Exploring the therapeutic potential of the
apelin receptor signalling axis, and
angiotensin-converting enzyme 2 (ACE2)
as the SARS-CoV-2 viral entry receptor, in

the cardiovascular system

By
Thomas Lloyd Williams

Pembroke College

Experimental Medicine and Immunotherapeutics

Research Supervisor

Professor Anthony P. Davenport

July 2022

This dissertation is submitted for the degree of

Doctor of Philosophy



Declaration

This thesis is the result of my own work and includes nothing which is the outcome of
work done in collaboration except as declared in the Preface and specified in the text.

It is not substantially the same as any work that has already been submitted before for
any degree or other qualification except as declared in the Preface and specified in

the text.

The length of this does thesis not exceed the prescribed word limit for the Clinical

Medicine and Clinical Veterinary Medicine Degree Committee (60,000 words).

Thomas Williams



Contents

F o [0V =T o =T 0 =T ] £ 9
U o] [ To%= 14 o] o PSP 11
PUDIISNEd @bDSIraCES ......cceiieiiee e 13
[ (STST=T ] r= 11 0] 0 P 14
Personal Training RECOIM...........coiiiiiiiiiiiiiiiiiiiiiieeeeeeeeeee e 16
ADSTITACT .. 18
ADDreVviationNS & ACIONYIMS .....uuuiiiie e e e e e e et e e e e e e e e e e et e e e e e e eeeeenannanas 19
TADIES & FIQUIES ...t e e e e e e e e e e e e e e e e aaa s 24
Chapter 1. Thesis INtrOAUCTION .......uuuiiii e e e e e e eaanns 30
1.0, BACKGIOUNM ...ttt 30
1.2, APEIIN TECEPION ...t 32
1.2.1. G protein-Coupled rECEPIOIS ... ..o c it 32
1.2.2. APEIIN FECEPION OVEIVIEW ...uvvii i eeeieeeiiiee e e e e ettt ee e e e e e e e e et a e e e e e e e e e arata e e eeaeas 33
1.2.3. Apelin reCePLOr EXPIrESSION ...cciiiiiiiiiiiiiiiiiiieet e ettt ettt ettt e e e e eeees 33
S A o= [T g T oT=T o] 10 =PRSS 34
L1.2.5. ELA PEPUAES. .ot 35
1.2.6. Apelin receptor SIgNAlIING .......covvviiiiiiiiiiiiiiiieeee e 36

1.3. Apelin receptor in PRYSIOIOQY .........uuuuuuumiiiiiiiiiiiiiii e 37
1.3.1 Apelin receptor in cardiovascular development ............ccooovviiiiiiie e, 37
1.3.2. Apelin receptor in cardiovascular regulation................cccevviiiieiii e, 38
1.3.3. Apelin receptor iN @aNQIOJENESIS ......cevviiiiiiiiiiiiiiiiiiiiei ettt ettt 42
1.3.4. Apelin receptor iN NABMOSLASIS .........cvvuiiiiiieeiiiecee e e 42
1.3.5. Apelin receptor in fluid NOMEOSIASIS .......coiieeeiiiiiiee e 43
1.3.6. Apelin receptor in MetaboliSM ..........coovviiiiiiiiiiiii 44

1.4. Apelin receptor in patNophYSIOIOQY ..........uuuuuuiiiiiiiiiiiiiii e 44
1.4.1. Apelin receptor in pulmonary arterial hypertension............ccccceeeviieeiiieiiiinnneeeenn. 45
1.4.2. Apelin receptor in heart failure.............eeiii oo 46
1.4.3. Apelin 1eceptor IN HIV .....ooiiiiiiiiiiiiiiiiieeeeeeeeeeeeeee et 47
1.4.4. Apelin receptor in immune-mediated INJUIY............oooiii i 48
1.4.5. Apelin receptor in diabetes... ... 48

1.5. Apelin receptor as a therapeutiC target ..............uuuuuuuuuuuiiiiiiiiiiiiiiieeeeeeeees 50
70 B T o] (0] (=1 o I o = L SRR PP PPPPPPPPPPN 50
1.5.2. Peptide therapeULICS ......couuuuiiiii e e e e e e e e e 50
1.5.3. Small molecule therapeuULICS...........oouuiiiiiiii e 53



R A = [T g I = Tot=T o1 (o] ] (N [ox (1 | (= T 55

1.7. Apelin reCePLOr MUELATIONS ........uuuuuiiiiiiiieiitiiie e 61
A T €1 = o 3 4 T 7> o] o 61
1.7.2. The NIHR BioResource Rare Diseases BRIDGE consortium sequencing project
.................................................................................................................................... 62

1.8. AIMS for the @apelin FECEPLON .......uuuiiiiiiiii e 63

1.9, ACE2 .ottt e e e e e ettt e e e e e e reaaa s 64
1.9.1. ACEZ2 OVEIVIEW ..coeviiiiiiiiiiiiiiiiiiieeett ettt ettt ettt ettt ettt ettt ettt ettt e ettt et e et e e e et e e eaeaeeaeeaeees 64
S N O = =) ¢ o] {171 (o] o [ 64

1.10. ACEZ2 iN PRYSIOIOQY . ...ttt 65
1.10.1. Renin angiotensin aldoSterone SYSIEM ..........cuvvvviiiiiiiiiiiiiiiiiiieeeeeeeeeeeeeeee e 65
1.10.2. ACE2 counter-regulates the renin angiotensin aldosterone system.................. 66
1.10.3. ACE2 substrates outside the RAAS .........oooiiiiiiiiiiiiieeeeeeeeeeee e 66
1.10.4. ACE2 and the apelin signalling axXiS ...........ccuuviiiiiiiiiiiiiiiiiiiiiiiieieeeeeeeeeeeeeeeeeee 66
1.10.5. ACE2 in the gastrointestinal traCl .............cooiiiiiiiiiiiii e 68

1.11. ACE2 in pathOpNYSIOIOQgY .....cccciiiiiiiiei ettt e e e e e earaaaas 68
1.11.1. ACE2 in cardiovasCular diSEASE............cuuviiiiiiiiiiiiiiiiiiiiiiiiieeie et 68
1.11.2. ACE2 in HartNUP diSEASE .....cieeeeiieeiiiiei ettt e et e e 69
1.11.3 ACE2 as a viral €ntry rECEPLOL........cvuiiie e 69

1.12. ACEZ SITUCTUIE ...ttt ettt e et e e ettt e e e e tb e e e e et e e e eaea s 72

113 AIMS FOFr ACE2Z ... it e et e e et e e e e et e e e e et s 73

Chapter 2. Materials & MethOdS........ccooeeiiiiiiiiiiie e 74

P2 T V=T V= PP 74

2.2. COVID-19 StAt@MENT .....u ittt et e et e e e et e e e e et e e e et eaaees 74

A T (V- = 4 =1L 74

2.4, CeIl CURUIE ..o 75
2.4.1. GeNEral CeIl CURUIE ........uuiiiiiiiiiiiiiiiiiti e esnesenensnnnnnnne 75
2.4.2. Generation of apelin receptor plasmid DNA .............uuiiiimiiiiiiiiiiiiiiiie. 75
2.4.3. Transfection of cells with apelin receptor DNA ... 76
244 NESC Cell CURUIE.... ..o 76
2.4.5. hESC differentiation t0 CardiomMYyOCYLES ..........uuuuuuuuiuiiiiiiriiiiiieiieininnnnenenneennnnnnaene 77
2.4.6. Generation of sShRNA apelin receptor knockdown hESC-CMS...............uvvviniinnns 78
2.4.7. Generation of R168H variant apelin receptor cardiomyocytes...........cccccceeeeeennnn. 79

2.5. Cell infection with virus in SARS-C0OV-2 StUAIES.........uuuiiiiiieiiieiiiiie e 79
2.5.1. Pseudotyped ViruS ProdUCTION ............uuuueuuueiiiiiiiiiiiiiiiiiiieieiineeseenenneeneneeeeenennnneeee 79
2.5.2. Pseudotyped viral infection of NESC-CMS ............coiiiiiiiiiiiii e 80
2.5.3. SARS-CoV-2 viral infection of NESC-CMS...........coiiiiiiiiiiiiie e 81

4



2.6. Protein PreParation ..............ieuiiiiiiii e ee e e e e e e e e et s e e e e e e e e et e e e e e e e e rr e aas 81

2.6.1. Cell membrane prepParation ........... ... . e i ueeeeueeiiiiieiieiiieei e 81
2.6.2. TISSUE NOMOQGENISALION .....uuiiiiiiiiiiiiiiiiiiieieiieibbeie bbb ssennenennnnnnne 82
A TG T o (0] =1 g J= TS oY |V 82
2.7. Radioligand BINAING ........ccoiiiiiiiiii e 83
2.7.1. Fixed concentration DINAING ..............uuuuuimimiimiiiiiiiiiii e 83
2.7.2. SAtUration DINAING ........ueiiiieiiiiiie bbb nnnnnnnnne 84
2.7.3. Competition DINAING ....ccouvveiiiiieeee e 84
2.7.4. Radioligand binding data analySIS ..............uuuuuiuiiimmiiiiiiiiiiiiieniiieeeneeneeeees 84
2.8, IN VIO BSSAYS. . .cciiiiiiiiiieieie ittt 86
2.8.1. Dynamic mass redistribution @SSay ..........cceviiiiiiiiiiiiie e 86
2.8.2. CAMP aCCUMUIALION @SSAY .....ceeeiiieeiiiiiiiiieeee e et e e e e e e e et s e e e e e e e e rraa e e eaaeas 87
2.8.3. INErNAlISALION ASSAY ......uvuurruriiiiiiiiiiiiiiiitiiiebebbbebbb bbb ebbeannnennnnenennnnee 91
PN TR 11 = Vo |1 o T PSSP 93
2.9.1. FIUOreSCEeNt MATKEIS .......uuiiiiiiiieiiiii et 93
2.9.2. Opera Phenix High Content Screening SYSIEM ............uuvuviiiiiiiiiiiiiiiiiiiiiiiiiiiiinnns 94
2.9.3. Opera PReniX aCOUISITION .........uuuuuriiiiiiiiiiiiiiiiiiiiieiiieieebeeeeeeseesbeeeseneeeneneeseneneneee 94
2.9.4. Opera PheniX @nalySiS .......ccciieiiiiiiiiiiii e 95
2.9.5. Zeiss AXiO Scan Z1 Slide SCANNEN .........oviiiiiiiiiiiiiiieeeee e 96
2.9.6. Zeiss LSM 510 Meta Inverted Confocal MiCrOSCOPE..........uuuuruvmmmmiminiiiiiiiiiiininenns 96
2.9.7. Multiphoton Microscope Leica TCS SP8 MP ..........ooiviiiiiiiiiiiiiiiiieeeeeeeeeeee 97
2.9.8. Data analysis and StAtiStCS ..........oiiuuriiiiiieeee e 97
Chapter 3. Design and characterisation of novel fluorescent peptide ligands at the

APEIIN FECEPTON ... 98
3.1 INETOAUCTION. ... 98
3.2 . MEENOAS. ... 100
3.2.1. Design of four novel fluorescent apelin receptor ligands............ccccceeeeeieeeeennnnn, 100
3.2.2. Radioligand DINAING @SS@AYS......uuuuuuuuuuuiuuiiiiiiiiiietitiieneeaeeaeeeaaeeeeereeeeeaeeaeeeeeaeeeaaae 100
3.2.3. IN VItrO GPCR @SSAYS ... tuttuuuttuniunnniinnintinuastasessuesaeasesesssssssssasssesseessssssssnseseennnnnes 101
3.2.4. HUMAN TISSUE ... 101
3.2.5. Fluorescent ligand binding in human kidney tiSSue...........ccooevvveeiiiiiiiineeeeeeeens 102
3.2.6. Zeiss LSM 510 Meta Inverted Confocal MiCrOSCOPE..........uuvvrvvmvimiimiiiiiiiiiiiiinnns 102
3.2.7. Fluorescent ligand binding in CellS.........oooiiiiiiii e 102
3.2.8. Opera Phenix High Content SCre@NiNg...........oii e eiiieiiiiaae e e 103
3.2.9. Data analysis and STALISTICS ........uuuuuuuuuuiiiiiiiiiiiiiiiiiiiiiiieeeeeeeeeeeee e 103
G0 T =TT 1 £ 104
3.3.1. Design of the four novel fluorescent ligands ... 104

5



3.3.2. Validation of apelin receptor binding in CHO-APLNR ...........ccooiviiiiiiiinieeeeeans 106

3.3.3. Validation of the four novel fluorescent ligands in competition binding ............. 108
3.3.4. Validation of the four novel fluorescent peptides in in vitro GPCR assays......... 109
3.3.5. Apelin647 is a versatile tool for exploring apelin receptor pharmacology.......... 113
3.3.6. Apelin647 allows for visualisation of apelin receptor internalisation.................. 116
G I Lot B 1= o] o 118
3.4.1. Novel fluorescent ligands bind and activate the apelin receptor ....................... 118
3.4.2. Apelin488 and apelin647 bind to apelin receptor in the kidney ........................ 120
3.4.3. Apelin647 binds to apelin receptor in human embryonic stem cell-derived
CAITIOMYOCYLES ...ttt 120
3.4.4. Exploration of apelin receptor pharmacology using apelin647.......................... 121
3.4.5. Observation of apelin receptor internalisation in near real-time ........................ 121
G T 0] o o] 113 o LS S 124
Chapter 4. Characterisation of apelin receptor variants identified in a patient cohort in
the NIHR BRIDGE PIOJECT .....ccce e 125
o I [ 1 o o ¥ X1 T o S 125
/1= 1 o o £ RR 130
A N O =1 | I ol 1 ] = SRR 130
4.2.2. Radioligand DINAING @SSAYS .. ..ccceeeieeeeeeeee e 130
4.2.3. Assessment of apelin receptor expression, membrane localisation, and
fluorescent ligand BINAING ...........oooiiiiii e 130
4.2.4. Opera Phenix High Content SCreeniNg..........cceeeieeeiiiiiiiiiiei e eeeeceeiieee e eeeaeens 131
4.2.5. IN VItTO GPCR @SSAY ...ttt 131
4.2.6. Data analysis and StatiStiCS ...........ceiiii i e 132
T (=S | R 132
4.3.1. Several apelin receptor variants identified in the BRIDGE project show perturbed
binding in @ Preliminary SCrEEN..........uviiviiiiiiiieeeeeeeeeeee e 132
4.3.2. Apelin receptor variants can impact receptor expression at the membrane...... 135
4.3.3. Fluorescent ligands identify further effects of apelin receptor variants on binding
.................................................................................................................................. 137
4.3.4. Further binding studies confirm the impact of the T89M variant on binding of ELA
o =g o SRR PPPPPPPPPPPPP 140
4.3.5. Assessment of apelin receptor variants on GPCR function ....................ccooeee. 142
4.3.6. R168H is unable to bind apelin647 in a clinically relevant cardiomyocyte model
.................................................................................................................................. 145
B 1= od 1 1S3 [ o IS 146
4.4.1. Apelin receptor variants identified in the BRIDGE project impact on ligand binding,
receptor density, and reCeptor @XPreSSION......... it e e et e e e e et eeeeeeeeeannns 146

4.4.2. Discrepancies in apelin and ELA binding at the T89M apelin receptor variant.. 147
6



4.4.3. The R168H variant shows abolished function.............cccceoiiii, 149
4.4.4. The V38L variant shows good binding, but little internalisation, of apelin647.... 149

4.4.5. The R168H variant does not bind apelin647 in cardiomyocytes ....................... 149
4.5, Interpretation Of FESUILS .........uuuii i e 150
4.5.1. Summary of the V38L variant..............cooiiiiiiiiiii i e e e aaeens 150
4.5.2. Summary of the T8OM VAIaNT ........ccooiiiiieeeeeeee e 150
4.5.3. Summary of the RLI68H VAIiaNt .........cccooiiiiieeeeeeeeeeeeeeeeee e 151
Chapter 5. ACE2 as the SARS-CoV-2 entry receptor in cardiomyocytes............... 152
5.1 INETOAUCTION. ... 152
Lo |V = 1 o o 3PS 156
N R O | o U 0 ] = R 156
5.2.2. Opera Phenix High Content SCreening............ceeiiiieeiiiieiiiiee e 156
5.2.3. Immunohistochemistry and slide scanner imaging ..............cccccveveveeememeeeninnnnnns 157
5.2.4. Pseudotyped virus production and infection of hESC-CMS.............cccvvvviiineennn. 158
5.2.5. SARS-C0oV-2 infection in NESC-CMS ..........uuuuuiumiiiiiiiiiiiiiiiiinneeiennnnnnnn. 159
5.2.6. Data analysis and StatiStiCS ..........ccuuuiiiiiii e 159
LR T =TT 1 || £ 160
5.3.1 Human left ventricle and hESC-CMs express ACE2 and ancillary proteins utilised
by SARS-CoV-2 10 infeCt NOSt CEIIS .......ccoiiieiee e 160
5.3.2. Infection of hESC-CMs with SARS-CoV-2 spike pseudotyped virus, and
identification of novel inhibitors of iINfection .............cccoovviiiii e, 162
L I Tt U 1= o] o S 167
5.4.1. Cardiomyocytes express ACE2 and the ancillary protein machinery necessary for
Y AN R S OL0 A N | 1= ox 1 o] o T 167
5.4.2. hESC-CMs provide a model for SARS-CoV-2 spike protein pseudotyped viral
infection and screen for novel INhIDItOrS ...........uceiiiii i 168
5.4.3. Drug treatments and pseudotyped virus were not toxic in cardiomyocytes....... 170
5.4.4. Cardiomyocytes are susceptible to SARS-COV-2 VirUS.......cccoeeeeeeeiiiiiiiiieneeeennn, 171
LR T 0] o o] 113 o 1S S 171
Chapter 6. Tissue distribution of ACE2 and a novel short ACE2 isoform —
IMPlications iN COVID-19 ... .ot e e e e e e e e e e e e eeeeenes 173
L 200 O 1 0T [ [ 1T o TS 173
L2 1V = 1 g o o 3 178
6.2.1. Immunohistochemistry and slide scanner imaging ...........ccceeeeveeeeriieiiiiinnneeeenn. 178
6.2.2. Immunocytochemistry — ACE2 antibody validation ................ccccevvviiiiiiiiiiiinnnn. 179
G T o 1 i1 = 11 o P 180
6.2.4. Slide Scanner qUAaNTIfiCAtION ............uuuiii i 180
6.2.5. Opera Phenix High Content SCreening.............ueeiiiieeiiiieiiiiiii e 184

7



6.2.6. Multiphoton Microscope Leica TCS SP8 MP imaging........cccceevveeevvieiiiiiiineeeennn. 184

LG T =TT U £ 184
6.3.1. Tissues and organs targeted by SARS-CoV-2 express ACE2..........ccccccvvvvvnnnne 184
6.3.2. The short dACE2 isoform localises to epithelial cells in lung and liver but is not
enriched in the KIdNeY OF NEAIt..........cooiiiiiiii e 187
6.3.3. Tissue structures that are enriched with dACE2 show low binding with a
fluorescently tagged spike protein MONOMET .........ccovieiiiiieeee e 194

B.4. DISCUSSION ...ttt 196
6.4.1. ACEZ2 is present in organs infected and/or damaged by SARS-CoV-2............. 196
6.4.2. Short dACE2 shows distinct localisation in epithelial cells in lung and liver ...... 196
6.4.3. Implications of dACE2 in SARS-C0V-2 iNfECLION ...........uuuuuiimiiiiiiiiiiiiiiiiiiiiiiinns 198

B.5. CONCIUSIONS ..ottt 199

A OT0] ol [0To [ aTo I (=10 4 F= 1SS 201

7.1. Apelin reCePtOr SUMMAIY ......cccviiiiiiiiiiiiiee ettt 201

7.2. Apelin receptor StUdY FESUILS..........cooviiiiiiiiiiiiieee e 203

T.3. ACEZ SUMMAIY ...uiiiiiiiiii et e e et e e e e e et e e e e e e aaeaeeas 206

T4, ACE2 rESUILS ..o 208

7.5. FINAl CONCIUSIONS ...t 211

BiblIOGrapny ....cooviiiiiiiiiii 212



Acknowledgements

Many thanks to my supervisor, Professor Anthony Davenport for all of his guidance,
encouragement, and support throughout my PhD. He has always found the time to
discuss issues and ideas, no matter how big or small, and is always willing to share
his own expertise and experience of scientific research, general knowledge, and
college dinners. His guidance in the completion of this thesis itself is also much
appreciated, as is his enthusiasm for publishing and presenting data at conferences

to ensure that research is shared with anyone and everyone who wishes to access it.

Many thanks also to Dr Janet Maguire and Ms Rhoda Kuc, for their invaluable insight
into laboratory technique, data analysis, scientific writing, and radioligand binding.
They have both helped me become not only a better researcher, but a more well-
rounded individual over the course of my PhD. Their kindness, friendliness, and

provision of cake can also not go unacknowledged.

Thanks must be given to the other students in Professor Davenport’s lab. | have seen
Cai Read and Duuamene Nyimanu become Drs in my time here, and they were
instrumental in my training in the laboratory, in academia, and in Cambridge itself. |
am lucky to consider myself their friends. Dr Nicola Owen, Dr Petra Sulentic, and Dr
George Abraham, who have worked in clinical roles in Professor Davenport’s group,
have provided a ‘behind the curtain’ look at the translation of scientific research to
people and patients, which has been a privilege to observe and be a part of. Special
thanks to my colleague and friend, Ms Robyn Macrae, whose own research has
overlapped considerably with mine, meaning we spent considerable time helping each
other in the lab and office, all while signing along to the radio. | am sure we will remain

good friends for life.

| particularly thank the Wellcome Trust for funding this PhD project, and introducing
me to the other students on this programme, Dr Filip Cvetko, Dr Joy Shih, and Dr Vicky
AuYeung. | must also mention Dr Sam Galvin who joined us at the same time on the
BBSRC programme, and with whom | lived, together with Filip, for two years. They will

all be friends for life as well.



| must also thank collaborators of the work described in this thesis. Particular thanks
go to Mr Gregory Strachan in the MRL Imaging Hub, and collaborators at Sosei
Heptares (Mr Jason Brown, Dr Heather Currinn, and Dr Alastair Brown) who have
been instrumental in allowing me to conduct research in an industrial setting through

the ORBIT (Opportunities in Receptor Biology for Industrial Translation) collaboration.

Thank you to the Wellcome Trust for providing the funding and support needed to
complete the work outlined in this thesis. Appreciation is also given to the British
Pharmacological Society for the frequent opportunities to present work at national
conferences, and for providing travel grants to make it to these events when we were

able to.

Thank you to Pembroke College for hosting me as a graduate student in Cambridge
over my PhD. It has been, and still is, a privilege to call this college my home. The
graduate community at the college has been a great source of knowledge, inspiration,
and friendship. Particular mention must go to Ms Helena Gellersen and Ms Anna
Francis, fellow scientists at Pembroke — my experience of Cambridge was so much

better for having become friends with them.

| would like to thank my family, my mother and father (Catherin and Phil Williams) and
sister (Olivia Williams) for their love and support both in my PhD, and in all things
outside of it, and for reminding me that this thesis wasn’t going to write itself. | would
not have made it here without them. Thanks to my best friend, Jack Thompson, for
keeping me sane, and providing top tier entertainment whenever it was needed.
Finally, I would like to thank Ms Aisha Sobey, my wonderful partner, who has been
amazingly supportive, encouraging and just all around lovely... and who somehow put

up with me during the writing of this thesis.

10



Publications

Williams, T.L., Strachan, G., Macrae, R.G.C., Kuc, R.E, Nyimanu, D., Paterson, A.L.,
Sinha, S., Maguire, J.J. & Davenport, A.P. Differential expression in humans of the
viral entry receptor ACE2 compared with the short deltaACE2 isoform lacking SARS-
CoV-2 binding sites. Scientific Reports (2021).

Williams, T.L., Colzani, M.T., Macrae, R.G.C., Robinson, E.L., Bloor S., Greenwood
E.J.D., Zhan, J. R., Strachan, G., Kuc, R.E., Nyimanu, D., Maguire, J.J., Lehner, P.J.,
Sinha, S. & Davenport, A.P. Human embryonic stem cell-derived cardiomyocytes
express SARS-CoV-2 host entry proteins: screen to identify inhibitors of infection.
Communications Biology 4, 926 (2021).

Macrae, R.G.C., Colzani, M.T., Williams, T.L., Bayraktar, S., Kuc, R.E., Bernard,
W.G., Robinson, E.L., Maguire, J.J., Sinha, S. & Davenport, A.P. Knockdown of apelin
receptor reduces cardiomyocyte differentiation efficiency and contractility of human
embryonic stem cell-derived cardiomyocytes. Cardiovascular Research 00, 1-12
(2022)

Brevini, T., Maes, M., Webb, G.J., W.T.H., Forrest, S., Micochova, P., Dillon, S.,
Varankar, S., Darvish-Damavandi, M., Mulcahy, V.L., Kuc, R.E., Williams, T.L. ... &
Sampaziotis, F. FXR inhibition reduces ACE2 expression, SARS-CoV-2 infection and
may improve COVID-19 outcome. Nature (2021). In review. Pre-print available on
BioRxiv (https://www.biorxiv.org/content/10.1101/2021.06.06.446781v1).

Read, C., Nyimanu, D., Yang, P., Kuc, R.E., Williams, T.L., Fitzpatrick, C.M., Foster,
R., Glen, R.C., Maguire, J.J. & Davenport, A.P. The G Protein Biased Small Molecule
Apelin Agonist CMF-019 is Disease Modifying in Endothelial Cell Apoptosis In Vitro
and Induces Vasodilatation Without Desensitisation In Vivo. Front Pharmacol. 11:
588669 (2021).

11



Read, C., Yang, P., Kuc, R.E., Nyimanu, D., Williams, T.L., Glen, R.C., Holt, L.J.,
Arulanantham, H., Smart, A., Davenport, A.P. & Maguire, J.J. Apelin peptides linked
to anti-serum albumin domain antibodies retain affinity in vitro and are efficacious

receptor agonists in vivo. Basic Clin Pharmacol Toxicol. 6: 96-103 (2020).

Read, C., Nyimanu, D., Williams, T.L., Huggins, D.J., Sulentic, P., Macrae, R.G.C,,
Yang, P., Glen, R.C., Maguire, J.J. & Davenport, A.P. International Union of Basic and
Clinical Pharmacology. CVII. Structure and Pharmacology of the Apelin Receptor with
a Recommendation that Elabela/Toddler Is a Second Endogenous Peptide Ligand.
Pharmacological Reviews 71(4): 467-502 (2019).

Nyimanu, D., Kuc, R.E., Williams, T.L., Bednarek, M., Ambery, P., Jermutus, L.,
Maguire, J.J. & Davenport, A.P. Apelin-36-[L28A] and Apelin-36-[L28C(30kDa-PEG)]
peptides that improve diet induced obesity are G protein biased ligands at the apelin
receptor. Peptides. 121: 170139 (2019).

Yang, P., Read, C., Kuc, R.E., Nyimanu, D., Williams, T.L., Crosby, A., Buonincontri,
G., Southwood, M., Sawiak, S.J., Glen, R.C., Morrell, N.W., Davenport, A.P. &
Maguire, J.J. A novel cyclic biased agonist of the apelin receptor, MMO7, is disease
modifying in the rat monocrotaline model of pulmonary arterial hypertension. Br J
Pharmacol. 176(9): 1206-1221 (2017).

12



Published abstracts

Macrae, R.G.C., Williams, T.L., Colzani, M.T., Bloor, S., Zhan, J.R., Nyimanu, D.,
Kuc, R.E., Maguire, J.J., Lehner, P.J., Sinha, S. & Davenport, A.P. Abstract 10463:
Angiotensin-Converting Enzyme 2 (ACE2) is Rate-limiting for Severe Acute
Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) Viral Infection in Beating Stem
Cell-Derived Cardiomyocytes. Circulation. 2021.

Davenport, A.P., Nyimanu, D., Williams, T.L., Kuc, R.E., Foster, R., Glen, R.C. &
Maguire, J.J. Abstract 18896: G Protein Biased Peptide Apelin Receptor Agonist
Reverses Sugen/hypoxia-induced Pulmonary Hypertension as Effectively as the
Endothelin Antagonist, Macitentan. Circulation Research. 2020.9

13



Presentations

‘Mining the 100,000 Genome Bridge Project and validating new receptor targets in
cardiovascular disease’

Oral communication at BPS Pharmacology 2021 Apelin Symposium, online (Invited

Speaker)

‘Human embryonic stem cell-derived cardiomyocytes express SARS-CoV-2 host entry
proteins: a drug screen model that identifies two novel inhibitors of viral entry’

Oral communication at BPS Pharmacology 2021, online

J

‘ACE2, the viral entry ‘receptor’ for SARS-CoV-2 in the human cardiovascular system
Oral communication at Cambridge Institute of Therapeutic Immunology & Infectious
Disease (CITIID) COVID-19 Meeting 2021, online

‘High content high resolution confocal imaging to determine fluorescent ligand binding
at apelin receptor variants identified in human patients with rare cardiovascular
disease’

Poster and Flash talk at BHF CRE Annual Research Symposium 2021, online; Poster

at BPS Pharmacology 2020, online

‘Apelin receptor mutations identified in human patients with rare diseases impact
receptor distribution, binding, and function’

Oral _communication at BPS Pharmacology 2019, Edinburgh (UK); Metabolic
Research Laboratories (MRL) Student Symposium 2019, Cambridge (UK)

‘High content high resolution confocal imaging to characterise mutations in the apelin
receptor identified in patients from the 13,000 Genomes Project’
Poster at Milner Therapeutics Symposium 2019, Cambridge (UK)

14



‘Using High-Content Imaging to characterise apelin receptor mutations identified in
patients with rare cardiovascular diseases’

Poster at Physiological Society, Biochemical Society and British Pharmacological
Society Life Sciences 2019: Post-Translational Modifications and Cell Signalling
Meeting, Nottingham (UK)

‘HIGH CONTENT HIGH RESOLUTION CONFOCAL IMAGING TO CHARACTERISE
MUTATIONS IN THE APELIN RECEPTOR IDENTIFIED IN PATIENTS FROM THE
100,000 GENOMES PROJECT’

Poster at BSCR/BAS Joint Spring Meeting 2019, Manchester (UK); Department of
Medicine Research Day 2019, Cambridge (UK)

‘Mining 13,000 genomes to characterise rare apelin receptor mutations in disease’
Poster at BPS 7th Focused Meeting on Cell Signalling 2018, Nottingham (UK); BAS
Annual Meeting 2018, Cambridge (UK); Department of Medicine Research Day 2018,
Cambridge (UK)

‘Does apelin signalling act in a paracrine manner to influence glucose uptake in the

gastro-intestinal tract?’
Poster at BPS Pharmacology 2017, London (UK)

15



Personal Training Record

Laboratory equipment training

March 2019
Nov 2018
Nov 2018
March 2018
March 2018
Feb 2018
Oct 2017

Safety courses

2016-2021
2016-2021
2016-2021
Sep 2017
Sep 2017
Sep 2017
March 2017
Jan 2017
Oct 2016
Oct 2016
Oct 2016
Oct 2016
Oct 2016

MRL Zeiss Axio Scan Z1 slide scanner training

MRL Opera Phenix High Content Screening System training
CRUK Image Analysis with FiJi

MRL Multiphoton Microscope Leica TCS SP8 MP training

BRC Phenotyping Hub BD FACS Cant Il flow cytometry training
ACCI Level 6 Cell Culture Induction training

MRL Zeiss LSM 510 Meta Inverted Confocal Microscope training

EMIT Annual Health & Safety seminar
Fire Safety Training

Equality & Diversity Training
Bribery Act Training

Health & Safety Induction

NHS Fire Safety Seminar

IMS Safety Seminar

Sharps Safety Seminar
Radioactive Substances
Chemical Safety Course
Microbiological Safety Cabinets
Health & Safety Induction

Graduate Induction Seminars

16



Graduate School of Life Sciences (GSLS) Core Skills and Training Programme

(CSTP)

April 2018
Feb 2018
Dec 2016
Oct 2016
Oct 2016

Other

Jan 2018
March 2017
Jan 2017
Oct-Dec 2016
Nov 2016

Oct 2016

CSTP Time Management Package

CSTP Writing an Academic Report Course
CSTP Introduction to Scientific Writing Course
CSTP Skills Analysis Survey

CSTP Development Plan

Effective Researcher Training Day

IMS volunteer at Cambridge Science Festival

Rising Stars Public Engagement Course

BBSRC DTP Statistics Course

The "Big Four" Databases For Your Literature Search Course

Research Integrity Course

17



Abstract

The apelin receptor is a class A GPCR that binds two endogenous peptide ligands,
apelin and elabela/Toddler (ELA), to induce positive cardiac inotropy and
vasodilatation in the cardiovascular system. The apelin receptor provides a tractable
therapeutic target for multiple cardiovascular diseases, such as pulmonary arterial
hypertension, heart failure, and bleeding disorders, where the receptor also mediates
antithrombotic responses.

Here, four novel fluorescent ligands, designed as functional analogues of endogenous
apelin and ELA peptides, were validated and used as a versatile tool for the qualitative
and quantitative determination of pharmacological parameters of the apelin receptor.
The fluorescent ligands were also used, with other techniques, to study apelin receptor
variants identified in the genomes of human patients with rare cardiovascular diseases
recruited to the NIHR BRIDGE project. The V38L, T89M, and R168H variants showed
distinct effects on apelin receptor pharmacology. V38L reduced receptor localisation
at the membrane, but was able to bind fluorescent apelin and showed little
internalisation. T89M, uniquely, was able to bind fluorescent apelin but not fluorescent
ELA. R168H was unable to bind apelin receptor ligands, and was consequently
inactive, pointing to loss of pharmacological function.

ACE2 is a zinc-metalloproteinase type 1 transmembrane protein that cleaves
angiotensin peptides to counter-regulate the renin-angiotensin-aldosterone system in
the cardiovasculature and mediate hypotensive responses. The protein also acts as
the membrane receptor for human coronaviruses, including SARS-CoV-2, the cause
of the COVID-19 pandemic.

Here, ACE2 was identified in human left ventricle tissue, and in a human embryonic
stem cell-derived cardiomyocyte model that was used to screen for novel inhibitors of
viral infection. Benztropine (an inhibitor targeting B°AT1 that complexes with ACE2)
and DX600 (a peptide antagonist of ACE2), were shown to exhibit antiviral properties
for the first time. Additionally, the tissue expression and distribution of a recently
identified novel short ACE2 isoform that does not bind SARS-CoV-2, revealed
enrichment of the short isoform in respiratory and bile duct epithelia.

The work in this thesis advancement our understanding of both the apelin receptor

and ACE2 as regulators human cardiovascular health and disease.
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Abbreviations & Acronyms

ACE = angiotensin-converting enzyme

ACE2 = angiotensin-converting enzyme 2

ADAML17 = A disintegrin and metallo-protease 17

ADP = adenosine diphosphate

AGTRL1 = angiotensin like receptor 1, alias for apelin receptor
Akt = protein kinase B

AlbudAb = anti-serum albumin domain antibody

AMPK = 5" adenosine monophosphate-activated protein kinase
ANOVA = analysis of variance

APELA = human ELA gene, apelin receptor early endogenous ligand
Apelin = APJ endogenous ligand

APJ = former name for apelin receptor

APLN = human apelin peptide gene

APLNR = human apelin receptor gene

aplnra = zebrafish apelin receptor type a

aplnrb = zebrafish apelin receptor type b

AT1 = angiotensin Il type 1 receptor

AT2 = angiotensin Il type 2 receptor

AVP = arginine vasopressin

BPAT1 = sodium-dependent neutral amino acid transporter

B1 = bradykinin receptor 1

B2 = bradykinin receptor 2

Bmax = receptor density

BMI = body mass index

BMPR2 = bone morphogenetic protein type 2 receptor
BMPR4 = bone morphogenetic protein type 4 receptor

BPS = British Pharmacological Society

BSA = bovine serum albumin

Ca?* = calcium ion

CAB = cell assay buffer

Caco-2 = human colon carcinoma cell
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Calu-3 = human lung cancer cell

CaM = calmodulin

CAMP = cyclic adenosine monophosphate

CCR3 = C-C chemokine receptor type 3

CCRS5 = C-C chemokine receptor type 5

CD = cluster of differentiation

CD13 = aminopeptidase N

cGMP = cyclic guanosine monophosphate

CHO = Chinese hamster ovary cell

CHO-APLNR = CHO-K1 cells stably expressing human apelin receptor
CHO-K1 = subclone of CHO cell line

CHO-WT = CHO-K1 cells left untransfected

CITIID = Cambridge Institute of Therapeutic Immunology & Infectious Disease
CO2 = carbon dioxide

COVID-19 = corona virus disease 2019

CPR = cell plating reagent

CRISPR = clustered regularly interspaced short palindromic repeats
CTSB = human cathepsin B gene

CTSL = human cathepsin L gene

CXCR4 = C-X-C chemokine receptor type 4

dACE2 = short deltaACE2 isoform

DAG = diacylglycerol

DMEM = Dulbecco's Modified Eagle Medium

DMR = dynamic mass redistribution

DMSO = dimethyl sulfoxide

E8 = essential 8 media

EA = enzyme acceptor

ECso = concentration of drug required to elicit 50% of maximum effect
ED = enzyme donor

eGFP = enhanced green fluorescent protein

ELA = shorthand for elabela/Toddler

Elabela = epiboly late because of endoderm late

EMA = European Medicines Agency
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Emax = maximum response elicited by a drug
eNOS = endothelial nitric oxide synthase

ERK = Extracellular signal-regulated kinase
FBS = foetal bovine serum

FDA = U.S. Food and Drug Administration
FGF2 = fibroblast growth factor 2

FSK = forskolin

GFP = green fluorescent protein

GLP-1 = glucagon-like peptide-1

gp120 = glycoprotein 120

GPCR = G protein-coupled receptor

GRK = G protein-coupled Receptor Kinase

Gai = Gi alpha subunit

Gag = Gq alpha subunit

H&E = haematoxylin & eosin

HBSS = Hank's balanced salt solution
HCoV-NL63 = human corona virus NL63
HEK293 = human embryonic kidney 293 cells
HEK293T = subclone of HEK293 cell line

hESC = human embryonic stem cell

hESC-CM = human embryonic stem cell-derived cardiomyocyte
HGNC = HUGO Gene Nomenclature Committee
HIV = human immunodeficiency virus

HLV = human left ventricle

HUGO = human genome organisation

Huh-7 = human hepatocyte-derived carcinoma cell
IBMX = 3-isobutyl-1-methylxanthine

IMEM = Iscove's Modified Dulbecco's Medium
IPs = inositol 1,4,5-trisphosphate

iIPSC = induced pluripotent stem cell

IUPHAR = International Union of Pharmacology
IWR1-endo = Wnt signalling pathway inhibitor
K16P = apelin-17(-16)
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Kb = dissociation constant

KD = knockdown

Ki = inhibitory constant

KKS = kinin-kallikrein system

KLF2 = Kruppel-like Factor

LED = light emitting diode

Ly294002 = phosphoinositide 3-kinase inhibitor
MAPK = mitogen-activated protein kinase
MAS1 oncogene = MAS receptor

MC4R = melanocortin 4 receptor

MCT = monocrotaline

MLCK = myosin light chain kinase

MOI = multiplicity of infection

MRNA = messenger RNA

NA = numerical aperture

NBD = no binding determined

NCX = sodium-calcium exchanger

NHE1 = sodium-hydrogen antiporter 1

NHS = National Health Service (UK)

NIHR = National Institute for Health Research
NO = nitric oxide

NSB = non-specific binding

p70S6K = ribosomal protein S6 kinase beta-1
PAH = pulmonary arterial hypertension

PBS = phosphate buffered saline

PCR = polymerase chain reaction

PCSK3 = proprotein convertase substilisin/kexin 3
pD2 = -log10 ECso

PEG = polyethylene glycol

PI13K = Phosphoinositide 3-kinase

PKCe = protein kinase C €

PLCPB = phospholipase C 3

PolyPhen-2 = Polymorphism Phenotyping v2
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PWYV = peak wavelength value

RAAS = renin-angiotensin-aldosterone system
RLU = relative light units

ROCKI = Rho-associated protein kinase inhibitor
ROI = region of interest

S protein = spike protein

s.e.m. = standard error of the mean

SARS-CoV = severe acute respiratory syndrome coronavirus
SARS-CoV-2 = severe acute respiratory syndrome coronavirus 2
SD = standard deviation

SIFT = Sorting Intolerant From Tolerant

SIV = simian immunodeficiency virus

SLC6A19 = human B°AT1 gene

tu2 = half-life

TCIDso = Median Tissue Culture Infectious Dose
TMPRSS2 = transmembrane protease serine 2
TNFa = tumour necrosis factor a

U20S = human osteosarcoma-derived cell
VeroE6 = African green monkey kidney cell

VSV = vesicular stomatitis virus

VSV-G = vesicular stomatitis virus G glycoprotein
WGA = wheat germ agglutinin

Wnt = Wingless and Int-1 signalling pathway

WT = wild-type
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Figure 1.1. Schematic showing some of the proposed signalling cascades
induced by apelin receptor stimulation in the cardiovascular system.

Figure 1.2. Snake plot showing the 380 amino acid apelin receptor.
Figure 1.3. Snake plot showing the 380 amino acid apelin receptor, with amino
acids critical for internalisation (red), trafficking (green), signalling (pink), or

binding (blue).

Table 1.1. Key amino acid interactions regulating binding of a modified apelin*

ligand and ELA-11 endogenous peptide to apelin receptor.

Figure 2.1. Representative sample traces from the dynamic mass redistribution

assay.

Figure 2.2. Schematic showing the principle behind the cAMP accumulation

assay.

Figure 2.3. Validation of the cAMP accumulation assay.

Figure 2.4. Schematic showing the principle behind the internalisation assay.

Figure 3.1. Amino acid (single letter code) structures of apelin based peptides

used in this thesis.

Figure 3.2. Amino acid (single letter code) structures of ELA based peptides

used in this thesis.

Figure 3.3. Validation of CHO cells stably expressing human apelin receptor
(CHO-APLNR).
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Figure 3.4. Association of apelin647 in CHO-APLNR over a 90 mins time-

course.

Figure 3.5. Competition binding at apelin receptor of peptides described in this
thesis, against [*?°l]-apelin-13 (0.1 nM) in human left ventricle tissue

homogenate (1.5 mg/mL).

Figure 3.6. Validation of peptides described in this thesis in in vitro functional

assays.

Table 3.1. Summary of pharmacological parameters for the peptide ligands

described in this thesis.

Figure 3.7. Representative confocal fluorescent images of human kidney
cortex sections treated with the fluorescent ligands apelin488 (1 pM, left, shown

in green), or ELA488 (1 uM, centre, shown in green).

Figure 3.8. Representative high content confocal fluorescent images of human
embryonic stem cell-derived cardiomyocytes — either wild-type, or with an
apelin receptor knockdown (APLNR KD) — treated with 300 nM apelin647 (red)

for 90 mins.

Figure 3.9. The fluorescent ligand, apelin647, is a robust tool for exploring the

pharmacology of the apelin receptor using high content imaging.

Figure 3.10. Internalisation of fluorescent apelin647 (300 nM) in CHO-APLNR,

over a 90 mins time-course.

Figure 3.11. Schematic showing apelin receptor internalisation following

stimulation with a ligand.
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Figure 4.1. Schematic showing the points at which mutation can impact on

GPCR signal transduction.

Table 4.1. Saturation radioligand binding preliminary screen performed by Ms
Rhoda Kuc.

Figure 4.2. Snake plot showing the 380 amino acid apelin receptor with the
single-point substitutions and deletions identified in the BRIDGE project

highlighted in colour.

Figure 4.3. High content assessment of apelin receptor variant expression.

Figure 4.4. Representative high content confocal fluorescent images showing
fluorescent ligand binding (shown in red) at apelin receptor variants tagged at

the C-terminus with eGFP (shown in green).

Figure 4.5. Saturation binding in high content imaging. Quantification of mean
whole cell fluorescence (emitted light at wavelength of 647 nm, background
corrected) in CHO-K1 cells transiently expressing wild-type (WT, black) apelin
receptor or apelin receptor variants V38L (blue), T89M (red), or R168H (purple)

and treated with a concentration range (1 — 300 nM) of apelin647.

Figure 4.6. [**°I]-apelin-13 radioligand binding in apelin receptor variants.
Figure 4.7. Dynamic mass redistribution GPCR functional assay response
(shown as the change in peak wavelength value, APWV, from baseline) of wild-
type (WT, black) apelin receptor versus the variants V38L (blue), T89M (red),

or R168H (purple) following stimulation with [Pyri]apelin-13.

Figure 4.8. Representative high content confocal fluorescent video snapshots

showing apelin647 binding and internalisation over a 90 mins time-course.
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Figure 4.9. Representative high content confocal fluorescent images of human
embryonic stem cell-derived cardiomyocytes — either wild-type (WT, left
column) or an R168H variant line (right column) — treated with 300 nM
apelin647 (red) for 90 mins.

Figure 5.1. Simple schematic (created in BioRender.com) showing the

mechanisms SARS-CoV-2 uses to infect host cells.

Table 5.1. Markers wused in immunochemistry, with respective

concentrations/dilutions used.

Table 5.2. Summary of the protein targets and compounds used in a drug
screen looking for inhibitors of SARS-CoV-2 spike protein pseudotyped viral

infection.

Figure 5.2. ACE2 and ancillary proteins used by SARS-CoV-2 are present in

hESC-CMs and human left ventricle tissue.

Figure 5.3. Schematic showing the experimental workflow for generation of
hESC-CMs before plating in 96-well plates.

Figure 5.4. SARS-CoV-2 spike pseudotyped viral infection, and
pharmacological inhibition, in hESC-CMs.

Figure 5.5. Still shots from brightfield videos of hESC-CMs treated with media
containing SARS-CoV-2 spike pseudotyped virus (a), media containing no viral
particles (b), or media containing vesicular stomatitis virus (VSV-G)
pseudotyped lentivirus (c).

Fig 5.6. Representative images (from n = 2 independent experiments) of hESC-

CMs infected with isolated SARS-CoV-2, tested at several different titres
(0.001-0.1 multiplicity of infection, MOI) and incubation times (24-72 hours).
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Figure 6.1. Data showing ACE2 protein (a) and mRNA (b) expression in human

central and peripheral tissues from the Human Protein Atlas.

Figure 6.2. Schematic of full-length ACE2 (left) and the short dACE2 isoform
(right).

Table 6.1. Markers wused in immunochemistry, with respective

concentrations/dilutions used.

Figure 6.3. Sequence of the fluorescently tagged SARS-CoV-2 spike receptor

binding motif protein monomer (spike-AF647).

Figure 6.4. Representative examples of quantification of ACE2 fluorescence in

regions of interest (ROI) of human tissue sections using ZEN software (Zeiss).

Figure 6.5. Brightfield images of H&E stained human tissue sections used to

facilitate identification of regions of interest (ROI).

Figure 6.6. Representative slide scanner fluorescent images showing positive
immunoreactivity for ACE2 protein in human tissues infected and/or damaged
by SARS-CoV-2.

Figure 6.7. Graphical data showing quantification of fluorescence intensity
(mean £ SD) for ACE2 fluorescence, measured in grayscales at a bit depth of
16, in regions of interest (ROI) in human tissue sections (n = 6 ROI, across n 2

2 tissue donors) imaged as in Fig 6.6.

Figure 6.8. Expression of full-length ACE2 versus short dACEZ2 in human tissue

sections (n = 3 individual donors, stained in duplicate).

Figure 6.9. Quantification of differential staining with ACEZ2poly and

ACE2mono as a surrogate measure of ACE2 isoform enrichment.
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P192 Figure 6.10. Validation of ACE2poly and ACE2mono antibodies in a CHO-K1

cell model artificially expressing ACE?2.

P194 Figure 6.11. A SARS-CoV-2 spike receptor binding motif protein monomer
(spike-AF647) binds at low levels to structures enriched with dACE2.

P197 Table 6.2. Summary of interacting amino acids in SARS-CoV-2 spike protein
bound to ACEZ2 identified in structural modelling in Yan et al., 2020.
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Chapter 1. Thesis introduction

1.1. Background

Cardiovascular disease encompasses any pathology associated with the
cardiovascular system, comprising the heart and blood vessels. A great number of
disorders can arise in the cardiovascular system, from coronary heart disease to
cerebrovascular disease to thromboembolism, but it is critical to note that
cardiovascular disease, in all its forms, accounts for ~32 % of mortality (Stewart et al.,
2017; 2020), and is the leading cause of death and disability (Flora & Nayak, 2019;
Nghiem et al., 2019). Many lifestyle choices, such as smoking, high fat and/or high salt
diets, alcohol consumption, and lack of exercise, contribute significantly to
cardiovascular disease risk, but congenital defects, co-morbidities, age, sex, and
ethnic background are also critical determinants (Flora & Nayak, 2019). Whilst many
cardiovascular pathologies can be mitigated through lifestyle changes, and
pharmaceutical intervention (Aminde et al., 2018; Nghiem et al., 2019), including lipid-
lowering statins (Taylor et al., 2013; Kazi et al., 2017) and blood-pressure lowering
drugs (Rahimi et al., 2021), there are still expansive gaps in the prevention and

treatment of cardiovascular disease (Flora & Nayak, 2019).

This thesis describes the exploration of two critical protein regulators of cardiovascular
health and disease, the apelin receptor and angiotensin-converting enzyme 2 (ACE2).
The apelin receptor (formerly known as APJ) (O’Dowd et al., 1993; Pitkin et al., 2010)
is a class A G protein-coupled receptor (GPCR) that binds two endogenous peptide
ligands, apelin (Tatemoto et al., 1998) and elabela/Toddler (ELA) (Chng et al., 2013;
Pauli et al., 2014), to induce highly potent vasoactive and inotropic effects (Yang et
al., 2015). ACEZ2 on the other hand, is a zinc-metalloproteinase type 1 transmembrane
protein (Tipnis et al., 2000; Donoghue et al., 2000; Hamming et al., 2007) that
regulates the renin-angiotensin-aldosterone system (RAAS), counteracting
angiotensin Il vasoconstriction and fluid retention, to lower blood pressure (Burrell et
al., 2004; Hamming et al., 2007; Tikellis et al., 2011). Intriguingly, ACE2 also acts as
a host cell surface receptor for viral entry of the coronaviruses, severe acute

respiratory syndrome coronavirus (SARS-CoV) (Li et al., 2003; Kuhn et al., 2004) and
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human corona virus NL63 (HCoV-NL63) (Hofmann et al., 2005). ACE2 subsequently
emerged as the target receptor for severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2), the cause of the on-going COVID-19 (corona virus disease 2019)
pandemic (Hoffmann et al., 2020; Wrapp et al., 2020; Yan et al., 2020; Yang et al.,
2020), attracting much attention as a potential target for COVID-19 treatment
(Alexander et al., 2020; Gaziano et al., 2021). Perhaps unsurprisingly, the case fatality
rate in COVID-19 patients rises from 2.3 % to 10.5 % in the presence of cardiovascular
comorbidities (Kang et al., 2020; Sommerstein, 2020; Robinson et al., 2020). In a small
study, nearly 28 % of patients with confirmed COVID-19 were shown to have elevated
troponin T levels — a surrogate measure of myocardial injury (Guo et al., 2020).
COVID-19 mortality rose from 7.62 % in otherwise normal controls to 13.33 % in
patients with underlying cardiovascular morbidities, and to 69.44 % in patients with
underlying cardiovascular comorbidities that also presented with elevated troponin T.
Further, the mortality rates of patients taking or not taking angiotensin-converting
enzyme inhibitors/angiotensin receptor blockers was 36.8 % and 21.4 % respectively,
indicating higher mortality in patients on cardiovascular medicines treating an
underlying condition. Additionally, viral particles with associated myocarditis has been
observed in autopsy samples from COVID-19 patients (Bailey et al., 2021; Italia et al.,
2021). Whether cardiac damage in COVID-19 is induced directly via ACE2, or via
indirect mechanisms such as inflammation or hypoxia associated with the disease,

remains to be fully elucidated, but a combination of both is probable (ltalia et al., 2021).

Two overarching aims have been addressed in this thesis. The first aim was to
characterise the apelin signalling axis using novel fluorescent ligands and mutational
analyses (utilising apelin receptor variants identified in human patients), to explore the
therapeutic potential of this GPCR target in cardiovascular disease, improving on our
current knowledge of the protein and facilitating informed drug design. The second
aim was to characterise the therapeutic potential of ACE2, particularly in relation to its
role in SARS-CoV-2 infection, providing a strategy for development of pharmaceutical
therapies combatting COVID-19.
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1.2. Apelin receptor

1.2.1. G protein-coupled receptors

G protein-coupled receptors (GPCRs) make up the largest family of signal transducing
cell membrane bound receptor proteins that are targeted by clinically approved
medicines, with approximately 700 drugs (~35 % of all approved drugs) mediating their
effects through GPCRs (Santos et al., 2017; Sriram & Insel, 2018). Upon engagement
with an external stimulus (e.g. a ligand), the seven transmembrane domains of a
GPCR may adopt a conformation that allows for interaction with intracellular proteins
such as heterotrimeric G proteins or B-arrestins (Weis & Kobilka, 2018). Classically,
ligands that promote G protein activation and subsequent second messenger
signalling were thought of as agonists, with antagonists simply blocking those effects
(Wisler et al., 2018). More recently, it is acknowledged that ligands can stabilise
GPCRs to facilitate interaction with a select few components of that receptor’s
functional repertoire (Wisler et al., 2014). Ligands are now realised as potentially
displaying functional selectivity, or bias, towards one receptor pathway over others,
with this having important ramifications in the understanding of cell biology and drug

discovery.

Of the 800 GPCRs identified in the human genome, over 400 respond to sensory
stimuli (olfaction, taste, light), whilst the remaining ~350 mediate signalling through
small molecule, peptide, or protein ligands (Mombaerts., 2004). The GPCR
superfamily is divided into classes based on sequence homology (Alexander et al.,
2019). Class A (rhodopsin-like) is the largest division, comprising 197 receptors with
known ligands that typically bind to a site in the seven transmembrane domains (Basith
et al., 2018). Class B (secretin receptor family) is made up of 20 receptors that bind
peptide ligands at sites in the seven transmembrane or extracellular domains. Class
C (metabotropic glutamate receptor family) receptors possess an extracellular Venus
flytrap module ligand-binding pocket. A remaining 87 GPCRs, split between the
different classes, have unknown ligands (thus are termed orphan receptors), and it is
currently unknown if these will provide novel therapeutic targets (Davenport et al.,
2020).
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1.2.2. Apelin receptor overview

The apelin receptor is a 380 amino acid long Class A GPCR (UniProt ID: P35414),
identified based on its 30% sequence homology (up to 54% in the transmembrane
domains) with the angiotensin Il type 1 (AT1) receptor (O’'Dowd et al., 1993). The apelin
receptor was shown not to bind angiotensin Il however, and was not paired with its
first cognate ligand, apelin (APJ endogenous ligand) until five years later, when it was
identified in bovine stomach extract (Tatemoto et al., 1998). The apelin gene (APLN)
encodes a 77 amino acid preproprotein that is predicted to undergo proteolytic
cleavage at dibasic residue sites to form several active apelin peptide fragments —
apelin-36 (Habata et al., 1999), apelin-17 (Masri et al., 2005), apelin-13 (Tatemoto et
al., 2001), and pyroglutamated [Pyr']apelin-13 (Maguire et al., 2009).

A second endogenous apelin receptor peptide ligand was discovered independently
by two groups, and was named elabela (epiboly late because of endoderm late) after
the developmental phenotype induced in zebrafish (Danio rerio) elabela null embryos
(Chng et al., 2013). The other group named the peptide ‘“Toddler’ after absence or
overproduction of the peptide was observed to reduce motility of mesendodermal cells
during zebrafish gastrulation (Pauli et al., 2014). The peptide will herein be referred to
as ELA. The Apela (zebrafish) and APELA (human) (where APELA stems from apelin
receptor early endogenous ligand) genes were identified in a conserved region of the
genome that was previously designated as non-coding, and encodes a 54 amino acid
prepropeptide that is highly conserved between vertebrate species (Chng et al., 2013;
Pauli et al., 2014). As with apelin, ELA is thought to undergo proteolytic cleavage,
generating smaller active isoforms (ELA-32, ELA-22, ELA-21, and ELA-11) which
share little sequence similarity (~25%) with apelin (Chng et al., 2013; Pauli et al., 2014;
Xie et al., 2014; Murza et al., 2016).

1.2.3. Apelin receptor expression

The apelin receptor is encoded by the APLNR gene, localised to chromosome 11q12,
with no known receptor subtypes observed in mammals (O'Dowd et al., 1993;
Katugampola et al., 2001) — although there are two receptors (aplnra and apinrb) in
zebrafish (Deshwar et al., 2016). The receptor is highly conserved among vertebrate

species with the human receptor sharing 89 % and 91 % sequence homology with the
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377 amino acid long rat (Rattus norvegicus) and mouse (Mus musculus) receptors
respectively (Pitkin et al., 2010; Narayanan et al., 2015). Of the zebrafish receptors,
aplnrb shares greater identity with the human receptor (Scott et al., 2007).

The apelin receptor is widely distributed, with mRNA expression observed in the
central nervous system (including the majority of brain regions, and the spinal cord)
(Medhurst et al., 2003; Pope et al., 2012), and in many peripheral tissues including the
heart, lungs, spleen, kidney, and liver (Hosoya et al., 2000; O’Carroll et al., 2000;
Katugampola et al., 2001; Medhurst et al., 2003; Kleinz & Davenport, 2005; Wang et
al.,, 2015). Apelin receptor is also observed in cardiomyocytes, and vascular
endothelial and smooth muscle cells (Kleinz et al., 2004). Additionally, apelin receptor
expression in platelets has been shown recently (Adam et al., 2016).

1.2.4. Apelin peptides

As mentioned, the apelin receptor binds two endogenous peptide ligands, apelin and
ELA, that are both proteolytically cleaved into smaller active fragments. Despite the
low amino acid sequence identity (~25 %) between the peptides, there is a similarity
in the positioning of hydrophobic amino acids, and both peptides dock into the same
binding site in molecular dynamics simulations (Yang et al., 2017a). The precise
reasons for why the receptor binds two endogenous ligands remain unclear, but raises
interesting questions regarding the spatiotemporal pattern of signalling that the
receptor may mediate. Additionally, the observation of two receptors in zebrafish may

point to an evolutionary loss of one receptor whilst two ligands remain.

The apelin gene (APLN) is localised at chromosome Xq25-26.1 (Lee et al., 2000).
Apelin peptide is expressed widely, and generally shares a similar distribution pattern
to apelin receptor, suggesting an autocrine/paracrine mode of signalling is likely.
Apelin mMRNA has been observed in the central nervous system (all brain regions and
spinal cord) (De Mota et al., 2000; Lee et al., 2000; Medhurst et al., 2003), and in the
heart, vasculature (endothelium and smooth muscle), lungs, spleen, kidney, liver,
skeletal muscle, testes, gastrointestinal tract (small intestine), and adipocytes (Habata
et al., 1999; Lee et al., 2000; Kawamata et al., 2001; Medhurst et al., 2003; Kleinz et
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al., 2004; Boucher et al., 2005). Apelin peptide is also expressed in platelets (Adam et
al., 2016).

Following translation, the 77 amino acid preproapelin is cleaved at an N-terminal
secretory sequence to generate 55 amino acid proapelin, before subsequent cleavage
is predicted to form shorter isoforms (apelin-36, apelin-17, and apelin-13) (Kleinz &
Davenport, 2005; Pitkin et al.,, 2010; Shin et al., 2013). Generation of smaller
fragments may occur sequentially, but proapelin has also been shown to be directly,
and specifically, cleaved to apelin-13 by proprotein convertase substilisin/kexin 3
(PCSK3 or furin) (Shin et al., 2013). The N-terminal glutamine of apelin-13 can
spontaneously cyclise to form pyroglutamated [Pyrt]apelin-13, the most abundant
isoform in human cardiac tissue (Maguire et al., 2009), likely due to the protection from
peptidase activity that the pyroglutamate offers (Habata et al., 1999). The C-terminal
F of apelin is actually a cleavage product for ACE2 (Vickers et al., 2002; Wang et al.,
2016), where resultant apelin-13(1-12) is still biologically active (Yang et al., 2017b).
Further cleavage at the N-terminus to form apelin-13(-11, and at the C-terminus to
form apelin-13@2-12) generates the two smallest fragments known to display activity
(Zhang et al., 2016). Recently, [Pyri]lapelin-13@1-12), [Pyri]apelin-13@-10, and
[Pyri]apelin-1316) have been identified as metabolites following [Pyri]apelin-13
infusion in human plasma (Nyimanu et al., 2019).

1.2.5. ELA peptides

The ELA gene (APELA) is localised at chromosome 4g32.3 (HGNC, HUGO Gene
Nomenclature Committee). As a more recently discovered gene, the expression of
APELA mRNA, and its peptide transcript, is less well defined, but it appears to be more
restricted than apelin (Read et al., 2019). ELA is a critical growth factor for embryonic
heart development and is abundantly secreted by human embryonic stem cells, where
it promotes self-renewal and pluripotency (Ho et al., 2015). In adult human, ELA is
expressed in the kidney and prostate (Chng et al., 2013; Wang et al., 2015). ELA is
also present in the adult cardiovascular system, in the endothelium and plasma (at

higher levels than apelin peptides), but not in cardiomyocytes (Yang et al., 2017a).
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ELA is transcribed as a 54 amino acid protein containing a secretory sequence and
32 amino acid mature peptide (ELA-32), with suspected furin cleavage sites predicted
to yield smaller fragments such as ELA-23, ELA-22, ELA-21, ELA-14, and ELA-11 that
are active in adult mammalian systems (Chng et al., 2013; Pauli et al., 2014; Murza et
al., 2016; Yang et al., 2017a).

The role of ELA as the second apelin receptor ligand was predicted prior to its definitive
discovery due to discrepancies between apelin and apelin receptor knockout models,
where apelin ligand knockout mice were shown to be viable, fertile, and fully
developed, whilst apelin receptor knockout mice were embryonic lethal (born in a sub-
Mendelian ratio), with many displaying aberrant cardiovascular development (Kuba et
al., 2007; Charo et al., 2009; Kang et al., 2013). In zebrafish, the naturally occurring
grinchs®%® (W85L) mutation in aplnrb — which prevents binding of apelin — induces a
severe reduction in myocardial progenitor cells and cardiomyocytes (Scott et al., 2007;
Zeng et al., 2007), resulting in poor/absent cardiac development and resembling apelin
receptor knockout in mice. Zebrafish ELA mutants exhibit a similar phenotype to
grinchs®%  whilst loss of apelin peptide alone results in a less severe phenotype,
suggesting ELA is the primary activator of the apelin receptor during cardiac
development. Further evidence for this comes from the fact that apelin peptide is not
expressed during early gastrulation whereas the apelin receptor is, and peak ELA and
apelin receptor expression coincide during days five to nine of zebrafish gastrulation
(Pauli et al., 2014).

Overall, the identification of ELA, a critical GPCR ligand, in a region of the genome
previously classed as non-coding is an exciting discovery, and it remains to be seen if
there are further uncharacterised peptide ligands to be found for remaining orphan

receptors that have not been paired with their cognate ligands.

1.2.6. Apelin receptor signalling

The apelin receptor mediates a multitude of physiological responses. As a GPCR, the
receptor transduces signals from outside of cells (e.g. the peptide hormones apelin
and ELA) to the inside, via intracellular coupling to members of the second messenger

complement, such as G protein subunits and B-arrestin proteins. To use the apelin
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receptor as a therapeutic target, the cellular signalling cascades that it interacts with

need to be well characterised.

Regarding G proteins, the apelin receptor shows a degree of promiscuity coupling to
Gai1 and Gaiz subunits, but not Gais, to inhibit forskolin stimulated adenylyl cyclase
dependent cAMP accumulation in a pertussis toxin sensitive manner (Habata et al.,
1999; Hosoya et al., 2000; Masri et al., 2006) and Gag subunits to mediate
phospholipase C B (PLCB) dependent increases in intracellular Ca?* (Choe et al.,
2000; Szokodi et al., 2002; Japp & Newby, 2008). Gai subunits can stimulate the
MAPK/ERK and PI3K/Akt pathways, both of which may result in phosphorylation of
endothelial nitric oxide synthase (eNOS) to increase nitric oxide production (Makowski
et al., 2015).

Following agonist treatment, G protein-coupled Receptor Kinase (GRK)
phosphorylation has been shown to facilitate recruitment of B-arrestin 2 to the apelin
receptor (Masri et al., 2006; Murza et al., 2012; Chen et al., 2014; Pope et al., 2016).
Interestingly, a mechanosensor apelin receptor stretch mediated hypertrophic
response in cardiomyocytes is also B-arrestin dependent, and is ligand and G protein
independent (Scimia et al., 2012). A summary schematic of some of the signalling
pathways stimulated by apelin receptor activation can be found in Fig 1.1.

1.3. Apelin receptor in physiology

Ongoing research on the apelin receptor and its endogenous peptide ligands is
revealing increasingly important roles in physiology, particularly relating, but not limited

to, the cardiovascular system (Folino et al., 2015).

1.3.1 Apelin receptor in cardiovascular development

As discussed in Section 1.2.5, the apelin receptor, specifically through ELA mediated
activation, is critical for proper development of the heart. This role has been observed
in genetically engineered mouse models (Ishida et al., 2004; Charo et al., 2009; Kang
etal., 2013), and in zebrafish, both in the naturally occurring grinchs8% apinrb mutation
(Scott et al., 2007) and genetic models (Pauli et al., 2014).
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1.3.2. Apelin receptor in cardiovascular regulation

In the adult cardiovascular system, apelin receptor stimulation with intravenously
infused apelin peptides induces anti-angiotensin-like (i.e. antihypertensive) effects,
mediating venous and arterial (including the coronary artery) vasodilatation (Salcedo
et al., 2007; Japp et al., 2008, 2010; Maguire et al., 2009; Barnes et al., 2013; Brame
et al., 2015). In anaesthetised rats, apelin-12, apelin-13, and apelin-36 peptide
administration lowers mean arterial pressure in a nitric oxide dependent manner
(Tatemoto et al., 2001). In isolated human splanchnic arteries, apelin-13 induced
vasodilatation was shown to be, at least in part, nitric oxide dependent without
contribution from prostanoids (Salcedo et al., 2007). However, [Pyri]apelin-13, the
most abundant apelin isoform in human cardiovascular tissue, induces vasodilatation
via endothelium dependent mechanisms acting through prostanoids and not nitric
oxide (Maguire et al., 2009). The mechanisms by which apelin mediates
vasorelaxation may therefore differ between vascular beds. Interestingly, the removal
of the endothelium (denudation) unmasks apelin receptor dependent vasoconstriction
in ex vivo arterial and vein tissue preparations (Katugampola et al., 2001; Maguire et
al., 2009). Contrasting effects in intact versus denuded endothelial preparations may
reflect different activity of the apelin receptor on the endothelium versus vascular
smooth muscle (Yang et al., 2015), where apelin has been shown to induce myosin
light chain phosphorylation (critical for initiating contraction) through activation of

receptors directly present on vascular smooth muscle (Hashimoto et al., 2006).

In the heart itself, apelin induces one of the most potent endogenous positive inotropic
responses observed in man, mediating increased cardiac contractility and cardiac
output in in vivo settings (Szokodi et al., 2002; Berry et al., 2004, Perjés et al., 2014)
and humans (Japp et al.,, 2010; Barnes et al., 2013), through activation of apelin
receptors present on cardiomyocytes (Kleinz et al., 2005). Apelin knockout mouse
models have provided further evidence for the cardiac role of apelin signalling,
displaying a progressive impairment of cardiac contractility associated with systolic
dysfunction (Kuba et al., 2007).
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Fig 1.1 shows a simple schematic (expanding on those shown in Yang, et al., 2015)
outlining the current consensus on signalling cascades that regulate the
cardiovascular system following apelin receptor stimulation. Following synthesis and
release of apelin and/or ELA from endothelial cells, the peptide ligands can act in a
paracrine manner at apelin receptors expressed on cardiomyocytes or vascular cells.
Through classical Gag signalling, activation of phospholipase C (PLC) can stimulate
inositol 1,4,5-trisphosphate (IP3)- and diacylglycerol (DAG)-mediated activation of
calmodulin (CaM) and protein kinase C ¢ (PKCg) respectively, to activate myosin light
chain kinase (MLCK). MLCK can phosphorylate the regulatory light chain of myosin Il
to induce contraction in cardiomyocytes and resultant positive inotropy. Note that Gaq
signalling can also stimulate sodium-hydrogen antiporter 1 (NHE1), which increases
intracellular Na*, driving the sodium-calcium exchanger (NCX) to further increase
intracellular Ca?* levels. There is also evidence that activation of extracellular signal-
regulated kinases 1/2 (ERK1/2) by the apelin receptor can stimulate NHE1 (pathway
not shown in schematic), although how exactly this occurs remains incompletely
characterised (Yang et al., 2015; Read et al., 2019).

In the vasculature, endothelially derived apelin can act in an autocrine manner at the
apelin receptor on the cell it was released from and neighbouring endothelial cells to
stimulate the Gai pathway. Resultant activation of phosphatidylinositol 3-kinase (PI3K)
can stimulate protein kinase B (Akt), which, in turn, stimulates endothelial nitric oxide
synthase (eNOS). Canonically, eNOS drives synthesis of the small gaseous and
lipophilic molecule, nitric oxide (NO), which can then diffuse to act on the underlying
vascular smooth muscle to induce vasodilatation through activation of soluble guanylyl
cyclase. Interestingly, there is also evidence for Gaq mediated production of NO
through activation of 5' adenosine monophosphate-activated protein kinase (AMPK)
and Kruppel-like Factor 2 (KLF2), which can upregulate eNOS.

As discussed above, a vasoconstrictor role of apelin receptor activation is revealed in
denuded vessels (i.e. stripped of endothelium) (Katugampola et al., 2001; Maguire et
al., 2009). Supposed mechanisms for this contractile response are similar to those

that induce positive cardiac inotropy (e.g. Gag calcium-dependent activation of MLCK),
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where apelin acts directly at apelin receptors expressed on the exposed vascular
smooth muscle. This effect of apelin is likely pathological and might occur in disease

states where the endothelium is dysfunctional or damaged (Yang et al., 2015).

A controversial stretch mechanosensory role for the apelin receptor has also been
identified in cardiomyocytes, which contributes to cardiac hypertrophy (Scimia et al.,
2012; Xie et al., 2015; Lu et al., 2017). Initially, cardiac hypertrophy occurs as an
adaptive compensatory response to sustained overload in heart failure, but eventually
progresses to a pathological extent that can worsen symptoms. Apelin receptor
knockout mice, if they survive birth, are resistant to chronic pressure overload and
show reduced cardiac hypertrophy and heart failure, whilst apelin peptide knockout
mice are still susceptible to hypertrophy (Scimia et al., 2012). The data from the Scimia
study suggest that cardiac hypertrophy through the apelin receptor is ligand
independent, and that stretch of cardiomyocytes results in apelin receptor mediated
B-arrestin signalling to contribute to hypertrophy observed in heart failure. The group
also demonstrated that Gai signalling following apelin receptor stimulation by apelin
peptide was protective against stretch mediated hypertrophy. However, another group
found that apelin-13 increased the diameter, volume, and protein content of H9c2 cells
(derived from embryonic rat heart tissue), through phosphorylation of PI3K, Akt, and
ERK1/2 to stimulate ribosomal protein S6 kinase beta-1 (p70S6K) (Xie et al., 2015).
This positions Gai signalling as contributing to cardiac hypertrophy rather than
protecting against it. Further work will need to be done to fully elucidate the stretch

mechanosensory role of apelin in physiology, and in diseases such as heart failure.
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Figure 1.1. Schematic showing some of the proposed signalling cascades induced by
apelin receptor stimulation in the cardiovascular system. Apelin and/or ELA peptide,
synthesised and released from endothelial cells, acts on apelin receptor in an
autocrine/paracrine manner on endothelial cells or vascular or cardiac muscle to
induce physiological responses. Stretch mediated cardiac hypertrophic responses
may be mediated through B-arrestins in a ligand independent manner, or may see
contribution from Gai signalling. Note that B-arrestins also mediate desensitisation and
internalisation of the apelin receptor. This is shown in greater detail in Fig 3.11.
Schematic was designed using BioRender (https://biorender.com/).
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1.3.3. Apelin receptor in angiogenesis

Angiogenesis is the process of new blood branch development (a form of
neovascularisation) from pre-existing blood vessels via sprouting, and can have
beneficial or detrimental roles in biology (Wu et al., 2017). Apelin has been shown to
act in a manner similar to growth factors to promote endothelial cell proliferation in
isolated umbilical endothelial cells (Masri et al.,, 2004), and enhance proliferation,
migration, and capillary-like tube formation in retinal endothelial cells (Kasai et al.,
2004). Hypoxia has been shown to increase apelin expression in cultured vascular
endothelial and smooth muscle cells, and in the lungs of mice exposed to hypoxia,
potentially driving adaptive physiological and pathophysiological responses in low
oxygen (Eyries et al., 2008). Apelin receptor signalling is also essential for embryonic
angiogenesis in frogs (Xenopus), and, interestingly, was shown in the same study to
be highly upregulated in microvascular proliferations of brain tumours (malignant
gliomas) (Kalin et al., 2007).

1.3.4. Apelin receptor in haemostasis

Apelin signalling also plays a role in haemostasis, with both apelin peptide and apelin
receptor shown to be present in mouse and human platelets (Adam et al., 2016).
Apelin-13 exerts an antithrombotic action, inhibiting in vitro thrombin and collagen, but
not ADP or thromboxane A2, dependent platelet activation, secretion, and activation.
Additionally, apelin knockout in mice reduces tail bleeding time and increases whole
blood perfusion thrombosis, whilst the reverse is true for mice treated with intravenous
apelin-13. The authors suggest apelin treatment might prove useful as concomitant
antiplatelet therapy for patients who respond poorly to currently used clinical drugs
(such as clopidogrel and aspirin) which typically target the ADP and thromboxane A2
pathways. The ability of apelin to stimulate nitric oxide and cGMP production may also

contribute to its antiplatelet mechanisms.

Following on from the discovery of apelin as a regulator of haemostasis and
antithrombotic factor (Adam et al., 2016), the apelin receptor has been confirmed to
be expressed at the platelet membrane, where it is reduced on platelet activation
(Strohbach et al., 2021). This study also showed that platelet apelin receptor levels

were reduced in patients with acute myocardial infarction, coinciding with a reduction
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in plasma apelin-17 levels. The authors also demonstrate that apelin-17 is able to
attenuate the activation of platelets by a selective thrombin receptor-activating peptide
in an in vitro setting, further supporting the potential use for apelin peptides as an
antithrombotic therapy.

1.3.5. Apelin receptor in fluid homeostasis

In line with its expression in the nervous system at sites coinciding with arginine
vasopressin (AVP) synthesis and release, the apelin receptor is involved in fluid
uptake and retention (Flahault et al., 2017). The hypothalamus, a brain structure
involved in the control of drinking behaviour, contained by far the most apelin-positive
nerve fibres in rats, with high levels also detected in the circumventricular organs, and
the pituitary gland (Reaux et al., 2002). Apelin receptor knockout mice that survived to
adulthood drink significantly less water than wild-type, yet urine volume and osmolality
remained the same (Roberts et al., 2009). Additionally, 24 hour water deprivation
significantly reduced urine volume and increased urine osmolality in wild-type but not
apelin receptor knockout mice, suggesting an antidiuretic effect of functional apelin
signalling. Central administration of [Pyrt]apelin-13 increases drinking behaviour and
water intake in rats, and increases AVP release from hypothalamic regions (Taheri et
al., 2002).

Considerable work has also been performed to characterise apelin-17 specifically,
particularly its role in lowering blood pressure and haemostasis. It has been shown
that intra-cerebroventricular administration of apelin-17 reduces plasma levels of
vasopressin, and increases diuresis in lactating mice (De Mota et al., 2004).
Conversely, the authors also demonstrated that water deprivation induced increases
in vasopressin decrease plasma levels of apelin, suggesting counter-regulatory effects
of the peptide hormones. Intriguingly, apelin and its receptor are expressed in the
kidney, particularly in the glomeruli, where intravenous injection of apelin-17 induces
significant diuresis, and vasorelaxation of efferent and afferent arterioles (Hus-Citharel
et al., 2008). In conjunction with a central role for apelin in diuresis through inhibition
of vasopressin release, intravenously administered apelin-17 acts directly in the
collecting duct of the kidney to reduce insertion of apical aquaporin-2 to promote
diuresis in lactating rats (Hus-Citharel et al., 2014). The imbalance of apelin to
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vasopressin levels is therefore posited as a cause of water retention and resultant
disease states such as syndrome of inappropriate antidiuretic hormone and chronic
heart failure (Blanchard et al., 2013), with apelin agonists showing potential in
treatment of these disorders.

The precise role of apelin signalling in fluid homeostasis is unclear, particularly why
intracranial administration of apelin induces antidiuresis whilst systemic administration
induces diuresis. The extent and significance of apelin dependent changes on fluid

homeostasis and blood pressure also require further study.

1.3.6. Apelin receptor in metabolism

Apelin has been identified as an adipokine, with an expression profile seen in
adipocytes that increases with obesity that coincides with hyperinsulinaemia in mouse
models of obesity (Boucher et al., 2005). Conversely, a lack of insulin reduces
adipocyte apelin expression. Additionally, in obese patients, plasma apelin levels are
significantly higher than healthy weight controls, with insulin exerting a direct positive
action on adipocyte apelin secretion. Apelin, acting as an adipokine, lowers blood
glucose through increased uptake into skeletal muscle and adipose tissue in a manner
additive to that of insulin (Dray et al., 2008). Apelin knockout mice present with a
hyperinsulinaemic and insulin resistant phenotype, that is exacerbated by a high
fat/high sugar diet, confirming a correlative relationship between apelin and insulin,

and suggesting a potential insulin sensitising role of apelin (Yue et al., 2010).

1.4. Apelin receptor in pathophysiology

The apelin receptor is therefore a critical regulator of numerous physiological
processes, and it follows that dysregulation of the apelin signalling axis can induce
pathological states. As a class A GPCR however, a family of receptor proteins targeted
by 35 % of all clinically approved drugs, the apelin receptor should be exploitable as

a therapeutic target in disease.
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1.4.1. Apelin receptor in pulmonary arterial hypertension

Pulmonary arterial hypertension (PAH) is a disease characterised by increased
pulmonary vascular resistance (mean resting pulmonary artery pressure of = 25
mmHg) caused by functional and structural changes in the pulmonary vasculature
(Galié et al., 2009; Morrell et al., 2009; Thenappan et al., 2018). PAH patients exhibit
a complex pathological phenotype. In general, an imbalance of vasodilatory and
vasoconstrictive agents, inflammation, and aberrant proliferation/migration of smooth
muscle cells and myofibroblasts in small precapillary pulmonary arterioles results in
vascular remodelling, the formation of plexiform lesions, and reduced vessel
compliance (Gan et al., 2007; Morrell et al.,, 2009). The stiffening of pulmonary
arterioles puts upstream pressure on larger proximal arteries and the right side of the
heart itself, ultimately hypertrophying the right ventricle and inducing fatal right-sided
heart failure (Toshner et al., 2010). Symptoms, as outlined by the NHS, include
shortness of breath, tiredness, feelings of faintness and/or dizziness, chest pain
(angina), heart palpitations, and peripheral oedema, all of which often worsen during
exercise. PAH is a rare disease with an estimated prevalence of 10-50 cases per
million (Peacock et al., 2007; Hoeper & Gibbs, 2014), with a disproportionate 70-80%
of those cases reported as female (McGoon et al., 2013), although this may reflect the
fact that male patients tend to present with a more severe phenotype and die sooner
(Shapiro et al., 2012). In an analysis of 2635 PAH patients, 1-, 3-, 5-, and 7-year
survival rates after diagnosis were reported as 85 %, 68 %, 57 %, and 49 %
respectively, indicating that over half of PAH patients die within 7 years, mostly directly
due to right-sided heart failure (Benza et al., 2012). Current therapy for PAH involves
targeting three main biological pathways — endothelin, nitric oxide, and prostacyclin —
either individually or concomitantly (Corris & Degano, 2014). These therapies only
address symptoms however and do not reverse disease progression. Additionally,
many patients, particularly those with severe PAH, do not respond to the treatment,
and lung transplantation becomes the only viable option for extending life. There is a

clear need for better therapeutics in the treatment of PAH.

Apelin signalling is implicated in PAH and the apelin receptor is a proposed novel
target for PAH therapy (Yang et al., 2015). Apelin-36 plasma levels are significantly

reduced in chronic heart failure, and idiopathic pulmonary hypertension patients
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versus healthy controls, with the authors concluding that apelin may prove useful as a
diagnostic biomarker (Goetze et al., 2006). Human pulmonary arterial endothelial cells
are also confirmed as exhibiting reduced expression of apelin in PAH patients
compared to controls, and, in mice, apelin administration reverses PAH (Alastalo et
al., 2011). Additionally, apelin knockout mice present with more severe pulmonary
hypertension when exposed to chronic hypoxia than wild-type (Chandra et al., 2011).
In the rat monocrotaline (MCT) induced model of PAH, disease symptoms, including
right ventricular hypertrophy and reduced cardiac contractility, are reversed with
chronic [Pyri]apelin-13 treatment (Falcdo-Pires et al., 2009). Interestingly, ELA
treatment also reduces the severity of cardiopulmonary remodelling and improves
cardiac function in the MCT rat model (Yang et al., 2017). Moreover, this has also
been observed following chronic treatment with the G protein biased peptide MMO7 in
the same model, with reversal of the disease aetiology observed, supporting further
development of biased compounds that have a sufficient pharmacokinetic profile
(Yang et al., 2019). In PAH patients, apelin infusion during right heart catheterisation
significantly increases cardiac output and decreases pulmonary vascular resistance
(Brash et al.,, 2015). Subsequent work confirmed these findings, and showed
accentuated and additive effects of apelin infusion in PAH patients receiving standard-
of-care concomitant phosphodiesterase type 5 inhibitors, demonstrating the potential
of the apelin signalling axis as a therapeutic target in this disease (Brash et al., 2018).

1.4.2. Apelin receptor in heart failure

Following its role in right sided heart failure in PAH, and due to its potent positive
inotropic effects, apelin signalling is also implicated in heart failure (Pitkin et al., 2010).
As already outlined, plasma apelin and cardiac tissue apelin levels can change in heart
failure states, implicating the peptide as a disease biomarker (Goetze et al., 2006).
Left ventricular apelin mRNA levels are ~5-fold higher in chronic heart failure patients
than healthy controls, whilst atrial and plasma apelin peptide levels are significantly
reduced (Foldes et al., 2003). Conversely, plasma apelin levels have been observed
to increase in patients with left ventricular dysfunction following placement of a left
ventricular assist device, and that the apelin receptor itself is significantly upregulated,
confirming the presence of the GPCR as a drug target (Chen et al., 2003). Further
work has confirmed that patients with chronic heart failure show reduced baseline
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apelin levels in plasma, but long term cardiac resynchronisation therapy with a
biventricular pacemaker induces a significant increase in plasma apelin that is
comparable to healthy controls (Francia et al., 2007). Evidence suggests that apelin
signalling is downregulated in heart failure states, and upregulation — whether through
therapeutic targeting or secondarily following mechanical improvement of cardiac
function — is beneficial through its apparent physiological antagonism of the renin-
angiotensin-aldosterone system (Dalzell et al., 2015; Goidescu & Vida-Simiti, 2015).
The rle of the apelin receptor in cardiac hypertrophy associated with heart failure has

been discussed above in Section 1.3.2.

1.4.3. Apelin receptor in HIV

The human immunodeficiency viruses type 1 and 2 (HIV-1 and HIV-2 respectively) are
species of lentivirus that result in acquired immunodeficiency syndrome (AIDS),
suppressing the immune system of the infected host following depletion of CD4-
positive T lymphocytes (Weiss, 1993). Entry of HIV-1 into target cells is dependent on
the sequential binding of a viral envelope glycoprotein (gp120) to CD4 and a second
GPCR co-receptor. Typically, chemokine receptors mediate viral entry, with beta-
chemokine receptors CCR3 and CCR5, and alpha-chemokine receptor CXCR4, acting
as the principle co-receptors (Choe et al., 1996; Schramm et al., 2000). However, the
apelin receptor has also been identified as a co-receptor for HIV-1 and Simian
immunodeficiency virus mac316 (SIVmac316), facilitating viral entry into CD4-postive
cell lines (Choe et al., 1998; Edinger et al., 1998). The first 20 amino acids of the apelin
receptor have been identified as important for supporting cell-cell fusion mediated by
the gp120 envelope protein of HIV-1, and site-directed mutagenesis identified amino
acids Y10, Y11, E20, and D23 as substantially contributing to apelin receptor co-
receptor function (Zhou et al., 2003b,c). Interestingly, the high number of aromatic and
acidic residues in the N-terminus of the apelin receptor is a feature shared with many
of the chemokine receptors, including those used for entry by HIV (Choe et al., 1998),
and it is no coincidence that CXCR4 provided the template for a 3-dimensional
homology model of the apelin receptor (Gerbier et al., 2015). Finally, endogenous
apelin peptide treatment has been shown to block entry of HIV-1 and HIV-2 into CD4-
positive cells, with longer peptide isoforms showing greater inhibitory efficiency than

shorter ones, which may be due to a longer peptide N-terminus providing greater steric
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hindrance (Cayabyab et al., 2000; Puffer et al., 2000; Zou et al., 2000). The synthetic
compound ALX40-4C is also able to prevent HIV-1 viral entry through reported
antagonism of both the apelin receptor and CXCR4 (Zhou et al. 2003a).

1.4.4. Apelin receptor in immune-mediated injury

In early work, apelin was observed to partially suppress cytokine production in mouse
spleen cells in response to T cell receptor/CD3 cross-linking (Habata et al., 1999).
Downregulation of apelin has also been observed in the plasma of patients with Group
1 PAH, which includes PAH associated with autoimmune disease (Goetze et al., 2006;
Alastalo et al., 2011; Chandra et al., 2011; Yang et al., 2017a; Read et al., 2019).
Recently, a report has identified an upregulation of apelin peptide in response to
immune-mediated vasculopathy in a mouse model, and apelin treatment was shown
to reduce progression of arterial occlusion (Masoud et al., 2020). In vitro, an apelin
receptor agonist stimulated eNOS activation to promote wound repair of the
endothelial monolayer, and reduced immune cell adhesion. The report points to the
proangiogenic effects of apelin mediating vascular repair, and posits the apelin
receptor as a potential therapeutic target for immune-mediated vascular injury.
Additionally, the G protein biased apelin receptor agonist, CMF-019, has recently been
shown to rescue human pulmonary artery endothelial cells from apoptosis induced by

tumour necrosis factor a and cycloheximide (Read et al., 2019).

1.4.5. Apelin receptor in diabetes

Apelin signalling may play a role in Type 2 diabetes mellitus, a highly prevalent
metabolic disease characterised by insulin resistance and/or relative insulin
insufficiency that results in chronic hyperglycaemia (Read et al., 2019). The disorder
is also commonly associated with higher risk of cardiovascular disease (Balkau and
Eschwége, 1999; Patel et al., 2016).

Apelin peptide is expressed in a and B pancreatic cells, with the receptor showing
expression in B cells (Ringstrdom et al., 2010). In in vitro and in vivo settings, apelin
treatment inhibits insulin secretion but, conversely, reduces insulin resistance leading
to decreased blood glucose levels (Sorhede Winzell et al., 2005; Guo et al., 2009;

Dray et al., 2008). Further, in an apelin deficient mouse model, apelin administration
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reversed insulin resistance associated with the loss of native apelin (Yue et al., 2010).
In rats, [Pyrt]apelin-13 treatment reduces plasma insulin and glucose levels with a
concurrent decrease in blood pressure (Akcilar et al., 2015), suggesting that apelin
therapy might have use in reducing chronic hyperglycaemia, as well as diabetes
associated hypertension. In humans, apelin plasma levels are increased in Type 2
diabetics and patients presenting with obesity, suggesting a potential use as a
biomarker (Castan-Laurell et al., 2011; Ma et al., 2014). This elevation of apelin as an
anti-hyperglycaemic agent may be a compensatory mechanism to combat aberrant

pancreatic function.

Diabetes is also associated with disorder of the microvasculature, which can result in
diabetic nephropathy, neuropathy, and retinopathy (Read et al., 2019). Following in its
role in angiogenesis (see Section 1.3.3.), apelin may actually be partially causative of
microvascular complications seen in disease states such as diabetes. Apelin has been
shown to promote proliferation and migration of retinal pigment epithelial cells,
collagen expression, and initiate retinal neovascularization to contribute to retinopathy
(Wu et al., 2017). Intriguingly, one study has shown that blocking the apelin receptor
with a repurposed antimalarial drug, amodiaquine, suppressed both apelin-and VEGF-
induced endothelial tube formation (McAnally et al., 2018). Further, amodiaquine
reduced choroidal neovascularisation in a laser-induced mouse model, providing
proof-of-principle for blockade of apelin signalling being beneficial in aberrant vessel

formation in retinopathy.

In summary, apelin treatment may be of benefit in Type 2 diabetics by improving insulin
sensitivity, increasing cardiac output, and promoting vasodilatation. Negative effects
of apelin treatment, such as neovascularisation and aberrant angiogenesis, will need
to be considered. Further work will need to be done to determine how best to exploit

apelin signalling to provide a novel therapeutic strategy in diabetes.
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1.5. Apelin receptor as a therapeutic target

The apelin signalling axis has been proposed as a new target for novel cardiovascular
therapeutics, but a number of caveats will need to be addressed before any new

treatments are translated into a clinical setting (Zhong et al., 2017).

1.5.1. G protein bias

It has long been proposed that apelin receptor agonists exhibiting bias towards G
protein pathways versus B-arrestin and internalisation, would offer greater clinical
efficacy through induction of desired pharmacological effects whilst crucially avoiding
desensitisation and loss of the target receptor from the cell surface (Yang et al., 2015).
Additionally, G protein bias would be beneficial in heart failure associated with cardiac
hypertrophy, if the findings by Scimia et al., 2012 are correct and pathological stretch
induced hypertrophy is ligand independent, mediated by B-arrestin, and protected
against by Gai apelin signalling. Apelin therapeutics, hypothesised as having potential
use in cardiovascular diseases such as PAH and heart failure, have thus been

explored for G protein bias.

1.5.2. Peptide therapeutics

Owing to high target specificity and affinity, nearly 50 GPCR peptide drugs have been
approved to date (Davenport et al., 2020). However, peptides are limited
therapeutically, given their typically poor pharmacokinetics (short half-life, rapid

degradation, and rapid clearance), and poor oral bioavailability.

Apelin peptides display an extremely short half-life of ~5 — 8 mins in plasma (Zhen et
al., 2013; Murza et al., 2016), undergoing cleavage by circulating enzymes such as
those mentioned in Section 1.2.4, including ACE2, where cleavage of apelin-13 and
apelin-17 was shown to partially inactivate the peptides (Vickers et al., 2002; Kazemi-
Bajestani et al., 2012; Wang et al., 2016). More recently however, the [Pyrtapelin-13-
12) cleavage product was shown to be biologically active Yang et al., 2017b).
Modifications to peptides, such as stapling, cyclization, and glycosylation can be
introduced to extend half-life and improve oral bioavailability (Davenport et al., 2020).

Liraglutide, for example, is an approved glucagon-like peptide-1 (GLP-1) analogue,
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used in the treatment of type 2 diabetes and obesity, that is 97% homologous to native
human GLP-1. The addition of a 16-carbon fatty acid chain facilitates binding to serum
albumin in plasma to protect the peptide from enzymatic degradation, increasing the
half-life from 1 — 2 mins to 13 h (Sisson, 2011).

A number of techniques have attempted to design novel peptide ligands with better
duration of action and longer half-lives. A series of three cyclic analogues of apelin-12
have been developed that are bioactive and provided the groundwork for the
development of more drug-like apelin peptides (Hamada et al., 2008). MMOQ7 is a
cyclised apelin ligand, the cyclisation initially designed to increase peptide half-life by
protecting against peptidases, that also shows bias towards the G protein pathway,
displaying a similar potency to [Pyri]apelin-13 in G protein assays but a potency two
orders of magnitude less than [PyrtJapelin-13 in B-arrestin and internalisation assays
(Brame et al., 2015). Systemic infusion of MMO7 induces a dose-dependent increase
in rat cardiac inotropy that is significantly greater than that for [Pyri]apelin-13.
Additionally, MMO7 was shown to be safe and active in healthy human volunteers, and
induces increased forearm blood flow that were reproducible following repeat doses,
unlike [Pyri]apelin-13. K16P (apelin-17(1-16)), @ modified analogue of apelin-17 lacking
the C-terminal F, is also G protein biased but is unable to decrease blood pressure,
unlike apelin-17 itself (Ceraudo et al., 2014). The authors conclude that apelin receptor
mediated reductions in blood pressure are [B-arrestin dependent, although this
conflicts with the subsequent findings observed for MMQ7 — this may be due to the fact
that K16P vasoactivity was investigated in rat glomerular afferent arterioles
preconstructed with angiotensin Il. Generation of a novel series of macrocylic apelin-
13 analogues led to the identification of four further G protein biased peptides that
show high affinity for the apelin receptor, although these are yet to be fully

characterised in vivo (Murza et al., 2017).

The conjugation of a 40 kDa polyethylene glycol (PEG) to the N-terminus of apelin-36
(PEG-apelin-36) was shown to enhance the duration of action on increased cardiac
ejection fraction versus unmodified apelin-36 following intravenous infusion in rats (Jia
et al.,, 2012). PEG-apelin-36 showed comparable binding affinity and G protein

activation to apelin-36 in in vitro assays. Following development of a series of apelin-

51



36 variants, modified apelin-36(L28A) incorporating an L28A substitution, and apelin-
36-[L28C(30kDa-PEG)] incorporating an L28C substitution and conjugation of a 30
kDa PEG linker to the Cys side-chain, were shown to significantly lower blood glucose
and improve glucose tolerance in obese rats but had no effect on blood pressure
(Galon-Tilleman et al., 2017). The authors concluded that the peptides function
independently of the apelin receptor. Further assessment however revealed that both
apelin-36(L28A) and apelin-36-[L28C(30kDa-PEG)] bind to rat and human apelin
receptor with similar affinities to apelin-36, and are active in G protein assays, but
show less potency in B-arrestin assays (Nyimanu et al., 2019). The peptides are

therefore G protein biased ligands of the apelin receptor.

One group aimed to identify metabolically stable apelin-17 analogs and designed
LITO1-196 by adding a fluorocarbon chain to the N-terminus of the peptide (Gerbier et
al., 2017). This modification extends the half-life from 4.6 mins to over 24 hours whilst
retaining the pharmacology of the peptide. Intra-cerebroventricular administration of
LITO1-196 into water-deprived mice significantly reduces systemic vasopressin
release, and is 160-fold more effective than the native apelin-17 peptide. Intravenously
administered LIT01-196 also increases urine output and decreases arterial blood
pressure in normotensive rats over a sustained duration. The LIT01-196 has been
used subsequently to decrease vasopressin antidiuretic effects and improve
hyponatremia in a rat model (Flahault et al., 2021a), and normalises arterial blood
pressure in conscious hypertensive DOCA-salt rats over a 7 hour window (Flahault et
al., 2021b). Apelin-17 is now known to be a target of the human plasma kallikrein
enzyme, which cleaves the three N-terminal (KFR) amino acids of the peptide,
exposing an R amino acid at the N-terminus and resulting in significantly reduced
biological activity and abolished blood pressure lowering effects (Fischer et al., 2019).
Addition of palmitic acid or polyethylene glycol (PEG) to the N-terminus of apelin-17
protects against kallikrein cleavage whilst retaining good pharmacological activity at
the apelin receptor, extends plasma half-life, and restores the blood pressure lowering
effects of the peptide. A subsequent study also showed that the incorporation of non-
natural cyclohexylalanine and homoarginine amino acids extended the plasma half-
life of [Pyrl]lapelin-13 and apelin-17 by 40-fold and 340-fold respectively, with the

modified apelin-17 peptide showing pronounced blood pressure lowering effects
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(Fernandez et al., 2021). In summary, reducing peptidase metabolism of apelin-17 to
extend the plasma half-life may be a novel therapeutic strategy to treat diseases

characterised by inappropriate antidiuresis.

Alternative strategies have involved conjugating a lipid to apelin-12 to form a
lipopeptide that retains high affinity for the apelin receptor but has an extended
duration of action and increased intracellular access (McKeown et al.,, 2014). The
addition of an anti-serum albumin domain antibody (AlbudAb) via a [PEG4] linker to a
modified apelin peptide incorporating an M to norleucine substitution at position 11
and an F to 3,4,5-trifluorophenylalanine at position 13 resulted in identification of
MM202-AlbudAb (Read et al., 2020). This peptide binds to human apelin receptor with
similar affinity to the endogenous peptides [Pyri]apelin-13 and apelin-17; is active in
G protein and B-arrestin assays; binds with high affinity to immobilised human serum
albumin; and induces haemodynamic and cardiovascular effects in rats providing
proof-of-concept for conjugation of AlbudAb to peptide ligands as a potential novel

therapeutic strategy.

1.5.3. Small molecule therapeutics

The development of orally bioavailable, efficacious, and safe small molecules targeting
the apelin receptor is an attractive prospect. E339-3D6 was initially identified as a
peptidomimetic (nonpeptidic but with high molecular weight) ligand that showed high
affinity for the apelin receptor and partial agonism in G protein assays, full agonism in
internalisation assays, and induced vasorelaxation of preconstructed rat aorta (Iturrioz
et al., 2010a). However, E339-3D6 is now known to have been a mixture of
polymethylated species (Margathe et al., 2014). Solid-phase purification was used to
identify the major component of E339-3D6, and the resultant compound was used as
the basis for a series of derivatives that show varying degrees of agonist activity at the
apelin receptor and high stability in mouse plasma (half-life of more than 10 hours).
ML233, a small molecule exhibiting a degree of specificity for the apelin receptor, was
identified in the Molecular Libraries Small Molecule Repository high throughput screen
of ~330,600 compounds, and showed good potency in in vitro assays (Khan et al.,
2011). Screening of a small drug library of ~100 compounds that share structural

features common amongst ATz receptor ligands led to the discovery of a drug-like
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small molecule low affinity agonist of the apelin receptor (Narayanan et al., 2016).
After modifying the side chains of the initial pyrazole based compound, a second was
synthesised that showed a 27-fold enhancement in potency, demonstrating the
potential of the initial compound as a scaffold for apelin receptor ligand discovery.
Subsequent systematic structural modifications of the pyrazole core and side chain of
the second compound resulted in a further 8-fold increase in potency (Narayanan et
al., 2020).

CMF-019 is a small molecule based on a benzimidazole scaffold structure from Sanofi
(Hachtel et al., 2014; Read et al., 2016). The compound binds to human, rat, and
mouse apelin receptor with high affinity, and shows strong bias towards G protein
signalling over B-arrestin and internalisation pathways. CMF-019 induces significant
increases in cardiac contractility in rats, and is relatively stable in rat plasma versus
[Pyri]apelin-13. Interestingly, CMF-019 did not decrease blood pressure like
[Pyrt]apelin-13, which may corroborate findings from Ceraudo et al., 2014, who
suggest blood pressure responses mediated via the apelin receptor are B-arrestin
dependent. Alternatively, the discrepancy between CMF-019 and [Pyr']apelin-13 on
blood pressure may be due to the limited solubility of the small molecule, or that a
higher concentration may be required. Additionally, CMF-019 was, however, disease
modifying in endothelial apoptosis in vitro and induced vasodilatation without
desensitisation in vivo (Read et al., 2021). To summarise, CMF-019 provides proof-
of-concept for the generation of biased small molecule apelin receptor ligands that
target the receptor without inducing loss of the target from the cell surface following [3-
arrestin dependent desensitisation and internalisation. A number of other compounds
based on the Sanofi structure have been assessed. For example, CMF-087 resulted
from the introduction of an additional nitrogen atom into the benzimidazole ring, whilst
side-chain modifications resulted in the design of MM239 and MM240, but these have
not been fully experimentally characterised.
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1.6. Apelin receptor structure

A number of studies have attempted to resolve the structure of the apelin receptor in
order to characterise its interactions with endogenous and exogenous ligands,
providing a useful scaffold for informed drug design, particularly by considering amino
acids that regulate G protein signalling and bias. A snake plot showing the amino acid
sequence of the apelin receptor is shown in Fig 1.2.
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Figure 1.2. Snake plot showing the 380 amino acid apelin receptor. The plot shows
the typical 7 transmembrane domains, extracellular and intracellular loops, and the N-
and C-termini. Positively charged amino acids are shown in blue, negatively charged
in red, hydrophobic in yellow, polar uncharged in purple, phenylalanine and tyrosine
in green, cysteine in gold, proline in pink, and histidine in light blue. Figure was
generated using GPCRdb (https://gpcrdb.org/, Kooistra et al., 2021).
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Homology 3-dimensional (3D) models of the apelin receptor, based on the validated
cholecystokinin receptor-1 3D model or 32 adrenergic receptor and C-X-C chemokine
receptor type 4 (CXCR4) receptor X-ray crystal structure templates, docked to
[Pyri]apelin-13, have identified residues that are critical for ligand binding and receptor
signalling. A conserved hydrophobic cavity comprising amino acids D92, E172, and
D282 interacts with K8, R2, and R4 of the [Pyrt]apelin-13 ligand (Gerbier et al., 2015).
Computational docking of ligands in a 2.5 A resolution human CXCR4 receptor apelin
receptor homology model demonstrated an interaction between Y88 and R168 of the
receptor with the small molecule G protein biased agonist, CMF-019, that is predicted
to bind at the same site as the SHK region of apelin-13 (Read et al., 2016). This
homology model has also been used to show strong overlap in the calculated binding
poses of apelin-13, ELA-11, and a G protein biased peptide agonist MMO7 in

molecular dynamics simulations (Brame et al., 2015; Yang et al., 2017a).

Mutational studies have identified key residues in the apelin receptor. After identifying
phosphorylation sites, an artificial single point substitution, S348A, at the conserved
S348 site, demonstrated reduced receptor phosphorylation by GRK, reducing
recruitment of B-arrestin, extracellular signal-related kinase (ERK) signalling, and
internalisation following exposure to apelin-13 (Chen et al.,, 2014). The S348 site
showed no involvement in apelin receptor G protein signalling. A systematic mutational
investigation of amino acids in the orthosteric binding site identified 1109A as a single
point substitution that results in the receptor adopting a G protein biased conformation,
that shows defective engagement with G protein receptor kinases (GRKs) and [3-
arrestin (Ban et al., 2018). F255 and W259 in helix VI of the rat apelin receptor
(corresponding to F257 and W261 in the human receptor) were also shown to be
critical for internalisation following interaction with the C-terminal F of apelin-17, which
docks into another hydrophobic cavity comprised of the above helix VI residues and
W152 in helix IV of the cholecystokinin receptor-1 3D model (lturrioz et al., 2010b).
The F255 and W259 sites also played no role in G protein signalling. Nuclear magnetic
resonance spectroscopy and homology model based techniques allowed for the
resolution of the first 55 amino acids of the apelin receptor, making the N-terminus and
first transmembrane domain (Langelaan et al.,, 2013). E20 and D23 forms an

extracellular anionic face that interacted with lipid head groups in molecular dynamics

56



simulations, suggesting binding of cationic apelin peptides is membrane catalysed.
Full length receptor mutagenesis of amino acids in the first 55 amino acid long
segment indicate G42, G45, and N46 as critical for proper trafficking of the apelin

receptor.

A 2.6 A atomic-resolution structure of the apelin receptor in complex with a
conformationally restrained 17 amino acid apelin peptide mimetic (AMG3054) has
recently been published (Ma et al., 2017). The study identified a distinct two-site
binding mode of the ligand that had not been previously observed for the apelin
receptor, or any other peptide-binding GPCR. The first site is made up of groove 1
(D172, E174, D184, and E194 in extracellular loop 2) and groove 2 (D282 and
surrounding residues), whilst the second site is formed of the N-terminal loop that is
conformationally restricted by a disulphide bond between C19 and C281. A second
disulphide bridge was identified between C102 and C181. The C-terminal end of
AMG3054 binds deeply into the canonical binding pocket that lies approximately
perpendicular to the membrane plane, with the C-terminal F (4-Cl-Phel7) interacting
with a hydrophobic cavity comprising Y35, W85, Y88, Y93, and Y299 that also line site
1. P16 and 4-Cl-Phel7 of the AMG3054 ligand both interact with R168. The lactam
ring formed by the sidechains of E10 and K13 in AMG3054 induce a perpendicular
kink in the peptide that allows the N-terminus to slide into site 2 at the extracellular
surface of the receptor, in parallel with the membrane plane. Interestingly, the authors
demonstrated that 17 amino acid dynorphin A peptide binds to the k opioid receptor

via a similar two-site binding mode, indicating this may be common amongst GPCRs.

Alanine scanning mutagenesis of the sites in groove 1 showed no impact on binding
of apelin-13. It was concluded that shorter apelin isoforms may not interact with the
acidic amino acids in groove 1 whilst longer isoforms such as apelin-36, that contain
many positively charged amino acids. This may provide an explanation for longer
lasting actions of apelin-36, although this was not experimentally determined. Further
mutagenesis showed that many of the amino acids (e.g. Y35, W85, and R168) in sites
1 and 2 critical for binding of AMG3054, were also critical for [*?°1]-apelin-13
radioligand binding and G protein signalling.
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The structural insights from Ma et al., 2017 need to be interpreted carefully, as the
apelin receptor structure was heavily modified to improve protein yield and the
thermostability of the receptor, and facilitate crystallisation. Both termini were
truncated with amino acids 1-6 removed from the N-terminus and amino acids 331-
380 from the C-terminus. An eight amino acid tag sequence was incorporated at the
N-terminus, and rubredoxin (54 amino acids long) was incorporated between A229
and R243, replacing most of intracellular loop 3. Two further mutations in the C-
terminus (C325L and C326M) were made to remove palmitoylation sites, and a
mutation in the second extracellular loop (T177N) removed an N-glycosylation site.
Finally, V117A and W261K mutations were introduced to further improve receptor yield
and stability. Note that the peptide, AMG3054, also contains modifications not present
in apelin-17, including a E10 to K13 lactam ring and non-naturally occurring amino
acids at positions 8, 14, 15, and 17.

A snake plot showing key residues identified in the modelling and mutational studies
discussed above is shown in Fig 1.3. Note, in general, that amino acids forming the
binding pocket of the receptor are located at the extracellular ends of transmembrane
domains |, Il, IV, V, and VII, and in extracellular loops 1 and 2 themselves, where

ligands bind to the receptor from the extracellular side.

Binding of ELA to the apelin receptor has also been explored recently in docking and
binding studies (Tran et al., 2020). Key findings by the authors show that the F residue
at position 10 of the ELA-11 peptide binds to a groove distinct from that of the C-
terminal F of apelin-13, and the C-terminal P residue of ELA-11 may bind to the F13
apelin-13 pocket. G protein and B-arrestin assays revealed the necessity of a P or F
aromatic residue at the C-terminal end of the peptides for receptor activation. A
summary of the critical interaction sites between a modified apelin peptide ligand
(AMG3054; from Ma et al., 2017) and ELA-11 (from Tran et al., 2020) with the receptor
are displayed in Table 1.1.
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Figure 1.3. Snake plot showing the 380 amino acid apelin receptor, with amino acids
critical for internalisation (red), trafficking (green), signalling (pink), or binding (blue).
Important amino acids were determined in modelling and/or mutational studies looking
at artificial mutagenesis of the apelin receptor. Figure was generated using GPCRdb

(https://gpcrdb.org/, Kooistra et al., 2021).
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Apelin receptor Apelin* ELA-11
Y264, K268 F13 -
W85, Y88, T89, Y93, Y299 | F13 -
R168 P12 P11
W24, Y93 P12 P11
W24, K268, Y271, F291 M11 F10
L173, E198 P10 P9
Y271 G9 V8
Y21, S275, D284 K8 R7
E174 H7 S6
Y21 S6 H5
El174 S6 HS
E20, T22 LS L4
D23 R4 -
T22, D23 P3 M2
K25, D92 pQ1 -

Table 1.1. Key amino acid interactions regulating binding of a modified apelin* ligand
and ELA-11 endogenous peptide to apelin receptor. Determined by docking and
binding studies in Ma et al.,, 2017 and Tran et al.,, 2020 for apelin* and ELA-11

respectively.
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1.7. Apelin receptor mutations

Whilst the above mutational studies have assessed artificial mutation at the apelin
receptor, the identification and characterisation of naturally occurring mutations at this
GPCR remain poorly explored and understood. In zebrafish, the naturally occurring
grinchs®®® mutation has been identified in apinrb (see Section 1.2.5; Scott et al., 2007;
Zeng et al., 2007), comprising a W85L amino acid substitution that abolishes
responses to apelin, but naturally occurring mutations in human apelin receptor have

not been reported.

1.7.1. GPCR mutation

GPCRs are susceptible to mutation, where variations in the amino acid sequence can
induce changes in the protein structure, potentially impacting the ability of the receptor
to perform its physiological functions. Reduced, or even wholly abolished receptor
function, can occur as the result of loss-of-function mutations, but receptor efficiency
can also be enhanced by mutations in gain-of-function mutations (Thompson et al.,
2014; Stoy & Gurevich, 2015). To date, just more than 2350 mutations, identified in 55
GPCRs, have been associated with 66 human diseases, 14 of which are associated

with gain-of-function mutations (Schoneberg & Liebscher, 2021).

Three naturally occurring mutations in the endothelin B receptor, for example, have
been well characterised (Fuchs et al., 2001). Identified in patients with Hirschsprung’s
disease, the G57S and R319W bound the peptide ligand, endothelin-1, and induced
Ca?* signalling, but did not inhibit adenylyl cyclase. In fact, the G75S mutation
stimulated cAMP accumulation. Additionally, a P383L mutation resulted in clustering

of the receptor in perinuclear regions, and absence at the membrane.

Identified in a patient with congenital nephrogenic diabetes insipidus, a deletion
mutation shifts the reading frame from position 247 and introduces a premature stop
codon from position 270 in the vasopressin V2 receptor, resulting in loss of the entire
C-terminal third of the receptor (Rosenthal et al., 1992). Shortly after, the naturally
occurring R137H mutation was also identified in a patient with congenital nephrogenic

diabetes insipidus, and the mutated receptor was characterised in vitro. Data showed
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good expression and binding with vasopressin, but failed coupling to Gas and
stimulation of adenylyl cyclase (Rosenthal et al., 1993). The authors suggest the
findings offered biochemical proof that the mutant receptor was causative of the

disease pathology.

More recently, 61 variants of the melanocortin 4 receptor (MC4R), identified in a
screen of 0.5 million people recruited in the UK Biobank, were characterised in vitro
(Lotta et al., 2019). Intriguingly, several of the variants demonstrated gain-of-function
in recruitment of B-arrestin, and this was associated with significantly lower body mass
index (BMI), and lower odds of obesity, type 2 diabetes, and coronary heart disease.
This study shows a protective effect of mutation in a human protein, and the results
indicate that the design of biased ligands selective for B-arrestin pathways at MC4R
could be an effective therapeutic strategy at this receptor in a number of metabolic

disorders.

1.7.2. The NIHR BioResource Rare Diseases BRIDGE consortium sequencing
project

The NIHR BioResource Rare Diseases BRIDGE consortium sequencing project
(herein referred to as the BRIDGE project), is a collaboration between 13 rare disease
projects that aim to discover the genetic sequence variants underlying unresolved
inherited disorders and to improve identification of already identified high penetrance
variants, as a prospective component of the Genomics England 100,000 Genomes
Project (Turnbull et al., 2018). The BRIDGE project covers a variety of rare disease
research areas including cardiovascular, infection and immunity, and neuroscience.
As one example of its success, whole-genome sequencing of 1038 pulmonary arterial
hypertension (PAH) index cases and 6385 PAH-negative control subjects, with
subsequent case-control analysis, identified significant overrepresentation of rare
variants in several proteins, revealing missing heritability of PAH not caused by
variation in bone morphogenetic protein type 2 receptor (BMPR2) (Gré&f et al., 2018).
In its association with the NIHR BioResource, the BRIDGE project is highly valuable
to researchers for the capacity to provide phenotypic information for recruited
participants, and the opportunity to recall participants for further assessment.
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1.8. Aims for the apelin receptor

As a highly important regulator of human cardiovascular physiology and disease, the
apelin receptor GPCR is an attractive target in translatable pharmaceutical research.
In this thesis, the apelin receptor will be explored using a variety of binding and
functional assays, including the use of four novel fluorescent ligands based on apelin
and ELA peptide agonists, described in-depth in Chapter 3. These were hypothesised
to function as versatile experimental tools for studying apelin receptor pharmacology
in response to apelin and ELA based ligands. Data showed that these fluorescent
ligands were highly suitable for studying the apelin receptor, and were subsequently
used in the work outlined in Chapter 4. This Chapter aimed to characterise the
pharmacological consequences of apelin receptor mutation, exploring apelin receptor
variants identified in patients recruited to the BRIDGE project. The variants were
selected for their rarity and predicted harmfulness, and were thus hypothesised to
show pronounced effects on the pharmacology of the receptor. Data identified three
apelin receptor variants, incorporating V38L, T89M, and R168H single point
substitutions that substantially altered ligand binding, signalling, and/or membrane

localisation of the receptor.
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1.9. ACE2

1.9.1. ACE2 overview

The human ACE2 gene is mapped to chromosomal locus Xp22.2, and encodes
angiotensin-converting enzyme 2 (ACE2, UniProt ID: Q9BYF1) (Turner et al., 2002).
The ACEZ2 protein is an 805 amino acid zinc-metalloproteinase type 1 transmembrane
protein (Tipnis et al., 2000; Donoghue et al., 2000; Hamming et al., 2007; Badawi &
Ali, 2021). During the COVID-19 pandemic, ACE2 attracted much attention, following
its identification as the cell surface receptor that the severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) exploits to infect host cells (Hoffmann et al., 2020; Wrapp
et al.,, 2020; Yan et al., 2020; Yang et al., 2021). This follows on from its earlier
identification as the receptor for other human coronaviruses — severe acute respiratory
syndrome coronavirus (SARS-CoV) and human corona virus NL63 (HCoV-NL63) Li et
al., 2003; Kuhn et al., 2004; Hofmann et al., 2005; Hamming et al., 2007). Despite the
negative role ACE2 plays in viral infection, the protein is also a critical regulator of the
cardiovascular system, where it mediates beneficial antihypertensive effects as a
component of the renin-angiotensin-aldosterone system (RAAS) (Burrell et al., 2004;
Hamming et al., 2007; Tikellis et al., 2011; Samavati & Uhal, 2020). Intriguingly, ACE2
also interacts with the apelin signalling axis, where the enzyme cleaves the C-terminal
F of [Pyri]apelin-13 to form [Pyrl]apelin-13@-12), which is expressed and retains its
biological functional as a potent vasoactive agent and positive cardiac inotrope in the

cardiovascular system (Yang et al., 2017b).

1.9.2. ACE2 expression

Assessment of ACE2 mRNA expression has shown a relatively wide distribution,
potentially owing to its endothelial localisation, with mRNA expression detected at
particularly high levels in the kidney, testis, gastrointestinal tract (predominantly
intestinal), and heart (Tipnis et al., 2000; Donoghue et al., 2000; Harmer et al., 2002;
Hamming et al., 2004; Reich et al., 2008). In the heart itself, MRNA has been observed
in the vascular endothelium and smooth muscle, myofibroblasts, and cardiomyocytes
(Burrell et al., 2005; Guy et al., 2008). When looking at ACE2 protein, endothelial and
vascular smooth muscle localisation has been observed, but localisation to lung

epithelial cells (sinonasal cavity and alveolar type Il cells), renal tubules, intestinal

64



enterocytes, and cardiomyocytes is also reported (Hamming et al., 2004; Reich et al.,
2008; Hikmet et al., 2020; Ortiz et al., 2020; Zhao et al., 2020).

1.10. ACE2 in physiology

1.10.1. Renin angiotensin aldosterone system

The highly complex RAAS tightly regulates cardiovascular physiology through control
of vascular tone and fluid homeostasis, amongst other mechanisms (Ocaranza et al.,
2020). Renin enzyme was discovered in kidney extract and was described as
displaying hypertensive properties (Tigerstedt & Bergman, 1898; Karnik et al., 2015).
Renin is secreted into the circulation by juxtaglomerular cells in the kidney, in response
to response to several stimuli, including renal sympathetic activity (through [-
adrenergic receptors), decreased intrarenal blood pressure, and/or decreased delivery
of salt (chloride ions) to the macula densa (Persson, 2003). The enzyme catalytically
cleaves angiotensinogen, produced in the liver, to form angiotensin I, a 10 amino acid
peptide that displays no biological activity on its own (Karnik et al., 2015; Lu et al.,
2016). Angiotensin | however, is a precursor for angiotensin Il, an 8 amino acid peptide
hormone produced following catalytic cleavage of the two last amino acids at the C-
terminus by angiotensin-converting enzyme (ACE). ACE is also a zinc-
metalloproteinase that shares 42 % identity with ACE2 in the catalytic domain
(Donoghue et al., 2000). Angiotensin Il can act directly on angiotensin Il type 1 (ATz1)
and type 2 (AT2) receptors, GPCRs that mediate the effects of the RAAS. The AT:
receptor has two subtypes, AT1a and ATap that share 95 % sequence identity, but show
different patterns of expression, with AT1a receptor expressed in most cardiovascular
tissues, whilst AT is more restricted to endocrine tissues (Kakar et al., 1992; Ito et
al., 1995; Sugaya et al., 1995; Chen et al., 1997; de Gasparo et al., 2000; Karnik et
al., 2015). Angiotensin Il stimulation of AT1 receptors induces hypertension through
vasoconstriction, and increased blood volume through stimulation of aldosterone
(increases renal salt retention) from the adrenal gland (Aguilera et al., 1992) and
vasopressin (a vasoconstrictor that also mediates renal reabsorption of water) from
the hypothalamus (Qadri et al., 1993).
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1.10.2. ACE2 counter-regulates the renin angiotensin aldosterone system
ACE2 can cleave both angiotensin | and angiotensin Il peptides to generate
angiotensin 1-9 and angiotensin 1-7 as part of the counter-regulatory arm of the RAAS
(Oudit et al., 2003; Forrester et al., 2018; Ocaranza et al., 2020). Angiotensin 1-9 acts
at ATz receptors to induce natriuresis, lowering blood volume (Padia et al., 2008), and
stimulates production of the vasodilator, nitric oxide (Ocaranza et al., 2014).
Angiotensin 1-7 also exerts antihypertensive effects, possibly through targeting the
MAS1 oncogene (MAS receptor) (Sato et al., 2013), a GPCR shown to induce
natriuresis (DelliPizzi et al., 1994) and vasodilatation through nitric oxide production
(Li et al., 1997) (Ocaranza et al., 2020).

1.10.3. ACE2 substrates outside the RAAS

In its role as a carboxypeptidase that cleaves single C-terminal amino acids from
peptides (Hamming et al., 2007), ACE2 has a wide substrate specificity, outside the
angiotensin peptides of the RAAS. In a panel of 126 biological peptides, 11 were
hydrolysed by ACE2, with particularly high efficiency observed for C-terminal catalysis
of des-Arg(9)-bradykinin, dynorphin A-(1-13), and apelin-13 (Vickers et al., 2002).

The kinin-kallikrein system (KKS), like the RAAS, comprises a precursor, kininogen,
and kallikrein enzymes that produce the effector peptides bradykinin and des-Arg(9)-
bradykinin (Sodhi et al., 2018). The effector peptides in the KKS also target GPCRs —
the bradykinin receptor 1 (B1) and bradykinin receptor 2 (B2). Both receptors mediate
proinflammatory responses in the vasculature, including vasodilatation and increased
vascular permeabilisation (Marceau et al., 2020). Strangely, ACE and ACE2 work in
tandem to supress the KKS, metabolising bradykinin and des-Arg(9)-bradykinin
respectively into inactive metabolites, both reducing kinin mediated vasodilatation
(Hamming et al., 2007). The KKS and role of ACE2 in this setting, remains poorly

characterised however.

1.10.4. ACE2 and the apelin signalling axis
There is considerable crosstalk between ACEZ2 and the apelin signalling axis (Chen et
al., 2015; Chatterjee et al., 2020). As discussed previously, apelin peptides are

substrates for ACE2, with the enzyme removing the C-terminal F residue (Vickers et
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al., 2002). The [Pyrt]apelin-131-12 metabolite of ACE2 cleavage is expressed in
human cardiovascular tissue, and was shown to be biologically active both in vitro and
in vivo (Yang et al., 2017b), suggesting that ACE2 does not necessarily ‘switch off’
apelin signalling like it does des-Arg(9)-bradykinin in the KKS (Hamming et al., 2007).
However, other findings demonstrate ACE2 mediated cleavage of [Pyrt]apelin-13 and
apelinl7 partially inactivates the peptides in an in vitro setting, and abolished
cardioprotective effects in vivo in mice (Wang et al., 2016). Additionally, when ACE2
was knocked out or pharmacologically inhibited in mice, hypotensive effects of apelin

peptides were potentiated and prolonged.

Both ACE2 and apelin have been hypothesised as novel targets for therapeutics in
heart failure and other cardiovascular diseases (Kazemi-Bajestani et al., 2012). ACE2
MRNA and protein was downregulated in the heart and aorta of aged apelin knockout
mice, as was the apelin receptor itself (Sato et al., 2013). Consistent with previous
reports showing impaired contractility and cardiac hypertrophy in apelin knockout
mice, the authors go on to demonstrate rescue of this aberrant phenotype via inhibition
of the ATi receptor, and by treatment with angiotensin 1-7. Additionally, apelin
treatment increased ACE2 promoter activity in vitro and stimulated increased ACE2
expression in the failing heart in vivo. Finally, the study also showed that apelin
increased ACEZ2, and cardiac contractility, in AT1 receptor knockout mice. The data
suggest that a component of beneficial cardiovascular apelin signalling is mediated
through its upregulation of ACE2 and subsequent negative control of the RAAS (Sato
et al., 2013).

The role of the second apelin receptor ligand, ELA, has also been studied for
interaction with ACE2. ELA was shown to downregulate ACE, but had no significant
impact on ACE2 expression, in contrast with apelin (Sato et al., 2017). Regardless,
ELA treatment blocked angiotensin Il mediated hypertension and cardiac hypertrophy
in vivo in mice. In another study, ELA peptide, shown to be expressed in the collecting
duct of the kidney, antagonised the RAAS within the kidney to lower blood pressure
and protect against renal injury in mice (Xu et al., 2020). Exogenous ELA treatment
downregulated prorenin and renin protein, and ELA-32 infusion reversed high salt
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induced upregulation of prorenin and renin in rats, whilst significantly lowering blood

pressure. It is currently unreported whether ELA acts as a substrate for ACE2.

The interplay with ACE2 provides further evidence for discrepancies in the mechanistic
effects of apelin versus ELA at the apelin receptor. It remains to be seen how best to
exploit the counter-regulation of the RAAS by the apelin receptor signalling axis as a

therapeutic strategy.

1.10.5. ACE2 in the gastrointestinal tract

ACE2 is highly expressed in the gastrointestinal tract, particularly the enterocytes
lining the small intestine (Zhang et al., 2020). The digestion of proteins into their
constituent amino acids is facilitated by a number of peptidases, of which ACE and
ACE2 are included, localised at the brush-border, before subsequent absorption
through transporter proteins (Bai, 1993; Kowalczuk et al., 2008). The neutral amino
acid transporter, B°AT1 (encoded by the SLC6A19 gene in humans), was shown to
be co-expressed with ACE2, where ACEZ2 significantly increased the expression of
BPAT1 at the cell surface in heterologous systems (Kowalczuk et al., 2008; Camargo
et al., 2009). A complex formed from the interaction of ACE2 with B°AT1 has been
identified in immunoprecipitation experiments, and confirmed the requirement of the
ACE2 for appropriate surface expression of the amino acid transporter (Fairweather
et al., 2012). The role of ACE2 in the gastrointestinal, particularly in gastrointestinal

disease, will be discussed below, in Section 1.11.2.

1.11. ACE2 in pathophysiology

1.11.1. ACE2 in cardiovascular disease

Owing to its role in the RAAS, ACE?2 is associated with various cardiovascular risks
and diseases (Ramchand & Burrell, 2020). A soluble form of ACE2 is shed from the
membrane following proteolytic cleavage by ADAM17 (A disintegrin and metallo-
protease 17), reducing the protection afforded by ACE2 in tissue RAAS (Jia et al.,
2009; Wang et al., 2020). Additionally, increased levels of the soluble ACE2 circulating
in plasma is a predictor for adverse cardiovascular outcomes in patients with coronary

heart disease and heart failure, suggesting that ACE2 could be used as a biomarker
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for cardiovascular disease and adverse events (Ramchand & Burrell, 2020). A large
scale study, looking at over 10,000 participants showed increased circulating ACE2
was associated with a higher risk of heart failure, myocardial infarction, stroke, and
diabetes, and also with increased risk of death in patients with cardiovascular
morbidities (Narula et al., 2020). Targeting ACE2, pharmacologically or genetically, is
hypothesised as an alternative strategy to ACE inhibitors or ATz receptor blockers for
supressing the RAAS in various cardiovascular disease states (Robles et al., 2014),
but it remains to be seen if this will be an effective approach in the development of

new treatment options.

1.11.2. ACE2 in Hartnup disease

Intriguingly, ACE2 potentially plays an indirect role in the pathology of the genetic
metabolic Hartnup disease. The disorder is characterised by increased excretion of
neutral amino acids from both the intestinal tract and the kidney (Scriver, 1965), and
patients can present with a pellagra-like rash (where pellagra is a disease caused by
lack of niacin or tryptophan), and cerebellar ataxia amongst other neurological or
psychiatric aberrations (Seow et al., 2004). Hartnup disease is causally linked to
mutations (Seow et al., 2004) in the SLC6A19 gene encoding the B°AT1 protein that
forms a complex with ACE2 as described in Section 1.10.4. A study assessing the
R240Q mutation identified in a patient with Hartnup disease, showed that the B°AT1
protein was no longer able to associate with ACE2 and the renal paralogue of ACE2,
called collectrin, resulting in reduced membrane expression in cells lining the intestine
and kidney tubules (Kowalczuk et al, 2008). An subsequent study demonstrated that
the D173N and P265L mutants of B°AT1 were able to interact with ACE2 but not
collectrin, whilst the A69T and R240Q mutants were functional in neutral amino acid
transport, but were both unable to form complexes with ACE2 or collectrin, confirming
that the R240Q disease pathology is intrinsically linked to the inability to form
complexes with ACE2 (Camargo et al., 2009).

1.11.3 ACEZ2 as a viral entry receptor

Alongside its cardiovascular role in the RAAS, ACE2 has attracted attention for its
exploitation by human coronaviruses, giving the typically beneficial protein a so-called
‘double-edge’ (Wang et al., 2020; Gheblawi et al., 2020).

69



Initially, the S1 domain of spike (S) proteins decorating the outer layer of SARS-CoV
viral capsules were shown to bind to ACE2 with high affinity, that could be displaced
by inclusion of high concentrations of soluble ACE2, and SARS-CoV virus replicated
only in heterologous cells expressing an ACE2 construct but not mock-transfected
cells (Li et al., 2003). In mice, SARS-CoV myocardial infection was shown to be ACE2
dependent, and corresponded with a marked decrease in ACE2 expression (Oudit et
al., 2009). Further, the authors demonstrated that SARS-CoV induced myocardial
inflammation and damage observed in SARS-CoV infected patients may be
associated with downregulation of ACE2. ACE?2 is also critical for binding of human
coronavirus NL63 (HCoV-NL63) spike protein (Hofmann et al., 2005; Li et al., 2007).
The COVID-19 pandemic continues to put great strain on global health care, wellbeing,
and the economy. SARS-CoV-2, the viral cause of the pandemic, also binds and
infects host cells through interaction of its spike S1 domain with ACE2 (Hoffmann et
al., 2020; Wrapp et al., 2020; Yan et al., 2020; Yang et al., 2020). The organs critically
affected (e.g. infected and/or damaged) by SARS-CoV-2 are those that typically
express ACE2, such as the epithelial cells of the nasopharyngeal tracts, lungs,
gastrointestinal tract, kidney, and heart. In line with its role as the viral entry receptor,
ACEZ2 was quickly recognised as a potential pharmacological therapeutic target in the
treatment of COVID-19, particularly in individuals where vaccination is contraindicated
or might show less efficacy (e.g. in the immunosuppressed) (Alexander et al., 2020).
Additionally, a large-scale study (> 7500 COVID-19 patients) used Mendelian
randomisation to strategically explore drug repurposing strategies to combat SARS-
CoV-2 infection, and shows that increased expression of ACE2 correlates with
increased risk of hospitalisation in COVID-19 (Gaziano et al., 2021).

SARS-CoV-2 spike was shown to bind to ACE2 with high affinity (~15 nM), but
mutations in the viral spike protein, such as the D614G variant, can enhance the
strength of the interaction (Ozono et al., 2021). Importantly, a number of other host
cell proteins are involved in the viral infection and/or replication stages of SARS-CoV-
2. Transmembrane protease serine 2 (TMPRSS2) has been shown to be crucial for
priming of the SARS-CoV-2 spike protein through cleavage of S1/S2 and S2’ sites at
the host cell surface, and cells were significantly more permissible to viral infection
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when TMPRSS2 was co-expressed with ACE2 (Shang et al., 2020; Hoffman et al.,
2020). The intracellular proteases, furin and cathepsin, were shown to catalytically
cleave S1/S2 spike sites, and mediate endosomal processing of the viral particle
respectively (Cheng et al., 2020; Liu et al., 2020). Furin inhibitors were shown to
supress viral production and infection of neighbouring cells, reducing cytotoxicity
(Cheng et al., 2020). The cathepsin L isoform predominantly, has demonstrated a key
role in enhancing SARS-CoV-2 infection in vitro, and drugs that inhibit cathepsins,
such as amantadine (Zhao et al., 2021) and E64d (Hoffman et al., 2020) have
exhibited SARS-CoV-2 spike protein anti-viral properties.

A dimer-of-heterodimers complex formed between ACE2 and B°AT1 (as described in
Sections 1.10.4 and 1.11.2) can intriguingly bind two SARS-CoV-2 spike proteins
simultaneously, reportedly with higher affinity than ACE2 alone (Yan et al., 2020;
Stevens et al., 2021). Further, B°AT1 in the complex may have an impact on the
engagement of ACE2 with TMPRSS2, although this needs further characterisation
(Stevens et al., 2020).

Owing to the complex interactions between ACE2 and the apelin signalling axis
discussed in Section 1.10.3, it has been hypothesised that the apelin receptor is also
a potential target in the treatment of COVID-19 and/or its symptoms (Saravi & Beer,
2020). In an analysis of RNA-sequencing datasets from cardiomyocytes infected with
SARS-CoV-2, and from cardiovascular tissues from COVID-19 patients, both apelin
and ACE2 were shown to be downregulated, possibly contributing to the cardiorenal
injury observed in COVID-19 (Li et al., 2021), as was observed in the myocardium of
patients infected with SARS-CoV (Oudit et al., 2009). Additionally, the APEL-COVID
clinical trial (ClinicalTrials.gov Identifier: NCT04632732), completed in October 2021
but with results yet to be disclosed, aimed to assess apelin and ACE2 as biomarkers
for alveolar capillary permeability in COVID-19. Nevertheless, the experimental

exploration of apelin in SARS-CoV-2 remains to be conducted.
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1.12. ACE?2 structure

As discussed, ACE2 is an 805 amino acid (~120 kDa) zinc-metalloproteinase type 1
transmembrane protein that shares high sequence homology with ACE (Tipnis et al.,
2000; Donoghue et al., 2000; Hamming et al., 2007; Badawi & Ali, 2021). Modelling
studies revealed structural differences in the active site of ACE versus ACE2,
conferring specificity for different substrates (Guy et al., 2003). Surprisingly, the C-
terminal portion of ACE2 shares high sequence homology (~48 %) with the renal
protein, collectrin, that is also mapped to chromosome Xp22 (Zhang et al., 2001,
Danilczyk et al., 2006; Malakauskas et al., 2007). Collectrin has been shown to act as
a chaperone for B°’AT1 membrane expression in the kidney (Danilczyk et al., 2006;
Malakauskas et al., 2007), and it is through the ‘collectrin-like domain’ (comprising
amino acids 616 — 805) that ACE2 protein also performs this role, particularly in the
intestine where collectrin is not expressed (described in Section 1.11.2). ADAM17
cleaves ACE2 to generate a soluble form of the protein (555 amino acids long) that is
shed from the membrane (Jia et al., 2009).

Additionally, six different transcript variants of the human receptor have been
identified, corresponding to four ACE2 isoforms that are shorter than the full-length
protein (Badawi & Ali, 2021). One isoform encodes a protein only slightly shorter than
the full-length ACEZ2, lacking the last 18 amino acids at the C-terminus but otherwise
showing 100 % sequence identity. Another is comprised of 694 amino acids that
shares ~95 % identity. A novel transcript variant has been recently identified in three
independent reports, encoding a short isoform comprising amino acids 357-805 of the
full-length ACE2 protein, and possessing a uniqgue 10 amino acid cap at the N-
terminus (Ng et al.,, 2020; Onabajo et al., 2020; Blume et al., 2021). This
transcriptionally independent isoform is upregulated in response to interferon
stimulation and rhinovirus infection, unlike the full-length ACE2 protein, but is not
upregulated by SARS-CoV-2 (Ng et al., 2020; Onabajo et al., 2020; Blume et al.,
2021). Intriguingly, the isoform lacks both fully functional enzymatic activity, and loses
the high affinity SARS-CoV-2 spike protein binding sites seen in full-length ACE2. A
schematic showing the structure of full-length ACE2 versus the short isoform can be
found in Chapter 6 (see Fig 6.2). Whilst mRNA of the short isoform is expressed in
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airway epithelia and squamous tumours of the respiratory, gastrointestinal, and
urogenital tracts, expression at the protein level remains uncharacterised. Work
discussed in Chapter 6 of this thesis aims to address the dearth of information on the
tissue distribution, and potential role in COVID-19, of the short ACE2 isoform.

1.13. Aims for ACE2

ACEZ2 is a crucial component of the RAAS in the cardiovascular system, but has
recently drawn attention as a target for infection by human coronaviruses, including
SARS-CoV-2, which is the cause of the COVID-19 pandemic. In this thesis, it was
hypothesised that ACE2, along with other host cell proteins implicated in SARS-CoV-
2 infection, would be expressed in hESC-CMs, a clinically relevant model where
SARS-CoV-2 has been causally linked to cardiac damage in infected patients. A high-
throughput drug screening platform, using this cell model, was developed to identify
novel inhibitors of viral infection, and is discussed in-depth in Chapter 5. The
emergence of an ACE2 isoform, truncated at the N-terminus and thus lacking SARS-
CoV-2 binding sites, is poorly characterised in relation to its protein expression and
distribution. Work described in Chapter 6 aims to identify the organs and tissue beds
that this short isoform is present in, and uses a novel fluorescently tagged SARS-CoV-
2 spike receptor binding motif protein monomer, that was hypothesised not to bind to
dACEZ2, to explore the potential role of this isoform in COVID-19.
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Chapter 2. Materials & Methods

2.1. Overview

The Materials & Methods chapter of this thesis will describe the basic outlines and
principles of the techniques used in this work, including in-house validation where
appropriate. In-depth methodological procedures can then be found in the relevant
Results chapters.

2.2. COVID-19 statement

During the COVID-19 pandemic, the UK government coronavirus lockdowns in 2020
and 2021 were necessary precautions, but severely impacted on the ability to continue
work, particularly in a hospital environment. Approximately four months (March — June
2020) of laboratory time was lost, but Professor Davenport was subsequently able to
secure permission to conduct research on projects directly associated with the SARS-
CoV-2 virus, meaning work on the apelin receptor was temporarily halted. Additionally,
access to facilities for training, cell culture, and use of experimental equipment was
strictly limited. Work that had been conducted at Sosei Heptares, as part of the ORBIT
(Opportunities in Receptor Biology for Industrial Translation) collaboration was unable

to continue under the UK government COVID-19 restrictions.

2.3. Materials

All reagents used in this thesis were from Sigma-Aldrich (now Merck), unless specified
as otherwise. All antibodies used in this thesis were from Abcam, unless specified
otherwise. HEK293T cells (# CRL-3216) and CHO-K1 cells (# CCL-61) were from
ATCC. H9 human embryonic stem cells (hESCs) (WAQ09) were from WiCell. These
pluripotent cells are derived from a female human blastocyst (Thomson et al., 1998).
Surgical samples of human tissue were obtained with informed consent, and ethical
approval (05/Q104/142) held by Professor Anthony Davenport.
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2.4. Cell culture

All cells were maintained in incubators at 37 °C, 5 % CO2, humidified.

2.4.1. General cell culture

Prior to the COVID-19 pandemic, HEK293T cells were cultured by the author at Sosei
Heptares. During restrictions, culturing was instead performed by Mr Jason Brown.
Cells were maintained in 20 — 25 mL Dulbecco's Modified Eagle Medium (DMEM,
ThermoFisher Scientific) supplemented with 10 % foetal bovine serum (FBS,
ThermoFisher Scientific) in T175 cell culture flasks (Corning). CHO-K1 cells were
cultured in-house. Cells were maintained in 20- 25 mL DMEM/F-12 (1:1) nutrient mix
+ L-glutamine (ThermoFisher Scientific), supplemented with 10 % FBS (ThermoFisher
Scientific) in the presence of 0.1 mg/mL Normocin antibiotic formulation (InvivoGen)
in T175 cell culture flasks (Corning). Cells were grown to confluency before washing
with sterile phosphate buffered saline (PBS, ThermoFisher Scientific), and subsequent
passaging with 3 mL porcine trypsin for 3 mins. Trypsin dissociation was neutralised
with 7 mL culture media, before cell suspensions were spun in a centrifuge at 300 xg
for 5 mins. Media was aspirated before cell pellets were resuspended in 10 mL media
for replating in flasks or experimental plates. For determination of cell numbers, 3 mL
of the cell suspension was diluted 1:10 in media, and 10 L of the resulting suspension

counted using a haemocytometer.

2.4.2. Generation of apelin receptor plasmid DNA

Wild-type apelin receptor plasmid DNA constructs were generated in collaboration with
Dr Heather Currinn at Sosei Heptares. In brief, wild-type apelin receptor templates
were PCR cloned into a pcDNA3.1 mammalian expression vector (Invitrogen) at
Nhel/Notl restriction sites using Phusion Hot Start Il DNA polymerase (ThermoFisher
Scientific), in accordance with the manufacturer’s instructions. Wild-type and variant
apelin receptor cDNA templates tagged C-terminally with eGFP were cloned in the
same manner. Cloned plasmid vectors were transformed in DH5a competent E. coli,
before isolation using a QIAprep Spin Miniprep Kit (Qiagen), in accordance with the
manufacturer’s instructions. DNA concentration was determined using a NanoDrop

One (ThermoFisher Scientific). The plasmid constructs also harboured a G418 genetic
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resistance gene. A CHO-K1 cell line, stably expressing the apelin receptor (herein
referred to as CHO-APLNR), were a kind gift from Mr Jason Brown at Sosei Heptares,
generated by selecting colonies that survived 500 pg/mL G418 genetic antibiotic

selection.

2.4.3. Transfection of cells with apelin receptor DNA

HEK293T were grown to ~60 % confluency in 20 mL DMEM supplemented with 10%
foetal bovine serum in T175 cell culture flasks, before incubation with 6 ng/mL wild-
type or variant apelin receptor plasmid DNA in the pcDNA3.1 mammalian expression
vector. Transfection reagent was comprised of a mix of 3 uL Novagen GeneJuice
Transfection Reagent (Merck) added into 100 pL Opti-MEM reduced serum medium
(ThermoFisher Scientific), incubated for 5 mins at room temperature, before addition
of plasmid DNA to give the final 6 ng/mL concentration for a further 15 mins to allow
complexes to form. Plasmid DNA was added to cells in transfection reagent, before
incubation for 24 h at 37 °C, 5 % CO2, humidified. The following day, cells were
dissociated with TrypLE reagent for subsequent preparation and use in experiments.

CHO-K1 cell transfection was performed in-house. Cells were seeded in CellCarrier-
96 Ultra Plates (PerkinElmer) at a density of 10 k/well and returned to an incubator (37
°C, 5 % COg, humidified) for 24 h. Cells were then transiently transfected with wild-
type or variant apelin receptor plasmid DNA using a TransIT-CHO Transfection Kit
(MIR 2174; Mirus Bio), in accordance with the manufacturer’s instructions. In brief,
0.05 pL CHO MoJo reagent was added to 0.3 pL TransIT-CHO reagent in 9 puL Opti-
MEM reduced serum medium, and plasmid DNA added to make a 10 ng/mL working
solution per well to be infected. Complexes were allowed to form for 30 mins at room
temperature, before a 10 pL addition of the transfection solution into 90 uL DMEM/F-
12 media in each well, to give a final DNA concentration of 1 ng/mL. Cells were
incubated for 24 h at 37 °C, 5 % CO2, humidified before subsequent experimentation.

2.4.4. hESC cell culture
Owing to restrictions on the grounds of COVID-19, training and access to facilities for
the culturing of H9 hESC cells was not permitted. Culturing and differentiation was

instead performed by Ms Robyn Macrae and Dr Maria Colzani in the Wellcome-MRC
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Cambridge Stem Cell Institute, using a protocol adapted from Cheung et al., 2014. In
brief, undifferentiated H9 hESCs were maintained in CDM-BSA media, comprised of
Iscove's Modified Dulbecco's Medium (IMDM)/F-12 (1:1) nutrient mix, supplemented
with 15 pg/mL transferrin (R&D Systems), 7 yg/mL insulin, 450 mM monothioglycerol,
1 % chemically defined concentrated lipids (ThermoFisher Scientific), 5 mg/mL bovine
serum albumin (Europa Bio Products), 100 U/mL penicillin-streptomycin
(ThermoFisher Scientific), 12 ng/mL fibroblast growth factor 2 (FGF2, Qkine Ltd), and
10 ng/mL activin-A (Qkine Ltd). Cells were grown in 6-well plates (Corning) coated
with 0.1 % gelatin in sterile PBS. Media was changed every day. Cells were grown to
confluency before washing with sterile PBS, and subsequent passaging with
collagenase IV (ThermoFisher Scientific) for 3 mins. Collagenase dissociation was
neutralised with media, before cells were scraped and triturated for collection into
collection tubes. Cells were allowed to settle at the bottom of the tubes before
aspiration of the media and subsequent resuspension of cells in fresh media for

replating.

2.4.5. hESC differentiation to cardiomyocytes

Dissociated H9 hESCs were collected as a triturated suspension. A 10 uL volume of
cell suspension was mixed 1:1 with 0.4 % trypan blue solution (ThermoFisher
Scientific) for counting in a Countess Automated Cell Counter (Invitrogen). Remaining
cells were spun in a centrifuge at 300 xg for 3 mins, before resuspending in CDM-BSA
media, supplemented with 12 ng/mL FGF2, 30 ng/mL activin-A, and 10 yM Rho-
associated protein kinase inhibitor (ROCKI, Insight Biotech) to give a final cell
concentration of 80 k/well in 6-well plates coated with Matrigel (Corning). After
incubation for 4 h, mesoderm induction was performed by aspirating media and
replacing with 2 mL/well CDM-BSA media, supplemented with 20 ng/mL FGF2, 50
ng/mL activin-A, 10 uM phosphoinositide 3-kinase inhibitor (Ly294002, Stratech), and
10 ng/mL bone morphogenetic protein 4 (BMP4, R&D Systems).

After a further incubation for 42 h, media was aspirated, and cells washed with sterile
PBS. Cells were then covered with CDM-BSA media, supplemented with 8 ng/mL
FGF2, 10 ng/mL BMP4, 1 uM retinoic acid, and 1 ng/mL Wnt signalling pathway

inhibitor (IWR1-endo, Tocris). Cells were then refed with this media every 48 h, for 4

77



days, before swapping to CDM-BSA media, supplemented with 8 ng/mL FGF2 and 10
ng/mL BMP4. Cells were refreshed with media every other day, until spontaneous
beating of differentiated cardiomyocytes (herein referred to as hESC-CMs) was
observed.

After =2 14 days, media was aspirated, and cells were washed with sterile PBS. Cells
were subsequently dissociated with TrypLE Express (ThermoFisher Scientific) for 10
mins, before neutralising with CDM-BSA media, supplemented with 5 yg/mL DNase |
(New England BioLabs) to prevent cell clumping. Cells were collected into tubes and
spun in a centrifuge at 300 xg for 3 minutes. Media was aspirated off cell pellets before
resuspension in CDM-BSA, supplemented with 10 yM ROCKIi and plating in 6-well
plates coated with Matrigel. Cells were incubated overnight. Next, media was removed
and replaced with a lactate selection media, comprised of DMEM no glucose, no
pyruvate (ThermoFisher Scientific), supplemented with 1X MEM non-essential amino

acids (ThermoFisher Scientific), and 4 mM sodium L-lactate solution in HEPES buffer.

2.4.6. Generation of shRNA apelin receptor knockdown hESC-CMs

A tetracycline inducible, short hairpin RNA apelin receptor knockdown system was
designed using the single-step optimised inducible knockdown system (sOPTIKD)
described in Bertero et al., 2016. The authors outline a pAAV-Puro_siKD vector
targeting the AAVSL1 locus for transgene expression, and carrying the short hairpin
RNA and tetracycline response expression cassettes, and a puromycin resistance
gene. The pAAV-Puro_siKD vector was a kind gift from Professor Ludovic Vallier
(Addgene plasmid #86695; http://n2t.net/addgene:86695; RRID:Addgene_86695).

H9 hESCs, cultured in 6-well plates coated with 0.1 % gelatin, were aspirated of media,
and washed with sterile PBS, before incubation with 1 mL Opti-MEM reduced serum
media. Two transfection mixtures were made. Mixture A was comprised of 10 pL
Lipofectamine 2000 Transfection Reagent (Thermofisher Scientific) in 240 uL Opti-
MEM per well to be transfected. Mixture A was incubated for 5 mins. Mixture B was
comprised of 2 ug shRNA vector and 2 ug of 2 AAVSL1 zinc finger nuclease plasmids
(also described in Bertero et al., 2016) in 250 pyL Opti-MEM per well to be transfected.

Mixture A and Mixture B were added 1:1 and incubated for 20 mins at room
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temperature to allow complexes to form. Subsequently, 500 uL of the complex solution
was added to each well to be transfected. Cells were incubated for 24 h at 37 °C, 5 %
COg2, humidified. Cells were then aspirated and washed with sterile PBS and
maintained in CDM-BSA media, refreshed daily, until ~80 % confluency was observed.
Cells were swapped to CDM-BSA media containing 1 pg/mL puromycin, refreshed
daily, to select for colonies that had successfully taken up the construct. Colonies were
manually isolated using a pipette, and expanded in colonies before undergoing the
cardiomyocyte differentiation protocol outlined in Section 2.4.5.

2.4.7. Generation of R168H variant apelin receptor cardiomyocytes

Base editing is a form of CRISPR/Cas technology that induces precise genetic
changes in a target of interest. In brief, using protocols adapted from Komor et al.,
2016 and Koblan et al., 2018, a cytosine base editor was used in conjunction with
custom guide RNA (gRNA) to induce a G-C to A-T substitution in the apelin receptor
gene (APLNR), resulting in an amino acid substitution (R168H) at the protein level. To
induce the substitution, the gRNA vector and a BE4max base editor plasmid were
nucleofected into H9 hESCs (WiCell) using the Amaxa 4D Nucleofector (Lonza) and
P3 Primary Cell 4D-Nucleofector X Kit, in accordance with the manufacturer's
instructions. The gRNA vector also carries a puromycin resistance gene, and cells that
had taken up the plasmid were selected for using puromycin (1 pg/mL) selection for
48 h. Subsequently, successfully nucelofected cells were manually isolated using a
pipette, and expanded in colonies before undergoing the cardiomyocyte differentiation

protocol outlined in Section 2.4.5.

2.5. Cell infection with virus in SARS-CoV-2 studies

2.5.1. Pseudotyped virus production

Owing to tight restrictions during the UK government imposed lockdowns, and the
training required for access and use of Biological Safety Containment Level 2 facilities,
pseudotyped virus production was instead carried out by Mr Stuart Bloor and Mr Jun
Ru Zhan in the Cambridge Institute of Therapeutic Immunology & Infectious Disease
(CITIID).
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Plasmid pCG1-SARS-CoV-2 A19 D614G HA, encoded the SARS-CoV-2 spike
protein, carrying the D614G mutation that increases the affinity for ACE2 and an HA
tag that replaces the last 19 amino acids at the C-terminus. The plasmid was
generated using the pCG1-SARS-2-S construct, kindly gifted by M. Hoffman and
described in Hoffman et al., 2020, by PCR (Phusion polymerase (New England

Biolabs)) using the primer pairs:

(1) CoV20ptFor(TTGTATCGGATCCACCATGTT CGTGTTTCTGGTGCTGCTG) with
CoV2D614Gr(CAGTTCACGCCCTGGTACAGCAC TGCCAC)

(2) CoV2D614Gf(GTACCAGGYCGTGAACTGTACCGAAGTGCC) with
CoV20ptD19HArev(ATCCCGATCTAGATCAAGCGTAATCTGGAACATCGTATGGG
T AACTTCCGCAGCAGCTGCCACAGCTACA)

This generated overlapping amplification products, that were gel purified and
combined as a template in a second PCR reaction using primer pair; CoV2optFor and
CoV2optD19HArev. The final amplification product was digested and re-cloned into
the pCG1 vector using BamHI-Xbal sites. The HIV-1 based GFP-expressing lentiviral
vector pHRSIN CSGW eGFP was a kind gift from Y. Ikeda. Pseudotyped lentiviral
supernatants were generated following co-transfection of HEK293T cells with pHRSIN
CSGW eGFP plus the packaging plasmid pCMVAR8.91 and either pMD.G (VSV-G)
or pCG1-SARS-CoV-2 A19 D614G HA spike plasmid, using TransIT-293 transfection
reagent (MIR 2704; Mirus Bio), in accordance with the manufacturer’s protocol. Viral
supernatants were harvested 48 h post transfection and cell debris was removed with
a 0.45 pm syringe filter, prior to concentrating up (approximately 10-fold) using a
Vivaspin 20 MWCO 100 kDa centrifugal concentrator (Sartorius), in accordance with

the manufacturer’s instructions.

2.5.2. Pseudotyped viral infection of hLESC-CMs

For infection of hESC-CMs, cells in CellCarrier-96 Ultra Plates (PerkinElmer) were
incubated for 4 h with pseudotyped viral stock at the desired multiplicity of infection
(MOI) in media. In drug screens, cells were pre-treated for 1 h before infection with

either camostat, benztropine, or E64d at a final concentration of 30 uM; DX600 at a
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final concentration of 10 uM; ACE2 antibody (AF933; R&D Systems) at 20 ug/mL; a
mix of camostat + E64d at a final concentration of 30 uM each; or DMSO at 0.6%
(equivalent of the highest concentration included in drug dilutions). Cells were then
washed 3x with PBS to remove infectious lentivirus particles, before replenishment
with the media outlined above, maintained in the presence of the respective drug
treatments for 4-5 days. Viral infection was monitored using an EVOS Cell Imaging
System to look for the enhanced green fluorescent protein (eGFP) reporter of viral

presence in cells.

2.5.3. SARS-CoV-2 viral infection of hESC-CMs

Owing to the inability to get training in the Biological Safety Containment Level 3
facilities required for handling SARS-CoV-2 viral isolates, infection of hLESC-CMs with
this virus was instead performed by Dr Edward Greenwood in the Cambridge Institute
of Therapeutic Immunology & Infectious Disease (CITIID). The SARS-CoV-2 virus
described in this thesis is the "SARSCoV2/human/Liverpool/REMRQ0001/2020"30,31
clinical isolate. Viral stock was passaged 3x in VeroEG6 cells, 1x in Caco-2 cells, and
1x in Calu-3 cells. Viral stock titre was calculated using the TCIDso (Median Tissue
Culture Infectious Dose) observed in Huh-7 cells transfected with an ACE2 expression
vector. For SARS-CoV-2 immunostaining, infected cells were fixed in 2%
formaldehyde for 30 mins and permeabilized with BD Perm/Wash buffer (BD
Biosciences, 554723). The primary antibody used was a sheep anti-SARS-CoV-2
nucleocapsid antibody (DA114, MRC-PPU), which was visualised with AF488
conjugated donkey anti-sheep antibody (#713-545-147; Jackson ImmunoResearch).

2.6. Protein preparation

2.6.1. Cell membrane preparation

Cell membrane preparations (HEK293T and CHO-K1 cells) were made by dissociating
cells grown to confluency in T175 flasks using 3 mL trypsin or TrypLE Express for 3
mins. Dissociating reagent was neutralised with 7 mL respective cell media (see
Section 2.4.1). Cell suspensions were transferred to tubes and spun in a centrifuge at
1000 xg for 10 mins at 4 °C. Pellets were resuspended in ice-cold TRIS wash buffer

(50 mM TRIS-HCI in deionised water, pH balanced to 7.4 at room temperature, as
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used during wash steps of subsequent radioligand binding experiments), and
triturated, to induce complete hypotonic lysis of cells. Cells were spun a second time
in a centrifuge at 21,000 xg for 20 mins at 4 °C, to obtain a crude membrane fraction.
Supernatant was discarded and membrane preparations resuspended in TRIS wash

buffer. Cell membrane preparations were stored at -70 °C until use in experiments.

2.6.2. Tissue homogenisation

Surgical samples of human left ventricle (HLV) tissue were obtained with informed
consent and ethical approval (05/Q104/142). Tissues were snap frozen in liquid
nitrogen before storage at -80 °C. On the day of preparation, tissue was chopped finely
with a razor blade on ice, before subsequent homogenisation using a Polytron
Homogenizer (Thomas Scientific), in homogenisation buffer (50 mM Tris-HCI, 5 mM
MgCl2, 5 mM EDTA, 1 mM EGTA, 1:500 protease inhibitor cocktail containing
aprotinin and amastatin, balanced at pH 7.4) at 4 °C. The resulting homogenate was
subsequently spun in a centrifuge at 1000 xg for 2 mins at 4 °C. Supernatant was
transferred to another set of tubes (pellet discarded) for a high speed spin in a
centrifuge at 40,000 xg, for 30 mins at 4 °C. Supernatant was then discarded, and the
remaining pellet resuspended in 2.5 mL/g of homogenisation buffer, before a second
high speed spin at 40,000 xg, for 30 mins at 4 °C. The supernatant was discarded,
and the remaining pellet was resuspended in HEPES buffer (50 mM HEPES, balanced
at pH 7.4 at room temperature) and stored in the freezer at -70 °C until use in assays.

2.6.3. Protein assay

Protein concentration of protein preparations (cell based or homogenised tissue), was
determined using a DC Protein Assay (Bio-Rad), in accordance with the
manufacturer’s instructions. The kit makes use of the established colorimetric Lowry
method, tracking the colour change that occurs when peptide bonds in proteins react
with an alkaline copper tartrate solution to reduce an added folin reagent. In brief, the
solubilising buffer provided in the kit was warmed on top of a water bath heated to 80
°C to prevent precipitation of buffer components. Frozen protein samples were thawed
and mixed 1:1 (typically 100 L) with the solubilising buffer. The mix was heated in the
80 °C water bath for 30 mins. Samples were then spun in a centrifuge at 11,000 xg for

5 mins. 50 pL of supernatant was serially diluted with 50 pL solubilising buffer down
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to 1:128. A bovine serum albumin (BSA) standard at 1.5 mg/mL in solubilising buffer
was prepared and diluted down to 0.1875 mg/mL to produce a standard curve in the
assay. After adding 5 pL blank controls (solubilising buffer), BSA standard, or sample
supernatant dilutions to a clear-bottomed 96 well plate, kit reagents A’ (alkaline copper
tartrate solution) and B (dilute folin reagent) were added at 25 and 200 L respectively.
After incubating for 5 mins at room temperature, absorbance at 450 nm was measured
using a FLUOstar Omega microplate reader (BMG LABTECH). The BSA standard

curve was plotted, and concentrations of the protein samples interpolated.

2.7. Radioligand binding

Radioligand binding was performed using the [GIp®,Nle’®,Tyr’|[*?®I]-apelin-13
radiolabel (PerkinElmer), herein referred to as [*?°I]-apelin-13, using protocols adapted
from Katugampola et al., 2001; Maguire et al., 2012; Yang et al., 2017a. The radiolabel

has a specific activity of 2200 Ci/mmol.

Binding buffer was comprised of 50 mM TRIS-HCI and 5 mM MgClz, balanced to pH

7.4 at room temperature. Wash buffer was the same but with no MgClz.

Protein samples were diluted in binding buffer to give final assay concentrations of 1

mg/mL or 1.5 mg/mL for cell preparations or homogenised tissue respectively.

Plasticware used in radioligand binding experiments were coated with Sigmacote, a
siliconizing reagent that forms a covalent film that reduces sticking of the radiolabel.

2.7.1. Fixed concentration binding

Protein sample was mixed 1:1 (typically 50 or 100 uL) with 0.15 nM [*?%]]-apelin-13
(diluted in binding buffer), and incubated for 90 mins at room temperature to reach
equilibrium. Non-specific binding was determined in the presence of 5 uM [Pyr']apelin-
13 (Severn Biotech). At the end-point, samples were spun in a centrifuge at 20,000 xg
for 10 mins at 4 °C to terminate equilibrium. Supernatant was aspirated, and pellets
were resuspended and triturated in 500 pL ice-cold wash buffer all over ice. Samples

were spun a second time at 20,000 xg for 10 mins at 4 °C, before aspiration of the
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supernatant. Radioactivity in pellets was counted using a Cobra Il model 5003 gamma

counter (Packard).

2.7.2. Saturation binding

Protein sample was mixed 1:1 (typically 50 or 100 pL) with a concentration range (2
pM — 1 nM) of [*?°1]-apelin-13 (diluted in binding buffer), and incubated for 90 mins at
room temperature to reach equilibrium. Non-specific binding was determined in the
presence of 5 uM [Pyr!]apelin-13. At the end-point, samples were spun in a centrifuge
at 20,000 xg for 10 mins at 4 °C to terminate equilibrium. Supernatant was aspirated,
and pellets were resuspended and triturated in 500 uL ice-cold wash buffer all over
ice. Samples were spun a second time at 20,000 xg for 10 mins at 4 °C, before
aspiration of the supernatant. Radioactivity in pellets was counted using a Cobra Il

model 5003 gamma counter (Packard).

2.7.3. Competition binding

Competition binding was performed to assess the displacement of ['?°[]-apelin-13 at
apelin receptor by other ligands. Protein sample was mixed 1:1:1 with 0.1 nM [*%1]-
apelin-13, and a concentration range (1 pM — 1 uM) of competing ligand, diluted in
binding buffer. Total binding was determined in the absence of competing ligand. Non-
specific binding was determined in the presence of 5 uM [Pyr!]apelin-13. At the end-
point, samples were spun in a centrifuge at 20,000 xg for 10 mins at 4 °C to terminate
equilibrium. Supernatant was aspirated, and pellets were resuspended and triturated
in 500 uL ice-cold wash buffer all over ice. Samples were spun a second time at 20,000
xg for 10 mins at 4 °C, before aspiration of the supernatant. Radioactivity in pellets

was counted using a Cobra Il model 5003 gamma counter (Packard).

2.7.4. Radioligand binding data analysis

Saturation binding data were analysed using the EBDA and LIGAND components of
the KELL (Kinetic, EBDA, Ligand, Lowry) software package (Biosoft), described in
McPherson, 1985. The software uses co-analysed iterative curve fitting. EBDA
performs a Scatchard plot linearised analysis to generate initial estimates of receptor
affinity (Ko) and receptor density (Bmax). These estimates are subsequently entered

into LIGAND, which uses weighted, nonlinear curve fitting to more accurately calculate
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Ko and Bmax values. Bmax values, in fmol/mg, are calculated from the known specific
activity of the radiolabel and concentration of protein used. Additionally, a runs test
determines if points are randomly distributed around the fitted line. LIGAND also
accounts for receptor occupancy and ligand depletion, as total binding, non-specific
binding, total radioactivity added, and the dissociation constant (in this instance, 0.076
nM) and specific activity (2200 Ci/mmol) of the radiolabel are input into the software.
Saturation data were presented using the nonlinear one site specific binding with Hill
slope model fitted by GraphPad Prism version 6.07 for Windows (GraphPad Software).

Competition binding data were presented using the nonlinear one site Fit Ki [2] model
fitted by GraphPad Prism version 6.07, with constraints for the radiolabel concentration
(0.1 nM) and Kp (0.076 nM) input. The software was also used to calculate binding

affinities (Ki values) of competing ligands using the Cheng-Prusoff equation:

Ki=1Cso/ (1 + [L]/ KbD)

where Ki is the absolute inhibitor constant, the concentration of competing ligand that
produces half-maximal inhibition of binding; ICso is the half-maximal inhibitory
concentration determined from the competition curve generated in the given assay; [L]
is the concentration of the radiolabel; and Kp is the affinity constant of the radiolabel
(0.076 nM).
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2.8. In vitro assays

2.8.1. Dynamic mass redistribution assay

BIND technology (SRU Biosystems) provides a plate based label-free assay format
that can measure cellular responses to receptor-ligand interactions, generally used as
a screening platform. The proprietary 96-well biosensor plates use a nanostructured
optical grate that reflects a single wavelength of light following illumination from
underneath with broad spectrum light that is dependent on the index of refraction, that
is in turn dependent on the material attached to the biosensor surface. The more
material (i.e. cells) that is in contact with the biosensor surface, the higher the peak
wavelength value (PWV) of the returned light signal, and vice versa. The change in
material at the biosensor surface can be measured over time using the shift in PWV
observed. In cell based assays, the number of cells adherent to the biosensor surface,
and/or the extent of adherence and spreading — often influenced by downstream
effectors following receptor-ligand interaction — induces observable shifts in PWV.
Detected shifts in PWV fall exponentially up to distances of ~200 nm above the
biosensor surface. Fig 2.1 shows representative sample traces of the response to a
concentration range (0.1 nM — 1 uM) of the fluorescent apelin receptor ligand,
apelin488. Traces show responses (APWYV from a pre-established baseline taken 5
mins after the drug addition, which can then be used to plot concentration response
curves. Note, wild-type CHO cells (i.e. untransfected) treated with 1 uM apelin488
showed no response, confirming that the presence of fluorescence does not induce

signal in this light based assay.
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Figure 2.1. Representative sample traces from the dynamic mass redistribution assay.
A baseline peak wavelength value (PWV) reading is taken over a 30 mins period
before the start of the experiment, allowing cells in the biosensor plate to acclimatise
to the experimental environment. After T30, any deviation in PWYV is recorded to give
responses in APWV. At ~T37 mins, a concentration range (0.1 nM — 1 uM) of drug (D,
in this case the fluorescent ligand, apelin488) was added to CHO-APLNR cells. The
response (R), was taken as the APWYV from the initial baseline 5 mins after the drug
addition, at ~T42 mins. Note, black trace shows the response of 1 uM apelin488 in
wild-type (WT) CHO cells (i.e. untransfected).

2.8.2. cAMP accumulation assay

Gai G protein signalling at the apelin receptor was determined using an in vitro cAMP
Hunter eXpress GPCR Assay (DiscoveRx, now Eurofins). The manufacturer’s protocol
was modified in accordance with previous in-house optimisation. All reagents were
provided in the assay kit. Note that [Pyrt]apelin-13 is used as a reference agonist in

this assay.

The assay allows for sensitive monitoring of GPCR activation using enzyme
fragmentation complementarity to induce chemiluminescent signal that is directly
proportional to the concentration of CAMP present in the CHO-K1 cells expressing

apelin receptor provided with the kit (see Fig 2.2). The 3-galactosidase enzyme is split
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into two fragments, the enzyme donor (ED) and enzyme acceptor (EA) with the donor
labelling cAMP in the kit. ED labelled cAMP and cellular cAMP compete for an anti-
cAMP antibody (anti-cAMP Ab) binding, where ED labelled cAMP bound to antibody
will no longer be able to fuse with the EA. When cellular levels of cAMP are high, there
is more competition for binding with the anti-cAMP antibody which leaves more ED
labelled cAMP free to fuse with the EA to allow for hydrolysis of the chemiluminescent

substrate by complete -galactosidase to give signal.
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Figure 2.2. Schematic showing the principle behind the cAMP accumulation assay.
Cellular and kit components required for detection of chemiluminescent signal (light)
in the cAMP Hunter eXpress GPCR Assay. In low level cellular cAMP conditions (i.e.
Gai inhibition of forskolin stimulated adenylyl cyclase), the anti-cAMP antibody is able
to mop up the cAMP labelled with the enzyme donor, also supplied in the Kit,
preventing fusing of the donor with the enzyme acceptor and a lack of
chemiluminescent signal. In high level cellular cAMP conditions (i.e. no Gai inhibition
of forskolin stimulated adenylyl cyclase), the cellular cAMP saturates the anti-cAMP
antibody, leaving cAMP labelled with the enzyme free to fuse with the enzyme

acceptor and generate chemiluminescent signal. Image from www.discoverx.com.

CHO-K1 cells overexpressing human apelin receptor (AGTRL1) were seeded in cell
plating reagent (CPR) into 96-well plates and incubated for 24 h at 37 °C, 5 % COz,
humidified. Cell Plating Reagent was aspirated and replaced with Cell Assay Buffer
containing cCAMP Antibody Reagent. To investigate novel compounds for agonist
activity, wells were treated with test compounds over an 8 point concentration range
minimum, in the presence of 15 yM forskolin (to stimulate cAMP production, see Fig
2.2). Cells were then incubated for 30 mins at 37°C, 5 % COz2, humidified. Cells were
subsequently treated with Working Detection Solution (CAMP Lysis Buffer, Substrate
Reagent 1, Substrate Reagent 2, and cAMP Solution D), containing 3-isobutyl-1-
methylxanthine (IBMX; a non-selective phosphodiesterase inhibitor) and incubated for
1 h at room temperature, protected from light. Cells were then treated with cAMP

solution A and incubated for 3 h at room temperature, protected from light. Plates were
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read in a chemiluminescence detecting LumiLITE Microplate Reader (DiscoveRXx).
Responses measured in Relative Light Units (RLU) were fitted to four parameter
logistic concentration response curves in GraphPad Prism version 6.07 for Windows
(GraphPad Software) to determine compound concentrations inducing half maximal
response (ECso), and pD2 values (-log10 ECso) were calculated. Data were expressed
in a normalised manner as the percentage of forskolin response (% inhibition (FSK))

at the lowest concentration of [Pyr]apelin-13.

The cAMP accumulation assay was validated extensively in-house (see Fig 2.3). A
forskolin concentration response curve (Fig 2.3a) demonstrated that the 15 uM
concentration recommended for use in the assay was sub ECso. The fact that the
recommended concentration falls on the linear part of the concentration response
curve may provide some evidence for variability observed for forskolin baseline
responses. Whilst a higher concentration of forskolin may therefore have been more
appropriate, experiments were conducted using 15 uM, as per the manufacturer's
recommendations. A cAMP standard (provided in the kit) concentration response
curve (Fig 2.3b), showed that the levels of cAMP determined experimentally fit well
within the upper and lower detection limits of the assay and plate reader. The response
for 15 yM forskolin (~63,000 RLU) was nearly 4-fold lower than the maximum cAMP
response detectable (~230,000 RLU). The inhibition of 15 uM forskolin induced cAMP
accumulation by a concentration range of [Pyri]apelin-13 (Fig 2.3c) shows that the
highest concentration used is able to fully inhibit the forskolin response (< 0 %). A pD2

value of 8.97 + 0.08 was determined for [Pyrt]apelin-13 in this experiment.
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Figure 2.3. Validation of the cAMP accumulation assay. All data show mean + SD. a
Accumulation of cAMP induced by forskolin, measured as relative light units (RLU) on
detection of chemiluminescent signal. The 15 yM concentration (shown in red),
recommended for use as the final assay concentration by the manufacturer, falls just
under the half-maximal response (shown by the dotted line), indicating that 15 uM is
just sub ECso. b A cAMP standard control curve shows that CAMP levels in the assay
fall within the detectable range. The cAMP standard Emax was slightly higher than that
for forskolin, and the response for 15 uM forskolin falls well within the detectable range.
¢ Inhibition of 15 uM forskolin response (expressed as % inhibition of the maximum
15 uM forskolin response) by [Pyrt]apelin-13. In all instances, n = 3 independent

experiments performed in triplicate.

2.8.3. Internalisation assay

Internalisation of apelin receptor following ligand treatment was determined using an
in vitro PathHunter GPCR Internalization Assay (DiscoveRx). The manufacturer’s
protocol was modified in accordance with previous in-house optimisation. All reagents

were provided in the assay Kit.

This assay also uses enzyme fragmentation complementarity. The apelin receptor
GPCR is fused with a ProLink tag (PK; a small fragment of the enzyme donor, ED),
while the enzyme acceptor (EA) is localised to endosomes in the U20S cells used
(see Fig 2.4). Any ligands that stimulate receptor internalization forces the PK tag and
EA in the endosome into proximity, where a now functional B-galactosidase enzyme
can hydrolyse the chemiluminescent signal to produce light signal. Signal is directly

proportional to the extent of GPCR and endosome interaction.
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Figure 2.4. Schematic showing the principle behind the internalisation assay. Cellular
and kit components required for detection of chemiluminescent signal (light) in the
PathHunter GPCR Internalization Assay. Following stimulation of the receptor by a
ligand, and subsequent engagement of internalisation mechanisms, internalised
receptor tagged with the ProLink (PK) tag is brought into proximity with the enzyme
acceptor (EA) localised in endosomes. Chemiluminescent signal produced by the
complete B-galactosidase enzyme is directly proportional to the extent of the
interaction between the receptor and endosomal compartment. Image taken from

www.discoverx.com.

U20S cells overexpressing human apelin receptor (AGTRL1) were seeded in cell
plating reagent into 96-well plates and incubated for 48 h at 37°C, 5 % CO2, humidified.
To test novel compounds for agonist activity, wells were treated with test compounds
over a concentration range in Cell Plating Reagent to generate an 8-point
concentration-response curve. Cells were then incubated for 90 mins at 37°C, 5 %
CO2, humidified before treatment with Working Detection Solution (Cell Assay Buffer,
Substrate Reagent 1, Substrate Reagent 2), and incubation for 2 h at room
temperature, protected from light. Plates were read in a chemiluminescence detecting
LumiLITE Microplate Reader (DiscoveRx, Fremont, CA, USA). Plates were read in a
chemiluminescence detecting LUumiLITE Microplate Reader (DiscoveRx). Responses

measured in Relative Light Units (RLU) were fitted to four parameter logistic
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concentration response curves in GraphPad Prism version 6.07 for Windows
(GraphPad Software) to determine compound concentrations inducing half maximal
response (ECso), and pD2 values (-log10 ECso) were calculated. Data were expressed
in a normalised manner as the percentage of forskolin response (% FSK) at the lowest

concentration of [Pyrt]apelin-13.

2.9. Imaging

A number of fluorescent imaging studies, using a number of fluorescent markers from
antibodies to protein reporters to fluorescent ligands, are described in this thesis. An
overview of the fluorescent markers and techniques will be provided here, with further
details described in respective Chapters. Imaging was performed in the Metabolic
Research Laboratories (MRL) imaging hub, following relevant training conducted by

the hub manager, Mr Gregory Strachan.

2.9.1. Fluorescent markers

In multiple settings, cells and tissue sections were stained with Hoechst 33342 nuclear
marker (H3570; Invitrogen), a cell permeant nuclear counterstain that is maximally
excited by 350 nm wavelength light and emits maximally at 461 nm, and wheat germ
agglutinin conjugated to Alexa Fluor 555 (herein referred to as WGA-555; W32464;
Invitrogen), a lectin that binds to sialic acid and N-acetylglucosaminyl residues present
in cell membranes, with the fluorophore maximally exited by 555 nm wavelength light
and maximally emitting at 580 nm. Both markers were typically made up at 10 pg/mL
in clear buffers used throughout the respective cell and tissue experiments.

Four novel fluorescent apelin receptor ligands were used in this thesis, and are
characterised in depth in Chapter 3. Two apelin peptides conjugated to dyes
structurally identical to Alexa Fluor 488 and Alexa Fluor 647, with max
excitation/emission of 490/525 and 650/665 respectively, and two ELA peptides
conjugated to the same dyes were used in the work in this thesis. Additionally, a
fluorescently tagged SARS-CoV-2 spike receptor binding motif protein monomer
conjugated to the dye structurally identical to Alexa Fluor 647 was also used, and is

discussed in Chapter 6. All fluorescently tagged peptides were designed by Professor
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Davenport and custom synthesised by Cambridge Research Biochemicals.
Fluorescent apelin peptides were designed following the success of MMO02-AlbudAb,
which successfully utilised a [PEG4] linker and incorporated M to norleucine (position
11) and F to 3,4,5-trifluorophenylalanine (position 13) substitutions that are also
present in the ['?°l]-apelin-13 radiolabel and have been shown to improve binding
(Murza et al., 2012; Read et al., 2020).

Immunostaining was performed in multiple instances to identify proteins of interest.

Antibodies used and all essential details will be provided in relevant Chapters.

Enhanced green fluorescent protein (eGFP) reporter was used in two instances. In
CHO-K1 cells transfected with wild-type and variant apelin receptor, constructs were
C-terminally tagged with eGFP to identify expression and localisation of the receptor.
In pseudotyped viral studies, the viral DNA package incorporated an eGFP reporter
as a marker for successful infection. The eGFP protein is maximally excited at 488 nm

wavelength light, and emits maximally at 509 nm.

2.9.2. Opera Phenix High Content Screening System

The Opera Phenix High Content Screening System (PerkinElmer), herein referred to
as the Opera Phenix, is a highly sensitive high throughput (accommodating 96-well
and 384-well plates) laser spinning disk confocal fluorescent imaging platform. The
closed-box system uses dual optics and dual cameras to visualise and acquire images
extremely quickly, whilst requiring low laser intensity, to minimise spectral overlap, and
reduce fade and phototoxicity of fluorophores. Additionally, the dual optics allow for
the visualisation of up to five different fluorophores in a single experiment, along with
digital phase contrast. The Opera Phenix works in tandem with Harmony software
(PerkinElmer), which provides a workflow based user interface that handles set-up of
fluorescent channels, focusing, acquisition, post-processing, segmentation, and

complex analyses at subcellular levels.

2.9.3. Opera Phenix acquisition
Cells in CellCarrier-96 Ultra Plates (PerkinElmer) which have optimised optical density

for the device, were imaged using a 40x/NA1.1 water immersion objective. The device
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was set to measure an image field within each well, where the field is made up of a 4
x 4 or 5 x 5 grid of imaging regions (where each region is 250 x 250 um in area). After
using Z stacking to find an appropriate focal plane, cells were visualised and imaged
at a focal depth of 0.5 ym above the bottom of the plate in all experiments. In the work
outlined in this thesis, a profile with four fluorescent channels was used; a first channel
(blue), with excitation of 405 nm and emission filter of 435-480 nm for Hoechst 33342
nuclear marker; a second channel (green), with excitation of 488 nm and emission
filter of 500-550 nm for Alexa Fluor 488 or eGFP; a third channel (yellow), with
excitation of 561 nm and emission filter of 570-630 nm for Alexa Fluor 555; and a
fourth channel (red), with excitation of 631 nm for Alexa Fluor 647. In all instances,
excitation laser intensity was set at 50 % of the Opera Phenix maximum, with a short
50 ms exposure time. In all experiments, cells were also imaged using digital phase
contrast, an optical method that translates phase shifts in light passing through cell
matter in the plates to changes in brightness. Digital phase contrast images were used

alongside fluorescent nuclear and membrane markers to identify and segment cells.

2.9.4. Opera Phenix analysis

Following image acquisition, several cell parameters were quantified using the in-built
Harmony software. Full descriptions of analysis workflows for cellular identification and
segmentation into subcellular compartments are described in relevant Chapters.
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2.9.5. Zeiss Axio Scan Z1 slide scanner

The Zeiss Axio Scan Z1 slide scanner (Zeiss), herein referred to as the slide scanner,
is an automated fluorescent microscope system that offers imaging of up to four
fluorescent channels and brightfield in a single experiment, and can image full sections
of mounted tissue on up to 100 slides. The slide scanner allows for rapid but high
resolution acquisition of whole tissue section images, where short exposure times
reduce fade of fluorophores in samples. Additionally, the LED-Module light sources
used in the closed-box device provide a more consistent illumination than lasers,

ensuring reliable and reproducible excitation across the whole sample.

In the work described in this thesis, automated fluorescent images (16 bit, 0.325 x
0.325 pym scaling per pixel) of fixed and mounted human tissue stained with
fluorescent markers were acquired in the slide scanner with a Plan-Apochromat
20x/NA0.8 M27 objective lens connected to a Hamamatsu Orca Flash camera. An
initial brightfield scan was performed to visualise tissue on slides, and a spline contour
tool was used to outline the tissue to minimise the total region imaged. A profile with
three fluorescent channels was used; a first channel (blue), with an LED-Module 385
nm light source set at 10 % intensity and 10 ms exposure time at a depth of focus of
1.45 pm for Hoechst 33342 nuclear marker; a second channel (green), with an LED-
Module 475 nm light source set at 40 % intensity and 20 ms exposure time at a depth
of focus of 1.64 pym for Alexa Fluor 488; and a third channel (yellow/orange), an LED-
Module 567 nm light source set at 80% intensity and 30 ms exposure time at a depth
of focus of 1.88 uym for Alexa Fluor 555. Focal depths were determined by the slide
scanner’s in-built Z stacking autofocusing. Haematoxylin and eosin (H&E) stained
tissue sections were imaged on mounted slides using the brightfield setting. All
acquired images were saved and visualised using ZEN software (Zeiss) and/or Orbit

Image Analysis (ORBIT) software.

2.9.6. Zeiss LSM 510 Meta Inverted Confocal Microscope

During the first year of study, the Metabolic Research Laboratories (MRL) imaging hub
used a Zeiss LSM 510 Meta Inverted Confocal Microscope. Tissue sections mounted
on slides were imaged using a 40x oil immersion objective lens. Lasers illuminating at

405 nm and 488 nm wavelengths were used to excite the Hoechst nuclear marker
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(blue) and fluorescent ligands (green) respectively. Image analysis was performed

using FiJi (imagej.net) software.

2.9.7. Multiphoton Microscope Leica TCS SP8 MP

Owing to a technical issue with far-red excitation and emission in the slide scanner, a
Multiphoton Microscope Leica TCS SP8 MP microscope (Leica Microsystems), herein
referred to as the Leica SP8, was used to visualise human tissue sections treated with
fluorescently tagged SARS-CoV-2 spike receptor binding motif protein monomer
conjugated to a dye structurally identical to Alexa Fluor 647 (discussed in Chapter 6),
alongside other fluorophores. Confocal fluorescent images were acquired using an HC
PL APO CS2 63x/NA1.40 oil immersion objective lens. A profile with three fluorescent
channels was used; a first channel (blue), with a 405 nm wavelength excitation set at
a gain of 702.5 V, a second channel (green), with a 488 nm wavelength excitation set
at a gain of 702.6 V; and a third channel (red), with a 633 nm wavelength excitation
set at a gain of 672.4 V. Emission filters for wavelengths of 410-480 nm, 500-550 nm,
and 650-700 nm were used for the blue, green, and red channels respectively.
Microscope image acquisition (512 x 512 pixels) was performed using Leica
Application Suite X (LAS X) software before subsequent analysis using FiJi

(imagej.net) software.

2.9.8. Data analysis and statistics

Where applicable, quantitative data are represented as mean *+ SD. Statistical tests
used to determine significant differences in results will be described in relevant figure
legends. A p value of < 0.05 was deemed statistically significant. Data were tested for
normality using the Shapiro-Wilk test for normality and qualitatively using Q-Q plots.
Non-parametric statistical tests were used where data did not pass the criteria for
normality. Raw data were handled using Microsoft Excel for Windows (Microsoft).
Graphical presentation and statistical tests were performed using GraphPad Prism

version 6.07 for Windows (GraphPad Software).
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Chapter 3. Design and characterisation of novel fluorescent peptide ligands at

the apelin receptor

3.1. Introduction

As a GPCR with promising therapeutic potential in cardiovascular diseases and other,
successfully targeting the apelin receptor with drugs that exhibit good pharmacokinetic
and pharmacodynamic profiles will require an in-depth understanding of the receptor’s

pharmacology (Yang et al., 2015; Read et al., 2016; Davenport et al., 2020).

Fluorescently labelled ligands are an evolving, and increasingly important,
experimental tool for exploring GPCR pharmacology that can be used in a wide range
of settings, from flow cytometry to simple in vitro binding and kinetic assays, to high-
throughput plate-based platforms and high content screening (Soave et al., 2017).
Major improvements in the brightness and stability of fluorescent dyes, conjugation
techniques, and optical equipment and quantification, have meant fluorescent ligands
are emerging as safer, easier, and more versatile tools than other classical techniques
such as radioligand binding (Vernall et al., 2014; Stoddart et al., 2015, 2016).
Additionally, the localisation of fluorescent ligands at both the cell and subcellular level
can be visualised in real-time, with colocalisation of multiple other markers in a single

biological system.

As examples, directly labelled fluorescent ligands have been used successfully to
probe the pharmacology of the adenosine A1 receptor in an artificially expressing cell
line (Baker et al., 2010). The adenosine A2a receptor has also been visualised and
characterised in both artificially expressing and endogenously expressing cell systems
using a fluorescent antagonist (Stoddart et al.,, 2020). The pharmacology of the
fluorescent ligands themselves must also be carefully approached and validated. The
study assessing adenosine Ai receptor showed that both the fluorophore used, and
linker length used to conjugate the fluorophore to an agonist or antagonist, has critical
effects on the behaviour of the fluorescent ligands in terms of potency and affinity
(Baker et al., 2010). A further study reports conversion of a non-selective adenosine

receptor antagonist into a highly selective, high affinity adenosine Az receptor
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fluorescent probe following conjugation of the fluorophore to the pharmacophore via a
dipeptide linker (Vernall et al., 2013). A fluorescent ligand designed to probe
endogenous cannabinoid CB:2 receptors (Sexton et al., 2011) retained good selectivity
and binding compared to unlabelled ligands, as did a chemokine receptor CXCR4
fluorescent antagonist (Oishi et al., 2010), suggesting that the pharmacology of ligands

is not necessarily perturbed by the inclusion of fluorophores.

The apelin receptor has not been extensively explored using fluorescent ligands. One
group has successfully used modified apelin-13 peptides, conjugated to the red
lissamine rhodamine dye (El Messari et al., 2004; Iturrioz et al., 2007, 2010) or a far-
red dye (Margathe et al., 2016) to qualitatively study apelin receptor internalisation in
artificially expressing cells, but the full range of advantages that fluorescent ligands
offer has not been tapped. This thesis outlines four directly labelled novel fluorescent
peptide ligands targeting the apelin receptor, designed by Professor Davenport with
custom syntheses carried out by Cambridge Research Biochemicals. Two fluorescent
apelin ligands (Fig 3.1a,b) were based on a modified apelin-13 peptide that shows
high affinity for the apelin receptor (Murza et al., 2012; Shin et al., 2017), and has been
used successfully as the basis of the [*?°1]-apelin-13 radioligand (Fig 3.1c), carrying
several minor changes from endogenous [Pyr]apelin-13 (Fig 3.1d). Two fluorescent
ELA ligands (Fig 3.2a,b) were also designed, based on the ELA-14 (Fig 3.2c) isoform
of the second endogenous apelin receptor ligand. Professor Davenport has attempted
to design radioactive ELA ligands, tagged at the C-terminus with [*?°l], in the past, but
they did not function experimentally. Fluorescent ELA ligands would provide a useful
alternative to this.

The work in this thesis aimed to characterise the pharmacology of these fluorescently
peptides at the apelin receptor using binding studies and in vitro assays. The
fluorescent peptides were subsequently used to visualise apelin receptor binding in
human kidney sections, and in a clinically relevant hESC-CM model. Finally,
apelin647, the most promising candidate identified in validation assays, was used to
explore apelin receptor visualisation, binding, and near real-time internalisation in an
artificially expressing CHO-K1 cell line, in conjunction with a high content screening

system.
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The data in this thesis show that the four fluorescent peptides retained their
pharmacology at the apelin receptor, including the two ELA based ligands, which are
the first such ligands to be reported. The data also confirmed the suitability of
fluorescent apelin receptor ligands in high-throughput platforms that carry minimal
risks to safety and offer many more measurable parameters than radioligand binding

alone.

3.2. Methods

3.2.1. Design of four novel fluorescent apelin receptor ligands

The four novel fluorescent ligands designed by Professor Davenport are based on
either a modified apelin-13 peptide agonist that shows very high affinity at the apelin
receptor and forms the basis for the ['?°1]-apelin-13 radiolabel, or the endogenous
ELA-14 agonist peptide. The structures of the peptides described in this thesis are
shown in Fig 3.1 and Fig 3.2. Fluorophores structurally identical to Alexa Fluor 488 or
647 were conjugated to the peptide in custom syntheses carried out by Cambridge
Research Biochemicals via a pegylated linker at the N-terminus of the peptides.
Powdered peptides were reconstituted in DMSO to a concentration of 10 mM before

subsequent experimentation.

3.2.2. Radioligand binding assays

CHO-APLNR cells were generated and cultured as described in Section 2.4. CHO-
APLNR cell membrane preparations and human left ventricle (HLV) heart tissue
homogenates were prepared as described in Section 2.6.1 and Section 2.6.2, and
were used at final concentrations of 1 mg/mL and 1.5 mg/mL respectively in
radioligand binding assays. Protein concentrations were determined using the DC
Protein Assay (Bio-Rad), described in Section 2.6.3.

Fixed concentration binding (described in Section 2.7.1) was used to validate apelin
receptor binding in CHO-APLNR versus untransfected wild-type CHO cells (CHO-
WT). Total binding was determined using a final concentration of 0.15 nM ['2%]]-apelin-

13. Non-specific binding was determined in the presence of 5 uM [Pyrt]apelin-13.
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Competition binding (described in Section 2.7.3) was used to validate binding of the
four novel fluorescent ligands to native apelin receptor in HLV tissue. Concentration
ranges of 1 pM — 1 uM of the competing ligands were tested against 0.1 nM [*%°[]-

apelin-13.

3.2.3. In vitro GPCR assays

Further functional validation of the four novel fluorescent ligands was performed using
several in vitro GPCR assays. Firstly, a dynamic mass redistribution assay (described
in Section 2.8.1) was used to assess cellular responses to a concentration range
covering 10 pM — 1 uM of endogenous [Pyri]apelin-13 and ELA-14 peptides versus
the four novel fluorescent ligands in CHO-APLNR cells. Secondly, a commercially
available cAMP accumulation assay (described in Section 2.8.2) was used to assess
apelin receptor Gai inhibition of 15 pM forskolin-stimulated cAMP following exposure
to a concentration range covering 30 pM — 3 uM of [Pyrt]apelin-13 and ELA-14 versus
the four novel fluorescent ligands in CHO-K1 cells overexpressing human apelin
receptor (provided in the kit). Buffer treated wells showed no response. Lastly, a
commercially available internalisation assay (described in Section 2.8.3) was used to
assess apelin receptor internalisation following exposure to a concentration range
covering 10 pM — 10 uM of [Pyri]apelin-13 and ELA-14 versus the four novel
fluorescent ligands in U20S cells overexpressing human apelin receptor (provided in
the kit). Buffer treated wells showed no response. Note that, where curves were
incomplete, i.e. ELA-14 in the cAMP assay, and red fluorescent apelin in the
internalisation assay, non-linear fits were constrained to bottom of curve = 0, Hill slope

= -1, and bottom of curve = 0, Hill slope = 1 respectively to derive pD2 values.

3.2.4. Human tissue

Surgical samples of human kidney tissue were obtained with informed consent and
ethical approval (05/Q104/142). Tissues were snhap frozen in liquid nitrogen before
storage at -80 °C. Tissue samples from humans (n = 3 individuals) were cut, using a
cryostat (-20 °C to -30 °C), into 10 ym sections and thaw mounted onto slides before

return to storage at -80 °C. On the day of experimentation, frozen tissue sections were
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thawed for 20 mins at room temperature (21 °C), encircled with a hydrophobic pen,
and rehydrated with PBS.

3.2.5. Fluorescent ligand binding in human kidney tissue

Human kidney tissue sections were washed with HBSS before being treated with 1
MM green fluorescent apelin or ELA, made up in HBSS, for 90 mins in the dark at room
temperature. Non-specific binding was determined in the presence of 10 pM
[Pyri]apelin-13. Slides were washed with HBSS before fixation with 4 % formaldehyde
for 20 mins. Slides were washed with HBSS before treatment with Hoechst 33342
nuclear marker prepared at 10 pg/mL in HBSS for 15 mins. After a final HBSS wash,
slides were blotted dry with lint-free tissue, mounted with ProLong Gold Antifade
Mountant, covered with a cover slip, and left at room temperature in the dark to set (=
48 h).

3.2.6. Zeiss LSM 510 Meta Inverted Confocal Microscope
To visualise fluorescent ligand binding in human kidney, tissue sections were imaged
using a Zeiss LSM 510 Meta Inverted Confocal Microscope using the blue and green

channels described in Section 2.9.6.

3.2.7. Fluorescent ligand binding in cells

Several studies were performed using red fluorescent apelin in cell-based
experiments. hESC culturing and differentiation to cardiomyocytes (hESC-CMs) was
performed as described in Section 2.4.4 and Section 2.4.5. Additionally, generation of
an apelin receptor knockdown hESC-CM line was carried out as described in Section
2.4.6.

For fluorescent ligand binding in hESC-CMs, cells were seeded in CellCarrier-96 Ultra
Plates (PerkinElmer) at a density of ~40 k/well. After a wash with HBSS, hESC-CMs
were treated with 300 nM red fluorescent apelin, made up in HBSS, for 90 mins in the
dark at room temperature. Non-specific binding was determined in the presence of 10
UM [Pyri]apelin-13. hESC-CMs were then washed with HBSS before fixation with 4 %
formaldehyde for 3 mins. hESC-CMs were washed with HBSS before treatment with
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Hoechst 33342 nuclear marker prepared at 10 pg/mL in HBSS for 15 mins. After a
final HBSS wash, hESC-CMs were maintained in 100 puL HBSS for imaging.

For fluorescent ligand binding in CHO-APLNR, cells were seeded in CellCarrier-96
Ultra Plates at a density of ~10 k/well. After a wash with HBSS, CHO-APLNR cells
were treated with red fluorescent apelin. For time-course experiments, CHO-APLNR
were treated with 300 nM of the fluorescent ligand for 0 — 90 mins, in the dark at room
temperature. For saturation binding experiments, CHO-APLNR were treated with a
concentration range covering 1 — 300 nM of the fluorescent ligand for 90 mins, in the
dark at room temperature. Non-specific binding was determined in the presence of 10
UM [Pyri]apelin-13. Untransfected CHO-WT cells were also used as controls. For
competition binding experiments, a concentration range covering 10 pM — 10 pM of
[Pyri]apelin-13 was used to compete against a 30 nM concentration of the red
fluorescent apelin ligand. At the end-points of the above experiments, CHO-APLNR
were washed with HBSS before fixation with 4 % formaldehyde. CHO-APLNR were
washed with HBSS before treatment with Hoechst 33342 nuclear marker prepared at
10 pg/mL in HBSS for 15 mins. For internalisation experiments, CHO-APLNR were
treated with WGA-555 (10 pug/mL) and Hoechst 33342 nuclear marker (10 pg/mL) in
HBSS for 15 mins, before a wash and subsequent treatment with 300 nM red
fluorescent apelin ligand for 5 mins. After a final wash with HBSS, cells were imaged
in near real-time at 37 °C and 5 % CO: using the Opera Phenix. For cells pre-treated
with either CMF-019 (10 uM) or [Pyri]apelin-13 (1 uM), compounds were added for 1

h before a 1 h wash and subsequent treatment with fluorescent ligand (300 nM).

3.2.8. Opera Phenix High Content Screening
The Opera Phenix was used to image hESC-CMs and CHO-APLNR cells as described

in Section 2.9.2. Scale bars are as indicated in figures.

3.2.9. Data analysis and statistics

Quantitative data are expressed as mean = SD. Raw data were handled using
Microsoft Excel for Windows (Microsoft). Graphical presentation and statistical tests
were performed using GraphPad Prism version 6.07 for Windows (GraphPad

Software). For radioligand competition binding experiments, Ki values were
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determined using Cheng-Prusoff methodology (described in Section 2.7.3). For in vitro
GPCR assays, ECso, pD2, and Emax values were calculated using GraphPad Prism
version 6.07 for Windows. Statistical tests are indicated in figure legends where used.
A p value of < 0.05 was determined as significant.

3.3. Results

3.3.1. Design of the four novel fluorescent ligands

Novel fluorescent ligands were based on the parent endogenous peptides
[Pyri]apelin-13 or ELA-14. Apelin488 and apelin647 peptide sequences (Fig 3.1)
include non-natural amino acids norleucine and tyrosine-O-benzene at positions 11
and 13. The norleucine residue replaces a methionine that can otherwise oxidise
during labelling processes (Hosoya et al., 2000; Medhurst et al., 2003; Murza et al.,
2012; Read et al., 2019), whilst the tyrosine replacing phenylalanine allows for the
addition of iodine-125 to make the high-affinity radioligand used in this thesis. A short
4 unit polyethylene glycol linker, commonly used for conjugation due to their good
solubility and lack of toxicity, was used to conjugate the fluorescent dye to the amine
group at the N-terminus of the apelin based peptides and ELA based peptides (Fig
3.2). Note ELA488 and ELA647 peptide sequences does not contain any non-natural
amino acids. Cambridge Research Biochemicals ensured a purity > 95 % and a net

peptide content > 80 % for all fluorescent ligands used in this thesis.
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Figure 3.1. Amino acid (single letter code) structures of apelin based peptides used
in this thesis. a Apelin488 fluorescent peptide conjugated to the fluorescent dye
([AF488]) structurally identical to Alexa Fluor 488, via a 4 unit polyethylene glycol
([PEGA4]) linker at the N-terminus. * indicates substitution of methionine with the non-
natural amino acid norleucine (Nle). (OBn) indicates O-benzene. b Apelin647
fluorescent peptide conjugated to the fluorescent dye ([Cys(AF647)]) structurally
identical to Alexa Fluor 647, via a [PEG4] linker at the N-terminus. c
[GIp65,Nle75,Tyr77][*?®I]-apelin-13 (referred to as [*?°I]-apelin-13), with an irradiated
[*2°]] tyrosine at position 13. d The endogenous peptide, [Pyri]apelin-13, that the
labelled peptides are based on.
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Figure 3.2. Amino acid (single letter code) structures of ELA based peptides used in
this thesis. a ELA488 fluorescent peptide conjugated to the fluorescent dye (|[AF488])
structurally identical to Alexa Fluor 488, via a 4 unit polyethylene glycol ([PEG4]) linker
at the N-terminus. b ELA647 fluorescent peptide conjugated to the fluorescent dye
([AF647]) structurally identical to Alexa Fluor 647, via a [PEG4] linker at the N-
terminus. ¢ The endogenous peptide, ELA-14, that the labelled peptides are based

on.

When comparing the endogenous [Pyri]apelin-13 (Fig 3.1d) and ELA-14 (Fig 3.2c)
peptides, it is interesting to note that there is little sequence similarity between them,
but there is overlap in the class of side chain associated with amino acids at certain

positions (Yang et al., 2015).

3.3.2. Validation of apelin receptor binding in CHO-APLNR

Apelin receptor binding was first validated in CHO-APLNR cells using fixed
concentration radioligand binding (Fig 3.3). Total binding equalling 1148.10 + 256.9
disintegrations per minute (DPM) in 1 mg/mL preparations of CHO-APLNR was
significantly higher than the non-specific binding of 74.21 + 10.91 DPM. For

comparison, total binding in 1.5 mg/mL preparations of human left ventricle (HLV)
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equalled 2712.07 + 515.5 DPM, also significantly higher than the non-specific binding
of 491.46 + 239.1 DPM. Specific binding for ['?°I]-apelin-13 in HLV was therefore
2220.61 DPM, which is somewhat comparable to 1610.84 DPM determined in CHO-
APLNR when adjusted for protein concentration. The data demonstrated that artificial
expression of apelin receptor in CHO-APLNR was consistent with expression in native
tissue. Untransfected CHO-WT were tested as controls and exhibited a total binding
(53.72 £ 40.23 DPM), which was not significantly different from non-specific binding
(73.10 £ 30.32 DPM). This confirmed that binding of [*?°I]-apelin-13 in CHO cells was

dependent on the expression of the apelin receptor construct.
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Figure 3.3. Validation of CHO cells stably expressing human apelin receptor (CHO-
APLNR). Graph shows Total binding, measured as disintegrations per minute (DPM)
of 0.15 nM [*?%1]-apelin-13 in human left ventricle tissue homogenate (HLV), CHO-
APLNR, and wild-type CHO cells (CHO-WT) that do not artificially express the apelin
receptor. Non-specific binding (NSB) was determined in the presence of 5 yM
[Pyri]apelin-13. The difference between Total and NSB indicates specific binding of
[1251]-apelin-13 to apelin receptor. Both HLV and CHO-APLNR showed Total binding
that was significantly (**** = p < 0.001) higher than NSB, determined using an unpaired
Student’s T test. CHO-WT cells showed no significant Total binding above the NSB.
Note that protein concentrations used were 1.5 mg/mL final for HLV, and 1 mg/mL
final for CHO-APLNR and CHO-WT. n = 3 independent experiments performed in

triplicate for each condition. CHO-APLNR were prepared by Mr Jason Brown.
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Using high content imaging, a time-course showed that mean whole cell fluorescence
in the 647 nm channel increased with the time that CHO-APLNR cells were incubated
with 300 nM apelin647 (Fig 3.4). After 90 mins, a maximum fluorescence intensity of
185.73 + 23.4 was observed, that showed a tendency towards saturation. A half-life
(tu2) of ~24 mins was calculated for the apelin647 binding observed in CHO-APLNR.
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Figure 3.4. Association of apelin647 in CHO-APLNR over a 90 mins time-course.
Cells were incubated with 300 nM apelin647 for 0 — 90 mins before fixation with 4 %
formaldehyde and subsequent imaging and quantification using high content imaging.
Graph shows mean whole cell fluorescence (emitted light at wavelength of 647 nm,

background corrected) £ SD. n = 3 independent experiments performed in triplicate.

3.3.3. Validation of the four novel fluorescent ligands in competition binding

Specific binding of the four novel fluorescent ligands, apelin647, apelin488, ELA647,
and ELA488 at the apelin receptor was determined using competition binding in HLV
tissue homogenate. Apelin647 and apelin488 were less potent than their parent
endogenous peptide, [Pyrt]apelin-13, but were still able to displace 0.1 nM [*%°[]-
apelin-13 (Fig 3.5a). Equally, ELA647 and ELA488, were less potent than ELA-11, but
displacement of the radioligand was still observed (Fig 3.5b). See Table 3.1 for pKi
values of the ligands. Overall, the data suggested that, whilst inclusion of the [PEG4]
linker and fluorescent dyes seems to reduce affinity versus the endogenous peptides,
binding to the apelin receptor still occurs with high affinity, comparable with other
validated ligands. Note that apelin488 showed lower affinity than apelin647, whilst

ELA647 and ELA488 were essentially equipotent.
108




Q)
(on

120- 120 -
2 1004 ¢ 2 1004 s
© ©
£ 80+ £ 80+
m m
;E 601 -E 604
® 404 ® 404
B 7]
PR [ — e 97 o eear
04 & apelindgs 0 =0~ ELA488
- [Pyr] -O- ELA-TT
102 10  10%  10° 10 102 10 10®  10¢  10*
Competing ligand [M] Competing ligand [M]

Figure 3.5. Competition binding at apelin receptor of peptides described in this thesis,
against ['?°l]-apelin-13 (0.1 nM) in human left ventricle tissue homogenate (1.5
mg/mL). Competition curves for: a the fluorescent apelin peptides, apelin647 (red) and
apelin488 (green), and the endogenous parent peptide, [Pyri]apelin-13 (black); b the
fluorescent ELA peptides, ELA647 (red) and ELA488 (green), and the endogenous
parent peptide, ELA-14. In all instances, n = 1 independent experiment performed in

triplicate.

3.3.4. Validation of the four novel fluorescent peptides in in vitro GPCR assays
Pharmacological activity of the four novel fluorescent peptides was assessed in
several functional in vitro assays (Fig 3.6). In all platforms, fluorescent ligands
exhibited activity, with a trend towards being less potent than the parent endogenous
peptides. However, it is interesting to note that apelin647, whilst less potent and
displaying a lower Emax than [Pyrt]apelin-13 in the dynamic mass redistribution assay
(Fig 3.6a), was more potent than [Pyri]apelin-13 in the cAMP inhibition assay (Fig
3.6b) and approximately equipotent in the internalisation assay (Fig 3.6c¢). ELA488
and ELA647 showed consistently lower potency in all platforms versus ELA-14.
Summaries of ligand pD2 values and Emax, can be seen in Table 3.1. Overall, the data
suggested that, whilst modification of peptides to include the [PEG4] linker and
fluorescent dyes does have nuanced effects on pharmacological parameters, the

novel fluorescent ligands all showed function at the apelin receptor.
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Figure 3.6. Validation of peptides described in this thesis in in vitro functional assays.
Apelin647, apelin488, and [Pyrt]apelin-13 (left column), and ELA647, ELA488, and
ELA-14 (right column) were tested in; a A dynamic mass redistribution GPCR
functional assay (response shown as the change in peak wavelength value, APWV,
from baseline), n = 3 indpependent experiments performed in triplicate; b An assay
assessing inhibition of forskolin stimulated cAMP (response shown as % Inhibition
versus forskolin alone), n= 1 indpendent experiment performed in triplicate; c An assay
assessing internalisation (response in relative light units, RLU), n = 1 independent

experiment performed in triplicate.
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Assay Binding DMR CcAMP accum. Internalisation

Parameter pKi pD2 Emax pD2 % inhib. pD2 Emax

[Pyrtapelin-13 | 10.05:019 | 8.07:0.35 | 242.9:46.96 | 8.32:0.19 | 2.94:001 | 8.62:017 | 257,117+13001

apelin488 7.29:012 | 7.42+028 | 231.8+4337 | 8.31s000 | 4.18:227 | 7.52:005 | 220,503:6816

apelin647 8.92:009 | 7.54:035 | 148.5+3063 | 8.91+003 | 1.84:080 | 8.88:097 | 272,47616208

ELA-11 8.33:000 | 7.79:019 | 246.4+3256 | 7.63:0.22 - 8.64+017 | 259,787+7219
ELA488 6.96:012 | 6.90:0.17 | 239.6150.07 | 6.68+0.00 | -6.69+1457 | 6.872005 | 229,625:7939
ELA647 6.57+014 | 6.81:042 | 107.6131.44 | 6.88:016 | 0.83+757 | 6.63+003 | 162,951:5179

Table 3.1. Summary of pharmacological parameters for the peptide ligands described
in this thesis. Data shows the parameter of interest for each assay expressed as
mean:sp for each of the peptides. DMR = dynamic mass redistribution assay. Note
that for the cAMP accumulation assay, % inhibition is shown, indicating the lowest
cAMP levels achieved by the highest concentration of compound, expressed as a
percentage of the maximum cAMP achieved by the standard forskolin concentration
(i.e. 15 pM) in the assay. Units for Emax values for the DMR assay and internalisation
assay are as indicated in Fig 3.6a and c.

3.3.4. Fluorescent ligands are suitable tools for visualisation of apelin receptor
in native tissue

A critical advantage of using fluorescent ligands is the ability to visualise binding to the
receptor of interest using fluorescent imaging techniques. In human kidney tissue
sections, apelin488 and ELA488 were used to assess apelin receptor binding and
localisation in renal tubules of the cortex (Fig 3.7). Data confirmed that both fluorescent
ligands (at a concentration of 1 uM) were observed in the tissue, with the apelin488
ligand exhibiting particularly intense fluorescence. Binding of the fluorescent ligand
was likely specific, demonstrated by the near total loss of apelin488 signal in the

presence of a saturating 10 uM concentration of unlabelled [Pyri]apelin-13.
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apelin488 (1 uM) ELA488 (1 uM) NSB

Figure 3.7. Representative confocal fluorescent images of human kidney cortex
sections treated with the fluorescent ligands apelin488 (1 uM, left, shown in green), or
ELA488 (1 uM, centre, shown in green). Non-specific binding (NSB, right) shows
section treated with 1 uM apelin488 in the presence of a saturating concentration (10
uM) [Pyrilapelin-13. Scale bars as indicated in figure. Hoechst nuclear marker shown

in blue.

A clinically relevant hESC-CM cell model was also used to visualise fluorescent apelin
receptor ligand binding. Apelin647 was selected as the ligand of choice due to the high
affinity and potency observed in previous binding and functional assays (see Fig 3.5a
and Fig 3.6a-c respectively). Additionally, the far-red fluorescent dye could be
visualised using high content imaging, and would allow for inclusion of other
fluorophores such as GFP in subsequent studies that will be outlined later in this thesis
(Section 4.3.3). Data here showed that apelin647 (300 nM) bound to wild-type hESC-
CMs, but no fluorescent signal was observed in a population of hESC-CMs with apelin
receptor knockdown (Fig 3.8). Additionally, 10 uM [Pyr']apelin-13 was again able to
outcompete apelin647 for binding at the apelin receptor in wild-type hESC-CMs. Data
confirm that apelin647 binding can be visualised in a cell model that recapitulates a

native phenotype.
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Figure 3.8. Representative high content confocal fluorescent images of human
embryonic stem cell-derived cardiomyocytes — either wild-type, or with an apelin
receptor knockdown (APLNR KD) — treated with 300 nM apelin647 (red) for 90 mins.
Non-specific binding (NSB) was determined in the presence of a saturating
concentration (10 uM) [Pyri]apelin-13. n = 4 independent experiments performed in
triplicate. Bottom row shows merged images with Hoechst nuclear marker (blue)

included. Scale bars show 50 um. Cardiomyocytes were cultured by Ms Robyn Macrae

3.3.5. Apelin647 is a versatile tool for exploring apelin receptor pharmacology
Following the successful validation of the four novel fluorescent ligands, particularly
apelin647, the work in this thesis aimed to use the far-red apelin peptide as a safe,

easy-to-use alternative to a radioligand that could be used in a high-throughput format.

CHO-APLNR cells were treated with a concentration range of apelin647 (1 — 300 nM)
that was visualised using high content imaging (Fig 3.9a). Fluorescence was visibly
brighter at higher concentrations than lower. Specificity of apelin647 binding to apelin
receptor was demonstrated (Fig 3.9b and c) using 10 uM [Pyri]apelin-13 to displace
the fluorescent ligand, and, additionally, untransfected CHO-WT did not bind

apelin647. Maximum background-corrected whole cell fluorescence (i.e. total binding
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with 300 nM apelin647), equalling 209.80 £+ 42.50, was significantly higher than the
non-specific binding, equalling 2.76 £+ 0.38. Total binding in CHO-WT was 0.70 + 0.45.

Quantification of high content images provided a curve for the 1 — 300 nM
concentration range of apelin647 in CHO-APNLR that saturated at the top
concentration (Fig 3.9d). A Kp of 85.35 + 9.00 nM was determined for apelin647 in this
platform. Additionally, a competition binding experiment was performed using a
concentration range covering 0.01 nM — 10 uM of [Pyri]apelin-13 to compete against
a sub-Kp 30 nM concentration of apelin647 (Fig 3.9e). A Ki of 23.24 + 2.34 nM was
determined for [Pyri]apelin-13 against the fluorescent ligand. In summary, the data
provided evidence that apelin647 can be used to characterise parameters typically
assessed in radioligand binding studies, whilst also allowing for visualisation of the

labelled ligand.
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Figure 3.9. The fluorescent ligand, apelin647, is a robust tool for exploring the
pharmacology of the apelin receptor using high content imaging. a Representative
high content confocal fluorescent images of CHO cells stably expressing human apelin
receptor (CHO-APLNR) treated with a concentration range (1 — 300 nM) of apelin647
(top row, visualised in red), as indicated in figure. Hoechst nuclear marker (visualised
in blue) is included in the merge (bottom row). Scale bars show 100 ym. b Control
images showing CHO-APLNR treated with 300 nM apelin647 in the presence of 10
UM [Pyrt]apelin-13 (left column), or CHO-WT treated with 300 nM apelin647 (right
column). Scale bars show 100 um. ¢ Quantification of mean whole cell fluorescence
(emitted light at wavelength of 647 nm) in CHO-APLNR or CHO-WT treated with 300
nM apelin647 in the absence (Total) or presence (NSB) of 10 uM [Pyrt]apelin-13. Total
fluorescence was significantly higher (**** = p < 0.001) than NSB in CHO-APLNR,
determined using an unpaired Student’s T test. d Saturation binding using high content
imaging. Quantification of mean whole cell fluorescence (emitted light at wavelength
of 647 nm, background corrected) in CHO-APLNR treated with a concentration range
(1 — 300 nM) of apelin647. The curve demonstrates saturability of binding of the
apelin647 ligand in this platform. e Competition binding using high content imaging.
Displacement of specific binding of apelin647 (30 nM) with increasing concentrations
of [Pyri]lapelin-13. In all instances, n = 4 independent experiments performed in

triplicate. CHO-APLNR were provided by Mr Jason Brown.
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3.3.6. Apelin647 allows for visualisation of apelin receptor internalisation
After data demonstrated that apelin647 induced apelin receptor internalisation in an in
vitro assay (see Fig 3.6¢c and Table 3.1), it was assessed whether fluorescent ligand

internalisation could be viewed in near real-time.

CHO-APLNR were treated with Hoechst nuclear marker and WGA-555 membrane
marker before treatment with 300 nM apelin647 for 5 mins before a rapid wash and
subsequent high content imaging. Cells were then imaged from the start point (5 mins)
to the end point (90 mins) every 30 secs (Fig 3.10). Visually, apelin receptor localised
at the membrane at the earlier time-points, showing could colocalisation with the
WGA-555 at the cellular edge (Fig 3.10a and b). As the time-course progressed,
staining with apelin647 at the membrane became less pronounced, whilst intracellular
fluorescence became more apparent at later time-points, particularly in perinuclear
locations (Fig 3.10a). Apelin647, bound to apelin receptor, internalised with the WGA-
555 membrane marker, as seen for the 90 mins time-point in Fig 3.10b, suggesting
that the internalisation may occur through endocytosis of membrane-bound receptor.
Quantification of internalised apelin647 (Fig 3.10c), confirmed the reduction in

membrane 647 nm fluorescence over the 90 mins time-course, with a ti/2 of ~12 mins.

Quantification of internalised apelin647 (Fig 3.10c), expressed as a ratio of the
apelin647 fluorescence at the membrane versus total cell fluorescence, confirmed that
apelin647 was lost at the membrane over the 90 mins time-course, with a half-life of
7.15 mins. Intriguingly, cells pre-treated with CMF-019 (10 puM), a G protein-biased
small molecule apelin receptor agonist for 1 h, before a 1 h wash and treatment with
apelin647, were able to bind apelin647 and internalise (ti2 of ~6 mins) in a manner
similar to cells treated with apelin647 alone. Conversely, cells pre-treated with
[Pyri]apelin-13 for 1 h, before a 1 h wash and treatment with apelin647, bound
apelin647 to a lesser extent at the start of the time-course, and, additionally, the

apelin647 that was able to bind did not internalise.
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Figure 3.10. Internalisation of fluorescent apelin647 (300 nM) in CHO-APLNR, over a
90 mins time-course. a Representative high content confocal fluorescent images show
snapshots of apelin647 (shown in red) bound to apelin receptor in live CHO-APLNR
cells at the time points indicated in the figure. Scale bars show 50 um. For a compiled
video of apelin647 internalisation, see associated video file. b Merged representative
high content confocal fluorescent images show the snapshots of CHO-APLNR taken
at the start (5 mins) and end (90 mins) points with the wheat germ agglutinin-AF555
membrane marker (gold) and Hoechst nuclear marker (blue) included. Scale bars
show 50 um. ¢ Quantified data shows apelin647 fluorescence as a ratio of the signal
observed at the cell membrane out of the total cell signal (m / c) over a 90 mins time-
course. Graph shows data for apelin647 treated cells alone (red) or apelin647 treated
cells after a pre-treatment for 1 h with CMF-019 (10 uM) or [Pyrt]apelin-13 and wash.
n = 3 independent experiments. CHO-APLNR were provided by Mr Jason Brown.
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3.4. Discussion

3.4.1. Novel fluorescent ligands bind and activate the apelin receptor

Ensuring fluorescent ligands retain their pharmacological properties, in terms of
binding, and function if agonists, is a critical step in their use as experimental tools
(Soave et al., 2020). Here, data showed that four novel fluorescent ligands, apelin488
and apelin647 (Fig 3.1), based on the endogenous apelin receptor peptide agonist
[Pyri]apelin-13, and ELA488 and ELA647 (Fig 3.2) based on the second endogenous
apelin receptor ligand, ELA-14, were all able to bind to their native target receptor in
human left ventricle homogenate (Fig 3.5). Note that apelin488 and apelin647 included
non-natural amino acids — norleucine in place of methionine at position 11 and
tyrosine-O-benzene in place of phenylalanine at position 13. The norleucine residue
prevents oxidation of the methionine that can occur during labelling procedures, and
tyrosine allows for the addition of iodine-125, hence their inclusion in the [*?°I]-apelin-
13 radioligand (Fig 3.1, Hosoya et al., 2000; Medhurst et al., 2003; Read et al., 2019).
A peptide with these modifications showed very high affinity in an apelin receptor

binding assay (Murza et al., 2012).

In competition binding assays against [*?°1]-apelin-13, apelin647 bound with the
highest affinity of the novel ligands (pKi of 8.92 + 0.05), which was lower than that
observed for [Pyri]apelin-13 (pKi = 10.05 + 0.11) but higher than that for the other
endogenous peptide, ELA-14 (pKi = 8.33 £ 0.05). A pKi of 8.83 + 0.06 has been
reported for [Pyrt]apelin-13 against the radioligand in human heart previously (Yang
et al., 2017), lower than reported here, but very similar to the pKi determined for
apelin647. Intriguingly, apelin488 bound with lower affinity (pKi = 7.29 + 0.07) than
apelin647, despite the fact that the only difference between the peptides is the
fluorophore itself at the C-terminus of the peptide. A previous report in the literature
have shown however, that different fluorescent dyes were able to influence the
pharmacology of fluorescent adenosine Ai receptor ligands (Baker et al., 2010).
ELA488 and ELA647 were also able to outcompete the radioligand, although with low
affinity, displaying pKi values of 6.96 =+ 0.07 and 6.57 £+ 0.08.
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Once binding was confirmed, fluorescent ligands were assessed for function at the
apelin receptor in several in vitro GPCR assays (Fig 3.6). A dynamic mass
redistribution assay (Fig 3.6a), showed that apelin488 (pD2 = 7.42 + 0.16) and
apelin647 (pD2 = 7.54 £+ 0.20) induced cellular responses, but were less potent than
[Pyri]apelin-13 (pD2 = 8.07 + 0.20). Consistent with results in binding, ELA-14 (pD2 =
7.79 £ 0.11) was slightly less potent than [Pyrt]apelin-13 in the assay, and ELA488
and ELA647 were less potent again (pD2 = 6.90 £ 0.10 and 6.81 + 0.24 respectively).
Apelin647 and ELA647 showed lower Emax values than both their respective
endogenous parent ligands in this assay, and apelin488 and ELA488 (see Table 3.1),
although reasons for this are unclear.

The dynamic mass redistribution assay typically assesses GPCR dependent changes
in cells, but provides little information on signalling pathways without the inclusion of
highly toxic inhibitors of downstream effectors. Instead, assays directly measuring
apelin receptor Gai inhibition of forskolin-stimulated cAMP production, and
internalisation, were used to characterise the fluorescent ligands. Apelin ligands
showed relatively similar potencies in the cAMP assay (Fig 3.6b), with pKi values of
8.32 £ 0.11, 8.31 + 0.05, 8.91 + 0.02 determined for [Pyri]apelin-13, apelin488, and
apelin647 respectively. ELA-14 showed a trend for very potent inhibition of CAMP
production, but a full curve was not determined. ELA488 and ELA647 were less potent
in this assay, displaying pD2 values of 6.68 + 0.05 and 6.88 + 0.09 respectively. In the
internalisation assay, [Pyri]apelin-13 and apelin647 showed relatively similar
potencies (pD2 = 8.62 + 0.10 and 8.88 £ 0.56), whilst apelin488 was less potent (pD2
=7.52 + 0.03). ELA-14 exhibited a pD2 value of 8.64 £+ 0.10, but ELA488 and ELA647
were, again, considerably less potent (pD2 = 6.87 + 0.03 and 6.63 = 0.02 respectively).
Additionally, ELA647 also showed a reduced Emax value versus other peptides in this
assay (see Table 3.1). The consistently lower potency of ELA488 and ELA647 may
be due to their low affinity binding as observed in the competition assay. The data
suggest that ELA peptides appear to have been more perturbed by the inclusion of the
linker and fluorophores. Note that a methionine residue at position 5 has not been
replaced by norleucine in ELA488 or ELA647, and this may undergo oxidation during
the labelling step, although this is unlikely to affect binding.
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Overall, however, data show that all four novel apelin receptor ligands used in this
thesis are able to bind the apelin receptor, and display agonist activity, providing
evidence for their suitability as pharmacological tools for exploring this GPCR target.

3.4.2. Apelin488 and apelin647 bind to apelin receptor in the kidney

To confirm whether the fluorescent ligands could be visualised binding to the apelin
receptor in endogenously expressing systems, apelin488 and ELA488 were used to
treat human kidney sections. Note that these ligands were chosen at this step as the
Zeiss LSM 510 microscope used to image the sections was unable to visualise far-red
647 nm wavelength fluorophores. Apelin488 (1 uM) was visualised in tubules of the
renal cortex (Fig 3.7), in a manner that is likely apelin receptor specific, as signal was
lost in the presence of a competing concentration of 10 uM unlabelled [Pyrt]apelin-13.
ELA488 (1 uM) was also visualised in the cortical tubules, but was considerably less
bright than apelin488. Again, this may reflect the lower binding that ELA488 exhibited
in the human heart. The kidney is widely reported as expressing apelin receptor mRNA
and protein (Chapman et al., 2021), and is used frequently in-house as positive
controls for [*?°1]-apelin-13 due to apelin receptor expression in cortical regions and
glomeruli (Katugampola et al., 2001; Kleinz et al., 2004). It would be interesting to see
if the fluorescent ligands can be used as quick (30 mins incubation), easy, and
consistent replacements for antibodies (typically requiring 24 — 48 h incubation) or
autoradiography (typically requiring several weeks to perform) to identify apelin

receptor in other tissues.

3.4.3. Apelin647 binds to apelin receptor in human embryonic stem cell-derived
cardiomyocytes

A well-established hESC-CM cell model was used to confirm binding of apelin647 to
apelin receptor in a native setting, rather than in an artificially expressing system such
as CHO-APLNR cells. High content imaging showed apelin647 bound to hESC-CMs
(Fig 3.8) in a manner likely to be dependent on the presence of apelin receptor as,
again, no signal was observed in the presence of 10 uM [Pyri]apelin-13. Additionally,
an hESC-CM line incorporating apelin receptor knockdown was unable to bind the

apelin647 ligand. This knockdown line has been well validated by Ms Robyn Macrae.
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The data provide further evidence that apelin647 fluorescent ligand can be used to

visualise apelin receptor, even when the protein is present at physiological levels.

3.4.4. Exploration of apelin receptor pharmacology using apelin647

The apelin647 far-red fluorescent ligand was used to explore apelin receptor
pharmacology using CHO-APLNR cells in conjunction with high content imaging. After
confirming that binding of apelin647 reached an equilibrium after 90 mins (Fig 3.4), a
concentration range (1 — 300 nM) was incubated in CHO-APLNR for 90 mins before
fixation and imaging (Fig 3.9a). Apelin647 binding was saturable at 300 nM (Fig 3.9d),
and a Kp value of 85.35 + 9.00 nM was determined. Controls confirmed that apelin647
binding in CHO-APLNR was dependent on the presence of the apelin receptor
construct, and could be blocked in the presence of 10 uM [Pyrt]apelin-13 (Fig 3.9b).
Further, a full competition binding curve was established for [Pyr]apelin-13 (Ki = 23.24

+ 2.34 nM) against a 30 nM concentration of apelin647 (Fig 3.9¢).

The data provide proof-of-principle for the use of apelin647 as a tool for the exploration
of apelin receptor pharmacology that could supplement, or even replace, radioligand
binding. The platform outlined in this thesis allows for an easy, very robust, high-
throughput approach that could be used to identify novel compounds that might
compete with apelin647 for binding at the apelin receptor. Additionally, far fewer safety

concerns are raised when using a fluorescent ligand versus a radioligand.

3.4.5. Observation of apelin receptor internalisation in near real-time

Canonical GPCR internalisation (see Fig 3.11 for a schematic) is a complex multi-step
process that involves many accessory proteins to shuttle the receptor from the cell
surface to intracellular compartments (Calebiro & Godbole, 2018). With respect to the
apelin receptor, agonist stimulation can result in phosphorylation by G protein-coupled
receptor kinase (GRK), which has been shown to facilitate recruitment of B-arrestin
proteins (Reaux et al., 2001; Zhou et al., 2003; Masri et al., 2006; Murza et al., 2012;
Chenetal., 2014; Pope et al., 2016). Subsequent B-arrestin dependent apelin receptor
internalisation following stimulation with [Pyrt]apelin-13 has been confirmed previously
(Pope et al., 2016).
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Figure 3.11. Schematic showing apelin receptor internalisation following stimulation
with a ligand. Following binding of a ligand that displays agonist activity, the receptor
can recruit the heterotrimeric G protein complex, which can lead to downstream G
protein dependent signalling. Subsequently, G protein-coupled receptor kinase (GRK)
can phosphorylate the receptor which can result in recruitment and association of 3-
arrestin proteins. This can facilitate recruitment of clathrin and adaptin AP2 protein
complexes to the budding vesicle, which can then internalise as an endosomal
package with the receptor-ligand complex. Schematic was designed using BioRender

(https://biorender.com/).

An additional benefit of using apelin647 versus a radioligand is the ability to track
subcellular localisation of the fluorescent ligand in near real-time. CHO-APLNR were
treated with a 300 nM concentration of apelin647 for 5 mins before cells were rapidly
washed before subsequent high content imaging over a 90 minute time-course (Fig
3.10a). Intriguingly, apelin647 fluorescence observed at the membrane at earlier time-
points (e.g. 5 — 10 mins), appeared to become more intracellular by later time points
(e.g. 20 — 90 mins). A WGA-555 membrane marker showed good colocalisation with
apelin647 (Fig 3.10b), visualised at the membrane at 5 mins but at perinuclear

locations at 90 mins. Compiling the images, captured every 30 seconds, into a video
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(see associated Fig 3.10 video file) shows the movement of apelin647 from the

membrane to intracellular compartments very clearly.

Quantification of the imaging data (Fig 3.10c), confirmed the loss of apelin647 from
the membrane over the time-course. Data were expressed as the ratio of apelin647
fluorescence at the membrane versus total cell fluorescence to account for any
changes in fluorescence between compartments that might occur due to factors other
than internalisation, such as fading of the fluorophore or moving in/out of the focal
plane. The data showed that apelin647 fluorescence proportionally decreased at the
membrane, with a non-linear one phase decay regression determining a tu2 of ~7 mins
(i.e. proportion of apelin647 fluorescence at the membrane halves every ~7 mins).
Internalisation plateaued by the end-point (90 mins), in accordance with findings from
Pope et al., 2016 that show a plateau in apelin receptor internalisation at = 2 h following
stimulation with 100 nM [Pyrt]apelin-13. Pre-treatment of cells with [Pyri]apelin-13
here, prior to a wash and treatment with apelin647, led to reduced apelin647 binding
at the membrane, and no change in internalisation over time. This may be reflective
of loss of apelin647 binding due to internalisation of the apelin receptor during the
[Pyrt]apelin-13 pre-treatment. Intriguingly, pre-treatment with CMF-019, a G protein-
biased small molecule apelin receptor agonist that shows little activity in -arrestin or
internalisation assays (Read et al., 2016), had little effect on apelin647 binding and
internalisation (tu2 of ~6 mins). Overall, the data show that pre-treatment with CMF-
019 followed by washout, allows for subsequent apelin647 binding and internalisation,
whereas pre-treatment with [Pyr!]apelin-13 does not. This provides evidence that
apelin receptor may not have substantially internalised during the CMF-019 pre-
treatment and was still available for apelin647 binding following washout of the small

molecule agonist.

In summary, internalisation is a highly interesting physiological parameter to measure,
particularly considering that avoiding apelin receptor internalisation is hypothesised to
be a beneficial therapeutic strategy when designing novel drugs by reducing loss of
the target protein from the cell surface (Yang et al., 2015; Read et al., 2016). Apelin647
could be used to more thoroughly characterise mechanisms of apelin receptor
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internalisation using additional markers and inhibitors/knockdown of accessory

proteins, such as GRKs and B-arrestins in future imaging studies.

3.5. Conclusions

The data in this thesis have shown successful design and validation of four novel
fluorescent ligands that bind and activate the apelin receptor in artificial and

endogenous cellular and human tissue systems.

The apelin647 ligand was successfully used to assess apelin receptor pharmacology,
providing similar outputs to radioligand binding (e.g. affinity constants and competing
ligand Ki values), but in a platform that can be used more safely, and that allows for
many more replicates and experiments to be performed over the same time-frame.
The data provide proof-of-principle for the use of apelin647 as a tool to screen other

compounds designed to hit the apelin receptor.

Additionally, apelin647 was used to qualitatively and quantitatively visualise
internalisation of the apelin receptor in near real-time (images captured every 30 secs).
Apelin647 in this platform could be used to characterise mechanisms by which the
apelin receptor internalises, in theory, in any cell based system that expresses the
protein. This could also facilitate drug design at the apelin receptor, where an
emphasis on G protein biased compounds that avoid internalisation are hypothesised

to be of greater benefit.
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Chapter 4. Characterisation of apelin receptor variants identified in a patient
cohort in the NIHR BRIDGE project

4.1. Introduction

Of the ~20,000 proteins that the human genome encodes (Ezkurdia et al., 2014), just
over 800 (~4 %) are GPCRs (Lv et al., 2016; Alexander et al., 2019). The expansive
physiological roles of membrane bound GPCRs in transducing a plethora of
extracellular signals to the intracellular environment, has positioned these proteins as
targets for ~34 % of all approved pharmaceuticals (Hauser et al., 2017; Schoneberg
& Liebscher, 2021).

As genetically encoded proteins, GPCRs are susceptible to mutation, where changes
in the protein structure of a GPCR can impact its ability to transduce signals (see Fig
4.1 for a schematic), either decreasing or increasing their efficiency through loss-of-
function or gain-of-function mutations (Thompson et al., 2014; Stoy & Gurevich, 2015).
So far, over 2350 mutations, across 55 GPCRs, have been causally linked to 66
human disease phenotypes, with approximately 14 of these diseases caused by gain-
of-function mutations (Schoneberg & Liebscher, 2021). As examples of loss-of-
function mutations in GPCRs, two mutations, G57S, R319W, in the endothelin B
receptor, associated with Hirschsprung'’s disease, were identified as retaining Gaq G
protein subunit coupling, but defective Gai signalling, with G57S actually
demonstrating coupling to Gas. A third mutation, P383L, showed significantly lower
membrane expression versus the wild-type receptor (Fuchs et al., 2001). A deletion
mutation that induces a frame-shift at position 247, subsequently introducing a
premature stop codon at position 270, results in a V2 vasopressin receptor variant
lacking the entire C-terminal third that is associated with congenital nephrogenic
diabetes insipidus (Rosenthal et al., 1992). Surprisingly, variants of the melanocortin
4 receptor (MC4R), that exhibited gain-of-function in relation to B-arrestin signalling,
were associated with significantly lower body mass index and protection against
obesity, type 2 diabetes, and coronary artery disease (Lotta et al., 2019). These data
show that mutations can be beneficial and provide evidence for targeting MC4R with

B-arrestin biased therapeutics as an anti-obesity strategy.
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Figure 4.1. Schematic showing the points at which mutation can impact on GPCR
signal transduction. 1 Binding of ligands to GPCRs requires specific protein sequences
that can be mutated, either decreasing or increasing the affinity, efficacy, and kinetics
of the ligand at the receptor. 2 G protein recruitment to the receptor, and subsequent
signalling, requires precise conformational changes in the receptor that can be
perturbed by mutation. Additionally, mutations can lock GPCRs in an active state,
inducing signalling even in the absence of an external stimulus. 3 Receptor
phosphorylation and recruitment of B-arrestin. Mutations can modify the sites in the
GPCR that regulate phosphorylation by G protein-coupled receptor kinases (GRKS),
which can in turn alter the efficiency of B-arrestin recruitment. Mutations may also
directly impact on the association of B-arrestin with the receptor. 4 Whilst B-arrestin is
important for signalling in its own right, the protein is canonically required in GPCR
internalisation. Mutations that impact B-arrestin recruitment can, therefore, also alter
the extent to which the GPCR is internalised and shuttled between the cell surface
and endosomal compartments. 5 Another important facet to GPCR mutation is the
impact of changes to the protein structure on the stability of the receptor at the
membrane. Mutations can alter the signal peptide sequences of GPCRs, potentially
impacting on delivery of the receptor to the cell surface; send the protein down
degradational pathways; or induce misfolding. Schematic was designed using
BioRender (https://biorender.com/).
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As discussed in detail in Section 1.7, the apelin receptor has been explored in several
mutational studies. Mutagenesis has previously been based on experimental findings,
such as the S348 position in the C-terminus being identified as a site of receptor
phosphorylation, and the artificial S348A substitution mutation subsequently
confirming impaired recruitment of GRK, reducing receptor phosphorylation,
recruitment of B-arrestin, and internalisation in response to apelin-13 (Chen et al.,
2014). Additionally, systematic alanine scanning mutagenesis, identified 1109A, in
transmembrane domain lll, as single point substitution that converts the receptor to a
G protein biased conformation, that shows defective engagement with GRK and -
arrestin (Ban et al., 2018). The Ma et al., 2017 study, performed extensive systematic
mutational analysis, and showed single point substitutions, C325L and C326M,
removed palmitoylation sites, whilst T177N removed an N-glycosylation site. These,
combined with V117A and W261K mutations, greatly improved the protein yield and
stability. The authors then further demonstrated that D23A and K268A reduced binding
affinity of [*?°1]-apelin-13, whilst Y35A, WB85A, R168A, and Y271A completely
abolished binding of the radioligand, and were non-functional in a CAMP assay (Ma et
al., 2017).

In zebrafish, the naturally occurring grinchst% (W85L) mutation in ApInrb, the zebrafish
receptor homologous with mammalian apelin receptor, was shown to prevent binding
of apelin, inducing a severe reduction in myocardial progenitor cells and
cardiomyocytes, resulting in poor/absent cardiac development (Scott et al., 2007;
Zeng et al., 2007). The mutation provided key evidence for the role of the apelin
receptor in cardiac development. However, naturally occurring mutations in humans

have been poorly identified, let alone characterised pharmacologically.

The NIHR BioResource Rare Diseases BRIDGE consortium sequencing project
(herein referred to as the BRIDGE project), is a collaboration between 13 rare disease
projects that aim to discover the genetic sequence variants underlying unresolved
inherited disorders and to improve identification of already identified high penetrance
variants, as a prospective component of the Genomics England 100,000 Genomes
Project (Turnbull et al., 2018). The BRIDGE project covers a variety of rare disease

research areas including cardiovascular, infection and immunity, and neuroscience.
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As one example of its success, whole-genome sequencing of 1038 pulmonary arterial
hypertension (PAH) index cases and 6385 PAH-negative control subjects, with
subsequent case-control analysis, identified significant overrepresentation of rare
variants in several proteins, revealing missing heritability of PAH not caused by
variation in bone morphogenetic protein type 2 receptor (BMPR2) (Gréaf et al., 2018).
In its association with the NIHR BioResource, the BRIDGE project is highly valuable
to researchers for the capacity to provide phenotypic information for recruited
participants, and the opportunity to recall participants for further assessment.

From the participants screened in the BRIDGE project, 50 apelin receptor variants
were identified, that were associated with, but not necessarily causative of, rare
cardiovascular and immune diseases. Pre-determined exclusion criteria were applied
to select only those variants that were:
e Rare (displaying a frequency of <1 in 10,000)
e Mutated at sites conserved across 29 vertebrate species
e Mutated at sites predicted to be deleterious using both SIFT (Sorting Intolerant
From Tolerant, Sim et al., 2012) and PolyPhen-2 (Polymorphism Phenotyping
v2, Adzhubei et al., 2010)
e Mutated at sites predicted to impact receptor binding and/or function when
compared to corresponding sites in other, similar GPCRs using GPCRdb
(https://gpcrdb.org/, Kooistra et al., 2021).

These criteria would select for variants that occur at amino acid sites that are highly
evolutionarily conserved in the apelin receptor, and would thus likely impact on the

pharmacology of the receptor if substituted or deleted.

The work in this thesis aimed to characterise 11 apelin receptor variants that were
identified in participants in the BRIDGE project and selected for using the exclusion
criteria outlined above, as part of the ORBIT (Opportunities in Receptor Biology for
Industrial Translation) collaboration with Sosei Heptares. Following an initial screen
using [*?°I]-apelin-13 radioligand binding, the V38L, T89M, and R168H apelin receptor
variants were identified as particularly attractive for further assessment and

pharmacological characterisation. High content imaging was used to assess
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expression and membrane localisation of the apelin receptor variants, and additional
binding studies were performed using the fluorescent ligands apelin647 and ELA647.
Variants were also assessed for pharmacological function in a dynamic mass
redistribution assay. Finally, the R168H variant was visualised in a clinically relevant
human embryonic stem cell-derived cardiomyocyte (hESC-CM) model, using a base

edited variant line, in conjunction with apelin647.
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4.2. Methods

4.2.1. Cell culture

HEK293T, CHO-K1, and hESC cell culture was performed as described in Section
2.4. Additionally, genetic manipulation of HEK293T and CHO-K1 cells, from
generation of wild-type and apelin receptor variant plasmid constructs, to transfection
procedures, is outlined in Section 2.4.2 and Section 2.4.3. The generation of a
differentiated hESC-CM (Section 2.4.5) cell line carrying the R168H apelin receptor

variant using base editing is described in Section 2.4.7.

4.2.2. Radioligand binding assays
HEK293T and CHO-K1 cell membrane preparations were made as described in
Section 2.6.1, and used at a final concentration of 1 mg/mL (concentration determined

using a DC Protein Assay from Bio-Rad, as described in Section 2.6.3).

Saturation binding (described in Section 2.7.2), to determine wild-type and variant
apelin receptor affinity and density, was performed by incubating membrane
preparations with a concentration range (2 pM — 1 nM) of [*?%]-apelin-13 for 90 mins
at room temperature. Non-specific binding was determined in the presence of 5 uM
[Pyri]apelin-13.

Competition binding (described in Section 2.7.3) was used to assess binding of a
concentration range (1 pM — 1 uM) of ELA-14 against 0.1 nM [*?%1]-apelin-13 in wild-
type or T89M variant apelin receptor expressed in HEK293T cell membrane

preparations.

4.2.3. Assessment of apelin receptor expression, membrane localisation, and
fluorescent ligand binding

Wild-type and variant apelin receptor constructs transiently expressed in CHO-K1 cells
were tagged at the C-terminus with eGFP. To assess expression and membrane
localisation, cells were washed with HBSS, before fixation with 4 % formaldehyde for
5 mins. After another wash with HBSS, cells were treated with WGA-555 membrane
marker (10 pg/mL) and Hoechst 33342 nuclear marker (10 pg/mL) in HBSS for 15
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mins. After a final wash with HBSS, cells were maintained in HBSS before high content
imaging. To assess binding of apelin647 and ELA647 fluorescent ligands, cells were
washed with HBSS, before treatment with 300 nM apelin647 or ELA647 for 90 mins in
the dark at room temperature. Non-specific binding was determined in the presence
of 10 uM [Pyri]apelin-13. A full saturation curve was also performed for apelin647 in
wild-type and variant apelin receptor by treating cells with a concentration range (1 —
300 nM) of the fluorescent ligand for 90 mins in the dark at room temperature. At the
end-point, cells were fixed with 4 % formaldehyde for 5 mins. After another wash with
HBSS, cells were treated with WGA-555 membrane marker (10 pg/mL) and Hoechst
33342 nuclear marker (10 pg/mL) in HBSS for 15 mins. After a final wash with HBSS,
cells were maintained in HBSS before high content imaging. For internalisation
experiments, CHO-K1 cells transiently expressing wild-type or V38L variant apelin
receptor were treated with WGA-555 (10 pg/mL) and Hoechst 33342 nuclear marker
(10 pg/mL) in HBSS for 15 mins, before a wash and subsequent treatment with 300
nM apelin647 for 5 mins. After a final wash with HBSS, cells were imaged in near real-
time at 37 °C and 5 % CO.. Apelin647 binding was also assessed in the R168H apelin
receptor variant hESC-CM line. Differentiated cardiomyocytes, plated in CellCarrier-
96 Ultra Plates (PerkinElmer) at a density of 80 k/well, were washed with HBSS, before
treatment with 300 nM apelin647 for 90 mins in the dark at room temperature. At the
end-point, cells were fixed with 4 % formaldehyde for 5 mins. After another wash with
HBSS, cells were treated with Hoechst 33342 nuclear marker (10 pg/mL) in HBSS for
15 mins. After a final wash with HBSS, cells were maintained in HBSS before high

content imaging.

4.2.4. Opera Phenix High Content Screening

CHO-K1 cells transfected with wild-type or variant apelin receptor, and treated as
described in Section 4.2.3, were imaged using the Opera Phenix (described in Section
2.9.2).

4.2.5. In vitro GPCR assay

Wild-type and variant apelin receptor function was assessed in a dynamic mass

redistribution assay (described in Section 2.8.1), measuring cellular responses to a
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concentration range (0.1 nM — 300 nM) of [Pyri]apelin-13 in transiently transfected

CHO-K1 cells. Buffer treated wells showed no response.

4.2.6. Data analysis and statistics

Quantitative data are expressed as mean = SD. Raw data were handled using
Microsoft Excel for Windows (Microsoft). Graphical presentation and statistical tests
were performed using GraphPad Prism version 6.07 for Windows (GraphPad
Software). For saturation radioligand binding experiments, data were analysed using
the EBDA and LIGAND components of the KELL (Kinetic, EBDA, Ligand, Lowry)
software package (Biosoft) (described in Section 2.7.4). For competition binding
experiments, Ki values were determined using Cheng-Prusoff methodology (described
in Section 2.7.3). For in vitro GPCR assays, ECso, pD2, and Emax values were
calculated using GraphPad Prism version 6.07 for Windows. Statistical tests are
indicated in figure legends where used. A p value of < 0.05 was determined as

significant.

4.3. Results

4.3.1. Several apelin receptor variants identified in the BRIDGE project show
perturbed binding in a preliminary screen

Following selection of 11 apelin receptor variants using the exclusion criteria outlined
in section 4.1, [*?°I]-apelin-13 radioligand binding was performed by Ms Rhoda E. Kuc
in a preliminary screen using HEK293T cell membrane preparations. Table 4.1 shows
that wild-type (WT) apelin receptor exhibited a Kp of 2.14 + 0.36 nM for the radioligand
and a receptor density (Bmax) of 813 + 133 fmol/mg of protein. A Hill slope of 1.03 +
0.04 indicates a one site binding mode. Over the study, 3 of the 11 variants were
deemed to be of particular interest — V38L, T89M, and R168H — and will be the focus
of this chapter. V38L exhibited a Kp of 2.35 £ 0.85 nM, similar to WT, but a Bmax 0of 175
+ 91 fmol/mg, significantly lower than WT. This might suggest an effect of the V38L
single point substitution on receptor expression or stability at the membrane. T89M
also bound the radioligand, with a Kp of 5.63 £ 4.00 nM, and had a high Bmax of 4920
+ 3520 fmol/mg, but also showed high error around the mean. R168H showed no

detectable binding of [*?°I]-apelin-13, indicating a potentially substantial effect of this
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single point substitution on ligand interaction. Note, G45X and T227X, that also
showed no detectable binding, are single amino acid deletions inducing frame-shift of
the protein sequence that will likely highly alter apelin receptor expression and/or

pharmacology.

Condition Kb (nM) Bmax Hill slope
(fmol/mg) (nH)

Untrans. NBD NBD NBD
WT 2144036 813133 1.03:0.04
V38L 2.35.085 175:01* 1.03:0.02

G45X NBD NBD NBD
D65V 1.64.056 445.106 1.06+0.05
V79M 5.33:320 1630+325 1.08:0.07
T89M 5.63:4.00 4920:3520 1.15+0.07
R127H 1.61:035 562250 0.99:0.06

R139W 1.37i0_76 64.3119,4** 0.95i0_03

R168H NBD NBD NBD

T227X NBD NBD NBD

R243wW 3.57:1.03 13404775 1.04+0.04

T269M 3.48.181 1370.351 1.02+0.03

Table 4.1. Saturation radioligand binding preliminary screen performed by Ms Rhoda
Kuc. HEK293T cell membranes artificially expressing wild-type (WT) apelin receptor,
the variants identified in patients in the BRIDGE project, or left untransfected
(Untrans.) were assessed for binding of [*?°1]-apelin-13 in a preliminary screen. Table
shows effects of amino acid substitutions and deletions on receptor affinity (Ko) and
receptor density (Bmax). The Hill slope (nH) was approximately 1 in all instances where
binding was detected, suggesting a one site binding mode. NBD = no binding detected.
Statistically significant differences versus WT were determined using an unpaired

Student’s T test. * = p < 0.05, ** = p < 0.01. Experiments performed by Ms Rhoda Kuc
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Figure 4.2. Snake plot showing the 380 amino acid apelin receptor with the single-
point substitutions and deletions identified in the BRIDGE project highlighted in colour.
Amino acids of particular interest are V38 (blue, substituted with L), T89 (red,
substituted with M), and R168 (purple, substituted with H). All other single-point
substitutions are shown in green, and deletions are shown in gold. Figure was
generated using GPCRdb (https://gpcrdb.org/, Kooistra et al., 2021).

For clarity, Figure 4.2 shows a snake plot of the apelin receptor indicating the positions
of the amino acid changes identified in the BRIDGE project. Variants of particular
interest, V38L (blue), T89M (red), and R168H (purple), occur in transmembrane

helices |1, Il, and IV respectively. Intriguingly, T89 and R168 have been shown
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previously to make up part of the apelin receptor binding pocket, where R168 forms a
critical ionic interaction with the G protein biased small molecule agonist CMF-019
(Read et al., 2016).

4.3.2. Apelin receptor variants can impact receptor expression at the membrane
Following the preliminary binding screen, it was crucial to establish whether
differences in binding for apelin receptor variants versus wild-type were due to direct
effects on the binding site itself, or receptor expression at the cell surface.

Data in Figure 4.3 show the artificial expression of wild-type apelin receptor and
variants in CHO-K1 cells, co-stained with a wheat germ agglutinin membrane marker
conjugated to Alexa Fluor 555 (WGA-555). Qualitative assessment (Fig 4.3a)
confirmed cellular expression of wild-type receptor, and the V38L, T89M, and R168H
variants, determined via visualisation of the C-terminal eGFP reporter. Untransfected
cells (treated with transfection reagent in the absence of DNA) showed no eGFP

expression.

Visually, it is very difficult to accurately assess expression of the receptor at the
membrane specifically. However, quantification (Fig 4.3b) demonstrated that, when
looking at only those cells that are eGFP positive, wild-type receptor exhibited a
relative membrane expression (i.e. eGFP signal that occurred in the membrane
segment determined by WGA-555, normalised to that signal observed in untransfected
control cells) of 1.63 £ 0.28. Relative membrane expression for the V38L variant, 1.11
+ 0.11, was significantly lower than wild-type (p < 0.001), and was not significantly
higher than untransfected cells, providing evidence that V38L may reduce membrane
localisation of the apelin receptor. T89M exhibited a relative membrane expression of
1.65 + 0.34, which was not significantly different to wild-type, suggesting that this
variant does not impact receptor expression at the membrane in this platform.
Crucially, R168H also showed a relative membrane expression of 1.71 + 0.30 that was
not significantly different to wild-type. This provides evidence that loss of detectable
binding observed in the preliminary screen is not due to reduced receptor density or
membrane localisation, but is likely a perturbation of the ability of the receptor to

interact with the radioligand.
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Figure 4.3. High content assessment of apelin receptor variant expression. a
Representative confocal fluorescent images of CHO-K1 transiently expressing wild-
type (WT) apelin receptor, or the V38L, T89M, or R168H variant, or untransfected
(Untrans.). Images show the receptor tagged at the C-terminus with eGFP in green,
cell membranes stained with WGA-555 marker in gold, and nuclei stained with
Hoechst nuclear marker in blue. Scale bars show 50 um. n = 4 independent
experiments performed in at least triplicate. b Quantified high content data showing
relative membrane expression of eGFP tagged receptor in eGFP positive cells
normalised to signal observed in untransfected cells. Data pooled from n = 4
independent experiments performed in at least triplicate. Statistical significance was
determined using a Kruskal-Wallis test on non-normal data, with Dunn’s correction for
multiple comparisons looking for differences between (WT) apelin receptor and
receptor variants or untransfected cells. *** = p < 0.001, **** = p < 0.0001. Cells were
transfected with DNA provided by Dr Heather Currinn.
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4.3.3. Fluorescent ligands identify further effects of apelin receptor variants on
binding

To further characterise apelin receptor variant ligand binding, fluorescent apelin647
and ELA647, were used in high content imaging studies looking at CHO-K1 cells
transfected with receptor constructs. Imaging (Fig 4.4a) demonstrated good binding of
both ligands to wild-type apelin receptor following incubation for 90 mins. Of note,
V38L was also able to bind both ligands, despite showing low receptor density in Table
4.1 and low receptor membrane expression in Fig 4.3. Surprisingly, T89M appeared
to be able to bind the apelin647 ligand to a similar extent as the wild-type receptor, but
showed little to no binding of the ELA647 ligand. R168H showed little to no binding
with either ligand. Controls (Fig 4.4b) confirmed that binding of apelin647 and ELA647
to wild-type apelin receptor was specific, determined by inclusion of 10 uM

[Pyrt]apelin-13 during the 90 mins incubation.

Quantification shows total mean fluorescence (background subtracted) calculated for
the apelin647 (Fig 4.4c) and ELA647 (Fig 4.4d) ligands in the transfected CHO-K1
cells. In eGFP positive cells, wild-type receptor bound apelin647 with a mean
fluorescence of 141.71 + 8.85. Both V38L and T89M bound apelin647 to a similar
extent (mean fluorescence of 137.18 + 10.03 and 125.45 + 2.69), matching the
gualitative assessment in Fig 4.4a. Crucially, the quantitative data also confirmed a
lack of binding of apelin647 in R168H, where a mean fluorescence of 3.56 + 0.69 was
significantly lower than wild-type (p < 0.0001) but no different from the NSB control.
Results demonstrated that mean fluorescence of ELA647 was lower in general (36.88
+ 6.22 in wild-type), likely due to the lower affinity of this ligand as shown in Section
3.3.2 and 3.3.3, and/or inter-batch variation in the quantum yield of the fluorescent dye
itself (a phenomenon that the manufacturer, Cambridge Research Biochemicals,
confirmed as being possible). As with apelin647, V38L bound ELA647 (46.82 + 3.23)
in a manner similar to wild-type. However, T89M bound ELA647 (17.06 + 3.22) to a
significantly lower extent than wild-type (p < 0.01), but fluorescence was significantly
higher than in NSB controls (p < 0.05). R168H mean fluorescence for ELA647 (10.81
+ 7.14) was significantly lower than wild-type, but no different to NSB controls,
suggesting a complete loss of binding for the ELA-based ligand as well.
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Figure 4.4. Representative high content confocal fluorescent images showing
fluorescent ligand binding (shown in red) at apelin receptor variants tagged at the C-
terminus with eGFP (shown in green). a CHO-K1 cells expressing wild-type (WT)
apelin receptor or variants (V38L, T89M, or R168H) treated with 300 nM apelin647
(left column) or ELA647 (right column) for 90 mins. b CHO-K1 cells expressing wild-
type apelin receptor treated with 300 nM apelin647 (left column) or ELA647 (right
column) for 90 mins in the presence of 10 uM [Pyrt]apelin-13 to determine non-specific
binding (NSB). Graphical data shows quantification of apelin647 (c) or ELA647 (d)
mean fluorescence in eGFP positive cells. Statistical significance was determined
using a one way ANOVA, with Tukey’s correction for multiple comparisons looking for
differences between (WT) apelin receptor and receptor variants or NSB treated cells.
** = p <0.01, * =p < 0.001, ** = p < 0.0001. n = 1 independent experiment
performed in triplicate. Cells were transfected with DNA provided by Dr Heather

Currinn.
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Full saturation binding curves were generated using high content quantification for
wild-type apelin receptor and variants treated with a concentration range (1 — 300 nM)
of apelin647 (Fig 4.5). Wild-type receptor showed good, saturable binding, with a Kp
value of 54.97 + 20.48 nM determined. Surprisingly, V38L also showed saturable
binding, but with a lower Kp value of 15.80 + 3.96 nM determined versus wild-type.
T89M binding may not have saturated at the highest concentration tested, and the Kp
value of 163.7 = 10.73 nM was higher than that observed for wild-type. Note that mean
fluorescence of apelin647 at 300 nM was lower in general here than in Fig 4.4c, which
may be due to the fact that a different batch of the fluorescent ligand was used
between experiments, and inter-batch variation in quantum yield may have occurred.
Finally, though, R168H was unable to bind apelin647 in a saturable manner, and no
Kb value was determined, falling in line with the previous results, and its reported role

in the receptor binding pocket (Read et al., 2016).
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Figure 4.5. Saturation binding in high content imaging. Quantification of mean whole
cell fluorescence (emitted light at wavelength of 647 nm, background corrected) in
CHO-K1 cells transiently expressing wild-type (WT, black) apelin receptor or apelin
receptor variants V38L (blue), T89M (red), or R168H (purple) and treated with a
concentration range (1 — 300 nM) of apelin647. n = 2 independent experiments
performed in duplicate. Cells were transfected with DNA provided by Dr Heather

Currinn.
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4.3.4. Further binding studies confirm the impact of the T89M variant on binding
of ELA ligands

Following the findings in high content imaging studies that the T89M variant bound
ELA647 to a significantly lesser extent than wild-type, saturation radioligand binding
was revisited along with competition binding, to confirm the effect of T89M on the
ability of the apelin receptor to bind ELA based ligands. Additionally, further radioligand
binding data would add weight to the results garnered in the preliminary screen.

Saturation binding with ['?°I]-apelin-13 was performed in HEK293T cell membrane
preparations previously transfected with wild-type apelin receptor or variant constructs
(Fig 4.6a). Saturable binding at wild-type receptor provided a Ko value of 0.40 £+ 0.07
nM, indicating high binding affinity, with a Bmax value of 263.7 £ 37.7 fmol/mg. A binding
curve for V38L was able to be determined, where binding of the radioligand occurred
with very high affinity (Ko value of 0.13 £ 0.02 nM) despite a very low receptor density
(Bmax value of 23.5 fmol/mg). The T89M variant bound with an affinity (Ko value of 0.48
+ 0.11 nM) similar to wild-type, but the receptor density was higher (Bmax of 405.5
fmol/mg). R168H showed no detectable binding. The data closely matched the trends
seen in the preliminary screen for the V38L, T89M, and R168H variants (see Table
4.1).

In competition binding (Fig 4.6b), 0.1 nM [*?%I]-apelin-13 was displaced by ELA-11 with
a pKi value of 7.80 £ 0.07 at wild-type apelin receptor. However, for the T89M variant,
a pKi value of 6.36 £ 0.06 was determined for ELA-11, indicating an approximate 28-
fold increase in the concentration of ELA-11 required to displace the radioligand
versus the wild-type. The data suggest that, whilst T89 has been shown to reside in
the apelin receptor binding pocket (Read et al.,, 2016), this site may have more
influence over the binding of the alternate ligand, ELA, compared to apelin, given that
substitution to methionine has consistently perturbed binding of ELA peptides in two

different platforms.
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Figure 4.6. [?°I]-apelin-13 radioligand binding in apelin receptor variants. a Saturation
radioligand binding in HEK293T cells transfected with wild-type (WT) apelin receptor
(black), the V38L variant (blue), T89M variant (red), or the R168H variant (purple).
Data show specific binding (total binding minus non-specific binding determined in the
presence of 5 uM [Pyri]apelin-13), expressed as mean + SD. n = 3 independent
experiments performed in at least duplicate. b Competition binding of ELA-11 peptide
against [*?°[]-apelin-13 (0.1 nM) in HEK293T cells transfected with wild-type (WT)
apelin receptor (black) or the T89M variant (red). Data show % specific binding (% of
total binding in the absence of ELA-11 minus non-specific binding determined in the
presence of 5 uM [Pyri]apelin-13), expressed as mean + SD. n = 3 independent
experiments performed in triplicate. Cells were transfected with DNA provided by Dr

Heather Currinn.
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4.3.5. Assessment of apelin receptor variants on GPCR function

Concomitant with binding studies, it was critical to assess the functional effects of
amino acid substitution on apelin receptor pharmacology. A dynamic mass
redistribution assay (Fig 4.7) was used to assess cellular responses to a concentration
range covering 0.1 nM — 300 nM of [Pyri]apelin-13, in CHO-K1 cells. Wild-type apelin
receptor, as well as the V38L and T89M variants, were active in this assay displaying
similar Emax values of 39.48 + 3.93, 42.55 £ 15.16, and 50.06 + 8.32 APWYV from
baseline. However, the receptor variants were slightly less potent (approximately 4-
fold lower), with pD2 values of 7.67 £ 0.48 and 7.71 + 0.21, versus wild-type (pD2 value
of 8.32 + 0.24). Crucially, the R168H variant appeared non-functional in response to
[Pyri]apelin-13, giving an Emax value of 5.49 + 6.42. Untransfected control cells gave
an Emax value of 0.21 £ 7.07.
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Figure 4.7. Dynamic mass redistribution GPCR functional assay response (shown as
the change in peak wavelength value, APWYV, from baseline) of wild-type (WT, black)
apelin receptor versus the variants V38L (blue), T89M (red), or R168H (purple)
following stimulation with [Pyrt]apelin-13. Untransfected cell response shown in grey.
n =4 (WT) or 3 (variants) independent experiments performed in duplicate. Data show

mean + SD. Cells were transfected with DNA provided by Dr Heather Currinn.

142




Next, internalisation of apelin647 was visualised in near real-time. CHO-K1 cells
expressing either wild-type (Fig 4.8a) apelin receptor or the V38L variant (Fig 4.8b)
were treated with 300 nM apelin647 for 5 mins before a rapid wash and subsequent
high content imaging. Cells were then imaged from the start point (T5, 5 mins) to the

end point (T90, 90 mins) every 30 secs.

Qualitative observation of cells demonstrated good binding of apelin647 at wild-type
apelin receptor at the start of imaging (T5), with punctate fluorescence observed at the
whole cell level, and, to a large extent, at the membrane. By the end-point (T90)
however, much of the apelin647 fluorescence moved into the intracellular
compartment, with considerable loss from the membrane. This phenomenon is
particularly clear when focussing on the video compilation (See Fig 4.8 associated
video file) that shows distinct puncta accumulating at the membrane before moving
intracellularly. Despite the low receptor density for the V38L variant identified in
radioligand binding (Table 4.1 and Fig 4.6a), and low membrane expression in high
content images (Fig 4.3), the variant was able to bind apelin647 at the membrane,
consistent with data in Fig 4.4 and Fig 4.5). Interestingly, intense apelin647
fluorescence at the membrane at T5 appears not to be lost to the same extent as was
observed for wild-type. In the associated video file, distinct puncta can again be seen
accumulating at the membrane and moving intracellularly, but a noticeable portion of
the fluorescence remains at the membrane at T90 for the V38L variant when
compared to wild-type receptor. In the snapshots, the outline of cells can still be seen
when looking only at the apelin647 fluorescence for the V38L variant (Fig 4.8b), but
this is much less clear for the wild-type (Fig 4.8a). The data provide evidence that
V38L may impact apelin receptor internalisation, although considerable further work

needs to be performed to confirm this.
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apelin647

Figure 4.8. Representative high content confocal fluorescent video snapshots
showing apelin647 binding and internalisation over a 90 mins time-course. a (Upper)
CHO-K1 cells transfected with wild-type (WT) apelin receptor (green) and treated with
apelin647 (300 nM, red) at TO and T90 mins. (Lower) Cells in white box shown at
increased zoom. b (Upper) CHO-K1 cells transfected with the V38L apelin receptor
variant (green) and treated with apelin647 (300 nM, red) at TO and T90 mins. (Lower)
Cells in white box shown at increased zoom. In all instances, left column (merge)
shows receptor and apelin647 together, right column shows apelin647 in isolation.
Scale bars show 50 um. See corresponding attached video files for footage of the 90
mins time-course (images captured every 30 seconds) for WT and V38L receptor.

Cells were transfected with DNA provided by Dr Heather Currinn.
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4.3.6. R168H is unable to bind apelin647 in a clinically relevant cardiomyocyte
model

The apelin647 fluorescent ligand was used to look for binding in a human embryonic
stem cell (hESC) line incorporating an heterozygous R168H apelin receptor variant
generated using cytosine base editing CRISPR/Cas9 technology as described in
Section 4.2.4. After differentiation of the hESCs to cardiomyocytes, the binding of
apelin647 to wild-type cells naturally expressing apelin receptor (Fig 4.9) was not
observed in the R168H variant line. The data indicate, for the first time, loss of binding

at the R168H variant in a clinically relevant cell model.

Figure 4.9. Representative high content confocal fluorescent images of human
embryonic stem cell-derived cardiomyocytes — either wild-type (WT, left column) or an
R168H variant line (right column) — treated with 300 nM apelin647 (red) for 90 mins.
Bottom row shows merged images with Hoechst nuclear marker (blue) included. Scale
bars show 50 pum. n = 4 independent experiments performed in triplicate.

Cardiomyocytes were cultured by Ms Robyn Macrae.
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4.4. Discussion

4.4.1. Apelin receptor variants identified in the BRIDGE project impact on ligand
binding, receptor density, and receptor expression

The selected 11 apelin receptor variants, identified in human participants in the
BRIDGE project, were assessed for [1?°1]-apelin-13 radioligand binding in a preliminary
screen (Table 4.1), and several showed changes in receptor affinity and density.
Compared to wild-type, V38L showed a similar Ko value but also demonstrated a
significantly lower receptor density (Bmax) in the HEK293T membrane preparations.
G45X and T227X are single amino acid deletions that result in frame-shift of the entire
receptor after the site, and consequently, are expected to have pronounced impact on
receptor expression and function. No binding was detected at these variants. Although
T89 is reported to make up part of the apelin receptor binding pocket (Read et al.,
2016), the T89M substitution showed a similar Kp value for the radioligand as the wild-
type, and Bmax was not significantly different either, although a trend for higher receptor
density was observed. R168H was a critical variant in this project. Also forming part of
the binding pocket, previous reports show a critical ionic interaction between the R168
site and the G protein biased small molecule agonist CMF-019 (Read et al., 2016).
Additionally, mutational studies in the apelin receptor show that alanine mutation at
this site (R168A), results in loss of radioligand binding, and function in a CAMP assay
(Ma et al., 2017). Here, the naturally occurring R168H substitution results in a variant
that also abolishes [*?°l]-apelin-13 binding. Note that the V38L and T89M mutations
were identified in a subset of patients presenting with primary immune disease (PID),
whilst the R168H mutation was identified in an individual in the bleeding and platelet
disorder (BPD) branch of the NIHR BRIDGE project. It is unknown what disease
phenotype exactly these patients exhibited, nor is it known if the apelin receptor
mutations they possess are causative of the disease states. Regarding the R168H
mutation, it is important to consider that the apelin receptor is highly implicated in
bleeding and platelet disorders with anti-thrombotic effects observed in two

independent studies (see Section 1.3.4.).

Whilst radioligand binding is a very useful technique for characterising several

parameters of receptor binding (Maguire et al., 2012), in mutational studies where
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binding is lost, it cannot definitively define whether changes in binding are due to
changes to the binding pocket directly, or due to loss of receptor expression or
membrane localisation. High content imaging was used to delineate the mechanisms
for reduced or abolished binding in the apelin receptor variants. Data in Fig 4.3 show
that wild-type apelin receptor artificially expressed in CHO-K1 cells is expressed at the
membrane. The V38L variant signal at the membrane was significantly lower,
matching findings in the preliminary binding screen where reduced Bmax was observed.
The T89M variant showed membrane localisation that was no different to the wild-type
receptor. Critically, R168H also shows membrane localisation comparable to wild-
type, suggesting that the abolished binding observed in the preliminary screen was
due to a direct impact on ligand binding, and not expression of the variant receptor at
the cell surface.

4.4.2. Discrepancies in apelin and ELA binding at the T89M apelin receptor
variant

Following successful visualisation of apelin receptor variants tagged with eGFP in the
high content imaging, fluorescent apelin647 and ELA647 were used to further assess
ligand interactions in CHO-K1 cells (Fig 4.4). Wild-type apelin receptor was able to
bind apelin647 well, showing high fluorescent signal in cells transfected with the
protein. ELA647 binding was also detected, but signal was considerably lower — this
is likely due to differences in the affinities of the fluorescent ligands (validated in
Section 3.3.2), and in the brightness of the fluorescent dye itself. The V38L variant
showed binding of both fluorescent ligands that was comparable to the wild-type
receptor. Intriguingly, the T89M variant was able to bind apelin647 to a similar extent
as the wild-type receptor, but ELA647 fluorescence was significantly lower. This
provides evidence that the T89 site, forming part of the apelin receptor binding pocket
(Read et al., 2016), may have different roles in mediating binding of the endogenous
peptide ligands, with the T89M substitution significantly perturbing binding of an ELA-
based ligand but not an apelin-based ligand. It is interesting to note that ELA peptides
show little sequence similarity with apelin peptides (Yang et al., 2015), and a recent
report has extensively explored distinctions in the downstream effects of ELA versus
apelin isoforms (Jiang et al., 2021). Finally, another report has shown that apelin and

ELA bind differently to the human apelin receptor, and that an artificial D284 mutation
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reduced apelin binding and function, but had little impact on ELA (Couvineau et al.,
2020). In accordance with radioligand binding, the R168H variant did not bind
apelin647 or ELA647.

Saturation binding with a concentration range (1 — 300 nM) of apelin647 (Fig 4.5) was
also performed. In contrast to the preliminary radioligand binding screen, a full curve
for V38L was observed, that reached a plateau similar to wild-type and showed a Kp
value nearly 3.5-fold lower than wild-type. The T89M variant exhibited a Kp value
nearly 3-fold higher than wild-type in this experiment. The R168H variant however,

showed no binding, which was consistent with all previous findings.

Saturation radioligand binding was performed with the wild-type apelin receptor, and
V38L, T89M, and R168H variants (Fig 4.6a) to provide more robust data with a higher
number of replicates. In accordance with the preliminary screen, binding at the V38L
variant showed high affinity (Ko value of 0.13 £ 0.02 nM, slightly lower than the wild-
type Kb value of 0.40 + 0.07 nM), but a reduced density (Bmax value of 23.5 fmol/mg),
that was more than 10-fold lower than the wild-type receptor density (Bmax value of
263.7 £ 37.7 fmol/mg). The T89M variant also showed similar affinity (Kp value of 0.48
+ 0.11 nM) similar to wild-type, but the receptor density was over 1.5-fold higher (Bmax
of 405.5 fmol/mg), suggesting that the trend for higher Bmax observed in the preliminary
screen for this variant may be a real phenomenon in the HEK293T cells. No binding

was detected for the R168H variant.

To explore the potential role of amino acid T89 in ELA ligand binding, competition
radioligand binding was performed looking for displacement of 0.1 nM [*?°I]-apelin-13
by ELA-11 at the T89M variant versus wild-type receptor (Fig 4.6b). The data showed
that ELA-11 competed with the radioligand with a pKi value of 7.80 + 0.07 at wild-type
apelin receptor, but with a pKi value of 6.36 + 0.06, ~28-fold higher, at the T89M
variant. This provides further evidence for the T89M substitution affecting binding
specifically of ELA-based ligands, whilst showing a similar level of binding for the

apelin radioligand and apelin647 fluorescent ligand.
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4.4.3. The R168H variant shows abolished function

To characterise the impact of single point substitutions on apelin receptor
pharmacological function, V38L, T89M, and R168H variants were assessed for cellular
responses to [Pyri]apelin-13 versus wild-type in a dynamic mass redistribution assay
(Fig 4.7). Whilst the V38L and T89M variants were able to respond to [Pyri]apelin-13,
displaying a similar Emax to wild-type, albeit with lower potency, R168H was, critically,

essentially unresponsive following exposure to the ligand.

4.4.4. The V38L variant shows good binding, but little internalisation, of
apelin647

In the wake of the interesting results garnered for the V38L variant, showing low
receptor density in HEK293T binding (Table 4.1 and Fig 4.6a), low membrane
localisation (Fig 4.3), but apelin647 binding that was comparable, if not better, than
wild-type (Fig 4.4 and Fig 4.5), experiments looking at apelin647 internalisation were
performed (Fig 4.8). Punctate apelin647 binding was observed at the membrane for
both wild-type and V38L apelin receptor in the first 5 mins, but this was lost by 90 mins
for the wild-type, where puncta could be seen moving into the intracellular
compartment and clustering at perinuclear locations. Conversely, apelin647 bound to
V38L and remained at the membrane to a greater extent by the 90 mins end-point,
with the outline of cells more clearly defined by apelin647 fluorescence. The data
suggest that V38L binds apelin647 well, and may not internalise to the same extent

as wild-type receptor following stimulation with an agonist.

4.4.5. The R168H variant does not bind apelin647 in cardiomyocytes

A crucial step in this project was to show that the R168H variant, non-functional in
binding and pharmacological assays, displayed a similar loss of function in a clinically
relevant cell line. Following the generation of human embryonic stem cell-derived
cardiomyocyte (hESC-CM) line carrying an heterozygous R168H apelin receptor
variant, apelin647 was shown not to bind to these cells (Fig 4.9). Wild-type hESC-CMs
were able to bind apelin647, that has been shown previously to be specific using a
saturating 10 uM concentration of [Pyri]apelin-13 (see Fig 3.8 in Section 3.3.4). The
data show the loss of binding of an apelin ligand at a naturally occurring apelin receptor
variant in the hESC-CM model.
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4 5. Interpretation of results

Interpretation of the results generated in this project was approached with caution due
to the cross-platform nature of the experiments, and potential discrepancies in the

biological systems used. However, key findings are discussed below.

4.5.1. Summary of the V38L variant

The V38L variant exhibited similar affinity for the [*2°I]-apelin-13 radioligand as wild-
type, but low receptor density in the HEK293T membrane preparations. Additionally,
the variant was able to bind the apelin647 ligand in live CHO-K1 cells, despite showing
low membrane localisation in high content imaging studies. The high-affinity binding
of apelin647 is hard to reconcile with this low membrane expression, but the
consistently low Kp values determined at this variant provide some evidence that any
V38L receptor that does make it to the membrane will likely bind ligands with high
affinity. Discrepancies between the radioligand and fluorescent ligand studies may be
reflective of the membrane preparation versus live cell settings, and/or the HEK293T
cells versus CHO-K1 cells used respectively, where the cells may exhibit differential
expression of the variant constructs. The V38L variant showed function in a dynamic
mass redistribution assay in response to [Pyri]apelin-13, suggesting G protein
engagement and signalling. In an internalisation study, V38L appeared to show less
internalisation than wild-type following exposure to apelin647, and it could be
speculated that, whilst not much V38L makes it to the membrane, it may be resistant
to internalisation mechanisms once at the cell surface. Future studies should explore
V38L internalisation and whether the variant impacts GRK phosphorylation, 3-arrestin

recruitment, and endocytosis.

4.5.2. Summary of the T89M variant

The T89M variant showed good concordance between radioligand and fluorescent
ligand studies, displaying a similar Kp value to wild-type receptor and a trend for higher
receptor density. Additionally, the dynamic mass redistribution confirmed function of
this variant in response to [Pyri]apelin-13. Fascinatingly, T89M was less able to bind
ELA647, and higher concentrations of ELA-14 were required to displace [*?°I]-apelin-

13, suggesting that the T89 residue, forming part of the apelin receptor binding pocket,
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mediates binding of ELA ligands but may not necessarily be involved in apelin ligand
binding. This provides novel evidence for a site regulating the different binding modes
observed previously for the binding modes of the two endogenous ligands. Future
work should prioritise the response of the T8O9M mutation to ELA peptides versus
apelin peptides, in pharmacological assays such as the dynamic mass redistribution

assay.

4.5.3. Summary of the R168H variant

Finally, the R168H variant was consistently non-functional across the platforms
described in this thesis, despite showing good membrane expression. The data agree
with previous findings that highlight R168 as a site involved in binding of CMF-019 as
part of the apelin receptor binding pocket and possibly G protein signalling (Read et
al., 2016), and the reported loss of function in an R168A artificial mutation (Ma et al.,
2017). Additionally, data from Sosei Heptares show that R168 interacts with the proline
residue at position 12 and 11 of apelin-13 and ELA-11 respectively. The data in this
Chapter show for the first time, the naturally occurring R168H single point substitution
was sufficient to abolish binding and function in artificially expressing HEK293T and
CHO-K1 cells. Additionally, apelin647 was unable to bind at the R168H variant in a
clinically relevant hESC-CM line.

The R168H variant was identified in the BPD branch of the BRIDGE project that
recruited patients suffering from Bleeding, Thrombotic & Platelet Disorders. The apelin
receptor has been shown previously to mediate an antithrombotic effect through
inhibition of thrombin- and collagen-mediated platelet activation (Adam et al., 2016). It
is unclear whether R168H is directly causative of the disorder the patient presented
with, but if the patient could be recalled, it would be intriguing to see if apelin infusion
induced responses in assays such as plethysmography, as has been done safely in
humans before (Japp et al., 2008, 2010; Brash et al., 2018).
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Chapter 5. ACE2 as the SARS-CoV-2 entry receptor in cardiomyocytes

5.1. Introduction

The work described in this chapter is published in Williams et al., 2021a.

The ACE2 gene, mapped to chromosome locus Xp22.2, encodes the angiotensin-
converting enzyme 2 (ACEZ2, UniProt ID: Q9BYF1) — an 805 amino acid long (~120
kDa) zinc-metalloproteinase type 1 transmembrane protein (Tipnis et al., 2000;
Donoghue et al., 2000; Hamming et al., 2007; Badawi & Ali.,, 2021). In the
cardiovascular system, ACE2 is a critical regulator of the renin-angiotensin-
aldosterone system (RAAS), where it counteracts increases in blood pressure brought
about by ACE dependent production of the vasoconstrictor and fluid retaining agent,
angiotensin Il (Burrell et al., 2004; Hamming et al., 2007; Tikellis et al., 2011).
Additionally, ACE2 also converts [Pyri]apelin-13 to [Pyr!]apelin-13@-12), which is
expressed and biologically functional as a potent vasoactive agent and positive
cardiac inotrope in the cardiovascular system (Yang et al., 2017b). Further, apelin
treatment increased ACE2 promoter activity in vitro and stimulated increased ACE2
expression in the failing heart in vivo, also increasing ACE2, and cardiac contractility,
in AT1 receptor knockout mice (Sato et al., 2013). The data suggest that a component
of beneficial cardiovascular apelin signalling is mediated through its upregulation of
ACE2 and subsequent negative control of the RAAS (Sato et al., 2013).For more detail

on the interaction between ACE2 and apelin signalling see Section 1.10.4.

Intriguingly, ACE2 acts as a host cell surface receptor for entry of viruses such as the
severe acute respiratory syndrome coronavirus (SARS-CoV) and human corona virus
NL63 (HCoV-NL63), where ACE2 binds the S1 domain of coronavirus spike (S)
proteins with high affinity (Li et al., 2003; Kuhn et al., 2004; Hofmann et al., 2005;
Hamming et al., 2007). Additionally, SARS-CoV-2, the cause of the COVID-19
pandemic that has put huge strain on global health and economy, utilises ACE2 as its
entry receptor, where SARS-CoV-2 spike protein binds with an affinity of ~15 nM
(Hoffmann et al., 2020; Wrapp et al., 2020; Yan et al., 2020; Yang et al., 2020).

Targeting ACE2 pharmacologically is hypothesised as a potential therapeutic strategy
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in combatting SARS-CoV-2 infection, particularly in individuals where the COVID-19

vaccines are contraindicated (Alexander et al., 2020).

Several other host protein components are implicated in SARS-CoV-2 infection. For
an overview of these proteins, see Fig 5.1. Transmembrane protease, serine 2
(TMPRSS2), also expressed at the cell surface, primes the viral spike protein through
cleavage of S1/S2 and S2’ sites (Shang et al., 2020; Hoffman et al., 2020). The
endosomal proteases, furin and cathepsins, are involved in S1/S2 cleavage and
endosomal processing respectively (Cheng et al., 2020; Liu et al., 2020). B°AT1
(SLC6A19) is a neutral amino acid transporter that forms a dimer-of-heterodimers
complex with ACE2 at the cell membrane, with ACE2 acting as a chaperone that
improves BPAT1 expression and stability. Interestingly, the ACE2:B°AT1 complex
binds two SARS-CoV-2 spike proteins simultaneously with reportedly higher affinity
than ACE2 alone (Yan et al., 2020; Stevens et al., 2021). Additionally, the B°AT1
component may have an impact on the engagement of ACE2 with TMPRSS2 (Stevens
et al., 2020). In its role as an amino acid transporter, BOAT1 is expressed highly in
small intestine villus epithelial cell apical brush border membranes (Stevens et al.,
1984), in complex with ACE2 (Fairweather et al., 2012). Of note, approximately half of
COVID-19 patients present with gastrointestinal symptoms that can persist with Long
COVID, and viral particles are observed shed in faeces (Parasa et al., 2020). The
Stevens group speculate that the extent of B°PAT1:ACE2 expression in the gut will likely
influence the susceptibility of COVID-19 patients to gastrointestinal symptoms. Other
symptoms seen in SARS-CoV-2 infection, such as fatigue and brain fog, may also
occur through reduced amino acid transport as B°AT1 is internalised with virus-bound
ACE2.
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Figure 5.1. Simple schematic (created in BioRender.com) showing the mechanisms
SARS-CoV-2 uses to infect host cells. Step 1: The S1 domain of the SARS-CoV-2
viral spike protein, embedded in the viral envelope, binds to the ACE2 receptor at the
host membrane. TMPRSS2, also located in the host membrane, cleaves S1/S2 and
S2’ sites to prime the viral spike protein and facilitate the fusion of the viral membrane
to the host membrane. Note also, the potential presence of the ACE2:B°AT1 dimer-
of-heterodimers complex at the host membrane that can bind two SARS-CoV-2 viral
particles and may have an impact on the interaction of ACE2 with TMPRSS2. Step 2:
The viral particle enters the host cell via endocytosis, with ACE2 simultaneously
internalised. Cathepsins in the endosome can also prime viral spike to further mediate
fusion of the viral membrane to the endosomal membrane and facilitate release of the

viral RNA. Step 3: The unpackaged viral RNA undergoes replication and translation,
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before assembly at the endoplasmic reticulum. Step 4: Further assembly and
processing of viral proteins occurs at the golgi apparatus, which is enriched with furin
protein. A furin cleavage site in viral spike protein may also allow for spike priming,
which may enhance the infectivity of any released viral particles (virions). Step 5:
Replicated viral components are packaged into the nucleopcapsid to form new virions
inside exosomal compartments. Step 6: The exosome membrane fuses with the host
membrane to facilitate the extracellular release via exocytosis of virions, which can go
on to infect other cells. Schematic was designed wusing BioRender

(https://biorender.com/).

The complex effects of SARS-CoV-2 infection on the heart are incompletely
understood, but the case fatality rate in COVID-19 patients rises from 2.3 % to 10.5 %
in the presence of cardiovascular comorbidities (Watkins, 2020; Sommerstein, 2020;
Robinson et al., 2020). Transmission electron microscopy has confirmed the presence
of SARS-CoV-2 viral particles in human cardiomyocytes infected in vitro with the virus
(Bojkova et al., 2020; Bailey et al., 2021), or in autopsy samples from patients that
tested positive for SARS-CoV-2 (Bailey et al., 2021). Further, SARS-CoV-2 infection
in induced pluripotent stem cell (iPSC)-derived cardiomyocytes induces morphological
and cytotoxic effects, and sarcomeric disruption in autopsy samples is observed,
suggesting SARS-CoV-2 directly damages cardiac tissue (Bojkova et al., 2020;

Bulfamante et al., 2020; Pérez-Bermejo et al., 2021).

Work in this thesis aimed to confirm the protein expression of the host cell components
implicated in SARS-CoV-2 infection using surgical samples of left ventricle — the
chamber of the heart responsible for pumping blood around the body. We then also
aimed to determine whether a clinically relevant human embryonic stem cell-derived
cardiomyocyte (hESC-CM) model expressed the same repertoire of recognition,
processing, and ancillary genes (and corresponding proteins) as observed in adult
cardiomyocytes, and demonstrate viral entry of SARS-CoV-2 in this model. Human
stem cell lines used to generate cardiomyocytes are widely acknowledged for their
utility in cardiovascular research, and will be crucial in understanding the recognised
pathology of SARS-CoV-2 in cardiac tissue, alongside potentially providing a suitable

model for drug screening (Khan et al., 2013; Yiangou et al., 2020). As our final aim
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therefore, we looked to confirm infection of hESC-CMs using high content imaging in
conjunction with a pseudotyped HIV-1 based lentivirus adorned with the SARS-CoV-
2 spike protein that can be handled in lower levels of biological safety containment
than the SARS-CoV-2 virus itself. Previous authors have outlined the potential of such
a platform (Yang et al., 2020), but this study is the first to our knowledge to screen
effective compounds that reduce SARS-CoV-2 spike dependent viral entry in a

clinically relevant derived cardiomyocyte cell line.

5.2. Methods

5.2.1 Cell culture
Culturing of hESCs was performed as described in Section 2.4. Differentiation of hRESC
to hESC-CMs was conducted as described in Section 2.4.5.

5.2.2. Opera Phenix High Content Screening

For immunocytochemistry, hESC-CMs in CellCarrier-96 Ultra Plates (PerkinElmer)
were washed in PBS before fixation with 4 % formaldehyde solution (20 mins). Non-
specific staining was blocked with PBS + 10 % donkey sera for 2 h. Cells were then
aspirated and treated with antibodies raised against ACE2, TMPRSS2, BCAT1,
cathepsin B, cathepsin L, and furin, all prepared in PBS + 1 % donkey sera + 0.1 %
Tween-20 + 3.3 mg/mL bovine serum albumin (see Table 5.1 for details on antibodies
used). After 24 h, cells were washed with PBS before incubation with the respective
secondary polyclonal antibodies for 1 h. Cells were washed with PBS before treatment
with 10 pg/mL Hoechst 33342 nuclear stain (H3570; Invitrogen) for 15 mins before a
final wash step and maintenance in PBS. For viral infection experiments, pseudotyped
virus treated hESC-CMs, maintained in the presence or absence of drugs (see Table
5.2 for details on drugs used), were washed with PBS before fixation with 4 %
formaldehyde solution (20 mins). Cells were washed with PBS before treatment with
10 pg/mL Hoechst 33342 nuclear stain (H3570; Invitrogen) for 15 mins before a final

wash step and maintenance in PBS.
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Protein/target Manufacturer | Catalogue # | Species | Concentration
ACE2 R&D AF933 Goat 20 pg/mL
TMPRSS2 Abcam ab92323 Rabbit 1:500

BOAT1 Abcam ab180516 Rabbit | 1:300
Cathepsin B Abcam ab125067 Rabbit 1:100
Cathepsin L Abcam ab203028 Rabbit 1:100

Furin Abcam ab3467 Rabbit | 1:500
Anti-goat 1IgG AF555 Abcam ab150130 Donkey | 1:200
Anti-rabbit 1gG AF555 Abcam ab150066 Donkey | 1:200
Hoechst nuclear stain Invitrogen H3570 n/a 10 pg/mL

Table 5.1. Markers used in immunochemistry, with respective concentrations/dilutions

used. Secondary antibodies shown in italic.

Fluorescent confocal images were captured using the Opera Phenix High Content
Screening System microscope with a 40x/NA1.1 water immersion objective, as
described in Section 2.9.3.

In-built high content quantification was performed using Harmony High-Content
Imaging and Analysis Software (PerkinElmer), based on methods described in Section
2.9.5. For analysis, images were filtered, and the contrast of the Hoechst nuclear blue
channel was increased 5-fold to ensure cells were distinguished from background and
digital phase contrast used to assist in finding the outer limits of individual cells.
Fluorescence intensities were then calculated for every observed cell in the selected
population and were deemed positive where whole cell fluorescence (averaged over
individual cell area) was 2130 fluorescent units, where background was determined

as 113 fluorescent units based on negative control wells.

5.2.3. Immunohistochemistry and slide scanner imaging
Surgical samples of human tissue were obtained with informed consent and ethical
approval (05/Q104/142). Tissues were snap frozen in liquid nitrogen before storage at

-80 °C. Tissue samples from humans (n = 6 individuals) were cut, using a cryostat (-
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30 °C), into 10 uym sections and thaw mounted onto slides before return to storage at
-80 °C.

Slides were thawed and tissue encircled with hydrophobic ink before rehydration with
PBS. Tissues were fixed with 4 % formaldehyde solution (20 mins). Fixed tissue
sections were then treated as hESC-CM cells were in immunocytochemistry
experiments (see 5.2.2). Following a further 3x washes with PBS, slides were
incubated for 1 h at room temperature in the dark with a cardiac troponin T antibody
conjugated to APC (130-120-543; Miltenyi Biotec) prepared at a 1:100 dilution in PBS.
After a final 3x washes with PBS, slides were blotted dry with lint-free tissue, mounted
with ProLong Gold Antifade Mountant (P36930; Invitrogen), covered with a cover slip,

and left overnight at room temperature in the dark to dry.

Automated fluorescent images (16 bit, 0.325 x 0.325 pm scaling per pixel) were
acquired using a Slide Scanner Axio Scan.Z1 (Zeiss) microscope with a Plan-
Apochromat 20x/NA0.8 M27 objective lens, as described in Section 2.9.5.

5.2.4. Pseudotyped virus production and infection of hESC-CMs
Generation of a pseudotyped lentivirus ‘decorated’ with SARS-CoV-2 spike protein
was conducted as described in Section 2.5.1. Subsequent infection of hESC-CMs was

conducted as described in Section 2.5.2.

For infection of hESC-CMs, cells in CellCarrier-96 Ultra Plates (PerkinElmer) were
incubated for 4 h with pseudotyped viral stock at the desired multiplicity of infection
(MOI) in media. In drug screens, cells were pre-treated for 1 h before infection with
either camostat, benztropine, or E64d at a final concentration of 30 uM; DX600 at a
final concentration of 10 uM; ACE2 antibody (AF933; R&D Systems) at 20 uyg/mL; a
mix of camostat + E64d at a final concentration of 30 uM each; or DMSO at 0.6%
(equivalent of the highest concentration included in drug dilutions). See Table 5.2 for
a summary of drugs used in the screen. Cells were then washed 3x with PBS to
remove infectious lentivirus particles, before replenishment with the media outlined

above, maintained in the presence of the respective drug treatments for 4-5 days. Viral
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infection was monitored using an EVOS Cell Imaging System to look for green

fluorescence protein (GFP) as a marker of viral presence in cells.

Target Compound Class Action | plCso | Approved
TMPRSS2 | Camostat Synthetic organic Inhibitor | 6.0 Yes
BCAT1 Benztropine Synthetic organic Inhibitor | 4.4 Yes
Cathepsins | E64d Synthetic organic Inhibitor | 6.0 (?) | No

ACE2 DX600 Peptide Inhibitor | 8.6 No

ACE2 ACEZ2 antibody | Antibody n/a n/a No

Table 5.2. Summary of the protein targets and compounds used in a drug screen
looking for inhibitors of SARS-CoV-2 spike protein pseudotyped viral infection. Table
shows the class of compound, mode of action, plCso values at the respective protein
target, and whether the compounds are approved. Information was provided by the
IUPHAR/BPS Guide to PHARMACOLOGY. Note, camostat is not approved by the
EMA or FDA, but is licensed in Japan for clinical treatment of chronic pancreatitis.

Benztropine is approved by the FDA for clinical treatment of Parkinsonism.

5.2.5. SARS-CoV-2 infection in hESC-CMs

Infection and imaging of hESC-CMs with SARS-CoV-2 viral isolate was performed as
described in Section 2.5.3. For SARS-CoV-2 immunostaining, infected cells were fixed
in 2% formaldehyde for 30 mins and permeabilized with BD Perm/Wash buffer (BD
Biosciences, 554723). The primary antibody used was sheep anti-SARS-CoV-2
nucleocapsid antibody (DA114, MRC-PPU), which was visualised with AF488
conjugated donkey anti-sheep antibody (Jackson ImmunoResearch #713-545-147).

5.2.6. Data analysis and statistics

Quantitative data are expressed as mean + SD. Raw data were handled using
Microsoft Excel for Windows (Microsoft). Graphical presentation and statistical tests
were performed using GraphPad Prism version 6.07 for Windows (GraphPad
Software). Statistical tests are indicated in figure legends where used. A p value of <

0.05 was determined as significant.
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5.3. Results

5.3.1 Human left ventricle and hESC-CMs express ACE2 and ancillary proteins
utilised by SARS-CoV-2 to infect host cells

Both native human left ventricle tissue and the cultured hESC-CM model express
ACE2 and ancillary proteins exploited by SARS-CoV-2 virus to infect host cells (Fig
5.2a-f). Quantification of fluorescence in hESC-CMs confirmed that > 90 % of the cell
population stained positive for ACE2, TMPRSS2, cathepsin L, and furin (Fig 5.2h),
with 55.6 + 22.2 % of cells staining positive for B°AT1. Interestingly, no significant
immunoreactivity was observed for cathepsin B (6.3 £ 5.6 %) above background (4.1
+ 3.9 % of cells). The proteins were also expressed in the human left ventricle tissue
sections, barring cathepsin B, which again displayed little to no immunoreactivity.
Expression of the corresponding genes (mMRNA) for the proteins of interest were also
identified in hESC-CMs and human left ventricle (Fig 5.2i). Interestingly, cathepsin B
MRNA was not identified in left ventricle tissue. RNA extraction, processing, and
sequencing was kindly performed by Dr Emma L. Robinson (School of Medicine,
Division of Cardiology, University of Colorado Denver, Anschutz Medical Campus,
Aurora, U.S.A)).
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Figure 5.2. ACE2 and ancillary proteins used by SARS-CoV-2 are present in hESC-
CMs and human left ventricle tissue. Scale bars show 50 um. a-f Representative
fluorescent confocal images of hESC-CMs (n = 3 independent experiments from 3
distinct differentiations performed in duplicate) and representative fluorescent images
of human left ventricle (LV, n = 6 from 6 independent donors). Nuclei are coloured blue
and proteins of interest are visualised using a yellow secondary antibody. Both cells
and tissue were treated with primary antibodies raised against ACE2 (a), TMPRSS2
(b), BOAT1 (c), cathepsin B (d), cathepsin L (e), and furin (f), before visualisation with
a secondary antibody conjugated to Alexa Fluor 555 (shown in yellow) and Hoechst
33342 nuclear marker (shown in blue). Control cells and tissue were treated in the
absence of primary antibody (g). Scale bars show 50 um. h Graphical data showing
the percentage of the observed hESC-CM population positively immunolabelled with
primary antibodies raised against the outlined protein targets. n = 2 independent
experiments with 2 distinct differentiations performed in duplicate. i Graphical data

showing the reads per million (RPM) £+ SEM for expression of viral entry and
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processing mRNA in hESC-CMs (n = 3 replicates across 3 distinct differentiations)
and human left ventricle (n = 5 individuals). RPM values = 1.0 were deemed to be
above the noise. Benjamini-Hochberg correction for multiple testing was used with a
false discovery rate of 5 %. SLC6A19, CTSB, and CTSL are the genes that encode
BPAT1, cathepsin B, and cathepsin L, respectively. All graphical data are mean + SEM,
with individual data points indicated. hESC-CMs were cultured by Dr Maria Colzani.

RNAseq data were analysed by Dr Emma Robinson.

5.3.2. Infection of hESC-CMs with SARS-CoV-2 spike pseudotyped virus, and
identification of novel inhibitors of infection

The clinically relevant hESC-CM model were infected with a SARS-CoV-2 spike
pseudotyped GFP-expressing lentivirus, in the presence or absence of drugs
hypothesised to reduce SARS-CoV-2 infection. See Fig 5.3 for a schematic outlining

the experimental procedure.
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cardiomyocytes using Grow in culture with plate (3 days). with compounds with compounds quantify in high content
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(14 days) (3 days) with compounds (4h) (<2 h)
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Figure 5.3. Schematic showing the experimental workflow for generation of hESC-
CMs before plating in 96-well plates. Cells were subsequently pre-treated with
compounds hypothesised to reduce SARS-CoV-2 infection or DMSO control, before
a wash step and then treatment with the SARS-CoV-2 spike pseudotyped virus in the
presence or absence of drug for 4 hours. Cells were then maintained in the presence
of drugs for 4 days before fixation with 4 % formaldehyde, and counterstaining with
Hoechst 33342 nuclear marker. Plates were then imaged using high content imaging
and fluorescence qualitatively and quantitatively assessed. Schematic was generated

using templates from Servier Medical Art.
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High content visualisation of pseudotyped viral expression of GFP in infected hESC-
CMs (Fig 5.4a-c) showed that in media and DMSO (0.6 %) treated cells, 64.9 + 10.2
% and 61.8 £ 14.1 % of the cell populations were positive for GFP. Uninfected cells
were treated with media that contained no viral particles and showed little to no GFP
fluorescence. The compounds included in the drug screen reduced levels of infection
observed in the hESC-CMs. An ACEZ2 antibody, shown previously to neutralize
pseudotyped virus and SARS-CoV-2 infection (Hoffman et al., 2020), significantly
reduced infection to 2.9 + 1.0 % of the cell population used in this study. It is important
to note that the ACE2 antibody did not significantly reduce infection observed with a
control vesicular stomatitis virus (VSV-G) pseudotyped lentivirus (Fig 5.4b,c),
suggesting that the infection with SARS-CoV-2 spike pseudotyped lentivirus is ACE2
dependent. Interestingly, DX600, an ACE2 peptide antagonist, also lowered infection,
to 27.4 + 19.9 % of the cell population.

Camostat and E64d, an inhibitor of TMPRSS2 and a pan cathepsin inhibitor
respectively, both significantly reduced infection to 20.5 £+ 15.8 % and 7.8 £ 4.1 %. A
combination of camostat and E64d effectively reduced infection as well (6.5 = 3.6 %)
but this was not significantly different to E64d treatment alone. Interestingly,
benztropine, a small molecule inhibitor of the B°AT1 protein that forms part of the
dimer-of-heterodimers complex with ACE2, also successfully reduced pseudotyped

virus infection levels to 28.9 + 21.6 %.

Cell counts (Fig 5.4d), determined using the Hoechst nuclear stain in high content
imaging, provided some evidence that the drug treatments were not inherently toxic
as there were no significant differences in number of cells. The pseudotyped virus
infection itself was also not toxic, indicated in Fig 5.4d, and video footage (Fig 5.5

associated video file) showed beating of hLESC-CMs was maintained.
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Figure 5.4. SARS-CoV-2 spike pseudotyped viral infection, and pharmacological
inhibition, in hESC-CMs. Representative fluorescent confocal images of hESC-CMs
(n = 2 independent experiments from 2 distinct differentiations performed in triplicate)
infected with SARS-CoV-2 spike pseudotyped lentivirus infected and treated with
compounds (as indicated in figure), DMSO (0.6 %) or media (a). Further control hESC-
CMs infected with VSG-G pseudotyped lentivirus in the absence or presence of a
neutralising ACE2 antibody, or left uninfected with viral particles were also imaged (b).

Scale bars show 200 um. ¢ Quantified data showing the percentage of hESC-CMs
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infected (GFP positive) with pseudotyped virus in the presence or absence of
compounds as indicated. Uninfected cells were left untreated with viral particles. ** =
p < 0.005; *** = p < 0.0005; *** = p < 0.00005; and ns = no significant difference (as
determined by one-way ANOVA) for each condition versus the DMSO treated control
cells. e = no significant difference for condition versus the VSV-G control. d Quantified
cell counts of observed hESC-CMs for each condition, as indicated. No condition
showed a count significantly different (as determined by one-way ANOVA) from the
DMSO treated control cells. All graphical data are expressed as mean £+ SEM. hESC-
CMs were cultured and treated by Dr Maria Colzani. Pseudotyped virus was provided
by Mr Stuart Bloor and Mr Jun Ru Zhan.

Videos (Fig 5.5a-c and associated video files) of beating hESC-CMs, in the presence
or absence of the SARS-CoV-2 pseudotyped virus, were recorded to qualitatively
assess cell density and whether viral infection had an impact on contraction.
Contraction was maintained in the presence of the pseudotyped virus (Fig 5.5a
associated video file), at rate of ~186 beats per minute, which was comparable to the
contractions observed in controls (Fig 5.5b associated video file) that were not
exposed to viral particles and exhibited ~174 beats per minute. In cells treated with
the vesicular stomatitis virus (VSV-G) pseudotyped lentivirus control (Fig 5.5c
associated video file), contractions were also estimated at ~186 beats per minute.
Whilst these data are limited and provide no information on the force of contraction or
fractional shortening, the videos do at least confirm that spontaneous beating,
characteristic of hESC-CMs, was visible following treatment with viral particles.
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Figure 5.5. Still shots from brightfield videos of hESC-CMs treated with media
containing SARS-CoV-2 spike pseudotyped virus (a), media containing no viral
particles (b), or media containing vesicular stomatitis virus (VSV-G) pseudotyped
lentivirus (c). Scale bars show 50 um. See corresponding attached video files for

footage of the beating cells. hESC-CMs were cultured by Dr Maria Colzani.

Finally, it was important to establish that the hESC-CMs used in this study were
susceptible to infection with SARS-CoV-2 (Fig 5.6). Imaging data confirmed infection

in the cardiomyocytes that was titre- and time-dependent.
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Figure 5.6. Representative images (from n = 2 independent experiments) of hESC-
CMs infected with isolated SARS-CoV-2, tested at several different titres (0.001-0.1
multiplicity of infection, MOI) and incubation times (24-72 hours). At the end point, cells
were fixed and permeabilised before immunolabelling with a primary anti-SARS-CoV-
2 nucleocapsid antibody. Cells were visualised using a secondary antibody conjugated
to Alexa Fluor 488 (shown in green). hESC-CMs were cultured by Dr Maria Colzani.

Infection was performed by Dr Edward Greenwood.

5.4. Discussion

5.4.1. Cardiomyocytes express ACE2 and the ancillary protein machinery
necessary for SARS-CoV-2 infection

The hESC-CMs used in this study were shown qualitatively (Fig 5.2a-f) and
guantitatively (Fig 5.2h) to express ACE2 protein, the entry receptor used by SARS-
CoV-2 to infect cells, along with TMPRSS2, B°AT1, cathepsin L, and furin, that all play
roles in the infection process. Quantification confirms staining with ACE2, TMPRSS2,
cathepsin L, and furin was homogenous across the cell population (> 90 % of cells
positive), whilst B°AT1 was only present in ~56 % of cells. Human left ventricle tissue
sections expressed the same protein complement (Fig 5.2a-f), suggesting that the
hESC-CM model recapitulates the native tissue. Genetic data (Fig 5.2i) also confirmed

the expression of mRNA for the corresponding proteins in both the hESC-CMs and

167




left ventricle tissue, with an absence of cathepsin B (CTSB) mRNA observed in the
native tissue. Interestingly, CTSB mRNA was detected in the hESC-CMs, and it has
been shown previously that a human induced pluripotent stem cell derived
cardiomyocyte line also expresses CTSB mRNA (Bojkova et al., 2020), indicating

there may be discrepancies in protein versus mRNA expression.

5.4.2. hESC-CMs provide a model for SARS-CoV-2 spike protein pseudotyped
viral infection and screen for novel inhibitors

A SARS-CoV-2 spike pseudotyped GFP-expressing lentivirus (Hoffman et al., 2020)
was used to infect the clinically relevant hESC-CM model in 96-well plates, visualised

using high content, which provides robust imaging and quantified outputs.

Data showed that incubation of hLESC-CMs with the pseudotyped virus in the presence
of DMSO or media resulted in ~62-65 % of the cell population becoming infected (Fig
5.4a,c), determined by expression of the viral GFP reporter. In the drug screen, pre-
treatment and maintenance with several compounds significantly reduced levels of
infection. The ACE2 antibody, used at 20 pg/mL in immunochemical experiments, has
also been shown previously to ‘neutralise’ SARS-CoV-2 spike protein pseudotyped
viral infection in the Vero E6 cell line (Hoffman et al., 2020). Here, the neutralising
effect of the antibody was confirmed in hESC-CMs, reducing infection to ~3 %.
Importantly, the ACE2 antibody did not significantly affect levels of infection with the
VSV-G pseudotyped lentivirus control, indicating that spike protein pseudotyped viral
infection is likely dependent on ACE2.

DX600 (10 uM), a peptide antagonist that binds irreversibly to ACE2 with high affinity
significantly reduced infection to ~27 % of the observed hESC-CM population. Note
that DX600 was ~9 fold less effective than the ACE2 antibody in terms of reducing
infection, which may reflect the differences in concentrations of the two compounds,
but may also result from the different mechanisms of action. DX600 binds to the
catalytic site in the peptide domain of ACE2 (that lies outside of the spike protein
binding domains) with a Kj of ~2.8 nM (Huang et al., 2003), but may sterically hinder
binding of spike protein to ACE2 or induce a conformational change in ACE2 that

prevents binding. Further work will need to be done to fully elucidate the mechanisms
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by which DX600 reduces spike dependent viral infection, but a novel peptide that binds
to ACE2 with high affinity and specificity has also recently been shown to block the
interaction of the SARS-CoV-2 receptor binding domain with ACE2 (Adhikary et al.,
2021), confirming proof-of-principle. The polyclonal ACE2 antibody meanwhile will be
considerably larger than DX600 and binds to multiple epitopes of the ACE2 protein,
likely blocking access to spike protein binding sites by the virus. Nevertheless, the

work in this Chapter shows anti-viral activity of a peptide ligand at the ACE2 receptor.

Camostat, a small molecule inhibitor of TMPRSS2, was also shown in Hoffman et al.,
2020 and 2021 to reduce pseudotyped infection. Here, a similar concentration of
camostat (30 uM) was effective in significantly reducing infection in hLESC-CMs to ~21
%. The current consensus posits that TMPRSS?2 is necessary for SARS-CoV-2 spike
protein priming and subsequent infection (Shang et al., 2020; Hoffman et al., 2020).
Camostat is therefore a promising therapeutic for COVID-19, particularly given that it
is already clinically approved in Japan where it is used safely and effectively to treat
chronic pancreatitis (Ota et al., 2016; Uno, 2020).

E64d (also known as aloxistatin), is a small molecule non-selective inhibitor of cysteine
proteases, including cathepsins B and L, where a 10 uM concentration of the
compound has been shown to rapidly inactivate the enzymes (Barrett et al., 1982).
E64d has also been used previously to reduce pseudotyped virus infection in VeroE6
cells (Hoffman et al., 2020), presumably through block of cathepsin mediated spike
protein priming. E64d (30 uM) inhibition was confirmed in hESC-CMs, significantly
reducing infection to ~8 % — a marked effect. Data showed that cathepsin B levels
were low to absent in the hESC-CMs, suggesting that E64d worked through inhibition
of cathepsin L and/or alternative cathepsins that may be expressed in hESC-CMs but
were not characterised in this project. A combination of 30 uM camostat and 30 puM
E64d was tested here (providing a reduction of infection to ~7 %), in accordance with
the Hoffman et al.,, 2020 study, but given that the effect of E64d alone was so
substantial, no further significant additive effect of camostat was detectable. In future
studies, it would be interesting to explore whether a combination of the two compounds

at lower concentrations provides usable reductions in infection.
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BPAT1 is a neutral amino acid transporter protein, expression of which is dependent
on its interaction with the membrane peptidases aminopeptidase N (CD13) or ACE2
(Kowalczuk et al., 2008; Fairweather et al., 2012). B°AT1 has therefore been proposed
as a potential therapeutic target in COVID-19 (Alexander et al., 2020). Interestingly,
the data in this thesis show that benztropine, a small molecule inhibitor of B°AT1, was
also able to reduce levels of infection (~29 %) in hESC-CMs. Importantly, benztropine
is used clinically as an adjuvant to mitigate side effects of antipsychotic drugs, and in
Parkinsonism for its anticholinergic/antihistaminergic effects, but has only more
recently been identified as an inhibitor of B°AT1 (Chen et al., 2017). Precisely how
benztropine mediates antiviral effects in hESC-CMs remains to be characterised,
particularly given that the drug is a weak inhibitor of B°AT1 (pICso value of 4.4) and
only 55.6 % of hESC-CMs expressed the protein target. Note that a highest dose of
30 uM benztropine (slightly below the pICso) was used in this study to ensure full
solubility of the compound in DMSO, and to ensure that the DMSO did not exceed 1

% in assay to minimise toxicity.

5.4.3. Drug treatments and pseudotyped virus were not toxic in cardiomyocytes
Cell counts of SARS-CoV-2 spike protein pseudotyped infected hESC-CMs in high
content imaging (Fig 5.4d) demonstrated that none of the drug treatments, including
DMSO at the highest concentration used (0.6 %), significantly reduced mean cell
number versus media only controls. Additionally, VSV-G pseudotyped lentivirus
treated cells, and cells untreated with virus particles, were present in similar numbers
as observed for media treated spike protein pseudotyped infected cells. The data
provide evidence that neither the drug treatments or viral infections were inherently
toxic, confirming that reductions in infection observed for drugs was not due to reduced

cell number.

Video footage of beating hESC-CMs (Fig 5.5 associated video file) was also captured
to qualitatively assess functional effects of viral infection. In the presence of SARS-
CoV-2 spike protein pseudotyped virus (Fig 5.5a associated video file), media treated
controls (Fig 5.5b associated video file), and VSV-G pseudotyped lentivirus controls
(Fig 5.5c associated video file), spontaneous contraction of hESC-CMs was
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maintained. This further suggested viral infections were not inherently toxic at this

level.

5.4.4, Cardiomyocytes are susceptible to SARS-CoV-2 virus
To fully validate the hESC-CM model and SARS-CoV-2 spike protein pseudotyped
virus described above in this thesis, it was crucial to confirm that the cells were

susceptible to infection with isolates of the actual SARS-CoV-2 virus.

Infection of hESC-CMs with viral isolate was visualised using an anti-SARS-CoV-2
nucleocapsid antibody (Fig 5.6), and was shown to be titre- and time-dependent. This
falls in agreement with other studies that show SARS-CoV-2 viral particles in left
ventricle heart autopsy samples from COVID-19 myocarditis patients (Bailey et al.,
2021) and beating cardiomyocyte samples infected with SARS-CoV-2 in vitro (Bojkova
et al., 2020; Bailey et al., 2021). Additionally, infection has been observed in induced
pluripotent stem cell (iPSC)-derived cardiomyocytes (Bojkova et al., 2020; Bulfamante
et al., 2020; Pérez-Bermejo et al., 2021), which are similar but not identical to hESC-
CMs.

An obvious future study for this work will be the assessment of drugs that showed
inhibitory effects on viral infection in the pseudotyped viral experiments in hESC-CMs

treated with the actual SARS-CoV-2 isolate.

5.5. Conclusions

The data in this Chapter shows high levels of expression of ACE2, the viral entry
receptor for SARS-CoV-2, and several ancillary proteins critical for infection, in native
human left ventricle cardiomyocytes and a well-established hESC-CM model. The
data match previous findings in the literature that show marked levels of infection and
damage in the heart in COVID-19.

Using a validated SARS-CoV-2 spike pseudotyped virus, a high throughput drug
screening platform was developed that incorporates the clinically relevant hESC-CM

cell line in a 96-well format. Additionally, the pseudotyped virus can be handled in

171



intermediate biosafety facilities (Category 2), unlike studies using actual SARS-CoV-
2 isolates that require higher containment levels (Category 3). The platform developed
as work in this thesis therefore has great scope for translation to industrial settings,
and has already successfully identified two novel inhibitors of SARS-CoV-2 spike
dependent infection — DX600 and benztropine, targeting ACE2 and BCAT1
respectively. Discovery of drugs blocking SARS-CoV-2 infection may be of great
importance in helping individuals where vaccination is contraindicated, or if new viral

variants that escape vaccine therapy become more prevalent.

Finally, the data demonstrate that the hESC-CM model is susceptible to infection with
SARS-CoV-2 isolates, solidifying the suitability of these cells in viral studies and drug
screens. Further work will need to be done to confirm that DX600 and benztropine are
effective in blocking SARS-CoV-2 itself in the hESC-CMs and other cells/tissues.
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Chapter 6. Tissue distribution of ACE2 and a novel short ACE2 isoform -
implications in COVID-19

6.1. Introduction

The work described in this chapter is published in Williams et al., 2021b.

Since its discovery, the tissue distribution of ACE2 in human has been shown to be
relatively wide, with mRNA expression detected at particularly high levels in the
kidney, testis, gastrointestinal tract (predominantly intestinal), and heart (Tipnis et al.,
2000; Donoghue et al., 2000; Harmer et al., 2002). In the heart, ACE2 mRNA is
localised to the vascular endothelium and smooth muscle, myofibroblasts, and the

cardiomyocytes themselves (Burrell et al., 2005; Guy et al., 2008).

ACEZ2 protein is expressed in the endothelium and vascular smooth muscle, lung
epithelial cells (sinonasal cavity and alveolar type Il cells), renal tubules, intestinal
enterocytes, and cardiomyocytes (Hamming et al., 2004; Hikmet et al., 2020; Ortiz et
al., 2020; Zhao et al., 2020). The presence of ACE2 protein in nhasopharyngeal, lung,
and gastrointestinal tract epithelial cells correlates with the known entry routes for
SARS-CoV-2 infection (Li et al., 2020; Lukassen et al., 2020; Ortiz et al., 2020; Sugnak
et al., 2020). Note that expression of ACE2 may reflect localisation of the protein to
the endothelia of vascularised tissues, and interpretation should consider this. ACE2
protein and mMRNA expression in human tissue is summarised in Fig 6.1., showing
data collated by the Human Protein Atlas (Human Protein Atlas proteinatlas.org)
(Uhlén et al.,, 2015). It is noteworthy that, given ACE2 is localised to the X
chromosome, females show higher overall expression or ‘gene dosing’ of the protein,
and that this may surprisingly confer reduced susceptibility to SARS-CoV-2 morbidity
and mortality versus males (Scully et al., 2020; Viveiros et al., 2021).
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Figure 6.1. Data showing ACE2 protein (a) and mRNA (b) expression in human
central and peripheral tissues from the Human Protein Atlas. Tissue expression was
determined using immunohistochemistry in samples from surgical material from 144
individuals corresponding to 44 different normal tissue types, where normal is defined
as non-neoplastic and morphologically normal. Annotation of protein expression
scores were based on evaluation of staining intensity (negative, weak, moderate or
strong), percentage cells stained in tissue (< 25 %, 25 — 75 % or > 75 %), and
subcellular localisation (nuclear versus cytoplasmic versus membrane). For mRNA,
52 human tissue samples from consenting patients were analysed using RNA-
sequencing to estimate transcript abundance of the gene encoding the protein of

interest. Data are expressed as normalised transcripts per million (n"TPM).

Recently, three independent reports published in Nature Genetics have provided
insight into the spectrum of documented responses to infection by SARS-CoV-2,
ranging from individuals who are asymptomatic to those with severe iliness and ‘Long
COVID’ that can have serious cardiovascular consequences. The reports outline the
discovery of a novel short isoform of ACE2 (deltaACEZ2, herein referred to as dACE?2),
that comprises amino acids 357-805 of the full-length ACE2 protein, and possessing
a unigue 10 amino acid cap at the N-terminus (Ng et al., 2020; Onabajo et al., 2020;
Blume et al., 2021). The protein is transcriptionally independent —i.e. it is not simply a
cleavage product of ACE2 by ADAM17. For a schematic showing the different
structures of dACE2 versus full-length ACE2, see Fig 6.2. Interestingly, the dACE2
protein lacks fully functional enzymatic activity, and loses the high affinity SARS-CoV-
2 spike protein binding sites seen in the full-length protein. The short isoform is
upregulated at the genetic level in airway epithelia and squamous tumours of the
respiratory, gastrointestinal, and urogenital tracts, with the authors suggesting that
dACE?2 is unlikely to confer host susceptibility to SARS-CoV-2 due to its inability to
bind spike protein. Whilst the focus of these reports was on dACE2 mRNA, the tissue
distribution of JACE2 protein has not been characterised.

In this thesis, it was hypothesised that the tissue distribution of the non-infective

dACE2 protein versus full-length ACE2 would be distinct between different tissue
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beds, and that this may contribute in part to the inter-individual variation in
susceptibility to SARS-CoV-2 infection. The work aimed to delineate different patterns
of immunostaining using antibodies directed against different epitopes of ACE2 in
human tissue sections from the major organs infected and/or damaged by SARS-CoV-
2. Further, a fluorescently tagged SARS-CoV-2 spike receptor binding motif protein
monomer (spike-AF647, see Fig 6.3 for structure), designed by Professor Anthony P.
Davenport in collaboration with Cambridge Research Biochemicals, was used to
confirm the distribution of full-length ACE2 and dACEZ2, and validate previous findings
that dACE2 does not bind SARS-CoV-2 spike.
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Figure 6.2. Schematic of full-length ACE2 (left) and the short dACE2 isoform (right).
The full-length protein is 805 amino acids long, and comprises an extracellular domain
(1-740), a transmembrane domain (TMD, 741-762), and an intracellular domain (763-
805). A signal peptide (SP) caps the N-terminus at positions 1-18. The catalytic
domain resides in positions 272-515, and the two spike protein binding sites (SB)
reside at positions 24-42 and 353-357. The portion of the protein between positions
616-805 forms the collectrin-like domain. Note for dACE2, the protein lacks amino
acids 1-356, losing functionality in the catalytic domain, and the ability to bind spike
protein. The dACE2 isoform possesses a unique 10 amin acid at the N-terminus. The
schematic also highlights the epitopes that the two antibodies used in experiments
bind to. The polyclonal ACE2poly antibody (shown in green) is raised against an
immunogen comprising sites 18-740 (extracellular domain) of the protein, whilst
monoclonal ACE2mono antibody (shown in orange) binds to a proprietary binding site
between positions 200-300 in the N-terminus. If full-length ACEZ2 is present, both green
and orange fluorescent signal should be observed in immunological staining studies.
If dJACE2 is present, green fluorescent signal will be observed with an absence of
orange signal. The schematic was generated using templates from Servier Medical

Art (smart.servier.com).
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6.2. Methods

6.2.1. Immunohistochemistry and slide scanner imaging

Surgical samples of human tissue were obtained with informed consent and ethical
approval (05/Q104/142). Tissues were snap frozen in liquid nitrogen before storage at
-80 °C. For each tissue type, samples from at least 3 independent donors were cut,
using a cryostat (-30 °C), into 10 ym sections and thaw mounted onto slides before

return to storage at -80 °C.

Hydrated tissue sections were washed with PBS. In experiments using spike-AF647,
sections were treated with a 1 yM concentration of the fluorescently tagged monomer
in PBS for 30 mins in the dark at room temperature. Slides were fixed with 4 %
formaldehyde for 20 mins, and non-specific staining was blocked with PBS + 10 %
donkey sera for 2 h. After tipping solution off, sections were then incubated at 4 °C,
overnight, with a primary goat polyclonal ACE2 antibody (ACE2poly; R&D, AF933)
and/or a primary rabbit monoclonal antibody targeting the N-terminus of ACE2
(ACE2mono; Abcam, abl108252). Control sections were treated with buffer (see
below) in the absence of primary antibodies. Sections were washed with PBS before
incubating with secondary polyclonal antibodies conjugated to Alexa Fluor 488 or 555
(Abcam, ab150129 and Abcam, ab150066) for 1 h. Tissue sections were washed with
PBS before treatment with Hoechst 33342 nuclear marker (Invitrogen, H3570)
prepared at 10 ug/mL in PBS for 15 mins. After a final PBS wash, slides were blotted
dry with lint-free tissue, mounted with ProLong Gold Antifade Mountant (Invitrogen,
P36930), covered with a cover slip, and left at room temperature in the dark to set (=
48 h). Note, all antibodies were prepared in a buffer of PBS with 1% donkey sera,
0.1% Tween-20, and 3.3 mg/mL bovine serum albumin. See Table 6.1 for a summary
of the antibodies and markers used, and their respective concentrations. Experiments
and incubations were performed in low light/dark to minimise fading of fluorescent

dyes.

Automated fluorescent images (16 bit, 0.325 x 0.325 pm scaling per pixel) were
acquired using a Slide Scanner Axio Scan.Z1 (Zeiss) microscope with a Plan-
Apochromat 20x/NA0.8 M27 objective lens, as described in Section 2.9.5.
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6.2.2. Immunocytochemistry — ACE2 antibody validation

To validate the ACE2 antibodies used in this thesis, a CHO-K1 cell line transiently
expressing an ACE2 construct was used in conjunction with immunocytochemistry.
CHO-K1 cells were seeded in CellCarrier-96 Ultra Plates (PerkinElmer) at a density of
10 k/well and returned to an incubator (37 °C, 5 % CO32) for 24 h. Cells were then
transiently transfected with a commercial Human angiotensin | converting enzyme
(peptidyl-dipeptidase A) 2 (ACE2) tagged with GFP cDNA clone (RG208442; OriGene;
10 ng/uL final) using a TransIT-CHO Transfection Kit (MIR 2174; Mirus Bio) as per the
manufacturer’s instructions. Following a further 24 h incubation, cells were fixed and
stained using the same protocol as described for human tissue sections in Section
6.2.1, with HBSS in place of PBS. Note also, that a donkey anti-goat secondary
antibody conjugated to Alexa Fluor 555 and donkey anti-rabbit secondary antibody
conjugated to Alexa Fluor 555 were used to visualise ACE2poly and ACE2mono in

respective wells. See Table 6.1 for a summary of antibodies and markers used in this

thesis.

Protein/target Manufacturer | Catalogue # | Species Concentration
ACE2 R&D AF933 Goat 20 pg/mL
ACE2 Abcam ab108252 Rabbit 1:100
Anti-goat IgG AF488 Abcam ab150129 Donkey 1:200
Anti-goat IgG AF555 Abcam ab150130 Donkey 1:200
Anti-rabbit IgG AF555 | Abcam ab150066 Donkey 1:200
Hoechst nuclear stain | Invitrogen H3570 n/a 10 pg/mL
Spike-AF647 CRB custom n/a 1uM

Table 6.1. Markers used in immunochemistry, with respective concentrations/dilutions

used. Secondary antibodies are shown in italic.
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[AF647]-[Azhx]-YLYRLFRKSNLKPFERDISTEIYQAGSTPCNGVEGFNC-
YFPLQSYGFQPTNGVGYQPYR-acid

Figure 6.3. Sequence of the fluorescently tagged SARS-CoV-2 spike receptor binding
motif protein monomer (spike-AF647). AF647 is a dye structurally identical to Alexa
Fluor 647, Azhx is 6-azidohenanic acid, C represents cysteine residues across which

a disulphide bridge is formed, and acid denotes the carboxy C-terminus.

6.2.3. H&E staining

Haematoxylin and eosin (H&E) staining of tissue sections adjacent to those used in
immunohistochemistry (Section 6.2.1) was kindly performed by Ms Rhoda Kuc. Slides
were air dried for 20 mins at room temperature before incubation with haematoxylin
solution (Sigma; Hematoxylin Solution, Harris Modified; HHS128) for 5 mins. Slides
were then washed in running tap water until water ran clear. Slides were then
incubated in Scott’'s Tap Water (NaHCO3, 3.5g/L; MgSO,, 20g/L in distilled water) for
1 min. Slides were washed in running tap water a second time. Slides were next
incubated with eosin solution (Sigma; Eosin Y Solution, Aqueous; HT110280) for 10
mins. A final wash was performed in running tap water until water ran clear. Slides
were sequentially dehydrated (2 mins at each step) through an alcohol series (30 %,
70%, and 100 % ethanol). Slides were then cleared with xylene for 1 h before mounting
with DePeX mounting medium (Serva) and being covered with a cover slip. Slides

were then left to cure overnight.

6.2.4. Slide Scanner quantification
Qualitative assessment of imaged human tissues sections was performed in
collaboration with Dr Anna Paterson (Department of Pathology) who provided

expertise in identification of anatomical structures.

Fluorescent tissue section images were quantified post-hoc using ZEN software
(Zeiss). Regions of interest (ROI, Fig 6.4), such as tubules in the renal cortex,

glomeruli, airway epithelia, and bile duct epithelia were identified, and a spline contour
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tool was used to encircle sample regions in fluorescent images. Brightfield images of
H&E stained tissue sections (Fig 6.5) were used to facilitate identification of ROI. In
fluorescent images, mean fluorescence intensities for respective antibodies in ROI
were provided by ZEN software. Owing to inherent differences in the brightness of
each antibody and the fact that polyclonal antibodies bind to multiple epitopes, mean
fluorescence intensities were normalised for each antibody relative to their own
respective brightness in regions of studied tissues where signal was deemed to be low
(e.g. renal medulla, respiratory connective tissue, liver hepatocytes), and presented

as mean fold change from these regions + SD.
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Figure 6.4. Representative examples of quantification of ACE2 fluorescence in
regions of interest (ROI) of human tissue sections using ZEN software (Zeiss). Scale
bars as indicated in figure. Nuclei shown in blue. a Positive staining (left column) for
ACE2 with the ACE2poly antibody, visualised with a secondary antibody conjugated
to Alexa Fluor 488 (shown in green). A free-hand drawing tool was used to isolate
glomeruli (magenta) and tubules of the renal cortex (yellow) as ROI. Note the dense
clustering of nuclei in glomeruli that allowed for their identification. Mean fluorescence
intensity, measured in grayscales at a bit depth of 16, was provided by ZEN for each
ROI. Note that the lumen of tubular structures are discounted from the analyses to
prevent inaccurate averaging of fluorescence intensity. b Control staining (right
column) in human kidney cortex treated with the secondary antibody in the absence
of ACE2poly. Control tissue showed visibly lower levels of staining. Again, glomeruli
are isolated in magenta and tubules in yellow, and mean fluorescence intensities in
these ROI were provided by ZEN.
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Figure 6.5. Brightfield images of H&E stained human tissue sections used to facilitate
identification of regions of interest (ROI). Scale bars as indicated in figure. a Kidney
sections showing renal cortex (left column) with a relatively high abundance of
glomeruli visible (with dense nuclear clustering) in the image, and renal medulla (right
column) with a relatively low/absent abundance of glomeruli. b Left ventricle tissue
section from human heart showing a large view of cardiac tissue (left column), and
individual cardiomyocytes (right column) that make up the bulk of the tissue. ¢ Lung
tissue with a visible airway structure showing the epithelium, and a large blood vessel.
The right-hand column shows the airway epithelium at a higher magnification. d Liver
tissue showing an intra-hepatic section of bile duct. Again, the right-hand column
shows the structure at a higher magnification, with the epithelial cells visible in the

image.
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6.2.5. Opera Phenix High Content Screening

Fluorescent confocal images of CHO-K1 cells prepared as described in Section 6.2.2
were captured using the Opera Phenix High Content Screening System microscope
with a 40x/NA1.1 water immersion objective, as described in Section 2.9.3.

6.2.6. Multiphoton Microscope Leica TCS SP8 MP imaging
To visualise far-red fluorescence (647 nm) in experiments using 1 uM spike-AF647,
tissue sections were imaged using a Leica TCS SP8 multiphoton confocal fluorescent

microscope (Leica Microsystems), as described in Section 2.9.7.

6.3. Results

6.3.1. Tissues and organs targeted by SARS-CoV-2 express ACE2

Using immunohistochemistry with the ACEZ2poly antibody, ACE2 protein was
visualised in several of the human tissue sections that are known to be targeted by
SARS-CoV-2 (Fig 6.6). In the kidney (Fig 6.6a), immunoreactivity (shown in green)
shows strong positive signal in the renal cortex, with less signal observed in the
glomeruli and renal medulla. Kidney sections are shown as controls (Fig 6.6b), where
very low levels of fluorescence were observed when using the same imaging settings
but treating tissue with secondary antibody alone, indicating the dependency on the
primary ACE2poly antibody for immunoreactivity and signal.

In the left ventricle of the heart (Fig 6.6c), positive immunoreactivity was observed at
a similar level across the cardiomyocyte population. Lung tissue (Fig 6.6d), widely
acknowledged as one of the primary sites for SARS-CoV-2 infection, show strong
positive immunoreactivity throughout the section, but with particularly bright signal
observed in the respiratory epithelia. In the liver (Fig 6.6e), hepatocytes showed
relatively low positive immunoreactivity across the population, but signal was visibly
brighter in the bile duct epithelium. Lastly, positive staining was detected in hepatic

artery sections (Fig 6.6f), particularly at the endothelial edge.
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Figure 6.6. Representative slide scanner fluorescent images showing positive
immunoreactivity for ACE2 protein in human tissues infected and/or damaged by
SARS-CoV-2. Fixed tissue sections (n = 3 individual donors, stained in duplicate) were
stained with ACE2poly antibody (visualised in green) and Hoechst nuclear marker
(visualised in blue). Scale bars as indicated in figure. a Kidney sections showed
distinct regions of the cortex and medulla (as indicated in figure). Glomeruli can also
be clearly seen in the far-right panel. b Control kidney sections were treated with
secondary antibody in the absence of the primary ACE2poly antibody. Very low
fluorescence was observed in the relevant green channel. ¢ Cardiomyocytes in the

left ventricle of the heart showed positive immunoreactivity that is homogenous across
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the population. d Lung tissue showed positive immunoreactivity that is particularly
bright in respiratory epithelia (centre-right and far-right panels). e Liver tissue sections
showed positive immunoreactivity that was homogenous across the hepatocyte
population, but was visibly brighter in bile duct epithelia (centre-right panel). f Hepatic
artery showed positive immunoreactivity that was particularly bright at the endothelial

edge.

Quantification of fluorescent images including the representative examples in Fig 6.6,
confirmed that ACEZ2poly fluorescence was significantly higher than secondary
antibody fluorescence in the absence of ACE2poly, indicating that signal is dependent
on the inclusion of ACE2poly antibody (Fig 6.7). Comparative immunoreactivity in ROI

across all tissue sections examined is also shown in Fig 6.7.
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Figure 6.7. Graphical data showing quantification of fluorescence intensity (mean *
SD) for ACE2 fluorescence, measured in grayscales at a bit depth of 16, in regions of
interest (ROI) in human tissue sections (n = 6 ROI, across n = 2 tissue donors) imaged
as in Fig 6.6. ROI were identified as described in Fig 6.4. In all tissue types, staining
with  ACE2poly was significantly higher than in tissue sections treated with the
secondary antibody alone. Significance (p < 0.05) was determined using a one-way
ANOVA with Tukey’s correction for multiple comparisons. For clarification, Glom. =
glomeruli; Cardio. = cardiomyocytes; Blood ves. = blood vessels; Hepato. =

hepatocytes.

6.3.2. The short dACE2 isoform localises to epithelial cells in lung and liver but
is not enriched in the kidney or heart

Owing to the fact that ACE2poly binds to multiple epitopes of ACE2 whilst ACE2mono
binds to a single epitope in the N-terminus (summarised in Fig 6.2), dual antibody
staining was used to distinguish between full-length ACE2 and short dACEZ2 in human
tissue sections, where reduced ACE2mono staining in the presence of ACE2poly
suggests the presence of dACE2 (Fig 6.8).

In kidney sections, both antibodies showed strong immunoreactivity. ACE2poly and
ACE2mono were visualised as colocalising in the epithelial cells lining tubules in the
renal cortex (Fig 6.8a). Less staining for both antibodies was observed in the glomeruli
(Fig 6.8a), and epithelial cells lining tubules in the renal medulla (Fig 6.8b). Overall,

staining in the kidney suggested that ACE2 protein present in this tissue type is
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predominantly the full-length isoform. In the heart (Fig 6.8c), the cardiomyocytes
making up the bulk of the left ventricle sections stained positively with both ACE2poly
and ACE2mono, in a pattern that was homogenous across the cardiomyocyte
population. The data suggest that the predominant isoform is full-length ACEZ2 in this

tissue.

In lung tissue (Fig 6.8d), staining with ACE2poly was visualised in epithelial cells lining
airway structures, whilst staining with ACE2mono was substantially lower. This
provides evidence that, in the airway epithelia, ACE2 is present and that a
considerable proportion of the expressed protein lacks the N-terminal epitope
necessary for ACE2mono binding. Overall, the data suggest that dACE?2 is expressed
in lung airway epithelia, in accordance with previous findings in the literature that show
dACE2 mRNA in lung tissue and a differentiated lung airway cell line. In blood vessels
and connective tissue of the lung, ACE2poly and ACE2mono showed good
colocalisation, which suggests that full-length ACE2 is expressed in these structures,
and it is only airways that exhibit differential expression of dACE2 versus full-length
ACE2.

Interestingly, certain epithelial substructures in the liver also showed differential
staining with the two ACEZ2 antibodies. Hepatic bile duct epithelia (Fig 6.8e) stained
positively with ACE2poly, that, as was seen in airway epithelia, did not colocalise with
ACE2mono, indicating expression of dACE2. In the hepatocytes themselves (Fig 6.8f),
both ACE2poly and ACE2mono showed low levels of staining that did colocalise,

demonstrating low expression of full-length ACE2 in these cells.
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Figure 6.8. Expression of full-length ACE2 versus short dACE2 in human tissue
sections (n = 3 individual donors, stained in duplicate). Images show representative
slide scanner fluorescent images showing immunoreactivity of ACE2poly (left column,
visualised in green) and ACE2mono (centre column, visualised in orange), with
Hoechst nuclear marker (shown in merge, visualised in blue). Scale bars as indicated
in figure. a Kidney cortex with a glomerulus indicated (glom.). b Kidney border where
renal cortex meets the renal medulla. ¢ Cardiomyocytes in left ventricle heart tissue.
d Lung tissue showing epithelial cells lining an airway structure. e Liver tissue with a

visible bile duct structure. f Hepatocytes in the liver.
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Quantification of fold changes in mean fluorescence for both antibodies in ROI in
human tissue sections (Fig 6.9) closely matched visual assessments. In the kidney
(Fig 6.9a), fold change in mean fluorescence for ACE2poly was significantly higher in
the renal cortex (2.74 + 0.21) versus the glomeruli (1.02 £ 0.05), all normalised against
the renal medulla (1.00 + 0.13). ACE2mono fold change in mean fluorescence was
also significantly higher in the cortex (2.93 £ 0.41) versus the glomeruli (0.99 + 0.07),
again normalised against the medulla (1.00 + 0.13). ACE2poly and ACE2mono were
not significantly different from each other in any region, suggesting the presence of
full-length ACE2.

In lung tissue (Fig 6.9b), fold change in mean fluorescence for ACE2poly was
significantly higher in airway structures (2.26 + 0.41) versus normalised fluorescence
in connective tissue (1.00 + 0.17). Conversely, the fold change in mean fluorescence
for ACE2mono (1.11 + 0.26) was not significantly different versus normalised
fluorescence in connective tissue for this antibody (1.00 = 0.09). The data suggest
that, while ACE2 is enriched in airways, as detected by increased ACE2poly, we
observe enrichment of dACE2, and not the full-length isoform that is stained by
ACE2mono. Statistical analysis confirmed that the fold change for ACEZ2poly in
airways was significantly higher than the fold change observed for ACE2mono. There
was no significant difference in fold change in mean fluorescence between the two
antibodies in blood vessels in the lung, indicating that the enrichment of dACE2 is

observed only in airway structures.

Quantification in liver tissue (Fig 6.9c) demonstrated a significantly higher fold change
in mean fluorescence for ACE2poly in the bile duct (2.48 + 0.33) versus the normalised
value in hepatocytes (1.00 £ 0.16). However, fold change in mean fluorescence for
ACE2mono (1.22 £ 0.11), was not significantly different versus the normalised value
in hepatocytes for this antibody (1.00 + 0.26). As was seen in airways in the lung, the
data in the liver suggest that there is an enrichment of ACE2 in the bile duct that is
predominantly the short dACEZ2 isoform, directly indicated by the significantly higher
ACEZ2poly fold change in mean fluorescence versus that seen for ACE2mono in the
bile duct structure. As was also observed in the lung, hepatic blood vessels did not

display significant differences in fold change in mean fluorescence between the two
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antibodies, suggesting ACE2 expressed in these structures is likely the full-length
isoform. Overall, the qualitative and quantitative data in liver sections points to an
epithelial enrichment of the short dACE2 isoform in the bile duct that is similar to that
observed for epithelial cells in the airway of the lung.

191



o
o

d Kidney Lung Liver
ns. E= ACEZ2poly E= ACEZ2poly E= ACEZ2poly
4 i Z&a ACE2mono 49 s Z&a ACE2mono 49 i A ACE2mono

W ° m ki ns = it

mg3 e mg3 _— o ®E3 VL‘

58 sga v o8] .. | T

c @ c @ ° c @ o

50 o g9 “

c 9 c 9 c 9 o

e} = 2 - = 24 - E: 24

= £ 5 ° 2§ o o
Q o} o, o} ()
= rigliZEe CrOP0Zdas

Airway Blood ves. Connec. Bile duct Blood ves. Hepato.

Figure 6.9. Quantification of differential staining with ACE2poly and ACE2mono as a
surrogate measure of ACE2 isoform