relative to ME&fency
(pns> 0.05, p*<0.05, p**<0.01, p***<0.001). Datae represented as mean + SEM.
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Figure35. Inhibitory effects of PSB12062 P2X4 receptor antagonist on theevie@dked response in
human microvascular endothelial cells (HMEConcentratiorresponse curves for the pegk)and
AUQ(B)magnitude of intracellular aesponses elicited by VEG#N the presence (0-200 ng/mL;
open pentagonN=5 or absence (0-200 ng/mL; closed pentagoM=5 of PSB12062 10 uNC)
Averaged timaesolved intracellular Earesponses elicited by VEGHRO ng/mL in the presence (cyan
pentagon;N=5 or absence (orange pentagdi+5 of PSB12062 10 uM over 250 seconds. All data
were normalised to 100 ng/mL VEn 0.1% DMSO and fit the Hilfjuation with the Efsvalues
showed in tabldD) Asterisks show statistical significance relative to MEffency (pns> 0.05,
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3.3.3.5P2YXelective antagonist did naffect theVEGEs-evoked calcium
responsesf human microvascular endothelial cells (HMEC

Of all the P2Y receptors, P2Y2 was the candidate identified from the RNA sequencing data to
be functionally expressed in HMEQells whose inhibition impacted the ATP desponse

curve. As the ATP responses were undoubtedly inhibited 46 AR925XX, its potential role

in the VEGies response was investigated using this antagonist.

10> aARC 118925XX could not inhibit any calcium responses uponey&gtiffication in the
peak and the AUC dosesponse curvesE@G"F4X 4.20 £ 0.99 ng/mL. EGAYS 6.2 + 1.2
ng/mL) (Figure 3€A, B) and both potencies were unaffected by the presence of the antagonist
(peak: 5.81 £ 1.1 ng/mhs AUC24.1 £ 15.3 ng/mLys) (Figure 3eD). Nochange was found
when comparing the VE@GEcontrol maximal respons@0 ng/mLVEGkss ma®2103.5 + 6.3
%;100 ng/mMLVEGkEs matVS 100%)n the presence of AR for the peak95.15 + 7.26 %9

or the AUC (90.6 9.9%;ns) (Figure 3€A, B)However, in the case of the peak, the maximal
response for VEGEA Y U KS LINB & S¢S fohdat M0 ng/mb VEE Fistead

of 30 ng/mL of the control curve (88.4 + 6.786). Once again, the efficacy remained
intact (Table 6, 7)The representative timeesolved intracellular calcium responseg&igure
36-Cconfirmed the described absence of inhibitory effects. As a result, we have cahclude
that 10> aARC was ineffective in inhibiting VEésfinduced responses in HMBACells.
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Figure36. Lack of inhibitory effects of AR 118925XX P2Y2 recepémtagonist on the VEGF165
evoked response in human microvascular endothelial cells (HMEGncentratiorresponse curves
for the peak(A) and AUQB) magnitude of intracellular Earesponses elicited by VEGHFn the
presence (0.400 ng/mL; open pentagoi=8 or absence (0-:200 ng/mL; closed pentagoN=5 of
ARC 118925XX 10 uNC)Averaged timaesolved intracellular Earesponses elicited by VEGRO
ng/mL in the presence (cyan pentaghis8 or absence (orange pentagds5 of ARC 118925XX 10
MM over 250 seconds. All data were normalised to 100 ng/mL:3¢EGH.1% DMSO and fit the Hilll
equation with the E£ values showed in tablD) Asterisks show statistical significance relative to
VEGHkss potency (pns> 0.05, p*<0.05, p**<0.01, p***<0.001). Datae represented as mean + SEM.
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Tableb5. Effects of broagpectrum antagonists on tiéEGEs-evoked responses in human microvascular endothelial(EtM&ECL). EGo statisticalanalysis
wasperformedagainstthe VEGEgs control curvein salinesolution. Efficacyp-valueis the statisticalcomparisorbetweenVEGERsmaximalresponsen saline
solutionand VEGsmaximalresponsen the presenceof the appliedcompound(whoseconcentrationmightdiffer from the previousone)

Agonist Agonistrange, Antagonist Antagoni_st EGoPEAK Pvalue r':/elg;))(:)mn:(la Maximalresponse Pvalue
MM concentration PEAKUM) PEAK (%)

VEGkss 0.3-100 / / 2.85+1 / 30 111.6+4.3 /

VEGkss 0.3100 Apyrase 10U/mL 6.17+2.7 ns 30 76.69+8.28 p<0.01

VEGkss 0.3-100 PPADS 100puM 17.6+4.8 p<0.01 100 50.10+5.66 p<0.01

Agonist Agonistange, Antagonist Antagoni_st EGoAUC Pvalue xg;:)mngé Maximalresoponse Pvalue
Y concentration AUQUM) AUC (%)

VEGkss 0.3100 / / 3.5+1.3 / 100 100 /

VEGkss 0.3-100 Apyrase 10U/mL 4.19+25 ns 100 50.10+5.66 p<0.01

VEGkes 0.3100 PPADS 100uM 363+ 312uM p<0.01 100 87.21+6.65 p<0.01
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Table6. Effects of selective antagonists on the Vief&ivoked peak responses in human microvascular endothelial cells {F)NHESstatisticalanalysisvas
performedagainsthe VEGIgs control curvein the appropriatevehiclecontrol. Efficacyp-valueisthe statisticalcomparisorbetweenVEGkgsmaximalkesponsen
salinesolutionand VEGERsmaximalkesponsdn the presenceof the appliedcompound(whoseconcentrationmightdiffer from the previousone).

Agonist Agonist Antagonist Antagonist Target EGo PEAK Pvalue Maximal | Maximalresponse| Pvalue
range, concentration ng/mL response (%)
ng/mL ng/mL
VEGHkEss(0.1% 0.3100 / / VEGR,2 4.20£0.99 / 30 103.5+6.3 /
DMSO)
VEGkss 0.3100 | ARC118925XX 10uM P2y 5.81+1.1 ns 100 88.4 £ 6.7 ns
VEGks 0.3-100 BAY1797 10uM P2% 4.96 + 0.58 ns 30 109.4+6.3 ns
VEGkss 0.3100 PSB12062 10uM P2% 2.97+1.8 ns 30 68.5+1.3 p<0.01
VEGks 0.3100 SQ22536 1uM Adenylyl 1.92+0.6 ns 30 102.8 +4 ns
cyclase
VEGkss 0.3100 SQ22536 10uM Adenylyl 3.86 £ 0.7 ns 30 107.3+5.2 ns
cyclase
VEGkss 0.3100 SQ22536, 10uM Adenylyl 16.4+2.8 p<0.01 100 112.1+5.3 ns
NF157 cyclase,
P2Y,
VEGIgs(saline) | 0.3100 / / VEGR,2 2.85+1 / 30 111.6 +4.3 /
VEGks 0.3-100 NF157 5uM P2Y: 19.9+29 p<0.001 100 109.4 + 3.5 ns
VEGkss 0.3-100 MRS1754 100nM AB 9.28+2.9 p<0.05 30 101.6+£5 ns
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Table7. Effects of selective antagonists on the Vie&#voked AUC responses in human microvascular endothelial cells-IhiMEGstatisticalanalysisvas
performedagainsthe VEGIgs control curvein the appropriatevehiclecontrol. Efficacyp-valueisthe statisticalcomparisorbetweenVEGkgsmaximalkesponsen

salinesolutionand VEGERsmaximalkesponsdn the presenceof the appliedcompound(whoseconcentrationmightdiffer from the previousone).

Agonist Agonist Antagonist Antagonist Target EGo AUC Pvalue | Maximal Maximal Pvalue
range, concentration ng/mL response response
ng/mL ng/mL (%)
VEGKs(0.1% | 0.3100 / / VEGR 6P H1.2 / 100 100 /
DMSO) 1,2
VEGkss 0.3100 | ARC118925XX 10uM P2¥ 24,1 +15.3 ns 100 90.6+£9.9 ns
VEGkss 0.3100 BAY1797 10uM P2% 9.2+1.7 ns 100 110.5+7.5 ns
VEGkss 0.3-100 PSB12062 10uM P2% 29+ 18 ns 30 55+2.5 p<0.01
VEGkss 0.3100 SQ22536 1uM Adenylyl 3.1+0.9 ns 30 944 +5.7 ns
cyclase
VEGkss 0.3100 SQ22536 10pM Adenylyl 6.1+1 ns 30 107 +12.9 ns
cyclase
VEGkss 0.3100 SQ22536, 10uM Adenylyl 13+21 p<0.05 100 125.3+6.4 p<0.05
NF157 cyclase,
P2Y1
VEGHkss(saline) | 0.3-100 / / VEGR 3.5+1.3 / 100 100 /
12
VEGkss 0.3-100 NF157 5uM P2Y1 516+21.1 p<0.001 100 117.2+£5.6 p<0.05
VEGkss 0.3100 MRSL754 100nM A:B 11.6+5.8 ns 100 100.5+2.8 ns
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3.3.3.6 P2Y11lselective antagonissignificantlyinhibited the VEGkss-
evoked calcium responsgfhuman microvascular endothelial cells (HMEC

Of all the P2 purinergic receptors, P2Y11 is the last candidate identified from the RNA
sequencing that could have a potential impact on the Vd&s@#&lciuminduced responses.
None of the otheP2 receptorsselective antagonists affected the Vidsfesponse, including

ARC 118925XX, which dramatically reduced the-&vbRed calcium responses. Therefore,
P2Y11 is the last candidate that could be involved in thes4E&¥ponse.

The effects of NF157 (5 a), the selective P2Y11 antagonist, on the V&@Bseresponse
curve control EGo PEAK2.85+ 1 ng/mL, EGo AUC3.49+ 1.3ng/mL) wereinvestigated. Pre
treatment with NF157 right shifted the VEéskloseresponse curvéFigure37-A, B), and
massively reduced the VEGspotency for the peak (19€2.9 ng/mL; p<0.001) and the area
under the curve (51.& 21.1 ng/mL; p<0.001(Figure37-D, Table6, 7). Furthermore, the
presence of the inhibitasignificantly affected the control VEGFevoked maximal response
(30ng/mL VEGEs ma®®¢ 111.6% 4.3 %; 100 ng/mL VEfaFmaVS 100 %) fothe peak (94.62

+ 4.54 %; p<0.05) and the AUC (117.2 £ 5.6 %; p<0.05). Interestingly, in the AUC, the presence
of the inhibitor caused an increase in thaximal responsg@rigure37-B, Table7). In addition,

the maximal response to VEG#in the presence of NF157 was achieved at 100 ng/mL for the
peak (109.4t 3.5 %;n9) instead of 3hg/mL as the control curvéut the level of efficacy
remainedunaffectedfor the peak(Table). It is remarkable, in this case, the powerful effect
of the drug on the calcium evoked responses from 1 to 10 n{ffigure37-A, B) As shown in
Figure Cat 10 ng/mLjn the presence of the antagonithe response was reduced from 80%
in control conditiongo approximately 20%bove baseline.

To further characteristlF157effects on theVEGEss-evoked responses, HMHECells were
incubated for 30 minutes in a range of antagonist concentratiod846.to 5 uM) and
stimulated with a sulonaximal concentration oVEGEes (10 ng/ml) and thereby, 1§ was
calculated(Figure38-A, B).The halimaximal inhibitory concentration values obtained were
1.23+ 0.4 ng/mLfor the peak andL..25+ 0.3 ng/mLfor AUC inhibition curvesot farfrom
what has been previoustjescribed. The representative timesolhed intracellular calcium
responses shown figure 38Cdepicted 1.25uM NFR57's significant impact on the peak and
the area under the curve upatD ng/mLVEGHEssstimulation compared with the control. In
the presence of the antagonighe response was reduced from 8@%control conditiongo
approximatelyd0%above baseline. As a result, we have concluded that NF157 was effective
in inhibiting VEGEs-induced responses in HMHAC ells.
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Figure37. Inhibitory effects of NF157 P2Y11 receptor antagonist oVE®Ess -evoked response in
human microvascular endothelial cells (HMEConcentratiorresponse curves for the pegk)and
AUQ(B)magnitude of intracellular aesponses elicited by VEG#N the presence (0-200 ng/mL;
open pentagonN=10 or absence (0-300 ng/mL; closed pentagdN;=8 of NF157 5 uMC)Averaged
time-resolved intracellular Eaesponses elicited by VEGHRO ng/mL in the presence (cyan pentagon;
N=10 or absence (orange pentagdr9 of NF157 5 uM over 250 seconds. All data were normalised
to 100 ng/mL VEGdand fit the Hilll equation with the Ex®@alues showed in tab{®) Asterisks show
statistical significance relative to VEdspotency (pns> 0.05, p*<0.05p**<0.01, p***<0.001). Data
arerepresented as mean + SEM.
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Figure38. VEGEsinhibition doseresponse curver NF157n human microvascular endothelial cells
(HMEGL). Inhibition concentratiomesponse curves for the pedA) and AUC(B) magnitude of
intracellular C# responses elicited by 10 ng/mL VEGR the presence (0.187% uM; closed stars;
N=5 of NF157(C)Averaged timeesolved intracellular Earesponses elicited by VEGHAO ng/mL in
the presence (cyan staftl=5 or absence (orange staN=5 of NF157 1.25 uM over 250 seconds. All
data were normalised to VE0 ng/mL and fit the Hilll equation with thedZalues showed in the
graphs. Datarerepresented as mean + SEM.



3.3.3.7 VEGkssevoked calcium responses P2défiendent are mediated
by the adenylyl cyclase pathway in human microvascular endothelial cells (HMEC
1).

As explained isection 3.3.2.7P2Y11 signalling can be mediated by the PLC or the adenylyl
cyclase pathway. That is the case because P2Y11 canmheypesor G s-coupled receptor.

When studying the effects of NF157 in the ATP-desgonse curve, no significant effects were
observed, and therefore, there were two direct interpretations. The first was that P2Y11 is not
expressed in HMECat the protein level, antthe second, Gstype G proteins mediate P2Y11
signallingThe NF157 impact in the VEésEalcium responses proposed expression of P2Y11
at the protein level, then we hypothesised if the adenylyl cyclase signalling pathway could
mediate the previously reported effects in the VEé6FfesponsesFor that, SQ 22536, a
selective AC pathway inhibitor 4¢€1 > @ (Harris et al., 1979)was used to test this
hypothesis.

Two different concentrations of SQ 22536 were tested to study the contribution of the AC
pathway on theVEGs-evoked calcium responsés@EK4.20+0.99 ng/mL EG VS 6.2+
1.2ng/ml) (Figure39). Neither the 1 nor 16 asuccessfully inhibit the calcium responses upon
VEGkssapplication and the potencies were unaffec{€eure39-D, H)No change was found
either when comparing theVEGEksevoked maximal response@80 ng/mL VEGkss
maP®103.5 * 6.3 94,00 ng/mMLVEGkss maktVS 100%)n the presence of SQ 22536 under both
treatments (Figure39-A, B, E, F, and Table 6,7). However, both doseesponse curves
presented a subtléeftward shift that was demonstrated with significant potentiation effects
from 0.3 to 3 ng/mL responses in both curves and treatments, more intensified this effect at
the lower concentration of SQ 22536 X a UFdrthermore, the timeesolved intracellular
calcium responses Figure 39Cillustrated this slight potentiation effect at 3 ng/mL when the
OStta oSNB UNBIFGSR ¢6AGK M >a {v HHpoc® CKAA
(Figure39-G) whose potentiation trend is less obvious.
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Figure39. Unexpectecffects ofSQ 22536 adenylyl cyclase inhibitor on the Y&@Foked response
in human microvasculandothelial cells (HMELD. Concentratiorresponse curves for the peak
(A)and AUQB)magnitude of intracellular €aresponses elicited by VEG#Hn the presence
(0.3100 ng/mL; open pentagoi=5 or absence (0-300 ng/mL; closed pentagoN=5 of
SQ 22536 1 uMC)Averaged timeesolved intracellular Caresponses elicited by VEGF
ng/mL in the presence (cyan pentagbixh or absence (orange pentagdr5 of SQ 22536
1 uM over 250 seconds. All data were normalised to 100 ng/mL:&¢BGdF fit the Hilll
equation with the E€gvalues showed in tab{®) Concentratiofresponse curves for the peak
(E)and AUGF)magnitude of intracellular €aresponses elicited by VEGFn the presence
(0.3100 ng/mL; open pentagoN=5 or absence (3:100 ng/mL; closed pentagoN=5 of
SQ 22536 10 uMG)Averaged timaesolved intracellular Caresponses elicited by VEGF
3 ng/mL in the presence (cyan pentagdrd or absence (orange pentagdis5 of SQ 22536
10 uM over 250 seconds. All data were normalised to 100 ng/mLie¢d BGFfit the Hilll
equation with the E4g values showed in tabl@H) Asterisks show statistical significance
relative to VEGEspotency (ms> 0.05, p*<0.05, p**<0.01, p***<0.001). Daaeerepresented
as mean + SEM.
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These results were difficult to interpret, and potentiation of the calcium response was not
expected. Trying to gain a better understanding of the hypothetical involvement of the AC
pathway in the P2Yidependent VEGEs-evoked calciumesponses, the effect of a combined
prei NBFGYSYyld 6AGK bCmpTt p >a |y R Thiswomhined p o c
treatment right shifted th&/EGEsdoseresponse curveEGo"54¥4.20+0.99 ng/mL. EGAYS

6.2+ 1.2ng/mL) more obviously for the peak but consistently also for the @itftire40-A,

B), reducing the/EGEespotency for the peak (1642.8 ng/mL; p<0.01) and the AUC 13

2.1 ng/mL; p<0.05). Furthermore, the presence of both drugs significantly affected the control
VEGkEss-evoked maximal response at 100 ng/mL (100%) for the AUC @B3 p<0.05),
showing an improved efficacy than in the absence of the drugs. The peak maximal control
response observed at 30 ng/mL remained unchanged); In addition, thenaximal response

to VEGEssin the presence of both drugs for the peak was achieved at 100 ng/mL £13.3.1
%;ns), but when comparing this new maximal response with the maximal response at 30 ng/mL
in the absence of the treatment, the level of efficacy was conserved. There was an evident
impact on the timeresolved trace kinetiqigure 46C) Compared to the control, in the
absence of treatment, the stimulation with VE£séid elicit a rapid response. It was a much
lower sustained response with thdfdrence that reached its maximum peak early after the
agonist injection at approximately 20% above baseline. In comparison, the control showed a
late sustained peak response of around 80%.

The VEGHks potency fold change comparison between theapplication of both drugs and

the effect of the NF157 is shownRigure4l. A fold change comparison was required as both
assays were conducted using different vehicle controls. SQ 22536 stock required solubilisation
in DMSO, while NF157 was prepared in deionised water. Therefore, the combined assay
statistical significance wasiculated compared to the dosesponse control parameters at

0.1% DMSO. In contrast, the NF157 assay was calculatedrednipahe doseesponse

control parameters in saline solution (SE®)lowing a 3@ninute incubation with the NF157
P2Y11 antagonist, there was-#oll increase in VE@Epeak Eé€, directly translated as a 7

fold decrease in potency. However, when the NF157 P2Y11 antagonistiwasbated with

the SQ 2253@&denylyl cyclase inhibitor, the effect was partially mitigated, resulting ina 3.9
fold decrease in potency compared to the contfdie effect was much more pronounced in

the area under the curve. After a-&tinute incubation with the NF157 P2Y11 antagonist, there
was a robust 14-8ld increase in VEGFEGo. Yet, when the NF157 P2Y11 antagonist was co
incubated with the SQ 22536 adenylyl cyclase inhibitor, the effect was partially prevented,
resulting in a 2-fold decrease in potency compared to tlantrol. As a result, we concluded

that there is an involvement of the AC pathway in the P¥Hlvement NF15dependent
VEGkss-induced responses.
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Figure40. Effects of thecombination of NF157 P2Y11 antagonist and SQ 22536 adenylyl cyclase
inhibitor on the VEGEk-evoked response in human microvascular endothelial cells (HMEC
Concentratiorresponse curves for the pe@k)and AUEB)magnitude ofintracellular C& responses
elicited by VEG#sin the presence (0-200 ng/mL; open pentagoi=5 or absence (0-300 ng/mL;

closed pentagon\=5 of NF157 5 uM and SQ 22536 10 (@®)Averaged timeesolved intracellular

C&* responses elicited by VEGHAO ng/mL in the presence (cyan pentagdrb or absence (orange
pentagon;N=5 of NF157 5 pM and SQ 22536 10 puM over 250 seconds. All data were normalised to
100 ng/mL VEG4s in 0.1% DMSO and fit the Hilll equation with the Z&ues showed in tdd (D)
Asterisks show statistical significance relative to ME@étency (pns> 0.05, p*<0.05, p**<0.01,

p***<0.001). Dataarerepresented as mean + SEM.
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Figure41l VEGEss potency fold change comparison between the effects of NF157 P2Y11 antagonist
and the ceapplication with SQ 22536 adenylyl cyclase inhibitor in human microvascular endothelial
cells (HMEQ). (Leff) There was a-fold change increase in the VEéspeakEGo after 30 minutes of
incubation with the NF157 P2Y11 antagonist while thpremcubation of NF157 P2Y11 antagonist
and SQ 22536 adenylyl cyclase inhibitor partially prevented the effect leadingftdd3change
potencydecreaseompared to the contro(Righ) There was a 14-®ld change increase in the VE&F
AUCEG after 30 minutes of incubation with the NF157 P2Y11 antagonist while {heic@ubation

of NF157 P2Y11 antagonistda8Q 22536 adenylyl cyclase inhibitor partially prevented the effect
leading to 2.%old change potencglecreasecompared to the control.
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3.3.3.8 A2Bselective antagonist significantly affected YHeGkss-evoked
calcium responseaxd human microvascular endothelial cells (HMEC

As explained isection 3.3.2.8A2B can couple with ahgand G stype G protein receptor

When studying the effects of MRS 1754 in the ATP-gisp®nse curve, no significant effects
wereobserved. However, as we just explained in the case of P2Y11, a potential involvement of
the AC pathway can be involved in the Vile@ikduced calcium responses. Here, we tested

the potential inhibition of VEG@s-evoked responses using MRS 1754 to elicit any matching
behaviour, as seen in the P2Y11 selective inhibition.

The effects of MRS 1754 (100 nM), the selecti\Bafiagonist, on the VE@EFdoseresponse
curve control EGo PEAK2.85+ 1 ng/mL EGo AUC3.49+ 1.3ng/mL) wereinvestigated. Pre
treatment with MRS 1754 right shifted the Vis@foseresponse curvérigure42-A, B), and
reduced the VEGé§spotency for the peak (9.282.9 ng/mL; p<0.05) but not for the area under
the curve (11.& 5.8 ng/mLns) (Figure42-D, Table6, 7). Furthermore, the presence of the
inhibitor did not affect the control VE@G&evoked maximal response (3@/mL VEGEs
maP® 111.6+ 4.3 %; 100 ng/mL VEfeFma£YS 100 %) for the peak (101#56%;ns) or the
AUC (100.5: 2.8 %;n9). As shown irFigure42-C, at 10 ng/mL,in the presence of the
antagonistthe response was reduced from 8@¥control conditiongo approximately40%
above baselineAs a result, we have concluded that MRS 1754 effectively inhibitede¥EGF
induced responses in HMAC elk.
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p**<0.01, p***<0.001). Datarerepresented as mean + SEM.

14&



3.3.4. P2 purinergic receptors protein profile of human microvascular endothelial
cells (HMEQ).

In the previous sections, we described the P2 receptors transcriptome profile in HO4HEE
(section 3.3.1)as well as tried to gain insights into the four purinergic receptors candidates
(P2X4, P2Y2, P2Y1, and A2B) contribution to theah@PVEGIlsdose response with the
pharmacological characterisation described in the prexdseasongsections 3.3.2 and 3.3.3)
Immunoblotting was used to confirm which P2 receptor was expressed at the protein level in
HMEG1 and, thereby, have a tool teterpret the previous results.

3.3.4.1 P2X4protein expression was not detectedhirman microvascular
endothelial cells (HMEQ.

RNA sequencing depicted the presence of P2X4 at the mRNA level. However, an ambiguous
contribution to the calcium responses was reported. The majority of the P2X4 selective
antagonist did not impact either the A€RPoked calcium responses, but PSB12062Tdhdn,

to ascertain the protein expression of P2X4, wielk P2X4 levels in HMECwere
investigated by western blot.

Along with wholecell lysates of HMECcellsd H p lysaies fBom parental (negative control,

-) and stable expressing hP2X4 1321N1 astrocytoma cells (positive conivele used to
elucidate the presence of P2Eigure43). Parental astrocytoma cells are void of any-ATP
induced responses, as showrFigurel6 and other previously reporte@ianchi et al., 1999)
Therefore, they should be a reasonable negative control of the absence of P2X4. Contrastingly,
1321N1 astrocytoma cells stably expressing hP2X4 demonstrated their ability to evoke ATP
responseg(Figure15), responses not detected in the untransfected parental cells, giving
assurance the response is P2X4 dependent, and the receptor was expressed at the protein
level in that cell line.

Theexpected P2X4 specific band at 60KDa was detected in hP2X4 astrocytafifigusis3;

Lane 2 + samplg and that was not the case of the parental astrocytoma cells, where just
unspecific banding at lower molecular weights was dete(fégure43-Lane 1 - samplé,
confirming the ability of the an®2X4 antibodyAlomone, APR02) to detect specific P2X4
protein expression. The unspecific banding in the parental astrocytoma was also detected in
hP2X4 astrocytoma cells (50 KDa, 30 KDa), but it did nuirise the specific protein
detection. HMEQ cells sample lane was void of banding, proving the lack of P2X4 protein
expression in this cell lifEigure43-Lane 3,? sample)-Actin was also immunoblotted as a
positive loading control and used to perform the hP2X4 densiometric analysis in the different
cells investigate@Figure 438) as described in thmethods section 2.7.4The statistical
analysis reported significant differences between the protein expression levels of human P2X4
in hP2X4astrocytoma cells and parental astrocytoma (p<0.05) and HMé&glls (P<0.05),
illustrating the absence of P2X4 protein in HMEE@Ils.
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Figure43. P2X4 is not expressed in human microvascular endothelial cells-{tjEfe protein level

(60 KDa)(A) Representative immunoblot for hP2X4 in 1321N1 parental astrocytoma ee#sefital,

- sample), 1321N1 stable transfected hP2X4 astrocytoma cdiiB2(®4, + sample) and human
microvascular endothelial cells-KBMECL, sample ?)(B) Semiquantitative immunoblot analysis of

relative expression of hP2X4 in studied cells lines. Asterisks show statistical significance relative to P2X4
expression in 1321N1 stable transfected hP2X4 astrocytoma celts (205, p*<0.05, p**<0.01,
p***<0.001). Dataarerepresented as mean + SENES).



3.3.4.2 P2Y2 protein expression was ambiguously detectechuman
microvascular endothelial cells (HMBC

RNA sequencing described the presence of P2Y2 at the mRNA;@id 8FR5XX, its selective
antagonist, impacted the ATP and k&Bked calcium responses in a significant manner. Then,
to ascertain the protein expression of P2Y2, wiseléprotein levelsn HMEEL were studied

by western blotAs well as whoteell lysates of HMEC cells(25 > 3 lysates from 1321N1
stable expressing hP2¥d parentalastrocytoma cellgnegative control;) were employed to
investigate the presence of P2Y2

The expected P2Y2 specific band at 50KDa was detected in HHM§i®e 44; Lane 3 and 4,

+ sampléat two different denaturalisation conditions. Nonetheless, that was also the case of
the stable expressing hP2X4 1321N1 astrocytoma Eddigré44; Lane 1 and 2, sample),
illustrating the inability of the anB2Y2 antibodyAlomone APR010) to detect specific P2Y?2
protein expression.-Actin was also immunoblotted as a positive loading control and used to
perform the hP2Y2 densiometric analysis in ifferént cells investigated. In this case, relative
protein levels were not compared as the westerndinultaneously for both cell lines were
repeated twice (Ns2neart SEN) (Figure44-B).The first blot was performed using just HMEC

1 cells (N=1).

Considering these results, a second-82 2 antibodgAbcam, ab16853%vas tested to prove
the protein expression of P2Y@&.the initial phase, different blocking solutions were tested to
ensure the best conditions for protein detection using HNME&hd parental 1321N1
astrocytoma cells. No bands were detected in HME®Z parental 1321N1 astrocytoma
cellsé n n) (Figae 48A, B); N=1xt two different blocking conditions (10% BSA or 5% milk
based solution).¢ K S-Actin positive loading control confirmed that the Western blot
proceeded successfully and the presence of the protein in the PVDF mer(figumed5-A).
However, the expected P2¥@ecific but very faint band at 42 KDa was detected in a non
mammalian 5% sucrodmsed blocking solutidn both cell linegFigure45-A, B; N=]1

Then, the sucrosbased blocking solution was the selected one to try to elucidate the specific
expression of P2Y2 in HMEGas it was the only one giving bands at the appropriate weight.
As in the case of th&lomoneanti-P2Y2 antibodythe expected P2Y2 specific bandtaKDa

was detected in HMEC(Figure45-C) and this itwas also the case of thgarental 1321N1
astrocytoma cellgFigure45-C) The statistical analysis did not report significant differences
between the protein expression levels of humR2Y2 in HMEC and parental astrocytoma
cells @) (Figure45-D), complicating theassessment of P2Y2 protein expression in HMEC
cells.

Because of the unexpected protein expression of R2parental astrocytoma cells, a third

cell line was used to check the antibody specificity one more last timerahsfiected293T

HEK cell lysate (40 Hwas use@s a negative contrtd test the lack of banding when probing
with the P2YZbcamantibody, as the manufacturer described in the product datasheet
(Figure45-E) Three HEK lysate samples were probed and showed a much fainter banding
pattern at the specific P2Y2 expected weiffigure45-E). The statistical analysis showed
significant differences between the protein expression levels of human P2Y2 -in non
transfected293T HEKand HMEEL cells (p<0.05), inferring the possibility of #rgibody's
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ability to detect P2Y2. Furthermore, there was also a statistical difference between non
transfected293T HEKNndparental 1321N1 astrocytoma cels<0.01)Figure45-F),being this
result much more challenging to justify.

It is important to note that this last statistical analysis refers to the comparison of 6 different
HMEGL, 4 parental astrocytoma, and 3 ntyansfected293T HEK cell lysates samples
(technical repeats) and not biological repeats, as being through this whole study due to the
lack of time in the laboratory.
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solutions(N=1) (B) Semiquantitative immunoblot analysis of relative expression o2R2oth cell linegor the three different blocking solutiorisl=1) (O
Sucrosebased blocking solution performed better than BSA/sucrose oh&®A blocking solutions showing bands at the expected weéihSemi
guantitative immunoblot analysis of relative expression oRR2Noth cellines in sucroséased blocking solutiaiN=3) (B) Representative immunoblot for

P2Y2 iuntransfected HEK ce(lN=3) (F Semiquantitative immunoblot analysis of relative expression o i2tfie threecell linesn sucrosebased blocking
solution(N=3) Dataarerepresented as meath SEMN=3.
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Figure46. Ambiguous P2Y11 protein expression levels comparison of-adibkxtracts of HMEC and1321N1 parental astrocytoma cells using +hidked
blocking solution and arR2Y11 antibody from Alomone (APES) (50 KDajJA) Representative immunoblot for P2Y11 in 1321N1 parental astrocytoma cells

and human microvascular endothelial cells (HMIE(B) Semiquantitative immunoblot analysis of relative expression of P2Y11 in both cell lineardata
represented as mean + SENFQ.
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3.3.4.3 P2vy11protein expression was detectedhmman microvascular
endothelial cells (HMELQ.

RNA sequencing also described the presence of P2Y11 at the mRNA, and NF157, its selective
antagonist, impacted significantly the VisBut not the ATRevoked calcium responses.

Then, to verify the protein expression of P2Y11, wbelkprotein levels in HMECcells were
investigated by immunoblot. As well as whoddl lysates of HMECcellsi p  tysatésdrom

1321N1 parental astrocytoma cells (negative contjaliere utilized to explore the presence

of the receptor.

Firstly, as previously described for P2Y2, the-R2lYillJAlomong/APR0O15) antibody was
probed due to its availability -tmuse.The expected P2Y&pecific band at 50KDa was
detected in HMEQ and this was also the case in the 1321N1 astrocytoma parental cells
(Figure46), depicting again the incapability of the aR2Y11 antibodyAfomone, APR15) to

detect specific P2Y11 protein expression. In this case, relative protein levels were not
compared as the western blots simultaneously for both cell lines were repeatedTitnéckrst

blot used hP2X4 1321N1 astrocytoma celdesd of parentals as a theoretical negative
control. Therefore, the comparison shown Rigure 46-B is a representative plot of an
independent technical repeat. Again, as in the case of P2Y2, these cesuyixated the
assessment of P2Y11 protein expression in HM&Alls.

Asecond antP2Y.1 antibody(Abcam, ah80739 was tested to prove the protein expression

of P2X1. In the initial phase, different blocking solutions were tested to ensure the best
conditions for protein detection using HMEGnNd parental 1321N1 astrocytoma cells. No
bands were detected in HMHECor parental 1321N1 astrocytonellsusing a millbased
blocking solution at two different denaturalisation conditions and total protein lysate
concentrations(Figure 47A).That was the case, too, when using two different-B&s&d
blocking solutiong1% BSA/10% sucrose and 10% BSA solHguye 47-B, G and the
commercial EveryBlot® blocking buffer frommaaiFigure47-E). ¢ K SActin positive loading
controls confirmed that the Western blot proceeded successfully and the presence of the
protein in the PVDF membransurprisingly, the expected P2¥pEcific but faint band at 43
KDa was detected in a nomammalian 5% sucrodmsed blocking solution both cell lines
(Figured7-B, C) Therefore, the sucroskased blocking solution was the selected one to clarify
the specific expression of P2Y11 in HME@s it was the only one giving bands at the
appropriate weightUsing fresh lysate samples (5@ the expected P2Y idpecific band at

43 KDa was detected in HME@Figure48-A), and this was also the case in the parental
1321N1 astrocytoma cells but in a significantly lower fashiean using fresh lysate samples
The statisticalevaluation of the densitometic analysisreported significant differences
between the protein expression levels of human P2Y11 in HMIBG parental astrocytoma
cells (p<0.05(Figure48-B),figuring a specific significant P2Y11 protein expression in AMEC
cells.

An antirabbit HRP conjugated secondary antibody was used in these western blots. This
antibody detects heavy and light chains of the primary antibody. To investigate further the
presence of bands in the astrocytoma parental negative control, we hypeithdbist the
unexpected banding could be derived from sspecific secondary antibody detection. To test
that, two lysate samples, one for HME@nd the other for parental astrocytoma cells, were
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probed with the secondary antibody directly after blocking. In this way, the membrane was
never exposed to a primary antibody, and no banding should be detected. Howewver, non
specific signals were detected in both lysate sam(fégure48-C, D).Therefore, some
detected signals in these conditions might come from the secondary antiboespaoific
signalling. Suppose we subtract this signaffigure48-D)from the primary antibody probed

blot (Figure48-B) the remaining signals will illustrate a mialmbanding presence for
astrocytoma parental cells and a detectable remaining banding for AMEIS.

Another type of HRBonjugated secondary antibodgnti-NJ 6 0 A (i) w&davadable in
house, and it was also tested to check doildreduce the norspecific secondary antibody
previously detected. Again, two lysate samples of each cell line were probed with the
secondary antibody directly after 5% sucrbssed blocking. Antabbit C 6 | @rildody
detected low molecular weight bands of approximaB&\Da, as well as napecific bands

at approximately 40 and 50 KDa, that could be misinterpreted as Bp¥dific 43 KDa band
(Figure 4/D). Therefore, this secondary antibody was not further considered an alternative to
the regular HRIeonjugated secondary antibody.
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antibody from Abcam (ab180739) Ba)(A)Lack of specificity for P2Y11 Abcam antibody when using
milk-based blocking solution and goat amatibbit secondary antibody at different boiling conditions in
1321N1 astrocytoma and HMBQC:ells.(B) Sucrosebased blocking solution performed better than
BSA/sucrose or B®&sed blocking solutions showing bands at the expected wdi@hSemi
quantitative immunoblot analysis of relative expression of P2Y11 in these previous blocking solutions,
being sucrosdased solution the one showing desired rekatexpression of P2Y1(D) Lack of
specificity for P2Y11 in 1321N1 parental astrocytoma and human microvascular endothelialJHMEC
cells in sucrosbased blocking solution and goat amtbbit C 6 | &eQandary antibody(E)Lack of
specificity for P2Y11 Abcam antibody when using EveryBlot blocking solution and g@ditbénti

C 6 | éeCoidary antibody in 3 samples of 1321N1 astrocytoma and HM&lG.
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3.3.5. Purinergic receptor mRNA expression profile of human umbilical vein
endothelial cells (HUVECS).

Human umbilical vein endothelial cells (HUVECS) are primary cells isolated from the umbilical
cord, and they are considered a gooerimo model for studying human vascular endothelial
physiology. HUVECs have been previousdas atool to characterise VEGfependent
calcium responses and the relevance of other membrane receptors to vascular endothelial
growth factor (VEGF) physiolo@y Li et al., 2015; Li et al., 20J)e found interesting to
investigate the VEGF P2¥delpendent responses, as previously documented in HMEIs,

in a primary cell line as the next stage in this study. For this, the first step was to characterise
at the mRNA level the presence of P2¥id the other purinergic receptors in HUVECS, as the
expression pattern might affect the output of the investigating responses.

Initial studies were performed in human brain to confirm specificity and functionality of the
primers. Once the primers were validated as useful tool for this study, every technical repeat
was designed to run in parallel a known positive human brain cBxNpleswith a HUVEC

Al YL S F2NJ SI OK 3 S-cBn, theyhoudeledging genelsgived aR Rpgositive? y >
control for all the PCR reactiohsActin detention was even more relevant in the assays where
the interrogated gene was not detected siraetecting the housekeeping gene in HUVECs
demonstrated a good quality cDNA and not just the-patiormed PCR reactiod non

reverse transcriptase enzyme control was performed for each gene to controispebific

derived band and not genomic DNA contaminat8@sides this control, negative water control

was done in every PCR run, where the cDNA was substituted by water and exposed to the
transcriptase enzyme as the interrogated samples to ensure the sampling was not
contaminated with an unknown and nolesired cDNA.

Following the validation of the primers, the expression of purinergic receptors mRNA

transcripts was examine@able8 and Figures49 and 50 summarizethe results obtained for
this profiling.
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Table8. Non quantitative RIPCR expression profile of purinergic receptors in human brain and
umbilical vein endothelial cells (HUVE®)meansyenewasdetected,a(K) meanghe geneisdetected
but not consistentlyand x meansthe genewasnot detected,asshownin Figurest9 and 50.

Gene Humanbrain Humanumbilicalveinendothelialcells,
HUVEC

Al
A2A
A2B

A3
P2X1
P2X2
P2X3
P2X4
P2X5
P2X6
P2X7

P2Y1
P2Y2
P2Y4
P2Y6
P2Y11
P2Y12
P2Y13
P2Y14

R|R IR RRRRRR R R RRBRZB|R (===

2 x [ R(B|R|R| R =R x| &= x| x| x| x|=|=]|x
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Base Pairs (bp) _Al$— M—_.__
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1.200

- 1,000
- 800
800
- 700
- 600
- 500/517
- 400
300
- 200
Base Pairs(bp) 7 . 3
- 1517 hBrain HUVECs hBrain HUVECs ¢ hBrain HUVECs
& O
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~
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= 1517 P2X4(RT+) P2X4(RI-) H,0 B-actin P2XS P2X5 P2X6 P2X6 P2X7  P2X7 B-atin H,0
1200 B H B H RT+ RT- RT+ RT- R+ RT- RI+ RT- RI+ RT- RT+ RT-
- 1,000
- 900

800

414 bp 414 bp
o B

- 5005517

*hBrain (B); HUVECs (H)

Figure49. Nonquantitative RIPCR expression profileaddenosine and P2X receptors in human brain

and HUVEC cell&) Detection of adenosine (P1) receptors expression showing bands detected for
ADORAL1 (A1) (374 bp), ADORA2A (A2A) (295 bp), ADORA2B (A2B) (277 bp) and ADORA3 (A3) (302 bp)
in human brain and ADORA2A (A2A) (295 bp) while ADORA2B (A2B) (277 bp) were detected in HUVEC
(N=5. (B) Detection of P2XB expression showing bands for P2X1 (341 bp), P2X2 (200 bp) &d P2X

(564 bp) in human brain. None of these receptors were detected in HU\@}Ostection of P2XZ%

expression showing bands for P2X4 (250 bph 268 bp), PBX@405 bp) and PZX[414 bp) in human

brain while P2X4 (250 bp), P2X5 (263 bp) and P2X7 (414 bp) were detected in(NES/HZsners

amplify allsplicing variants of the selected gell+, reverse transcriptase cDNA samples;nBT

reverse transcriptase enzyme control samples.
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Figure50. Non-quantitative RIPCR expression profile of P2Y receptors in hiran and umbilical

vein endothelial cells (HUVEQA) Detection of P2Y1 and P2Y2 purinoreceptors expression showing
bands for P2Y1 (326 bp) and P2Y2 (243 bp) in human brain and HBME&Dsction of P2Y4 and P2Y6
purinoreceptors expression showing bands for P2Y4 (427 bp) and P2Y6 (391 bp) in human brain and
HUVECHC)Detection of P2Y11 expression showing a band (365 bp) in human brain. In HUVECs, two
out of three independent samples showed a band (365(BpRetection of P2Y 123 purinoreceptors
expression showing bands detected for P2Y12 (6982Y)13 (461 bp) and P2Y14 (370 bp) in human
brain while P2Y12 (698 bp) and P2Y14 (370 bp) were detected in HM¥BC®rimers amplify all

splicing variants of the selected geri®T+, reverse transcriptase cDNA samples; rieTreverse
transcriptase enzyme control samples.



As shown ifTable 8andFigure 49nonquantitative analysis of mMRNA transcripts revealed that
HUVEC cells expressed two P1 receptor subtypes, A2A aifEigA\tB49-A), and three P2X
receptors, P2X4, P2X5 and PZRigure49-B, C).Remarkably, P2X1 and P2X3 were not
consistently detected, meaning the detection of the band in the human brain fluctuated.
However, a band in a HUVEC sample was never detected in P2X1 or P2X3 positive human brain
assays.

Almost all P2Y receptors but P2Y13 were dete(iadble8, Figure50). However, P2Y11
demonstrated an inconsistent expression pattern in HUVEC cells. Two technical repeats with
three distinct biological samples each showed specific bands for P2Y11 in 2 out of the 3
biological repeat@Figures0-C) This lack of consistency suggests low receptor expression even
though P2Y11 could yet potentially contribute to the VEGF calcium responses.

3.3.6. Characterisation of the vascular endothelial growth factor calcium
signalling in human umbilical vein endothelial cells (HUVECS).

The mRNA expression profile of the vascular endothelial growth factor receptors could not be
performed in HUVECs due to the lack of time for this study. However, there is substantial
literature supporting VEGFERas the mediator of the VE@Ependent calcim responses in

this cell lingJ. Li et al., 2015; Li et al., 20IHus, we directly performed the pharmacological
profiling upon VEGEs stimulation.

3.3.6.1 VEGksevoked calcium responses in human umbilical vein
endothelial cells (HUVECS).

VEGHkss elicited intracellular calcium response icancentrationdependent manner (0.3 to

100 ng/mL) with maximal activity at 10 ng/mL for the peak (148.85 = 17.9 %) and at 30 ng/mL
for the area under the curve (AUC) (125.89 + 10.45%). The peak's calculatadxivathl
effective concentration (€ was 1.7 + 0.4 ng/mL for the peakda2.4 + 0.4 ng/mL for the
AUC(Figure 531A, B)Figure 531Cdepicts timeresolved calcium responses upon VE&F
stimulation from 0.3 to 100 ng/mL. This stimulation elicaectlatively rapid and sustained
response at high ligand concentrations (10 to 100 ng), but this kinetic fashion was lost at
concentrations lower than 10 ng/mL. From 0.3 to 3 ng/mL, ME@& not elicit a rapid
response. However, it was characterised by a delayed, slower, and more sustained calcium
release over four minutes, with the peak response observed towards the end of the
responseThereby we confirmed the ability of HUVECSs to respond to the ligand and evoke
VEGkss-dependent calcium responses.
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Figure51. VEGIKss elicits intracellular calcium responses in human umbilical vein endothelial cells
(HUVEC)Concentratiorresponse curves for the pe@k)and AUEB)magnitude of intracellular €a
responses elicited by VE&GH0.3100 ng/mL;N=6. (C) Averaged timeaesolved intracellular €a
responses elicited by VEG&GFrom 0.3 ng/mL to 100 ng/mL HUVEells over 250 seconds=6) All

data were normalised to 100 ng/mL Vi&dnd fit the Hilll equation with the Efalues showed in

the graphs. Datarerepresented as mean + SEM.

® Data normalisatiomas always done d@00 ngmLVEGkswhenthis agonist was studied.
™) Arrows ﬂ )ndicate the maximum response in the control (untreated) curve.
) F/R refers to theFura?2 ratio, meaning F340/F380.
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3.3.6.2 The broaespectrumP2 antagonist PPADS3ffected theVEGkss
evoked calcium responseshaman umbilical vein endothelial cells (HUVECS).

In HMEEL cells, the broadgpectrum P2 antagonist, PPADS, had a significant impact on the
VEGkss-evoked calcium responses, and therefore, it was proposed to investigate the potential
same effect in HUVECs. Due to the difficulties in the HUVECSs' availability and their culturing
times, this assay was performgt onceas aproof of concept.

Pretreatment with PPADS also riggftifted the VEGEs doseresponse curve as in the case of

the HMEGL cell{Figure 52) Preliminarily, the presence of PPADS reduced the 1M¥EGF
evoked maximal control response for the peak at 1hhg/VEGR.FAS8.20+ 6.6 but not

for the AUC at 30 ng/mL VEGEKAYC 112.23+ 14.4. Therepresentative timeesolved
intracellular calcium responses showirigure 52Cillustrated PPADS' impact on the peak and

the area under the curve upon 10 ng/MEGEes stimulation compared with the control. In

the presence of PPADS, the activation kinetics at 10 ng/mLevVE&@BEerved its relatively

rapid calcium increase kinetics but with a larger decrease in the peak, which reached
approximately 50% above baseline compared to the VEGF response in the absence of the
antagonist, which reached almost 110%.

Considering these results as a posipix@of of concept, we moved forward to investigate the
possible involvement of P2Y11.

3.3.6.3 P2Y11lselective antagonist did naffect the VEGEs-evoked
calcium responsed human umbilical vein endothelial cells (HUVECS).

In the same way as section 3.3.21nd3.3.3 the selective competitive antagonist, NF157, was
utilised to determine if P2Y11l was involved in the Vé@®Woked calcium responses in
HUVECs.

The effects of NF157 (5 uM) on the VEGF -desgonse curve control (B£FA% 1.7 + 0.4
ng/mL; E&AYS 2.4 + 0.4 ng/mL) were examined. Isolated significant effects were found at 100
ng/mL in the peak antthe area under the curve when comparing the cells in the presence or
the absence of the P2Y11 inhibigmrdthe control VEGevokedmaximal response at 10 ng/mL
for the peak and 30 ng/mL for the AUC were unchar{geglre52-A, B) In addition, upon
treatment, the potencies weralsounaffected (EPEAK: 1.55 + 0.17 ng/mis; EGoAUC: 1.6

+ 0.2 ng/mL;ng (Figure 52-D). The representative timeesolved intracellular calcium
responses ifrigure52-Cdocumented the described isolated potentiation effeadtthe higher
concentration of 100 ng/mLThese changes represented potentiation effects and did not
follow a trend, considering them challenging to interpfet.a result, we concluded that 5 uM
NF157 was ineffective in inhibiting VE@fuced responses in HUVECs as it did in HMEC
cells.
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Figure52. Preliminary inhibitory effects of brosgbectrum P2 receptors antagonist PPADS on the
VEGHss -evoked response in human umbilical vein endothelial cells (HUMECENtratiorresponse
curves for the peaf@d)and AUEB)magnitude of intracellular aesponses elicited by VEGHN the
presence (0.400 ng/mL; open pentagoi=1) or absence (0-200 ng/mL; closed pentagoN=6 of
PPADS 100 puNC)Averaged timeesolved intracellular Earesponses elicited by VEGHRO ng/mL in
the presence (blue squard=1) or absence (pink squatd=6 of PPADS 100 uM over 250 seconds. All
data were normalised to 100 ng/mL VE&i saline solution and fit the Hilll edicn. Dataare

represented as mean + SEM.
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Figure53. Lack of inhibitory effects of NF157 P2Y11 recephbagonist on the VEGF-evoked
response in human umbilical vein endothelial cells (HUIBGyentratioresponse curves for the
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3.3.6.4 VEGKkss kinetics profile differed between human umbilical vein
endothelial cells (HUVECs) and human microvascular endothelial cellsljHMEC
and this response is characteristic of endothelial cells.

Considering the recent findings, a comparative analysis 0fH@&ssresponses of the two
distinct endothelial cell lines was conducted in an attempt to identify differences that might
elucidate their disparate behaviour.

Figure 54A, Bshowed the concentratioresponse curve for VE{#in HUVEC and HMHEC

cells. As was already portrayed, VE6&eElicited a concentratiolependent increase in
intracellular calcium levels in both cell lines, but there were the HUVEC cells the ones
demonstrating higher potency (®EAK: 1.71 + 0.35 ng/mLs&8UC: 2.20 £ 0.46 ng/mL)

and efficacy (maximal response at 10 ng/mL significantly higher; p<0.05) tharlHMEC

(EGo PEAK: 2.87 = 1 ng/mL;sEEUC: 3.55 + 1.32 ng/mL). When comparing the potencies
between cell lines, significance was not achieved; however, a higher sensitivity pattern can be
observed irFigure 54E.Raw data comparisons are tough as errors tend to be higher and
demonstrate significance become intricat&e slope compares the steepness of the dose
response curves. HUVEC dose resporiltgstrated steeper curves than HMEC also
suggesting greater sensitivity to changes in Y&Gdncentration. The representative calcium
time-responses curves at 10 ng/rffigure54-C)and 30 ng/ml(Figure54-D) illustrated the
difference in the trace kinetics in the cell line®JVECs presented a much more rapid but
sustained response, while HMMEGhowed a sustained calcium response characterised by its
late peak. This data portrayed the idea that HUVEC responses have a more outstanding
contributionto the calcium release from the stores than HME€2IIs, even though previous
results suggest the involvement of this pathway in both cell lines' iy4#l@pendent
responses.

VEGEssdependent biological responses are meant to be characteristic of endothelial cells. To
confirm these responses are cell type specific, a dexli#ek was performed exposing 1321N1
human P2X4 stably expressing astrocytoma cells to this a@Bigate55). At 100 ng/mL
VEGHkss, this cell line could not induce any intracellular calcium responses. In contrast, the
response to 30 uM ATP demonstrated the cells' viability and responsiveness, confirming their
ability to respond to an agonifigureb5-A). The reponses to VEG4s did not differ from the
vehicle control response control, illustrating the cells' incapacity to respond to the ligand
(Figure55-B). Statistical significance is not shown as the experiments were performed just
twice.
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3.3.7. Characterisation of the ATP calcium signalling in human umbilical vein
endothelial cells (HUVECS).

Biomolecular profiling at the mRNA level of the HUVECs was portragetion 3.3.5but the
ability of HUVECS to respond to ATP still needs to be prfewghermore, understanding the
ATP signalling in this cell line might help us better interpret the latest observations.

3.3.7.1 ATPRevokedcalciumresponses in human umbilical vein endothelial
cells (HUVECS).

ATP elicited intracellular calcium response in a concentrdépendent manner (0.03 to 30

HM) with a maximal attainable response at 30 fokithe peak and the area under the curve
(AUC) (100%). The hattiximal effective concentration (fgfor the peak was 1.77+ 0.28 uM

and 6.58 + 0.20 uM for the AUYEigure 56A, B)Figure 56Cdepicts timeresolved calcium
responses upon ATP stimulation from 0.03 to 30 uM. This stimulation evoked a rapid and
transient initial response followed by a sustained phase that decayed to approximately 50%
above baseline for 30 pM stimulation. Howevéris tdecay is more dramatic at lower
concentrations. From 030to 3 pM, the responses returned to the baseline level over 4
minutes.

To complement this data, thapsigargin was used to investigate further the possible store
operated calcium release contribution in the AlEpendent response in HUVEC.
Preincubation with 5 pM thapsigargin prevented any-iN@iBced responsedigure 57)
suggesting the dependency on the intracellular stores to evoke calcium increase in the cytosol.

Finally, the P2X4 contribution to the AG\®ked calcium responses was briefly studied. As
described for HMEC, we could not observe any contribution to the |[B@ ATP response

when preincubating the cells with 1M BX430(Figure 58) That agreed with what was
previously reported in the laboratory, as Dr. Jessica Meades reported the same lack of effects
and the SERCA inhibition when applying ivermectin using the same cell model, similarly as we
reported for HMEEL cells gnpublished data
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) F/R refers to the Fura2 ratio, meaning F340/F380.
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technical experiment.
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Figure58. Lack of inhibitory effects &X430 P2X4 receptor antagonist on the-Adked response in
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3.3.7.2 ATP Kkinetics profile differed between human umbilical vein
endothelial celltHUVECs) and human microvascular endothelial cells {HMEC

If we compared HUVEC and HMECeIlIs ATP concentratiwasponse curves, contrarily to

what we reported for the VE&E response, HMEC cells demonstrated higher potency
(Figure59-A, B, [E(EGFEAK 427 + 64 nM; BZ\VYC 1.16 + 0.52 uM) and efficacy (maximal
comparable response at 30uM for the AUC; p<0.01) than HUVEC celf§"{EG9+ 0.296

UM; EGoAYC 9.22 + 2 uM)The representative calcium tintesponses curves at 1 pfigure
59-C)and 10 uM(Figure 59D)illustrated the difference in the tca kinetics in the cell lines.

Both cell lines presented an initial rapid response. However, HMiESented a much more
sustained response. At the same time, HUVECs showed a more transient response, whose
response decayed to baseline after approximaglminutes at 1 pM ATP. The response
dramatically dropped also at 10 uM ATP, even though it did not reach baseline in thitisase.
sustained characteristic response in HMEEwhy efficacy was significantly increased in their
AUC and not in the peakhase parameter was achieved with the same efficacy in both cell
lines, as they had their rapid initial responses conserUbis. data depicted the idea that
HUVEC responses have a more remarkable contribution to the calcium release from the stores
than HMEEL cells, as late sustained responses are thought to be more membracteaionel
dependent.That might imply the involvement of a different pattern of P2 receptor functional
expression in both cell lines. The transcriptome comparison profile elicitedrkainte
differences at the mRNA ley@igure60). However, it is worth noting that other essential
families of ion channels, such as ORAI channels, also rely edegterelentmechanisms and

could impact ATHependent trace kinetics.

17t



w

Intracellular [Ca?*] Fura2 (F/F,)

Intracellular [Ca2+] Fura2 (F/IFQ) (raw data) )>

PEAK AUC
O HUVEC ECg,1.59 nM + 296 nM ® 350 © HUVECEC9.22nmM = 2nM
2.0{ e HMEC-1ECg,427 nM * 64 nM § ® HMEC-1ECy,1.16 M % 520 nM
& 3004 *kk
5
1.5 T 250
N
© 200+ %
> .
1.0 L
£ 150
N
]
©. 1004
0.5 B
p=}
= 50+
Q
g
0.0 § 0
T T T T T T T T T T
1E-8 1E-7 1E-6 1E-5 1E-4 1E-8 1E-7 1E-6 1E-5 1E-4
log[ATP] (M) log[ATP] (M)
2.0 - 2.0~
1nMATP 10 nM ATP
o HMEC-1 —_
15 © HUVEC L 15
<L
N
o
—_ 5 ~
% 1.0 i .g 104
© &" ©
[o
g S g
= =
0.5 - S 051
©
Q
s
€
o.oﬁ = 004
30 sec 30 sec
12 *k
Il HuvEC
V7] HMEC-1
10
A ]
OH Q\\ o ';0 N OH
£ 7] 2 Pl
o H °" 00 o
=] (o J1TE H
g 6 [}
3 N
(@) N
i f ~ />
N. = N
24 N
H ' H
V777
ATP peak ATP AUC
Figure59® ! ¢t Q3 1AYySGAO0a LINRPTFAES Ot NA SR (HUSECAHSRRlY KdzY'!

human microvascular endothelial cells (HMEConcentratiorresponse curves for the pegk)and
AUC(B) magnitude of intracellular Earesponses elicited by ATP in HUVEC cells-30.Q8/; open
circlesN=6 and HMEQ (0.01300 uM:; closed circlebt=8. All data fit the Hilll equation with thedC
values showed in the graphs. Averaged tiemolved intracellular Caresponses elicited by AT@)1
MM and (D) 10 uM in HMEQ (cyan hexagonN=8 and HUVEC (purple hexagdxg cells.(E)
Comparison of Bgvalues for ATP responses in HU\NEE) (and HMEQ (N=8 cells. Asterisks show

17¢€



statistical significance wherens> 0.05, p*<0.05, p**<0.01, p***<0.00{F) ATP chemical structure
(National Center for Biotechnology Information (202Bjta are represented as mean + SEM.
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Figure 60. Comparison of purinergic receptor expression profile between human umbilical vein
endothelial cells (HUVEC) and human microvascular endothelial cells -IHME&@phical
representation of the percentage of purinergic receptors expression from reverse transcription
polymerase chain reactioqfiRFPCR)Jn HUVEC cell line or RNA sequencing data in MMEIC line.

HUVEC cells expressed a higher percentage of the three purinergic receptors family at the mRNA level.



3.4 Discussion

3.4.1.Human dermal microvascular endothelial cells (H¥E€xpress various
purinergic receptors at theanscriptionalevel.

This study's principa vitromodel was the human dermal microvascular endothelial cell line
(HMEGL). As previously stated, P2 receptors have been proposed as mediators of the
endothelial calcium responses in various physiologrcglessegAslam et al., 2021; Li et al.,
2022; Raqgeeb et al., 201ang et al., 2015; Yamamoto, Korenaga, Kamiya, Qi, et al., 2000)
This immortalised cell modelstablished byAdes et al.has been broadly used in endothelial
research(Del Carratore et al., 2012; Ding et al., 2010; Du et al., 2015; Feoktistov et al., 2004;
H. Li et al., 2015; Ryzhov et al., 200Rhey conserve the main morphological, phenotypical,
and functional characteristics of endothelial clEGF responsivenesxpression of vo
Willebrands factor (vWF), cell adhesion molecules such-ICAN process the LDL uptake)
(Belair et al., 2015; Boude et al., 2001; Muffega et al., 2018Furthermore, HMEQ cells
exhibit many features of primary microvascular endothelial cells. As our investigation did not
specifically focus on either maerer microvasculature, the cell line was considered
representative, given that most of the endotheliuin our body constitutes the
microvasculaturéBoude et al., 2001)

Expression of purinergic receptors in HME€E2IIs was investigated by RNA sequenéiivg.
different purinergic receptors were found at ttianscriptionalevel (P2X4, P2X5, P2Y2, P2Y11,
and A2B), which agrees with the RNA sequencing output Bastounis (2021While the
results of this study are relevant, it is essential to bear in mind that the cells were cultured in
slightly different conditions (glass substrates coated with 0.25 mg/mL collagen 1), whereas we
did not coat the plastic growing flask. Matrixdity promotes different expression patterims
endothelialcells (Hubbi et al., 2012; Zhang et al., 2Q2&h)ich might explain the different
receptors' subtle relative expression levels in that stiMigst literature agrees with the
expression of P2Y¥&2 the mRNA levéh HMEEL, which idy farthe moststudiedP2receptor

using tlesecells(Ding et al., 2010; Gidlof et al., 2015; Seiffert et al., 2006; Zhang et al., 2014)
Seiffert et alreported using RPCRhe same expression pattern in HMEExcept for adding
P2X7 expressiomNo specific study showing P2X7 in the cell line was found efxoaply.
Zhang et alwho reported even more P2 receptors in HME@2X3, P2X4, P2X5, P2X7, P2Y1,
P2Y2, P2Y4, P2Yldnd P2Y12RTPCR Notably, in this case, cells were cultured in a
completely different mediawhereas inSeiffert et alwork, the media composition slightly
varied (higher concentrations of hydrocortisone and absence-ghfithmine). Regarding
adenosingeceptors,Feoktistov et ashowed thatHMEGCL preferentially expressed A2B than
A2A.Then, our findings agree with most current literature and confirm the expression of P2X4,
P2X5, P2Y2, P2Y11, and R2BMECI cells.

3.4.2.Purinergic receptors contribute to the endothelial calcium homeostasis
HMECL.

ATP can bind to different P2 receptors with differaffinities Burnstock, 200)/ To evaluate

which receptor is involved in the A&fPoked calcium responses, we measured intracellular
calcium increases for nucleotides, ATP, UTP, ADP, andAUPRInd UTP evoked almost
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identical calcium responses in HMECells with equal potency for the peak {EC 568+

161 nM;EGV™ 460+ 80 nM;ns) and the area under the cur(€G*™" 742+ 161 nMEG' ™"

654+ 271 nM;ng), being the UTP slightly moeéficient than ATP (higher maximal response
peak and AUC; p<0.05). The potency for ADP and UDP were significantly lower than the
previous nucleotides for the peakGs"° 27+ 7.1 uM;EG(“°" 63+ 11.3 uM; p<0.01) and

the AUCEG""R 52.1+ 19.2 uMns EGoYPR 114+ 20.3 puM; p<0.01). Consistently the maximal
responses were significantly reduced for both nucleotides for the peak and the AUC (p<0.01).
It is relevant to mention that our calculatedsifor ADP and UDP is far higher than others
reported. ADP is an agonist of P2Y1, P2Y12, and P2Y13, with lower than 100 nM potencies.
Similarly, UDP is an agonist of P2Y6 and P2Y14, and their potencies are in the same range as
the previousones(Woods et al., 2021Furthermore none of the previous P2 referred were
detected in the RNA sequencing. Therefore, it is unlikely these results portrayed a specific
nucleotide evoked response. Instead, those responses could be due to ATP or UTP
contamination, whose reported manufactuneurity neverensures100%.The ATP and UTP
agonist profiles are consistent with an involvement of P2Y2 that is actagugubtently by

ATP and UT®ing et al., 2010; Nicholas et al., 1996; Parr et al., 1994; Woods et al.[20g1)

et al.reported the same nucleotide responses in HMBAth similar potencies to ATP and

UTP in the nanomolar randEG"™" 364+ 65 nM;EG"™ 170+ 32 nM). Furthermore, the

EGo values for ADP and UDEG¢*"" 16.8+ 2.6 UM;EG("P" 3.8+ 1.5 uM) were also in the
micromolar rangeln general, their responses show a lower concentration fashion in all the
potencies reported; however, even though they used a similar fluorometric imaging plate
reader, the preparation for the experiment slightly differed from ours, and the data extractio
and treatment were different too, meaning some impact in the extrapolated paramigsng

a different immortalised vascular endothelial cell liBAhy926Muoboghare et al., 2019
showed E&AY“for UTP of 670 nM that is almost identical of our calculated potency (673 + 198
nM) in HME€L cells.However,Raqgeeb et akeported slightly higher Bgusing HUVECSs for

UTP (1.26 uM) arslgnificantly decreased potency for ATP (3.07 uM).

Removing extracellular calcium had no significant effect on ATP potendy had in the
maximal response@eak, p<0.01; AUC, p<0.05). Implicitly, this result infers the contribution

of at least one P2Y receptor in response to ATP stimulation. The recorded calcium increase
could only come from the intracellular stores in a caleitga mediaRemoving extracellular
calcium is applied in calcium mobilisation assays when intracellular contribution to calcium
responses wants to be isolatéld et al., 2011; Liu et al., 201T0he observed residual calcium
responses suggest extracellular calcium entry through ion channels, which could indicate P2X
activity. However, as we will discuss later, we know it is unlikely to be true in our model.
Alternatively, this result could also indicate stoperated calcium entry (SOCE). SOCE {store
operated calcium entry) is the process in which the depletion of endoplasticidlum (ER)
calcium stores leads to calcium influx across the plasma membrane. Thepmotd
channels (SOCs) ressible for this phenomenon are known as calcium relaateated

calcium (CRAC) channels, characterized by their high calcium selectivity. Activation of these
channels occurs by binding ER calcium sensors, specifically stromal interaction molecule 1
(STM1) and STIM2, to CRAC channel proteins (Orail, Orai2, and Orai3). STIM proteins bind to
and directly activate Orai channels. Both families of molecules can completely restore SOCE in
heterologous expression systems, demonstrating that these proteins ssent@al and
sufficient for the SOCE proceSsir data from the RNA sequencing suggests the transcriptional
expression of both families in HMEGvhich againagrees with the RNA sequencing output



from Bastounis, 202INonethelessit is complicated to find studies using these cells exploring
the functional expression of CRAC channels as the vast majority of investigations were
performed using human umbilical vein endothelial cell$EQBeech, 2012, Li et al., 2015;
Lietal., 2011; Moccia et al., 20Z3)llowing the proposed involvementR2Y, treatment with

the PLC pathway inhibitor (U73122) and the SERCA inhibitor thapsigargin prevented any ATP
evoked responses, reaffirming the predominance of P2Y receptors in thevékede
responses. Others have suggested using different endothdliah@dels to the involvement

of P2Y2 in their ATiRduced responses that were further blocked by the preincubation of
U73122(Kamouchi et al., 1999; Viana et al., 1998)e specific phospholipase C inhibitor
blocked the two phases of the agorestoked calcium response, as we observed in HMEC
cells.However, these results need to be taken cautiously as unexpected side @tedtdle

et al., 2016; Horowitz et al., 200%gve been reported using these two pharmacological tools
and the involvement of P2X was still in the table when this initial characterisation was
performed.

3.4.2.1 The broaespectrum P2 antagonists impair ATP calcium influx in
HMEGL.

Before the systematic pharmacological characterisation performed with the P2 propose
candidates at theranscriptionallevel, three broaepectrum inhibitors of the ATP response
were used to gain insight into the primary mediators of the-dgfféndent calcium response

in HMEECL cells.Apyrase was the one that significantly impacted the ATP-réspense
kinetics inferring the ATP dependency nature of the observed responses. The drug massively
decreased the ATP potency and reduced the maximal resp@msas]ity not demonstrated
either for PPADS or suramitowever, ayrase is not eeceptorantagonist but diminishes the
ATRevoked responses by its ability to catalyse the hydrolysis of ATP to ADP andh\MPP to
(Kettlun et al., 2006 The scavenger has been broadly used to pharmacologically diminish the
ATRevoked responses electrophysiology or calcium mobilisatessaygJiang et al., 2017;
Madry et al., 2018; Newman, 2005; Ollivier et al., 2006; Thuringer, 2004; Toma et al., 2008)

The lack of effect in the ATP potency upon PPADS application was expected as the antagonist
acts as a nogompetitive antagonist of all P2X receptors as a partial antagonist of some P2Y
receptors irhumans(Burnstock et al., 2014; Delaune et al., 2023; Ralevic et al., &9t

for the P2Y2 or P2YXé&ceptors(Charlton et al., 1996b; Communi et al., 199%erefore
observed effects in the maximal responses were interpreted as a potential involvement of P2X4
in the ATRevoked responsd?2X4showed very high $gvalues in various repor{8o et al.,

2003; Coddou et al., 2011; Jones et al., 2000; Khakh et al., 1999;eNaith2000, in
agreement with our experimental calculategol@at was around 100M for the peak and the

AUC. Nonethelesqhe hypothetical role of P2>¢hd PPADS actiovill be further discussed in

the following sectionfChapter 5, Section 5.1)

Suramin is considered weak or inactive at inhibiting human P2X4 an({LB&¥2echt, 2000;

Rafehi et al.,, 2018; Ralevic et al., 1998; Soto et al., .188Wever, some investigations
reported effects at high concentration of the antagonist, and it has been used to characterise
P2Y?2 responsé€harlton et al., 1996b; Rafehi et al., 2018)addition, it was commonly used

as a P2Y11 antagon{gtennedy, 2017As a norcompetitive antagonist, the slight left shift

for the AUC curve with the increasing significant impact on the ATP potency (p<0.05) was then

18C



unexpected, profiling the typical effect of a positive allosteric modulator ofGoh&astingly,

the maximal response was diminished in both cufiee.results are considered atypical, and
others have reported neapecific effects at high concentrations of the inhib{ttones et al.,

2000; North et al., 2000; Soto et al., 199vhich was the configuration used for this inhibition
assayNonetheless, suramin can inhibit ectonucleotidases (enzymes that hydrolyse ATP into
ADP, AMP, and adenosine), leading to prolonged availability and elevated levels of extracellular
ATP. By inhibiting ectonucleotidases, ATP degradation would be slowedl@eenmg its

EGo, as observed in our data.

3.4.2.2P2X4 is unlikely to play a role in the-AUdkedcalciumresponses
in HMEEL.

The systematic pharmacological characterisation performed with therdP®criptional
proposed candidates was initiated by investigating the effects of P2X4 selective antagonists
and ivermectin, its positive allosteric modulafbiniswasthe only P2X receptor characterised

in this study. As was already mentioned, P2X5 pharmacology is limited, and its relevance in
humans might be restricted to heterodimerization for forming a functiomahnel(Muller et

al., 2020) Furthermore, P2X5 can be found as two differesdforms determined by
substituting a thymidine for guanine (rumctional channdbcking exon 19 and just 14% of

the population is known to have functional homomehannelqBo, Jiang, et al., 2003; King,
2023) This and the deficient mRNA expression of P2X5 in the RNA sequencing made us avoid
further investigating its involvement in the A@ked responsadowever, future work might

focus on genetically profiling the P2X5 isoform presented in HIMIEG consistently conclude

its potential ability to contribute to endothelial Aiffdluced responses.

Four different P2X4 selective antagoni@# Y1797, BX430,-BDBD, and PSB12062¢re

used to investigate the potential channel contribution to the ATP responses innHMEC
general, pharmacological characterization reported no effect in the ATRrekpmmse
potency, maximal response, or trace kinetics when cells werrgated wth the inhibitors,
including the most potent and novel selective antagonist-HARY Werner et al., 2010
However, strikingly, the last antagonist tested, PSB12062, impaired the ATP responses. This
antagonist is seven times less potent than -BAY7 and usually works naompetitively
(HernandezOImos et al., 20302 Inour study, PSB12062 significantly increased ATP potency
(p<0.05) and reduced the maximal response in both curves (p<0.001). That portrays
unexpected behaviour for a narmompetitive allosteric modulator, and despite being
considered potentially neR2X4 dependent, it is taken into account as this modulator has
been broadly used to characterise P2X4 responses sele¢kidebt al., 2020; Layhadi et al.,
2017; Layhadi et al., 2018; Muller et al., 2020; Orriss et al., 2023; Xiang et al., 2021)

To complement this observation, ivermectin was used to explore the possible positive
allosteric modulation of P2X4 in HME®ut it was not a valuable tool in this case. Ivermectin
potentiates ATFvoked responses and slows the rate of receptor deadivédtokes et al.,

2020; Weinhausen et al., 2022onetheless, that was not the output observed upon
ivermectin preincubation in HMECcells. lvermectin reduced the ATP response (p<0.05) and
also reduced in the same fashion the thapsigargin evoked response. Thapsigargin-is a non
competitive SERCA (caloi ATPase channels) inhibitor that depletes calcium stores by
impairing calcium uptaké\sPimenta et alpreviously reported, ivermectin can inhibit SERCA
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channels and, therefore, impact the thapsigamymoked response, explaining the
noncanonical effects observed in the AAM8ked responses that clearly showed a dependency
in storereleased calciunThat agreed with what was previously reported in the laboratory, as
Dr. Jessica Meades reported the same inhibition pattermnother endothelial model
(unpublished data

3.4.2.3 P2Y2mediatesATRdependentesponses in HMEC

The second investigated candidate was P2Y2, which is known to be equally sensitive to ATP
and UTHDing et al., 2010; Nicholas et al., 1996; Parr et al., 1994; Woods et al. A20%E)
previously statedthe ATP and UTP agonist profies reported areconsistent with an
involvement of P2Y2 that is activated equipotently by ATP andRuftRermore, our data
agrees withDing et al.,values reported in HMECL cells.The selective and competitive
antagonist ARC 118925XX has been used to identify and characterise P2Y2 in endogenous
systems as human vascular endothelial cells and, therefore, was used in this study to
complement the indications we had about P2Y2 invodrerm the ATEnduced responses in
HMEG1 cells Kuoboghare et al., 2009ARC 118925XX significantly impacted the ATP and
UTP dos@esponse curves, causing a massive rightwards in both curves and chasing their
potencies that were consistently shifted to the micromolar raMyeboghare et alshowed
EGPefor UTP of 670 nM in EAhy926 immortalised human vascular endotiedlalthat is

very close to our calculated potency (450 + 241 nM) in HMéE&lls Their calculated potency

was consistently moved to the micromolar range when treated with 30 il KEB92X Xfor

five minutes(EG*ea< 7.6 uM).The major difference with their study is the laclefféctin

their maximum responses. Contrarily, our assays using ATP and UTP powerfully illustrated the
significant effect in the maximal respe when the cells were exposed to the inhibitor.
Methodological differences between our study and theirs might cause that. They used
coverslips in a recording chamber whose fluorescence was recorded using a
spectrophotometer whose cells were continuously perfused with buffer and exposed to
different conentrations of UTP. Additionally, the 30 nM of the inhibitor was just applied for 5
minutes, whereas our treatment is much longer and more robuspilf)0 As a competitive
antagonist, ARC 118925XX does naffect agonist maximal response but decreases potency.
Thus, a normal maximal response to the agonist may be reached in its presence, albeit at higher
agonist concentrations. That means the reduction in our control maximal response can be
expected, and #xposing the cells to higher nucleotide concentrations, the same efficacy level
could be reached/e found it challenging to find any other work showing the impact of the
inhibitor in either an ATP @TP dose response to gamore insights into theffect of the
maximal response apdrom Muoboghare et al.

The half maximal inhibitory concentratioiGo) reported by Rafehi et al.in 1321N1
astrocytoma cells recombinantly expressing P2Y2 was potent for ATP (57.4 nM) and UTP (72.1
nM). SimilarlyMuoboghare et alshoweda similar 165 of 80 nM for UTPHowever, our
calculated potencies wereeakerthan those published in a heterologous sys{e@w =A< 1.77

+ 0.73 pM; 16AYC¢ 559 + 173 nM)That is not uncommon when comparing ion channels'
heterogeneous expression to an endogenous system since the receptor expression level
greatly influences agonist potenf&lexander et al., 2019; Alexander et al., 2021; Kennedy,
2017) Inaddition, others have shown in different assays the inhibitor reportedsaartitind

1 uM in epitheliatells(Kemp et al., 2004)



We considered this data consistent to propose P2Y2 as the primary mediator of the ATP
evoked responses in HMECHowever, we will gain more insights later in the study by
investigating protein expression and receptor presence.

Notably, the residual calcium influx in both nucleotide dose responses in the presence of the
antagonist could indicate a slight participation of P&X422Y 110 the ATP responsesid UTP

and therefore, P2Y11 participation was interrogated using its selective antagonist NF157.
Although most P2Y11 studies showed a lack of respon&&TRyWhite et al.reported
unexpected UTP doskependent in a heterologous system expressing the receptor.

3.4.24P2Y11 and A2B receptors do not medisid® responses in HMEC
1.

Signalling through P2Y11 can occur Via & & g-type proteins, and the receptor couples
more efficiently with the & signalling pathway than with thé'gpathway(Kennedy, 2017)

G -type G proteins trigger the PLC pathway, depleting intracellular calcium stores and,
thereby, inducing a detectable change in cytosolic cal@ueis(Communi et al., 1997; Qi et

al., 2001) P2Y11 signalling through thé"ddype G protein has been reported in an
endogenougFruscione et al., 2011; Meis et al., 20409 heterologous systencémmuni et

al., 1997; Qi et al., 20RIATP is one of its agonists, and therefore, the selective antagonist
NF157 was used tetermine P2Y11 hypotheticah G coupling and involvement in the ATP
induced responses in HMHEQnN general, pretreatment with NF157 reported no effect on the
ATP doseesponse potency or trace kinetics. Some minimal effects were reported in the dose
responses upon treatment but did not follow a trend and represented slight potentiation
effects, whileghe potencies stayed unchangdthe suramin analoguBlF157is acompetitive
antagonist whossignificantactionreflectsin apotencyreduction(Ulimann et al., 200550

we condude the inhibitor was ineffective in inhibiting AlMBuced responses in HMECells.

The only adenosine receptor expressed at the mRNA level was A2B (ADORAA2B), which can
couple with the &y and G stype G protein receptorA2Bsignalling through the G-type G

protein has been reported in an endogen@ystem(Cohen et al., 2010; Gao et al., 2018;
Muller et al., 2020)ATP cannot activate A2B, but different ectonucleotidases can hydrolyse
ATP to adenosine, activating A2B. Upon pretreatment with MRS 1754, no effects were
observedn the ATP dose response, inferring the antagonist's inability to impair the responses.

3.4.3. Humandermal microvascular endothelial cells (HME@xpress various
vascular endothelial growth factors receptors and ligands at the transcriptional
level.

The vascular endothelial growth factor's mRNA expression pattern in-HMEE was
investigated by RNA sequencing of the cell line. The three VEGF receptors were found at the
transcriptionallevel (VEGFR VEGFR, VEGFR), while VEGFR was detected at higher
levels. Regarding the vascular growth factors, MBE@®&S substantially more expressed than

the others but still a robust expression of VEXIBllowed by VEGK In this case, VEGFRvas
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not detected.These results agree with the RNA sequencing output Bastounis, 2021For
both receptors and growth factors, the expression fashion is conserved.

The Human Protein Atlas is a Swedish initiative that seeks to comprehensively map all human
proteins within cells, tissues, and orgafdsalysis of théranscriptome in The Human Protein

Atlas reveals that 68% (n=13,807) of all human proteins (n=20,162) digadem endothelial

cells. Among these, 554 genes exhibit elevated expression in endothelial cells (blood and
lymphatic vessels) compared to other cell types. The three VEGF receptors are included in
those 554 elevated genes, as well as VEGQfhecking RNA singbell type specificity for the

other ligands in the same source, VEEG&Nd VEGB are found but not at comparable levels

as VEGE, which is enhanced in endothelial céppendix l)In agreement with our data,
VEGHD wasrarely expressedn endothelial cells. In general terms, our data report the
expected RNA singtell type specificity for endothelial cells with the main difference of the
higher expression of VEBRhan VEGE.The elevated levels of VEGF receptors in endothelial
cells make them a reference for the phenotypic endothelial marker.

Most studies using HMECcells reported functional expression of VEGF receptors or vascular
endothelial growth factor actions in physiological proce@ednar et al., 2006; Butler et al.,
2017) However, it is challenging to find investigations proving the mRNA presence of the VEGF
family.Chen et al. and Del Carratore et sthowed mRNAelectiveexpression of VEGkxand
VEGFR using PCR, in agreement with what we reported.

3.44. VEGF receptorsontribute to the endothelial calcium homeostasis
HMEGCL.

VEGHA is a fundamental inducerff endothelial cell activities, notably in controlling vascular
permeability and promoting angiogenediset al., 2011 VEGFA was selected to characterise
the VEGHnduced calcium responses in HMEE€ells based on the assumption that VEGFR
is its primary mediatofSimons et al., 2016\lthough both A and C can bind to the receptor,
VEGFC reported higher affinity for VEGBRhan VEGFR. Consistently, VEG@¥has been
broadly used to characterised VEGF&alcium evoked responsés et al., 2011)Different
alternative spliced isoforms of VEGEan be found in humans (121, 145, 165, 183, 189, and
206 aa in length), but it is VE@f€onsidered to be the most abundant and pot@Rbbinson

et al., 2001)

VEGksselicited intracellular calcium response in a concentratii@pendent manner with a
half-maximal effective concentration of 2.85 + 1 ng/mL for the peak and 3.5 £ 1.3 ng/mL for
the AUCStudies on VEGAsignalling have primarily utilized fixed concentrations of the ligand
rather than complete concentratiaresponse profiles. This approach makes it challenging to
directly compare the relative activity of VEGF receptors across vatimliss(Peach et al.,
2018) VEGFevoked calcium influx has been poorly characterised in HME€ls. We
exceptionallyfound Jho et al. (2005)nvestigationshowing some VE&Gependent calcium
responses using fixed concentrations of the agonist. The vast majority of investigations
reporting isolated VE@Gfependent calcium responses were done using HWeE{Byzova

et al., 2000; Cerezo et al., 2017; Favot et al., 2003; J. Li et al., 2015; Li et al., 2011; Sulpice et
al., 2009)Yet, based on estimations of binding affinity, it is observed that allXE6forms

can bind to VEGFRwith nanomolaiffinity (Peach et al., 2018fuppose we transform our
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calculated E£to the nanomolar scale. In that case, they are translated¥®%E T py a | Yy R
EGAYF  dn ya 0 02ainalRSighiay 3 KB &a then in agreement with the
limited data available.

The stimulation observed did not trigger a rapid response. Instead, it is characterised by a
delayed, slower, and prolonged calcium release over four minutes. Calcium levels continuously
rise throughout the response period, reaching their highest pointatdsy the end.
Consequently, the peak response is consistently observed toward the end of the response
period. Typically, rapid increases in intracellular calcium are associated with the release from
intracellular stores, while slower increases suggesiucalmflux from the extracellular space
(Parekh et al., 2005; Prakriya, 2013; Prakriya et al., .20h&) may suggest a potential
contribution of ion channehediated calcium entry from the external environment.

Without extracellular calcium, theEGEsspotency was not significantly affected, but maximal
responses were (peak, p<01) AUC, p<0.05Pespite an increased tendency in the half
maximal effective concentrations, the absence of extracellular calcium did not significantly
alter VEGEss potency This might be explained by the difficulties in fitting the Hilll sigmoidal
curve in the absence of the ion, which inferred a higher error when calculating the average
potency for the curves. Despite this fact, thgpact is still prominenfThis result implies the
contribution of at least some ion chanmeédiated calcium entry, while the residual responses
indicate some assistance dependent on calcium release from intracellular Htbeesbeen
shown that VEGEs induces calcium increase through VEGHKRe to calcium release from
intracellular stores and the simultaneowntry of calcium through various channels,
collectively maintaining elevated cytosolic calcium Igilst al., 2011)Therefore, our data
portrays expected calcium responses. It is essential to bear in mind that the comparison is
mainly performed with data extracted from human umbilical vein cells (HUVEC), the most used
model in this area of investigation.

Let us compare the trace kinetics of VE&Fesponse in HMEC in the presence of
extracellular calcium to the one described lbyet al.,in HUVEQells. There is one main
difference that is remarkable. Their response showed a kinetic calcium response with a
remarkable transient phase followed by a long and sustghade (Appendik), and that is
clearly not the case in our trace kinetics. In the absence of extracelldarm their trace
kinetics is conserved, as in our case, reporting lower transient and sustained regporete.

al. reported traces in HUVEC cells in the presence or absence of extracellular calcium, similar
to Li et al. Additionally, some traces were reported in HMECells in the absence of
extracellular calcium, where the kinetics showed a very transient response still, very similar to
the HUVEC cell, which disagrees with our observations. Ouie¥&@ked response seems

less dependent in the calcium release from stores than other reported both in the absence or
the presence of extracellular calcium.

Li et alshowed the role of Orail and CRAC channels in thei3éE€3ponse, whose recorded
calcium response in HUVEC cells depended on the functionality of Orail. The deletion of Orail
and the chemical impairment of the channel implicated a reduction of thérCthe cytosol

upon VEGfes stimulation. FurthermoreJho et al.showed TRPC1 could also contribute to
VEGHNduced sustained calcium in HMECells, and Orail may constitutively interact with
TRPC4 and potentially with TRPC1 uptmacellular calcium release from te@doplasmic

18¢



reticulum Moccia et al., 2023 However, is relevant to say tHatet al.could not replicated

the involvement of TRPC1 in HUVEC cells. On the otherHemdollah Zadeh et al. (2008)

have demonstrated TRPC6 mediation of V@gpEndent extracellular calcium entry in
microvasculature but not the same model as ours. Finallt, al.showed later in 2015 that

Orai3 could modulate VEGF response by a process implicatargthédonic acid metabolism

not previously described with VEGF signalling. This is an independent SOCE route, as
endogenous Orai3 does not contribute to store depleBonked calcium entry in the
vasculature.

LG Aa 1Y 2 ¢3\PKAMKRKaathviais favburably activated in VE®ENd VEGFR,

and further events involved IP3 generation for the endpoint of calcium release from
intracellular stores, so the action of the PLC pathway inhibitor (U73122) was pursued. U73122
prevented any VEGdsevoked responses, reaffirming the mechanism of WaGked
calcium. This result agrees with the reported HUVEC cells, whose calcium responses were also
abolished in the presence of tinghibitor (Li et al., 2011, 2015Pespitethe difference in the
response kinetics, theitial phaseof the VEGI8ependent response in endothelial cells
appears comparable.

Finally, the ability of VE@ that binds VEGHRand not VEGFR(Olofsson et al., 1998jo
evoke calcium response in HME®@as testedVEGFR exhibits significantly weaker kinase
activity than VEGFR The 1169Y on VEGFR equivalent to 117% on VEGFR serves as a
t [/ ! I OGA DI GA 2yl Nelettfeless T 2168Y #s9 BoC wa prominent
autophosphorylation site oWEGFR (Shibuya, 2011)Not surprisingly, VE@s7 did not
evoke any calcium increase in the cytosol, inferring ssiple inability of the VEGERO
contribute by itself to the calciimediated responses in endothelial cells.

3.4.4.1 The broaespectrum P2 antagonists imp&EGkss calcium influx
in HMEEIL.

In the previous sectignwve recalled the involvement of different proteins in the &E&SF
induced calcium responses in a dependent or independent SOCE manner. The possible
involvement of purinergic receptors in this processh®esn poorly documented, and thereby,

we performed a systematic pharmacological characterisation of the proposed P2 candidates
from the RNA sequencing in VEdshduced calcium responses as aforementioned for ATP.
Consistently, the first step was gaining some insight into this possible contribution by studying
the broadspectrum P2 antagonigshpactin VEG#ss-induced calcium responses.

In this case, PPADS significantly impacted the s§6l@6§eresponse more than apyrase. Still,
both affected the curves similarly and right shifted them in a different gradient. On the other
hand, apyrase right shifted the curves modestly but consistently affected both maximal
responses for the peak and th&J@. This result might imply an ATP release upon¥EGF
stimulation, which could also contribute to the calcium release in the cytosol upon applying
the vascular factor. PPADS inhibition diesponse arves for VEGEs showed the effects of

the inhibitor at very high concentrations of the drug. However, they would still be consistent
with the high concentration of PPADS needed for blocking-2Hiated responses.
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Comparing these results with previous studies is very challenging because no investigations
have been published illustrating the possible effectshee drugs in the VEGF calcium
dependent response in humans or other mammalian modélstingerportrayed an indirect
calcium measurement of the effect of a combined treatment of VEGF plus PPADS in the cell
to-cell propagation of mechanically evoked calcium waves. Still, it is not considered
experimentally close enough to extrapolate the data tosystem PPADS's impact on VEGF

A expression at the protein level has been previously reportemtsiiMancini et al., 2018;
Zhang et al., 2019)n humans, no further approaches were found. In the case of apyrase,
Doktor et al. (2018showed the impact of apyrase on VEEGMRNA levels upon treatment

with the enzyme, an#lorrone et al. (2006)eported an impairment of VEG¥release in a
glioma model in rats.

3.4.4.2 P2X4 selective antagonists inconsistently imffatkes calcium
influx in HMEQ.

Despite our suspicions about the effect of PSB12062 and given its high use as a selective P2X4
inhibitor, it was used together with BAY1797, its most potent inhibitor, to ascertain a possible
contribution of P2X4 to VEGFesponses.

BAY1797 did not impact the VEésBose responses in any way, but PSB12062 did in the same
fashion described for the ATP dose response. Nonetheless, in this case, the potencies were
unaffected in the presence of the antagonist, whereas the maximal responses were
significantly diminishedAgain, no investigations have been found describing the possible
effects of these drugs in the VEGF caletl@pendent response (or any other experimental
setting) in humans or other mammalian modélsnsidering these results and the difficulties

in interpreting them, P2X4 protein expression was characterised by western blot as the next
step after this systemic pharmacological characterisation. Thereby, ATP angsVEGF
antagonism effects will be further discussedention 3.4.9.

3.4.4.3 P2Y2 selective antagonist did not impair\tR& kss calcium influx
in HMEEL.

The selective and competitiR2Y 2antagonist ARC 118925XX undoubtedly decreased the
ATRevoked responses. However, this effect is not conserved when referring to thessVEGF
calcium response. The inhibitor was ineffective in inhibiting any response or affecting the
potencies or maximal responses.

Some studies reported transiently complex of P2Y2 and VEIBIERII junctions of endothelial
cells(Erb et al., 2006; Liao et al., 2028)well as rapityrosine phosphorylation of VEGEh

human coronary endothelial cells upon activation of R&¢é¥e et al., 2004Nonetheless,

these effects were not translated to our experimental setting upon antsgowith ARC
118925XXIn some way, the lack of effect of this antagonist, given the observed impact on the
ATP responses, reaffirms other possible inhibitions observed, such as those of PSB12062 for
P2X4 or the following section observations using the P2Y11 antagonist NF157.



3.4.4.4P2Y11 selective antagonist impairedWieG kss calcium influx in
an adenylyl cyclasgependent manner in HMEC

P2Y11 is the last P2 receptor candidate as a possible contributor to thessititiBEed
responses. Its selective and competitive antagonist, NF157, showed no efféts ATP
evoked responserThis lack of response could mean different things. In the first option, the
receptor is not expressed at the protein level, and therefore, any response observed should
not show any P2Y11 dependency. The second option is that the receptor is not at the
membrane in a resting cell state, so its physiological roletss. e third and last option, its
signalling is mediated by'&type G proteins instead of'gtype proteins, not leading to the
depletion of the intracellular stores but an increase in the cyclic AMP.

To our surprise, the antagonist affected the Vis&3#voked C# response; therefore, the
second and third options were considered a possible mechaNB&b7 firmly righshifted

the curves and massively compromised the \&@6&tency with a ffold decrease in the peak

and an approximately i®ld decrease in the AUC potencgdditionally, a higher
concentration is required to achieve the maximal response in the presence of NF157. In this
case, the level of efficacy remained constant. However, in thetA&@aximal response is
conserved at the highest concentration of VE&But the level of efficacy was significantly
improved. To gain insights into the P2Y11 inhibition dependency, faeolMF157 in the
presence of 10 ng/mL of VEGivas calculated, resulting in an inhibitory potency of 5
Ullman et al. reported andébf 463+59 nM in 1321N1 astrocytoma recombinantly expressing
P2Y11. Our calculatedsd€are close enough to this value to be P2Y11 dependent, considering
we work in an endanous system.

Some studies illustrated in monocytes and macrophageseugeagulation of VEGK P2Y11
dependentd . £ S& SiG It ®X wnntTT 5Ny Additonaflyfpiolletietdlz w1 H N
(2021)showed the impairment of VEGF secretion in human coronary artery smooth muscle
cells also dependent of P2Y However, these experimental settings are considered very far

from ours, based on the calciutependent responses upon exogenous MEgGHmulation.

The first step to interpreting better this inhibition was to dig further into the mechanism
mediating the significant inhibitory effects observ@dr first hypothesis was that P2Y11 is not

G 4-coupled in HMEQ, as backed up by the lack of effect of NF157 in the ATReks@nse
curves.Then, the effect we observed could be mediated by downstream signalling from P2Y11
Q' s-couple receptors, hypothesising that the adenylyl cyclase signalling pathway is mediating
the previously reported effectd£ven thoughSQ22536 alone did not impact the VEsF
potency, it portrayed slight potentiation effects at lower concentrations of Mg caused

a significant recovery of the VEGsfealciumevoked after NF157 inhibition, meaning at least
some involvement of the adenylyl cyclase pathwidye most common pathway for cyclic
adenosine monophosphate (cCAMP) synthesis is throbgladbiple G protein receptors linked

to one of the nine described isoforms of transmembrane adenylyl cyclase (AC isoform), and
different isofoms can be expressed simultaneoudifie resting cCAMP in the absence of
stimulation is typically low, and it is highly controlled by enzymes that degrade cAMIP
phosphodiesterase€ s-dependent cAMP production via ACs occurs upon agonist stimulation
of the Gcoupled receptor.For P2Y11, the"edependent cAMP production via A@=urs
leading to activation of protein kinase A (PK#wever this production is modulated by
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inositol lipid hydrolysiPLC pathwgywhich is dependent on the activation of protein kinase
C (PKC) and intracellular calcium mobilisgtitwfer, 2012; Kennedy, 2017; Qi et al., 2001)

The nine different adenylyl cyclase isoforms are highly conserved, with differences determining
their individual properties. Their complexity as a transmembrane architecture is comparable
to those known for ion channels and other membraeeeptors(Cooper, 2015)Different
calcium concentration ranges inhibit some of them, but all the ACs are commonly inhibited by
high concentrations of calcium 25 uM). Interestingly, physiological concentrations of
calcium regulate ACs in a different manner. AC5 and AC6 are inhibited by submicromolar
concentrations of calcium but has not effect on AC2, AC4, AC7 af@ddep@r, 2015; Halls et

al., 2011; Sanchemllado et al., 2020)The physiological concentration of calcium activates
AC1, AC3, and ACS8 via the calmodulif*(CaM). Nonetheless, the process is mediated via
SOCE for AC1 and AC8 while becoming more intricate for AC3. For the adenylyl cyclase 3, the
activation can be mediated then by?@@aM and via PKC stitbmicromolarconcentrations

but inhibited by calmodulidependent enzymes (CAMKII) at supramicromolat* Ca
concentrationsKlofer, 2012; Sancheollado et al., 2020)

There is a storeperated process involving the recruitment of adenylyl cyclases and, therefore,
an enhanced production of cAMP. This process is meant to be independent of cytosolic calcium
concentrations but dependent on the calciliree concentration ithe endoplasmic reticulum

(ER) through a process involving STIMistrating additional functions for STIM1 in the
reticuumthat, when in punctae near the plasma membrane modulates not only calcium entry
but cyclic AMP independently of Orai channelwig{Hofer, 2012; Lefkimmiatis et al., 2009)
Maiellaro et al. (2013)ointed AC3 isoform as the main mediator of this stiperated cAMP
production process. Other authors also referred to the potential involvement of AC1, AC5, AC6,
and ACS8 in this procegblofer, 2021) In addition to this cAMP production regulation by
calcium, calcium signalling is also highly impactery&icAMP(Hofer, 2012)Protein kinase

A (PKA) can modulate calcium signalling in different ways, including (1) alteration of inositol
trisphosphate (IP3) production by phosphorylation of RRJalteration of IP3 receptors which

in turn impact the intracellular store's release, and (3) alteration of ryanodine receptors and
SERCA pump activityofer, 2012; Sancheollado et al., 2020)

It is relevant to mention the existence of a tenth AC isoform, AC 10. This is a soluble AC usually
found in microtubules and centrioles. It is highly expressed in testis, and it is activated by
calcium as AC1, AC8, and AC3. One of the most relevant feafutieis AC is its lack of
sensitivity to SQ22536, the adenylyl cyclakéitor used in this stud{Hofer, 2012; Sanchez

collado et al., 2020)

Then, going back to P2Y11 and assumingGt ¢soupled, SQ22536, the adenylyl cyclase
inhibitor, was used to study the possible direct impact of cAMP produictioine VEGF
calciuminduced response. AC3 showed a higher mRNA level in our RNA seguddMiE

1 cells(Figure 1)followed by AC6 and AC9. AC3 is the less sensitive to be modulated by
Ca&*/CaM compared to AC1 and AC8, however has been postulated as a mediator of the store
operated cAMP productiorfHofer, 2012; Sanchenllado et al., 2020)Additionally its
activation is improved when mediated bys@ouple receptors activatiofChoi et al., 1992)



Adenylyl cyclase isoforms transcriptional expression in HMEC-1 cells

ADCY10

ADCY9

ADCY8
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Normalised gene expression level (FPKM)

Figurel. Normalised gene expression for the expected number of FPKM levels for the different adenylyl
cyclase isoforms in human microvascular endothelial cells (AHMBEC3(ADCY33howed a higher
MRNA level, followed by AGEDCYGnd ACJADCY9). AC7 (ADCY7) and AC4 (ADCY4) demonstrated
someexpression but at a deficient level.

This data is part of the RNA sequencing describ@Hapter 2, Section 2.6nd it was independently
plotted from the data i€hapter 3, Section 3.31b ease the reading of this discussion.
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As our systerportrays afavourable scenaritor AC3 to mediate the observed responses, we
want to understand how the explanation could be. However, it became intensely complicated
due to the effects of SQ22536.

Ina situation where upon VEG#§addition, P2Y11G-coupled and VEGFRactivate, resulting

in an increase in cCAMP through AC3 P2¥JikEndent and an increase of calcium via PLC with

the C&* release from the intracellular stores mediated by VEGPRR previously described,
emptying the ER stores could lead to a stoperated process enhancing cAMP production.
Additionally, as a downstream event of PLC pathway activation, PKC favours cAMP production,
alsothrough AC3.cAMP production leads to activating one of its major effectors, Wikéh

can modulate thePLC/IP3 pathway and derivadracellular calcium concentratiofhis
describes anechanisnwhere these modulations favour an increasealcium in the cytosol.

In this scenario, P2Y11 blocking will avoid one of the biggest cAMP production vias and reduce
the calcium increase PKiependent regulation, which will explain the impact in the V&GF

dose response upon NF157 treatmemhen, when selectively blocking the adenylyl cyclase
using SQ22536, the same effect was expected, the calcium-d&lgiéhdent inhibition, but

that was not the caselo further clarify the possible involvement of adenylyl cyclase in the
VEGkss calciumdependent esponse, a combined treatment of NF157 and SQ22536 was
investigated This combined treatment reversed NF157 effects in a significant way, meaning a
much lower inhibition of the response was observed. That portrays a complex explanation if
hypothesising P2Y11 i8 &oupledif all the effects observed are directly cCAMP mediated by
ACS3. If this was the case, treatments with NF157 and SQ5523 should reproduce similar effects.
If imagining the opposite scenario, where PKA modulates the calcium response neddisel
activation would lead to PKA production, causing a decrease in the calcium influx. The effect
of NF157 an®Q22536&hould lead to increased calcium, which was not the case.

Another scenario where P2Y11s@oupledcould mediate these responses is possible if the
AMP cyclidependent calcium effects are not mediated by one of their known main effectors
(PKA or Ex). Shen et al. (2011described a unique direct effect of CAMP leading to the
activation of RRC6 and its derived calcium enthyough a pathway involving stimulation of
phosphatidylinositol &inase (PI3K) and MAP kinase pathways. However, there is still a
dependency on direct cAMP for the initial firing BRT6; therefore, the same effects will be
expected when blocking P2Y11 or A@Rlitionally, the expression of TRPCE6 is insignificant in
HMEGL. If this observed inhibition occurs through AC3 and P2¥&td@pled receptor and
cAMP production pathway, it is via a mechanism not previously described that involves a third
effector collaborating to create the observed response.

Given the difficulties in understanding a possible mechanism through PR¥ddu@led, the

idea of P2Y11 hWg-coupled and present in the membrane upon VE&EXxposition was
introduced. This idea canfim Li et alwho reported that VEGésis required for Orai3 to be
located in the plasma membranEafficked to the membranie the only way P2Y11 could be

@ 4-couple, as we have already reported the NF157 lack of effect in thevAk&d calcium
response. Then, the hypothetical mechanism would consist of a synergic PLC pathway
activation with the established calcium release from the ER, which will lead te-afztoated

process enhancing cCAMP production (socAMP). PKC will also favour cAMP production through
AC3 asa downstream event of PLC pathway activation. In addition, AC3 is considered a
Ca&*CaMactivated adenylyl cyclase isoform, which, in this case, will be activated by the
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release of ER calcium. cCAMP production leads to the activation of PKA, which can modulate the
PLC/IP3 pathway and its derived intracellular calcium concentration. Suppose activation of PKA
leads to negative regulation of the intracellular stores of calcal@ase. In that case, in the
presence of VEGds in basal conditions, cAMP will downregulate the activity of the PLC
pathway.

When inhibiting P2Y11 with NF157, the Vis&Zfependent response is blocked, indicating a
massive decrease in the intracellular calcium recorded. That will reduce the cAMP (socAMP
and PKC induced) and the activation of AC3 and PKA, and therefore, a decrease in the level
activity of this adenylyl cyde. At this level, the effect in the recorded calcium might be
minimal, based on a less intense negative regulation that is masked by the massive effect of
NF157. Then, the second scenario is when pretreatiagells with SQ22536. Following the
previous rationale, upon VEGF stimulation, P2Y11 and ME@iHRnduce calcium release

from the stores (high calcium level&3 blocking S@ependent will avoid the PLC pathway's
negative regulation, leading to slight increases in calcium. That is shown in our results, where
significant increases of €avere observed at low concentrations of VssHFinally, the last
scenario consists of the combinklibcking of NF157 and SQ22536. Once P2Ydtdapled

is blocked, the calcium decreases. As before, there is an impact on the cAMP levels, which is
massively supported by the combined effect of SQ22536, giving rise to AC3 blocking and, in
that way, blocking the negative regulation of the PLC pattamdyrescuing the levels of
calcium signalling as portrayed in the effects in the potencies when comparing treatments. This
mechanism does not describe perfectly the observed effects but closely does. The major
criticism would be the insignificant effect in the potencies when treating with SQ22536.
However, we consider for this VEGF mechanism to fepéhdent, the modulation of P2Y11

is required. Somehow, the synergic effects of inhibiting both proteins ledstgndicant
recovery of the VEGds calciumevoked response.

The involvement of AC6, the second most expressed AC at the transcriptional level, should be
considered as Gainhibits it, and it has been suggested as a mediator of the mediate store
operated process enhancement of the cAMP producfidren, the hypothetical mechanism,

as proposed for AC3, would consist again of a synergic PLC pathway activation with the
established calcium release from the ER. However, in this case, the calcium increase in the
cytosol will block AC6 activity and cANEpendent PKA effég at some level. Suppose
activation of PKA leads to negative regulation of the intracellular stores of calcium release. In
that case, in the presence of VEésih basal conditions, cAMP will downregulate the activity

of the PLC pathway but in a very minimal way.

When inhibiting P2Y11 with NF157, the Vis&ependent response is blocked, indicating a
massive decrease in the intracellular calcium recorded, favouring the expression of AC6. That
will cause a reduction of calcium in the cytosol and synergic AC6 inhibitory activity through PKA
in the intracellulacalcium levels. Then, pretreating the cells with SQ22536, P2Y11, and VEGFR
2 will induce calcium release from the stores (high calcium levels) upon VEGF stimulation. AC6
block will avoid the PLC pathway's nagaregulation, leading to slight increases in calcium,

as AC6 will be more inhibited than in basal conditions. That is shown in our results, where
significant increases of €avere observed at low concentrations of VRS previously
described. Finally, the last step consists of the combined blocking of NF157 and SQ22536. Once
P2Y11 &-coupled is blocked, the calcium decreases, but the concomitant treatment with



SQ22536, blocking ACB6, rescues the calcium response due to the block of the negative effect
of PKA in the PLC pathway. As before, this mechanism does not describe perfectly the observed
effects but closely explains the major effects observed. As in teeo€#¢C3, the hypothesis

of AC6 involvement through P2Y 1M @oupled G protein effects would illustrate a complex
explanation of the effects of SQ22536 alone or in combination with NF157, that should show
similar effects, and that is not the cagdl theproposed mechanisms assume that Vis§F
mediates P2Y11 activation, possibly through ATP releasecsy&€iiendent. As apyrase can

inhibit VEGfes response, this is the most likely scenarkaC7 and AC9 are not considered
mediators of this process as they are not caleiegulated and have not been described as
mediating storeoperated process enhancement of cCAMP production.

A weltestablished modulation of &dnflux is regulated by cAMP involving the Orail channel
and AC8Willoughby et al. (2012jrom the Cooper group, showed a direct binding between
Orail and AC8. The described interaction is between the amino termini of AC8 and Orail and
leads to a reciprocal crosstalk between the calcium influx and cAMP prodiitaien, 2012;
Sanchexollado et al., 2020)This interaction is favoured by the spatial arrangement where
the proteins are found in the plasma membranez*fCaM sensitive adenylyl cyclases (AC1,
AC3, AC5, AC6 aA@8)are located in membrane lipid rafts, PM areas rich in cholesterol and
sphingolipids instead of glycerophospholipids. This membrane area has also been proposed to
harbour other signalling proteins such as TRPCs, G proteins, and Orai dhéitinelghby et

al., 2007) The lipid rafts are possibly dynamic structures that arrange their activity due to
physiological cell demandsid the AC's compartmentalizatiom these areas can give thean
physiological advantage ey will be isolated from the broad cytosolic process and close to
potential interaction proteingCooper et al., 2014; Halls et al., 2011; Willoughby et al., .2007)
The mechanism described for this interaction of Orail and ACS8 is based on the activation of
SOCE. STIM1 is positioned close to the PM upon depletion of the intracellular stores. It leads
to the activation of the poréorming Orail, which, in turn, will fiitate calcium influx in these
located lipid raftsC&* influx via Orail activates AC8 and the production of cAMP. cAMP,
through a process involving PKA, will modulate Orail inactivation via phosphorylation at Ser34
(Sanchezollado et al., 2020)n nonexcitablecells, one of the main effects of SOCE is this
reciprocal regulation of calcium sensitive adenylyl. Of the calcium sensitive ACs, AC1 and AC8
are activated via SOCE while that was not the case for AC3. There is a need for additional
studies to investigatéhe regulation of AC3 and explore its potential implications in this
process. Although its activation has been told to be caldependent, this area has been
underexplored, possibly due to the intricate nature of its activation arblitioim (Halls et al.,

2011) In the same way, AC5 and AC6 are inhibited via @0Ger et al., 2014)

It is currently unclear whether other calcitgansitive adenylyl cyclases (ACs) form similar
complexes, aside from the identified interaction between Orail and AC8-exnitable cells.

Since ACB8 is not expressed in HME®Ils, a mechanistic gap existsunderstanding the
potential Orail interactions with another adenylyl cyclase that might be involved in this
process. The existence of an AC isoform in HM&glls with the same type of interaction with
Orail (or other CRAC channels involved in SOQH) wmoothly explain our results. As
illustrated inTable l1and 2, in a scenario involving P2Y114@Goupled presence in the
membrane upon VEGF stimulation, in basal conditions, M#@Fevoke calcium release in

the cytosol via ER, which in turn will activate calcium influx via Orail. As previously described,
Oraitdependent calcium influx will activate AC8 and produce cAMP, inactivating Orail. When
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we pretreat the cells with NF157, there is a negative effect on the intracellular calcium release,
leading to a decrease in the calcium influx via Orail. AC will produce lower levels of CAMP,
which would be sufficient to inactivate Orail. In general,dhleium levels upon VEfed
stimulation should be highly reduced, per our experimental data. However, whénegtiag

the cell with SQ22536, the PLC pathway, and Orail influx will be fully activated again to basal
levels, but AC8 will be blocked, so Osaill not be inactivated. That explains ideally the slight
increase we see upon preincubation with the AC inhibitor. Finally, when using these two
inhibitors in combination, there is a recovery in the calcium levels; they do not go back to basal
levels bt considerably recover. Calcium levels are reduced due to P2Y11 blocking, which will
lead to lower levels of calcium influx via Orail but conserved, as in this case AC8 is blocked and
there is no production of cAMP, Orail will not inactivate and allow signéficant calcium

influx, recovering the cytosol calcium levels and see a lower impact compared to control. If we
substitute AC8 for AQ3Fable 1)as the higher expressed in our model, hypothesizing it could
work as SOCE dependent, we could accurately explain our observed results. As mentioned, the
adenylyl cyclase 3 activation is calcid@pendent and has been underinvestigated, so we keep

its roke in this process. Again, if P2Y11 weredBupled instead of 'G-coupled, the results

based on this mecimésm would be hard to explain because of the differences in SQ22536 and
NF157 inhibition.

If we substitute AC8 for AC6, as the second higher expressed in our model, whose inhibition
has been classified as SOCE{@apendent. The mechanism will follow a very close rationale

as previously described, considering the main difference as cAMP is regulated oppositely in
this case as AC6 is blocked in basal conditions (after controheyEtBRulation) and,
therefore, Orail is not inactive. From there, the mechanism follows the same rationale but in
the opposite way, as explainedTiable 2 The pogntial interaction between SO€&gulated

ACs, as AC6, with Orail, has been hypothesized as AC6 has-getamigids ACS8. In addition,

it has been shown that the role of regulating adenylyl cyclases by SOCE, as in the case of the
endothelial gap formation, strongly depends on the inhibition of AC6 SOCE dependent
(Cooper, 2015)This positions AC6 as an excellent candidate to be the mediator in our
proposed mechanism.

AC6has been involved in a regulatory complex with-typk channel. Briefly, AC6 activity will
produce cAMP, favouring calcium influx via tiygple channel (G&.2), subsequently inhibiting
ACG6 (Cooper et al.,, 2014)This scenario was not considered in this discussion, as RNA
sequencing revealed the absence of CACNAC1 gen at the mRNA level.

S@2536 has been previously used as a tool to report indirect effects of adenylyl cyclase
inhibition impact in intracellular calcium recordiriBsniel et al., 2004; Skeberdis et al., 2006;
Sprague et al., 1996; Wang et al., 20@®)l, finding any study where this inhibitor reported
effects in the VEGE&voked calcium response needed to be more attainaHlmwever,
S@2536 has shown some effects in different assays involving YE@GfeasecAMP
dependent in microvasculature and other cell ty(eéso et al., 2006; Kim et al., 2QEpally,

it is important to mention that SQ22536 has been demonstrated to interact with adenosine
receptors except for A2B, the only one expressed in HMEThen, no effects should be
aroused in this cag&lotz et al., 2016; Ostrom et al., 2022)
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Tablel. Foposed mechanism involving adenylyl cyclase 3 (AC3) isoform

P2Y11 G;-coupled

Mechanism

VEGEs stimulation

1.VEGkssrecruits P2Y11 to the
membrane and evokes ATP releay
to the extracellular milieu. Both
receptors activate

2. ER calcium releade

3. Orail C& influx

4. AC8/AC3 activation, CAMP
production

5. Orail inactivation

RAIT

Fouin.

1 w3

~VEGF 45 recruits
P2Y11 to the
membrane

- ATP release

P2Y1 VEGFig5-evoked

» @ - VEGFR-2 and P2Y11
ATP activation

NF157 inhibition

1. VEGEss activates while P2Y11 is
inhibited

3. Decreased Orail €anflux

4. Decreased AC8/AC3 activation,
CcAMP production

5. Orail inactivation

SQ22536 inhibition

1. VEGHkssrecruits P2Y11 to the
membrane and evokes ATP releal
to the extracellular milieu. Both
receptors activate

2. ER calcium releae

3. Orail C& influx

5. Orail still active

VEGFR-2 and P2Y11
activation

NF157 + SQ22536 inhibition

1. VEGiss activates while P2Y11 is
inhibited

3. Decreased Orail €anflux

5. Orail still active

r"t)VEGF‘u
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Table2. Foposed mechanisiimvolving adenylyl cyclaégA®) isoform

P2Y11 G;-coupled

Intracellular calcium concentration

VEGEss stimulation

1.VEGHkssrecruits P2Y11 to the membrane an
evokes ATRelease to the extracellular milieu.
Both receptors activate

2. ER calcium releade

3. Orail C& influx

4. AC6 blocked

5. Orailstill active

“VEGF 45 recruits
P2Y11 to the
membrane

@
- ATP release
P2YN VEGFgs-evoked
@ - VEGFR-2 and P2Y11
ATP activation

NF157 inhibition
1. VEGiss activates while P2Y11 is inhibited
3. Decreased Orail €anflux

5. Orail inactivation

R 1P3 °
Rk ° o
Y

SQ22536 inhibition

1. VEGfesrecruits P2Y11 to the membrane an
evokes ATP release to the extracellular miliet
Both receptors activate

2. ER calcium releae

3. Orail C& influx

5. Orail still active

ATP VEGFR-2 and P2Y11
activation

NF157 + SQ22536 inhibition
1. VEGiss activates while P2Y11 is inhibited
3. Decreased Orail €anflux

5. Orail still active
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3.4.4.5 A2B selective antagonist impaired YWeGkss calcium influx in
HMECL.

Adenosine receptor A2B can promiscuously couple to different G protein type&(§ and

@) (Cohen et al., 2010; Gao et al., 2088)P cannot directly activate this receptor, but it
could beif hydrolysed to adenosine by ectonucleasés(Yegutkin, 2014)No effects were
observed in the AF&ependent dosegesponse curves when incubating HMECeIls in the
presence of its selective antagonist, MRS4. Due to this indirect way of studying its possible
contribution to the ATfevoked response, it is challenging to make conclusions about its
possible coupling natur€ontrary to the observed effects in the ATP dose responsel RERS
impaired the VEGE&voked responseslhe antagonist significantly increased the (EpEak

EGo, and theright shifting faston is also conserved in the AUC dessponse.

Du et al(2015)andRyzhov et al. (2008howed in HMEQ cells transcriptional upregulation

of VEGHA wasblocked by MRS 1754. SimilaAgpktistov et al. (2002yho compared HUVEC

and HME€ cells, reported predominantly expression of A2B in HME@®ose stimulation
increased the expression of VE&FThis effect was not conserved in HUVEC cells, which
preferentiallyexpress A2A. Furthermore, this work indicated that A2B receptors in-HHMEC
couple to B4 proteins instead of G. Cardenas et al. (2018jhd Patel et al. (2014)ustrated

A2B mediation in VEGF overproduction in different kidney cells in rodents, presenting a
diabetic physiopathologstate. That overproduction was inhibitedvivousing MRS 1754.

Finding works portraying the effects of MRS 1754 in \de@d#ndent evoked responses is very
challenging and complicates the interpretation of our data. However, taking all the data
describing a specific dependency between A2Bvity and VEGF expression together, the
observed inhibition does not sound incoherent. Followiagktistov et al A2B appears to be

G'q and contributes to the upregulation of VEgFelease. fat does not contradict the
reported results observed in the ATP dose response, as it was an indirect way of testing activity.
In addition, we consider a scenario where A2B translocates to the membrane in the presence
of VEGfes, which is also based on Li et al. (2011), as we previously suggested foDe2jiid

our first hypothesis that A2B might be coupled3a and observed results could agree with
P2Y11 inhibition assays @'s couple, we consider the possibilities for interpreting this
inhibition 1o be too broad. We cannot directly assume the process involved is the same as the
one observed in P2Y11. This inhibition needs to be further explored to reach any conclusion.

3.45. Human dermal microvascular endothelial cells (HWEpress different
purinergic receptor patterns at the protein level.

3.4.5.1P2X4 is not expressed in HMEA the protein level

Despite the mRNA expression of P2X4 in HMEBE®st P2X4 antagonists used in this study did
not affect the ATP or VE@¥Fokedresponses. However, PSB12062 did, so protein expression
investigation was performed by western blot to document the presence or absence of the
receptor.



Wholecell lysates of three cell lines were used to control the experiment better. As previously
described, 1321N1 astrocytoma cells are void of purinergic receptors anrthddTEd
responses, and therefore, they portray an ideal model to ascertain trenedof hP2X4.
Consistently, stably transfected hP2X4 1321N1 astrocytoma cells that demonstrated their
ability to evoke ATBependent responses are considered a perfect model to determine the
presence of hP2X4. HMEQysates were run together with thesedels to conclude whether
hP2X4 is expressed in this cell lifige representative immunoblot showed a positive band at
60 KDa for the hP2X4 1321N1 astrocytoma cells, while neither parental norlIHMECdid.

That was confirmed by the semuiantitative analysis of the relative expression, whose
statistical analysisonfirmed the significant presence of this band compared to the other two
cell lines. This immunoblot was repeatéd=5times. As thepreviously mentioned in

the Results section 3.3.4.ainspedic banding was detected in both 1321N1 astrocytoma cells
(50 KDa, 30 KDa). However, they do ecwnhpromise the detection of the specific weight
protein band. We conclude that the af2X4 AlomonéAfR002) antibody can detect specific
hP2X4 in experimental lysates.

Given these results, we deduced that hP2X4 is not expressed at the protein level 11 HMEC
and, therefore, the PSB12062 effects cannot be P2X4 dependent. That brings some concerns
about the selectivity of this antagonism, which has been broadly useddwaié P2X4
dependent effects in different cells and mod&&e already mentioned our concerns about

the selectivity of the antagonist in both ATP and VEGF responses, as the observed impact in
the doseresponse curve did not match its theoretical wayatiod. HernandezOlmos et al.,

who discovered and synthesized this antagonist, described PSB12062 asomnpetitive
negative allosteric modulator whose impact on the efficacy was expected but not an increase
in the potency, as in the case of the ATP dose responses. Regarding theedfieGses,
PSB12062 did not impa¥EGHEG, but impacted the doseesponse kinetics and maximal
response. Furthermore, as represented in the average-taselved intracellular calcium
responses, the antagonist caused a decrease in calcium upon \EeB&ningomething not
observed in the control responses. The antagonist was tested in Herr@hdeg work
against different P2Xs and species, and nonselective effects were observed. This unexpected
response does not indicate others' P2 inhibition but pli something else. Reviewing the
literature did not bring any other study showing the unexpected effects of PSB12062. Even
after considering all our results together, we conclude that PSB12062 is not a reliable tool for
studying P2X4 in microvasculature.

There are various reasons why mRNA might not translate to a functional protein within the
cell. From the RNA sequencing analysis, we already excluded the ones that are not protein
coding mRNA, so the transcriptional P2X4 expression reported excludes thtsef
(pseudogenedpng noncoding RNA (lincRNA), etc.). Additiovedlyzan exclude the presence

of antisense P2X4 RNA (asRNA) from the RNA sequencing, which would block its transcription.
Even if mMRNA is present, regulatory mechanisms can prevenatisétion of that mRNA into

a functional protein. Some of these regulatory mechanisms include the presence of
microRNAs, RN#inding proteingJackson et al., 2010; Sonenberg et al., 2@0%econdary
structures (ex., hairpins) that can void ribosomes doing theation (Kozak, 1989)At this

point and after a review of the published literature, we need more informatibggothesize

what could be the mechanism preventing the protein expression of P2X4.
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On the other hand, it is relevant to mention another possibility. The immunoreactive segment
of P2X4 receptors may Haurred due to interactions with other macromolecules. The
intracellular @erminal is crucial for interactions among P2X receptors and other proteins and
interactions with antibodies targeting this segment. These interactions could potentially lead
to falsenegaive immunoreactivityNieto Pescador et al., 2013)thoughit is a possibility,

and given all the data presented, it is doubtful that this is the case.

Moreover, the location of a protein within a cell can affect its detectability. P2X4 exhibits a
distinctive subcellular distribution, showing a preference for localization within lysosomes
(Kanellopoulos et al., 2021However, the antP2X4 receptor antibody used in this
investigation recognised an epitope localized in the intracellutarn@nus of the protein.
Therefore, it could be detected either at the cell membrane or intracellular organelles.
Conserved motifs dhe Gterminus favour the localization of P2X4 in lysosomes instead of the
cell membrandgKanellopoulos et al., 2021)

Finally, reviewing the published literature did not bring any other work reporting P2X4
expression at the protein level in HMEQNonetheless, this is not a shared characteristic with
other endothelial cell lines, as numerous works reported P2X4 expressite protein level

in HUVEC cell&v et al., 2015; Sathanoori, Rosi, et al., 2015; Tang et al., 2008; Yamamoto,
Korenaga, Kamiya, Ando, et al., 2000; Yamamoto, Korenaga, Kamiya, Qi, et.al., 2000)

3.4.5.2P2Y2 protein detection is ambiguous in HUEElls

P2Y2 demonstrated the highest mRNA expression of the expressed P2 purinergic receptors in
HMEGEL, and its selective antagonist,-B8R18925X Xsignificantly impacted the ATP and UTP
evoked doseesponse curves. Western blot performed a P2Y2 protein expression investigation
to document its presence at the protein level.

The first antibody used was the AlomaxieR010, using a mibased blocking solution that is

the most commonly used dmouse. This antibody binds the epitope localised in its third
intracellular loopWholecell lysates of stably transfected hP2X4 1321N1 astrocytoma and
HMEGEI1 cells were used. As previously described, 1321N1 astrocytoma cells (stably transfected
with P2X4 or not) are void of P2Y2 receptors. Therefore, they portray an ideal model to
ascetain the absence of hP2Y2. HMERsates were run ggether with this model to conclude
whether hP2Y2 is expressed in this cell line. Strikingly, the representative immunoblot showed
a positive band at 50 KDa for the hP2X4 1321N1 astrocytoma cells andlH&IECWe did

not expect to see any band in therasytoma lysates, and we thought the antibody was not
specific and was an invaluable tool for studying the P2Y2 expressi@sentwo cell lines.
However, the manufacturer claims the antibody is krmakvalidated Sathanoori et al. (2017)
previously reported expression of P2Y2 using this antibody, but nonnegative cell line control is
shown. They report a significant decrease of the detected band when siRNA P2Y2 in HUVEC
cells.Nonetheless, the band was still detectable and visible after this dtRM&.unattainable

to find any work reporting the use of this antibody or any otherRR2%2 in HMEC cellsThe

P2Y?2 expression HIMEGCL cells at the protein level has yet to be previously reported to our
understandingContrarily,Martinez et al. (2016)jlustrated the lack of band when using an
Alomone antibody iparental astrocytoma cells. However, it is relevant to mention that there

is no mention of the antibody reference, and we cannot ensure it was the same one we used.
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In his master's thesi$Venker (2005)using the same antibody, reported a lack of banding
when testing parental astrocytomas. However, this was not the case when probing the
antibody in astrocytomas stably transfected with P2Y1; unspecific banding appeared. As
previously mentioned in this élsis,Gendron et al. (2003¢ported by RTPPCR the lack of any

P2Y receptors in 1321N1 parental cells. Additionally, we tested the responsiveness of these
cells, and no ATévoked responses were observed.

The second antibody used was the Abedrh68535 firstly using a mitkased blocking
solution that is the most commonly useehiouse. Surprisingly, no bands were reported at the
appropriate weight (42 kDa). Thus, two other blocking solution configurations were tested. The
one 5% sucrosbased showed ore prominent bands in the preliminary tests. Therefore, it
was used to examine further the presence of P2Y2 in parental astrocytoma anelH®IEC

In this case, we decided to use parental astrocytoma gtadily transfected) to avoid any
indirect possible effect in detecting different P2 receptivben repeating the western blot

with three fresh lysates of astrocytoma parental and HE€Ills, bands at the appropriate
weight were detected. However, the detection in astrocytoma parental cells was conserved,
as in the case of the Alomone antibodyhe manufacturer probed the specificity of the
antibody using lysates of n@ransfected 293T HEK and stably transfected P2Y2 293T HEK cells
as a positive control.heir representative immunoblot showed a clear lane intremsfected

293T cells, detecting bands in the P2Y2 293T cells. We decided to extract protein lysates of
nonttransfected HEK cells availabldhouse and check whether the band was persisténhée

band at the three freshly extracted sample lysates was conserved, but, in this case, the
detection level was shalloWhen statistically comparing the relative expression of P2Y2 in
nonttransfected 293T and HMHECcells, the last ones reported signifidgrtiigher levels of

the human P2Y2, presuming the possibility of the antibody's ability to detect the receptor.
However, the statistical significance was higher when compared to the parental astrocytoma,
making this fact much more challenging to justifyis ltough to believe that astrocytoma
expresses P2Y2 at the protein level at higher levels, as the cells are void of-aagk&dP
response, and P2Y2 is a very sensitive receptor to this nucleotide. Further investigation of why
the antibodiesdetectssonething at a specific weight must be executed. Sequencing of this
cell line should be performed to isolate high homology regions that might be mimicking the
receptor sequenceThe manufacturer does not offer a blocking peptide option, so the
experimental test to mask the P23j2ecific bands was discarded. However, the blocking
peptide could hinder offarget binding of the antibody to antigens sharing the same epitope,
creatingan illusion of specificiffPillaiKastoori et al., 2020)

Let usleave aside the unexpected astrocytoma results and considedataein this study
together. P2Y2 functional evidence concludes that this receptor is functionally expressed in
HMEGI cells: the RNA sequencing reported the highest value of expression, both ATP and UTP
elicited dose responses in values previously repbotb be P2Y2 dependent, and -8R
118925XX its selective antagonist, effectively blocked its response. In addition, when
comparing the relative protein expression of imansfected 293T cellnd HMEEL cells, the

latter reported significantly higher levels.

The sucroséased buffer had better performance when probing the -82tY2 Abcam

antibody. The choice of blocking buffer is critical for the success of inmunoassays. Blockers are
crucial in enhancing sensitivity by diminishing background interferencevimgrthe signal

20C



to-noise ratio, facilitating specific binding of the primary antibody, and decreasirgpaoific
interactions(Ambroz et al., 2008; Licor, 2008; RKastoori et al., 2020Bpecific blocking
buffers, such as milbased ones, have been seen to mask and interfere with detecting specific
target proteingDenhollander et al., 1989; PHkaastoori et al., 2020That might be the case

we observed with this antibody. The observation was practically identical when using a 10%
BSA blocking buffer. The blocking buffer selection was run in parallel with tHe2¥hi
antibodies, where we faced the same issue wheh gingbing the Abcam antibodies. At the
time, we found Paz Prada et alvork, where certain specifications were cited. In that
investigation, five primary antibodies were probed, and all of them buP2i i1 were diluted

in milkbased blocking solutions, and membranes were blocked in the same way. In the
particular case of the RA1 antibody, they specified using a nonmammalian blocking buffer
for the blocking step and diluting the primary antibody in 1% bovine serum albumin. We
understood they might have faced similar problems when usingoaskd buffers. They used
Odyssg blocking buffer, which was unavailablénouse when performing these assajke
Odyssey blocking buffer composition is confidential, so we decided to use suasese
blocking, as it was the only alternative we found when avoiding any mammalian component,
as other members of the laboratory use sucrose in their routine immunohestastry
procedures.

A blocking buffer refers to a solution containing a protein, a mixture of proteins, or other
compounds that passively adsorb to all remaining binding surfaces of the plate. Sucrose is not
commonly used as a blocker buffer in western blot, but its use athanproteinrelated
blocking process has been describedbrow et al. (2022pund that saccharides act as an
excellent blocker of nonspecific binding in quantitive analysis of pyoteiain interactions.
Similarly,Yazdani et al. (201Bpinted out that disaccharides can be a good tool to maintain

the stability of antibodies and decrease background noise in ELISAs. We have probed sucrose
based buffers as a good alternative to studying the protein expression of P2Y receptors.

3.4.5.3P2Y11 is expressed in HME#? the protein level

P2Y11 demonstrated the second highest mMRNA expression, after P2Y2, of the expressed P2
purinergic receptors in HMEL and its selective antagonist, NF157, significantly impacted the
VEGkss-evokeddoseresponse curves. We have hypothesized different mechanisms by which
P2Y11 might be mediating this inhibition. Western blot performed a P2Y11 protein expression
investigation to document its presence at the protein level and gain more evidence of the
P2Y11 possible involvement in the mentioned mechanisms.

The first antibody used was AlomoABRO15 using a milbased blocking solution. This
antibody binds the epitope localized in the intracellulaer@inus. Wholecell lysates of

parental 1321N1 astrocytoma and HMEGCells were used. HMBEGand parental lysates were

run to conclude whether hP2Yi2 expressed in this cell line. Again, the representative
immunoblot showed a detectable band at 50 KDa for both cell lines, as observed when studying
P2Y2 expression. No band was expected in the astrocytomeslysatl we moved forward to

study the P2Y 11 expression in these two cell lines using an Abcam antibody. These assays were
run in parallel with P2Y2. Hence, we mot@@ new antibody in both cases, needing more

time to return and reprobed Alomone antibodies in different conditi@®#ori et al. (2019)
previously reported the expression of P2Y11 using this antibody. They report a significant
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decrease of the detected band when siRNA P2Y11l in HLMVEC, another type of
microvasculature endothelial model. Simila@hadet et al. (2015howed expression of the
receptor whose band was significantly decreased when diieBt&d in human dendritic cells.
Noworks reported this antibody's use in parental astrocytoma delshard to accept that
astrocytoma expresses P2Y11 at the protein level, and additional investigation of why the
antibodies detect something at a specific weight must be performed, as previously discussed
for P2Y2.

The second antibody used was Abcam ab180739, which was first probed inbasedk
blocking solution. Again, no bands were reported at the appropriate weight (43 kDa).
Consequentlyfour other blocking solution configurations were test¥de replicated what

Paz Prada et al. (201@y using these buffers instead of the Odyssey blocking buffer. The 5%
sucrosebased buffer was the only buffer showing bands in the correct weight in the
preliminary tests, and it was used to examine further the presence of P2Y11 in parental
astrocytoma and HMEC cells.In the preliminary test, the relative expression of P2Y11 in
HMEG1 was already higher than in the astrocytoma c@sen repeating the western blot

with three fresh lysates of astrocytoma parental and HUEEIls, bands at the approate
weight were detected. In this case, the detection in astrocytoma parental cells significantly
decreased compared to HMHCcells. The 5% sucrebased blocking solution is then the
suitable blocking buffer to investigate the presence of P2Y11 intineszell lines.

Despite the band shallowed in the astrocytoma parental, we wanted to investigate if that band
could be due to nowspecific secondary antibody detection. Amtdbbit HRP conjugated
secondary antibody was used in most western blots presented in this tiésen the

antibody was directly probed after the blocking stéspa negative control onlyesidual non

specific banding was detected in HME@&nd parental astrocytoma cell lysates, contributing

to the 43 kDa P2Y 11 specific baflge detected bands are fidsal but could contribute to the

bands we observed when probing with the primary antibody.-rAbbit HRP conjugated
secondary antibody can bind the heavy and light chains of the IgG molecule, or in other words,

the crystallized fragment of the IgG (Bcjhe two antiged A Y RA Y3 FTNI Moy 1a oC
Biologicals, 2017In trying to find an alternative option, the same secondary negative control

was performed using an aftil 6 0 A G CO Il 0 QO H -K2/dadrhDd RGO |6 UAHE | @
antibodies do not bind the Fc of the IgG, avoiding thegpatific binding between Fc portions

of antibodies. In the same way, this antibody will prevent-spmtifc binding to the Fc

receptor in livecells(Jackson ImmunoResearch Laboratories, 26Hyever, this possibility

is unlikely as Fc receptors are usually expressed in immunological cells as macrophages. Again,
this negative control illustrated nespecific banding between &0 ka and strong binding
between 2537 kDa. Both antil 6 6 Al o1 B[ 0 YR COlFI06QUH- aS02Yy|
specific banding at 50 kDa. Therefore, we can conclude that the bands are not Fc portion
dependent but norspecific banding due to the secondary andipgicking up something in

the sample. Antrabbit (H+L) shwed less relative expression of this unexpected banding, so it

was chosen to proceed with the experimemdthough some of the detected bands when

probing the antP2Y11 Abcam antibody could be increased by this secondaigpaoific

banding, if subtracting this signalling from the primary antibody probed blot, the remaining
signals will demonstrate a verysrgdual banding in the astrocytoma parental cells and a
detectable remaining banding for HMEGCells. All these data together confirm the presence

of P2Y11 in HMECcells at the protein level.



3.46. Humanumbilical veirendothelial cellsHUVELexpress various purinergic
receptors at thdranscriptionalevel.

HUVEC cells have been previously reported as an excellent model for investigating VEGF
dependent calcium responses in the endothelium and the relevance of other receptors to the
VEGF receptor responsfs et al., 2011, 2015)sing a primary cell model was considered
relevant to test the observed P2Y11 contribution to the VEGF responses but before that, we
needed to confirm the purinergic transcriptional profile in this cell line uskRCRT

A higher percentage of the purinergic receptors were found in HUVECs compared with the
HMEG1 purinergic profile. Two adenosine receptors were found at the transcriptional level,
A2A and A2B. This profile pattern was previously described by (feeidistov et al., 2002;
Feoktistov et al., 2004; Lang et al., 20&8)me authors have reported the expression of the
four adenosine receptors in HUVEDRsguchi et al., 1998; Fernandez et al., 2HPVEC cells

can be cultured in different manners, and isolatichanise or in a manufactured batch might
affect the expressed pattern of thesells.Feoktistov et alkeported a preferable expression

of A2A above A2B in this cell line, but our data is not quantitative, so further comparison is
unattainable. Interestingly, they showed adenosine dependency for VEGF modulation in
HMEGI1 cells, but this dependency was onserved in HUVEC cells.

Of the P2X receptors, P2X4, P2X5, and P2X7 were detected in HUWMBCS. al. (2023)
reportedthe expression of P2X4 and P2X7 in their RNA seque@ongjstentlyTang et al.

(2008); Wilson et al. (20Q7andYamamoto, Korenaga, Kamiya, Qi, et al. (2@drtedthe

same patternprofile as the one we observed in this study. P2X6 expression in HUVEC cells has
been previously reporte(Glass et al., 2002; Ralevic, 20bgj that was never the case in our
N=>5repetitions, while it was consistently detected in the positive control.

Most literature agrees with the expression of P2Y2 at the mRNA level in HUVECSs, which is one
of the most studied P2 receptors using these ¢€libou et al., 2022; Kukulski et al., 2010;

Lang et al.,, 2023; Muhleder et al., 2020; Sathanoori et al., 2017; Wang et al., 2015)
Additionally, we showed expression of P2Y1, P2Y4, P2Y6, P2Y12, P2Y14 and, in some level, of
P2Y11. P2Y1, P2Y2, P2Y6, and P2Y11 have been previously shown to be expressed in HUVECs
(Cabouet al.,2022; Lang et al., 2023yhile P2Y4 and P2Y14 have been reported to a lower
extent (Cabouet al.,2022) Induction of P2Y12 in HUVECs has also been previously shown
(Shanker et al.,, 2006P2Y11 demonstrated an inconsistent expresgattern in our
transcriptional investigation. If we compared our data with HUVECs RNA sequena@ng by

et al.,P2Y11 showed a higher expression level than any other P2Y receptor in HUVECSs. This
substantial difference in P2Yé&gpression might be due to technical variations when culturing
HUVECSs and the isolation methbdng et alHUVEC cells were freshly isolated from human
umbilical veins of a donated placenta, while ours, for example, were bought from PromocCell.
One of the main differences in the isolation/culturing process is the variation of supplemented
factors in the cultung media. Some groups used endothelial media supplemented with VEGF
(Lang et al., 2023; Li et al., 2011, 2048y othersas in our case, without VE(&wain et al.,

2021) These differences could affect the mRNA pattern expression observed in the cell line.
Indirectly, this data could indicate a dependency of VA& Rhis cell line for P2Y11.
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3.4.7. VEGF receptors contribute to endothelial calcium homeostasis in HUVECs,
and their trace kinetics differ from those observed in HNIE€lIs.

Most investigations illustrating VEG#fesponses were performed in HUVEC9rasiously
mentioned. In this work, we have confirmed the ability of these cells to respond to this ligand
by building a doseesponse curve using six different concentrations. Vv @Hcited
intracellular calcium response in a concentraiii@pendent manner with a hathaximal
effective concentration of 1.7 + 0.4 ng/mL for the peak and 2.4 + 0.4 ng/mL for the AUC.
Although these potencies are not significantly different from the ones reported in IMEC
cells, there is an apparent difference in dossponse kinetis between the two cell lines,
showing HUVECSs as the steepest curve. Additionally, the efficacy was significantly higher for
the peak and the AUC in HUVBE@SGEss responses are more prominent in HUVECs than
HMEGCL.

We previously compared VEEH100 ng/mL) trace kinetics in HMEGN the presence of
extracellular calcium to the one descridedLi et alin HUVEC cells. Let us now compare that
HUVEC trace kinetics to our HUVEC data. Oppositely to what we reported il HMBEC
illustrated two distinct phases, the transient and sustained, described by them with some
noticeable differences. The two phada their trace are much more distinguished than in our
data. Their response is characterized by a remarkable transient peak, which deeply decays,
followed by the sustained phase. In our case, the peak is quickly reached at high concentrations
after VEGfes application, but a deep decay of the recorded calcium does not precede the
sustained phase. These calcium responses appear to be less dependent on the calcium release
from stores of the ones reported hy et albut more than our HMEC ones. If we compared

our culturing conditions of HUVECs wittet al. we could see a clear difference that might
affect the expression of VEfedteceptors. Our culture media does not contain Vis5\Wwhile

theirs does contain this supplementation. That could explain differences in trace kinetics
observed in the same assay conditions.

Generally, the magnitude of the calcium responses evoked by:ddEGBOth cell lines is
always vastly lower than the ones evoked by ATP. If we talk in peak raw data terms, VEGF
maximal responses are aroungié 0.50.6, while ATP responses can evoke much higher
calcium responses aroungds 1.5-2 in endothelial cell lineF his tendency is translatable to
AUC values.

3.4.7.1P2Y11 selective antagonist did not impaiMB&kes calcium influx
in HUVECs

Following the rationale maintained in this thesis, an inhibitory preliminary test wasofiest

with PPADs. This was performed as a proof of concept to evaluate if the observed effect in the
HMEG1 cell was conserved. Directly after that, we tested the effects of the P2Y11 selective
inhibitor in the VEGEs evoked response in HUVEG@sthis case, NF157 was ineffective in
inhibiting VEGHhduced responses. That does not directly mean the contribution of P2Y11 to
the VEGfssis not consistent because theewe some reasons why we could not see any
inhibitory effects.When discussing the transcriptional expression of P2Y11l, we already
mentioned the inconsistency in detecting P2Y11 bands in the PCR. That observation could
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suggest deficient expression of P2Y11 in this cell line; therefore, isolating P2Y11 effects would
be very tricky. Due to this inconsistent detection, we consider it relevant to perform our RNA
sequencing of this cell line and protein expression assayanfwrns the relevance of using
HUVECSs for understanding the proposed mechanisms. In addition, P2Y11 could coupled to the
opposite G protein to the one it does in HMECells, meaning it could not be mediation of

the response by the exact mechanism. Furiagrerimental assays are needed to reach any
conclusion of the observed effects in HUVECs.

3.48. Purinergic receptors contribute to the endothelial calcium homeostasis
HUVEGsnd their trace kinetics differ from those observed in HNIE€EIIs.

Profiling the ATP pharmacological response in HUVECs was needed to investigate the
mechanistic differences between HME@nd HUVEC cells. As in the case of HMEAIs,
HUVECSs responded to ATP ddspendently with a haihaximal effective concentratioof

1.77 £ 0.28 uM for the peak and 6.58 + 0.2 uM for the AUC. These potencies are significantly
lower than the ones reported in HMECells. If we look at HUVECS traces kinetics, there is a
clear difference when compared to HMECells. The sustained pEmse phase to ATP in
HUVECSs is vastly lower than observed in the other model, while the transient phase is the
primary mediator in the response in HUVECs. The transient dependency of the response is
portrayed in the cited potencies, as peak potency igsiiour times lower than the AUC. This

data shows a greater dependency of the HUVECSs response in the intracellular store's calcium
release and less contribution of iohannel influx, as late sustained responses are thought to

be more membrane influx depdent. Our data agrees with that Gbrtés et al. (2013nd

Raqgeeb et al. (2011\ho previously showed similar trace kinetics in HUVECSs. Both reported
potencies in the micromolar range in agreement with what we observedpBl@hd 8.4uM,
respectively. Oppositely to the observed with the \iEg&&sponses, ATP responses are more
prominent in HMEQ than HUVECSs. This data illustrates a different functional expression of P2
and VEGF receptors.

3.4.8.1 TheSERCA inhibitor thapsigargmpaired theATRcalciuminflux in
HUVECSs, while BX430 could not inhibit the studied responses

As in the case of HMHBCcells, thapsigargin abolished the AsBked responses in HUVECS.
This block suggests an explicit dependency on metabotropic P2Y receptors for the ATP
dependent response. P2Y2 has been previously reported as the P2 primary naddia¢or
purinergic regulation homeostasis in HUVE@® et al., 2014; Rageeb et al., 2011; Sanabria
et al., 2008; Tanaka et al., 2004; Wang et al., 20b&onfirm this fact, we consider it relevant

to use its selective inhibitor, AR118925XX, to confirm its involvement in our-é&vidked
response as the next step in this stu@lgditionally, characterisation of UTP responses and
potency calculations could help us to complement the pharmacological study as others have
done beforg(Rageeb et al., 2011; Sanabria et al., 2008)

On the other hand, P2X4 has also been pointed out as a relevant mediator-@foké&
responses itHUVECd.ang et alRNAsequencing demonstrated P2X4 as the most expressed

P2 receptor in HUVECSs, which agrees with previous rgamsg et al., 2008; Wilson et al.,

2007; Yamamoto, Korenaga, Kamiya, Ando, et al., 2000; Yamamoto, Korenaga, Kamiya, Qi, et
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al., 2000) However, the selective P2X4 antagonist, BX430, could not block the@kee
response at 30 uM. We tested only a single concentration, and we consider it relevant to dig
further into the P2X4 dependent responses in HUVECs)@spablishegrotein expression
analysis done in collaboration with Dr. Fort@gmez confirmed P2X4 expression in HUVECs.
As previously mentioned, P2X4 prefers localization within lysos@faesllopoulos et al.,
2021).We performed the pharmacological characterisation in static conditions. Still, others
have shown P2X4 activity under shear st(@smamoto, Korenaga, Kamiya, Ando, et al.,
2000) meaning the membrane localization of the receptor could vary depending on the
stimulus source and its physical characteristics.
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Chapter4. Exploringhe contribution of
purinergic receptors In
mechanosensitive evoked calcium
responses.

4.1 Introduction

Piezoion channelsconvert mechanicalktimulusinto variousbiologicalactivitiesthrough a
processalledmechanotransductiorRiezolis activatedthroughcellmembranedeformations
causedby mechanicaforces,suchasosmoticpressurefluid shearstress substratestiffness,
andconfinement(Costeet al.,2010;Ranadest al.,2014) When Piezol is activatedjntluces

calcium influx, transducing mechanical forces into biochemical resp@idgs®oroski et al.,

2021) Piezol has broad roles in multiple physiological processes, including sensing shear stress
of blood flow for proper blood vessel development, regulating red blood cell function, and
controlling cell migration and differentiatigGe et al., 2015Piezol is considered the central

blood flow sensor and transducer of shetressevoked calcium influx in endothelial célls

et al., 2014)

adzf GALIX S SELISNAYSYyGlf YIyAaLdzZ Fdazya OFy &GA)N
GLI21S¢ 0O2Yo0Ay@aRrp dettidghysioldyyi Bignessure perfusion is an
alternative method to deform the cell without physically contacting the membrane. By
contrast, shear flow achieved through microfluidic channels applies parallel stress to the
substrate surfacéWu et al., 2017)In addition to these method§yeda et aldiscovered a

chemical agonist called Yodal. In HEK cells overexpressing the channel, Yoda 1 slows the
inactivation phase of transient currents, sensitizes Piezol to activation by a mechanical
stimulus, and partially activates chann@stelloSmith et al., 2019)Furthermore, Yodal is
considered a tool to mimic laminar flawvitro(Davies et al., 2019)

Various studies show the dependency of ATP release upon mechanical stimulation in the shear
stressinduced calcium response. The purinergic receptors have been classified @treksar
sensitive, and different subunits may contribute to the calcium influx shear-depsadent.

The two purinergic subtypes investigated to have a role in this process are P2Y2 and P2X4
(Gerhold et al., 2016However, their role in the shear stress sensing process must be better
understood.

4.2 Aims

This chapter aimed to interrogate the contribution of the purinergic receptors in the shear
stressdependent calcium signalling using pharmacological and mechanical methods.

The specific goals were as follows:



1. To determine the functional expression of Piezol in HMB& HUVEC cells using a
pharmacological strategy.

2. To elucidate the possible contribution of purinergic receptors in Piezol calcium
signalling using the P2 breagectrum antagonist in HMECand HUVEC cells.

3. To set up a functional parallel flow system to mechanically stimulate endothelial cells
in vitroand study the purinergic contribution of purinergic receptors in the stteass
evoked responses

4. To explore the utility of the Griess reagent system to measure nitric oxide release in
endothelial cells.

4.3 Results

4.3.1. Characterisation of Piez&lgnalling in human microvascular endothelial
cells (HMEQ) and human umbilical vein cells (HUVEC).

Yodal, the Piezol selective agonist, was used in the early experiments to determine its potency
and efficacy in human microvascular endothelial ¢eIMECL) and human umbilical vein
endothelial cells (HUVECShis data was complemented with some selective antagonism
assays to characterise better the possible Piglapendent responseBoth models were
considered relevant in this study as they have been demonstrated to respond to a mechanical
stimulus(CarrilleGarcia et al., 2021, Li et al., 201#)d they were used to set up the parallel

flow system to stimulate the celisechanicallyn vitro.

43.1.1 Yodal evoked calcium responses in human microvascular
endothelial cells (HMELQ, and this response was inhibited in the presence of
GsMTx4.

Yodal elicited intracellular calcium response in a-dependent manner (0.03 to 30M) with

a maximal response at p®/ for the peak (105.35 4.1%) and the area under the curve (AUC)
(109.1+ 3.6%). The halnaximal effective concentration for the peak ViE#ggy*e?= 559+ 83

nM andEG*Y= 623+ 91 nM for the AU(Figurel-A, B).Figurel-C depicts timeresolved
calcium responses upon Yodal stimulation fb08 to 30uM. This stimulation evoked an
extremely rapid initial response at high concentration8Q3uM) followed by a sustained
phase that barely decayed over approximately four minutes. At lower concentrations, 300 nM
and 1 uM, the responses lost their ability tduoe such a quick response, and they portrayed

a more sustained trace kinetics.

GsMTx4, a spider venom peptide, was used to characterise the Piezol involvement in the
Yodalinduced calcium responses in HMEQGsMTx4 inhibits cationic mechanosensitive
channels from the Piezo and transient receptor potential (TRP) channel f§Bakest al.,

2011; Bowman et al., 2007; Suchyna et al., 2800)t has been used to inhibit Yoeaioked
responsegVenturini et al., 2020; Wadud et al., 20Z)erefore, the venom was used as a tool

to further investigate Piezol functional expression in HYE€lIs.
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Cells were treated with 2.5 and 10 uM of GsMTx4, and the rise in intracellular calcium was
measured when stimulating with three different concentrations of Yodal (3 uM, 1 uM, and
300 nM) in the presence and the absence of the inhib&B®MTx4 decreased the Yodal
induced calcium response both at M and 300 nM when using the highest venom
concentration (1QuM) (Figure2-D, E F). The effect was more evident at 300 nM for the peak
and the AUC, and that was representedrigure 2F, where the representativealcium
response trace revealed the impact of the inhibitor compared with the control in the absence
of the venom. In the presence of GsMTx4, the activation kinetics at 300 nM Yodal showed a
decrease of the response that decayed approximately to bagBline 0.2)compared to the

six times bigger response in the absence of the modulgtes 0.8). In comparison, that was

not the case at the venom's lowest concentration (2.5 pM), where effects could not be found
at any of the Yodal concentrations ae@l(3 uM, 1 uM, and 300 nNFigure 2A, B, It is
relevant to mention that statistical significance is not performed as the experiments were not
done thrice because of the unavailability of the druganse, so a definitive statement about

the venom effects annot be made. However, the inhibition pattern is illustrated in the
previously described assays at\d.

It is relevant to note that the GsMTx4 assays were done in a slightly different manner than all
of the other inhibition assays presented in this study. In this particular case, besides
preincubate the HMEC cells in the presence of U1 Gsmtx4, the inhibitor was also present

in the agonist injection solution to compensate for the concentration in the cell plate and
ensure a constant concentration of the venom throughout the experiment. A decrease in the
venom's final concentration impait the inhibitioneffects (data not shown) herefore, the
configuration that helped study this inhibition was the same as in electrophysiological assays.
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® Data normalisatiomas always done at 30 uMbdalwhen this agonist was studied.
™) Arrows { )ndicate the maximum response in the control (untreated) curve.
) F/R refers to theFura?2 ratio, meaning F340/F380.
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Figure2. GsMTx4, the spider vengpeptide, inhibited Yodaihduced C# response in human microvascular endothelial cells (HMJIEComparison of peak
(A)and AUQB) magnitude of intracellular é+aesponses induced by Yodal at three different (3 uM, 1 uM andiD@oncentrations in the presence (light

pink; N=2) or absence (dark pinki=2) of GsMTx4 2.5 uMQ Averaged timegesolved intracellular é%responses elicited by Yodal 300 nM in the presence
(light pink triangleN=2) or absence (dark pink trianghs2) of GsMTx4 2.5 uM over 250 seconds. Comparison of [Pk AUQE) magnitude of intracellular

Ca2+responses induced by Yodal at three different (3 uM, 1 uM and 300 nM) concentrations in the presence (I#)mnlgbsence (dark pinki=2) of

GsMTx4 10 uMF)Averaged timaesolved intracellular é%responses elicited by Yodal 300 nM in the presence (light pink trialsgheor absence (dark
pink triangleN=2) of GsMTx4 10 uM over 250 seconds. Ratarepresentecs mean + SEM.
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